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Preface.

The six ghapters of this thesis contain the results of four

~ . 'years spent in the investigation of old open clusters at the 8 4 4 Q.

Each chapter is a preprint of & paper which has been submitted or
accepted for publication and is therefore an independent entity with
its own list of acknowledgements and references. Since each chapter
is intelligible without continual reference tobits fellow chapters,
considerable overlap has sometimes occurred. As a thesis, the end
product is of necessity a little disjointed. This approach has been
" adopted becausé'the‘publication of the results has higher priority
than the prééentation of a thesis. The style is as compact as seems
consistent‘with reasonable clarity and I hope that reading it will
not present too greaf a problem of.digestion to those interested in

the evolution of solar-Type stars.

In addition to the acknowledgements made after the several
component papers, I wish to express my gratitude to MrsAM.EHey who
has typed'almost all of the six observational chapters at least once.
To my wifé I also owe a great deal: to her this thesis is affecfionately

dedicated.
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The Field of Research and Fossible Methods.

Certain fields of Astronomy be¢ome unfashionable relatively
iapidiy.AThis can be a consequence of many factors -~ the deflection
of interest tovnéwer and>more Yexciting" fields, the laborious and
some times long enduring work involved in making new contributions to
knowledge once the initial and more spéctacular results have been
obtained by ihe pioneers, and also the "depletion of rescurces” which

occurs if the objects under study are relatively thin on the ground.

All these factors have operated in the field of study of the
old open clusters. In the twenty years which have almost elapsed since
the colour—magnitdde diagram of M6T was published‘by Johnson and
Séﬁdage (1955), studies of objects "older than the Hyades" have appeared
at long intervals. When the work here reportéd was commenced it was not
eﬁpeéted that many further projects along these lines would be likely
to be undertaken by other astronomers. The survey of soﬁfhern clusters,
indeed, was intended essentially to close the field insofar‘asvthe
discovery of unknown and spectaculap@old systems was concerned. So far
as I am aware only one cluster of respectébie'age South of the Celestial
equ?tor was omitted from the'survey discussed in Chapter 2.

Contrary to what was antidipated, at least twe groups. have

also c¢ontinued the study of old open clusters. In addition the theoretically

uncomfortable result.of the Solar Neulrino experiments have strongly

suggested that all is far from well in our theoretical understanding of

‘even such simple problems in stellar structure as the interiors of low:

mass main‘sequence stars. An earlier study by this writer has suggested
that while our knowledge of the general processes of evolution off the

main sequence may be qualitatively satisfactory, attempts to predict -
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in gquantitative detail thé features of this evolutionrare lergely

- unsucces%fui when confronted with the finer features of the known
‘cluster colcurwmagnitude'diagrams (Hawarden, 1670 and 1671; Demargue
end Heasely, 1971).

It is thus‘that I have no trepidation but a certaiﬁ feeling
of haste in presenting a fairly substantial block of obéerVational
data in a fiel& reguarded by many as unexciting and by éome, who shall
be nameless, as’scarcely rewarding of further study.

In subsequent chapters, detailed observational material is
pfesented for the fodr open clusters NGC. 6259, Melotte 66, NGC 2243 and
NGC 2204. The first is, for present purposes, a young
ébject eand its detailed study was only undertaken in order to establish
this fact without ambiguity. It’does not, therefore, contribute to |
the field of pfime interest in this thesis’but is‘included since its
analysis was a necessary rart of the greater project and provided a
p?oving ground for the methods - necessarily somewhat mass—productibn
in nature - used in the study of the older, mére challenging and more
interesting objects.

The study of these clusters has teen ﬁndertaken along the
‘classical lines of pﬁotographic photométry calibrated and furtuer
illuminated by photoelectric observations. As in all "well eSfablishedf
methods, various pitfalls and chimaeras exist to delay and distract
the worker.

After a brief flirtation with electronpgraphy I resolutely
escheﬁed such high~efficiency techniques regardless of their potential
~advantages. The difficulties in their practical application fofeseen
then have been amply illustraﬁed in the labour of certain of my
colieagues and would without douﬁt have. added a year or more %o the
tihe required to complete this project. I believe that its earlier

completion and publication compensates for the additional data which
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might have been obtained tut which at the time of writing have not
yet become even potentially accessiltle.

With more reluctance I atandoned hdpes‘of using photographic
calibration techniques as u substitute forvthe grinding necessities
ot rhotoelectric photometry. Some of the methods appear th eo;eulcaely
unsound evcept under ideal con&itions and do not lend themselves‘to
Lnspe ectacular projects where ”a few tenths of a m&gnitude” is
inadequate precision. Such a method is the use of an objective
grating such as has been arplied with gratifying results to
a)Céntauri by Harding, ﬂxrﬁcdr 4 Trifron (1971) in the face of
considerabie difficulties. The method of extrapolation based on
densitometric profiles of star images;, p;dposed by King and Hinrichs
(1067) was ruled out by the absence of Sdltable calibration . equlpment

at the teleSGOpe and of suitable measuring eou11ment
in the 1aboratory. Those few applications of‘this technique which
have been made by Furkhead (1969, 1970) do not Suégest that great‘
precision can be obtained by its use, although the method is doubtless
valuable when no alternative is available.

The method of the "small prism" developed by Racine'(1969)
showed more promise and could very likely have been apélied to the
current problems with rewafding results, That‘it has not been so

bu : .
used 1is attr%ﬁable to a natural caution and a reluctance to undertake
personzlly the delic§te optical work iavolved in its construction.

Various other techniques were considered and rejected on
the grounds of limited aprlicability and awkwardness of proper
constfuction;‘or of excessivé 1ight loss, The last consideration
together w;th that of exrense led to the rejection of. the

Calcite Plate technigque ( Brﬁck, 1970) 4 scheme for intermittently

‘displacing images by means of =2 rocking~plate beam shifter was

seriously considered but reiected as the mechanical problems were

§



considerable and the developmént timé.tﬁreatened tbAexceedAthe reasonable
duration of this thesis.

In the event, the well;known technigues of photographic
photometry provided enough unexpedted difficultieé of method énd of
data proéessidg to convince me that the decision to avoid newfangled

methods was a wise one.
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The Iris Fhotometer.

The phbtographic material was all measured 6n the Askania
Iris Photometer at the SAAOQ, a type of instrumeﬁt originally designed
by Pecker for the measurement of rather small-scale ﬁlates such as
those obtained on large Schmidt telescopes. its desigﬁ precludes the
use of low magnifications which would be of adyantage in heasuring
"the plates of larger‘scale which'arevproduced by the long=focus refractors
and reflectors used in most high-~precision photographic éhotometry.

The instrument is of the double-beam "null" type. Light from a
high-intensity, air-cooled filament lamp is divided into two beams of
approximately equal intensity by a beamsplitter. The reference hteam
is passed through an optical wedge and refocussed on a iotary chopper.
The measuring beam is focuésed on the specimen by a.microscopa’objective.
After passing through the pléte, it.is refocussed by a second microscope
'objective on the iris aperture which lies a few inches away from the
large ground-glass viewing screen. A fraction of the beam is reflected
from an unsilvered glass mirror after passing through the iris; This
portion of the beam is twice reflected before being focussed on the
rotary chopper. Thereafter it is combined with the reference beam and
bafhkbeams are directed onto the ﬁhotomulfiplier.

In use, the optical wedge is adjusted to a convenient position
and left ¢1amped,,while‘the‘specimen beam isvattenuated by closing the
iris around a (previously centred) star image. When the two beams are
equal the photomultiplier output (displayed on an osdilloscope)'appears as
a single line; imbalance produces a double line of vérying‘separation.
‘Maladiustment of the chopper with respect to the two beamsApréduces
momentary spikes on the signal as the beams reiﬁforce one anothér
while, if the beams are not c;incident at the photocathode cohsideréble

noise is generated‘making the null ill-defined.



When proper adjustment is attained two sources of error
‘remain. Considerable noise is inserted into the specimen beam by
vibration of one of the directing mirrdrs which is also sensitive to
slight jars of the instrument, so that delicate operation is demaﬁded.
The error arising from this source is s?milar to that introduced by
the operator in cénterihg images and is therefore not‘especially
serious. A more significant proﬁlém is generated by the ieﬁdency of the
response of the photometer to drift with time in a randqn fashion. The
reason fér this is uncleér'as it does not correlate with temperature
. and.does not, so far as can be ascertained, originate in progressive
~maladiustment of the optical system. The nature of this drift has been
gtudied at various times with a view to its calculation and correction
from repeated measures of selected stars. On occasion the amplitude
appears to be a liﬁear function of iris reading but for the most part
it éppears to affect images of all sizes equally.

The amplitudelof this drift is normally suéh that errors of
~around OWOS may result over a period of about 2 hours. On occasion
larger variations occur {n a discontinuous fashion; suéh events are
J‘fortunately rare. An attempt to stud& the drift over short periods of
time.suggested that smaller amplitude (ca. OTO}) variations can occur
with a time scale of a few minutes; such variations are impossible té
correct and must be accepted és inherentverrors in pbotograpbié
photometry. The longer~period drift is routinely monitored by remeasure-
ment of four‘iﬁageé of intermediate brightness ét intervals of ndt
more than an hour throughout a measuring run.

The meastring process involves the identification and Ceﬁfering
'.of the desired star followed by the adjustment of the iris for a null |
‘signal on the oscilloécope and the recording of the reéding; This laét

is quite time consuming and considerable improvements in measuring



speed would be offered by a digitised readout of the iris-setting.

Sources of gross error arise in the possible misidentification
of stars and in the misreading of 'the iris position. The last would be
eliminéted by the automatiq readout suggested. Small érrors in the
results caﬁ be generated by incorrect centering of ix‘nages‘,' a fact -which
‘is aggravated by the slight elasticity and "stickiness"” of the plate
'transport.system. An error in centering must have the effect of making
the star appear fainter; howevef such errors are probably roughly .
random in ﬂature and are in any case generally less than those intro-
du@ed by the uncorrected‘shortwferm drift.

A careful measurer using the equipﬁent as at present set dp
can achieve é measuring‘rate of around g?O images per hour. This speed
could perhaps be doubled if the iris readout were digitised as advocated

above.



Reduction of Photographic Iris Photometry..

‘ o Seeds
Recent pubdblications by Hardie (1964) and Burkhean(1971)

have discussed in some detail fhe’process of deriving magnitudes on

a standard system from photographic iris readings. Purkhead, in
particular, has concerned himself with the mechanics Ef curve fitting
and the determinatiqn of colour eguations and concludes that hand-drawn
caiibration curves give significantly more accurate and consistent
;eSuits froﬁ plats to plate than the rival process of fitting a
 §91ynomia1 to the standard points by the method of least squares.
Several aspects of these processes are inadequately treated in the
liéerature, however, and Dear méntiouing here.

Burkhead's e#periments were performed using a seguence
conteining very many staré with a wide range of colour; most photo-
‘graphic photometry must be done with sequences which are sparse,
patchy and which «'espeéi%lly in cluster fields — show a strong
systematic dependence of colour on magnitude.

The effect of such a dependence is to mask any colour
equation Qrésent by small distortions of the calibration curve, at
least when the curve is hand-drawn with no previous knowledge of
the ¢olour equation of the plate~filter-telescope combination relative
to the standard system.

Under these circumstances, proper detection of the colour
dependence of photographic measures will involve a guite lengthy
process of trial and error unless the seguence includes some segments
covering'a wide range in colour within a small range in'magnitude
(Hawarden, 1970). |

| In the investigations rerorted in later sections of this
thesis a large and rather heterogeneous collection of plates have

been analysed. Several general principles have eme}ged and have led



to the reduction methods described below.
| Least~sQuares fitting of a fﬁnction wh;ch includes a linear
colour term yields consistent and reliable colour coefficients provided
that the "monochromatic" curve can be represented to a good approximaﬁion
by a cubic or guartic polynomial. éhould a sixth or higher<order curve |
be needed to eliminate “rﬁns“ of'posifive or negative residuals, the
colour term is likely to prove unstable, heavily dependent on the
order of polynomial selected and very variabie from pléte to rlate.
<Under these circuﬁstances & hand-drawn curve using correcfed magnitudesr
aaiusted accordingAto an assumed colour. coefficient will usually yiéld
the best results.
“If the photoelectfic calibration includes many points  with
second ,
larger-than-normal deviations, theAproceedu;e of the previous paragraph
will once again yield the best results. It,maj te noted here that
occasional photoelectric measures may stand dff the calibration curves
of several plates in a consisfent fashion, ind}cating a systematic
djfference of one or more teﬁths of a magﬁitude between phétographiq
and photoelectric results for this particular star. This may occur -
notwithstanding the apparentlyvsuccessful removal of colour effects.
The phenomencn has been noted on test plates of such impeccable
photoelectfic seguences &as those in the Havard E-regions where internal
errors can scarcely excged‘a bundredth of a magnitude. In some cases
new photoelectric observations.have verified that the earlier results
are still wvalid and that the photographic ;iscrepancies are not a |
result of variability. Such casés‘I»believe to be qﬁité common in
the experience of photographic photometrists (Irhave heard A.R.Sandage
, coméiain of tbem)Abut'they are largely unremarked upon in the literature.

Stars suck as these may represent several percent of the

members. of Well‘oﬁserved rhotoeléctric seguences.' Several have been
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encountered in the present work and have been "smoothed" or omitted

VQith ne compunction. Théir mysterious behaviour may perhaps. be

explained as a subtle effeptkof hidden duplicity or of some Astrophysical

property interacting with the peculiarities of the phbtograﬁhic process.
It remains only to remark that a too-tender conscience in

the handling of sudb maverick measurements can sericusly degrade the

precision‘of other, betger behaved, measures esgpeclally if these

Adiscrepaﬁcies involve obiects of fairly extreme colcﬁr. It should be

stated that this problem arises only in the use of seguences of high

quality and becomes trivial in those programmes where many relatively

inaccurate photoelectiric standards aré used 1n place of fewer stars

with‘high~precision measurements. The widespread practiée ol ”smoothingﬁ

such low~precision seguences 1ic¢ téke ouf systemat;c discrepancias

"between photographic and photoelectric results is undothediy a

process of improvement and is probably essential in really crowded

fields. It has been avoided in the present work except in a few cases

which are pointed out individually as they occur.
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A SEARCH FOR OLD SCOUTHERN OPEN CLUSTERS

by
T.G. Hawarden

South African Astronomical Observatory

P O Box 9
Cbservatory, 7935
Cape .
Chaptec T
~ ’/V
Summary

The methods used to identify old open clusters are described and
results are given for the clusters studied. A catalogue ofvcluéters
older than ~ 4 x 108 years is pfesented. There appears to be a
deficiency of old clusters in the direction of the galactic

centre and an excess in the anticentre direction.
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Introduction

Open clusters older that the Hyades are important in the
provision of observational tests for theories of stellar
evolution., They serve as indicators of the evolution of the
chemical composition of the Galactic disk (Eggen and Sandage;
1969) and of variations in composition with position in the
galaxy (Arp, 1962; McClure, Forrester and Gibson, 1974)..
Thqy may a;so provide information about the dynamic evolution
of the Galaxy (Keenan andAInanen, 1974). It is ther;fore
desirable thatvany incompleteness of the known sample of
these clusters, particularly in the South, should be rectified.
In 1970-71 a search for clusters older than the Hyades was
carried out at the Royal Observatory, Cape (now the South »

African Astronomical Observatory).

Selection and Recopnition

Avlist was drawn up of clusters accessible from the Cape
which had no published photometry. King (1964) published a
list of clusters which might, judging from their appearance
on the Palomar Sky Survey, prove to he older than'the Hyades.
He asgighs, to these clusters a number hetween 1 and 5 to
indicate his estimate of the likélihood that the cluster is
old, clusters markéd 5 being the least likely. He further
provides estimatesvof the magnitudes‘of the brighter’clustér .
members. Clusters from King's list were included in the
search 1list if they were of likelihood 1, 2 or % and were
South of the Eguator. The last criterion was relaxed to
include Trumpler 5, which could be photpgraphed together with
a sequence near NGC 2264 on the same plates (Dow and Hawarden,

1970). After some experimenting, clusters fainter than King's

.



*mb" (=medium bright) category were excluded as too faint for
convenient study. |

The list Qas supplemented by a selection of clusters which
appear rather faint for their angular diameters on the plafes

of the Atlas of Southern Cpen Clusters (Hogg, 1965).

The clusters selected were photograﬁhed in V and in B with the
McClean twin refractors at the S.A.A.C. and star counts on the
V plates were used to select areas in each field where the
number of probable members wa$ highest. All uncrowded images
in the selected areas were measured with the Askania Iris
Photometer ét tﬁe S5.4,4.0, and the iris readings were used to
construct a pseudo colour-magnitude (CM)'diagram for each érea.
Clustegg somewhat older than the Hyadeé can be recognised
unambiguously on such diagrams - provided they are rich encugh =
by the presence of a clump of stars somewhat brighter and
redder than the termination point of the main sequence
(Canndn, l970). Photoelectric photometry is‘necessary in
younger clusters if Hyades-like systems are to be distinguished
from those resembling M1l (Johnson, Sandage and Wahlgquist, 1956)
as both types have red giants at the same iuminosity as the toﬁ
of the main sequence. The Mll-type cluster NGC 6259 was the
subject of an investigation of this sort arising from the

search. . ' /

The results for all the clusters surveyed are listed in
Table I. The age classifications shown have been confirmed by
detailed photometric investigations in all cases except that

of NGC 5999 which was clearly young. The clusters Melotte 71

oo/



TABLE 1

Details of Clusters Investigated.

= (1975) ®
m <]

Cluster h ! 1° b*° age Reference
NGC 2204 06 14.6 -18 38 226.0 -16.1  0ld
NGC 2243 06 29.8  -31 16  239.5  -18.0 old
‘rumplér 5 06 35.4 +09 28 202.9 1.0 0ld Dow & Hawarden 1370
Melotte 66 07 25.6 . =47 41 259,6 -14.3 old
Melotte 71 o7 26,4 ~12 00 229.0 4.5 Inter-
, ‘ mediate
NGC 34960 11 49.6 -55 33 294 .4 6.2 Inter-
mediate
NGC 5999 15 50.2 =56 23  326.0 -1.9  Young ,
16 58.9 -44 38  342.0 --1.5  Young  Hawerden, 1974

NGC 6259



'and Melotte 66 have been studied previously by Cuffey (1942)

and by Eggen and Stoy (1961) respectively. They have been
reinvestigated in detsil during the progra& of wh;ph this

search formed part and age classifications are given in Table I
for completeness. Clusters classified as "intermediate® in

the table are probably less than 109 years old.

List of Clusters Older than~d x 108,years

The list of clusters given by Cannon (1970) has been
supplemented with the 6 old and intermediate-age objecﬁs from
Table I and from recently published photometric investigations.
The latter categories are identified in the resulting catalogue,

Table II, by the appropriate references,

Fig. 1 shows the distributiop of these clusters in

- Galactic longitude, A deficiency occurs in the general direction
of the galactic centre and the distribution has a maximum in the
anticenter direction, although both featu;es are displaced about -

30° from the reference directions towards larger longitudes.

Daltabuit and Meyer (1972) have published distribution
curves of neutral Hydrogen at various galactic latitudes. Their
carves for b = +15° and +20° are strongly reminiscent of Fig. 1
in that the number density peaks in the vicinity of 1 = 20° and
has a minimum near 1 = 200°-220°. A subsidiary minimum near
1 = 80° agrees well with the location of the secondary maximum
in Fig. 1, suggesting that the observed cluster distribution is
principally a consequence of the effects of interstellar |

absorption, rather than of a real tendency for old open

.../



| TABLE 11 é ;
\ List of Clusters older than~4 x 10 years.

Name (3GC) e be Refercnce

6633 36.1 | 8.3

6285 65.5 -4.1

6882 65.6 - =4.0

6940 ' 69.9 -7.2

6791 ' 70.0  11.0

6519 74.0 8.5  Auner, 1974

6866 79.4 - 6.8

6911 79.4 12.0

7062 89.9 2.7  Jones & Altena, 1970
7142 - 89.9 “2.7 ’

6239 © . 95.9 12,3

7026 . 101.4 -0.6  Yilmaz, 1970

5245 : » 101.4 ~1.9 Yilmaz, 1970
77890 C115.2° -5.4

188 122.8 . 22.5

559 127.2 0.8

IC 166 - 129.5 0.0  Burkhead, 1969

752 - 137.2  -23.4

1245 146.6 8.9

1342 - 155.0  -15.0

1664 61,7~ -0.4  Kerridge et al, 1973

1907 172.6 - 0.3 '

Hyades ‘ 180.0 - -22.4

1817 . 186.1- -13.1

2158 o 186.6 - 1.8

2266 - ~187.8 10.3

294 1973 =23

2141 198.1 _ -5.8  Burkhead et al, 1972



Table 1 (LOhﬁV\ued

Name (IGC) 1° - b° Relerence
2420 ' 198.1  19.7 »
2236 204 .4 -1.7  Rahim, 1970
2362(Praesepe) 205.8 32.5
[ 2324 o235 3.3
2682(1i67) 215.6 31.7
2215 ‘ 216.0 -10.1
2204 226.0 ~16.1 Table 1 ,
Heffner 8 227.5 1.3 Fenkart et al, 1972
Haffner 6 227.8 0.2 Tenkart et al, 1972
Melotte 71 229.0 4.5 Table 1.
2360 229.8  -l.4
2423 230.,5 3.6
2506 230.6 9.9 ,
Ruprecht 46  238.4 5.9 Vogt & Moffat, 1972
2243 239.5 -18,0 Table 1
2477 253.6 -5.8
Nelotte €6 259.6  -14.3  Table 1
2818 262.0 6.6 Tifft et al, 1972
2660 265.8  -3.0 Hartwick & Hesser, 1973
3680 -  286.8 “16.9 |
T 3496 289.6  -0.4
3960 294.4 ° 6.2 Table 1 ‘
5823 C321.2 2.5 : é ‘
5822 - : 21,7 3.6 | B
6208 %33.7  -5.8'  Lindoff, 1872 ;
6134 | 334.9  -0.2 . Lindoff, 1972 |
IC 4651 340.1  -7.9 Eggen, 1971 o
A ~ | ]
6281 - 347.8 2.0 PFeinstein & Forte, 1974 /}, , z
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clusters to avoid the half of the sky towards the galactic centre.
It should be noted, however that the distribvution curves for neutral
hydrogen south of the galactic equator show no agreement with

Fig. 1 and appear. almost featureless,
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NGCo6259: SOUTHERN TMAGE OF Al

TG Heawcarden
- (Conwmnunicated by A. J.W. Cousins)

{Recerved ri)‘ﬂ Juty 23)

SUMMARY
Photovlectric U8 and photopraphic B phatomutry of siars in the open
chuster NGC 62359 have been wsed o determine the reddening, distonce wnd
ape of this object. v hus a colour excess (D=1 = o065 £ o001 and true
distance modulus (m=M g = 1793 =0 5. Its age is about 2 x 16% yr. The
cluster s closely similar 1o Mo in age and in the deiils of the colour—
magnitude diagram,
.

INTRODUCTION

The rich open cluster NGC 0320 is located at & = 10" 3809, § = —44° 38
{1975) with galactic coordinates [ = 3
catalogue of Alter, Ruprecht & Vanysck (1970) and is included in the difas of
Soathern Open Clusters (Tlogg 19635 wherein it appears rather faint for its angular
dinmcter, Tt was therefore mncluded in a search for old open clusiers which was
conducted at the Royal Observatory, Cape (now the South African Astronomical

Observatory). ‘

In the course of this scarch a preliminary study was made using photogranhs
tuken with the 46- and 60-cm McClean refractors of the SAAO in yellow and bluce
light, respuectively. The yellow plate was a Kodak 103aD with Omag 301 filter
and the blue was an unfiltered 11aO plate. The exposures were both 43 nmuin. Star
counts to the Jimit of the yellow plate were made over an area 32 min square and
tie :‘csu"tinﬂ density distribution Suggested that the cluster has a limiting radius
of about 8. “\flmburemcntq were made of all stars lvmg within a region of 4 radius
centred on the peak of the density distribution, using the Askania Iris Dzap rag
photometer at- the SAAO. The resulting pscudo-colour-magnitude . diagram
suggested that the cluster resembled M1 but an unambiguous age estimate proved
impossible. A more detailed study was therefore required.

PHOTOMETRY IN THE CLUSTIR

Photoclectric UBY photometry was obiuined for 23 stars in the eluster vicmity,
using the 1-m reflector of the SAAQO in 1970 and 1971 before its transfer to
Sutherland and the o-5-m reflector at the Sutherland station in 1972 and 1973.

Zero-point determinations were made by observing stars in the nearby Harvard
Region E7 between cach series of cluster stars, Twe 1970 measures were related
iﬂitii}lly to the stars Q46, and Qz23. The latter was found to have varied since the
observations summarized by Cousins & Stoy (1964). As a result three nights in
1970 were reduced relative the Q46 only, although no variation of Qa3 h“:. becn
detected since this observing run. New values for Q23 were determined and these

4290, b = ~1%3 Itis number 996 in the.

&)
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aziee wownhin oteor with valiues ohain

conmnumicciion). Phe new values are I" s 2z, Bl gl
Wile the vanntions of (Jag are ovid c“""v Fow aml prod ,,,M)
suitabic for use as a standard, Observations in 171 and later
refuiive to Qub and Qjaa. ,
Trnslormation of mstrumental magnitudes o the USY sy \t\.n\ was (one by
means of abservations of st

tars in several B regions mid
NGC 62 0. The tz';ms‘m"m;ztion'~; are appure
¢as than ot i

measites in
C«Wi‘:':sticni‘.‘ es
as might be desired c:\\mg to the inck nf standards wig
consisroncy of the presen ;’c;}dcnisw results suggest that svsi'cm;:tic crrors 3o not
excead a few hundredihs of a magnitude In the vioaity of A0 = 4.8

Menn extinetion cocfiicients were assurmed, based on the same I region obsorva-
tinns used to determine dhe system pansformations, The zero-peint stars are not

{rom the cluster se that alr mass differences never exceeded o™z, Smati crrors in

S i
the assumed extinction cocficients can therefore navc had Bvde effect.

The photociectric resuits arve given in Table I, The formal internal %tnn(i:rd
crrovs of the ¥ and B-V values vary from about D’“": at Vo= 1970 to oMoy at
Vo 3o, This s also true of the crvors of the U-8 values cxcepting those for
the red stars which have formal SE's around ooy, ’

The distribution of colour with magaitude in 1}1@ sequence has been chosen to
perinit a good determination of the colour coefficients of the photographic piates..

TanLe 1

Star 14 B~V U~3 Nights Source - Note
2023 ‘1% 04 094 012 C
4030 1170 208 222 z 5
A - 1189 189 163 4 C.5
2007 1223 . a-bo 037 I C
1015 1207 150" 1+7%1 . 3 C, 8
3017 260 164 1°51 2 5
4014 12+ 80 181 1°%9 1 5
1038 12102 066 032 1 C
1608 13411 oGz 633 2 C
3637 13726 0-38 o 32 2 C
4050 13748 oz o351 2 C
2032 1558 o350 G 40 1 S
3044 13463 074 039 1 <
1001 1371 o052 03z 2 C
3023 C13077 "otz Q'35 2 3 *
1027 13°7 037 043 2 S
2010 13°93% o'6o 041 1 S
4020 ' 14700 050 9 35 bt C *
4031 ) 14°10 o+bo oraz 2 5
4038 ) 1414 o062 044 2 8
4028 14497 07 30 2 5
3033 1492 o758 My 4 S
3018 © 14708 ) - 4 S
20137 C 13029 0386 s 4 5

Noles: v .

')k- V,.(» :acmda.lt with I/W not usu{ in phtc reductions,

far



Prate L. NGC 62359 and wicinity, taken from a 45-min V exposure with the 18-in.
refractor. ’
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Piate II. Central region of NGC 6259 showing stars for which results ave given in

“Tables I and II. -Taken from the same plate as Fig. 1.




No. o, iy NGC Gz2s5g: swuthern image of M1 3

:

The environs of NGO 0239 ave shown in Plite T, "The central, civendnr area has
i

1 St DN | PPN P 4 vl sty PRI P R
a endius of & and s centred on the peak of the projecied star density distribution,

while the semicivenlar comparison stars are AOL‘;‘R‘L‘L{ with thelr centres 2 mip are

mstde the detectable edge of the star oumuy exeess associated with the cluster,
Alnost all uncrowded stars within these regions, down to Vo= 1393 were
meastred on two Fand two [ plates \\;ih the Askania Iris Photometer. C;tlibz';xtim‘x
was performed by making o least squares fit of a polynomial to the ris-magnitude
refation. A linear colour term was included in cach sol lution., \;L:‘; soiutitns
were performed using the Nova 1220 computer at the SAAQ, Goodne of RIS
judged from the values of the rms deviation from the 0"1otnckctr ic valuus of the
magaitudes computed from the s readings and from the prosence o otherwise

ca s

of systematic ' runs ’ of adjacent residuats. In all cases a nolynomial of order 1 was,
selected for the Anal solution. T'he com bined resuits for the stars in the central
region are listed in Table 11 and the stars are idendficd on Plate 17.

THE FEATURES OF THE CLUSTER CM DIAGRAM

Fiw. 1(a) and (b) show the CM dingrams of the central region and the two
comparison regions, respeetively, In Figo x(a) a well-defined, well-populated main
sequience extends from 7= 12001 to the aalibration imit, The curvature of this
scquence indicates that all or most of the stars included are significantly evalved.
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Fi6. 1. Colowr—magnitude diogram of the photographic results in NGC 6239, (a) Central
4" radius vegion; (b) cambined outes vegions, Each dza"mm represents stars frowm an equal
ared of sky.
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STAR

1001
102
1003
1004
1005
1606
1007
1008
1009

1010,

1011
1012
1013

2001
2002
2003
2004
2005
2006
2007
2009
2011
2012
2013
2014
2015
2016
2017

3001
3002
3003
3004
3005
3006
3007
3008
3009
3010
3011
3013
3014
3015

4001
4002
4003
4004
4006
4007
4008
4009
4010
4011
4012
4013
4014
4015

o
$-
o

]
i

v

13. 65
14452
13492
13 44
12. 79
1484
13. 88
13,13
14.84
13.81
13. 49
14. 14
12. 48

14. 71
15.10
14. 60
12.57
1493
13.81
1243
14. 24
13.88
14.85
1281
12,88
14. 17
1290

14+ 15

i2. 19
14w 44
12.81
13«48
146 44
14 56
12+ 59
140 34
14.94
la 16
15. 05
15. 25
15«10
14+ 32

15. 06
1320
1297
15705
13,02
13.96
The 74
14052
1527
14413
14419
14418
12.581
13.73

Phatographic resulis for stsrs in 3

STAR

1015
1016
1017
1018
1019
1020
1021
1022
1023
1025
1026
1027
1028

2018

2019
2020
2022
2023
2024
2027
2029
2030
2031
2032
2033
2034
2035
2037

. 301e

3017
3018
3019
3020
3021
3gee
3023
3024
3025
3026
3027
3028

3029

4016
4017
4018

4019

4020
4421

4022

4023
4024
4025
4026
4027
4028
4329

v

146 45
i2.80
12.12
13.93
14.86
14. 41
15. 04
13. 24
12+ 79
12« 67
13 78
13. 72

14. 79

14 73
13.92
15. 09
13+ 61
11.65
13.80
l4s &7
1229
13.93
13411
13+ 63
13.88
13+ 45

14439

1529

14050
12+ 65
1499
15« 09
V4e 44
lde 66
1493
1479
12+ 58
13. 66
15413
1476

1289

13+ 38

13- 18

14. 06

13+ 32
14.24
12.585
12+ 39
14e 39
1374
1220
Tde 44
13.97
12. 62
14e 42
13 88

B-V

0= €9
0. &0
0. 66
1« 70
1«24
B 74
00‘76
0. 64
2‘.33
0.70
0«70
089
0«70

0. 60
0. 63

' 0.83
1487

035

1260

0. 73
10“ 73
0. 60
057
0«53
0« 65
059
0«57
0.83

0. 61
le 63

0. 72
00- 79
0. 73
0. 65
070
0.85
0o 66
0. 70
0. 74
0«67
0. 59
0. 52

0. 67
0. 61

0. 61

UD 75
s 62
0.51
0. 60
0. 61
1474
0 59
a; 66
1. 73
0. 66

0. 66

1029
1630
1631
1032
1033
1034
1035
1636
1037
1638
1039
1040

2038
2039
2040

2041

2042
2043
2044
2045
2046
2047
2048
2049
20580

3030
3331
3032
3034
3035
3036
3037
3638
3039
3041
3042
3043
3044

4031
4032
4033
4034
4035
4037
4038
4039
4040
4041
4042
4043

4044

1387
12.24
14 46
13652
13.53
1388
11.83
12.37
1354
12.93

12464
13- 64

14. 16
14.80
13- 79
1497
1491

13.96

15.21
14.92
1200
14451
14-.00
13+ 78
14358

1444
15417
1375
13.81
1488
14054

13727

12+ 36
14«58
1476
1513
14«10
13« 64

1411
13. 22
1334
14433
1443
146 42
14.12
11476
13453

14. 74

14411
13.09
14.85

0=84
133
082
1«37
097
1«10
1.12
0« 76
U.‘Sg
0.’ 64
0. 77
0«81

0. 49
0s 75
I.‘ 79
0.96
0s 65
l- 74
s 67
081
(+89
De 71
1.95
00“72
D« 57

§.853
0« 65
0« 60
‘:.-:‘" 69
0«75
0856
Ue'ﬁli
0s 64

0-74

0+ 61
O.' 79
1+ 63
0« 70

0. 64
ﬂ ; 60
0-58
0+ 61
1.52
1!“73
0+ 63
2. 06
0« 68
0. 63
0.57
0s 61
0. 71
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A comnpact zrovn of 9oov 1o stars Jies Tevel with the wop of the s 4
& - soral] LI F e R T P S O PN .
e, o(n), contved neay B-07 e gue8) "hese stavs are vy ;,xxu’.)(;s“«,

e mbers ol the ehaster, an asert i 3
sars an P 1lh), (Z()r‘x\‘cs\‘cl\’ the seattering of st o the rod of
within about 1y of the plate Hmit mutches
tion o sinular seatiering in g, l\s)) indic:

v ihe absence af sueh o

not cluster membuers,

The rich main sequence of | g t{a) s aull detectable in Tig :{4) whoere the
rather sparser sequence has precisely the same pesition and shape 11 the CM
H ts that no systematic variation of reddening occurs across the

diagranm. This sugpest
width o the clu wter, Also, asprinkiing of stars occw*; 1]
ving up w several tenths of a me mmm(‘c o the red of
This & aroup may have o sparse counterpart in Fig, 1(b

su) below T/ =2 '1»!*\ 3,

TN BCQLCTICE DIGHLT,
$0 the stars m gucsts

are pmbnoiy main sequence members of the cluster affiicted with anomalously
wavy reddening.

THYE KREDDENINCG OF TIHE CLUSTER

Tig. 2 shows the two-colour dingram for those stars with p
measures, L compact group of maint stqut.r:cc stars lics near
L7= L3 between ofi-g0 and oMg3. Somewhat to the red he several stars which may be

ooF ' , i

Ocs.

N
i s + \
20k & 4
\
A

AN A
- \5 \l o

vy

o

¢4 - 08 2 1§ 2.4
B~V

"FrG. 2. Photeelectric two-colowr diagram for stars in NGC 6259, Opesn circles represent
stars observad on one might only. Open circles with appevded crosses are doubie stars.
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son-menshers o anomaioesiy reddened minin sequence objuctas They nave been
exdindvd from he determimadon of the reddening of the main scauence whicn has

1

Aot derived Dom Ghe nine s stars with A= henween o350 and olive

¥

Fo prosentiog d revised w::mm“a.,fn beiween (L-7 and (,’;’—— s for unev r;E\'cd

muan segnencs stars, Sirnzys & Ravadiskaite (1667) have 7<m ted out that carlier
Fihis pelation refor 1o stars which are in fact signinic mf;y evaived, ai
wazt to e bive of (B-1" = o™eso0 Since the curvature of the main sequence in

g, ag:a) siedicates that all mine stars availebic here ave evolved, the standard ZANS
1 1

VOTRINDHS O

BYo-colour ;c!ntinm:u;g) published by Iiygen (19€3) bas been used in place of that

of Srraizys & Kavaliauskaite,

Each of the nine stars was moved along the reddening trajectory
AT A R , A 3“;‘/\“ - drr LA
E{U-B) = a2 [ D=1+ ooy BHO-V)
e e efar Loyl evyeun 1 ST RS o .
anto the stomdard curve. The mesn of the resultuing displacements gives

F{B3=17) = o6y which has been adopted as the main scquence reddening of
NGC o259, The solid aurve i Fige 2 s the standard relation of Tggen {1g63)

ruie‘icmxi by this amsunt. The dot cd curve shows the two-colowr standard relation-

Coship given by Serivys & Ravaliwosonte, similarly displiced,
C o Phe positions of six giant stars arc alse p dotted in I 1z 2. The aitached error
bars represent twice the SE of the mean result for each star, Tach of the five single
giant sers was moved along the reddening trajectory until it coincided with the
standard twe-colour relationahip for luminosity class 111 stars given by Jehnson
(1966). The ;'mnltr'q mean reddening is £(B-V) = Cm-gz, The dashed curve in
Fig. 2 shows the standard relaionship, reddenced aporopriately. :
Flartwick & McClure {1972) pointed out that reddening estimates for giants

give systematically smabier valucs than those for dwarfs in the same cluster. Using

their wstimate of o-82 for the ratio between ,1\73~ ) for giant and main scquence
stars gives a value for the dwarfs in NGC 6239 of E(#-V) = ™66 in very good
sagreement with that derived above. The 1‘cddmmﬂ an be rega wrded as wel dCLC3~
rained for the majority of main scquence stars and lies very nearto I E{L-V) = o053,

RESULTS: AGE AND DISTANCE

The colour-magnitude diagram (Fig. 1(a)) bears a strong reacmb‘wance to that

05’ M1 (Johnson, Sandage & \“amquist 1956) The schematic C-M diagram of

e Jatter cluster is shown in the figure, where it has been displaced o™-27 redwards
zmd o735 fainter in order to obmm the su*)uposxtaon shown. If it be postulated
at the “.t;msn_ colours of the vertical main sequences of these clusters are
dentical, a reddening E(B-V) = o™42 is derived- for Mrz, in rather zood
agreement with the value E(B~V) = omyg obtained for this object by Hartwick
& McClure (1972).

The very exact agreement between the shapes of the main sequences, between

the relative positions of the main sequences and giant branches and the near
agreement between the intrinsic main sequence colours of these two objects suggest
that they are c'oscly similar 1n age and probably also in chemical composition an

interesting result in view of their di ﬁcrmﬂ locations in the gala\y Their primary

i }u‘uxc scerns to be in numbers of stars, M1 being richer by a factor of about 2,
judfvmfr from the relative nunibers of glants,
Ihe standard zero age main sequence of ngc‘n‘(x 963), appropriately reddened,
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Tne 016, Metal - Poor Open  Cluster HGC 224%

by

T.G. Hawarden
South African Astronomical Cbservatory

P O Box 9 .
Observatory 7935

<:habtez'ﬁf

Summary

Photoelectric’UBV and photographic BV photometry of the Southern
open cluster NGC 2243 is presented. The reddering and ultraviQleti excess
are determined by a general method which has been tested on severalibetter—
observed clusters. The adopted values for NGO 224% are ﬁ(B-V): 006,

S(UwB)O.é = 0.15 £ 07035,  The latter result indicates a deficiency in
Iheavy elements exc;ptional»among open clusters. The metal ébundance is
‘estimeted to be [Fe/H] = -0.5 relative to the sun. The cluster CM diegram
shows sparse giant and subgiant branches and a giant branch clump or red
horizontal Eranch containing aﬁout 10 stars at Vx15T9. The upper main
sequence i3 well defined and a gap appears therein’notwithstanding the low
‘heavy-element abundance aﬁd the unusually large age,‘(S.OiO.B)xiOgyears,

- deduced from the colour of the main seguence turnoff for an assumed helium

(m~M)0=12?8 is derived but the luminosity of the zero-age main'sequenceVis
very uncertain for this composition. The adopted value implies that the
cluster lies more than a kiloparsec from the galactic plane. The need for

more detailed investigations of the cluster is stressed.

&



Iatroduction

. : n m
The open cluster KGC 2243 is located at ot = 06 28.7,

S = -51° 16! (1975) with galactic coordinates 1=239°.5, b=-18°.0. I{

is number 644 in thellist of open clusters in the catalogue of Aiter,
Ruprecht and Vanysek (1970). NGC 2243 wes included by King (1964) in =
list ﬁf clusters likely to prove oléer than the Hyades. It was therefore
investigated during a search for old open clusters (Hawaréen, l9ﬁ§%§ the

9

results of which supggested an age substantially larger than 107 years,

Such an object is in itself worthy of detziled investigation,

the more so as no previous photometry has, to my knowledge, been pubhlished.

On the Palomar Sky Survey charts, morsover, the cluster has an unusually

small angular diameter - about 7 minutes of arc - which, combined with its
high galactic latitude, suggests that it lies exceptionally far from the

galactic plane. The present paper reports the results of photoelectric

UBV and photographic BV photometry and confirms the suggestion that NGC

224% is an exceptionally intervesting cluster.
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Photeoeloctric Obhservations

Pﬁotoelcctxic measufes in the UBV system have been obtained for
22 stars in NGC 2243. These observations form part of a more extensive
program which includes several other clusters. The observations comprising
this program vere made wiﬁh the 100cm ifelescope at the Cape in 1971, with
the Redcliffe 188cm telescope in 1972 and with the Slcm and 100cm telescopes
~at the Sutherland observing station of the 3.4.A.0. during 1973 and 1974.
Difficulties with the equipnent and with the determination of instrumentsl
coloﬁr equations have led to the exclusion of the Radecliffe observstions
from the published results. Nonethéless these observations were of great
value for preliminary calibration of photographic material used in the

selection of stars for later observation at Sutherland.

A Radcliffe plate reaching to about V:QOm was used to’select
stars free of gompanions brighter then this limit and to find nearby sky
holes similarly unconteminated. A preliminary photographic CHM diagram
was used to identify probable cluster members. Photoelectric measures of
botﬁ main seguence and giant members are needed for the determination of
the reddening and.ultraviolet excess of the cluster. A high proportion
of cluster members émong the photoelectric §tandardé also helps to defins
correctly the colours ofwthe principal sequences, in the presence of
uncertainties in thé'photographic colour equations. Conversely, the
pfbper determination of these colour équgtions requires the inclusion of
stars with a wide range in colour within a limited range in magnitude.
First priority was given to those stars lying within the coma-free field
of the Radcliffe telescope when the latter is used at the Néwtonian Tocus
for photograpny af full aperture. The dearth of blue stars within this
.region has meant that the present sequence is not ade@uate for determining

-the photographic colour transformations.
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All observations vere rade using EMI 62564 photomultipliers which
Were thermo-electrically cooled to -10°C during the Sutherland observations.
The filters used were OG 51% (2mm) for V,B5 12 (lmm) + GG 385 (2mn) for B

and UG 2 (lmm) for U. Four {ilter sets, in all, were used.

The hulk of the Sutherland measures’were made with a 2 channel
‘"PEOpleS” photometer used in single channel mode for flexibility in the
gelection of stars, with signal recording by DCAintegrationé. Vany
observations were s2ls¢c mede with a semi-zutomatic single-channel photometer
(van Bredé, Carr & Kelly, 1974) using pulse-counting techni@ues. The
‘observations with the 5lcm telescope were made with diaphragm apertures

of 17 arc seconds vhile those with the 100cm telescope were generally mede

with apertures of 12.6 or 11.0s.

Both photometers used at Sutherland have been modified and
equipped wita Varo type 8858 image intensifier tubes which can be
used.to view the relayed image of the focal’plane from below the aperture
plate. On the 100cm telescope under optimum conditions these tubés germit

"stars as faint as VslBTS to be seen and centred. Provision ié made in
both’instruments for a wide-aperture position so that the ohserver can view
& star field some miﬁutes of arc across. The long afterglow of the output
phosphor allows him to generate an dfter-image of the working aperture by
briefly switching on the field illumination at high intensity before
changing to the wide-field aéerture. This gfterfimage decays %o
invisibility in about 30 seconds and during this period it is seen
superimposed on the star field. The ability to see the actual size and
instantaneous position of the working aperture relative to the star |
background is of greatl asdvantage in the rapid centering 'of faint stars and

in the positioning of the aperture at the selected sky holes.

The c¢luster stars were tied to the UBV system by a hybrid

- technique. Initially two stars in the vicinity of the cluster were tied to

)



nearby I region standards (Cousins, 1973%) by obéervgtions at ecual sltitudes
en several nights, wiih apparently satisfactory resulis. During the
observing at Radcliffé, however, the chief local standard (HD 4509%) was
found one night to be - | . much A feinter than expected., The 5tar

is believed to be an eclipsing binary of long period, The’magnitude and

i "r—- m e
colours at maximum are V=7.52, B-V= -0.03 , U-B= -0.02 ,

The remaining local standard was used exclusively thereafter. On
alinights but one it was supplementéd by pbéervations from time to time of
I region stars and stanﬁard étars in other clusters, ohserved dt egual or
symmetric altitgdes. This second standard, star & in Table IIT, apnears
constant to within the errors of the O tronsfer observations. The mean
results given have internal standard errors of OTOO4 in V and in B~V and
05008 in U-B. In the {inal rcductions the =zero points in each run were
adjusted to this star, a process which hasg in no case alteied the results
for & given nignt by more than 0702. The statéd uncertainties reflect the
internal precision of the tie-in of the.ggzg peints of the present results

‘to the UBV system,

The obéerving method described is not sensitive to errors in the
extinction coefficients and mean values were therefore adopted throughout.
Transformations from the various natural systems were determined from
numerous observations of E region starg made with the éame instruments
from time to time by thevregular observers at Sutherland. These
fransformations are stable with time and are vexy nearl& linear. Tt must

be noted, however, that, owing to the dearth of standards of:these types, the
UBV system is poorly defined for stars with (B-V)>31.5 and for stars
of abﬁogmél domposition. As has been pointed out by Cannon & Stobie
(1973) uncertainties of OTCB mightrbe anticipated for extremes of boﬁh sorts,

av least in U-B. Measures of siars in the very metal-pcoor globular cluster

e/



" wCen show good agreement in V and in B-V with those of Cannon and Stabie.
~In the present prozram stars of extreme colour have been ohServed in more
than cne instrumental system whercver possible. The resulis sugcest that

- . L in . . ) n
Ter stars with B-V. ~ 1.0 the transformation errors are less than 0.03.

The observing program was designed to keep the internal standard
grror of & mean Tesult fér a star observed on a single ﬁight below d?OB in
V and B~V and below O?D4_in U-B. Where necessary, repeat observations
wvere aﬁdedvtd bring the observed s.e. of the mean within the desired range.
On cértain nights the zero point variations during the observing run

exceeded the desired precision snd on occasion multiple observations

obstinately continued %0 yield standard errors larger than was satisfuctory.

Where either measure of the error méy excead twice the desired preoisién the
results are included in the final means witnh half wéight while observations
with possible errors excecding three times the desired criteria of accuracy
were rejected.’ Exceptions were occasioﬁally allowed when sufficient
additional measures of the offending star have not bheen obtained; no such

“exceptions were made in NGC 2243,

Below are tabulated the mean internal standard errors of the
final results in HGC 2243 and in NGC 2204, anocther cluster observed in

this program.

V Range Mean s.e. (V) | Mean s.e;(B—V) Mean s.e.(U;B) N. stars
11 to 15 - 0.01% ‘ 0.010 0.020 o 15
15 to 16 0.02§ 0.614 0,027 : 7
16 %o 17 0.023 : 0.0%7 0.038 | 6
17 to 18 0.031 | 0.0%0 o - 4.



Tnis observing strategy runs contrery to that'normally aﬁopteé
in_thc establishment of faint photoeleciric stendard sequences for the
calibration of photogranhic photometfy. 'It is comnon for observers to -
measure mony stars with low precision rather than a few stdrs to hipgh
accuracy, a8 was attémpted here. The nltimate resulfs must then rely on
photographic smoothing. This policy is necessary when serious baclground
problems occur, It is viahle provided a large‘number cf photcelectrically
observable stars are available and a good collection of photographic
plates can be obtained. None of ‘these circqmstanbes occugedin NGC 2243,
In this * and in other cluéters of this program - I ba&e attemptéd to
obtain photoelecﬁric observations of 8 precision eaual to or better than
that which might be exwected from good photogranhic phoﬁometry‘at the same
magni tude level. ‘

o~

Table I gives the results of the pho{oelectric photouetry in

NGC 2245; - The star numbers specify quadrant and radial zone as the
first and second digits respectively. OStars and regions are ddentified in
Plate I which is a reproduction of a 30 ﬁinute exposure in V obtained with

ﬁhe Radcliffe tej@scope at fall aﬁerture in unusually good seeing., »The
column headed N gives the number of nighfs from which observations of the

star have been retained.



Plate 1. Identification chart for stars in NGO 2243 for which photometry is

given in the text. The radii of the circles are approximately 75, 150
and 225 seconds of arc. The original plate is 2 4% minute exposure in
Yellow light taken with the Radcliffe 188cum telescope at full aperture

in good seeing.
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Table I

Photoelectric Results for Stars in NGC 2243

Star v BV U-B n Remarks
B 9.97 - 0.35 -0.00 1 =CPD ~-3I° 119
A 11,20 0.65  0.18 9 st |
c 11.36 0.66 0.6 2 =CPp -31° NET
1219 11.61 1.09 1 1
4209 12.03 1.43 1.40 2
2307 12,18 10,79 0.49 1'
4110 12.85 1.11  0.80 3 May be double -
2314 13,60 6.98 | - 1 C |
2308 13.62  0.98  0.52 2
4303 13.73 0.94 0.50 2
2245 14.11 0.94 - 1 ¢
4301 14.18 0.86 0.49 3
| 4236 15.15 0.89 - 0.43 2
2227 15.69 0.57  =0.01 2
‘3216 | 15.86 0.52 0.02 2
3119 | 16.17 0.47 -0.,02 2
2230 16,62 0.49 -0.06 3
3222 16.92 0.59 - 2
0033 17.23 0.61 - 3
3208 17.3%6 0.52 = - 1
3221 17.95 0.67 - 2
1206 17.98 0.65 -2

N.B. The two stars observed only at the Cape, marked C, have not been

used in the photographic reductions.



* Photographic Photometry

‘Five V and five B plates have been obtained with the McClean

/

- refractors and with the Radcliffe telescope used both at full aperture

(188cms) and stopped down to 112 cms.. Details of these plates are given

in Table II.

The full-aperture Radcliffe plates have a coma~free field about
_,/r“w'v‘ 7,

7
are

170 seconds of arc in radius. The zone boundaries in Plate/}Iz/
. Ay s

—

at radii of about 75, 150 and 225 seconds and measures on the full-aperture
plates have therefore been COnfined to zones 1 and’2 only. On the
remaining plafes all uncrowdgd images in the three zones héve been
measured, down to the limit of reasonable accuracy on each plate.‘ The

measures were obtained with the Askania Iris Photometer at the S.A.A.O.

The results for the photoelectric standards in Table I were
used to construct hand-drawn calibration curves for each plate. Iris

readings were plotted against a photographic magnitude Mpg given by the

usual colour equation  M=Mpg + ﬂ (B—V), M being the photoelectric

magnitude on the UBV system. For the Radcliffe V plates fhe usual value

of B for the plate-filter combination used here is 0.07 (Menzies, 1972)

~and this value appeared satisfactory. For the Radcliffe B plates a value:

ﬁ =0 was. suggested by LLoyd-Evaﬁs (private communication) and has also
proved adequate. After some experimentation values of 0,16 and 0.02
were adopted for the McClean V and B plates respectively. These values
differ from those which I have obtained for similar plates using other
sequences more suited to such analysis; the shortcomings of the present
sequence in this respect have been remarked upon. The coldur equatiéns

mist be regarded as uncertain end the photographickresults foi stars

~which lie far from the principal cluster sequences in the CM diagram

may be systematically in error by several hundredths or even tenths of a

oo/



Plates used in Photographic Photometry of NGC 2243

Table 11

Plate Type Telescope Exposure Date
A 7065 v Radcliffe (188cm) 30 min 197é Feb 11
& 7093 v Radcliffe (112cm) 20 min 1972 Feb 13
47121V v McClean (46cm) 90 min 1971 Nov 19
47106V v " 60 ﬁin ‘1971 Nov 13
45941V Vv " 34 min 1970 Nov- 4
A 7066 B Radcliffe (188cm) '30 min 1972 Feb i1
A 7094 B Radcliffe (112cm) 20 min 1972 Feb 13
47121P B McClean (6lcm) 90 min. i97l>Nov 19
47106P B " 60 min 1971 Nov 13
©45941P B " 54 min 1971 Nov 4



(0.

magnitude. The large proportion of cluster members among the photoelectric
standards ensures that the better populated features of the CM diagram are

-

not significantly affected.

A computer program was used to interpbléte between points read
off from the final calibration curves. A second program combined the 
resulting magnitudes and applied the‘colour equations before deriving the
residuals from the mean for each star of the measures on the individual
plates. These residuals were scrutinised and a few outstandingly
inconsistent measures were deleted from the final results; The mean internal
standard errors of these results for stars with more than one measure in the

appropriate colour are 0?024 in V and OTO}B in B.

’xTableIII lists the final results for the stars meagured photo-
graphically. The numbering system is the same as that used in Table I and

the stars are among those identified on Plate I.

L2,



Table III
Pbotographic photomeiry of stars in NGC 2243. Hesults indicated by & (:)

were derived from measures on & single plate in one o¥ both of V and E.

STAR

1102
1105
1187

1112

1113

2109
2113
2114
2115

3101
3106
3110
3115
3119
3120

4107
4109
4110
4115
4116

1201
12024
1206
1207
1268
1.229
1211
1215

2201
2205
2207
2210
2211
2213
2215
2216
P218

v

16-ﬂ5§
16-37:
17.59:
16.42
1601

17.22:

1531
16«56:
1642

15-92:
17-10:
1373
1597
1616
1641

1623:
13-64:
1285
14 43¢
16263

1627
17054:
17.96¢
15.73
1716
15.23
17.51:¢
16+ 51

1634
17.36¢
15.92:
18.26:
1670
1190
18«13
16« 50
17:95:

3=V

s 4Gy
Do 422
@.53:
G446
@' 45

Bed9:
P16
Ge40):
Me 51

o 431
Be 562
e 99
Be 70
050
Be 40

ZeS52
P.81:
1.069
0«73:
Ba 62+

s 43
@s 650
Fa 523
@. 52
De 384,
Be 17
@63
@ 33

e 42
P 63
Pe 44z
Be 427
P« 381
9066: 
e 53
e 63
Ba367¢

STAR

1117
111%
1121
1122
1125

2118
2119
2126
2130

3122

3123

3124
3125
3126
3128

4123

4126
4128
4129

4130

1217
1218
1219
1220

1222 -

1224

1225

12279

2219
2222
2223
2224
2226
2227
2230
2231
2232

v

RING 1

17.22.

17«56
1417

)

1691

15.86

1569

1776

1733

16.81

16039
16050
1679
16+ 2%
15.91
13«97

14418
15.52
15-89
1676

RING 2

1730
1674
11.81
15+ 45

17.80¢

ey

17.03 ¢
1761

19.35:

13.73

14476
16«42
15.32

18033

1570
16+ 61
1639
15.87

e

B-V

9047:
e 631
Ge15
o 45 1
s 31

Pe 52:
Pie 362
#s 63

a7

@e 50
(e 46
Pre 57
e 46
Ae 4G
18373

%99
Be 6W
Be SG
P« 33
@-491

Pe 553
Badqgl:

1.037:

BaB1:
PeS6:
a6
Bel4s
=92

@ 59
@e 45
@.34
Mo 41
Be 51
s 55
@e 51
@51
e 72

STar

1129
1133
1134
1135
11353

2136
213%
2140
2141

3129
3133
3134
3135

4131
4133
4134

1232
1233
1234
1239
1240
1241
1242

1243

2233

2234

2236
2239
2244
et
2244
2245

224b

vV

15 758
160 13:
18« 27:
1695:
16' 53

16« 44
15«97
18.10:
14.96:

160 1%
16«59
1656
17+36:

1742 %

15« 60
1646

16034
1591
17163
1654
15«85
17«24:¢
18.20:
16« 65

1721
16 793
16.24
1673
1732 ¢
13.13:
{6 2%
1429
1529

fam \J

%54
e ST ¢

PRe 20 :

e300
he 37

Ma 45

Me 46
@Gs35

a3 3

@e 47
M 47

e 45

@e 70

e 552
Pe 77

e 61

Ge 4
@31
.35
e 46
Fe 44
M. 55
Be 468
Ae 452

e 622
%e 5% 2
Pe 37
ZeT5:
Be 502
Ghe 480
M. 45

e 4 6

43,



‘STAR

3201
3202
3203
3204
3205
3206
3267
3208
3211

42062
4203
4204
4208
4209
4212
4215

1361
13@2
1364
1387

2301
2307

3301
3368
3310
3312

4301
4363
4306
4307

16.32

18037:
1639:
17.30:
1775:
17+57:
16.12

1736
17.92:

17103
1676+
16+ 52
17.82:
12.11
1529
1 5'89

15,72
15.22
16643
1624

1213

1537 -

15«92
16642
14«11

14013
1374
15.04
1607

[ue}
4
<<

Be 66
Pe 442

Do 4827

Pe 53
PAe T8
De 63:
@.94 -
e 532
G430

Do 49:
Geal:
Be9%
B39

135 .

@78
Be 46

e 59
@57
@ozfié
Pe 51

3«93
Qe a7
G 44
B.87

D38
Be95
Qe 74
@o‘lg

Table 11T (continued)

STAR

3212
3216
3219
3229
3221
3222
3225
3227
3223

4217
4218
4219
42248
4222
4223
4224

13073
1329
1310
1311

2363
2310

3313
3315
3316
331%

4385
4309
4310
4312

V

18153
1587

16-90:
17364
1802
16.92:

15.72

17.25:

16. 62

16«69
16.69:

16+43
1669
16«77
15.82
1673

RING 3
16153

1634
1570

1572 .

13- 62
15.72

16434
15.72
1376
1643

15.83

16028 :

1616

1632 :

e

B=V

Do 433
@049

P« 312
e 623
Pe 7012
@e 5731
s 51

MeS 42
Gie 47

Do 46
Te 4 6%
(.53
@e 51
De 46
BS54
mi 441

%e57
Be 54
104
Be56

@+ 51

Zie S56:%
@BeFH e
Qe 5@ 2%

3229
3233
3234
3235
3236
3237
323%3
3239

4225
4231

4234
4235
4236
4237

1313

1314

1317
1321

- 2313
2314

3319

3328

4313
4315
4321

v

13. 35 ¢
1627

17303

1726

1729 ¢

19«11
15«43
12« 55

16e04
15.99
17+ 61
16057
15413
16494

16«47 ¢
1 66 AR 2

16«53 ¢

15« 62

16«34
13+ 68

1646
1632

1351
15«67

16001

R-V

e 37
Mo 4778
1«71
e 41
e S48
Ba55:

Fle 49
Be 76

a3 6
7a 73

Die 623

Be 47
e 91

1342

e 72%

Pa351
Teifa:

ie 35?

Pre 47
1ead

Me 63
G« 62
e 54

Ahi
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: Flg. 1. The Colour—Nagnltude array of NGC 2243 from the photographic data.
Filled circles represent stars measured on at least two plates in
each colour and the circled crosses show the two faintest photo-

electric standards.




The Colour-Magnitude Diagram

Figure 1 shows the CM diagram of NGC 2243, constructed from the

'photographic results in Table III. Stars measured on at least 2 plates

in each colour are represented by filled circles, those measured‘onAonly

one plate in one or both colours by open circles,

Below Vm'lf?o the main sequence is ill-defined, partly because
fainter stars were measured on only one plate in each colour and partly

because these measures wpgre confined to zones 1 and 2 where the number of

-measureable stars is severely resiricted by crowding. The sparse

~.population of the lower main sequénce in Fig.l, therefore, does not

necessarily represent a real peculiarity of the luminosity function of the

-

cluster.

The two circled crosses near V=1870 represent the photoeleciric
resulfs for thé two faintest standards. It is here that the attempt to
retain a relatively high precision in the photoeiectric results for the
faint stars appears valuable. The close agreement in the colours of these
stars sﬁggest thatﬂboth are main-sequence cluster members, as does their

location in the figure.

Above Val7?0 most stars have been measured on two or more plates
in each colour and the main sequence is consequently well defined, despite a
scattering of deviant points. Many of these are presumably field stars and
others have perhapskbeen systematically affected by crowding. Among the
deviants are probably several unresolved binaries. A star in the vertical
main Sequence at leé@?ﬁ, if combined with an unevolved main sequence star
at VzlSTO wiil appear in Fig.l 0?5 brighter and 006 redder. This region
of the diagram is reminiscent of the CM diagram bbtained by Racine (1971)
for M67, which led him;fo suggest ﬁhat the main sequence of that cluster

contains a large proportion of unresolved binaries,

()



The upper main sequence exhibits a distinct gap at V=16?OS. The
ridge line deviates markedly to the red below this level and above it
: m
commences about 0.06 to the blue. The gap is therefore principally =a

discontinuity in colour rather than in magnitude.

Above the gap the main seguence deviates rapidly to the red, with
a peak luminosity around Vzlﬁ??O. Three stars nearVV=15T9, B-VzO??l
suggest the existence of a horizontal subgiant branch. Centred at V=15T5,
B"V”OTB lies a loose grouping of starswhich are presumably subgiants
commencing their evolution up the giant branch; The area between Vzl5?0
and V=16T0 with 0.7 £ B-VY € 1.0 contains 14 points, 4 from zone 3 and 10
from zones 1 and 2 which together have only 4/5 the area of zone 3.
Furthermore the representation of the 2 inner regions in Fig.i is severely
reduced by crowding problems; it therefore appears that most of the stars

in the area indicated are cluster members.

Avout 2" above the main sequence termination appears a group of
11 stars centred at V=13.90, B-V=0995. These re‘present the giant branch
clump or red horizontal branch. Above_them again 2 stars ére located
suggestively near‘the expected giant locus; somewhat to the blue lie four
stars of uncertain identity. The memﬁership of several of these bright

stars is discussed in more detail below.
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FPig. 2, The 2~colour diagram for stars in NGC 2243 measured photoelectrically.

Filled circles represent probable cluster giants, the small filled circl%}
represents a‘subgiant and the open circles indicate main séquence stars.
Filled squares show the position of these stars after the application of
gravity corrections. Thé croéées show stars believed to be foreground
obiects. The continuous curve is the Class V standard relationship and the
broken curve is the combined Class III - Class V éténdard relationship.

These are reddened by E(B-V) = 0706 and E(B~V) =0705 respectively.



The 2-Colour Diagram and Cluster Membership

Figure 2 shows the 2-Colour diagram of the stars in Table I for

which U-B values are listed. The cluster CM diagram, Fig.l, has been used

“to identify probable members of the pfincipal sequences. In Fig. 2 main'

sequence stars are represented by open circles, the subgiant, by a small filled

circle, giants by filled circles and norn~members by crosses. The filled
squares indicate the location of the main sequence stars after correctioh

for the gravity effect (section 6).

The standard relationships for dwarf: (Class V) and giant (ClassIII)
stars have been taken from Johnson (1966). These have been joined at their
point of iﬁtersection near B-V=1.0. Many recent workers including C;nnon
& Stobie (1973) and Eggen & Sandage (1969 and, apparently, 1964) have

used this subterfuge in the analysis of the ultraviolet colours of subglants,

red horizontal branch stars and other objects which may be too blue to be

accommodated in the colour range within which the standard Class III 2-colour

relationship is defined. This practise is supported by the apparently smooth
overlap of giangiﬁand dwarf relationships in the Hyades moving group. The
Class III relation of Johnson, however, af ter crossing the locus of the
dwarfé, terminates seversl hundredths of a magnitude bluer in U~B than the
Class V relationship at the same B-V. If this difference is real the use of
a‘fused relationship in this vicinity may‘lead to a significant overestimafe

of the ultraviolet excess of the bluest giants.

The standard‘relatiOnships are shown in Fig.2, where the solid
curve represents the Class V relationship and the dashed curve is the fused
Class V;Class III curve. These have been reddenad by amounts E(B-V) <0706
and OTQSIrespectively,'along the standard reddening trajectory. The

derivation of these values is discussed in the next section.



While none are certain, four of the symbols assigned to stars in
Fig. 2 are particularly open to debate. Stars 2307 (v=12717, B-v=0779,
‘,U—B=O’?49) and 1219 (v=11781, B-v=1709, U-B=1T00) are shown as non-members.
They are much bluer than would be expected of normal giants in Fig. 1 and,
in Fig. 2, lie well below the stars with similar B-V colours which are better
candidates for cluster membership., Conversely, the two putative red giants
of Fig.1, Stars 4209 (v=12703, B-v=1743, U-B=1740) and 4110 (v-12786, B-v=1711,
U~B=OT80) are shown in Fig.2 as cluster giants. Neither can be s normal fore-
- ground dwarf: Star 4209 lies outside thé possible dwarf domain in Fig.2 while

4110 would have to be far more heavily reddened than the cluster stars if it

were a normal foregrcund giant or dwarf.

The use of comparative arguments of this type is dangerously circular.
While this is recognised, it must be remembered that for present purposes we
are concerned with obtaining as unexceptional a sample of clust;r members as
possible in order to use standard felationships for "normal” stars in their
analysis. Occam's rgzor therefore indicateé that the two first mentioned
stars should be treated asg non members and that the latier be accepted as

cluster giants. On this basis, then, the analysis of Fig.2 is continued.
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Reddening and Ultraviolet Excess

The reddeﬁing and ultraviolet excess of NGé 2243’ﬁay be determined
simultaneously by & method akin to that used by Eggen énd Sandage (1964) in
Mé?. To do this it is necessary to assume a relationship betweep the
ultraviolet excesses of giants and dwarfs of similar composition and to

make corrections for certain distorting effects.

Eggen and Sandage assume that % (U-B) measured for gients near
(B—V)O=1TO and for dwarfs near (EPV)Oxowé is £he>same for stars of the same
composition, an assertion supported by the approximate agreement between
these quantities observed by Sandage (19TO)'in the globular clustersMlS

and M92 which have large ultraviolet excesses. Wallerstein (1962) and

wallerstein and Helfer (1966) have compared $(U-B) with [Fe/ﬁ] determined

from Coudé spectroscopy of G dwarfs (relative to the sun) and of G and K
giants (relative to the Hyades), respectively. Abundances [Fe/H] relative
to the sun have been determined for Hyades dwarfs by Alexander (1967), by
Griffin (1969), by Nissen (1970) and by Chaffee, Carbon and Strom; (1971)
who obtain,'respectively, 0,25, 0.15, 0,38 and 0.15, The mean of these
values [Fe/HJ = Q.24 was applied to the zero-point of the abundance
scale of the §(U-B) vs [Fe/H] calibration obtained by Wallerstein and
Helfer. DiSplaéed by this amount the calibration for giants becomes almost
indistinguishable.from that for dwarfs, providing strong support for the
assumption of Eggen and Sandage which is accordingly adopted here.

I

Variation of $(U-B) with colour among dwarfs of similar

composition is discussed by Sandage (1969) who provides tables of the

effect. Eggen and Sandage (1964) suggest that this guillotine effect,
attributable to the variation with colour of the slope of the blankefing
vector in the 2-colour diagram, may be small or absent in giants. This~

surmise is supported by the recent extensive photoelectric results of

(&7
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Cannon and Stobie (1973a;b) in the metal-poor globular clusters co Cen
and KGC 6752 where the giants show little or no dependence of §(U-B) on

colour.

The last mentioned results do show a dependence‘of §(U-B) on
gravity amongst the subgiants, similar to {hat predicted by Sandage énd
wWelker (1966) and by Bell (1970). This effect can also be seen in 47 Tuc
* (Cannon, 1974). The efféct results in larger $(U-B) §alues among the
fainter éubgiants,with higher gravities.’ This can be detected in faint,
red subgiants in NGC 2420 if the recent results of McClure, Forrester and
Gibson (1974) (hereinafter referred to as MFG) are examined. The subgiant

star 4236 in NGC 2245 has therefore been excluded from the analysis.

&s stafs evolve off thé main sequence their surface grévity
decreases., In dwarfs with (B~V)O between 0s2 and 076 the reduction in
Cgravity is acqompanied by a reductioﬁ in electron pressure and hence in
the H  opacity, which reduction enhanceg emissiop at wavelengths longwérds

of the Balmer discontinuity. The result is a depression of their (U-B)
colours in fhe 2-colour diagram, relative to those of unevolved stars.
-Eggen (1965) pro?ides a table by means of which the effect can be correctéd
provided that the luminosity excess Aly of the evolved star above the

ZAMS is known. This effect is ubiquitous in open clusters in the

- intermediate age group, béing particularly prominent in NGC 792 (Arp, 1962;
Gunn and Kraft, 1963; Eggen, 1963%), in NGC 2360 (Eggen, 1968) and in IC 4651

(Eggen, 1971).

VariétiOn of the reddening trajectory with colour has been examined
in several open clustérs by Hartwick and McClure (1972) wvho find that the
colour excesses of giants and main seguence stars, determined by means of
the standard trajectory, satisfy ihe relatiOnéhip E(BfV)gzO.BZ E(Bmv)m. |
This has been found to hold for the'clustér NGC 6259 (Hawarden, 19%%%? which

has E(B-V)=0"65.



The ultraviolet excess and reddening are determined by an

iterative process. An estimate of E(BJ\’)g is made and the standard
. relationship, appropriateiy reddened in each case, is used to determine

8(U~B) for the giants and dwarfs. The mean excess for the giants is used
to predict guillotined values for the dwarfs at their appropriate intrinsic
colours. These values are compared with those derived from the 2-colour
diagram using ﬁhe current estimate of E(B4V)m.A If the measured velues,
in the mean, are larger than those predicted then the reddening has been
overestimated. The cycle is repeated using an adjusted estimate of E(B-V),

until the preducted and observed values of §(U-B) agree.

The resulting uvltraviolet excess is now used to derive a mean
blanketing correction A({B-V) from the table provided by wildey, Burbidgé,
Sandage and Burbidge, (1962) and the main sequénce in the CM diagram is
appropriately corrected and reddened, when it may be appro%imately fitted
to the standard ZAMS. Values of £sﬁv are now determined for the main
gequence stars in the 2-colour dipgram and appropriate gravity corrections
are applied. The process of the previous paragraph ié repeated  and new
values of S(U-B)O'é and E(B-V) are obtained, The ultréviolet excess will
be increased and the reddening correspondingly decreased, relative-to the
first solution. The decreased reddening will act o éompensate for thé
resulting increased blahketing correction A CB-V)} since the standa;d
i sequence’changes slope rather slowly it is unlikely that the new solution
will introduce significant changes in thepb%.values. If the;e occur the

whole cycle must be repeated.

In NGC 2243 the initisl solution gives E(B-V)_ = o1,

S<U”B)O.6 = 0?095i O?QSS. The uncertainty in'fhe last result reflects

the standard error of the mean ultraviolet excess of the giants. The

&
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points representing the main sequence after the application of gravity
corrections — filled squares in Fig., 2 ~show an interesting reduction in

scatter, Tne final solution for NGC 224% is then: é

E(B-Y) - 0.06; .S(U;B)g = §(U-B), (= 0.15 & 0.035 (s.e.)

This is the largest ultraviolet excess that has yet been obsérved
in an open cluster. It is therefore of interest to apply the method to
other oﬁjects. Egeen (1969) obtains a redaenlng E(B-V) = OTO4 for the
cluster NGC 3680 whlch leaves the giants with an ultraV1olet excess relative to
the main sequence stars. Application of the present methodrg1ves u(B4V)mw
009, S(U:?)O.G = S(UwE)gm o%o4 * obo1. These results are in excellent
agreement with those obtained by McClure (1972) using intermediate-band

(DDO) photometry.

Eggen (197la) has published detailed UBV photometry of IC 4651
for which he obtains a réddening B(B-V) = OTIS from nearby early-type
stars. This leaves the ciuster giants with zexro u}traviolet excess &as
against §(U-B) = 006 for (unevolved) main sequence stars. The evolved
maiﬁ sequerice shows an ultréviolet’depression in excellent agreement with
that expected from the tabulated values (Eggen, 1966) used earlier. The

present method applied to IC 4651 gives E(B-V)m = OTlQ, S(U—B)O 6

5 (U-«B)g = 02058 * 07003.

The largest uwltraviolet excess previously found in an open
cluster is the value S(U—B)O.6 = 0¢10 obtained by MFG for NGC 2420,
These workers obtain a reddening E(E-V) = 0902 from DDO photometry.
The present method was applied to 9 glants {excluding the subglants, the
Ball star X and the bluish giant F) and to 7 unevolved main sequence stars;
giving E(3-V) = 0700, S(U-B)g; §(U-B), ¢ = O Togs * 0%012. If the
evolved main sequence stars (mostly’omitted by MFG) are used instead, the

result after application of corrections for the gravity and guillotine

&4
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effects is S(U»B)O , = 0.097, in excellent agreement. Inclusion of the

» O

™M .
giant F increases the reddening to 0. 02 leaving the ultraviolet excess

essentially unaffected.
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Chemical Composition

The ultraviolet excess of NGC 2243'indicates a composition
resembling the globular clusters NGC 6981 (Dickens, 1972) and NGC 6723
(Menzies, 1974). The results of Alexander (1967) imply, for § (U-B) %
0.16 & relation [Fe/d] = -4.68 $(U-B) relative to the Hyades.

Combining this with the Hyades metal abundance EFe/H] = 0.24 relative

to the sun - derived in the previous section - gives the metal abundance

of NGC 2243, likewise relative to the sun.us[Fe/HJ = ~0.46. If a solar

abundance 72 = 0.02 ig adoptéd a corresponding value Z = 0.006 is obtained

for NGC 2243.

H

Alexander’s calibration is valid to B(U-B) 0716 only; the
earlier calibration by Wallerstein (1962) begins to exhibit significant
curvature near this point, above which (Fe/ﬂ] varies more rapidly with

&(U-B). The present estimates of the heavy element abundance in NGC

2243 may therefofe prove to be rather high.

The possibility exists that microturbulence in stellar atmospheres

may stimulate the effect on $(U-B) of metal enrichment, This is

discussed in section 10. It appears unlikely to be .of large influence

here.

.14



The Amo of NGC 224%

The effective temperatures of computed stellar models are vefy
sénsitive to uncertainties in the theory of surface convection (Demérque,
1968) so that it is usual for cluster ages %o be determined by comparison
of observed aﬁd predicted turnoff lﬁﬁinosities (eg., Sazndage, 1970) which
are relatively unaffected by the treatment of convection, The distance
modulus of NGC 2243 (discussed in section 9) is far from certain and a
luminosity-based estimate of the age is likely to be correspondingly
unreliable. The age of the cluster has therefore been derived from the
turnoff colour by means of comparisons with other systems which have -
relatively well-determined éges; bue account is taken of differenceé
in heavy element abundance (Z) and, in‘principle, in Helium abundance (Y)

from cluster to cluster.

Turnoff temperatures were obtained from sets of theoretical
isochrones computed under identical conditions but for different‘
compositiéns and ages. In some cases evolutionary tracks, rather than
iéochrones, were used, All isochrones which show a discontinuity resulting

from rapid evolution during. the core hydrogen exhaustion phase (HEP) have

"maximum effective temperature Te at the blue limit of the discontinuity.

"Isochronal" turnoff temperatures and ages (T.) in units of 107 years

" were therefore derived from the tracks by adopting the temperature and age

of the first model subseguent to the rapid blueward evolution during the

HEP,

- Comparison of the femperatures and ages thus obtained yielded
the values of the derivatives ( @ longe/ D log T9>’ (Dlog Te/ 3 log Z) and
( D log Te/ D Y) which are given in Table IV. Also specified are the

conditions under which these values obtain . and the sources of the

Gip
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Table IV
Dependence on Y,% and age of the turnoff temperature of theoretical isochrones
. Source Quantity Conditions * Value
™ 7 Y E; Log Te i
"IG: Isochrones 0.01  0.25 3.9 3.807 |  -0.155
" " 0.35 3.9 3.818 g -0.184
’ ! " 5.9 3,788, i -0.122
HB: Isochrones " 0.40 - 5.0  3.802 L -0.142
" dlog T, L " 6.0 3.792 % ~0.096
Tog T N
dlog 9 | 3
g . 0.30 5.0  3.795 | -0.119
" " X 7.3 377 | -0.105
" " 0.20 7.3 3.772 I -0.105
" " v11.0 3,754 E ~0.092
. i
ADM: Track C 0.0% 0.30 5.4  3.769 i -0.110
and 0,98 M» s .
ADM: Tracks C & F 0.04 0.30 4.9 -0.077:
ADM: Tracks C & By D log T, 0.02  0.30 4.9 -0.046:
HB: Isochrones B = !
DMA:Single tracksy D log Z 3x10 5 0.25 7.1 ; -0.012
And Z=10"2 series '
" 5x10“4 0.25 7.1 -0.012
!
DMA: Isochrones 1077 0.37 10 ; 0.336
" o Qlog T 107 0.12 10 | 0.184
QY _ o g
HB: Isochrones 0.01 0.30 6.0 % 0.05:
: | .
DG: Isochrones 0.01 0.30 5.9 ; | 0.08:
ADM: Tracks A&E 0.03 0.30 4.9 § 0.08:
{
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isochrones and evolutionary tracks used, Tﬁese sources, with the.
ébbreviatiéna used in Table IV and elﬁeghere heréinafter afe:

Aizenman, Demarque & Miller (1969)(ADM); Demarque, Mengel & Ahizenman
(1971)(DMa); Harfwick & wvan den Berg (1973)(KB); Demarque & . Gisler
(isochrones and theoretical main sequence loci published by MFG) (IG).
Addifional results by Demafque & FHeasley (1971) and by Hartwick & Hesser
(1975) were investigated but Qo not add materially to the present data.

All the models used were compﬁted with similar or identical programs and
input physics. This might be expected to ﬁinimise the uncertainties which
are inﬁroduced when models from different publications are compared.

Investigation of variations of the values of the derivatives with

composition and age must perforce be based on such comparisons,

Derivative A = (2 log Te/ o log T9) is rather closely dependant
on log Te. B = (91log Te/’a 10{;‘5\) varies with z but is unfortunately
11 o

poorly determined, as is C = (9 log TE/S‘Q:W\\Y,) which is also a function
AP
ol

of Z.

The basic information used in comparing the clustersis given in
Table V(a). Turnoff colours, reddening and blanketing values for M67 and
NGC 188 were taken from Eggen & Sandage (1964;1969) and the cluster ages
Ifrom Sandage & . Eggen (1969). The reqﬁisite values for NGC 2420 were
taken'from the résults of MFG but the mean blanketing corrections therein
were replaced by values determined specifically for the main éequence
turnoff. The age of NGC 2420 obtained by MFG may be in error, for ieasons
discussed in section 9. Conversion of reddening-free blanketiﬁg-corrécted

turnoff colours to values of log Te vas effected using the calibration by

Schlesinger (1969).

Heaﬁy element abundances relative to the sun, given in Table'V(a)

were derived from several sources. Barry & Cromwell (1974) obtain

specﬁroécopic abundances for stars in M67 and the Hyades which imply that
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Teble V

(a) Properties of Clusters

60

“Cluster [Fe/H]S »(B—V)O,T A (B-V) (B~V)0’C 1gg Ty T9
B oom m m
NGC 188 0.00 0.59 0,03 0.62 3,766 9.0 .
M67 0.11 0.51 0.03 0.54 3,784 5.5
NGC 2420 -0.26. 0.38 0.04 0.42 3,825 (3.3}
NGC 2243 -0.46 0.39 0,06 0.45 3,815 -
(v) Differential Age Determinations
Reference .

Cluster Cins tor A log T, leog Z A B Ty
NGC 2243 M67 0.031" -0.57 -0.145 ~0.044 5.0
NGC 2243 NGC 188 0.049 ~0.46 -0.123 -0.040 5.1
NGC 2420 M67 0.0417 ~0.37 ~0.152 0,048

3.9
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M 67 has [Fe/H] = -0.1% relative to the Hyades. Intermediate band (DDO).
photémetry of the Hyades giants gives cyanogen strength indices with a

mean excess SCN = 0906 (McClure"& van den Bergh, 1968; Demarque &
fcClure, 1973) while Janes (1974) and Osbourne (1974) obtain ‘SCN= o”.“oél

for M 67. McClure & Osbourne (1974) quotes a calibration of this index
by Jsnes who obtains [Fe/H] = 4.55CN -0.2, vhere fFe/H] is given relative
to the sun. This implies an abundance for the Hyades, relative to the sun
of [Fe/H] = 0.07, an unacceptably low figure in view of the results'of-the
recent determinations mentioned in section 6. The’present adopted abundance
for the. Hyades, [Fe/H] = 0.24 relative to the sun, indicates that a
calibration Fe/H] = 4.5 §CN -0,03 is morelapprOpriaté. IrreSpectivé of the
zero-point, Janes' éalibratioh gives for M67 an abundance relétive to the
Hyades of [Fe/ﬁ] = ~0,135 in excellent agreement with that derived f{rom

the results of Barry & Cromwell.

Demarque &  McClure (19?3) quote unpublished results by McClure
who obtains §CN = 0.00 for giants in NGC 188. A solar abundance is therefore
adopted in Table V(a). For NGC 2420 the reanalysis of the UBV photometry
given by MFG which was performed ih section 6 gives a.nmamxS(U-B)O.é = 0@095_
in agreement with the mean of the values for giants énd dwarfs obtained.by
MFG. Their cyanogén~stfength exéess scnp: —CTOé implies [Fe/H]= ~-0.54
relative to the Hyades.while Alexander's calibration of S(U-k-}B)O.6 gives an
abundance relaﬁive to the Hyades of fFe/H] = =0.44., The mean value adopted
by MFG, [Ee/H] = =0.5 relative to the Hyades, is therefore accgptéd here;
after correction for the Hyades abundance a value [Fe/H] = -0.26 relative

to the sun is given in Table V(a).

< It should be noted that spectrum—scanner studies by Spinrad &
Taylor (1969) and. by Spinrad, Greenstein, Taylor & King (1970) are

interpreted by these workers as indicating that M67 and NGC 188 are "Super
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Nét&l—%ich", i.e. have abundances much larger than the Hyades. Their
~interpretation of the scanner results for field stars (Spinrad & Taylor,
1969) have been criticised by Eggen (1971b) and more recently by Bianc—
Visiaga, Cayrel & Cayrel (1973). Furthermore all subsequent observational
studies of M&7 including the spectroscopy by Barry & Cromwell (1974), the
IDO photometry by Janes (1974) and Stromgren photomefry by Bond & Perry
(1971) and by Strom, Strom & ﬁregman (1971) are unanimous in their
>rejection of the conclusions of Spinrad and his co-workers. Accordingly the
mefallicity estimates used here assume that the general results of wide-band

(UBV) photometry are in fact correct.

For each cluster comparison values of the derivatives A and B
from Table IV were graphically interpblated according to the cluster
characteristics in Table V(a). Differential ages were then obtained by
assuming | |

1 B c ;
LD log Ty = 7O log T, - ~Alog 2 - ~OY----(1)

9:..“
where the present estimates assume ¥ = 0.3 and thus AY = 0 in all cases.

The estimated values of A and B are given in Table V(b) toge ther with the

resulting age estimates for NGC 2243 and for NGC 2420 {see section 10).

The determinations of the derivatives inwolve considerable
uncertainties and a single azge estimate derived using (1) probably has a
fractional standard error of about 10%. The observational determinations.
of log‘I‘e and log Z for NGC 2243 generate additional uncertainties: if
the turnoff colour has standard error * 0°02 and the s.e. of S(U-—B)O_6 is
0?035 as given‘in section 6, the resulting fractional standard error of the
age determinatioﬁ is about 1%%, somewhat larger than the uncertainty
inherent in the methods The age of NGC 224% is fhen.taken to be»(B.OiO;B)xlOg

years, slightly less than that of M67.
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Distance Modulus end Location in the Galaxy

Normal points defining the mzin sequence of NGC 2243 are listed in
columns 1 and 2 of Table VI. These were deiivea from curves drawn by
eye through %he'ridge line of the upper main sequence in Fig.l, ém@othly
extrapolaeted along the subgiant branch‘to the points near V 3'15T9,

B-V = 0%7 and along the lower main sequence to the mean of the two faintest
photoelectric standards. Because of these eitrapolations the firsf two

§
and the last points in Table VI are probably unreliable.

Attempts to correct these points individually for the deblanketing
effects of metal deficiency produce considerable distortion of the
resﬁlting sequeénces owing to the rapid variations of the guillotine and.

blanketing el fects with colour. Mean blanketing corrections A(B-V) = O@lO

and AV = wOTO4 were therefore applied in deriving the unreddened, blanketing-.

free points in columns 3 and 4 of Table VI. As a result the turnoff'colour
in column 4 is significantly redder than that given in Table V(a). The
points in columns 3 and 4 were then compared with the standard ZAMS (Eggen,

1965) to give the values of (V - Mv) and M listed in columns 5 and ‘6

o,C
and plotted in Fig. 3, the evolutionary deviation diagram. Those points

considered to be unreliable are indicated in Fig. 3 by crosses.

An evolutionary deviation curve derived from the DG isochrones
is tabulated by MFG; this may be fitted to the points in Fig. 3 in two
ways. The points derived from the main sequence above the HEP in Fig.l
yield a distance modulus (m~M)O = 12793 yhile those from below the
discontinuity give (m-M)O = 12763, The dashed line in Fig.3 shows the
location of this theoretiéal curve fitted with the latter distance
modﬁlus. .Eﬁidently the main sequence gap in Fig., 1 is much less well
developéd,than thét shown by the models used in constructing the isochrone

from which this evolutionary deviation curve was derived.
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Table V1

Normal Points in IGC 2243

10.18

v . (B;V} VO’C (B-Y)O,C » (VO’C - M) M,
18.00:  0.65: 17.76 0.69 12.49 5,27
17.50: 0.57: 17.24 0.61 12.42 4.82
17.00 0.49 16.76 0.53 12.46 4.30
16,70  0.46 16.46 0.50 12,36 4.10
16,50  0.46 16.26 0.50 12.16 4.10
16,20  0.48 15.96 0.52 11,73 4,23
16.08 0.51 15.83 0.55 11.38 4445
16.05  0.45° 15.81 0.49 11.76 4.05
15.90 0.47 15,66 0.51 C11.49 4.17
15.80  0.49 15.56 . 0.53 11.26 4.30
15.75 ‘0.52 15.50 0v56 11.00 44,50
15.70  0.58 15.44 0.62 10.57 4.87
15.80:  0.67: 15.56 0.71 5.38

Ghi
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- Table V11

AM M, (zaMs) F
0.06 5+41

0.13 5.17

0.19 4.96

10.24 471

0.36 4.50

0.45 4.39

0.57 4.29

0.67 4.25

0.93 4.21

1.18 4.29

1.68 4.50

1.86 4.71

2.16 4.96

2.52 5.17 é
2.66 5.41 §
2.88 5.61 : k
3,11 5.84 J

0.30, % = 0.0l
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Fig. 3. The evolutionary deviation curve of NGC 2243 derived from the normal
points in Table VI. The broken curve is the theoretical evolutionary
deviation curve from MFG shown with (m—M)o = 12?63. The continuous curve

ig derived from an isochrone by HB and is shown fitted with (m~M)o=l2T85.
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Uncertainties in the ZAMS luminosity

In their defermination of the distance modulus of NGC 2420 VG
apply & correction of OTA to allow for the depression of the main seguence
luminosity with reduced heavy element abundance which is uniforﬁly
predicted by theoretical investigations. This effect is discussed by

Faulkner (1967) and by Cayrel (1968); MFG derive their correction from

_thecoretical main segquences computed for values of Z between 0.06 and 0.01

by Demarque and Gisler, The corresponding correction for KGC 2243,
assuming a Hyades abundance Z = 0.035 (7= 0.02, Hyades [Fe/H] = 0.24
relative to the sun) is about 0%8, The corrected distance modulus would

make the mean absolute magnitude of the horizontal branch in NGC 2243

M~ 177, fainter than any other known (Cannon, 1970). The distance

modulus derived by MFG for NGC 2420, adjusted for the higher Hyades
abundance adopted here, makes the absolute magnitude of the horizontal
branch MvﬂulTB; the resulting suggestion of>a downward trend of horizontal
branch luminosity with decreasing metal abundance would have zlarming

implications if extrapolated. to the great globulars.

In a study of the old disk stars in the solar neighbourhood
Eggen (1973) has shown that while very metal deficient stars are indeed
underluminous by about a magnitude in the (Mbol, R -I) plane, unevolved
Stars with 2>'J5008 lie along a main sequence locus indistinguishable from
that of the ﬁyades. This is true also of the main sequences of the
61 Cygni, Wolf 640 and Arcturus moving groups which have ultraviolet
excesses S(UmB)O.6 = 0075, 07065 and 0711 respectively. NGC'2245 has
S(U%B)O.é = 0015 and it is therefore reassuring to note that the main

sequence of the & Puppis group which hes S(U-B)O 6= OTl? coincides with

that of the Arcturus group in the (M R -I) plane (Eggen, 1971b). The

bol,

" use of (R«I)colours:in this context is particularly convenient because
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ﬁhey are essentially uneffected by blanketiné an& therefore provide a

meésure of log Te witnhout the gomplications attendant upon the use of
blanketing corrections in D-V, ’Eggen derives an uitraviolet excess

ZS(U;B) in’the(U-B, R-TI) plane(which is closely analogous to the blanketing
correction A (U-B) tabulated by Wildey et al. (1962). Their values for

B~V = 0.60 indicate that, to a good approximation, S(U"B)Q_é = 0.53A(U-B).
The smallest ultraviolet excess for which Eggeh finds a significant luminosity
deficiency is ég(U—B) = 0723 which wouid appear to correspond to S(U4B)G.6 =
OT&Z. The star in question (-24°178144) is rather red but this result serves
termphaSise the féct that there is no reason to assume that the transition
between Hyades-like and subdwarf-like luminosities must occur at a ceonsistent
value of S(UFB)O.G. Thusg, while the .observational evidence suggests that the
distance moduli of NGC 2243 and NGC 2420 should be ;eft.uncorrected for

abundance-dependent luminosity effects, the results must be regarded witn some

caution,

The reason for the lack of a correlation between the main seguence
luminosity deficiency and the heavy element abundance derived from the ultra-
violet excess is entirely unclear. Eggen (1973) suggests that the range in

§ (U-B) observed among disk stars may be generated by variations in micro-
turbulence in stellar atmospheres. On thié éssumption a population of homogeneous
composition might include '"pseuvdo-metal-rich™ stars such as the Hyades,with
large microtufbulent velocities and small ultraviolet excesses togéther with
stars like the members of NGC 2243 and the o Puppis group with exceptiocnally

low microturbulence and correspondingly high ultraviolet excesses.

Without entering this controversial field it mayvbe remarked that

the metal abundance differences found by Griffin (1969) in analyses of high-
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dispersion spectrograms of Hyades stars and Arcturus, which results are
presumably almosi immune to the effects of microturbulence, agree well

vith the abundance differences derived from the uliraviolet excesses of

the Hyades cluster and the Arcturus group. Photoelectric measures of weak

lines in Hyades stars by Nissen (1970) also indicate that this cluster

does not owe its low ultraviolet excess to the effects of microturbulence,

An alternative hyppthesis put forward by Eggen postulates a
variation in \helium abundance‘among disk stars sufficient to offset the
‘effects of the range in heavy-element abundances. For'example Faulker

(1967) gives a gquasi-homology relation which implies that
Log L = 2.67 log(X+0.4) +0.455 10g(Z+0.01)+ Const =e-wwma- (2)

A constant main sequencé luminosity can then be maintained in the face

of variations in Z from, eg, 0.03 to 0.006 if Y is simultaneously reduced
from 2 conventional 0.30 to 0,15, However the guillotining effect of the
constant 0.0l in the second RHS term in (2) limits the excursions of the

main sequence, for constant Y, to about OT? which is probably.inadequate

to explain the observed luminosity deficiency of the extreme subdwarfs,

. Against the suggested variation in Y must be set the evidence of
globﬁlar cluster studies which imply a primeval helium abundance around
Y = 0.3 (Sandage, 1970). Although Koester & Weidemanh(l973) suggest
that the Hyades héve Y = 0.55 the genéral agreement betweén the globular
- cluster helium aburdances and those few available for solar neighbourhood

stars argues against the ‘existence of the degree of variation required.

Thére is thus little hope‘for a clarification of tﬁe problem of
whether or not tﬁe distance modulus of NGC 2243 has been overestimated.
The ébsérvational evidence iﬁdiCates that the result derived in the
. previous section is correct in the p?esent circumatances and that the -

ad justment of the distance modulus of NGC 2420 by MFG is unnecessary., The

(@
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revised distance modulus for that cluster is (m«M)o = 1178 in Zood
agreement with the value (m—M)O = 1290 derived by MFG from intermediate

band. {DDO) photometry of the glants.

he assumptionrof & constant main seguence location in the
(Mbol’ log Te) plane, independent of Z, legds to complications in the use
of luminosity-based age determinations. The blue edges of the HEP

discontinuities in the LG isochrones for Z2 = 0,01 and Y = 0,30 satisfy

log Te = 0.324 M, | =0.526 =mecomeme-- (3)

1

which may be adjusted for variations in .Z by means of the relationship

between log T log Z and Y given by HB. The latter used

9* Mpo1?
isochrones exhibiting no HEP discontinuity but differential epplication
of their results to the relation (3) gives, for 2 = 0,006, Y = 0.30

log Te = 0.338 M ) = 0.543 ====men (4)

The blue edge of the gap in the main sequence of NGC 2243 lies
at V = 16?05, B~V = 0?45. The adopted reddening and ultraviolet excess and
the Bolometric Corrections of Schlesinger (1969) give Mol = 15783, If
(mam) = 12785 the absolute bolometric megnitude of the turnoff, defined

vol = 2‘?9° Substitution in (4) gives an age 2.7 % 109 YEATS,

as above, is M
far smaller tham the value deduced from the turnoff colour.

If metal aburndance variations are constrained to affect only
the shape of the evolved main seguence but not the location of the ZAMS

in the (M log Te) plane it appears logical (if naive) to adjust the

bol, ‘ ‘
isochrones used in obtaining (3) and (4) to the standard ZAMS before
deriving these expressions., The equivalent effect can be obtained by

using the "corrected" modulus of NGC 2243, (m»M)O = 1270 to derive the

cluster age using (4). The fesulting turnoff magnitude Mbol = 5?7 Fives

an age of 5.1 X‘lO9 years in excellent agreement with that derived in Section 8.



.No actount has- been taken of the effects of differences in helium abundence
from cluster to cluster which may well be substantial if Eggen's second
sugrested explanation for the absence of Z-dependent main—seguence variations
is correct.

. a realistic overall discussion,éf this
problem will not be possible until gbnsistent‘sets of isochrones have been
computéd for suitably wide fanges in Y and 2 so that improved verSions of
the quasimhomélogy relation (2) can be derived. | It does not appéarvuseful, in
the meantime, to attempt to refine further the age estimates obtained in this
aﬂé other discussions of old open clusters. Such an attempt should await a

convincing explanation of the constancy of the observed main sequence location.

@
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PBiscussion

The observaetional preperties of NGO 2243 are discussed below’with
emphagis on their relafion to results for other/clustersvand on comparisons -
with stellar evblutioh‘theory. It should be recognised that {the deduced
properties of this cluster have 1érge uncertainties., Particularly critical
vis the ultraviolet excess which affects the estimates of reddening and
distance modulus, ‘The uncertazinties in the physical thgory upon which many

of the results are based have been stressed in the relevant sections, above.

(1) NGC 2243 hés‘ultraviolet'excess g(uua)obé = 0715 %07035 which implies
@@/H] = -0,46 relative to the Sun, ' The cluster is in this respect similar
to the globular clusters NGC 6981 (ﬁickens;A1972) and NGC 6723 (Menziés, 1974).

The absence of the blue horizontal branch and RR Lyrae variables present in
these systems is presumably a consequence of the much lower age of NGC 2243.
The correspondingly larger mass of the e§olved cluster members confines them
to the red end Qﬁ'the‘horizontal branch during the core helium~burning phase
of their evolution (Gross, 1973; Demarque & Mengel, 1971).

>(2) NGC 2243 appears to lie about 1100 parsecé from the gelactic plane,
further than any other known open cluster. In this respect also, it suggests
8 condition intermediate bethen the open and globular clusters. The open
clusters with distances from the galactic plane Q/Z/) most similar to that

of NGC 2243 are NGC 2420 (/2/ = 800 pc if the distence modulus is revised as

suggested in the previous section) which also has a large ultraviolet excess

and a low heavy element content, Melotte 66 (Hawarden, 1974c) at /Z/~ 1 kpe,
also exceptionally metal poor, andeGC 6791 for which Kinman (1965) derives
/Z/ = 970 pc. While Kinman suggests .that this cluster may be metal poor, the
scanner results of Spingad & Taylor (1971) give [Fe/ﬁ]' = 0.7 relative to

the sun. More detailed analyses of NGC 6791 would be most valuable,



.(5) NGC 2243 exhibits a well-defined gap in the upp rwein sequance
which is‘principaliy manifest as & disc.ntinuity in colour. The tendency of
the main sequence in ¥ig, 1 to deviate to ithe red immediatély helow the gap
is universally characteristic of those theoretical isochrones which shéw.the
HEP.discontinuity but has novhere before been observed so clearly in é real
ciuster. The nqrmal,poimts for NGC 2420 listed by MFG showrthis effect but
these workers freely admit that.they have introduced thié deviation morerto
secure agreement with the predicﬁions of theory than to represent the obsexrved
(¥ diagram. In contrast, the Cﬁ diagram of M67 derived by Recine (1571) wﬁich
is of much higher precision than Pig., 1 shows little_or no discohtinuity in

colour across the gap.

(4) The main sequence in Fig.l rises about OT}SAabove the upﬁer edge of
the &aDa Raéine (1971) finds that the corre#ponding segment of the main
sequence in M67 has a‘heightgsﬁia‘OTS which suggests a downward trend of & Y
wi th decréasing 7. This is in direct contradiction with the theoretical
predictions of Demarque & Heasely (1971) who find that A M should decrease

with increasing Z., However the iesultﬁin NGC 2243, - in N67 and in Melotte 66
(Hawarden, 1975b) are in excellent agreement with new model computations by
M.J.Prather and P.Demarque((l974, Preprint) who include allowance for the
‘effect of mixing by convective overshoot at the boundary of the core. Thé
resulting admixture of hydrogen-rich material substantially prolongs the
duration of core hydrogen-burning so that the post-HEP segment of the main
é9quence'is considerably reduced. Furthermore their isochrones for Y¥=0.25,
Z=0.02 now exhibit significant gaps at zges Qp to 9 x 109 years which k
removes the necessity for invoking a high helium abundance to explain the

presence of a gap in NGC 2243 (Y >0.35 if DG results are used).
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(5) The probable existencevﬁf é loose grouping of subgiants at the base
of the rising giant vranch in Fig. 1 was demonstrated in section 4. These
syars have mostly been @easured on several plates and the apparent colour
dispersioﬁ of the upper main sequence therefore suggests that their spread of

' m, . o os s o . ,
about 0.2 in B~V is resl. 4 similar spread is shown by the photoelectric

results of Eggen & Sandage (1969) for corresponding stars in NGC 188 but no

such scatter is apparent in the CM diegrams of M67 (Racine, 1971) or EGC 2420.

Current evolutionary theories offer no obvious explanation for such a scatter.

Further and more detailed study of NGC 2243 is véry desirable.
Intermediate band photometry of giants on the DDO sysfem would be especially
valuable as a check on the very low heavy element abundance implied by the
ultraviolet exCess'derived here, U3V photometry of additionel main seguence
stars and better definition éf the lower main sequence is also urgently needed
to.confirm or improve the present results. Radial velocities of the brighter‘
cluster members will improve the definitionvof the glani branch in the CM
diagram and provide information about the kinematic pfoperties of tne cluster
which are completely unknown at present. Segregation of members by proper.
motions camnot be achieved at present as no suitable first epoch plates are
available, It nonetheless appears ce*tain that thié cluster will handsomely

repay further investigation,
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This OLD OPEN CLUSTER MELOTTE 66

by
T. G. Hawardén
South African Astronomical Observatory
P 0 Box 9
Observatory 7935
Cavpe |

South Africa

summary

Photoelectric UBV and photographic BY pheotometry of stars in and
near fhe open cluster Melotte 66 shows that the cluster is probably
exceptionally old., The CM diagram shows a long red giant branch, a
prominent giant branch clump and a well-populated rising subgiant sequence.

No horizontal subgiant seguence is detectable. The upper main sequeﬁce has

G

+a distinct gap and several blue stragglers are present, 4 group of bright blue

stars may‘inplude clusters members. The red giant branch appears o be
composed of two parallel segquences of stérs, the bluer of these being
preferentially populated by stars in the outer portions of the cluster.
This feature is tentatively identified as an analogue of the asgmptotic
branch in globular clusters. The 2-colour diagram indicates a small
reddening aﬁdAsignificant ultraviolet excess. Use is made of the colour
difference between the main sequence furnoff and the subgiant branch in
several clusters in an attemptrto resolve unéertainties in the age and
composition of Melotte 66. It is tentatively concluded that the cluster
has E(B-V) = 0T17, § (U=B) g ¢ ~ 0™ and [Fe/@EN ~0.2. A distance

k, modulus (m-M)O = 1274 is derived which implies that Melotte 66 lies 750
parsecs from the galactic plane. The age of the cluster is believed to be

about 7 x 107 years, intermediate between M67 and NGC 188,



Introduction

The open cluster Melotte 66 is located at & = O?h 25?6,v' &= -47° 41"
(1975) with 1 = 260°, b.= -14°3,  The cluster is no. 739 in the catalogue of
Alter, Ruprecht and Vanysek (1970).

Eggen & Stoy (1963) obtained photographic BV photometry bdsed‘on a
photoelectric UBV sequence reaching V = 15?5. They derived a reddening value
E(B-V) = 0713 and their colour-magnitude (CM) diagram, heavily contaminated by
field stars, showed é long giant branch,'typical of an old cluster. At V-~ lSm

& narrow Hertzsprung gap seemed to occur. On the basis of these results Kihg

(1964) included the cluster in a list of open clusters believed to be older

than 4 x 108 Vyears.

" A chart of the cluster appears in the Atlas of Southern Open Clusters
(Hogg, 1965). Star counts on this chart were used to construct a contour
diagram of star density in the cluster vicinity which showed a density excess

with angﬁlar diameter about 13 arc minutes. A region of $' radius centered on

"this excess was selected together with a comparison region in the form of a ring

of inner radius 10' concentric with the central region but having twice the area,
Two plates‘from the material used by Eggen & Stoy, 100 minute exposures in V
(103a D + 0 mag 301) and in B(IIa-0 + GG1l3) were used for an initial study.

These. plates had been taken with the McClean 6lcm photographic and 46cm

photovisual refractors at the Royal Observatory, Cape (now the South African

Astronomical Observatory).

The Askania Iris Photometer at the S A.4.0 was used to measure on
these plates all uncrowded stars brighter than V = ISTS.in the selected regions.

The measures were calibrated by means of the existing photoelectric sequence.‘

A rough-and-ready subtraciion method was used to correct for the effects of

contamination by non-members in the central region. The resulting CM diagram

showed a 1ong giant branch extending to below the calibration limit. A




prominent grouping of giantsywas evident at V‘~114T5; on the CM diagram of
Eggen & Stoy (196%) this feature combines with the distribution of the field

stars to present the appearance of a Hertzsprung gap.

The original plate material included a B andéﬂfplate, both 60 minute
exposures taken with the Radcliffe telesco?e diaphragmed to ll2cms. This pair
had been used by Eggen & Stoy for hextrapolation” photometry in the original
study. Iris measures were made of all stars in a central 3' radius aréa on
these plates in order to get some idea of the nature of the fainter regions of
the CM diagram. A well populated mein sequence apﬁeared at_"V” = 16T5 and
~extended beyond the limit to which enthusiasm could be permittéd to extrapolate

the photoelectric calibration, somewhat fainter than "V" = l7m.



Photoelectric Photome try

The original sequence by Eggen & Stoy is inadequate for further
study of the cluster and & new sequence has therefore been observed, The
stars marked E6 and E7 on Plate I were tied to the UBV system by observations

of E region stars on 4 nights in 1970 and on 4 and § nights respectively in

A19?4. The mean results are included in Table I and have internal standard

errors less than 0.01. No supgestion of variability has been encountered,

The fainter stars observed were selected to include a hHigh proportion
of cluster members and care was taken to include stars covering & fairly wide
range in colour in order to facilitate the determination of the photographic

colour equations.

The observations were made with the Cape 100cm and the Radcliffe

188cm reflectors in 1970 and with the 100cm telescope at the Sutherland

observing station of the S A A0 in 1974. Reductions were performed using

mean extinction coefficients for each observing site and transformations to

the UBV system were determined for each telescope-filterfphotgcathode
combination from observations of numerous E-region stars. The transforﬁationé
for the<Radcliffe equipment in 1370 were determined by Dr. P.J. Andfews while
those applied to observations at the Cape and at Sutherland were obtained

from observations made on é regular basis by all observers using the eguipment.
Thé transformations are generally almost linear with small coefficients and in

all cases are known to be stable.

In all, 27 stars with 8703 & V € 17762 have been observed. The

results are given in Table 1. The numbering system épecifies,the quadrant on

.Plate I as the first digit and the radial zone as the second. Under the heading

“Source' the letters R, C and S represent observations obtained at the
Radcliffe, Cape and Sutherland Observatories, respectively. The column "n"
gives the number of nights on which the star was observed. Under "Notes" the

letters G, HB, SG or M indicate respectively that the star is believed to be a
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Notes to TABLE 1.

(1) 415) and 4152 measured toéether; photographic megsures of.4152 suvtracted
above.

(2) Hot used in photographic redubtions..

(3) Image double on deep plates - not used in photographic reductions

(4) Discordant photographic results - may be variable

(5) Smoothed (photographic) V = 14.70

(6) "Smoothed" (photographic) V= 17.48, B-V = 0.68




red giant, horizontal branch ("giant clump"), subgiant or main sequence

cluster member on the basis of its location in the CM diagram.

Most stars in Table I were observed on only one night and the data
is heterogeneous so that assesément of its precision is difficult, Experiencé
with the same equipment used under similar conditions on other programs
sugpests that the s.e. of a result based on measures from a. single night
varies from 050l in V and (B-V) at V=8" to ~ 0703 in V and ~ 0704 in (B-V)
at V = 16", reaching ~ 0708 in V and ~ 0707 in (B-V) at V = 1776, In (U-B)
the s,e. may reach OTO5 for the faintest sters observed in U,

Notwithstandipg these estimates, the photographic results for stars
3148 and 4121 are internally consistent but deviate markedly from the mean -
photoelectric results. In the final photographic reductions "smoothed"
values have been used. These are given in the footnote to Table I. Since
4121 is the faintest star in the sequence and determines the location of the
calibration curves for the last 0?3 in each colour it can be regarded as
*gmoothed" in a: euphemistic sensé bnly; the use of the last OT} of the main
Bequence in detérmining distance moduli, etc. must ﬁherefore be regarded with

suitable suspicion.-



Photographic Photometry

Three V piates (103aD + GG 11) and 3 B plates (103a0 + GG 13)
have been measured for the photographic photometry. All were taken with the
Redcliffe telescope disphragmed to 112cms. One V and one B plate, each

exposed for 60 minutes, form part of the plate material used by Eggen & Stoy -

(1963)., The remaining plates were each exposed for 45 minutes. One of these,

a V plate taken in~gobd seeing, is reproduced in Plate I. The three regions
outlined thereonbhave boundaries at radii of 3', 5' and 7' from the adopted
cluster centre which is believed to lie within 30" of the true centroid of
the cluster members, Within the two inner zones all uncrowded’stars‘brighter
than v~,17?5 were‘measured on thé three plates in each colour. The outer
edge of zone 3bis close ‘to the coma-free limit of the Radcliffe telescope

N
used at 11l2cms aperture so that small systematic effects may be present,

The uncrowded stars in this zone were therefore measured on the two plates

in each colour taken under the worst seeing conditions, This measurement
was carried out separately from that of the stars in zones 1 and 2; the
results were separately reduced and are therefore presented in a separate

table.

Calibration curves wers drawn by hand using different values of an
ass;med linear colourvtransformation‘coefficient. The same value of this
colour coefficient was used for all plates of one type. Points read from thesel
curves were used for computer-interpolation of magnitudes in the photographic
systemvfrom each plate which were then averaged and corrected for the assgmed
colour equation. The corrected results were then compared with the photcelecttric
measures and the colour coefficients appropriately adjusted for the next
attempt. The final results show n§ detectable dependance of ;he residuals
on colour (or on magnitude); these residuals, in the sense (Mpg-Mpe), are
shown in Figure 1 where the open circles denote the unsmoothed residuals for

stars 3148 and 4121. The final colour equation adopted for the V plates

A agrees with that applied by Menzies (1972). The photographic Bkmagnitudes
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Residuals of the photographic results in Table II from the

- photoelectric values of the.same quantities iandble,I,

expressed in the sense <lpe -Mpg. The open circles indicate

the unsmoothed residuals for stars 3148 and 4121.



require a slightly larger coefficient that usually adopted for Radcliffe
plates of the same type in order to remove all colour-dependance of the

residuals.

Table II iists the results for stars in zones 1 and‘2 which are
unaffected by crowding. All these results are derived from measureé on at
least two plates in each of B and V and stars’with measﬁres exnibiting a
total range in either colour exceeding OTBO have been excluded. The
resﬁlts retained include no individual measures deviating from the mean
for that star by more than 3 times the average of the root-mean-sguare
deviations for all plates of the particular type. These average r.m.s.

deviations are, for tﬁé'results retained, OTO45 in V-and OTOE} in B.

Tabvle 111 lists the results of the measures in zone 3 which were
reduced in a similar fashion to those in Table.II. All stars in this table
are represented by measures on both plates in each coiour. The stars iﬁ
Tables II and III are identified in Plate I according to the four-digit

system used for the photoelectric results in Table I.

@



Table IT. Fhotograrhic magnitudes and colours for stars within 5' of

STAR

1101
1102
1103
1104
1105
1107
1108
1109
1110
1111

ilie

1113

1114.

1115
1116

1119

1120

2101
2102

2103
2105

2107
2108
2109
2111
2112
2114
2118
2119
2120

2121

3101
3102
3104
3105
310é
3107
3108
3109
3110
3111

3112
3ila

3117
3119
3120
3iz21
3122

the center of Melotte 66.

v

17.22
17. 06
16«47
16.98
15. 58
17.12
15. 81

17« 39

17.26
1612
16042
16.07
15. 46
17+ 44

17.26

17. 45

- 15.91

17.27

15.87

17.18

17« 29
4. 69
15.’41
17.07
16453
1707
16413
16. 38

16+ 77

140 44
1687

15. 69

17« 36

17. 31
16427,

1695
17.02
1700
16. 66
17« 24
15. 62

16.80
15452

16+ 40
1634
14450

14027

B-V

B 67
0. 60

0. 72
0. 67
1.03
0o 71
0. 56
0.89
0. 74
092
0. 68
0094
0..74
00 74
0. 66
0«70
099"

0. 73.
0‘ 62
6-.82
0990
1. 18
0«73
0.77
0. 70
0+ 71
00.58
0. 37
0.‘74 3
la11
0«68

1. 09
0'82
0.85
0473
0.52
0. 65
0¢ 71
0° 73
0.47
0e 73
1400
0473
0. 66
0. G4
1+ 08
105
0450

STAR

11zl
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132

1135

1139
11410
1141
1142

2122

2123 -

2124
2125

2127
R128

2129

2132

2133
2135
2136
2140
2141
2142

3123
3125

3126

3129
3130
3131
3132
3133
3134
3137
3138

3139

3142
3143
3144
3145
3147

\Y
RING 1

160 77
17. 31
16031
16. 74
1 6. 69
16+ 70
160 19
17.00
15. 74
1653
1717
15440
1 4o 40
164 49
16.83
14e 63.
16598

160 41
156 444
16+ 54
17 17
16471
© 16«75
15+ 88
17-43
13416
17.27
17.03
17. 02
16+ 35
1 6 48

16457
17 44
1586
1 6. 08
1664l
16.89
17«07
14+ 06
17.16
17,27
1712

16452
15.95
17. 03
1720
15¢ 62
16479 .

0- 66

0.59

0. 69
1. 02
0.90

0. 59 .

1. 01
098
0.611
0. 70
1. 08
luy 13
0. 70
0% 71

0. 71
0.50

0« 70
1. 08
G"’IO
0. 68
0.96
1. 02
091
0.80
1e 47
0o 76
0-56
0“69
0. 62
0.‘61

00 55
0= 71
1e 01
0« 62

0. 64

0. 73

00’70 ’

126
0« 74

077

0«67
0. 66

1. 00

0. 69

0o 74

036
0+ 69

STAR

1143
1144
1145
1147
1148
1149
1150
1151
1152
1153
1154
1158
1159
1160
1164

- 2143

2144
2145
2146

2147

2148
2149
2150
2151
2152
2153
2154

3148
3152
3157
3158
3160
3162
3163
3164
3165
3166
3167
3169
3170

3171

3175
3176
3177

17 37
1705
17 04
1645
15. 79
13«77
13+ 38

17.21

16+ 78
1705
1707
1694
17.23
1737

15.82
17«12
16.85
15.990
1708
16478
1627
1659
16+ 10
17.01

16+ 73

14. 70
16622

1713
1658

17«31

16.22

16:86

1739

1727
16449

1704

16+ 65

16.21

17«44
1746
17- 36

089"

.67

0.82.

0«75
0.32
0. 59
0.62

-0« 65

0. 69
0«67
0. 70
0. 63
0.67
0+ 73
0.81

0.99
0. 70

0.88.

0.‘ 74
0. 75
gs 61
-89
0.58
0«59

0460

0:88
1517

t« 16
0.92
0,66

0+ 65

0e 65

077

047
U« 60
00‘86
0«70
0o 64
0 74
0« 76
0. 88
0+ 70
083

0+ 65.

@



STAR

4101

4102

4103
4107
4108
4110
4112
4113
4114
4115
4116
4117
4118

4119

1201
1202
1203
1204
1285
1207
1209
1210
1211
1212
1213

1214

1215
1216
1218

2201
2202
2203
2204
2206
2207
2208
2209
2210
2211
2p12
2213
2215
2216

2217
2220
2021
2022
2223
2224

1556
15. 76

16453

1619
17. 25
l4¢ 54
16,51
14. 46
17- 15
17. 06

15.80

16. 67
14.51
13. 20

135.24
16+ 45

14419

16. 10
144 43
17« 42
16+ 66
15.990

16487

1695
15. 73
154 46
16« 60
16« 67

16465

1671
14. 18
16446
14. 56
12+ 59
1697
1605
16.97
16.22
13. 37
17 18
16,93
13.47
17. 0t
1&.’05
17.23
14.51
15. 33
17.21
1697

TR T M Temsymamaeiteee 0

0.25
0083 ’
0. 62
0.57
0. 66
1. 06
0. 62
0«73
J.56
0.56

0:93

1. 00
110
0e 43

1.00
D' 58
[« 05
100
1. 08
0. 68
0.70
094

0.58

0. 54
0. 79
. 79
0.55
.52
Oﬂ' 72

0. 68
1.02
0.70
1. 22
la 46
0. 71
120
0-71
0. 63

' 0.50

053
071
1. 66
0. 70
1432
0. 79
1.14
0-86
0. 78
0« 61

Tavle

STaR

4120

4121

4122
4123
4124
4125
4128
4131
4133
4134

4135

4138
4139

4140

1219
1220
1221
1223
1224
1225
1226
1227
1229
1230
1231
1232
1233
1234
1235

2228
2229
2230
2231
2232

2233

2234
2235
2236
2238
2239
2240

2241

2242
2243

C 2244

2245
2246
2249
2250

1T (continued).

v

16.91
1746
16«62
15 79
16. 68
17«17
16,86
15.’[]0

1707

1728
16.92
16-.56
17« 44
16.82

RING 2

16. 69
1650
16+ 54
166 14
1627
15e 64
17« 14
1723
1521
15.84
16688
1706
16.99
1703
16,90

16652
16057
1710
16598
1613
15439
17+ 08
16e 54
160 45
16431
11.83

16-47

16. 48
1647
1733
14+ 43
15+ 64

16569

16047
16.88

0« 63
0. 68

D52

6.97
0.56

~ 0. 59

0. 68
Dc:gll
0« 65
0. 78
0«71
0. 62
e 69
0. 59

0. 68
0. 61
0«59
0. 62
U.‘Sé
080
0. 73
0« 76
0. 69
te 02

067
" 0.88

.96
0. 72
0. 70

1.05
0. 62
0« 70
0. 70
0. 66
1. 05
0. 69
1. 06
0.‘ 65

0.89
1459

1.00
0. 69
0.’ 66
0. 66
1010
1. 02
0« 68
0. 67

0. 71

5TAR

4142
4144
4145
4146
4147
4150
4151
4153
4154
4155

4156

4159

1236
1237
1238
1239
1249
1241
1242
1244
1245
1246
1250
1251

1252

1300

2251

2252
2253
2254
2256
2259

2261

2262
2265
2266
2267
2268
2269

2277
2272
2274

22175 -

2277
2279
22840

15.33
16 62
1707
16+ 63

16.53 .

17418
12 69
16+ 78
16+ 70
16413
17. 41
17+ 24

17.25
16 42
1737
1605
1557
16«11
12.51
14222
1441
13.57
15. 13
16+ 71
164 38
17.29

16« 65
16429
14;71
16.53
17.21
13728
13.58

15« 79

13. 39

1 6-4 67

16. 65

- 16.52

14419

16475

16453
16. 34
l4.92
13«75
16494
1686

0.62

.84

061
0«79
0. 63

057

1:56
094
0.59
0.949
0.65
U.. 78

0. 78

0«59 .
0480

1.19
0+73

0+ 63.

1-56
096
119
0.56
1.03
0. 64
0485

0.59

0-91
0. 64
0.87
0.82
00‘56
0-96
125

075
'0447

0.99
053
0o 44
1,01
1.15
0.86

097

086
1«79

0. 68"

101

..



STAR

3201
3205
3207
3208
3209
3211
3213
3214
3216
3219
3221
- 3226

4201
4202
4203
4204
4205
4207
4208
4209
4210
4211
4212
4213
4214
4216

4217 .

4218
4219

15.95
1620
1727
15.86
16433
17.22
14¢ 42
16+ 33
15.93
140 71
17. 30
16« 60

16«01
16+ 63
1516
16+ 38
146 45
1743
16 51
15+ 09
17435
17. &4
1735
13013
1692
17.43
16.87
13,78

077
GC 61
0.30
0‘83
1. 08

0. 66

1. 15
0. 78
0. 75
1.09

0« 75

0.88

0. 62

0. 66
1010
098
t.21
0e 72
0074
0. 62
1. 09
0o 64
0. 36
0o 74
0990
e 63
0. 69

0. 69

0457

el d B oo o a s

Table IT {continued )

STAR

3227
3229
3230
3234
3235
3236
3238
3239
3241
3242
3243
3244

4220

L4221

42002
4223
4224
4225
4226
4227
4228
4229
4230
4231
4232
4233
4236
4237
4238

v

13. 04
1390
15. 62
16« 79
{4. 63
{7- 46
16.38
15.99
1733
1701
16:51
13« 72

16-.84
15. 67
17.34
15+ 35
16.72
16¢ 75
16« 78
1556
1619
13+ 61
1473
17419
15. 08
16637
17«25
16440
15.50

0. 61
1. 18
UB 70
0.8%
1.12
0+ 61
0+55
0-86
0. 74
0;43
00‘84
056

0« 70
0" 63
0 66
f67
09‘ 61
0.89
097
101
0. 54
[« 36
085
04"66
09’66
100
0. 61
0683
103

'STAR

3245
3246
3247
3249
3251
3252
3253
3258
3259
3260
3261
3263

4239

4241
4245
a247
4248
4249
4250

4252
4253

4254
4258
4259
4262
4264
4265
4266

1716
16526
l 7!“{13
1707
15.55
15 68
164 76
1707
1438
1450
1713
17.02

17.12

16+ 73
16457

1601

16454
16447
16558
16495
17.27
17418
1724
16459
15234
144 74
14501
14556

0. 74
.99

0-66

0. 69
0.92
D70
120
0«71

1o12

125
0.82
0. 71

057
0. 72
.92

0« 64
0. 60 .

0. 66

0. 65.

0. 70
0.80
09681
00‘79
098
1.03
.12
1e’26
1+ 12



Tutle

STAR

1301
1302
1303
1304
1305
1307
1308
1309
1310
1311

32
1313
1314

2303
2304
2307
2308
2309
2312
2314
2315
2321
2323

3301

3305,

3307
3312
3313
3314
3318
3319
3323
3324
3327
3328

4304
4305
4306
4307
4308
. 4309
4311
4312
4313
4314
4316

4318 .

17T. Thotographic maznitudes wnd colours for stars from

from the center of Wlelotte 66.

1728
15. 39
16. 30
17.29
16.82
1748
17-01
1695
13.81
14. 49
1624
16459

17.09

1330
16.24
14.91
12+99
13041
16« 65
16+ 63
16.54
15.88
15« 09

15.56

1714 -

15 18
15+ 38
1650
12.92
165 70
1594
1684

16+ 44

16. 18
14+ 60

17-.10
1704
15.85
16+ 79
1684
15.27
16499
1593
1643
15450
16651
16- 34

B~V

057
2. 29
GI.71
0«63
0.84
0.55
0« 62
.50
0. &6
012

" 0. 55

0=56
0. 60

092
0. 64
0. 64
0.87
le 21
.96
0-83
0-84

0.6l
0.98

0. 61
0.70
110
0. 79
076
133
0.86
0-94
105
1. 10
1«24
1. 08

0= 70
0. 61

0. 67 .

0.87
0.97

- 0+99

0.91
0.83
073

0s 24 -
. 0. 61

0. 66

STAR

1316
1313
1319

1328
1321

1322
1323
1324
1325
1326
13238
1329
13380

2326
2329

- 2332

2333
2334
2336
2337

.2338

2339

2341,

3332
3334
3335
3336
3337
3338
3340
3343
3346
3347
3348

3354

4319
43210

4326
4327

4329
4330
4331
4332
4335
4337
4338
4349

v

RING 3

[6.31 .

1736
16403
17. 04

1296

13. 32
15+ 58
16. 36
17 03
140 18
15. 35
1743
16+ 69

16 17
t4. 30
17. 24
1717

14¢ 70

15.82
16031
14+ 09
16+ 310
14481

166 62
13«39
16. 24
15. 32
17 32

16+ 68

17.28
14216
15-80
1706
16+ 63

17.27 .

1680
16415
12+ 66
1 60 42
13+ 58
15,03
16655
16091
15« 64

15+ 70

16+ 40
1 6. 59

101
0s 65
G« 64
le2}
1«56
G.‘ 62
090
1. 49
0«62
0-56
1.24
.63
0.‘ 72

0.91
1.10
D.’ 73
0« 66
0. 76
0.‘57
.22
1. 14

0«83

0.58

1«15
085
0. 79
0. 72
0-' 74
0o 71
1. 02
0s54
0-91
0. 68
1501

Oa 68

1. 00
091
1. 32
0- 64
0. 76

1. 14

058
0. 63
1411
058
0. 58

059

STAR

1331
1332

1333.

1334
1335
1336
1337
1338

1339

1341
1344

2342
2343
2345
2346
2348
2349
2350
2352
2353
23610

3355
3356
3359
3363
3364
3365
3366

268
3369
33740
3372
3373

4341

4342
4343
4345

4347

4349
4351
4352
4354
4355

17. 05
1437
1715
17.01
16481

150 48

16«44
16043
1707
17-16

17. 01

13. 39
16+ 73
17-10
16480
1606
1 6 29
16+ 12
16431
17-01
1513

16« 73
1739
16490
1627
14. 71
16.84
13795

16401

1676
16+ 38
1697
1604

17-14

1596
1723
17.28
144 37
16.22
1315
16.92

14481

0«53
Ie15
0«76
099
Ge G5
1. 12
0«75
0-99
.52
0-49
~0:56

127
0. 63
0. &8
D.‘Sg
106
0«70
0. 76
1+ 08
0. 62
0«75

1«13
0. 62
1.23
054
125
097
100
0. 71
g0.79
0-91
§. 70
0« 64

0.70
1207
0+ 59
0.54

111

21
1« 40
1« 26
088

1«07
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Fig. 2. The Photographic Colour-Magnitude diagram of Melotte 66 showing
(a) stars within 3' of the adopted cluster outer, (b) stars within

&t af the centre. The main sequence gap is prominent in both diagrams



The Colour~Magnitude Diagram

Figs. 2(a),ana (b) show the CM diagréms of the photographic results
for stars in zone 1 (0' to 3' from the cluster centre) and zones 1 and 2
(0t to §') respectively. The principal features of the CM diagram of an old
open cluster are clearly outlined. A well pepulated main sequence tefminateé
at V~ 1674 and exhibits a aistinct gap, centered at V = ISTT, in both diagrams.
There is no evidence of & horizontal subgiant sequence but the rising subgiant
branch is very prominent and is most heavily populated at its faint end near
v =‘16TO.‘ A group of stars near V = lATér B;;*a 1@05 represents the giant
branch clump or red horizontal brahch {Cannon, 1970). Above this lies a
sparse, rather scattered red giant branch which may extend to V = 11@8,

(B-V) = 1?5. A scattering of stars to the blue of the main sequence turnoff

suggests the presence of a number of blue stragglers. These stars are almost all.

confined to zone 1 which may be interpreted as supporting the suggestion of
McCrea (1964) that they represent close binaries which have undergone méss
exchange. Such binaries would be expected t¢ behave a5 super~massive stars‘
during the dynamic evolution of the cluster, becoming strongly concentrated
to the cluster centré.v Conversely fhe ﬁembérs of the giant clump are much
less strongly concentfated; indeed,‘their density in zone 2 is higher than in

zone 1,

Fig. 3(a) shows the CM diagram of the stars in zone 3%, lying between
3% and 5'.from the cluster centre. The CM diagram of stars in the comparison

zone (inner radius 10')~which were measured in the preliminary study

(Hawarden, 1970) is shown in Fig. 3(b) . This outer zone has twice the combined area

of zones 1 and 2;.zohe 3 has almost the same area as the combined inner zones.,
Comparison of Figs. 3(a) and (b) indicate that the former includes a number of
red'giants and giant branch clump stars and probably also a substantial number

of main seguence cluster members, at least below V = 1750,
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Fig 3. The Photographic CM diagrams (a)ncf stars between 5' and 7' from the

R

centre of Melotte 66 (b) stars in the annular region between 10' and -

©12'.24 from the cluster centre. Outlined in Fig. 3(a) are three of
,thg'areas in which star counts were carried out. The dashed curve
Fig. 2(b).

shows the approximate locus of the red gis




Star counts in a suitably located hox in the CM diagrem (V between 1650

and 1653, (B-V) between 0750 and the boundary of sarea C) indicate an excess
C . . 2

of @ % 4 stars in zones 1 and 2 relative to zone 3. Approximate x ,

tests indicate about one chance in five that this excess is accidental.
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5. Ultraviolet Excess, Age and Distance: Problems of Internretation

The stars in Tébie 1 are shown plotted in the 2-ecolour (U-B, B-V) plane
in Fig. 5. Their location in the CM diagram Fig. 2(b) has been used to select
those which appear likely to be cluster members. In Fig. 5 probable main’
sequence member$~are indicated by o@en circles, cluster giants by filled circles
and non-members by crosses. Two further stars which may 5e cluster giants are
indicated by circled crosses. The continuous curve is theAstandard relation
for Class V stars given by Johnson (1966) and the broken curve is a combiﬁﬁtion
of the relations for Class III and Class V stars from the same source. These
have beeﬁ displaced by amounts appropriate to reddenings E(B-V) = 0714 and 0712

respectively. The derivation of these values is discussed below.

In an investigation’of the old, metal-poor open clustér NGC 2243
(Hawarden, l975b) a method is described whereby the reddening and ultraviolet
excess of a cluster may be derived from the'é—CDIOur diagram of giant and.ﬁain—_
sequence members. The method resembles that used by Eggen & Sandagé (1964)
but provision is made for corfections for the guillotine.effect in dwarfs
(Sandage, 1969) and for the effects of gravity on the (U-B) colours of evolved
mein sequence stars (Eggen; 1966). A value of the reddening is sought which
equates the mean ultraviolet excess of the cluster giants with that observed
for fhe main sequence stars after the azbovementioned corrections have been
applied; In assigning,values.of reddening‘E(B-V)m and E(B;V)g respecﬁively

 to the dwarfs and giaﬁts in the.same 2-colour diagram the standard trajectory

is used together with the empirical relaticnship E(B-V)g = 0.82 E(B"V)w

;

derived by Hertwick and McClure (1972).

The two circled crosses in Fig. 5 represent stars 2261 (V=13760,

B-V=1725, U-~B=1726) and 2238 (V=11784, B-V=1758, U-B=1784) which lie somewhat
‘above the mean giant locus in the CM diagram.

-
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Fig. 5. The 2-colour diagram of the‘stars in Table I. stars believed to be
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branch clump stars), open circles (main sequence stars) and circled
crposses (asymptotic branch or eveolved giant stars). The continuoué
and dashed curces represent the standard cholour relationships
reddened by E(B-V)=0"14 and 0712 respectivély.
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noted below, these may be asympiotic-branch stars or otherwise somewhat

peculiar and in Fig. 5 they lie well below the main locus of the other giants.

If they ere included in the analysis of Fig.5 the resul£s obtained
by the process outlined above are: S(UmB)O'éuOTl3, E(Buv)mmOWlO. If these
stars are omitted,i»(UnB)O'6=0.14iO.O3(s.e.) and,E(E-v)mzo.ld. Thus the
exclusion of these stars has little effect on the ultraviolet excess but

significantly reduces the reddening estimate.

The calibration of [Fe/H] against $(U-B) obtained by Alexander
(1967), adjusted for a Hyades dhundance [?e/ﬂ]= 0.24 relative to the sun
(Hawarden, 1975b) gives an abundance [Fe/ﬁj = -0.4 relative to the sun for

Melotte 66.

The bluest point on the main sequence in Fig. 2(a) and (b) lies just
above the gep at V=16.60, B-V=0162. The larger reddening given above implies
an unreddenedvcoldurv(BJV)O=O?48 at the turnoff while the corresponéing
blanketing cérrection (Wildey, Burbidge, Sandage & Burbidge, 1962) is

A(B-v)=0"110 so that the fully-corrected turnoff colour is (Bav)o’c=oT58.
The corr95ponding turnoff colours of M67 (age 5.5x109 years) and NGC 180
(agerv9x109 yéarsj are (B4V)O,c z~OT54 and ‘0162 resPectively,Aif the reddening
values of Sandage & Iggen (1969) are applied to the normal points for these

clusters listed in the same paper. In the invéestigation of NGC 2243% mentioned

above a method 1s presented whereby cluster ages may be estimated differentially

from the effective temperature of_ihe turnoff, Variations of heavy element
abundance (and, in principle, of helium abundance) between clusters are allowed
(for by means of correctionsydetermihed‘from comparisons of the turnoff
temperatufes of theoreticai isochrones calculated under identical condition;
from models of different abundances. £ In general a given turnoff temperature
corresponds to a larger age in models with lower heavy element contentér

(ef, for example, the evolutionary tracks of Aizenman, Demarque & Miller, 1969).

/03



In the.process of estimating the age éf NGC 2243 abundaﬁces EFe/H =0.11 and
0.00 relative to.the sun were adopted for M67 and NGC 188. Allowance for tﬁe
- differences between these values and those obtained ébbve for Melotte 66,
together with the observed differences in tufnoff colour yields ﬁturnoff“

9

ages for the present cluster of ll.2x109 years (from ¥67) and 11.4x10 years

(from NGC 188).

Gaps such as that in the main sequence of Melotte éé.are believed
to result from a period of'rapid'evolution during the ihternal cbntfaction of
the stars of the upper main seqguence subseguent to the exhaustion of hydrogen
in a convective core. Aizenman, Deﬁarque & Miiler (1969) and Demargue &
Heasely (1971) have shown that the existence of such a core is depehdent on
the stellar mass, heavy element abundanée and helium abundance in sucﬁ a_
fashion that all must be high enough if convection is to occur. Recent
isochrones by FLIZPmﬁhér and PJD@mamue(r9743.prgpr(ﬂt>, . for models with Z=0.02
show a discontinuity corfesponding to the core hydrogen exhaustion phase (HEP)

for age 9:&09 years with ¥=0.25 An isochrone for the same composition but
only ‘
with age 10 xlO9 years shows, . a trace of a discontinuity.: These isocnrones are

the first. to include allowances for convective over shoot mixing at the core
boundary and are the oldest yet derived to show-a gep for so low a heavy

element content.

The ultraviolet excess derived above implies that Melotte 66 has a

. heavy element aburidance Z less than 0.01. It.appears - '; unlikely that
a cluster so deficient in hegvy elements which exhibits a gap asAprominent

as that in Fig.2 could be - elder f@qh. . the most extremé isochrones

for which a gap is predicted by evolution theory.

The lower value of the reddening which results if stars 2261 gnd 2238

: are included in the analysis of Fig.4 only makes matters worse: the unreddened




is [Fe/ﬁj =-0.26 relative to the sun and the mean age estimated from
A cOmpafisons with M 67 and NGC 188 is 7x109 years, The apparent distance
modulus is 12?9 giving & clump absolute magnitude Mvzl?T which is comparable

with the faintest listed by Cannon,

It might be assumed that the observed ultraviolet colours of the
main seguence stars in Fig. 4 have been affected by an unknown systematic
error, If these stars are ignored and the uliraviolet excess of the giants
‘is assumed to be zéro the resultant reddening is E(Bmv)mmOT27. The turnoff
colour is then (B~V)6=O.55, implying an age 4;5x109 years. The determipation :
of this value from the turnoff colour involves considérable extrapolation of
the theoretical results and is correspondingly unreliable., The distance
modulus5én‘the&aassumptions, is (m-M)=l4?O and the clump absolute magnitude

is MV=OT6 which is unusually bright!



Empirical Estimates of Age, Composition and Distance

Kinman (1965) pointed out that subgiants and giants in clusters with

‘higher heavy element abundances should have lower effective temperatures and -

defined a corresponding parameter D(B-V), the colour difference beiween the
main sequence turnoff and the subgiant branch at a point 170 brighter in V.
This parameter is independent of reddening but will be sensitive to differences

in age as the turnoff in younger clusters is bluer and brighter.

Téble IV lists D and [Fe/E}@for several clusters for which
reasonebly consistent ages are available. For M3, M13, Ml5 and M92 the vaiues
of D were derived ffom the normal curves tabulated by Sandgge (1970) and’the
heavy element abundance for ML5 is taken from the same paper. The‘nofmél

curve by Arp (1962) was ﬁsed to obtzin D for M5. The abundances of M3, M5,

S Ml3 and M92 were taken from the results of DDO photometry by Osbourne (1973)
" and that for 47 Tue from McClure & Osbourne (1974) using the calibration of

the §CN index guoted by these workers but adjusted for a Hyades abundance

[?e/é] =0,24 (Hawarden 1975b)., The result from the DIO photometry is in
excellent agreement with that implied by the ultraviolet excess adopfed in

compromise by Cannon (1974). The value of D for 47 Tuc was derived from the

 normal points listed by Tifft (1963%). Menzies (1973) gives corrections to

Tifft's photographic photometry baséd on photoelepﬁric measures of brighter
stars, These corrections, -if extrapolated, suggest‘that the value of D in
Table IV may be m10?05 too large. 'The‘Qalue of D for NGC 188 was derived
from curves drawn by eye through the CM diagrams of Eggen & uandage (1969)
For M67 thls quantlty was obtained from the normal points llsted by Sandage &
Eggen (1969). For NGC 2420 (McClure, Forrester & Gibson, 1974) and NGC 2243
(Hawarden, l975ﬁ),values of D were derived from the appropriate CM diagrams
while the heavy element abundances and ages were taken from the latter
investigation. The i1l defined nature of the lower subgiant branches o?

NGC 2243 and NGC 188 was remarked upon in the paper on NGC 2243; the values



Table 1V

Kinren's (1965) parameter D(B-V) 4ogether with composition and age estimates
for open and globular clusters '

Cluster D(B-V) (mag) [Fe/H] @ Age (lOgy)
MG 2 ~ 0.22 -1.96 12
M15 0.5 1 -2.1 - n
M13 | 0.17 Can6g T
M3 A 0.25 -1.01 . "
MS - 0,22 ' ~-0.68 "
47 Tuc 027 -0.35: 12
NGC 188 - 0.38: ' 0.00 | 9
M67 0.48 | 0.11 | 5.5
NGC 2420 0.50s -0,26 : 4
NGC 2243 C 0.44: | -0.46 ' 5.0
040 L3

Mel 66 - 0.40 4 -0.26 1.0

0.24 3,013
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Fig. 6. The variation of the main sequence-subgiant colour difference D(B-V)

with composition [Fe/EQO for several globular clusters (crosses) and

open clusters (filled cicrles). The dashed arrow shows the effect of
applying Menzies' (1973) suggested corrections to the photometry of
47 Tuc. Approximate lines of constant age are shown.‘The open circles !
represent possible positions of Melotte 86 for various assumed values.i

of §(U~B) and age. The shaded area shows the most probable location
of Melotte 66 from the observed values of D(B-V) and S(U~-B)..
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of D for these clusters are correspondingly difficult to determine. The ages
o 9

of the six globular clusters have been assumed to be  12x107 years; the
precise value is not criticel but consist<nt independent determinations are

lacking.

The rcsultln@’balues of D and {Fe/ﬁ] are shown plotted in Fig. 6
: A @
where filled circles and crosses denolte open and globular clusters respectively.

9

Tentative loci for constant ages of 12 and 5 x 107 years are shown as heavy

lines; fainter lines show even more speculative loci for ages be tween 5x109
years and 9x109 years, the latter being defined by the adopted location of
BGC 188, The dashed line for 109 years is little better than the crudest of

approximations.

Notwithstanding the tentativeness with which these loci are specified,
the generally strong variation of D with age and the lesser variation with
composition appear clear, suggesting that the diagram may provide useable age

and abundance information.

In Section 5 three possible values of [Fe/HJO and éorresponding

ages were suggested for Melotte 66. These are listed in Table IV and are
plotted as open circles in Fig. 6. The proper locations of the upper and
 lower points are uncertain owing to the poor definition of the constant

age loci in these portions of the diagram.

The estimate of § (U-B)O_é obtained by diregt analysis of Fig. 5
~implies [Fe/H,]O= ~0.4 while a reduction by 3¢ implies [Fe/d] o " 0.0.
The observed value of D(B-V) from Fig. 3 has an uncertainty of about

+ QTOQ S0 ihaf it would be eipected that Melotte 66 Qoﬁld be properly

represented in Fig. 6 by a point lying somewhere within the crosshatched

rectangle. Thus, the location within this area of the open circle

corresponding to - [Fe/H]' o = 0.26 and age ~ 7x109 year8 strongly suggests



-

that these estimates are close to the covrect values. It may also be
tentatively concluded that the ultraviclet excess of the cluster is
§ (UmB)o (= 071 and thet the reddening is in the vicinity of E(B-.V)r‘z 0717,
¢ - . ’ i

oy

A distance modulus (mmM)o = 12.4 is thereby implied, corresponding to a

v location 22 %3 kpe from the sun. With b = ~14%3 the cluster therefore lies

some 750 pec from the galactic plane.

V4



The Structure of the Giant Brench

It was remarked in section 4 that the density of horizontsl
branch stars in zone 1 is lower than in zone 2. A further sugpestion

of a variation in the structure of the giant branch with rasdial position

"in the cluster is provided by o comparison of the colours of the wrisht

red giants in the inner and outer zones. In Fig, 3(a) the approximate .
locus defined by the three red giants in zone 1 is shown as a désﬂed
curve. Most of the red giants in‘this figure lie well to the blue of
this curve. \Since the CM Diagram of the field star éample, Fig. 3(v),

indicates that this region of the diagram is very little contaminated

by non-members it is profitable to examine the situation more closely.

Table I7 contains 7 stars from zone 1 and 17 stars from zone
. . ' m m . M. . S .m

2 which have V between 14.0 and 15,0 with B~V between 0.95 and 1.25,
inclusive, Similarly there are 60 stars in zone 1 and 46 in zone 2

. . : m . m. . m ' m iy
with V between 16.3 and 17.1 and B~V between 0,55 and 0.75. This last
region of %he CM diagram should contain a fairly pure sample of main
sequence stars. These counts may be combined in a 2 x 2 contingency
table. After Yates corrections are applied a value of 7(2 = 4.85 is
obtained, With 1 degree of freedom this implies a probability P ~ 0,03
that the observed difference in the distributions of the horizontal

bragnch and main sequence stars in zones 1 and 2 is a chance effect.

Before it is concluded that the clump stars are significantly
less conéenfrated towards the cluster centre than the members of the
upper main sequence is should be rémarked that the result for:%&z is
critically dependent on the choice of the radius at which the samplihg
zbnes ere divided. If this be increased until the innervzone contains
13 clump stars the new counts in the two zénes give }L2 = 0,186 and
P ~0Q.7. Conversely contracting the inﬁer zone until 53 main sequénce

stars are contained in either sampling area givesw7ﬁ2 = 2.63 so that
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T. The Cll diagran of the giant branch of Melotte 66. Stars from zones
1, 2 and 3 are represented by filled circles, open circles and crosses,
respectively. The dashed curve indicates the approximate locus of the

giants 'in the central region of the cluster.
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P ~0.11. Evidently the dividing line between zones 1 and 2 in FMig. 1 is so
located as to maximise the apparent contrasi hetween the dérivedAdistributions‘A
of the horizontal branch and mainvsequence stars. Nonetheless a clear
impression remains that the horizontal branch stars in Melotite 66 are less
centrally concentrated than the stars of the upper main sequencé. A simiiar
effect can be seen in other open clusters older than the Hyades and its

presence in NGC 2477 was remarked: upon'by-Eggen & Sandage (1961).

This phenomenon is discussed in more detail in another paper, one-
of fhe conclugions of whiéh is anticipated here, némely, the likelihood that
the horizontal branch stars in old open clusters have lost mass since leaving
the main sequence, If this is the casge, any mass dependent procéSsrof
radial segregation which has operated to produce a detectable outward dispersion
of the hérizontal branch'stars will have had considerably longer t@éperate on
any stars which are in a post-horizontal-branch evolutionary phase such as,

for example, the asymptotic branch stage.

The distinct tendency~of the red giants in the éuter’regions of
Melotte 66 to be bluer in colour than those in the inner regions is well
illustrated in Fig. 7, the combined CM diégram of the'giantsVin zones 1, 2
and 3, Stars from these zones are shown as filled circles, open circles and
crosses, respectively. The dashed cufve iliustrates the approximate locus
of the giant branch in zone l. Four stars from zone 2 and two from zone 3
also lie near this curve but three moie stars from zone Z‘and four or fiﬁe
from zéne 3 appear to lie along a parallel locus some 0?15 to the blue, That
this difference is not(a'product of random photometric errors in‘zone 2
coupled with systematic errors in the results for the Separatelymmeasured
stars of zone 3 is strongly inﬁicated by the location of the five horizontal
E;anch stars from‘zone thrée, which fall amongét the main concentration of’

these stars from zone 2 at the blue end of the stubby horizontal branch.



It aﬂgoérs likely, therefore, that the bluer giants of Melotte 66
are in a post horizontal-branch evolutiocnary phase and may represent a
Populétion 1 analogue of the asymptotic branch of globulser cluéters.
The present chain of supposition is. too long to permit profitable speculation
as tO'why these stars in Melotte 66 retain their blueward displacement as

they move upward in the CM diagram once agzin.

In support of %he tentative identification of thesé stars as
asyﬁptoticqbranch objects it mzy be recalled that the fwo members of this
group which have been measured photoelectricélly lie signifiéantly below the
locus of ihe "normel" giants in the t&o-colour diagram, Itvis highly
desirable ﬁhat photoelectric and spectroscopic observations should be

obtained for as many as possible of these potentially intriguing stars.
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Discussion and Surmary

"The decidedly tentative nature of many of the results of this
investivétion is unfortunate in view of their potential interes:t. It is
important that further observations of Melotte 66 should be undertaken to
clear up the numerous uncertainties and to confirm or refute the sugrested
intérpretations put forward in proceeding sectionsof this papér. Nonetheless,
Melotte 66 is evidently.an‘exceptional cluster. If the heavy element
abundance hes been underestimated here then its distance has been likewise;
a héavy element éontent similar to that of the Hyades would place Melotte 66
more than a kiloparsec from the galactic plane, a remarkable location for an
open cluster, especially one with so large a metal abundance. The cluster
NGC 6791 (Kinman; 1965) mey lie about a kiloparsec from the plane and
scanner spectrophotometry by Spinrad & Taylor (1971) indicates an abundance

[Fe/g] = 0.7 relative to the sun. Conversely Kinman's estimate of
D(B-V) = 0?38 would suggest, from Fig. 6, a value much lowe;‘tham.
this, similar to that adopted here for Melotte 66, TFurther obsérvations of
NGC 6791 are urgently needed to confirm or refute the controversial scanner

results.

If the_hea?y element abundance of Melotte 66 has been overestimated
here an exceptionally large age would bevimplied. This would give rise to
marked disagreements between observation and theory, chief of which would be
the presence of a prominent main sequence ga§ in-é cluster both older and
less metal rich than NGC 188. The absolute magnitude of fhe‘horizoﬁtal

branch, too, would then appear to be exceptionally faint.

Purther observations of Melotte 66 are, therefore, urgently required.
In particular, intermediate-band (DDO) observations of giants should clarify
the ambiguities in the present estimate of the heavy element abundance and

thus, hopefully, provide 2 better estimate of the cluster age and distance.



A similar improvement could be obiained from UBY observations of more and
fﬁinter main seguence stérs by eliminating the ﬁecessity for determihing
the reddening and ultra v1olet excess by méthodsAinvdlving cohparisons hetwean
evoived main segquence siars and (possibly peouli#r) gients. Spectrosconic
orvother"radial #elocity megsurements of the brighter stars would~help to
onfirm or refute the present speculations concerning the strucﬁure of the
giznt branch aﬁd would establish whether or not the cluster does in fdct

possess bluish gilants® more luminous than the horizontel branch. The kinematic

properties .of the cluster are also wholly unknown at present.

“ The present study; then, yields the following results:
(a) Melotte 66 possesses a well-defined gap in the upper main quuenée;
(b) The gianf brénch shows a double structure, the bluer portion of which
is populated preferentially by stars from the outer portions of the
¢luster and may therefore represent a Donulatlon T analogue of the
asymntotlc branch of globular clusters. .
'(c)’The heavy element abundance of Melotte 66 is low, probably corresponding
Yo a value of [Fe/H]ﬂ/-O.Z relative to the sun. If so;'the‘agé of the
cluster is in the vicinity of 7x109 years. |
(d) The reddening of the cluster is near E(B-V) = 0717 and the true distanée

‘modulus adOpteﬁ here, (mmM)o = 1274 indicetes that it lies about 3 Kove

from the sun end about 750 pc from the galactic plane.
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NGC 2204 : An'Old Open Cluster in the Halo
by
T.G. Hawarden . | o
SAAQ |
P O Box 9
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Cape

South Africa

e
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Summary

Photographic BV and photoelectric UBV photdmetry of stars in the
open cluster NGC 2204 is presehted.A The cluster is abodt 3 x 109 years old.
It has & broad giant branch reaching (B-V)onu'lTB which probably includes
a red variable of substantial amplitude, The main sequence exhibits a

distinct gap about Oi4 below its brightest point.

A reddening E(B-V)'= OTQS and ultraviolet excess $ (U-TB)O.6 -
0%095 + 0%024 are derived from the 2-colour (U«B, B~V) diagram of cluster
members. This ultraviolet excess implies a logarithmic abundance [Ee/H]<3 =
~0,20 and the cluster therefore appears to be somewhat poorer in heavy
elements than most members of Population I, which is not inappropriate in
view of its exceptionally large distance from the galactic plane, /Z/ = 1250 pc
.if (m-ﬂ§° - 13T25 as here derived. The blue stragglers preéent appear to be
strongly centrally cencentrated; the possib;e implications thereof are

briefly discussed.



- Introduction

NGC 2204 is a rich, rather diffuse open cluster in Canis Major

at Xe Oéh 1474, S = -18° 38' (1975) with galactic coordinates

I.= 22690, b = =16%1. Its appearance on the Palomar Sky Survey charts

led King (1964) to list it amongst those clusters which he judged were

likely to prove older than the Hyades, It was therefore included in a
search for old open clusters (Hawérden, l975a) which amply confirmed
King's suggestion: the resulting pseudo Colour-Magnitude (CM) diagram
showed a strong and compagt grouﬁ of reddish stars tdgether with the top
of a well~-populated main sequence which appeared coqsiderably fainter.
fhe large différence inAluminosityFBetweeQ the giant ¢lump, identified by
Cannon (1970) as the Population I analogue of the red horizontal branch,
with absolute magnitude va\,;?o and the uppér extremity of the main

sequence is a reliable indication of a substantial age, probably‘in excess

of 109 years.

The apparenti magnitude of the clumﬁxwas estimated to be in the
vicinity of V = 1375 implying a distance modulus of about 12%5 or slightly
less; at b = -1631 this suggested that the cmster lies more than 800
parsecs from the galactic plane, It was therefore included in a program
ofrphotographic and photoelectric,photometfy with the results presented here.
I am not aware of any other published or unpublished photometry of this

aystem,

Initial preparations'included the selection of a projected

cluster centexr based on star counts in the vicinity. The diffuse nature

-of the cluster-: led to the underestimation of its diameter at this -

stage and the resulting adopted center, shown on the identification chart

(Plate I} may be in error by about one arc minute. The angular diameter .

of the cluster is probably between 14' and 18°'.

)
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Plate I. Finding chart for stars in NGC 2204, made from a 30 minute V plate
taken with the Hadcliffe telescope in good seeing.




Photoelectric Photometry

Two local standard stars HD 43429 and star 24 in quadrant 1,’
zone 2 of Plate I were tied to the UBV system by observations of E region
atars at equallor symetric altitudes on 13 and 11 nights respectively..
The mean results of these transfer observatibns are.given in Table I and
have internal SE's less than 050l in all cases. No suggestion of
variability was encountered and it may be assumed that the zero points of

the present photoelectric results are correspondingly well defined,

The fainter sequence stars were obgerved relative to one or both

of the two standards. On most nights these were supplemented by observations

of E region stars at equal altitudes. The fainter stars, selected to
include a high proportion of cluster members, were checked for the presence

of gompanions on a Radcliffe plate with an estimated limit near V = 19T5.

VA generai descriptioh of fhe observing program which inclﬁded
NGC 2204 has been given elsewhere (Hawarden, 1975b). Initial observations
of brighter stars were made with the 106 cm telescope at the Cape in 1971
and some supplementary observations were méde with the Radcliffe 188 cm
telescope in 1972 but were not included in the final results. The bulk of
the faint stars were observed in 1973 and early 1974 with the 100 cm |
telescope at the SButherland observing stationAof the SAAQ. The 1973
observations - which comprise the.great majority - were made with a 2-channel
“Peoples" photometer used in single channel mode with focal plane diaphragm
aperturés of 12?6 and 19?0. The 1974 observations were made with a
semiautomatic pulse-counting photometer (van Breda, Carr & Kelly, 1974)

. L1
using a diaphragm aperture of 11.0 .

The results are listed in Table I where the stars are identified
by a four-digit serial number, the first two digits of which specify
respectively the quadrant and radial zone in which the star is to be found

on Plate I. The mean results listed have internal SE's reaching about OTOB

(ffa



Results of Photoelectric Photometry of Stars

TABLE I

in NGC 2204 .

Star
HD 43429
' 1224
4206
1329
2120
1227
3304 - -
2318
2212
3213
2311
1309
3215
4210
2222
4223
1212
2224
3109
3223
4221
3222
4131

4111
2228
2143
2207
1128
2108
2107
3112
1103
3141

v
5.98
8.81

10.01
11.49
11.66
12.20
12.28
12.50
12.76

13.28

13.62
13.65
13,72
13.78
13.82
13,86
13.93
14.19
14.84
15.44
15.53
15.62
15.63
15.79s
15.84
16.24
16.43
16.63

16.92
©17.13:

17.25
17.42
l7.52g

B-V

1.06
0.96
0.36
1.17

1.29 .
0.47

1.42
0.553
1.21
0.38
1.04

1.02

1.00
0'98
1,29

. 1.02

0.97
0.90
0.16

0.44 -

0.44
0.37

0.42
0.37

0.50
0.46
0.48
0.44
0.58
0.42
0.43
0.54

0.61:

U-B

0.94
0.67
0.03

1.20:

1.19
-0.03

1.46°

0.08

3
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inV, B-V and U-B for the faintest stars observed in each colour. A few
individual results have larger internal errors and are indicated in Table I

by a colon (:). In all, 77 observations of 32 stars were obtained.

The identificaﬁion chart, Plate I, is a reproduction of a V
plate exposed for 30 minutes with the Radcliffe 188 cm tele500pe at full
aperture in good seeing. The boundaries of the radial zones areAﬁ', 51
and 7' from %he aﬂOpted cluster center. As indicated above, the cluster

is believed to extend slightly beyond the outer boundary of zZone 3.-



3e

A : /27

Photographic Photometry

Details of the photographic material used are given in Table II.
The plafes were measured on the Askania Iris Photometer at fhe SAAC.
Messures on the Radcliffe plates taken at full aperture were confined to
the coma~free field which is slightly larger tﬁan zone l; within this zone
all uncrowded stars brighter than’V=17T5 were measured., In the two outer

zones the measuring limit is in the vicinity of Ve16.8.

The reduction procedures used have been described elsewhere
(Hawarden, 1975 b,c). Little or no colour dependence of the final (pe-pg)

residuals is apparent, The r.m.s. deviation of the measures on the

. individual plates from the finai means avérage O?OSZ'in v and‘OTO43 in B.

The results are listed in Table III where the stars are identified
according to the system used in Table I; Those stars which have been
meagured on only one plate in either or both colours because of crowding

or faintness are indicated by a colon (:).



Plates Measured in the Photographic Photometry of NGC 2204

Plate

A 7064
A 7067
A 7095
- A 7096
47197V
4T197P

TABLE TT

Telescope

Radcliffe, 188 cm
Radecliffe, 188 cm
Radecliffe, 112 cm
Radcliffe, 112 cm
McClean, 46 cm
McClean,gé?}bm

Emulsiqy
& Filter

103aD+GG11 (V)
ITa0+GGl3 (B)
103aD+GG11 (V)
IT1a0+GGLl3 (B)
103aD+0mag 301
1180 (B)

;

Exposure
(mins)

20
30
20
20

80

Date

1972 Feb 11
1972 Feb 12

1972 Feb 13.

=Y

1972 Feb 14
1971 Dec 21
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Table III (continued)

99

-3

>

n

}

>
H

-
™
I
i

AR v oY STAR v BV

BIIG 2
1201 1G.70 0.4l 12106 16.13  0.4¢ 1214 15.608  UGe4d
P02 15.65 0.4t 1211 13461 - 0.67 1212 185.34 4.47
1203 16.55  0.43 1212 13.37 0.54 1220 16«27 3043
1204 1550  0.45 1213 16.350 0.«4i 1221 13-33 5. Gas
1205 16.17 043 1214 1&.67 0.44 1223 16467  4.45
1206 16.41 0.50 ° 1215: 17.083  0.39 1225 . 12.68 1.2¢C
1267 1676 0.42 1216 15.54 (.39 122¢ 15435 (.48
1263 16.22 6. 71 1217 14.62 1.06 1227  16.23 (.41
2201 16«60 0.40 2211 .13. 40 <91, 2283 16.73 04335
2202 15.26  0.49 2212 12.73  1.154 2284 14013 (.36 !
2203 16.13 (.52 2213 15.93  3.33 222%  15.75 135 :
2204  15.90  0.42 2215 16.22 0.35 220¢  16.37 0.51: ;
2205 106-23 0.0638 2216 16.04 (.39 2z27 12.235 1.33 .
2206 16.15 0.75 2217 © 16-47 0+38 22823 15.35 (.51 i
2207 16.28 1.31 g218  16.05 0.237 2009 13.81 .95 i
2203 14.49  0.09 2219 16.06 0.40 2850 15452 Q.42 ;
2200 15.33 (.45 E221 16019 0.42 2531 16.16 §.3%
2210 15.42 0.94. cpz2 13.85  1.23 2232 16.35 0.37
3201 15.1% '0.92 3210: 16.07 055 3218 15.3 §.40
3202 15.82 0.4l 2211 0 15.69  0.61 . 3219  15.26 0.5
3203  14.40 0.66 3212 15.00 0.54 - 3220 15.94 .51 :
3205 13.83 .95 3213 13.22 0.5%2 3221 16.57 §.32:
3206  16.40 0.68 3214 15,49  0.50 2222 15.59 (.40 3
3207 1269 1.07 3215 13.68 1.08 3223 15.33 (.44 :
2208 16.26- 0.45 3216 15.89  0.45 : i
3209 15.36 0. 40 3217 16410 §.43
4203 15.90 0.4l 4213 15.16 0.95 4221 7 15.51 (.44 3
4204  16.75  0.42 A214  16.35 Q.45 4222 - 15.83 0443 f
4207 15.04 0.32 4215; 16.37 0«53 4283 13437 1403 v
4208 106.34  0.58 4216 13.70 1.05 4224 15.05  G.77 :
4209: 16-93  0.38 . 4217 13.73 0.6l 4225  16.73  G.45 :
4210 13.73 (.93 4213 15.31 0.56 4226 17411 -0.35:
4211 13.62  1.04 4219: 16.56 §.87 ‘ '
4212  12.36 0.98 4220 15.52 0. 45
nING 3

1301 13.07 9.55 ¢ 1313 15.74 0435 1365 '15.90  $-59°
1302 16« 44 0.54 1314 15. 04 " 0.97 1326 1606 G445
1363 1€6.50 0.83 " 1315 15.51 0.53 1327 12.20 0.47
1304 15.52 0.44 1316 15.36 0.81 1328 16.45 0.47
1305 16.05 0.87 13170 16067 (.75 i329  11.49 1.18 s
1306 16.43 - 0.59 1313 1609 0.43 1330 1370 1404: !
1307 106.34 0.5 12319 15-71 0.86 . 1331 15-36 G-75 ;
1308 15:04 0.97 . 1320 12.62 1.09 1332 16.0¢6 (.96
1309 3.64 102 1321 16.50 .44 1334 15.9i 0.39
1310 16.54 0.74 1322 16.06 0.4l -~ 1335 16.52 0.61;
1311 15.43  0..45 12230 16.94 0436 . !
1215 15.07 0. 49 i1324: 15.70  0.44 '

e
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Table TII (continued ).

STAl Y -V STaR % BV STAF v Y
D301 17.04 (.47 2313 1G.17 (.57 ©585  14.55 (.03
2302 15.6% 0.4l 2314 164060 (.63 D326 1010 (.25
2303 16.31 0.42 2315 16.57 0.37 ES27 16053 0edd
2304 " 16G. 16  0.32 2316 16G-73  0.65 2223 13.9%6. (.57
2385 16.39  0.31 S317  16.47 0.51 2330 14445 1.1
2200 16.50 G4 2313 12.53 G.47 2331 13.03 G.a7
2307 16.32 (.39 2210 14.99 1:58 2333 13.73 .04
D303 15.236  0.47 2320 16.01 (.59, 2354 15.3% (.39
2309 14.82 0.51° 2321 16.67 035 @335 16.232 (.31
2310: 12..05 0.6l 2322  15.22 J.a2” 2336 16« 60 Q.44
2311 13.66 0.95 2323 16.78  0.47 2337  14.00 0.9
£312  15.25 (.45 2304 16.65  [.29 233G 16426 (.92
3201 16.46 0.57 3311 16.58 (.47 3321 13.75 1.0
3202 15.42 (.55 3312 16.25 0.57 3322 16.44  0.48
3303 16.51 0. &2 3313 1637 0.94 3323 13.04 3.77
3304 12.24°  1.40 3314 16415 G4 - 3524 12832 1.30
3306 16.12 (.33 3315: 16.96 [.31 3325 11.44 1.30
3307: 16.206 0. 30 3316: 15.99 0.51 3326 106-38 (.44
33085 16.52 0.33 3317 16.04 Q.21 3327 14.93 0. 63
3309  15.05 0.58 3319 16.70 G.47 3329 15.08  0.7%
3310 1603 0.238 3320 17.09 (.30

4301 15.84 b. 66 4312

15. 69 (.45 4323: 16.96 (.23
4302 15433 0o 49 4313 15.76  §.89 4324 16415 0.45
4303 13.3% 0.95 4314 1493 0.43 4225  15.69 0.46€
4305 15.41 §.71 4316 15.82 050 4326  16.14 (.33
4306 15.42  0.76 . 4317 14.35 0.69 4327 15.41 (.42
4307 l4.40  9.71 ‘ 4318 13.93  0.23 4323  15.02 (.57
43068  13.53 0.6l 4319 13404 1.17 4331 16.37 0.43
4309  16.24 0.45 4320 16.53 0.49 4332 14780 G-é7
4310 16.49  0.70 © 4321 15 61 (.51 4333 16.71 0.43
4211 16.07 0.38 4322 15.41 1. 14
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. velocities for most of the brighter stars in Eigs; L and 4. s

U

The Colour-Magnitude Diagram

Figure 1 shows the CM diagram of the photographic results for
stars within $' of the cluster center (zones 1 and 2). Open circles denote

stars which have been measured on only one plete in one or both colours

‘because of crowding or faintness. The features of this CM diagram are

those of a cluster of substantial age; a long; sparse giant branch extends
from V=1172, B-V=178 to the horizontal branch centered at V=13782, B-v=0798

whilst & rich main sequence commences at V=15T5,'passes through its bluest

- point with B-V=0740 20701 at about V=16 and extends to the calibration

limit at V=1745.
The CM diagrams of field stars near Melotte 66 (Hawarden, 1975c¢)

&
at 1=260°, b=-14.3 and near NGC 2420 (McClure, Forrester & Gibson, 1974)

at 1=198°, b=20° include very few stars brighter than V=14m with B~V » 1?1,

~ which sﬁggests that most of the stars in Fig. 1 which are redder and brighter
| than the horizontal branch are likely to be red giant or asymptotic branch
- members of NGC 2204, Evidently this cluster has the broad giant branch

_étructure possessed by NGC 188 (Eggen & Sandage, 1969) and Melotte 66

(Hawarden, 1975¢c). Figs. 2, 3 and 4 show the separate CM diagrams of stars
in zones 1 (0! to 3'), 2(3'-5") and 3 (5'-7') respectively. There is no
apparenf gystematic dependance of 'the colour of the giant branch on radial
positioh such as is shown 5y‘Melotte 66, Proper elucidation of the structure

of the giant branch in NGC 2204 must await the determination of radial
/

The giaht clump or horizontal branch in Fig. 1 exhibits a distinct
downward slope to the’blue. This is also shown by the available photoelectric
results for clump stars (Table I) which sgggesfs that the phenomenon is not a
manifestation of the error distribution‘resulting from similar, independent

random errors in the B and V photographic magnitudes. The members of the clump

1



also éﬁow a slightvtendency to évoid zone 1 when compared to 'the stars of
the upper main sequence; this fact is discussed elsewvhere (Hawarden; 1975d)
wﬁere it i3 used in support of’the hypothesis that clump stars in old open
clusters hgve lost maés during their post-main-seguence evolution,

Beloﬁ the giant clump thefeyis little evidence for a rising
subgiant branch apart from three suggestively located stars in Fig. 4.
However Figs. 1 and 2 convey a distinct impression that a horizontal
subgiant branch across the Hertzsprung gap is present, terﬁinating«in Fig. 1
near V=15T4, B-V=O?9 in an amorphous group of siars reminiscent of the
corresponding portions of the CM diagrams of NGC 188 and NGC 2243 (Hawarden,

1975b).

Centered near V;15T73 in the upper main sequence there appears in
Fige 1 = and; more prominently, in Fig. 3 - a narrow gap. This is well
shown inﬁFig. 5 which is the integral distribution diagram of stars in -
' Fig. 1 with V> 14Y8 and with B-V between 0930 and 0955. The d‘iagram
was constructed by projecting tﬁese stafs along lines of slope.-'O.S in the
CM<diagram,vonto the locus with B-VwOT43. This slope is thaf of the ma‘jor
axis of the error ellipse generated by egual random efrors in the B and V
magnitudes (Aizenman, Demarque & Miller, 1969). The reality of the gap is
.supported by the fact thét if the projection exercise is omitted the’
disceontinuity in thevreﬁuiting.integral distribution diagram is markedly‘
reduced while projection along a line of slope 0.5 cbliterates the

. N ' : /
discontinuity. ' : #

In common with most other main sequence gaps in open clusters, né
discontimuity is apparent in the cdlour ofbthe main sequende on eithér.éide
Of'the gap, The presence of this feature is ekplained By stellar evolution
theory as the phase of rapid cdntraéfion on a gravitational timescale

subsequent to the exhaustion of hydrogen in the central convective core of

¢?
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the stars concerned. As has been noted elsewhere (Hewarden, 1975b)

theoretical evolutionary calculations uniformly predict that stars on the

evolved main seguence above the gap should be appreciably bluer than those

below,

In their initial discussion of the uses of integral distribution
diagrams such as Fig. 5 hizenman et al (1969) pointed out that‘evolutionary
theory élso predicts that the density of stars per magnitude immedizately
above the gap should be substantiailyrlower than that below. They note that
in both M 67 and NGC 188 the opposite is the case, the star density being

distinctly higher in the upper main sequerice. Fig. 5 indicates thet

Cthe star denscty in fthe vicintty of and chove

the gap is noticeably Thigher than the average for the segment of the main
FaN
sequence studied. The corresponding dizgram for Melotte 66 (Hawarden, 19755»

shows the same effect as M67 and NGC 188,

Returning to the CM diagrams, it may e noted that the region with

V between 14T8 and 15@25 and with B-V between OT}O and 0960 contains, in

Fig. 1, a scattered group of 7 stars of .which only one is from zore 2.
The same area in Fig. 4 contains &6 stars; as the areas of the three zones
are in the ratio 9:16:24 there is evidently 2 density excess of these stars

in zone 1 which suggests that the group is a real feature of the cluster

CM diagram. While the statistics are scarcely compelling it is of interest

to compare this group of stérs (which appear in Fig. 5 to be distinctly
separate from the main sgquence.itself) with the ''second turnoff" found

in NGC 188 by Eggen & Sandage (1969j and'with a similar feature in the CM
diagram of Melotte‘66 (Hawarden, 1975c). Verification of the membership of
these stars by radial velocity methods, while difficult, would obviougly he
of gréat importance, Their resemblance to the classica1~“biue stragglerS“
diécussed in the next section was noted by Eggen & Sandage and it may be

that the putativeAblué stragglers studied by Contvi, Hensberge, van den

_Heuvel & Stickland (1974) resemble these stars. The possibility that they

G
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represent the prougeny of . burstsof star formation suvseguent to tne main

formation episode in these clusters cannot be ruled cut.

%



The Blue Stragglers - A continuing Puzzle

Five stars in Fig. 1 lie on or above the original main sequence
location, substantislly bluer and brighter than the unevolved stars remaining.

Four of these blue stragglers are from zone 1 while none occur in zone 3,

" In contrast, main sequence stars with V between 15?5 and 16?0, B=V between

0730 ané 0050 number 38, 34 and 28 in zones 1, 2 and 3 respectively. It

would appea:é that the blue stragglers are strongly concenirated towards the

P

cluster center, as is the case in M 67 (Mﬁrr@y, Corben & Allchorn, 19%5)
and in Melotte 66 (Hawarden, l97jé) suggesting that, in these clﬁSters at
least, the blue stragglers are considerably more massive than the surviving
main sequence stars. In M 67‘this hés been confirmed by the results of
intermediate-band (Btrbmgren) photometry by Bond & Perry (1971) and by Strom,

Strom & Bregman (1971).

McCtea (1964) suggested that the blue stragglers are a consequence

of mass exchange in close\iwjﬁnaﬁfégftﬁwhich would be expected to behave as

extra massive 8tars; theseé (if the results of caleulations by Wielen (1967

and.;ﬁgﬁéﬁli(l97l))are to be beiieved) wouldicongregate in the center ef the

- cluster over times of the.order 108 years.

)

In the paper referred to in connection with the "secﬁnd turnof £
stars Conti et al (1974) present high-quality radial velocities for blue
atfagglers in the Hyesdes, Praesepe and M T(NGC 6475) which show no signs
of the variations to be exbected if the stars were close binaries, They
obtain a Spéctroacapic mass similar to that of a main sequence star for the
blue straggler in the Hyades (68 Tauri) and attribute the blueward displace=
ment of this star to recent completion of the contraction phase subsegquent
to core hydrogen exhaustion. This ewrplanation appears unlikely; as was
pointed out in the previquaksection the extent of this blusward evolution

across the main seguence gap in open dlusters is generally observed to be
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considérahl& less thanvpredicted by theory, The density in V of stars which
have just passed through this phése is likewise observed to be generaily the
same as or higher than that of the stars approaching the gap; the postulated
presence in the Hyades of a single star above the gap, together with many

stars below would seem to be distinctly ~improbable.

Conti et al obtain rather lower masses for the other two blue
stragglers {1.lks for 40 Caneri in Praesepe and 1.6Mp for HD 162374 in M ?)
and suggest that these stars may be blue horizontal branch objécfs which
have IOSt‘mass vwhile traversing tﬁe giant branch., Unfortunately there is
no evidence drom theoretical studies to suggest that core-helium-burning
‘stars.iﬁ this mass range attain effective temperétures even remoctely high
énough to approach the domain of the blue straggleré. Indéed, the recent
horizontal branch models of Gross (1973) require masses less than 0.%Mp
before a model with z;o.gl approaches log Tg= 4.0. His models wifh
M=1.35 Mo have a minimum log T, cdrresponding to B-VAJOT9; even this value
requires a heavy element abundance an order of magnitude less than is
generally accepted for clusters iike Praesepe. -1t is far more likely that 
Cannon's (1970) identification of the Population I horizontal branch with
the giant branch clump is correct and that other explanations must be

sought for the results of Conti €t al,

If the lack of variation shown by the radial‘velocities obtained
by these authdrs{?;ijtaken to rule out the binary theory of McCrea (1964)
and the highlmasé;;ﬁofthe blue stragglers in M 67 (and, presumably, in
Melotte €6 and NGC 2204) are accépted as‘generally characteristic of these
stars there appears to remain only one explanation for the blue stragglers
amongst those suggested heretofore, namely, that thesé,stars vere in fact

formed much later than the other members of the clusters. The éolours of

the bluest stragglers in M 67 and in some globular clusters imply, on $his



hypothesis, that these stars have ages which are essentially negligible
compared with thosé of the parent clusters. It is clear that such a
suggestion mus£ be regarded with consideréble suspicion in the absence of
any other evidence whatsoever that star formation in old clusters of all

types is a econtinuing process.




The 2-Colour Diagram : Reddening énd Heavy Element Abundance

Comparison of the results in Table I with the CM diagram indicates

~ that easentially'all the stars fainter than V=15T5 which have been observed

in U are cluster members. Identification of the brighter cluster giants

"is less certain,-

Figure 6 shows the 2-colour (U-B, BQV) diagram of the results in
Table I. Obvious non-members are shown as crosses, stars believed to be
cluster giants as filled circles and main sequence stars as open circles.
The location of the latter stars, which are all somewhat evolved, is affeéted
by their reduced surfece gravity. Théif positions-after application of the

appropriate corrections are shown as filled squares.

The circled cross represents the star 1329 which is the bluest and
brightest among those in Table I which could be cluster giénts. It lies
significantly below the other stars in this group, suggesting that it may
be a foreground object or in some fashion peéuliar. It 'has been omitted

from the subsequent analysis.

The method for the simmltaneous determination of the reddening and
ultravioiet excess of a cluster from the 2-colour diagram of its giants and
main sequence members when the latter oécupy a small rangé in B~V has been
discussed in considerable detail elsewhere (Hawarden, 1975b). It is

assumed that the ultraviolet excess of main sequence stars with (B-V)o =

'OTG, inferred from that of the observed, rather bluer, stars by application

of gravity corrections derived from Eggen (1966) and guillotine corrections

from Sandage (1969) is to be equated with that of the cluster giants., A

'reddehing value is thereby derived, using the result of Hartwick & McClure

(1972) relating the reddenings of giants and dwarfs in the éame‘system

when the standard reddening trajectéry is used for both groups of stars,
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Photoelectric 2~colour diagram for stars in NGC 2204. Giant and dwerf

i

members are shown Tty filled and open circles respectively. Filled sguares
b B 1

represent the latter after correction for gravity efiects. Crosses

indicate non members. The standard relatioships for dwarfs {full curve)
. . . T m .
and giants (dashed curve) are shown reddened by E(B-V) = C.08 and 0.065

respectively.
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The stendard 2-cOlour relationships for stars of luminosity Class '

and a combination of classes II] & V derived from those given by_Johnaon (1966)‘
are shown in Fig. 6 by a continuous and a dashed curve, respectively. These
have been reddened by E(B-V) = O%08 and 07065, the values determined by an
analysis of the sort described above, The corresponding ultraviolet excess is

S(U'B)O.S - 5?095 T OTb24 (SE) where the uncertainty chiefly reflects the
scatter in the observed ultiraviolet excess of tﬁe‘giants. Thatrsome of this
vscaiter may be Astrophysical in origin is indicated, firstkfb; the relatively
iow internal uncértainties’in the observed (U~B)'s, most of which have formal
internal SE's less thén 0.03, and secondly by the markéd vertical separation
_in Fig.6 between star 4223 and the rest of the clump stars with 0798 4 B-Vv<
i?04. The indicated star‘appears to be slightly 1esg luminous than the rest
of the group,so that their smallerﬁﬁ;B)values may reflect an intrinsic pEOperty
of the stars such as reduced surface‘gravity owing to mass loss. If these four
points are omittéd, a solution using ohly the foﬁr remaining giants gives a
. main-sequence reddening E(Bév)m = 0910 with S(U—B)O.6,= 0713 £ 0V03. Conversely,
if only the four clump stars with the reddest U-B colours are used, the so1ution

yields E(B-V) = 0706, $(U-B) - 0%07.

0.
The intermediate solution derived first is to be favoured as involving
the fewest assumptions concérning the peculiar natures of the stars included.
The ultraviolet excess derived is unugually large but not unique among opén
clusters. NGC 2420 (McClure, Forrester & Gibson, 1974) also has § (U-B) in the
vicinity of 0™ as may Melotte 66 (Hawarden,'l9750). The cluster NGC 2243

it}
0.6 = 0.15-

prébably has a considerably larger excesg, in the vicinity of %(U-B)
The calibration of §(U-B) against [Fe/H ] obtained by Alexander (1967)

implies that NGC 2204 has a logarithmic metal abundance EEe/%] = =0,20

relative to the sun or ‘[Fg/%] = 0,44 relative to the Hyades if the latter

are assumed to have [Fé/é] o= 0.24 (Hawarden, 1975b).



Age, Distance Modulus and Distance from the Galactic Flane

In the paper on NGC 2243 which has been referred to several times in
preceding sections, an age determination method, besed on the main seguence

turnoff colour, was presented and discussed. An expression

ANlog ?f)= A‘l ( A log T, - B Dlog Z) eev.e. (1)
is gsed to derivé difference Lklpg %E)between the ages of two clusters (in
units of-lO9 years) in terms of the difference Alog Te between the effective
temperatures of their main sequence turnoffs and the difference Alog Z betwéen
their heavy element abundances. The coefficients A = a log Te/ Bvlog Téiand

B = Olog Te/ 9 log Z are evaluaﬁed:from'sets of theoretical isochrone;\q
calcﬁlated’under similar conditions. Values of these coefficients are tabulated

in the original discussion (Hawarden, 1975b) and may be used to allow for

variations in A and B with log T, and log Z.

The reddening E(B-V) = 0%08 adopted for the main sequence implies
an unreddened turnoff colour (BAV)O = 0032, The observed (gravity-corrected)

ultraviolet excess of the main sequence stars is oho8 giving blanketing

corrections A(B-V) = 0404, AV = -0703 (Wildey, Burbidge, Sendage & Burbidge,

1962). Thus the~b1ankefing-corrected, reddening free turnocff ¢olour is
(BmV)O ¢ = 0.36 whence, .from the table by Schlesinger (1969) log T, = 5.849.
3 . . . ) ‘ '
The cluster M 67 appears to have a well-determined age near 5.5 x7109
years (Sandage & Fggen, 1969), The heavy element abundance is probably near
[Fe/H](3 = 0.11 (Barry & Cromwell, 1974; Hawarden 1975b) and the unreddened,

blanketing-free turnoff colour is (B-V)O o = 0?51. The Tables of 4 and B
. ' . . .

referred to above may be used to derive interpolated values of these

‘derivatives approﬁgiaté to a comparison of NGO 2204 with M 67, giving 4 = -0,17

B = -0,051, Thus,'the expression (1) above gives a differentially-determinéd

age of NGC 2204 of 2.8 x 107 years. A similar comparison with NGC 188 gives

(1)

3.1 x 109‘year§ if the age of NGC 188 is ~ 9 x iQ9 years (Sandage & Eggen, 1969).



Normal Points and Evolutionary Deviation of the Main Seguence

17.48
17,26
17,00
16.69
16.38
16,00
15.80

15.70

15454,

s » ) 4 15'45

TABLE IV

of NGC 2204 |
(assuming E(B-V) = 0.08, S(U-B)O.é = 07095)

B-V

0.60

055

0.50

045
0.42
0.40
0.40
0.40
0.42

0.48

4.50
4,18
3.83
3.49
3.36

3.19
3.19°

3.19
3.36

- 3,70

“y



NGC 2204 is evidently slightly younger than NGC 2420 which it resembles in

composition.

Running meah values of V and B~V along the main seguence of NGC 2204‘
were plotted and smoothed to give normal points in the CM diagram. These are |
listed in Tabie 1V, After application‘of reddening and blanketing corrections
these were vompared with the standard ZAMS listed by Eggen (1965) to give the

listed results for ?0 c = M, and M ; these are shown plotted in Fig. 7. In

¥
the above much-quoted study of NGC 2243 (Hawarden, 1975b) an evolutionary
deviation curve was derived from an isochrone by ﬂgrtwick & van den Berg (1973)

for age 5 x lO9

years, Y = 0.30, 2 = 0.01l, This heavy element abundance is
also appropriate to NGC 2204 (2=0.013 if zj = 0,02); the evolutionary deviation ‘
curve can be fitted to the points in Fig.7, as shown, by assuming a true

distance modulus (m-1) = 137255072 for NGC 2204.

It is noteworthy that the slope of the lower main sequence in Fig. 2
(from which the points in Fig 7 are derived) is significantly smaller than
that of the ZAMS, as is reflected by the divergence of the points in Fig. 7
from the theofetical curve, Thisvintrodudes most of the internal uncertainty
present in the adopted distance modulus. Before this discrepancy in the shape

of the main sequence is ascribed to systematic errors in the photometry (which’

_is not unlikely since these points depend on one plate pair only) it may be

noted that a very similar effect is shown by the early results in M 67 (c§

Murray et al, 1965).

The distance modulus derivation is almost insensitive to the adopted
: !

4
values of S(U—B)o ¢ end E(B-V); the two alternative solutions given in the

previous section alter (m~M)O by no more than a few hundredths of & magnitude.
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Fig. 7. The. evolutionary deviation diagram of the normal points in NGC 2204
(Table IV). A theoretical curve, derived from an isochrone for agse
53{109 years and Z=0.0l1, is shown fitted to these poinis with

(m-10) = 13725,
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If (m—M)O = 13,25 and R = Av/E(B-V) = 3 the apbarent visual distance

modulus is (m-M = 15T49. As noted above, the giant clump has its centroid at

ALV

v =-15T82 so that the mean absolute magnitude of the horizontal branch of

NGC 2204 is MV = OTBB, a value reminiscent of that of NGC 2158 (Mv erT4'according

~ to Cannon, 1970).’

This uwnusually bright giant clump is not the only exceptional feature

of NGC 2204. If (m-M), = 13025 the distance of the cluster from the sun is

4.46 kiloparsecs., With a galactic latitude of ~16:1 the cluster must therefore
lie 1250 parsecs south of the galactic plane, This is significantly further

than any other cluster of Population I and is rivalled only by NGC 2243 at

- about llOO Kpc and NGC 6891 which is about a kiloparsec from the plane. The

" combination of 1arge‘/z/ with an apparently overluminous horizontal branch

suggests that the distance modulus has been overestimated., In view of its
stability with respect to the reddening and ultraviolet excess, the only
obvious source of such error lies in the fitting of the evolutionary deviation
curvé in Fig. 7. Clearly it will be of importance to investigate further the

apparent anomalies in the slope of the lower main sequence,
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(8)

A Red Variable in the Giant Brénch.

The large distance of the cluster from the gélactic plane supports the
contention that most of the stars redder and brightef than the giant clump are
probably ciuster membefs. In this connéction star number 1136 is noteworthy.
With & mean V = 12182 (Table III) it lies about 20 below the probable location
of the giant branch at its colour, B -~ V = {17; sfars of this colour are
distinctly rare in the halo. If itis regarded as é distanﬁ field star, it must
lie more than 2.5 kpe from the galactib plane, about 11 kpe from the sunvin the
approximate direction of the anticenter. Mem?ership of the cluster tﬁerefore

appears rather likely,

This star is probably variable; on 1971 December 24 it had.V = 13110 while
on 1972 February 411 and 13 it averaged V = 12074, The B magnitudes show a similar
variation., If, at maximum, it lies on the giant branch after the manner of the
variableé in the Hyades group (Eggen, 1972)Vit may be a long period variable of
substantial amptitude. The luminosity function derived by Eggen for the giants
in the Hyades group suggésts that M and S type variables are very rare among fhesé.
stars, although almost all the giants rédder than B =~ V=195 appear to vary.

Eggen predicts that a Hyades = like cluster should have at least 100 clump stars

- before the probability of its containing‘a variable of this type becomes significant.

" This number will presumably drop when older populations are examined as the rate of

evolution alongAthe glant branch may be expected to be lower for stars of lowe: e
mass (cf. Cannon, 1970) but it is nonetheless interesting that NGC2204, which contains -
only 20 6r 30 clump members has at leastvfour stars redder than B = V = 1%5 which’ |
may:be presumed to be members of the cluster. Two very red stais below the giant
branch are also present in Melotte 66 (Hawarden, 1975c) It would be intereéting

to undertake phogoelectric photometry of such atars in ordér to.determine (a) whether
they are giants, and therefore presumably members of the clusters and (b) whether

they are variable, as suggested by Eggen's results.



(9) ,VCompariSOn With NGC 22L3%,

.\'
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NGC 2204 resémblgs its neighbour NGC 2243 in its large distance from
the galactic plane, its considerable age and its significant heavy elemeﬁt
deficién;y. If the distance moduli of these clusters are even approximatelyr
correct there is a very marked difference in the spatial structure of the two
systems. As iﬁdicated in the intﬁduction NGC 220L probably has an o?erall
angular diameter of’about 18 arc minutes corresponding‘to a linear diameter
of more than 20 parsecs, Conver5e1y3 NGC 2243 hés an angular diameter which
is less than 10 arc minutes SO‘that at a distance of 3.6 kpc its linear
diameter is less than 10 parsecs, In addition NGC 2243 is strongly concentfaﬁed
towards its central region while NGC 2204 shows the looser, relativély ill*defined
structure more typical of old open clusters. Clearly the dynamic history of
NGC 2243 must be z very differeht from that of its neighbour and it would be of
great'intérest to obtain the radial velccities of these clusters as.é first step
towards the investigation of their g&labtic orbits. It is unfortunate that high-

quality proper motions of the two systems will rot be obtainable for some decades\yet!



(10). Conclusions,

NGC 2204 is about 3 x 107 years old., The cluster is moderateiy
deficient in heavy elements, having S(U - 3)0,6 = OPOSSEQMO2L, correspénding~
to a logarithnic abundance (Fe/t]g = ~0.20. Tt has & small reddening,
believed tobe iﬁ the vicinity of E(B~V) = ODOB, A distance modulus
(m 'AA)D = 13026 has beeﬂ.derived, which placés the cluster 1250 parsecé

from the galactic plane, substantially further than any other known oﬁen

.Gluster.

The giant branch probably resembles thﬁse of NGC188 and Melotte 66
in its loose structure and the cluster contains at least one red variable,
star 1136, which is likely to be a member. A very prominent red horizontal
branch is cenﬁered at V= 13"M82 B~V = 0798, The stars thereof appear to be
slightly 1es$ centrally concentrated than those of the upper main sequence,
The latter feature has a gap centered at V = 15% 73, about OR3 below the
' final turnoff to the red. A scattering of subgiants may, be present in the .
Hertzsprung gap Eut rising subgiants are probably absent. Several blue
stragglezsarevpresent_and are strongly concentrated tb thevcluster center,

suggestihg that they have large masses,
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Summary

The stars of the giant branch clump or red horizontal branch in -

all members of a sample of 6 open clusters older than the Hyades are found
{ o i ’
toAbe less concentrated towards the cluster centre than the stars of the

upber main sequence. In the cluster NGC 2158 the effect is very prominent

. and. is shown to be a real physical property of the cluster. A similar

strong effect in NGC 2477 is believed to be largely, but not entirely, &
consequence of a systematic variation of reddening with radial position in
the cluster. The fact that all si£ 0ld clusters studied showlthe
deconcentration phenomenon in the same sense is taken as evidence that the
phenoménon is & general property of the horizontal brenches of Population
I systems., It is argued that the phenomenon is a consequence 6f mass 10ss

during the most luminous phases of red giant evolution, probably by a

stellar wind mechanism.

o7
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Introduction

Dickens & Rolland (1972) have summerised the extensive observational

evidence suggesting that horizontal branch stars in several globular clusters

~are leas strongly concentrated to the cluster centre than the red giants and

other, less evolved, cluster stars. These differences in radial distribution

are commonly intérpreted~as & result of mass segregation consequent on

dynamic relaxation of the clusters.concerﬁed élthough Dickens & Rolland

(among otheré) point out that classical relaxation theory predicts timescales
for‘mass segregation which are, . in allibut the poorest globulars, far longer

than any reasonable estimate of the duration of the horizontal branch stage.

_ iben (1972) points out in a review ofithe present theoretical picture
that masges of about O.‘jM3 are required if the existence of blue horizontal

branch (BHB) stars in globuiars is to be explained, notwithstanding‘that the

~stars at the main sequence turnoff are believed to have masses near O.BMQ;
" The results of Stromgren photometry of BHB stars have been summarised by

' Newell (1972) who concludes that theii,masses do indeed average about 0. 5My.

Further evidence that the horizontal branch stars have lost mass is provided
by the intermediate band (DDO) photometry of Osbourne (1973) who finds that
red horizontsl branch and asymptotic branch stars in M3, M5, M10, M13, gnd

M92 have on average about 0.6 -of the mass of giants in the respective c¢lusters,

1

Numerical models of small clusters with realistic mass spectra
studied by Wielen (1967) and by Hénon (1971), who used a different numerical

technique, all show marked mass segregation on a timescale AzIQB years which
' /

~is of the same order as the rates of relaxation predicted for small systems

from classical relaxation'theory‘by Chandrasekhar (1942). ' Such segregation

effects are indeed observeble in the main sequences of M37 (Brosterhus, 1963)

and M67 {(Murray, Corben & Allchorn, 1965). Their presence in the first of
these clusters(which is only a few times lO8 years old) confirms that the

theoretical predictions do give at least an approximation to the actual

timescale of this process in open clusters.

3
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“Arp & Cuffey (1962) noted that the red giants in NGC éi58
appeared slightly less concentrated to the centre of the cluster tﬁan‘did
the main sequence stars, a result which they attributed to selective .
crowding effects in the inner regions. A similar but much stronger
effect was noted in NGC ?477 by Eggen & Stoy (1961), Thus when a preliminary
gtudy of fhe old open cluster Melotte 66 (Hawarden, 1970) suggested that the

stars of the horizontal branch of this cluster were also appreciably less

concentrated to the cluster centre than the members of the upper main sequencee

it appeared profitable to investignte whether this phenomenon is of general
occurrence in old open clusters and whether any conclusions could be drawn

therefrom concerning the evolution of stars in these systems.




The results are listed in Table I, The two entries for Melotte
66 illustrate the marked effect which small changes in the dividing radius
can have on the significance of the results when the sample of clump stars

is emall,

@
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TABLE T

Radial Distributions of Clump and Main Sequence stars

in 018 Open Clusters.

762

P

Cluster ' Sample No. Clump No. M/S c 2 2
zZones stars stars X
NGC 2158 Rings 1,2 & 3 22 117 0.27 13.5 0.005
Rings 4 & 5 24 34
Mel. 66 on-180" 7 60 0.32 - 4.85 . 0.026
(a) 180" -300" 17 46
‘Mel. 66 o"-167" 7 53 0.41 2.63 0.11
(b)' 167u_5001i | 17 53
NGC~2477 0'-5" 34 57 0.51 3.55 0.06
{a) 51.10" 36 3]
NGC 2477 0t-57 34 57 0.81 0.27 0.59
(v) 510! 36 49
NGC 2264  0'-3" 7 23 0.53 0.87 0.27
. 31Tt 15 26
NGC' 6939  o"-292¢ 10 74 0.64  0.40 0.53
2921423 9 43 ‘ '
NGC 7789 OM-292% 30 121 0.83 0.7 0.67
| 292" =577 22 74



Radial Variations of Reddening in NGC 2477

The first entry (a) in Table I for NGC 2477 shows the results of
a straightforward analysis of Camnon's photometry. The main sequence
sample was taken from between V = 12% and V o= 13?0. Cannon has remarked
that the clump stars in the outer zone are systematically redder and fainter
than thoée in the inner region, an’effect which is also noticeable in the CM
diagram of Eggen & Stoy (1961). He points out that this could be a
consequence of systematically larger reddening in the outer portion of the
cluster. Photoelectric observations by Hartwick, Hesser and McClure (1972)
indicate considerable variations of reddening from star to star, with
average reddening values E(B-V) = OT29 in the inner'zone and OT34 in the
outer areé. Thié systematic difference implies an average excess visual

[12]
absorption in the outer zone of about 0.1% if R ='AV/B(B4V).= 3,0,

The second entry (b) for NGC 2477 in Table I resemblé{}the first
except that the main sequence sample from the oﬁter zéne includés stars between
V=1272 and 1372. The shift of 6?2 represents a slight over correction of the
fadial reddening v;riation indicated by the photoelectric results. This
correction drastically redﬁceé béth the extent and the significance of the
observed difference in the radial distributions of the clump and the main

sequence samples although -the sense of the effect is unchanged in that €

.remains less than unity despite the fact that the correction applied may be

‘slightly too large.
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NGC 2158

The analysis in Table I shows a very‘marked and highly significant
differen¢é between the distributions of the cluﬁp and main sequence samples
in this cluster, The clump sample included all stars listed by Arp & Cuffey
(1962) with V between 14,70 and 15,70 and B-V between 1720 and 1750 vhile
the main sequence sample has V between 16?50 and l?TOO with B-V between

0770 and 0785.

Before the high significance. attributed to the concentrstion

differences by the results in Table I can be accepted it is néceésary to

‘consider the remarks made by Arp & Cuffey who suggest that the giant stars,

being more luminous, are proportionally more seriously affected by Crowding
in the central regions and that their consequent omission from the photometry

is responsible for their apparent dearth in the inner parts of the cluster.

In order to remove the apparent difference in the distributions
of the two groups of stars it would be necessary to postulate that about 60
members of the clump samplé in zones 1, 2 and 3 are missing, If any main
sequence stars are affected thekcorrection required is higher still, ‘It is
likely that at least one star has been-omiﬁted from the main sequence
sample for each clump star likewise afflicted, especially since the brighter
clump stars are likely to be measurable on plates of shorter exposure.
If this ;:l ratio is assumed, it becomes necessary to add 206 stars to both
the observed samples if the apparent difference in their radial distributions
i8 to be removed. Since the selected samples include only 139 stars actually
measured in the innér region this correction is clearly ludicrously excessive
and would make complete nonsense of Arp & Cﬁffey‘s attempts to assess the
effects of }ield star contamination, in which they apply crowding corrections
of only é few percent to their main sequence sample.
Stars with V1670 and B-V =175 are almost entirely red giant

cluster members. They are for the most part brighter than the clump stars

and should therefore be even more subject to the selective crowding effects



postulated by Arp & Cuffey., The numbers of these stars in the various
radial zones, togéther with the numbers from the clump and main sequence
samples, are listed in columns 2, % and 4 of Table II, rcopectively,

The projected densities of the respective groups, nomalised to a value of
100 in zone 1, are listed in columns 5, 6 and 7. The tabulated densities of
the red giants are in close agreement with those of the main sequence sample
and show no sign whatever of the large excess in the oubter zones exhibited
by the clump stars, as would be expected if this excess was a result of

crowding rather than a real property of the giant clump semple.

In the absence of significan£ crowding effects it remains conceivable
that NGC 2158 suffers from a radial absorption gradient similar to that found
in NGC 2477. Column 8 of Table II contsins the mean colours of the main
seqﬁence samples in each zone, These means have internal SE's well bélow
0701 so that it is likely that the systematic variations shown are not the
result of random errors., They are most unlikely to be a result of a reddening

'gradient, however, Arp & Cuffey weré forced toc omit from their results all
stars fainter than V=180 in zones 1 and Zl(where the significant variations
in colour occur) because excessive background fog from scattered light
generated_intolerable systematic errors in the measures of the faintef stars
on the B plates.' An enhanced background will produce a épﬁriously bright
magnitude when iris measures of a Star thﬁs afflicted are calibrated using
standard stars ineareas‘with less background fog. It is thus probable that
the slightly bluer mean colours of the main sequence samples in zones f and 2
simply reflect in less extreme form the problems encountered by Arp & Cuffey in

their reductions of the fainter stars.

The rejection of reddening effects as an explanation for the
observed differences in the radial distributions of the main sequence and c¢lump

stars is ':strongly supported by the ots erved distribution of the red giants.,



TABLE

Radiel Distributions of Stars in NGC 2158

(9

No. M/S

Zone No. Red  No. Clump Density of Density of  Density B—V‘m
i Gianta Stars Stars Giants Clump stars of M/s {mag
’ stars
1 4 4 36 100 100 100 - 0.75
2 7" 12 53 58 100 49 0.76
3 2 6 28 10 50 16 G.78
4 4 15 24 14 54 9 077
5 1 9 10 3 25 3 G.78




If the outer regions of the cluster suffer excess absofption the apparent
luminosity function of these regions is displaced towards fainter magnﬁtuies.
Thus the main sequence termination point in the central region will appear
brighter and the number of stars from the outer regions falling within the
main sequence sample interval will be reduced so that the main sequence
sample appears to have a higher‘degree of centrai concentration than is in
fact the cagse. Since the red giants in‘NGC~2158 show the same distribution
ag the main sequence siars it is clear that iadial variations in absorption
cannot be the reason for the observed concentration of the main sequence

sample.

- It must be concluded, therefore, that the gisnt clump stars in
NGC 2158 are markedly less centrally concentrated than the brightest stars
‘remaining on the main sequence and that the high significance obtained for

this result in Tadble I is realistic,




Clump Concentration as a General PrOperty of 01d Open Clusters

With the notable exception of NGC 2158 none of the individual results
for the 6 clusters in Table I is statistically significant. However all the cluster

listed have clump coencentration parameters ¢ < 1.

On the null hypothesisAthaﬁ the clump and main sequence samples have
the same radial distribution the probablllty that a given cluster will have C<L 1
by chance is 1/2. Thus the probablllty of flndlng this result in 81l five |
rémaining clusters is the same as thg likelihood of scoring 5 heads on tossing
a coin five times, namely 2"5 or 0:031. A danger of a’postiori statistics
exists here, as NGC 2477 and Melotte 66 were both believed to have C< 1 &t
the start of the investié&tion. However tﬁe fact that C remains less than
unity in NGC 2477 even after application of a generous correction for the

radial reddening effect, which wasg unknown at the start of the investigation,

coupled with the use of completely new photometry in Melotte 66 serves to restore

+ confidence in the level of significance implied by the probability derived above,

It thus appears likely that the giant branch clump stars in old open
clusters are in general less centrally concentrated than the brightest stars
remaining on the upper main sequence. Since mass stratification effects are knowr

to be present in the main sequences of similar clusters it may safely be concluded

that these stars have lost mass during their intervening evolution.

- The contrast between the degree of deconcentration exhibited by the
clump staré in NGC 2158 and in NGC 7789 which has a generally similar structure
znd appearance would seem to indicaie that the amount of mass lost varies from

cluster to cluster for reasons which are as yet uncertain. Such variation wouild

not be unexpected since it is believed that the amount of mass lost must vary

from star to star in the same cluster if the observed width in colour of the
globular cluster horizontal branches is to be explained (cf the review article

by Iben, referred to earlier). The evident variation from cluster to cluster
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would also remove the anomaly of Jane's (1974) conclusion that his analysis of
DDO photometry of M67 does not reveal any significant mass deficiency in the
staxs of the giant branch clump. DDO photometry of gisnts in NGC 2158, while

difficult; should prove illuminating.
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Mass Loss from Luminous Red Giants

The clusters in Table I are all older than the Hyades so. that their

" ¢lump stars may be presumed to have'pasSed through the high-luminosity pﬁases of

red giant evolution prior to the helium flash before arriving in the horizontal

branch (Cannon, 1970). The identification of the phase of maximum luminosity

as that : during vwhich mass is lost most rapidly is indicated by the resulis

in the globular clusters, especially thbsé of Osbourne (1975) vho used red giants

in his mass comparisons but still found that the horizontal branch and

asymptotic branch stars were relatively undermassive, thus effectively

eliminating the possibility that the mass loss implied by Newell's (1972) results
for the blue horizontal branch stars could be' generated by ejection of significant"
amounts of matter well before the sitars reach their highest luminosities near

the giant branch tip.

This construction is supported also by the fact that the red giants
in NGC 2158, most of which are still well below the giant branch tip, still

conform closely to the radial distribution of the upper main sequence stars.

The only mechanisms known to the writer whéreby it has been suggested that

rapid mass loss should occur specifically at the most luminous red giant phases [

are the scaled stellar winds postulated by Heasley & Mehgel (1972), the

efficiengy of which is critically dependent on luminosity in two of their three

models. Osbourne's results would appear to eliminate their third model, in
which the rate of masg loss is a function of the masgs. fraction in the convective

en&elope of the red giants and © ~peaks well before the/red giant tip is

reached.

If the red giant phases of high luminosity are postulated to be the
dominant epochs for mass loss, as in the stellar wind models, it would be

expected that red giants of lower luminosity which have not yet passed through

such phases would retain their main sequence masses and hence their main sequence

A}
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