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ABSTRACT

The stellar content and history of star formation of
a number of Irregular and other late-type galaxies have
been analyzed by means of l0-color photometery of the
galaxies and a comparison of their colors to the calculated
colors of a set of three-parameter models. The galaxy
models are assumed to be composed of various amounts of
"clusters" from 106 to lOlO years old, the colors of which
were calculated from stellar-evolutionary tracks and
observations of 102 stars of all spectral types. The
colors of the model clusters were checked by comparison to
the colors of 46 clusters in the Magellanic Clouds.

The first chapter of the thesis gives the principal
results of the work, the analysis of the galaxies; the
- second gives a description of the cluster models and
comparison to the cluster observations; the third presents
the colors ofvthe 102 calibrating stars.

In the first chapter the colors from 79 observations
of 46 different Irregular and other late-type galaxies
(mostly Sc's) are given first. The construction of model
cluster colors and their behavior as a function of time,t ,
are briefly discussed. A principal component analysis of the
galaxy colors indicates that only three parameters could
explain most of the variation in galaxy colors,

Accordingly, a set of three-parameter models is



adopted to explain their colors. The three parameters
chosen govern the star formation history of the galaxies.
The Limber initial mass formation function is assumed.
Various two-color plots of some of the galaxy models were
made. It is found that the loci of the models agree well
with observations. Finally, fits to individual galaxies

in the three parameters are made, as well as estimates of
the "uniqueness" of the fits. The average difference
between the best-fitting parameters of Irregulars and Sc's
is interpreted to mean that Irregulars have both relatively
more star formation in the recent past and an initial mass
formation function enriched in massive stars compared to
the Sc's., An irregular raté of star formation in the recent

past (t <lO8

vr) is also indicated.

The second chapter describes the construction of cluster
models and a comparison between the model colors and the
colors of 46 clusters in the Magellanic Clouds. Cluster
models are found to fit observations well in general.
Furthermore, the observations permit estimates of nb/nr,
the ratio of blue to red supergiants, to be obtained for
stars of 3 to 20 solar masses.

The third chapter gives a description of the observa-
tion of 102 stars of all luminosity clasées and spectral
types from 05 to M6. The behavior of the colors of stars

of different luminoéity classes as functions of assumed

log T and spectral type are discussed,
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INTRODUCTION

Because of the new Astronomy Department regulations,
each chapter of this thesis is written in the form of a

paper suitable for direct submission to the Astrophysical

Journal, Therefore, there is some redundancy in the chapters.
This work is divided into three parts. The first
chapter, which contains the bulk of this work, describes
the analysis of observations of late-type galaxies in terms
of three-parameter models of their star-formation history.
Galaxies are regarded as being composed of "clusters" of
various ages; The second chapter consists of a full
description of the construction of cluster models which are
used in Chapter 1. 1In Chapter 2 models and observed clusters
are compared in several kinds of plots, and conclusions
are drawn about properties of the clusters, chiefly nb/nr,
the ratio of red to blue supergiants in younger clusters.
Chapter 2 is a contribution to a larger paper by Searle
and Bagnuolo, and will probably not be published separately.
Chapter 3 presents the data that enable cluster colors to
be calculated, the observations of 102 stars of various
spectral types. The behavior of the colors of stars as

functions of log Te and spectral type is also discussed.



CHAPTER 1

MODELS OF THE STELLAR CONTENT AND EVOLUTION OF

IRREGULAR AND OTHER LATE-TYPE GALAXIES
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I. INTRODUCTION

The general purpose of the research presented in this
paper was to investigate the stellar content of late-type
galaxies, especially Type I (Magellanic) Irregulars.

In particular, the systematic differences in the stellar
content, if any, of Irregulars and Sc spirals were to be
investigated. The Sc's could also be used as a control

to which the Irregulars could be compared. The variation
of the stellar content of galaxies of the same type could
also be examined. The observational technique chosen was
photometry with filters at different regions of the
continuum and at prominent spectfal lines. Calculations
of model galaxies with various stellar contents determined
the filters used.

Thére are several approaches to the analysis of
galaxy colors in terms of stellar content. One approach
is that of Wood (1966) and Spinrad and Taylor (1971)
among others. The H-R diagram is divided into twenty
to thirty star blocks such as "“early A dwaffs" or "late
K giants." Stars with different chemical abundances, such
as "super metal rich" stars, can also be included.

Galaxy colors are computed from the colqr intensities of
the star blocks, and the relative numberé of stars in
each block are adjusted until an adequate fit to the

observed galaxy colors is obtained. In principle, if n
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colors are observed, the numbers of stars in n blocks
could be determined by a unique least-squares fit.
Unfortunately, the number of colors is usually less than
the number of star blocks. Moreover, in practice the
number of independent parameters that can be determined is
smaller still.

Martin and Bingham (1970) have analyzed the galaxies
of Wood's (1966) photometry by means of principal
component analysis and found that only three significant
parameters could be extracted from the data. ‘Therefore,
if we attempt, like Wood, to obtain a unique fit to a
galaxy using 23 stellar blocks, we must use 20 implicit
or explicit constraints on the numbefs of stars in the
blocks, In principle, the final fit could be expressed
as a function of three independént parameters. It is
evident that in general such an analysis of stellar content
will involve a small number of independent parameters and
a large number of assumed constraints.

A number of constraints have been used by the authors
cited, such as reasonable looking Hess and color-magnitude
diagrams and mass-to-light ratios., Another possibility is
to put in explicitly the constraints on the numbers of
stars in the blocks. Then the problem of minimizing the
'squared difference between calculated and observed colors
subject to the constraints could be solved by a Lagrange-

multiplier technique. Other techniques of control theory
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mentioned in Bryson and Ho (1969) might also be used.

One disadvantage of the approach using stellar blocks
is that it is difficult to decide what reasonable
constraints are. Suppose, for example, that we assume thatv
the number of stars on the Main Sequence must increase
monotonically with absolute magnitude. We would then
misinterpret the colors of galaxies with a bulge of, say,

A étars due to an irregular rate of star formation.
Another disadvantage is that it is difficult to determine
the "uniqueness" of the final fit,

The approach used in this paper is roughly as follows.
A set of stellar-evolutionary tracks were used to calculate
colors of clusters as a funétion of time., The computed
colors were checked by comparison to observed clusters.
(These results are given in another paper by Searle and
Bagnuolo (1976), hereafter called SB.) Galaxy colors were
computed from the cluster colors, since the galaxies were
assumed to be composed of clustérs of different epochs.

The general philosophy was to use as few parameters
as possible to fit the galaxy colors. Several parameters
could be used in making galaxy models. The creation rate
of clusters with time could be described by one or more
parameters. ' The initial mass formation function (IMFF)
assumed for stars in the clusters could also be varied.

Finally, a simple procedure was used to obtain a good fit
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to the galaxies with the parameters adopted and to obtain
an estimate of the "uniqueness" of the fit,

An advantage in this approach over the first approach
discussed above is that the assumptions used are more
explicit and the fitting procedure is more objective. A
disadvantage is that the parameters used don't have the
simple observational significance as the stellar blocks

of the former approach do.

IT. OBSERVATIONS

A set of eleven filters was used for the photometery
of the galaxies and stars used for calibration. Five
medium bandwidth filters designed originally by J. E. Gunn,
designated by u, b, g, o, and r respectively, were used to
measure the overall continuum over a wide frequency range
and the Balmer Jump. The Gunn filters were cohstructed
from a collection of Wratten filters and Schott glass.

(See Bagnuolo (1976 ), hereafter called Paper I, for
details.) It was felt that somewhat more information could
be.obtained about the shape of the integrated continuum

of galaxies than with the wider UBVR system.

Three of the most prominent spectral features in late-
type galaxies were expected to be the Ho line, especially
in emission, the Mg b triplet, and the TiO bands. A set
of filters was used to measure these features. The

filters designated by Ha, Ha', and 66 measure Ha emission,
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the latter two filters being especially useful for
redshifts greater than 1000 km/s. The Mgb filter, centered
on the Mg b triplet near A 5175, is similar to that of
Wood (1965). Stars later than G7 of different luminosity
classes differ in (Mgb-g) by ﬁp to 0.3 mag. However, in
late-type galaxies (Mgb-g) was found to be mainly useful
in measuring the strength of the [0 III] emission lines

in filter g. The filter designated by TiO was intended

to measure the TiO band at about A 6200. It was found
that light in TiO drops abruptly for stars later than M2.
Finally, the IR filter, centered at about A 7010, measures
an emission-free continuum region somewhat redder than

the r filter.‘ Table 1 lists the properties of the phéto-
metric system defined by the above filters and S-20
phototubes.

Galaxies were selected in order fo examine and extend
the results of Searle, Sargent, and Bagnu010‘(l973),
hereafter referred to as SSB, concerning the history of
star formation in late-type galaxies. Seventy-nine
observations of fifty-one different galaxies were made,
including 24 galaxies of type Irr I, 3 of Sc-Irr
(transitional type), 22 Sc's and 2 Sb's, As many galaxies
as possible described as Irr I or the equivalent by
classifiers in de Vaucouleur's (1964) catalog were observed,
although galaxies with listed radial velocities less than

1200 km/s were given priority. About half of all listed
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Irregulars were observed, including most with listed
magnitudes or radial velocities. A galaxy was considered
to be a transitional type, Sc-Irr, if more classifiers
listed in the catalog classified it as "Sc" or "SI," or
equivalent, than "Irr." 1In addition, NGC 4861 appears to
be connected to IC 3961, and the whole system is considered
to be a transitional type. One galaxy, NGC 5253, was
observed by Searle (1975) in the five Gunn filters and
transformed to the color system of this paper. The main
criteria for the choice of spirals were redshift and
inclination. Nearly all have radial velocities less than
1100 km/s and major/minor axis ratios of less than three.
The galaxy observations were made on 25 nights during
the period February 1973 to April 1974 with the 60" and
20" reflectors at Palomar and the 24" reflector at Table
Mountain Observatory. A two-tube S-20 photometer was
used for the Palomar observations and another S-20 photom-
eter was used at Table Mountain. 1In both cases the number
of counts was recorded digitally on paper tape or punched
cards. At Palomar apertures of 3 to 6 mm were used,
corresponding to 57" to 114" at the 60" and three times
this at the 20". Three to six readings of ten to thirty
seconds integration time were commonly used. Readings of
the galaxy and sky were obtained, usually by taking
successive readings with the galaxy in one tube, then the

other. Typically, about 18,000 net counts (galaxy minus
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sky) in the g filter were obtained in ten seconds for
a galaxy with a visual magnitude of 13.0 with the 60".
At Table Mountain a similar procedure was followed,
Apertures of 2 to 6 mm were used (1' to 3' at the 24").
Measurements of the sky and galaxy were taken several times
each, usually in a pattern of G-S-S-G or G-S-G-S-G, where
G is a galaxy and S is a sky measurement. Ten thousand
or more net counts in each filter was a goal throughout.

One hundred and two stars of all luminosity classes
and spectral types 05 to M6 were observed in order to
calculate colors of model galaxies for comparison with
observations. Details of star observations are given in
Paper I. A simple linear transformation, obtained from a
least squares estimate from 19 stars observed at both
Table Mountain and Palomar, was used to transform the Table
Mountain colors to the standard Palomar system:

(i-g), = ai(:'L—g)T + b,

(1)

ngag

Ip + bg(o—-g)T + c

where i is an arbitrary filter, P»and T refer to Palomar
and Table Mountain quantities respectively, and the a's,
b's, and c are constants, ©No deviation from linearity

in the plots defining the empirical transformation above
could be detected. This is not surprising for transforma-

tions between similar systems. In the standard Palomar

system, the colors of the A0 V equatorial standard of
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Haug et al, (1967), "Z4A," are set at (i-g) = 0.00 for all
i #g9, and g = 7.00,
Several corrections were made to the observed galaxy
colors. First, the galaxy colors were corrected for

reddening by using a result of Holmberg (1958):

A(P-V) = E(cscB-1l) + B(l-b/a) - 0.047 (2)

where A(P-V) is the reddening correction, E = 0.062, b/a
is the ratio of minor to major axis, and B varies from
0.049 for type Irr I to 0.136 for Sc+ galaxies. The first
two terms in the reddening correction are for reddening
in our galaxy and the observed galaxy respectively. The
factor 0.047 is the average reddening assumed for the
clusters in the Magellanic Clouds which were used (see
below) as an intermediate step in the construction of
galaxy models. (Of course, either the observed or model
colors could have been adjusted by 0.047 as long as they
are consistant.,) The differential reddening of color (i-g),
designated by A(i-g), was found from A(P-V) by using
Whitford's (1958) reddening law.

The colors (Ho-r) and (Ho'-r) were also corrected for
redshift effects by calculating the trapsmission in the
Ha and Hg' filters for different redshiffs in the Ha and
[N IT] lines. A standard temperature of 5 °C was assumed.

The typical ratio Ho/[N II] = 4 was used; however, the
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corrections don't differ much from those of the pure Ho
case. It was also assumed from calculated models and the
colors of galaxies with the least emission that without
emission lines (Ha-r) = -0.06 and (Ha'-r) = -0.04. The
color corrections were assumed to be zero at a radial
velocity of 500 km/s. 1In most cases the correction in
(Ho-r) is less than 0.05 mag. (The largest corrections,
about 0.4 mag for NGC 4532 observations, are probably
accurate to only 0.1 mag, however.) In Table 2 the
uncorrected colors of galaxies are listed first, then the
corrected colors immediately below. Other galaxy data
such as radial velocity, Vr’ is also listed, of which G/S
and d will be discussed below.

In the galaxies, particularly Irregulars with low
surface brightness, the greatest source of error results
from fluctuations in the sky brightness. 1In order to check
the accuracy of the observations, a sample of 28 galaxy
observations with different galaxy/sky ratios, G/S, was
used., The sample observations have two galaxy and two
sky readings, the typical case. The median and mean dif -

ferences, or errors, between the colors obtained from the
first set of galaxy-sky readings and the second set were
obtained for three groups of galaxies with different values
of G/S. 1In Table 3 the first column gives the range in
G/S for each group. The second and third columns list the

numbers of sample galaxies and total galaxies (n' and n) in
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each group. In the headings of succeeding columns we write
for brevity "Ai" for the median error in color (i~g). Mean
errors are listed below the median errors. (IR, Ho', and
66 were almost never observed for low G/S/ galaxies; thus,

no estimate of these errors was obtained,)

ITI. EMPIRICAL GALAXY COLORS

Before analyzing the galaxies, let us consider some
plots of their colors to see what general tendencies occur.
A number of two-color plots of the galaxy colors were made,
the following of which are among the more interesting.
Figure 1 is a plot of (g-o) and (b-g) and is an example of
a typical plot. In Figure 1 the galaxies follow a well-
defined sequence from the reddest galaxies at (g-o) ~ 0.7
through galaxies with (g-o) ~ 0.3, with a slight amount of
fanning out of the bluer galaxies. Colors for galaxies
with (g-o) redder than 0,3 appear to represent an overall
color temperature, and the linear relation here between
(b-g) and (g-o) is typical of the redder part of most of
the plots. In the Figure it can also be seen that the
Irregulars are generally bluer in (g-o) than the Spirals
(which we shall hereafter refer to as "Sc's" unless other-
wise noted). As will be seen, Irregulars are generally
bluer in other plots also. Finally, there is a distinct
turnoff in (b-g) for galaxies with (g-o) less than 0.3,

which is probably due to strong emission lines, such as
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A4959 and A5007 of [0 III] and HB in filter g. To get

an estimate of general emission line strength we can
introduce a "reddening independent" parameter, Qg first
defined in SB as: Q3 = (g-0o) - 1.703(o-r). Q3 is insen-
sitive to reddening and also to redshifts (to Vriless than
2000 km/s). For most clusters (see SB) and galaxies, the
value of Q3 is close to zero; however, emission lines in
filters g and r, chiefly [0 III] and Hq, cause Q5 to
become strongly negative. cCalculation of Q3 indicates
that there is significant emission (Q3_5 -0.1) in about
thirty of the observations, showing that plots such as
Figure 1 are indeed affected by émission lines.

Next, we consider a plot of (b-o) and (u-b) which is
shown in Figure 2, The color (b-o) is a measure of overall
color temperature, and other colors might have been used.
The color (u-b) is intended to be a measure of the Balmer
Jump similar to (U-B) in the UBV system. Generally
speaking, the Irregulars are bluer in both (b-0) and (u-b)
than the Sc's. There also appears to be a definite width
of about 0.3 mag in (u-b) which might indicate differences
in the numbers of massive Main Sequence stars, as will
be discussed later.

Figure 3 is a plot of (b-o) against. (Ha-r). Again,
(b-o) is a measure of overall color temperature, while
(Ho-r) is a measure of Ho emission. In the figure we see

the following features. First, Irregulars are generally
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bluer and have more Hg emission than the Sc's. Secondly,
the locus of galaxies has a sail-like shape- there is a
wider range in (Ha-r) for the bluer galaxies, although the
average Ha emission is still stronger than that of the
redder ones. A possible interpretation to be discussed
later is that the bluer galaxies have more young stars and
therefore a generally higher number of active H II regions.
The spread in (Ha-r) is then due to irreqular rates of
recent star formation.

The main features of the color plots ﬁay be summarized
as follows. First, the Irregulars are generally bluer and
have more Ho emission than the Sc's. Secondly, the redder
galaxies lie fairly closely along straight lines in the
plots without much deviation in color. Thirdly, bluer
galaxies show noticeable variations in (u-b) and (Ho-r),
especially in the latter. Finally, the colors of the bluer
galaxies are influenced by emission lines, particularly
colors involving filters Ho, g, and r. In a later seéfion
we shall seek galaxy models that explain these observafional
features. |

We can next consider whether any systematic relations
exist between galaxy colors and the ratio of the aperture
used to galaxy size. The aperture/ galaxy size ratio can
be defined by d = A/J/ab, where A is the siée of the
aperture used, and a and b are major and minor axes.

Values of a and b are taken from Holmberg (1958), except
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for a few southern galaxies where de Vaucouleur's (1964)
catalog is used. The parameter d is thus a rough measure
of the diameter of the aperture used to a characteristic
size of a galaxy. Obviously, d is more meaningful for
symmetrical galaxies than for some of the more unsymmetric
Irregulars like NGC 4657. Figures 4 a, b, c are plots of
the colors (b-o), (u-b), and (Ha-r) with log d. Plots

of the colors as a function of d were also made but are

not shown. In Figure 4a the Irregulars are generally bluer
than the Sc's for all values of d. Furthermore, despite
large scatter in the plot, there seems to be a tendency for
Irregulars to become redder and Sc's bluer with increasing
d. These trends were noted previously by de Vaucouleurs
(1961) for (B-V) colors in late~type Spirals and Irregulars.
In Fiqures 4b and . 4c, which are plots of (u-b) and (Ha-r)
respectively with log d, general tendencies are difficult
to detect. A slight tendency toward convergence in the
(Ha~r) colors of Irregulars and Sc's similar to that in
(b-0) may exist, but this is not obvious. A similar
comment may be made concerning Figure 4c, Therefore, there
seems to be some tendency for central portions of galaxies
to be somewhat bluer in (b-o) in Irregulars and redder

in Sc's, However, in the other colors such tendencies

are difficult to detect.
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IV. CLUSTER MODELS

The calculation of cluster colors is an intermediate
step in the calculation of models to be used in the
analysis of the stellar content of galaxies. 1In this paper
"clusters" are defined as systems in which star formation
has occurred more or less instantaneously; "galaxies" are
systems in which star formation has occurred over a period
of time. If we assume, as in SSB, that galaxies are
composed of clusters of various ages, then colors of galaxy
models can be built up from cluster colors, depending on
the star-formation history assumed.

Cluster colors can also be checked empirically. In
SB cluster calculations were compared to observations of
clusters in the Magellanic Clouds in the five Gunn filters.
The cluster observations were particularly useful because
the ratio of blue to red supergiants, nb/nr, of calculated
evolutionary tracks for massive stars varies greatly
depending on theoretical assumptions. More details of
the cluster observations and calculations can be found in
SB.

The foilowing is a summary of the main steps in the
calculation of model cluster colors. We seek to use a set
of evolutionary tracks together with observations of a
variety of stars (see Paper I) to calculate a reasonable
set of cluster models. The set of calculated models should

include those with different nb/nr and different initial
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mass formation functions (IMFF's).

We start with the observations of 102 stars, including
18 supergiants corrected for reddening, given in Paper I.

Plots of colors versus spectral type were transformed into
color, log Te plots by assuming log Tgs spectral type relations
from Johnson (1966), Morton and Adams (1968), Mbrton-(l9%9),'
and Lee (1970). Bolometric corrections (BC) as a function

of log T, were similarly obtained. The (g-V), log T,
relations were obtained from the over 60 stars with known
visual magnitudes. The relations in color, log Te;
BC, log T, and (g-v), log Tq suffice to calculate color
intensities produced by points along evolutionary tracks

in the log L, log Ty plane.

Evolutionary tracks were assembled in the log L, log Té
plane for stars of from 60 to 0.08 solar masses. These
tracks were based on models of Robertson (1971,1972) and
those in SSB, the latter with portions of blue loops
shifted to agree with more recent models., The upper mass
models, 60 to 3 solar masses, were modified so that models
with different nb/nr could be readily calculated. The
positions and times along red-giant tips in 1.0 to 2.25
solar mass models were modified to agree with Sandage's
(1962) observation of NGC 188, and Johnson and Sandage's
(1955) of M 67.

The computation of model cluster colors was begun by

generating a large number (up to 60) of evolutionary tracks
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interpolated between the above model trécks in log L,

log To> and log t, where t is the time. The time between
t = 0 and t = lOlO years ago was divided into 41 "time
slots," the upper boundaries of which are given by:

log t,

imax .1(i-1l) + 6.0 , where ti

max LS the upper

boundary of the ith time slot., The use of time slots
automatically averages out the colors of red giant excur-
sions in the tracks and is an improvement on the computation
method used in SSB. The color intensities of the tracks
for each time slot were calculated by the relations
mentioned previously and added together. Cluster colors
were calculated for three different mass functions and for‘
nb/nr = 0, 1, or infinity. It was found (see SB) that the
colors of younger cluster models were mainly influenced
by the value of nb/nr, regardless of IMFF assumed, because
the light contributions of the highest mass stars dominate.
The calculation of the colors of the youngest clusters
must be modified to take into account the presence of
emission lines. The emission lines are assumed to arise
from the absorption of ultraviolet photons of massive stars
(greater than 15 solar masses) by the surrounding gas,
Contributions to emission lines from within the stellar
atmosphere were neglected. Also, perfect efficiency in
degredation of the photons is assumed. It can be shown

that:
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Fo'oe Fi[l-+%; (SL/Si)(l.27xlOll/Aui)(FB/Fi)'WBIL] (3)

where Fi' is the average flux density in the filter band i
including the emission lines and is proportional to the
number of counts per second. F, and FB are the mean
continuum flux densities at the filter i band and HB
respectively. WB is the equivalent width of the HB emission
line in R, and any is the intensity of emission line I,
relative to HB. Aug is the bandwidth of the filter and
1.27 x lO11 is a conversion factor. sL/Si is the ratio

of the sensitivity of the photometer at line L to the
average sensitivity in the filter band 1i. ‘Summation is
taken over the number of lines than can affect the count

in the filter. Relation (3) gives a corrected flux density
in the presence of emission lines, and for no emission
lines obviously Fi' = Fi‘

Estimates of WB’ produced by O stars with Te from
30,000 to 50,000 OK, given by Searle (1971), and estimates
of I's for three H II regioﬁs of different temperatures-

M 101 #2, NGC 604, and NGC 5471 are given by (Ibid.),
Aller, Czyzak, and Walker (1968), and Searle and Sargent
(1972) respectively. These quantities were used in (3)

to calculate the color intensities of the hottest stars

in the youngest clusters.

The cluster colors calculated above could now be

compared to the colors of 46 clusters with widely differing
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ages observed by Searle in the Magellanic Clouds. (see SB)
In general, the calculated colors agree well with
observations. In addition, the younger clusters were

used to estimate nb/nr. These values of nb/'nr were used

in all later calculations of cluster and galaky colors.
Also, as a check on the youngest cluster models NGC 604

was observed in eight filters (see Table 2), and the colors
appear to agree fairly well with a compﬁted cluster with -

t =2 x 10°

(Table 4).

Table 4 lists the adopted colors of clusters to be
used in the construction of galaxy models. These colors
are substantially the same as the calculated cluster models,
except for slight adjustments in the colors of the last
six time slots, to better fit observed oldest clusters and
reddest galaxies. An IMFF from Limber (1960) and the values
of nb/nr obtained above were assumed. The first column
in Table 4 gives the number of the time slot; the second,
the upper boundary in time of the interval, log timéx’
Succeeding columns give the average colors of clusters in
the time slots. For brevity, at the top of the column we
write "i" for color "(i-g)." The last column gives
relative absolute g magnitudes. The run of cluster colors
with time appears to fall into five groups:

i) log t < 6.2 The youngest clusters have high Hg

and [0 III] emission, as can be seen by the values of (Ha-r)

and (Mgb-g). Also, (u-g) is weaker than at maximum (in the
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sense of being less negative in value).

ii) 6.6 =2log t > 6.2 Clusters have Hg emission, but
little [0 IITI] emission; (u~g) gets stronger.

iii) 8.0 = log t > 6.6 Clusters have strong (u-g),
little Ha emission, and are generally “"blue."

iv) 9.3 2 log t > 8.0 This is a transition region
in which clusters become generally redder in (u-g) and
(b-g), and to a lesser extent in (r-qg).

v) 10.0 2 log t > 9.3 These are the reddest clusters,
very red in (r-g), etc.

In the next section, models of the stellar content of
galaxies will be made by adding up light contributions of
clusters of various ages. However, it already appears that
only about five different types of clusters could be used
in building galaxies., Therefore, probably no more than

four or five parameters should be used in the galaxy models.

V. GALAXY MODELS

A. Principal Component Analysis of Galaxies

The problem here is to explain the observed galaxy‘
colors by means of some formation history of the clusters
in the most economical manner, To avoid redundancy in the
models, we must first estimate the number and nature of
independent parameters given by the obse?vations. A
mathematical technique, principal component analysis, may

be applied here. Methods in principal component analysis
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are discussed in Deeming (1964,1968), Martin and Bingham
(1970) for astronomical applications, and in Kendall (1968)
and Kendall and Stuart (1966) in greater detail.

In making a principal component analysis we regard
each galaxy observation geometrically as a point in an
n-dimensional color space. The n galaxy colors are
standardized by a simple linear transformation to having
zero mean and unit variance. Then the axis is found about
which the points vary least- that is, we seek to minimize
Zﬁiz, where di is the length of a perpendicular from point
i to the axis. It can be shown that this is the axis along
which the variation of the points is the greatest. Next,
another axis minimizing the wvariation is found perpendicular
to the first and so on. For example, if the observations
formed an ellipse, the procedure would find the major and
minor axes. Finally, the number of effective dimensions
in the space, "significant‘parameters," can be estimated
by comparing the variation along each axis with the
variation expected from observational error alone.

Mathematically, we find the eigenvectors and eigen-

values of the correlation matrix Cij’ defined by:

P

where Xik is the standardized observation of the kth object

in the ith color and summation is taken over the p objects

observed. The eigenvalues are the variances along the
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new axes (which are gi, the eigenvectors) and can be
compared to the variance expected from observational errors
alone. A test given by Deeming (1964) for significance of
the variation along e, is that the ratio F = (6§i)2/ki
follows the F distribution; where (6§i)2 is the expected
variation along gi due to observational errors and %i
is the eigenvalue.
In analyzing the galaxy data of Table 2 the problem
of how to treaﬁ missing data arises, since observations in
a few filters, notably Hg', were made in only 50-70% of
the galaxies. One way is to form the correlation matrix
using only the éxisting data, i.e. in (4) sum over only
the p' galaxies where both filters i and j are observed and
divide by p'. This method produced some small negative
(non-physical) eigenvalues because different terms in the
correlation matrix were calculated using somewhat different
sets of galaxies, (However, the largest three eigenvalues
and eigenvectors agree well with those of the method below,)
A better approach seemed to be to estimate missing
observations from the existing data first, then calculate
the correlation matrix using estimated observations,

Estimates of missing data were obtained from:

o LS -
T s TR LA TP

1
2
T

sgn (x ;) (5)
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where xjk is the estimate of the jth color of the kth

galaxy, Xj is the average value of the jth color. Xi 3
2
is the avefage value of the ith color when color j is

also observed, and Xy = X.. Similarly, ¢, . is the

1,7
standard deviation of the ith color when j is also observed

2

24

etc. Using these conditional means and standard deviations
seemed more accurate than using simple means and standard
deviations, sgn(rij) is the arithmetic sign of the
correlation coefficient rij' Summation is taken over all
colors observed in the kth galaxy.

The meaning of (5) becomes apparent by taking as an
example ah estimate of a missing color xjk from an observed

color X, - We have: xjk &Xj+(xik—Xi’j)(cj’i/oi,j)sgn(rij)

/

in the i, j plane. 1In (5) such estimates are weighted by

Here, is simply the slope of a fit to the data

3,194, ]
a factor of rij2. As a check on (5) points with estimated
(Ho.'-g) were plotted in the (Ha'~g), (Ha-g) plane and
seemed indistinguishable from the "real" points.

A ten-color principal component analysis was done
including estimated colors of missing observations. The
four largest eigenvalues and corresponding eigenvectors
are listed in Table 5. fThe first coluﬁn of Table 5 gives
the eigenvalues; cblumns 3~-12 give the components of the

eigenvectors in the colors (i-g), written here as i for

short, for all i. The second column gives the values of
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F = (6§i)2/ki, assuming errors of 0,05 in all colors, for
comparison with the F-test. It can be seen that three
pérameters account for 79% of the variation in the ten-
color analysis. Also, according to the F-test, while the
first three eigenvalues are significant to 0.1%, none of
the other eigenvalues are significant to 5%. A similar
analysis was done using only the first six colors, which
are observed in the great majority of galaxies. The results
are very similar to those of the ten-color case, as can be
seen from the lower part of Table 5.

The eigenvectors corresponding to the first three
eigenvalues can now be examined for possible physical
significance. The first eigenvector, the direction of
greatest variation, clearly seems to represent an overall
color of galaxies from blue to red. The second, which has
large positive components in (Ha-g) and (Ha'~g), clearly
represents Ho emission. The third, which has large positive
components in (u-g) and (b-g) and smaller components in
(o~g) and (Mgb-g), lacks the obvious physical significance
of the first two eigenvectors. However, it seems possible
that the third eigenvector represents the cémbined effects
of the ultraviolet continuum and [0 III] emission,land
should be strongly influenced by clustefé in time regions
i or iii. (6.2=2log t or 8.0=log t>6.6)

The main conclusions to be drawn from these analyses
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is that there exist three parameters that explain most

of the variation in galaxy colors. Galaxy models should

be built with only three parameters, since more information
about the stellar content of the galaxies cannot be
obtained. Finally, these models should explain overall
color, Ho emission, and the ultraviolet continuum and/or

[O IIT] emission.

Because only three parameters can be estimated from
the data, it is worth considering whether most of the
information about the galaxies could have been obtained
with observations of only three colors {(four filters).

If so, what is the optimum set of filters? In Table 5
the three principal éigenvectors have low components in
66, Mgb, and TiO, and the information in the Ha' filter
largely duplicates that of the Ho filter. Principal |
component analysis of the most promising four-filter
combinations of the remaining seven filters were done,
and the results are presented in Table 6. 1In each set of
four filters the second filter, f2 say, was chosen in
forming colors (i-£f2), where i is an arbitrary filter,.
The analysis proceeded exactly as before, except that three
colors were used instead of ten. 1In Table 6 the filters
chosen for each analysis are given in the first column.
The next six columns give the values of the three eigen-

values and corresponding F values. We adopt as a rea-

sonable figure of merit the product of the three F values
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as a measure of the volume occupied by the observations

in each three-dimensional color space. In order of

F products, according to Table 6, the best choices for
filter sets are: (u, g, o, Ho), (u, g, Ha, IR), (u, g9, r,
Ha), and (b, g, o, Ha). In the best set, the three eigen-
values are significant to 2% or better in the F-test:
however, the errors in obtaining the colors could be
significantly less than in the ten-color case. It seems
that three parameters could be observed in the (u, g, o, Ha)
nearly as well as in the original ten-color system.

The eigenvectors for this three-color system, given
as components in (u-g), (o-g), and (Ha-g) are in ordervof
eigenvalue size: (0.665, -0,521, 0.536), (0.112, 0.816,
0.567), and (0.789, 0.322, -0.523), These eigenvectors
'lack the physical significance of those discovered for
the ten-color or six-color cases, since the effects of
overall color, Ho and [0 III] emission, and ultraviolet
color seem fo be mixed.

Three plots of the colors of this system were made,
of which (u-g), (o-g) and (u-g), (Ho-o) are the most
interesting and are plotted in Figures 5 and 6 respectively.
The plot of the other color combination (o-g), (Ho-o0)
resembles that of (b-o0), (Ho-r) in Figure 3, although
contracted in the x direction., All three plots show a
good two-dimensional scatter in the points, as should be

the case. Figure 5 is similar to Figure 1, (b-g), (g-o).
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The plot in Figure 6 combines the effects of overall color,
Ho and [0 III] emission, and ultraviolet. One isolated
point is from a low-accuracy observation of NGC 3447B,
which merits re-examination.

B. Construction of Galaxy Models

The following set of three-parameter models were
constructed to take into account the results of the last
section. We assume; as in 8SB, that the galaxies are
1010 years old; the question of "young galaxies" will be
discussed later. Also, as in SSB let ¢(m,t)dmdt be the
number of stars formed in the mass range m to m+dm during
the time interval t to t+dt. Then, we shall assume that

the formation history of stars can be given by:

¢ (m, t) Cc f£(m) e Pt 4if 10.0 > log £ > 8.0

=c £(m) P B if 6.4 1logt (6)

= C f(m) e Pt 5. if 8.0 > log t > 6.4

2

where t' is the time since galaxy formation in units of its
present age (lOlO years), C is a constant, f£(m) is the
IMFF, assumed for now to be that of Limber (1960). B, By,
and B, are the three independent parameters that determine
each model, By and B, are "burst parameters," similar

to that of SSB and control the relative numbers of "very

young" and "young" clusters respectively. B controls the

relative numbers of oldest clusters (t =2 3 x 109 yrs.),
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and was previously used in SSB. (6) is used, together
with the cluster colors of Table 4 to calculate model
galaxy colors.

From the cluster colors it can be seen that By and B,
strongly influence Ho and u intensities respectively, and
B influences the overall color. Thus, the parameters
adopted are roughly similar to the purely empirical
parameters (eigenvectors) obtained from principal component
analysis. Other models might have been used. A four-
parameter model could adjust the relative numbers of clus-
ters in the five regions in time discussed earlier, but
would be redundant. An alternative set of three-parameter
models could be constructed with the boundary of the bursts
at log t = 6.2 instead of 6.4. Such models would explain
more of the variation in the (Ha-o), (g-o) plane, i.e. the
relative strengths of [0 III] and Ha. However, these
models would explain less of the variation in the ultra-
violet, as in (u-b), considered more important,

The contribution of stars of various masses to the
light of fhe bursts is worth éonsidering for future ref-
erence, In the following calculation the star formation
within the bursts is considered constant, and the term
e_Bt' is ignored for 108 = t., Table 7 éives the percentages
of light in the filters contributed by stars of different

masses to the two bursts. In the first column the mass

range of the stars is given; succeeding columns give
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the relative intensities in the filters. The two top
sections of Table 7 give the contribution of stars to the

"Bl" and "B2" bursts respectively. The bottom section

gives the intensities contributed by stars 108 to lOlO

years old, assuming a constant rate of star formation

(B = 0). (i.e. These stars contribute light to a 108-—10lo

yr. "burst.") The bottom line of each section gives
relative intensities in the filters (i.e. the intensities
of the standard A0 V star would all be equal.) Here 1.0 x
106 is written 1.00(6), etc.

In Table 7 light in all filters of the By burst is

dominated by stars of greater than 30 solar masses. In the

B, burst 65-80% of the light is produced by stars of 2.5

2
to 20 solar masses, 30-44% from those between 5 and 10

solar masses. 1In the 108—10lO yvr. "burst," over 70% of

the light comes from stars of 1.0 to 2.5 solar masses, The
light contribution of lower Main Sequence stars of less

than one solar mass is less than 15%. The masses above
which half of the light is contributed, the "median masses, "
are about 35 and 8 solar masses respectively for the Bl and
B2 bursts, The median mass of the 108—1010 yr. "burst"

is about 1.9. For cases in which more stars were formed

in the past (B > 0), the median mass would be still lower.
Finally, except for Ho and Hg', more light is produced by

8 10

burst and the B and the 10 -10 yr. "burst"

the B2 1?

produces more than either., For this constant-creation
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galaxy model the latter produces 69% of the g light;

the B, and B, bursts produce 6.8% and 24.2% respectively.

1l 2
Several conclusions can be drawn from the above.

10

First, the light in the B and 108—10 yr. bursts

17 B2
comes from stars of largely distinct masses (with median
masses of about 35, 8, and 1.9 respectively). Secondly,
that consequently, changes in the recent IMFF, £(m), would"
have much the same effect as changes in Bl or B2. For
example, enriching f(m) with stars of about 35 solar masses

would have a similar effect on galaxy colors as a large Bl

burst. Thirdly, that in the constant—creatién case most
of the light is still contributed by stars older than 108
years., Finally, that stars on the lower Main Sequence
do not contribute a significant amount of light to the

galaxies.

VL ANALYSIS OF GALAXIES IN TERMS OF MODELS

A. The Colors of Models

The three-parameter galaxy models can now be compafed
with the observations. Each model is specified by the
values of the three parameters governing the star formation
history, (B, B, B2). A7 x 7 x 7 grid of these models

was generated. The values of B, B and B, chosen for

1’ 2
this set of models were: (-2, 0, 1, 2, 3, 4, 6), (0,>l, 2,
4, 8, 16, 31), and (0, 0.5, 1, 2, 3, 5, 12) respectively.

These values were chosen to provide a reasonably even
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and complete coverage of the galaxy observations. For
ease of reference and later computation, the models
ar e denoted by three numbers running from 1 to 7. For
example, a model with kB, B

B (0.0, 8.0, 0.5) will

10 By) o=
be designated by (2, 5, 2), a model with (B, Bys B2) =
(-2.0, 0.0, 0.0) by (1, 1, 1) etc.

‘Let us now consider some overall properties of this
set of models and make a general comparison of models with
cbservations before undertaking more detailed analysis.

In Figures 7, 8, and 9 thirty-five models are plotted

in the same colors as in Figures 1, 2, and 3 respectively,
For each of the seven values of B assumed, five models are
plotted: (B, 1, 1), (B, 7, 1), (B, 1, 7y, (B, 7, 7), and
(B, 2, 3). The last are models in which the numerical
values of By and B, are unity; i.e. no "unusual" star
formation takes place in the last 108 years. The colors

of these moaeis are plotted with filled circles in the
Figure. The other four models represent extreme bursts for
given P, and should give the extremes in color of the set
of models. These models are plotted with unfilled circles
and are the vertices of four-sided figures formed by
connecting these points in the order: (B8, 1, 1), (B, 7, 1),
(B, 7, 7), and (B, 1, 7). To enable individual models to
be identified, the line segment between models (B, 7, 1)

and (B, 7, 7) is marked with an arrow pointing toward the

latter point. Finally, the general loci of the galaxies



-33-

in the Figures is ihdicated by the areas inside dotted
lines.

Certain general properties of the models can be seen
in Figure 7. In this Figure the rightmost and smallest
guadrilateral has the highest 3, while the leftmost and
larger quadrilateral has the lowest B. Evidently, the
high B models are dominated by the oldest stars, and the
colors of high B models change only slightly even with
large bursts. Another property of the models in Figure 7
is that models with high By, the (B, 7, 1) models, are
located downward and to the left of models with the same 8

but a big B, burst, (B, 1, 7). The explanation is that

2

here the youngest clusters in the B, burst have strong

1
emission lines in filter g.

Turning our attention to the comparison of the models with
the locus of observed galaxies, we see that galaxy colors
in Figure 7 appear to be well "explained" by the set of
models., The red and blue limits in (b-g) are about the
same for observations and models. Also, the "turnoff" for
galaxies bluer than (o~g) ~ 0.3 can be explained by large
Bl bursts. It is significant that none of the models with
unity bursts are bluer than (o-g) = 0.25, thus, bluer
galaxies (all Irregulars) must be underébing a higher rate
of star formafion that lO8 Or more years ago.

Figure 8 is a plot of (b-o) and (u-b) similar to that

of Figure 2. The overall effect of both types of bursts
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in Figure 8 is to make the models bluer in both colors in
almost the same direction. Thus, there is not much over-
lapping of models of different B, and B could be estimated
for galaxies from this plot. (In the Figure the redder
models have higher B.) In general, the models fit the
observations well, although some galaxies are somewhat
bluer in (u-b) than the models. The blue and red limits
of the models and observations correspond closely, The
observed variation of galaxies in (u-b) is explained by
varying burst parameters, particularly B,.
Finally, Figure 9 is a plot of (b-o) and (Ha-x)

1 and B2

bursts are quite different. An increase in By mainly

increases Ha emission in (Ha-r), while an increase in B

similar to that of Figure 3. The effects of B

2
mainly makes models bluer in (b-o). The youngest stars

contribute most of the Ho emission. As in the previous
Figures, the high B quadrilaterals are smaller and redder in
Figure 9. The agreement in the color limits of galaxies

and models appears reasonable, and the sail~shape of the
locus of galaxies is matched by that of the models.

The following conclusions can be drawn from the
analysis of Figures 7, 8, and 9. First, the color limits
and general appearance of model points resembles that of
thé galaxies. Secondly, that the spread of galaxies in
the plots may be interpreted as being due to fluctuations

in recent star formation. Thirdly, that the effects on the
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colors of varying B and B are different. This may

17 By
make it possible to determine of fairly "unique" fit of
these parameters for each galaxy.

B. Fit of Models to Individual Galaxies

Because a good overall agreement between galaxies and
models was found, we next try to find the best fit in
(B, By B2) for each galaxy. The following fitting proce -
dure was used. Let cy be the ith observed color of a galaxy.

Then, for each model j an error function, Ej’ was evaluated

as follows:
E. = E:(c.—-a..)2 (7)
3 - i 7ij : 7

where the number of models j is 73 or 343, aij is the ith

color calculated in the jth model, and summation is over
the colors i. Ej is simply the sumbof the squared diff-
erences between the observed galaxy and the jt.h calculated
one. Geometrically, it is a squared distance in a color
space, The models closest to the observed galaxy, those
with the smallest E's, were found.

Let us consider only the models j with Ejngmin + N62,
where Emin is the E for the best fitting'model, N is the
number of colors used, 6 1is a parameter. For a given &
these closest models define a volume V ih the three-

parameter space (B, By, B2) where the observation is best

fit. Clearly, the size of this volume is a measure of the
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"uniqueness" of the fit- the smaller the volume the "more
unique" the fit. If 52 is comparable to the average
squared error of the colors, then V should include the set
of models that could be the best fit if the observation
were repeated. V is thus a measure of the uncertainty of
a fit in (B, Bys B2).

The centers of the error volumes (CEV's) were esti-
mated by simply averaging the numbers denoting the closest
models. For example, if the closest models are (2, 1, 1),
(L, 1, 2), and (1, 1, 1), then the CEV is (1.33, 1.00,
1.33). The CEV's were used as an estimate of the best
fits to the observations., More sophisticated methods to
find the best fit, such as first and second ordef gradient
methods, seemed uneconomical in view of the fairly large
uncertainties in the fits (error volumes).

The galaxies were compared to the models in the
following colors: (u-g), (b-g), (o-g), (r-g), (Ha-r), and
(Mgb-g), since the first seven filters are the most
frequently observed and because the last four filters
contribute little additional information. (A ten-color
analysis, however, gave results similar to that of this
six—color analysis.) Estimates of missing colors obtained
earlier were used; this was particularly useful in five
cases where Hg' but not Haq was observed. Table 8 summ—

arizes the results obtained. The second column gives the

aperture/size ratio, and the next three columns give the
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numbers (B, Bys B2) designating the closest model to the
observation. The fourth column gives Emin for this model,.
The last column gives the number Nc of closest models with
E < Emin + 0.01 (here, the & assumed is slightly greater
than 0.04). The seventh, eighth, and ninth columns give
the (B, By, B2) of the CEV. The model numbers of the CEV's
were converted into numerical values of the parameters by
means of linear interpolation. For example, a model number
of B = 2.5 means that the numerical value of B is half-

way between the second and third B's of the grid, 0. and 1.,
or 0.5. The E's obtained by comparing the CEV's with
observations are listed under E' in the second—to—last
column of Table 8, E' is generally slightly smaller than

E as expected,.-

min’
Several observations can be made from Table 8. Emin

and E' are upper estimates of how closé the fits are

to observations. An Emin of 0.06 corresponds to a differ-

ence of 0.10 mag between observations and models in

each color, and 67 galaxies (84.8%) have E < 0,06,

min
Similarly, E in values of 0.03 and 0.0l15 correspond to
differences of 0.071 and 0.05 in each color, and 56 (70,9%)
and 41 (51,9%) galaxies respectively have Emin less than
these limits. Thus, the colors of most of the galaxies

can be reésonably well fitted by the models. Four observa-

tions have Emin > 0.24 (differences of 0.2 mag in each

color). OFf these, one is a low-accuracy observation of
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A0957, a better observation of which is well fit; and two
are observations of NGC 2366 which have very strong emission
lines and are a little beyond the limits of the grid of
models on some plots. The last is a low-accuracy observa-
tion of NGC 3447B mentioned before. The average number

of closest models is 4,06, which is a measure of the
"unigueness" of the fit; that is, about 4 out of 343 models
are within the error volume of a typical observation.

Figures 10, 11, and 12 are plots of the B, B and

l)

B, of CEV's listed in Table 8. 1In these Figures Irregulars

2
and Sc's with aperture/size ratios greater than 0.6 and
0.7 respectively, are plotted with filled symbols (which
does not imply greater accuracy for these observations).
Also, some average error volumes obtained from the sets of
closest models of a number of galaxies, are plotted in
each Figure. The larger numbers along the axes denote
model numbers, the smaller numbers in parentheses are
the corresponding numerical values of B, By, or B2.
To avoid confusion, we will denote numerical wvalues of
parameters by parentheses from now on, .

The following observations may be made from the
Figures:

i) B represents an overall rate of star formation,
Galaxies with B8 > (0.) have had a higher rate of star
formation in the past, and galaxies with B ~ (6.) have had

almost all star formation ~ lOlO years ago.
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"Young galaxies" with most orrall of the star formation
less than lO10 years ago should have B < (0.). Almost
all galaxies in Figures 10, 11 have B = (0.). The three
with B < (0.) are low-accuracy observations of NGC 4656,
A0957, and IC 1613, Moreover, A0957 has B > (0.) in a
more accurate observation, as does NGC 4656-7 (a composite
galaxy). Therefore, it seems unlikely that any young
galaxies were unambiguously observed, although ICbl6l3
is the best candidate. As in SSB, variations in galaxy
colors can be better explained in terms of "flashing
galaxies" than "young galaxies."

ii) The Irregulars and Sc's génerally occupy differ-
ent' '~ regions in the B, By and B, B, planes (Figures 10
and 11). Irregulars occupy a region left of and above
the Sc's in both Figures. 1In particular, Irregulars have
lower B's and thus generally have had a relatively higher
rate of recent star formation; compared to that of mlolo
years ago, than the Sc's. Table 9 lists the average
model numbers of different groups of galaxies. The
second column gives the number of galaxies in each class,

and the last three columns give the average model numbers.

The average value of B is 3.54 for Irregulars and 5.31 for
Sc's, a difference of 1.77. (In Table 9 for greater

clarity we distinguish again between "Spirals" and "Sc's,"
although there are only small differences in color between

them.) This difference in model numbers means that the
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ratio of present star formation to that lO10 years ago

is roughly exp(l1.77) or 5.9 times greater for Irregulars
than Sc's.

iii) Also, it appears that among galaxies with
similar B's the Irregulars have generally higher B,y and B,
than the Sc's. 1In order to see this more clearly, let us
consider the average model numbers of galaxies in the broad
region in B in which Irregulars and Sc's overlap (3 < B <6).
From the bottom of Table 9 we see that the difference in
(B) between Sc's and Irregulars in this region is much
reduced. There is a difference in (Bl) and <B2> of 0.92
and 0.98 respectively between Irregulars and Sc's. ‘These
differences in burst parameters are significant to 4-5 o,
judging from the estimated errors in the Figures. (The
error regions are roughly parallel to the boundary between
Irregulars and‘Sc's, so that the separation of galaxy types
in the diagrams is very certain.)

In order to explain such a systematic difference in
burst parameters, it is probably necessary to abandon the
assumption that all galaxies have the same IMFF for the
following reasons. Previously we have seen that the light
in the two bursts is dominated by stars of >25 and 2.5-20

solar masses respectively. _Also, that for any individual

observation one cannot determine whether a galaxy has had
a recent burst of star formation or has an IMff enriched

in massive stars. However, the effects of bursts should
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tend to average out over a large number of observations.
Therefore it seems probable that the Irregulars are
enriched in massive stars compared to Sc's.

If we attribute the difference in average burst pa -
rameters sclely to the effects of different IMFF's, we can
estimate how much the IMFF of Sc's and Irregulars should

differ. In SSB the IMFF was assumed to be:

£ (m) —a

li
P
=)

, if 35 M, =m 2 0.25 M

= 0 otherwise

(8)

where m is in solar mass units and C is a constant. An f(m)
with ¢ = 2.45, an approximation to the IMFF's of Saltpeter
(1955) and Limber (1960), was found to fit tﬁe UBV colors
of Sc's. The UBV colors of Irregulars could be explained
by o = 2.0, Now, the median masses for the bursts are
about 35 and 8, and about 2 for older stars. We can
therefore estimate the relative enrichment of galaxies

with different a's in massive stars by the ratios of the

numbers of 35 and 8 M@ stars to 2 M@ stars. Let:

.r(m;ai - f(m,a) £(2,2.45) _ (m/z)(2.45—a)

£(2,a) f£(m,2.45) (9)

where f(m,a)/f(2,0) is the ratio of the number of stars of
mass m to those of 2 M® for an IMFF with o;
f(m,2.45)/£(2,2.45) is the same ratio for the standard

case of g = 2.45. The"relative enrichment," r(m,a), is
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the ratio of these quantities. Obviously, r(m, 2.45) = 1.0
for all m., For the case a = 2.0, which fit the UBV colors
of Irregulars, we get: r(35,2.0) = 3.63 and r(8,2.0)=1.87,
Thus, Irregulars should have several times as many higher
mass stars as the Sc's,

In this paper the differences of about one unit in
model number in the average burst parameters correspond
roughly to differences of factors of two in massive stars
in Irregulars and Sc's. This enrichment is comparable to
that of the o = 2.0 cése of SSB discussed above.

Therefore, the difference in average burst parameters
can be explained by a difference in g of 0.45, or slightly
less, between Irregulars and Sc's,.as in SSB.

iv) There is a tendency, mentioned previously, for
Bl and B2 to increase with increasing B in Figures 10 and
11, As noted in a previous section, model galaxies with
high B tend to have similar colors regardless of burst
parameters. Because of this convergence of the model
colors, B, and B, especially for low values of these
parameters, should become more inaccurate for galaxies of
high B. (See error estimates in the Figures.) More
importantly, if the reddest galaxies are not fit exactly

by the unity burst (B, 2, 3), models, the estimated B, and

1
B, will tend toward either 1 or 7. 1In Figure 9, for
example, (Ha-r) of the reddest galaxies is a bit higher

than that of the unity burst models. Thus, we should
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expect that high P galaxies have high B, parameters, as

1
in fact they do. It is difficult, therefore, to obtain
accurate absolute values of Bl and B2 for galaxies with
high B; although relative differences in the burst
parameters for galaxies of similar B may be obtained. It
is also difficult to determine whether the high burst
parameters of high B galaxies are real or caused by small
errors in the colors of the models, Probably the latter

is the cése.

v) The Irregulars and Sc's have been divided into
two roughly equal groups according to aperture/size ratios.
In Table 9 (and Figures 10 and 11) Sc's with larger
aperture/ size ratios have higher B. Apparently, outer
regions of Sc's have a higher rate ofvstar formation than
inner regions., Since B is strongly affected by overall
éolor, it is not surprising that P should decrease for
higher aperture/ size ratios; for, in Figure 4 (b-o0)
becomes redder with incfeasing d. A much smaller tendency
in the opposite direction may exist for Irregulars.
Finally, some narrowing of the separation between Sc's and
Irregulars with high aperture/ size ratios is also apparent
in the Figures.

vi) Figure 11 is a plot of B, and B,. The most

1 2
important feature of Figure 1l is the partial correlation
between the bursts. The width of the scatter in the plot

appears about three times the size of the errors.
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Therefore, the scatter in the plot must be mainly due to
irregular rates of star formation in the recent past.
Finally, we note that the points fall fairly evenly around
a dotted line in Figure 11 which denotes equal numerical
values of Bl and B2'
The principal results found in this section may be
summarized as follows. Sc's have higher average B's than
Irregulars, indicating more older stars. Also, Sc's with
higher aperture/ size ratios have higher B, which indicates
that the central parts of these galaxies have more older
stars. For galaxies of similar B, Irregulars have higher
burst parameters than Sc's, which can be interpreted as
an enrichment in massive stars of the IMFF of the former.
Such an enrichment is consistent with the difference in
the parametér a of SSB. The higher burst parameters for
high B galaxies seems due to fairly small differences
between models and galaxies. Finally, there appears to be
and B which

1 2’2

indicates that the rate of star formation in the recent

only a partial correlation between B

past is irregqular.

VIL. SUMMARY AND CONCLUSIONS
In this paper the results of obseryations of late-
type galaxies were presented, and the 1§ci of galaxies in
several two-color plots were discussed. Ifregulars

appeared to be generally bluer in most colors and to have
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more Ho emission than Sc's. It was also found that the
colors of some galaxies (up to 30) are affected by emission
lines. Three colors were plotted versus aperture/ size
ratio, and it was found that Sc's with higher log d become
bluer in (b-o0), and to a lesser extent Irregulars become
redder.

The construction of model cluster colors, and their
behavior as a function of time, t, were discussed next.

In a table of colors and log t, the clusters appeared to
fall into roughly five groups. Thus, seemingly at most
four or five parameters could explain the galaxy colors.
A principal component analysis indicated that three
parameters could explain most of the variation in galaxy
colors. The three empirical parameters (eigenvectors)
found by the analysis were an overall color temperature,
Ho emission, and a combination of colors, (u-g) the
strongest, which appeared to represent the effects of
ultraviolet intensity and emission lines in filter g. It
was found that some of the filters were redundant and that
most of the information could have been obtained with a
set of four filters: u, g, o, and Hau.

A set of three parameter models of the stellar content
of galaxies was adopted to explain their colors. The
three parameters chosen govern the star formation history
of model galaxies. The Limber IMFF was assumed. The

overall rate of star formation was assumed to vary as
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exp( -B th)’ where tlO is the number of years ago in units
of lOlo years. Thus, B controls the relative number of
and B

very old stars. The parameters B govern the

1 2
numbers of stars created in the intervals log t < 6.4 and
6.4 < log t < 8.0 respectively. These time intervals
were chbsen to explain variations in Hao emission and ultra-
violet intensity, which appeared significant in the
principal component analysis.

The colors of some 35 models with different B, By, and
B, were plotted on three two-color plots. It was found
that the loci of the models agree well with observations.
The features of plots of observations, such as the sail-
like shape in the (b-o0), (Ha-r) plane, could be explained
by models with varying parameters. The properties of
models in the plots were discussed, It was found that, as
expected, overall colors, such as (b—o), were strongly
affected by changes in B. Changes in By and B, similarly
affected (Ha-r) and (u-b) respectively. The contributions
of stars of various masses to the bursts and to the light
of stars older than lO8 years were computed for the
constant creation case., It was found that most of the
light in these three regions in time comes from stars of
different masses. The masses of stars above which half the
light is contributed was found to be about 35, 8, and 2 M®

respectively,

Finally, fits to individual galaxies in the three
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parameters were made, as were estimates of the "uniqueness"
of the fits. The procedure used was described inidetail.
The largest systematic difference between Irregulars and
Sc's is that in the average B8 model number of 1.77. This
difference implies that the ratio of star formation‘lO10
years ago to recently is roughly six times higher on

average for Sc's than Irregulars. It was also found that
for galaxies with similar B's Irregulars have higher average
Bl and B2 than Sc's. Irregulars seem to be enriched in
massive stars compared to Sc's. The ratio in the IMFF of
® to stars of 2 M@ seems about a factor of

two higher in Irregulars than Sc's. This enrichment

stars of 8~30 M

corresponds roughly to the difference in parameter o of the
IMFF's in SSB (o = 2.0 versus g = 2.45).

Among other features noted was the tendency for high
and B

B galaxies to have high B which can be explained

1 2’
by relatively small differences between models and observa-
tions for the reddest galaxies. (These differences may be
due to errors in the cluster colors assumed or the neglect
of Population II stars, etc.) Also noted was that the

By, B, plot indicates only a partial correlation between
star formation rates in the time periods of the bursts.
Irregular rates of star formation in theirecent past is
indicated. Finally, the Sc's with lower aperture/ size

ratios have higher average B's, implying that the central

portions of Sc's have more older stars. A much smaller
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reverse tendency may exist for Irregulars.
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TABLE 1

PROPERTIES OF THE PHOTOMETRIC SYSTEM

Filter X (A) Ayax () h.p. Bandwidth (a)
u 3545 3570 375
b 3970 3945 455
g 4930 4910 723
o 5975 5850 542
r 6750 6505 765
Ho, 6572 6572 65
Mgb 5175 5173 66
iR 7005 6950 253
T1i0 6210 6197 109
Ho, 6587 6590 95
66 6583 6583 207
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TABLE 4 (CONT'D)
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u b o r Ho Mgb . IR Tio Hao' 66
.38 .78 =-.62 =.95 =1,03 =-.05 =1,02 =-.69 ~1.00 - .91
.45 .83 =-.85 -.98¢ =-1.05 =~.06 ~-1,06 =-.71 -1.03 - .92

.53 .90 -.69 =-1.02 ~1.10 -.06 -1.11 =-.76 -1.07 - .98
.61 .95 -.,70 =1.05 -1.14 -.06 -1.13 -.79 -1.11 -1.00
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LARGEST EIGENVALUES FOR
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TABLE 6

SETS OF FOUR FILTERS

Filters Al Az A3 Fl F2 F3 F1F2F3
u,b,qg,0 1.923 .792 0.285 25.54 5.83 4.95 737.
u,b,g,Ha 1l.616 1.242 .142 26.29 9.25 1.73 421,
u,b,o0,Ho 1.345 1.291 .362 37.91 11.92 5.26 2377.
u,b,r,Ha 1.455 1.314 .230 35.80 12.26 3.39 1488.
u,g,0,Ha 1.527 .838 .634 32.35 17.30 13.58 7600.
u,g,r,Ha 1.648 .877 .475 30.67 15.10 9.00 4168,
u,g,Ha,IR 1.707 .830 .463 39.01 16.87 11.01 7246.
b,g,0,r 2.067 .793 .140 32.82 9.73 2.39 763.
b,g,0,Ha0 1,310 1.008 .682 20.96 15.89 10.90 3630,
b,o0,Ha,IR 1.717 .2986 .297 48.07 5.68 8.98 2452,
b,o,r,Ho 1.985 .692 ,323 35.27 5.75 11.87 2407.
b,g,Ho,IR 1.521 1.006 .472 24,70 17.36 7.67 3289,
u,o,r,Ho 1.979 .804 .217 41.97 6.64 7.57 2110,
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TABLE 8.
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FITS OF GALAXIES TO MODELS

Closest Model C. E. V.
Name d b By Bo Emin B B, B, E! N
N1140 0.87 5 6 7 0.008 3.5 5.0 6.0 0.013 2
N1156 0.42 6 6 7 .020 5.0 6.0 6.0 .021 3
N1569 0.88 6 7 7 116 4.5 6.0 5.75 .097 4
N2366 0.57 3 7 1 419 3.0 7.0 1.0 419 1
N2366 0.57 1 6 1 274 1.0 6.0 1.0 274 1
N2537 0.67 5 L 5 .00y 5.0 b.0 4.5 .004 L
N2537 1.33 3 3 3 .016 3.57 3.00 3.57 .012 7
N2552 0.u6 4 1 5 .037 5.00 1.75 5.88 .038 8
N2552 0.66 1l 2 1 .129 1.0 2.0 1.0 29 1
N2552 0.33 2 2 5 .003 2.33 2.33 5,00 .,002 3
N3109 0.43 3 2 L .008 2.75 2.25 3.50 .007 4
N33386 0.88 3 4 5 .019 2.5 3.5 L.5 .019 2
N33396 0.88 5 5 7 .056 4.5 k.5 6.5 .059 2
N34y7B 1.71 1 2 1 .506 1.0 2.0 1.0 506 1
N3738 0.31 3 3 5 .007 3.0 2.62 4.2 .002 8
N3738 0.62 L 2 5 .021 3.75 1.62 5.00 .016 8
Nu032 1.u40 5 2 5 .012 L.,14 1.57 3.86 .,010 7
N4038 0.85 6 6 7 .019 5.0 5.0 6.0 012 3
N4190 1.18 2 2 3 .005 2.67 2.0 4.0 .005 3
N4214 0.16 5 6 7 .o47 L.0 5.5 6.5 043 2
N4214  0.67 6 6 7 .018 5.0 5.0 6.5 012 2
Nu21h 0.22 ly 5 6 LO1L .75 5.75 6.25 .,008 4
Nuyug  1.22 5 6 7 017 3.67 4.67 6.0 .020 3
NL44g  0.29 3 L 6 015 4.0 4.75 6.25 .,010 4
NuLag 0,41 5 5 7 .013 4,0 4.5 6.5 013 2
N4u49 Q.41 5 5 7 .020 4.0 4,33 6.0 016 3
N4485 0.40 3 2 5 .008 3.17 1.83 5.0 005 6
N4532 1.01 6 6 7 .102 6.0 6.0 7.0 102 1
N4532 0.50 I 5 7 .101 3.6 5.2 6.8 .086 5
N4532 1.01 4 L 6 .033 5.0 5.0 6.67 .029 3
N4656 0.32 1 6 7 .055 1.0 6.0 7.0 055 1
Nu657 0.48 3 5 5 .019 3.67 5.67 6.0 025 3
Nu657 0.16 3 L 6 .009 3.5 4,5 6.5 013 2
N4y6s57 0.u48 3 L 5 015 3.17 3.83 4.83 .008 &
Nus68 1.72 3 2 L .010 3.2 2.2 4.8 .008 5
N5253 .... 2 5 6 .01 3.5 6.0 6.0 026 2
A0357 0.29 3 2 5 .007 2.75 1.75 4.75 .004 4
A0857 0.41 1 1 2 .380 1.0 1.0 2.0 .380 1
12574 0.48 5 5 7 LUl L.67 4.33 7.0 138 3
I1613 0.37 5 4 7 194 .5 3.5 7.0 .189 2
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TABLE 8 (CON'T)

Closest Model ' C.

E. V.
t

Name d A B 1 B 5 Emin B Bl B2 E

N3259 0.99 6 b 6 0.023 5.67 3.67 5.00 0.022 3
N3259 0,99 6 L 6 .010 5.6 y. 2 5.0 .008 5
N3259 1.4l 7 b 7 .0u3 6.62 2.62 5.88 .053 8
Nu861 0.55 2 3 L .022 3.25 4.0 5.5 .020 y
Nug861 0.55 5 5 6 .006 4,75 4,75 5.5 .007 y
N5204 0.50 5 5 7 .009 5.0 5.0 7.0 .009 1
M33 0.16 5 3 6 .013 5.2 2.8 6.0 .012 5
N628 0.4o 6 2 6 .023 6.0 2.2 5.6 .022 5
N672 0.66 b 3 i .051 L.y 3.2 4.8 051 5
N1Oo84 1.1y 6 6 7 .034 5.0 5.0 6.0 .039 3
N1637 1.08 i 3 1 .055 3.5 2.5 2.0 .050 2
N2403 0.386 3 2 2 .007 3.5 2.5 3.0 .007 L
N2903 0.69 6 4 5 .006 5.8 4.0 4.2 .006 5
N3184 0.77 6 L 5 .009 5.7 3.57 4.4 .009 7
N3198 1.17 3 2 3 .003 4.0 2.4 L.y .005 5
N3198 0.82 5 3 5 .005 4.0 2.17 3.67 .001 6
N3ug86 0.50 5 L 5 .021 5.0 4.0 5.5 .019 2
H3u86 0.50 L L L .016 L.71 L.43 5.43 .009 7
N3521 0.63 L 2 1 .003 L.,25 3.0 2.5 004 8
N3631 0.84 5 3 5 .013 5.33 3.67 5.33 .009 3
N3631 0.8u4 5 3 5 .010 4.8 3.6 4.6 .008 S
N3810 1.24 5 L 6 022 4.75 3.5 5.25 .019 y
N3887 1.06 5 3 6 .005 5.0 2.67 5.83 .008 3}
N3893 1.86 5 4 5 .005 bL.67 3.67 5.0 .006 3
N3833 0.93 6 5 6 .016 5.17 3.83 5.83 .011 6
N3893 0.83 5 L 5 011 5.0 4.0 b.5 .010 I
N3953 0.88 7 2 7 .003 7.0 2.5 5.5 .003 8
N3953 0.63- 7 1 1l .013 7.0 1.88 1.88 .015 8
M51 0.71 6 i 6 .00y 5.67 3.33 5.33 .005 3
M51 0.12 7 6 7 011 6.33 4.67 5.33 .014 3
M51 0.35 6 4 5 .010 6.0 4.0 5.2 .009 5
M51 0.35 6 1 5 .067 6.2 1.2 5.2 071 5
N5248 0.17 7 - 6 6 .038 6.7, 5.86 4.71 .033 7
M5248 0.34 7 6 7 010 6.4 b.h 5.6 .013 5
N5364 0.52 7 5 7 .084 7.0 4.0 7.0 .087 5
N5457 0.14 7 L 7 .009 6.75 3.12 5.88 .007 8
N6503 1.1u 5 3 5 .012 5.0 3.0 L.5 01k L
N6503 0.81 5 3 5 .003 ¥4.33 2.33° 5.17 .001 6
N6egue6 0.30 7 6 7 .056 6.5 .5 6.0 .063 L
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TABLE 9

AVERAGE MODEL NUMBERS OF GALAXIES

Class of Galaxy N ¥:) {By> (B2)
Irr's (d> 0.6) 18 3.75 3.84 4,92
Irr's (d<0.6) 22 3.36 4.06 5.24
Irr's (all) Lo 3.54 3.96 5.10
Se~Irr's (all) 6 5.15 .oy 5.65
Sc's (d>0.7) 15 4,79 3.28 4,57
Sc's (d=0.7) 15 5.83 3.66 5.29
Sc's (all) 30 5.31 3.47 4,93
Sb's (all) 3 6.08 2.46 3.29
Spirals (all) 33 5.39 3.38 4,78
Irr's (3.0=< BﬁB.O) 30 4,312 .24 5.68
Sc's (3.0=8=6.0) 23 4,95 3.32 §,70
Spirals (3.04B<6.0) 24 4.92 3.31 4.61
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CAPTIONS FOR FIGURES

Figure 1: Plot of galaxy colors in (b-g) and (g-o).
Irregulars are plotted with circles, Sc-Irr's by triangles,
Spirals (mostly Sc's) by squares.

Figure 2: Plot of galaxy colors in (b-o) and (u-b). Symbols
are same as in Figure 1.

Figure 3: Plot of galaxy colors in (b-o) and (Ha-r).
Symbols are same as in previous Figures.

Figures 4 a, b, c: Galaxy colors as a function of
aperture/ size ratio. Figures 4a, 4b, and 4c are plots of
log d versus (b-o), (u-b), and (Ha-r) respectively. Symbols
are same as in previous Figures.

Figure 5; Plot of galaxy colors in (u-g) and (o-g).
Symbols are same as in previous Figures.

Figure 6: Plot of galaxy colors in (u-g) and (Ha-o).
Symbols are saﬁe as in previous Figures.

Figure 7: Overall comparison of model and observed galaxy
colors in (b-g) and (o-g), the same colors used in Figure 1.
Filled circles represent (8, 2, 3) models; open circles,
models with various "bursts" of star formation. (See text.)
Dotted line denotes loci of observed galaxies,

Figure 8: Overall comparison of model and observed galaxy
colofs in (b-o) and (u-b), the colors used in Figure 2.
Symbols same as in Figure 7.

Figure 9: Overall comparison of model and observed galaxy

colors in (b-o) and (Ha-r), the colors used in Figure 3.



~68—

Symbols same as in Figure 7.

Figure 10: Fit of galaxies to models in B and B;. Symbols
for types of galaxies same as in Figures 1 to 6, except that
filled and open symbols denote galaxies with higher and
lower aperture’/size ratios respectively. Dotted areas are
typical error volumes. |
Figure 11l: Fit of galaxies to models in B and B,. Symbols
same as in Figure 10,

Figure 12: Fit of galaxies to models in Bl and B2. Symbols

same as in Figure 10,
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CHAPTER 2

COLORS AND THE STELLAR CONTENT OF

CLUSTERS IN THE MAGELLANIC CLOUDS
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I. INTRODUCTION

The four-color photometery and modeling of the stellar
content of clusters in the Magellanic Clouds was undertaken
for several reasons. First, because the cluster models
could be used to construct models of the stellar content
of late-type galaxies (see Bagnuolo (1976a)). Galaxies
can be regarded as being composed of "clusters" of various
ages. Colors of galaxies calculated directly from stellar-
evolutionary tracks would be necessarily less accurate,
because of various uncertainties in the tracks.

Secondly, because interesting properties of the
stellar composition of the clusters themselves might be
inferred. 1In particular, the ratio of blue to red super—
giants, nb/nr, might be estimated in clusters dominated
by stars of 3 to 30 solar masses. nb/nr varies appreciably
in calculated evolutionary tracks, especially for stars
of over 5 M@’ according to the composition assumed, treat-
ment of semiconvection, and neutrino emission. Schild
(1970) and others have examined individual stérs in
clusters to determine this ratio empirically. It was
thought that photometery of the integrated light of a
larger numbér of rich clusters might provide additional
independent information about nb/nr

Also, differences in the initial mass formation

function, f(m), of the clusters might be detected. £{m)
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is the relative number of stars of mass m to m+dm in a
newly formed cluster. 1In a previous paper by Searle,
Sargent and Bagnuolo (1973), hereafter referred to as SSB,

it was found that:

— ~ :
f(m) =Cm , 1if .25 M® <m < 35 M@ (1)

=0 , otherwise

where g = 2.45 and C is a constant, is a reasonable approx-
imation to the initial mass formation functions (IMFF's)
of Saltpeter (1955) and Limber (1960). Clusters enriched
or depleted in massive stars, with lower or higher values
of o in £(m), might be expected to show differences in |
the colors.

Finally, some degree of interstellar feddening may
be expected. With the five filters chosen it would be
possible to obtain three "reddening-free" parameters, one

more than with the UBVR color system,

IT. OBSERVATIONS
Forty—Six clusters in the Magellanic Clouds were
by Searle in November 1973 at the 40" Cassegrain reflector
at ras Campanes Observatory in Chile. >A photometer with
the five "Gunn" filters u, b, g, o, r and an S-20 tube
were used. Table 1 lists the essential properties of the

photometric system., () in the Table is the wavelength

max

of maximum response.)
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A set of equatorial standards, given by Haug et al,
(1967) was used, and the color system was standardized
by setting the (u-g), (b-g), (o-g), (r-g) colors equal
to 0.00 and g equal to 7.00 for "Z4a," an A0 V star. 1In
order to compute cluster colors 102 different stars of all
luminosity classes and spectral types from 05 to M6 were
observed by Bagnuolo (1976b) at Palomar and Table Mountain
Observatories. A simple linear transformation between
the colors observed by Searle and Bagnuolo (denoted by
subscripts with s and b respectively) was obtained by a

least-squares fit of observations of six standards:

(u-—g)s = 1.007 (u—g)b -0.018
(b-g), = 1.004 (b-g), -0.001
(0—9)s = 1,043 (o—g)b -0.002 (2)

(r—g)S = 1,030 (r—g)b -0.002

Ig = Jp * 0.032 (o—g)b -0.020

S

Hereafter all colors discussed will be in the Searle
(cluster) system. Table 2 is a list of the cluster colors.

(The significance of the Q's will be discussed later.)

ITT. CLUSTER MODELS
The general scheme followed in the construction of
the cluster models was to assemble a reasonable set of
stellar-evolutionary tracks, with an adjustable nb/nr for

those with m = 3 M®. Next, calculate the light
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contributions of a number of places along the tracks in

the filters and in regions of time. Finally, sum up the
light contributions in all filters for each region of time.
The approximate colors of average star clusters of various
ages will then be obtained.

The first step is to assemble the evolutibnary tracks
in the log Tos log L. plane. In order to calculate the
colors of clusters with difﬁmxﬂﬂ:nb/nr, we assume that the
evolutionary tracks above 3 M® have the same topology:

Model stars move off the Main Sequence, enter a red giant
region, then move through a blue loop, ending again in the
red giant region. Nevertheless, models with the same nb/nr,
but a different topology, such as blue supergiahts first,
would produce éimilar cluster colors. The 15 and 5 M®
evolutionary tracks are from Robertson (1972, 1971) respec-
tively. These models (Robertson's case I, A) were also
used in Dixon, Ford, and Robertson (1972) to calculate the
UBV colors of model clusters. The 15 M. track has

Q]
nb/nr ~ 1 , and was adopted intact. The 5 M@ track was
modified somewhat to get nb/nr =~ 1 and to better agree with
Arp and Thackeray's (1967) observations of NGC 1866. The
other tracks used are modifications of those used in SSB.
The 3 M@ model was taken from TIben (19663) and modified to
get a reasohable track in the blue loop phase and so that

nb/nr = 1, Small changes in the luminosities and times

along the track were also made in order to approximate
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models with the chemical composition, (X,z) = (0.604, 0.04),
of the 15 and 5 M® models. The 30 solar mass track,
originally from Strothers (1963) was suitably modified as
above, The 60 M@ track was obtained from the results of
Hartwick and Vanden Bergh (1972) and extrapolation. 1In
both the 30 and 60 M, tracks blue loops similar to those of

the 15 M track were assumed.

For the tracks of stars less massive than 3 M@ a
different topology is assumed and evolution after He
ignition is ignored. The 2.25 - 1.0 MO models are from
Iben (1967a, 1967b); although the positions and times along
‘the red giant tips were modified to agree with Sandage's
(1962) observation of NGC 188 and Johnson and Sandage's
(1955) of M 67. The lowest mass models (m < MG) are the
same as those of SSB. Table 3 gives the luminosity (log L),
temperature (log Tg), and time (t in units of 107 yrs.) at
various points along the adopted tracks with m > M®_

In order to obtain the color intensities produced by
a point along an evolutionary track in the log Te> lOog L
plane, the following procedure was adopted. Color, spectral
type plots were produced from the 102 stars observed,
including 18 supergiants corrected for reddening. The color,
spectral type plots were transformed into color, log Te plots
by assuming the log T.» spectral type relations from Johnson

(1966), Morton (1969), Morton and Adams (1968), and Lee (1970).

‘Bolometric corrections as a function of log T, were similarly

obtained from
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these sources and.Bradley and Morton (1969). Finally,
(g-V), log Te relations were obtained from over 60 stars
that have listed V magnitudes in the Bright Star Catalog
(l964) . For the purposes of color computation stars are
regarded as belonging to luminosity classes V, III, or I:
thus, for each color three relations in color, log T, were
generated. From the above relations a point in the log To»
log L plane corresponds to color intensities in the five
filters.

A large number (up to 60) of stellar-evolutionary
tracks were interpolated between the model tracks above
in log L, log Te’ and log t. The time between t = 0
and t = lOlO years ago was divided into 41 "time slots;"
the upper boundaries of which are given by:

log t.

imax = 0.0+ 0.1 (i-1l) , where t,

th

max LS the upper

boundary in time of the i time slot. As an approximation,
the average color intensities along each segment of the
evolutionary track are assumed to be those of the midpoint.
The upper and lower times of each segment determine the
contributions of color intensity by the segment to each
time slot. Up to 21 points (20 segments) were used in

the tracks. It was found that using twice this number
changed the computed cluster colors by less than 0.02 mag
at most. The color intensities of a cluster of a partic-

ular age can then be regarded as the sum of the color

intensity contributions of all segments of all tracks to
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the appropriate time slot. An advantage of using time
slots in the calculation is that, unlike in SSB, there are
no large excursions in the computed cluster colors that
must be averaged.

In the cluster color calculations the initial mass
formation function is first assumed to be that of Limber
(1960). We assume modifications to this function in the

form: £(m) = £ (m) m=9

, where fL(m) is the Limber
function. Here § = 0 corresponds to the standard case
o = 2.45 of SSB. Similarly 6 =0.45 corresponds to the
case o = 2.0, which is enriched in higher mass stars;

The ratio of nb/nr for model clusters can be changed
by varying the time intervals of red or blue supergiant
segments of the tracks, assuming the sum of supergiant
times to be constant.

The colors of the youngest clusters (t < 107;yrs)
were expected to be strongly affected by the presence of
emission lines arising from the absorption of ultraviolet
photons of the most massive stars (m > 15 MO) by the
surrounding gas. Contributions to emission lines from
within the stellar atmosphere were neglected. Also,
perfect efficiency in the degredation of the photons by
the gas is assumed. Since only two clusters with signif-
icant emission were observed, the main effect of emission

lines in the interpretation of the cluster colors will be
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to cause limits or turnoffs in the predicted colors.

It can be shown (Searle (1975)) that:

H/bug) (Bg/r) WaT 1 (3)

Pt F (1 + }i; (s./5;) (1.27x10

where Fi' is the average flux density in the filter band i
including the emission lines and is proportional to the

number of counts per second. Fi and F, are the mean

p

continuum flux densities at the filter i band and HB

respectively, WB is the equivalent width of the HBR emis-

sion line in X, and I_ is the intensity of emission line L

L
relative to HB. Aui is the bandwidth of the filter and
1,27 x 10t is a conversion factor. sL/Si is the ratio

of the sensitivity of the photometer at line L to the
average sensitivity in the filter band i. Summation is
taken over the number of lines that can affect the count
in the filter., Relation (3) gives a corrected flux density
in the presence of emission lines, and for no emission
lines obviously Fi' = Fi'
The emission lines used in the calculations and other
data are given in Table 4. Estimates of WB produced by
0 stars with 30,000 < T, < 50, 000 °k were obtained by
Searle (1971). vValues of I's for H IT regions of different
temperatures are given in the last threé columns of ' .

Table 4., The three H II regions used in the calculation

of the youngest cluster models are M 101 #2, NGC 604, and
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NGC 5471, given by (Ibid.), Aller, Czyzak, and Walker (1968),

and Searle and Sargent (1972) respectively.

IV. ANALYSIS OF CLUSTERS
A series of nine sets of cluster models were computed
with nb/nr = 0, 1, and infinity, and 6 = -0.55, 0, and 0.5
(i.e. ¢ >~ 3.0, 2.45, and 1.95). 1In addition to the u, b, g,
o, r intensities, three "reddening independent" parameters
were computed, based on the Whitford reddening law as given

by Miller and Matthews (1972):

Ql = (u-g) - 1.050 (g-r)
Q, = (b-g) - 0.725 (g-r) (4)
Q3 = (g-o) - 1,703 (o-rx)

We can now compare the computed cluster colors to
observations. Figure 1 is a plot of some of the models and
the clusters in the (u-g), (g-r) plane., It was found that
this plot gives some of the widest separations in colors of
models. Portions of 5 sets of model clusters are plotted
in Figure 1 frcm time slots 4 to 21 (~i08 yrs). After
time slot 21 only the "standard" case (nb/nr =1, 6 = 0),
denoted by a small dashed line, is plotted. Two sets of
models denoted by dotted and dot-dashed lines are those

of model clusters enriched in massive stars (6 = 0.5,

a = 1.95) with nb/hr = 1 and 0 respectively. The

solid line, small dotted line, and large dotted line

denote sets of models with 6 = 0, the Limber IMFF, and
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ni)/nr = 0, 1, and infinity respectively. Not shown are
sets of models for the (6 =-0.55, o =~3.0) case, but they
would be almost symmetrically placed on the opposite side
of the "Limber" cases from the (o == 1.95) cases. For the
sets of models with nb/nr = infinity the difference in

the plotted colors for different mass functions is minimal,
so that only the set with the Limber function is plotted.

In Figure 1 the plots reach a maximum in (u-g) and
then turn over for very low - log t due to the effects
of emission lines, mainly [0 III] and HB in filter g.
Previously constructed model colors without emission
continue upward some 0.3 mag in (u-g). Similar turnoffs
are noticeable in other diagrams.

Also from the Figure it is apparent that the model
colors for younger clusters depend much more on the nb/nr
ratio than on the mass formation function. This is to
be expected, since the light of the clusters is dominated
by the higher mass stars. Varying the relative amounts
of lower mass stars compared to higher mass stars should
have a relatively small effect on the clﬁster colors. The
main difference in sets of models with different mass
formation functions occurs, as in SSB, in the rate of
decline of the integrated luminosity of ‘clusters with time.
Table S_gives the change in g in magnitudes from the time
t = 107 years, Ag, where Ag = 0.00 at t = 107. Values of

Ag for the three different mass functions are listed,
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assuming nb/nr = 1. As expected, the clusters with more
massive stars (6 = 0.5 ) decline fastest in g with time,
The observed clusters in Figure 1 appear generally to
agree reasonably well with the models, Some of the oldest
clusters, at the lower right, lie above the predicted
cluster colors. 1In a forthcoming paper Searle (1976) wiil
discuss the colors of the globulars. From the Figure it
appears that the best fit of the younger clusters, bluer
than (u-g) ~-0.4, is roughly nb/nr ~ 1 for clusters between

8 7

107" 2t = 3 x 10" (~0.4=(u~-g)>0.7), and nb/nr ~ .7 for

7 >t = lO7

clusters with 3 x 10 (-0.72(u~-g)>-1,2). The
two clusters observed in emission suggest that nb/nr may
be greater than 1 for very massive stars, but obvibusly
there are not enough data here., 1In the prededing it was
assumed that differential absorption was small ( E(B-V)~
0.05 or less), but this seems plausible because of the
good agreement of older clusters with the models,

We next consider relations with the reddening inde=
pendent parameters. Figure 2 is a plot in Qq5 Q2 of the
clusters and the three models having the Limber IMFF with
nb/nr = 0 (dashed line), 1 (solid line), and infinity
(dotted line). The models with different IMFF's are not
shown, but are close to the models above having the same
nb/nr. The main observational difference in the younger

cluster models is the position of the turnoff caused by

emission lines, There is a difference in the maximum
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Q reached of 0.4 between the nb/nr = infinity and nb/nr =
0 cases., 1In Figure 2 it can be seen that a good overall
agreement exists between the clusters and models. For the
younger clusters (t ~ 107) it appears that we can eliminate
the nb/nr = infinity case, since three clusters have higher
values of Ql than the highest value of this case. It seems
likely that nb/nr is less than ~2., Finally, the two clus-
ters with strong emission lines agree with the models.
Another comparison of the cluster colors can be made
by comparing the models and clusters in a plot of Q3 and
Q2. Generally speaking, Q3 is a measure of the change in
slope of the energy distribution between filters g and o,
and o and r. Q3 should have a value close to zero for
most clusters, but should be strongly influenced by emis-
sion lines in filters g and r, such as [0 IITI] and Ha.
For individual stars, Q3 rises from 0. at A0 to 0.3 for
K3 giants, then drops to -0.3 or less for the coolest stars.
Figure 3 is a plot of Q2 and Qs similar to previous plots.
(Here the case nb/nr =0, 6 = 0.5, dot-dash line, has been
added for the youngest clusters.) 1In this Figure there is
a reasonable agreement between clusters and models,
especially considering that a change in assumed (o-~r)
results in a change nearly three times as great in Q3.
The main chclusion to be drawn from Figure 3 is the same
as that of Figure 2~ the case nb/nr = 0 cannot account

for the clusters ~l07 yrs old. The "loops" in the model
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colors, considered "non-pthysical," are caused by the
transition in tracks between 3 and 2.25 M@ where a different
topology is assumed. The two clusters in emission appear

to lie above the predicted colors in Q33 however, possibly
the aperture used collects more of the [0 111] than Ho emis-
sion.

Finally the ages of twelve of the clusters have been
obtained, based on color-magnitude (CM) diagrams and Cepheids.
The CM ages were obtained from the Main Sequence termination
in CM diagrams of twelve clusters frém Robertson (1974),
Hodge and Flower (1973), and Gascoigne (1969) (from several
sources). The age- M. S. termination relations used are
from Dixon, Ford, and Robertson (1972), based on cluster
models similar to those of this paper. The distance moduli
c¢f the Clouds assumed, 18.7 and 19.2, are from Graham (1973).
Cepheid ages for two of the clusters were obtained from
the periods of 13 Cepheids from Gascoigne (1969) and the
log t, (log P) relation of Tammann(1970), where {log PY is
the average period of Cepheids in a cluster. There is a
fairly good agreement between the Cepheid and cM ages for
the two clusters (see Table 3). -

Figure 4 is a plot of the twelve clusters above and the

same five models as in Figure 1 in Ql and log t.
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From Figure 4 it can be seen that for the younger clusters
nb/nr ~ 0.6, while for the older clusters nb/nr ~ 1.4

(Some calculations were done for models with n /nr= 0.5 and

b
2.0, and the colors were close to half-way between those of
the nb/nr = 0 and 1, and 1 and infinity cases respectively,
. Thus, . intermediate values of nb/nr can be estimated.)

These values of nb/nr are in reasonable agreement with those

estimated from the (u-g) and (g-r) colors in Figure 1,
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V. SUMMARY AND CONCLUSIONS

The following conclusions seem consistant with the
above data from computed clusters and observations:

i) Cluster models were found to agree reasonably well
with the 5-filter observations of clusters in the Magellanic
Clouds. We can present in Table 6 some "semi-empirical”
colors as a function of time, based on a smoothed fit
of the clusters with the models. These colors can be
used in calculating colors of galaxies,

ii) Enrichment or depletion of clusters in massive
stars compared to the Limber IMFF does not affect cal-
culated colors very much. Clusters with different IMFF's
will have different slopes in the g, log t or g, (u-g)
planes.

1ii) Some information about nb/nr ratios of younger
clusters ( in the region in log t between ~6.7 to ~7.9)
can be obtained, which pertain to evolutionary tracks of
stars between 20 and 3 MO“ Comparison of the cluster
observations to the models in the (u-g), (g-r) plane suggests
a lower limit of nb/nr of ~ 1 for clusters ~ 5 x lO7 yrs
0ld to ~0.6 for clusters ~ 6 x lO6 yrs old. Plots in the
reddening-independent colors, in Ql and Q2, and Q2 and Q3,
suggest an upper limit for the younger clusters (t ~6x106)

of nb/nf about 1 to 2. Finally a plot in the Q;, log t
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plane for 12 clusters and the models gives a value

of nb/nrml.3 for clusters with t ~ 5 x lO7 yrs to ~ 0.6

for clusters with t ~ 6 x lO6 yrs. The reasonable agree-

ment between the various plots indicates that there is

relatively little absorption in the clusters (E(g-r) <0.05)

and that the best values of nb/nr run from ~1.3 to ~0.6

for clusters in the region (6.7 <log t < 7.9). Thus, nb/nr

is estimated roughly to run from slightly more than 1 to

~0.6 for stellar-evolutionary tracks from ~3 M@ to ~20 Mg.
iv) Globular clusters can be distinguished in

some plots. Their properties will be discussed in a later

paper by Searle,
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TABLE

1

PROPERTIES OF THE PHOTOMETRIC SYSTEM

(o] o (<]

Filter X (A) Max (B) h.p. Bandwidth (A)
u 3545 3570 375
b 3970 3945 455
g 4930 4910 723
o 5975 5850 542
r 6750 6505 765
Ho 6572 6572 65
Mgb 5175 5173 66
IR 7005 6950 253 .
Ti0 6210 6197 109
Ho' - 6587 6590 95
66 6583 6583 207
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TABLE 2. CLUSTER COLORS

Name (u-g) (b-9) (9-s) (g-r) Q. Q, Q3 Ages: CM,Cep

121 0.23 0.68 0.60 0.92 -0.73 0.01 0.06

256 -.30 .12 .20 .31 ~.62 -.11 .01

330 -.78 -.,04 .21 .37 -1.16 -.31 ~-.06 7.,05,..,.
L56 -.90 -.12 .05 .12 -1.02 -.21 -.07

346 -1.03 .15 -,55 =~,07 -.96 .20 -1,37

L72 -.62 .05 .30 .51 -1.15 -.32 -.,06

4106 .21 .66 .59 .89 =.713 .02 .08

419 .32 .59 .54 .84 -=.57 -,02 .03

458 -.35 .05 .14 .24 - =.60 ~,12 ~-,03 7.67,...
1466 11 .55 .55 .82 . =,75 -.,04 .09

S33 .22 .57 .46 .69 -.51 .07 .07

1711 ~-.71 -.04 .13 .23 -=.96 -,21 -,04

1755 ~-.44 -.02 .16 .28 -.,73 -.22 -.,04

1774 -.48 .03 .25 .43 - -.,94 ~-,28 -~.06

1783 ~-.27 .59 .50 .76 - -.33 .04 .06

1805 -.96 -.10 .59 .49 -1.48 -,45 -~.,24

1818 -.80 -.04 .24 .44 -1.26 -.,36 -.,10 7.27,....
1835 .24 .60 .58 .89 -.70 -.05 .05

1831 .07 .29 .27 .42 -.37 -.,01 .01

1850 -.47 .02 .17 .32 -.80 -.21 =-.09 7.38,....
1854 -.53 .04 .17 .31 -.85 -.18 -.,07 7.40,....
1856 .04 .24 .29 .46 -.44 -.,09 .00 :
1872 .04 .23 .29 .51 -.49 -.14 -.,08

1866 -.23 .13 .21 .36 -.61 ~.,13 ~-,05 7.70,7.84
1903 —-.44 .02 .18 .32 -.77 -.21 -,06

1943 -.36 .14 .20 .39 -.77 -.14 -.,12

s53 -.94 -,09 .15 .29 -1.25 -,30 -.09

1987 .21 .42 .42 .70 -.53 -.09 -.06

1986 -.55 .04 .18 .30 -.87 -.18 ~.,02

1978 .35 .72 . 60 .90 -.60 .07 .09 _
2004 -1.14 -.14 .24 .48 -1.64 ~-.49 -,17 7.,03,...
2019 .26 .65 . 60 .91 -.70 —-.01 .07

2041 -.36 .06 .21 .33 -.71 -.18 .01

2058 -.31 .12 .21 .35 -.68 -.13 -,03

2065 -.30 .15 .22 .36 -.68 ~-.11 -.02

2070 -.91 .14 -.06 .27 -1,19 -.06 -.62

2100 -.94 -.05 .24 .45 -1.41 -.38 -.12 7.11,....
2107 .09 .26 .28 .46 -.39 -.07 -.03

2134 -.07 .18 .22 .36 -.45 -,08 -.02

2136 -.27 .12 .26 .41 -.71 -.18 .00 7.61,7.53
2157 -.38 .12 .21 .33 -.73 -.,12 -,05 7.31,....
2164 -.50 .00 .11 .18 -.69 -,13 -,01 7.55,....
569 .13 .55 .55 .84 -.76 -.06 .06

2214 -.54 -=,02 12 .24 -.79 -,19 -,08 7.48,....

47 Tuc .48  ,92 .67 1.00 -.57 .20 .11
w. Cen .15 .69 .04 .96 --—-.86 -,01 .10



TABLE 3.  PROPERTIES OF ADOPTED STELLAR-EVOLUTIONARY TRACKS
Property Pt. # 60N, 304, 15My My My 2.25My 1.5 1.254,  1.0M,
log L . 1 5.99 5.16 ryymn 2.90 1.97 1.47 0.7k 0.36 <0.12
5 6.39 5,52 4.69 3.0 2.14 1.62 0.87 0.53 0.1u
6 6.36 5.54 4,76 3.12 2.21 1.78 0.96 0.61 0.23
10 6.52 5.66 4.84 3.06 2.32 1.74 1.08 0.85 0.55
11 6.36 5.49 4,66 2.93 2.13 1.90 1.30 1.10 0.78
17 6.56 5.69 4.86 3.19 2.30 2.57 2.17 2.12 2.02
19 6.57 5.70 4.88 3.19 2.29 2.78 2.54 2.50 2.u6
21 6.28 5.41 4.58 3.18 2.28 cee. cee. cenn e
log T, 1 fe712 4,830 4515  4.260 4,135  u.ou3  3.898 3.819  3.743
5 #.640  4.550  4.430 4,189 4,062  3.970 3859 3.807  3.765
6 #.620  4.563  n.479  4.228 4,006  3.995  3.g91 3.829 3,768
_ 10 3.546  3.546  3.546  3.626  3.620  3.678  3.679 3.675  3.680
8 11 3.565  3.565  3.565  3.645  3.650  3.668 3.668  3.669  3.571
—_ 17 FeUS0 4.850 4246 3,776 3.675  3.607  3.605 3.607  3.611
_ 19 $.815  b.230 4,150 3.701  3.650  3.580  3.57% 3.574  3.575
21 3.580  3.580  3.580  3.626  3.620 et e R e
t (207 yr) 21 0.00 0.00 0.001  0.01 0.24 0.57 1.8 2.95 5.1
5 0.1466  0.3416 0.680  4.o4 22,37 48,50  157.1  283.2 671.1
6 0.1520  0.3543  0.7053  4.467  23.41  52.02 1652 301.4 808.1
10 0.1530 ~ 0.3566  0.7099  4.73%  25.31  55.66  219.9 434.3  1045.7
11 0.1606  0.3744  0.7453 5,180  27.81  55.17 226.3  445,0  1085.92
17 0.1640  0.3821 0.7607 6.728  31.55 58,73 240.56 475,55  1102.95
19 0.1728 = 0.4027  0.8018  7.252  34.05  59.47 242 98 477.81  1105.81
21 0.1747  0.4072  0.8107 7.511  35.26 e Cereie e e



~-103-

TABLE 4

DATA FOR EMISSION LINE EFFECTS

Filter Lines fe/<f) Ins Toeq Ii6
u 3727 .56 .25 2.14 1.38
b 3727 .52 .25 2.14 1.38

3880 .94 .18 .34 .58
3970 .99 .18 .22 .58
4101 .73 .28 .28 .29
4340 .175 .47 .48 .46
g 4340 .04 LA7 .48 .46
4861 1.00 1.000 1.000 1.000
4959 .98 .04 .64 1.78
5007 .96 .13 1.90 5.75
o 5876 .96 .00 .03 .11
6563+ [NIT] 14 4.61  3.71 2.95
r 6563+ [NII] .98  4.61 3.71 2.95

6750 .17 .08 .15 .26
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TABLE 5

BRIGHTNESS IN g AS FUNCTION OF TIME

log t § = -.55 § =0 § = +.5
(o ~ 3.0) (oo ~ 2.45) o = 1.95)

6.0 -1.30 -2.08 -2.92
6.5 ~-0.73 -1.24 -1.79
7.0 0.00 0.00 0.00
7.5 0.20 0.44 0.71
8.0 1.08 1.63 2.22
8.5 1.75 2.50 3.31
9.0 2.72 3.66 4.68
9.5 3.55 4,63 5.75
10.0 4.50 5.71 7.01
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TABLE 6

SEMI-EMPIRICAL CLUSTER COLORS

log t | (u-9) (b-9) (o=9) (xr-9)

6.4 -0.86 0.17 0.25 -0.53
6.6 ~-1.17 -0.11 ~0.09 ~-0.50
6.8 -1.19 -0.17 -0.17 -0.41
7.0 -1.12 -0.18 -0.14 -0.27
7.2 -0.90 -0.13 -0.18 ~-0.33
7.4 -0.62 -0.04 -0.21 -0.37
7.6 -0.39 0.09 -0.25 ~0.,35
7.8 -0,34 0.19 -0.29 ~0.42
8.0 -0.33 0.14 -0.,25 -0.38
8.2 -0.28 0.11 ~0.22 -0,37
8.4 -0.18 0.13 -0.,22 -0.,38
8.6 0.02 0.25 -0.30 -0.47
8.8 0.07 - 0.24 -0.27 -0.47
9.0 0.14 0.38 -0.36 -0.58
9.2 0.16 0.47 -0.38 -0.62
9.4 0.24 0.64 -0.55 -0.83
9.6 0.33 0.74 ~0.64 -0.93
9.8 0.49 0.86 -0.67 ~1.00
10.0 0.61 0.95 -0.71 -1.06
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CAPTIONS FOR FIGURES
Figure 1l:

Comparison of observed and model clusters in (u-g) and
(g-r). The numbérs along the "tracks" are values of log t.
The sets of cluster models are denoted as follows: (from
left to right) large dashed line, (nb/nr= infinity, 6= 0);
small dashed line, (nb/nr= 1, 6= 0 ); dotted line, (nb/nr=1,
6 = 0.5); solid lihe, (nb/nr= 0, 6= 0); dot-dashed line,
(nb/nr= 0, 6= 0.5). Observed cluster colors denoted by open
circles here and in following figures.

Figure 2:

Comparison of observed and model clusters in Q. and Q,-
The numbers along the "tracks" are values of log t. The
sets of cluster models are denoted as follows: dashed line,

n = infinity.

= 0; solid 1i /n = 1; i
nb/nr 0; solid 1line, ny/n_ 1l; dotted line, n,

Figure 3:
Comparison of observed and model clusters in Q2 and Q3.
The lines have the samé significance as in Figure 2, except
that the added dot-dash line denotes the case,'(nb/nrzo,ézo.SL
Figure 4:
Comparison of models and twelve clusters with known
ages in Ql and log t. The sets of cluster models are denoted
as follows: (from low to high Ql) dot-dashed line,
(nb/nr= infinity, 6= 0); solid line, (nb/nr= 1, 6= 0);
dotted line, (nb/nr= 1, 6= 0.5); small dashed line, (n

b‘nrzo’

5 =0); large dashed line, (nb/nrz 0, 6= 0.5).
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CHAPTER 3

TEN-COLOR PHOTOMETRY OF 102 STARS OF VARIOUS

SPECTRAL TYPES AND LUMINOSITY CLASSES
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I. INTRODUCTION

This paper presents the results of photometry of a
number bf stars in a ten-color system. The photometry of
Irregular and Sc galaxies in the same system is described in
another paper (Bagnuolo. (1976), hereafter referred to as
"paper I.") The observations of stars described in this
paper were made in order to calibrate the color system so
that the colors of model clusters and galaxies could be
computed and compared with observétions. Cluster models
- and observations are presented in Searle and Bagnuolo (1976).
In this paper the observed star colors and also average .star
colors as a function of assumed log T, will be presented,
The overall behavior of average colors as functions of

log Te and spectral type will be discussed.

IT. OBSERVATIONS

A set of eleven filters was used for the photometry
of the stars, and also for the galaxies presented in paper I,
Five medium bandwidth filters designed originally by J. E.
Gunn, designated by u, b, g, o, and r respectively, were
used to measure the overall continuum over a wide frequency
range and the Balmer Jump., The Gunn filters were constructed
from a collection of Schott glass and Wratten filters,

Figure 1 contains plots of the transmission curves
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of these five filters, determined by a Cary 14 spectrophotom-
eter. The dashed line is a relative response curve, given
by Aaronson (1972) of the S~20 phototube at Table Mountain
Observatory, used for much of the observations. The largest
effect of the phototube sensitivity is to eliminate almost
all of the response form the third transmission peak in the
r filter. |

Three of the most prominent spectral features in the
late-type galaxies that were observed (paper I) were expected
to be the Mg b triplet, TiO bands, and the Hg line in
emission and absorption. A set of filters was used to
measure these features. The Mgb filter, centered on the
Mg b triplet near A5175 is similar to that of Wood (1965).
The filter designated by TiO was intended to measure the
TiO band at about A6200. The filters designated by Ha, Ha',
and 66 measure Ho emission, the latter two being especially
useful for large redshifts. Finally, the IR filter,centered
at aboﬁt A7005, measures an emission-free continuum region
somewhat redder than the r filter. Table 1 lists the
properties of the photometric system defined by the above
filters and S$-20 phototubes. The fourth column lists also
the maximum transmission of the filters also found by the
Cary 14. |

One hundred and nine different stars were observed,

In order to determine color-type and color-temperature

relations, stars of all luminosity classes between spectral
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types 05 and M6 were observed, Most of the stars were taken
from papers by Mc Clure and van den Bergh (1968), Wood (1965),
and Spinrad and Taylor (1971). Also, most of the stars have
visual magnitudes between 3.5 and 7.0. The first and second
columns of Table 2 list the star name (an HD number unless
otherwise indicated), and spectral type and luminosity class,
The last column giws the visual magnitudes listed by the
Bright Star Catalogue (1964). (In a few cases the magnitudé
is given by the S.A.0. Catalogue (1966); the magnitude of

HD 14442 is from Kraft and Hiltner (196l1).) Uncertain
measurements or variable stars are marked with a colon,

The observations of the stars were made on six nights
in July- August 1972 and two nightsbin June 1973 with the
24" reflector at Table Mountain Observatory, and on eight
nights in July- September 1973 with the 20" reflector at
Palomar. A two-tube S-20 photometer was used for the Palomar
observations and another S-20 photometer was used at Table
Mountain. In both cases the numbers of counts were recorded
digitally on paper tape.v At the Palomar 20" apertures of
1.5 to 3.0 mm diameter were used, corresponding to 1.5' to
3.0', Four to eight readings of five to twenty seconds were
used, Readings of the star and sky were obtained, usually
by taking successive readings with the star in one tube,
then the other. Typically, about 50,000 net counts per
second (star minus sky) in the g filter were obtained for a

7.0 magnitude A star., At Table Mountain a similar procedure
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was followed. Apertures of 0.67 mm to 4.0 mm (20" to 2.0°
at the 24" telescope) were used, Measurements were made in
the pattern star-sky-star, except in the four July 1972
nights on which stars were observed only once,

Eighty-two different stars were observed in the 1972
Table Mountain runs in which filters u, b, g, o, r, Mgb, and
66 only were used., The 1973 observations at Table Mountain
and Palomar were made in order to observe: stars in filters
Ho, IR, TiO, and Ha' and to obtain greater accuracy in colors
already measured. A total of sixty-three different stars
were observed in 1973, including thirty-six of the 1972
stars, Fifty-five different stars were observed at Palomar,
twenty-two at Table Mountain.  Overall, 56 stars were
observed only once, 25 twice, ana 28 more than twice. The
third column of Table 2 gives the total weight, w, of
observations in which the 1973 observations are given a
weight of 1.0 and the 1972 observations (considered more
inaccurate) a weight to 0,7. From the listed w the number
of times a star was observed in 1972 or 1973 can be readily
obtained.

A set of standard stars, comprised of seven equatorial
standards of Haug, Dachs, Pesch, and Pfleiderer (1967) and
5 other stars, was used to correct the 1973 observations
for atmospheric extinction and variations in tube sensitivity.
Almost all of the stars were observed with an airmass, z,

less than 1.5, and second order extinctions were neglected.
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(paronson (1972) showed that second-order extinction effects
are negligible for z < 2.0, which is confirmed by observa-
tions of stars with high z.) The reduction of the Table
Mountain and Palomar stars was done separately. The deter-
mination of extinction is a modification of that of Hardie
(1962) and can be briefly described as follows. We first
assume that the e#tinction on each night is given by an
average extinction coefficient, which can be estimated from
observations in which the same stars were observed at
different airmasses. Using these average extinctions we
estimate the unextinguished (z = 1.00) colors and g magni-
tudes of stars on each night, which we will denote by (i—g)é
and gé respectively for star x. We can define an average

color ratio by: ny(i~g) = (l/m)z:[(i~g)§ - (i—g)&] ,» Where

sumﬁation is taken over all m nights on which both stars x
and y were observed, ny(g) can be similarly defined,.
Obviously, RXX(i—g) = 0. For any two observations of stars
x and y on a given night, (i—g)X and (i—g)y, an observed

color ratio may be defined by: rxy(l—g) = (1—g)X - (1—g)y.

The observed color ratios are insensitive to moderate
changes in tube sensitivity:; thus, variations in rxy are due
to extinction. Let exy(i~g) be the difference between an
6bserved and average color ratio:

exy(l—g) = [rxy(i~g) ~ ny(ing)l. Similarly, let Az=]zx—zy[

be the difference in airmass of the stars. Points for all
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different pairs of observations can be plotted in the

(e Az) plane. (If n stars are observed, the number of

xy’
points is n(n-1)/2.) The extinction coefficient is then the
slope of a least-squares line fitted through the points and
the origin, the points being weighted according to the
estimated accuracies of exy’s. Thus, the colors of all the
stars are used to estimate extinction. The extinctions
obtained were - reiterated to get slightly better estimates
of the ny and the extinctions,

The mean colors on each night of a certain star ("Z4a"
for the Palémar observations) can be estimated from the
unextinguished colors of all stars obsérved by means of the
ny. Thus, the nightly sensitivities can be estimated. The
1972 observations were reduced in a similar way, except that
extinctions in the August run were obtained by repeated
observations of the same stars. The colors of about thirty
stars obtained in the August run were then used as standards
to estimate extinctions and sensitivities in the July run.

Simple linear transformations, obtained from a least-
squares estimate from some 19 stars observed at both Table
Mountain and Palomar, were used to transform the 1972 and
1973 Table Mountain colors to the Palomar system, adopted as
standard:

(i-9)p = a; (i-g)i, + b,

i 7 9p= 3y 9np + bg(o-—g)T + c (1)

g
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where i is an arbitrary filter, P and T refer to Palomar and
Table Mountain quantities respectively, and the a's, Db's,

and ¢ are constants., The coefficients obtained for the 1972
Table Mountain stars are very close to those of the 1973
stars, as expected. No deviations from linearity in the
plots defining the empirical transformations above could be
detected, which is not surprising for transformations between
similar systems. 1In the standard Palomar system, the colors
of the A0 V star "Z4A" of Haug et al. are set at (i-g)= 0,00
for all i # g, and g = 7.00.

The colors of 18 supergiants were corrected for inter-
stellar reddening. Estimates of the reddening, E(B-V), were
obtained for eight of the stars from McClure and van den
Bergh (1968), Kraft and Hiltner (1961), and Wood (1965). The
reddening of the stars was also determined from the use of
two-color plots in (u-g)-(b-g), (b-g)-(g-o), and (g-o)-(g-r),
and comparing the supergiant colors with the mean colors of
giants. Whitford's (1958) reddening law as quoted by Miller
and Mathews (1972), was used to determine the slopes of
reddening lines and to convert color excesses in (g-o) or
(B~V) into color excesses for all colors. (If E(o-g) = 1.60,
then E(B-V)=-1.30, E(u-g)=-1.62, E(b-g)=-1.10, E(r-g)=1,54,

E (Mgb-g)=0.27, E(IR-g)=1.69; E(Ho-g), E(Ha'-g), and E(66-q)
= 1.44; and E(V-g)=0.56,.) The colors of the stars are

listed in Table 2. Under the column headed "i", color (i-g)

appears, except for the g magnitude, designated by mg
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For the 18 supergiants, the colors corrected for reddening
are listed immediately below the observed colors. The g
magnitude is corrected by E(g-V) so that a relation between
g and V can be determined. The colors of seven equatorial
standards are listed last, because their spectral classif-
ications are uncertain,

Estimates of the observational errors of the 1973 star
colors were obtained from the mean of the standard deviationé
of the colors of the standards. Table 3 gives these
estimated mean standard errors. ("Median errors," defined as
the median of the standard deviations of colors, are
generally somewhat smaller; "probable.errors" are about 0.7
times as large as those of the Table.) Errors of the 1972
stars were similarly estimated from stars observed several
times. In Table 3 the errors in.the 1973 stars are generally
smaller, particularly in the g magnitude. The smaller 1973
errors are probably due to the improved observational and
reduction technigues. The lower part of Table 3 lists the
differences in average color between Table Mountain and
Palomar observations of the six most frequently observed
standards. These systematic differences are generally

smaller than the estimated observational errors.

ITII. DISCUSSION OF RESULTS
The temperatures of the stars listed in the fourth

column of Table 2 were obtained by assuming temperature-
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spectral type relations from Johnson (1966), Morton and

Adams (1968), and Lee (1970). Table 4 gives average colors
as a function of log Te for stars of luminosity classes V,
ITI, and I. The average colors were obtained from plots

of the star colors of Table 2 against log Ty Table 4

can be used to compute cluster or galaxy colors from stellar
evolutionary tracks in the (log.L, log‘Te) plane, Plots of
the colors of Table 2 against spectral type were also -
iproduced. Color separations of stars of different luminosity
classes and deviations from = smooth black body- like curves
are considered the interesting features of thevplots of colors
versus log T, or spectral type. The features discussed for
color- log T, plots can be seen in Table 4. The most
interestingrfeatures of the color plotsrseem to be the
following:

1) In plots of (u-g) versus log Te or spectral type
the biggest feature is due to the Balmer Jump as one might
expect. There is a minimum in the plot at log Te= 3.9
(type A2) where (u-g)= 0.0, and a maximum at log Te= 3.8
(F5), where (u-g)= 0.15, The depression in (u-g) compared
to what a black body would be appears to be roughly 0.4 to
0.5 mag.

Another feature of the (u-g)- log T, plot is that
late B—- early A giants and supergiants are bluer than dwarfg
of the same temperature by up to 0.2 mag. (at log Te =4,1).,

This separation is more noticeable in the plot of (u-g) with
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log Te than that with spectral type, because lower temper-' -
atures were assumed for giants and supergiants than dwarfs
of the same spectral type. Finally, there is a separation
between cool stars of different luminosity classes, most
noticeable around MO (log Te = 3.6), which diminishes for the
coolest stars. For cool stars dwarfs are generally bluest
in (u-g).

- 2) In the plot of (b-g) versus spectral type there
is a separation of stars of classes I and III from dwarfs
between spectral types XK1 to M2, The separation, similar to
that in (u-g), reaches a maximum of 0.5 mag. a£ K4, On the
color- temperature plot a similar separation exists, except
that there is also a difference between giants aﬁd supergiants.
The separation of supergiants from dwarfs 1is significant at
log Te= 3.75, reaches a maximum at log Te= 3.65 to 3.60, then
diminishes rapidly. The separation of giants from dwar
occurs at cooler temperatures and is greatest between log Te
= 3,60 and 3,55. There is also a small separation of giants
and supergiants from dwarfs in the color- temperature plot
from log T = 4,1 to 3.8, similar to that for (u-g).

3) The main feature of the (o-g) plots is that stars
cooler than log Te= 3.6 (~K7) do not become much redder in
(o-g). This is probably due to absorption bands in the o
filter. There are little differences between stars of
different luminosity classes in the (o-9) plo?s, except that

supergiants between 4.0 and 3.65 in log T, seem slightly
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redder than the class III or V stars.

4) 1In the (r-g)- log Te plot there is generally
little luminosity separation, except that the coolest dwarfs
are up to 0.15 mag. bluer that giants or supergiants (at |
log Te= 3.55). On the (r-g)- spectral type plot dwarfs
later than GO are 0.1 to 0.2 mag. bluer than giants or
supergiants. Finally, the rise in (r-g) appears to slow
for stars cooler than log Te= 3.55, although to a much lesser
degree than in (o-g).

5) The plots of (Ha~-r) are virtually flat. The dip
in (Ha-r), mainly for dwarfs , centered at log To= 3.95 is
due to the Ho absorption line. The dépth of the absorption
dip is about 0.06 mag.

6) In the plot of (Mgb-g) the main feature is a
luminosity separation for stars later than about G7. This
luminosity separation is described by Wood (1965) who used
a similar "Mgb" filter. 1In the color- temperature plot
luminosity separation begins at about log Te= 3.75 and
reaches a maximum of 0,3 mag. between supergiants and dwarfs
at log T = 3.60. fThis separation diminishes to about 0.12
mag. for log T = 3.50. Giants have (Mgb-g) between that of
supergiants and dwarfs , though somewhat closer to the latter.
(See Table 4.) 1In the color- spectral type plot there is a
maximum separation of 0.2 mag., between classes III and V

and 0.35 mag. between I and V at about K4.
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7) (IR-r) becomes gradUally‘féader for cooler stars
as expected. There appears to be no noticeable luminosity
separation, v

8) (Ti0-0) varies from 0.06 at log Te= 4,5 to -0.08
at log T = 3.65, then drops because of TiO bands to 0.15 at
log Te= 3.50,

9) (Ho'~r) has a behavior similar to that of (Ho-r).
Thg dip at log Te= 3.95 is about 0.04- 0.05 mag.

10) (66-r) has a flat plot with a small dip at log T,
= 3,95, The decline to 0.10 at log T,= 3.5 is probably due
to a TiO band.

We may summarize the results presented above as follows,
First, generally speaking, there appear to be larger differ-
ences in color due to luminosity effects between stars of
the same spectral type than the same temperature. Late B-
early A stars in the (u-g) plots are an exception to this
rule, Secondly, the most important features appear to be:
the effect of the Balmer Jump on (u-g), the luminosity
separation in (u-g) and (b-g) for stafs later than G5 (or
log T.= 3.75) and the smaller luminosity separations in
(u-g) and (b-g) for late BQ early A stars. There is a
leveling—- off of (o-g) for stars later than K4 (log T, = 3.6),
and a small luminosity separation for.supergiants from log Te
= 4,0 to 3.65. A luminosity separation in (Mgb-g) exists for
stars later than G7 (log T = 3.75). The color (TiO-o) drops

for M stars cooler than log_Te= 3.6. Finally, the Ha, Ha',
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and 66 filters provide little information about stars, except
for the dip in (Ha-r) and (Ha'-r) around A2 (log Te= 3.95),
These colors were later used for measurements of Hg emission

in galaxies,
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TABLE 1

PROPERTIES QOF THE PHOTOMETRIC SYSTEM

Filter N (a) A AN T

MaX  handwidth) max
u 3545 3570 375 0.51
b 3970 3945 455 0.54
g 4930 4910 723 0.53
o 5975 5850 542 0.60
r 6750 6505 765 0.89
Ha 6572 6572 65 0.82
Mgb 5175 5173 66 0.59
IR 7005 6950 253 0.60
Ti0 6210 6197 109 0.59
Ho ! 6587 6590 95 0.53
66 6583 6583 207 0.67
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TABLE 3

Estimated Errors of Obiservations

Year u=-g b-g g O-g r-g .:mmwm Mgh-g IR~g.. TiO-g mnxlm 66-g
1973.,.. 0.019 0.018 0.052 0.015 0.017 ees 0,016 o .L. ces 0.023
1974... 0.013 0.010 0. oH» - 0.007. .. 0.010... 0.012 0.010 0.014 0.012 0.013 0.011
Systematic Difference between Observations at Palomar and Table Mountain:
0.011 0. cpm 0. oHo -0.008.. ..0.009.. :Oqoou; -0.005.. ..0.006.. ..0.011 0.018 0.012
S — ,
(42
T
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CAPTION FOR FIGURE
Figure 1:

Transmission curves for Gunn filters.
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