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ABSTRACT

The need for an improvement in the MK classifica-
tion system for A and F dwarfs is evidenced by the scarcity
of standards for types A6 through F4. The difficulty in
classifying these stars is principally due to an insuffi-
cient number of temperature sensitive criteria. A second
difficulty arises from the fact that although the metallic
lines show a general increase in strength with decreasing
temperature, there are large variations in their strength
at a given temperature. These variations in their strength
added to the uncertainties in classification due to an
insufficient number of available criteria lead to an unduly
large dispersion in the spectral type vs. color relatiom.

The new grating-Schmidt type spectrographs yield
classification spectra with useful features extending from
%[}to below 3300A. The numerous metallic lines and blends
plus the convergence of the Balmer series present a unique
opportunity for improving the MK classification system for
these stars.

A temperature sequence of main sequence stars
having normal (for the solar neighborhood) metallic line
strengths is formed from a study of the uvby photometry of
the 1217 A and F stars in the Stromgren-Perry catalogue
plus 43 additional stars with photometry obtained at

xXi
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Steward Observatory. The ¢y index is used to select only

main sequence stars from the above sources. These dwarf A

and F stars are plotted on an my Vs. b-y diagram from which
a mean mi - (b-y) relation is obtained for the most common
stars of the solar neighborhood. This relation for the F
stars differs significantly from that of the Hyades main
sequemnce.

Using the Steward Observatory Cassegrain spectro-
graph, over 370 grating spectra (117 A/mm) of A and F
dwarfs of widely varying metallic line strength (as indi-
cated by ml) were obtained. One hundred twenty-four of the
spectra are of dwarfs lying on the normal mj - (b-y) rela-
tion. The 3300A-3900A region of these spectra is studied
in order to determine criteria which indicate accurate
spectral types. The resulting spectral type vs. criteria
table makes it possible to classify the A and F stars at
each 0.1 spectral type interval with an r.m.s. error of
about 0.1 type in the mid-A stars and decreasing rapidly
towards the late F stars.

The available spectra of MK luminosity standards of

types A and F are studied for luminosity criteria. The

results are given in the form of tables of luminosity class
vs. criteria at each 0.5 spectral type. The increased
sensitivity of the new criteria makes it possible to
classify A and F stars according to luminosity with

significantly improved accuracy.



xiii

The increased accuracy in two dimensional classifi-
cation plus the availability of the my index makes-possible
a more thorough study of the third dimension (metallic line
strength) in spectral classification. Criteria sensitive
to metal abundance in the F stars and well correlated with
rotation and possibly microturbulence in the A stars are
given.

One hundred sixty-two stars of varying m; are
classified on a three dimensional scheme. The temperature
and luminosity classifications are similar to the MK system
while the metallic lines strengths are divided into 5
groups. These 162 stars are plotted on a spectral type vs.
color diagram and yield a smooth continuous relation with
representatives at each 0.1 type.

A statistical study of the available uvby and 39
data for the late F dwarfs reveals that the my indgx is
principally a measure of the metals to hydrogen ratio in
these stars=--not a measure of microturbulence. It also
shows that the b-y index is sensitive to blanketing
effects. Apparently the variations in microturbulence
among these stars is so small that variations in metallic
abundances contribute to most of the observed variations

in line blanketing.



CHAPTER I
INTRODUCTION

In the wonder of a rainbow, in the multicolored
arch of light dancing in the midst of a waterfall, man
first saw the spectrum of a star. It would still be
centuries before his growing curiosity would overwhelm his
aesthetic wonder and he would seek an explanation to this
mystery.

To be sure, it was Descartes who first correctly
explained the rainbow, but it was Sir Isaac Newton who
first spread the light of the sun into its many component
colors using a glass prism. He called this synthesized
rainbow a spectrum (Thackeray 1961).

Nearly two more centuries came and went before
Fraunhofer combined a prism with a theodolite telescope and
gave alphabetic names to the dark absorption lines pre-
viously discovered by Wollaston in the solar spectrum. In
1859, Kirchhoff and Bunsen showed that the bright lines
emitted in the 1aboratoFy by a sodium flame were located at
the same position in the spectrum as the solar "D" lines of
Fraunhofer. Other observers had noted that the spectra of
the brightest stars contained patterns of dark lines very
similar to the Fraunhofer lines in the solar spectrum.

1



It was concluded that by studying the spectra of
various elements in the laboratory, their characteristic
line patterns could be sought for in the complicated
spectra of the sun and stars, thereby revealing the composi-
tion of these inaccessable objects. The science of stellar
spectroscopy had been born.

The Italian astronomer Secchi was probably the
first to classify spectra in groups according to their
appearance, but it wasn't until the invention of the
photographic plate that the first widely used system of
spectral classification came into being. Using small
objective prism telescopes in the northern and southern
hemispheres, over a quarter of a million stars were
classified by A. J. Cannon and E. C. Pickering (1918-24) on
the Henry Draper system. It was on this system that the
familiar 0-B~A-F-G-K-M sequence originated and it was first
realized that this sequence reflected the variation of a
single parameter in the classified stars--the surface
temperature (Curtiss 1932).

Even before this catalogue had been published,
Maury and Pickering (1897) had noticed that the width and
sharpness of the lines in the spectra appeared to vary at a
given spectral type. They introduced the small prefixes
"a," "Hb" gnd "c" to designate this. By 1909, Hertzsprung
had shown that the "c" stars had much higher luminosities

than the broader line stars of the same temperature class.
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This pointed the way for two dimensional spectral classifi-
cation (Keenan 1963).

Adams and Kohlschutter (1914b) at Mt. Wilson used
slit spectrograms of higher dispersion to find correlations
between line strengths and the independently determined
parallaxes of stars of various surface temperatures. After
spectral types were determined, curves were drawn for each
type relating various line differences in the spectra to
absolute magnitude. Thus, it became possible to determine
stellar luminosities by visual studies of their spectra.

It was soon noticed however, that there were
systematic differences in the spectral types assigned on
the Mt. Wilson system and on the H.D. system. A photo-
metric investigation showed that the H.D. types were more
consistent with color temperatures than the Mt. Wilson
types for A stars. However, the Mt. Wilson types and
luminosities were a very useful improvement over the older
H.D. system.

In the late 1930's, W. W. Morgan began to develop
a more modern system of spectral classification which later
became known as the MKK system (Morgan, Keenan and Kellman
1943). Since the system described in this dissertation is
a direct descendant of the MKK system, we shall now review
the relevant philosophy of the MKK system as outlined in

the original atlas.
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First of all, Morgan states that the atlas and its
outline "have been prepared from the viewpoint of the
practical stellar astronomer. Problems connected with the
astrophysical interpretation of the spectral sequence are
not touched on; as a consequence, emphasis is placed on
'ordinary' stars."

On the other hand, Morgan emphasizes the need for
selecting spectral criteria which will reflect variations
in a physical parameter. "The system should be as closely
correlated with color temperature (or color equivalent) as
is possible. The criteria used for classification should
be those which change most smoothly with color equivalent."

Again, quoting Morgan, "The present system depends,
then, to a considerable extent on the work of these
investigators" (earlier investigators in temperature and
luminosity classification schemes), "combined with data
which were not available until recently. These data are of
two kinds: accurate color equivalents for many of the
brighter stars and accurate absolute magnitudes for a
number of the same stars. These results have been used to
define the system Qf classification more precisely, both in
the temperature equivalents and in the luminosity class."

To sum it up, Morgan's idea was to: (1) classify
the spectra according to line differences and spectral
appearances only; (2) choose these criteria such that the

resulting classification sequence is well correlated with



the physical parameters related to each dimension in the
scheme; (3) use the latest and most accurate available
observational data pertaining to these physical parameters
as a guide in choosing the spectral criteria. That this
philosophy has been maintained through the years is shown
in the following quotation (Keenan 1963). "It is
practically necessary for the classifier to take into
account all the physical information available for the
group of stars with which he is working. He must use all
these clues in developing an arrangement that will separate
the physical parameters as sharply as possible, . . ."

The revised MKK system (MK system)ris briefly
described by Johnson and Morgan (1953) and a list of
standard stars with types is given. There were no changes
from the philosophy of the older MKK system, only some
minor changes in the classification scheme. The GO-K2
giants "did not show a satisfactorily smooth relationship
with color equivalent" and therefore mnew criteria were
chosen in order to give a classification scheme more
compatible with measured color equivalents. The list of
standard stars with types defined the MK system and claims
of higher accuracy in both luminosity class and spectral
type were made.

In 1962, "A Discﬁssion of Spectral Classification"
was held at Kitt Peak National Observatory and a report on

this discussion is given by Abt (1963). In the two decades



following the MKK Atlas, major changes have been made in
the design of the spectrograph. The general trend is to
replace the prisms with blazed reflection gratings while
replacing the lenses with mirrors. The advantages realized
are an increased ultraviolet transmission such that the H
and K lines of Ca II are moved toward the center of the
spectrum, and a nearly linear dispersion. These two effects
produce a radical change in the appearance of the spectrum
and thereby create a need for a new spectral atlas.

Even though the dispersion is roughly the same as
the MKK system, the higher resolution and the greater
linearity of the dispersion called for the redefining of
0old criteria plus the defining of some new criteria. It
was hoped that the newly acquired ultraviolet portiomn of
the spectrum would supply some of these criteria. In fact,
some ultraviolet luminosity indicators were found with a
resultant improvement over the MK classification (Abt
1963).

The second session of this discussion was devoted
to the possibilities of spectral classification by non-
photographic techniques such as photoelectric photemetry.
In this session the uvby system (used in this dissertation)
was discussed along with many of the current theoretical
and observational problems involved in photoelectric

methods of spectral classification.



Prior to completing this discussion of the evolu-
tion of the MKK system, it will be profitable to review
some of the highlights of the history of the third
parameter in spectral classification and indicate the
development of the uvby system.

In the MKK Atlas, similar spectral peculiarities
in some G and K type high velocity giants are mentioned--
the most striking being the weak CN absorption. This
peculiarity suggested the possibility of classification in
a third dimension. It remained for the numerous investi-
gators in more recent years to show that the physical
parameter relevant in this case is the chemical composition
(Schwarzschild, M. and B. 1950; Schwarzschild, Spitzer, and
Wildt 1951; Schwarzschild, M. and B., Searle, and Meltzer
1957; Greenstein and Keenan 1958).

- In the early 1950's, Miss Roman (1950) found a
correlation between the spectroscopic and the dynamical
characteristics of late F and early G stars. She noted
that stars of the same spectral type and luminosity class
could still be divided into two groups=--one group having
systematically weaker lines than the other. A study of the
motions of these two groups of stars showed that the weak-
line group had a greater velocity dispersion than the
strong-line group.

In a later paper, Miss Roman (1954) discussed the

characteristics of 17 F stars selected for their spectral



similarities from a large number of high velocity objects.
She states that the 17 subdwarfs "certainly form the purest
Population II objects isolated as yet within 100 parsecs of
the sun." She also noted an ultraviolet excess of
approximately 0.2 magnitudes for these stars on the UBV
system.

Stromgren (1958a) gives a review of the work on
composition differences between stellar populations up to
that date. After a discussion of earlier investigations
in the field, he states that "differences in composition
can be detected and investigated through photometry in a
few properly selected wave length bands." Combining the
"m" index with his "l-c" system, he observed a number of F
stars of Populations I and II. He found that "the range of
variation of 'm' for the group of Population I F stars
considered is much larger than it would be if the varia-
tions were due to a variation in B-V and absolute magnitude
alone so that there is evidence for the influence of a
variable 3trd parameter." He identified this third
parameter with the ratio of heavy elements (metals) to
hydrogen. Further evidence for this third parameter is
given in the same volume by Stromgren (1958b) and by
Chalonge (1958).

In the early 1960's, Stromgren (1963a, 1963b)
introduced his uvby intermediate band photometric system.

The color index (b-y) is a temperature indicator relatively



insensitive to blanketing effects. The cq color differ-
ence measures the Balmer discontinuity, and the my color
difference measures the strength of the metallic absorption
lines in the band-pass of the v filter. The chief advantage
of this color system over others is that it allows a three
dimensional classification of unreddened A and F stars
giving a good separation between the effects of absolute
magnitude and chemical composition. The history and
reasoning behind its development may be found in the above
references by Stromgren. Johnson (1963) and Becker (1963)
also give reviews of some of the earlier photoelectric
systems.

Stromgren (1963b) published an m;-(b-y) diagram
using preliminary data from the so called "Stromgren-Perry.
Catalogue" (1967). A study of the diagram plus a knowledge
of the photoelectric accuracies involved indicates the
ability of the uvby system to measure the third parameter.
For the F6-G2 stars, there is a large spread in my. It has
been shown (Stromgren 1963a, 1963b) that there is an

excellent correlation between (®m and Waller-

l)Stromgren
stein's (1962) [Fe/H] ratios for this range of spectral

types.

The F2-F4 stars show a much smaller scatter in m;--
in fact, only about 30% larger than the errors attributed
to the photometry. Stromgren concludes that since the

declining sensitivity of the my index to chemical



10
composition with decreasing b-y is not sufficient to
account for the small scatter, the stars in this range must
be more homogeneous with regard to chemical composition.
The A2-F1 stars would be expected to show even less scatter
in my since the index is less sensitive to composition and
the stars as a group are younger and probably chemically
more homogeneous. However, a very large scatter in my has
been observed in this spectral range. Stromgren (1963b)
feels that it probably cannot be directly identified with
any quantity characterizing the chemical composition. It
should be noted however, that the metallic line stars
generally have high my values-=-but not always.

The problem of determining the physical parameter(s)
‘responsible for producing the . scatter in my in the A stars
is a complicated one and not yet satisfactorily answered.
Stromgren (1963b)'has found a strong correlation between
the my index and projected stellar rotational velocities.
Kraft and Wrubel (1965) found a correlation between the
mean rotafional parameter Y and Stromgren's atel for main
sequence Hyades stars brighter than MV = 3T6. Kraft (1967)
further discusses the effects of rotation on colors in a

review article to appear in the Otto Struve Memorial

Volume.
As was indicated earlier, the.physical parameter(s)
responsible for the dispersion in my observed in the late F

and early G stars was originally thought to be the ratio of
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the abundances of the metals to that of hydrogen. Conti
and Deutsch (1967), in correcting their (1966) results,
have shown that the my index is twice as sensitive to
differences in [V] (a parameter which incorporates the
velocity of microturbulence in a stellar atmosphere) as it
is to differences in [Fe/H]. Using the numerical results
of Conti and Deutsch (1967), the spectroscopically observed
relation between [Fe/H] and [V] due to Wallerstein (1962),
and the available photoelectrié uvby and ﬁl}data for the
Hyades and the nearby field stars, observational tests are
described in Chapter VII of this dissertation which lead to
the conclusion that the my index is principally a measure
of the metals to hydrogen ratio in these stars. It must be
emphasized that most references to my and its predecessor
"m" in the literature and to some extent in this disserta-
tion refer to m; as a metal index or chemical composition
indicator--whereas in reality, it is a measure of these
particular quantities only for unreddened main sequence
stars in the narrow spectral range including late F and
early G.

In August, 1964, I. A. U. Symposium No. 24 (Loden,
K. and L. 0., and Sinnerstad 1966) was held for the purpbse
of discussing "Spectral Classification and Multicolor
Photometry." This Symposium and the earlier discussion at
Kitt Peak (Abt 1963) demonstrate the increasingly intimate

relationship which is developing between the fields of



12
spectral classification by visual inspection and photo-
electric photometry.

While it has been argued by some that subjective
systems of spectral classification (e.g., the MK system)
will be replaced by the more accurate photoelectric
systems, the leaders in the development of these photo-
electric systems are quick to disagree. For example,
Stromgren has stated that ". . ., both methods must be
pushed, and I must say that I like to hold the hand of a
person who obtains spectra" (Abt 1963, p. 103). Both
Morgan and Stromgren agree that there are certain advan-
tages to both methods. With the increasing use of image
intensifier tubes, the disadvantages of the low quantum
efficiency and non-linear response of the photographic
_plate are being overcome.

Morgan (1966a) discusses the evolving definition
of the term "normal stars" since it was first used in An

Atlas of Stellar Spectra (Morgan, Keenan, and Kellman

1943). In the MKK system, a star was considered "normal"
if it fit into the two dimensional spectral type-
luminosity array. At the present time, a stellar spectrum
is considered mormal if it can be classified in a three
dimensional array--where the metallic line intensity is the
third parameter.

Jaschek and Jaschek (1966) report on a statistical

study they made concerning the internal accuracy of the
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classification of spectra on the MK system. They obtained
the data from the recent catalogue of spectra classified on
the MK system (Jaschek, Conde, and de Sierra 1964). These
authors conclude that the MK system is internally more
‘accurate than the Victoria, Harvard, and Mt. Wilson
systems. Also, they point out the areas in the two
dimensional temperature-luminésity array where the largest
discrepancies between various classifiers occur. In the
region of the A and F stars, they find that most dis-
crepancies occur around types AO-A5, F5-F9 and luminosity
classes IV and V.

Aside from the internal accuracy of the MK system
of classification as it épplies to the A and F stars, it is
shown in this dissertation that there are systematic errors
involved. A plot of the 1217 A and F stars of the
"Stromgren-Perry Catalogue" (1967) in an ml—(b-y) diagram
(Stromgren 1963b) may be used to study correlafions between
the positions of the MK standards in the diagram and their
MK type (Meinel 1965). This study reveals that variatioms
in the metallic line strength of both the A and F stars
tend to be confused with variations in effective tempera-
ture.

A spectral type vs. (b-y) color diagram for the MK
standards of types A and F and 1uminoéity class V is given
in Figure 3 of this dissertation. The most striking feature

of this diagram is the large gaps in color index between
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types A5 and F5 where few MK standards are given. The
departure of these few points (e.g., at FO and F2) from the
otherwise apparently smooth continuous relation between MK
standard type and (b-y) is also noticeable. Both of these
features are probably due to the lack of accurate criteria
available in the spectra of these stars for classification
on the MK system.

Morgan (1966a) lists several reasons for improving
the accuracy of the MK system. Among these is "the
furnishing of a general frame of reference of optimum value
for quantitative methods of stellar classification." In
order to achieve this goal, the following tasks must be
accomplished: (1) the spectral type-color index relation
must be improved; (2) the color index range corresponding
to each spectral type must be defined as accurately as
possible. However, in order to accomplish these tasks, the
system of spectral classification itself must be improved
by reducing both the internal error of the system and its
systematic error. These improvements can only be achieved
by revising the MK classification system for the A and F
dwarfs through the addition of new spectroscopic criteria
and a description of their use for classification purposes.

The new Schmidt camera-blazed grating spectrographs
are capable of producing spectra of classification quality
from wave lengths shortward of 3300 Angstroms out to beyond

%ﬂ}on a single exposure. A brief investigation of the KPNO
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Atlas of Grating Spectra (Meinel and Schulte 1967) reveals

that the 3300A-3900A region of the spectrum contains
numerous features which might be suitable for classifica-
tion purposes.

With the availability of uvby photometry for a
large sample of the A and F dwarfs in the solar neighbor-
hood (Stromgren and Perry 1967), and the new Steward
Observatory Cassegrain spectrograph, the problem of
revising the MK system of classification of the A and F

dwarfs is undertaken in this dissertation.



CHAPTER II
OBSERVATIONS

The choice of which stars to observe spectro-
scopically was made from a study of their positions on the
m; - (b-y) diagram. Since uvby photometry was not
available for a number of the MK standards of types A and
F and luminosity classes IV and V, it was decided that
uvby photometry supplementary to the Stromgren-Perry
catalogue would have to be carried out.

In addition to obtaining photoelectric and subse-
quent spectroscopic data for all of the above MK standards,
it seemed desirable to include as many as possible of the
normal A stars included in Abt's (1965) investigation and
the A_ stars included in his (1961) investigation.

In order to carry out this photoelectric
observing program, a set of uvby filters was obtained for
use in the Steward Observatory Photoelectric Photometer at
the Newtonian focus of the 36 inch reflector. The existing
IBM 7072 program written by Dr. Walter S. Fitch for the
reduction of UBV photoelectric dafa was modified to handle
uvby ﬁhotometry.as well.

A discussion of the photoelectric observations and
reductions is given in Appendix A. From one to six uvby

16
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observations were made for 43 stars. Twenty-two of these
had no previously published uvby measures while the
remaining 21 lacked a sufficient number of observations
for the accuracy desired in placing them in the my - (b-y)
diagram.

It is shown in Appendix A that the Steward
Observatory uvby data (reduced by a linear transformation
to the standard system of Stromgren and Perry) can be used
as a supplement to the catalogue observations:. The mean.
internal probable errors of the 21 stars measured on both
systems and averaged together are very similar in size to
the internal probable errors for two measures on the
standard system. The errors introduced in the transforma-
tion are largely compensated for by an increased number of
observations per star on the Steward Observatory system.

The new photoelectric data combined with the data
in the Stromgren-Perry catalogue was used to plot an
my - (b-y) diagram similar to that described by Stromgren
(1963b). Corrections (for the effect of HS on the v
filter) were made to the measured my index of stars of
(b-y) { 0.225 as described by Stromgren.

In addition to the MK standards of types A and F,
and the A and A_ stars observed by Abt (1965 and 1961),
stars were selected at intervals of approximately 0.010
magnitudes in (b-y) along five roughly parallel sequences

in the my - (b-y) diagram. The "preferred sequence,"
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roughly equivalent to the lower curve given in Figure 2 of
Chapter III, was drawn on the my - (b-y) distribution
through the heaviest populated regions along the approxi-
mate center line. It is paralleled on either side by a
"high preferred" and a "low preferred" sequence at
intervals of my approximately 0.015 magnitudes above and
below the preferred m; sequence. In addition to these
three sequences, two lists of stars on and outside of the
upper and lower envelopes of the m; - (b-y) distribution
were composed and named the "extremely high" and
"extremely low" sequences respectively. It should be
noted here that in contrast with the m; - (b-y) diagram
of Stromgren (1963b), all discussions of m; in this
dissertation assume that the my ordinate increases upward
such that stars having high my values lie at the top of
the distribution. In this way, the A stars are observed
to lie high in the diagram whereas the metal deficient
subdwarfs lie low in the diagram.

A list of approximately 400 stars was chosen in
the fashion described above. Classification spectra for
370 of these stars were obtained using the Steward
Observatory Cassegrain Spectrograph on the 36 inch
reflecting telescope during the 1965-66 observing season.

This spectrograph shown in Figure 1 was designed
by Dr. Aden B. Meinel. It combines a 600 line per mm.

Bausch and Lomb grating blazed at 3500 Angstroms with an
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