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ABSTRACT

A spectroscopic survey of the different types of
peculiar-A (Ap) stars has been made to discover the sys-
tematics of behavior of the various elements, Spectro-
scopic results are preceded by an account of some of the
"gross Properties" investigated from the published data.

Gross Properties: (Chapter II): Under this group

of investigations (a) intrinsic frequency distribution of
the various peculiarity types is derived, (b) the contro-
versy "whether Ap stars are too blue for their HD spectral
types" is resolved, (c) mean absolute magnitudes of the
different peculiarity types are derived by a statistical
analysis of trigonometric parallaxes, and (d) space
velocities are calculated which show significantly different
solar motions for the different groups, but the velocity
dispersions are found to be comparable,

Spectroscopic Studies: This study is based

mainly on 21 to 45 (A/mm) dispersion plates, in the UV

L0 ?

and blue regions of the spectrum of Ap and

e

normal stars. k (A) (Chapter III) By eliminating the effects
of temperature, electron pressure, continuous absorption
énd microturbulence, "strengthening" and "weakening" of
various elements has been estimated. From these estimates

(Chapter VI): (i) behavior of the various elements in Ap
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stars is described, (ii) several interesting correlations
between the observed anomalies of various elements have
been discovered, and (iii) for Ap stars, a new'system of
classification is proposed which is based on the general
pattern of abnormalities rather than on single most
prominent features. (B) Extensive tables of reliable
blend-free UV and blue lines are given for detection of
the various elements (Chapter III). A similar table is
given for the detection of all the rare-earths (Chapter
V). In different stars, relative distribution of the
rare-earths is found to be different. (C) A survey of
BeII AA3130-31 is made, In seven Ap stars, from "Mn"
and "Si-4200" groups, this doublet is very strong. A
quantitative Be abundance analysis is given (Chapter IV).
Various explanations for the appearance of the
abnormal line strengths - including the predicted nuclear
processes - are discussed in the light of the present
results., Some specific suggestions-for further work are

also made (Chapter VI).
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CHAPTER I

Section I-A

A. Background for the Peculiar—A Star Studies

During the past six decades many authors have
studied the peculiar A-type stars (Ap stars) and the spec-
trum variabies; however, understanding of tﬁese objects 1is
still no£ in a satisfactory state. Many of the earlier
studies were based on rather low dispersion spectrograms
on which only the most conspicuous features could be seen,
The 2.8 magnitude star o 2 Cvn, of course, has most
often been studied, often with high dispersion. Struve and
Swings (72 ) believed that explanations for abnormal line
strengths which involved abundance anomalies were "es-
capist ideas". But more recent work (Searle and Sargent
(69 )) shows, with reasonable certainty, that at least some
of the abundance anomalies are real,

Efforts have been made to explain these abundance
anomalies by processes of nucleosynthesis which are
assumed to have occurred under abnormal conditions on the
surface or in the upper layers of the stars. In this re-
spect,, however, there has been a tendency to consider all
the Ap stars as one group ignoring the diversity in the
behavior of various elements in the different peculiarity
groups. Such lumping together of peculiarities cah

present an unreal picture, making it difficult to explain



them by the processes of nucleosynthesis or otherwise. It
is,. of course, known that abundances vary in the different
peéuliarity types; but. the number of Ap stars for which
abundance analyses have been made so far is inadequate
for delineating peculiarity patterns in these different
peculiarity groups.

| There is dispersion within»each group, too. For
example, as Searle and Sargent (69 ) point out, in some
respects, 3€.Cnc is an atypical Mn-star. Consequently,
if we observe only one or two‘stars from each peculiarity
group, we cannot be sure which of the peculiarities are
typical for that group and which are incidental to that
particular star only. Obviously, for finding general
patterns, it is necessary £o observe a sufficiently
large number of stars from each group. In his review -
article, Sargent ( 65 ) has collected results of abundance
analyses (made by various observers over the past ten
years) for eight Ap stars encompassing all the five
peculiarity types. Therefore, it should not be surprising
if some of these results do not depict a typical pattern
for the whole group.

Usually it is tempting to think of the spectrum

variable and the Ap stars as synonymous, in so far as
their intrinsic physical structure is concerned - Deutsch

(29 ) points out, "no criterion is known for concluding,



from a single spectrogram of a peculiar A star, whether
or not it will prove to be a épectrum variable," It is,
however, important to realize that by virtue of the
additional temporal dimension, spectrum variables provide
a whole set of different possibilities for learning about
the cause of the peculiarities., On the other hand, there
are only a few spectrum variables suitable for extensive
investigation,

Basically, two types of approaches are needed for
further work on the Ap-stars and the spectrum variables.
One of these, individual star studies, requires a concerted
program of studying time variations of the various charac-
teristics, such as radial velocities, line profiles,
magnetic fields, etc. for each element in a single spectrum
variable, Studies by Struve and Swings ( 73), Babcock ( 7 ),
G. and M., Burbidge (20 ), and by others, on o2 CVn,
provide part of the results needed for such a study (Uun-
fortunately, ot 2 CVn.is not the most suitable star for a
very detailed study.).

The other approach, that of statistical study,

which will be used here, lies in studying a large number

of different Ap-stars (temporal variations, if any, are
ignored by considering each phase as a different star).
Obviously, the type of information that is possible to ob-

tain by studying temporal variations in a star, cannot be



obtained by this type of study. However, it is important
for the following reasons:
(A) Periodic spectrum variables have not been found
among all the peculiarity types; well established
spectrum variables are particularly lacking among the
Mn stars. This in turn would imply that either,
(i) Mn-stars represent an unobservable aspect of
the variable stars, or
(ii) Mn-stars are totally different from the
peculiarity types that have spectrum variation.
Furthermore, it is possible that difference be-
tween spectrum variables and non-variables may be
more than that of orientation.
(B) If correlations between abnormalities of some
elements do exist, these can be discovered only by
observing a large number of stars. Similarly, other
types of correlations relating peculiarity types,
magnetic field, line width, etc., can be discovered
only by a statistical study of a large number of Ap
stars.
Statistical study of the following characteristics
and their correlations is particularly useful:
(i) Relative abundance of elements.
(ii) Line widths, rotational velocity.

(iii) - Polarity and strength of magnetic field.



(iv) Color, absolute magnitude, peculiarity types,
temperature, and electron pressure.

(v) Space distribution and space motions.
Naturally, a statistical study should include all the
peculiarity groups. |

Since, in this study, we shall be dealing with the
Ap stars of the different peculiarity types, tﬁe following
remarks are in order,

(a) Discovery of peculiarities depends upon dispersion
used. For example, b€ Cnc, which looks normal with an
objective prism (HD spectral type is B8) is a very peculiar
star at high dispersion,

(b) Though the number of known Ap stars is quite
large, discovery of the different peculiarity types is very
uneven., For example, strengthening of SiII and SrII lines
can be detected with an objective prism and, therefore, a
large number of Ap stars with Si and Sr peculiarities are
known. On the other hand, lines of MnII, in the blue
region, are very weak even at high dispersions and are
seen only when Mn is overabundant by a large factor -
strong lines of MnII lie in the ultraviolet region 3440-
3500£ . Consequently, relatively fewer Mn stars are
known for M, > 5.5.

(c) All the.peculiarity classifications that have

been made so far, are based on apparent strengthening or



weakening of a single spectroscopic feature or of lines
due to a single element. Consequently, differences in
effective temperature and in degree of abundance abnormal-
ity of the various elements, result in a large number of
peculiarity groups. The spectroscopic work in the present
study enables us to group the Ap stars into a smaller
number of groups based on patterns of intrinsic behavior
of several elements.

(d) For investigations in Chapter II the peculiarity
classification has been taken from the published sources.
Though different criteria have been used at different times
and with different dispersion used for classification of
the Ap stars, the following criteria used by Miss Walther
(77 ) are representativé, in the mean, for the usual
peculiarity types.

"tcr' means that AN4077 and A4171 of CrII are strong.

'Sr' means that AN4077 aand A4215 of SrII are strong.

'Eu' means that EuIl is implied by the fact that the
general features of the spectrum match a typical
chromium-europium star.

'4200' means that this unidentified line is strong.

'Si' indicates that the blend at 2A4128-31 1is strong
and that the general features of the spectrum cor-
respond to a typical silicon star."

It is to be noted that according to these criteria, presence
of EuII is inferred without actually observing any Eu lines,
Furthermore, it should not be surprising then, if some of

the earlier classifications are found to be completely

wrong. For example, the sharp line star HD204411l, listed
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as 'Eu-Cr' has EuII lines hardly detectable even on high
dispersion plates (4.5 A/mm). Likewise, HD9996 listed as

an "Si,Sr" star has actually weak SiII lines.

Section I-B

Plan of the Present Study

The present study is, then, a statistical in-
vestigation of a large number of stars. Investigations
were made on many aspects of the Ap stars, but only those
investigations which yielded positive and interesting
results are reported here,

These studies can be classified into two groups,
for which samples of stars used were different. For the
first group of studies,‘observational information was
abstracted from various published sources, and various
"gross" properties, such as statistics, distribution,
color, luminosity, space_motion, etc. have been studied.
Second, and the major part, covers spectroscopic studies
on more than 40 Ap stars with about 10 normal stars used
for comparison. More than two-thirds of the spectrogramé
used were taken for this program with the coud€ spectro-
graph of the 100-inch telescope. The rest of the spectro-
grams were collected from the plate file of the Mount
Wilson and Palomar Observatories. In addition to results

on (a) "abundances", (b) Beryllium survey, and (c) Rare-



earth survey, detailed tables for identification work have
been presented‘which, it is believed, will be useful to
future investigators undertaking extensive surveys.
Emphasis in these tables has been given on establishment
of criteria which are safe and blend free under the
variety of circumstances encountered among the Ap stars
and which provide quick estimates of strengthening or
weakening of various elements in these.sfars.

The final section deals with discussion of
various results and of various explanations for the Ap
stars in the light of new observational results. Sug-

gestions for further work are also made.



CHAPTER IX

GROSS PROPERTIES

Section II-A

Relative Frequency of Peculiarity Types

For a statistical study of the Ap stars, a list
was compiled from the following sources:><i) all the Ap
stars in all the tables of the Babcock Catalogue, (ii)
Bidelman's list of 124 stars brighter thanfn%F7.O (Fascheck
and Jascheck (42 ), (iii) Ap stars brighter than n%;6.8
in Bertand's Catalogues ( 11, 12 ), (iv) Eggen's list of
bright A-stars (Eggen (32 ), and (v) two Mn stars,

53 Taul and 112 Her, of recent discovery. From this com-
pilation, stars now known to be Am stars, A-type stars with
other types of peculiarities such as shell stars Ba-stars,
faint-line stars, K-line stars, etc. were omitted.

The total number 6f Ap stars, N Dbrighter than a
given apparent magnitude, m, is plotted on a logarithmic

scale in Figure II-l1 in which the slope of the straight

line is ,
A log N _ 6
Am T °
1 (4] .
In Babcock's and Bertand's Catalogs, HD 23193 is wrongly

labeled as 53 Tau.
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Up to m, = 5.5 (N=74) this straight line relation is
followed fairly well, (Though, in total, this agreement

is good, it is possible, as we hlave seen»in Chapter I,

- that some of the members might be spurious, While some
genuine Ap stars, particularly Mn stars, might still be
missing.) It is clear, nevertheless, that even if we leave
room for such uncertainties, their effect must be minor;
and we can draw reliable information on-inﬁrinsic dis-
tribution of the different types of peculiarities from

this group of 74 stars with m, < 5.5.

It has been pointed out in the previous chapter
that on the blue spectrograms, Mn-stars need a relatively
higher dispersion (preferably better than 40 A/mm) for
their discovery while members of other groups can be dis-
covered on low dispersion or objecti&e prism plates,
Therefore, in this group of 74 stars, we suspect only the
Mn-~stars to be significantly underestimated. An estimate
of the incompleteness of Mn—étar discoveries can be made
by making a plot (Figure II-2) for the known Mn-stars in
the fashion of Figure II-1. Figure II-2 indicates that
we should have ébout 20 Mn-stars brighter than m, = 5.5
while the number of known Mn-stars is 14.

In Table II-1, this "uncorrected" figure for
the Mn-stars is given within parentheses. 1In this table,

for each peculiarity group, number of stars, per 10 pc3,
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and their percentages are also given. ‘Two sets of values
are given: For (3), the calculations are based on the mean
absolute magnitudes derived in the present work (see Table
II1-4a), and for (B), the calculations are based on the mean
B~V value for each group and Eggen's‘i 32) relation, |
M= 7.8 (B-V) + .35,

Thus,‘for the first time, we‘havg_obtained an
intrinsic frequency distribution for the different groups
of the Ap-stars. The peculiarity classification for all
the stars of this study have been taken from published
sources. (In a recent paper by Osawa ( 62 ); which was
kindly brought to my attention by Dr. Deutsch, classifi-

cations are available for all but 13 of these 74 stars.

Osawa's classifications for these stars are in good agree-

ment with the previous ones.) The group "Am~like"
contains stars with +.2 € B-v £ +.3, and is discussed in

Section II-C.

It should be stated that an implicit assumption

.
in the relation, éLEﬁg—E = ,6 is that the different

groups have radially uniform distribution in space around

the sun..

For a statistical discussion, these 74 stars will

be used in the ensuing sections of this chapter,.
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Section II-B

Colors
The (B-V) colors and V magnitudes for these
stars are given in Table II-5. The values adopted here,

are often a mean of different values published. Following
are the sources for colors: Abt and Golson ( 1 ), Eggen
( 32 ), crawford ( 24 ), Stoy and Cousins ( 71 ), Osawa

( 61 ), and Hoffleit ( 40 ). |

(U-B) Vs. (B~V): Provin ( 64 ) found that the

Ap stars he observed lie along the main-sequence stars on
the two-color diagram. Later, Abt and Golson found this
to be the case also with the sharper line Ap stars in which
Babcock had measured the magnetic field. However, in view
of the suggestions (Bidelman (13 )) that Ap stars might
be evolved stars returning to the main sequence on the
color-luminosity and two-color diagrams, it becomes
interesting to re-examine how close to the main sequence
Ap stars lie., Figure II-4 is the two-color diagram for
49 of the 74 stars. For others, one or both colors were
not available, These include both the sharp line and the
broad line stars.

We notice a very curious fact in this diagram -

all the typical Mn stars have observed B-V colors in an

extremely narrow range (B-V = -.,10 +.01). Of the 12 Mn

stars plotted in this diagram, ten fall within this range.
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Of the other two, ¢ CrB is only a mild example of the Mn
group, while ¢ Her is atypical because it has conspicuously
large overabundance of Cr; in other Mn stars, Cr is under-
abundant or at the most, normal. Sargent (65) gives a
somewhat wider range, B-V = -,05 to -.10, for spread in
colors of the Mn g?oup.

These Ap stars lie remarkably close to the main-
sequence on the two-color diagram. A similar (U-B) - (B-V)
plot was made for the stars in Table 1 of Morgan's paper
_(58 j; Scatter for the Ap stars was nof at all greater
than that for the normal main-sequence stars. Outstanding

departure is found in the case of 21 Per which falls at the

same position as the AOIb star ?]Leo (B-V = -.0l; U-B =
-.24). But, the Balmer confluence point in 21 Per has a
value appropriate for a main-sequence star., In view of

its bright apparent magnitude, 5701 , and ,KII = 152° ,
bII = -24°, reddening by interstellar abéorption does

not seem to be likely. Therefore, energy distribution
scans of 21 Per should be made for determining the reason
for its abnormal colors. It might be added that there
are indications of variations in radial velocity of

21 Per C&offleit (40 D, and consegquently, it could be

a spectroscopic binary .
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Distribution of B-V Colors: Distribution of Ap

stars of Table II-5, as a function of B~V, is shown in a
histogram in Figure II-5(b); total number of stars being
66. The most interesting feature in this distribution is
an absence of Ap stars in the range +.12 < B-v € +23; then
again we have four Ap stars in a very narrow range

B-V = +.24 to +.27. 1Is this paucity of the Ap stars due
to intrinsically fewer A-type stars in general‘in this
color range, or is this due to a rapid decrease in the
proportion of the Ap stars at B-V =% +,122 To énswer
this question, a count was made from Eggen's list ( 32 )
which contains A stars satisfying the conditions (a)

Mv'5 5.5, and (b) HD spectral type B8 or later but
(B-V)7<v+.30. In the present count only the luminosity
class V stars within the range +.10 € B-V § +.30 were
included. Figure II-5 (c) shows the distribution for
normal stars. A similar count for Am stars is shown

in Figure II-5 (a). None of the Figures II-5 (a) and (c)
gives an indication of any paucity of stars for

+.12 <B-v <+.23. According to the above mentioned count,
there are 75 normal stars in this range, and since Ap
stars comprise 10-13% of the normél stars, we should
expect at least eight Ap stars in this range which we
do not find. This means the second alternative, that

the proportion of the Ap stars is very low for B-V > +.12,
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is correct. But then why, suddenly, are there 4 Ap stars
within a very narrow range of B-V? It seems that these

stars, intrinsically, belong to region B~V ©'+.10 but are
moved red-ward due to line-blanketing effects., (Baschek
and Oke ( 8 ) have determined blanketing correction for
(QCrB, and on deblanketing, this star moves to B~V = +,1,
On 10A/mm plates of the sharp line Ap star, ¥ Equ, Fel to
FeII line ratio indicates a spectral type about A4, which

means B-V & +4,12.) But then one asks why blanketing effect

does not spread stars red-wards in a continuous fashion,

and why there is an isolated group of four stars within a
small range of B-V? It is possible that these four Ap
stars represent a different group, which we might call
"am-like", The existence of a small growp of Ap stars
around B-V ~ +,25 has been recognized by C and M. Jaschek
( 42, but, for different reasons,

Mean colors for the different groups of Ap stars
are given in Table II-2., Blanketing corrections are based
on the correction determined by Baschek and Oke for 52 Her (Sr)
and /2 CrB ("Am-like").

(B~V)-HD Spectral Type: The original finding by

Deutech (27 ), that Ap stars are too blue for their HD
spectral types, has been a subject of controversy, and even
in the recent literature diverse views have been expressed.

For -example, Jaschek and Jaschek (43 ) have maintained
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that only the "Si-4200" stars are too blue for their hy-
drogen spectral types. Reliable B-V colors are now available
‘for a large number of Ap stars ana it should be a simple
‘matter to reach a definitive conclusion, We can trace the
cause of this controversy, and find that it lies in an
over-emphasis, in recent years, on the (B-V)-peculiarity
type correlation.
Both "Mn" and "Si-4200" groups contain hotter
Ap stars, but constitute two very distinct groups. On the
other hand, (genuine) Ap stars of Si-4200, Si, and
Si~Cr-Eu, groups of the earlier classifications, contain
several common characteristics, and their differences in
speetral appearance are largely due to temperature differences,
(See Chapter VI-C and Figure VI-16.) Once this fact has
been recognized, we should not any more insist on arranging
the different peculiarity groups in order of their mean
B-V colors. Specificaily, we should keep the Mn-group
separate, and we should not put‘it betwen the "Si-4200"
and "Si-Cr" groups as has been done by earlier investigators.
Table II-3 gives values as read from Figure 2 (b)
of the paper by the Jascheks ( 43 ). "Blanketing corrections"
are interpolated'values between the corrections for 52 Her
(B—V = +,08) and ﬁ?CrB(B—V = 42,7), derived by Baschek and
Oke ( 8 ). Examination of Table II-3 leads us to state

Deutsch's original conclusion in the following modified form:
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Except for the Mn-stars (incidentally, most of the Mn-stars

were not recognized as "peculiar" in the HD Catalog), other
Ap stars - especially those of the Si groups - have colors
which are too blue for their HD spectral types. This
color—-anomaly is greatest for the hottest Si-stars.

(B-V)-Temperature Relation: The temperature- (B-V)

relation, according to Oke (60 ), for the normal stars is

Searle and Sargent (69 ) find the relation

®;onization — (B-v) +.50

applicable to the normal and Ap stars. (Except for the
'Mn—star 53 Tau, the conclusion of Searle and Sargent about
the Ap stars is based on temperatures derived using lines
formed in the deeper layers of stellar atmosphere. For the
limited objective of the present study we shall derive 6
values from B-V colors using the above relation. But it
should be mentioned that for the reasons given below we
suspect that the validity of this 6-(B-V) relation
mightibeilimited ~only to the high excitation lines formed
in the deeper layers of the atmosphere.which are represented
by the continuum radiation,

In Figure II-6, values of eio (obtained (i)

n

from spectroscopic analyses of lines formed at relatively
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upper layers of the atmosphere and (ii) from the B-V colors),
as listed in Table II of Sargent ( 65 ), are plotted for the
stars of the usual peculiarity types., Crosses represent

£ CrB and ¥ Equ after applying blanketing correction to
B-V derived for @ CrB by Baschek and Oke ( 8 ). 1In this
figure, disagreement between the two values of O on
derived from B-V colors and spectroscopic analysis  is

very conspicuous except for the Mn-stars. This disagreement
gives rise to the doubt about the validity of the above |
‘relation for use with lines formed in the upper layers of

the atmosphere, Though both Mn-stars and Si-stars are

among the hotter Ap's, these discrepancies are large for

the latter only. In this connection, it may be recalled

that in Si-stars, on the average, magnetic fields are much
stronger than in the Mn-stars, and it is possible that these
discrepancies in Si-stars are caused by a steeper temperature

gradient in the atmosphere resulting from these strong

magnetic fields,

Section II-C

Absolute Magnitudes

Absolute magnitudes for some cooler Ap stars were
derived by Deutsch ( 27) and Eggen ( 30 ) using trigonometric
parallaxes. Subsequently, C. and M. Jaschek (42 ) cal-

culated mean absolute magnitudes from proper motions, for
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the different peculiarity groups of the Ap stars., They used
the same value of solar motion, 20km/sec, for all the groups.
In actuality, we find a considerable difference between the
solar motion - for the cooler and the hotter A§ stars
(Table II-6). Evidently a new calculation became necessary.
But, if we determiné components of the solar motion and mean
absolute magnitude, both from the proper motions, the accuracy
of the results would be very low. In the present section,
therefore, we shall calculate mean absolute magnitudes
statistically from a large number of trigonometric
parallaxes.
An outline of the procedure used for these

calculations is as follows:

(1) For each group, mean absclute magnitude M was

calculated from the formula:

-02Mm,
o~1p\—\ z bi lo
\O = .
-o.qm
2 1o
X
where p 1is trigonometric parallax, and m is apparent
magnitude, Since errors in p have a normal distribution,

this formula permits the use of all the stars with known
trigonometric parallax (57 stars); this in turn mostly
cancels out the cut-off error (normal error distribution

in parallax prcduces a skew distribution in absolute
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.magnitude value), Earlier investigators, who used trigono-
metric parallaxes, calculated absolute magnitudes individually
for each star, and ﬁherefore, could use only a small number
of Ap stars - mainly the cooler ones - which have large
trigonometric parallaxes.

(2) We also want to compare the luminosity of the Ap
stars with that of the normal stars; it is most desirable
that the absolute magnitude of the latter be determined in
an identical manner so that systematic errors are eliminated.
Therefore, all the luminosity class V stars, brighter than
M, = 4,0 and with trigonometric parallaxes available, were
selected from Eggen's list ( 32 ), These stars, arranged
in a sequence of B-V colors, were divided into groups such
that no group contained too few stars for the purpose of
taking mean. For a few of the brightest normal stars,
absolute magnitude was calculated separately.

(3) The resulting mean B-V colors and absolute
magnitudes for different groups of Ap and normal stars are
given in Table II-4a. For comparison, results of C. and
M. Jaschek are also given, in Table II-4b.

On the basis of the above calculations, we
note these points:

(2a) Eggen's latest ( 32 ) relation, M, = 7.8 (B-V)
+35 gives absolute magnitudes which are on the fainter

side for B-V < -,05 (Consequently, the distance modulii



~21-

are too small. We shall refer to this point in Section II-E.)
(b) Values of mean absolute magnitude for the Ap stars,
particularly the hotter ones. derived in the present work,
are more luminous than the values derived by the Jasheks,
(c) No significant difference between the absolute
magnitudes of the field Ap stars and the field normal stars

of the same color is found.

Section II-D

Space Motions

Space velocities, with respect to the sun, for
stars of Table II-5 have been calculated. Proper motions
and radial velocities have been taken from the Bright Star
Catalogue (40 ), Calculations have been made for
two sets of distance values: (a) for distances obtained by
using the color-absolute magnitude relation derived in the
previous section (Table II-4a). (b) for the distance modulus
values given by Eggen (32 ) (in this second set, for those
stars for which Eggen has not given distance modulus,
Eggen's relation Mv = 7.8 (B-V) +35 wés uéed; the distance
modulii thus derived are given in parentheses in Table II-5).
As we have pointed out earlier, Eggen's relation gives
absolute magnitudes which are too faint for B-vV ¢ -.05
and consequently gives small space motions., The differences

in space motion values derived from (&) and (b), therefore,



—22-

will give an upper limit to errors in space motion, on
account of uncertainty in distances,

The U~, V-, and W- axes are pointed in the
directions LII_q1g0° , bpil=g° s AT g0 , pil=p° ; and

bII

=+90° respectively. Formulae of components, U, V, and
W, of space motion of stars, relative to the sun, are given

in Appendix I. Space motion for a group of stars is given

by
s = @ + ¥+ )2 p
dispersions cji s Gy s and ij , are given by
1
/o
I -0Y
Ofu‘ = {T\:\_Z‘( 8 U) ’ eﬁc.,
o_} 4 ~2 4 a."l-)"z.

Components of space motion for 66 Ap stars are
given in Table II-5; and values of space motions for the
different peculiarity groups, dispersions, etc. are given
in Table II-6, Values for the normal stars are calculated
from data given by Allen ( 2 ). We make the following
conclusions from these results:

(i) The different peculiarity groups do not possess
a common mean SPQEe motion., Departure for the "Sr" group

is particularly noteworthy.



-23-~

(ii) Dispersions for the different groups are not
significantly different, and therefore, the interpretation
that the bluer Ap stars are kinematically‘more homogeneous
and cooler ones are heterogenous (Eggen (33) ), is not
supported by these calculations.

(iii) It is very interesting to note that ten Mn-stars,
out of the 14 known Mn-stars with M, 5.5, lie within a
small region in the UV plane and with (ﬁ,‘v; W, o) =
(+13, -31, -6, 11). Some of these have already been found
to be members of the Pleiades "group" by Eggen (32 ). But,
in the Pleiades cluster itself, no Ap stars have been dis-
covered with certainty - spectral classification for only
the brighter members (mostly earlier than B8) of the
Pleiades cluster are given by Johnson and Morgan ( 44 ). It
will be valuable, therefore, to investigate if the Pleiadés
cluster itéelf contains Ap stars, and more particularly
Mn-stars. *

The other Mn-stars, particularly U Her and
7 'Boo, have very different space velocities so that a
combined value for dispersion, 9, becomes large, as for
the other groups. Therefore, these other Mn-stars must

belong to some different "group”.

*Dr, Deutsch points out that an Mn-star has been found -
. idn “the. Pleiades cluster, & '
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Peculiar A-type Stars in the Galactic Clusters

Data on occurence of Ap stars in galactic clusters
has been compiled by C. and M. Jaschek ( 43) and by |
Meadows ( 49). After examination of all the original
sources of information cited in these papers, the author
has the view that in several cases further observations are
necessary to make those spectral classifications secure.
Moreover, such investigations need to be made much more ex-
tensively before a reliable interpretation of those obser-
vations can be made. For example, in younger clusters,
spectral classifications have been made mainly for stars
at the most luminous end of the sequence, and only for very
few stars down to a level where cooler Ap's and Am's are
likely to be found. Therefore, thé contention that the
development of peculiarities follow a time sequence cannot
be taken as established. 1In fact there is a possibility
that the suggestion of such an evolutionary sequence might
be a result of observational selection.

Eggen's work on stellar "groups" does not provide
evidence in favor of the hypothesis that Ap stars are the
most luminous ﬁembers, in a cluster or group, evolving off
the main sequence. See, for example, Figure 2 in Eggen
( 31 ), and position of HR 710, (M& =+2,.29), a wéll—known
Sr~star, well below the "break-away" point, (MV = +0.5), in

the color-magnitude diagram for the "Sirius Group" (Eggen (31) ).
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TABLE II-1

No. of Stars/ Percent for a

Peculiarity No. of Stars 106pc3 Given Volume
Group to M_=5.5

v A B A B

Mn 20 (14) * .61 1.6 7 13

Si-4200 12 .26 .8 3 6

gi-Cr 20 1.6 2.0 19 16

Cr-Eu 12 3.3 2.6 39 21

Sr 12 2.7 5.5 32 44

Total 70 8.5 12.5 100 100

wAm—1ike" 4 3.5 13 41 102

* "Uncorrected" value for the number of Mn-stars is given in
parentheses,

A = These calculations are based on the mean absolute
magnitudes derived in the present work (See Table II-4).

B = These calculations are based on the mean B-V value for
each group and Eggen's relation M, = 7.8 (B-V) +135
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TABLE II-2

Number of Mean B-V Blanketing

Group Stars Color Correction
Mn 14 -.10 0]
S$i-4200 12 -.11 0
Si-Cr 16 -.08 0
Cr-Eu 11 -.00 0
Sr 10 +.06 -.05
"Am-1like" 3 +.26 -.15
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TABLE II-3

Mean HD Color Blanketing

Group Sp. Type Mean B~V Anomaly Correction
Mn B8-B9 -.09 ~-.01 .0
$i-4200 AO ~-.13 -.13 .0
si A0 -.06 -.06 .0
Cr-Eu Al +.02 -.03 .0
Cr-Eu-Sr A2 +.07 -.01 -.03
Sr A3 +.13 +.,04 -.07
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TABLE II-4a

Absolute Magnitudes for Normal and Ap Stars

Ap Stars ' Normal Main Sequence Stars
Mean i "Mean
Group B-V n 3@7 i B-V n M,
Mn -.08 6 -1.0 § |
$i-4200 -.10 10 -1.2 | ~.04 14 -0.2
Si-Cr -.06 17 -0.3 +.00 11 +0, 2
Cr-Eu +.01 10 +0.6 +.05 10 +0. 7
sr +.08 10 +0.5 +.09 7 +1.6

"Am-like™  +.26 3 41.4 +.16 8 +1.6
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TABLE II-4b
Absolute Magnitudes From Jaschek and Jaschek (42 )

Group "B-V"

MCorrect
0 -.13 +0.1
A -.09 -0.6
B -.08 -0.1
BC -.07
C +.01 +0.6
CD +.09 +1,0

D +.13 +1.8



~30-

91-
1T-
1T

Pi-
ce-
vi-
6C~-
9¢-
ce-

vI-
6T-
o€-

qgg-
YA
XA

LT-
Ve
8-
Le-

HI.
@-I

FAN

1T
m.l

0¢
Lz
e1-
vi-

1T

G9°¢
GE'P
0€ ¥
(¢8°q)
09°S
Sz'v
06 °S
0€ °¥
0L°S
Gz°S
08°¢
G9 ¥
68°g
6S°g

(86 °5)
0% °€E

069’9

00°S
(50°9)
0z°C
G9°g
0T ¥
S0°S
89 ¥

0°S
ge ¢
(9°9)

W-

LT-
LT-
1T

LT-
TZ-
vi-
og-
-
9¢-

MI

vi-
6T~
GE-

H.l

174
Y-
LC—

8T~
Nl.
G-
8¢-

0T
NI-

A

Y

. » * o e ¢ o o e . e .

* e o s o *« & o s o o o o

VCNooNdtOIFOUNAMO OCOONSNAHOMNMOMOSP NSO
NFOINLINNONO M OO T INO OO < )

=
1
&

¥9°¢
AR
0Z°s
6% °S
8T ¥
8C°S
S0°g
06 "%
6€°S
09 ¥
8%
9z ¥
¢t’s
6€°S
¢Sy
LTS
¥9°'v
0Z"s
00°S
9% s
69°¢
AN
96 ¥
¥T°S
€e’s
v6 ¥
I8°7V
0g*s

74N

GO~
70 °—
LO" "+
60°—
0T °*-
60 °+
¢t~
€0+
LO" =
o1 "~
80 “+
90 "-
T~
1T ° -~

GT "'~
LT+
60° -
G0 -
A
Lz +
80 °—
T0°+
A
70+
0T~
¢0 "+
GT°=

A-d

SUVLS dV¥ IVAJIAIAQNI HHL ¥O04d SHILIDOTIA dOUdS

g-1I1 HTdVd

TS
TS
Is
Io
00c¥y
Io
TS
Is
TS
uW
as
un
00zZ¥
uW
TS
00Z¥
da
U
uW
TS
dg
TS
xo
xD
Is
UW
xo
Io

odAlL

T6¢CS
60TS
6.L8L
LBTS
0¢69
91¢8
670L
1168
LS8S
866
7529
€209
G6¢€L
L669
a8%9
TEO06
L608
ETTL
TL6G
[A°has
LVLS
L8ZL
LTTO
PeCo
EV8SG
SLPS
TGI8
ALY



=31~

-
oc-
M

m.l
8+
N._.l
o€-
GZ-
eT-
M-l
oT-
0C-
9¢-
oc-

6T—

ige-
ige-
fGT-
t0€-
STT-
*g8g-

Q-
1T~

SIZ—~
ce-
A

ve-
nhll-
T
1c
LT

OT+
oc+

¢tl-
TG
9+

n

S99V
8. ¥
GG ¥
08°'¥%
69 %
IR 4
0S°¢s
ge°g
00°9
06°¢
0079
06°g
0s°9
06 "%
IZZA°
T€°¢
S8°%
S6°C
0s°g
00°g
g8°Sg
68°¥

0€’s
S0°s

09°T
Sv°¢
08°¢

W=-uI

g-

o

9¢-
M

(24

G- 0P~ 0°Ss
6 9~ 8 ¥
6- T 0°s
9¢- e €°9
9¢- 9T ¥°s
1c- 9 9°g
(A ST L°9
0T~ cc 0°9
cc- 9¢ 7°9
o€~ ST Sy
8¢- VT 6°9
- cT- LS
4 G- L*S
ve- €T ¥°s
OT- 9T G'g
ce- 8 T°¢
Ev- €T c'9
0c- T€ §°¢
*8g~- 9T 6°9
eV 143 g L
*TS- € S'9
0- G- Z's
L- 9+ T°S
€T~ 9 g
(4 €T~ 8°T
*6C— 369 1'%
9¢- 8+ e

A n W~ut

A4

*3U0D G-II dHIIVdL

68"
0g"g
A7
6T°G
OT "%
0g°s
89 ¥

99 % .

¥Z°S
8¢ '€
ce¢'s
a7A8°
76°G
L9°¥
I8°S
S9°T
82°S
69°¢C
¥C°s
9¢°S
6T°S
Lv°S
296 °G
0T*S
€6V
8%
AN
8°v
9L°T
26°¢C
c0°¢

€0 "
90 "+
GO+
0T "~
T -
G0 °-
oT *~-
¢T "~
Tt -
TT° -
YT -
S0 -
70 °~
LO*=-
10°=
€T "~
60°—
80 -
VT -
LT -
ZT° -
€0+

00 "+
90"~

co° -
IT°-
TT°~-

A-H

TS
a0
Is
U

I0
oocv

00cZv

TS
k35
TS
oocv
Io
¢TSS

TS
00Z¥
002%
002¥

0

Is
00z¥

TS

ID

TS

Is

I0

TS

U

adAl

VLT
LTLT
99L¥Y
00S€
Ls9c
ZSLY
ZT9
oveT
€29t
ZOLT
00TT
S65€
€€0¢
8€9T
sTve
T6LT
6EET
$60¢
TVET
zeLT
89¢T
TL6T
966
€L8
ZLOY
9%G
£V9T
LOL
5067
ST6VY
ST

dH



~32-~

€
ST-

A
€ET-

LT-
Z-
*CT-

9T~
-

ml.

9
g
LeE-
99—
6¢C-
cc-

6-
‘6T

174 %
A

8¢-

€- GT°¢€ €
LE 00°¢G 8T-
0T 09°S ¥
z 0L°€ 12—
ST 0€°S PT—-
ST (96 %) 74
I~ 0€°% 8T~
0T GG z-
ITT SO0°T LT
vT 0% °s LT~
107 (96 %) z-
g g9 °¢ -
ol W=-w M

8 €= L°¢
O o7 §'g
*IS- vT €'9
L= 14 T°7
og- ST ¥°q
G¢- LT 67
€ €T- S*¥
1T~ ¢T 6°'G
*9¢- 8T 6°T
9¢~- PT S°g
€T- *¥¥ 8 ¥
TE=- L vy

A n IW-u

A4

‘JUOD G-I dIIVYL

9F ¥
9¢€ ¥
S6 ¥
oL'¥
€S 'Y
8E€°§
8BE'S
€6 ¥
Zt°s
8T°¢
06 ¥
79y
¥1°S
0g°’s
9Z°¢

CT' '+
0T "~
¢t~
80 "+
60°~-
90 "+

0 "+
80 '~
A
(9z°+)
60°-
€0°+

(0 N
A-d

Is

00Z¥y
Is
TS
s
TS
Is
TS
da
da

IS .
TS
oocv

odAlL

€GTO
L€68
£ETES
6768
¢59S
€CSS
6TLS
SO0TS
70¢9
€9vs
£0€S
LT8YV
LZEY
€89¢
SOvT

dH



-33-

TABLE II-6

SOLAR MOTIONS FOR THE DIFFERENT GROUPS

A B
Group B-Vi n U u v 0y w G, O S U \% W S
Mn -.10} 14 +11 9 -22 15 -8 8 19 26| +11 -20 -6 24

$i-4200 -,11} 12 +15 8 -22 15 -8 7 18 27| +13 -17 -8 23
Si-Cr =-,08} 16 +12 15 -16 13 -6 9 22 21| +10 -13 -6 18
Cr-Eu -,00]{ 11 +4 12 -9 11 -11 7 18 14 +3 -8 -10 13

Sr +.06 1 10 +0 13 -5 12 -8 10 20 10 +0 -4 -7 9
Am-like +.26 3 +14 13 -26 7 -11 9 +12 -25 =12

BO -.31 +11 13 -18 7 -8 4 16 22

AO .00 +10 12 -11 15 -6 7 20 16

FO +,.30 +11 20 -12 20 -6 12 31 16

Velocities and dispersions are in Km/sec.

Y is the number of stars in each group used for computation,
A - calculations based on luminosities derived in the present
work.

B - calculations based on Eggen's linear relation.
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CHAPTER III

ULTRAVIOLET AND BLUE SPECTRUM

Section III-A

Problems of Ultraviolet Studies

While the "visual" and infrared'regions receive
less attention because of the slower speeds of the sensitized
emulsions needed for these regions, study of the UV spectrum
is handicapped by large atmospheric extinction of radiation.
Atmospheric extinction increases very rapidly towards the
shorter wavelengths, and as the wavelength 2950 i is
reached, the atmosphere becomes completely opague, This
causes difficulties. in two ways: (a) much longer exposure
times become necessary,.and (b) rapid increase in atmos-
pheric extinction produces a steep gradient in the energy
distribution which permits only a rather small range in
wavelength to be properly exposed on a single spectrogram.
Matters are further aggravated for A-type stars because of
a Balﬁer jump of more than one magnitude. Othér factors
which become important in practice are: (a) Atmospheric
dispersion produces a small spectrum of the star's image
on the slit of the spectrograph; for maximum efficiency,
the invisible ultraviolet part should be centered on the
slit, Consequently, "guiding" has to be done by, so to

speak, an off-set method. This effect becomes important
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if the "seeing" is good, (b) The Sec z factor (Z is the
zenith distance of the star) has to be taken into account
for estimating exposure time, (c) Losses of light in the
ultraviolet make it imperative to use very fast cameras
with short focal ratio, This, naturally, impairs the
image quality compared with a camera having equal focal
length but slower focal ratio.

It is for such reasons that a systematic study
of the ultraviolet region of the spectrum of Ap stars has
not received attention. However, our continued lack of
an understanding of the nature of the Ap stars makes it

desirable that we explore new areas to extend information.

Organization of Observations

As will be discussed in Chapter IV, a survey of the

BeII doublet at A3130-31 was a major motivation for under-
taking the study of the ultraviclet spectrum. Use of the
glass optics was, therefore, precluded. The 16-inch focal
length camera of the 100-inch coudd spectrograph'was used.
This camera has a quartz field-flattener - the longer focal-
length cameras do not have field-flatteners at all, but
ﬁheir use was not feasible due to a limitation of observing
time, and the necessity of observing a large number of
Stars. Other guiding considerations for this program were:

- (a) Since the stars of the present study are abnormal

objects, it would not be safe to draw any
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generalizations from just a few stars. Therefore, it was
decided to take spectrograms for at least half a dozen
stars from each of the five currently kno&n peculiarity
groups, viz., "Mn", "Si-4200", "Eu-Cr", "Si-Cr-Sr", and
"Sr".

(b) Earlier studies of Ap stars —‘Morgan ( 58 ),
Searle and Sargent ( 69 ) - have dealt mainly with bright
stars. In the present study, a large number of stars,
fainter than 575, were included. The brighter stars of
the present study provide a convenient overlap for com-
paring consistency of results with those of the earlier
~investigators.

(c) The ultraviolet spectrum of Ap stars is quite
heavily crowded with spectral lines, and if a star has
large rotational velocity (v sin 1), excessive blending
is produced and most of the spectral lines are "washed
out"., Therefore, most of the stars chosen have an
estimated v sin i &£ 100 km/sec.

(d) For selecting stars for observation, an exten-
sive list was prepared. Then, subject to the above rthree
criteria, stars close to meridian at the time of observation

were picked,
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Observational Material and Reductions

Observational material, on which this study is

based, is described below. (A list of plates is given in
- Appendix II.)

(2a) Thirty-four high dispersion plates (mostly
10 K/mm or 4.5 X/mm) of 21 Ap stars, and nine plates of
five normal stars obtained from the plate file of the
Mt, Wilson and Palomar Observatories,

(b) Plates taken expressly for this study: (1) Ninety
plates taken with the 16-inch Schmidt camera of the
Mt. Wilson 100-inch coud& spectrograph, For most of the
stars, two plates were taken, one exposed for A 3400 i
and the other for 3300A.< \.S3700A. (ii) Ten plates taken
with the 32-inch Schmidt camera of the same coudé spectro~
graph. Some of these plates were exposed for blue and others
for UV. In both cases, (i) and (ii), grating 46B, having
15000 lines/inch and "blazed" for A3500 in the second order,
was used., The resulting dispersions in the UV are for (i),
21 i/mm; and for (ii), 10 i/mm. Eastman spectroscopic
emulsion type IIa-0, was used, With this plate and grating
combination, the entire range from 3000& - 5000R is free
from any problems of dverlapping orders,

Prior to exposure, plates were "baked" for 72

hours at 50°C. Expoéed plates were developed - often

several plates simultaneously - for 15 minutes in Kodak D-76
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developer at abeut 68°F, Small departures in the tem-
peratures of the developer, mainly due to effects of
humidity, were compensated Engultiplying the develop-
ment time by a factor of 2(_ﬁ; , where T is the
temperature of the developer on the Fahrenheit scale,

The commonly used developer, Kodak D-19,
produces less chemical-fog than D-76. But, the latter
was chosen because earlier experimentation showed that,
(2a) D-76 increases the effective speed of the IIa-O
emulsion, at low density levels, by at least 30% (b) D-76
produces a finer grain; (c) it produces lower contrast
(higher contrast is not desirable because it would further
enhance the effect of the steep gradient of energy dis-
tribution which is already too steep due to atmospheric
extinction); and (d) the long development time required
with the D-76 makes control of effective development time
more manageable,

On all the "l6—incﬁ" plates, the spectrum is
0.5 to 0.7 mm wide, and on the"32-inch" plates, 0.7 to
1.0 mm wide, The width of the spectrograph slit, projected
on the plate, was 20 microns or less for all tﬁe plates.
The star image was trailed, end to end, many times over the
length of the slit so as to obtain the whole width of the
spectrum uniformly exposed. Wavelength scale was calibrated

on each plate by exposing iron-arc spectrum on both sides of
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the stellar spectrum, This calibration spectrum was
exposed both at the beginning and at the end of the ex-
posure of the stellar spectrum, In the path of the light
beam from the iron-arc, an ultraviolet transmitting
diffuser was used which enabled a calibration all the way
down to 3100 ﬁ or below.

| A remark must be made regarding the image quality
on these plates. The 32-inch camera produces excellent
quality images over the entire length of the plate - the
plate is curved in the plate holder, and it does not require
a field-flattener. The l16-inch camera, on the other hand,
uses a field-flattener and has a faster focal ratio.
Furthermore, it does not have a provision for making a
precise adjustment of the tilt of the plate holder for
achieving a good fdcus over the entire length of the plate.
The problem of focusing becomes further aggravated because
this camera seems to be unstable and, sometimes, the
position of the plate holder with respect to the focal
plane changes capriciously. For these reasons, the quality
of the 16-inch plates is variable; some are very good while
others have a little "soft" focus. Nevertheiess, all but a

few spectrograms are usable.

Intensity Calibration

Intensity calibration in the UV presents diffi-

culties that are not usually encountered for other spectral
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regions. In essence, the cause of the difficulty lies
in the fact that all the ultraviolet absorbing eleﬁeﬁts
in the light train cannot be dispensed with from the
equipment available. Most importaﬁt of all, hardly any
radiation with wavelength shorter than A3300, is trans-
mitted through the glass envelope of the photo-£flood
lamp. Due to glass optics in the wedge~-spectrograph
used for intensity calibration, the light intensity falls
off rapidly below %3800A£; in general, no reliable ¢ali-
bration curve could be obtained for A <3700 A (any
inordinately long exposure time would only increase the
scattered light). With the step-slits of the coud&
spectrograph this limit can be pushed a little farther,
to about 1A3500. But with the 16-inch camera, the strips
impressed on the plate become too narrow and too closely
spaced for derivation of a reliable calibration curve. The
following solution was adopted ultimately: |

On two different observing runs, calibration plates
with step—slits; in conjunction with the 32-inch camera of
the coudé'spectrograph, were taken and calibration curves
at 2AA3500, 3700, and 3900 were determined. No systematic
gariation in these curves, as a function of wavelength, was
found. On this basis, it was assumed that the cal ibration
curve derived for A3700 can be used for the whole of the
range of the ultraviolet spectrum (\3700 - A3100) under

present study.
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About three wedge-plates were taken for each night
and were developed together with the plates of stellar
spectrum, Exposure fimes for stellar spectra were typically
around one hour and effects due to reciprocity-failure are
minor (especially for the "baked" plates); however, the wedge-
plates were suitably exposed to take this effect into account.

Microphotometer tracings, reduced to intensity
scale, were made for all the plates using the Caltech
Intensity Converter, Dispersion on the tracings was about
1/4 inch/i - a magnification of about 130. The width of
the scanning slit, projected on the plate, was 15 to 20
microns; the time-constant of the amplifier was less than
the time taken by the plate-carriage to traverse 20 microns.
Tracings, thus obtained, were used for the measurement of
equivalent widths of selected lines and also for identifi-
cation of lines. For the latter purpose, tracings'were
matched against a similar tracing for a standard star,

Most of the plates were traced twice (As it turned out, on
the earlier set of tracings, lines were erratically dis-
placed, due to non-uniform motion of the plate-carriage

of the microphotometer caused by dried-up lubricant.).
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Section III-B

Tdentification Procedure

For UV Plates: The identification of lines in the

spectrum of a star is a straightforward matter if the star
has very sharp lines and accurate wavelengths of the lines
are measured.on high dispersion plates, Then, a great
majority of lines being unblended, one can find the iden-
tification by using tables such as Moore's Revised Multi-
plet Tables (RMT) (56)or the MIT Wavelength Table (39). None of
these fortunate circumstances was. applicable in the
present case, however, and vagaries of line strengths and
plentitude of blendings on the present plates ( 21 ﬁ/mm)
made the problem several-fold complicated.

It took a circuitous path of trials and failures
to evolve an expeditious procedure and experience for
judgement for the identification of the lines and elements
in the UV spectrum of a given star. There are two aspects
of a program of line identification:

(a) 1Identification of all the noticeable features in
the spectrum, and

(b) Development of criteria for estimating the
weakéning or strengthening of lines due to Vaiious elements
for the»study of which the UV spectrum is well suited.

For the Ap stars, the first of these, (a),
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becomes easier after the second, (b), has been established.
But, for the establishment of criteria in (b) we need
identification of lines in the vicinity of the criteria
establishing lines, which are themselves not known a priori
(it's a vicious circle).

While handling the type of spectrograms (and
tracings) under discussion, it was necessary to be able to
judge which details on the tracing were real and which were
spurious (caused by grain, etc.). This judgement was
developed by (a) comparing spectrogram with its tracing, and
(b) by comparing tracings of different spectrograms of the
same stars, or (¢) by comparing tracings of the upper and
the lower halves of the same spectrogram,

Finally, a very important consideration was that
the identification procedure should be such that identification
of lines on a very large number of plates, under this pro-
gram, becomes feasible.

An identification procedure was ultimately evolved,
for the 3700-3100 A region, as follows: On the basis of
earlier trials it was~ found that, on the present set of
spectrograms, lines due to Ca, Sc, Ti, V, Cr, Mn, Fe, Co,
Ni, ¥, and Zr had a chance of being noticeable in normal
stars. (Of these, only the CaII lines were unsuitable due
to serious blending in the Ap stars.) .Elements Be, Mg, Si,

P, and Eu were also included in this list because of the
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special interest in these for Ap star work. Then, on a
tracing of a 10 i/mm spectrogram of the sharp line AlV
star Ofeg, a wavelength list of about 10-15 strongest
observed (or predicted) lines of each of these elements
were marked (for Cr, Mn, Fe, and Ni, lines due to both
neutral and singly ionized atoms were marked; for the
other elementslonly for the singly ionized atoms,).
Laboratory intensity values and excitation potential of
the lower level, as given in the RMT, were also noted,
Next, to find actual or potential blendings, other weaker
lines, due to the above listed elements, in the vicinity

of the stronger marked lines,were marked on the tracing.

Many spectral lines which are resolved on this spectro-
gram (10 i/mm) become blended on a spectrum of the same
star taken at 21 i/mm. Therefore, in many cases, lines
that are very suitable as criteria establishing "key
lines; on 10 iymm plates, had to be rejected for work
with 21 z/mm plates. Information from the tracing of the
10 g/mm plate was, then, transferred on a tracing of a

21 z/mm plate of this star Opeg., This latter tracing of
Opeg we shall call the "master" tracing, This "master"
tracing was, next, further compared with similar tracings
(i.e. with the same dispersion) of other Ap stars to check
to see if any of these criteria establishing "key lines" were

blended with lines of any of the elements greatly
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overabundant in the Ap stars. Lines selected after these
screening procedures are listed in Table III-1, Some of

these may still be blended, but these represent the best

lines available in the UV, and suitable for work at this

dispersion,

The strength of the lines in Table III-1 was
noted, on a qualitative scale, for all the Ap and normal
stars, From this survey 22 lines, which covered the
different elements and represented most consistently the
behavior of different elements, were selected for measure-
ment of equivalent width. These 22 lines are indicated
by anunlerscore in the column "Principal Contributor" in
Table III-1, These 22 are, then, the "key lines", checking
these on a tracing of a star readily tells us which lines
of which elements are strengthened and of which elements
are weakened relative to a normal star. Having this
important information, a line-by-line identification for
the rest of the spectrum of an Ap star can be made without

major surprises.

Identification Procedure for High Dispersion Blue Plates

For the A-type stars, the blue region of the
spectrum is not as crowded with lines as the UV region.
Furthermore, the situation very much improves with the

use of high-dispersion spectrograms. Consequently, the
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"key" or "test" lines could mostly be located by a visual
inspection of the plates through a comparator or a mag-
nifier, 1In a few cases of uncertainty, the wavelengths of .
lines on the plate were measured,

The procedure for the selection of the "key" or
"test" lines was, in principle, the same as described forxr
the UV spectrum, but not so difficult in practice. As a
starting point, identifications of lines in the region
A3840 -~ A4640 for D“‘P‘eg by Maestre and Deutsch ( 48 )
were used, To this were added, on a high magnification
photographic enlargement of a 10 A/mm plate of bPeg,
"key" lines of other elements not observed in the spectrum

of normal stars of type A.

Section IITI-C

Observability of the Various Elements

In this section, a brief account of the most
suitable lines for detection of various elements, in the
ultraviolet and blue regions of the spectrum, is given.

By "UV" we shall mean the observable region on the short
wavelength side of the Balmer discontinuity (£ 3700 g) -
but mostly redward of A3100 or A3150 - and by "blue",
the region on the long wavelength side of it up to Hp .
The first and second ionization potentials of the elements

are designated by I and II respectively, and are in electron

volts,
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Be I =293 IT = 18,1
The most promising lines for the observability
of Be are the A3130.42 and A3131.06 1lines of the
228 - 22P° doublet of BeII. In normal AO stars, the
" contribution to equivalent widths by these lines is of the

order of 10mA., Further details on Be and other rare light

metals are given in Chapter IV.

Mg I =17.6 IT = 15,0
There are no convenient lines of MgI or MgIT
in the UV, The close doublet MgII 4481,13 - .33 is the
most convenient feature for a quick visual inspection.
Throughout the range of Ap stars it is conspicuous, even
at moderately low dispersions provided Mg is not under-
abundant by a large factor. For cooler Ap stars, Mgl

AAN3832,30, 3836,76, and 4167.27 are useful.

S8i - I =8.1 IT = 16.3 IIT = 33.3
For the hotter Ap stars, the best lines for
detection of Si are the S5iII lines 2AN4128,05, -30.88
and AA3853.66, -56,02, -62,59, Normally no Si lines
are observed in the UV; however, in stars like HD224801,
in which the usual SiII lines are very strong, SiII
3333.16£ is weakly present.

For normal stars, lines of SiIII do not appear

in cooler than early B-types; however, in hotter Si-stars,
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like HD34452, 108 Aqr, 7 Eri, HD224801, etc., SiIII
4552,56 is noticeable.

In the cooler Ap stars, lines of SiII become
weakened and blended with other lines and, therefore,
SiI lines shbuld be consulted for more reliable estimates;
But, of the two SiI lines in the blue, A4102,93 lies
close to Hé , and A3905.53 lies near CrII 3905.64 ,
which in Cr-rich stars becomes dominant. Suitaﬁle lines

of 8iI lie in the infrared and "visual" regions.

P I =10.9 IT = 19.6
Observable lines of PI lie only far in the
infrared; lines of PII are noticeable in the early B-type
stars. Bidelman's ( 14 ) identification of PII lines
in the B8 Mn star i_ Cnc has made this element of
interest for the Ap stars. The most important line of
PITI is 2N4475.26 which, if present, can easily be

located because of its proximity to MgII 4481,

Ca I =26.1 IT = 11.8 IIT = 51.0
The striking weakening of CaII lines, par-
ticularly of CaII—K'is the single most common peculiarity
in the spectra of Ap stars., Except for the temperatures
of the cooler Ap stars, the resonance line CaIl 4226,73 is

not expected to be detectable because practically all the

calcium is ionized. Accessible lines of CaIIIl originate
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from.30eV levels and have not been identified, with cer-
tainty, in any of the normal B or A stars (Merrill (51) ).
However, since there is a possibility that CaIIl lines
might be too weak due to excessive dougle ionization of Ca,
the strongest CaIIIl lines, which are in the UV, were
searched in some of the stars in which the CaIl lines are
extraordinarily weak., No strong lines of CaIll are
present though the possibility of weaker lines cannot be
ruled out because on the present plates blends couid not

be resolved,

Sc I=6.7 II = 12.8 IIT = 24.6

The ultimate lines of ScII, A3613.84, lies
between CrII 3613.2 and FeII 3614.87. If liﬁes are not
too wide and if CrII lines are not greatly strengthened,
this line of ScII is quite satisfactory. Similar is the
case with ScIT 3630.74 and 3353.73. If the CrII lines
aré too strong, however, some estimate can be made from
ScII 3572.52 (+ ZrII 3572.47 + NiI 3571.87), and
ScII 3589,64, - 90.48 (+VII 3589.76).

In the blue, the strongest line of ScII is
N4246,82 while for visual inspection 2AN4314,08, -20.75,
and -25.01 are most easily identifiable.

| In hotter Ap stars, lines of ScII become very

weak, and nothing can be said about the over- or under-

abundance of Sc, unless. lines in that star are very sharp
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and high dispersion is used - e.q. . BC'C_nc. The two lines
of ScIII, listed in the RMT, are not visible on a 10 A/mm
plate of the sharp line star @Her (B-v = -,05), which has

quite strong ScII lines for its color.

Ti I=26.8 IT = 13.6

There are no important lines of TiI in the UV
or in the blue spectrum of the Ap stars. Lines of TiII
occur copiously in the UV spectrum and, together with the
lines of CrII and FelIl, constitute a majority of the
conspicuous features in the UV spectrum of the A-type stars.
Lines TiII 3685 and TiII 3349 (plus a small contribution
by CrII 3349.34) are easiest to identify for a quick visual
inspection. Other useful lines for making visual estimates

are: AA3383.76 and 3329,5 in the UV, and AN4468.49,

4171,90, 4163.64, etc. in the blue,

v I =26,7 II = 14.1

I.ines of VII are usually weak both in the UV and
in the blue, and, like ScII lines, become difficult to
observe in the hotter Ap stars. There are no very good
lines in the UV for detection of VII with 20 A/mm. The
sﬁrongest lines of VII are AA3093.11 and 3102.30 which
are not easily accessible; the former is seriously blended
with CrII. Other useful lines are AA3589.75, 3545.19, and

3271.12,
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In the blue, VII 4005,71, -23.29, and -35.63
are the convenient and blend-free lines, though not among

the strongest.

cr I=6.7  II =16.6

In the UV, lines of CrII are even more numerous
than those of TiII, and in those Ap stars which have
chromium abnormally strong lines of CrII alone constitute
the majority of the noticeable lines.

The CrII line 23677 which is most easily
reconizable in all the A-type stars, and the other strong
CrII lines, AA3632, 3603, and 3585, form a pattern which is
outstanding in the Cr-stars (Figure III-1)., A few lines of
CrI are present only in the late A-type stars; in Cr-stars,
CrI 3578.68, 3593,49, and 3605.33 become quite strong -
these are blended, however.

In the blue, useful lines are CrII AN4558, 66,
4261, 92, CrI4254,36, etc. Although the blue region has
many chromium lines, the profusion of strong lines is not

so great as in the UV. One must be particularly careful

of blends with chromium lines in Cr-stars.

Mn I=17.4 IT = 15.6
The strongest lines of MnII are those of the
multiplet a5D - Zspo , in the UV, These are present

with fair strength in the normal stars from late B to
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middle A~types. In the Mn-stars, which are usually hotter
Ap stars and do not have crowded spectra, these lines are
very prominent, and even at moderately low dispersions can
be detected easily. In the blue, on the other hand, weak
MnII lines are seen in the Mn-stars only. Of these,
AN4136. 96, 4206,38, 4292,25, and 4326,76 can be seen in
most of the Mn-stars., On high dispersion épectrograms

of the very sharp line star Rene, Bidelman ( 14 )
finds "of the 244 lines measured, 110 can be attributed,
whoily or in part, to MnII."

Resonance lines of MnI, A4030-34, begin to
appear in normal stars cooler than AO, These lines are
also noticeable in the cooler Mn stars ¢Her and (CrB
(B-V = -.05 for both.) but not in the hotter members of
the Mn-group. In Cr-stars, blending of these MnI lines
with chromium lines can render estimates erroneous, g.g. in

HD153882 the apparent strengthening of MnI lines (5) is due to

Cr lines. »
Fe I=17.9 ITI = 16.2 IIT = 30.5

In the UV there are fewer strong FeI lines than
in the blue, though the ultimate line A3581.20 and
another good line A3570.10 lie in the UV. The FeI line
3565,38 lies close to FeIIl 3566.15 and, if the lines are
sharp, these are useful in estimating FeI/FelIl ratio.

For a similar visual estimate in the blue, convenient

pairs are FeI4415.41, FeTI4416.82: and FeI4383.55, FeII4385,38,
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Lines of FeIIl are numerous both in the UV and in
the blue, The region between A3150 - A3300 is especially
rich in strong FeII lines, which in the spectrum of 71Leo
(AOIb) become dominant in that region.

Lines of FeIII, in the UV or in the blue, are

not 'seen even in the hotter of the usual Ap stars.

Co I=17.8 IT =17.1

For observing cobalt, the UV region is more
suitable than the blue, Acco;ding to the RMT, the
strongest of the CoI lines lie in the UV, and both of the
two multipletg of CoII listed have lines in the UV, However,
all these lines are weak and blended (at 21 A/mm). The
only line from Which reasonably reliable information on
the presence of cobalt can be derived is CoII 3501,73
(in HD9996 this line is blended with a strong unidentified
line at k3502.l; which might be due to some rare-earth

element).

Ni I=17.6 IT = 18.4
The UV region has many more of the stronger NilI
lines than the blue and these lines are easily seen in a
sharp line star like ?Peg. The strongest line of NiII,
A3087.02, is free from blends only at high dispersion and
if the lines are sharp. The next strongest line of NiII,

A3513,93, begins to be contaminated with FeI 3513.82 at A0,
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In the blue, NiII 4067.05 is the most convenient line,

Ga

.

Bidelman and Corliss (.15 } have identified

the following four lines of GaII in the spectrum of Z cnc.

Wavelength (Zi) Intensity in XcCnc
4251,15 ' 1 -2
4254,09 0o -1
4255, 71 2 - 3
4262, 00 3

In practice, A4255,71 is found to be most suitable for
detection. The CrII line 4261,92 is present even in the
normal star @ Peg and becomes very strong if the star has
an overabundance of Cr, Therefore, unless accurate
measurements are made, GaII 4262:00 1is not safe for

detection,

Sr I=25,7 II = 11.0

i The zero volt lines of SrITI 4077.71 and 4215,52
have the distinction of being strengthened and observable,
to a varying degree, in Ap stars of all the types. 1In
normal spectra of types F to M, the intensity of these
lines has a strong positive correlation with the luminosity
of the star. But, in A-types, and particularly in the

early A-types, population of singly ionized strontium

atoms has passed its maximum, and a decrease in electron



pressure will reduce the fraction of Sr atoms in the
singly idnized state. Consequently, in the Ap stars,
strengthening of SrII lines cannot be attributed to the
luminosity effect.

Merrill and Iowen ( 52 ) have discussed
blending with the SrII lines in the late-type stars, For
Ap stars, however, the possible blendings are totally

different, and are given below:

SrII  4215.56 __ (300) SrII  4077.71  (400)
Crir 15,77 (2) SiIT 76. 78 (1)
CcriI 17.07 (1) SiIT 75. 45 (2)
LaII  17.56 (200) Ccril 77.50 (4)
CcriI 76.87 (3)
LaIl 77.35 (300)

DyIT 77. 98

The numbers in parentheses are intensity values
as listed in the RMT. At high dispersion most of these
lines are resolved, but at low dispersions these lines
blend with the SrII lines, which form classification
criteria for low dispersion work, The SiII lines make an
important contribution in the Si-4200 stars., 1In stars with
CrII lines outstanding, the CrII contribution to A4077
becomes considerable, but the contribution to 24215 is
less important, The rare-earth lines will make a sig-

nificant contribution only if these rare-earth elements
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are unusually overabundant, SrII 4215 is, therefore, more
reliable. for identification at low dispersion.

In the Sr-stars the UV lines of SrII, AA3380.71,
3464,.46, and 3474.89, are pfesent but blended with other

lines,.

Y I =26.5 IT = 12.3

In normal stars YII lines begin to appear at
early A-types (Merrill (51) ). But in the Mn-stars
(usually about B8 and B-V = -,10) many YITI lines are seen
both in the UV and in the blue. The ultimate line of YII
lies on the wing of Balmer H15. Convenient and relatively
blend-free lines in UV are AA3600.74, 3633.12, and in the
blue AN3774.33, 4374.94 (plus ScII 4374.46), 3950.35,

3982,59, etc.

Z2r I = 6.92 IT = 13,97

Lines of ZrII are quite weak in the early A-~types,
but strengthen in the later types. The UV region has more
of the stronger ZrII lines than the blue, but at 21 A/mm
most of these are blended., The ultimate line A3391,96 is
usable only at high dispersion, consequently, A3438,98 is
usually the most reliable line., ZrII AA3698,17 and 3709,27
fall on the wings of hydrogen lines H17 and H15 respectively.

Convenient lines in the blue are AAN4149,22 (I = 75),

and 3958,24 (I = 50). But in the rare-earth rich stars
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these may be blended with NdII and TmII respectively. In
that case, weaker lines A3991.,14 (I = 40) and A3998,98

(I = 30) should be used.

Ba I =5.19 IT = 9,96
In Ap stars, Ba is either weak or normal. There-
fore, only the resonance line BaII 4554,03 is useful for

detection of Ba. The other line BaII 4166,00 becomes

noticeable only in the cooler normal A-type stars,

Rare Earths

The presence of lines due to the rare-earth
elements iﬁ the spectrum of many Ap stars is well known,
Of these, lines due to EuIl are most conspicuous, In
HD188041 (B~V = +,20; A5p ) at EuIlI-maximum phase, lines
of EulI are extraordinarily strong and are next to only the
Balmer lines and the CaIl K& H! No important lines of EuII
lie in the UV, however. Lines of CeIII and DyII are quite
strong in the UV in some stars, but at 21 A/mm, dispersion
of the plates used for this survey, most of these are
blended. For a systematic study of the rare-earths, there-
fore, some plates were taken with 10 A/mm, both in the UV
and in the blue, and results on all the rare-earth
elements are given in Chapter V.

All the UV lines used for identification work are
listed in Table III-1l. 1In this table, relevant neighboring

lines, which might blend with the principal line if the
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dispersion of the plate is not high, are also given,

Lines not noticeable in the spectrum of the sharp line
AIV star ¢ Peg but which may become significant in some
Ap star, are indicated by (*) and other weak lines with
equivalent width about 10-20 percent of that of the
principal line are indicated by (#). The blue lines, used

with the high dispersion plates, are listed in Table III-2.

Section III-D

"Abundances"

The question of whether the observed spectral
peculiarities are due to some unusual physical conditions
in the atmosphere of the Ap-stars, or to real abundance
differences has been investigated by various investigators
over the past 25 years. However, some of the results of
even the recent investigations are in shafp disagreement,

| For a reliable determination of the abundances

in Ap stars, some of the assumptions applicable to normal
stérs must be avoided. This imposes stringent requirements
on the-.quality of observational material, and this requires
one to be particularly careful in making analyses. For
example, if enough reliable and weak lines (which lie on
the linear part of the curve of growth) are not used, one
cannot tell whether the strengthening of lines is due to

an overabundance or due to an increase in micro-turbulence,
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In the present study our aim is to find patterns
of abundance anomalies among the various types of Ap stars -
in all, for about 10 -~ 20 elements in 40 Ap stars. A
detailed analysis for all these stars was neither necessary
nor feasible., (It was for these reasons that a dispersion
of 21 A/mm was considered acceptable; otherwise, tobobtain
meaningful results by the curve of growth method, a dis-
persion of at least 10 g/mm. is necessary.) However, by a
careful selection of those lines from the spectrum which
are insensitive to the uncertainties in physical conditions,
we can learn about the intrinsic behavior of that element.

These behaviors and patterns of correlations can
be studied at levels ranging between these extremes: one,
in which no allowance is made for the differences in the
physical conditions among various stars and correlations
are derived from the observed line strength (equivalent
width) only; and the other, in which correlations are
derived from truly intrinsic abundance anomalies. The
atmospheres of the normal stars are presumed to be
describable by specifying the effective temperature, gravity,
and chemical composition. By acomunting for the effects
of differences in (a) effective temperature, (b) electron
pressure, (c) continuous absorption coefficient, and (d4)
micro-turbulence, one can determine the intrinsic abundance

differences between two stars. In the case of Ap stars,
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however, there may be additional phenomena which alter the
strength of the spectral lines, Consequently, after
accounting for the effects of the four parameters listed
above, the abundances determined may still not be intrinsic,
In the present chapter, for determining whether
a certain element is overabundant or underabundant, we shall
examine only the parameters mentioned above, (In view of
the remarks made in the preceding paragraph, to reduce the
possibility of misinterpretation, in the subsequent dis-
cussion we shall refer to a given element as "strong" or
"weak" instead of the conventional terms "overabundant"
and "underabundant'",) These estimates have been made on a

gualitative scale as will be described later, It is to be

noted that the fact that the results concerning "weakening"
or "strengthening" derived in a manner described in this
chapter might not indicate "intrinsic" abundance anomalies
in some cases, does not decrease the usefulness of thése
results, For example, as will be discussed later, the
cause of the strong positive correlation between the
"weakenings" of Ca and Ba (derived from CaIl and BaIl
lines) might not be an intrinsic underabundance of Ca and
Ba. If such is the case, the value of this correlation
lies in pointing out the existence of a phenomenon not
yet discovered.

Now we discuss the manner in which the effects

of the earlier mentioned parameters have to be
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taken into account or eliminated for making estimates,

A, Temperature

In Section IT-B we have discussed the (B-V)-
temperature relation for the Ap stars, To take the tem-
perature differences into account, therefore, all the stars,
Ap and normal, were arranged in a B~V sequence (Appendix II)
and the spectrum tracing (or plate) of a given Ap star was
compared with the tracing (or plate) of narmal stars
available on the two sides of the B-V value of the Ap star,
The working of the procedure can be seen from the various
illustratioﬁs reproduced here in which spectra bf the
various stars (normal and peculiar) are arranged in a B-V
sequence, (See e.g., Figures VI-1 to 5.)

It is to be emphasized that our aim is to find
which elements are too "strong" and which are too "weak",
rather t@én to find their actual abundances, Therefore,
instead of assigning a precise value of 0O to each
star, estimates were made by adopting such a comparison
that a change in i in the direction of the more
apprcpriate value will only enhance the degree of abnormality.
For example, for the Ap stars HD34452 and 108 Aqr, spectra
of the normal stars . Her and wCet (B-V = -,17, -.15,
-.18, and ~.14 respectively) were available for comparison.
In Figure VIfZ we notice that in these Ap stars FeII4l122.64

and 4233.,17 are much stronger than in wCet, in which
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FeIT4122,64 is only barely visible. Similarly,
CrII14242,38 is very evident in the Ap stars but absent
in 7wCet. Therefore, even if we use a comparison for
which B~V color is cooler than that for the Ap stars, we
can easily conclude a "strengthening" (cr overabundance)
Of Fe and Cr in these Ap stars. If a comparison with
appropriate B~V is used, the degree of abnormality |
will'only be enhanced,because at the temperatures of these
stars population of the singly'ionized atoms has passed
its maximum, and any further increase in temperature will
decrease the fraction of the atoms in the singly ionized

state,

B. Electron Pressure

The electron pressure value for each star, Ap

and normal, was derived using the Inglis-Teller formula:

log PO = 11.11 -7.5 log N_

Values of Nm’ the upper quantum number of the "last
visible" Balmer line, were derived by drawing upper and
lower envelopes to the Balmer series near confluence
point, on the spectrum tracing, and noting the convergence
point, Values of mean N and Alog P, the departure

of electron pressure value relative to a normal star of

the same B-V value, are listed in Table III-3. Only four
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Ap stars of this survey, HD192913 , OHer , HD20441l1 , and
fHer(A) show significant departures with Alog P, = -.20,
-.20, -.35, and -.30 respectively. Further examination of

their spectra showed that only HD192913 and ¢Her are

genuinely peculiar stars. The other two have only a low

degfee of peculiarities which, probably, can be explained
by taking the low P value into account., Consequently,
results for the latter two stars are not presented in

Table III-4, For HD192913 and OHer effects of low P_ are
small but noticeable. Effects of these departures were
taken into account by referring to the spectrum of AOIb
star 1?1@0 and estimating the effect of decreased electron
pressufe on the various lines,

The electron pressure can effect the line
strengths in another way: An increase in Pe can cause
suppression of the double ionization of metals increasing
the fraction of atoms in the neutral and the singly
ionized states, thereby increasing the strength of the lines
produced by the neutral and singly ionized atoms.

The effect of such a suppression of the déuble
ionization is calculated for HD8441, in which copious lines
of CrI and CrII are present; these lines are absent in
normal stars with the same B~V value, For HD8441l, B-V =0
(therefore Oe = _,50 and OUV = ,61l. @ is defined in

! uv
Chapter IV) and n, = 19. ( these parameters
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do not indicate &<+ . higher-than-normal value of Pe)_
If we assume that the differential error Anm = +1 (this is
certainly an upper limit to the error in n. for work
relative to normal stars and using 21 A/rm dispersion),
the increase in the population of C£+ ions will be 2 percent
for ©0 = ,61 and 24 percent for 0 = .50, With an increase
in temperature, the absolute population of Cr+ itself

starts decreasing rapidly., Thus we find thatieven with the
conservative estimates of the errors, the effect is not

significant.

C. Continuous Absorption Coefficient

Neutral hydrogen is the dominant source «T
the contiﬁuous absorption for the range of Ap stars
under consideration. Consequently, the ‘abundances inferred
from the observed stfength of lines are relative to hydrogen,

Because of the differences in exposure time,
spectrogran quality, etc,, often results are more accurate
if instead of making a direct comparison of line strengths
between two stars, intensities are measured relative to
suitably chosen standard lines; for example, instead of
comparing CrII4262 directly, the ratio CrII4262:FeII4233
in two stars is compared. In doing so, we compare abun-

dance Cr relative to Fe in the two stars.
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However, for the Ap stars, it could not be

assumed a priori that a given element (Fe, say) has per unit
mass the same abundance in all the stars. In fact, our
survey clearly indicates the existence of significantly
different Fe/H ratios in several stars, On the other
hand, the method described in the beginning is free from
such effects. For this reason, the first method was used

as primary; though, for cross-checks, the ratio of line

strengths were also estimated.

D. Micro-Turbulence

Other factors remaining the same, the effects of
micro-turbulence on spectral lines falling on the different
parfs of the curve of growth are these: (i) Equivalent
widths of lines on the linear part remain uneffected by any
change in micro-turbulence velocity. (ii) Egquivalent
widths of lines on the flat part of the curve of growth
increase (relative to a star with zero micro-turbulence

y
Y 2 where

| + — Viu and

th

velocity) Dby a factor o

\Y are the usual turbulence and themmal velocifies.

th
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(iii) For lines on the damping part of the curve of growth,
collisional damping is the main source of broadening of the
intrinsic profile and therefore the effect of microturbulence
is less important, |

These characteristics help us in estimating
strengthening or weakening of the various elements in the
following manner:

() If in an Ap star those lines of a given element
which are absent or very weak (on the linear part) in a
normal star, are present or strong, we can readily conclude
an overabundance of that element. For example, in HD8441,
the five lines on the short wavelength side of FeII4541.,5,
indicated by a bracket in Figure yI-1 , are all due to
CrII or CrI. These lines, which have very low laboratory-
intensity values, are absent in the sharp line normal
stars. Hence, an overabundance of Cr in HD8441l, by a large
factor, is easily concluded.

(b) Strong lines such as MgII4481, CaIIK, and, in
the genuine Si-stars, SiII4131 fall on or close to the
damping part and, therefore, are not very sensitive to
micro-turbulence difference, E:Of these,‘though, A4481
and A4131 are high excitation lines; these are rather
insensitive to physical conditions (temperature and
electron pressure) over the range of the Ap stars under

consideration for the reasons discussed by Searle and
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Sargent( 69 )J

(c) If in an Ap star, lines due to a given element
are weaker - on any part of the curve of growth - than
in the normal stars which have zero or very small micro-
turbulence, underabundance of that element in the Ap
star can naturally be concluded. Weakening of FeIl lines
in some Mn-stars is illustrated in Figure vIi-4 .

(d) The micro-turbulence velocity in the metallic-
line stars is about 4 km/sec (Quoted by Miss Underhill
(76) ). Also, the reliable analyses of Ap stars
(Deutsch (29) ) do not give turbulent velocities greater
than about 4 km/sec. Furthermore, Kahn ( 46 ) has
pointed out that micro-turbulence velocity cannot be
greater than about one-third the velocity of sound, which
is about 8-10 km/sec for the temperature range of the
Ap stars. Therefore, if we take 4 km/sec as the limit for
the turbulence velocity, we get

'S \&
|+ _:_//gt & VI8
th
‘Consequently, in an Ap star, if the equivalent width of
lines, falling on the flat part of the curve of growth
for normal stars, is increased by a factor greater than

~1,75, then that element is almost certainly overabundant.



-72~

(e) Some qualitative idea about the magnitude of
micro~-turbulence can be obtained by an inspection of the
spectrum, If, for most of the elements, lines on the
flat part are strengthened, it is quite likely that micro-
turbulence will account, at least in part, for the
strengthening of lines., This is the case with the metallic
line stars., Also in the spectrum of Ap stars such as
HD2453, or 17 Com A, such manifeétations of micro-turbulence
are obvious. On the other hand, if the intermediate strong
lines of only some of the elements are strong, while those
of others are normal or weaker then in the normal stars,
the abnormal line intensities are probably due to causes
other than micro-turbulence.

It is to be noted that the eftect ot magnetic
intensification on the strengthening of lines is analogous
to that of an increase in micro-turbulence: By magnetic
intensification only those lines will be strengthened
which lie on the flat part of the curve of growth,

After taking the above mentioned characteristics
into account, the question of abundance estimates reduces
to that of intensity estimates, Some relevant details
concerning this process are: (a) In very sharp-line stars,
gquite weak lines can be observed, but in wide-line stars,
all such lines are washed out. This effect was compensated

by using a low-power magnifier for examining
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spectrograms of wide-line stars. Even for sharp-line stars,

a power much more than X10 is not desirable. (b) A scale

of 4 (sometimes suffixed by a + or - , and with O

denoting normal, +4 very strong, and -4 very weak )

was originally used for the qualitative estimates of "over-

and underabundances) However, for convenience of tabulation,

these vglues are presented on a scale of 12.
"Aﬁundancé'estimates have been presented in

Tables III-4 (a-d). In the light of the present study,

classification of some of the stars has been changed from

that given in their original sources. (See Chapter VI)

Accuracy of the Results

At 21 A/mm, lines with equivalent widths less
than 30-40 mA are subject to large errors. Experience
has shown that, in such cases, visual comparison, on an
intensity tracing, of a large number of such weaker lines
gives more reliable estimates than calculations based on
measurements of one or two lines for each element.

The high dispersion spectroscopic material for
the blue region of the spectrum provided (in addition to
information on elements which do not have suitable lines
in the UV} independent checks for the estimates made
earlier with the UV spectrum. From experience it was

found that if the plates are not greatly over- or under-
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exposed, a visual examination of the high dispersion
plates provides more reliable estimates than those made
with intensity tracings of the lower dispersion plates.
(1f photographic calibrations for these high dispersion
plates, obtained from the Mt, Wilson plate file, were
available, more quantitative results would be possible.)

It is important to have an idea about the
reliability of results obtained by this érocedure. Accuracy
of the results can be judged from a comparison of results
obtained here with the published ones. For two Ap stars,
earlier than A5, of this program - & 2CVn and 2€Cnc -
published results are available, The present estimates
and the published results are listed in Table III-5 and
plotted in Figure III-2. Remembering that our aim is to
find which elements are strengthened and which are
weakened and to what degree (qualitatively), we find from
this figure that the agreement is entirely satisfactory:
All the points lie in the first and third quadrants in
Figure III-4.

It was possible to make one more estimate of
the reliability of this précedure by comparing the spec-
trograms of o{CMa and & Lyr ; abundance analyses for
these stars are available (Boyarchuk (19), and Hunger (41) ).
For different elements, i, estimates for abundance

differences between A CMa and L Lyr relative to
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hydrogen, i.e., values of

‘: 203 (Z‘:«)‘x CMa - IQDJ(%“)« Lyj

have been compared with the published results in Table III;G
and in Figure III-3 . Agreement is, again, very
satisfactory. . It is to be noted that the published results
are absolute abundance determinations, and, have large
probable errors ( A log Gjb between .3 and .5 ). It
would not be surprising, therefore, if it might account

for some of the scatter especially for Si and Al.



The Test Lines in the Ultraviolet Region of the Spectrum

Principal
Contributor

TiTT
CrII

Zr1T
TiTT
Fel:
ScIIl:
YII

ScIit
Fell
ScII
YIXI
Fel

CrI
YII
YIT

NiT
CrIl
VII
VII
ScIX
SiITII*
viz
MnI*
YII

Fel
CrI
NiII
ScII
SclI
Fel
viI

MnI*
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TABLE III-1

Intensity
RMT

250
30
50
40
40
60

100
40

200

50
5
60
200
100

1600
100
300

50

2100
600}
800

20}
8

1000
30
100

250R
2400

3
35 %
100R

1000
(507

}SOj

Neighboring Lines

EuIl* 78,26

EuIT*74,63

CeII*59,23

CrII* 47,40

CrII* 43,22

CrII 34.04; CriII 33.45;
FeIl 32.29

FeI 31.46; (+CrII)
ZrII* 14.79

CrII* 14,26; CrII 13,2
FuII 11,57; NiI 10.46
SmII* 09.49; NiI* 09,31;
CrII* 08,66

NiI* 02,28

GAII* 92.71

ScIT# 89,64
FeI 86.99; AlII* 86,56

CrII 3585 + FelI 3585;

GAII* 84,96
ScIT# 80. 93

ZrIT# 78.22; FeI# 78.38
CeII* 77.46; ZrII# 76.88
DyII* 76.25

ZrII 72.47; Nil 71.87
MnT# 3569

GAII* 45.80

DyII* 3531, 70
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TABLE III-1, Cont.

Principal Intensity

A Contributor RMT ‘ Neighboring Lines

3500, Cont.

30.77 VII 500 EuIl* 31.15; SmII* 30, 60;
(+2rIT 30.657?)

24,54 NiI 200 VII# 24.71; GAII* 24,20

15,05 NiT 150 FeII# 15.82

13.93 NiII 8 NiI* 13,93; Ferl# 13.82

10.84 TiIT 60 CrII 11.84; SmII* 11.23;
NiI 10.34

04.89 TiII 80 Zr# 05.67, 05.47; GAII 05.51;
VII# 04.43

02,28 CoI* 100 NiI 02,60

01,73 CoII 200 BaI* 01,11; NiI* 00.85

3400

97.54 MnIT 25 ErII 97.90; Fel# 97.84

96,81 MnII 20 VII 97.03

95.18 ZxIT 50 YIT 96,08

95.83 MnIT 40 FeII 95,62; CrII 95.56;
CrII 95.37

88, 68 MnIT 40 CrII* 89,45; CrII* 89.07;
FeIlI# 87,99

74.12 MATT 50 CrITI# 75.13; SrII* 74.89;

74.04 40 HoII* 74.26; FeII* 73.83

71.35 NiII 2 CrIi# 72.07; CeIII* 70,89

68, 68 FeIl 8 GAII* 68.99; GAII* 67.26
AlT# 58,.23; CriI 57.62

54,16 NiII 5 CrITI# 54.98; GAII* 54.90;
CeIII* 54,37; GAII* 54.15

53.51 CoI* 200 TmII 53.67; FeII* 53.60;
Ni* 52,89

46,26 NiI 100 CoII# 46.40; FeI# 45,15

38, 98 MnIT 20 GAII* 39.99, 39,78, 39.21;
CrII* 38.46

38,23 ZrII 100 CrII* 37.93; NiI# 37.28

30.53 ZrIT 30 TmII* 31,20; CrII* 30,42

14,77 NiT 150 ZrII* 14,65; FelI 14.14;
NiI 13.94

12, 63} CoT* 80 {NiT# 13.48; FeI# 13.14

12,34 _ 80 L

07.30 NiII 8 GAII* 07.61; FeI# 07.46

05.12 CoI* 150 CeII* 05.98; ZrIiH# 04.84

03.32 CrII 100

01.76 NiIT 2 CrII 02,.43; GAII* 02,07
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TABLE III-1, Cont,

Principal Intensity

A Contributor RMT Neighboring Lines
3300
91,96 ZrIT 100 GeIH# 92.65; GAII* 92,.53;
_ EuIl* 91,99; CrII 91.43
83,76 TiIT 125 SmII* 84,66
82, 68 CrII 60 SmII* 82.40
73.98 NiIT 4 ZrII 74,71, TiITI 74.35;
NiI 74.22; CeII 73.73
70. 94 CoII 50 SmII* 71,21; Fel 70.79
58.50 CrII 75 GAII* 58,62; FeII# 58.25
57.40 CrII 40 ZrITH 57.26; CrIIi* 57,22
53.73 ScIT 25 CeIII* 53,26; CrII 53.12
50.42 NiIT 5 GdII* 50.47
33,16 SiII¥* 2
29,406 TiTIT 70 CrII*®* 29,46
27.89 YII 100 CrII 28,35
gg:gg el 2} NaI 02.94, 02.34; EuII* 01,95
3200
89, 35 Fell 7 YbII* 89,36
88. 81 FeIII* 15
77.35 FellX 9 BEuli* 77.78
76,12 VII 1500 FeII 76,61; CrII* 75,92
76,08 FelII* 15
74,94 NiIlI: 3 CeII* 74,86
71.12 VII 1200R TiII 71,65; CrII 70.14
67.71 VII 1000 CrII 68,48; Fell 67.04;
66, 88 FPeIIlI* 20 FeII 66,94; EuIl* 66,39
59.05 FeIl 10
58. 77 FeII 10 Cril 58.77
55, 88 FeIT 8 CrII* 55,62; CrII# 55.30
30.55 SizTIT* 3 SmII* 30.56; FeII 30.50
27.73 FeII 13 FeI# 27.80; CrIIi* 27.48;
CeII* 27.11
13.31 FeIl 13 CrIi* 13.46; CrII# 12,91
10,45 Fell 10 SiITI* 10.52; SiItI# 10,04
03.89 SiII 2 CrII 05.11; FeII 03.74;
, CrII 03,53
gé:gg ; BeII See Table IV-1

* Lines not noticeable in the spectrum of the sharp line AlV
star o Peg, but may become significant in Ap stars in which
lines of that element are particularly strong.

# Weak lines with equivalent width 10-20 percent (or less) of
that of the principal line in ¢ Peq.
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TABLE III-2

TEST LINES IN THE BLUE REGION OF SPECTRUM

3774.33 YII 4246,83 ScII
3853, 66 SiIIt 4247,43 FeI
3856.02 SiII 4251.15 GaIlI
3862,59 SiII 4254, 35 CrI
3933.66 CaIll 4255,71 GaIlr
3950. 35 YII 4261, 92 Cril
3958, 24 ZrII 4292, 25 MnII
3982.59 YII 4314,08 ScII
3991.,14 ZrII 4320,73 ScII
4005,71 VII 4325,01 SciIl
4023,39 VII 4326.76 MnII
4030.76 MnI 4374.46 ScII
4033, 07 MnI 4374, 96 YIT
- 4034.49 MnI 4383,55 Fel
4035,63 VII 4385, 38 Fell
4067,.05 NiII 4415,41 FeI
4077.71 SrII 4416,82 Fell
4111,01 CrII 4468,49 TiII
4122,64 Fell 4475,26 PII
4124,79 Fell 4481, 2 MgII
4128, 05 SiIT 4539, 62 CrIT
4130, 88 SiIT 4539,79 CrI
4136, 96 MnII 4540, 50
4149,22 ZrII 40.72} CrI
4163,64 TiIT 41,07
4171, 90 TiII 4552,56 SiIII
4173.43 FeIl 4554,03 BaIl
4206, 38 MnII 4555, 08 CrII
4215,52 SrII 4555,89 FelT
4233,17 Fell , 4558, 66 Crix

4242, 38 CrIIt 4563.76 TiIT



Star
Normal
4 Her
T Her
rCet
6Agl
MASexr
Y Cap
N Leo
X Lyr
« CMa
OPeg
6Leo
BAri
72 Oph

Peculiar

HD34452
10§ Agr
*< "CVn
HD172044

4Cyg
112Her

Y Her
HD3322
HD205087
7 'Boo
HD224801
HD192913
87Psc
HD175744
& Her

¢ CrB
17ComA
HD10783
F Her (B)
21Per
HD8441
HD4778
HD107162
"21Com
HD2453
52Her

Nm B-V
17 -, 18
17+ -.15
18 -. 14
(20) -.08
187 -,04

~.01
25 (-.01)
19% .00
19 +,01
19:1 +,01
207 +.02
19 +.14
19 +,16
17 -.17
19:  -.14
19 -.11
18t -.10
18%r -.10
18 -.09
19 -.09
18%: (-.08)
18_  -.08
197 (~.08)
19 -.07
20 -.07
19_ -.07
19 -.05
19 -,05
i8* -.04
18 -.04
19 -, 04
25 (-.03)
19 -.00
19 .00
19: +,01
19: +,04
l9+ +.05
187 +.06
19 +.08

~80~

TABLE III-3

ELECTRON PRESSURE

0

(.29)

(.31)
.33
.39
.43

(.46)
.47
.48
.48
.49

.58
.59

.30
.33
.36
.37

« 37

.38

.38

(.39)
.39

(.39)
.40

.40

.40

.42

.42

.43

.43

.43

(.44)
.47

.47
.46

.51

.52

.53

.5

0 ()

uv e’ uv

(.37) 215
(.40) 175
.42 120
.50 45
.54 75
(.57)

.58 48
.59 62
.59 .47
.60 35
. 68 53
.69 49
.39 160
.42 100
.46 80
.47 97
.47 87:
.48 104
.48 70
.49 84:
.49 87
(.49) (76)
.50 68
.50 50
.50 67
.53 70
.53 51
.53 84
.54 85
.54 68
(.55) (33)
.58 63
.58 58
.56 60:
.62 54.
.63 53
.04 70
.64 © 58

A (log Pe)uv

-.10
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TABLE III-3 Cont.

Star. Nm B-V 0 0 (p) A(logP )

uv e’uv e’uv

HD204411 21 +.09 .54 .65 24 -.3
HD9996 19_ +,10 .55 .66 53:

9Tau 20 +.13 .57 .67 36 -.1
HD15144 19: +.16 .59 .69 49:

HD164258 19 +.16 .59 .69 49

HD188041 +,20

HD191742 20+ +,22 .63 .71 33

¥ Equ 19°: (+.27) . 66 .73 42

*Blanketing correction might bring it closer to normal
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TABLES III-4 a to d

Symbols Used in Tables III-4 a to 4
Information could not be obtained from the available
material,
Information based on published sources,
Lines are not noticeable. At this temperature and for
the dispersion used, normally, lines are not expected
to be noticeable,
For the cases where the star has sharp lines and high
dispersion was uséd, this means that lines are too
weak to be detected,
Lines might be present but not clearly visible on the

spectrograms available,

Blank. Not investigated, or, lines are too wide to permit

an estimate

Less reliable,

Quite urcertain.

Strengthening (or overabundance).

Weakening (or underabundance).

Strong or very strong; lines not observed in normal
stars,

Lines present but not strong; lines not observed in

normal stars.
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Mg
Si
Ca
Sc
Ti

Cr

Fe
Co
Ni
Sr

Zr
Ba
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TABLE III-5

x* CV¥n
Curve of
Growth (%) Estimates
-4 -3
+1.0 +7
-1.7 -3
-.2 +3
+.4 +3
+.1 (0)
+.7 2 to 6
+1,.2 +4
+.5 +3
+.5 -2
+1.1 +5
+1,3 +3:
+1.5 +3
0.0 -3

Burbidge and Burbldge ( 20 )

Sargent (65)

X Cnc

Curve of

Growth (#) Estimates

-.8

-2

0:

(0)
+9
-2

(+)



He
Be
Na
Mg

Al
Si
Ca
Sc
Ti

Cr
Fe
Ni
Sr

/o
Ba
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TABLE III-6

fs (2)

Boyvarchuk and Hunger

+ + + + N
s e e s @ .ll‘"",—' ++'_J+
O WO

.

+
ol I S A PR

NN OIOOODMDUO N

/ éz)
o =
‘7 €y «Ly-/
Estimated
0 for MglI,
+.3 for MgIl
+.5
+.5 or +.3
-.3
+,2
+.5
?
+1.0
+.4
+.8
+.6
+.6
+.5
<+.3
+1.0:
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CHAPTER IV

THE RARE LIGHT-ELEMENTS

Sec. IV-A

Observability of D, Li, Be, and B

For study of the mechanism of nucleosynthesis in
stars, abundance determination of the rare light-elements -
deutefium,Alithium, beryllium, and boron - is of special
significance. Total terrestrial and meteoritic abundance
of Li, Be, and B is only about one~millionth that of C, N,
and 0; under the physical conditions prevailing in the
stellar interiors, these light elements are rapidly destroyed
by thermonuclear reactions with protons. But, in certain
Ap stars, some of these light-elements, as well as some
other heavier elements, have greatly strengthened spectral
lines presumably due to an overabundance of these elements
by large factors.

First we review the present status of the obser-
vability of these rare light-elements:

Deuterium - Because of the high degree of stark
broadening and small separation between the deuterium and
h&drogen lines, the % ratio canncot be observed to an
accuracy muchvbetter than .01 (66 ). The terrestrial value
for this ratio is about 10_4 ( 35). No positive obser-

vations of deuterium have been made in astronomical objects;
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and-observationally, the upper limit set for this ratio, by
present methods, is 10—2 to 10—3 . Consequently, the
‘chances of observing deuterium in Ap stars are small.
Lithium - The ionization potential of Lil is 5.4ev
and that of LiII is 75.6eV. Therefore, in the atmospheres
of the Ap stars, all the lithium exists in the LiII state.
Ground-level lines of LiII lie in the unobservable part of
the ultraviolet. Excitation potential of the observable
lines is about 60eV. Therefore, detection of LiII in Ap
stars, with the ground-based telescopes, in not feasible.
Beryllium - Of the rare-light elements, beryllium is
most favorable for spectroscopic detection in the Ap stars,
In fact, this was a main motivation for undertaking the
present study of the ultraviolet spectrum of the Ap stars
down to 3100£ . Results on beryllium are discussed in
Section B and the ensuing sections of this chapter.
Boron - Ionization potentials of BI and BII are
8.3ev and 25.leV respectively, and, therefore, boron is
expected to be found, in Ap stars, only in the neutral or
singly ionized states. However, no low-excitation lines
6f BI, BII, or BIII lie in the observable region of the
spectrum. Only two BII linés, with high excitation
2

potentials, are listed in the RMT: A3451.4 (2 'p° - 2p 'D;

3

9.06ev ) and 24121.95 (3°D - 4°F°; 18.60eV).
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Section IV-B

Survey of Beryllium

Earlier Work. Greenstein and Tandberg-Hanssen ( 38)

have studied BeI triplet (AA3321.01, -.09, and -.35)
and the BeII double (AA3130.42, -31.06) in the solar
spectrum, and have derived for the abundahces of H and
Be, by number, the logarithmic ration, [gé] = 10. Of these
lines, 2A3131.064 and 3321,013 - ,086 are quite blend-
free and reliable, and have equivalent widths 79.4mA and
6.6mA respectively, |
Bonsack (17 ) has studied abundance of beryllium
in four bright stars - olCMa (A1V) , X’GemA(AlV),
oK Lyr (A0OV), and the Ap star L2 cvn (AOp) - by estimating
the contribution by the BeII 3130.42 to the underlying VII
line A3130.26. The equivalent width of the contribution
due to BelII 3130.42, and the total equivalent width of the
blend (in parentheses), in mA , are {4(56), 8(26), and
64 (91) and the derived logarithmic ratio [%E] , » 12,1,
10.6 , and 8.8 for oCMa, ALyr, and dg CVn respectively.
Sargent, Searle, and Jugaku ( 68 ) have made a
survey of BeII 3130.31 doublet in 25 Ap stars, In this
abstract, they note "Of the ten Mn stars surveyed, four
( 3{ Cancri, 112 Herculis, /f4Leporis, and "V Herculis)

have strong BeII lines; hence we corclude a Be abundance
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about 100 times that in the sun. The BeII lines are
absent, or weak or very weak in five stars showing the
A4200 line of SiII and.in the remaining six Mn stars."
Names of the Si-4200 stars, of their survey, are not
given.

Present Work, The first and second ionization

potentials of beryllium are 9.3eV and 18.2eV . For

log Pe = 2 and 3 , the range of the Ap stars, the number

of neutral atoms equals the number of singly ionized ones

at 0 = .81 and .,72 respectively., Therefore, in the
atmosphere of the Ap stars, both Be and Bet states are
expected to be present. Strongest lines of BeII are

the zero-volt resonance doublet lines at 3130-31 ., But,

for BeI the ground-level line, 2A2348.6 1is unobservable;
the strongest lines in the observable region are those of the

(=]

3321 triplet ( 23p7 33S) arising from the 2.7leV level,.
These triplet lines of BelI have very low f-values (.034
aé against .50 and .25 for the doublet lines of BeII)
and are very much weaker than the BeII doublet even in
the solar spectrum. Population of Be atoms in the lower
levels of the BelI triplet (2,7l1leV) relative to'the
population of Be atoms in the ground level of BelI
increases, in the beginning, as we go to temperatures

hotter than the sun. However, before the temperature of

the Ap stars is reached, the relative population of Bel
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2,7eV level is égain very low. Consequently, only the Bell
doublet A3130-31 is suitable for detection of Be in the
Ap stars. (Other lines of BeII , listed in the RMT,

originate from 12eV 1levels and therefore are unfavorable,)

Blends with the BeII 3130-31 Doublet

At the dispersion of Zli/mm , used for this survey,
lines of this BeII doublet and the underlying normal lineé
are not resolved. Therefore, it is important to investigate
what are the possible lines that might make the 3130-31
blend strong. Of the lines listed in the MIT tables, only
those in Table IV-1 need to be investigated as candidates
which might contribute to the A3130-31 blend in the ap
stars,

Oout of the lines listed in this table, only
VII 3130.27 , FeII 3130.57 , TiII 3130.80 , and the BeII
doublet make any significant contribution in the normal
A-type stars such as KLyr. The Cr 1lines might contribute
in-'stars with very large overabundance of chromium. The
EuIl lines will make a contribution in the cooler Ap stars
with very strong EuII lines (e.g. YEqu. or HD188041 ).
Likewise, a contribution by the YIrline will be significant

yttvium
in the cooler Ap stars only if - ’ is overabundant
by a large factor. Lines of PII have been observed only
in the Ap stars 3{Cnc and 112 Her. Inspection of

PII 4475.26 (I = 150 ) suggests that in fcne , PIT 3130.38
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will make a minor, probably non-negligible, contribution.
The contribution by the silicon line %3130.401 will be
unimportant: In Q9 Eri which has very strong silicon
lines, the equivalent width of the total feature at A3130.5
is less than 25mﬁ. In other types of Ap stars, therefore,
contribution by this silicon line, if any, will be negligible.
The columbium (or niobium) line at A3130.79 is
among the stronger lines of CbII as listed in the RMT.
The strongest of the CbII 1lines lie in the 23100 region,
and have been noticed in the solar spectrum. But this
region has not been adequately observed in other types of
stars. To ascertain whether the contribution, if any, due
to CbII 3130.78 is significant, AA3094,17 , 3145.40 ,
3163.40, 3194.98, 3206.35, and 3225.48 of CbII were
examined in those stars in which 2A3130.31 Dblend is ab-
normally strong for their B-V value. On the basis of this
examination, it was found that lines of CbII might be
present in 9 Her, HD192913, and HD9996, but the con-
tribution to 3130-31 is insignificant except in HD9996
in which the contribution may be minor, |

Result of the Beryllium Survey: Following are the

results of a survey of 25 Ap stars on whose spectrograms
A3130 region can be seen.
(a) Stars in which 2A3130.31 blend is strong: 108Aqr,

¥ cne, 0(,2CVn, HD172044, VHer, HD192913, 21 Per,
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and HD9996(? ). Further discussion of these stars and

an analysis of the beryllium abundance is given in the

next section. (Earlier, Sargent et al found strong Bell
lines only in Mn-stars: #Cnc, /uLep, 112 Her, and VYHer),.
Attention is drawn to the 8i-4200 stars in which we find
strong Be.

(b) Stars in which BeII lines make no significant
contribution to the A3130.31 blend: TﬁEri, HD205087,

17 Coma, 87 Psc, HD175744, ¢Her, HD10783, 73Boo, HD2453,
52Her, and 9Tau.

(c) Stars in which BelIl contribution to A3130.31,
if any, is small: 4Cyg, HD107612, 21 Com, HD15144,
HD164258, and Y Equ.

The above results (a) and (b) were derived
from very well exposed plates. But, for stars in (c),
spectrograms were somewhat less strongly exposed in the
A3130 region; consequently, a possibility of a weak con-
tribution by the BelII doublet cannot be ruled out.
Figure IV-1 shows tracings of 10 A/mm plates of & Lyr
and HD192913 in the region of the BeII doublet. 1In
HD192913, BeII 1lines are very strong, Figure IV-2a
shows tracings of 213/mm plates in which at the position
of. the BeII doublet a strong blend is present. O0Of these,
all, except HD9996, have BeII as the major contribution

to the blend. A similar Figure, IV-2b, shows Mn, Si-,
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and normal stars in which BeII 1lines are not strong.

Section IV-C

Beryllium Abundance Determination

Equivalent Widths: The equivalent width of the

A3130-31 blend in the eight Ap stars of group (a) and six
normal stars, based on 21 A/mm plates, is given in Column

3 of Table IV-2; for HD192913 and ALyr, measurements are
based on 10 A/mm plates, Column 4 gives an interpolated
(or extrapolated) equivalent width of this blend for a
normal star with the same B-V value as the Ap star. The
next columns give the strengthening or weakening of V,

Ti, and Fe - main contributors to this blend in the normal
stars - in each of these Ap stars; this information has
been taken from the Tables III-4 of the previous chapter.
Column 9 lists the other significant_contributors, besides
BeII, in each of these stars, Oh the basis of all this
information, then, in Column 10 we give the estimated
contribution by the BeII 1lines 2AA3130.42, -31.06. These
BeII 1lines are formed by transitions 2 281/2 -2 2P§/2
(3130.42) and 2 231/2 -2 zpi/z (3131.06), and should
have f - values in the ratio 2:1. If these lines are on
the flat part of the curve of growth, we should expect

that A3130.42 contributes close to 50 percent of the

BeIT contribution; on the other hand, if the BeIl lines
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are weak, we should expect a 67 percent contribution. The
true value should be somewhere in between. However,
abundance analysis is made for both these sets of values:;
this will provide some estimate of error.

Curve of Growth Analysis: The accuracy of the

equivalent widths derived in the above manner - which is
the best that can be done unless higher dispersion plates
are available - does not call for a very precise analysis,
therefore, our aim is to make an order of magnitude deter-
mination of Be abundance.

The abundance analysis is made using a theoretical
curve of growtu based on the Milne-Eddington model (Wrubel 78).
Bonsack ( 17 ) has determined the Be abundance in 062CVn
relative to the sun. In the present work we shall inves-
tigate the beryllium abundance in these stars relative to

0(2CVn. Using the usual notation, (aAller (3) )

[ LV.T = /ZO 22" 9-gc).+ 2{2.2 M@
‘y N‘r jvoc -+ XY,S ( i [87 x%c— UE ur(ec)

gives the relation for each line observed in a given star
and a comparison star; guantities for the latter are denoted
by a subscript "C". This relation is here applied to BeII
line A3130.42 (‘X~= OeV }. The various quantities required
for éhis formula are derived in the following manner.

(i) Electron Pressure: The value of electron pressure
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is needed in the Saha-ionization formula and for the
determination of the coefficient of continuous absorption,
&Qk » in the region where the absorption line is formed,
The value of electron pressure, for each star, is derived
by using the Inglis-Teller formula, and euv (defined
later) and D s the quantum number of the lower level of
the Balmer line at the confluence point, Usually, this
method gives a value of Pe which is much smaller than that
derived from the wings (formed in the deeper layers of the
atmosphere) of the earlier ﬁembers of the Balmer series,
For AOV stars, according to the usually quoted values,
log Pe= +3, while from the Inglis-Teller formula we get
values around +2, Therefore, the use of the present
method needs justification:

In the A-type stars, the coefficient of con-
tinuous absorption in the ultraviolet is about an order of
magnitude greater than in the blue region. The effect of
this increased absorption in the UV is to raise the effective
level of line formation to a higher and cooler region. The
electron pressure in this region will, naturally, have a
smaller value, Therefore, this smaller value of electron
pressure, derived from the confluence point of the Balmer
series, is more appropriate for the lines in the UV than
the higher value of Pe existing in the deeper layers of the

atmosphere,
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(ii) Temperature: Temperatures for these stars have
been derived from their B-V color in a manner discussed
in Section II-C. (In that section, we have already discussed
applicability of the (B-V)-temperature relationship.) Tem-
peratures derived from B-V color are usually closer to
the ionization‘temperature than to the excitation temperature.
Since ?(= OeV for the line under consideration, and since
the partition function for BeII varies very slowly for the
range of temperatures encountered here BAller, Table 8A),(jﬂ ,
we need only the ionization‘temperature-for calculating the
fraction of Be atoms in thé singly ionized state.

The line under investigation lies on the short
wavelength side of the Balmer discontinuity -and, as
discussed earlier, is formed at a relatively higher and
cooler layer due to the increase in continuous absorption.
For this reason, the values of eé dervied from B-V
colors have been converted into corresponding ouv values
in the following manner: It was assumed that, effectively,
lines are formed at an optical depth T& = ,6, Then, from
Mihalas' models of stellar atmospheres for log g = 4 (main
sequence) and different values of ee > the value of'
6(,t y ~ which we call here euv - was noted, 1In
3646~ = .6

Table IV-3, both the ee and euv values have been listed,.

(iii) The velocity of small scale motions, Vv ,

(which includes microturbulence and thermal motions) is

taken to be 4 km/sec for all the stars, Ideally, v
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should be determined individually for each star., However,
since (a) it is not certain that in these peculiar objects
turbulent velocity derived from lines of some other
elements will be applicable to the BeII lines, and (b)
the equivalent width contribution by BeII 1lines is only
approximately known, a uniform value of v will suffice
for our present purpose. Earlier investigators (see
Deutsch ( 29) and Bonsack ( 17 ) ) have derived, for
normal and peculiar A-type stars, values of v in the
range 1.5 to 4.5 km/sec; values around 4 km/sec being
more typical for the Ap stars.

(iv) Continuous absorption, 3{%(% = 3200&), values
have beeh taken from the Mihalas tables ( 53 ).

Calculations and results are presented in Tables

Iv-3 and 1IV-4, 1In CK?CVn, Bonsack has derived for Be
a logarithmic overabundance of +1.8 relative to the sun.
In Table IV-4 values relative to the sun are obtained
ﬁsiﬁg this value.

Accuracy of Results: Differences between (a) and

(b) values in Table IV-4 reflect the effect of increasing
equivalent widths in (a) by about 33 percent. On this basis
it is estimated that the results are probably within *.5

of the true value, though, in some cases errors may be
larger. Results for 108 Agr and HD9996 may, in

particular, have larger errors - the former due to un-
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certainty in temperature and the latter, due to the
uncertainty of blends (uncertainty in © becomes serious
for 8 £ .4 where a small error in © sharply alters
the fraction of Be atoms in the singly ionized state).
Nevertheless, factors around 500 to 1000 for HD192913
and HD172044 are reasonably certain. 2All these stars
(except 108 Agr with w = .8& ) have quite sharp lines
and, therefore, by observing them with 5 ﬁ/mm dispersion,
or, with sufficiently widened spectrum at 10 %/mm, the

accuracy of the results can be improved considerably.
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TABLE IV-1

Lines Near the Beryllium Doublet

Intensity
A (R) RMT MIT
‘ Axrc Spark
3131.54 CrII 5
31.07 BeIl 30 200 150 -
30. 80 - TiIx 15 20 100
30.79 CbIT 1500 100 100
30.74 Eull 80 100w 100
30.57 FeIll 2 4 4
30.57 Cr 1 12
30.48 si - 5
30,42 Bell 50 200 200
30.38 PII - [ 30}
30.27 VII 100 50 200

29,93 YII 40 8. 50
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Star

108 Agr
HD172044
¥ Cnc
«2¢cvn
U Her
HD192913
21 Pper
HD9996

.33
.35
.36
.36
.38
.40
.47
.55

uv

.42
.45

.46

.46
.48
.50
.58
. 66
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TABLE IV--3

logPe

2.0
2,0
1.9
1.9
1.9
1.75
1.85
1.7

log¥ 1093
uv

(a) ()

.96 .47 .60

.07 .25 .37
.07 .08 .21
.17 .38 .50
.17 .47 . 60
.15 .25 .37
.45 .25 .37

i o ST S W

.12 .38 .50

(

log Y,
a)

.07

1.67
1.23

e L

.81
.67
.07
.23
.23

(b)

HoHONON R NN

.82
.20
.63
.14
.20
.82
.63
.63
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TABLE IV-4
BE T
{IIjStar [H C
c = 0(2CVn C = Sun
Star
(a) (®) (a) (b)
108 Agr 1.4:  1.9: 3.2: 3.7:
HD172044 .9 1,2 2.7 3.0
¥ Cnc .4 .5 2.2 2.3
X 2cvn .0 .0 1.8 1.8
V Her .9 1.1 2.7 2.9
HD192913 1.3 1.7 3.1 3.5
21 Per .4 .5 2.2 2.3
HD9996 (-.3) (-.2) (1.5) (1. 86)
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CHAPTER V
The Rare-Earth Elements

The rare-earth elements, which form a group of
fifteen elements from Lanthanum to Lutecium ( 2 = 57 to 71),
are particularly associated with the Ap stars. Lines of
EuIl, which undergo a spectacular variation in intensity
within a period of 5.6 days in C£2CVn were first iden-
tified by Baxandall (iO ). ©Of all the rare-earths, lines
of europium are found to be the strongest and have been
observed in many Ap stars (however in some cases, such as
HD204411, stars designated "Eu-Cr" on the basis of low
dispersion work might not have, in actuality, any
strengthening of Eu lines). Lines of other rare-earth
elements are relatively much weaker, and information about
them has been recorded infrequently; in his Catalogue of
Magnetic Stars, Bakcock has made sporadic comments on
the presence of Dy, Gd, or Ho lines in some of the stars,
Most extensive work on the identification of the rare-
earth elements has been done by Struve and Swings (73 )
and by Swings (74 ) for C12CVn. But, most of the lines
in the spectrum of this star are appreciably blended.
Consequently, Struve and Swings have listed several con-
tributors for each of the observed lines., These iden-

tifications have remained the basis for subsequent work
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on the rare-earths in other stars, (In subsequent work,
however, not all the rare-earths have been investigated;
and, some of these investigations are based on spectro-
grams with insufficient dispersion.)

The pﬁrpose of the present investigation then,

is, :
(a) To establish a group of "test lines" which are

unblended, safe, and suitable for detection and
for measurement of each of the rare-earth
elements,

(©) fo discover the rare-earth elements in other Ap
stars, and

(c) To study differences in the pattern of dis-
tribution of various rare-earth elements in

different Ap stars.

Section V-A

Jdentification Criteria

Stars in which rare-earth elements are present
are usually found to be crowded with spectral lines, |
Therefore; for a reliable sur&ey of all the rare-earths,
the use of high dispersion becomes necessary; only the
high-dispersion plates (10 g/mm) were used for this work.
"Test-lines" have been selected for use with high dis~

persion (and for stars with not too wide lines). In other
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words, those rare-earth lines have been selected which are
free of blends to within .5 i cn either side.

By the use of the RMT, the MIT Tables, and the
Tables of Spectral-Line Intensities ( 50 ), about 15-20
strongest lines for each element (singly ionized) were
selected., These lines were tested against blends by
locating the position of these lines on a tracing of the
ATV star ¢ Peg. Next, with the help of the above mentioned
tables, these lines wefe checked against possible blends
by lines of those elements - including the rare earths,
FeI, Fell, etc., - which are abnormally strong in the
different types of Ap stars. Special care was taken with
the chromium lines because these are found to constitute
a major source of unexpected blends., Lines which passed
this screening procedure are listed in Table V-1, Nearly

all these lines can be used reliablv in most cases, How-

ever, if some element is unusually overabundant, it

might still make a significant contribution as a blend,
Therefore, to take their effects into account, all such
contributors (which might become significant in an Ap star
of one type or the other) have been listed against each
line in Table V-1, It is to be emphasized that, (a) noné
of these "Possible @ontributors".will be significant in
most cases, and (b) the "Possible Contributors" do not

include all the possible lines in the immediate vicinity
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of a given line; under this column only those lines are
listed which have some likelihood of being present, and
which should be verified in'theAcases where preseﬂce of
biending lines is suspected because of an inconsistency
of the line strength with the other lines of the same
element,

Laboratory data for most of the rare-earth
elements is scant, therefore selection of "15-20 strongest
lines" becomes difficult., Even the ionization potentials
of several of these atoms and ions are not available, The
intensity values listed in the above-mentioned three tables
are often discordant because these laboratory intensities
represent different excitation conditions. In such cir-
cumstances, the trend of the "Arc" and "Spark" intensities,
as given in the MIT tables, was taken into cognizance for
selection of the "strong" lines,

The rare-earth elements have a second ionization
potential around 11-12 eV, therefore at the temperatures
of the Ap stars, particularly in the hotter Ap sfars, most
of the rare-earth elements are in the doubly ionized state.
Swings ( 74 ) has identified lines of EuIII, Gd4dIII, CeiII,
SmIII, aﬁd LaIII in CLZCVn. Nearly all of these lines lie
on the short wavelength side of K3200£ .  But, the available
set of 10 A/ﬁm plates does not extend to the region below

3200£ . Strong lines of CeIII however, do lie in the
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3200-3400 A region, and therefore CeIII lines are included
in Table V-1.
As we shall see in the following section and in

the next chapter, lines of singly ionized rare-earths
have not been observed in any of the Mh—stars, which usually
have quite sharp lines. On the other hand, in many of the
§i-4200 stars, which have B-V colors about as blue as the
Mn~stars and have line width much greater, lines of EuIll
are clearly present, Therefore, an attempt was made to
ascertain thé presence of any rare-earths in the Mn-stars
by éxamining the doubly ionized rare-earth lines (Swings

74 ) on the tracings of the 21 A/mm plates which do
reach down to 3100 i . However, at this dispersion, none
of these lines is blend-free or sufficiently strong for a
positive identification even in stars in which rare earths

are known to be present,

Section V-B

Survey of the Rare-Earths

A search for all the rare-earths - except
promethium, which does not have any stable isotopes - was
madé in seven Ap stars: CK?CVn, HD125248, ‘Kﬁnm, HD188041,
HD192913, HD153882, and 7lBoo. Strong EuII lines in the
first four of these are well known; the presence of some

other rare-earths in these stars has also been noted,.
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Therefore, these stars are very suitable for a survey of
the complete list of the rare-earths,

HD192913 is listed as a "Si'"-star in Bertaud's
Catalogue, and Babcock ( 4 ) has noted the presence of
EuITl lines in it., The present study has revealed that this
is a particularly interesting star because this is a
Si-4200 star with strong lines of BeII. Furthermore, lines
are fairly sharp and copious in number even though B-V = -,07,
A large number of these lines can be identified with the
rare—earths,

A search for the rare-earths was made in HD153882
(w= .4 A ) Dbecause the spectrum of this star is also rich
in lines. However, it turned out that no noticeable line
of any of the rare-earths is present (though this is listed
as a "Eu-Cr" star in Bertaud's Catalogue). Amazingly,

chromium is responsible for most of the profusion of lines

in the spectrum of this star.

During the course of the survey of the Ap stars
(Chapter III), lines of EuIll were not observed in any of
the Mn-stars even though most of the Mn-stars have fairly
sharp lines., Therefore, the Mn-star 71Boo was included
in this program to find out whether some other rare-earth
elements are present., In  this star, no rare-earths

have been found to be present.
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Pattern of Distribution of the Rare-Earths., Estimates of

the strength of all the lines in Table V-1 were recorded
(for HD125248 only the ultraviolet plate was available).
Then, the contribution due to some of the strongest rare-
earth lines (marked, in order of preference by A and B in
Table V-1) of an element was represented by an intensity
parameter. ‘Such a value Was chosen for this parameter
that it was consistent with the strength of other weaker
lines of that element.) It is to be emphasized that these
intensities are not indicators of actual abundances because
these depend upon the f-value of the observed line (dif-
ferences in ionization potentiél, etc. produce effects of
relatively lower degree), These intensity values tell us
about the presence of the corresponding elements in a

given star (In normal A-type stars none of these lines is

observed at 10 A/mm.). 1In addition, these give some

indication of differences in relative abundance of two
elements between two stars. For example, from Figure V-1

we can easily infer that the %% ratio is much higher in

xd
Ce

higher in HD192913 than in c12CVn. Also, Ho is much

HD188041 than in HD192913, or that the ratio is
stronger in HD192913 than in C(ZCVn. Data on the
ionization potentials of the rare-earth elements is
seriously incomplete; in some cases even the first

ionization potentials are unknown. However, values of
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the first, second, and probably the third ionization
potentials are likely to be roughly the same for each of
these rare-earths, Therefore, the above-mentioned marked
differences in the ratios are probably not entirely due to
differences in the ionization potentials and temperature.
Even though this study is of a qualitative
nature, it clearly demonstrates the existence of differences
between relative abundances of the various rare-earth
elements in different Ap stars. A qguantitative differential
analysis of abundance of various rare-earths among the Ap
stars has not been made; in their recent paper, Fowler et

al ( 36 ) have not taken these differences into account,



Lalt

3265.607B

3344,56
3380.91
3612, 34
3949,10
3995, 74

4123.23A

4238, 38
Cell
3485, 05

3534,05
3560, 80

3577.46A

3655.85

3999, 24B

4133,80
4186, 60
4628,16

CelIll

3228.56
3427,33
3443.61
3459, 37
3454,37
3470.89
3504. 60

PriT

3851.62
3877.23
3908, 63
3908.43
3994.83
4118.48
4408, 84

4496, 43A

RMT

600
200
300

50
600
400
400
400

400

300
500
500
500

500
500
600
500

400
125
150
200
150
300
100

200
200
150
200
200
200
200
250
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TABLE. V-1

Principal Unblended Lines of the Singly Ionized Rare~Earths
in the Blue and Ultraviolet Regions of the Spectrum

Intensity
MIT
Arc Spark
300 200
300 200
200 100
8 15

1000 800
600 300
500 500
500 300

30 10
35 10
300 2
300 12
25 12
80 20
35 8
80 25
20 20
12 10h
8 15
2h 15wh
10 40
3 10
5 l10wh
200 150
125 80
100 50
100 60
300 25
250 50
125 100
200 125

Neighboring Lines

FeI 5.62; VII 5.89; CrII 6,25
TiIT 0,.,28; NiI 0,57; FeII 1.00
ZrII 1.90; NiI 2,74

FeI 8,78; AI 8,98; PriI 9,44
FeI 6,00

FeI 8.03; CrIT 8.69; MnII 8.79

HoII 4.84 (Seé under HoII;
FeI 5,34)

VII 0.59; FeI 0.71

%ZrII 6.88; MnI 7.88 Call 8.03
FeI 5.47; 2ZrII 5.56; GdII 6.15;
Sm 6,22

ZrII 8.98; CrII 92,00,
NAII 3.36

CrI 6.,36; ZrIT 6,70: Fel 87.04
CrI 8.47

9.07

GdITI 0.97; NAIT 1.75; SmII 1.88
Fel 8,02

FeI 7.94; CeII 8.41l;: CeIl 8.54

NAIT 4,68

CeII 8.14; FeI 8.55; SmII 8.55

Fel 8.42

CrI 6.86; 7zrII 6,96; MnITI 6,99



NAII

4061, 09
4156, 08

4303.57A

4446, 39
4451,57
4462, 99

SmIT

3568, 27
3592, 60

3609. 497

3634,29
3661, 37
3670.84
3693, 99

3756,41

3885.29B

3896, 98
3922,40
4390, 86

Full

3688, 42
3724,94
3819, 64
3907.16

3930.50A

3971.98
4011.69
4017.58
4129,73

4205,05

4435, 58
GAII

200
250
400
200
400
250

1500
1200
1200
1500
1000
1000

1200

600
1000

600
800
600

1500
4000
6000
3000
4000

4000
100
100

5000

6000

3000

3362.23B 10000

3439, 99
3481, 29

6000

5000
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Table V-1, Cont.

40
10
100
100
100
60

40
40
60
100
100
100

100

25
50

50
60
150

1000
250
500

1000

1000

1000
25
25

150

200

400

150

70
150

30
20
40
50
50
20

50
50
100
25
50
50

150

10
50

50
60
150

500

50
500
500
400

25
50

50

100

180

50
150

ScIITI 1,3; CrITI 1.77
ZriI 6,24
FelI 3,17
FeII 6.25
FeII 1,55
CrI 2,77

ScII 7.70

VITI 2.01; GdIrzx 2,71

NiI 9.31; CrI 9.48; CeII 9,69
CrII 4.04; FeTI 4.33; Fel 4.70
VII 1.38; CrII 1.44

NiI 0.43; CrIT 1,12; GdITI 1.20
ZrIT 1,28

FeI 4.01; YbII 4.19 (See 3694,19
under YbII)

CrII 6.55; FeIl 6.94

CrI 5.08; CrI 5.22; Z2rI 5.41:
FeIl 5.51

CeII 6,80

MgII 0.59; FeI 0,95

CrII 8.01; NiI .42

MnII 4.81; FeIIl 5.30

CrI 9.56; HeI 9.61, 76

Fel 6,48

FeI 0,30; FeII ,3l; YII .66;
CrII .88

NdII 2.25; TiII .37

Fel 7.16; CrII .96; MnI 8,10
CrI 9,21; GdAII 0.37 (Listed
under GAII)

CrII 4.66; CrII .83; VII 5.08;
FeII .48

ScITI 1.94; YII 2.00; CrI 2.21;
T™TmII 2.62; FeII 2.76

AlI ©9,35; GAII 9.78; FeII 0.25
ZrII 1,14; CrI 1.30; CrI 1.54;
GdII 1.80



-118-

Table V-1, Cont,

GAII, Cont,

3894,70 2000 150 80 NAII 4.63; CeII 5.11; CrII 5.12;
CrII 5.16; FeI 5,66

3916.51A 3000 150 100 ‘ZrII 5.94; LaIl 6.05; CrI 6,24;

3996, 32 800 100 100 VII 6.42; FeI 6.73

4130, 37 3000 200 10 EuIl 9,73; CeII 0.71

4184, 25 2000 150 150 SmII .76; LnII 4,26

4347.32 400 100 100

4436,22 200 30 100

TbII

3509.17A 200 200 ZrI 9.32; CoI 9.84

3561, 74 200 200 NiI 1.75

3776.49 (340) 100 100 TiII 6.06; FeI 6.45; YII 6.56

3848, 76 100 200 MgII 8.24; NAII 8.52; CelIl 8.60;
SmII 8.78; CrI 8,98

3874,1982 200 200 FeI 3.76; CoI 3.95; CrII 4.41,
4,76; CrI 4,57

DyIT

3407.79 150 9 NiIf 7.30; FeI .46; GdII .61l:
ZrIT 8.09

3523, 98 15 20 GAIT 4,.20; CrII .54; NiI .54

3531.70A 100 100 Fuil 1.15; MnI 1,85, 2.00, 2,12

3872.13 (600) 300 150 Larr 1,64: SmII 1,78; Fel 2,50

3944,70 (850) 300 150 AlT 4.01; NiI .13; FeI .75; FeI .89

4000, 48B (650) 400 300 NdII 0.49

HoITI

3398, 98 (900) 40 60 FeITI 8,36; FeI 9.34; CrII .54

3416, 46 (600) 30 40 FeIIl 6.02; GJdII .95;

3456,00B (1800) 60 60 CrI 5.28, .60; FeII 6.00; TiII .39

3484.,84 (700) 40 30 CeII (See 3485.05 under CeII)

3748.17Al 60 40 YIT 7.55; TiII 8,01; CeII .06;
Fel ,26; FeII .49

3861.68A2 (300) 40 20 EuIlx 1,18; SmII 2.05; CrII .17

3891.02 ( ) 200 40 T™mII 0.53; NAII .58; NAII .94;
SmII 1,21

4045, 44 (600) 200 80 ZrII 5.63; FeI .82

ExII

3499,11 (650) 18 15 FeII 9,88

3616, 58B (300) 30 20 EulIl 6,15; Fel .57

3692.64Al (700) 20 12 SmIT 2,22

3830.53 (320) 8 1 SmII 0.29; PrII .72 .
3896.25A2 (420) 30 15 FeIIl 6.11; CaII 6.80

3906. 34 (850) 25 12 NdII 5.89; FelI 6.04; FeI .48;

EFurir 7.10
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Table V-1, Cont,

TmII _

3241.53 200 150 125 ZrIT 1,01; SmII .16; CrII .38;
FeII .69; TiII , 98

3362.62 300 250 200 GAII (See 3362, 23 under GAII)

3425,08 300 200 300 GAII 4.59; EuII 5.02; CrII .09

3441, 51 200 150 80 Fel 0,99; EuIl 1.00; CeII .21;

CrI .44; MnITI .98
3462, 20B 300 250 200 EuIl 1,38; TiII .50; NiI .65;

CrII 2,73
3700, 26 300 150 80 VII 0.34; CrII .42; SmII .92
3795.76 600 250 150 FeI 5.00; GdII 6.37; ZrII ,47

3848, 02A 1000 400 250 SmIT 7.5; NAII 8,23; MgII .24

YbI
3987, 98 1000 500 LalIl 8,51

YbIT
3694,19 1000 500 1000 SmII (See 3693, 99 under SmII)

LuIll

3397.07 150 50 20 EuII 6,.58; FeI .,98; TmII 7.50;
3554,43A 200 50 150 Fel 4,92; CeII .99 FeIIl 5.08
3976, 65B 100 50 100 CII 6.19, .41, .67, 7.05

4184, 26 120 100 200 GAII (See 4184,25 under GAdII)
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CHAPTER VI
DISCUSSION

An answer to "what makes the Ap stars different
from normal stars" remains our ultimate goal., However,
before a diagnosis can be made, symptoms must be well
undexrstood, Therefore, our first task is to discover
systematics of behavior in all the groups of Ap stars.
Patterns or peculiarities are quite diverse; Not only
that the same peculiarities are not observed in the dif-’
ferent types of Ap stars, often antithetical behavior is
observed; e.g., silicon is very strong in some Ap stars,
and weak in others. Such observations provide valuable
constraints for explanations put forward.

In Part I of this chapter we shall present the
observed systematics as discovered from spectroscopic
work in the present study by discussing (a) the behavior
of various elements in Ap stars, (b) correlations between
observed anomalies, and (c) classification of Ap stars.
In Part II some of the possible expanations will be

discussed in light of these results.
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Part I

BEHAVIOR OF THE VARIOUS ELEMENTS IN AP STARS

Behavior of the various elements among the dif-
ferent peculiarity groups is summarized in Table VI-1 .,
The following notation is used: N means about normal;

+ sign means strengthening, which if interpreted as
abundance effect, represents an estimated logarithmic
overabundance by 1/2 to 1l; ++ sign denotes "averabundance"
by large factors; -~ and -~ are corresponding symbols‘
denoting weakening or "underabundance"; a question mark
denotes that either because of a lack of observable lines

or because of the unavilability of suitable observational
materiél, noting could be said about those elements,

Symbols given in parentheses are less certain and represent
"a suspected trend, When mére than one symbol is used to
describe an element, the first represents the more frequent
behavior. Sargent ( 65 ) has given an analogous tabulation
in Table VI (hereafter referred to as T6) of his review
article. 1In our tabulation, some of the departures from T6
are indicated: an asterisk on an entry indicates that
nothing was said about that in T6; major departures from

T6 are underlined, Descriptions of the various elements

are given below, Departures from results in T6 are also

commented upon.
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Be A detailed discussion of Be has already
been presented in Chapter IV. Beryllium has been observed
not only in some Mn-stars but also in some of the Si-4200
stars, This is a very important departure from the
findings of Sargent et al ( 68 ). 1In T6, Be is des-
cribed as "N, -" in contrast to our finding of "N,+" for
the Si-4200 stars,

It is interesting to note that, so far, large
overabundances of Be have been found only in hotter Ap
stars,

Mg In the majority of Ap stars, Mg is not very
much different from normal, But, in Si-4200 stars, as a
group, Mg is on the weak side. However, regarding any
possibility of a Mg-Si correlation, it is to be noted that
cases of magnesium deficiency are found both among stars
in which Si is strong (e.g., Si—4200-stars HD205087,
HD175774, and HD224801) and among stars in which Si is
weak (e.g., HD125248 (Cr-Eu) and HD8441 (Sr~Cr-Eu)).

In contrast to T6, weakening of Mg in some Cr
stars 1is observed.

Si Silicon is very strong in Si-stars, normal
or moderately strong in Mn-stars, and mostly weak in
Sr-stars. The Cr-group includes stars both with Si strong,
and weak,

In T6, Si is listed as mostly normal for Sr
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stars. As discussed by Searle and Sargent ( 69 ),
equivalent widths of the SiII 1lines vary only slowly
along the spectral range of the Ap stars. For some of
the Sr-stars only low dispersion plates were available
for the blue region, in which SiII 1lines are observed,
However, Si seems to be consistently weak in these
Sr~stars. Further details will be discussed later.

P Bidelman (14, 65 ) has identified PIT
lines in the Mn-stars X Cnc and 112 Her., In no
other Mn-stars of this survey, PII 1lines have been
observed, In /Q Lep, PII lines if present, are

very weak,

Ca Lines of CaIl are weak or very weak for
their temperaturé in all the "Cr" and many "Si" and
"Sr" stars. (A negative correlation between Cr and
Ca 1is discussed later,)

In T6, Ca is shown as "-" for Mn-stars.
However, as illustrated by the K-line in "Mn" and
normal star, in Figure VI -3 , Ca is fairly hor- _
mal in these Mn-stars,

A very unusual K-line profile, with very
wide and shallow wings, is observed in HD188041 and

¥ Equ, and to a lesser degree in 52 Her. These and

peculiar profiles of K-line in other Ap stars have
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been mentioned in the literature (e.g. 59, 5 ).

Sc Considerable weakening of ScII 1lines has
been found to be a general characteristic of Am stars
(Preston 63 , Conti 23 ). However, in most of
the Ap stars of the present survey which are not too
hot an&ihave lines not too wide for detection, Sc¢ (as
inferred from ScII 1lines) is strong. Even in several
hotter 2ap stafs,. ScII 1lines are éresent indicating
a considerable strengthening of Sc (in normal stars with
the same B~V colors, these are not present),

In ¥ EBEqu, Sc - shows weakening relative
to Fe as indicated by the ScII 4246,83: Fel 4247.43
ratio. In some other stars in Table III-4(a-d) , Sc
is.indicated as possibly weak; but for these stars,
high dispersion spectrograms were not available,

Ti The ratios TiII 4171.90: FeII 4173.43
and TiII 3685: CrII 3677 show a great strengthening
of Ti relative to Fe and Cr respectively in
Mn-stars (see Cr-Ti correlation)., Many lines of
Ti IT which are absent or very weak in normal stars
in the B-V range of the Mn-stars are present with
fair strength in Mn-stars. It is véry safe to conclude

that Ti is very strong ("overabundant"”) in Mn-~stars;



~-126~

in Té it is listed as normal,

In other peculiarity groups, in the majority
of stars, 7Ti does not depart markedly from normality,
However, there are small deviations in several of these
stars, Some Cr-stars, e.g., HED153882 and #HD29996
(and possibly the Si-4200 star HED205087), show very
conspicuous weakening of TiII 1lines, As an illustration,
attention is drawn to TiII 4463.76 and FeIIl 4555.89
lines in Figure VI-1 : #D153882 and HD9996 show
weakening of Ti very clearly. In these other groups,
no examples of any outstanding strengthening of Ti
lines have been found.

Cr All the cgroups, except the Mn-group, show
great strengthening of Cr lines, We have already shown
that the known physical processes such as micro-turbulence,
magnetic intensification, suppression of the double
ionization, etc,, cannot account for this strengthening.
If interpreted as an abundance effect, these would yield
overabundance factors of possibly between 5 and 50 or
more, In Mn-stars, Cr 1is about normal, or in many
cases weak as indicated by the equivalent width measure-
ments of CrII 3403.22, 1In these respects, our results

differ from those listed in 76.
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Mn In the Mn-stars, MnII lines are very strong.
Also in many Cr-stars MnII lines are quite strong (See
MnQCr correlation). In other Ap stars, MnII lines are
either normal or somewhat strong.

It is to be noted that in some Si-4200 stars
{e.g., 4 Cyg), lines of SiII, CrII, and FeII are greatly
strengthened, but not those of MnII. This is further con-
firmation that micro-turbulence or magnetic intensification
cannot be a major cause of the strengthening of lines in
these stars,

Fe For relative abundance determinations,
usually, Fe is used as comparison. In the present work,
however, an attempt has been made to make estimates
relative to hydrogen (see Section III-D ): In Mn-stars,
Fe is generally on the weak side, as discussed under the
Mn-Fe correlation., In other peculiarity groups, Fe is
mostly normal or stfong. Strengthening of FeII 4555.89
relative to TiII 4563,76 , in several Cr-stars, is to
be noticed in Figure VI-1 .

Ni Using wCet (B7V) , OAgl (B9.5III),

. CMa (Alv), Qreg (AlV), and @&Leo (A2V) for reference,
nickle is féund to be weak in most of the Ap stars. 1In
Mn-stars lines are sharp, and for most of the Mn-stars

of this survey, high dispersioﬁ spectrograms are available;

all these show weakening of NiII lines relative to the
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normal stars having corresponding B-V colors. Some of the
Si-4200 stars have quite wide lines, but in other stars of
this group, NiII lines are on the weak side for their B-V
colors., Of the "Cr" and "Sr" stars for which high
dispersion plates are available, only in ¥ Equ, Ni may be

on the strong side; in others it is weak or normal.

It is to be noted that [%éL - EgéL = +1.0

for & Lyr (Hﬁnger 41 ), and +.3 for «lCMa (Boyarchuk
19 ). Furthermore, inspection of spectrograms

indicates that Ni abundance in the sharp-line star Peg

may even be higher. Therefo;e, the question "whether

the sun or the above listed normal stars represent normal

Ni abundance" deserves further investigation.

Ga Bidelman has identified lines of GaII in
3Cen A, and in the Mn-stars Y Cnc and 112 Her., In the
present survey, GaIIlI lines have been examined in six
Mn-stars for which blue-plates were available, Of these,
three ( ¥ cne, 7w'Boo, and /LLep) have strong GaII lines;
in ) Her GaII lines are perhaps present, but quite weak;
in the other two, ¢ CrB and ¢Her , GaII lines are not
noticeable (In normal stars GaII lines are not noticeable.).

Sr Strontium is always either strong or normal
in all the types of Ap stars. Besides the ér—stars, all

the Si-stars, several "Cr" stars, and some Mn-stars show
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strengthening of strontium. In the rest of the Ap stars

it is normal or strengthened by fmall factors. Strengthening

of SrII lines in Si-4200 stars is illustrated in Figure VI-2 ‘.
Y In spite of their high temperatures, many lines

of YITI are clearly present in the blue as well as UV regions

in the spectra of the Mn-stars (only in % Cnc, which is an

atypical Mn-star according to Sargent and Searle ( 67 ),

yttrium is not strong enough to show any YII lines), 1In

Figure VI-3 » YII AA3950.4 and 3982,6 are clearly

present in the Mn-stars while in K Lyr they are not

visible at all and in & CMa only barely visible; & Lyr

and o CMa are much cooler than the Mn-stars., From these

observations, great strengthening (i.e. "overabundance") of

yttrium in the Mn-stars is quite certain (See Mn-Y

correlation.).

In other groups, it is moderately strong or normal;
in two "Cr" and one "Sr" stars it is weak. Though in
most of the Ap stars both Sr and Y are on the strong side,
there is no evidence for a strong, positive correlation
between the strengthening of the two elements. It is
interesting to note that in none of the Sr-stars is Y
greatlf strengthened - it is either normal or only
moderately strong.

2r Zirconium is strong or normal in most of

the stars of all the peculiarity groups. In two Cr-stars,
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it is weak however (See notes on observability of Zr
in Section III-C).
Ba See Ca-Ba correlation.

The Rare-Earths Europium is strong in many of

the Si~-4200 stars, but in none of the Mn-stars, (Mn-stars
lie in the same B~V range as the Si-4200 stars, and have
much sharper lines.). The entry (N,+) in T6 for Mn-stars
is therefore not substantiated by the present observations,
In most, but not all, of the "Cr" and "Sr" stars, Eu 4is
overabundant by large factors; a conspicuous exception

is HD153882., oOther details on the rare—earths have been

discussed in Chapter V.

CORRELATIONS BETWEEN OBSERVED ANOMALIES

Correlations between anomalous behavior of
elements are investigated, in this first study, for a
large number of elements. Correlations between a few

selected elements and peculiarity typeshave been studied

earlier (Sargent, Searle 67, 69 ).

To discuss correlation, the "abundance defects™®
(as given in Tables III-4 (a—a) ) were plotted for most
of the possible combinations of those elements. These
plots revealed some very strong and other less-strong
correlations, which aré discussed here:

(a) - Mn-Y A very remarkable result is that in all
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the Mn-stars (except &X Cnc) of this program yttrium is
very strong. Figure VI shows this correlation. Figure IV-6
illustrates strengthening of YII 3600;7 and Figure VI-3
illustrates strengthening of YII 3930.4, 3982,62 in
Mn~stars. (In normal stars, lying in the same B-V range
as the Mn-stars, lines of YII are not noticeable and,
therefore, are on the linear part of the curve of growth,)

In the B8 star HD22401, Kraft ( 47 ) has found
the presence of YII lines, which are not present in normal
B8 stars. To see whether Mn is strong in this star, on
the blue plate (No, Pd8432) of this "yttrium star", which
was kindly lent to me by Dr, Kraft, I have examined the
MnII lines which are found only in Mn-stars. Indeed, it
seems likely that these MnII lines might be present and
that thisis an Mn~star, However, additional spectrograms,
preferably in the UV, are needed for a confirmation,

In the other peculiarity groups, neither Mn
. nor Y departs from normal by large factors.

(b) cCca-Ba: In all those cases in which it was
possible to make estimates of BaIIl A4554, a very
systematic correlation between these lines and CaIIK
was observed as can be seen from Figure VI-10 which
is based on the results of more than 20 stars representing
all the peculiarity groups. (Blue plates were not available

for the rest of the stars of this program, and therefore
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the strength of BaII 7N4554 could not be estimated for
them.)  This correlation is very well illustrated in
Figure VI-1 in which normal and Ap stars are arranged
in a B-V sequence, All the stars in which CaIIK is
weak, also show weakening or absence of BaII 4554, 1In
the Mn-star ¢ CrB, CaIIK is normal, and BaIlI 4554 can
be seen, which means that Ba is not weak, (ED188041
has wide shallow wings of K-line, and it is difficult to
estimate the line strength from high dispersion plates,
Therefore, for this star, K-line strength was estimated
from a 40 A/mm plate,)

(c) Cxr-cCa: A fairly strong negative correlation
exists between Cr and Ca - which means one is strong
and the other is weak -~ for stars of all the groups. In
"si", "Cr", and "Sr" groups, Cr is strong and Ca is
mostly weak; in Mn-stars Ca 1is normal (or possibly
strong), while Cr is normal (or probably weak, This
correlation is shown in Figure VI -11 . In Figure VI-1
we notice that all the stars with CaIIK weak, have
.strengthened CrII 1lines; many lines of CrI and CrII
absent in normal stars are present in the spectrum of
these stars,

(d) Ca-Sr: The existence of a strong correlation
between Ca and Ba, which lie in the same column of the

periodic table, is discussed above. Strontium falls in
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the same column and is intermediate between Ca and Ba,
Therefore, any possibility of a Ca-Sr correlation will be

of particular interest,

Figure VI- 12 does not present a prima facie

case for the existence of a Ca-Sr correlation., But, in
this figure, if we disregard the Mn-stars (for which, as
discussed later, there is strong evidence that these are
greatly different from all other types of Ap stars) we
notice that the scatter of the rest of the points suggests
the possibility of a line with positive slope. This line
is shifted upwards and does not pass through the origin,

Only as a possibility, it might be conjectured
that this behavior of Sr 1is caused by two mechanisms:
One which increases strength of the S8rII lines because
of a real overabundance of this element in the observable
part of the stellar atmosphere., The other mechanism effects
Ca, Sr, and Ba in an analogous manner reducing the
observed strength of lines of (singly ionized state of)
these elements thereby manifesting a positive correlation
between them, The possibility of a physical mechanism for
producing such a correlation will be discussed later,

It is to be noted that, in HD8441l, in which both
Cr and Sr are very strong, the negative Cr-Ca relation

prevails, and CaIIK 1lines are very weak.
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() Cr-Ti: In Ap stars, ratios of the strength of
TiII and CrII 1lines show considerable departure from
that in normal stars. Comparison of TiII 3685 and
CrII 3677 in Figure VI-g ; and TiII 3383 and CrII 3382
in Figure VI-7 very clearly demonstrates these departures
relative to normal stars of the same color., In Mn-stars
the Ti/Cr ratio is larger; in the other groups, (in which
Cr is strong), this ratio is smaller than in normal stars,
These departures suggest a negative Cr-Ti correlation of
the following nature: In many stars in which Cr is
strong, Ti is weak; in Mn-stars, in which Ti is very
strong, Cr is normal or weak, This correlation is,

probably, not as strong as some others discussed earlier,

(f) Mn-Ti: Figure VI-13 suggests a positive cor-
relation between Mn and Ti for Mn-stars, This cor-

relation is quite secure; both Mn and Ti are strong.
() Mn-Cr 1In Figure VI-14 we notice that Mn is
sfrong in two types of stars: One, in which Cr is normal
or weak (Mn-stars); and the other in which Mn 1is strong
to a lesser degree, but Cr 1is very strong. Therefore,
firstly, it is to be recognized that all stars with Mn
strong are not necessarily members of the Mn-group.
Secondly, for stars of the Mn-group, in which Cr is
on the weak side, the csuggestion by the Burbidges ( 21 )
that Mn‘ and. Cr are overproduced from PFe, 1is not

appiicable.
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(h) Mn-Fe: Figures VI-4 and VI-14 illustrate
the weakening of FelIIl 1lines in Mn-stars, Also, a
comparison of FeII 4555,89 and CrII 4558,66 (FigureVI-4 )
shows that in Mn-stars Fe 1s weaker relative to Cr;

as already discussed., Cr is not strong in these stars

Spectrum Variations

The relationship between the behavior of various
elementsvis not always unique; sometimes relationships are
even opposite in different stars. Such diversities make
the task of finding the explanation of the phenomena of
Ap stars and spectrum variables more difficult, However,
these diversities must be taken into account in any.satis—
factory model. Following are some examples of such diverse

relationships.

(ipiversity of relationship between the behavior
of SiIT and CrII lines in HD125248, & 2Cvn, and-
HD153882, which are alpha-variables of Babcock's magnetic
variable classification: In HED125248, SiII lines are
very weak at EuII max., phase, and only somewhat weaker
than normal at CrII max. phase., In CXZCVn, SiII lines

are quite Strong at all phases though Si and Cr vary

in the same phase, as is the case with HD125248.
In HD153882, variations in only SrII lines
have been reported in the literature. The three 10 A/mm

plates of this star, taken for the present work, indicate
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that 8iII 1lines are variable; while CrII 1lines are
constant and always strong, SiII 1lines undergo
variations from very‘weak to normal, (Figure vI-5 )
(ii) Diversity of correlation between behavior
of various elements is further demonstrated by these |

examples: Deutsch ( 26 ) found that in ¢ Cas, CaIl

and CrII 1lines undergo variations with the same phase,

but in X Ser, CaII and CrII lines vary in opposite

phase (Deutsch 28 ). In 0(2CVn, HD125248, etc.

EFuII and CrII vary in opposite phase, but in 73 Dra,

according to Farraggiana and Hack ( 34 ), EuIl and

CrII vary with the same phase, Furthermore, as was found

by Babcock, in HD125248 magnetic field maximum and Eull
max, occur in phase, but in OCZCVn these are at opposite

phases,
CLASSIFICATION OF THE AP STARS

014 Classification

For presentation-of results in Tables III-4 a-4
a system of four peculiarity groups, "Mn", "si", "Cr",
and "Sr", has been used; this is a modification of the
earlier systems, Reasoning for these modifications lies
in the characteristics discovered in the present study.

A brief description of these four groups is as follows:
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(a) "Mn": Some of the Mn-stars were earlier,
in the HD Catalogue or other low dispersion work, classified
as "4128-31" or "Si" type. The reasons for this are
that in Mn-stars, also the SiII 4128-31 lines are strong
and that Mn-II lines are very weak in the blue region of
the spectrum,

Of the Mn-stars in Table III-4a all, except
87 Psc, are known as of Mn-type in the more recent
literature, Star 87 Psc is listed as "Si" type in
Bertaud's Catalogue. However, its UV spectrum shows
all the typical Mn-star characteristics, (a blue plate was
not available for this star). Conseguently, this star is
listed under the Mn-group.

(b) "si": Stars usually classified as si-4200,
ngi", and Si-Sr and in which Si is genuinely strong¥*
are all combined into this group. This includes CLZCVn
which is usually designated by Eu~Cr. The star '(fqu
has Si strong, therefore it also should be included
among the Si-stars., However, for the present, it is
retained among the "Cr-stars".

(¢) ©"Cr": This group.includes stars in which

chromium shows most conspicuous strengthening.

*Tn the present study, unless mentioned otherwise, the term
"Si-star" has been used only for those stars in which SiII
lines are too strong for their B-V color and in which their
strengthening is not caused by a low value of the electron
pressure,
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(d) "sr": Stars in which strontium lines show

most conspicuous strengthening are put under this group.

New Classification

The above system used for presenting results in
Table III-4(a~-d)is only an amended version of the usual
system. It is possible that some other way of classification
may be more useful and may contain a clue to a better under-
standing of these objects. Before proceeding to suggest
some gtermtive systems, attention is drawn to the following
facts:

(i) 1Initially, "abundance" results (Tables III-4)
for all the stérs were arranged in a B-V color sequence
irrespective of their peculiarity type. But no systematic
pattern emerged from this arrangement. This strongly
suggests that no strong temperature-peculiarity type relation
exists which encompassés all the peculiarity types. Con-
sequently, the temperature-peculiarity type relation in the
form found by Morgan ( 57 ) and the Jascheks ( 42 )
is fortuitous, and it does not reflect existence of a
physical cause in the Ap stars which, for different tem-
peratures or spectral types, produces different peculiarity
types. |

(ii) On the other hand, it was noticed that,

unlike most cof the other cooler Ap stars, ¥ Equ has



-13%9-

strong Si 1lines. This, and other features in the spectrum
of K'Equ suggest that, chemically, this star might belong
to the same general group as the other hotter Si-stars.
Sargent ( 66 ) has expressed the view that C¥2CVn, f3CrB,
and X'Equ (B-V = ~.11, +.27, and +.27 respectively) have
probably quite similar abundances,

If in the future, more detailed investigations
affirm the finding that ¥ Equ indeed belongs to the Si-
group, its implication would be, that, instead of arranging
groups of Ap stars sequentially in a single temperature
sequence (as was done in the above mentioned works of
Morgan and the Jasckecks), we should split the Ap stars
into more than one parallel seguence which may or may not
extend over the entire temperature range of the Ap stars,

(iii) A perusal of the characteristics of the
Ap stars leads us, immediately, to separate the Mn-stars
from the rest, Some of these striking differences are
that in Mn stars CalII-K 1is normal, rare-earths are
not strong, and Cr is on the weak side. For other
types of Ap stars, mostly the opposite is true. Other
differences such as agreement of (B-V) vs, eion relation
with normal stars is discussed in Chapter II. Further,
though the B-V range of Mn-stars lies within that of the
Si-4200 stars, the two groups are spectroscopically very

different from each other.
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(iv) Though most of the Si-stars are hotter Ap
stars, we have noticed the extension bf this group to the
cooler region (I{Equ has B-V = +,27); the deblanketed
value of B-V is probably between +.1 and +.15). For a
search of an analogous extension of the Mn-group, woler
Ap stars (B-V > 0) were checked. But, none of the cooler
stars of this survey was found to share the characteristics
of Mn-stars. Thus, it seems that Mn-stars belong to quite
a localized group with B-V around -.10 and with weaker
examples down to B~V -.05.

(v) After eliminating the Mn-stars, the remainder
of the stars - "Si", "Cr", and "Sr" groups - share some
common characteristics, e.g., Cr is strong in all these;
rare-carths are present in most (though not all) of them;
except for some "Sr" stars nearly all have very weak K-line,
Oon the other hand, there are some very striking, dividing
characteristics among stars of these groups (now we are
referring to Ap stars other than those of Mn-type) :

Silicon is strong in the hotter stars, which are "Si"-stars,
but weak in most of the cooler stars, which include all the
stars of "Sr" group and most of the "Cr"-stars., Searle
and Sargent ( 69 ) have shown that the equivalent width

of 24128 and A4131 of SiII vary only slowly over

the B-V range of Ap stars. Consequently, the above-

mentioned very conspicuous strengthening, and weakening



-141~

of »SiII lines cannot be explained by an uncertainty in
the temperature of these stars, Spectrograms of stars
with SiII 1lines strong, weak, and normal are shown in
Figure VI-5 , In this figure, both AAN4128 and
4131 lines of SiII are prominent in the Si-stars
HD34452, 108 Aqr, and 21 Per and in the normal stars
¢ Her, mwCet, 0peg, A CMa, ana eLeo. Also in Y Equ,
a cooler Ap star, SiII lines are strong. But in other
stars AN4128 is blended, and only A4131 1is reliable,
Weakening of this line in HD188041, 52 Her, HD9996, and
HD8441 is very conspicuous., In HD125248 and HD153882,
SiII 4131 is weak on certain phases.

| In view of the above discussed facts and
characteristics of the various groups, a new scheme of
classification is proposed here, The basic difference
between this scheme and the earlier classification-schemes
is that in the present stars are classified according to a
general pattern of behavior of several elements in that
star, In the earlier schemes, on the other hand, each
feature or each element defined a different peculiarity
type; the consequence of this was that stars had to be
divided into a large number of categories (Osawa ( 62 >)

has classified Ap stars into 13 categories!).
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Sequence A: CallI-K is not weak (normal or
strong); Mn, Y, and Ti very strong; Si on the strong
side; Cr and Fe on the weak side (or normal); the
rare-earths (specifically Eu) not present; Sr strong or
normal, Sequence A comprises the Mn-stars of the earlier
classification.

Sequence B: Moderate to great strengthening of
Cr and Sr; CaII-K is often very wesk for its B-V color
(particularly in stars with Cr very strong):; in most
cases rare—earth elements are present., The "Si", “Cr",
and "Sr" groups of the earlier classification comprise
sequence B,

. Stars of sequence B may further be sub-divided

on the basis of the strengthening or weakening of Si:

Bl: Silicon strong stars: All the Si-stars and

stars like Z’Equ, which are classified under "Cr"

stars but in which §Si 1is strong, fall in this

category.

B2: Silicon weak stars: Probably all the "Sr"-

stars and most of the "Cr'"-stars have $SiII lines

too weak for their temperature inferred from their

B~V color. Such stars fall in this group.

It is to be noticed that the Si-stars, which on
the average are the hottest, fall in sequence Bl; Sr-stars,

which on the average are coolest, fall in sequence B2; and
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Cr-stars, which are intermediate, belong to Bl or B2, This
makes one suspect that tﬁe differences in behavior of Si
in the stars of sequence B are due to an effect of tem-
perature, However, this does not seem to be the case
because we do not observe a systematic trend according to
which hotter Cr-stars (therefore closer to Si-4200 stars
in the B-V sequence) show strengthening of Si, and the
cooler ones (closer to Sr—stars in the B-V sequence) show
weakening of Si.

The above classification system is schematically

shown in Figure VI-16

Besides the strength of Si, there are some other
prominent characteristics which might be used for subdividing
the stars of sequence B. Though in most of these Ap stars
which are not too hot and not too wide-lined, strong Eull
lines are observed, there are some e.g., HD153882 and
possibly HD9996, which are important for the absence of
EuII lines. Thus the presence of strong rare-earth lines
may provide another criterion for a subdivision. However,
the number of such stars with EuII lines absent is very
-small, Another pfominent feature is the weakening of the
CaII-K line in a high proportion of these stars; in many

Sr-stars and a few Si~-4200 stars it is not weak., This may
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provide still another criterion for the subdivision of
sequence B,

Of the above criteria, the one based on the
strength of Si 1s perhaps most profound because among

8i, Eu, and Ca, silicon is the most abundant element,
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Part 1II

SOME POSSIBLE PHYSICAL CAUSES OF LINE STRENGTH ANOMALIES

We have already discussed the fact that, for
many of the observed anomalies of line strengths, effects
of temperature, electron pressure, opacity, micro-turbulence
and magnetic intensification provide insufficient explanations,
The diversity of the observed features is such that different
features require different combinations of these parameters;
and, except for a few marginal examples of Ap stars, it is
not usually possible to find a single combination of these
parameters which would explain all the peculiarities. We
have discussed the presence of YII 1lines in Mn-stars, or
the abnormality of the CrII:FeIIl ratio in many Cr-stars
as obvious examples of such difficulties. Furthermore, as
is shown by Struve and Swings ( 72 ) and subsequently
discussed by the Burbidges ( 20 ), it is not possible to
explain spectrum variations in C(2CVn by any appropriate
variation in the physical parameters. The observed
variations in micro-turbulence (if real) and the variations
in temperature as inferred by Provin would produce
changes only in the wrong direction to explain spectrum

variations in (o4 2CVn( 20 ).
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Some authors have attempted to explain the
observed peculiarities.by invoking other types of physical
effects. Here, we shall caupare our observations with
their predictions,

(i) Effect. of the magnetic field on the struc-

ture of the stellar atmosphere: -

It is assumed that the presence of magnetic
fields will stop convective energy transport in the
atmosphere of Ap stars altering the temperature gradients,
and consequently altering the strength of observed lines. De
Loore et al ( 25 ) have made such calculations by
assuming a totally radiative atmosphere, They find, for
stars with mass M<£1l.75 Mb: that (a) these lie about one
magnitude above the normal main sequence on a temperature-
luminosity diagram, fb) temperature—H1. equivalent-width
relation remains unaltered, and (c) the equivalent width
of metallic lines (SiII, MgI, MgII, SrII, and CaII)
are altered.

Firstly, it is to be noticed that these
calculations are applicable to stars with M£L1.75 M@
(i.e. later than A5), while most of the Ap stars have
earlier spectral types. Secondly, their calculations
show an increase in strength of SiII 4131, cCaII H and
K, and slight weakening of SrII 4077 and 4125, These

are just the opposite of what we observe in the cooler
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Ap stars., It is to be further noted that according to
Mihalas ( 55 ), for normal stars, convective flux becomes
important for ee 2, .6 (therefore, B-V2 +.1), For

ee.s .5 (B-V < 0), convective flux is only minor and does
not produce appreciable difference in the temperature
gradient, on which equivalent width of lines depend. There-
fore, we can conclude that the sfoppage of convection by
magnetic field cannot produce a major change in line
strengths in Ap stars with o L .5.

(ii) Non-LTE effects:-

Struve and Swings ( 72 ) proposed a mechanism
for the weakening of CalII 1lines in Ap stars. They
observed six abnormal A stars (Am) in the Hyades, and found,
"in all the six stars, line Cal 4226 is present and is of
an intensity similar to that observed in normal stars of
spectral type A8 to FO." Earlier, Titus and Morgan ( 75 ),
on the basis of CCaII-K line, had assigned types between
Al and A5 for these stars. From this, Struve and Swings
suggested, "it is probable that the weakening of CaIll
is not accompanied by a similar weakening of CaI, and that
the effect cannot be caused by low abundance of calcium,”
‘-Next, they proposed that, in these stars, it is possible
that the reversing layer is surrounded by a chromosphere,
L is in emission, and that the weakening of CaII-K

is due tc overionization of Ca+(12.P. = 11,9 eV) by LF

radiation (12,05 evV).
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In the sun, chromospheric activity and magnetic
field are intimately correlated. With the-discovery of
strong magnetic fields in the Ap stars, the possibility of
a chromosphere seems more plausible now than it was first
suggested by Struve and Swings.

At the temperatures of the hotter Ap stars, lines
of neither CaI nor of CaIII are observable, and we
cannot establish whether weakening of CaIl lines is due to
underabundance of calcium or due to overionization of cCa¥.
It is very interesting to note, however, fhat there 1is a
similar coincidence between the ionization potential of Ba™
(10.0 ev) and L« (10.15 ev), and that BaIl lines are
found to be weak in exactly those stars in which CaII 1lines
are weak, This Ba-Ca correlation has been discussed
earlier, This strong correlation suggests the possibility
that weakening of CaIl and BalIl 1lines is produced by
a common cause, éossibly overionization of cat and Bat,
(Both ca and Ba are in the same column of the Periodic
Table.)

But, even without making gquantitative calculations,
this explanation presents some difficulties. Lines of SrII
are strong, to a varying degree, in almost all of the Ap
stars, including those in which CaII and BaII lines are
very weak. Since the continuous absorption coefficient

varies only slowly (proportional to L>—3 for hydrogenic
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atoms), it would be expected that 173 radiation
(12.05 eV) overionizes, though to a lesser degree, also
srt( .p. = 11.0evV) making SrIIV lines weaker:

We consider two hypotheses: (a) ca*t, Bat, and

srt are overionized by the physical process mentioned

above, But Sr is intrinsically overabundant to an

extent that the effect of overionization of srt is

more than compensated. In this hypothesis, the intrinsic
abundance»énqmaly of only one element needs to be ex-
plained, by process of nucleosynthesis or some other
mechanism, (b) In the other hypothesis, it is assumed

that the peculiarities of Ca, Ba, and Sr are all due

to intrinsic abundance anomalies, 1In this second hypothesis
we need to explain abnormal abundances of all the three
elements with the additional constraints that Ca~Ba
correlation is maintained.

Though, of the above two alternatives, the former
seems to be simpler, one may ask, "is there any evidence
that Lp is in emission?" There is evidence ( 18, 70)
that in emission line stars, in which Ly and Iyg
are presumably in emission, eguivalent width ratio of
OI 8446:7774 departs (decreases) from the usual value of
.6 Dbecause of a decrease in absorption in the 2A8446 line,
Sargent and Searle ( 67 ) find that OI 1lines are very

weak in the cooler Ap stars. But, they state, "In each
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case the oxygen blends at A7772-7775 and 2A8446 behave
similarly." However, they have given only the upper limits
to equivalent width-values of OI 1lines; and, therefore,
it is not clear ﬁhether along with an underabundance of
oxygen the'effects of Eﬁ emission are present in these
Ap stars. Nevertheless, it is interesting to note that
nearly all the stars in which Sargent and Searle find

weakening of OI lines show weakening of CaII-K also,

SOME OTHER EXPLANATIONS

From the findings of other investigators (72,69)
as well as from the foregoing discussion, it is quite
clear that, at least some of the abnormalities of line
strengths are due to intrinsic abundance differences.
Moreover, for line-strength variations in periodic spec-
trum variables, there is, so far, no adequate explanation
based on variations in physical conditions only. There-
fore, it would be useful to discuss, in light of the
results of the present study, séme of the proposals that
require an uneven distribution of various elements over
the surface of an Ap star.

(i) Aspect Effect

We have shown earlier that in Ap stars of all
the peculiarity groups SrII 1lines are strong. In the

=]
sharp line stars, such as HD8441 (& = ,08A), as well
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as in.the broad line stars, such as 21 Com (W= lg),

Sr 1is strengthened by large factors. If we aésume.that
the observed Ap stars encompass a nearly complete range.
of inclination of the rotation-axis and that Sr-rich
patches are formed by migration of Sr from other areaé;
we should expect Ap stars with Sr weak, as well as those
with Sr strong. Consequently, if the Sr-rich patches
exist, these must be due to migration of Sr from the
deeper layers, or due to an over-production of this
element on thé stellar surface.

(ii) “"Optical Pumping"

For the separation of elements, Babcock ( 6 )
has proposed a mechanism in which atoms experience a force
//Z'Vij B /A( being the magnetic moment of the atom
and <qiq+, the gradient of the magnetic field.
Thermal collisions are a major disaligning cause; however,
the flip resistance is particularly marked for atoms in
states with spherical symmetry (S-states). He has cal-
culated magnetic moments of atoms and ions in the
S-ground state, and found that on this basis, besides
some glements with very low abundances, Eu, Mn, and
Cr will be concentrated most effectively .

Firstly, only the vertical gradients, not the
horizontal gradients, can be effective in increasing the

concentration of elements because horizontal movements
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can increase concentration on the observed hemisphere of

the stars by a factor of two or so only, Large concentrations

can be produced only if those elements are pumped from a

deeper and thicker layer to a thinner layer on the surface,
Secondly, though the above-mentioned mechanism

may be qualitatively consistent with.the strengthening of

Cr, Eu, and Mn in the case of some of the Cr-stars such

as HD2453 and 17 Com A, it does not explain the strengthen-

ing of Sr. Observationally, in Mn-stars, Eu is not

strong and Cr is possibly weak, while YII 1lines are very

strong (the ground state of a YI is 2D3/2 and of YIT

lS ). These abnormalities cannot be explained by this

o}

mechanism, Also, the weakening of 0 in many Ap stars

( 67 ), strengthening of Si in Si-stars, weakening

of Si in many "Cr" and "Sr" stars, strengthening of
Be in several stars, etc., cannot be explained by this

process.

(iii) Accretion of Matter from Binary Companion

To explain the underabundance of Be in CfCMa,
Bonsack ( 17 ) suggested that & CMa is covered by a
layer of Be-deficient material ejected by its white
dwarf companion during the course of its evolution. In
& CMa, metals are about ten times overabundant, relative
to hydrogen, than in o Lyr. If one extends this possi-

bility to explain the Ap stars by assuming that these
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peculiarities reflect the composition of matter ejected
from an undetected companion, the problem, in essence, is
changed to that of finding ways in which nuclear reactions
would produce the observed abundances, Moreover, then, it
would not be possible to explain the overabundance of Be
we have found in several of the Ap stars,

(iv) Separation of Elements

In 1932, Miss Farnsworth published the period of
EuII variations in cxchn using observations of the
preceding 17 years. In 1947, Deutsch found that his
observations were in agreement with this period, Fifteen
years later, again, the phase of my plates agreed with that
predicted by Miss Farmsworth's value of period., This
remarkable constancy of the period of spectrum variations,
over a few thousand cycles, suggests that the separation
of elements is effective and enduring in the spectrum
variables,

Therefore, after the failure of the hypothesis
for explaining spectrum variations by periodic changes in
physical conditions, the separafion of elements is, now,

a very important hypothesis, irrespective ofithe guestion
of whether the abnormal abundances are produced by nuclear

reactions or by the migration of elements.,
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NUCLEQSYNTHESIS PROCESSES

Because of the failure of all other explanations
proposed so far, in which unusual physical conditions are
invoked, it becomes necessary that other mechanisms, such
as nuclear reactions in the outer layers of stars, should be
investigated, However, the validity of a certain proposed
nuclear process is to be judged from the agreement of its
predictions with the observed facts, The correlations and
other characteristics discussed earlier in this chapter
provide such observed facts and constraints for future work
on nucleosynthesis in 2Ap stars. Here we shall see
whether the nuclear processes that have already been pro-
posed agfee with our observations.

(i) The observed large overabundance of Be in several
Ap stars is perhaps the strongest evidence in favor of the
occurence of nuclear reactions in the outer layers of Ap
'~ stars. Beryllium and other rare-light elements are
quickly destroyed by thermal collisions with protons at
temperatures higher than a few million degrees. Consequently,
the cause of overabundance must lie in the upper
(T £ 4 x 106° k) layers of the stars. The low magnetic
moment of Be (Babcock (6) ) does not support the
possibility that its observed concentration is caused by

magnetic separation. Unless some other feasible mechanism
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of separation is proposed, nucleosynthesis is most likely
to provide the explanation for Be overabundance, However,
as yet no satisfacﬁory process for the production of rare-
light elements is known; even in the case of the sun the
observed ratio of Be:Li presents difficulties to the
proposed mechanism (Bashkin and Peaslee (9) ).

(ii) In a recent paper, Fowler et al ( 35 )
have discussed some processes for the production of peculiar
abundances in Ap stars. On the basis of an earlier paper
they concluded:

| (2) The large abundance excesses of the rare~-earths

demand a process of neutron addition; and

(b) The process cannot be entirely slow; otherwise Ba
would be in excess, which is not the case, and Eu, G4, Dy,
Ho would not be overabundant.

In this context, it is interesting to note that in
the cooler Mn-stars - e.g., ¢ Her and (CrB - in which
there is any liklihood of observing BaII lines, BaII 4554
is present and hence Ba is not weak (may be strong).
Furthermore, in these Mn-stars there is no indication of an
overabundance of Eu or other rare-earths., On the other
hand, in stars with strong EuII lines, BaII lines are
mostly weak (though there are also stars, e.g., HD153882
and HD9996, in which BaII lines are very weak but Eu

lines are not present )
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The following observations might be interpreted
as an indication that, for formation of the rare-earths,
the s-process was relatively more importént in HD192913
than in HD18804: Both HD192913 and HD188041] have
strong Eu (r- and s-process), but in the former, Gd(r)
is only moderately strong, Nd(s) is quite strong, and
Ba(s) is on the strong side; while in HD188041 Gd(r)
is very strong, Ba(s) 1is quite weak, and ﬁd(s) is
only moderately strong.

(iii) Fowler et al ( 36 ) have also discussed the
case in which, per nucleon, neutron production is not high
enough to bring on r-process., In this case they propose

28

that neutron addition to Si follows the sequence

. .2 . . -
8128(n,T )si 9(n,T)Sl3O(n,1')Sl3l(p s 4 sec)P3l(n,$') .
-P32(Fr21 days)S32(n,‘5’)833(n,0<)si3O », explaining
thereby the excess P concentration in X cnc, and

30 in stars with

predicting excess concentration of Si
P excess. In ¥ Cnc, indeed, lines of SiII show
strengthening; also in 3 Cen A, Bidelman has identified
PIT lines, and Si 1is overabundant ( 45 }. But, the
reverse is not true; there are many stars with Si strong,
but in which PII 1lines are not detectable, For example,
the‘typical Mn-stars S Lep and PV Her have con-

siderab;y greater excess of Si, but A4475, etc.,, lines

of PII are not observed (these stars do not show rare-earth
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lines and therefore, presumably, r-process did not take
place). Furthermore, if the above sequence does operate
in ¥ Cnc and 3 Cen A, we should observe enhancement of
SIT 1lines also., But sulpher is underabundant in 3 Cen A
to less than one-~tenth ( 45 ). In %€ Cnc,
suipher abundance has not been investigated.

(iv) For production of excess Mn, Fowler et al

( 36 ) have proposed that reactions

Fe54 (0, ¥ )COSS ( ﬁ’+) FeSS ( IB+)Mn55

take place after the "flash". For the normal abundance
54 55 54
Fe Mn Fe
we have, by number Fo = ,06 , M = 1, and M55 = 5

[ér 1.7 according to Goldberg et al ( in 22 ).].
Thérefore, according to the above reactions, Mn can have,

at the most, an overabundance by a factor of six, when all
of the Fes4 is converted into Mn55 . This depletion of
Fe54 should cause a spectroscopically imperceptible
decrease (6 percent) to the total abundance of Fe., On
the contrary, observationally, we find that in all the
Mn-stars, Mn is "overabundant" by large factors (possibly
up to 100 or more), and Fe is quite perceptibly under-

abundant.
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PECULIAR A-TYPE STARS AND EVOLUTION

Other authors (Eggen (33), Jascheks (43) )
have described the various ideas about the evolutionary
history of Ap stars., Here, only some épectroscopic
characteristics will be point out which might have
evolutionary significance: All the hot ter Ap stars have
Si normal or strong - none has Si weak. On the other
hand, most of the cooler Ap stars have Si wéak. Analogous
results of Sargent and Searle ( 67 ), that oxygen is
normal in the hotter Ap stars, but very weak in the cooler
ones, may likewise have evolutionary significance,.

Concentration of all the Mn-stars in a very
narrow range of B~V color (Section II-B ) is quite
striking and suggests an effect of evolution. On the other
hand, if Kraft's "yttrium star" HD22401 turns out to be an
Mn-star, as we suspect (Section VI-A), it would rule out
the hypothesis that Mn-stars are evolved, because HD22401

is a member of the young  Per cluster (Kraft (47) ).
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FURTHER WORK

The Ap-star studies so far may have provoked
many new ideas and have provided valuable observational
facts and constraints that must be satisfied by any theory
or model. A great deal of extensive and concerted effort
will be further required to reach a proper understanding.
There are many lines of attack which suggest themselves,
or which have been alluded to in the earlier discussion,
As a result of the present study, these particularly
interesting problems come to focus:

(a) Fewness of the broad-line Mn-stars is very
conspicuous. We have discussed in Chapter II that this
might be an effect of observational sel ection. Whether or
not anNmrgroup has only sharp-line stars has deep
implications. Therefore, for the discovery of broad-line
Mn-stars, a low dispersion survey of the ultravioclet
(3400A-3500A) spectrum of BS8-AO stars should be made.

(b) Among "Sr'-stars, there exists a class
in which Sr is strong but CaII-K is not weak. So far,
in the literature, such stars have not been differentiated
from those in which SrII 1lines are strong but CaII-K
is very weak. 1In view of our findings that CaII-K is
very weak in all the Cr-stars, it seems appropriate to

make a distinction between the two types of Sr-stars.
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A comparative study of the two types will provide valuable
information |

To assis£ in the selection of Sr-stars in which
the K-line is not weak for their temperature, a list of
stars is given here, Since this list is based on the
comments (some of which were ambiguous) encountéred in
the literature, a few of these may be spurious: (HD
numbers) 10088, 15089, 15144, 16956, 42616, 45733,
78209, 118022, 148898, 190145, 207098, 213232, and
217401.

(c) The Ca-Ba correlation and the weakening of
Si that we have foﬁnd are likely to prove an important
clue for an understanding of the phenomenon of Ap stars.
Therefore, a more gquantitative reinvestigation of these,
with observational material of appropriate quality, will be
very valuable,

(d) For a detailed abundance analysis, HD192913
is very stragly recommended. This is a fairly sharp-lined
(O = .2n) Si-4200 star with copious rare-earth and strong
BeII 1lines.

. The sharpline star ¥ Equ is a case of cooler star
with .Si strong. For this reason and because it can be
used as an intermediate standard between the sun and the
hotter Ap stars, an independent abundance redetermination

for ¥ Equ is desirable,
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TABLE VI-1

SUMMARY OF BEHAVIOR OF VARIOUS ELEMENTS IN AP STARS

" Mn si Ccr Sr
Be ++, MS ++, ns N, (+) ?
Mg N, - - N, - N, -
Si N, + ++ +, N, - -5 N
Ca N, (+) N-% —-- -, (N)*
Sc* +, (N) +, - +, — +,=
Ti + N, (-) N, =% N, —*
v (w, -) ? (-5 N) -)
Cr N, - + ++ +
Mn ++ N(-) +, N N (+)
Fe - H(N) N, (+) ()
Ni* - - - (> N, +)
Ga* +, (N) ? ? ?
Sr + +* + ++
Y* ++ +, N, - + N
Zr* +,N +; N +iN +iN
Ba nw* 2% -* =, nwW
R. E. (Eu) ns +,ns ++,ns ++, (ns)
ns T\bt ‘Shong‘
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Symbols used in Figures VI=-9 to VI-15:

(filled)

0O (unfilled)
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APPENDIX I

Space Motion:

The componehts (Km/sec) of the space motion of a

star are derived from the formulae

X - 474 _/fé 60517 sim,é + 474 él," COS[ sin lv — Vy cos f cos A— ,

P P ‘
Y - 474 ﬁ:,‘coslrcos@ + b7k /%t»s&wé sind _ Yy smles b

s b R

7 - 4 e cosk 4+ W

. . IT IT .
X-axis points towards [ =0, Db = 0; Y-axis towards
QII =90, b=0°; and Z-axis towards b L = 90°; and
where is the galactic longitude, b is the galactic

latitude, Vr is the radial velocity (Km/sec), p is the
trigonometric parallax (in seconds of arc); and /l(é and
/a(r are the Z and b components of proper motion
(seconds of arc per year ).

In the Bright Star Catalogue (40 ), the
right ascension and declination components (/[l,( and /15 )
of proper motion are given, These can be converted into

/(L and /5{/, values by these formulae:

/ade g an'¢ +f /a5 Sem ¢
_/(«CC\SS & /ag Cos <p

Ay cost
M
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where ¢ is given by

sim, 95 cos A- = cos D son (Of"A)
cos ¢ cos b

1

smD wss -~ cosD som S cos (ot~ A)

where A and D, and o and § are the right

ascension and declination of the north galactic pole,

and the star, respectively. F

( 16) , A =120 49 (1950) and

* the new system

D = +2774 (1950).
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APPENDIX II

LIST OF SPECTROGRAMS USED IN THIS STUDY

Star
_t Her
34452
T Her

108Aagr

TCet

TgEri

X Cnc

124224

a2CVn

& And

172044

M Lep

4Cyg

112Her

U Her

3322
OAgl

205067

Plate Number
Cel7134 (UA); Ce3241 (b, 2.8)
Cel5064 (b,B) ; Ce8239(b,B); Pd 1223
Cel7133(UA); Ce9293 (b, B)

Cel5754 (UA); Cel5688 (UA); Cell505 (bB);
Cell532 (b,B); Pbl09l

Cel5749 (U,A); Cel5750(U,A); Cel5765
(u+b, B)

Cel5684 (U,A); PA1777, PA1789, PALl798
(Cel6233, Cel6234) (U,A); Pb2531, Pb6574
cel5571 (b, B)

Cel7126 (U,n); Cel7127(U,A); Cel5570 (U+b;
B); Cel5585(U+b;B); Cel5594 (U+b;B)

Xe7174 (overexposed side); Ce762(b)
(prismatic spectrum average dispersion
between Hg and H, 10Mm)

(Cel6230, Cel6231, Cel7135) (U,d);
Pc5867 (b, overexposed)

Ced416 (b,B); Ce5035 (b, 2.8)

(ce15756, cel5757, cel6294 | (U,A); CelS55
Cel5558 (b;B)

Cel7129(U+b, A)

(Cel5677, Cel6287) (U,A), Celd428 (b,
3211 4+ 133B)

Cel5746 (U,A); Xe7157
Cel5598 (U+b, B)

[ cel5744, cel5753) (U,n); Xe7149 (b)
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-.04
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(-.01)
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-.01

-.00

.00

Star

7! Boo
224801
192913

87Psc
175744
¢ Her

L CrB

Aser
17ComA
10783

Y Leo

f Her (A)

Z Cap
21Per

X Lyr

8441
X CMa

0 Peg

125248

4778
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Plate Number

(Cel6226, Cel6286) (U,2); Cel5595 (b, B);
Cel5596 (U+b;B); Pb2665

(Cel5758, Cel5759) (U,A); (Cel5575,
Cel5590) (U+b, B)

Cel5745 (U,A) ; Cel5582 (U+b), Cel5592
(U+b), Cel7137(a)U B

Cel5747 (U, A)
Cel6292 (U,A); Pc5868; Xe7l54
(Cel5685, Cel6288) (U,A):; Pc3169

(Cel6244, Cel6245, Cel6283) (U,A);
Pb 2556, Pb5695

Cel6290 (U, A)
Cel7128 (U, A)

(Cel5682, Cel5763) (U,A); Xe7l158

-Cel7131 (U,A); Cel7132 (U,A)

(Cel6228, Cel6229) (U, n)
Cel6290 (U, d)

(Cel5683, Cels5764) (U,A); Ce4885,
Ce9040, Ce%9094 (b, B)

Cel5743 (U, ), Cel6232 (U,A); Xe7183
(b); cel7137 (U, B)

(Cel5681, cCel5761) (U,A); Pbl559
Cel5693 (U,A); Cel5766 (U+b, B)

Cel5600 (U+b, B); Cel6237(U,2);
Cel7130 (U, A)

(Ce5149, Cce5627) (b,4.5); Cel5593 (U,B);
Pb5816

Cel5748 (U,A); Xe71l68



Star

6 Leo

107612
153882

T Ari (s)

21Com

2453

52Her

204411
9996

9Tau

B Ari

15144
720ph
211Mi
164258
L UMa
APsc
188041
191742

¥ Equ

Y viry)
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Plate Number

Cel6242 (U,An), Cel6289(U,n), Ced249
(b,2.8); Ce4l153 (b, B)

(Cel6240, Cel6241) (U,2)

(cel5572, Cel5587, Cel5588, Cel5597)
(U+b, B)

Cel5575 (U+b, B)

Xe6992; Pel996; (Cel6238, Cel6239)
(U, )

(Cel5680, Cel5755) (U,A); Xe7l67, Xe7l187

(Cel5751, Ccel5752, Ccel6227) (U,2);
Ce8072 (b, 4.5)

(Cel5678, Cel6293) (U,A); Pb6156

(Cel5689, Cel5762) (U,A); Ce5413 (b, B);
Xe7156

Cel5692 (U, B) ; Xe7151

Cel5050 (U+b, B), Cel5690 (U,A), Cel5852
(b, 4.5)

Cel5691 (U,A); (Ce9039, Ce9049) (b, B)
Cel6284 (U,A); Cel6285 (U,A)
Cel6225 (U, A)

(Cel6235, Ccel6236, 16291) (U, A)
Cel6223(U,n), Cel6224 (U, An)

Cel6352 (b, B)

(Cel5573, Cel5589) (b,B), Xe7163
(cel5686, Cel5760) (U, A)

Cel5679(U,A); Cel5585(b,B); Cel5601
(U+b, B)

Ce7990 (b, B) ; Ce8052 (b, B)
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Remarks

1. Ap and normal stars are arranged in order of their
B-V value., Normal stars are indicated by an underscore.
2, Notation:

U = Ultraviolet plate

b Blue plate
A 21A/mm dispersion
B 10 A/mm dispersion

Xe 40 A/mm dispersion } 60-inch plates
xd 20 A/mm dispersion

Pb 4.5 A/mm dispersion

Pc 9 A/mm dispersion Palomar plates only

Pd | 18 A/mm dispersion for blue

Ce 100-inch plates

2,8, 4.5, etc. dispersion of the plate in A/mm

4o HD Ca.!qlv.

3. Sta1 n'a'(llxcvs Ve/ev



