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ABSTRACT

Some early-type stars with abnormal line strengths for their
intrinsic colours are investigated in order to determine their
structure and the chemical composition of their atmospheres. The
ebnormal line strengths in several B-type stars (& Scl, 35 Lyn,

20 Tau and HD 175156) are shown to be probesbly due to large ranges

of surface temperature such as would be observed in rapidly rotating
stars of normal chemical composition, if viewed pole-on. These

stars differ from the peculiar A stars, which rotate slowly and have
abnormal chemical composition. Ilfembers of' the lin group of peculiar A
stars rotate more slowly than those of the Si-4200 group, although the

mean intrinsic colours of the two groups are similar.

Previous work on abundance determination in peculiar A stars
is reviewed. The chemical composition of the manganese star 53 Tau
is studied by a refined differential curve-of-growth method with
« Lyr as the comparison star. Groups of lines of similar mean
excitation and ionisation potentials and wavelengths are used so
that the results are independent of the structure of 53 Tau, which
is shown to be abnormal. A new double-line peculiar A spectroscopic
binary HR 4072 was discovered, and it was found that excesses of Sr
and Y are common to both components. Spectral variations in some

peculiar A stars are described.



Well established abundance abnormelities in peculiar A stars may
be explained on a modified form of van den Heuvel's theory that peculiar A
stars have been secondaries of binary systems with initial separations in
the range 10a,u. to 100 a.u. approximately. The primaries, initially
earlier than speciral type B8, have evolved and exploded as type II
Supernovae. During the explosions material enriched in heavy elements
by interior nuclear reactions was transferred to the surfaces of the
secondaries, which are now observed as peculiar A stars and are still
on the main seguence. Excesses of Be and Si and deficiencies of 0 are
caused by surface nuclear reactions on the secondaries after the
explosions of the primaries. ln stars differ from other peculiar A
stars in many respects; the differences may be due to the primarieé
expanding beyond the Roche limits before they explode. On the obligue
rotator theory, spectrum variables result from irregular distributions
of surface nuclear reactions and ion migration on the seconderies.
Some other theories of peculiar A sters are reviewed and shown to be

in conflict with observation.
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CHAPTER 1
INTRODUCTION

One of the most striking features of the spectre of many
early-type stars is the considerable broadening of' the spectral
lines. An explanation in terms of the Doppler effect immediately
suggests itself, since the line widths are proportional to wave-
length. Differential motions in the line of sight could be caused
by atmospheric turbulence or by the rotation of the whole star.
Studies of the radial velocity curves of eclipsing binaries have
shown that stellar rotation rather than atmospheric turbulence is
the predominant broadening agent in most main sequence early-type
stars. If a rotating star is partially eclipsed, the uneclipsed
segment hes rotational as well as orbital motion in the line of
sight, and distortion of the radial velocity curve results; such
distortions have been observed in several early-type eclipsing

binaries.

From the line widths it is possible to deduce the projected
rotational velocity vsini, where v is the equatorial rotational
velocity and i is the inclination of the axis of rotation to the
line of sight. Values of vsini have been determined by various
authors for numerous stars, and their results have been collected

in the catalogue by Boyarchukx and Kopylov (196k). Equatorial



rotational velocities v are known for only a few stars, as there

is no general method of determining inclinations of axes of rotation.
However, the mean equatorial rotational velocities of various groups
of stars mey be compared, if one can assume that the distributions

of the inclinations are similar. Thus for normsl main sequence stars
the mean equatoriel rotational velocity is much greater for early-type
stars than for late-type stars, since the mean proj;cted rotational
velocity vsini decreases towards later types, the decrease being most

rapid near spectral type F2.

The mean value of vsini for early-type main sequence stars is
about 150 km/sec, but values as high as 400 km/sec have been found.
These values may actually be underestimated owing to the neglect of
certain second~order effects such as limb darkening and rotational
distortion of the stars (Stoeckley, 1967). At any rate, there is
good reason to believe that some early-type stars have equatorial
rotational velocities close to that required for rotational break-up
(~500 km/sec). For such a star, the effective surface gravity will
be much lower at the equator then at the pole. Since the surface
brightness is proportional to the effective surface gravity (von
Zeipel, 192)), the effective surface temperature will be lower at
the equator than at the pole; the expected temperature range is
several thousand degrees. If the star was observed pole-on, the
lines would be sharp, and the effect of the large range in surface

temperature on their strengths could be studied. This problem is



important, because the strengths of lines are used to derive the
chemical composition of stellar atmospheres. The assignment of a
unique surface temperature to a rapidly rotating star could lead

to the derivation of erroneous abundances.

Detailed investigations have been carried out on the chemical
compositions of' the atmospheres of several sharp-line stars. For
example, T Sco (MK type BOV), ¥Peg (B2IV), and o« Lyr (A0V) were
studied by Scholz (1967), Aller and Jugaku (1959), and Hunger (1955,
1960) respectively. As these stars have normal line strengths, it
is unlikely that they are rotating rapidly. Their atmospheres were
found to have chemical compositions resembling that of the Sun (G2V),.
which is a typical population I star, Broadly speaking, the composition
of the atmospheres of normal main sequence stars is determined by the
composition of the interstellar medium out of which they were formed,
since products of nuclear reactions in the stellar interiors contaminate
the atmospheres substantially only at later stages in the evolution of

the stars.

Of particular interest among early-type stars is the remarkable
group known as peculiar A stars. They comprise about 10/ of all
stars with Henry Draper spectral types B8 to A5. Although they lie
near the main sequence in the colour magnitude diagram and have
normel Balmer line profiles, they are characterised by abnormelly
strong lines of certain elements as compared with normal main seguence
stars of the same colour. Their spectral features show considerable

diversity, but they may be broadly classified into several groups



according to which elements have the most prominent enhanced lines,
Table 1 lists the mean Henry Draper spectral type and B - V colour '

index for each group as given by Jaschek and Jaschek (1958).

Table 1

GROUPS OF PECULIAR A STARS

Elements with liean HD liean
enhanced lines s5p. type B =V
lin B8.5 -0.09
S5i~4200 AO ~0.13
Si AQ ~0.08
S5i-Eu-Cr AQ ~-0.07
Fu~Cr A1 +0.01
Hu~Cr-Sr A2 +0.09
Sr A3 +0,13

lagnetic fields have been measured by Babcock (19582) in about
100 peculiar A stars. The largest field recorded so far is 34400 gauss
in the Si star HD 215441 (Babcock, 1960). liany peculiar A stars show
variations within & few days in their magnetic field strengths, line
strengths, line widths, radial velocities, luminosities, and colours.
In some stars the variations are periodic, but the variations of the

different quantities do not always correlate.

The mean value of vsini for peculiar A sters is 41 kn/sec, which
is much less then the value of 139 km/sec for normal main sequence

stars with HD types B8 to A2 (Slettebak, 1954). This difference must



be due to & real lack of broad-line peculiasr A stars, since peculiar &
stars have frequently been discovered in the course of objective=prism
surveys with low spectral resolution, and the enhanced lines of SiIl

end CrIT would still be visible if vsini were as high as 400 km/sec
Walker, 1966). It has been suggested that peculiar A stars are viewed
at low inclinations to their axes of rotation (e.g. Jaschek and Jaschek,
1958); this would explain the low mean value of vsini. However, it

does not seem possible to account for the enhanced lines of the
rare-earth elements and the periodic variations simply in terms of an
inclination effect. The production of the peculiar lines is not confined
to polar regions, since the enhanced lines in a peculiar A star are not
generally sharper than other lines of similar strength; thus the
peculiarities can be observed et high inclinations. Furthermo;e,
peculiar A stars have similar space motions and a similar distribution
about the gelactic plane as population I stars, and it would therefore

be expected that their distribution of inclinations would also be the
same as for normal stars. These general arguments indicate that peculiar A
stars have low eguatorial rotational velocities and are intrinsically

different from normal stars,

As the abnormal line strengths in peculiar A stars are not due to
rapid rotation, some other cause must be sought. The spectral lines
suffer Zeeman broadening because of the presence of magnetic fields,
but this is insufficient to account for the enhancement of the lines

of some elements (Boyarchuk and others, 1960). Selective excitation



of certain lines seems to be ruled out, since no emission lines

have been found and, allowing for Zeeman broadening, the strengths
of the lines lie on normal curves-of-growth. There is no general
correlation between the enhancement of the lines and ionisation
potentials, Tidal distortion by close companion stars is also
excluded as a general explanation, as the freguency of spectroscopic
binaries is low among peculiar A stars (Jaschek and Jaschek, 1958).
For some ions (e.g. MnII, Bull, and GdII) the line strengths in some
peculiar A stars are not exceeded in any other type of star. It
therefore seems that the enhancement is at least partly due to real

abundance anomalies.

The aim of this thesis will be to determine the nature of the
abundance anomalies in peculiar 4 stars and the origin of these stars,
As a first step, a search will be made for rapidly rotating pole-on
stars of normal chemical composition with surfazce temperatures in the
same range as those of peculiar A stars. Certain difficulties are
encountered at the lower end of this range of surface temperature.
Metallic-line stars occur at this part of the main séquence, and it
is not clear whether they are related to the peculiar A stars or to
normal stars or form a separate group. The sharp decrease in the
values of vsini near spectral type F2 also poses a difficulty in any
discussion of the distribution of values of vsini, For these reasons,
attention will be confined mainly to the higher end of the range of

surface temperature covered by the peculiar A stars. The identification



of normal rapidly rotating pole-on stars will enzble them to be excluded
from the peculiar A group and will indicate the effect of & large rénge
in surface temperature on line strengths. The rotation of the hotter
groups of peculiar A stars will then be studied. Previous work on the
chemicsl composition of peculiar A stars will be reviewed, and reliable
information on the gbundance anomalies will be summarised. A refined
differentisl curve-of-growth method for ebundance determination will
be developed in a detailed study of the Mn star 53 Tau and applied to
the double-line peculiar A spectroscopic binary HR 4072. The variable
peculiar A stars will then be described. Finally, an attempt will be
made to establish the origin of peculiar A stars from the available

information on their abundance anomalies and their other properties.
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CHAPTER 2

RECOGNITION OF INORMAL, RAPTIDLY ROTATING POLE-ON STARS

The effect of rapid rotation on surface conditions

A simple representation of a rapidly rotating star is the Roche
model in which the stellar mass M is concentrated in the central region.
This model was investigeted by Slettebak (1949) and Ireland (1965).
Following Ireland's treatment, the mean radius Ra of the star is defined
as %(Re + Rp)’ where R_ and R.P are the equatorisl and polar radii
respectively. The surface of the star is considered as an equipotentiel,
and the combined potential of the gravitational and rotational forces
at the equator is equated to that at the pole. Thus

S AL (1)
e

where G is the gravitational constant. Hence

2
26 2 26"
Re=Ra——-§+ f{a + (——2') - (2)
v v

and
26 > [om)?
PIE R R+ =], (3)
P a 2 a 2
v v
Gl V2
The effective surface gravity is By = —5 == at the equator and
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As an example, consider a main sequence star of spectral type B5
for which M = 7 Mg and R = 4 Re (Allen, 1963). If v is, say,
400 km/sec, then R,o= 14158 , RP = 0,885 R _, and SP- = 3.35. Now
the surface brightness H is proportional to the effeitive surface
gravity (von Zeipel, 1924), and H = .-:rTeﬁ,zi', where o is Stefan's
constant and Teff is the effective surface temperature. Hence
Teff o(gt/h, end the effective temperature at the pole will be 1.35
times greater than at the equator. Siace the mean effective temperature

of' a B5 star is 16,5000K, the temperature difference between the pole

and the equator will be about 5000 degrees.

A possible method of recognising rapidly rotating pole-on B-type
stars is suggested by the anslysis by Su-Shu Huang and Struve (1956)
of liaia (20 Tau), which is the only B-type star in the Pleiades with
a small value of vsini (30 km/sec). They observed lines in its
spectrum corresponding to a large range in temperature and concluded
that it was probably a2 normal rapidly rotating star viewed pole-on.
The Hel lines in 20 Tau are abnormally weak for the spectral type
given by the Balmer lines. This suggests a method of finding stars
resembling 20 Tau, since the strengths of Hel lines have been measured
in & large number of B-type stars. Of course, some slowly rotating
stars may also have weak Hel lines due to a deficiency of helium, and
- it is not certain thet the weakness of the Hel lines in 20 Tau is

directly related to the proposed large range in surface temperature.
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Stars with weak Hel lines

Other population I stars reported as having weak Hel lines for
their spectral types include g Cas (lorgan, Keenan and Kellmen, 19%3)
3 CenhA (Jugsku, Sargent and Greenstein, 1961), ocScl (Jugaku and
Sargent, 1961), and ADS 4193B (Slettebak, 1963), McNemara and Lersson
(1962) noted that three sters in the Orion association (HD 35629,

HD 37058, and HD 37807) had weak Hel lines for their intrinsic colours.
Searle and Sargent (1964) also found that the HeI 4471 line in 36 Lyn
is weaeker than in normal stars of the same colour. All these stars have
small values of vsini. They may either be rapidly rotating pole-on
stars or have abnormel chemical composition. In either case spectrzl
classification will be difficult, znd the resulting spectral type will
depend on which line ratios are used. In the following discussion the
gquantity

Q= (U -38) -0.72(B - 1) (&)
will be used instead of' spectral type, siﬁce a unique value of { may
be assigned to every star. Moreover, § will not be greatly affected
by abundance anomalies, because hydrogen is by far the most abundant
element. § is approximetely independent of interstellar reddening,
and since all the stars to be discussed are only slightly reddened, the

ratio By _ B/EB _q = 0.72 (Johnson and Norgesn, 1953) will be taken.
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Table 1
EGUIVALENT WIDTHS IN mA FOR
B-TYPE STARS
, SiII
HeT  GIL . MgIIl o= SiTIIT
Stap HD MK wsini Q@ L4471 4267 LiBY 41f§1+ 4553

Normal stars

7 Sco 149438 BOV 13 -0.84 o7 82 90 132

¥ Peg 886 EB2IV 5 ~0.70 1280 206 160 FONTEELL S

t Her 160762 B3IV 0 -0.56 1240 208 223 147

7 Her 147594 B5IV 20 =045 650 100 220 180 L0

X Cet 17081 B7V 15 =040 540 90 320 260 30
21 Agl 179761 BR7V 0 -0.35 390 70 240 180 absent
HR8348 207840 B7V ~0.32 O 70 360 260 absent

V Cap 193432 B9V 5 =0.13 S0 20 400 210 30

«Lyr 172167 AQOV 0 -0.01 38 absent 339 134 absent

Stars with weak Hel lines

3 Cend 120709 BLIVp 0. =068, 576 110 i1 138 53
g Cas 11415 B3IIIp 28  =0.51 718 152 251 176

o Sel 57357 BSILIp O =045 " 380 151 - 226' - 200 50
36 Lyn 79158 27 =040 490 120 270 . 200 2

20 Tau 23408 B7III 30 =0.35 165 9% 191 169 absent

Equivalent widths of the HeI L4471, €IT 4267, MgIT 4481, SiII 4128
+ 4131, and SiTIT 4553 lines for stars with weak Hel lines and for
normal stars with small values of vsini are given in Table 1. It is
expected that the rotation of most of the normel stars will be slow.
The sgguivalent widths were measured on high-dispersion spectra by

Scholz (1965) for 77 Sco, Aller and Jugaku (1958) for ¥Peg, Wright
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and others (1964) for ( Her, Searle and Sargent (1964) for 3 Her,
K Cet, 21 Aql, HR 8348, v Cap and 36 Lyn, Hunger (1955) for = Lyr,
Jugaku, Sargent and Greenstein (1961) for 3 CenA, Jugaku and Sargent
(1961) for «Scl, and Su-Shu Huang and Struve (1956) for 20 Tau.
The equivalent widths for g Cas were measured on a spectrum at =
dispersion of 5.6 A/mm taken with the Edinburgh 36-inch telescope.
The values of vsini are from the catalogue by Boyarchuk and Kopylov
(1964)s Q was calculated from the UBV photometry by Johnson (13955),
Iriarte and others (1965), or that quoted by Searle and Sargent (196L.).
@ for 3 CenA was found from the value D = 0.17 of the Balmer dis-
continuity quoted by Jugeku, Sargent and Greenstein (1961) using the
relation

D = 0.525 + 04,5250
given by Becker (1963).

The equivalent widths of the HeI 4471 and CII 4267 lines are
plotted ageinst @ in Fig. 1 so that the stars with weak Hel lines
may be compared with the normel stars. Similaer diagrams were
constructed for the MgII 4481, SiII 1128 + 4131, and SiIIT 4553
lines. Information on other lines was obtained from the references
elready quoted and from the spectra listed in Table 2« The lines in
a spectrum of HD 37058 were recently identified by Sargent and others

(1967) .
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2

HIGH-DISPERSION SPECTRA EXANINED FOR APNORMAL

20 Tau

HD 175156
g Cas

36 Lyn

n

LINE STRENGTHS

Plate

lMt. Wilson Ce 10055

n”n

10092
10097
1010k
10161

3668

2919
401
o2l

3601

Edinburgh 82/6L

85/64
A/ 6l

Date

1955,
1955,
1955,
1955,
1955,

194k,

1942,
1945,
1954,

190,
196k,

196k,
1964,

Sep.
Sep.
Oct,
Oct.
Oct.

Dec,

Nowv ®
Cct.
Sep.

Oct.
Oct.

Nove

Tove.

8
30

27
26

18
20

Dispersion
5 A/mn
i
"

L

Wavelength
Range
3800 - 4800
3800 - 4800
3700 - 4850
3700 - 4950
3800 - L4800
3600 - 4700
3440 - 4650
3650 ~ 4650
3700 - 4800
3750 - 4600
4000 - 4600
4000 - 4600
4000 - L4600

The strengths of lines in the stars with weak Hel lines

relative to the strengths in normal stars with the same values of

Q are given in Table 3;

information is available.

in this table a blank indicates that no



1000

Hel
447

36LlynX x20Tau
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200
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4267

100F

Figure 1

EQUIVALENT WIDTHS OF THE Hel 4471
AND CII 4267 LINES IN B-TYPE STARS
Dots denote normal stars and crosses

denote stars with weak Hel lines.




Star

Table 3

STRENGTHS OF LINES RELATIVE TO NORMAL STARS

3 CenA

f‘l _0. 68
Hel
127 weak
CII
4267 weak
MgII
11,81 normal
SiIT W
rather

14128 N
1431 strong
SiTIT
o
ScIT
4247 absent
TiII

Tines absent
C?II absent
lines
Fell <t
lines SORG
SriT
4215 absent
Discussion

HD 37058
“0062

weak

strong

strong

¢ Cas
-0' 51

rather
weak

normal

normal

normal

week

absent

absent

absent

absent

absent

xXScl
~0u43

weak

rather
strong

normal
normal

normal
;trong
strong
strong
strong

strong

36 Lyn
-0 .h—D

weak

rather
strong

normal
normal

presence
doubtful

strong
strong
strong
strong

strong

20 Tau
-0.35

weak

rather
strong

rather
weak

rather
weak

absent

absent

strong

strong

strong

absent

It must first be emphasised that of the stars with weak

HeI lines only those whose other lines suggest a large range in

surface temperature are likely to be normal rapidly rotating

pole-on stars.

The interpretation of the strengths of the Hel

lines themselves will be difficult, because they are strongly
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influenced by the Stark effect. The abundance of helium in the

atmosphere may also be affected by the extent to which mixing

occurs between the stellar interior and the atmosphere.

Table 3 shows that the stars HD 37058, «Scl, 36 Lyn, and
20 Tau form & group with similar line strengths, The TilI, CrII,
ScIT and SrIT lines are normally observed only in stars later than
B8, but their presence in this group of stars would be explained
if there is a large renge in surface temperature in each star.
The star HD 175156 (MK type B5III, vsini = 11 km/sec) may also
belong to this group, since lines with a large range in excitation
and ionisation potentials (eI, CII, NII, MgII, SiII, SiIII, SII,
Cell, Till and Pell) are present on the Mount Wilson spectrum,
The ScII and SrIl lines have lower excitation and ionisation
potentials then the TiIl and CrII lines, and their absence in
20 Tau in spite of the large value of § suggests that the range

in surface temperature is smaller in 20 Tau than in o¢Scl and 36 Lyn.

An alternative explanation of the line strengths in HD 37058,

& Scl, 36 Lyn, 20 Tau and HD 175156 might be that at least some of
these stars belong to a previously unrécognised group of peculiaf A
stars., Meny peculiar A stars have weak Hel lines for their intrinsic
colours (Searle and Sargent, 196L.). The low velues of vsini are due
to slow rotation rather rapid rotation viewed pole-on. _Peculiar A

stars may have fairly large ranges of surface temperature due to
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ceuses other then rapid rotation, but it is not possible to account

for all their line strength anomelies in this way. On the other

hand, the presence of all the lines so far identified in HD 37058,

& Scl, 36 Lyn, 20 Tau and HD 175156 can be accounted for by large

ranges in surface temperature,

Ion

SiIlI
NTT
CIT
SIT
FelIl
SiIT
MgIl
CrII
Fell
TilT
ScIl
Call
Sril

Ain ev

19
18
17
16

8
10
10

=

2o Y e e T e T =

Table L4

in ev
r

33
29
2k
23
30
16
15
17
16
1L
13
12
11

COMPARTSON BETWEEN o SCL AND 7r CET

—

N ¥

52
L7
kA
39
38
26
25
24
19
16
13
12
11

Relative line strengths

weaker in T Cet
absent in W Cet
slightly wezker in 7T Cet
similar

absent in 7 Cet
similar

similar

absent in ' Cet
weaker in 7 Cet
weaker in T Cet
absent in WCet
partly interstellar?

fal

absent in wClet

A detailed comparison between the strengths of lines in & Scl

and those in the normal star W Cet, which hes a similar value of Q,

is given in Table 4, All elements (except HI and Hel) with observed

spectral lines in o Scl are listed in order of decreasing X + xr’
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where X is the mean excitation potential of the lower levels of the
atomic transitions producing the lines, and X is the ionisation
potential of the ion. It will be noted that there is a large range

in the values of )'2 + J(r in o S¢l; lines with extreme values are
weaker or absent in N Cet, while lines with intermediate values have
similar strengths in the two stars. ZEvidently, there is a large

range in surface temperature in & Scl. The HeI lines are an exception,
being stronger in W Cet; this may be related to the fact that they are
affected to a greater extent by Stark broadening than the other lines.
Sargent and Strittmatter (1966) found that the spectrum of ADS L193B

was similar to that of o Scl.

It thus sppears that the abnormal line strengths in HD 37058,
X Scl, 36 Lyn, 20 Tau, HD 175156 and ADS L193B can be setisfactorily
accounted for on the basis of normel chemical composition if there
is a large range in surface temperature in each of these stars.
The most likely czuse of the large ranges in surface temperature is
rapid rotation viewed pole-on. 3 Cenf cannot be considered as a
star of normel chemicel composition, since the analysig by Jugaku,
Sargent and Greenstein (1961) shows that the relative abundances
of certain elements are abnormal by factors which are too large to
be explained by errors including those due to structurel ebnormality.
An examination of the spectrum of gCas failed to reveal any additional

line strength anomelies.



=1 G

A Roche model for a star with a mean temperature of 16,500°K
and an equatorial rotational velocity of 350 km/sec was worked
out by Ireland (1965). He found that when such & star is viewed
pole-on, about 30% of the light comes from the polar regions
with surface temperatures within 1000 degrees of that at the
pole and about 10% comes from the equatorial regions with surface
temperatures within 3000 degrees of that at the equator. The
mean angular distance from the axis of rotation of these eguatorial
regions is zbout 80°, Table 5 gives approximate estimates of the
temperatures at the pole and at 80° from the pole in < Scl, 36 Lyn,
20 Tau, and HD 175156. The estimates of the polar temperatures
were made by comparing the lines of greatest .X-+'xz.in these
stars with the same lines in normal main sequence stars and
determining the temperatures of normal stars in which these lines
are 10/3 times stronger than in & Scl, 36 Lyn, 20 Teu, and HD 175156;
the polar temperatures are about 500 degrees higher than these
temperatures., Corrections were made to the line strengths to allow
for the curvature of the curve-of-growth. The tempera¢ures at 80°
from the axis of rotation indScl, 36 Lyn, 20 Tau, and HD 175156
were determined in a similar way from the lines of lowest X+ X <
by finding the temperatures of normal main sequence stars in which
these lines are 10 times stronger. In this case corrections were
made using Saha's ionisation equetion, since the surface gravity

and electron pressure are lower at the equator in rapidly rotating
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stars than the mean surface gravity and electron pressure in

Table 5

TEMPERATURES IN RAPIDLY ROTATING POLE-ON STARS

Star Temperature Temperature

at pole 80° from pole Patereton
A Se1 20,000°K 9,000%k 11,000°
36 Lyn 18,000°K 8,000°K 10,000°
20 Teu 17,500% 9,000°K 8,500°
HD 175156 19,000%K 9,500 9,500°

slowly rotating main seguence stars. The scale of effective
temperatures of normal main sequence stars by Aller (1963) was
used. The justification of the above procedure is that the lines
of highest and lowest X + X - are formed in & Sel, 36 Lyn, 20 Tau,
and HD 175156 only in the regions of their surfaces with extreme
temperatures. The errors in the temperature estimates in Table 5
are probably less than 3:2,0000. The temperature differences are
similar to those predicted by Ireland (1965) for stars near
rotational breek-up. He considered Roche models with & meen
temperature of 16,500°K. For an equatorial rotationzl veloecity
of 350 km/sec the temperature at the pole was 20,7000K and the
temperature at 80° from the axis of rotation was 1&,0009K. The
corresponding temperatures at rotational bresk-up were 22,200°K

and ﬁ#,OGOOK. His models neglected the effect of limb-darkening,



but he pointed out that this would probably increase the observed

temperature difference between pole and equator.

Another way of accounting for the observed ranges of temperature
in & Scl, 36 Lyn, 20 Tau and HD 175156 might be to suppose that these
stars are binaries. However, no periodic radial velocity variations
have been noted in any of these stars. Also, since both the HeI and
the CIT lines decrease in strength in normsl stars towards spectral
type A0 (Figure 1), it would not be possible to explain the weskness
of the Hel lines and the slight enhencement of the CIL lines in d.Scl,
36 Lyn and 20 Tau siumply by heving pairs of slowly rotating stars of
different temperatures., These arguments do not, of course, entirely
exclude the rather unlikely possibility of a very close binary viewed

almost exgctly perpendicular to the orbital plane.

For a rapidly rotating star viewed nearly pole-on it would be

expected that the rotationzl broadening for lines with low values of
X+ o formed neer the equator would be greater than for polar lines
with high values of A+ ){r. Unfortunately, this effect will usually
be masked by errors in the measurement of line-widths and possibly by
large-scale turbulence associated with surface currents of matter
caused by the large range in surface temperature. Equivalent widths
and central depths of lines in 20 Teu were measured by Su-Shu Huang
and Struve (1956). There is a slight indication that for a given

equivalent width the central depth is greater for lines with high
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values of X + )Qr as would be expected if rotation is the main
broadening agent; however, measurements of higher accuracy will be

reguired before a conclusive result can be obtained.

Sargent and Searle (1966) and Sargent and Strittmatter (1966)
have criticised the suggestion that o Secl, 36 Lyn, 20 Tau, and HD 37058
are normal rapidly rotating pole-on stars. They pointed out that the
ratios of the strengths of the Hel and CII lines, which have similar
excitation and ionisation potentizls, are abnormal in AScl, 36 Lyn
and 20 Tau. This does not necessarily rule out the pole-on hypothesis,
because the HeI lines suffer Stark broadening and are so strong that
they will be formed much higher in the atmosphere than the CII lines.
Their other main argument is that in the sharp-line Be stars, which
are almost certainly rapidly rotating pole-on stars, the strengths of
the HeI lines are normal for the intrinsic colours. This argument is
also inconclusive, as eny ettempt to assess the effect of rotation on
the strengths of the Hel lines would require a detailed knowledge of
the atmospheric structure and would have to take account of Stark
broadening and 1imb darkening. Horeover, there is the possibility
that the Palmer lines in emission might affect (B - V) or the correction
for interstellar reddening in the Be stars. It is interesting to note
that Slettebak (1954) found no trace of HX emission in the rapidly
rotating stars o Leo (VK type B7V, vsini = 352 km/sec) and TAql
(X type B9V, vsini = 365 km/sec). If these stars were viewed pole-on,
their spectra would probably be similar to those of «Secl, 36 Lyn and

20 Tau.



Sargent and Strittmatter (1966) noted that HD 37058 lies on the
lower edge of the main sequence for the nebula region of the Orion
association and that such a position in the colour megnitude diagram
would imply slow rotation. This type of argument is subject to the
uncertainties of association membership, distance spread within the
association, interstellar reddening corrections, and age differences
among association members., 20 Tau does not lie near the lower edge of
the Pleiades main sequence, but this should not be regarded as an
argunent for rapid rotation, since most of the brighter stars in the
Pleiades are probably evolving off the main seguence. A more powerful
argument for the slow rotetion of HD 37058 may be the recent discoveny_
of a magnetic field of about 2000 gauss by Sargent and others (1967).
lMagnetic fields of this strength are uncommon except in peculiar A
sters, which are slow rotators; indeed, Sargent and his colleagues
suggested that the Orion stars with week Hel lines are an extension
of the peculiar A sequence towards bluer colours. No magnetic field
has been discovered in % Scl, slthough the lines are sufficiently

sharp for a strong field to be detected (Chapter 3).

To sum up, the theoretical prediction of large ranges of surface
temperature in repidly rotating stars is confirmed by observation.
A1l the available evidence supports the view that «Scl, 36 Lyn,

20 Tau and BD 175156 are examples of normel rapidly rotating stars
viewed pole-on. On the other hend, the strong megnetic field in

HD 37058 suggests that this star mey belong to the peculiar A group



and rotate slowly. The cause of the weakness of the HeIl lines in

&Scl, 36 Lyn and 20 Teu remains an unsolved problem aweiting the
construction of detailed models of rapidly rotating stars., It is
sti1]l an open question whether there might be a real deficiency in

the atmospheric zbundance of helium due to some unknown factor.



CHAPTER 3
ROTATION OF THE SILICON AND MANGANESE STARS

Line widths

There have been various suggestions that the types of peculiar A
stars may be relsted to rotation (Sargent, 1964). The silicon and
manganese stars have the highest colour temperatures among the

peculiar A stars, and the rotation of these stars is now examined.

Lists of the Si-4200, Si, and Nn stars brighter than m = 7.0
were compiled from the catalogues by Jaschek and Jaschek (1958) and
Bertaud (1959, 1960, and 1965). Stars with uncertain classifications
were excluded, but in cases where the uncertainty was between the
Si-4200 and Si groups the classification given by Jaschek and
Jaschek (1958) was adopted. The line at 42004 hes recently been
identified by Bidelmen (1962) es a high excitation line of SiIT;
the stars in which this line is present have therefore the highest
excitation temperatures of the stars with abnormally strong lines
of SiII. Tables 1 and 2 give the lists of Si-4200 and lMn stars;

a similar list for the 4 Si stars was compiled. The mean values
of Q were calculated for each star from the UBV photometry by Osawa
(1959), Osawa and Hata (1960, 1961), Abt and Golson (1962), Cousins

and Stoy (1963), Crawford (1963), Eggen (1963), and Iriarte and
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Table 1

Si-4200 STARS BRIGHTER THAN o= 1.0

HD Name w vaini Q No, of
Sources

3580 1k

12767 v For (2.4) 60 -0.37 2
14392 63 And 32 ~0.29 1
18296 21 Per 0.6 0 -0.23 3
19832 56 Ari (3) -0.33 1
25267 ,,,9 Eri (0.5) 22 -0.32 L
25823 41 Tau 0.43 10 -0.38 3
27039 56 Tau 1.5 L3 -0,30 2
29305 « Dor (4.7) 175 -0.27 1
32549 11 Ori 13 29 -0, 0l 3
304,52 HR1732 (1.5) 57 -0.443 1
73340 HR3413 ~0uldy 1
74535 HR3466 ~0.39 1
133652 HR5619 0.5:
133880 HR562L. 2:
170000 $ Dra 1.5 60 ~0.28 2
175744 HR7147 =041 2
192913 0 ~0.19 1
196178 HR7870 145 =043 1
203585 HR8180 ~0. 0l 1
221006 HRE8919
223640 108Aqr 0.8: 68 -0.31 2

221,166



HD
358
3322
27295
3390L
53244
75333
78316
110073
129174
141,206
145389
172040
174933
178628
207857
221507

=27

Table 2

lin STARS BRIGHTER THAN m =
v

Name
& And
HR 149
53 Tan
M Lep
¥’ Clia
1L Hya
K Cne

1 Cen
7 'Boo
V Her
¢ Her
HR6997
112Her
HR7268
HR8349
HR8937

lean value of Q

liean value of w

w

(141)

(041)
0430
e

(0.7)
0.13
02
Ok

(0.1)

(0.1)

(0.9)

(0.1)

052

Table 3

~0430
1.56 £ 0,274

llean vaelue of vsini 52 km/sec

NEAN LINE WIDTHS
Si=-4200 stars

740
e No. of
R ] Sources
50 =05k 3
=0e33 2
-0.21 2
~0.32 5
19 -0.39 3
13 ~0.27 3
1 ~0.36 3
25 -0.38 3
0 ~0.32 1
0 ~0.25 %)
0 0,22 3
39 =0.42 5
23 -0.37 3
=0.41 2
25 ~0.29 3
Si stars ¥n stars
-0,18 -0.33
1.46 % 0.308 0.42 X 0.104
70 kny/sec 16 km/sec
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others (1965). @ will not be greatly affected by abundance anomalies,
since it depends meinly on the size of the Balmer discontinuity. -
Searle and Sergent (1964) found thetBalmer lines HY and H§ of the
peculiar A stars have profiles which do not differ systematically

from those of normel mzin seqguence stars of the same colour. Fig, 1
shows that the distribution of the values of { is approximately the
same for the 5i-4200 and the lMn stars, vhile the values of § for

the 51 stars are generally larger. Tables 1 and 2 also give the -
spectral line widths w determined by Babcock (1958z) from coudé
spectra at dispersions of 2.2, 4.5 and 10 A/mn and the projected
rotational velocities vsini from the catalogue by Boyarchuk and
Kopylov (1964). The values of w in brackets were found by transforming
the widths of the NgII 4481 line determined by Su-Shu Huang (1953)
from 3-prism spectra at dispersions of 10.4 and 13.3 4/mm to Babeock's
system. The values of w for 56 Ari and HD 12422k were determined by

Deutsch (1958z2).

The mean values of Q, W, and vsini for each group and the standard
deviations of the means are given in Table 3. The distribution of
line widths w in each group is shown in Fig. 2. It will be seen that
the line widths of the Si-4200 and Si stars appear to be generally
larger then those of the lin stars. The mean equivalent width of the
SiII 4200 line for the 6 stars in Table 1 measured by Searle and

Sargent (1964) is 163 mA, while the equivalent widths of the strongest
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Figure 1
DISTRIBUTION OF THE VALUES OF Q FOR
5i-4200, Si, AND Mn STARS
The distributions are similar for
the Si-4200 and Mn groups, but the
values of Q for the Si stars are

generally larger.




~30=-

n lines in the lin ster 53 Tau are only about 80 mA (Aller and

Bidelman, 1964). Broad=line $i-4200 stars will therefore be more

easily detected than broad-line lMn stars. This may partly explain

the lack of broad-line Mn stars in Fig. 2. However, there must be
a reel difference in the distribution of line widths between the
Si-4200 and ln groups, since the distributions are guite different
even for stars with w& 2. In particular, the preponderance of
stars with very sharp lines in the lin group is notable. The

distribution of line widths for the Si group is similar to that

for the Si-4200 group.

Discussion
Other stars near the main sequence with values of § similar
to those of the Si-4200 and Mn stars may be divided into the

following groups:-—

(1) Sharp-line stars which are normal in the sense that their
line strengths may be accounted for from a consideration of
excitation and ionisation potentials assuming normel chemical
composition, The rotation of these stars is slow. Unlike the
Qharp-line peculiar A stars, they have no measursble magnetic
field (Babecock, 1958b).

(2) A group of sters represented by e Scl, 36 Lyn, and 20 Tau
whose line strengths may also be accounted for on the basis of

normal chemicel composition, it if is assumed that they are rapidly



rotating and viewed pole-on so that there is a large range in

effective surface temperature,

(3) The Si and Si-Eu-Cr groups of peculiar 4 stars, which are a
continuation of the Si-4200 group as the colour temperature is

decreased.

(4) Broad-line stars in which only a few lines can be seen.
liost of these will be normel rotating stars viewed at high

inclinations to the axis of rotation.

(5) Stars with Ho¢ in emission. lost, and perhaps all, of these

stars will be rotating rapidly.

The possibility that there is a connection between the peculiar A
stars and the rapidly rotating pole-on stars (group (2)) seems to
be eliminated. The excitation and ionisation potentials and Zeemen
patterns of the MglI 4481 and SiITI 4131 lines are similar, and the
ratios of the eguivalent widths of these lines sre normal in skScl,
36 Lyn, and 20 Tau. Sesrle and Sargent (1964) found a distinct gap
in the ratios MgITl L4B81/5iII 4131 between the Si-strong (i.e. the
$i-4200, 3i, and Si-Eu-Cr groups) and other peculiar A and normal
stars. They pointed out that this gep is not due to a selection
effect, since they observed stars which had been classified as
Si stars but which proved to be stars with normel silicon lines.
The Si-strong stars are thus guite distinct from normal rapidly

rotating pole-on stars.



Lines of manganese are absent in &Se¢l in ihe wavelength
range 3600 to 86004 (Jugeku and Sargent, 1961), although lorgen
(1931) classified it as a manganese star. Su-Shu Huang and Struve
(1956) gave only a doubtful identification of the ¥nII line at
4253.024 in en examination of 2 coudé spectra of 20 Tau in the
wavelength range 3710 to 47354, A search was made for manganese
lines on the Fount Wilson spectra of chSc¢l and 20 Tau and on the
Edinburgh spectra of 36 Lyn. The only certain identification of
wenganese was the multiplet No.3 of MnII in one of the spectra of
20 Tau. Its presence could not be determined in the spectra of
A Scl or 36 Lyn, since none of them extended sufficiently far into
the ultraviolet (i.e. to N\<35004). The presence in 20 Tau of the
lines of this multiplet, which have low excitation and ionisation
potentials, can be accounted for by the range in surface temperature
produced by rapid rotation viewed pole-on. The Mn stars are

therefore also distinct from normal rapidly rotating pole-on stars.

Babcock (19582) and Gollnow (1962) found that the lines iq
20 Tau and AScl were too broad for the measurement of magneti&
fields. Table L gives the line widths for «Secl, 36 Lyn, and
20 Tau. On several of the lount Wilson spectra of o(Scl, W was
estimated to be 0.3A; +this agrees with the value of w deduced
from Su-Shu Huang's measure of the width of the MgIT 4481 line.

® Sel therefore has lines which are sufficiently sharp for a



strong magnetic field to be detected if present. The presence
or absence of a magnetic field in o 8cl would be of interest,

since all sharp-line Si-strong and iin stars have magnetic fields

(Babcock, 1958b).

Table i

LINE WIDTHS FOR RAPIDLY ROTATING POLE-ON STARS

H Name w vsini g
5737 X Sel (0.3) 0 ~0l43
23408 20 Tau 0.8 30 =0.35

There are three possible ways of explaining the preponderance
of sharp-line stars in the lin group as compared with the Si-4200

group:=

(1) The equatorial rotational velocities of the Si-4200 stars
mey be larger than those of the lin stars, and each group may include

members viewed at all angles of inclination to the axis of rotation.

(2) The Si-4200 and lin stars mey be similar in abundance anomelies
and equatorial rotational velocities, but the ln stars may be viewed
at smaller angles of inclination to the axes of rotation, am over-
abundance of menganese being formed in the polar region and an .
overabundance of silicon in the equatorial region in every peculiar

star of either group.



(3) The third possibility is that the Mn stars have an overabundance
of mangenese only in the polar regions and an approximately normal
sbundance of silicon over the whole surface, while the Si-4200 stars
have an approximately normal sbundance of manganese over the whole
surface and an overabundance of silicon except possibly at the pole.
A polar "patch" of mangenese in the ln stars would be observed only
in sters viewed at fairly low inclinations to the axis of rotation,
end this could explain the preponderance of sharp-line stars in this

ET0OUD.

Spectra, taken with the Edinburgh 36-inch telescope, of the
broader-lined Mn stars (& And, vt 'Boo and HR 6997) were examined,
but there is no indication that the lin lines are sharper than the
Si lines. This would appear to rule out the second and third
explanations, which suggest that the enhanced lin lines are formed
only in polar regions. The first explenation, which states that
the equatorial rotational velocities of the 5i-4200 stars are larger

than those of the lin stars, is probably the correct one.

Further investigation of peculiar A stars which exhibit periodic
spectrum variations would be desireble, since in meny cases the
period of rotation mey be the seme s the period of the spectrunm
variation. Deutsch (1956), Bonseck (1958), and Peterson (1966)
have shown that the periodic variations of the strengths of* the

S3iTT lines in the Si-4200 ster 56 Ari and the Si star HD 121,22). are



due to the silicon-rich regions being brought into view periodically
as the stars votate. The line widths and the periods (0.73 days for
56 Ari and 0.52 days for HD 12422)) therefore indicate that these
stars are viewed nearly equator-on. No conclusive results are
available for the Mn stars & And end }f'Boo, which may have periodic
spectrum variations (Deutsch, 1947). lost peculiar A stars with
regular spectrum variations have periods of several days. This may
constitute additionsl evidence that eguatorial rotational velocities
are smaller for peculiar A stars than for normal mein seguence stars

of similar intrinsie colours.



CHAPTER 4

PREVIOUS WORK ON ABUNDANCES IN PECULIAR A STARS

Methods of determining abundances

The three main methods of determininz the chemical composition of
stellar atmospheres are the curve-of-growth method, the differential
curve-of'-growth method, and the model-atmosphere method. Caution must
be exercised in applying these methods to peculiar A stars in view of

the lack of knowledge on the structure of these stars.

The fundamental assumption in the curve-of-growth method is
that the formation of lines may be adequately described by assigning
a single temperature and electron pressure to the whole atmosphere.
Conseguently, stratification of the atmosphere and possible temperature
differences over the surface (e.g. between pole and equator or in areas
of magnetohydrodynamic activity) are neglected. The model-atmosphere
approach specifies the variation of temperature and electron pressure
with optical depth and takes account of the effects of stratification
in the atmosphere, NNevertheless, it is usually assumed for simplicity
that the star is spherical, and serious errors could arise if a
spherical model were applied to a rotating star or to a close binary.
Application of these methods to peculiar A stars is therefore not
justified without further investigation except as a mesns of .searching

for structural abnormalities.



Abundences derived by the curve~of-growth and model-ztmosphere
methods are also subject to errors due to the uncertainty in
laboratory gf-values, Considersble confusion has resulted, because
authors tend to use different sources of gf-values. Comparison of
one peculiar A star with another is therefore difficult. The nost
satisfactory procedure would be to select a normal star for which
2 reliable model-atmosphere mey be derived and to determine
abundances for this star. A refined differential curve-of-growth
method would then give abundances for peculiar A stars without
the need for sdditional gf-values., If the model-atmosphere or
the gf-values used for the normzl ster were subsequently improved,
the abundances in the peculiar A stars could be rapidly modified
without a complete re-znalysis of the data on each star. The chief
problem is how to refine the differential curve-of-growth method so
that the reaul£3 will not be affected if the peculiar A stars have
abnormal stratification or temperature differences over their

surfaces.

Previous abundance determinations in peculiar A stars

There have been several attempts to derive abundances in
individual peculiar A stars. GQualitatively, these attempts serve
to 3indicate that the abundances of meny elements are sbnormal and

3 _ 42
{hat the rare earths are overabundant in ¥u-Cr stars such as oK CVn,



Quantitatively, however, most of the results must be considered

unreliable, because they would be affected by structural sbnormalities

in the steller atmospheres.

Certain lines in peculiar A stars, for example those of OI,
MgIl and SiIT, have excitation and ionisation potentials which make
their stirengths insensitive to temperature and electron pressure
for the ranges of temperature and pressure being considered.
Accordingly, abundances of the corresponding elements may be derived
without a detailed knowledge of atmospheric structure. Reliable
relative abundances may also be obtained by using groups of lines
of similar excitation and ionisation potentials and wavelengths.
These methods were employed by Sargent and Searle (1962), Searle and
Sargent (196lL), and Searle, Lungershausen and Sargent (1966) in
determining abundances of 0, lig and Si and relafive abundances of
Ti, Cr, Mn, and Fe for peculiar A stars by differentizl curve-of-
growth analyses, Their results are given in Teble 1, where the

notation

(x) = Xstar o xnormal
is used, X being the logerithmic abundance ratio of two elements.
Their values of A (Ti/Fe) for ln and 8i-4200 stars are omitted,
because the ionisation corrections for titanium are rather large
for these stars. Table 2 gives the mean abundance ratios for the

various groups of stars. Oxygen has a normal abundance in the lin
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group but is deficient in other groups. The abundance of magnesium
is normal in all groups. Silicon is overabundant in the 51-4.200,

51 and 5i-Eu-Cr groups and normal in the other groups. The relative

abundances of chromium, mangenese and iron are normal, except in

the lin group where they vary from star to star.

Although these results afe the most reliable obtained so far,
there are two sources of error which might be removed by using
spectra at a higher dispersion (i.e. higher than 10 4/mm). Searle
and Sargent (196}.) assumed that the microturbulent velocities were
zero in all the stars, whereas Searle, Lungershausen and Sargent
(1966) found that the microturbulent velocities were smaller in
the Mn stars than in normal stars. .The other groups of peculiar A
stars had apparently larger microturbulent velocities as compared
with normal stars, but it should be pointed out that the Zeeman
broadening of spectral lines will affect the curve-of-growth in
the same way as an increase in the microturbulent velocity.
Abundances derived from moderately strong lines would be affected
by errors in the microturbulent velocity. A higher dispersion would
ensble 2 more accurate determination of the microturbulent velocity;
alternatively, weaker lines on the linear part of the curve—of'=growth

could be used.



Table 1

ABUNDANCES IN PECULIAR A STARS

Star HD Type A(O/H) A(ig/H) A(Si/H) A(Ti/Fe) A (Cr/Fe) A (lin/Fe
53 Tau 27295  En ~-0.3 +0.1 +0e5 +1¢3
M~ Lep 3390k  lin =0.3 -0.5
14 Hye 75333 Mn +0.5 +143
i Cne 78316 lin +0.3 =0.8 +0.1 ~0ols +1.2
' Boo 129174 lin +0.1 +0adt +1e3
v Her 14,206 Nn ~-0.3 0.0 +0.1
¢ Her 145389 In -0.3 =0,2
112Her 174933  Mn -0l =043 -0.5 -1.6 +0,1
v For 12767 Si=4200 -1.0 +0.8
63 And 14392 Si-4200 -0.2 +1a7
21 Per 18296 S5i-4.200 ~1.0 =0.8 +2.0 0.0 +0.2
k1 Tau 25823 Si=4200 =1 - =0.5 +1.8 ~0.4 =0.3
HR1732 3452 Si-4200 +0.5 +2.0
15 Cne 68351 Si-4200 5043 - wdey
108Aqr 223640 Si-4200 =04 =0.1 +1.8
p Herh 1 57779 Si +0e3 +0.8:
o 20V 112442 Si-Bu=Cr =1.0 =05  +1.0
HR6176 149822 Si-Eu-Cr +0.3 241
o Aur 38104 Bu-Cr -0.2 < -0.8
17Coma 108662 Eu-Cr +04k 0T -Q0,1 +0.5 +0.2
78 Vir 118022 Fu-Cr +042 -0.6:
w Her 148112 Eu-=Cr +0.2 -1.1:
L5 Her 151525 Eu~Cr -1,0: =0.1
HR8216 20k441  EBu-Cr +0.6 +0,.8 +0.2 +0els +0.3
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Teble 1 (continued)

ABUNDANCES IN PECULIAR A STARS

Star HD Type A(0/H) a(ig/) a(3i/H) a(Ti/Fe) A (Cr/Fe) a(ly
P CrB 137909 Eu-Cr-Sr -1,8 0.0
10 Aql 176232 TEu-Gr-Sr -0.9 40,2

y Bqu 201601 Eu~Cr-Sr -1.7 +0.6 +0.1 +0,1 ~04¢
HR 410 15140 Sr +0.5 +0.1 0,0 +0.3 +0s:
w Oph 148898 Sr ~1.6 +0.5

Table 2

ABUNDANCES FOR PECULIAR A GROUPS

g " $3-4200 Si-Fu-Cr Fu-Cr-Sr
£ s anaiss and Bu=Cr and Sr

Range in A (0/H) =0.4 to +0.3 =1.4 to-0.4 =2.0 to -1.0 =-1.8 to -0.9
No. of stars L 3 3 I

lean A (0/H) -0.2 -0.9 1.3 =15

Range in A (Mg/H) =0.8 to +0.1 =1.0 to +0.5 =0,5 to +0.7 0.0 to +0.5

No, of stars T 8 9 5

lean A (Mg/H) -0.3 ~043 +042 +0oks
Fu~-Cr only

Range in A (Si/H) =0.5 to +0.1 +0.8 to +2.0 -1.1 to +0.8 +0.1

No. of stars 5 8 6 1

lean & (Si/H) ~0.1 +146 ~042 +0.1



The other source of error in the results in Table 41 is associated
with the lack of knowledge of the physical conditions and structure
of the atmospheres. ZErrors of this type depend mainly on the
excitation end ionisation potentials of the lines used, and are small
only because of the careful selectionaf lines. Searle and Sargent
(1964) adopted values of ionisation temperatures and electron
pressures which they derived from B - V colour indices and Balmer
line profiles. It would be better to derive atmospheric parameters
for making ionisation corrections and corrections for differences
in the excitation potentials of the lines from an investigation of
an element which produces lines with wide ranges of excitation and
ionisation potentials., This would normally recuire spectra at 2
higher dispersion, because eguivalent widths of many lines would be
needed; otherwise, random errors might be larger than the systematic
errors of the method used by Searle and Sargent (1964). Their method
for meking the small ionisation and excitation corrections is wrong

in principle for stars which might have ranges of surface temperature.

Study of the light elements lithium, beryllium and boron ié
important, because they could be destroyed by thermonuclear reactions
with protons at temperatures higher then zbout 3 X 106 degrees Kelvin
such as occur in stellar interiors. Unfortunately, it has proved
very difficult to find suitable lines of these elements in peculiar A
stars. Two lines of BeIl at 3130.4 and 3131.1A can be measured in

the hotter peculiar A stars, but they are blended in cooler stars.



Fairly reliable sabundances may be derived from these lines, since
the ionisation corrections are small., Bonsack (1961) found that
beryllium was oversbundant in the Si-Eu-Cr startx.23Vn by a factor
of about 25. Sargent, Searle and Jugeku (1962) examined spectra of
25 peculiar A stars and noted that the BeIll lines were sbnormally
strong in four out of ten lin stars (corresponding to an overszbundance
by a factor of about 100); +the lines were very week or absent in
the other six lin stars and in five Si-4200 stars. The excess of
berylliunlixlc(ECVn.and the four lin stars is probably due to surface
nuclear reactions involving ions accelerated by magnetic fields.
Surface physical conditions, such as the configuration of magnetic
fields, might be different in the other six Nn stars, so that
different nuclear reactions would take place. An alternative
explanation is that beryllium is destroyed by convective mixing
with the interior in normal stars and in the six Mn stars with very
weak BeIl lines. It seems unlikely, however, that convective mixing
would be an effective mechanism in six lMn stars and not in the other
four. In other words, it is more pleusible to suggest that only the
surface conditions, rather then the entire structures of the Bﬁars,
vary from star to star in the lin group. Furthermore, the convection
zones of slowly rotating easrly-type stars are believed to be shallow

during their mein seguence life-times (Rudkjébing, 1942) .

For some elements the enhancement of lines is so large that there



is no doubt zbout the reality of the overabundances, Thus the rare-

earth elements (but not barium) are overabundant by lerge factors in
many stars of all groups except the lin group (Sargent, 196L4), and

phosphorus and gallium are overabundant in some ln stars (Taschek and
others, 1965). Strontium is probably overabundant in many peculiar A

starse.



CHAPTER 5

THE CHEMICAL COMPOSIZTION OF THE WMANGANESE STAR 53 TAU

Introduction

A suitable star for assessing the various methods of determining
chemical composition is the manganese star 53 Tau, which has very
sharp spectral lines. Aller and Bidelman (1964) studied its spectrum
at high dispersion (2 A/mm) and obtained equivalent widths for lines
in the wavelength range 3677 to 4756A. They performed an approximate
abundance analysis by the normal curve-of-growth method, but pointed
out certain discrepancies which they suggested might be resolved by
a model-atmosphere approach., Werner (1965) repeated the curve-of-
growth analysis for some elements using additional laboratory
determinations of f-values. A model-atmosphere study has also been
carried out by Auer and others (1966). The aim of the present
differential curve-of-growth analysis is to try to derive the chemical
composition of the atmosphere of 53 Tau without making any assump%ions
about its structure, which may be abnormal, Comparisons betwéén
metastable and non-metasteble lines will be avoided in case the

assumption of local thermodynamic equilibrium is not valid.

o Lyr has been chosen as the comparison star, since its UEV

colours are similar to those of 53 Tau, and Hunger (1955, 1960)



has carried out a model-atmosphere abundance analysis based on
high-dispersion spectra. Table 1 gives the UBV colours for the
two sters. The intrinsic colour index (B - v)o was obtained

using the nomogram given by Johnson (1958).

Table 1

UBV COLOURS FOR 53 TAU AND o LYR

Star HD B=-V U-B (B - v)o Source

53 Tau 27295 =0,05 =0,24 =0,07 Osawa and Hata (1960)
-0.10 -0.28 -0.07 Crawford (1963)

o Lyr 172167 0.00 -0.01 0.00 Johnson (1955)

Wallersteip and Hunziker (196L) obtained abundances for
several early A-type stars relative tq'd Lyr by the differential
curve-of'-growth method, and found that there was apparently a large
range in the values of the metal to hydrogen abundénce ratios.
The value obtained for &« Lyr was intermediate for stars with low
space velocities; 53 Tau also has a low space velocity. Hungér
found that the chemical composition of &« Lyr was similar to that

of the Sun.

Construction of the curve-of-growth

Since the equivalent width W is proportional to the number

of atoms "above the photosphere" in the appropriate state of
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excitation and ionisation only for weak lines, the construction
of a curve-of-growth is necessary for each star. This will give
the corrected equivalent width wcorr for a strong line, i.e. the

equivaelent width which the line would have had if the curve-of-

grovith were linear,

The same form of the curve-of-growth as used by Aller and
Bidelmen (196k4) will be adopted. The ordinate is log (We/Av),

where c¢ is the veloeity of light, and

=/ 9.

in equation (1), k is Boltzmann's constant, T the gas kinetic
temperature, M the mass of the atom, and §t the microturbulent

velocity. The abscissa of the curve-of-growth is
log X = log N -~ BEXCX. + . Xog.gfX # C(N)a

where Nr is the number of atoms in the rth stage of ionisation,
X the excitation potential of the lower level of the atomic
transition, g the statistical weight of the lower level, I the.
oscillator strength, and N\ the wavelength of the line.

g - 2%0
T

exc s

exXc

where Texc is the excitation temperature.

2
c(,\) = 105%1—?— logv-logu(i‘) +_log%(%%} =

where e and m are the charge and mass of the electiron respectively,

(1)

(2)

(3)

(%)
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u(T) the partition function, and the last term takes account of the
variation of the continuous absorption coefficient K (A) with

wavelength,

v and 6 exe 2Fe not known initially, but the empirical curve-

of -growth for the Sun given by Wright (194)) may be fitted to a
plot of log (W/A) against log gf A for an element with a large
number of measured lines (both weezk and strong) with a small range
in excitation potential and well-determined gf-values. MNultiplets
(18) to (61) of TiII satisfy these requirements. The spectral
lines of 53 Tau are very sharp (Aller and Bidelman, 1964), and ‘; %
mey be taken as zero. The curve-of-growth for 53 Tau derived from
the plot of log (W/A) against log gf A will therefore be applicable
to 21l elements, if a correction term log VI is added to log (W/A )
bef'ore VWright's curve-of-growth is fittgd. Hunger (1 _955) derived
upper limits for g . in & Lyr from the curves—of-growth for TiIl
and Fel as 3 km/sec a2nd 2 km/sec respectively. His adopted model
atmosphere for of Lyr gives an effective temperature T-eff = 950(10.

tting Te floo s 9500°,‘/-2§T— = 1.8 kn/sec for titanium. £ t.z
is therefore of the same order as —2;,{1'—,;—-, but its exact value is
uncertain., Since the ratios of the atomic weights of the elements
to be considered to that of titanium lie in the range 0.5 to 1.9
(i.e. near unity), e mathematical approximation will be made,

and the correction term to be added to log (W/A ) will be taken as
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log V/ Il forok Lyr, i.e. putting E td = gﬁz. Errors in these
corrections will not have a serious effect on the derived zbundances,
provided that very strong lines are avoided; this restriction is
necessary in any case, since it cannot be assumed thet the curves-
of-growth for 53 Tau ande{ Lyr will have the same shape as that

for the Sun for lines stronger than the strongest TiIIl lines of

multiplets (18) to (61).

Teble 2 lists all the unblended lines of TiII in 53 Tau with
gf-values by Tatum (1961), A >38004, and no depression of the
continuum by the Balmer lines. The multiplet number, the wave-
lengthJA , and the excitation potential X are taken from the
multiplet tables by licore (1945). Some of the gf-values listed
by Tetum were obtained from solar and stellar spectra, and these
values are given in brackets; the other gf-values aré his
leboratory determinations. A1l the gf-values are on the same scale.
Fig. 1 shows Wright's curve-of-growth fitted to plots of
log (W/A ) + log /¥ end log (W/A) + zlog/li against log gfA for
5% Tau and =% Iyr respectively for multiplets (18) to (61) of |
P4TT (X = 1.08 to X = 1.24). The lines with 45° slope were

2 T
used for deducing log Jcorr'



Table 2

CURVE~QOF-GROWTH FOR TiIl LINES

log (W/A) log (w/X)

Multiplet A X log g®A + log V'l  + zlog/M
53 Tau = Lyr
11 4025, 0.60  (=6.26), ~16.11
5012.4  0.57  =5.99  =15.9%
381446 0,57 =585 -15.92
19 4395.0 1.08 -l .66 -15.73 ~-10.23
MI“!*‘BQS 1.08 _1-}-.99 "15.?6 *10-33
20 L2901 1.08 -5.29 -15.83 -10.30
4287.9 1.08 (=5.99) =-16.07 -10.83
31 446845 1:13 =1 .87 -15.72 -10.29
4501.3 Tea it -5 14 =15 Tl =10.30
Wikho6 1,41 (=6.37) -16.38
3932.0 1413 . =5.9h  -15.97 -10.68
40 W A.7 1418 (=6.39)  =16.49
15#70.9 1.16 ("6017) -16.}4-2
LWAT7.7 1.16 -5.50 -15.94 -10.56

W6lss 16 - (=572) =16.08 =44 .11



Table 2 (continued)

CURVE-OF=-GRONTH FOR TiIT LINES

log (Wi/A) log W/A )
Kultiplet A - log gfA + log vV M + slog/ U
53 Tau o Lyr
11 5300s1 1418 (=4.87) ~-15.81 -10.21
4290.2 1.16  (=5.20) -15.76 -10.35
4301.9 1.16  (~5.31) -15.90 -10,59
"’4-31209 1018 "5051 "15-89 —10.5?
1530709 1.16 -5.37 -15.9)‘}'
11.315-0 1.16 -5.32 -15l88
4321.,0 1.16  (-6.07) -16.18
50 453000 1423 (~ho7h)  ~15.7h
4565.8 1-22 -5.18 -15079 -10059
4590.,0 1.23 ~-5.15 -16.26 -10.78
51 4399.8 1.23  =5.56 -15.93 -10.51
439%.1  1.22 (=5.96) ~16.15 -10.88
60 WShleO  1.2%  (=6.90)  ~16.75
4568.3 1.22  (=7.10) -16.86
4409.5 1.23 (=6.69) -16449
WA1.9  1.22  (-6.69) ~16.79
82 1#5&-9-6 1-58 -11".‘74'8 =1 5'?5

45?200 1.56 “4058 "15079 _10-2J+
4529.5 1.56 (=5.67)  -16.12




Multiplet

87

93
10k

105

106

N

Table 2 (continued)

CURVE-OF-GROWTH FOR TiII LINES

A

L028.3
1053.8

442149

43670?
438649

416346
AT71.9
b7k

14063

l{-zp8805
R
45647

X

1.88
1.88

2.05
2,58
2459
2.58

2459
2459

2459

341
3408
5514

log gfA

"5.20
~5.37
(’5-83)
(’5-0&)
(—5009)
-4137
—4-53
(-5.18)
(_5o63)

“4081
"ll-c 96
(-#097)

log (W/A)

+ log vV I
5% Tau
=15+95
=159

=-16,08
~16.16

-15.78
-15.86
-16439

“"1 6 l5!+

“15093
~16.10
-16.75

105 (-ﬂ'—/‘A)
+ zlog Vil
o Lyr

~10.65

"1 0095
—100-1—!-3

-10.46



53 Tav @ ° =

=16 = o @ x » p

log v—;':-l-

log JM ° <

L i

< Lyr

log %{f

*lOQJM

=11

CURVES-OF-GROWTH FOR TiIIl LINSS IN 53 TAU AND o LYR

Triangles denote lines of multiplets (ll) and (12),
dots multiplets (18) to (61), and crosses multiplets
(82) to (115).



The sppaerent excitation temperature in 53 Tau

The difference A §log XO in the deviations & log }{o from
the curve-~of-growth between 53 Tau and « Lyr is plotted a2gainst

the excitation potential X in Fig. 2. The notation

AX = 53 peu ~ Xy 1yr

where X is any guantity, will be used throughout. A least
squares solution of the plot in Fig. 2 gives the apparent

difference in excitation temperature between 53 Tau and o Lyr as
= =Ue t e .
Aeexc 0.03%0.06

This will be the real difference in excitation temperature only
if the structure of 53 Tau is normal. The mean errorX 0.06 in
He e is due almost entirely to random errors in the equivalent

widths W, since errors in the gf-values cancel out.

The apparent electron pressure Pe in 535 Tau

From the equivalent widths of MgI, MgII, Cal, and Call

lines in = Lyr, Hunger (1955) found

_ o0.56 * = * 06
& o E 0,55 X 04,03, log P, 2,98 = 0.3,
where
_ 5040
@ fon = T;
ion

and T; is the ionisation temperature. If A® ; . = ﬁeexc’

then the apparent value of & S is 0.52 for 53 Tau. Using

these values, the Szhe ionisation equation was applied to the

(5)

(6)

(7)

(8)



- 55 -

| 1 I
+0'5
ab log Xg
or-_ . . : ;i
..
o’
-0'5 b=
] |

Figure 2

DETERMINATION OF THE APPARENT DIFFERENCE AB
exc

IN THE VALUES OF © FOR 53 TAU AND «£LY¥R
exc

The least squares solution is shownj

this gives OO = <0.03t0.06.
exc
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lines of multiplets (20), (41) and (43) of FeI and multiplets
(27) and (28) of Fell in 53 Tau and o¢ Lyr listed in Table 3, end

it was found that

log Pe = 12,50 (9)

for 55 Tau. This deduction of log Pe for 53 Teu from a comparison
with = Lyr avoids the need for gf-values. Lines of Crl were not

found in 53 Tau by Aller end Bidelman (196L4). Thus the strongest

line of Crl in 53 Tau probably hes W< 0,010&, since W = 0.0054 for

the weakest measured lines. The strongest line of CrI inok Lyr is
CrI(1) atA = 4254.3A. Application of Saha's equation to this line
and the 4 lines of CrII(31) listed in Table 3 gives log P £ 2.68, which
checks the velue in equation (9). The value log P_ = 2.50 is only en
apparent value, since it has been deduced on the assumption that the

structure of 53 Tzu is normal,

Relative abundances in 53 Tau and « Lyr

Teble 3 lists all the unblended lines common to 53 Tau and
= Lyr with A>3800%, W>0.0104 in both stars, with corrections
log wcorr - log W< 0,40, and with no depression of the contiﬁuum by
the Belmer lines in 53 Tau. OSome extra lines not satisfying all
these conditions have had to be included to provide abundances of
additional elements. The lines of CalI(3) and ScII(7) are blended
with lines of FeI(5) and FeI(693) respectively inet Lyr. The

equivalent widths of these blends have been deduced from the



Teble 3

EQUIVALENT WIDTHS IN 53 TAU AND 2% LYR

55 Tau X Lyr Alog W
¥ultiplet A X log W log ‘.'Ico log W log Wcorr _Ooogojx(-r
MgIT(10)  L4390.6 9.96 ~1.51 =1.46 =139 =2 20 il

13846 9495 ~1.77 =176 -1.61 -1.58 -0.48
Si1I(1) 3853.7 6483 -1.21 -0.96 “1J3h  =1.22 +0.06
CaII(3) 373649 3eik =1.28 =0.99 -0.9) 40,32 -1.40
5¢II(7) 4246,8 0431 1,39 -1,29
(15) 4320,7 0.60 i iy A S
T4I1(19) L450.5 1.08 =~1.33 =1.15 1,51 =145 +0.27
(20) 4287.9 1.08 -1.39 -1.25 1,68 ~=1.65 +0437
(34)  3932.0 1.13 -1.33 -1.09 1,57 =151 +04.39
(40) Wi17.7 116 =1.2h  -0.95 ~1.39 -1.29 40,31
LL6l.5 1.16 =1.38 ~1.2k “1.9% -1.9% +0.67
(31) 4301.9 1.16 -1.21 =0.82 Ak =155 +0.50
(50)  4590.0 1.23 -1.55 =1.49 1,60 =1.56 +0.03
(51)  L4399.8 1.25 1.2k =0.93 ~1.35 =123 40,26
4391 1.22 =146 =1.36 “1.72 -1.69 +0.29
(61) 4395.8 142k =1k =1.33 =1,92 -1.92 +0655
(87) 4028.3 1.88 -1.,29 -1.03 -1.52 =145 +0.36
(10L)  4367.7 2458 =1.39 =1.25 ~1.66 ~1.62 +0.29
4386.9 2.59 =147 =138 =179 =171 +0,31
(105)  4AThed 2459 =172 -1.68 ~1.92  -1.92 +0.16
(107) 3761.9 2.58 -1.36 =1.13 16 —1.36 +0415
(115) 4488.3 3.11 =1.23 =0.91 -1.72  -1.69 +0.69

L1141 3.08 ~1.41 -1.29 -1.68 =1.95 +0.57



Jultiplet

crI(1)

crIT(31)

(4d)

(162)

MnI(2)

FeI(20)
(41)
(43)

FeI1(27)

(28)

Table 3 (continued)

EQUIVALENT WIDTHS IN 53 TAU AND = LYR
53%-Tau

A

L25Le3

4261.9
427546
128 .2
426543
L5587
4,588.2
4618.8
1635k 1
4555.0
4592.1
461646
4145.8

h050.8
40331

38204
438345
4045,.8

4141648
13032
417849

X

0.00

3485
3,84
3.84
3.8)
I, 06
.05
1,06
405
.05
L4..06
4-.05
5230

0.00
0.00

0.86
148
1.48
277
2.69
2.57

T wr
log W log WE ok

-1.40
~1452
~1452
-1.85
-1.21
~1.21
-1.28
-1.37
-1.46
-1.52
~1 .42
-1, 6k

~1.38
_1-38

"1 .82
~2.22
-1.89

-1,96
-1.70
"1060

~1425
=1 Ly
=1 o lily.
-1.83
~0.81
-0.82
-1.0L
-1.21
-1.36
-1.45
-1.30
=1459

"1.18
-1.18

-1.78
-2,22
-1.87
-1.95
-1.65
~1454

A Lyr
log W log wcorr
-1060 —1p56
_1056 “1.51
-1.90 =1.89
_1-?9 “1077
"1'?h -1-71
“1.12 _0.?9
-1‘25 -1.09
_1-32 -1.20
R R e ¢
=1.66 -1.63
17 -1.40
-1-54 -1050
=1.79 =177
.53 =1.47
-1.71 -1068
-11ﬁ5 “0-65
-1.03 =0.32
-1.07 =0.38
A3 =17
~1.29 1,13
-1-1L ”00?3

Alog W
corr
“O.QB}(

+0. 14
+0.33
+0.21
-0.24
=017
+0:415
+0.04
-0.01
+0,15
-0.17
+0.08
+0.02

+0.29
+0.50

=116
-1 94
~1+53
-0.86
-0.60
-0.89
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Table 5 (continued)

EQUIVALENT WID

Multiplet A x

FeI1(37) L629.3 2.79

L5559 2.82
4515.3 2.83
4h91,4 2.8
4520.2 2,79
4:88.,2 2.82
(38) 4522,6 2,83
4508.3 2.8
(186)  4635.3 5.93
(190)  3939.0 5.89

srIT(1) 4077.7 0.00
4215,5 0.00

Zriz(ya) L149.2 0,80

WM s

i iy o

53 Tau
log W logW
Cco
=162 =1,57
-1 082 ""1 .80
<192 1.9
e T =17k
-4 062i- -1 059
"1 -89 -1 08?
=140  ~1.25
=1eb7 =151
-1 .72 ‘-1 -68
=229 1 =2,29
it =142
_1 062 “"'1 053
-1.58 ~145

I 53 TAU AND o4 LYR

oK Iyr
log W log Wcorr
_1 .’1? —0093
el A ~0.93
=121 -1.00
"'1 l36 "‘1 .2)-{-
"1 1211- "'1 .06
-1 -)-I-1 "‘1 a52
-1 0ﬁ3 -0.?8
=1.12  =0.75
""1 .60 -1 056
-1 165 ~1 061
~1.22  =0.87
=137 . =1e22
~1 967 -1 063

A log W

corr

~0.72

~-0.95
-0.99
-0459
~0.61
-0.63
~0455
-0.85
~0.30
-0.86

-0.25
"'0-31

+0.15

equivelent widths of other lines in the same multiplets using the

gf-values for Fel by Corliss and Warner (1964) and subtracted .il’rom

the total equivalent widths measured by Hunger (1955).

Since

Jog W
& corr

1}

where A is a constant,

log X + A
)

log Nr - eexc!t + log gfA + C(A) + As_

(10)



~60=

Alog n’r = A log V R 0.03X + & log v + 4 log u('l‘). (11)
The mean values of &4 log wcorr ~ 0.03X for groups of lines with
similar excitation potentisls have been listed in Table 4, and equation
(11) has been used to calculate A log N, for each group. Alog u(T)
was found from the lists of pertition functions by Aller (1960) and
41len (1963). Seha's ionisation equation has been applied to both
stars using the nomogram by Unsold (1955) to deduce A log I from

A log I\zr.

The values of 4log N are only apparent velues. In order to
obtain the true values A 'log N, the differences between the apparent
values A log N for groups of lines with similar mean -excitation and
ionisation potentials and wavelengths have been found and are shown
in Tig. 3; the arrows point towards the element with the larger
value of A log N. Fig. 3 gives the true relative velues of A 'log N,
and the zero point of the & 'log N scale may be fixed by using lines
which are insensitive to temperature and electron pressure, since for
these lines & 'log N = Alog N. The lines in Teble 3 which are
least sensitive to temperature and electron pressure are those of
SiIl, CriI and TeII, and the mean values of A log N for the lines
of these ions are -0.04, -0.05, and -0.86 respectively. The final
velues of A 'log N are given in Table 5. The upper limit for

A'log N for scandium has been deduced assuming that the lines at



e

0-84 115

1-95|9, 10 0-23)4, 13

Mn or

Figure 3
RELATIVE VALUES OF A'log N OBTAINED IN THE
REFINED DIFFERENTIAL CURVE-OF-GROWTH
COMPARISON OF 53 TAU WITH « LYR

The numbers of the groups of lines in
Table 4 are indicated. The arrows point to

the element with the larger value of Alog N.
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Table 4

VALUES OF 4 LOG Nr AND ALOG N

Gi‘;z:f Hultivlets lolée;'z‘orr Alog N, Alog T
-0,03X

1 MgII(10) -0.46 -0.55 ~0.50
2 SiTI(1) +0,06 -0 0l -0.04
3 CaI1(3) -1.40 -1.50 -1.01
k4 TiT1(20), (34), (41) +0.42 +0.29 +0a41
5 TATT(104),(105),(115) +043k +0.21 +0.33
6 TiII(107) +0415 +0,02 +0.14
T CrII(31), (4h) +0.05 -0.07  =0.05
8 Cr1I(162) +0,02 -0.10 -0.08
9 MnI(2) +0.40 +0.27 1503
10 FeI(20),(41),(43) -145k ~1.68 -0.92
11 7eI1(27),(28),(37),(38) -0.75 -0,90 -0.89
12 FeII(186),(190) -0.58 -0.73 -0.72
13 SrII(1) ~0.28 -0.48 +0.18

1 ZrIT(41) +0.15 -0,05 +0:05



Table 5

ABUNDANCES IN 53 TAU AND et LYR

Element 4 '1og N log N log N

« Lyr 53 Tau

v 12,0 (12.0)
e ~Rably 7.7 7o1
Si -0,08 8.2 8.1
Ca =0.79 643 545
Sc <-0.5 3l < 2.9
T4 +0,36 1.8 542
Cr -0.02 5.6 5.6
¥n +1419 555 645
Fe -0,86 6.5 5¢6
Sr +0.13 2.8 2.9
Y +0.30 2 20l
Zr 0.00 249 259

4216 48A and 4320.7A would have been noted by Aller and Bidelman (196L),
if their equivalent widths were greater than 0,0104 in 53 Tau. The
value A 'log N = +1.09 for manganese given by Fig. 3 is uncertain,
since the ionisation corrections for Mnl and Fel are large. A more
reliable value A tlog N = +1.2} was deduced from the new egquivalent
width measures by Auer and others (1966) of the additional lines at

31,82,9, 3488,7, and 3495.8 of ¥nII(3) end 350k.9 and 3510.8 of TilI(88).



Giving this latter value double weight, a mean value A tlog N = +1.19
was adopted for menganese. The value & 'log N = 40,30 for yttrium was
obtained from the new measures of the line of YII(14) at 4177.58. The
values of log N for ol Lyr in Table 5 are those given by Hunger (1960),

and they haeve been used to derive the values of log N for 53 Tau.

The main source of error in the relative values of A'log N will
be random errors in the equivalent widths W » Wwhich amount to about
£ 0.0054 for 53 Pau (Auer and others, 1966) and *10% for « Lyr
(Hunger, 1955). Errors in W will produce errors in A log Wcorr
particularly for strong lines which almost lie on the "flat" part of
the curve-of-growth., Large errors may also be expected for very weak
lines which are difficult to measure and may be affected by blends.
Errors in W for the titanium and iron lines will affect the accuracy
of the apparent values of 4 eexc and log Pe respectively, The Fel
lines are weak in 53 Tau, and hence the probable error in the apparent
value of log P will be about ¥ 0.3. However, the effect of errors in
Aeexc and log Pe has been minimised by the use of groups of lines of
similar excitation and ionisation potentials. It should also 'bef' noted
that an error in the adopted value of Aaion will produce a corresponding
error in the derived value of log Pe’ but the ionisation corrections will
be only slightly affected. Thus, although the error of ¥ 0.06 in Aeexc

implies an error of ¥ 0.06 in ﬁ&ion’ the resulting errors will be small,

For the same reason, it does not matter much if the assumption that



AOyon = Aaexc is not strictly correct. The apparent values of
Aeexc and log Pe heve been derived only for lines with low excitation
potentials, and it has unfortunately not been possible to check
whether the same values epply to lines of high excitation potential,
An examination of Tables 4 and 5 shows that the values of A 'log N

and A log N are rather similar. This means that the full benefit of
the refinement of the differential curve-of-growth method is not
apparent for 53 Tau, beceuse the range of X for the lines of each
type of ion is small in 53 Tau and ALyr. gf-values heve not been
used in the analysis, except in the initial construction of the
curves—of-growth for TiIl where any errors in the gf-values cancel

out in the determination of aaexc. Hunger (1955) used gf-values to

derive a value of Tio = 920001{ for & Lyr, but this value is unlikely

n
to be seriously in error, since Brown and others (1964) found that

Teff = 920001{ from an interferometric measure of the stellar radius.
The longitudinal component of the magnetic fields in manganese stars
is less than 1000 geuss (Babcock, 19582), and the effect of magnetic

intensification of the lines on the derived abundances should be small

Babcock, 1949; Boyarchuk and others, 1960).
-

Tt must be emphasised that the values of A‘'log N refer to the
whole observed surface of 53 Teu, and they give no information about
the possible non-uniformity of the surface distribution of the elements.
If there is a renge of temperature and surface gravity over the surface

of 53 Tau, the relative abundances derived for non-uniformly distributed
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elements might be erroneous.

There also remains some uncertainty in the zero point of the
A 'log Il scale. The removal of this uncertainty would require reliable
model-atmosphere studies of both 53 Tau snd XILyr. Contributions to the
uncertainty are the possibility of systematic errors in the equivalent
widths for 53 Tau and &k Lyr, and the fact that the change of opzcity
between 53 Tau and KA Lyr has been neglected owing to the difficulty of
assigning a unique temperature to the whole of the surface of 53 Tau.
The latter contribution to the uncertainty in the zero point of the
A '1og W scale should not be large, as the UBV colours of «LLyr are
roughly similar to those of 53 Tau. Moreover, any change in opacity
between 53 Tau and o Lyr would be expected to show a wavelength
dependence, and there is no wavelength dependence of the values of
A log AL 0.03X in Table 3 for TilI, CrII, or Fell. Assuming
that the zero point of the A 'log N scale is correct, manganese is
overabundant in 53 Tau by a factor of about 12, while iron is deficient
by a factor of about 7. Calcium, scandium, and possibly magnes;qm are
also deficient, The other elements listed in Table 5 have approiimately

normal abundances., The presence of 2 line of Gal at L172.1A indicates

a large excess of gellium (Aller and Bidelman, 196L.) «

Comparison with other investigations

A comparison between the values of A'log N and the results of

abundance analyses by other authors is given in Teble 6. The values
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of log N for ®Iyr by Hunger (1960) have been subtracted from the

values of log IV for 55 Pau (log N(H) = 12.0) by Aller and Bidelman

(196k), Warner (1965), and Auer and others (1966) to give the values

of 8 log N listed. The large discrepancies between the values of

A 'log I and those of A log N may be attfibuted to several factors:-

(1) The gf-values used by Hunger (1960) for ALyr and those used by
other authors for 53 Tau were from different sources. Discrepancies
of * 1.0 in log gf between various sources are quite common in the

literature, The values of A 'log N do not depend on the accuracy of

gf' values.

(2) Aller and Bidelman (196k) and Warner (1965) adjusted the scales
of their values of log N to make the sbundance of iron in 53 Tau the
same as that in the solar system and the Sun respectively. An
attempt has been made in the present analysis to fix the zero point
of the A 'loz N scale by a less arbitrary procedure, but it must be
. admitted that some uncertainty ebout the zero point remains. At any
rate, the difference in the procedures maey partly account for the

discrepancies between the values of A ‘'log I and Qlog N.

(3) Aller and Bideluan (196k) and Verner (1965) adopted the values

() = &. = 0.45 and log P_ = 2.75, which differ from the apparent
exc jon e
- =% d log P = 2,50 derived in the present
values & ik eion 0,52 and log 5

anelysis and used for finding Atlog N. The discussion in the next
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Teble 6

COMPARISON WITH OTHER INVESTIGATIONS

A log N Alog N Alog N Dlog N
Element  A'log N Aller and Auer and Searle and
Bidelman TR others Sargent
lig -0.6 =0,9: -0.6: -0.5 -0.3
Si -0,1 -1.2 -0.9 -0,9 +0.1
Ca -0.8 ~1.6 103 0.0
Sec £ -0.5
Ti +0.4 +0.7 +1.6 +1o4
Cr 0.0 =11 +0.4 =044
Kn +162 +146 +2.2 +1.8
Te ~-0.9 -0.2 +0.1 =041
Sr +0s1 +1ek +1.7 +0,9
' +0.3 +1.6 +1.9 +1.9
Zr 0.0 +1.3 +146 +241

chepter will show that these differences have a large effect on the

resulting abundancesrelative to ol Lyr.

(L) The curve-of-growth analyses by Aller and Bidelman (1964) and
Warner (1965) would be affected by abnormalities in the structure of
53 Teu. Certain types of structural abnormality would also affect

the model-atmosphere analysis by Auer and others (1966).




CHAPTER 6

THE STRUCTURE OF THE MANGANESE STAR 53 TAU

Introduction

The refined differential curve-of-growth analysis of 53 Tau
in the preceding chapter enasbled abundances in 53 Tau to be derived
without assuming that its structure was normal. Other authors,
assuming normal structure, obtained conflicting abundances, but it
is difficult to investigate the discrepancies as they could be due
to several factors. The structure of 53 Tau will therefore be
studied by carrying out a normal differential curve-of-growth
analysis essuming a normal structure for 53 Tau and comparing the
results with those obtained in the preceding chapter by the refined
differentisl curve-of-growth method. In the normal differential
curve=-of=-growth methoa the differences in the temperature and
electron pressure between the two stars are derived from their
intrinsic colours and the profiles of the Balmer lines, and no
restriction on the choice of lines is made on the basis of their
excitation and ionisation potentiels; thus it is assumed that the
structures of the two stars are similar. To avoid confusion, the
notation for the normal differential curve-of-growth analysis will

be BX instead of A X, where X is any guantity.




Normal dirferential curve-of=-srowth analysis

The values einn = 0.45 and log P.e = 2,75 were derived by
Aller and Bidelman (1984) for 53 Tau from the Balmer lines.
From the UBV photometry previously quoted for 53 Tau and o Iyr
- = U = = - i
6 (B 'T)o 0 07m, and hence §0 o § 6 oxn 0,10, if the
relationshin bet t! - £
onship between T__  end T,  and (B V)o for normel stars

found by Kopylov (1963) is used. Since @ ton = 0.55 for o Lyr,

n
the value & ten = O0.45 for 53 Teu agrees with that expected from
(B - V)o. Ihe error in §(B - V)O due to errors in the UBV
photometry is ¥ 0.02". The normal differential curve-of-growth
analysis will therefore be carried out adopting the values

—k ) S =g = 7
de oxo = “0+10,€ . = 0.45 and log P_ = 2.75 for 55 Teu and

e sop = 0455 and log P_ = 2.98 for «Lyr (Hunger, 1955).

Aver and others (1966) measured additional spectra of 53 Tau
and obtained equivalent widths which agreed well with those of
Aller and Bidelman (1964). They averaged their measures with those
of Aller and Bidelman, and the average esquivalent widths will be
used in the present analysis. As the absorption coefficient may
vary with wavelength in a different menner in the two stars, the
wavelength range will be restricted as far as possible without

drastically reducing the number of ions with lines present in both
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sters; thus only lines in the range 3850 to 44204 will be used.

Values of §log wcorr and mean values of §log W S 0.10X,

cor
8 log Nr and &log N were deduced for the groups of lines of similar

excitation potentials listed in Table 1.

The values of 4 log N differ considerably in some cases from
the values of A'log N deduced in the refined differential curve-
of-growth analysis. When &log N is plotted against X + Xr, as in
Fig. 1, & strong correlation becomes obvious. The abundance
deficiency of iron in 53 Tau relative to the other elements was
well established in the previous refined anslysis, and the arrow
in Pig. 1 indicates that a correction - A'log N = 0.86 added to
&log N for iron would place the point for iron on the relation
between §log N and i+‘)(r for the other elements, All the values
of 6105 N were derived from lines of singly ionised atoms. The
correlation cennot be removed by any reasonsble change in the value
log Pe = 2,75 for 53 Tau. The value & Gaass Q.45, which agrees
with that expected from (B - V)o, would therefore have to be
increased to remove the correlation. The increase required
corresponds to a change in (B - V)O of more than twice the error
(£0.02") in §(® - V) due to errors in the UBV photometry.

This suggests that the structure of 53 Tau is abnormal.



Multiplet

NgII(10)

5iT11(1)

TiII(20)
(34)
(40)
(1)
(51)
(61)

(104)

(105)
crII(31)

FeII(27)

(28)

Sr1I(1)

YII(14)

ZrII(y)

=70

Table 1

DIFFERENTTAL CURVE-QF-GROVTH ANALYSIS

liean
o log W = =
A X & log W, _0,10)3.01‘1' Slog N, log NX +X
1-1-39006 9096 ""0.10 —1.12 -1021 -0.83 2"—!—'9
4386 9,95 =01l
3853s7 683  +0.15 ~0,53 =0:62  1=0:57 - 23541
L4L287.% 1.08 +0.36 +0,29 +0.21 +0.76 1.8
39520 115 +0435
LiT7.7 1416 +0.38
L301.9 1.16 +0.46
L39k 1 1,22 +0.37
4395-8 1.2 +0-55
4367.7 2.58  +0.46 +0.15 #0507 440,67 - 16.2
4386.9 2.59 +0.47
1-1-1711-.1 2.59 +O¢ 29
4261.9 3.85 +0.28 ~0.19 -0.18 +0.03 20.4
L2756 3484  +0.37
L428L.2 3.84 +0423
4269.3 3.84 +0.12
L}l}j{;-a 2.77 "0.66 "'0.95 -1 -Ol]- -0. 91 18.8
4303.2 2,68  =0.57
4176.9 2.57 -0.81
4’-}-0775? 0.00 "’0.21 "0.18 _0.32 +O¢ 96 1ﬁ |0
L215.5 0,00 -0.15
BAT7.5 0.40 40,08 +0.0k =OuiTs il g aaeT
4149.2 0.80 +0.11 +0.03 ~0,08 +0e42 1.8
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Figure 1

RELATION BETWSEN 6log N AND T+ % _
OBTAINED IN THE NORMAL DIFFERENTIAL
CURVE-OF-GROWTH COMPARISON OF
53 TAU WITH ot LYR

The arrow indicates the effect of the correction

- A'log N = 0.86 added to Slog N for iron.



liodel-atmosphere analysis

Before discussing possible causes of structural sbnormelity in
53 Tau, it is worth vhile enquiring whether the zbundance anomalies
derived from the spherical model of 53 Tau by Auer and others (1966)
would correlate with 'X_+7(r. To avoid errors due to uncertainties
in gf-values, a comparison will be made line by line with the recent
model-atmosphere analysis of ok Lyr by Strom and others (1966), which
is based on the mean equivalent widths given by Hunger (1955). The
values of log N for 53 Tau were found from the values of log Nf by
Auer and others using the same gf-values es Strom and others. Two

models with effective temperatures "_Pe of 900001{ and 950001{ and a

ff
surface gravity given by log g = 3.7 were calculated by Strom and others
for ot Lyr, and the resulting pairs of values of log N were averaged.

Table 2 lists the resulis for the lines used :Ln the normal differential
curve-of-growth analysis. There is again a correls.tion.between A log N
and X + X & (Pig. 2) except for iron, which was shown in the previous
chapter to be deficient relative to the other elements in 53 Tau.
licroturbulence was neglected in the analysis of eX Lyr by Strom and
others. Of the lines listed in Table 2 the only two which ere sufficiently
strong to be seriously affected by microturbulence are FeIl 4178.9 and

SrII 4077.7. If these lines are omitted, the mean values of Alog N

change from -0,82 to -0.70 for Fe and from +1.35 to +1.58 For Sr;



Table

2

JIODEL~ATHOSPHERE ANATYSTIS

Nultiplet A X, oi?fyﬁ

BeIT(10) 4390.6 9.96 7.50
L38Le6 9.95 736

SiTI(1)  3853.7 6483 T7.47

TiTI(20) 4287.9 1.08 3.97
(34)  3932.0 1.13  L4.10
(40)  4bAT7.7 1,16  L,36
(B1) 43019 1.16 412
(51) 439%e1 1422 4Ok
(61) 4395.8 1.24 3.82

(104) 43677 2.58 3.95
4386.9 2459 3,80

(105)  4A7hed 2,59  L.02
CrII(31) 14261.9 3.85 L.T1
L4275.6 3.84 L3

428l o2 3484 Le52

4269.3 3484 - 5.03

FeII(27) 4416.8 2.77 624
4303.2 2,68 6.29

(28) 4178.9 2.57 6:53

SrII(1) LO77.7 0.00 3.53
4215.5 0400 2,93

YII(14) MATT5 040 2435
ZrIT(41)  4149.2 0.79 2.6k

log Nf
53 Tau

6,01
589

503

3481
3458
Lok8
479
he16
3.60

boltd
L2
3.98

375
Selily
3459
Dl

Selidy
329
5¢25

3458
3621

3525
3465

log T

-1.15
-1 311

-2.30

-1495
~2420
-1.73
-1.26
~1.67
~2.21

_1.19

-1e1k4
=1.52
-1 181
-1.82
<47
-2011
"2-08
2,32
=D Tl
-1.0?
-1.50
"‘019)-1-

-1.03

log N
53 Tau

7416
T+00

Te35

5¢79
5.78
6.21
6.05
583
5481

5468
5456
5450

5.56
5.16
5430
5.33

5¢52
5461
5eli?

J-!-065
4o 51

419
L., 68

llean
Alog N

~0.35

=014

+1.84

+1.66

+0.72

-0-&2

+14.35

+1 081-&'
+2404

%t Ar
2ke9

23.1

14.8

1642

20,4

18:8

11.0

12.7

14.8
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Figure 2
HELATION BITWEDN Alog N AND X+ X
OBTAINED IN THE COMPARISON OF MODEL-
ATVMOSPHERES OF 53 TAU AND « LYR

The arrow indicates the effect of the correction

- A'log I = 0.86 added to Slog N for iron.



the effect on Figure 2 is therefore small., For the other lines in

Table 2 the error in log N due to the neglect of microturbulence is

less than 0,20,

It is unlikely thet the zbundence snomzlies in 53 Tau would be
related to the ionisation potentials of the elements, and a correlation
of 4 log N with excitation potential is apparent from the two groups
of TiIl lines. One of the models must therefore be faulty., The
models of o Lyr appear satisfactory, since the values of ’l‘e and

£f

0.
pp = 9200 + 300°K and

log g = 3485 4+ 0.2 derived from' the interferometric measure of the

log g agree well with the independent values 'l‘e

anguler radius of the star by Brown and others (19615.). Hence the
most probable explanation of the correlation of A log N withX +7€.r
is that the model-atmosphere of 53 Tau constructed by Auer and others

fails to take account of some kind of structural abnormality.

Possible causes of structural abnormality in 53 Tau

The normal differential curve~of-growth comparison of 53 Tau
withet Lyr is eguivalent to a direct comparison of line strengths in
53 Tau with those in a sharp-line normal star with the same (B - Vjo
and Balmer line profiles. It was necessary to use . Lyr, because no
equivalent widths for such a normal star were available. Ilioreover,
many of the lines in 53 Tau would not be present in a normal star
with the seme (B - V)O; 53 Tau and = Lyr have a large number of lines

in common., A direct comparison of the line strengths in & Scl with
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those in 2 normel star of similar intrinsie colour (W Cet) was given
in Chapter 2, and a correlation between the relative line strengths
and X+xr was found. The ratios of the line strengths in «£ Scl to
those in 7 Cet were smallest flor lines with intermediste values of
)Ld—jgr. This wies interpreted as an indication of a large range

of temperature over the surface of =% Scl. The normal differential
curve=-of ~growth comparison of 53 Tau withe¢ Lyr showed that the values
of &log N were smaller for lines with intermediate values of X + X £
(the lines of ligII and SiII) than for lines with low values of X +X =
Accordingly, there would seem to be a range of surface temperature

in 53 Tau also. Foret Scl, the idea of a large range in surface
temperature removes all the apparent abundance anomalies (except a
possible deficiency of helium for which only Stark-broadened lines are
available). In the case of 53 Tau, however, the deficiency of iron
and the excess of manganese relative to other elements remain as real
abundance anomelies even when & range of surface tempefature is

admitted.

Assuming that the zbundance of carbon is normal in 53 Tau, further
support for the existence of a range of surface temperature may be
given from a consideration of the CIT 4267 line, which has high
excitetion and ionisation potentials (% + ¢ r =42 eV). The strength
of this line is normal in 53 Tau for the value of (B - V)o, and
therefore &6 log N.is approximately zero, which is larger than the ;

values of 6 log N for the MgII and SiII lines. Thus the lines with



intermediate values of K +XK 7 have the smallest values of &log N,

as would be expected if' a range of surface temperature is present

in 53 Tau. Variability or an error in (B - V)o could produce a
correlation of & log N with X +x - but not 2 minimum value of &log N
for lines with intermediate values of X + X e The validity of this
argument is uncertain, because it is not known whether the abundance

of carbon is normel in 53 Tau,

Various types of structural ebnormality may be suggested for

53 Tauz-

(1) The stratification of the atmosphere may be abnormel, especislly
since magnetic fields have been observed in some manganese stars,
However, the relastive strengths of the metastable lines of SiII(1)

and the non-metastable lines of SiII(3) are about the same as in
normal siars, whereas in shell stars the relative strengths of the
SiII(1) and SiI1(3) lines are very different from normél stars. This
shows that the abnormality in the stratification in 53 Tau, if present,

is much less severethan in the case of shell stars,

(2) Rapid rotation viewed pole-on mey be discounted, because the lin stars

rotate very slowly (Chapter 3).

(3) The structure of 53 Tau might be distorted by the tidal interaction
of a close companion star of much lower luminosity. This is rather

unlikely, since no periodic radial velocity variations have been found,
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and the frequency of short-period spectroscopic binaries is low among

peculiar A stars (Jaschek and Jaschek, 1958).

(4) The renge in surface temperature found in 53 Tau might be explained

by a phenomenon similar to sunspots but on a grander scale. The small

variations in UEV magnitudes in some lin stars with magnetic fields

(Abt and Golson, 1962) might also be accounted for in this way.
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CHAPTER 7
THE CHEMICAL COMPOSITION OF THE BINARY PECULIAR A STAR HR LO72

Introduection

The orbit of the spectroscopic binery star HR 4072 = HD 89822
(e 1950 = 10® 20", 51950 = +65° 19!, mo = 4.9) was studied by Baker
(1912) and Schlesinger (1912) who derived a period of 11.58 days and
an eccentricity of 0.38. They were unable to find the secondary
spectrum due to the Tainter component. Eabeock (1958&) observed
strong spectral lines of HglII, SiII, CeIIl, TiII, CrII, and Fell and
weak lines of CrI, Fel, and lnII, and found a magnetic field of ebout

300 gauss reversing in less than 90 days.

Two spectra of this star at a dispersion of 5.6 A/mm weretaken
with the Edinburgh 36-inch telescope on ﬁay 18, 1966, Several spectral
lines which could not be identified were noticed. A third spectrum
was obtained on May 23, 1966, and it was found that the unidentified
lines had shifted by about 34 with respect to the other lines. This
showed that the unidentified lines were due to the secondary component.
It wes also noted that the YII lines were abnormally stirong in both
components. Since few double-line peculiar A bineries are known and
the lines in HR 4072 are very sharp, an abundance analysis of the two
components was carried out to determine the chemical composition of

the atmosphere of the primary component and to investigate whether
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the composition of the secondary is similar, This binary star will
also be of interest with regard to the theory proposed by Renson
(1963) that meny of the peculiar A stars have & close companion star
of lower luminosity with a magnetic field moving in an eccentric

orbit.

lleasurement of eguivalent widths

The spectra were taken on Eastman-Kodak 10380 emulsion and were
uniformly widened 1 mm. The wavelength range suitable for measurement
was from 4070 to 45104, The plates were cazlibrated in a separate
multiple-slit spectrograph a few hours after exposure at the telescope
and brush developed in Kodak D19b developer for /4 minutes at about
20°C. The two spectra taken on liay 18, 1966 were on the same plate,
and the projected spectrograph slit-width on the plate was 30 microns.
The third spectrum taken on May 23, 1966 was obtained with the nrojected
slit-width reduced to 20 microns to improve the resolution of the
spectral lines. The exposure times were 82, 64, and 162 minutes

respectively,

The spectra were itraced with a Joyce-Loebl microdensitometer using
& magnificetion of 50 and a projected slit-width of 20 microns.
Bquivalent widths for unblended lines were measured on the third
spectrum. Further messures were obtained by finding the products

of the central depths and half-widths of the lines and transforming
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the products to the equivalent width scale. This was done for

each of the three spectra to give three additional sets of measures.
The four sets of measures were then averaged, and the mean equivalent
widths W in mA with the number of measures n are listed in Table 1.
For the broad lines of HeI(14), CII(6), and MgII(4) all the measures

were direct measures of equivalent width.

Table 1

EQUIVALENT WIDTHS

lultiplet A xX Primary  Secondary
W n W n
HeI(1k) L7 158 20.87 58 1
«69
cII(6) 4267.02 17.97 38 1
s27
HgII(4) 4481.13 8,85 262 3 55 3
33
(9) 1433.99 9496 k3
(10) 4390.59  9.96 4k
SiTi(3) 4130,88  9.80 W0 4
4128.05 9.79 135 L
se11(7) 52665  OF <A R
P411(19) 4395.03  1.08 79 Lk 25 1
133,80  1.08 81 N 32 1
450,49 1.08 48 4
(20) 4294,10  1.08 T2k 37 2
4287.89 1.08 39 L
(31) 468,49 1.3 88 &4 25 2



lultiplet A x Primary  Secondary
N w n w n
k501,27 Yt 85 & 36 o
Lylidi. 56 1.11 22 2
TiII(40) HaATs 48 L
L7472 1416 70 . 2
16l 1S 1.16 39 4
(11) 4300.05 1,18 8l b
4290,22 1.16 89 2
1,301 493 1.16 73 2
1,312.86 1,18 65 L 27 2
4320.97 1.16 36 2
(51) 4399.77 1423 BN
439,06 1.22 28 2
3WAB8.3L 1.23 25 2
(61) 4395.85  1.2h 3, =2
(%) 4316.51  2.04 3 o
(104) L367.66 2,58 I S
4386.86 2459 43 2
(105) 4163.6L4  2.58 601 12
4171.90 24,59 13 &
4174.09 2459 29 2
(115) 1488,32 3,11 38 2
1411,08  3.08 ke
CrI(1) 425k .35 0.00 34 k.
CriI(26) 417943 3.81 32 2
(31) 422,38  3.85 Tk o 28 2
4261.92 3.85 57 2
427557 384 L3 2
14,28l 421 3484 41 2
4269.28 3484 36 L
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Hultiolet X < Primary Secondary
- W n W n
Ccr11(162) §145.77 5430 4 2
InII(6) 4,326,776 5+37 Iy L
= 4136.91 6ol 38 2
4 L478.63 6464 23 2
PeI(41) 4383.55 1.48 51 2 L0 2
LLOL. 75 1455 def RN 26 b
(42) L271.76  1.48 k7" 2
4325, 77" 160 82 2 L0 Ly
(152) 1187.80 2ol1 38 2
(800) 4219,36 3456 31 2 23 2
FeII(27) 4351.76 2.69 é I 26 2
4303.17 2.69 67~ i
4385,38 2477 68 2
4128, 7% 2.57 32 2
(28) 4178.86 2,57 75 (1 22
14296.57 2.69 56 2 31 2
4122.6) 2457 36 L
1258416 2.69 46 L
(37) 491,40 2.8k 55 242 27 2
4489.19 2.82 51 Iy
4472,92 2483 25 i
4508,28 2.8l 69 3 39 3
- 5451455 - 29 &
SrI1(1) 4077.71 0,00 120 .k 1A 2
4215452 0.00 113 Ly 49 L
YII(1) 420469 0,00 59 22 8 1
(5) 4309,62 0.18 78 2 31
4398.02 0.13 58 4 2l
422,59 0,10 535 &



Multislet N > Primary Secondary
= W n W n
YII 1358473 0.10 68 L
(13) L3T7he%h  Ou o INe 3
(14) BA24,91  0.44 5k. ik
bAT77:5h 0.4 121 L 39 2
ZrIT(4a) 449,22 0,80 39 b

Analysis of the primery

The chemical composition of the atmosphere of the primery will
be determined by a differential curve-of-growth analysis with « Lyr
as the compari'.?.on ster in the same way as for 53 Tau. Curves—of-growth
are shown in Fig. 1 for multiplets (19) to (61) of Till, which have a
small range in excitation potential. At a dispersion of 4.5 A/mm the
lines in HR 4072 are extremely sharp (Babcock, 1958a), and the
microturbulent velocity €  must therefore be low, Unfortunately
no spectra at a higher dispersion are available, E £ will be taken
as zero, and the correction term log VI added to log (W/A ) will
then meke the curve-of-growth for HR 4072 applicable to elements
with different atomic masses 1, The correction term for & Lyr is
approximately 5 log¥M. The lines with .'+5° slope were used for

deducing the values of log wcorr in Table 2.
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Figure 1
CURVES-OF-GROWTH FOR TiII LINES
IN HR 4072 (PRIMARY) AND « LYR

Dots denote lines of multiplets (19) to (61),
and crosses multiplets (82) to (115),




Multiplet

ligII(9)

(10)

SiII(3)

SeIi(7)

TiIT(20)
(1)
(102)
(105)

(115)

CrIT(31)

(162)
FeI(41)

(42)

CORRECTED EQUIVALENT WIDTHS

A

435499
4390.59

4130,88
4128.05

4246483

429410
L.287.89
4301.93
1312,86
4367.66
14.386.86
4163464
4171.90
L4 88,32
411,08

4242038
4261.92
4L275.57
L28) 421
4269.28
LALSTT

4383455
LU0k 75
427176

~88—

Teble

2

Primary

A logW logVW

9496 =1.37 =1,31
9696 =1.34  -1,27
9.80 =0.85 +0.39
9.79 =-0.87 +0.29
0.31< =2,00 € =1.99
1.08 =1.1k -0.563
1.08 =141 =1.30
116 =141k  =0.63
1.18 =1.19 =0.77
258 -1.36 -1,22
2e59 =137 - =12k
258 =1.22 =0.87
2.59 =1.14 =0.60
3011 =142 =-1,32
3.08 =140 ~1.29
3.85 =1.15 =061
3.85 =-1.24 -0.92
3684 =137  =1.21
3,84 -1.39 =1.25
384 =1oll =133
5:30 =1.39 <1.24
1,48 =1.,29 =1.04
1655 =133 =113
1,48 =1.33 =1.12

corr

< Iyr
log W log ﬂc
~alt ' =%1b
~1:39 =1,32
-1.18 ~0.98
-1.17 =0.96
~1e39 =429
-1.15 =0.83
-1.68 =1.65
~tediy ~-1.35
=142 ~1.32
“1.66 =1.62
~1.79 177
=1.29 =1.13
-1.32 ~1.18
=1.72  =1.69
-1.68 ~1.65
148 =t
~1.56 =151
~1.90 =1.89
=19 =TT
~1.7h  =1.71
=1.79 < =1l
-1.03 =0.32
-1.2h  =1.05
1,24 =1,04

orr

A i
1105 ircorr

+0044
+0.,05

+1-37
+1425

{ -0970

+0.20
+0.35
+0.72
+0.55
+0.40

+Oo53
+0.26

+0.58
+0.37
+0.36

+0,80
T +0.59
+0.68
+0.52
+0.38
+0.53

=0.72
—0.08
-0.08
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Table 2 (continued)

CORRECTED

lultiplet A x

FeI(152) 4187.80 2.4
(800) 4219.35 3,56

FeII(27) L4351.76 2.69
4303.17 2.69

4385438 2.77

(28) 4296.57 2.69
bA22,6h 2,57

4258,16 2.69

Sr1I(1) L4O77.71 0,00
4215.,52 0,00

YII(13) 4374494 0.4
(14) 477654 Ol

ZrII(41)  4149.22 0.80

Primary

l “!"‘r Tl‘
og log Ico

_1 .1]-2
=1.51

~1.18
-1.17
-1.17
-1.25
=1obde
=143k

-0.92
-0.95

_1.00
“0.92

~1 .44

-1429

=1 oliks

0472
~0.66
-0,69
-0.93
~1432
=11k

+0.79
+0.71

+0050
+0.77

~1 015

EQUIVALENT WIDTHS

<X Lyr
e 08V g Wcorr
"1.46 -ﬁ.37
_1 .50 ""'1 .l{l]-
"1 -1 6 -‘0186
=1.29 ~1.13
=131 ~1e17
-1.39 -1.28
“1062 _1.58
_1l73 “1.?0
-1.22 “008?
=1a5{ =1.22
~1.79 -1.76
-1.60 '1.5#
"1.6? -1¢63

4L
1

The difference Ablog X in the deviations dlog X from the

curve-of-growth between HR L4072 and eXLyr is plotted against the

log ¥
o0 JrCOI‘I‘

+0,08
0.00

+0. 14
+0.47
+0.48
+0.35
+0.26
+0.56

+1.66

+1.93

+2.26
+2,31

+0.48

excitation potentisl X in Fig. 2, where log Xo is the abscissa of

the curve-of-growth, The notation

e Xﬁa.uo72 s

X“*Lyr’

where X is any quantity, will be used.

(1)

Uhere there is likely to be

confusion, a suffix "1" will be used for the primary and a suffix
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Figure 2
DETERMINATION OF THE APPARENT DIFFERENCE

JANS] IN THE VALUES OF & OR
1 exc exc

HR 4072 (PRIMARY) AND «LYR

The least squares solution is shown;

ig &1 AN = ~0.,008% 0.057.
this gives 1eexc 0.008*0.057



"2" for the secondary. A least squares solution of the vplot in

Figs 2 gives the apparent difference in Bexc between the primery

and of Lyr as

Since this difference is very small, it will be taken as zero to
simplify the analysis. Using the values eion = 0.55 eand

log P_ = 2.98 derived by Hunger (1955) foret Lyr and putting

a5 (2] S = 0, Ssha's ionisation equation was applied to the lines

of Fel and Fell listed in Table 2, and it was found that the

apparent value of log Pe for the primary was
log Pe = 2.4!}1‘-.

The mean values of 4 llog ".?c

of similar excitation potentials are listed in Table 3. Saha's

Sp and & llog Nr for groups of lines
ionisation equation was used to deduce the apparent values of

4 jlog N from the values of ﬂllog N_. These apparent values of
Allog N will be the same as the true values &l'log N only

if the structure of the primary is normzl and the secondary is

much fainter than the primary.

(2)

(3)



Table 3

VALUES OF A lLOG- Hr AND ﬂlLOC— N

Group of

SEAl Thdiplete Allolge;zorr Ajlog N, & log N
1 MgIT(9),(10) +0.2. +0.15 +0.16
2 SiII(3) +1431 +1421 +1421
3 5eII(7) < -0.70 < =0.8y  <-0.71
b Ti11(20),(41) +0.45 +0430 +0435
5 TiTI(104),(105),(115) +0442 +0.27 +0,32
6 CrIz(31) +0.59 +0.43 +0o 4y
7 CrII(162) +0.53 +0.37 +0,38
8 FeI(41),(42),(152),(800) -0.16 -0433 +0.21
9 FelI(27),(28) +0.38 +0,21 +0.21

10 SrII(1) +1.79 +1456 +1.96
11 YI1(13),(14) +2,28 +2.05 +2429
12 ZrII{}1) +0.48 +0425 +0.28

The differences between the apparent values of tlllog N for
groups of lines of similar mean excitation and ionisation potentizls
and wavelengths are shown in Fig. 3, where the arrows point to the
element with the larger wvalue of’dllgog N. Fig. 3 gives the true
relative values of Al’log N, and the zero point of the Al'log N

scale may be fixed by using lines which are insensitive to temperature



end electron pressure; the lines of Crll are most suitable. A

correction must be made for the "dilution" of the primery lines by
the light from the secondary. For the MgII 4481 line the relative
luminosities Ll and L2 of the primary and secondary components is

approximately given by

1,1/1,2 = *-_-'f1/w2 = 4.76, o)

since this strong line is insensitive to differences in temperature,
electron pressure, and the abundance of magnesium between the

primary and the secondary. The value of A,i‘log Iy for Cr is thus

A,'log N = A110g N + log 5.76 = log k.76

+0.51. (5)

1

Fig. 3 may now be used to obtain the values of A,"log N- for Se; i,
Fe, Sr, Y, and Zr listed in Teble 5. The lines of MgII(9), MgII(10),
and SiIT(3) are also insensitive to temperature and electron pressure,
and the values of 4 ,'log IV for lig and Si may be found directly

as in equation (5).

The lines of lMnII in the primary are not present ine¢ Lyr,
but two of them have been measured by Auer and others (1 966) in
the manganese star 53 Tau. The previous comparison of 53 Tau with
K Lyr gave a value A'log N = +1,19 for kn for 55 Teu. Using the

notation
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Fe SC sr
6,9
o023\ >1:06\3.4 161 4 10
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012 194
& 007|412
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Figure 3

RELATIVE VALUES OF Al‘log N OBTAINED IN
THE REFINED DIFFZRENTTIAL CURVE-OF-GROWTH
COMPARISON OF HR 4072 (PRIMARY) WITH « LYR

The numbers of the groups of lines
in Table 3 are indicated. The arrows
point to the element with the larger

value of A log fl.
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§% = Xy 5072 = %53 Day?

where X is any quantity, e comparison between the primary and
53 Tau is given in Table 4 for lin and Cr. 61 eexc = +0.03, and
the mean velues of 6110{5 Nr for the lines of Mnll and CrIl listed

ere =0.66 and +0.42 respectively. Since & ,'log I = +0.51 for Cr,

1
the resulting value of A 1'10{; N for lin is +0.6L,

The final values of & 1'105 N are listed in Table 5. The
values of log Il given by Hunger (1960) for S\ Lyr were used to
derive the values of log N in this table for the primary. TFor
elements vith lines on the linear part of the curve-of-growth, the
results should be more accurate than those for 5% Tau, since the
ionisation corrections are smaller and based on five suitable
lines of Fel instead of three week lines of Fel. Although an
error in the adopted value of & 163'.0n will produce & corresponding
error in the derived value of log Pe’ the resulting ionisation
corrections will not be greatly affected. The chief uncertainty

in the results is the zero point of the 4 1'1og N sceale.



Table L

CORRECTED EQUIVALENT WIDTHS FOR MnII AND CrII

Primery 53 Tau §,log W

Tulti o W i T T 1 corr
Multiplet A %, vlog¥ LogW, ... JoeW deg Wois' . d.055¢
¥nII 4136491 Gell =142 =1,29 =112 <0.23 -0.88
LU TB63 6.6L. =1.6l =1.60 -1.27 =0.97 -0.43
CrIiI(26) L4479.43 3.81 -1.49 -1.40 1,66 =1.61 +0432
(31) L4261.92 3.85 -1.24 -0.92 1439  =1.23 +0.43
}'}'275O5? 3!8'!4‘ "'1 057 -1 u21 -1 .58 '-1 -52 '*'0&&-3
4284e21 3,84 =1.,39 =1.25 ~1.60 =1.55 +0.42
4269.28 3.8k =1k =1.33 ~1.85 =1.83 +0.62
(162) LALS.TT 5.30 -1.39 =-1.22 ~1.64  -1.59 +0.53

Table 5 shows thet the chemical composition of the atmosphere
of the primary component of HR 4072 is abnormal. There are large
excesses of silicon, strontium and yttrium, and scandium is probably
deficient. The excess of strontium is interesting, because the primary
is much hotter than the Sr stars; it would suggest that excesses of

strontium are not confined to the coolest peculiar A stars.,
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Table 5

ABUNDANCES IN THE PRIMARY

Blement 4 ,'log N i"fyﬁ Pi?_gegy
B 12,0 (12.0)
lig +0,24 Te7 79
si +1429 8.2 9¢5
Se & ~0.67 3ok < 2.7
i +0439 48 942
or #0.51 5.6 61
¥n +0. 6l 5¢3 59
Fe +0.28 645 6.8
ap +2.00 2.8 4.8
Y +2433 241 Leale
Zr +0.32 29 Pas

Analysis of the secondary

The primary will be taken as the comparison star in the
enelysis of the secondary, and the notation

(7)

o Zx = xsecr::rldz«.:ry - Xprimary’
where X is any quantity, will be employed. Unfortunately, it
is not possible to determine & Do because of the shortage

of lines in the secondary. Adopting eex = 0.7 as an approximate

c
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estimate of the excitation temperature of the secondary, a curve-
of-growth for the YII lines was constructed in Fig. L4 by plotting
log (W/A ) + log VUi against log gf A - 0.7% using the gf-values by
Corliss and Bozman (1962). An error in the estimate of © L -

not be serious because of the small range in X for the lines,

Assuming that log P‘9 = 244t as in the primary, a value 4 eion = +0,04

ra
was derived by applying Saha's ionisation eguation to the lines of
Fel and Fell listed in Table 6; A4 0 € xo Vo5 &lso taken as +0,0k.

An error in the adopted value of log Pe_ will produce a corresponding
error in the derived value of 4 2eion’ but the ionisation corrections
will be only slightly affected. The effect of an error in the value

of & Zeem mey be more serious, since the shortage of lines prevents

the use of groups of lines of similar mean excitation potentials.

Values of a4 2105; Nr and A2

Table 7. It will be noted that the ionisation corrections

log N were deduced and listed in

loz N -
Qz_ou N A2

by adding log 5.76 to the values of & olog NN to take account of

log Nr are small. The values of Az‘log N were found

the "dilution" of the secondary lines by the light of the primery.
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Secondary

-6
log gfA-0-7X

Figure 4

CURVE-OF-GROWTH FOR YII LINLS IN HR 4072 (SECOI‘?DJRY)



Multiplet

P1II(19)

(20)
(31)
(41)
CrII(31)
FeI(41)
(42)
(800)

FeII(27)
(28)

(37)
(38)

SrI1(1)

YII(5)

(13)
(14)

CORRECTED EQUIVALENT WIDTHS

A

4395403
143,80
4294410
L6849
14501 .27
4,312.86

L2l2.38

4383455
1Ok.o 75
4325.77
4219436

4351.76
1178.86
4296.57
12,91 ,.40
4508.28

4215452
LO77.71

4309.62
4398.02
L37he Ol
BA77 5k

=100~

Table 6

log W
&%

~1460
-1.49
~1 43
~-1.60
=1 olidy
=~1.57

-1 -55

-1.10
-1.58
=140
-1,6L

-1.58
-1.66
-1451
=157
=141
-1431
=-1439
=151
-1.62
~1.40
-1 s41

log W
€ Yoo

=148
~1431
~1412
=149
-1420
~142

"'1 l3?

-0.98
-1 43
~-0.98
=1.52

=143
-1.55
-1428
-1.42
-1.03

~0.09
"Ooll-i{-

-1.09
=142
~0.61
-0.58

rre

log W
B iy

-1.10
~1.09
-1 1k
-1.06
~1.07
~1.19

_1.15

-1.29
~1.33
-1.09
=151

-1.18
-1.12
-1425
~1426
-1.16

=0.95
-0,92

=111
-1.24
~1.00
-0.92

log W
g corr

~007
-0.16
~0.63
~0.30
-0.36
-0.77

~0,61

=140k
=1.13
~0.28
=14y

~0.72
-0.36
-0.93
-0.99
-0.68

+0.71
+0.79

+0,06
+0.61
+0.50
+0.77

Pal

210 g v corr

+0,04 X
-0.97
-0.81
=045
~1otly
~-0.80
=0,60

“0:61

+0.12
~0. 2l
-04 64
+0,06

~0460
-1.09
-0.2;
-0.32
-0.24

—Ou 80
=123

=114
=2.02
-1.09
~1.33
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Table 7

RESULTS TOR THE SECONDARY

Element Iultiplets 4 zllzega;;cor Azlog Nr A 2log N 42! log
+ 0,04 %

Ti  TiII(19),(20),(31), (1) -0.79 -0.81 -0.86 -0,10

Cr CrII(31) -0.61 -0.66 -0467 +0.09

Fe 7eII(27),(28),(37),(38) -0,50 ~0.53 -0.53 +0423

Sr SrII(1) -1,02 ~1,05 =1 ol -0.65

Y YII(5),(13),(14) - =140 1443 =1465 -0.89

Table 7 shows that the relative abundances of titanium, chromium,
iron, strontium, and yttrium are similar in the primary and secondary
components, although the overabundance of strontium and yttrium relative
to titanium, chromium, and iron may be slightly smaller in the secondary.
The zero point of the 412'105 N scaele is uncertain because of the

uncertainty in the ratio of' the luminosities of the two components.

Discussion

Probably the chief limitation on the accuracy of the relative
abundances in the primary and secondary components is the uncertainty
in the microturbulent velocity f 4» 85 some lines on the “flat" part
of the curves-of-growth have been used. On the basis of the extreme

sharpness of the lines (Babeock, 19582) and in the absence of another
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reliable source of inflormetion, ? . has been assumed to be zero in
both the primery and secondary components. Allowing for the "dilution"
of' the primery lines by the light from the secondary, an attempt was
made to determine E & in the primary by comparing the curve-of-growth
for TiIT with the corresponding curves-of-growth for 53 Tau and & Lyr.
Lstimates of 1 or 2 km/sec were obtained for § £ but these are
unrelisble because of the scatter sbout the curves—of-growth and the
possibility of systematic errors in the eguivalent widths between the
stars. The uncertainty in.F + for HR 4072 is, however, unlikely to
aff'ect the general conclusion that excesses of strontium and yttrium

are common to both components.

Not many other double=line peculiar A binaries are known., Searle
and Sargent (1965) found that the two components of 41 Eri were sherp-
line manganese stars with Gall lines and that both components had an
approximately normal Mn/Fe abundance ratio with ln and Fe in excess
relative to Cr and Ti. They suggested that the two components had
acquired these similar abundance anomalies in their circumstéilar
envelopes during their final stages of contraction to the main seguence.
Abt and others (1966) found that HD 98088 was a double-line peculiar A
binaery with 2 mass ratio of 1.34k. A weak secondary spectrum was also

noted in the manganese star 112 Her by Aller (1966) .
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If the mass luminosity relation
log I/Lg = 343 log Wi g

quoted by Allen (1963) holds for peculiar A stars, the ratio of the
masses M1/M2 of’ the two components of HR 4072 is approximately 1.6.
The orbitel elements for the primary given by Schlesinger (1912)

would then imply that the angle of inclination i which the normel

orb
to the orbital plane makes with the line of sight is about 29°.

However, if the period of rotation of the primary is the same as the
orbital period (11.58 days), the extreme sharpness of the lines
suggests that the angle of inclination irot which the exis of rotation
makes with the line of sight is less than 10°. There thus seems to be
a difference between the inclination angles i and i or a

orb rot
difference between the orbital and rotational periods. A more

accurate mass ratio could, of course, be derived from a series of

radial velocity measures for both components,

Since the lines in HR 4072 are very sharp, it may be expécted
thet further investigations at higher resolution will be worth while,
It would be particulerly interesting to know whether the secondary
component has a magnetic field with variations related to those in

the primary.

(8)
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CHAPTER 8

VARTAELE PECULIAR A STARS

lizgnetic field varistions

Zxtensive measurements of the longitudinal component of
magnetic fields in peculiar A stars were made by Babcock (1958a).
Effective fields of several hundred to severzl thousand gauss were
found in sharp-line stars. The fields are varisble, and Babcock
(1958b) classified sters according to the type of variation.

« -varisbles have fields which reverse polarity periodicelly;

f —variebles have reversing fields but apparently no periodiéity,
while ¥ ~variables have irregular variations of constant polarity.
These classifications describe existing observations but mey be
modif'ied subsequently; for example, periods mey be discovered
later for some stars originally classified as p -varisables.
Variations in radiel velocity were also observed by Babecock, but
in some stars he found no obvious correlation between the radial
velocity variations and the magnetic field variations., Abt and
Golson (1962) found small veriations in luminosity and colour

in megnetic stars. These veriations usually show pericdicity in

o =variables.
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Spectrum veriations

Stars which show periodic veriations in their line intensities
might be expected to offer information on the origin of abundance
anomelies in peculiar A stars. However, the situation is far from
simple, and observations of some spectrum variables are now

described to illustrate the diversity of the problems encountersd.

o<20Vh is the best known peculisr A spectrum varisble., Struve and
Swings (1943) identified many lines of singly ionised rare-earth
elements which varied in strength with a period of 5.5 days. Some
other lines, such as those of CrII, varied out of phase, while a
third group of lines, including those of lNglI and SiII, did not
show appreciable variations. The grouping of lines according to
the type of radial velocity variation is similar, The rare-earth
lines have minimum and maximum radial velocities 1.0 days before
and 1.5 days after maximum line strength respectively. The CrII
lines show a double wave in the radial velocity curve, and the
YgIT and Sill lines have constent radial velocities. The effective
magnetic field varies periodically between -1400 gauss when the
rere-carth lines are strongest and +1600 gauss when the chromium
lines are strongest. No transverse field was detected when the
longitudinal field was zero (Babcock, 19582). All lines are
sharper when the rare-earth lines are strongest. Bohm-Vitense

(1966) has explained these observations assuming a period of



~106=

rotation of 5.5 deys and a cylindricelly symmetric magnetic field
inelined to the axis of rotation, overabundances of the rare earths
and chromium being concentrated in the polar and equatorisl regions
respectively. Burbidge and Burbidge (1955) determined abundances
in & CVn by a differentisl curve-of-zrowth comparison with ¥ Gem,
but Sargent (1964) has pointed out that their adopted ionisation
temperatures for both stars may be too low. Further observations
on Otzc?n are now being made at the Mount Wilson and Palomar

Observatories.

HD 125248 is an outstanding Eu-Cr varisble with a period of 9.3
days. The grouping of lines according to their intensity variations
is similar to that in.e(Ean. Analysis of the radial velocity
variations is complicated by a secular variation in the mean
velocity due io binary motion. The binary period of 1618 days
given by Ledoux and Renson (1966) was found to be consistent with
all the radial velocity measurements between 1947 and 1951 by
Babeock (1951) and Deutsch (1958b) of the Fel lines which undergo
only slight velocity veriations in the 9.3-day period. Deutséh
(1958b) noted a similerity in the grouping of lines for the radiesl
velocity variations and equivalent width variations within the
9.3-day period. The effective magnetic field veries between +2100
gauss when the rare-earth lines are strongest and -1900 gauss when

the chromium lines are strongest (Babecock 1951, 19582). Attempts
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have been made to account for the observations by regarding the
star as oscillating (Babeock, 1951), or by postulating a complicated
asymmetric field configuration and distribution of elements with

a period of rotation of 9.3 days (Deutsch, 1958b).

m

The "cross-over" effect was first discovered in HD 125248 by
Babecock (1951). When the megnetic field is decreasing and crossing
over the value zero, most lines in the spectrum formed by left-
handed circularly polerised light become sharper than in the other
spectrum. At the other cross-over point, when the magnetic field
is increasing, the effect is reversed. A similar effect was later
detected in other & -variables. The explanation of the effect is
that dif'ferent areas of the surface have different radial velocities

and magnetic f'ields.

€ Ula is the brightest peculiar A star, but detailed analysis of
it is difficult as its lines are rather broad. Guthnick (1931)
established a period of 5.1 days for the variation of the strength
of the Call line at 39334, All authors agree that the CriT iines
vary out of phase with this line, but there is considerable
disagreement about the phases of the variation of other lines.

A series of spectra at a dispersion of 5.6 A/mm was teken on
fine-grain I1ford RLO emulsion with the Edinburgh 36-inch
telescope. Difficulty was experienced in identifying lines

because of blending. The SiII 4131 line varies out of phase with
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the CrII lines. Most other lines are constent or vary in phase with
the CrIT lines. Lines of the rare ezrths are very week or absent.
Doubling of certain lines of TilI, VII, CrlI, and FeIl was reported
by Struve and Hiltner (1943) at phases 1.36 to 1.59 days and 3.65 to
5+70 days after the minimum of the CaIl 3933 line, but other lines of
the same ions remained single. No doubling of lines could be

detected on the Zdinburgh spectra, which were taken at other phases.

Perhaps the most remarksble feature of € UlMa is the rapid
changes in the Balmer line profiles (Wood, 1964). The equivalent
widths of HY and HS vary 180° out of phase, There are rapid
variations in the wings-offip, and a change of almost 4A in its
equivalent width was found during z four-minute intervel.
Extraordinary changes in atmospheric structure must be occurring

in short intervals of time,

73 Dra has sbnormally strong lines of OrI, CrII, SrIl, and Eull,
and its CaIl 3933 line is unusually weak (Morgen, 1933). The

EuITl 4205 line varies with a period of 20.3 days (Durham, 1943).
The variation of other lines was investigated on low-dispersion
spectra by Morgan (1933), Durham (1943) and Faraggiana and Hack
(1962), but discordant results were obtained. Provin (1953) found
that the visual magnitude veries with an amplitude of 0.04",

peximun 1ight occurring near the phase of meximum Euil line strength.
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liore recent observations made by Rakos (1963) ensbled the times

of meximum and minimum Full line strength to bLe predicted, so that
spectra could be taken near these phases with the Bdinburgh 36-inch
telescope. Two spectre were obtained at a dispersion of 5.6 ﬁ/mm
on Tovember 8, 1966 and November 20, 1966. Numerous sherp lines
were visible on both spectra. The lines of SilI, Cal, ScII, TiII,
inI, MNnII, SrII, YII, Bell, and Bull were much weaker on the second
spectrum, whereas the lines of NglI, CfI, CrII, Fel, and Fell
remained constant or were only slightly weaker on the second

spectrum. A strong unidentified line at 4423.1A remeined constant.

The behaviour of the Call 3933 line was studied on six
spectra at 2 dispersion of 4.5 A/mm by Wehlau (1960). A constant
sherp component is superimposed on a broad component which varies
in phase with.the EuIT lines. The broad component may be due to
the wings of the line formed in smell patches with a high Call
ebundance, the remainder of the star's surface having a low Call
atundance. Rapid changes in the overall strength of the line:ﬁay

also occur (Honeycutt, 1966).

The magnetic field veristions in 73 Dra have the same period
as the spectrum variations (Preston, 1967), and the radial
velocity variations are smell (Bebcock, 19582). Wood (196L)

reported rspid out of phase fluctustions in the profiles of the
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Balmer lines similar to those found in € Ulla.

53 Cem, a Hu-Cr-Sr ster, has a magnetic field which varies between
=350 and +3700 gauss with a period of 8.0 days. This is the
largest range known among the o -variables, The field variations
are accompanied by outstending variations in the spectrum lines.
All lines are much broader and the MgII and TiTl lines are

stronger when the field is of negative polarity (Babcock, 19582).

IID 98088, another EBu-Cr-Sr star, is a double-line spectroscopic
binary with a period of 5.9 days. The variations of the magnetic
field between -1000 and +800 gauss and of the strength of the
SrII lines in the primary alaso have this period. If the period
of rotation of the primery is the same, the side carrying the
positive magnetic field and producing the strongest SrII lines

always faces the secondary component (Abt, 1953; Eabeock, 1958a) .

v 'Boo is one of the manganese stars. Deutsch (1947) found from low
dispersion spectra that some lines varied in strength, and hefderi?ed
& provisional period of 2.24 days. Two spectra at a dispersion of
5.6 A/mm were obtained with the Edinburgh 36-inch telescope on

ley 9 and May 12, 1966 (73 hours apart), but no definite variations
were detected. The relative intensities of the lines on both

spectra agreed fairly well with those estimated by Jaschek and

others (1965) on a Mount Wilson spectrum with a dispersion of
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o5 b/mm. Confirmation of the variastions reported by Deutsch is

therefore required.

Interpretation of the observations

It does not seem possible to explain all the periodic varistions
in line strengths without invoking the idea of periodic variations in
abundances. For example, in ntzcvn the rare~darth lines vary out of
phiase with the Cr lines. The amplitude of the variations does not
correlate with excitation potential or Zeeman broadening; both weak
and strong lines show large variations (Burbidge and Burbidge, 1955).
Lines of an element in different stages of ionisation vary in phase.
As these facts cannot be accounted for merely by a periodic variation
in atmospheric structure, the main cause of the line variations is
probably a periodic veriation in the abundances of elements such as
Cr and the rare-earths. The large periodic variations of the
SATT 4128 and 4131 lines in 56 Ari and HD 12422k (Peterson, 1966)
also indicate a variable abundance of Si, as these lines are
insensitive to temperature and pressure; moreover, the MgIT 4481
lines, which have similar strength, and similar excitation,

jonisation and Zeeman parameters, remain constant.

Several theories have been proposed to explain the complex
variations in peculier A stars. The oscillator theory, put forward

by Schwarzschild (1949), attributes the cause of the variations to
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mecheniczl oscillations of the star., ¥Fluctuations in the strength
of the magnetic field could be explained in this vay, but this theory
does not account for the reverssl of polarity. It does not provide
2 satisfactory explanation for all the variations in line strength,

end there is also the problem of how the oscillztions are maintained.

The oblique robtator theory, proposed by Stibbs (1950) end

Deutsch (1956), suggests that there is a dipole magnetic field
inclined to the axis of rotation and that patches of different
chemical composition exist on the surface of the star; the period
of the variations is the same es the rotational period. Strong
support for this theory is provided by the otservations of the
radial velocities and strengths of the SiII lines in 56 Ari and

HD 12422) (Peterson, 1966) and by the fact that periodie spectrum
variations usually correlate with the variations in magnetic field
strength. Another oowerful argument in favour ﬁf this theory is
that, allowing for the errors in the observations, all the periodic
spectrum variables have line widths less than or equal to the 
widths expected if they rotated with the period of the variations
and were viewed equator-on (Ledoux and Renson, 1966). Additional
evidence supporting the theory was recently summarised by Steinitz
(1964). TFor some stars much more complex distributions of magnetic
fields and surface asbundance snomalies must be postulated; Deutsch

(1958b) end Béhm-Vitense (1966) discussed the distribution required
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for HD 125248 and «"CVn. Some form of magnetohydrodynsmic
activity would also have to be envisaged in order to account for

the irregular magnetic field veriations which are often observed.

Another theory is the solar cycle theory (Babecock, 1958b),
which suggests that the variations in peculiar A stars are caused
by a mechanism similar to that producing the sunspot cycle. Recent
work by Jose (1965) shows that there is a correlation between the
sunspot cycle and the motion of the Sun relative to the centre of
mass of the solar system. As the period of rotation of the Sun is
much shorter than the sunspot period, the solar cycle theory seems
to conflict with the oblique rotator theory. Synchronisation between
the rotational periods of peculiar A stars and the orbitzsl periods
of companions would only occur if the companions had stellar rather
than planetarj masses. In other words, peculiar A variables should
be observed as binasries in which the magnetic and spectral variations
correlate with the orbital motion, as suggested by Renson (1963).
Such a correlation is actually observed for the double-line binary
HD 98088, in which the orbital period is identical to the periﬁd of’
the megnetic and spectral variations (Babcock, 1958a). However, a
similar correlation has not been found for other spectroscopic
binaries, and other stars with short-period megnetic and spectral
variations (e«g. 53 Cam, HD 71866,°<20Vn, and HD 125248) have not

been observed to be short-period binaries. In most periodic spectrum
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varizbles the radial velocity variations are in agreesent with the

idea of a single rotating star with = complex surface distribution

of abundance anomalies, The question of how the complex distributions

form seems to be part of the more general problem of the origin of

abundance anomalies in peculiar A stars.
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CHAPTER 9
YHE ORIGIN OF THE PECULIAR A STARS

Nuclear reactions in normal stars

In order to provide a framework for a discussion of the origin
of the abundance anomalies in peculisr A stars, the various types
of nuclear reactions, which are believed to occur in the interiors
of normel eerly-type stars (Burbidge and others, (1957), are now
listed.

il Hydrogen burning converts hydrogen into helium by the carbon-
7

nitrogen cycle at & temperature T of about 2 x 10 °x during the

main sequence life~time,

o)

2+ Helium burning, atEin108 °k forms 012 by the 3o¢-reaction and

2
010, Nezo, and perhaps EgzL

by further & -particle addition after
the hydrogen burning zone has moved out from the centre of the star

in the giant stage.

o]
3. The & -process occurs at T ~107 DK, when the supply of helium

at the centre of the star is exhausted, and the helium-burning zone

moves out from the centre. o(—perticles released by (¥ , o) reactions

are captured by Ne20 to form Mgzh, 8128, 532, A36, Cahﬂ, and probably

Ldv L8

Ca " and T successively.

4. The e-process. At T~k x 109 OK, nuclear reactions become so

profuse that a statistical eguilibrium can be set up in the time
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available, The central temperature and density increase until

the virial theorem is violated and the core implodes. Lighter
elements fell inwerds, heat up, and take part in nuclear reasctions
so rapidly that the star explodes as a type II supernova (Hoyle znd
Fowler, 1960). The relative abundances of the iron-peak elements
injected into the interstellar medium are the same as those prior to
the explosion, except that some Fe56 may be converted into helium

by the energy released in the implosion.

5 The s-process is a slow neutron capture process with a time
2
scale of ~~10" to «,105 years. The neutron capture is followed by

209 209

P -decay, and elements up to Bi are produced. When Bi

captures a neutron, A -decay occurs before another neutron can be
209

captured. Thus cycling between szos and Bi results,

6. The r-process is a rapid neutron capture process (time scale
~1 sec) occurring during the supernova explosion. It builds up
other heavy elements including the rare-earth elements ¥u and Qd

and elements heavier then Bi(Seeger and others, 1965).

7. The p=process is a proton capture process vwhich produces some
low-abundance heavy isotopes which are proton-rich. It is relatively

unimportant.
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Energy considerations

Silicon, which is one of the more sbundant elements in normal
stars (Si/H) ~ 1/1000 by mess), is overabundant by = mean factor of
about 40 in Si stars (Searle and Sargent, 196l). This factor is
reliable, since it is based on SiIT lines which are insensitive to
temperature and pressure. The mass of 2 normal AQV star is about
i e ﬁ053 egn (Allen, 1963). The luminosities of Si stars are the
same as normal main sequence stars of the same colour index (this
is known as some Si stars are members of galactic clusters), and
the Balmer line profiles of Si stars resemble those of normal main
sequence stars. Hence Si stars have normal surface gravities for
their luminosities and therefore normal masses. Thus the mass of
silicon in Si stars would te, if their composition were uniform
throughout, about 7 x 10°2 x 40/1000% 3 x 10°% gn. Hence the
number of atoms of silicon in a Si star would be about 6 x 1054.
The nuclear reactions producing the overabundance of silicon are
not definitely knowm, but they are likely to involve energies of
the order of 10 liev per atom (Sargent and Searle, 1962)., If tﬁe
composition of Si stars were uniform, the total energy involved .
would be about 1050 ergs. A similar calculation shows that about

L x 10#9 ergs would be involved in producing the observed deficiency

of oxygen throughout an A0V star.
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For comparison, the energy radiated by a normsl AOV star per

second is about 3 x 107 ergs (Allen, 1963). The main sequence

life-time of such a star is about 3 x 108 yeers, i.e. about

16 .
10"~ sec (Von Hoerner, 1957). Hence the total energy redisted
by a normal AQ ster during its mein sequence life-time is about

S 1031 ergs.

The energy involved in the nuclear reactions producing the
abnormal zbundances in peculiar A stars would therefore be of the
order of a few percent of the total energy radiated by normal A-type
stars, if the composition of the peculiar A stars were uniform
throughout. The energy involved will be much less if the abundance
anomzlies are limited to the outer convection zone only. The depth

f the outer convection zone of a normal main sequence A-type star

is about 103 km (Rudkjobing, 1942). The presence of magnetic fields

in peculiar A stars will tend to inhibit convection except in

regions of great electromagnetic disturbance. Adopting to 10h'km as

an overestimate of the depth of the outer convection zone in peculiar A
stars, Fowler and others (ﬁ955) found thet the outer convection zones
comprised only about 3 x 10-6 of the total stellar mass. liore
extensive mixing occurs during the early stages of contraction to
the main sequence (Heyashi, 1961) and af'ter the star has evolved off
the main sequence, It is therefore importent to decide the

evolutionary status of peculiar A stars.
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Evolutionary status of peculiar A stars

The best method of determining the evolutionary status of a
group of stars is to discuss the membership of the stars in clusters
and associations. Jaschek and Jaschek (1962) found that peculiar A
stars vere members of gdlactic clusters with ages in the range 2 x 107
to 6 x 108 years. This range must now be extended, because Garrison
(1967) recently found several peculiar A stars in the upper Scorpius
complex, which is part of the Scorpius-Centaurus associstion and has
an age of about 5 x 106 years. There is, however, no indicstion
that peculiar A stars are associated with very young clusters or
nebulosity, end no peculiar A stars have been found in clusters older
than 6 x 108 years. The hotter types of peculiar A star sppear only
in the younger clusters. In all ceses the peculier A stars lie near
the main sequence and appear to have normal luminosities for their
masses. Sometimes they are two or three magnitudes fainter than the
brightest main sequence stars in the cluster., There is therefore
strong evidence thet peculiar A stars have the same evolutionary

status as normal main sequence stars.

Source of the sbundance anomalies

Since peculiar A sters are found in clusters and visuel binaries
with normal members, it is difficult to see how they can have been
formed out of interstellar matter of abnormel composition. Aceretion
of abnormal interstellar matter during the life-time of the star may

be discounted for the same reason. In view of the energy consideratiocns,



~-120-

it is rather unlikely that the abundance anomalies were produced
during the early stages of contraction to the main sequence, assuming
that convective wixing was present as in the contraction of normel
stars (Hayashi, 1961). The abundance anomalies are therefore probably
produced during the later steges of contraction or during the main
sequence life-time. This conclusion, in conjunction with the energy
considerations, indicates that preference should be given to theories
of peculiar 4 sters which imply that their sbundance anomslies are

merely surface phenomena,

Fowler and others (1965) have suggested that peculiar A stars
have returned to the vicinity of the main sequence after their giant
phase with only a small loss of mass. This conflicts with the
evolutionary status of peculiar A stars as determined from their
membership of clusters and associations., It is also unlikely that
the sters would return to the main seguence with normal luminosities
for their masses and remain there after extensive nuclear transformations
in the interior and mixing with the surface. According to #heir
suggestion, these post-giant stars would remain on the main.éequence

2

for about 3 x 10 years, since peculiar A stars comprise about 10%
of A-type stars and the main sequence life~ftime of a normal AO star is
about 3 x 108 years. This assumes that all stars of suitable mass

pass through a peculiar A phase; if only some do, the post—-giant period

in the vieinity of the main sequence would have to be even longer.
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As an alternative, they sugpested that peculiar A stars are
close binaries in which the companion star was initially more massive
and is now highly evolved. The companion star and the peculiar A
star will be designated as "primary" and "secondary" respectively.
During the giant phase of the primary, material which hadl been
processed by nuclear transformations in the interior was mixed with
the surface, and the primary lost mass. In this way some of the
processed material was lost into space, and some was transferred to
the surface of secondary which is now observed as a peculiar A star,
The primary may now be a white dwarf., This suggestion would explain
why peculiar A stars are observed only on part of the mein seguence.
Since the primary has to be initially more m=ssive, peculiar A stars
of the earliest spectral types will not be observed. In late-type
stars the convection zones are deep, and any abundance anomalies
resulting from mass transfer from a companion star would be diluted.
Descendants of the peculiar A stars with similer abundance anomalies
have not been found, because the abundance anomalies are diluted by
mixing with the interior after the peculiar A stars have-evglved off
the main sequence. Thus no red giants with 8i, Mn, Eu, or d excesses

are known.

This theory would mean that all peculiar A stars have, or
previously had, close companion stars. Jaschek and Jaschek (ﬁ958)

discussed the frequency of spectroscopic binaries among peculiar A
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stars. They pointed out that peculiar A stars have been more
carefully studied than normal stars and that they have sharper
spectral lines. BPoth these factors favour the discovery of more
peculiar A spectroscopic binaries, ﬁllowing for these selection
factors by considering bright stars with vsini &£75 ku/sec, they
found that only 137 of peculier A stars are spectroscopic binaries
as compared with L3% of normal stars. Although some spectroscopic
binary peculiar A stars may have remeined undiscovered because of
non-periodic fluctuations in radial velocities, it is difficult to
reconcile the small percentage of known binaries with the proposal,
also put forward by Ledoux and Renson (1966), that all peculiar A
stars are close binaries. Jaschek and Jaschek (1958) suggested that
the lack of' known spectroscopic binaries is simply due to most
peculiar A sters being viewed pole-on and perpendicular to the
orbital plane, but this conflicts with several lines of evidence
that peculiar A stars are viewed at all angles of inclination. I%
may be concluded that at least some peculiar A stars are single or
have only distant companions. Another difficulty is that, of the
known spectroscopic binaries, some have to be excluded as far as the
transfer of nrocessed meterial is concerned, because their periods
are so short (several.ﬂays) that the primery would hardly have been
able to expend at all after its main sequence life-time without
reaching the Roche limit, and so only unprocessed envelope material

could be transferred.
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The mass transfer theory is attractive, because it provides =
simple explanation for at least some of the abundsnce anomalies znd
for the position of peculiar 4 stars in the colour-magnitude disgram,
lioreover, the energies involved present no difficulty. It is perhaps
worth asking whether the low percentage of suitable spectroscopic

binaries among the peculisr A stars is really a fundamental objection

to the theory.

Van den Heuvel's theory

It scems that the only way to retain the mass transfer theory
would be to suppose that peculiar A stars were previously secondaries
in close binary systems. Van den Heuvel (1967) has pointed out that
this is possible if the primary star lost more than helf its mess in
the vpost-giant phase by a supernova outburst during a time interval
shorter then the orbital period. This would usually result in an
increase in the major axis of the orbit or a complete separation of
the two components. In the latter case the secondary would be ejected
with a speace velocity slightly léss than its original orbitél velocity.
The condition for complete separation derived by Blasuw (1961) implies
that the spectral type of the primery should have been earlier than
Bl in most cases. Stothers (1963) showed that supernova outbursts
occur only for stars earlier than spectral type B8 initially. These
considerztions led van den Heuvel to suzgest an explanation for three

groups of peculiar stars.
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;1% The "runeway" sters, vhich had primeries of spectral type

earlier than B4 and were completely separated.

2. The peculiar A& stars, which had primaries with spectral type

between Bl and B8 and are now in enlarged orbits.

5. The metallic-line stars, which had primaries of spectral type
later than BS and are now observed as spectroscopic binaries (Abt, 19561),

since no enlargement of the orbit takes place if the mass loss is

slow.

If this theory were correct, it would account for the lack of
binaries among the "runaway" stars (Blasuw, 1961) and the absence
of metallic-line stars in clusters younger than 3 x 108 years

(Jaschek and Jaschek, 1962).

It might be expected that the "runaway"™ stars would be an extension
of the peculiar A stars towards earlier spectral types. Ven den Heuvel
suggested that spectral studies of the "runaway" stars would be
desirable. Such a study was carried out by Wallerstein andiﬁolff
(1965). They found that, unlike the peculiar A stars, the "runaway"
stars had a distribution of values of vsini similar to that of normal
main seguence sters. They also failed to detect any line strength
anomalies in three sharp-line "runaway" stars. Another problem is
how to explain the large space velocities after ejection (ebout

100 km/sec) without having the two components so close that the first
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Lagrangian point limits the radius of the primary before it reaches
the pre-supernova red giant stage. Blasuw (1961) proposed that the
primeries were proto-stars of very large masses (about 250 Mg )

which exploded before they reached the main sequence, This would
explain the observed features of the "runaway" stars, in particular
the absence of line strength anomalies. However, it must then be
decided what has happened to stars which had main seguence primaries
earlier than spectral type Bl., Perhaps they are now peculiar A stars
whose velocities of ejection have passed umnnoticed because they are

much less than 100 km/sec.

Ven den Heuvel's explanation of metallic-line stars may also be
called in gquestion. MNetallic-line stars are binaries, and most of
them have short periods (4bt, 1961). With the present orbital
dimensions, -the primaries could not have expanded to the giant phase
without reaching the Roche limit. One possibility is that mass
trensfer from a third component has taken place. However, metallic-
line stars comprise about 20% of A-type stars, and it is doubtful
whether the formation of suitable triple systems is sufficiéhtly
common to account for this percentage. Another possibility is that
the orbital dimensions of the binaries were originally much larger
and that slow mass loss from the primaries has decreased the sizes
of the orbits (Su-Shu Huang, 1963). Some suitable mechanism for

the slow mass loss would have to be found.
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On the other hand, there seems to be no immediate objection
to van den Heuvel's proposal for the peculiar A stars. Since no
evidence has been found for the existence of a fourth group of
peculiar stars which hed primaries earlier than spectral type BlL,
it is proposed that such primaries could zlso give rise to the
formation of peculiar A stars, With this modification, the
implications of ven den Heuvel's theory of the origin of peculisr 2

stars are now explored.

Formation of a typical peculisr 4 star

4s a typical example, consider a binary with a primary of 16 lig
(spectral type BOV) and a secondary of 3 ki@ (spectral type AOV).
Since a red giant mey expand to a radius of zbout 8 a.u., the initial
separation of the two components should be greater than about 20 z.u.
if the orbit is circular; otherwise the primary would expand beyond
the Hoche limit. The problem of what happens when the initial
separation is less than this is discussed later in the sections on
the kin sters, For a separation of 20 a.u. the period is 20 &ears,
and the orbitel velocity of the secondary is 2i km/sec. The velocity
of ejection of the secondary is usually between 50% and 100% of the
orbital velocity (Blaauw, 1961), and the resulting peculiar A star
will thus have an excess space velocity of between 12 and 2l km/sec,
which will pass unnoticed in most cases. ' For an elliptical orbit the

initisl mean separation would have to be larger to evoid expansion of
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the primary beyond the Roche limit. On the other hand, if the mean
seperation is too large, the mess transferred will not be sufficient

to produce noticeable abundance anomalies on the surface of the secondary.
The mean separations probably lie in the range from 20 to 100 z.u., and
40 2.u. will be adopted as a typical value. Kuiper (1935) found that
the most frequent separation for binaries was about 20 a.u. When the
primery explodes to form a white dwarf of about 1 i@, it loses zbout
15 Mg » The explosion will probably be a supernovae of type II, since
such supernovae have large masses and are associated with population I
sters (Hoyle and Fowler, 1960); the space motions and gazlactic
distribution of peculiar A stars indicate that they also belong to

population I.

Van den Heuvel did not discuss the effects which a type IT
supernova explosion would produce on the surface of the secondary.

The energy radiated in the explosion is of the order of 101"'9 ergs

(linkowski, 1964). If the explosion is isotropic, about 2 x 104j ergs
will reach an AQV secondary 40 a.u. awsy. Since this is the same as
the energy radiated by an AQV ster in about 8 days, the atmosphere of
the secondary will heat up and expand. The velocity of ejection in
the explosion (~~5000 km/sec according to Minkowski, 1964) is much
larger than the velocity of escape from the secondary (~700 km/sec).
Thus the gravitationzl field of the secondary will not have a great

influence on the motion of most of the ejeéted material, If all the
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ejected material (about 15 Mg ) travelled at 5000 ku/sec, the secondary
might be expected to receive about L x 10“?M¢, sbout 14 days after
ejection. The material reaching the limb of the secondary will
transfer momentum to its atmosphere, and some of the original
atmospheric material will be removed. Material arriving at the central
region of the surface will be mixed with the original atmosphere. The
widths of the emission lines in a type II suﬁernova spectrum indicate
that the ejected material has a velocity dispersion of several
thousand km/sec (Poveds, 1964). The velocity of escape from the
primary in its giant phese before the explosion is much less than

that of the AOV secondary. Consequently, material coming from the
expanding shell and directly from the primsry will also reach the
neighbourhood of the secondary at low velocities and experience its
gravitational attraction. Additional processed materisl could be

accreted by the secondary in this way during the following months.

In general, a mass transfer theory cannot account for the large
abundance deficiencies of certain elements (e.g. oxygenm) in peculiar A
stars, because this would mean that the original =ztmosphere éf the
secondary wes almost entirely replaced by the material transferred
and that practically no dilution of the transferred material by mixing
with the outer layers of the secondary took place. If, in accordance
with the previous energy and evolutionary considerations, the abundance

anomalies in the peculiar A stars are regarded as merely surface
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phenomena, large abundance deficiencies must be the result of surfsce
nuclear reactions. Further evidence for surface nuclear reactions is
that beryllium, which would be destroyed by thermonuclesr resctions
with protons at the temperatures experienced in stellar interiors
end supernovae, is overabundant by a factor of sbout 25 in the
Si-FuCr star-ot® Cln (Bonsack, 1961). Ome of the great advantages
of the supernova theory of mass transfer is that it immediately

suggests at least four ways in which surface nuclear reactions might

occur,.

1. ¥ ~-radiation from the supernova might induce nuclear reactions

on the surface of the secondary.

2. Thermonuclear reactions might ocecur on the surface of the secondary,
becsuse the radiation from the supernova will heat up its atmosphere.
Further heating will teke place on the arrival of high-velocity material,
since some of this material will leave the primafy at temperatures
higher than 109 degrees and will not have "cooled" appreciably in

1l days (Povedsa, 196lL; Shklovskii, 1962).

3. The kinetic energy of atoms with an atomic weight of 40 travelling
at 5000 km/sec is 5 Mev, which is sufficient to induce nuclear reactions

on arrival at the surface of the secondary.

L. The observed magnetic fields in peculiar A stars may have been

transferred from the primsry during its giant phase or the supernova
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explosion, since magnetic fields have been found in red giants and
supernove remnants (Van den Heuvel, 1967). Surface nuclear reactions
involving ions accelerated in the magnetic field on the secondary
might occur during the remainder of its main sequence life-time

(Burbidge and others, 1958).

It is likely that the surface nuclear reactions involve only
the lighter elements, since Coulomb barrier penetration is more
difficult for heavy elements, and high neutron densities Gn4102%70m5
according to Burbidge and others, 1957) are reguired for the rapid
neutron capture processes which are responsible for the formation
of some of the rare earths such as Bu end Gd. It is interesting to
note that nearly all the observed and suspected deficiencies in
peculiar A stars are for elements with atomic weights less than L5,
and that Fowler and others (1965) could not propose any interior
nuclear reactions to account for the deficiency of oxygen and the
suspected deficiencies of helium and carbon, The stable iron-peak
elements (Cr, Mn, and Fe) are not likely to be affected by surface
nuclear reactions. Surface spallation of Fe56 would require high-
energy nautrons or protons (~20 llev) and would greatly enhence the
ebundance of vanadium (Burbidge and Burbidge, 1958; Fowler and
others, 1965). No great excess of vanadium has been found in the

peculiar A stars.

There remains the possibility that (p,n) and (ok,n) reactions
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involving the lighter elements might supply neutrons for slow neutron
capture by the heavy elements on the surface of the secondary. DMNost
of the neutrons will be captured by protons'to form deuterium, but

some might be captured by heavier elements (Burbidge and others, 1958).
Since no great excess of Ba has been found in peculiar A stars, the
supply of neutrons on the surfaces of secondaries is not sufficient to
produce long neutron capture chains. With a limited supply of neutrons,
it would be expected that only elements with atomic weights slightly
higher than the most abundant elements would be enhanced. P, which is
slightly heavier than S5i, and Ga, which is slightly heevier then the
iron-peak elements, are overabundant in some kin stars and mesy be
produced by surface neutron captures on the secondary. Alternatively,
unless subsequent work shows that heavy s-process elements such as

Sr and Ba are overabundant in Mn stars, it might be supposed that the
supply of neutrons in the interiors of their primaries.is abnormelly

lowa

Distinctive oroverties of the lin stars

The composition of the materizl transferred to the secondary in
the supernova explosion is a reflection of the products of nuclesr
reactions occurring before and during the explosion in the interior of
& normal star earlier than B8 initially. The only modification is

that surface nuclear reactions involving the lighter elements take
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place on the secondary during and after the explosion. Although
differences in surface composition might be expected from star to
star among the peculiar A group, all peculiar A stars should show

the same general surface composition in the sense that elements which
are abundant in normal stars and groups of elements of similar atomic
weights will beheve in a similar way. The work of Searle and Sargent
(1964) and Searle, Lungershausen and Sargent (1966) shows immediately
that the surface composition of Mn stars differs radically from that
of other peculiar A stars. The latter will be called the main group
of peculiar A stars, simply because the lin stars comprise only about

10/ of peculiar A stars, The main group will be discussed first.

With regard to elements which are sbundant in normasl stars,
reliable abundances are available for 0, Mg end Si. 0 is deficient
in all stars of the mein group (Sargent and Searle, 1962), and the
abundence of Mg is normal (Searle and Sargent, 1964). Overabundances
of Si are much more common in the hotier sub-groups and may be due
to surface nuclear reactions (Searle and Sargent, 196k). Thef
relative abundances of the iron-peak elements are about normai
(Searle, Lungershausen and Sargent, 1966). Rare-earth elements are
oversbundant in many stars of all sub-groups of the main group.
According to the classification scheme of Jaschek end Jaschek (1958)
the predominant feature of cooler peculiar A stars is a great

enhancement of SrIl lines. However, one of the hottest peculiar A
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stars (the 3i-4200 star ED 34452) shows SrII lines which are not
observed in normal stzrs of the same colour (Jaschek and Garcia, 1967)
unless they have a large range of surface temperature due to rapid
rotation viewed pole-on or to tidel distortion by = companion star.

HD 3452 has slight spectral variations of period 2,47 days, a line
width of about 1.54, and a constant radial velocity. According to the
oblique rotator theory, it would therefore be a single slowly rotating
star viewed equator-on. The brighter component of HR 4072 is a Si star
with a large excess of Sr (Chapter 7). Thus the overabundance of Sr
seems to be common to all sub-groups of the main group. The surface
compositions for members of the main group therefore appear to be

roughly similar.

Ihe lin stars differ from members of the main group in the

following respects.,

1.  They show a preponderance of very sharp-line stars which is not
observed in the main group. This is due to the equatorial rotational
velocities of most lkn stars being very low (Chapter 3).

o

2. hen the magnetic field meesurements by Babcock (1958a) are
averaged, it is found that the lin stars have generally lower obssrved
components of the magnetic fields (LOO gauss as compared with 800 gauss

in the main group).

3o Curve-of-growth studies by Searle, Lungershausen and Sargent

(4966) indicate that the ln stars have lower microturbulent velocities



(2 km/sec as compared with 6 km/sec in the main group). Application
of the theory of Zeeman broadening by Boyarchuk and others (1960)
shows that this large difference is not a2 spurious result of the
difference of 400 geauss in the mean observed components of the

magnetic field tetween the ¥n group and the main group.

e No outstanding spectrum veriables are known in the lin group.
The spectral variations of y'Boo have still to be confirmed, and the
period of spectral variation of the bright lin star « And (mv = 2.1)

is unknown.

Be For no apparent reason, kn stars are confined to the hotter end
of the range of surface temperatures for peculiar & stars. The
termination of' the main group is naturally explained by the increasing
depth of the outer convection zone towards later spectral types.

-

6. The sbundances of O and Si are normal in the Mn group (Searle
and Sargent, 1964).

T The relative abundances of the iron-peak elements (Cr, ln, and
Fe) are abnormal in the ln group and vary from star to star'(Searle,
Lungersheusen and Sergent, 1966).

8. Rere-eerth lines are absent in Mn stars, although they are

present in some stars of the mein group with similar colours.

9. P znd Ga ere greatly overabundant in some lin stars but not in

stars of the main group.
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The origin of the lin stars

The explanation of the kn stars must have some similarity to
that of the main group, since the lin stars are also peculiar A stars
bty virtue of their galactic distribution, their position in the
colour magnitude diagram, their slow rotation, their low binary
frequency, snd thelir magnetic fields. On the other hand, the
modification to the supernova theory must be so drastic for the
Iin stars that the course of nuelesr reszctions involving the iron-
peek and rerc-earth elements at the centre of the primary is changed.
Perhaps one solution to this dilemma is that the structure of the
primery is sltered by expansion to its Roche limit before the

supernova explosion,

Consider a primary of mass 16 M separated by less than 20 z.u.
from the secondary, Vhen the primary expands beyond the Roche limit
towerds the end of its giant phase, it loses mass until the mass of
its envelope becomes roughly equal to that of the core, the time
interval involved being of the order of a day (Reddish, 1957). Since
the mass of the core is about a third of the original mass of the
star (Hayashi and others, 1962), the primsry loses about 5 lig « Some
of the mass lost falls on the secondary which conseguently inereases
in mass. This may explain why lin stars are confined to masses greater
then 4 Mg corresponding to the hotter end of the range of surface

temperatures for peculiar A stars. As the mass loss from the primary
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occurs in an interval which is much shorter than the orbital period

of several years, the size of the orbit increases. Complete
separation of the two components does not occur, because Blaauw's
condition for separation implies a much greater mass loss. Since no
mixing has occurred between the‘core and the envelope in the primary,
the mass transferred to the secondary will have the same chemical
composition as the interstellar matter out of which the binary system
was formed. The secondary will still be in the early part of its main
sequence life-time, and its chemical homogeneity will not be affected
by the addition of some mass from the envelope of the primary. The
secondary will therefore continue as a main sequence star. On the
other hand, the structure of the primary has been drastically altered
by the loss of about 5 Mg , and the ratio of the mass of the core to
the total mass is guite different from that in a normal giant with a
total mass of 11 lig « The character of the subsequent nuclear reactions
in the core is likely to be affected. Having equalised the masses of
its envelope and its core, the primsry will be stable for & time.
lHowever, if' it is eventually to become degenerate, it musi isse another
10 E@ approximately in order to bring its mass below the Chandrasekkar
limit of about 1.4 Kgp . There will not be sufficient time during the
remainder of its "giant" phase for this to occur by any normel process
of continuous mass loss. The primary will therefore eject matter in
some kind of violent process, possibly a supernova explosion, and some

of the matter processed in the interior will reach the surface of the



oy

secondary, which will then be observed as a lin star.

Consideration is now given to the problem of why the Mn stars
comprise only about 107 of the total number of peculiar A stars,
According to the above explanation, the initial distributions of the
messes of both primaries and secondaries would be the same for the
kn group as for the main group. The critical factor is therefore
the initial separation of the two components. If the separation
is too large for the primary to expand beyond the Roche limit, a
peculiar A star of the main group will be formed. If, on the other
hand, the separation is sufficiently small for expansion beyond the
Roche 1imit to take place, then the mass of the secondary will be
increcsed, cnd the remainder of its main seguence life-time will
be shortened. The mass of the primsry is reduced, and its evolution
may be reterded so that its explosion is postponeds Thus the life-
time of a ln star (the interval between the explosion of the primary
and the end of the main sequence life-time of the secondary) will be
short, and not many ln stars will be observed. The evolution of binary
systems with even smaller initial separations (of the order éf 1 &.ua)
is a complicated problem., Several expansions beyond the Roche limit
mey teke place, and each may be accompanied by & large mass transfer.
Tt is not clear whether the final result will be the formation of a

lin star.
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quatorial rotavicnal veloecities ezre low in the main group znd
very low In the ln group. Uhis cannot be due to any cbnormal process
of star ormsiion, because the essence of the supernove theory is
that & peeculisr .. stlar waes originelly the secondary of & normsl
binery. The slow rotation is therefors due Lo partial synchronisation
of the rotation of the secondary to the orbitel motion. Such

e o L

synchronisation probstly does not teke place during the contrzctiion

Lo the msin sequence, &s there is no evidence that sarly B-iyue

slow rotation. [Lhis argument is, of course, not concliusive, becsuse
the more massive primaries are less likely {o become syzchronisel to

the orbital motion Chan the secondaries. Another suggestive, tus

rnot conclusive, argument against synchronisation during the coniraciion
stage is that "runawsgy" sters have the same distribution of vealues of
vsini as normel stars (Vellerstein and Wslff, 1965). <ynchronisation
of' the secondary during the main sequence life~time of the primary

is even less likely, because the radii of the primery &nd secondary

are too small and the separation belween the two components is too
large for tidal interaction. Synchronisation of the secondary does

not take place after the supernova explesion of the primary, since the
explosion enlarges the orbit. The synchronisation ol the secondery
should therefore occur during the giant phase of the primery and will

be wore complete for ln stars, because the primary in its gisnt phase

is sufficiently close to expand beyond the Xoche limit. This is
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probably the main explanation of the preponderance of stars with
very sharp lines in the ln group. It is not, however, certain that
partial synchronisetion takes place in the formation of all stars
of the main group; the absence of rapidly rotating peculiar A stars
may also be partly due to dilution of the abundance anomalies by

rotational mixing,

The abnormal relative abundances of the iron-peak elements in
the Nn group imply that the equilibrium conditions under which these
elements were formed differed from those in the primaries of the main
group. Noreover, the conditions (temperature and neutron density)
were different in the supernova explosion, since the r-process elements
Eu and Gd are not observed in the ¥n stars. The difference in the
interior conditions between the orimsries of the lin and the main groups
might be explained by the substantial loss' of mass from the envelope
of a kn primery in its gient phase and the resulting change in the
structure of the star. The mass loss depends on the initial separation
between the primery and secondary, end this ‘might explain why the
relative abundances of the iron-peak elements vary from star to star
in the lin group. The mass loss will also affect the character of the
supernova explosion and might be one factor contributing to the
diversity of the light curves of type II supernovae which was noted

by Minkowski (1964).
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Changes in the composition of the interstellar mediunm

"\.4.

pe 11 supernovee ejecting severzl sclzar masses of processed
s £

materiel st the present Ireguency of cbout one per &0 years (llinkowslki,

T e 5 L 5 B 10
1964.) during the histery of the galexy (sbout 7.5 x 10 years) would

G
\ P S 2 - . " . s , a8 o
have supplised =sbout 10 ‘@ ©of processed malerial (about 1. ol the mass
of the galaxy). This very rough estimate is sufficient to demonstrate
thet there should be come correlation between the changes in th

composition of the interstellar medium znd the stundance snomalies
observed in peculiar A stars., [he correlation would apply only to the
elements vhich are not affected by surface nuclear reactions on the
secondaries. .ccordingly, the supply of iron-peak and r-procsss

rere-earth slements to the interstellsr medium will now be discussed.

The meximum rete of addition of hesvy elements to the interstellar
medium occurred in the early history of the galaxy (Clayton, 196%).

xed. Subseguent

During this stage the interstellar medium was well =

mixing was only pertial, and the composition of the interstellar medium

P

te cliy as further stellar material wes injected (Dixon, 1366) «

l,"i

scalle pe
Apart from & few light elements (Li, Be and B), the surface composition
of G-type dwarfs is the same as the composition of the interstellar
mediww at the time aznd place of formation., Differences in surface
composition from star to star will therefore yield information ou the
composition of the meterial injected into the intersteller medium arter
it

the mixing become partial, provided that stars with extreme metal

deficiencies ere avoided.
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Vallerstein (1962) and his colleagues determined the abundances
of Na, lig, Si, Ca, Sc, Ti, Cr, Mn, Fe, Ni, and Ba in 31 G-type dwarfs
in the solar neighbourhood. For each element X the difference between
the logerithm of the abundance ratio X/H in the ster and that in the
Sun, designated [K/H] by Wallerstein, was found. The mean values
of [x/E] for the well observed metel-poor sters HD 22879, HD 144762, HDMM
HD 157069, HD 165908, and HD 224930 and the metal-rich stars ED 10307,
HD 34441, HD 86728, HD 102870, HD 114710, and HED 186408 are listed in
Pable 1., The meximum error in [X]Fe. for a star is less than +0.20
in most cases. The antilogaerithm of the difference between the metal-
rich and the metal-poor mean values of [X/HJ is the factor by which
the element was enriched in the interstellar medium. Further zbundance
determinations were made by Helfer end others (1963) from spectra at a
higher dispersion for the metel-poor stars 99 Her and 85 Peg and for
the metal-rich stars IHBr and ﬁCom, end the enrichment factors for
these stars were calculeted in a similar way. Because of the different
choice of stars, these enrichment factors are smaller than those
derived from Wallerstein's results. The enrichment féctorslkor-the
stars chosen by Helfer and others (1963) were transformed to the same -
scale as the enrichment factors derived from Wallerstein's results and

averaged with the latter.

The predominant nuclear process believed to be responsible for the

formation of each element (Burbidge and others, 1957; Seeger and others,
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1965) is also given in Table 1. It is striking that lin has a miach
higher enrichment factor than the other e-process elements; even if
corrections ere made for the hyperfine structure of the Kn lines
(Wolff and Wallerstein, 1966), the mean enrichment factor for Ln
would still be high (sbout 9.1). The enrichment factor for the
r-process rare—earth element Bu is also high. The picture which
emerges is that the enriching material supplied to the interstellar
medium since mixing became partial has higher abundances of ln and
Iu relative to Cr and Fe then the metal-weak stars whose composition
reflects that of the material ejected by the first generations of
stars., It seems reasonable to suppose that the material enriching
the interstellar medium originated in & variety of sources, two of
which were the supernovae producing peculiar A stars of the ¥n and
the main groups. Supernovae producing peculiar A stars cannot be the
only sources, because the observed abundances of Ln and Eu relative
to Cr and Fe in the metal-rich stars would then be much grester. 4
third source might be the primeries of metallic-line stars, if a
mass transfer process is involved in the formation of metaliic-line
stars. The chemical composition of metallic-line stars is still a
matter of considerable debate (Hack, 1965), but the abundances of
most elements relative to Cr and Fe seem to be roughly the same as
those in metal-rich G-type dwarfs. Other sources supplying the
interstellar medium might be type I supernovae, novae, red giants,

Wolf-Rayet stars, planetary nebulae, and contact binaries; some of
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Teble 1

ENRICHNENT FACTORS

Wallerstein (1962) Helfer (1963) lean
liain  lieen metal- liean metal- Enrichment Enrichment Enrichment
Element Process poor [_X/II_] rich [J«'Z/H factor factor factor

Ne H burning -0.56 +0421 549 345 6.0
lig « -0.31 +0.18 LT 2.9 348
8i & ~0.43 +0.20 43 3.0 he5
Ca & -0.3%8 +0.20 348 2.7 3¢9
Sc S =045k +0.26 6.3 3e3 545
s % -0.38 +0.20 348 245 Je7
v e 2l o0
Cr e =047 +0,22 e Jel L9
iin B -0.97 +0.15 13.2 T+0 14,0
Fe e ~0.55 +0.25 6o 3.8 645
Ni e -0.50 +042k 6.0 249 5e3
Zn s e e
Sr i boole 843
Y S L6 8.8
Zr S Fal 543
Ba g -0,62 +0.306 10.0 be2 8.9
La s 3.0 548
Ce 3 o3 8.0
Nd S 3e3 5e5
Sm S 2.0 e
Eu r Dl 11.8

these sources may supply material which has been partially processed by
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nuclear reazctions in their interiors. The relative importance of the

various sources depends on the position in the galaxy and changes during

the galactic history,.

The foregoing discussion has a bearing on the problem of the
origin of the elements in the solar systém, since the Sun is a G-type
dwarf vhich was formed aboub 5 x 10° years sgo (Clayton, 1964) and is
moderately rich in metals. Attempts have been made to deduce the
physical conditions (temperature and density) under which the e-process
elements in the solar system formed from the observed abundances of
e-process isotopes (Burbidge and others, 1957). However, it appears
that the e-process elements in the solar system originated in a
variety of sources, Among these sources are the first generations of
stars in the galaxy and the supermovae producing lMn stars; their
interior conditions during the formation of e-process elements are
reflected in the relative abundances of e-process elements in
metal-weak G-type dwarfs and Mn stars respectively. As the abundance
of Iin relative to Cr and Fe is about 100 times smaller in'meﬁal—weak

type dwarfs than in Mn stars, the range of physical conditions under
which the e-process isotopes in the solar system were formed is probably

much greater than commonly realised.

Since the abundances of ¥n and Eu relative to Cr and Fe in metal-
weak G-type dwarfs are low, supernovae of the type producing peculiar A

sters must have been less frequent in the early history of the galaxy.
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It is probably not possibtle to investigate this for our own galaxy,
but some other galaxies may still be in their early history. It is
interesting to note that type IT supernovae have been found only in
spiral galaxies (Minkowski, 1964); our galaxy is now spiral, but

its appearance was probably different in its early history.

Pinary and veriable peculiar A stars

In many cases it is difficult to decide, on the basis of nuclear
properties alone, whether the abundance excess of & particular element
in & peculiar A star is due to surface nuclear reactions or to material
transferred from the primary. Observafions of peculiar A binaries and
spectrum variables are now discussed to see if' they can throw any
light on this problem and to find out whether their existence is

consistent with the supernova theory.

With the aid of the bibliographies on peculiar A stars by
Bertaud (1965) and Ledoux and Renson (1966), a list of spectroscopic
binaries with known orbital periods was compiled (Tavle 2). The

periods renge from 3.0 to 3834 days.
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Table 2

PECULIAR A SPECTROSCOPIC BINARIRS

HD Name Type Period Eccentricity
358 A And lin 97 days G5
8L11 Sr 106 %0
1514 HR 710 Sr 3.0 ~0
25267 T Eri Si-k200 6.0 0.1
27376 41 Eri lin 5.0 double-line Bearle and
78316 K Cnec ¥n 6ol Qo1 Ptgent, 1o00)
89822 HRLO72 Si-Sr 1.6 0.l double-line (Chapter 7)
98088 HRL369 Eu~Cr, Sr 5.9 0.2 double-line (Abt, 1953)

125248 HR5355  Eu-Cr 1618
137909 P Crb Eu-Cr, Sr 383k Ol

174933 112Her In Eoly 0.1 double-line (Aller, 1966)

Since it is uncertain whether all red giants with large masses
expand to radii of about 8 a.u. before exploding and whetherqthe
explosions are isotropic, there is a possibility that the unobserved
fainter components of the binaries with long periods of several years
were initially primeries and are now white dwarfs. However, according
to the supernova theory, the short period binaries must have been members
of triple systems in which the most massive component (the primary)

exploded and transferred material to the binary secondary star which is
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now observed. Thus the fainter components of the secondaries are

still main sequence stars, and their radii are suffficiently large to

produce observable eclipses in the case of & suitably orientated orbit.

No peculiar A eclipsing binaries have yet been discovered, as the
probability of obtaining a binary with o suitably orientated orbit is
low and the number of known peculiar A binaries is still small.
However, the main sequence character of the fainter components of the

secondaries is also suggested by the existence of double-line binaries.

In order to form a binary peculiszr 4 star, the original triple
system must be dynamically stable during the evolution of the primary
to the supernova stage. This means that the distance between the two
components of the secondary before the supernova explosion has to be
much less than The distance between the primary and the secondary.

An interesting triple system is HD 157978-9 (McLaughlin, 1962);
its dimensions are roughly similar to those required for the formation
of 2 binary peculiar A star. Its brightest component is a G-type giant,
and the other two stars are of spectral type AO. The orbital-period of
the A-type pair is about 3.76 days, while the G-type star revélves
about the centre of mass of the system in 11?Q days. Since the G-type
star has 2 mass of asbout 5 Mg and has reached the giant stage, the

8 e
system has been dynamically stable for about 10 years. Thus the
formetion of peculiar A binaries with periods of several days is

possible frem the point of view of dynamical stability. A few peculiar A
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binaries (o¢And, ED 8441) have, however, periods of about 100 days.
Their periods may have been increased to their present values during
the supernova explosions of their primaries., It is difficult to
estimate whether substantial increases in period have occurred,
because the cheracter of the explosions is not known in detail.

For example, it is not known whether the assumption that the explosions

are isotropic is wvalid,

Some peculiar A stars may retain their primeries as faint white
dwarf's in enlarged orbits and might be observed as visual binaries.
Two examples mey be HD. 98088 and ¥ Equ. HD 98088 = ADS 8115 is a
double-line spectroscopic binary with a visual companion of absolute
magnitude Mv** + 8 at 1". The Eu-Cr-Sr star ¥ Equ = ADS 14702 is not

& spectroscopic binary but has a faint visual companion (M€~¢ + 8) at 2",

The double-line binaries provide a means of testing the idea that
secondaries previously acquired processed meterisl from their exploding
primaries, because it would be expected that abundance anomalies due to
the transfer of material would be present in both componentg of the
secondaries. Accordingly, the relative abundances of the iron-peak
elements Cr, Mn, and Fe should be about the same in both components.
Both components of the double-line binary 41 Eri are lin sters, and
both have the uncommon feature that Fe as well as lin is overabundant
relative to Cr (Seerle and Sargent, 1965). The relative abundances

of Or and Fe are similar in the two components of HR 4072 (Chapter 7).
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The secondery specira of the double~line binaries HD 98088 and 112 Her

3 > - .
are too weak for accurate measurement. No r-process rare-earth elements

have been observed in 41 Eri or HR LO72.

A

£ search was made for elements which are overabundant in only
one of the two components of HR 4,072, because the overabundance of
such elements would be due to surface nuclear rezctions rather than
to material transferred from the primary. The results of the previous
diffeerential curve-of-growth analysis of HR 4072 are summarised in

Table 3, where the values of A'log N = log I - log N are

HR L4072 oLLyr
given for each element. The SilIT lines at 4128 and 4L131A could not
be found in the fainter component, and an approximate upper limit for
the value of A'log N for Si in this component wes derived assuming
that these lines have eguivalent widths less than 15 mA., It will be
observed thet the large overabundances of Sr and Y are common to both
components. The large overabundance of Si, however, is found only in
the brighter component, and is therefore probably produced by surface
nuclear reactions on this component. This conclusion is suyported by
the fact that overabundances of Si are more common in the holter sub-
groups of the main group (Searle and Sergent, 196L), whereas
overabundances of the r-process rare-earths, which are due to mass
transfer from the primary, occur in many stars of a1l sub-groups of the
mein group. The nuclear rezctions occurriﬁg on the surface of the
secondary ere much more likely to be related to the surface-temperature

of the secondary than the nuclear reactions occurring in the interior of

the primary.
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Teble 3

OVERABUNDANCES IN HR LO72

Flenmns Mg 8i T cr WA Fe Sr ¥  7r
A'loz N (brighter

compogent} 4062 +1.3 +0.4 +0.5 +0.6 +0.3 +2.0 +2.3 +0.,3
D'log N (fzinter

component ) £+0.3 40,3 +0.6 LOLE T e

The conclusion of the review of the theories of peculiar A variable
stars was that the obligue rotator theory would explain most of the
observations, provided that complex surface distributions of abundance
anomalies can be formed (Chapter 8). Since the strengths of lines of
the r-process rare-earth elements Eu and Gd very in meny of the periodic
spectrum spectrum variables, it might be suppoaed'that material enriched
in these elements was transferred from the exploding primary during part
of the rotational period of the secondary and that & pateh of material
enriched in Eu and Gd was formed on the surface of the secondary.

The patch might be prevented from spreading over the whole surface by
the magnetic field. However, this idea encounters serious;difficulties.
If substential accretion of additional material from the primery takes
place for a few months after the supernova explosion, the distribution
of Fu and Gd on the secondary will become much more uniform. Horeover,
since about 10% of peculiar A stars are spectrum varigbles and the life-
time of & star of the main group is.108'to 109 years, the patches would

have to remein for 10? to 108 yearss This in turn implies that the



=45

distribution of the magnetic field of the secondary remains constant
for a similar length of time, liagnetic fields are not found in normal
sharp-line A-type stars (Babeock, 1958b), and the initiation of magnetic
fields in peculiar A stars is therefore due to their possession of
primaries until the supernova explosions. Since magnetic fields are
not generally associated with binaries, the initiation of magnetic fields
in peculiar A stars probably occurs on the arrival of high=velocity
charged particles from the supernove explosions of the primeries. After
the supernova explosion, the primary separates from the secondary, and
in the absence of other effects, the magnetic field of the secondary
will decay. The decay time for materiel at rest is - = L )‘l’c‘lz, where
6 is the electrical conductivity and 1 is the distznce over which the
megnetic field veries appreciably (Cowling, 1953). The magnetic field
of the secondary should be limited to its surface, because it is probably
due to the arrival of charged particles from the primsry and because, if
the observed field of 34,400 gauss in the Si star HD 24541 exbends
throughout the star, the magnetic energy would be at least ‘IOMl ergs
(habcock, 1960)s Thus ¢ is of the order of 3 x 10_8 emu aflthe surface
(Gowling, ﬁ953], end 1 is of the order of 1010 cm, Hence the decay time
4 is of the order of 106 years. The actual decay time will be much
shorter, because the atmospheric material is not &t rest. Hicroturbulent
velocities of several km/sec are found in members of the main group
(Searle, Lungershausen and Sargent, 1966), and the irregular fluctuations

in the observed magnetic fields in some stars indicate ma gnetohydrodynamic
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activity (Babeock, 1956b). Thus the decay time will be several orders

of magnitude too short for the maintenance of patches enriched in Eu

and Gd for 107 to 108 years. Patches of Si-rich materizl formed by
surface nuclesr reections on the secondery at the time of the supernova
explosion of the primary will also disappear rapidly. Since the strengths
of Si lines are frequently found to be variable, it must be supposed
that new patches form when there is an irregular distribution of surface
nuclear reactions during the remeinder of the main sequence life~time

of the secondary. Excesses of Si are not found in normal A-type stars
which have no magnetic fields, It seems, therefore, that the supernova
explosion of the primary initiates a magnetic field and surface nuclesar
reactions on the secondary, and that the magnetic field is maintained
during the continuation of surface nuclesr reactions during the remzinder
of its mein sequence life-time, The distribution of the magnetic field

3

and the patches probably varies on a short time scale (~ 10 years
perhaps). This still does not solve the problem of variable lines of
Eu and Gd, because patches enriched in Fu and Gd cannot form by surface

nuclear reactions. ]

Babecock (1963) proposed that irradiation by polarised light may
preferentially align the atomic magnetic moments parallel or antiparallel
to the magnetic field end that, if a large magnetic field gradient exists,

atoms with large magnetic moments may migrate over the surface of the

star, (Thiessen (1962) reported that the degree and direction of the
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polarisation of the Eu-Cr-Sr star HD 71866 vary with half the period

of megnetic variation; wvarious explanations, ineluding synchrotron
radietion, have been suggested (Steinitz, 1964)). Babeock's proposal
would favour migration of Cr, lin and Bu (but not Si). Atoms of Gd and
other rare-earth elements also have large magnetic moments, but their
flip resistance to disorientation is less than in the case of Eu.

The migration theory is consistent with the observed variations in line
intensities in 0&2 CVn, The Hu lines show the largest variations, but
fairly lerge variations in the lines of Cr and Gd are also found
(Struve and Swings, 1943); although Si is overabundant by a factor

of about 10 (Searle and Sargent, 1964), the SiII 4128 line remains almost
constant. The magnetic field gradients may be smeller in lin stars,
since no outstanding variations in the intensities of Cr and lin lines
have been observed in Mn stars. Thus the complex surface distribution
of abundance anomalies required by the obligque rotator theory is due

to an irregular distribution of surface nuclear reactions together with
ion migration, and may be zccounted for on the basis of the supernova

theory.

Since Si is one of the more sbundant elements in normal stars
(Si/H ~ 1000 by mass), the excess of 31 due to surface nuclear reactions
in 5i stars should be accompanied by deficiencies of other light elements
which ar; even more abundant in normal stars-(He, Gty a5 gnd Ne) ;

large deficiencies of 0 have been established, and deficiencies of He

and C are suspected in Si stars (Searle and Sargent, 1964) . Variable



=15l

stars may assist in the identification of the surface nuclear reactions, |
because light atoms have small magnetic moments and will not suffer
migration to any grest extent. Thus the abundances of the elements

from which patches enriched in Si were formed should vary. out of phase
with the abundance of Si., In the veriable Si stars 56 Ari and HD 124221,
the strength of the Hel L4172 line varies out of phase with the SilTI

lines (Peterson, 1966), but i% is very difficult to determine the
abundance of He from strong Hel lines which are broadened by the Stark
effect and are sensitive to changes in temperature, The variation of

lines of other light elements has not yet been invéstiszated.

The freguency of peculier A stars

As a final check on the supernova theory, the frequency of peculiar A
stars is discussed in order to decide whether the number of peculiar A
stars predicted by the theory is of the same order as the number observed.
For stars with initial spectral types earlier than B8, the mass loss
during the giant phase is insufficient to bring the mass below the
Chandrasekicer 1imit, and the star must explode if it is finélly‘to
become degenerate (Stothers, 1963). The numbers of stars per 1000 pc3
of various spectral groups in the soler region were determined by
Nessau and NacRae (1949), and the total number of O to B7 stars in the
galexy is about 106 (Stothers, 1963). Table 4 was compiled assuming

that the relative numbers of stars of the various spectral groups is

the same in the whole galaxy as in the solar region and that the relative



nunbers remsin constent. The mean main sequence life-time To for
each spectral group was estimsted from the discussion of the turn-off
points in colour-magnitude diagrems of galactic clusters given by
von Hoerner (1957). The number of stars forming or exploding per
year was Tound by dividing the observed number of stars by the main

sequence life~time,

Table 4

FREQUENGIES OF VARIOUS GROUPS OF STARS

3 No. forming per year No. explodin
Spectral liean Fo./1000 pe” in per 1000 pc3 in No. in per year
group e solar region solar region galaxy in galexy
0 to B3 10’ yesrs 5 x 1072 5xidg D 2.5 x 10° 2.5 x 1072
8 s = -
Pl to B7 10 15 E 0T T SaAg 7.5 x 10° 7.5 x 107
8 - =
B8 to A0 2.3 x 100 1.7 x 107" 8 x 10710
A1 to 45 7 x 10° 5 x 107" 7x 1070

The freguency of type II supernovae in a galaxy (estima?ed by
Minkowski (196k) to be about one per 60 years) is of the same order as
the estimated freguency of explosions of O to B7 stars in our galaxy
(about one per 30 yesrs according to Table 4); this confirms Stothers'
estimate of the spectral range of main sequence stars which eventually

explode as type II supernovae.

In the solar region, the number of O to B7 stars exploding per
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year per 1000 903 is zbout 6.5 x 10—10. As the number of BE to A5
stars forming per year per 1000 pc3 is zbout 15 x 10"10, and as shout
10% of these stars become peculiar A stars during most of their main
sequence lif'e~times, the number of peculiar A stars forming per year
per 1000 905 is of the order of 2 x 10“10. Thus, according to the
supernova theory of the origin of peculiar A stars, about 30i of the

0 to BY stars in the solar region have to be binaries with suitable
orbital dimensions and mass ratios for the formation of peculiar A
stars. Unfortunately, the detection of such binaries is &ifficult,

as their mean separations probably lie in the range 10 to 100 a.u.
They are too close to be detected as visugl binaries, and their
detection as spectroscopic binaries is not easy owing to their long
periods and the small amplitudes of their radial velocity curves.
There is, however, some indirect evidence that a large percentage of

O to BE7 sters are binaries which sre suitable for the formation of
peculiar A stars. Elaauw (1961) estimated that sbout 75% of O to

B5 stars are binary or multiple; both visual and spectrohcggic binaries
are common in this spectral group. The average mass ratio Mé/E1 for
single-line spectroscopic binaries is about 0.62 for O to B2 stcrs

and about 0.27 for B3 to B7 stars (Beer, 1956); these mass ratios

are suitable for the formation of peculiar A stars, Kuiper (1935)
estimated that about 10% of all sters brigher than absolute magnitude
+6.5 are binaries with separations between 10 and 100 a.u. and

magnitude differences less than hm. Thus the supernova theory of the
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origin of peculiar A sters is in agreement with the estimated frequency
4o T ot - - -

of type 11 supernovae and does not conflict with the estimsted binary

characteristics of 0 to E7 stars.

Suffiicient information is availeble to permit a preliminary
discussion of the frequency of peculiar A stars in galactic clusters.
Table 5 lists the numbers of stars of spectral types B5 to A3 and
luminosity classes IV end V on the MK system in five clusters. The
runbers include peculiar A stars having similar intrinsic colours,
and these peculiar A stars are nemed in the third column. Nembership
of the clusters was determined according to the normal criteria of
positions, radial velocities, proper motions, megnitudes and colours.
Only 3 peculiar A members have been-found in a total of 131 B5 to A3
members. The detection of peculiar A stars is probsbly complete,
beczuse the classificetions were made from spectra of moderately high
dispersibn. Other clusters do not have members with accurate spectral
classifications in the whole of the range B5 to A3. Jaschek and
Jaschek (1962) estimated that ebout 115% of all sters with Henry Draper
spectral types B8 to A5 were peculiar A stars. Thus the percentage of
peculiar A stars in clusters (about 2.3%) seems to be much lower than

that among field stars.
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Table 5

PECULIAR A STARS IN CLUSTERS

Total nos of Peculiar A Nearby peculiar

Cluster BG to A5 members members A stars Reference

o Persei Ly HD 224,01 HD 14392 Krart (1967)
Pleiades 29 none 4ATau, 53Tau, 56Tau Abt and others (1965)
IC 2391 15 HD 74535 HD 73340 Buscombe (1965)

IC 2602 17 HD 9266L4 none Whiteoak (1961)

IC 4665 26 none none Abt and Chaffee (1967
Total 131 3 5

On the supernova theory, two explanztions for the low percentage
of peculiar L stars in clusters may be offered, Firstly, in the cases
of' complete separation of the binary components after the explosions of
the primaries, the velocities of ejection of the secondaries (~10 km/sec)
are much larger than the velocities of escape from clusters (~1 km/sec),
and the clusters where some peculiar A stars were formed more than about
5% 106 yeers ago are now difficult to identify. Some peculiar A stars
lying near clusters (Jaschek and Jaschek, 1962) are listed i; Table 53
these may have been ejected from the clusters less than 5 x 106 years 2g0.
4 second explanation of the low percentage of peculiar A stars in clusters
may be that the clusters hed no binaries with low mass ratios M _M1 and
that peculisr A stars at the cooler end of the range ES5 to Aj have yet to
form., On average, peculiar A stars are ebout 2 magnitudes fainter than

the brightest main sequence star in the cluster, whereas for the clusters
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in Table 5, the A3V stars are 4 or 5 magnitudes fainter than the

brightest main sequence star,

Concluding remarks

The foregoing discussion of a modified form of van den Heuvel's
supernova theory of the origin of peculiar A stars has not revealed
any fundamental objection to the theory. Although many details remein
uncertain, the theory is at least consistent with a very wide range
of observations of peculiar A stars., It explains why sbundance
abnormalities indicating late stages of evolution are found in the
mein sequence peculiar A group. Abundance deficiencies as well as
excesses are accounted for. A plausible explanation can be given for
some of the distinctive properties of the lin stars, although it is
perhaps too early yet to say whether Mn sters are the only peculiar
stars that form as a result of explosions of the primaries after
expansion beyond their Roche limits. The binary and variable
characteristies of peculiar A stars are also explained in general
terms. The theory has interesting implications for other brgnches
of astrophysics, and further investigation of its various aspects

would be desirsble.



~160-

ACKNOWLEDGEHENTS

I wish to thank Dr M, J. Smyth end Dr V, C. Reddish for

supervising this work and for their helpful advice.

I am particularly indebted to the staff of the liount Wilson
Observatory for the loan of high-dispersion spectra of several stars.
I am also grateful to Professor H, A. PBrick and to various members of
staff of the Royal Observatory, Edinburgh for providing research
facilities, especially the maintenance of instruments and the use of

an excellent library.

My thanks are due to Dr G, I. Thompson for teking one of the
spectra of 73 Dra and to Mrs E, . L. Watterson for assistance in

compiling some of the tables.



161~

Abt, H.A., 1

O
LY

55 BulB SR 65 o

Abt, HoA., 1

D

-

61 Ape J. Supp., iy 7%

Abt, H.A., and Chaffee, F.H,, 1967. Ap. J., 148, L59.
Abt, H.A., and Golson, J.C., 1962, Ap. J., 136, 35.
Abt, H.A., and others, 1965. Ap. J., 142, 160k.

Abt, H.A., and others; 1966. A. J., 115845

Allen, C.W., 1963. -Astrophysical Quantities. 2nd ed. London, Athlone Pre:

Aller, L.H., 1960. BStellar Atmospheres. Greenstein, J.L., ed. Chicago,

Univ, of Chicago Press. p.232.

Aller, L.H., 1963. The Atmospheres of the Sun and Stars. 2nd ed. New Yorl
Ronald Press Co. p.294.

Aller, L.H., 1966. Abundance Determinations in Stellar Spectra. Hubenet,

ed. New York, London, Academic Press. (I.A.U. Symp. no. 26, 1965). p
Aller, L.H., and Bidelman, W.P., 196k. Ap. J¢, 139, 171.
‘Aller, L.H., and Jugaku, J., 1958. Ap. J., 127, 125.
Aller, L.H., and Jugaku, Joy 1959 Ap. J. Supp., 4, 1095
huer, L.H., and others, 1966. Ap. J., 145, 153.
Babcock, H.W., 1949. "Ap. J., 110, 126.
Babcock, H.W.; 195%. Aps J., 114, 1.
Babeock, HeWe; 1958a. Ap. J. Supp., 3, i4i.
Pabeock, H.W., 1958b. Ap. J., 128, 228,

Babcﬂc-k’ H.‘i‘('.’ 1960- AE- J., lé_g, 521.



-162-

Eﬁbcock, }Ic"l'l:o, 19630 AE- Jt’ J_L?, 690.

Baker, R.H., 1912, Publ. Allegheny Obs., 2, 29.

Becker, W., 1963. Basic Astronomical Data, Strand, K.Aa,., ed. Chicago,
Univ, of Chicago Press. p.241.

Beer, A., 1956. Vistas in Astronomy, 25115874

Bertaud, Ch., 1959. de 0., 42, 45,
Bertaud, Ch., 1960. J. 0., 43, 129.
Bertaud, Ch., 1965. s 0., 48, 241,
Bidelman, W.P,, 1962. Ap. J., 135, 651.
Blaasuw; 4., 196%. B. A. N., 15, 265,
Bonsack, W.K., 1958. P. A. S. P., 70, 90.
Bonsack, W.K., 1961 Ap. J., 133, 551.

Boyarchuk, A.A., and Kopylov, I,H., 1964. Izv, Krymskoi Astrofiz.
Obs., 31, 44,

Boyarchuk, A.A,, and others, 1960, A. Zh., 37, 812. Translation:
Astr. A J, 4, 766, 1961,

[92]
a
<
°

|

BShm-Vitense, E., 1966. ‘L. Ap., Bk, 326.

Brown, R.H., and others, 1964.  Nature, 201, 1111,

Burbidge, G.R., and Burbidge, E.li,, 1955 Ap. J. Supps, 1, 431
Burbidge, G.R., and Burbidge, E.M., 1958. Ap. J., 127, 557.

Burbidge, G.R., and others, 1957. Rev. lMod. Phys., 27, 547.

Burbidge, G.R., and others, 1958. Electromagnetic Phenomena in Cosmical

Physics. Lehnert, B., ed. Cambridge Univ. Press. (I.A.U. Symp.
no. 6, 1956). p.222. '

Buscombe, W., 1965, N.N.RAS, 129, k1.



~163=

Cleyton, D.D., 1964. Secience, 143, 1281.

Corliss, C.H., and Bozman, W.R., 1962, National Bureau of Standsrds
lionograph, no. 53.

Corliss, C.H., and Warner, B., 196k, Ap. J. Supp., 8, 395.

Cousins, A.W.7., and Stoy, R.H., 1963. Roy. Obs. Bull., no. 6.

Cowling, T.G., 1953« The Sun. Kuiper, GePe, ede D532,
Crewford, D.L., 1963. Ap. J., 137, 530.

Deutsch, A.J., 1947. Ap. J., 105, 283.

Deutsch, A.d., 1956. P. A, S, P., 68, 92.

Deutsch, A.J., 19582, Handbuch der Physik, 51, 659.

Deutsch, A.J., 1958b. Electromagnetic Phenomena in Cosmical Physies.
Lehnert, B., E§° Cambridge Univ. Press. (I.A.U. Symp. no. 6,
1956) « De209,

Dixon, M.H., 1 966. M,N.RAS, lﬂ, 525,
Durh&ﬂl » G"EI El 1 9‘1['3 e AE L) J oy 9_8, 50}-}--
Eggen, 0.J., 1963« A. Js, 68, 697.

' Fareggiana, R., and Hack, M., 1962.. MNem, Soc. Astr. Ital., 33, 309

Fowler, W.A., and others, 1955. Ap, J. Supp., 2, 167.
Fowler, W.A.,, and others, 1965. Ap. J., 142, 423.
Garrison, R.F., 1967. Ap. J., Ak7, 1003,

Gollnow, H., 1962, P, 4. S. P., 7k, 163

Guthnick, P., 1931. Sitz. Preuss, Akad. Berlin, no. 29, 618.

Hack, M., 1965. Vistas in Astronomy, 7, 107.

Hayeshi, C., 1961, Publs Astr. Soc. Japan, 13, 450.




=1 6L~

Hayashi, C., end others, 1962, Evolution of the Stars. Supp. Prog.
Theor, Phys. no, 22,

Helfer, H.L., and others, 1963. Ap. J., 138, 97.
Honeycutt, R.K., 1966. P. A, S. P., 78 1535,

Hoyle, F., and Fowler, W.A,, 1960. Aps J., 132, 565,
Hunger, K., 1955+ &. Ap., 36, 42,

Hunger, K., 1960. Z. Ap., L9, 129.

Ireland, J.G., 1965. Publ, Roy. Obs. Edin., 55 65,

Iriarte, B., and others, 1965. Sky and Tel., 30, 21.
Jaschek, C., and Jaschek, M., 1958. Z. Ap., 45, 35.

Jaschek, C., and Jaschek, ., 1962. Symp. on Stellsr Evolution,
Le. Plata, 1960. p.137.

Jaschek, M., and Gercia, Z.L., 1967. B. 4. 8. P., 79, 62.
Jaschek, Ii., and others, 1965. Z. Ap.; 62, 21.
Johnson, H.L., 1955. Ann, Ap., 18, 292,

Johnson, H.L., 1958, Lowell Obs. Bull., 4, 37.

h Johnson, H.L., and Morgen, W.¥., 1953. A4p. J., 117, 313.

Josej PuDsy 19654 Auide; ! 70,1193, §

Jugaku, Ju, and Sargent; W.Di.W., 1961, “P. AL 8. P., 73, 2k9%.

Jugaku, J., Sargent, W.L.¥W., and Greenstein, J.L., 1961. Ap. J., 134,

Kopylov, I.¥., 1963, Izv. Krymskoi Astrofiz. Obs., 30, 69.

Kraft, R.P.; 1967« Ap. Jo, 148, 129,
Kuiper, G’-P.’ 193‘5. Pc A-n S P., H, 121-

Ledoux, P., and Renson, P., 1966. Ann. Rev. Astr, Astrophys., k4, 293.

785



=165~

McLeughlin, D.B., 1962. A.'J., 67, 117.

licNamera, D.H., and Lersson, H.J., 1962, Ap. J., 135, 748.

Hinkowski, R., 1964. Ann, Rev. Astr. Astrophys., 2y 247.

lioore, C.¥., 1945, A Kultiplet Table of Astrophysical Interest.

Contrib, Princeton Univ, Obss, no. 20. (Reissued as National

Bureau of Standards Tech, Note, no. 36, 1959).

i-.iorgan, ',-:,‘.',';'r.’ 1931. AE- Jl’ ;?2, 10«’-[-.
Worgen, W.W., 1933, Ape.Jv, Iy TTs

Morgan, W.W., Keenan, P.C., and Kellman, E,, 1943. An Atlas of

Stellar Spectra. Chicago, Univ. of Chicago Press.

Nassau, J.J., and MacRae, D., 1949. Ap. J., 110, LO,

Osawa, K., 1959. Ap. J., 130, 159.

Osawa, K., and Hata, 8., 1960, Ann. Tokyo Astr. Obs., 6, 148

Osawe, K., and Hata, S., 1961. Aunn, Tokyo Astr. Obs., 7, 209.

Peterson, B.A., 1966. Ap. J., 145, 735.
Poveda, A., 1964. Ann. Av., 27, 522.
Preston, G.W., 1967. 4p. J., 150, 547
Provin, S.S., 1953. Ape..J., 117, 21,

Rakos, K.D., 1963. Lowell Obs. Bull., 6, 1.

Reddish, V.C., 1957, Obs., 77, 202.

Renson, P., 1963. Ciel et Terre, 79, 68.

Rudk;8bing, M., 1942. 2. Ap., 21, 25kL.

Sargent, W.L.W., 1964. Ann. Rev. Astr, Astrophys., 2, 297.

Sargent, 7W.L.W., and others, 1967. Ap. J., 147, 1185.



~166~

Sergent, W.L.W., and Searle, L., 1962. Ap. J., 136, 408.
Sargent, W.L.W,, and Searle, L., 1966. 0bs., 86, 27.
Sargent, W.L.V., Searle, L., end Jugsku, J., 1962, P. A. 8. P., 7k, 408,

Sergent, W.L.W., and Strittmetter, P.A., 1966. Ap. J., 145, 938.

Schlesinger, F., 1912, Publ. Allegheny Obs., 252159

Scholz, li.T., 1965. Astr. Abh. Hamburg Stermwarte, 7, 321.

Scholsz, M.T., 1967. Z. Ap., 65, 1.
Schwarzschild, M., 1949. Ann. Ap., 12, 148,
Searle, L., and Sargent, W.L.W., 196k Ap. d., 139, 793.

Searle, L., and Sargent, W.L.¥., 1965. Syup. on magnetic and othsr

peculiar and metallic-line stars held at Greenbelt, Nov., 1965.

Searle, L., Lungershausen, W.T., and Sargent, W.L.W., 1966, Ap. J.,
145, 1.

Seeger, P,A., and others, 1965. Ap. J. Supp., 11, 121,

Shklovskii, I.S., 1962. A. Zh,, 39, 209. Transletion: Sov. Astr. 4 J,
6, 162.

Slettebek, A., 1949. Ap. J., 110, 498,
Slettebak, A., 1954, ég;_g.,‘ilg, 146,
Slettebak, A., 1963. Ap. J., 138, 118.
Steinitz, R., 1964. B. A. N., 17, 50k

Stibbs, DJ\{.?-?., 1950. M.N.RAS, 110, 397.
Stoeckley, T.R., 1967, To be published.
Stothers, R., 1963. Ap. J., 138, 1085.

Strom, S.E., and others, 1966, Ap. J., 146, 880,

Struve, 0., and Hiltner, W.A., 1943. Ap. Jey 285 225,



-167~

Struve, 0., and Swings, P., 1943. Ap. J., 98, 361.
Su~Shu Huang, 1953. Ap. J., 118, 285.

Su-Shu Huang, 1963. Av. J., 138, 471,

Su~Shu luang, and Struve, 0., 1956. 4p,. J., 123, 231.

Tetum, J. B., 1961. Commun. Univ. London Obs., no. 4.

Thiessen, G., 1962. Astr. Abh., Hamburger Sternw., 5, 273.

Unsold, A., 1955, Physik der Sternatmosphiren. 2nd ed. Berlin,
Julius Springer. p.87.

van den Heuvel, E.P.J., 1967. B. A, N., 19, 11.

von Hoerner, 8., 1957. 2. Av., 42, 273.

von Zeipel, H., 1924. N.N.RAS, 8k, 665.

Welker, E.N., 1966+ 0bs.y 86, 110.

Wallerstein, G., 1962, Aps J. Supp., 6, 4907,

Wallerstein, G., and Hunziker, W., 1964k, Ap. J., 140, 21k,
Wellerstein, G., and Wolff, S.C., 1965. E..A. S. P., 77, 12.

Werner, B., 1965h. M. N. A S. Se A, 2k, 157,

Wehlau, W.H., 1960. A. J., 65, 58.

Whiteoak, J.B., 1961. M.N.RAS, 123, 245.

Wolff, 5.C., and Wallerstein, G., 1966, Ap. Jo, 14k, 419,
Wood, HeJs, 1964+ P. A. 8¢ P., 76, 158,

Wright, K.0., 1944 Ap. J., 23, 24J.

Wright, K.0., znd others, 1964. Publ. Dom, Ap. Obs., 12, ’1'?3.




-168-

Note. liost of the discussion given in Chapters 2, 3, 5, 7, and 9
appears in a series of papers; the references are

Guthrie, B.lV.G., 1965. Publ. Roy. Obs. Edin., 3, 26k

Guthrie, B.N.G., 1965. Publ. Roy. Obs. Edin., 5, 1.

Guthrie, B.N.G., 1966. Publ. Hoy. Obs. Edin., 5, 181.

Guthrie, E.ll.G., 1967. Publ. Roy. Obs. Bdin., &, 1.

Guthrie, B.M.G., 1968. Publ., Roy. Obs, Edin., no. 6, (in press).

fos
A ]




