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Abstract

Stellar abundances are essential parameters for many branches
of astrononmy. Théy are also particularly important as tests for
theories of nucleosynthesis. Despite the encouraging results fronm
band photometry, detailed spectroscopic analyses are still important in
furthering knowledge of physical processes occurring in a variety of
stellar objects. This thesis presents the first of a series of
‘absolute abundances for the late-type giant Arcturus. The broader
aim of the investigation is to make Arcturus a reliasble standard
star, and also it is hoped that equilibrium assumptions in its atmos-

phere can be scrutinised.

An essential prerequisite to a model atmosphere is the continuun
flux curve, Certain discrepaacies near the flux maximum prompted
the construction of a spectrum scanner which was used to obtain fluxes
of Arcturus at the Wise Observatory, Israel, All known flux results
have been collated for Arcturus, and the continuum flux curve is

presented for the region 3800 & to 13 microns.

Ways of measuring the effective temperature are discussed. The
only adequate method for Arcturus and other cool stars involves com-
paring the relati#e'energy distribution with model predictions. As
all present models fail to accdunt for the flux below 5000 ﬁ, this
method is not as accurate as it could be. A value of U),50 z 50°K is
adopted for Arcturus; most of this error is due to the unrealistic

nature of the models.

Using this temperature a grid of line-blanketed models with
different gravities has been constructed. The suggested gravity-
indicator regquires a'precise value for the microturbulence, and for
this preliminary anslysis a nodel with log g = 1.7 was selected.
This vatiue, reported by several investigators, is later shown to be

fairly realistic.



Uncertain oscillator strengths continue to plague abundance
work in astronomy, though the Oxford furnace is now producing
precision values for several elements. Using this furnace a series of
neutral titanium lines of direct astrophysical interest have been
measured, and they are accurate to at least :0.03 dex(73) on a
relative scale. Considerable effort is still needed in establishing
accurate absolute scales however; these resulis have been made absolute

by n°£err1ng to theoretical and observational lifetimes.

The internal consistency of the Ti I valves has been verified
by studying the suvlar abundance of titanium. By restricting the
analysis to good quality weak lines, uncertainties in dawping and
microturbulence have been avoided. A log abundance of L.81 z 0,03
is reported (on the log H = 12.00 scale).

For the Arcturus analysis, a few iron lines have also been
included. In this star the abundances are very sensitive to the value
assumed for the microturbulence. The empirical nature of this para-
meter is emphasised. A value of 2.1 z 0.2 km sec-1 was found by
demanding an unique abundance for all lines. Using this velocity

gave absolute abundances of :-

L2 2 0.1%
7.37 = 0.10

log n(Ti)

log n(Fb)

With suitable solar abundances these 1mply [Tl/Hjl = -0.39 1T 0 + 07,
[ Fesn)= -0.33 T 0.10.

Theories accounting for the origin of iron-peak elements are
discussed. Explosive Silicon burning cannot account for all the
observed isotopes, and the equilibrium process has been re-introduced
to explain soxe anomalies. These theories are examined in relation
to supernova models and Galactic evolution, and also with regard to

the broader purpose and prospects for measurements of stellar
abundances.



INTRODUCTION

1.1 Abundances of chemical elements

A great deal of effort has been directed towards the accurate
measurement of chemic al abundances in the Universe. As the results
are usually presented as an fultimate answer! their relevance is not
always self-evident. This is demonstrated by the large volume of
literature reporting abundance peculiarities in isolated, perhaps
insignifica%g, astronomical objects. As this thesis might be criticised
as an example/such ill-directed research, it iz pertinent to ask at

the outset; Why bother to measure abundances?

Quite apart from wishing to quantitatively understand the
Universe, its material and its history, sbundances are necessary
input data for scientific disciplines as diverse as cosmology and

seisnology. Accurate astronomical abundances, more germane to this

thesis, are vital for determining structures of stellar atmospheres
and interiors, and as these affect evolutionary models, the seemingly

insignificant abundances become quite indispensable.

Of even greater importance is the role that astronomical and
terrestrial abundances play in furthering knowledge concerning the
origin and distribution of the chemial elements, and how the
nucdsosynthesis theories can be connected to Galactic history. In this
context therefore an abundance curve is the ultimate test for a
nucleosynthesis theory. As these theories themselves may rely on
stellar models, one can see that the topic of abundances envelopes

almost every aspesct of astronomy.

1.2 Stellar z2bundances

NMucleosynthesis predictions are usually compared with solar-

system abundance curves (e.g. Suess and Urey 1954, Cameron 1963,



1963, 1974) derived mainly from meteoritic, lunar and terrestrial rock
samples, Stellar abﬁndances havg been regarded as 'second-best' for
this purpose because of large uncertainties attached to the results.
Yet it is clearly desirable to continue measuring stellar abundances, not
only to investigate ways of reducing these uncertainties, but also to
find out whether the solar-system abundance nix is representative of
that in other regions of the Galaxy. Despite the lack of precision,
stellar atmospheres are far more homogeneous than rock samples, which
show staggering differences from place to place. It should therefore
be noted that the composite abundance curves of Cameronl based mainly
on meteoritic data, depend critically on the way these inhomogeneities

are allowed for.

This is not the place to describe in detail the procedures
adopted for extracting abundances from stellar spectra and this
cursory introduction must necessarily use terminoldgy defined in
later chapters. Nevertheless a brief criticism of present methods

~is needed to explain the purpose ¢ this thesis.

Classical abundance investigations (e.g. Menzel 1936)used am
unified theory known as the 'curve of growth'. This curve relates
the strength of an absorption line to the product Nf, where N is the
abundance of the relevant atomic energy level for the element, and
f is a quantity called the oscillator strength or f-value needed to
explain selective absorption. As the shape of the curve of growth
(c.0.g.) can be predicted according to various theories of line-
formation (v.der Held 1931 ), a comparison between the observational

and theoretical curves yields, among other things, the abundance N.

It was quickly realised that the scatter on the observed CeOogo
made it very difficult to describe the curve with any certainty.
Although line measurements were spoilt by poor spectra, inaccurate
f-values were mainly to blame. These f-values, sometimes estimated

theoretically but more usually measured in the laboratory, have hindered



direct astronomical abundance work for many years. A great deal of
effort has been directed towards their accurate measurement but it is
still quite evident that what had been thought of as reliable f-

values even very recently, are in fact hopelessly in error.

For these reasons astronomers have preferred to perform differ-
ential analyses. Given a solar sbundance, a differential c.o.g.
can be used that avoids f-values altogether. Of course any error in
the solar enalysis (which will have used f-values) is transferred,
but even so the method is at first sight quite plausible. It does
have some limitations however. The curve of growth is nol unique:
lines of different excitation not only form in different regions of
the atmosphere but are broadened to different extents. The ideal
solution would be to calculate a curve of growth for each line using
a physical model of the stellar atmosphere, though this demands
accurate f-values. As the average astronomer does not have the
patience to plough through the mass of published f-values (nesrly all
of which disagree with one another) differential analyses are still

in favour.

With f-values of increased precision now available from careful
work (é.g: Blackwell et al 197Lha), and also with the provision of
several good model atnosphere programs, it is perhsps time that line-
by-line methods were used to establish abundance stundards of different
spactral types with which simple differential analyses cin be quickly

yet accurately compared.

All above methods require good quality high dispersion spectra
and are referred to as 'detailed analyses'. It would bes unfair to
omit to mention the exciting and useful work made through narrow and
intermediate bandpasses, isolated either spectroéoopically or with
interference filters. These methods (reviewed by Strgrgren 1974 ) can
offer quick yet reliable results for many stars. As examples cne can
cite the extensive surveys of Williams (1971ab) Griffin and Redman

(1960), and more recently the work of Osborn (1973) using the David



Dunlap System described by McIure (1973). Such studies are also
invaluable in providing information for stellar classification schemes
(see Morgan and Keenan 1973). From the point of view of nucleosyn-
thesis and Galactic evolution, the relevance of the band results is
already well known (Spinrad and Taylor 1969, Williams 1971b).

Notwithstanding these remarks there is still a need for detailed
analyses, to check and calibrate these band systems and also to invest~
igate and understand the many a&spects of stellar spectroscopy and line

theory that detailed znalyses unzveidably involve.

1.3 Arcturus and the sims of this thesis

S

"T name this standard Arcturus,

God bless her, and all who sail in her!

.

The need for standasrd abundance stars hes besen enphasised. To
avoid unnscess:syy accwmilation of errors arising from lozgz chains

of differential analyses, it is desirable to use absolute f-valuesx

- and perform en absolute abundance analysis for each stmudard star.

As all standards should have good spectra, the choice is imnediately
restricted to a handful of bright stars. 1In the hotter donain, work
is progressing with models for Sirius (Fowler 1974 ) and Procyon
(Strem and Kurucz 1966, Darius 1974 ) though abundance resulis have

not yet been given.

The position with cool stars is slightly more complicated. The
lower temperature resulis in a confused line spectrum making model
construction a difficult task. For giants with low pressures and
extended atmospheres many of the conventionsl assumptions of line and
nodel theories nay be invalid. Nevertheless a start must be nade
somewhere end cool stars are not only challenzing in the above respects,
but are also important in understanding the later stages of stellar

evolution.



For this work the star Arcturus ®Boo K2III (m, =-0.1)
has been chosen. This bright nearby giant is in many ways an ideal
standard. Griffin (1963) obtained an excellent spectrum of dispersion
1-1.5 ﬁ/ﬁm, which is widely available and was in fact intended to serve
as a standard reference., The only other bright cool star under detailed
study is Betelgeuse MI (an= +O.7)(Fa§ and Johnson 1973) whose lower
temperature introduces many molecular bands making model construc-
tion even more difficult. Furthermore as it is variable ana fainter
than Arcturus, its flux curve will be more uncertain, and ils spectrum

will not match the quality oi Griffin's,

As one might expect Arcturus has already been studied extensively

(e.g. Gasson 1966, Griffin and Griffin 1967, Upson II 1973) though
nearly always differentially with respect.to the sun. There is cer-
tainly a demand for absolute abundances for this star, particularly

for the iron group (kgner 197L) and the main ajim of this work is

to provide these using f-values determined in the absorption furnace

at Oxford. Tt will also be possible, eventually, to test assumptions
such as thermodynamic equilibrium, which may not hold in the lower

density regions or the atmosphere of this star.

For this thesis the main objective is to set out the ground-
work for the above research. In pérticular:-
1. A model atmosphere is needed for Arcturus. This demands an
observed energy distribution for the star which the model

should accurately reproduce.

2. A start must be made on the enormous task of measuring precision
f-values for the iron-group elements. Titanium was chosen as
the first of a large number of elements now under investiga-
tion. The lines to be measurc? shoula be closely tailored to
abundance work in cool stars, and an accurate absolute szale

for these f-values is also needed.



3. A preliminary set ot absolute abundances for Arcuurus can
then be established using the available f-values. An error
analysis would be particularly helpful in showing where future

investigations should be performed with greatest care.

As the Titanium f-values will hopefully be the best available, a solar
Titaniun abundance would also be of interest. This would enable a

comparison with other Arcturus/solar abundances in the literature.
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CHAPTER 2
SCANNER OBSERVATIONS OF ARCTURUS

2.1 The inmportance of stellar fluxes

In the measurement of radiation the terms 'intensity' and 'flux!’
have several connotations. Of interest here, however, is the specific
intensity I~ » which is the radiant energy crossing a unit area
oriented normal to the beam, into unit solid angle, in unit wave-
length interval & unit time. Thus if O is the angle between the
normal. to a surface do- and the direction of a solid angle dw ,
then the energy dE4 in time dt and wavelength interval dA is
generally given by:

dEx = I, (2,0,¢) do cosO dw dX dt (2.1)

where the spatial variation of I, is given by two angles (0,4 )
and avdistance z from some reference level. In stellar atmospheres
the assumption is usually nade that the plane-parallel layers are
homogeneous, and thus there will be no azimuthal (or 95-) dependance.,
Therefore for a givea level I is a function of O only.

The flux is defined as the net rate of energy flow across unit

area, obtained by integrating dE o over all solid aﬁgles s Viz:s
jh = fI’}‘ cos 8 dw (2.2)

A quantity sometimes called flux or astrophysical flux leads to
confusion, and is here referred to as the surface mean intensity.
This weights the intensity according to the area projected and is
defined by:

élfl\ (8) cosH dw/.gs cos B dw (2.3)

thus for z-axis symmetry :‘, T Fy (2.4) |
In this thesis when referring to 'flux' the quantity 33 is implied and
written as w F; in all equations to avoid any possible confusion.

The total flux over all w%;relengths is then:

\9 - wF - /wka dA (2.5)

Deep inside a star the density of material is high enough for

thermodynamic equilibrium, and the specific intensity is given by the
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'Planck function for a black body :
2 het 1 (2.6)

I = B (r) =
N ) — -
N e

where T is the temperature and h,c,k are fundamental constants.
Because of the high density the photons emitted are soon absorbed by
various processes. Towards the surface the temperature and density drop
and thermodynamic equilibrium is no longer possible. However if the
atmosphere is stratified in temperature it msy be possible to assume a
local thermodynamic equilibrium (LTE) for each layer and temperature.
The intensity of emitted radiation at that level can then still be
given by (2.6) using the relevant temperature.

If photons of all wavelengths escaped from the same level then
the radiation would approximate to a black body distribution at the
appropriate temperature, but the material in the atmosphere absorbs
more at certain wavelengths and where the absorption coefficient or
'opacity' is greater the photons originate higher up in the atmosphere
where T and B ~ (T) are less. Consequently the flux at that wave-
length is reduced. 1In the absence of LTIE B~ is replaced by an analogous
function S\ called the source function. The argument still generally
holds however, and the detailed equations are discussed under the
construction and use of model atmospheres in Chapter L.

The distribution of flux with wavelength is called the flux
curve and it depends basically on two parameters, temperature and
opacity. A comparison between theory and observations can yield useful
jnformation about both quantities,though the important absorbers are
generally understood and the main aim of measuring stellar fluxes has
been to determine quantities related to the distribution of temperature
in the atmosphere. Of particular significance is the effective tempera-
ture Té, related to the total flux E} by Stefan's law

NF = O = o1 b 2.7)

This quantity is more useful than say, the surface temperature, as it
is the most important parameter of a model atmosphere defining the
total flux the model must produce. It is shown in Chapter }j that T;



11

can be determined by several methods including the use of zquation 2.7;
all methods depend on an accurate knowledge of the flux curve however.

At this point a distinction must be made between the continuum
flux and the observed flux. For a cool star these will not be the
same beczause of the many absorption lines present in the spectrum which
apsorb a significant proportion of the energy thereby reducing the
emerging flux. Since the model atmospheres generally predict continuum
fluxes ie. without lines, this effect known as 'line-blanketing', must
be allowed for., This can be done by using a high dispersion spectrun
of the star and measuring the energy blocked by the lines in the
wavelength'regions where comparisons are to be made.

Although the determination of Qe (or a related temperature index),
has been the main motive for measuring stellar fluxes, detailed
features in the flux curves of various stars have led to important
findings in many branches of astronomy. Generally if the bandwidths
/\ A€ 501 then the photometry is termed 'narrow-band photometry and
although such work gives more precise information the nethod is only
suitable for the brighter stars where there is plenty of energy
available. For fainter stars wider bands are necessary and althbugh
detail may be lost, the broad band ( » 500 %) photometry of Johnson et al
(1967) for example, has given general information about many faint stars.

In this chapter and that following, the flux curve of Arcturus
is discussed. For Arcturus the results of narrow-band photomeiry are
more important, though the broad-band work will also be used. This
chapter deals mainly with the results obtained by the author and co-
workers at the Wise Observatory, Israel using a spectrum scanner built
and designed at Oxford. The need for these observations is also
discussed. Establishing a flux curve for Arcturus based on all the
observations (including the author's), and correcting the flux curve

for line blanketing is discussed in the next chapter.

2.2 Previous measurements of the flux from Arcturus

As Arcturus is bright and cooler than the Sun, the flux curve has
been studied extensively, usually with the aim of establishing the
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absolute flux outside the Earth's atmosphere. Such spectrophotometric
gtandards are useful in that absolute fluxes of other stars can then be
obtained directly By comparison.

Altogether the region 3300 X to 13 micrens has been studied,
although most effort has been concentrated in the visible region where
the flux is greatest and most important for determining the effective
temperature. Table 2.1 lists the various data available, the wave-
length range considered, and the bandwidths used,

Detailed scanner observations are restricted to the region 3300 -
9000 i, and beyond 2 microns the only detailed measurements are those of
Gillett et al (1968). However, the spectrum has been fairly comprehensively
covered apart from the difficult region between 1.4 & 1.8 microns. Here
ground-based observations are severely hampered by extensive water-vapour
absorption in the Earth's atmosphere. Tne only measurement here at
present is due to Walker (1969), but with the current interest in space
astronomy there is hope that our knowledge of this region may be
supplenented in the near future. The importance of the region lies in
the fact that theory predicts a sub-maximum at this point in the flux
curves of cool stars because of the minimum in the absorption coefficient
of the negative hydrogenion. This point is quantitatively investigated
in the next chapter.

In the visible region the fundamental scanner measurements are
due to Willstrop (1965),who has reduced his observations to zbsolute
values without the use of another standard. Such 'primary' results
usually involve calibrating the flux at the Earth's surface with a
standard lamp to allow for instrumental absorptiog)and meticulously
correcting the results for atmospheric extinction. Willstrop's results
initially cover the region 4000 - 6500 & but he has kindly supplied
additional unpublished data extending the range to 3300 ana 6900 &. The
internal consistency in the published data is quite good; results on
different nights differ by less than 4Z. The quality of the unpublished
results is not so good. | |

The other scanner resulis are secondary measurements; that is,

absolute fluxes have been found by using a primary standard. Xomarov &



source

This work

Taeble 2.1

Fluxes of Arcturus

Wwavelensth region

3697 - 8817 A

Willstrop(1965) 3%00 = 6900

Komarov & Pozigun

(1970)

Kharitonov &

4000 -~ 9000

nyazeva(1969) 5450 - 7250

Johnson(1953,1965),

et al(1966) 0.%6 - 10.2 L
Valker(1569) 0.%36 -~ 2.21
Johnson et al(1967) 0.33 -~ 1.10
Gillett et 21(1971) 3.50 - 11.0
Gehrz & Woolf(1971) 3,50 = 11.0

Gilleit et al(1968)

AYS
P

2,80 - 13,0

range includes unpublishz2d results

andwidth etc.,

2448 X
50

U~N colours
[ colours
1% colours
4 colours

4 colours
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Pozigun (19790) for example, used o(Iyr, 4ZU'M3, and © Ari as standards.
They scenned beyond Willstrop's fluxes to 9000 X and are the main scurce
of narrow band fluxes in the near infra-red. Kharitonov and Knyazeva
(1968) used o Lyr and 7 Ori as standards and scanned notably in the
ultraviolet to 3450 4. The secondary data is not as detailed as that

of Willstrop; KXharitonov & Knyazeva present fluxes for every 100 X in
the range considered, Komarov & Pozigun for every 50 3; wnereas Willstrop
scanned at intervals of 25 . |

Stickland (1970, 1971 ) has drasm attention to possible errors incurred
in the use of current spectrophotometric standards. The favourite '
standard would appear to be o(ILyr (Vega) and although this star must
surely be a poor choice with such a large Balmer discontinuity it has
been repeatedly studied in the last decade (see Oke & Schild (1970) for
a review). Despite the efforts there are still notable discrepéncies
between different observers (see Hayes 1970). Indeed, Willstrop's
measurements of AIyr are 6% higher than those of Oke & Schild (1970),
but since similar discrepancies are seen between other reliable
observers it is not clear who has the.best fluxes for this star and the
author decided not to alter Willstrop's results.

The broad-band results cover the entire measured spcctrum but are
mainly of use in defining the flux curve in the far infra-red. Johnson
(1963, 1965, et al 1966) gives the magnitudes on the Arizona system
(U through to N), ana these are extended further with the data of
Gillett et al (1971) and Gehrz & Woolf (1971). These results overlap
considerably and the more detailed fluxes of Gillett et al (1968) are most
ugseful in the region 2.8 to 13 microns. In the near infra-red the
fluxes of Walker are useful, these have been calibrated using a black
body. High resolution spectra of Arcturus have been obtained by Johnson
& Mendez (1970) as. far as 2.5 microns, but as they are not presented on
an absolute scale they are not used here.

Of particular interest is the 13 colour data of Johnson, Mitchell
and Latham (1967) with its absolute calibration based on standard
reference stars as described by Mitchell & Johnson (1969). These
measurenents are made with smaller bandwidths then those of the Arizona
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systen, ( ~ 300 - 500 %) and are confined to the region 0.33 to 1.10

microns. Together with the Arizona system they offer a crude definition
of the flux curve for a star for which there is no narrow-band data
available.

The range of bandwidths used for all these observations makes it
difficult tovcompare measured fluxes obtained by different observers.
Discrepancies are properly shown only by a comparison of continuunm
fluxes, where the line-blanketing effects have been removed. In the
visible region, where such corrections are largest and different obser-
vations overlap considerably, the broad-band data is difficult to use.
Over such large bandwidths the line absorption and continuum flux may
change a great deal thus blanketing corrections are difficult to apply
correctly.

The continuum flux of Arcturus and the necessary blanketing
corrections are discussed in Chapter 3, but the results are anticipated
here in order to explain why it was felt necessary to supplement the
already existing flux data. In Fig 2.1 the continuum fluxes in the
visible region are shown. The precise way in which these reéults were
derived from the observed fluxes is described in the next chapter.

It is evident from this comparison that the agreement is generally
fairly good, particularly in the reglon 5000 - 6000 X. However for
6300 & - 7250 & is o serious disagreement of about 207% between the
Russian authors. For this important region Willstrop's fluxes are
either poor or non-existent and a check on the results in the vicinity
of the maximum flux at 6500 & is needed. Furthermore if the reason.for
the discrepancy is due to an error in the fluxes of Komarov & Pozigun,
then their values out to 000 K.may similarly be suspect. These dis-
crepancies and uncertainties in an important region as far as effective
temperature is concerned, promted a new investigation in order to fix

the flux curve, and therefore the value of Té, more precisely.

2.3 The Oxford spectrum scanner

The instrument described below was not built solely for investi-

gations of Arcturus, but has been used for determining effective
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temperatures of other moderately bright (mv < 6) stars of various

spectral types. As the apparatus has been used by others a detailed
description will be given elsewhere (Willis 1975?). In order to

clarify the observing procedure however, a basic outline is provided.
In particular, a description is included of that part of the design
which was influenced by the requirements of the Arcturus measurements.

A plan of the instrument is given in Fig. 2.2, and reference will
be made to this diagram. The optical arrangement is that of a Czerny-
Turner monochromator (Czerny & Tumer 1930) and closely resembles that
used by Willstrop (1965). Light from one of a seslection of entrance
apertures (1) is collimated into a diffraction grating (2) which is
mounted on a rotating table driven by a stepping motor. The diffracted’
light is focused onto an exit slit (3) whose width determines the bend-
width used. In order to follow changes in the atmospheric transparency
a small glass plate (4) reflects 25% of the white light to a 'monitor!
channel; the diffracted light enters the 'object' channel.

Bach channel consists of a photomuliiplier, an electronic'pulse-
counter, and a digital display. Both channel signals are simultaneously
integrated for a pre-selected interval and then displayed together.

For this work the photomultipliers were both EMI Modified S-20 with

- quartz windows, chosen for their extended infra-red sensitivity. In
order to reduce the dark currents, both photomultlpllers are Peltier-
cooled to ~20°C during observation periods.

The grating is positioned using calibrated settings on a digital
voltmeter, The calibration éan be checked periodically by using a small
mercury lamp (5) brought onto the optical axis with the manual rod (6).
To simplify the observing procedure‘an eyepiece (7) and microscope (8)
are included. (See inset Fig. 2.2) The eyepiece, used in conjunction
with a prism, is primarily for guiding purposes, whereas the microscope
which drops in place behind the entrant aperture (1) is used for
centring and assessing image quality.

The Bausch-Lomb grating is ruled at 600 llnes/mm and is blazed at
n A = 16000 § so that observations are made in n = 3 for A 25000 %

" and n = 2 for N> 5000 &, A setting accuracy of 1 % was chosen; a



Figure 2.2

The Oxford Scanner - plan & cross-section (not to scale )

K

|




16

greater error would jintroduce significant uncertainties in the blanketing
corrections. This constraint leads to an angular rgsolution of 14".1 for
the grating, and the stepping motor was constructed appropriately. The
dispersion is 12 3/mm inn = 2 and 8 X/am in n = 3, thus since the exit
slit can be set to 0.01 mm, this corresponds to an error of less than
0.12 R in the bandwidth; the large dispersion means the exit slit is

much larger than the corresponding stellar image ( ~ 0,07 mm) thus
ensuring a near-rectangular transfer function.

The electronic counting system has a 'dead~-time' of about 10”7 secs,
thus a counting rate of less than 106 is desirable to maintain linearity.
On the other hand the rate must be high enough for a reasonable low
noise level. The instrument was designed mainly for use with the
l,0-inch telescope at the Wise Observatory, Israel, and for a zeroth
magnitude star using this telescope the theorstical count rate (assum-
ing no instrumental losses) is 1-5 108 sec™! for a 50 & bandwidth.

Thus the problen of this astronomer is one of too much energy! The

rate was reduced by introducing two neutral density filters (9), one

of which can be removed for observaticns of fainter stars without
opening the instrument. The monitor channel has an interference

filter (10) of bandwidth ~ 160 £ centred at 5189 £ placed over the

photomiltiplier window, thereby reducing the count rate and defining

{0

constant wavelength for the channel,

To avoid light from other orders entering the object channel, a
series or colour filters (12) are incorporated. Choice of such filters
in the region "\ < 11500 X is extremely difficult with the present grating,
since the range 3300 <A < 14500 in n = 3 corresponds to 5500< A { 7500
in'n = 2, a region where the filter should have a transmission of less
than 0.01Z to avoid contamination. Only one such filter (Ilford 621)
could be found.

For Arcturus it was decided that rather than duplicate the detailed
scanner work of Table 2.1, a few high quality relative fluxes at carefully
chosen wavelengths would satisfy the needs mentioned in the last section.

In choosing these wavelengths several criteria were drawn up:
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1) The regions must,as far as possible, avoid large atmospheric
features so that there will be no time variations or residual
effects in comparing Arcturus and the standard star,

2) The blanketing corrections for the region should be known

accurately. For this reason the ends of the bands sihould be

free of large absorption features which, in the case of a
setting error, would change the correction. Furthermore the
blanketing should be minimised to avoid uncertainties introduced
by inaccurate continuum levels and scattered light.
3) There should be plenty of regions in the range 6000 < A £ 9000 3.
The choice is further limited at the short wavelength end by the lack
of suitable colour filters, and also by the uncertain blanketing correc-
tions. At the long wavelengths the choice is limited by the end of the
Griffin atlas (1968) (used for criterion 2) at 8825 %, which almost
coincides with the fall in the photomultiplier sensitivity at 9000 i.
For criterion | the solar atlas of Moore et al (1966) was used and it
was generally found that 35 % was the maximum bandwidth satisfying this
and other criteria. A constant bandwidth of 2) 3 was eventually adopted
wherever possible, this corresponds to about 2 mm on the exit slit in
the second order,
The 17 regions chosen are listed in Table 2.2 together with'the
approximate percentage line-absorption and the expected flux according
to the results of Table 2.1. In addition the regions are grouped
according to the use of the colour filters for isolating the relevsant

orders.

2.4 Observing procedure

For the purpose of resblving uncertainties in the flux curve of Arcturus,
and also for the purposes of other research conducted in this department,
observing time was obtained at the Florence & George Wise Observatory

of the University or Tel-Aviv, Israel. This relatively new observatory
is situated at longitude 34 ° 37! E and latitude 30° 30' N at a height

of ~ 900 m in the Negev desert. The telescope is a 4O-inch Boller &
Chivens reflector, and the Oxford scamner was attached to the £/15



Table 2.2

Regions for observations of Arcturus

?\ A}\ n 'n % T[,Px

1 3697 12 - 62 63 . 10714
2 4002 12 54 110
3 4513 12 3 31 280
4 4620 24 22 292
5 4947 24 16 334
6 5299 24 17 391
7 5566 24 2a 10 404
8 5835 24 | 6 428
9 6045 24 4 415
10 6388 . 24 6 424
11 6695 24 ot 6 428
12 6813 24 3 4%0
13 7476 24 3 413
14 7766 24 4 407
15 8077 24 4 391
16 5482 24 2¢ 5 365
17 . 6 365

5656 24

Col 1: Band number

: Central wavelength in ﬁngstroms

: Bandwidth in Angstroms

Spectral order and colour filter scheme (abc)
: Percentage line blocking (approx.)

Oy AW N

: Observed flux at Earth in Watts em™2 micron
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Cassegrain focus. The observétions of Arcturus wers made‘on~h noonlit
nights during April 1973.

As mentioned before, for this investigation the Arcturus measure-
ments need only be relative, and thus shsolute extinction corrections

are not necessary. As the star will be generally observed at various

zenith distances however, differential atmospheric extinction is import-
ant. If the star has been observed over a large range of zenith
distances, the observations can be used to define an observed extinction
curve which then provides the necessary corrections. The zenith distance
is easily found from the sidereal time given by a digital clock in-
corporated in the Oxford scamner.
In order to allow for the different colour filters used for
isolating various orders, reference to a standard star is necessary.
The observed ratio of the test star (Arcturus) to the standard star is
then used together with the known standard star fluxes to give fluxes for
the test star. The choice of such standards is mainly limited by the
requirement that these stars should also be observed over a suitable
range of zenith distances. It was fortunate in this instance that
during April, when Arcturus transits close to midnight, both o{ILeo and
A Lyr are also favourably plazed. Fbr various reasons given later,
the primary measurements of Hayes (1970) were chosen for the reduction,
An investigation of possible errors in interpolating these fluxes
revealed that it was sufficient merely to observe the standard stars at
the 17 wavelengths reserved for Arcturus.
The general procedure therefore was a series of readings for a
set of bands in the test star, followed by the same series observed in
the standard star. Each reading consisted of 3-5 measurements of the
object and monitor channels with a specified integration time, 1 second
in this instance. 1In order to minimise possible errors introduced by
time variations in the atmospheric extinction, one should interchange
between the stars for each band. Such a procedure is impracticable
however, and in the reduction such time dependances have been ignored.
Before observing commenced the photomultipliers were cooled to

-20°C or so; in the meantime the grating calibration was usually checked.
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Even at such low temperatures the dark current during the first few
nights was sometimes as high as 200 counts sec°1, but the rate diropped
(albeit somewhat erratically) to only 5 =ec"1 on the last nlghto. The
count rates for the stars were generally between 10& and 107 sec -1 for
the object channel, and about 5.105 sec -1 for the monitor channel., Thus,
even at its worst the dark current represents only 25 of the signal.

The entrance aperture was kept at 21".3 for all these observations.
Nbrmally_apertures are limited by sky background troubles but for
Arcturus and other bright stars this is no problem. Enlarging the
aperture reduces scintillation effects which were usually about 2-3",
Thus light from the full image always entered the spparatus and as the
dispersion is fairly high the effective change in wavelength across the
exit slit because of scintillation amounts to less than 2.2 %. The
sky signal was quite small and consisted almost entirely of dark current,
thus no wavelength dependence or variation with sky position would be
important. The sky background was measured every l} or 5 scans by
temporarily éllowing the telescope to drift off the star.

The observing record is given in Table 2.3, together with the
traditional vague comments on the observing conditions (see Coservatory
No. 1000), On all L nights the sky quality was good, though on the last
night there was discernable cirrus. Although the site is good for its
clear skies, its position in a large complex of sand and stone deserts
(particularly to the south) leads to a Significant dust content in the
lower atmosphere. In these regions winds of 60 kph aré quite frequent
and the turbulence and scattering caused by these dust clouds could

seriously affect any astronomical observstions made from this observatory.

2.5 Reduction of data

This section is intended to give an outline of the procedure
adopted for the reduction of the Israsl data; emphasis has been placed
particularly on the assumptions made and the possible alternative
methods. It is worth remarking that the data has been reduced independ-
ently without significaat differences.

The recorded data consists basically of an object reading termed



Night

nNo

Col 2:
Col 3:

Table 2.3
Observing record

Order

Date

15=16th  A(1~-7),V(1=-9),A(10-15);

16-17th  R(1=-17),4(1=17),R(1-17),
A(1“17)’R<1”17),V(1“17)’
A(1-17);

22-23rd  R(1-17),A(1-17),R(1=-17),
AC1-17),V(1=17) 3

23-24th  R(1-17),A(1-17),V(1=17)

April 1973

A = Arcturus ( QL Boo )

R

V = Vega

Regulus ( (f Leo )

( A1yr )

Comments

Seeing good 1--2M

ditto

Seeing poor
3_4”
Cirrus, seeing

(4

moderate 2-3%%

Bracketed numbers“refér-to bands observed

(see Table 2.2)
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'a', a monitor reading 'b', and the sidereal time T . The set of
observations for one star is then simply (ai , b) i=1,..,17, where the
subscript i refers to the band number and hence a wavelength, To
simplify the discussion further,'7\ will be used for wavelength, and z
for zenith distance.

In accordance with the suggested 'dead-time' (of by~ 1.2 1077 sec),
for the electronic counting system, the large count rates can be corrected

for non-linearity using the first order relation:

a; = a; a + aitd) i=1,..17

(2.8)

0

0
b b (1 +b td)

Typically §i$ t>~“5.105 sec”) and so the correction is ¢ 6%. The
precise value of td is not important as an error of 20% in td leads to
only 1% error in the corrected reading.

It was revealed in the last section that the sky count was largely
dark current, and that it was therefore impossible to include an
explicit ‘A or z term when subtracting. The dark current, and therefore
the sky background, did vary quite erratically with time however, and
intermediate values were found by interpolating from sky-time graphs
constructed for each night. A typical such curve is given in Fig. 2.3
where the plotting has teen performed using a procedure written in
Algol 63-R (Woodward & Bond, 1971). This procedure, kindly supplied by
P.G. Craven is useful for astronomical functions with discontinuities,
as the plotting interval is varied according to the second derivative,
In this case discontimuities have been allowed when the telescope was
moved onto a different star, Shbtracting the sky count gives:-

1 o

a, = a; - skya (r) 1=1,..17
(2.9)
' = B

- Skyb (Q’)

Generally sky counts lay between 20 and 400 sec™! and thus were only
important for the weakest object channel readings.,
In monitoring changes in the atmospheric transparency, it has been

assumed here that fluctuations in b (at 25189 & 180 %) can be

applied directly to a; for all j\jg In other words, the assumption is



FIG. 2.3
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that changes in transparency have no ')\~depcndence, and that a cloud

or dust-particle is a 'grey' absorber. To improve upon this one effect-
ively wishes to reduce the wavelength difference lf)‘a - ’/\b, betwecen

the two chennels. 4An alternative method is to introduce a saries of
colour filters for the monitor channel that roughly keep in step with

the grating setting, but a large number of quite narrow-band filter

would be needed to avoid the assuption altogether. Willstrop (1965) used
gseveral broad-band monitor filters in his apparatus and his electronics
output tpe ratio a/b directly. TFor relative measurements requiring
reference to a standard star such a method introduces the need for
transmission curves for these filters. This is tecausc in referring to
the standard star the ratio (a/b)test/(a/b)std introduces difficulties
test/bstd
another in a complex manner. In our simple analysis monitoring is
effected by taking the ratio of a to b, setting

for the quantity b which will vary from one monitor filter to

1,1
By = a, /b ,1 = 1,..17 (2.10)

where an average over the 3-5 measurements constituting each ith
reading has now been performed.

Differential atmospheric extinction is corrected by reducing all
the ratios Ri to the same zenith distance, in this instance z = 0.
Two different methods were used: firstly a theoretical investigation
utilising published absorpticn ccefficisnts, sad secondly an experimental
investigation using the values of Ri observed at different 2.

In the theoretical investigation the relation

Ri (z) = Ri(z=0) o~ Sec z(’Ki - 7fb) (2.11)

was used, where ‘7(ivis the exponential absorption coefficient for the
ith band in the object channel, and ?(b that for the menitor band. The
relation assumes a plane-parallel atmosphere and also that ¥ is independ-
ent of z. For these observations z was less than 1,0° and both assunptions
are reasonable. The coefficients, taken from Allen (1973), include the
effects of molecular scattering, water vapour, ozone and dust absorption.
They were weighted against the transmission curve (f)(;’\\ ), for the inter-

ference filter of the monitor channel, since X, changes appreciablg
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across 160 i. Across the narrow bandwidth of the object channel
(12-2); &) wavelength variations in K?« are negligible.

Thus for each valua of Ri(z) a value for Ri(z=0) yo3 found using
equation 2.11, and those results for which z ~Y0 were weighted in
determiﬁing a mean valus. R-values, Si(O), Ti(O) can be found for the
standard and test star respectively, and the ratio for the test to
standard at z = O is then written as Ti(O) / Si(O) i=1,..17

The experimental method also employs egquation 2.11, but here the
results of both test aud standard stars were cemovined to dofine a curve
loge(Ti / Si).vs. sec Z. for each i. By using a least-gguares progran
the curve using one standard star was shifted to join that for the other
standard, thus utilising all the results in one extinction curve for
that night. The ratio Ti(O)/Si(O) can, in fact, be found immediately
for both standard stars from the intercept of the curve with the ssc
z = 1 axis, and the shift needed to bring the two curves tcgether. The
advantage of the least-squares method is that it is eaSy'to estimate
the errors in such a program. As is seen from Table 2.3, the observa-
tional curve for a given night is defined by between 3 and 7 points in
the range 1.0 { sec z $1.3. A typical error snalysis is sunmarised
in Table 2.l in which it will be seen that the standard devistion cn the
observations is usually less than 0.02 dex(5%), leading to an implied
error of about 0.03dex(7:%) or less, in the final ratio 7(0)/S(0).
Generally this method is quite successful and would be particularly
useful for many points spread over a larger range of sec z since a
reasonable estimate of X, could then be obtained.

Tt is encouraging to find that the theoretical and experimental
val ues for T/S agree to within 0.02dex(5%) for most of the 17 wave-
lengths. The mean ratios for the two methods gives the following

information:
Ti(z =0)/ Si(z =0) 1=1,17 for S= &Iyr & XLeo

It now remains to introduce the fluxes ﬁTFé(i) for the standard

star. The Arcturus fluxes are then simply given by:



Table 2.4

Brror analysis of experimental extinction method

( Night 8 )

Band 7\ 1og(A/R)z=O 1og(A/V)Z=O a
1 3697  ~0.265 ¥ 0.028 ~0.752 £ 0.023  0.022
4 4620  ~0.206 0,010 -0.884 0.008  0.008
9 6045  +0.254  0.020 ~0.082  0.017 0,017

13 7476  +0.489  0.019 +0.186  0.015  0.015

17 86%6  +0.595  0.018 +0,290  0.015  0.015

Notes:

Col. 3 &'4: Ratios of test to standard at zero zenith

Col 5: (O

distance using notation of table 2.,3%

Standard deviation on the observations
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TE(1) = W) (Ti(O) /8. (0)) 1i=1,..7 (2.12)

Fig. 2.l shows the flux curves of o Lyr obtained using the data of Oke
& Schild (1270) and Hayes (1970). Oke and Schild's results are based on
detailed calibrations against a standard tungsten lamp and various black-
body sources (Lee 1969), whereas Hayes only used a standard lamp. The
agreement is very good (to within Om.OZ) but because of slight irregular-
ities in the data of Oke and Schild (1970) at short wavelengths and also
because their secondary data for < Leo (Schild 1971 ) does not cover the
entire wavelength region required here, the values of 'ﬂ'Fs(i) have been
interpolated from the results of Hayes for both HAILyr and XILeo. On Fig.
2.4 the 17 wavelengths at which interpolation was made are marked, the
vertical scale is in magnitudes relative to 5556 A.

In order to reduce the final fluxes to continuum fluxes, the results
must be de~blanketed and this procedure is described in detail in Chapter
3 since this correction must be applied to all observed fluxes before

useful comparisons can be made.

2.6 Final results

The flux curves for Arcturus for the four nights are given in Fig.
2.5. For greater clarity these curves have been separated in the y-axis,
but the relative scales are the same. It is again emphasised that it is
not possible to compare with other published results until line-blanketing
corrections have been made. The purpose of this section is to discuss
the reliability of these results and to produce one averaged flux curve
for use‘in Chapter 3:

The four curves are all encouraging in that they predict a maximum
flux at 6500 £, and the results for \> 5000 § differ little from one
night to another. However it is immediately apparent that the results for
A< 5000 ﬁ are not only variable but must be in error. The clear
discontinuity between these two parts will be worse in the flux curve for
the continuum because the blanketing correction generally increases with
decreasing wavelength. This disturbing feature present in all l; curves

can only therefore arise from instrumental or reduction errors.
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Useful knowledge of the reproducibility of the reducticn procedure
is given by the good agreement of 0.025 dex(6%) between fluxes reduced
via o Iyr and KTeo. A further assessment of the reliability of the
Israel measurements can be obtained from a study of the comparison

X Leo/ X ILyr with that given by Hayes. Such a comparison is shown
in Fig. 2.6 from which it will be seen that the maxirum discrepancy in
slope over the useful wavelength range is about OmO.B or only 0.015
dex(L?).

In attempting to place an error on the final fluxes a distinction
must be made betwesn instrumental and reduction errors. Assessment of the
instrumental error would require a detailed investigation, and for this
thesis such an error is igrored. The photmstatistics however imply an
error of less than 1% for all counts. In the reduction program apprec-
iable errors could arise at 3 stages: in the monitoring correction, the
extinction corrections, and in the standard star correction. |

For a 'mormal' atmosphers Allen (1973) shows that the transmission
changes by 12% from ,’\b (=5189) to 3600 3. Thmus the grey-absorber® assump-
~tion used in applying monitor corrections, could lsad to large errors for
the bands at long wavelengths. Across a set of 17 measurcments howewver,
allowing for sec zVariziions, the monitor variations were less than 53
and so 12% errors in such correcticns lead to nogligible errors in the
final fluxes. It is ianteresting to note that increasing the dust-
content of the atmosphere will, all other things being equal, reduce
the wavelength dependence of the total absorption coefficient. This is
because the wavelength dependence of dust absorption is much less than
that of Rayleigh scattering by molecules, or that of water vepour and
ozone absorption. Doubling the dust content in fact reduces the change
in transmission from 123 to 2%; Such experimenting is not rigorous, of
course, and the term 'nermal atmosphere' is as vague as the weather
conditions given in Table 2.3. It would nevertheless appear that the
monitoring assumption holds remarkably well for dusts conditions.

The extinction correction is always the most uncertain part of such
reduction programs, and absolute results will depend critically on a

knowledge of the extinction coefficient. For established observatories
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standard atmospheric exbinction coefficient have usually beecn debternined
by detailed investigations (eg. Oke 1965 for Palomar); but for the

Wise Qovsgervatory ho data is available yet. Although greal zaccuracy is
claimed in such general tables, users would appear to employ gross
approximations in referring to them. The corrections are critical even
for relative fluxes and the author maintains that the detailed treatment
of section 2.5 is quite essential. It seems, in fact, that this treat-
nent for relative fluxes is more rigorouns than methods often adopted for
absolute fluxes. Although these relative results using theoretical
coefficients will depend on the dust and ozone contents the agreement

of less than 5% between the two methcds described in section 2.5 i3
encouraging, and to avoid a lengthy analysis this is taken as the likely
error for this stage.

4s the standard star fluxes of Hayes (1970) and Oke & Schild
(1970) differ by less than 0".02 (0.008 dex) (see Fig. 2.4) a final
error of about 0.02(5%) is claimed. The above error anelysis is hardly
rigorous, but can be used as a guide whén comparing continuum fluxes
in Chapter 3. ,

The erroneous results obtained for A<{5000 } were all observed
using the blue colcur filter, Ilford 621, It was menticned in section
2. that this filter was the only one that would prevent the stiroanger
flux in the second order from entering the object channel. The observed
discontinuity in Fig. 2.5 could arise when changing from one filter
to another at 50004, Normelly such discontinuities are eliminated by
referring to the standard star, but a résidual would remain if the filter
transmitted a small amount of light at longer wavelengths. A leak of a
few percent for A> 6000 f would contaminate the region 000-5000 X
observed in n = 3, It would be possible to calibrate this filter and
correct the observations below 5000 X, but this is unnecessary as the
main interest in these results lies in the region > 6000 2. For future
work the best anéwer is a grahing blazed at a shorter wavelength,
Perhaps the moral of this story is Simply not to believe the manufact-
urer's data sheets! Scattered light could introduce a further error.

As the flux curves of test and standard stars are quite different there



( Sur3eUBIQ-op 910399 ) SNIANIOAV 10J SAIND XNTJ P3AIdSqO UBSK

[*7 ®an31g
I t !
&€ 8¢ Lt
— () Do G-
. Pil-—
e \.)1.\
/////l/l:.:.llll.\\\\\.
1
[ Tgwom) L
507
My g L: S- S




26

1

could 2 a residual affecting the short wavelenzth values.
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CHAPTER 3

THE CONTINUUM FLUX FROM ARCTURUS

3.1 Introduction

By defining the continuum flux curve this chapter finalises the
first set of observation material for Arcturus. Although the motive for
producing this curve is a precise determination of the effective temp-
erature, it may also be the starting point for several other investiga-
tions, and the curve therefore represents a result in its own right., It
is possibly the first time that stellar fluxes from such diverse
methods have been collated, and the discussions in section 3.4 are of
value in a broader sense for all cool stars, Inasmuch as fluxes
eventually lead to abundances, the discussions are therefore important
for many branches of astronomy.

Tt has been emphasised that the distribution of the continuum
flux with wavelength is required in order to mske useful. comparisans
between the results of various observers and also for matching observa-
tions with calculated fluxes from model atmospheres. This chapter
deals firstly with a description of the procedures for removing the line-
blanketing, and discusses the uncertainties that the correction introduces.
e

Aparisons with

£y

Two further modifications are necessary bvefore c

¢

theoretical models are possible. Firstly the fluxes are reduced to
values at the stellar surface. This transformation ié effectively a
change in units, and involves a knowledge of the angular diameter that
Arcturus subtends at the Barth. This quantity is known only to a
limited precision, and thus errors are introduced by converting ko a
stellar flux scale. It is relevant to point out at this stage that
stellar fiuxés are only required if an absolute comparison with theory
is intended; fluxes at the Earth are sufficient for relative comparisons.
The second modification to the flux curve involves the possible
effects of interstellar extinction and reddening. Interstellar matter
in the form of dust particles called fgrains' could reduce the flux
received and thus effectively alter the stellar scale. iore important
perhaps is that if these absorptions are strongly wavelength dependant
the shape of the flux curve would be changed. This effect is briefly
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discussed in section 3.3.

| The final continuum flux curve is presentsd in section 3.5,
the various modifications having been previously discusszzd. The curve
is tabulated in a numerate form for the convenience of others who may

wish to utilise the curve for various purposes.

3.2 Blanketing corvections

To allow for line-absorption which reduces the cuitted flux, it is
necessary to refer to a photometric tracing of a high dispersion
spectrun. An integration of the line spectrum across the relevant band-
width e.g. with a planimeter, is normally sufficient to give the
correction. If the continuum flux is 'ﬁFF;(X) and the observed (line)
flux ’R‘F](A), then the blanketing coefficient, normally defined as the
fraction of energy blocked by the lines is

'\7 =1 - j‘ﬂ'F1(A)d')t

_ . (3.1)
Jar o0 an

where the integrations are performed across the bandwidth. The observed
. / .
flvx is then multiplied by a fachor 7 = {i;-—%%§r9-1 to obtain the
| Ifl-ng

For line-blanketing in the visible region of the Arcturus

PP . 4 wnneca £ camwm
COoviniiuit flux.

spectrum, Griffin's atlas was used; this covers the important region
3600~8875 3. The main source for the infra-red is the spectrum of
Connes et al (1970) which covers the region 1.0-2.5 microns. For
the intermediate regicn the blanketing coefficients of Edmonds (1973)
were used; these are derived from tracings obtained by Griffin (196l).
The corrections increase generally as one proceeds to ghorter
wavelengths, and exceed 50% for A< 4000 A For wavelengths longer
than 6000 X the coefficients are less than 74, and thus do not critically
affect the observations. In the region 70G0~-9000 the atomic lines sre
gradually replaced by moi;cular bands, and at longer wavelengths the
coefficient occasionally increases considerably e.g. in the region

N> 2.3 nicrons where the bands of CO are particularly intense, though
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sufficiently far azpart in wavelength for the averaz: coefficient across
a band of 100 & to be less than 7%. |

~The Connes spectrum is not in the form of a tracing, hut lists
the features present and their equivalent widths. The resulting
coefficients, found by summing the equivalent widths, will therefore
be a lower limit, since the table omits numerocus weak features. Such
errors are not important because the coefficients themselves are zo
small. The lack of spectra beyond 2.5 microns is similarly not a great
handicap.

It is worth mentioning that planimetering between 20 and 100
bands for the results of each of 7 observers is a long and tedious
business. It is therefore of interest to investigate possible approx-
imate methods. Both Warrea (1970) and Edmonds (1973) have neasured
blanketing coefficients for Arcturus in tkhe manner déscribed above in
steps of 100 ﬁ, though they were concerned with constiructing line-
blanketing statistics for model atmospheres rather than correcting observed
fluxes. Nevertheless interpolation in their values would be §ar quicker
and could give resuits bearing on approximate methods for stars for
which high dispersion spectra are not avalilable.

fig. 3.1 shows the variation of’7 with waveleugth for Arcturus
in 100 A steps, Also included is the variation in the values over
the gquarter-intervals; this sometimes amounts to as much as 40%. It
is therefore quite evident that to maintain the high accuracy of the
observed fluxes, blanketing corrections must be determined using the
correct bandwidths. The rapid variation of 4? with wavelength also
means that the corrections at any wavelength are probably peculiar to
the Arcturus specrum and cannot be transferred accurately to another
star,

In planimetering the scamner observations, the transmission
function can be regarded as a rectangular block, (Willstrop 1965) but for
the intermediate and broad-band results the filter transmission must
be taken into account as the bandwidth becomes rather a vague tera. A
detailed analysis weighting‘yk Fgainst the transmission 4@\ for small
intervals across the entire filter was compared with a relatively
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straightforward mean blanksting coefficisnt at the 'effective wavelength!
of the filter (see below)., For the 13 colour system both methcds agreed
to within S3.

For the broad-band results a further complication arises. Even
in a star with no absorption lines the continuum flux may change
appreciably across such broad bandwidths, and thus the coresponding
wavelength at wﬁich the flux is valid need not necessarily be the
centre of the band. For this reason Johason (1965) has established a
set of effective wavelengths for the U-N system, and in constructing
ths curves these have been used. The appropriateness of effective
wavelenzths, determined essentially by weighting ‘¢ (A) %’ilnstv)\
wag confirmed by King (1952). As continuun slopes change with effective
temperatures these wavelengths are not valid for all stars, but in the
far infra-red whers the broaduband results are 6f most use, such effects
are quite small.

Although the blanketing corrections are largest for A<L500, they
are also most uncertain here. As the size of 1? and its rapid variation
with wavelength would suggest, the lines here are so crowded that it
becomes impossible to determine the position of the continuum with
precision. Griffin states in his atlas that the continuum so drawn
is only well-defined for,> 5200, and is most uncertain for < 4300,

A typical error of 2% in the continuum level could alter the correction
by as much as 5%, so no great weight should be placed on continuum
fluxes for X( 4300 . HMethods for determining effective temperature
that rely on accurate fluxes for this region should therefore be

avoided wherever possible. Elsewhere, errors in the continuum are much
less and :the error in the resulting correction is mainly due to measure-

ment and is probably less than 1%.

3.3 Interstellar reddening

The extinction of radiation (absorption plus scattering) in
interstellar space is attributed to dust particles called grains. The
best way of determining the extent of the effect, and particularly its
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wavelength dependance, is by comparing the~ observed fluwcs of 0 ana B stavs
at varions distances. Hot stars are chosen because of the absence of
line~blanketing effects which could vary sappreciably fron one star to

the next.

The classical work of Stebbins et al (1940) showed that the
extinction is generally ~v1m/kpc in the visible region of the spectrun,
and that it increases as 1/X . The effect of this "'/A- law' is to
redden starlight by an amount depending on the distance of the star.

The reddening is, in fact, determined more accurately than the total
exbinction, which requires a knowledge of the true flux for a close,
supposedly unreddened star.

¥ore recent measurements (summarised by Wickramssinge, 1967; and
Johnson, 1963 ) show that there iz no universal reddening law. The

extinction curve is usually specified by a parvameter R,V defined by

Ry = A;/ (4;- Ap) (3.2)

where the AB, Av are extinctions in magnitudes for the wavelengths in
the broad-band systen of Johnson. The quantity AB - AV is the B- V

colour excess, more ccanonly written E Johnson has shown (1968)

BV
[] . > - [ ﬂ‘ ) A Aﬁ.o
that R lies between 3 and 5, being mest for the divection { = 100-200 s

and th:“value,of Avhas been determined for 207 different directions by
Neckel (1967). The possiblility of extinction affecting the continuum
flux from Arcturus, and its distribution with wavelength, can therefore
be investigated using the above results, and corrections can be made .
if necessary.

The proximity of Arcturus (11 pc) suggests at first that it is
unlikely that interstellar naterial could significantly alter the flux
curve, although near stars are not necessarily unreddened, Manch and
Unsold (1962) for example, found evidence for reddening in & Oph,
which is only 20pc distant.

For the region in which Arcturus lies, Neckel gives an extinction
measured over 3 kpc of only 0.3, This amounts to only 0™.001 for
Arcturus, thus it is quite evident that total extinction and reddening
are both negligible for any reasonable value of RV’
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3.4 Discussion of the continuna flux resilis

e

Fig. 3.2 shows the continuum flux rosults for Zrcturus obtained
by de-blanketing the observed fluxes discussed in Chapter 2. To avoid
the graph becoming too confussd not all the scanner data hizs been
included, and thz visible rezion 3800% - 1 microa has been drawn separately
on Fig. 3.3.

For_the region < 6000 X blanketinz corrections are inportent and
it is pleasing to note that the resulting curve is smecother ithan that
obtained by using the raw observed fluxes., Also, where the corrections
are most accurate, the discrepancies botween the resulis of different
observers have been reduced.

The spread of results for A<LS800 is generally twice that for
A 5520-6500 R and this is primarily due to uncertainties in the
blanketing corrections caused by the sbusnce of a clear continuum level.
However the internal consistency of, for example, Willstrop's fluxes
is much worse at these short wavelengths. The CGriffin atlas begins at
3600 X and thus it is not rossible to ncasure blanketing for =211 the
results of Willegtrop and of Kharitonov and Knyazeva that extend to 3400 3.

For completeness hosever, an attempt has been made to include these

A

k]
)

resulis, bthough the correcticn (determined by extrapolation), would

d
appear to have hesn overestimated as the flux curve does not have the

£

same slope at these wsvelengths. For A<LS00 f an error of about 0.08
dex(209) is claimed for those fluxes, this being the sum of the mean
difference between various observers on ¥Fig. 3.3 and the likely error in
the ulanketing corrections determined in section 3.2, This is an
average error across the region 3400< A<h500; for thie shortest wave-
lengths the error night be &5 uuch as twice this vaiue. |
The Israeli data is in good agreement with the fluxes cf Willstrop,
and emphasises the divevgence hetween the Mussian results., It is now
clear that the fluxes of Kharitonov and Knyazeva are probably incorrect
by 0.03dex(203) for 6850-7250. Komarov has found a similar discrepancy
for other stellar fluxes published~by Kharitonov and Knyazeva. With one
exception the Israeli results agree to their claimed error of

0.25dex(63) with the other scanner data, and the resulting curve is now
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remarkably well defined, particularly around the maximum, Using a
similar error analysis, a figure of 0.035(87%) is obteined for the flux error
in the region L500<A<9000.

The 13 colour results by thenselves define the flux curve only
fairly well, the results being often 0.05dex(123) too high, which could
arise from an error of that smount in the calibration, The relative
calibration of the system (i.e. with wavelength) relies on the standard
stars ALyr and X CMa, for which the result s of 5 different authors
were sveraged; these included Hayes and iillstrop bubt not Cke and Schild.
The absolute calibration for the entire scale comes from the work of
Labs and Nackel (1967). As the maximum possible error in the cali-
bration of the 13-colour system is only 0.0ldex(2%), the observed
discrepency is not understood.

Tarning to the near infra-red (0.8-2.5 m1crons), (Fig. 3.2), it is
seen that the curve is not so well defined, and it is here in particular
that future work should be directed. The results of Walker are partic-
ularly decisive, and yet where coﬁparisons can be made, his fluxes are
down by about 0.04dex(103). The K-magnitude for example, has been
measured, together with its calibration, several times (Johnson 1962,
196l et al 1966) and the flux here would therefore appear to be well
sstablished, yst Walker's value is C. Chdex less. It is nevertheless
difficult to believe that Walker's absolute calibratién (based on a
black body source) could be in error by such a large amount. Firther-
more, the error in the effective wavelength of his filters would have
to be as much as 40O & to account for the discrepancies. Walker states
that his results give evidence for a brightening at 1.6 microns,
consistent with the minimum in the H opacity at this wavelength. How-
ever when the results of other observers are included, the author finds
that this effect is quite small unless Walkefg points are all raised
by about 0.04 dex(10%). The results then coincide elsewhere, and give
a brightening at 1.6 microns which is roughly consistent with model
predictions. This region is unfortunately quite important, and thus
emphasises the need for more results.For the purpose of assessing errors

in Tg an error of 0.0lidex(10%) is placed on the fluxes in the region

0.9-2'.5'4.
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For the far infra-red, > 2.5 microns, the results are not important
for determining the effective temperature. The infra-red gpectrum of
Gillett et al (1963) is invaluable in this region, and together with the
broad-band magnitudes of Johnson et al. (1966), Cehrz and Hoolf (1971),
and Gillett et al (1971), the flux curve is fairly well defined.

Beyond 7 microns there is considerable scatter howsever, and Gillett warns
that such variations do not necessarily represent any features. There
are conspicuous gaps in Gillett's spectrum where atmospheric absorption
considerably reduces the flux at the Earth's surface. Between L and
h.S‘A there are strong 002 bands, and between 5 and 7‘A water vapour is
the main absorber. The region 17“30t‘ is in fact the last infra-red
window, and it is therefore necessary to use orbiting instruments to
determine the flux for the intermediate»regions.

The far infra-red results are particularly useful for invastigating
the possibility of infra-red emissions from circumstellar grains
(Gillett et al 1971). It was proposed by Hoyle and Wickramasinghe (1962)
that stars could form an extensive envelope of graphite or silicon
grains which would be heated to a few hundred degrees by the stellar
radiation, and would then emit a black body spectrum in the far infra-
red. Many such infra-red emissions have since bceea detected (see review
by Spinrad and Wing 1969); and most occur in the spectra of cool stars
at 10«11}\, corresponding to a grain temperature of about ZSOOK.

Gillett revealed, using his broad-band photometry at 11*\, that the
emission is dependant on the luminosity, being most prominent for M-type
supergiants.

Gillett et al (1968) compared the detailed infra-red spectrum of
Arcturus with that of a black body at LOOOP? K in order to investigate
the possibility of long-wavelength emission. Beyond 5§A the ohserva-
tions are below the black body curve by about 0.11dex(30%), though the
shape from 7.5 = 13p is very much the same. Gillett's calibration was
initially based on the L-N magnitudes of Johnson et al (1966) but has
been verified independently by Gehrz and Woolf (1971). Thus for Arcturus
there is clearly not an excess of flux at any wavelength in the far-
infrared and Gilleit concluded there was no evidence for any circumstellar
material,
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It is interesting to note that thevs is clso a similar depression,
with respect to a black body curve at LOOO?K, of about 0.10dex(253) for
7\&-5-5.5P . Such troughs have been explained as being due to extensive
band absorption by the molecule CO (Solomon and Stein 1966). This is quite
an important point because although Spinrad and Wing (1969) have recently
said that CN is the most important band cpacity in the far infrared, the
work of Yamashita (1962) on CO prompted an investigation by Alexander
and Johnson (1973 ) which has produced some interesting model alnospheres.

These are discussed in Chapter l.

3.5 Final continumm flux curve

- For easier comparisons with the predicted flux curves of mcdel atmos-
pheres, it was decided to reduce the many observations given in Fig.
3.2 onto one curve. This curve is given in Fig. 3.4 together with the
flux errors at various parts of the spectrum as determined in the last
section. | |

For the visible region, A< 9000 3, fitting the curve was quite
straight forward because of the wealth of scanner data now avsilable.
The 13 colour resulis were excluded here because of the puzzling
discrepancy with the scanner results; their removal does not however
increase the error of the curve.

In the near infra-red the problem is much worse. There is only one
result between 1.2 and 2.2r , and it has been demonstrated that this
point (due to Walker) may be considerably in error. The points of
Walker were all adjusted by +0.04 dex as suggested before; this is quite
arbitrary and apart from matching the fluxes with other results in the
neighbourhood there is little justificatica for such manipulation. It
doés however introduce a sizeable brightening at 1¢6§\, and the curve
was fitted in this region with the help of theoretical fluxes from model.
atmospheres at 4000° andlj00°K (see inset to Fig. 3.L); this fitting is
not sensitive to the model used.

For the remaining region,'k> 2.5¥A, the curve closely follows a
Rayleigh-Jeans law, The gradient of the log flux - 1og'l curve here is
in fact roughly that of a blackbody at about 4000 - 4200 X, as can be

inferred from Gillett's (1968) comparison. No attempt has been made to
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fit the possible depression at 4.5 - S,SF as no suitable meoisl fluxss
for this region were available., It is therefore suggested that anyoae
interested in using such a curve for th2 far infra-rad would do better
using the full results given in Fig. 3.2.

It is fairly easy to reduce these fluxes at the Earth to those at
the stellar surface and thereby permit absolute comparisons with model

predictions. In fact,

@
v
S ) (3.3)
o~

where superscripts #* and® refer to stellar and terrestrial-based
fluzxtes respectively, and O is the angular diemeter in radians. It is
thus evident that the stellar flux scale is particularly sensitive to
errors in O .

For Arcturus there are two published values of 8. The classical
determination using Michelson's interferometric method (Pease, 1931;
Michelson and Pease, 1921) gives €)= or 020, and a recent measurement
by Gezari'gg_gi_(1972) using the new technique of spzckle interferometry
on the 2730-inch at Mount Palomar gives a slightly higher value of 8= on ,022
1 0.093. A third value of 0" .026 & 0,005 from Currie (reported by
Upson II 1973) has not been published and is not used in this thesis.
As Pease does not include any errors, and also because of overwhelming
advances in instrumentation over the last 50 years, the value of
Cezari has been chosen. (The fact that Pease's ?alue cones within
Gezari's error is nevertheless a tribute to his cubtstanding experimenta-
tion). Fig. 3.4 therefore includes a stellar flux scale based on this
diameter. The uncertainty in this scale, frqm the error in é), is
Ny 0.10dex(26%) and further uncertainties are introduced if this ¥alue
is to be corrected for limb-darkening. Thus the scale in Fig, 3.h4
is very approximate, btut future values of 6 can te readily incorporatcd
in it by using equation 3.3.

For general convenience, the flux at the earth at various repres-

entative wavelengths has been determined from fig. 3.l and is tabulated

in Table 3.1.



Table 3.1

 The continuum flux from Arcturus at the Earth

A L) log TF, A log w Fy
0.40 -11.640 | 1.6 -11.772
0.45 -11.438 1.8 ~11.,900
0.50 ~11.362 2.0 -12.,050
0.60 ~-11.322 2.5 -12.390
0.65 -11.315 3.0 ~12.685
0.70 ~11.338 4.0 -1%.160
0.80 -11.374 5.0 ~13.540
0.90 -11.420 7.0 ~14,050
1.0 ~-11.481 ~10.0 ~14,700
1.2 -11.588 1%.0 -15.140
1.4 -~11.700

e -2 . - ‘ .
Fluxes are in Watts cm © micron ' and are subject to

the following uncertainties

A< 4500 A > 0.08 dex(203)
4500 £ A < 9000 0.035 dex(8%)

7\ > 9000 0.04 dex(10%)
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CHAPTER L

MODEL ATMOSPHERES

"0 what 3 load of misery and pain
Each Atlas-line bore off! - a shine of hope
Came gold around me, cheering me to cope
Strenuous with hellish tyranny."
| Endymion:John Keats(1817)

.1 Introduvction

The discussion so far has been restricted to the continuous
energy distribution and its determination. Tne line specirum
(also originating in the outer'layers of the star) contains a
wealth of information about many atomic species, but in order to
utilise this spectrum it is necessary to know the physicsl con-
ditions in the region of its formavicn. Such inform-tion can
gencrally come only from a theoretical solution of the equalions
deternining the structure of the outer layers. It is possible to
parameterise the theoretical solution by considering the continuun
flux and also by studying the profilocs of certain lines in a wsy
described later. Once these parameters are known the theorebical

solution can be found and applied to the line spectrum,

In this chapter the assumpticns and coustruction of model
atmospheres are discussed quite generally, though the main motive
is a ncdel for Arcturus consistent with the continuum flux curve

presented in the last chapter.

L.2 Assumptions

Early iavestigations showed that a single temperature and
pressure, deternined for example from the continuum flux, led to
inconsistencies when regarding the excitation and ionisation of
atoms in the line analysis. A nore realistic representation of the

atmosphere is a seriss of stratified layers each with its own
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temperature and pressure. The model atmosphere problem is then
simply to determine the run of such physical variables with depth.
As the energy source for the star is in the central regions far
below the atmosphere, the problem is basically a solution cof the
transfer of this energy through the outer layers. The radietion will
be absorbed, scattered and emitted according to the conditions at
each layer, and a general sdlution of the equations would be a

very difficult task. Many mathematical and physical approximations
‘are therefore necessary to make the problem tractsble., Some of
these assumptions and approximations were initially introduced to
avoid tedious calculations by hand and have been removed with the
advent of high-speed computers, whereas others reflect inadequate
knowledge of the physical processes concerned. The ususl assump~
tions are listed below and discussed in turn.

1) The atmosphere is plans-parallel: This is realistic
if the atmosphere is thin relative to the stellar
radivs. For extended atmosphéres this may not be

“valid and although the transfer equations cam be easily
written in circular geometry they require a valus for
the gtellar radius, an uncertain quantity for this type

of star.

2) The atmosphere is homogeneous except in the normal
direction: This is not so easy to justify as there
is conslderable evidence to the contrary for the sun.
As such two-dimensional effecis may also be time-
dependant it follows that the model can only give some
crude average representation at each level., It is also
assuned that the relative abundances are specified and

constant with depth.

3) The atmosphere is in hydrostatic equilibrium: For no

net acceleration pressure balances gravity i.e.

i-—-P = 79 L.1)

dx
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where @ is the density, and g, the gravity, is assumed
constant over the atmosphere. (4.1) means that all large

scale velocity fields are ignored.

The atmosphere is in a steady state: i.e¢. effects such

as pulsations, expanding envelopes etc. are not included.

The atmosphere is in energy equilibrium: No energy is
generated in the atmosphere thus the total flux is
constant with depth. 1In the general case where energy

can be transported by modes other than radiation, this

‘means that for ewoch level -

total 4

od ofhes- |
«F - fﬂ-F; dX + TFF = TTC (hu_?)

For a prescribed T(x) this will generally not be true,
and an important funcltion of the model is to alter T(x)
until (4.2) holds reascnably well for all levels.

An additional assumption scmebimes made is that the atmosphere is
in LTE, i.e. thalt each layer can be given one temperature valid for
excitation and ionisation as well as for the radiation field and

the velocity distribution of the atoms. For low densities where

will not maintain a steady~stste population, this will

not be justified and detailed equilibrium calculations must be made
for each species. Such non~LIE calculations have represented the
frontier of progress in studies of model atmospheres for many yesrs.
They are no longer limited by the size and speed of the computer,
but are hindered by the need for detailed equilibrunm rates and

atomic constants, many of which are most wncertain.

By restricting studies of the spectrun to those lines which
originate in the higher density regions it has alweays been hoped

that non-LTE calculations can be avoided. It is possible to
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examine the validity of such an assumption by determining abundances
from lines in various stages of excitation and ionisation. Such
investigations have so far been restricted to the sun where the

density is not so critical.

;.3 Construcsting a model

The following discussion attempts to bring together the many
relationshin3 used in constructing model atmospheres. In practice
the szguance of operations is éomplicated by the inter-dszpendance of
nany cuantities; for this reason the final procedure is deseribed

at the end of the discussion.

The radiatioh field at any depth can only be determined by
solving the equation of transfer, which is merely =a conscrvation
of enérgy_across the sisosphere. The energy change in the radia-
tion of intensity ch ,'passing through an elenent of naterial
(see Fig. L.1), equals the energy the element emits minus that it

absorbs, i.e. in time dt

AT, A dwdodt - . (pdods)dwdhdt ~ R Tedods) .
A A Ja (ede ) dods L(ﬁﬁ é\l(iwtléh 3)

where jn and k o are the emission and total absorption (or
extinction) coefficients per gram of matericl. In the plane-parallcl
case y dz = /,1 ds (where /1 = cos B ) and so
dfa . kT
RS2 - (.
e dz )?\ A=A

It is more convenient to replace z by the optical depth ’Eg\ ’

dT, - ~ Ry dz (1.5)

which is a direct neasure of the opacity at that wavelength., In

addition the quantit{ij%_/ k~ is defined as the Source function



Figure - 4.1
An elemental cylinder in a stellar atmosphere ( see text )
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S\ s Therefore (h.h) becomes -

K ‘(E I, - 5\ (1.6)

It is useful to introduce S, because it renders many equations
such as (4.6) valid for several ditferent physical approximations.
Similarly k. represents the total extinction coefficient which may
include scatiering and line opacities, as well as those of pure
absorption. S,)\ and k?‘ ~are given below for three important

cases:
1) LTE emission plus coherent isotropic scattering:

5?\-.:,7(18?\ + G’-Aj-':\

’Ky\’l' U-')\ ’K’(\ t 0\7\

we

Ko= Kot oy @.7)

2) LTE emission and no scattering:

0,- B, s K= &, (1.8)
3) Coherent isotropic scattering only:
S;"' _J-’)\ 5 kp\z Ca L.9)

where K, , 7, represent the true absorption and scattering coeffic-
ients, B o is the Planck function (see eqn. 2.6), and J')\ is the

mean intensity over all solid angles:

égIa(%»t‘)dw - i J'Ig(y)ip (1.10)

In solving the transfer equation (4.6) two boundary con-
ditions are imposed; firstly for F(O there is no incident radia-

tion at fC7\= 0, viz.
jtms -(t*L:\)/fi di;

r( P < 0 (4.11)
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and secondly, for ‘J)O the intensity contribution from infinity

is zero, i.e.

%) o L .

1 =5 5 c"& ?“)/“ik , PO a2

AT 9 R
J S ‘

Using these solutions it follows that at T,
| l . |
J)\ 2 oj Sx(t\)Ea‘T?\”_tl dt (4.13)
wi  why - =21 [T SA(E, [-t] Lt (s.10)
, _ 0 00 “IJEECLZ
 wWhere E\ (‘X.) = J €

N z M

Tbsmmmimaﬁmm£M%;almmdm@eofslzmd’Rl at
various wavelengths enables a determinaticn of the radiation field
at each level in the atmosphere. If scattering is to b included
the solution is complicated by the inter«dependance of S &nd
J o s (4.7), though this can be bypassed either by iteration or

using & method of integration matrices (Knrucz 1969).

In order to correlate the -differen% optical depths it is
vseful to have a fixed depth scale. This can be either the optical
‘depth at a standard wavelength or some suitsble mean optical depth.
Here the Rosseland depth will be used as it will feature prominently
in fubure discussions. Various other mean depths have been dis-

cussed by Chandrasekhar (1950). The Rosseland depth is defined by:-

ST‘_"F“J?‘: 4r & (B dX ) 115)

3 d’TR 55
so that if ‘{-Q'Qo% = 7 ,}(Ross C dz (L4.16)
© 1 dBa
then . = Oj Ka 4T A (L.17)
X dBa d A
Ros5 \fﬂ e |



The introduction of a standard cptical de pth has the advantage that
the equation of hydrosta‘cic equilibrium can be written in a density-

independant form. Combining (4L.1) and (4.16) gives
total

4P 9
d—TRo 5% | 7{(2055

where the total pressure includes components of radiation,

(L;.‘iB)

turbulence and gas pressures. Electron pressure is normally
contained in the gas pressure term. If g is specified and a pre-
liminary /X is assumed, it is possible to integrate (4.18) to give
_Ptotal(’l‘)

Improving the initial estimate of ‘) and also datermining QEX
for many N ‘requires evaluation of the cpacities. These in turn
require a knowledge of the number. densitlies, which zre found by
writing down_equavlons for conservaoticn of chorge; nwaber and

abundance (for each species).

Abundance : :E: M
{
‘clon Eﬁca‘.«.e; the atem

S'm = )m =W = O }(1;.19)

+ve 1o1S -vg wns
total
P /RT

il

><atOWfq1/\

]

Nunber: Z {4 + We

all spedes

]
where X is the atomic abundance for that species, and oy is the

total number density.

Each term in (4.19) can be written as a function of ths
neutral atom and electron number densities using the Saha equation
relating adjacent stages of ionisation. There are then as many
equations as unknowns and all the number densities can be found.

These equilibrium equations are not linear however, aud their
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solution requires an interative process such as that described by
Carnahan et al (1969 p.240). In practice it is easier to assume

an electron number density and then correct it using the solutions.

The astute reader will realise that the entire model calcula-
tion so far assumes a temperature distribution. The main aim is to
produce the radiation field at each depth and obtain an improved |
temperature distribution. Knowing n_and T it is then easy to add

e
up all the opacities for each wavelength and level:
|
Ko = 2L4 OKO\(.FE-"T-)

o - o oa(Pe,T)

and thus produce 87\, k~ and solve the equation of transfer for

In cases where convective transport is important it is

(4.2.0)

necessary to calculate the convective flux. Unfortunately,
convection is not kell-understood and nost workers resort to a
crude first-order approximation known as the mixing-lené? theory,
reviewed by Cox and Guili (1963). Simple calculations (Biermann
165,8) show that the convection in the Sun is turbulent, and although
detailed hydrodynamical calculations of the interacting eddies have
successfully reproduced the observed polygonal pattern of the

solar convective granules (Fromm 1966), the incorporation of such
theory into a general model atmosphere program would beva hope-~

lessly difficuld Eask.

Thé nixing length theory assumes that convective élements are
bubbles of diameter 1 which rise a distance 1 and radiate before
merging into the background. As 1'wi%%g§§ry with depth, the ratio
1/h is usually specified, where h = P)/ Q{} is the 'scale-height'.
Typical analyses have used 1/h =1 or 2, though there is little
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evidence for any particular valus.

Schwarzschild found that if the temperature gradient exceeds
that corresponding to an adiabatic gas, the region is convectively
unstable, and bubbles will rise carrying energy to cooler regions.
In fact radiative losses bring the bubble gradient closer to the

background gradient. Writing
vV = dloge T/ dlog, P
the convective flux is (Mihalas 1970 p202)

. o
aF

(%) ¢ CF T Veonv [vbacksn&“ Vbubble] (4.21)

where Cp is the specific heat at constant pressure, found by

1
8

considering the total energy per unit mass at various depths,
and vy is the bubble velocity found by considering its

equation of motion.

The radiative and convective fluxes are combined and compared, at
each depth, with the value required by the effective temperature.

There are two criteria to satisfy:

i) The flux error should be zero:
4 ) conv ‘
A(WF) -o |, “‘J\T‘ FadA - ok - 0 (L.22)

ii) The flux derivative should be zero:

A_LWE) _
dr

Gingerich (1961) showed that temperature corrections based on

(L.23)

(4.23) alone could lead to convergence to unreal situations. In
fact, for desp layers where the flux originates, (4.22) is nore
sensitive and using temperature corrections derived irom [3.1(F

it is possible to integrate (L.23) providing corrections for the
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higher layers. There are now several good temperature correction
procedures available-for model programs; in particular Avrett and
Krook (1963) devised a method which allows a perturbation in both

T erd T thus speeding up convergence considerably. The method has
been extended to include convection (Kurucz 1970), though this

slows convergence considerably. Fig. L.2 shows the convergence for
a solar model using an Avrett~Krook scheme. In favourable cases it
is possible to obttain cbnvergence to 1% in 8 iterations without
convection, and in 15 iteraztions with convection, though speed of
convergence will vafy from one program ., to another, and (psrhaps

surprisingly ) from one set of parameters to another.

To recsp the procedure used in constructing a model, a flow
diagram of the program  ATLAS (Kurucz 1970) is given in Fig. L.3.
This programne in fact, uscs a fixed mass depth scele rather thzn
a Rosseland depth scale. The merits of this and othor details will

be considered in a later section.

h.i Model simoscheres for cool stars

An appropriate way of testing a model is to try and reproduce
and observed flux curve. Such a comparison is quite sensitive to
the temperature distribution T( T ) ured, and can reveal import-
ant information about the opacities. For stars of spectiral type
earlier than FS the models are Quite realistic (Peytremann and
Parsons 1973). As an example, the fluxes of Hayes (1970) for the
standard star X Iyr are reproduced remarkably well by the model of
Woolf and Ney (1968). For cool stars (cooler than the sun,

Te & 5390°K), however, these simple models have to be modified for

several reasons.

4 glance at the spectrum of Arcturus reveals that lower
temperatures generally induce a more complex line spectrum. The

absorpticn lines have two important effects. Firstly they block



4,

Figure

Convergence of the Avrett - Krook scheme for a solar rndel

Gl el N A
SuoNelal |

e e e o e . g e - - o w— —
e e e e —— e e e
—— — —

10119 XNy} —
‘ALJSD XN} ----

«— S285 (0099 0UO
OQZ

OQOl




Figure

4.3

Flow diagram for ATLAGS

Input Te g

composition

Y

(Kurucz 1970)

Determine

STOP

()

g\

“N

Flux errors

Assume or new T(7T) and temperature
input T( T \ corrections
put T( ross) / £
i\
Ng Take K | A
Calculate
of last
. . convective
Assune X iteration
ross £lux
Y ' A
: _ Recalce. >
S0lve hess <1 % | convn ?
e ross | < /
! =, for P(T) “r
N7 M
i _ Y .
r‘l" 1:.‘ v -
Assume ne Yalie ne of Solve transier
] bk 4ot .
| last iterin. equation at all
}
} frequencies
v | Y
: . A\
! Solve for
..... 3—-- L Add up all
no.densities SN
~ . -
opacltics
Y A
Tumprove n,
Notes:

- w— emn oem

7

first iteration only

if converged satisfactorily (or ran out of
computer time) program halts herc.




47

radiation and affect the flux measured in photometric bands; this
effect was discussed in the laét chapter and can be allowed for
using a high dispersion spectrum and an accurate continuum reference.
From ensrgy considerations however, the absorption will, for a

given total flux, mean an increase in the adjacent continuum flux
‘corresponding to a rise in the local temperature. This effect

known as 'backwarming', means that the T( 0-) is changed such that
for 7?26 1 there is a rise in temperature, whereas the boundary
temperature, TO, drops. Iﬁus line-blanketing can seriously affect

interpretations of the line-specirum.

To take account of backwarming, it is necessary to includz the
line absorption coefficient 1~ in the Source function. Mihalas
(1969 ) has shown that it is ususlly safe to assume the lines form
by LTZ absorption and that a non-LTE line-blanketing theory
(e.g. Filkalas 1970 p.h32) will only change small details. Thus

in LTE the source function beccmes:

S(w) = Xt B(n)+ % To(rn) (G.2b)
Kt Lt T Mot Caton
and the problem in 2 nutshell is to calculate and incorporate
T (Ta).

It is possible to calculate 19 in a detailed fashion using
an extensive list of lines and their atomic parameters and thus to
generate a synthetic spectrum (see Bell 1972). This approach has
been successful for hotter stars (Morton and Mihalas 1985, Hickock
and Morton 1963), but to represent the millions of weak lines
present in a cool star would not only reguire several hours of
computer time for each ileration but would also demand accurate line
data that is just not available at present. It is therefore

desirable to investigate possible spproximations to (.

The picket fonce approxination of Chandrasekhar (1936),



developed by tunch (19u6), replaces 15 by blocks or pickets of
suitable width and spacing. This {irst order aporoximation can

in some instances be worse than no blanketing at all (Carbon 1974).

A nore elaborate approach (originally suggested by Yabs)
has been developed by Mihalas (1967). Here, 1, is transformed
to a smooth distribution function which can lLe easily represcited
in (L.2L). 1If fo(1) is the fraction of some interval for which
(DN = 1 + A 1 then defining

tH(6) - [HN W)

and invertin; the function to obtain 1~ (£), it is seen thut this
function, with end points 1 (1) = foax 5 ) (O) = fmin >
is well~behaved. Using 10008 intervels Strom and Kurucz (8K, 1985)
incorporated lins-blonhoting into & model of Frocyou (T ~- 6SOOOK)
by this method; to define 1r}~ data from 30,000 lines was used.
Kurucz (197li) has since produced a stzgzering list of 1,860,000
lines for use with modzls of solar type stare, and he proposes to

extend this list further thereby slowly working his way to later

>

- o b3 . - ]
type stars. For T, § LOO0 molecular bands will be imporiant an

omputer storage will indubitably linit his progress.

The above method ignores any depth~depeniznce 1 2‘( ). If'
the line spzctrum chanszes apprecizlly over an interval Z&Q:x < 1
the distribulion functions could bc unreaslistic. Calculating 14
at various depths would return to the computing problems agsociated
with the synthesis prograns.

It is pozsible to estimate the depth-dependance empirically
by fitting profiles of suitably chosen lines. Carbon and Gingerich,
(CG, 1959) us«d an extended picket fence model and separated the A

and ‘T dependances, thus

L () - (M. (e)  (26)
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The lines were split into wing and core, and both-pickets were
adjusted to match the observed blocking. Three spectra were used
for constructing a grid of blanketed models - Arcturus (4000°¢ T ¢
5000), the Sun (5000° T ¢ 6000) and Procyon (6000° € T £ 10000°).

Despite the impressive line list used by SK, their fluxes
for Procyon are in fact pcorer with respect to the observations of
Bahner (1963) than those of CG (see Fig. L.h4). Peytremann (1974)
has repeated the SK analysis using an edited list of 6000 strong
lines, this time including convection. His T(7 ) is almost idernt~
ical to that of CG and confirms. that a detailed line list does not

necessarily improve upon the empirical approach of CG.

A1l methods require accurate line statistics and such data
is badly neederdd fdr a whole range of spectral types. The solar
statistics of utschlecner and Keller (1970, 1972 ) are now adequate,
and Edmonds (1973) is presently collecting data for 10000 lines
from the Griffin Arcturian atlas., For stars without high dispersion
spectra however, interpolating these statistics is the only present
solution (see Natta and Ranieri 1972), and will be a poor approx-
imation in the region T < hOOOOK because of the appearance of
rnany different molecular bands. These contribute to 1+ in the
same way as the atomic lines and some models have attempted to
include their effects, thdugh usually in a primitive fashion e.g.
Auman (1967,1969a b). A large number of molecules such as €0, CN,
contribute significantly in the infra-red znd have been reviewed
by Spinred and Wing (1969, 1970). In particular Johnson (1973) has
constructed models that include the molecule CO according to csal-
culations by Querci et al (1971) and finds the boundary temperature

of a 1,700 © model is reduced by 1000 dezrees.

As with bound-bound opacities, so different continuscus

opacities such as C may be important for cool stars (see Vardya
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1970 for a review). Many pdssible cool opacity sources have not

been investigated and those that have, e.g. Fel (Travis and Matsushima
1963 ) contain gross uncertainties "even for astronomers". At short
wavelengths scattering may replace H as the dominant opacity,

thus Rayleigh scattering by H, H2, He and possibly even C, should

be included. The fact that all flux curves for cool stars, (including
the sun), are less than theory predicts for A < L00O 2 warrants

further investigation of cool ulira-violet opacities.

The difficulty of constructing line-blanketed models explicitly
has led to widespread use of 'scaled atmospheres'. Thece are
models for stars of different T but supposedly 1dentlcal in all
other respects, obtained by scallnD T(C ) as T, (npw)/i (01d);
pressures can be recalculated if necessary using this new distri-
bution. Various investigators have attempted to demoustrate that
over large ranges of T scalad blanketed ciztributions are accurate
to within ~ 10 degreﬁ;s at most depths (e.g. CG 1969). The principle
of scaling can be investigated by considering the Rosseland depth.

From (4.15), (L.17) and integrating the Plank function

4
- T
why dA = Ar 4 B, dA _ 4 d (CZZ_.)
J A 3 d'TFZOG’:I ~ 3 ‘LTF’\OSQ m
3
5 AﬁrKoSS
Thus in a purely radiative model
3
4 16T dT
cle - d
__3 Ross 1/1‘.
whence T( Ross = ‘C(lf’tﬂos t+ C (4.28)

and T(,tﬁogs ) should scale as T .

Scaling will therefore only be valid on a?%oﬁ,depthscale in

s model withoul convection. In fact many werkers have used scaled
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solar nodels for Té'\'hOOOO (Upson II 1973, Gasson 1966), For
solar modelsq$oysﬂ/?%wo , but at 4,000° K an appreciable flux in

the near infra-red makes’?koﬁsﬂ~7:ﬂ . This shifting Roszcland scale
will lead to a small error over large ranges of Té. Changes in
convective equilibrium are also important. Fig. L.5 shows the error
at various depths found by scaling differeut, models in the CG grid
(which includes convection) down to L000° K. It is remarkable that
even over small changes in Te errors of 100° deg are common; this
is controry to the findings of CG at 60000 K. The importznce of
convection in the region 1000° - 1,500° K makes a scaled model
60000»)&,000-o only slightly worse than one from h5000~§>h0000.

Fig. 4.6 shows a similar graph for models scaled to 4500°, including
the solar model of Gingerich et al (1971). Even here scaled models
are unlikely to be correct to within 100 deg. at importsnt depths.
Similar errors were found in interpolated models. A crude abundance
analysis has shown that this error corresponds to 0.08 dex in the

derived matal abundsance.

Perhaps even more surprising is that a scaled solar blanketcd

r o :
nodel at 4000 nmay be worse than an unblanlcted model. Since

G"Te_4 _ jw”ﬂ‘ F;\lme, A

_ 4 0o _ C
then defining a continuum temperature CT‘{C = jNTTF:i (ijk
o
1 \
and 50 < = ( l:j“ )%} (4.29)
TE, ?tot&l

where TEdm\is the total line-blécking coefficient. As ag illus-
tration GZ = 0,10 for Arclurus hence T, - T; ~ 1007,

which is about the ssie as the error intrcduced by scaling. Thus in
the case where T( ®~ ) is not affected by the lines, the method
could be used to produce a blanketed model from an unblanketed

one. For cool stars where 7? is large however, backwarming changes

T(4 ) considerably as Fig. L.7 shows.
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It has already been shown that convection may be important
in disrupting scaled models for T = 4000 - 4500° K. The opacity
rises sharply at the H ionisation zone and the temperature gradient
becomnes steep enough for convection. This is increasingly import-
ant for later spectral types, and particularly for giauts and
supergisnts. Unfortunately i/h affects T( 2~ ) considerably for the
deepest regions though the flux carried does not change much.
Convection is possibly the worst problem in studying of cool stars
since not only is the mixing length theory insdequate, but 1/h
is also unknown,

It is of interest to compere the continuum fluxes of various
0
blanketed models for a standard case: Te = ;000" log g = 2.0.

Fig. 4.8 compares the following models :-

1) Guinan (1963) _ 1b=atomic + H20 _
2) ca (1969) 1b=cmpirical atomic (4rcturus), convection
3) Johnson (1973) 1b=atonic (solar) + molecules, convection,

molecules in equation of state,
L) ATLAS no 1lb, convection
(1b=1ine-blanketing.)

Johnson claims his model at T = 3300°K reproduces the flux curve
for o Ori Bete Jgeuse (Fay and Johnson 1973) yet his flux curve
shows seversl features ebsent in other curves here cn Fig. 4.8. There
is a displacerent of u-v flux to the near infra-red vwhich suzcests
his blanketing in the u-v may be too strong. The fact that even

the unblanketed ATLAS curve comes closer to a typical observed

curve at this temperature (e.g. Arcturus Fig. 3.4) implies Johmsoa's
statistics are Jess realistic than those of Auman and CG, whose
curves are similar to that of ATLAS. Johnson included CO in his
models and. it is interesting to note that in the far infra-red they
predict a trough at L. 5-5.5 microns (" showm on Fig. 4.3) con-
sistent with the remarks made in section 3.4. He agrees (private

communication 197L) that his models are at present rather unreal-
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istic, and is attempting to rectify this by adding TiO and other
more exotic molecules, His approach, whilst instructive, has its
shortcomings at present, possibly because the incorporation of

the molecular opacities as a straight mean is uanrealistic.

The above models were a1l calculated in LTE. For lower
temperatures and densities non LIE will bes important and much work
is needed in this direction, Simon {1971 ) has investigaled the
. chromosphere of Arcturus attempting to fit strong line profiles;
he found a temperature re#ersal was necessary. JYet Peytremann
and Avrett (197L) revealed that the CaII-K line was fitted better
by a LTE nodel. It would appear therefore, that like line-blanket-
ing, a non-LTE @nalysis depends critically on the way it is in-

corporated.

L.5 A model atmosphere for Arcturus

A model can be crudely represen’ed by four parameters:
effective temperature (Te), surface gravity (log g), composition
and opacity, all of which are important though in different ways and
to varying extents. T; is the most important paramcter as it will
affect subsequent observational determination of all other para-
meters. It can be fourd by studying the flux curve which, for
cool stars, is fortunately more or less independent of gravity and
composition. The opacity includes line-blenketing which can alter
the flux curve considerably as Fig. 4.8 has already demonstrated.
It therefore simplifies matters considerably to regard the flux
curve as a way of distinguishing between models in which line- .
blanketing has been incorporated in different ways, and then one can

proceed to fix T, from a grid of the most realistic models,

For Arcturus the models of CG are the most encouraging and
the determination of Te was performed using a grid of their models,

For cool stars, the gravity must come fromn considerations of the
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line spectrum, and it is therefore desirable to consider a grid of
models with various gravities and a fixed T(T) appropriate to a

determined Te and line-blanketing.

L.5a Effective temperature

Previous determinations of Té for ficturus, given in Table
4.1, are of interest in tracing a steady rise in the value as new
astronomical techniques have developed. The extent of the revision
nay be seen from a comparison of the vaiue of 33100 K for a K2IIT
star given by Keenan and lMorgan (1951 ) with that of 1i250° K given
by Allen (1973). As later studies of Arcturus, using the model

to be deteriined here, will investigate the existence of egquilibrium
in the ainosphere, methods for determining Té that rely on ionisa-
tion and excitation equilibria must be avoided. The continuous
opacity in Arctmivs is mainly due to H  (see later), and as Lambert
and Pagel (1968) have satisfactorily shown this is formed in
equilibriwn, methods involving the use of the comtinuum flux curve
are preferable. In Table L.1 the two distinct methods for determin-

ing Te have been scparated.

In principle T} can be obtained directly from the total flux..
Combining (3.3) and (4.2) gives

| | s
\9@ - TTF@ = %r'__!% 0" (4.30)

This metnod has the advantage that no allowance for line-blockiug

is necessary. In addition it does ndt depend on a model atmosphere.
Griffin and Griffin (1967) obtained a value of 4163° by integratirs
Willstrop's fluxes alone. A large contribution to the flux will
come from the near infra-red however, vhere Willstrop did not
neasure froturus.  #illiams (1970) has included Walker's fluxes and
the broad band colours to obtain higher values of about hBOOO (see

Table L.1 for details).



Table 4.1

Previous Te for Arcturus

Author Method Value
Kuiper(1938) Radiometric data{Pettit 4074

N *
& liicholson 1928)

Griffin“(1967) Villstrop's fluxes 4163
Williams(1970)  Villstrop & Valker's fluxes 4280
YWilliams(1970) Broad band data 4370
Villiems(1971) RIK colours 4338
Simon(1971) Willstroo plus CG models 4250
Gasson(1966) - T, for Fe relative © 4720
Conti et al(1967) Forbidden O I lines 4150
Warren{1971) Tex for Ti relaitive O A%50
varren(1971) Tex for e relative & Vir 4%05
- - +

llean values: varren{(1971) 4300 =~ 50

Linsky & Ayres(1973) 4250 X 250
Notes: Top vportion refer to methods using the

flux curve, generally using {} of Pease(19%1)
Other methods involve equilibrium essumptions

*Pettit F.,icholson 5.B. 1928; Lp. J. 68, 279
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Although the large infra-red contribution is now known with
good accuracy from the Russian and Oxford scanner results, the
great disadvantage of this method is the need for an angular
diameter, B . pPrevious determinations have used Pease's vaiue
which has now been replaced by the speckle interferometric measure-
ment of Cezari et al (1972). To demonstrate that Té is particulerly
sensitive to errors in O , the calculation has been repeated using
the comprehensive set of observed fluxes discucsed in Chapters 2 and
3, together with the new O . The total flux at the Earth from

Arcturus is

iz

4% . #F°

and was obtained by integrating the raw fluxes (before deblanket-
ing). Gessvi claims that @ =0",022 < 0.023; this value should

5,08 + 0.03 10"‘2 Watts cm"2

]

be corrected for limb-darkening. For Arcturus the correction is
about 10%Z vhen neasured with an intensity interferometer (Hanbury-
Brown et al 1974). The precise value of the correction is not
important for this discussion; the main concein is the uncertainty
in © (whether corrected or not) and the subsequent error in Té.
Applying a rough 10% correction gives a true diameter of O -
on.02L £ 0.003. Thus in (4.30):-

T = L213° fgg , using O = ov.022
Te © 4035° gg{ s using O = o, 024

Usinz Peasze's value with a 107 correction gives I;r»~h2000 with an

unspeeified error.

Fren with the improved diamcter measurement the uncertainty
of the total flux method is evideutly very great. This is particulsrly
se if the additional uncerteinty introduced by the limb-darkening

correction iz also considered, the minimum error then would be at
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least ~ 300 deg.

Ideally the accuracy to which T is known should match that
to which a subsequent abunda:ce analys j is required. MNumerical
experlment" show that a 57 aocuracy in =n abundence snalysis demsnds
T to - 30 deg and whence O should be known to 3% for this method. |
Thus even in the favourable case of Arcturus, a nesrby giant, the
uncertainty introduced by the interferometric method is still on
order of magnitude too great for a rcasorable deternination of Te
by the total fluvx method.

Utilising the relative distribution of the continuun flux

with wavelength has the advaatage of Leiiz independent of 0.
This is an elaboration of the more comnonly used, but less funds-

mental, method bzsed on colour differences (described for example
by Williams 1971a). The continuum fluxes will be unreliable
shortward of 1800 X bscause of inaccurate blanketing corrections,
but it is possible to compare the region A > 5000 % with models
at different temperatures. The CG model T, = 1500°, log g = 3.0
was scaled to various effective lemperatures in the rarnze [;200-
hSOOo K and fluxes vore obtaiucd for ezch model. Fortunately th
adopted T is fairly close to 4500°and thus large errors in scaling
will not affect the conclusions. The fluxes produced by these nodels
were snown to be virtually independent of gravity and input abundance,

in aarceaent with the findings of Auman (1959%9a).

The sensitiveity of the predicted flux curve to chznges in
T, is greatest in the region 4500-6500 X &nd drops for shorter
wavelengths. This is explainzd by the inportance of neutral
hydrogen zs an opacity source in this waveleugth region. Fig. 4.10

shows the various opacity contributions at Ti,,, =1 for LLOO°K, and

Fig. L.11 shows the increased temperature at ’F’OO =li has introduced
a Balmer discontinuity of #bout O ohdex. This subst=itis)l incresse

in the tetal opacity at short wavelengths is much greater than the

corresponding increase at SODJ'ﬁ (where the cpacity is alimost
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exclusively due to H even at solar temperatures ), and the sensitivity
to temperature at short wavelengths is therefore less. This is
fortunate because the line-blanketing corrections for A > 5000 &

are more reliable and in matching the curves of Fig. 4.9 results

for A< 4800 have been igﬁored. The calculated fluxes includad,

in addition to the standard solar opacities, those due to He , HQ-,
and Rayleigh scattering from He atoms. Fig. ;.10 shows however

that over the important region ‘A 5000- Zf"H— and Rayleigh scatter-
ing from H atoms together account for some 99.6% of the totsl

opacity.

The comparison shows that the model at 1500° K reproducés the
observed shape for A>6000 £ to within 0.0L dex(104) though a model
at 4400° would be better for 5000 ¢ A < 6000 &. Trere is however a
serious disagreement for A< 5000 X which could be partially dué to
inaccurate fluxes and blanketling corrections as well as due to an
incomplete knowledge of the opacities ai thecs wavelengths., Although
it was concluded carlier that circumstellar reddening is probably
negligible tor Arcturus, the '1/'7v~law'»could meke such extinction
quite sizeable in this region and yet perhaps not heat the grains

sufficiently to produce a far-infra-red emission,

This poor agreenent for A<5000 £ is clearly quite serious
and would seem to be a general problem for cool star analyses;
sinilar discrepancies are noted by Kurucz (197L4) for the sun,
by Morgan (1970) for ¢Vir, and by Fay¥ and Johnson (1973) for
Betelgeuse. If the source of error lies with the blanketing correct-
jons this would imply the continuum is 207 too low even at 4500 z.
As the first stretch of flat spectrum in the Griffin atlas is at 5500 R
it is possible'that many thousands of weak features (e.g. molecular
transitions ) could be lowering the effective continuwem by this
amount. If this is the case it would be a serious blow to all
investigatioﬁs of cool stars as it would be a formidable problem to

allow for such effects. A more optimistic solution would bz to say
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that the models are simply unrealistic at short wavelengths. Quite
apart from possibilities of molécular blanketing there may be miss-
ing continuous opacities. It would be beneficial to study the same
method for another ster of roughly this effective temperature _
(Betelgeuse is unfortunately not a good ch01ce for reasons desciihed
earlier). These uncertainties necessitate using only the region
SOOO—er in fixing T_, and from Fig. 4.9 a value of

T = Lhso® o 50° K

is adopted. The error is due to the quality of the fit bbtained,

taking into account the accuracy of the observations.

This value is elwghtly higher than other values obtained by
flux comparisons, which give T ~ 1250° (e. g, Williams 197kﬂ They
often rely on scaled solar modela however, which will not only
introduce large scazling errors of 150 deg or so (see lust section)
but also assume that backwarming has the same effect on the solar
T(T) as it does for Arcturus. This is a poor approximation as Fig.
li.6 has shown.

Perhaps more disturbing however is that the value obtained
from the shape of the‘flux curve is a good deal higher than that
obtained from the total flux, even affer allowing for the error
in 6 . Yet it is quite evident that a model at L4250° for example,
would give serious flux inconsistencies at all waveleangths. Further

"evidence for the hiﬁher T comes from the size of the sub-maximum
at 1 6}{ mh¢ch decreases w1th increasing temperature becasuse of
the reduced H abundance. Not only is there evidence for such a
brightening in the observed curve but the bump is within 5% of that
expected at LL00° K. At 4250° K the bump would be twice as large
and quite inconsistent with Walker's fluxes. The adopted higher

T could mea: thal the angular dismeter used in the ifotal flux
czlculation is too high, elther because the limb-darkening correc-

tion is much less than 1037 or because Gezari's error analysis is
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too optimistic; Pease's value may be more accurate after all!

It is possible to determine Té from the stellar monochromatic
flux although this requires both a model and an angular diameter.
wWhereas the total flux is proporﬁional to the fourth power of Te’
the monochromatic flux depends on a higher power and thus the error
“introduced by 69 can be offset by an incrcased sensitivity to Té.

It is essential to choose 2 wavelength where the opacity is well-
defined, and this restricts the method to DA 5000 - 1y . The preclse
Te obtained in this case will depend on wavelength since one model
carziot fit the observed curve even over this limited wavelength
range. Using Gezari's O with the 10% correction gives:

+

= 1130° 7 170° at 25556 %

e

0O

1307 at A H

T, * L400°
The error (solely due to uncertainties in 6 ) is thus a little less
than for the to%al flux method, though still too large for serious
application of this nethod. A further error will of course be

introduced if the model is unrealistic at the chosen wavelength.

For almost every other cool star, the angular diameter is
known with even less precision, if at all, aﬁd both monochromatic
and total flux methods become quite inadequate. The onlj hope is
to use the relative distribution and the present error of z Sodeﬂ

could be reduced if more realistic models were available.

4.5 b Gravity

The surface gravity, g, affects the equation of hydrostatic
equilibrivn l;.13) and hence the pressure structure of the atmosphere.
Thue whereas T(™) depends on ié but hardly on g, the rest of the
nodel reguires a precise value for g. The electron pressure is
particulnrly important since it determines the degree of_ionisation

needed for abundance analyses.
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The flux curve is pretty well independent of gravity for
cooler stars. This is a direct corollary of the independence of
T(T ) to changes in g, and can be verified experimentally by
inspecting the flﬁxes and T(7T ) of models in the CG grid. Physically
this is explained by the dominance of H as an opacity source at
these temperatures. Although the actual opacity at anyﬂchanges
with electron pressure (and hence gravity), the shape of 7{*, which
determines tlie relative flux curve, does not. This is fortunate in
one respect as it renders the previous determination of Tb independ-
ent of g, but it also means that features of the flux curve normally
used as gravity indicztors are hot present and resort to the line
spectrum has to be made. Consider for example the Balmer discontin-
uity at “\ 3647 2 which has been used fairly successfully in
determining gravities for hotter stars (Underhill 1972). RMg. L.10
shows that a% hSO@’K there is no discontinuity, and even if there

were,the continuum in this region would be difficult to establish.

The disadvantage of using line features as opposed to continuum
features for gravity determinations,‘is that a8 host of other guantit-
ies are imrmediately needed. For detailed work a model atmosphere
is required, though once Te has been established a grid of mocdels
can be constructed. Line profile analyses, however, require abund-
ances and atcuic constants and depend critically on velocity fields,

all of which can be uncertain.

The simplest and perhaps nost common spectroscopic method
used for cool stars involves the ionisation equilibrium of Saha's
equation. By determining the abundances of elements in different
stages of ionisation a mean electron pressure can be found, g then
follows from an approximate theory of Pagel (1964). Dividing the

elements into hydrogen and metals gives an electron pressure

P = Pa (XH + Z’%«)
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where x is the degree of ionisation. Then for H opacity alone (4.13)

becomes :

dP - SMH / (M) F&

(4] - Lpel-[rutZza]+ [x(] )

where the [} notation denotes logarithmic ratio.

The method is not always uscd differentially though it then
requires atomic oscillator strengths (see Chapter 5) which could
contain syatematic errors for ionised species. A meaun electron
pressure is used despite the facl that P varies rapidly with depth,
Such gravities can therefore only be regarded as rough ¢atimates.

In this thesis the method is not desirable as it assumes LTE for
ionisation. 2£lthough this may be so, the eventual need is for an

Arcturus model to test such an assumption.

The relationship between spoctroscopic g-indicators and
element abundsnces is unfortunate since it makes any detailed
analysis an iterative procedure. Gravity indicators used in narrow-
band photonetry also rely on some abundance for their caiibration.
Tdeally we reguire indicators that are independent of atvi.dance and
velocity fields. Spinrad and Taylor (1969) claim they have such &
system though this is refuted by Gottlieb and Bell (1969). darrow-
band methods are successful only where average abundances are mean-
ingful (e.g. in large samples); in an individual study a more exact-

ing indicator is sought.

Despite the good quality spectrum there is no reliable gravity
for Arcturus. Griffin and Griffin (1967) uscd Pagel's equation (li.31)
with respect to the sun and &€ Vir and obtained values of 50 and

120 cm sec*2 respectively. They concluded that g ,s 100, though an



independent error analysis of their results gives 37 g & 159,

Upson IX (1973) has developed an ingenious indicator for late
giants and applied it'to Arcturus. As these stars show a strong
gravity effect in the formation of molecules (through the appropriate
partial pressures), it follows that the observed ratio of OH/0 I line
strengths can be used to discriminate between models of different

ravities. The O/H abundance ratic is required and Ypson determined
this separately. Using a spectrunm synthesis program he concludes g
is Mabont!" 50 and "is not" 125. Unfortunately his models were scaled
solar ones reproduced at the low Te of h1000 K., This may mean his

gravity interpretations are in error by as much as 0:.3dex.

As a check on these values it is possible to estimate g from
the luminosity of Arcturus. This is defined as

4_

L 4“;&2”}(3’ | (L.32)

U

and since

2
-;M.. = q _8,_ . ]
P\O 36 Ro :

a determinstion of the mass from a mass-luminosity relation gives

g. R must come from the parallax and angular diameter., Using

Gezari's diameter gives

3 , (45 * lo)M
' Q
and the mass—-luminosity relation of Harris et al (1963) for

= 4500 gives M =(2.2 1 1.2), ie. b5 { g 153
e

Williams (197%2) determines I from the parallax and the
Wilson-Bepou effect (Wilson and Bappu 1957). This empirical rela-
tionship (between L and the core profile of the CalIl-K line), has
been shown to be dependent on the metal abundance of the star (Pagel

and Tomkin 1959), though Helfer (1969) has attempted to sclvage a
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relation by including a metal abundance term, Williams uses the
Toen (1967) mass~L relation to get g = 125, a value specifically
excluded by Upson II. Williams value is probably only accurate

to about 0.30 dex however.

A method avoiding equilibrium and sbundance assumptions has
been suggested by Professor Blackwell and R.B. Willis, and in-
volves comparing strong and weak lines originating from the sane
lower level. For the sun, where g is accurately known, the abund-
-ance of the level is found using the weeker line and applicd to
the stronger line to give a damping constant consistent with its
wing profile. A similar analysis for Arcturus with the known
damping constant can distinguish between models of different
gravities. The method requires a good oscillator strength for the
weaker line, and the fact that both lines must be clesr ani un-
blendad linits the cholce considerably. In investigating wing
profiles uncertainties in continuum levels and instrumental funct-

ions will be important.

It is proposed that this methed be applied to a variety of
late~type stars including Arcturus, though in this research it has
not been performed for two reasons. Firstly, for reasons given in
Chapter 7, the level population can only be determined accurately
if a weak line is used and at present there are no good oscillator
strengths for such lines in the Arcturian spectrum, though using
techniques deccribed in Chapter 6 these values will be shortly
available. Secondly, all line profile analyses and the majority of
spectroscopic gravity-indicators are sensitive to the velocity
field. It is necessary, at first, to assume a gravity and determine
the field from a preliminary abundance énalysis. The non-thermal
velocity field is conventionally divided into two cemporents; nicro-
turbulence - a small scale field affecting abundance interprelations
(discussed in Chapters 7 and 8), and macroturbulence - a large scale

field which affects only the profile of the line,



For this preliminary investigation a value of g = 50 is
assumed; this corresponds to a mass of 1.2 Mg . The micro-
turbulence derived in the abundance analysis can be used to redefine

g more precisely, if required, using the above method.

4.5 ¢ Results and discussion

The previous sections gsave T, = 1,50 2 50° K and g ~ 50
for Arcturus. It is now relatively straightforward to construct a
model from these parameters. It was hoped, at the incoeption of
this reszearch, thut a detailed grid of models could be constructed
using ATLAS with the preliminary line-blanketing statistics of
Edmonds (1973). This progran was made operational on the University
of Iondon CDC7600 but is not amenable, in its present form, for

calculating cool rodels,

ATLES uses a fixed mzss-depilh sczle, conveniently termed
RHOX (=‘/kii1.), rather than a optical depth scale. This cuts
compvter time by about % since iteration on the opacities in solving
for pressure is eliminated. The temperature correction procedure
is less efficient however. As RHOX and p are slcwzr functionc,
with respect to T, than ’kagnd Tos @ small correction AT implies
a largeéﬁ?‘and a negligible ARHOX. This makes such corrections
unstable on a RHOX scale and it is perfecily possible for AILAS
to dzconverge a flux-constant model! The situation is worst for
cool sbtars because of the convective flux included in the tempera
ture corrections. sing a patched version the author has cbtaincd
convergence to within 0.1% in 30 iterations for Teml;C;'O:“’K, bud
this is clearly uneconomical. Other users of this code (e.g. Fay
and Johnson (1973), Simon (1971) ete.) run older versions of ihc
program with a conventional T depth-scale. Their nodels converge
in azbout 10 iterations, each iteration takes 3 times as long! There

is clearly a need for a faster convergence procedure for cool stars
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with convective zones.

. By preserving the blanketed T(T) from the CG model, tempera-
ture corrections are unwanted in this work. A coﬁple of iterations
with this T(?7), and a specified T, g gives the entire Arcturus
model. The only free parameters left are composition, opacities
and turbulence. The composition hardly affects the model at all and
nominal values of n(He)=0.11n(H) and metals at 5 solar abundances
were adopted. Turbulence (consisting of micro plus macro) can

contribute a significant pressure via.

2
= - \ 3L
Fturb . pl € turb (b 30)

; s : - .
For p. .p ™~ 0.1 Py gy this requires Vi, > 3km sec  and in

these roiels turbulence has been ignored. The opacilies were
decided by reference to Fig. L.10, and convection was included with
(i/h)=1 consistent with the CG models (once ©(T ) is fixed this has

1little effect),

The final models are given in Tables l;.2 and 4.3; the convective
boundary is marked. The entife nodels cover only 2.105 km which
is < 237 of the Arcturus radius thereby justifying the plane-
parallel geometry used. Both models have log g = 1.7 (g = 50.1) and
the effects of uncertainties in this value are depicted in Figs.
h.12.and ;.13 showing p(T) and pe(’?) for a grid of models at
,500°K with 1.5 { log g { 2.5. Once the microturbulence has been
established this gravity-grid could be used to determing a more

accurate model for Arcturus.



Table 4,2
ARCTURUS MODEL TEFY = 4400 I10G G = 1.7

TAU5000 TEMP PRESSUAT T

1.000E~-3 3541 . 4 6.129L5+1 1.%2150~7
1.5851-3 %561.1 9.89%5+1 1.990E-3
2.5125-3 3571.8 1.46955+2 2.772E-3
%.,980%E-3 3585.5 2.091.5+2 3. 7585~%
6. 31ou«) 3604 .1 2.,900E+2 4.9781.-3
1.0008-2 3627 .6 %,950542 6.56205~%
1458552 3655.9 5.31%04+2 8.6495~7
2.5128-2 3690, 1 7.054%+2 11405~2
3,981 5=2 37351 9,29654+2 1.,522E-2
6.3105-2 791.8 1.2115+3 2,051 K2
1.0005~-1 5009 2 10564554% 2 e0HI5m2
1.585E~1 3958,0 2.,0058+5 %, G0BED
2,512:~1 4£097.9 2.5401+3 562212
%,9815-1 4259.2 %, 20%5+3 8.0025-2
6.3105~1 4515.4 4.0615+3 1.217E=1
1.000%+0 48%2,2 5.1917+7% 2.2767=1
1.5855+0 5242.8 6.624543 6.945:~1
2.5121+0 5761 .1 T.912u+3 2.9085+0
%,981E+0 6409.3 8.6061.4% 1334541
6.%10:+0 7044.,9 8.9935+3 4,6065+1
1.000%E+1 TATL 9.2510+3 9,498+
1.58510+1 7794 .3 9.489i+3 1.5550m+2
2.512554+1 8069.6 9. T508+3% 2..50%5m+2
%,981%4+1 83%19.9 1.00%8+4 %.,226542
6.%100+1 8556.5 1.0365+4 4.365042

Iine marks convective boundary.
Other parameters for this model:
/ Liw / He:id = 0.11 / metals = 0.33 solar / (i/n) =1/
no turbulence /
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Table 4.3

TEFY = 4500°

LOG G

{1
-
-3

Notes as for Table 4.2

TAU5000 TERP PRISSURE PE
1.000E-3 3628.0 5. 9225+ 1.4228-3
1.5855-3 36421 9.556E+1 2.1685-3
2.512:-3 5653.5 1.415E42 3 04453
3,9815-5% 3667.2 2.0095+2 4.1291~3
- 6.310E-3 3686.4 2. 184542 5.519.-3
1.000E=2 3710.0 3. T78E+2 7,29/ 53
1.5858=-2 5739 .7 5,0755+2 9,627.5-3%
2.512%=2 2774.5 6.754542 1.2695~2
3.,9815E-2 5820, 8.87 .5+2 169052
6.310%-2 3878. 1 1.159543 2.26752
1.0005~1 5951.7 1.502:2+3 3,07 5=-2
1.585 -1 4043.0 1.9318+% 4 24672
2.5128-1 4191.6 2.40T5+3 6.0255-2
3.9815--1 4356 ,2 3. 140543 8.52552
6.3105~1 4618.4 4.029%+3 1434551
1.0COE+0 4942 .1 5.2005+3 2.8565-1
1.58554+0 53%352.0 6.5735+7 9.4455=1
2.5120+0 5892.7 T.6545+3 3.9551+0
%.9815+0 6555.0 8.2361+3% 1.7585+1
6.3105+0 7205.4 8.55%%+3 5.9083+1
1.000%+1 7644.2 8.7675+3 1.19862+2
1.58554+1 1972.8 8.971u+3 1.9350+2
2.512%+1 825%.1 9.1815+3 2.,8%3142
5,951 5+1 8509.0 9.4178+3 %,525:042
6.3105+1 8751.6 9.6585+73 5.,252.042
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CHAPTER 5

DETERMINATION OF QSCILLATOR STRENGTHS AND THE QYFQORD FURTACE

B e

5.1 Introduction and definitions

Of all the physical quantities required by the astronomer the
cscillator strength is surely the most abused. In education for
example, the treatment of the subject is usually restricted to its
definition and use in procuring abundances; the outstanding difficul-
ties in its determination are rarvely mentioned. Astronomers therefore
have a habit of taking the published results at face-value (despite the
clarity with which large uncertainties are shoim), or generally the
attitude seems to be that a large quantity of poor quality results
when averaged will give the right answer. This approach is dangerous,
for systematic differences of 0,3Cdex in oscillator strengths are
fairly common, and these lead to abundance differsnces of the sane
gnount. Indeed, it is almost entirely because of changes in the oscillator
gtrengths thal the solar abundances of iron-group elements have been
revised by factors of up to 10 during the last decade (Takens 1970).

The precision for the lighter elements is generally sufiicient for
astrcphysical purposes, but despite the recent revision there is
evidence (Blackwell and Collins 1972) that there are systemastic errors
still present in scme modern results for the iron-group elements.

The purpose of this chapter is therefore to briefly discuss the
advantages and disadvantages of the various methods for determining
oscillator strengths. The discussion does not pretend to be exhaustive,
and there are several general reviews(e.g. Foster 1964 ) which are more
complete. However, although oscillator strengths are useful in many
branches of physics, the concern here will be for accurate values for
‘abundance work in cool stars. The emphasis will also be for the iron-
group elements, where a great deal c¢f accurate work still needs doing.
It is shown later that the only useful lines for such abundance work
are weak lines originating from low-lying levels; also for cool stars
like the Sun and Arcturus the blending of lines at short wavelengths
limits accurate stellar measurements further., Thus although general
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points will be made in the ensuing discussion, the orientation will be
very much for the purpocses of this thesis.

The Oxford furnace is dealt with separately, and the absorption
method used is explained. Since the last complete description of the
apparatus (Collins 1970) there have been a few modificetions, which are
described in nore detail. In order to define an oscillator strength
and introduce many relations needed for the discussion, first the
basic nature of line emission and absorption must be considered.

A spectrum line occurs when an atom changes its energy state.

For an emission line, the intensity across the profile of the line is
given by: |

1, - 5‘1111;3 dy = Z;‘T—TN& A, 1hy (5.1)
where Aab is the transition probability, or Einstein A- coefficient, per
second for an atom to spontaneously change from state a:to state b.

Na is the number density of atoms in state a, and 1 is the thickness of
the emitting layer. In (5.1) it is assumed there is no other form of
decay frca a to b, and that state a is not fed from another state. It
is thus immediately apparent that the intensity of lines originating
from state a will depend on Aab'

Suppose now that there are many allowed transitions from a to

lower states. The population Né will decay according to:

d 4y = TN, Ay
It : O G.2)

The solution of (5.2) is a simple exponeantial function, which leads to
the definition of the lifetime /?;_ of state a as being the interval
over which Na drops to 1/e th its starting value. Hence

Tt V20 Ay (:3)

b
Azain repopulation of a, ana induced emission from a, are ignored.
Fbr absorption lines the atom-.in a lower energy state b absorbs

sﬁfficient energy from a radiation field (such as a continuous spectrum)
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to allow it to jump to a higher energy state a; this is therefore not
~analogcous with the case of emission lines where spontaneous tr=nsitions
are possible, If the absorbing atoms in state b are uniformly distrib-

uted in length 1, then across an element dl the changz in the radiation

intensity is:

i

- s
dI,, 4= Iy By, Ny hy d (5.4)

where Bba is the Einstein absorption B- coefficient and I,) the radia-

tion intensity.
Using a simple extinction formula of the type
Iy = I, (1=0)exp(- X, 1) (5.5)

it is easy to rélate the exponential absorption coefficient 7, to the

Einstein absorption B-coefficient.

[

liner dv rn' Boa 1, B (5.6)

where integration over the line gives the total intensity as in eqn
(5.3).

To introduce the oscillator strength, an equation analogous to
(5.6) is produced by assuming that the atom behaves like a classical
oscillating dipole. When such an atcom iz placed in a radiation field,
it ¥ibrates with the frequency of the radiation. If this frequency
lies close to the natural frequency of the atom, the oscillations may
attain considerable amplitude. In this way it is possible to explain
the rudiments of line absorption. The derivation is quite lengthy,
although simply involves solving the equation of motion of the électron
in an oscillating electric field with the help of Maxwell's equations.
Foster (1984 p. L473) gives a clear summary, the unexpurgated version
appears in Woolley and Stibbs (1953). For this classical approach

2
X -  Jxav - w oy (5.7)
line Mc

where e,m,c are the fundamental constants, and Né is the number density

of classical oscillators. Thus collecting (5.6) and (5.7) and taking
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the ratio gives:

Né me
fba - N Bba hv (5.8)
2
Ny hrre

where the ratio NC/NB is called fba’ the absorption oscillator strength
for the transition b to a. It is therefore the number of classical
oscillators corresponding to one atom in quantum state b. The name
derives from the concept of the atom having different strengths,
or f-values, aﬁ different frequencies, thus explaining selective absorp-
tion whilst retaining the simple classical picture.

It is sometimes more. useful to represent absolute line intensit-

ies by a parameter sba’ the line strength, related to fba by

3 my

gbfba = Thor Sy, (5.9)

where gy is the statistical weight of state b.
For induced emission there is a similar argument leading to an
Finstein B-coefficient for emission, and an emission oscillator strength

f It is easily shown that:

ab’

8, By = 8y Bya (5.10)

a

and 8, fab = - g fba (5.11)

hence the emlsSLOn f-value is always negative.

Finally f can be related to the spontaneous transition probabillty

A'ab by
Cme '
g, £, " 'gafab = _ e g, Aab (5.12)
S e~ v

It is stressed that generally the transfer of radiation must consider
all 3 forms of transitions to and from state a, and then (5.5) is no
longer valid., In partlcular (5.3) becomes

)
/C’CL - LAab ¥ ;Bab Iab ¥ ZBao( Iao( (5.13)
a

cx
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where the last term suns the transitions by induced absorption fronm a

to higher levels < . The product gf is symmetric and occurs so frequently
in these'relations, that it has become customary to quote results a
gf-values in the form log1o gf.

It is therefore seen that any absolute abundances based on line
measurenents (line strengths or integrated profiles) require absolute
f-values. It may be mentioned at this stage that it is generally
considerably more difficult (for a given accuracy) to measure absolute
values, than it is to measure f-values relative to one another. Relative
f-values sre internally more accurate, and can be placed on an absolute
scale, either by doing one measurement absolitely, or by referring to a
well-established absolute scale. This is in some ways convenient because
absolute metheds are usually accurate for a restricted set of lines
that do not ifnclude ones of astronomical interest. It is therefore
surficient-merely to measure one of thesa lines relative to all the
ones of astroromical interest in order to establish a complete absolute
scale. The disadvantage, however, is that the accuracy of the final
abundances contains at least the error in the absolute scale; further-
more, comparisons between many rclative scales become very complex,
particularly when there is no clearcut 'best' absolute scale to use,

It has been said earlier that it is possible to avoid using
f-values by studying abundances of one star relative to a standard
star, usually the Sun. The final abundances are only as good as those
for the standard however, and the approximations made when comparing the
same spectrum lines in both stars introduce further errors. These
errors can be limited by performing a detailed analysis of star/standard
using relative f-values however; nevertheless there is a great need for
accurate absolute f-values and demping censtants, particularly for the
astronomer, whose fear of doing absolute analyses is hindering our |

knowledge of processes occurring in a wide variety of stars.

5.2 Methods for determining oscillator strengths

5.2 a) JApproximate methods

Theoretical estimates of f-values can be found by manipulating
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tabular material concerning line strengths (Allen 1973, 3ates ond Damgaard
1949) as well as from detailed quantum mechanical calculations. Such
tables are calculated on the assumptions of LS-coupling, and Couloub's .
law, and give the radial integrals necessary for convertin:; relative

line strengths in a multiplet into absolute f-values, rThc mathod is
fairly successful for light elements, but for the iron-group elements
deviations from LS-coupling cccur and intermediate coupling iiist be
considered.

Although the relative line strengths can be calculated in such
coupling, the radial integrals must come from a solution of the appro-
priate wave equations. A discussion of the various possible agnrox-
imations at this stage is beyond the scope of this discussion and the
interested reader is referred to Garstong (1955); more recent calcula-
tions are described by Stewart and Rotenberg (1965), Naqvi (196L),
Siddall (1962), and are reviewed by Crossley (19¢%).

Despite the collapse of LS-coupling and Coulomb's law for complex
atoms, attempts have bcan made to establish an absolute scale for experi-
mental relative f-values by using a sun -rule. Insofar as the f-value
can be regarded &s the effective number of electrons per atom at that
wavelength, it follows that the sum of the absorption f-values for any
one sceries is the number of elecirons that give rise to the specirum

(not necessarily the atomic number). i.e.

Dtha = 7’ (5.114)
Qo

This rule is known as the Thomas-~Kuhn~Reiche sumrule, and the descrip-
tive argument above has been verified rigorously by Bethe and Salpeter
(1957). It is only strictly cpplicable where LS-coupling holds, and
thus its use in complex systems is questionable (see Prokof'ev 1969,

for discussion).

5.2 b) Emission methods

These methods rely on the relationship between the emitted intensity
and the f-value, which is derived by solving the equation of transfer
for the gas. A rigorous derivation of 5.1 is now given; this introduces

other equations of importance as well as clarifying the assumptions
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involved.,
" For a change of intensity d4I(x) from an element of gas at x,

thickness dx, per unit area and solid angle:

aT(x) = 1= 2 Ay by N+ I(x) [Bab?\la-Bbah'b]} dx  (5.15)

This is completely general and incluaes all forms of radiative transitions
between levels a and b. If the plasma is in LTE then Na and NB can

be related using Boltznan's equation.

Noo= N 8y exp{-(EQ'-Eb')} (5.16)
RTGR)

Where T(x) is the local equilibrium temperature at x.
Substituting (5.16) in (5.15) and using (5.8), (5.10) ana (5.12)

gives a transfer equation:

ad - ax) - I(0BX) (5.17)
dx | |
where
A(x) = @ AN hY | |
(%) = Ay N LA T RN BECREY
B(l) = AW AabJa hv 2Hv3 e T(x )= .

This can be solved if Né and T are independent of x:

1) =4 By - 4 ) (5.19)

where T is the optical depth. Inoptically thin conditions where T << 1
this reduces to (5.1)

1) = £T = gragmnvd (5.20)

(5.20) is thus the basis of the emission methods. Although intensities
can be measured fairly accurately, the assumptions are often not valid
in practice and this has led to results of poor quality.

The source for the emitlted radiation is normally an electric arc

or a luminous shock tube. The arcs are of two basic types, those that
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are stabilised by some means and those that burn freely in zir,

- The general procedure with arcs is to measure, photographically
or electronically, the intensities of many emission lines in the arc
spectrum. The element under investigation can either be introduced into
a 'doped' arc with Cu electrodes, or can itself form the electrodes

for the discharge. In both cases the relative intensity scale is given
by using eqns.(5.12) and (5.16) in (5.2

Egi3b = 15£b Ja Vab exf)%_ (EE b §
—T-a.’b’ A b’ .f;-b Vo't (5.21)
thus requiring a 'mean' temperature for the arc. It is the determina-
tion of this mean temperature that has aroussd much controversy, yet
has also prompted considerable improvements in the emission techinique.
With the free-burning arc of Allen and Asazd (1957) elements were
introduced in known concentrations between Cu electrodes. For an
optically thin layer, (5.29), (5.12) and (5.16) give

T, - z.relh( T)) 3<L7(qb L expi- RT} . (5.2.7.)

m
where N is the total number density in all states, and Z(T) is the atomic

partition function. Taking logs gives:

(5.23)

}
o
[l

~~~
= |!
-.'

N’

D
logix Iab }
Q(L'f'ab
and a plot of the left-hand-side of (5.23) against Ea for lines of

known relative f-values gave a mean temperature for their arc. A
comparison of the resulting f-values in (5.21) with known absolute
values gave an absolute scale for the results of Allen and Asaad.

The mammoth investigation of Corliss and Bozman (1962),
involving some 25000 lines from 70 elements was carried out in a similar
fashion. To allow for temperature variations in the arc, the constant
C in (5.23) was allowed to be a function of E .. A lengthy discussion of
the derived arc temperature, its likely errors, and the various fornm
of C(Ea) is given by Takens (1970). He shows that corrections of as
mich as x100(2 dex) are sometimes necessary, though generally the

absolute scale is accurate to about 0.30dex. The sheer volume of data
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produced by Corliss and Bozman should not inspire statistical cenfidence,
particularly as there is evidence (lWolnik & Berthel 1973) thab there

are systematic errors; unfortunately for lack of slternative data,

these values have been used extensively for detailed work in astrophysics.

To reduce instabilities of temperature and density during the
observations arcs have been stabilised in various ways, and it is possible
to operate such arcs under carefully controlled conditions. Thay usually
consist of a rotating tube observed end-on to reduce self-absorption,
and by observing the intensity variation of, say, some hydrogen lines,

a temperatﬁre and density can be assigned to each distance from the
axis. The relative intensities derived using these distributions can
be made absolute by reference to another method. Using such vortex
arcs far higher temperatures (~15000° K) can be reached than for the
free-burning arc (~ 5000° X) and consequently lines of higher excita-
tion can be studied. '

The stabilised arcs are a considerable improvement on the free-
burning arc, and the results of Garz and Kock (1969) for iron-group
elements for exanple, are claimed to 0.10dex on an absoliute scale.
However, temperaturs errors are still possible, and systematic errors
in the work of Garz and Kock have been reported by several investigators
(see Blackwell and Collins 1972). To debermine absolute f-values
directly, a knowledge of the number of emitting atoms is required and
although various attempts have been made (Tatum 196ld), the results show
the method to be unsuitable for absolute values.

The other main source of emission is the shock tube, described by
Laporte and Wilkerscn (1960). This methcd has also been used occasion-
ally in absorption. A discharge sends a shock wave along the tube and
this excites the spscimen vapour long encugh for thermal equilibrium to
be set up. The temperatures and densities can be calculated from the
known composition of the gas and the shock wave hydredynamics. The
shock condition lasts for less than 10’3 secs thus rapid electronic
recording is essential. The method has been studied by Grasdalen et al
(1968) and they claim 0.0bdex for their relative values of Fel and II.

There is a great deal of controversy concerning the reduction procedure
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however, particularly with regard to the hylrodymamics. The linoe
broadening mechanism3i are also uncertain, though large drmping wings

are seen and these present observational problems. 'Wolnik and Brrthel
(1973) found that szdsosption of certain elsnants on thie shock tube valls
could albter experimentsl values by as much a3 1 cdex. By flashing the
tube prior to firing, a reduced error of 0.08dex is claimed for their

L I and Ti II absolute f-values,

| A serious drawbock with all estlegion measurements is that the
central Initcnsity of the line con be abaorizod by the cooler r:igions,
This effect, termed 'self-reveisal! is pariicularly important for ground
state lires observed in arcs. The main advantage of the methods, is the

relative ease with which such a wealth of data caa b2 obtained. Further-

.

more the voustrictions are fev and astrophysically iwportant lines con

be readily olLserved; but the ccuplex nature of the sovrces often leads
to errors in temperabuve, and deviations from LIE are possible, thus

systematic errors ia the fevalues are likely.

1. Savy 43 sy oy At
5.2 ¢) Absorption matuods

AT B " ]

These wethods study the iafluance of the gas on a continuous
spectrum. If the zas is cooler thonm the scurce an sbsovpiion spectrum
is formed. fbsorotion regions such as furnzces can be extended and
thus it is much easier to study therial equilibrium and line-formotion
+than in Lbhe confined vozions of arcs.

In the simpiest absorption wathod, first attemptsd by King aid
King (1935, 1933), the elsment under investigation is placed in #n
electrically heated furnuce, Ab temperatures of about 2000° K sufficient
vapour is present for dshailed naasurement of the absorption spectrun,
In absorpiion work where there is a clear continuum reference, it is
convenient to express the absorbed energy as an equivalent width W .
This is sinply the width of 2 line of infinite photogr:iphic density vhich
removes the same amount of energy from the spectrum, i.e. over the line

profile,

LI (5.24a)

W
A -
L
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The general solution of the transfer equation (5.17) for F and T
independent of x with a boundary condition I = IC at x = 0 is (Collins
1970):

I(x) =A - (A - ‘I e~ X (5.24b)
B B
a,bsorr?blon

Thus use of exponential Alg justified since from (5. 13) even at

’I‘-'-3QOO K, ‘N = 5000 K A/B~ 10" 12 21d the stimilated emission factor
e°h\')/ RT(from Bba) is only 10”7 5 . Viz,
I(e) = Ice”BI'

where B = % NbBba‘n 8% Q§Z< dy (fron 5.6)
and thus in an optically thin plasma for any point on the line profile,

T, (= Ky ® )<< 1 ana

~K, L "
I, = Iece 7 2 I.0-%,0) (5.25a)
where { is the absorbing path length, and from (5.7) and (5.3)
s\fxy clv = E[?l NB{LBCL
5 mc
) . :
thus W = 5 KAy = W N“@M{ (5.25b)
' v mo '
hence Wy\ - N ’H?. b{ba.

: 1’"1{@1 gufee NLeBIRT
me™ =) (5.26)

where Poltzman's eqaation has been used to give the total nusber N
over all levels.

Thus in an optically thin gas W~ is proportional to N1f for a
given temperature T. The precise relationship between W~ and MLf for
all? as the line strengthens is known as the curve of growth (after
van der Held 1931). For lines with dI/I = 104 the curve departs from

linearity and this mst be corrected for by considering the precise

form of the curve of growth.
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Considering the rudimentary nature of the apparatus anl photomebry
used by King and King, their relative f-values for Ti and Fe are
renarkably useful, and have formed the basic material for several other
scales (Prokof'ev 1969). The method is particularly cuited to relative
vaL ues of weak lines originating from low-lying levels. These are
also lines of astrophysical interest, and ths iron-group elemcnts are
at present under study at Oxford using an improved absorption furnace.
Although the procedure adopted at Qxford is basically that above,
several major modifications make it desirable to discuss this nethod
separately in the next section.

Attempts to measure absclute I-values by this method (Estabrook
1951 ) require a vaiue for }b’ which is usually teken from the vapour
pressure corresponding to the measured temperature. As the pressure
must be low to avoid broadening, it usually means that the temperature
of the gas is near to its melting point where vapour pressure data is
imprecise,

Agcurate absolute f-values have been measured by the atomic bean
method first described by Kopferman & Wessel (1951). The principle of
the method is as follows: The specimen is placed in a crucible with a
snall orifice at the top, which is then placed in an absorption furnace.
The atomic beam emanating from the orifice absorbs continuous radiation
passing through the furnace, and the spectrum is analysed as before.

For weak absorption W?‘gives N1f, and N can, in this method, be determined
directly by measuring the increase in weight of a collecting pan (enelosed
in the furnace), on which the atoms condense., The temperatuie,

measured with a pyrometer as for the furnace method, 1is used Yo give the
velocity distribution in the beam, and hence the 2 gorbing length 1.

The observations of Bell et al (1958) on the ircn resonance lines show very
good agreement with other absolute measurements and they claim an
accuracy of 0.Ohdex. The method is difficult to perform accurately,

and in order to avcid multiple collisions in the bean the dencity ofvgas
must be kept low, which results in very weak absorption (generally

~ 8 mﬁ) and so only the strong resonance lines have been measured.

LN
Although these are not usually of astrophysical interest the method has
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the advantagze that the number density ¥ can be deterained with relative
certainty and it has proved useful for establishing absolute scales.

The technique has been recently improved (Rell and Tubbs 1970)
by using a chopped atomic beam giving a signal iwndependent of continuunm
fluctuations. The absorpticn is still necessarily wens, and significant
errors could arise in the instrumental profile of the spectrograph
used.

An ingenious method avoiding photometric errors was devised by
Rozhdestvenskii (1912) and is particularly in favour with other fellow
comrades. With this method extensive relative measurcments have been
accumulated, and a few absolute measurements have been made.

The method relies on the property of anomalous dispersion of
radiation. In section 5.1 the classical oscillator was used to give
the line absorption coefficient. The velocity of the radiation in the
medium is given by c/uﬁg. where € is the dielectric constant, in general

a complex number of the forn,

€ = p-in @=va) o G.an

where X is the absorption ceefficient and Fl, the refractive index,

Equation (5.7) wz3 obtained by solving the equation or motion

[
>
3

th

@

oscillator and taking the imaginary part. The corresponding

r

[0

al part gives fi in terms of Nb the number of classical oscillators,
and hence relates rt and f. This relation is (Weolley amd Stibbs 1953)

%
F"‘ml - £ N, }i“ ‘QM (5.28)
4’WW1LL 7\—-1\&L
Thus in the region.‘)\’\-ﬁ)\\,‘L a plot of ( M ~1) against A shows a
pattern similar to the cross-section of a breasking sea-wave. A siudy
of this pattern gives fba'

The apparatus is essentially a Jamin-Mach interferometer, one arm
of which is a King furnace. The fringes observed depend on the cptical
path difference and hence the refractive index. To make the pattera
clearer, a thick plate is normally introduced into the compensating

arm, thereby producing a retardgtion which tilts the fringes to forn
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'hooks' on either side of the spectrua line. The sepavaticn of the.tuwo
hooks A 1is related to f_, by

empapr—

‘%‘b = wmdt AT Ky
) A5,
" ¢ ?\ba.z’ _ N b L

(5.29)

where K~ 1s the constant of the apparatus and { 15 tho langth of the
interferometer arm. It is usually assumed that the hooks are isolated

fronm the hooks of other lines, For complex spectra this is a severe
1imitation since A\ is usually about 2-3 X, and although it is possible

4o allow for superimposition of hooks (Ostrovsky and Penkin 1957) the accuvacy
of the results is then reduced. ,

The hook method is capable of giving very accurate relative
f-values. There are no photometric errors and the accuracy is linited
only by the measurement of A and a knowledge of K . The Russian
authors usually claim less than 0.01dex(2%) for their relative values.

In order to allow simultianeous photographic measurements of hooks
surrounding many lines the spectrographic dispersicn has been kept
relatively low, and so for ﬁSS of reasonable magnitude only the
resonance lines with large :)f values have been observed. Again there-
fore, astrophysical lines have not betn measured. '

It is possible to use the hook msthod to determine absolute f-values,
by 81mu1taneously measuring the equivalent width %LX.‘ (Ostrovsky and
Penkin 1957 ).

For a strong line

W, o= [ N, Qﬁa) (5.30)

A < mc

Where ‘d‘ is the damping constant, which is the reciprocal mean life-
time for a resonance level (Foster 196l4). Thus combining (5.29),
(5.30) and (5.8) gives

foo = R 2 (Vb

Ju Ka (5.31)

where R is a conglomeration of fundamental constants.

(5.31) thereby enables £\ v round without needing N or T.
It is an extremely difficult procedure in practice, requiring the use of

two spectrometers, and photometric errors are naturally introduced in
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measuring W e To produce a measurable sgeparation A s NLf rust be
large, yet Hb.must be small enough for collision damping to be negliz-
ible; in practice this means 1 must be very large.

The absorption methods all offer a reasonable means for determin-
ing relative f-valﬁes. Temperature control is far greater than for the
arc methods. Both the atomic beam and the heook methods can give
reasonable absolute values, but are restricted at present to rcsonance
lines which are too strong for direct use in astrophysical investiga-
tions of cool stars. There is incidentally no resason wny the hook
nmethod could not be adapted for weaker lines by increasing the disper-

sion.

5.2 d) Lifetime methods

By measurinz the lifetinie of levels it is possible to produce an
absolute scale for existiﬁg relative oscillator strengths. This method
has the advantage that no'knowledge of the temperature or density is re-
quired. The principle is to excite the upper level a in some way,
and observe the subsequent decay in the population Ng(t).

By definition _t /'7:
N (8) = N (o) e * (5.32)

and for spontaneous decays from level a to lower level b it follows from
(5.3) and (5.12) that

1 A = 8_1‘_1%2- Sbfb&/%l _
x - % ab mCa E; (5.33)

where it has been assumed there is no repopulation of level a. Generally
7 is of the order of 10‘8 secs so direct measurements have been limited
in the past by the speed at which recordings can be made.

The simplest method £4r measuring U consists of exciting the
atoms by electron bombardment, remo#ing the elcctron current in a tinme
much shorter than 77, and observing the dscay in intensity of a trans-
ition from the level with a fast oscilloscope. Holzberlein (190L)
has used this technique for levels in helium. To achieve sufficient
infensity however, electron energies greater than the excited energy of

the level are necessary, and thus cascading from higher levels can
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~occur, This can be allowed for, but the uncertainly is then much

- greater.

| A similar though more accurate techuique is *that of 'delzyed
coincidence', which has been widely employed for many elements (Fennett,
1561). To illustrate the method the apparatus of Heron et al (1956)

is described.

The electron gun, used for excitotion, is pulsed for 2.‘10"8 sees
duration at a frequency of 10kHz and the light emitted by the decaying
atom is detected by a photomultiplier. The arrival of a photon produces
a negative voltage at the cathode and this is applisd, tozether with the
delayed pulse of the gun, to a coincidence circuit. By varying the
gun pulse delay a graph of log coincidencs rate 2gainst delay time is
drawn, and the slope gives . The method c¢laims an accuracy of 5%,
though higher accuracy is now possible with recent advances in pulsed
electronic circuitry (Corney 1970).

The time dependant decay of atoms can be converted into a spatial
decay of intensity by exciting almoving beam. Such methods were origin-
ally limited to levels with loing lifetimes so that a sufficiently long
beam would result. However the discovery by Bashkin (196L) that ions in
the beam.of a Van der.Graaff accelerator, travelling at velocitlies of
around 109 cn sec“1; ware Stﬁqngly excited by paszing through a thin
carbon foil, has made this the principle of the 'bean-foil! method for
determining ‘C . It has produced accurate lifetimes for many highly ionised
atoms, though in practice there are several difficulties. In particular
the unselective nature of the excitation leads to cascade problems, and
the data must then b2 analysed as the sum of several exponential decay
curves, Usually the line intensities are weak and thus require
integration over a long period. This means that the beam must be very
stable.

The technique is also applicable for neutral atoms. A gas target
replaces the foil and is bombarded with jions such as H+ and the sub-
sequent decay in intensity from the target atoms is studied. However
uncertainties arise because the energy of the emitted foil atoms anad

their angular distribution is unknown. It is better to use a conventional
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foil and use the fact that a significant portion of the bzan contains
neutral atoms, particularly if low particle energies are used. This
method has been used for iron group elements such as T1i I and Fe I
(Waling et al 1969, Andersen et al 1973), but is restricted by its
nature to fairly strong lines. The developments in this rapidly exnand-
ing field are summarised by the proceedings of three international
conferences (Bashkin 196, Martinson 1970, Bashkin 197L4).

The 'phase-shift' technique is mich older (Mitchell and Zemansky
1961 ) ana uses the fact that the response of the population of a level
to a periodic excitation prdcess is shifted in phase with respect to
the excitation. The phase lag is determined by the lifetinme €  and
the frequency of the excitation process, which is normally several times
greater thaa T . |

If I (t) is the 1ntensity of the exciting resonance radiation, and
I (t) that of the scabtered rad_atlon, then for optically thin conditions

E/’l‘ /
~ dE&
I (£) = CJ Te(t- e (5.30)

vhere C is a constant_dependlng on the number of absorbing atoms, their
f-values etc.
If Ie(t) is medulated according to

Te(t) = A+ Bcoswt

then integration of (5,?L) gives ES

Is(t) = v+ C {A + U+ - ’{”")/ Cos(wl: 9)] (5 35)
where tan 8 = WT. Thus messurement of the lag in phase, 8 ata
given 1O yields T .

The use of modulated light for excitation has been described by
ziock (1957) and reviewed by Jones (196L). Ziock used a Kerr cell
operating at 1 MHz for measuring lif'etimes in Fe T to 10%, whereas
Demtroder (196¢) has used the uiffraction of light in a standing ultra-
sonic wave to modulate light at 18 MHz thereby achieving an accuracy of
1-5%. In this form tne method is possibly the most accurate available,

though is restricted in application to the few levels with strong
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electric dipole transitions to the ground state, The uptical modulators
limit the wavelength range to 2000-§3200 X. Lawrence (1955) has developad
a modulated electron beam however, which extends the spplication of the
phase-shift technique considerably,

Nearly all the methods described above suffer froa problems of
cascading. The corrections applied require observations of all the
transitions in the cascade; this can only be done for a few atons.

he measurement of the Lorenz width for a series of spectrum line
profiles will allow a determination of the natural or radiation damping

constant r: , and hence the lifetime C°. For a line a-b

T;-*Vur‘w:‘g«*l

a b

(5.36)

Normally the line profiles are dominated by thermal Doppler broadening,
although this can be reduced or corrected for. A technique of high
resolution spectroscopy has been used by Futmi and Vaughan (1963) to
study emissibn line profiles and lifetimes for inért gases. The Doppler
effect can be substantially rediced by inducing the signals with a radio
frequency (rf) magnetic field. These methods known as 'resonance
fluorescence! methods are carried out at low densities to limit pressure
broadening effects. Of particular interest in this field is the results
of-optical double resonance technique which has been used by Hese (1972)
to measure lifetimes for levels of direct astrophysical interest.

This method, first applied by Brossel and Bitter (1952) is capable
of very accurate lifetimes for resonance levels. Polarised light is
applied to atoms in a resonance cell such that the E-vector of the
radiation is parallel to the constant magnetic field H in the cell. The
radiation stimulates only.[SmJ = 0 electric dipole transitions which decay
emitting T -polarised light. If the atoms are subjected to a strong
rf field ‘§'1, perpendicular te H, then magnetic resonance can occur,
When the Larmor frequency 7V, , of the excited atoms in H approaches
the angular frequency of the rf field §’1, atoms are transferred to

! 1 states by stimulated magnetic dipole transitions. Decays from

m, = -
J
my = ¥ 1 1evels are thus O -polarised. The photomultiplier is arranged
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to detect only Tr~polariséd light £o0 at resonance the intonsity recorded
decreases. A curve of signal versus H shows two peaks surrounding the
resonance value. The shape of the curve for variocus §|1 gives the
lifetime directly. The full analysis is given by Corney (1970).

The selective nature of the optical excitation used in resonance
fluorescence experiments makes these methods extremely eccurate for
there are no cascading troubles. For short lifetimes however, impract-
icably large rf fields are necessary to produce resonancc. M accuracy
of 3-57% is claimed for resonance lines; for nonresonance lines 107 is
possible.

Thus comnbined with good relative f-values from absorpticn or
emission methods, accurate lifetimes are invaluable for determining the
absolute scale. Although most emphasis at preseht seems to be with the
beam-foil methods, the species investigated by this method are generally
too highly ionised for direct relevance in studies of cool stars. The
cascading difficulties also limit the accuracy of these experiments,
(though several values for neutral iron-group elements are claimed to
5% even after cascade corrections). Resonance fluorescence is a particu-
larly attractive technique though has not been used very much. Never-
theless the work of Hese for example, is perhaps as exciting for astrophys-

icists as the discovery of Bashkin was for the beam-foil spectroscopists.

5.3 The Oxford Farnace

The method adopted at Oxford is still essentially that used by
King and King,vand has already been described in section 5.2 b. Many
of the Xing's assumptions have since been shown to be unjustified. This
was mainly because of the limitations of their apparatus and experi-
mental technique and it does not reflect any general disadvéntages for
the absorption method. By using an improved furnace and a more refined
technique it is now possible to measure relative oscillator strengtbs
at Oxford to a precision of at least 2% (Blackwell et al 197La), whilst
also quantitatively justifying the assumptions necessary.

Before describing the instrument in detail, it is desirable to

briefly mention the technique used at Oxford, thus placing each part of
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the apparatus in 2 broader context. The slement uscer invesiigation is
vapourised in a heated carbon tube. Continuous radiation frem a high
pressure xenon arc is passed through tha tube, and observed ith two
identical low-noise spectromebers, one for each of two lines to te
measured. By scanning across the two line profiles simultanecusly, the
equivalent widths are found. The curve of growth is then used togethor
with equation (5.26) to give the ratio of the gf-valias for those lines.
In this way many such comparisons can be used to build a scale of rela-

tive oscillator strengths.

5.3 a) Dascription of furnace

The history‘of the Oxford furnace has been well-documented. The
original design described by Peach (1966, 1969) was replaced by a refined
version described by Collins eb al, (1970). It is the latter design that
is now under discussion, and a more copious description has boen given
by Collins (1970).

Fig. 5.1 shows a simplified view of the apparatus. The element to
be studied is placed on a carbon tray (i) inside the cylindrical carbon
heater tube (2). This tube is 122cm long with an internal diameter of
Scm, and is approxinmabely thrree times lonjer than the original graphite
tube used by King. This provides a more uniform temperature disbLribu-
tion alonz the column of absorbing vapour, and thus the absorption taes
place in a well-defined region. The increased lenzth also gives greater
absorption and thus weaker lines can be examined. The carbon tube is
‘insﬁalled in a steel cylindrical vacuum chamber (3) to avoid possible
oxiaising reactionsatvhigher temperatures.

The tube is heated by curvent passing through tuo copper btusbars
(5 & 6) which are connected to the tube via two sets of carbon blocks (7).
These complete the electrical cireuit by carrying the current through a
compression joint. Power is provided by a transrormer capable of an out-
put or 42.5V and 5000 amperes.

Cooling the apparatus etfectively raises the temperature at which
the furnace may be safely used. DBoth busbars are internally water-cooled
(8) and the vacuum chamber is surrounded by a jacket (4) through which water

flows continuously. In the apparatus describeda by Collins the furnace
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was cooled by the mains water supply, and this limited oporation to
temperatures below 2SOOOK. M inproved cooling system hss now been
installed, in which water is pumped in a closed circuit via an air cool-
~ ing tower outside the department. This allows safe operation to at least
BOOOOK. In tiee event of a pump failure, cooling is treansferred to the
mains water supply. _ |

The vacuum chamnber is cloéed at two ends by quartz windows (9 & 10)
through which the continuous radiztion from a high pressure xenon avc (11)
is directed. The windows are 150 cn and 70 cm from the ends of the
finater tube (2) thus =aininising any deposit on the windows. This is
particularly important for the more distant window (9), through which
accurate temperature meaéurements are nade with a disappearing filament
pyrometer (12). 1In practice such‘deposits have veen found to be insignif-
icant even over 1037 hours of normal operation.

The temperature at various points along the tube can be measured
by sighting the pyrometer (12) onto carbon blocks mounted along the
tray (1). An accurate temperature distribution is essential when
excited lines are beingz investigated, for the line profile is calculated
according to the vapour pressure and Bollzman factdr, exp (- Eb/ k),
along the entire tube. This pyrometer has been calibrated by the
National Physical Laboratory and is accurate to between z (-10 deg K
for températures below 2600°K. These measurements necessitate blanking
off the arc light with a mechanical shutter (13). A continuous, though
less accurate, record of temperature is obtained with a photoelectric
pyrometer (1) which monitors the central wall temperature for the tube
through an suxiliary quartz window (15).

This accurate temperature distribution is possibly one of the rost
important modifications to the technique used by the Kings, who simply
measured the central wall temperature at glancing incidence. The
uniformity of the distribution is increased further by two extensive
carbon heat shiclds (16) surrounding the heater tube. Other heat shields
are situated by the carbon end blocks (18), and at the entrance to the
ttop-hat' (17). Collins et al showed the temperature is constant to

within the error of measurement over a length of 50 cm (approximately
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U0% of the tube length). Even 15 cn from the ends of the tube the
temperature is still 95% of that at the centre.

The furnace is normally filled with inert gas at a pressure
sufficient to keep the absorbing vupour in the heated tube (PFsach 1959).
Pressures of 10 to 70 torr are sufficient for all but the very weakast
lines, and énsure that collisional excitation maintains thermul equil-
ijbrium. Extrenely low pressures ( -/ 0.1 torr) could result in undesir-
able non-equilibrium effects (Blackwell & Collins 1972), whilsi pressures
above 2-300 torr produce damping wings, (particularly for lin=i of high
excitation potential), which affect equivalent width measuremcnts and
curve of growth interpretations., These and other uncertainties are

discussed under the reduction procedure in section 5.3c.

5.3 b) Optics ana spoctrophotometry

The continuous radiation from the 900 Watt xenon arc is rendered
parallel by an off-axis paraboloid. This mirror ensures that the beam
passing through the furnace is collimated at all wavelengths., The
emerging light is directed to a half-silvered bean splitter where it is
equally divided between two identical spectrometers. Such an arrange-
ment is necessary for studying detailed line profiles of two lines of

ifferent wavelsngths because the range of each spectromster for a given
grating position is only about 5 x.

An important conclusion in section 5.2 was that, togsther with
errors in temperatures, photometric problems have presented the great-
est uncertainty in the determination of accurate oscillator streingths.
Accurate photonetry is essential in many branches of astronomy, and
‘considerable progress has been made in reducing such errors in stellar
and solar spectroscopy as well as for more general observations of
distant objects. In spectroscopy accurate photometry particularly
demands both a high quality diffraction grating and a low-noise detec-
tion systen.

Observations made by several workers show that there are wave-
length dependent errors in the Fe I f-values of King and this strongly
suggests that the quality of the grating used in this early work was
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poor. To remain on a region of the curve of growth whors correcti

Ty~
Lasd

{:)

for non-linearity are small one must us2 narrow lines. A poor gisting
instrumental profile with extended wings would chanse the effectiva
continuum position and thus reduce the uzssured equivalent width.

Griffin (1969a,b,c) has discussed this effect quantitatively and suggest-
ed that the useS of single-pass spectromsters arve thus severely limited.
However Rlackwell 93_25.(1971) have in turn deronstiated that the
considerable effort in improving grating performances over the last

20 years has resulted in modern echelles of excellen?t cuzlity and that
Griffin's remarks are relevant only to the older Babcock gratings. Taey
studied the instrumental profile of one of the Oxford gratings using a
helium-neon laser technique similar to that employed successfully by
Gurtovenko and Fedorenko (1969). The resulting profile shows a reucykably
symmetrical core with a width at half intensity of only 10.9 mK.‘ The
width at 1% peak intensity is L3 n} and there are no conspicucus features
or 'ghosts! to intensities much less than 1% even using the full grating
aperture. These measurements thus satisfy the first requivenent of

accurate rhotometry.

photographic plates, which would give a typical ucise i
on the microphotometer tracings, For lines

an error of 8% in the equivalent width H~. Uhen the lize is not on the

linear portion of the curve of growth, a small change in W, could lead

to an increased error in the derived gf-value and so this effect could

be quite serious for strong lines,

A low noise level is also essential in comparing two lines of
different strengths. The stronger line must be limited to avoid an
undesirably large curve of growih correction so the capzbility of the
entire system, i.e. the negotiable ratio WQ\' : ?I—)\l . dependg on the
smallest equivalent width that can be accurately measured. The initial
investigations of the present low-noise spectrometers were carricd out by
Peach (1966) who demonstrated that noise levels of 0.1% are quite

feasible, and this corresponds to an error of only 1% in an equivalent

width of 1.5 mi.
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The main factor in the improved destectica systen descrited by
Blackwell g&_§§.(1967) is the use of a photomultiplier of high quantun
efficiency; this introduces an insignificant noise in comparizon with
the intense arc radiation. Other sources of noise such as conbinuun
fluctuations are eliminated by chepping cliternately between the continuun
and line signals at a frequency greater than that of the fluciuations,
The difference between the two signals is proporticnal to the line
absorption even when the photomultiplier gain is ccatrolled in such a
way as to keep the mcan d.c. output constant.

The photoelectric noise can be furbther reduced by incressing the
integration time, though this is eventually limited by the response of
the electronics to fluctuations in the increased signal.

The discussion of the optics will now be complsted. Both spectro-
meters are precedcd by prism monochromators which isolate the required
orders. One entrance slit sc¢rves both monochromators and is followed by
the bean splitter. The prisms are rotatsble and their positions set
and calibrated using avdigital voltmeter. The monochromator eatrance
slit is normally reduced to 2mn width to linmit the effects of scattered
light. Ton narrow a slit results in a curved continuum which would
lead to difficulties in interpreting and measuring cguivalent widths,
and by setting the entrance slits of the spectrometers to 150 microns or
so,~the transfer function of the monocchromators becones rectangular to
a good approximation. |

The spectrometers are mounted above each other and housed in a closed
light-tight tunnel to reduce possible air turbulence effects. Both
gratings are Baucsch and Lomb replica blased echelles recently ruled
from the samec master. They have a focal length of 9.6 metres, are
ruled at 300 lines mm“1 and give a dispersion of § /& at 5109 X
in 10th order.

Each spectrometer has three exit slits; the outer reference slits
are fixed 4O mm apart and are normally placed on the continuum, whereas
the central scanning slit is free to move at various speeds in the
intermediate region. The chopper allows light from the reference and

then scanning slits to fall on the photomultiplier cathode. When
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the scanning siit is set on the contiasum the reference slit widths are

i
adjusted to produce a net zero differsnce signal; this is termed

Froa the human point of view the console coffers the experinznter
a dazzling varieby of intezration intervals (in 21 scci ), scanning speeds
(2" steps/point), snd scan leagtis (10n points). Heie, 'step! refers to
a count registered by the electronlcs, and 'point' refers to a total
count which is recorded on punched paper tape. Typically a step is
0.5 a3k, so with seitings of 1 second, 8 steps/point and 80 points, the
scanning speed would be L n&/sec and the recorded line profile would

consist of 80 poinis each 4 ni apart.

-3

nhere is a weparate electronic counting system for both spectro-

meters, thus enabling simultaneous recording of two lines., The recordsd
counts are displayed digitally and monitored with a pen recorder as well
as being stored on paper tapes for subsequent reduction on a departmental

Nova computer.,

5.3 ¢) D2=duction urocedure

The reductions are perforned in iwo stages with the aid of a
computer display, thus enabling the uszer to nmonitor various effccis,
The first stage fils a continuum and then determines an equivalent width
fron the line profile calibrated by the decided continuum and the signal
neasured for zero intensity.

ihe sccond stage places the observed equivalent widths for each

scan on a curve of growth calculated for each line. From (5.252)

W, = S?ﬂvtdv = YDN,,O(,,&W

v
o

and writing this to allow a variation of H(x) and T(x)
| ~Ep [KT(x) (w0
Wy = b S Hi)e g afv,) dvdx
— |

2 o 0 (5.37)

where a(V, x) is the atomic absorption coefficient. The form of N(x)
is important, although King ignored any such variation. In this nethod
it is assumed that N(x) is proportional to the vapour pressure at the

?(x). This is reasonable if there is sufficieat inert gas to prevent
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streamning mdtions, but there is e guarantes that the vapour tenpocoature
is identical to tna® measured on the carbon blocks. The assumption is
necessary, though unfortunate because vapour pressure tables (e.g.
Nesmayanov 1963 ) are notoriously uunreliable. For this methed, however
variation of pressure with temperature is more important than the zbsolute
values, and this variation is now fairly well-established.

The curve of growth effect mentioned earlier arises from the shape
of a( ) vwhich is calculated for several points alcnz the tube, Calcula-
ting a curve of grouth removes the restriction that the line must be
optically thin. Contributions to a(» ) could come from thermal Doppler
broadening, natural damping, pressure broadening and Stark broadening.

The electron pressure is too low for significant Stark broadening,
 and natural damping will only be important for lines of high excitation.
In this case Doppler broadening and damping from pressure broadening

are the only significant contributors, and

a(») = QO'H('X’V)‘ | (5.38)

yz | . ~ M.
-~ . ﬁ)\ I
= ¥ € {_L“ } ; vz(v;:/o)c ?T(T(x)‘z * (5.39)

and g, - Vwerf zzeﬂhg  (5.00)

The Voigt function H has been tabulated by .Allen (1973) and presented
as a computer subroutine by Armstrong. For all pressurss under 100
torr observations by Dr. G. Smith show that pressure broadening affects
the curve of growth by less than 27 and (5.38) thus reduces to

L | H . Vl
a(v) = @ (0)") DL 4

o (5.41)

Inserting (5.41) into (5.37) and integrating along the furnace length 1
for various gf-values gives a curve of growth for the line. Interpolat-
inngith the observed equivalent width gives a quantity proportional to

the absolute gf-value. The ratio for the two spectrometers therefore
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gives gf, /gf and a relative scale 1s constructed.

An analogue to self-absorption occurs in the abscrphion method.

At high temperaturss a detectable line emission could be present; this
would tend to reduce the absorption at the line centre and honce reduce
the observed equivalent width. This effect can be checked by observ

ing the furnace spectrum without the continuum scurce. Tne effect is
less than 0.17 of the arc light though could become importent for sirong
lines of high excitation.

As a refinement it is possible to remove the assumption that the
continuum is independant of wavelength across the line. Obszsrving the
arc with a cooled furnace gives a correcticn %o the observed equivalent
width which is normally about 0.5-13%.

To reduce the effects of scabtered light the lines cen be reversed
between the spectrometers. If scattering is independent of wavelength,
then the true equivalent width is altays a constant S for that specitrometer

times the observed value. It can then be sheown the true ratio is
i
2

Wiy |7
W ( ol ) (5.12)
\A/Z 4

where a, b rofer to the two possible arrangem=zuts. Dr, P.A. Ibbetson has
determined S to be less than 17 in bLoth spectrometers at many wavelengths
by observing suitable solar lines already measured with a double-pass

11d ke

.—.\

el

shov
less than 1. However it has been found (Blackusll et al 1%7ha) tha

o ey

spectrometer (Pierce 1969). Thus any discrepancy in re"ﬂwsimg

significant differences of up to 0.03dex(7%) can result., The effect is
not systematic and the average discrepancy over many reversals is only

0.001dex (0.2%). The reason for this effect is not at present understood.



CHAPTER 6

OSCILLATOR STRENGTHS FOR NEUTRAL TITANIU

"Some of the people can be part-right all of the time, and
all of the people can be all-right part of the time, but
all the people can't be all-right all of the time."

adapted from an original idea of

Abraham Lincoln
.o« O perhaps simpler...

"ell Br*an, ny brcin hurts'

6.1 Introduction

A

Titzniva is possibly one of the most important elemonts in the
iron~group. With sn atonic number Of.22, and 5 stable isotopes it is the
1% nost abundant element. Together with other iron-grcup elements
it is a meﬁber of the first transition series. The electron shells up
to énd including the 3p shell are filled, leaVIPT L electrons which
distribute themsélves between the 3d, Ls, and lp shells. This shell

competition gives a fairly complex line spectrum.

LL

Experinentally the spectrum has bsen extensively analyse
the detailed work of Rasuell has formed the groundwork for later
investigations (e.g. Moore 1949). Theoretical studies have beon per-

‘I

formed by Many (1946), Rohrlich (1948) and by Siddall (1349).

A sirplified term diagram is shown in Fig. 6.1. As there are
several low-lying levels, the spectrum is fairly well populated even
at low temperatures. In the visible region there is howaver a con-
spicuous gap in strength between two sets OthPuuSiuiODS. The

stronger cet includes q11 the ground state a F and ySG the weaker

set consists of other a F transitions and all the lines originating

from a1D, a3P and higher levels.



Figure 6.1

A simplified term diagram of astrophysical interest for Ti I
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At a given temperature there is a factor of at least 15 in
equivalent width between the two sets of lines, and this would sscn
to present a formidable problem in any attcant to measure oscillator
strengths for lines of the weaker set using the absorptic: method
described in section 5.3. Similar intervals are present in the
spectra of other metallic elements and it will be demonstrated that
such 'jumps' are within the‘capability of the Oxford furnace, and can

be regarded as a useful test of its versatility.

It might be notezd here that titanivm is not the ideal experi-
mental metal. Although it is chuep and easy to handle, it reacis
at high temperatures with nitrogen, and to a lesser extent with

carbon; it also oxidises at room temperature.

Astrophysically, titanium is quite important in the understanding
of the origin of the iron-pezk. Tihs is vnderproduced by the current
theories of explosive nucleosynihiesis (see Chepter 9), end thus
abundances of this element are most uvseful. Accurate oscillator
strengths are of course an essentiel prerequisite to such investi-

gations.

6.2 Published oscillator strengths of Ti T

With the sole exception of iron there are more oscillator
strengths available for neutrel titanium than for any other iron
group element. To review critically the many observations would take
far too long and is unnecessary 2s there are several good summaries
available (Miles and Wiese 1970, Siddall 1969). In particular,
Prokof 'ev (1257) has anzlysed all the data up to 1965 and discussed

extensively the various merits of individual results.

Since then there have been several new investigations and the
aim of this soction is to consider the relevant conclusions of Prokof'ev
in the light of the newer results. In particular a set of good
relative gf-values is required for comparing with the Ox{ord measure-

ments; Discussion of the absolute scale is postponed until section

6.5.



95

Table 6.1 lists the sources of Ti I gf-values published before
June 1974. The third column indicates whether the results are rela-
tive or absolute. Often relative values are brought onte an absolute
scale by another method and this is shown appropriately. There is
clearly a wealth of data to consider, but only three studiecs are
really extensive, namely those of King and King (1933), Corliss and
Bozman (1962), and Prokof'ev (1969), (whose review article encompasses

the other two). These three studies are briefly described.

Tne first detailed measurements on Ti I were carried out by
King and King using a electrically heated graphite furnace. The
absorption technique was used. Temperatures between 1300 ~2600° ¢
or varging amounts of titanium supply were used to bring the absorption
lines onto the linear part of the curve of growth, and the Boltzmann
‘distribution was used to determine the relative level pcpulaticens.
The assumptions were tested and found to hold to within the quoted
error of 10x. The furnace was considered capable of negotiating the
15:1 interval mentioned in the last section, yet in such a comparison
the weaker line measuremcants would be greatly spoilt by the micro-
photometer noise and the stronger lines would have appreciable curve
of growth corrections. It is also evident that the grating used was
of poor quality and that instrumental and scattering effects were
present, yet were ignored. For these reasons the King scale is expected

to be accurate to 107 only for the strengest lines.

Despite these criticisms there is good évidence that the T I
gf-values obtained by King are in better agreement with subsequent
results than their Fe I gf-values obtained at the same time. This
could be because the inevitable interval in iron is even larger and
close to 25:1. At any rate a high opinion seens to have formed in thre
literature concerning the King Ti I values and Prokof'ev bases his

comparisons on their scale. Transfer formulae of the forn.

A = Qog ef); ~(og g8y, = 4 + B, X (6.1)



Table

6.1

Oscillator strengths for Ti I

Tatum(1961a) Vortex arc
Tatuwa(1561b) Review

Corliss & Arc
Bozman(1952)

liorozova Arce

(1964)
Reinke(1968) Arc
Boni(1958) Shock +tube
$iddall(1969) Theory

Prokof'lev heview

-(1969)
Volnik(1973) Shock tube

Klent(197%) Arc

Reference Method  Abs/Rel
Allen(1934) Solar lines Rel
King®(1938) TFurnace Rel
s>tekelenbg. AC arc Rel
(1943)
Mitrofarnova AC arc Rel
(1952)
Ostrovsky Hook Rel
(1956)
Boyarchuk Stellar lines kel,abs(1)
(1960)
hefferlin DC zarc el
| (1660)
Goldberg Eeview Rel,abs(2)
(1960) | |

Rel,abs(2)
Rel,abs(1)
Rel,abs(1)

Rel,abs(1)

Abs
Abs
Abs
Rel,abs(2)

Abs
Rel,abs(1)

Notes: Col 1: Abbreviated zuvhors

Lines
172
22"

29
169
56

o

M A
4060-6550

3123-6743
5186-5192

57476008
3200-5200
35O4~6743
5925—6575
42726550

5195-4¢81

R s~
')1 L Cé.,.;'j_uy?. i
- - T

2272~8766
3729-%99%

56353958
21255747

2272-8775

3858.570%
3598-15115

Col %: Rel = relative, abs = absolute ceternined

by (1) comparisons, (2) the sumrule.



were constructed, where')( is the upper excitation potential in eV
and Ai’Bi are constants to be evaluated. For each set of results,
i, Prokof'ev took all lines for which llxi_- Zii, £ 0.30 and
determined a mean value for A and B; . These and other transfer

formulae are given in Table 6.2.

Corliss and Bozman (C & B) measured 25,000 relative gf-values
for 70 elemants and reduced them to an absoluts scale using published
values. The elements were placed in 0.1% number density between
copper electrodss., The arc emission spectrum was photographed, and by
using the sams 200 copper lines all intensities were measured on.the
same relative scalsz., The effective arc temperature was found to be
5122 : 110° x by using lines with knoim relative gf-values. A
table of relative gf-values can thus be deduced from the photeographed
line intensities. The absolute sczle and its notorious crrors are
not of interest here and the reader is referred to Takens (1970) for
further details. An indeperdent estimate of 507 (Siddall (1969)) is
fairly realistic for the error of the relative scale.

These results agree only fairly well with the King values, the
scatter is somstimes large though Prokof'ev finds no energzy (or B)

term is needed.

An energy or & B-term could inaicate a temperature error e.g. in
an arc or a stellar atmosphere. Prokof'ev found large B-terms for
several emicsion results, implying temperature errors of up to 307,
Allen's astrophysical values for example, are based on a solar tenpera-
ture or 5600° K which, according to Prokof'ev, is 800 degrees too
high., Similar large tesmperature errors are suggested for the water-
stabilised vortex arc measurements of Tatum, the d.c. arc results of

Hefferlin and thes astrophysical f-values of Boyarchuk sind Boyarchuk.

For some results, such as for the arc measures of }itrofenova
no B-term is neaded; but the scatter is so large that eqn. (6.1)

cannot be fitted successfully. Of course the presence of the B-term



Table

6.2

Relative gf values compared

Standard Source Transfer formula nrrox
¥ing C&B +2.97 Z0.11
Ostrovsky -0,87 -~ 0.28 .06
Allen -0.02 + 0.14 AT
orozova +%,70 LU4
Stekelenburg -0.19 .03
Boyarchuk +3.35 .19
Tatwn +2.7% + 0.16 .19
Hefferlin +1.45 - 057 .19
ritrofanova +0.07 27
Yolnik C&B +0.%6 - 0,20 ?
Tatum +0.0% ?
Klemt King ~2.82 - 0.09 Z0.11
Tatum 40,17 -~ 0,01 D
CeB +0.%38 - 0.15 .12
Volnik +0.17 06
notes:
Col 1: Standard conparigon source

5. 0oB = Corliss & Bozman(1662)

%: Formulae are of the foxnm:-

L

Ai = 18T 44 ~ LETorce

= Al + Bi X

4 llean error(logarithric)

( >( in eV)
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can also imply that the King results are energy dependant.

Of the higher quality results there are three outstanding.
Yorozova ana Startsev measured relative gf-values by the same method
as C & B. No attempt was made to correct for ionisation or self-
reversal in the arc and consequently the absolute scale is poor, but
the relstive scale agrees with King to a remarkable dispersion of
less than 0.Ohdex.

Even better screement is found for the small set of lines
measured by v. Stekelenburg using a carbon arc. In this arc self-
absorptiion was minimised by introducing limited quantities of titanium.
The arc temperature was determined by the intensities of the Ci

bands, and an accuracy of 107 is quoted for these relative vzlues.

Although the anomalous dispersion results of Ostrovsky el al

@i

contain a large B-tosin the values agree wsll with thosz of Kinz.
The method involved ihe use of a cigar-shaped graphite kiln to ensure
unifernity in temperature alon6 the furnace tube Tne strong
dependance indicates a temperzture error of 101 an?d as Prokof'ev
favours this mcthod, he recalculated the data of Ost rovsky et al
with the nzw temperature.

Therefore to swi up: Prokof'ev found that only Ostrovsky,
lorozova and v. Stekelenburg have gf-values which agree to within
0.06 dex with those of King. Instead of basing the final nesns on
these three scales howe#er, all sets were included. Thus the Prokof'ev
results contain all the errors inherent in the above discussion.
Also of course, the enalysis can be criticised as it relies on the
King scale, but such ceriticisms can always be made when comparing
relative scales, and Kings' scele 1is certainly the best extensive list.
It would have been instructive to repeat Prokof'ev's analysis for jucst
the high quality data, but recent results have readered such an

investization redundant.



- Since 13563 there have been further investigations of the Ti I
spectrum. Reinke (1963) has studied the three resonance lines
3 3.0 . . _ .
a ¥, -y : Lom] ; s / 188 t of the
23,1 Y GB,h,S using an abounic beam, Using the linear part of th
curve of growth the absolute values are given to a quoted accuracy of
15%, Over the 3 lines, the agreeuent with Prokoftev's final table is

excellent, even on an absolute scale.

There have been two shock tube measurements since 1963. Boni
(1963) has measured 3 resonance lines aBFL = y3D§, x3Fp, ZS PO, but
ths valuss are a factor 10 down on other ebsolute values, and even
relatively the results are very poor. 4s the Ti II gf-values in the
sane article are betwean 2 and I orders of msgnitude too low, the
general opinion is th~t Boni's mzasurenents ave fundementzl)ly in
error (see Klemt 1973, Siddall 195%).

In contrast VWolnik and Berthel (1973) have produced an extensive
and useful list. Ezach line was measured by the shock itube method
10-15 times znil the scatter is less than 207, Their results reveal a
largef%[ dependence in the work of C & B (see Table 6.2). The fact
that Prokof'ev failed to detect such a trend could mean there are
serious systematic errors in the King scale. As other worikers have
found that C & B iron and chromium scales siow strongz 7( dependences,
contrary +to Prokof'ev, it is clear that the C & B scale is quite poor

even on a8 relative scale.

Finally Klemt (1963) has mcasured 139 rclative values using &
triple chamber arc burning in argon.'TiClh was introducea into the
centre and the emission spectrum was observed end-on to mininise self-
absorption. The arc lemperature came fron absolute Ar I line intensities,
and also by using knowa Ti I relative f-values. The final accuracy
quoted is 20-L0F. ‘Agreement with ¥olnik is good, to within 0.17dex
absolutely with little dispersion, and no energy depsndunce is detecteu.

Klemt also reports strong energy terms wnen conparing with King and



C & B (see Table 6.2).

Concluding therefore, one can see here a prime example of the
confused world of oscillator strengths. Intercomparisons without
reference to an avsclute scole make it very difficult to know where
fresh measurements are most needed. In order to assess the Oxfora
results, good extensive relative gf values are needed. For this
purpose the asuthor chose the lists of King, Prokof'ev, Wolnik and
Klent,

6.3 Tae Oxford Measurements

Despite the many gf-values available, there are only a few of
high geality. For Ti I the precision work of Reinke, v.Stekelenburg
and others is restricted to strong lines in the wltraviolet., For

abundsnce work in cool stars such values are useless as line maasure-~

nts in these regions are severely hanoered by blending and tho lack

=
o

of o clear continuum reference., Absolule values can, of course, L3z at
any wevelength provided there are relative values common to both
regions, but at present there is a severe shortage of good relative
values for weak lines of astrophysicasl interest. The results that
follow are a prelimdinary attempl to rectify this situation. It must
be stressed that these results are only the beginnings of an extensive
survey of Ti I, and that work at Oxford is continuing with other iron
group elements., In this chapter the particular aim is to obtain gf-
values suitable for abundance studies in the sun and Arcturus.
Precision work is desirable and will eventuslly be achieved, but thes
preliminary results, although accurate to ,g 0.03 in log gf throughout,
are currently being improved by various checks and elaborations to

provide values with accuracy as high as 0.01.

6.3 a Choice of a line list

In choosing suitable lines to measure in the furnace a list of
5 criteria was constructed, and the lines chosen satisfy some or all

of thcse conditions.
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1) There should be plenty of clear and unblended lines in the

spectra of both Arcturus and the sun.

2) There should be plenty of weak lines on the linear portion
of the stellar curves of growth where damping and microturbu-

lence uncertainties are small.

3) For comparison purposes lines from the ) surveys chosen in the

last section should be included.

L) A few lines for which good absolute gf values are available

should also be included.

5) The lines should be suitably grouped in strength for accurate

comparisons in the furnace.

For 1) the Utrecht and Griffin atlases were used together with the
solar wavelength table of Moore ct al (1966). Curves of growth of
Griffin and Griffin (1967) and Goldbzrg et al (1360) were consulted
for 2). For 5) a strength ordering program was written. This
calculates au arbitrary parameter FT’ which is related to the equiva-
lent width in thet it contains the gf-values and a Boltzmann factor

for a given temperature 7.

viz: Fp = 10 + log gf - (SOEsO/T)XL (6.2)

cxt is in eV. The program orders the lines in decreasing F and was
run for T = 2000° and 2300° K using the gf values of Corliss and

- Bozman. This led to some errors in the fifth criterion where some of
the gf-values of C & B were clearly incorrect; no great signiricance

should thus be placed on such a preliminary order.

It is impossible to satisfy criterion 2) for Arcturus without
extending the line list at least 5 orders of magnitude further
down in F from the strongest resonance lines included in the lis t.
Excellent lines of 5-20 m& in the sun are often 100-200 nf in Arcturus
and this preliminary list does not include any very weak lines for

Arcturus. It is perfectly possible to reach such lines with the
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Oxford furnace, but to satisfy criterion 5) this would involve many
comparisons each having an associated error. The author therefore
decided it was better from the abundance point of view to have a few
.moderate lines of 50-100 mﬁ.with good gf-values than to spend an
inordinate length of time reaching weaker lines for uwhich many

checks would be needed to achleve the szme accuracy.

The first list drawn up included many lines with wavelengiiis
shorter than L1103 K, but identification problems and uncertainties
in the furnace led the author to abandon these lines. Generally this
will not be the case, and it hos since become de rizceur at Oxford to
assign a separate tube for each element, thus minimising the likeli-

hood of contaminating lines being present.

The final line list is shown in Table 6.3 together with the
stren-th paraneter of eqn 6.2, which was calculated vsing the gi-

values of Corliss and Bozman. Also listed are thic solz2r equivalent
widths of Moore et al, a rough indication of the line quality in the
Griffin Arcturus atlas, and whether or not an absclute gf-value is

available,

6.3 b Ooservational  Procedure

Titanium is available in granules or in a 997 pure roll Tori.
The inpure granules were used almost exclusively, and although lines
of other elements were encountered shortward of 4000 X; these ware
attriovuted to the results of using the tubsz for more than oneelenent.
The purer titanium, 20 times as expensive, did not reduce the confusion
at short wavelengths and these observations are currently being
repeéted with a new tube. Unlike iron, Ti does not Lipregnate the tube
and fresh samples were loaded into the furnace on carion trays for

each run.
The comparisons fall into 3 hierarchies:
1) lines originating from the same level

€afs 8.3F2 - 2,313‘2 3*"‘ 3{;‘3



Table 6.3

A Ti I line 1list

)(l eV Transition M ?\ Pt O oo
0.000 a’F, ~ z°F, 4 5173.75  8.94 *

25G3 6  4675.47  8.85 55

23F3 4 5147.48 8,29 % b
0.021 a5F3 - 27D, 5 5039.95  8.99 * 66

PB4 5192.95 8,99 % &0

2°G, 6 4667.59  8.88

¥, 4 5152,20  8.22 ¥ 38

2°F, 4 5219.71  8.05 25

23D5 5  5009.65  7.89 24 o

21D, 7 4562.63  T.67 8 #

2Dy 3 5426.26  T.41 K 5
0.048 a’F, - 27D, 5 5064.66  9.01 ® 79 D

z’E4 4 5210.39 8.98 = 80

256. 6 4681.92  8.89 * 64

'z1G5 g 4112.71  8.84 ¥ 43

2F, 4 5252.11  7.86

2D, 3 5460.51  7.52 9 i

73G4 6 4715.30  7.28 15 *x
0.813 &7, - yoF, 35 5389.18  6.26 5 o
0.818 a’F, - yo6, 38  5007.21 8.26 96D

 yPe, 38 5024.84  T.4 62

x3F3 39 4925.16  6.23 6 -
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0.818
0.826
0.848
0.899
1.046

1.053
1.066

1.749

Notes:

Table 6.3(contd,)

A FOf

Transition M ©) XBoo
a’F, - yois 35  5366.65  6.05 3 :
a5F5 - y5D4 38 4999.51  £.30 104
2%y - y°D, 37  5236.58  6.67 15 ¢
76, 38 5045.41  6.37 10 b
o2'D, ~ y'n, 37 4840.87  7.26 % 60 ¥
Z DZ 53 674%.12 6,31 19 0 W
27Py ~ 275, 69  6064.63 6,20 7 ;
a’P, - 2°5, 69  6085.23  6.23 40b  *
a’p, - y535 72 5866.46  6.77 40
7Dy 71 46751 6.01 % 30 s
278, 69  6126.22  6.20 20 :
xD, T4 5295.79  6.06 10 =
27Py = WD, 145 4617.27  6.30 ¥ 49 <X
Col 3: M = lMultiplet number (licore 1949)
Col 5: F = strength parameter at 2000°i(see text)
wuging ok gf-values.
Col 6: £ indicates whether an absolute value 1is
zvailable for this line,
Col 7: Solar eqguivalent width{mk) from Moore gt zl
Col 8: Quality in Arcturus atlas

b = slightly blended
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2) lines originating from different levels in the same term

3 3 3.0 3.0
e.g. a’F, - Fé, a Fé - 32 DQ

3) lines originating from different terns

e.g. aBFé - zBFg s aSFa - yBFg

The equivalenl width ratios for the first hierarchy are almost entireiy
independent of tenmperature, a small effect present only in the curve

of grouth corrections. Similarly, the energy differences in the second
hierarchy are slways less than 0,05¢V and so differential excitation
effects prove to be negligible. A substantial error in temperature of
25-5) degrees is shown in the next subsection to produce & nepligible
error in the final gf-ratios for comparisons of the first two types.
These comparisons were done first in order to decide which lines were

best for linkiugz up the different terms.

Cznerally each comparison consisted of 30 to IiD good scauns at

a stable temperature. The standard deviation on these scans is a good
indicator of the furnace stability. Instability arises from cither
voltage or pressure fluctuatvions. A servo systen is now under develop-
ment which will greatly improve the stability of the instrument. The
furnace and electronics were always allowed a statutory 2 hour
warming up period. There was little trouble in maintaining the
stability in temperature except during a period of national emergency
when, even on the 3 days a week that worik was pernitted, the voltage
fluctuations were sometines 5%, However all such effects were
immadiately soparent by nonitoring the scans on the pen recorder; these
fauliy scans could be omitted or accounted for in the subsequent
reduction. The lines themselves are very sensitive-to small temper-

ature chauges and are thus the best indicators of the stability of the
furnace.

The temperature profile was measured every 10 or 20 scans for
the first two hierarchies, and at least every 5 scuus for the third
set of comparisons. Calibrations of the difference signal for 1007

absorjtion were taken before and after each series of scans, the
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values never varied by more than 0.8% over L0 scans.

/
‘Before recording the scans, long scans at afast scanning rate

were nade to investigate the wavelength region and sort out any
identification problems. Typically thess preliminary scans would cover
a region of 53 at 52 m8/sec. Fach recorded scan consisted of 30
points ezch integrated for a second; this would cover roughly 300 n
at i ni/sec thus allowing plenty of continuum reference points

elther side for even the strongest lines.

Generally lines were brought to betweén'S and 12 nf (though for
large 'jumps' this was not always possible) and these correspond
roughly with absorption depths of between 12 and 307 respectively.

For a 0.27 noise level, these lines will give less than a 1.573
in the final equivalent width (Collins 1970). The monochremator

.

%Or respectively in

Various argon pressurcs wvere used; generally between 50 and 19D
torr was founil ito be high enoush to keep the vapour in the hol.region
of the tube., This high presSurc also reduced the likelihood of other
reactions occuring in the tube. As mentioned earlier, titanjun is
quite reactive and a certain amount of difficulty was encountered at

b

temperatures between 1700 and 2100°C. A thick mist sonetimes foiied
which decreascd the light throughput considerably thereby effectively
maskinc the lines. This mist is still not fully undsrstooa, but as

it appears only with titaniunm samples it is possibly the oxide burning
off at various parts of the tube. Pressures of 200-300 torr tend to
inhibit such outgassing though damping effects would then be signifi-

cant; no scans were atlempted until the mist had comwletely resettled.

Background scans with  no furnace current were taken for
several strategically important comparisons in order to investigate the
continuun curvature. These background corrections to the equivalent

widths are discussed later.
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lWherever possible the comparisons were arranged in closed loops
thus enabling a check on the reproducibility of the results and on
the accumulative error theory. Despite the small differences known’to
exist between the 2 spectrometers the lines were noﬁ reversed in this
study. The reasons for this, and a more detailed error analysis

follows.

6.3 ¢ Data reduction, errors and results

As meationed in Chapter 5, scans were recorded on psper tapes,
one for each spectrometer, for subsequent reduction on a departmental
computer. 7ihs reduction method has been described before and the ainm
here is to demonstrate the sensitivity of the results to various
parameters in order to Justify some simplifications made in the observ-
ing procedure, as well as to determine the errors present in the final

results.

For the first part of the reduction, where a continuuu is fitted
and the normalised scan is integrated to give &n equivalent width,
the only uncertain parameter is the calibration level. A variation
of more than 7.3% was never seen over a series of 0 scans and this
corresponds to less than 0.6% in the equivalent width W~ .« The
cnly other possible source of error in this part is due to the
fitting of the continuua. Scans which, for some resson or other, have
poor continua can be identified on the computer display =l dealt
with accordinzly. Thus taking the 1.5% error in #- lntroduced by
the noise levcl,an error of less than 2% in the finsl W is quite
realistic. Of course by taking the ratio of the W o 's such errors
are reduéed considerably.

Tn the second part of the reduction the equivalent widths are
fitted onto curves of growth for each line and the ratio of the gf-
values found for each scan. This program is sensitive to two para-

metors in particular: temperature and countinuum background correction.

The temperature eifect is much more pronounced for lines from
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different terms because of the differential excitation involved.

For lines from the same term, an exaggerated error of +50 degrees for
each p01npbn the lL~point temperature profile produces an error in the
gf-ratio of less than 0.23. Thus for these lines temperature accuracy

presehts no problens.

For the conparisons where the lines originate from different
terms a detailed anlysis of the temperature effects was performed.
For the worst cases of linking a3F to aSF (AX = 0.527), and fron
a3P 1o aSP (ZSQ( = 0.7eV), the cooler 2 points on the profile do not
contribute significantly to the total vapour pressure. This is
verified by considering the vapour pressure curve of Nesmayanov (1963)
in Fig. 6.2, where four typical temperatures on the profile are marked.
But for an accuracy of 17 in the gf-ratio the central temperatures nust

+
bz known to - 7 degrees.

inc accuracy to which the temperature is known depends on the
accuracy of the pyrometer calibrotion and elso on that of a correc-
tion made for absorption by the quartz window at the end of the top.
The pyrometer has been calibrated by the N.P.L. and in the region of
1700-2300°C is accurate to between M 7T to 219 degrees. The window
absorption was taken as 15 degrees, this was later confirmed by
measuremeats of R.B. Willis. Thus the largest 'jumps' in "X will
be correct onlv to 137% However these are the worst cases, and
generally the error introduced by temperature unﬁertalntles will be

less than 0.2 7.

Larzer effects ars seen with the background corrections, and
whensver possible these were included. As the curvature of the arc
coniinuun can be in either direction, so the residual cquivalent
widths with the furnace off can be positive or negative. Unforturnately
the dispersion around the correctvions is often larger than the
corrections themselves. Typically corrections of f0.0u mi vere

found; for o weszk line-strong line comparison this could cliange the

L
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gf-ratio by up'to 3%. To determine the correction accurately however,

- at léast 4O background scans are needed, thus halving the effective
work rate. As the corrections produce changes far less than the stand-
ard deviations, they were only included ' for strategically important

cormparisons, and then only if they could be accurately determined.

The problem of line-emission was discussed in Chapter 5. A
nore serious problem at hich temperatures is that of blends, particu-
larly those due  to lines of 02 and carbon impurities. The most
difficult rezion A < 420 % was avoided for this reason though it is
still possible that some of the weaker lines elscwhere are affected.
Rlackwell et al (197ha) have shown the effect is less than 57 even

for the weakest lines.

Various investigators at (xford report the curious differences
‘seen vhen the lines are reversed beiween the two spectrometers. This
nizht arise if the scattered light in the two spectrometers was
different, though detailed work has shown this is not the case. As
the effect is smaller than 2%, and not systematic it has been ignored

in this investigation.

All closed loops check to within 0,03dex and most azres to
0.015. This justifies the assumptions made above. The standard
deviation on all comparisons is less than 0,025 dex and generally
lies between 7.005 and 2.020dex. It is possible to find the cumula-
tive error on a given line by swming the squarecs of the standard
deviations, i.e. in comparing lines 1 and 2 if the deviation is O

12
then: 5 2
2
0 = O + Oy (6.3)

A certain awount of trouble was taken to achieve an accurate

o
result for the important link of the terms a3F snd 2”F. The

comparison S1h?.h3(a3ﬁé - ZBFB) / 5007'21(A5Fé - y5G3) proved to be

nost satisfactory. Both lines had more or less the same equivalent

width of 12 mh and the background effects cancelled. Furthernore
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there was a standard deviation of only 0.00%dex for this cdmparison.

Coping with the 15:1 interval proved to be more difficult.
Consultinz table 6.3 it is seen that the comparison 5233(&5F§ -
ySDh) / hBhO(a‘D2 - y1D2) implies a .ZSF% of only 0,.6dex, and this
seemed to be the best way of linking the weak and strong sets of lines.
However the Corliss and Bozman gf-values are clearly incorrect for
these llnes,ao a dlfference of 1.6 dex wae fourd A better comparison
proved to be h343(a D, - y D, )y / 67L$(a D, - z D, ) for which C & B
predict a difference of OJ. 9pdex, and in fant a dlfferbnoe of 1.3dex
was observed. Both comparisons give gf-values for A L840 which agree

to 0.015dex, which is pleasing agrecment for such large jumps.

The isotope effects of titanium are now briefly considered.
The five stable isotopes and their nucleas parameters are given in
Table 6.4. It is seen that TllY and Tih9

therefore one might expoect to see a significant hyperfine splitting of

exhibit a nuclear spin and

lines, both in the laboratory and in stellar spectra. /Although no-

one, to the avthor's iInowledge has investipgaied this possibility, it

is important to justify such neglect. The only hyperfine (hf) datc
available for Ti is that of Channappa (1965) who has measured the
magnetic and electric-quadrupole hf constants A and B for the levels
3d2h32 3F (J = 2,3, h), i.e. the ground state term. Assuaing no
splitting in the other levels, (for 1lack of any otner inrormation),

the author calculated the splitting expected in the 5173.75 1 resonance °
line (aBFb - z3Fg) on which the above relative scale is based., This
line is split into 5 components in both isotopas, 2ll contained within
7/ﬂ and the strongest components are within 2 mA of the single line

In view of such smnall splitting and because of the small abundances

of )1h7 and ”1u9

in all subsequent work with titaniua.

relative to the main isotops, hf structure was ignored

The final oscillator strengths are given in Table 6.5, ana the
standard deviation assoclated with each gf-value 25 calculated by

equation 6.3 is given alongside. The scalz is normalised for comparison
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Table

Oxford oscillator strengths

7\ 1gf

5173,75% 2,000
4656.47. 1.759
5147 .48% 1,112
50%9.95 2.246
5192.98% 2,112
4667.59 1.863
5152 .20% 1,094
. 5219.71% 0.820
5C09.65 0.8¢6
4562.63 -0.044
5426.26 -0.347
5064,66 2.056
5210.39% 2,232
4681.92 1.872
A112.71 1.279
5252.11% 0,878
5460.51 0.256
4715.%30 0,320
5389,18 0.43%4
5007.21 3%.,222
5024.84 2.504
4G626,16 0,824
5%66.,65 0.368
499G,51 3%.329
52%8.,58 1.037
5045.,41 1.03%0
4840.87 2.520
6743 .12 1.247
6064,63 1,150
6085.2% 1.500
5866.40 2.180
4675.12 1.678
6126.22 1.582
5295,79 1.436
4617.27 3.414
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2.55
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# used in determining the abgsolute scale(section 6.4)
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purposes by setting log gf (5173) = 2.00.

As the standard deviations are considerably larger than the errors
given by the analysis above, they can be regarded as pessimistic
limits on the sccuracy of the scale as a whole. Tius the entire
scale is accurate to within - 0.03dex, but the accuracy of a small set

of comparisons is of course much greater.

6.L The results compared

Toble 6,5 lists the log gf values, on a rormalised scale, for
the four chosen surveys. There are too few common lines for ac fetailed
comparison and therefore it is difficult to measure cnergy dzpendances.
A large range of lower excitation potentials')g have been stuldied
hoever, and Figs 6.3 a-d show the four sets of results compared
individually with those of the author. The differences are plotted
aoarnauix{'cven for the compariscons with eaission methods, this 1is

in oxder to test for systematic errors in the author's work.

The scatter on these graphs 1s quite large, but more encouraging
is the lack of any systematic trend with )(‘on Figs. 6.3 b-d. In

particular, the following points emerge :

1) fpart from the points at 1.75eV, there zppzars to be a gll“ht
energy dependance in the work of King. This is also reported

by K,lent' °

2) The agrecment with Wolnik is generally to within - ¥ 0.10dex

with the exception of a few ground state lines.

3) The agreement with Prokof'ev is poor, and it is suggested
that his values are contaminated by the poorer results

mentioned in section 6.2.

) The scatter with Klemt's values is the largest and many of
his gf values are too low (with respect to all other r1esults)

by 0.2 dex.

1 theless

l..a

Trus except for Walnik, the comparison is diseppointing. Nev

there are only four lines for which the zuthoris values are ccusistently

v
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different, and from the abundance point of view only two of these are
important lines. These lines have been remeasured, and no change in
the values is found necessary. In justifying the use of the author's
scale for abundance work, it must be remembered that the scatter
between the other fesults is even larger than that in Figs. 6.3. In
fact, because of the pleasing agreement in closed loops and remeasure-
ments, and the low standard deviations on all comparisons, it is

st{ll maintained that the author's scale is accurate to at least

i 4

* 0. 23 dex, The internal scatter on Wolnik's results is quoted as
290,03 dex, thus if we ignore the odd ground state lines in Fig.

. + . . .
6.3b, the agrecmaznt to - 0.10dex confirms this assertion.

FMarther evidence is drawn from the absolute values of Siddall
(1969). Tnese values were calculated theoretically using a central—
field model, The work was ssc 13~€qp1rlca1 in that the fr&ﬁqltlon
integrals vsed assumed an experinentsl one-electron ionisation enevgy.
This so-called 'scaled Thomas-Fermi' method will be incorrect only
for the highest energies. In Fig. 6.l the difference between the
absolute and rslative scales is plotted agsinst 7(1‘, and it is clear
that the spread for the 1eV lines is much larger than for the ground
spread around the mean difference (indicated by the line on the
figure) is again only - ¥ 0.10 dex.

The agreement with Siddall is particularly encouraging because
it confirms the author's values for the two uncertain lines mentioned

above. These lines are marked on the figzure 6.4,

"Plots of log gf1 v3, loz gfz abound in the literature. Such
plots should e regarded with suspicion. In order to accommodate
all tlie points, the scale must be small., Therefore agreement looks
remarkably good., An example of such a plot is given in Fig. 6.5

where the $iddall-Ellis comparison appears to be excellent.
+ . .
Tims good agreement of - 2,10 dex between thz relative scale
of ihe author and the two absolute scales of UWolnik and Siddall

enables the determination of the mean transfer coefficieni, which
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places the author's gf-values on an absolute scale.

6.5 Apbsolute oscillator strengths

The position regarding absolute gf-values is even worse than
that for relative ones. This is because one cannot arbitrarily shift
scales to meet and so all errors become embarrassingly obvious.

There are nany so-called 'absolute' values for ™. I in the literature;
they are not all reviewed here. !Most are from emission or absorption
" methods and rely on a knowledge of the absolute numover density of
titanium in the epparatus. Such results do not even agree on a
relative scale, and on the absolute scales the spread is often
several orders of masnitude. Provided good relative values are avail-
able, the best way of getting absolute values is from the lifetime
of a level. These nethods, if perfommed carefully, do not need to
assume any miiber densities, a knowledge of the relative decay rate

is sufficient.

o

@ is related to the transition

For a level a the lifetime

probability by (sce Chapter 5):

i

Y Aw (6.1)

e
Tq ;

Aab i1s related to the absorption oscillator strength on an absolute

scale by
2 2 abs
3me g T
= b .
A ( b Tba ) (6.5)
ne g, j\?
2 2 abs
3 E : f
thus ...!—. = j...i...—-—. (gb ba ) (6;6)
QTa_ nc g b )\2
a

s 1f we relate the relative scale to the absolutc one by
therefore J

s transfer coefficient X then
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- oplel - ~abs
log gty . log 8L, + X (6.7)

thus in eqn (6.6)

rel
log X = 9.176 - log?ﬁ’ns -~ log —(5- Zb: 9" %ba/j\z (6.3)
a

enabling a determination of Z. In (6.8) T is in the conventional
units of nanoseconds. To deteruine X one therefore requires good

relative gf-values for all allowed transitions frov a.

A

Tnere are two lifetime neasurenents for T4 T.

[ 23

ne first is

by fdersan et al (19{3), who have measured lifetires [or the |
2,

388l PF°, °0° and 343

Thera are; however, nany allowed transitions from each one of these

Lp ¥ & terns using the bean-foil technique.
levels and zl-values are not available for all of them. Thus it is
unpovtun*tOlv not possible to use thzse lifetimes =t ths moment, but

1

attert to measure these branching retios may be included in the

o
-

futurs xford progran,

The second cet of lifelinzs is for Eesse (1972 ) who has measurad

the 34 b34p 53“0 (J = 2,3,L4) term using an optical double resonance

nethod (vee Chapter 5). His results, together with othor comparisons,

are given in table 6.6.  There ere two sets of tramsitions ollowed,
0 5 3.0
33F - Z3f (multiplet L in lbore's scheme) and a”F -~ z°F (nult-
iplet 3&i). The sscond nultiplet has never teen observed; no intensit-

ies or gf-values arc available. It was therefore assumed that these
cf-values are negligible in corxparison with those ol the resonance

lines of multiplet L.

sing the author's gf-values and the lifetimes of Hese in ean
sing & 1
6.3 gives a coefficlent Xj for each J level in the term. The results
are shown in Table 6.5. The mean value is

<

Xopso = -2-93 = 0.07

Altioush the spread is quite large this agrees closel; with the

Ly



Table 6.6

Lifetimes and transfer coefficients for the 3d24s4p Z
L - . ] ]

evel C&B Siddall Hese XHese
BFZ 252 147 205 3,011
BFg 205 145 140 -2.,862
938 200 143 155 ~2.915

o g

(lifetimes are in nanoseconds)

Table 6.7

Transfer coeificients for the xllis scale

Author lfethod X

Hese o lifetime N‘MMMMMW:ETQB‘E 0.07
Siddall theory -2.92 0.08
Wolnik shock tube -3.16 0.03
lemt arc emission -2.86 0.14
Prokof'ev sumrule _ -%,26

Reinke“ atomic beam -%5,21

P AR WP G Lt e o P

BFO

Term
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mean coefficient determined from Siddall's results on Fig. 6.lL.
X = .2.92 1 0.03
Siddall " °° Co
The error here is a standard deviation. Various other coefficients
are given in Table 6.7, as derived from their absolute gf-values for

the normalising line )k5173- The total spread is 2 0.20 dex.

The work at Oxford could be extended to include the absolute
values of Reinke, who has measured 3 resonance lines between
W\ 3635 - 365L 1. Reinke's scale agrees to within 0.04dzx of
Prokoffev's however, and since the X value of Prokof'ev is slightly
higher than the others in Table 6.7, this places some doubt on these

two scales.

The chosen X is the mean of the values for Hese and Siddall,
viz. '
| X =-2.925 2 0,03

This error encompasses the results Klemt tut not those of Prokof'ev
or Wolnik, It is suggested that Prokof 'ev's absolutle scale, determined

by the sumrule, is 0.30 dex too high.

The accuracy of the final absolute results depends not only on
the error in X, but also on the errors in the gf-values used in eqn
6.8. Tne lines used in the reduction are marked in Table 6.5; they
all have standard deviations of less than 0.025 dex. The final

- absolute gf-values are listed in Table 6.8.

It has therefore been shown that gf-values for wesk, astrophys-
ically important lines can be measured by the Oxford furnasce to a
relative accuracy of at least j--0.03 dex(77%). These results have been

placed on an absolute scale which is accurate to 2 0.03 dex (20%).
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4112 .71
4562 ,6%
4617.27
4656, 47
4667.59
AcTH .12
4581.92
471530
4840 ,87
4926,16
4999 .51

5007 .21
5009.65
5024 .84
5039.95
5045 .41
5064.66
5147 .45
152,20
517275
5192.98
5210.39
5219.71
5238.58
5252 .11
5295.79
5366.,65
5389.18
5426.26
5460,51
5856.46
6064,063
6085.23
6125.22
674%.1%¢

Absolute Ti I gf-values

><eV

0.048

0.021

1.749
0.0CO

0.021

1.066
0.048
U,.04c
Q.99
0.818
C.526

0.818
0.021
0.818
0,021
0.848
0.046
0.000
0.021
0.000
©.021
0.048
0,021
0.548
C.048
1.066
0.818
0.515

0.021

0.048
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1.046
1.05%
1.066
0.899

T
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6.8

lgfabs
-1,0556
~-2 o 551
+0.43849
-1.1656
-1.,062
-1.247
-~1.05%

- =-2,0605

~0.,%45
~2.101
+0.,404

+0.297
-2 .,058
-0,421
-0.679
-1.895
-0, 557
-1.813%
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CHAPTER 7

THE SOLAR ABUNDANCE OF TITANIUHM

7.1 Introduction

" A determination of the solar titaniw: abundance using the
Oxford f-values is of interest not only for its oWn.sake; but also
in providing a means of examining the internal consistency of the
relative f-values. By treating the sun as another absorption
furnace the observed equivalent widthe should be consistent with
one abundance. Such investigations have already shown for other
elements (Garz et al 1969, Collins 1970) that abundance variations
of O.SOdex are sonetimes seen despite claimed relative f-value
errors that are considerably less. It is therefore expedient to
produce an independent estimate of the error in the relative scale

by studying the solar abundance from line to line.

The method however assunmes the physical processes of solar
line formation are perfectly understocd; uncertainties in the
theory for stronger lines severely limits this test. ith weak
lines, (k%¢a35m£) however, uncertainties in microturbulence and
dampinz constants will not seriously affect interpretation of the
results, and thus deficiencies in the line theory can be evoided
somevtat. Despite the criteria set out in choosing the lines, there
are fow weak unblended lines in the solar spactrum'that have been
measured in the furnace. Thus a detailed investigation of possible
abundarice variations with wavelength or excitation potential is

unfortunately not possible.

7.2 Solar.models

The determination of a solar model atmosphere is an essentiazl
prerequisite to all studies of solar line formation, and as this
is obtainel in a slightly diffcrent manner to that outlined in

Chapter L, it merits a brief mentiou.
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As the solar disk can be resolved it is possible to observe
the limb-darkening relation at various wavelengths and hence
establish an empirical temperature distribution. A solution of

the transfer equation in LTE gives (cf Chapter L)

. “5 e dr
'-L?\ 'tfo'f") = JB%(’R\& 7’/‘1 F’A (7.1)
v o} |
thus the limb-darkening relation becomes
| _ o z,
4’7\(**) = ll(o’f}) = wa(’tx)e Iy (%1
I (0,1) ° T, (0,1) |
«© |
AN %__n (7.2)
o

Assuming {%X('fi) can be represcnied in a power ccriec c.g.

bh@m) = Z_CLK T',\K (7.3)

K
then 1n (7.2) b (1) - 2 akly (7.4)
K

By judicious choice of a relation (7.3) and fitiing to the
observed ¢Lh at various wavelengths it is therefore possible
to deteraine b;.(qa)o Mn absolute value for I, 0,1) then gives

T(“T5 ) for various C,. Furthermore since at a given T

Moz A (7-5)
( d‘/tl’*/ d'—r) A2 K,

it is then possible to determine the absorption coefficient
empirically. dith a knowledge of 7ﬂx and T( T ) the equation of
hydrostatic equilibrium can be integrated to give the pressure and

complete the model.
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Such empiricalsolar models are quite successful, though are
constahtly being revised as new observations are made. The most
recent model is the Harvard Smithsonian Reference Atmosphere
(HSRA, Gingerich et al 1971) which utilises the ultraviolet rocket
observations of Parkinson and Reeves (1970) and the absolute energy
distribution of Labs and Neckel (1970).' The model replaces the
earlier Bilderberz Atmosphere (Gingerich and Jager 1968), which
failed to reproduce the observed limb-darkening in the visible
region. An intermediate nodel after Elste (1968 ) meets this

requirement but is based only on observations up to 1968.

The observed limb-brightening at short wavelengths is represented
in the empirical models by a temperature reversal in the lower
chromosphere ngmxfw 10—h). In the HSRA non-LTE calculations in
- this region wera made using the departure coefficients of Noyes
and Kalkofen (1970)., A further advantage of using weak lines in
shundance analyses therefore is that they are formed lower down in

the atmosphere where uncertainties in non-LTE are smzaller,

A preliminary theoretical LTE model has recently been pub-
lished by Kurucz (1774). Comparison between the HSRA and this model
can yield useful information regarding energy transport and eQuil~
ibrium in ths sun. The temperature distributions of this model and
~ the HSRA are shown in Fig.‘7.1; the model of Elste (1963) is also
incluied. The azreenent with the HSRA is encouraging, and Kurucz
shows that the central intensities in the visible and infra-red are
conSistenf with cbservations. It is therefore likely that future

solar models will benefit greatly from theoretical comparisons of

this nature.

7.3 Theory of line formation

The mechanism of line formation in a stellar atmosphere is

by no means fully understood although many of the rudimentary



Figure 7.1

Comparison of empirical and theoretical (Kurucz) solar models

— [Kurucz
- HSRA
-— Elste
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investigations of Minnaert are still applicable., A computer progranm
has been developed in this department for the calculation of a line
profile in LT& from a model atmosphere, and this séction essentially
describes the features and facilities of the program. The progran,
conveniently termed STARLINE, was written by Professor Blackwell

and has been recently overhauled by R.B. Willis.

The model provides T,pe,pg, and ?(Ao as a function of ¢, ,
the optical depth at the standard wavelngth A,. The continuous

absorbers are then combined for each level j in the atmosphere:
J i |
Ky = YR pl) (7.6)
- ail

the corresponding optical depth at' X\ is then given by

élé;g_’x = -2..(3 (7 . 7 )
Xo K,

Table 7.1 shows the opacities included in STARLINE. For the solar
spectrun in the region 4500 < A {6070 £, the H™ opacity eccounts
for 93% of the total. Below L4500 £ however there is disagreewent
betwzzn the theoretical total and that derived empirically from
observations. This has led to the suggestion of a missing ultra-

violet opacity (Gingerich 1964).

In the absence of scattering the total absorption coefficient
is analogous'to that used in the furnace curve of growth (see equs

5.53-42). i.e.

ta - Nrc’(?\ - N o H(CL’V)‘ | (7.8)

where N 1is the number of absorbing atoms (found in LTE by applying
T
the Sshs ionisation and Boltzman excitation formulaz), H is the

Voigt function, and a , o, and v arc as in cquations (5.39).

The ireaiment of damnping in the solar atmosphere is more



Table 7.1

Opacities in STARLINE
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detailed than in the case of the furnace. The important mechanisms
are summarised in Table 7.2. Natural damping is generally included
at its classical value for lack of sufficient accurate f-values.
For low lying ievels this form of damping is usually negligible.
Collision damping with hydrogen is usually predominent, and it is
assumed here that the interacting forces obey van der Waal's

6

law (i.e. L r ), Laboratory work has shown that this representa-
tion is not physically correct, and Cowley et al (1969) have
suggecated arbitrary enhancement (i.e fudge-) factors of between 1.8
and 7.4 for levelz in Fe I, the exact value depending on excita-
tion. Similar corections will apply for collision damping with
helium, though the reduced abundance makes this form of damping
less important. The Stark broadening constant also depends on
accurate f-values and introduces a further uncertainty. Blackuell
et 21 {1972) have shown that for t

interpretations of more than 10% can only be avoided by using lines

he sun; uncertainties in abundance

with equivalent widths less than a ‘'safe' value. For uncertaiuties
from damping alone, the 'safe' value is 75a4 for groundstate lines

and only 35 m& for lines of high excitation.

For the case of microturbulence the uncertainties are greater
and affect even weaker liﬁes. A discrepancy between observed and
’calculated profiles has unfortunately led to the permanent incorp-
oration of this fitting parémeter in most abundance analyses. Yet
Worrall and Wilson (1972) have shown that forcing agreement in this
way could be necessary because of deficiencies in the line theory
and thst there is no experimental or theoretical justification for

microturbulence. The velocity field has its effect through the
Doppler part of the Voigt profile. The parameter v consists of
components of the thermal velocity and the turbulent velocity.
Including the velocity therefore broadens the line and changes the

-1
curvec of growth., Velocities of between 0.5 km s (Foy 1972) and



Table 7.2

Damping constants (Allen 1973)

Mechanism Constants for transitions

from level b to level a

P

cY- . C- Zf

n i

T e e

i

Natural Yn
Y. = 0. ?223/7\

Collisions with
a) Hydrogen \/6 =17 04\)3 N

C6_161E-33(13 52) [(X X)X~ X)}
04 0.6

b) Helium Y6h(2=17(26h<Z NH@*
2 / —2 / -1
Cone ™ O-50E-330K, 2) [(X-—Xb> -(-X) }
Stark effect Y4 = 388(:267 o N

Cy = 1'2181‘)[ 1}\3 fbj?\b } (Nin L)

> i ——

notes: V is the relative velocity between atom and
perturber.(Crﬂ/S)

N.., I, are number densities (cm"3)
I

he
></is the ionisation potential of the perturbed aton.,
/ is the effective charge of the perturved aton
XG’XD are excitation potentials (eV)
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2,4 kn s ! (Mﬁllef et al 1968) have been suggested for the sun,
with many different depth dependances. An approximate value can
be found by trial and error until the derived abundance is inde~
pendant of equivalent width (Garz et al 1969).

Continuing their analysis Blackwell et al found the 'safe!
value of W - for uncertainties in micro-turtulence was only 35 ma

for ground state lines.

The deficiency in the line theory that results in the nsed
for a microturbulence parameter'may be connected with the assumption
of LT8, For giant stars where the pressures are much lower and
collisional processes may not be sufficient to maintain equilibrium,
turbulent velocities of as much as 6 or even § knm 5! are required
(Tomley et al 1970). The calevlation of line profiles in non LTE
is a very complex problem requiring accurate atomic dzata and involve
ing wany iterative solutions. Simple epproaches (ifiller and
Matschlecner 1964 ) have pointed to little difference between LTE
and non LTE in the photospheric abundances, but detziled calcula-
tions using non LTE programs such as that of Mihalas and Aver (1972)
will not be very instructive until more coumplete atomic data is avail-
able.

To complete the line profile calculation:

Given‘{q‘ the line optical depth th is found from

ctfa | Kt {¢~
C‘.’C'-\ = Ka (7.9)

and thu lins proflla is Simply

T,(00) [ B, (em'“/r* Lta/p
I (O'P) J‘wéz—’tﬁ)ﬁ ’?‘/r‘ d;('ﬂ/f‘ (7.10)

where superscripts 1, ¢ refer to line and continuun.
A slight modification arises for the case where the disk cannot be

esolved. Intensities are then replaced by fluxes obtained by
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integrating over the disk.
T&'F (0) g 1(\0#‘}‘1 A-ﬁ - 2w fB @;)E (h) dt (7.11)
and the integrated profile is thus ’T'F (0) / —TF (O )

7.4 Observations and Results

- e

In order to obtain realistic abundances, lines with equivs-
lent widths of less than 35mf should be used. ‘fihis is a particu-
‘larly stiff constraint as there are few such lines in the solar
spectrua for which accurate f-values are available. In the past,
investigaticns have of necessity used lines with equivalent widths
of between 50 and 150 nf. With such strong lines uncertainties
in line theory can quite easily lead to changes of 207 in the
derived sbundance., Weaker lines have been svoided becszuse of
uncertain continuum levels and blending troubles. It is only since
the introduction of high resolution photoelectric scanning spec-
troneters that accurate neasuwrenents of weak line profiles have

becone possible.

A spectrometer of the low-noise type described in Chapter 5
has been used to scan various parts of the solar spectrum. This
instrunent was installed together with a coelostat on the Gornergrat
(30702) iﬁ Switzerlsnd. Data collection was performed using a
PDP-8 processing computer. It was shown by Blackwell et a2l (1967)
that, using the technigue already describsd in Chapter 5, noise
levels of less than 0.0175 can be readily achieved using this
instrument. In order to investigate the possibility of using weak
lines for a solar duUd}&ﬁCG anslysis, scans containing useful Ti
T lines were selected from a large series obtcined in 1970-72 by
B.S. Collins at the Gornergrai. 4s thhy are recorded on paper
tape they are particularly suitable for computer-cssisted investi-

gations of weak features.
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A typical Gornergrat scan is shown in Fig. 7.2. Each scan
consists of 750 points covering about 7-10 A. A continuum can bz
inserted either by judgement or by referring to the higher resolu-
tion spesctra of Delbouille 93_35_(1973). The feature of interest
can then be isolated on a visual display and magnified as required.
Using & program kindly supplied by A.D. Petford it is then possible
to exanine blending effects quantitatively. Fig. 7.3 shows the
same Ti I feature with a wing inserted by on-line manipwl.ation of
the displayed profile. Insofar as it is possible to magnify the
profile more readily and examine synthetic profiles quantitatively,
this method is superior to planimetering tracings (even from
Delbouille's atlas), which is a slow tedious process and particu-

larly susceptible to human error.

In choosing a line list from these nouzsured in the furnace,
all lines with equivalent widths greaster than 50 m& were first
discarded because of the danping and microiurbulence uncertainties
that would be involved. The renainine 19 lines were exanined
using the above programme and Wwere ruthlessly whittled down to
12 by stipulating that the measured equivalent width should be
reproducible to 275 for suitable alternative synthaetic profiles,
This constraint is neceszary because the pressnt versicen of
STARLING is not capable of dealing directly with blends although
it is proposszd to incorporate this into the program  in the near
futvre. It has already been shoun (Warren 1970) that useful in-
foraation can be extracted from blends provided the wavelengths of
the components are known to an accuracy betier than their Doppler
halfwidths.

For convenience the lines were classified according to
strength:

I Wi < 7.5 nk (2 1lines)
1T 7.5¢ Wx € 35 .1 (8 1lines)
11T 35 < W € 50 mi (2 lines)
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Class III lines represent those for which abundance uncertainties
of at least 10% can be expected. Class I lines have been included
purely to test the versatility of this method. Normally such weak
lines would be excluded as uncertainties in the continuum level
alone could change their equivalent widths by at least 10%4. C(lass
IT lines form the basic material for this analysis and it is later
shown that uncertainties in line theory produce a negligible effect

on abundance interpretations from these lires.,

With STARLINE a full curve of growth analysis was performed
for each line and the abundance found by interpolating with the
observed equivalent width, For the Class III lines microturbulent
velocities of 1.5 and 2.0 kn s"1 were usea with collision danping
enhancement factors of 1.0 and 1.3 in )2 end [y, . Natural damping
was inscrled aﬁits classical value and Stark broadening was izgnored.
Deridder and Rensbergen (197L) have shoun the latber two assurptions
are reasonable for photospheric analysas. For the other lines
nomninal values of 1.5 kn sm1 for the wicroturtuleace and 1.3 for
the enhancenment were adopied. The @uthor does not attach any
physical significance to these values, which were included purely

to demonstrate the uncertainties involved.

Fig. 7.4 clearly shows that Class II lines are virtually
independent of damping., The curve of growth for Ti I 7\61263)\
(1 eV) for enhancements of 1 and 6.3 in )i and Yene (correspond-
ing to x1 aund x100 in 06) is different by only 1.6% at the ohserved
equivalent width. This corresponds to only 0.010dex(2.3%) in the

abundance.

A similar investigation for microturbulence is given in
Fig. 7.5 which shouws the same curve of growth for Ve T 1.5 and 2.0
km 5-1; This time the abundance uncertainty is 0.0i12dex(2.57).
Thus allowing for a 2 error in the observed equivelent width,

(lass II abundances should test the relative oscillator strengths



Figure 7.4

Effects of damping on the solar curve of growth
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to at least 0.02dex(4.57%).

The result of the analysis is given in Table 7.3.‘ The
Utrecht eguivalent width (Moore et al 1966) differs significantly
from that measured here for both strong and weak lines thus possibly
demonstrating thet blending extraction from poor resolution
spectra is not necessarily easier with strong lines. The Gornergrat
values have bezen corrected for scattered light in accordance with
extensive couparisons made with the resulls of the Kitt Pesk

double~pass spectrometer (Pierce 1969).

It is of interest 1o determine whether the resulting abundances
are sensitive to the soler model. Fig. 7.6 shows the curve of
growth for HSRA amd the model of Hlste (1968). An investigation of
the contribution functions (essentially the variation of (1 with
depth) revealed that all lines forn in the region 0.1 € T.,., < |
where the temperature difference b:itween these models is 110 degrees.,
The difference in the calculated equivalent widths is distsibingly
large ( ~ 774 at 20 nf) and would lead to an abundance 0.04{107)

less for this particular line.

7.5 Discussion

It is gratifying to note that the abundance variations over
the 12 lines are not very large, indicating that nons of the f-wvalues
used are seriously in error. The abundances for the class II lines
varyg by only - 0.03 dex thus justifying the error.analysis of the
last chapter. Although only % of the total lines studied in the
furnace were included in this abundance analysis, they cover a wide
range of excitation and the author sees no reascn why the entire

relative scale should nct be accurate to the same amount.

The results for the weakest lines are 0,07dex higher than
those of class 1T suggesting a rough overestimation of 207 in

their equivalent widths. It is nevertheless a compliment to the
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Notes:
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A

5366,65
5389.18

4°(15.30
4926 ,16
5C09.65
5045.45
5295.78
5460.,51
6064,.63
6126.,22

Col

Table 7.3

sults of the solar 7i analysis

X Utrecht  Grat log W(Ti)
00818 205 2.2 A087
0.81% 5 4.6 4.88
0.048 11 8.8 4.6%
0.818 5.5 5.1 4.8%
0.021 24 26.8 4.°79
0.848 10 8.0 4.85
1.066 10 11.2 4.80
0.048 5.5 8.2 £.80
1.046 1 7.8 4.83%
1.066 20 19,1 4,84
0.021 38 40.5 4.76 - 4.80
1.066 40 46.5 4.80

Mean values:
Class I[: 4.88
Clags I1: 4,82 *
Clasgs 111: 4.80

0.02 (sta.dev)

1: Strength classification (sce text)
o

: Vavelength in angstroms

N

: usxcitation potential of lover level in eV

Louivalent width in 1A from lMoore et al(1966

LSRR G

Gornergrat equivalent width aifter 3.
scattercd lisht correcticn.

&: ~bundance relative to log H{i) = 2,00



Figure 7.6

Curves of growth for 2 solar models
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low-noise spectrometer that a realistic abundance can be obtained
from a line of only ZmX; Minnaert would indeed be surprised! With
only two results it is hardly possible to comment further on the

accuracy of working with such weak lines.

The error bar on the class III results, arising principly
from uncertainties in microturbulence, shows that investigations
using these lines will be inaccurate., The final abundance has

thereforc been based solely on class 1I lines,

r . L + ‘ kL d
ihe eryor bar in the absolute scale is ~ 0.03dex, and as this
is much larger than the variation in the results it is claimad
that :-

+

log n(Ti) = -4.81 - 0.08
on the log n(H) = 12.00 scale

Thae previous diternminations of the solar titaniusn abundance
are sunnavised in Table 7T.4. It is seen that the author's value
is slightlyy higher than that obtained by Goldberg g&_gk,(GMA 1962)
and Miller and Matschlecner (I, 1964) though is in rough agreement
with the recent work of Wolnik (1973) and Grevesse (1970), Wolnik's
value is merely a slight shift of Grevesse's abundance to an
absolute scale consistent with his shock tube measuremeants. As
thie scale is in itselfl only accurate to X 0.03dex (sce Table

6.7) the author disputes his reduced abundance error of 2 0.05dex.

Wolnik's absolute scale is 0.23dex lower than the author's
(cf. table 6.7), implying that a repeat of the author's abundance
analysis with his f-values would give an abundance of about 4.58,
in rough sgreement with the early work of Gi{A and MM. It must be
appreciated however, that these early investigations used crude
emi-enpivical models based on incomplete solar observations, and
an approximate theory of weighting functions valid oaly for weak

lines (se> Aller 1963 p. 363). The standard of the photometry was



Table 7.4

The Solar Ti abundance

Reference log 1(7Ti) Remarks
Aller(1953) 4.78 Compiled from classical

curves of growth by linnaerwy,
Unsold and Menzel
Pecker(1959) 5.63 fion LT, f from King, ..
rel abs
from svurule,

Goldberg 4.68 e, selected I, 4, T g from
et al(1960) sumrule.
luller & 4.58 fon ITE investigation across
lwtschlecner (4.78) solar disk, I _,. from C&B,
(1964) ()= f 3 from sumrule
Varner(1968) 4.50 CTi 1T, frel from axc wmeasurements
made absolute from sumrule.
Unso1d(1¢68) 4,68 Average of Goldberg ¢ lullex
with f_ correction.
&ebs
Grevesse(1970) 4.73 Ti I using Tatun Ty
! (4.33) (Pi II using Verner fabs)
Volnik & 4,775 X 0.05 Re-analysis of Grevesse using
Bertinel(1973) fabs of Volnik « Derthel
¥11is(1974) 4.81 L 0.0%
Notes: sbundances are on the H=12.00 scale
frel refers to relative oscillator strengths

fabs refers to absolute oscillator strengths

CiB means Corliss & Bozman(1962)
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of courée also much worse. As it has been demonstrated that the
Ti abundance is particularly sensitive to temperature variations,
it is unlikely that these early resulis are accurate to more than
a factor 2 (0.30dex).

Grevesse used the f.values of Tatum (1961b) who has himself
stated that his scale is only 'approximately absolute'!., Wolnik
finds his absolute scale agrees with Tatﬁm's.however. On the
author's scale Grevesse's value would be about 1.9) which is rather

high,

Apart from Pecker's (1959) surprising result,crude non LIE
investigations have given values roughly consiste:nt with LT2., This
- was originally confirmed toc some extent'by Warner's observation
that n(T™i I) -~ n(Ti II). However kolnik has shown Warner's Ti II
f-values are 0.50dex too loiwr. This has the effect of bringing
Grevesse Ti II abundance uwp to 4.33 in excelleut agreement with the
suthor's value for Ti I.

As the suthor's investigation is the only one restricted to
weak lines, utilising reliable f-valuss and the latest solar
nodel, he suggests his valuc is, at present; the most accurate

available.
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CHAPTER 8

ABSOLUTE ABUNDAVCZS FOR ARCTURUS

9.1 Introduction

Tnese ircturus abundances have been determined using the
same line thesory and methods detailed in the last chapter. The
theory may be considerably unsound however, for strong lines,
wnich are forazed in low density resions where LTE may not be
valid. Another difference here is that the lower temperature
reduces the thermal broadening, and consequently the effect of
microturbulence on the curve of growth is increased., Although
Griffin's Arclurus Aﬁias is outstanding in comparison to other stellar
spectra, it cannot match the low-nolse sclar spectra and consequenily
accursia ﬂéasuremuats of weak lires {(which rould aveid niero-

turbulence uncertainties) will be difficult. It is therefore

necessary to uoz stronger lines whose equivalent widths can be accurate~
ly measured and to agsiiie, or to deternine separately, a velue for

the microturbulence. This velocity can also be used in determiniug
the surface gravity (see Chapter L) to produce a refined model for

Arcturus.

The results presented here use f-values determined with the
Oxford furnece. The orlglnal titanium list was closely tailored to
the fr-cturus analysis and several good quality lines are included.
The iron list has been constructed for other purposes however, aand
thus only & few linss are presently applicable in this study. Those
latter f-values (Blackwell et 21 1974a) have been placed on an ahsolute
scale by referring to an atomic bezm absorption result of Bell and
Tubbs (1770). Using a more refined model @nd a considerably extond-
ed line list, a more complete anslysis will soon be possible. In
particulsr LI1E in Arcturus can be scrutinised by determining Ti II

and Fe II f-values from a solavr analysis, where LTE is perhaps a
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nore reasonable assumption.

Despite the preliminary nature of this investigation it is
the first time Arcturus has been studied with absolute f-values
and without reference to another star, and the accuracy of the abundances
is shown to at least equal'that of other published values. Because
Ti and Fe are synthesised in the later stages of stellar evolution,
their abundances are useful indicators of the metallicity of the
interstsllar medium where the stzr formed. Arcturus is thought to
be rcprecentative of a largo number of hizh velocity stars in the
solar naighbourhcod » i these results will be of use in theories of

galactic evolution as well as for those of nucleosynthesis.

8.2 OQbsarvations

Equivalent widths have been measured, with a planineter, for all
reasonabl; unblended lines in the Griiftin atles that have Oxford
fe-vaiues, Equivalent widths are particulsrly amenable for abundance
interprecations as they are irmdcpandzat of lorge-scale macroturiulent
velocity fields. In a spectrum synthesis pregram such as that devcloped
by Pcll, and used for an Arcturus analysis by Upson II (1973), un-
certainties in velocity fields will seriously affect profile interpreta-
tions, Equiﬁalent widths are often . - independent of instrumental
effects. Griffin (196%L) however has demonstrated that excessive
noics in the extended vwings of aa instrumental profile could alter
wesk equivalent widths by as much as 103, Fortunately it has been
satisfactorily demonstrated (Warren 1970, and see Blackwell et al

1971)‘that such effects are nz2glibible in ths Arcturus atlas.

The accuracy of these equivalent widths is determined by the
noicse level and contimuun position rather than the accuracy with
which onc can planineter. For lines ofVSOMZOD n £ with an adoptes

noise level of 2% an accuracy of about 3 is claimed.

8.3 The microturbulent velocity

Fal

There is nc obsorvational cvidence for interprobting the micro-
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turbulence parameter as a true velocity field and it was suggested in
Chapter 7 that the increased value incorporated in line analyses of
giants could be a non LTE effect. The consequence of the parameter

is an increased linear portion of the curve of growth which, for cool
stars, is quite short becanse of the reduced theimal velocity. At
L1400 K the most probable thermal velocity for a titanium atom is only

1.1 km secm1 and the effect of various microturtulent velocities is shown
in Fig. 8.1. As a rough example, to ascertain the abundance of titanium
from this line, one would roguire it to be weaker than 30 m’, or
alternatively at SO/mﬁ one needs the microturbulence, Vi to an
accuracy of z 0.15 km sec"1. As a weak line analysis of Arctuicus is
not y=t possible, it is essenticl that the existence and effects of
N be explored. Fortunately the effects of damping are'considerably
reduced st these low densities.

e

i microturbulence has previcusly been estinated from the
extent of the linecar part of the curve of growth, &nd also from

-

the line profiles (where it is likely to be confused with othar
cities). The former method is commonly used differentially with

respect to the sun whose microturbulence is quite uncertain (from

0.5 km sec“1 to 2.1 km secni) and the spread of values for K giants

obtzined 3in this way is even more. Glebocki (1972) found v, = 1.1

km seomT'(less than most solar values) though his curves of growth are

of poor quality. Helfer and Wsllerstein (1963) found a valus of 2.5

ki sec = sabisfied the curves of growth of 20 K giants and this

value was selecled by Williams (1971aby) for his narrow-band survey

of many K giants

For Arcturus, Griffin and Griffin (1947) determined a value of
2.1 from the Fe and Ti curves of growth, thouzh they had to ucse
gf-veluss from Corliss and Bozman. Wavren (1979) acsuned 2 value of
2.0 for a differential analysis with C Peg; Upson II (1973) and

simon (1971) use this value for investigating line profiles.

jere v, is datermined by a method involving the curve of

t



Figure 3.1

Effects of microturbulence on the Arcturus curve of growth
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growth., It is assumed at the outset that there is no depth de-
pendance or variation in Ve amongst different elements. The results
are sensitive to the depth-dependences but it is felt there is precious
little evidence for one botching parameter without extending the degree

of freedom still further. 'vt is therefore regarded as a fudge-factor.

Firstly curves of growth for several strong (\Nafv203mﬁ) Fe I
lines with Oxford f-values were constructed using STARLINE. These
saturated lines lie on the flat part of the curve of growth where
abundance effects are minimised. Z‘osuming a sgread of 0.50dex in
the abundance and a realistic varjiation in dazpinz constsnts, a pre-
liminery range of 1.6 & vy £ 2.5 ki/sec vas established. With a grid
of turbulence values from 1 to 3 km/sec, curves cf growth were then
constructed for all lines in the Arcturus line list, and abundances
were derived for each vt.Garz et 81 (1969) determined th: solar vy
by stipulating that the abundancz should be independent of equivalent
width. A simlified version of this is to plot derived abundsnce

acainst vt and hopez that a single abundance ziid nicroturbulence will

emerge.  Such a N«Vt diagram is showa in Fig. 8.2, The gradient
dﬂ/dvt dopands on the position of the line on its curve of growth;
for saturated lines the gradient will be largest, whercas the gradient

will be le for weak lines. The value deduced from this diagrem is

Q..

based on 5 iitersecting lines out of a possible 9. Tdeally the me
requires the use of stronger lines situated on the !arch' of the
curve of groirth where dﬁ/dvt is chenging, buat in this study such lincs
are either seriously blended or do not have good £-values. From this
a value of 1.9 £ Ve £ 2.3 is deduced. A preliminary abundance

of log n(Ti) = L. 39 X 0.05 can be deduced from these 5 lines.

+

1 3 -
The adopted value, taken as Ve T 2.1 - 0.2 km sac  1is consistent
with other values for Arcturus and sinilar stars. It is quite evident
-1 : . .
that a valus below 1.8 km scc , such as thut reported by Glebocki,

sould lead to absurd shundonce variations from line to line.
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3.4 Abundance Pesults and errors

The final abundance results with the adopted v, are given

in Table 3.1. There does not seem to be any signifi:ant correlation
between abundance and equivalent width which, within the scatter,
implies the microturbulence is about right. It is now possible to
test the Ti I f-values by comparing solar and Arcturus abundances.
The scatter in the ratio Arcturus/Sun (see Table 8.1 ) demonstrates
the variation oi the abundances in both analyses cannot be purely

due to errors in the relative f-values. The Ti I abundances agree to
within — 0.06dex (15%) apart from the line at "A606L.63 R which
requires a reduction of about 15 nk in equivalent width, This spread
is tuice that observed in the solar analysis and is attributed to
poorer data and possible uncertainties in the model. The mean value
for titanium is L.L2 z 0. Oy, which (for those who insist on referring
to ths sun), using the author's solar ebwundance (Cnzpter 7) implies
LTl/ri] ==0. 39 The iron analysis has a similar spread and the mean
value of 7. 27 - 0.05 becomss [Fé/HJ = ~0,33 after using the sclar
iron abundance of Garz et al. Tne implication of these values and
the comparisons with other published results are postponed until the

next section.

These results contain errors from nearly every chapter in this
thesis, and 2 detailed analysis would require a full investigation
for eszh lincz. To arrive at a crude figure, the possible errors are

considered individuall

i) T, The above analysie was performed with the model at 1402% K
(Table 4.12), Curves of growth constructed with the hotter
nodel at aSOJ K(Table Li.3) gave abundances cnnolotently
higher by about 0.03dex. Since T = L450 - T 50% K these
results are stricﬁly 0.0hdex,too lowg

ji) 1log g: 4s there is no indication of the error on the adopted
value of log g = 1.7, it is difficult to estimale the uncertainty

in these abundances. To demonstrate the effect: changing
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from log g = 1.7 to 2.0 the electron pressure at T = 0.1
increases by 3037 (see Fig. L.13), thus the neutral abundance
would increase and the derived total abundance would have to
be lowered by 0.12dex.

¢ The error here will affect lines on the flat part of the
curve of growth quite seriously. For wezk lines the error
of ¥ 0.2 kn sec”! gives about - 0.05 dex in derived

abundance.

Fquivalent width : On the linear portion this error transfcrs

directly i.e. 37 or about - 0.013dex.

f-values : Again it is assumed that for Ti the error in the
relative scale (0.03dex) is negligible in comparison with
that of the absolute scale (0.08dex). The Fe f-values are
Fuoun on an absolute scale to less than 0.01 however, and the

relative error of 0.03 will dominate.

Taking into sccount all these errors gives a rough uncertainty of
2 0.15dex (40%), for Ti and 2 0.10dex (263) for Fe, which is possibly

discoursaging considering differential abundance anslyses are canon-

jcally quoted to a factor two (e.g. Pagel 1972). Although the author

does not dispute differential error analyses he would stress, firstly,

the relatively large error introduced by the models. Many workers

do not seem to apprecizte that their models may be based on very

inaccurate estimates of Te and log g (see Chapter l}). Secondly,

although the error in the author's result is dominated by that in the

absolute f-values neseded for this absolute analysis, evea larger

errors could be introduced in analyses between stars of different

types where residual curve of growth effects would enter.

|09 n(Ti)
‘?3 n(Fe)

To sum:arise therefore, in Arcturus:-

L2 3 0.5
7.27 & 0.10

on the H = 12.00 scalz,
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Using solar abundances referred to above, these imply

[1i/a] = -0.39 2 o.o7
[Fe/H] = -0.33 < 0.10

8.5 Discussion

vt s

These results azree broadly with other metal abundances for
Arcturus collated in Table 8.2. The older analyses seem closer than
the more recent invectigations, which point to a larger deficiency,
especially for ivon. Griffin and Griffin (1967) determined Te =
4163° from Willetrop's scans and it has alﬁeady been noted that this
value will be too low and uncertain by atlozst - ZSJ deg A re-
adjustment of their results gives [M/Hil= -0l ~ Holweger's
(i9

author's for ti

f‘»

71) results, confirmed by van Paradijs (197h), egree well with the

4.

andun though Lis iron abunderce 1s rather lower.

@

l"\

, o .
These onalyses are based on medels constructed for = [;250", which

would secem to be a favourite value for Arcturus (see Linsky and 4sres
1973), yet strong evidence has been presented in favour of a higher
temperature. The increased abundances horc are mainly attributed to
this revision in Te for Arcturus. The only remaining puzzle is why
7illiams (19712), whose Té is nearly the sawe as that adopted here,
obtains the largest iron deficiency of all, Comparing these narrow-
band results with other detailed analyses, the author notes a consistent
lowering of between 0 and 0.3dex for his iron abundance, Willians
clains his result is accurate to 'a factor two! (: 0.15dex) yet that

error 18 not sufficient to match the author's result.

Simple enpirical curves of growth will always lead to poor
abundance estimates as they require mean values for tcaperature and
prescvre. Differential curves of growth constructed from model
atmospheres avoid these stratification problens althsugh the curve
3.5 not unique for lines of differing excitation. Cayrel and
Cayrel (1963) demonstrated that the actual T(T') employed in such a

differential enalysis matters little provided it is the same in both



Table 8.2v

Metal abundances in Arcturus

[ve / H] (21 / 1]

Reference

Griffin & f0.48 ~0.52
Griffin(1967)

Holweger(1971) ~0.65 ~0.40

williams(1971) ~0.77

E11is(1974) ~0.3% ~0,3%9

liotes:

Holweger's results are confirmea to within

¥ 0.05 dex by van Paradijs(1974).

Viilliams' analysis is with narrow-~band photometry.



stars, This useful fact mzskes it more reliable to compare K giants
with Arcturus rather than with the sun, where T(T) will not be homolog-

ous because of convective and backwarming effects.

Of course, differential analyses avoid f-values, and an
alternative approach to that used here would be to compare Arcturus
and the sun separately using relative f-values. 1In this case the
abundance uncertainty would not be less howsver bucause although
absolute f-values are avoidedyuncertainties in the solar analysis
are automatically transferred. The fow lines in Table 8.1 for which
this has effectively been done indicate that the error on the final
[Ti/H] is much less than the quoted - 0.07dex.

The higher T_ is further justified by Simon‘s (1971) failure
to fit the H line profiles using various models at uQSOO; he wanted
to raise the temperature but felt this woild be unrezasonable. Also,
Upson II (1973) reports that his 3 abundance, [ﬁ/§]= -0.50, is too low
for normal CHNO production in a star of this luminosity and tenmpera-
ture (see Ibzn 1967). He assur2d Te = ;102" which asives a luninosity
of 170 Ly , whereas at the new Té the luminosity becomes 210 Lé which

Al

may be sufficient to atlow destruction of i ' by the reactions:-
e K — PO Y
F18...> 018 + €,+ + VYV

This would result in a high ) abundance, which is in fact
observed ( [0/H)= -0.25, Upson II, 1973). Related to the C'10 bi-

1
15 ratio of 7 reported for Arcturus

cycle is the anomalously low 012/0
by several observers (Gsballe ci al 1972, Greese 1970, Upson 11 1973)
which is also inconsistent with normal nuclear processing (Truran
1972). It is suggested that experimenting with hotler nodels night
help to resolve scme of these uncertainties, The new Te and L place
Arcturus on the Population I giant branch in the Te-L diagren (Faullmer
and Cannon 1973) corresponding to a msss of about 1.54 implying g=50

is not far wrong.
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Arcturus is a high velocity star (Roman 1955, Wodley et al
1970) and the metal deficiency agrees with the theory of Galactic
evolution proposed by Eggen et al (1962). lore recent observstions
(Helfer 1969, Williams 1971a) show that high velocity stars sinply
show a broader iron abundance distribution corrw sponding to poor
interstellar mixing and different regions of formation. Ecgen (1971)
has suggested that Arcturus is typical of 2 large number of kin-
ematically associated stars called the 'Arcturus group'. Several
other members of this group are K giants; though 21l are too faint
for fine analyses. Thus although Arcturus is now essentially to be
- regard=d as a standard source for other K giant enalyses, the
 abundances of this remarkable star will always be of interest for

their own sake.
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CHAPTER 9

NUCLEQSYNTHESIS AND THE JTRON-PEAK

"etals and alloys Her chore
raising telescopeSeieecess

towards Her All Encompassed Eye"

from "God? She's Black' by
Gregory Corso (1962)

9.1 Imtroduction

This thesis would not be complete without a brief discussion
of theories accounting for the origin of those elements that have
been studied here. Observed abundances are an essential test for

ted if

~
152

£

these theories, and future work can cnly be properly coordin

both results are regularly brought together.

Nucleosynthesis theories have changed remarkably over the last
ten yecrs and the colourful history has been swwarised by Arnetlt
(1973). l=vertheless there is a need for a less technical review of
calculations accounting for nuclei in the iron peak, with possibly

nore emphasis placed on the role of stellar abundance investigations.

The theoretical aspects of this chapter are largely in the
nature of a review; a more complete (though less uptodate) version has
alreazdy been given (Ellis 1972). Broadly speaking, the changes in
the iron-peak theories are purely in the gradual removal of mathematical
and physical assumptions introduced nearly 30 years ago. Using the
hizh speed computer it is now possible to follow a time-dependent super-
nova calculation whereas earlier investigators resorted to various

forns of statistical equilibriunm.

9.2 Theories of nucleosynthesis

It will always be difficult for the observational astronomer to

allow the existence of a 'cosmic abundance distribution' against which
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nucleosynthesis theories can be tested. Even the author's results
reveal abundance variations and uncertainties of a factor two, and the
literature is full of even larger anomalies. There is therefore
certainly no reason why the solar system sbundances should be re-
garded as typically cosmic. It is nevertheless customary to separate
the larger variations and say that, providing an explanation can be
found for these, it seems evident that many stars in the Galactic

disk do have solar abundances to within a factor 3 (Pagel 1963, 197L).

A unique form for the abundance curve suggests two possibilities.
Either some or all of the elements were ciented together primordially,
and were subsequently distributed in space to form galaxies and
stars,Aor that the majority of the elements were synthesised in many
sites spread over the universe e.g. stars. 1In the latter case the
possible existence of a cosmic abundance distribution would suggeSt
the processes and physical conditions in the sites have not variédva
great deal.

The high abundance of hydrogen and its simple nuclear structure
suggests it is the building block from which heavier elements are
constructed. The necessary nuclear fusion can only occur at high
temperatures and densities because of the Coulomb barrier to charged
particles. Although such conditions may have occurred during the
initial 'big-bang' it is now believed that only a few of the lightest
nuclei can have been formed primordially., These theories, of historical
interest only as far as the iron-peak is concerned, were collected by
Alphervand Hermann (1953), and the problems are summarised by Peebles
(1963 ).

Tn an attempt to overcome the problems associated with the above

theories, agoner et al (1967) suggested supermassive objects ('\f106 Mp)
when exploding in 'little bands' would reach very high temperatures

long enough for synthesis of iron group elements. Fowler (1963)

later showed that the form of the abundance curve so produced is quite
different from that observed and that most heavy elements are produced

to only 1,4 of their solar abundances. MNevertheless, provided such
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objects can have existed, this is of interest because it corresponds to

the metal content of the oldest Population II objects in the Galaxy.

The stellar theory of nucleosynthesis was developed by Hoyle and
others (Hoyle 1946, 195, Burbidge et al 1957 hereafter B2FH). The
mass of a nucleus is less than that of its constituent nucleons |
and the binding energy per nucleon rises rapidly with increasing
atomic weight A, peaks at A = 56, and then declines gradually (see
Tayler 1972 p.63). This partially explains the existence of the iron
peak as a region of high stability. It also means that all fusion

reactions up to here will be exoergic.

BZFH proposed that all elements are synthesised during various
evolutionary stages in stellar interiors, and are éjected by mechanisms
such as mass loss, supernovae etc. The interstellar medium is then
enriched with heavy elements which are present in the atmospheres of
subsequent stellar generations. A total of 8 distinct processes were
invoked, forming a chain reaction. Each process ends when its fuel
supply in the core is depleted. The star collapses igniting the next fuel,
though previous fuels may continue to burn in shells surrounding the
core. The iron-peak was attributed to an e(for equilibrium) process

occurring during a final supernova stage of the star's evolution.

Although it has been necessary to modify several of these processes,
the basic framework is still the same. Of particular importance for
subsequent discussion was the discovery by Cameron (195%ab) that 012
9

K.

Under normal hydrostatic conditions, C & O-burning do not produce

and 316 could ignite by fusion reactions at temperatures of 10

enough of the elements in the mass range 20 € A < 32 and the
relevance of Cameron's discovery was not realised until several years
later. During a supernova explosion 012 and O16 will be subjected to
far higher tciperatures, either as products of helium burning in a
degenerate core, or in the envelope of a highly evolved star as a
shock wave passes. This explosive burning of carbon and oxyzen gilves
satisfactory agreement with the observed abundances for most isotopes
- in the mass range 12 £ A 40 but of yreater importonce for th

13
' 3 . n r\O’).
chapter, it has prompted similar explosive calculations for Sic-.

wo W
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9.3 The approach to nuclear statistical equilibrium

At sufficiently high temperatures and densities, rsactions will
become as likely as their inverses and if such an equilibrium can be
attained the resulting abundances can be calculated without using any
‘reaction rates. The earliest application of such a statistical equili-
brium was in the primordial theories discussed earlier (Klein et al

1947). The first application in a stellar interior, during a high

temperature phase was made by Hoyle (1946, 195L).

In a true equilibrium between all spccies the finnl abundances
sre described by the temperature T and the density € . By restricting
the equilibrium to the exchange of protons(p) and neutrons(n) between
heavier elements, BQFH attributed the iron-peak to such an e-process.

n this case the p/n ratio is regarded as a constant porancter, written

now in the form of a neultron excess ‘7

7 = (n+p)/ (n-p) (9.1)

At T. = 3.73 (the notabion X inlicates X in units of 10%) and

9 A
42 = 0.0?,Bzfﬂ found the predlcted abundances agreed with the prelin-

jnary solar abundances of Goldberg et al (1260) to within a factor 2
in the mass range 50 £ A £ 62. Outside this range the e-process
abundances fall short of the observed values and other processes

were invoked.

In later calculations (CJA ron 1963, Clifford and Tayler 1965)
the nature of the equilibrium wes carefully reconsidered, A true
equilibrium cannot be established because of the significant neutrino
energy loss at such high temperatures. Nevertheless if the time-scale
of this phase is long enough for a crude balance between decays and
jnverse decays, & quasi—equilibrium(QE) is possible, Although the
arithmnetic becomes slightly more involved, detailed reaction networks

can still be avoided and by virtue of its simplicity QE calculations
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are still favoured today by several investigators (Michaud and

Fowler 1972).

The possible criticism of the QE approximation as used by
Clifford and Tayler lies with the discovery by Stothers and Chiu (1962)
 that the maximum stellar timescale permitted at these temnpcratures is
only 0.3 years. Would this be long enough for establishing QE?
Calculations by Gilbert et al (1966, 1968) revealed that a more real-
istic approach would be to allow partial processing of seed nuclei.
This techunique of 'incomplete burning' has been performed by Bodansky
gi_ﬁ&_(1963)AUith 8128. They refer to their Q% as 'Si-burning QB!
fhough this is perhaps a misnomer as (unlike C & O) Si cannot burn by
fusion reactions because of the large Coulomb barrier. At high temper-
atures it is photodissociated and rearranged to form heavier nuclei
in the mass range 23 L A {62,

Viz

250 S . Ta > N

Bodansky et al found good agreement with observations provided only

et T

35% of the S:i_ad was processed., This arbitrary freezing of the QE
allows for any timescale problems as the star expands and cools during
the supernove explosion. It also effectively introduces a fourth

free parameter. It was realised at the time that a more accurate
description would be to calculate the reaction network at every instant
thus accounting for different reactions freezing out at different

instants.

Such rigorous 'explosive' calculations have only been possible
Wwith the recent measurements of many heavy nuclel reaction rates
mainly by Fowler and his crew (Fowler 197L). A fast large-storage
computer is another essential for these calculations. They will
eventnally provide the most accurate solutions though, unlike the
equilibrium necthods, they rely on models of evolved objects (Arnett

1969 which are presently not very well defined. Thus in some ways OF



calculations may be more realistic at the moment,

The first explosive calculations were performed by Arnett and
Truran (1969) and Arnett et al (1971). It is generally assumed that
the expansion in the explosion is adiabstic in which case the temper-

ature and density at any instsnt are given by:

e(®) \
T(t)

1 Y2 | ~
where W= 7‘ Qi is the hydrodynamical timescale which can be

CL ©Xp (”e//bh& )
T (e® /e )"

(9.2)

ajusted using a scale-factor'xg . Subscripts i refer to initial
values.,

Calculations have been performed with regions of pure 012,

O16 and Si28 and the results are summarised by Arnett (1973). Explosive
C~burning produces good agreement for the mass range 12 { A £ 28,

though in the heavier region 28 £ A € 62 it is necessary to combine
the results of separate burnings of O16 &nd Si28. In this case the
nunver of free parameters is greatly increased and good agreement

is encouraging yet not particularly remarkable.

A major difficulty in synthesing the iron-peak is that all
explosive burnings give a peak at Ni”~ dinstead of at Fésé. The import-
ant isotopes Cauh, Tib8 and Fb56 are also seriously underproduced.

On the other hand the old equilibrium calculatifns match F656 quite well
but fail in the region 28 ¢ A& hh. For these reasons it has now
become fashionable to invoke both processes, attributing the e-process
(dr its equivalent) to a pre-supernova stage, and the explosive
Si-burning to the actual event. Table Q.1 gives the parameters usad

in the most recent calculations (Woosley et al 197);) which accounts

for nearly all isotopes in the mass range 28 £ A £ 62 to within a

factor 3.



Notes:

9.1

Table

Parameters for origin of the nuclei

28< A< 62 (Voosley et al

rrocess T9
o : 16

wxplosive O 3.6
Iixplosive 8128 4.7
e-process(complefe) 5.5

A
[

Col
all nuclei.
Col 3: Densities in cgs

Col 4:

1974 )

&

2 1.00
200 4,45
200 4,45

Processes are combined to sccount for

Timescale according to

-thd =4467(€w% secs

All processes have a neutron excess of 0.002

All values are initial ctarting values.
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An important feature of all the nucleosynthesis calculations is
the sensitivity of the final results on % . Evidence for the consistency
of the explosive theories is provided by the constant value of 7 =
0.002 required for matching the results of C,0 and Si-burning with the
solar system abundances. The neutron excess in a typical observed
composition is determined mainly by the isotopes of C,%N, ani 0, which
in a secbnd generation star are produced by H-burning in the !'CNO-
bi-cycle! (Tgyrler 1972 p. 3)). For a Population I object the result-
ing excess is quite close to 0.022 implying that the 'father stars!
of the solar-system material were Population I objects. In older stars

would be much less and so one would expect the abundance of certain

23

n-rich nuclel e.g. Na = to be reduced; this is in fact observed

(Oke and Greenstein 1966).

The Justification of L. and fi on a stellsr model is discussed

4.7

n thie next section. Apart from ithis, the most important problen

e

concerning the origin of the iron peak is the reiustated e-process

necessary to explain the high sbundancs of be . Arnett (1962a)

suggested this might be avoided by a decay of the form

In the decay a characteristic gamia~ruy spectru would be radiated.
Jts detection both in individual objects (Clayton et al 1962) and

in the universal background (Clayton and Voosley 1969) would place
exploSive nucleocsynthesis on a fimier observutional basis. Regarding
possible time-sczle difficulties connecteld with the e-process,
Michaul and Fowler (1972) showed quasi-equilibriuvm wight be possible
if there is a prolonged pre-supernovs central temperature in excess
of 4.5 1O9°K. The role of the equilibrium approxinations is thus now
uncertain. Yet the e-process is esploryed quite regulzrly even in
most recent calculations. Heinebach (1972 ) has found good egreenent

with observations by combining many e-procesces.Clayton and Woosley
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(1969) obtain satisfactory results using a high 7 e-process (7?“f0.07)

though there is no observational backing for such a value.

The resulting picture is thus one of slight canfusidn. Initvielly
the e-process was regarded as a 'poor man's! eppivoach to explosive
calculations, yet as these in turn fail to describe every feature
- observed in the iron-peak, the e-process has been rzinvoked. VWHth-
out adequate models of highly evolved stars however, it is not certain
that calculations involving equilibrium or QB are physically realistic.
As there are so many other o'@erlmental uncertaintics, both in reac-
tion rates and in observed abunisnces, it is pernaps foolhardy and

premature to assign every discrepancy to deliciencies in the theory.

9.4k Supernova models

In this section the evolution of & massive star is described,
and possible supernova mechanisag are discussed, though the emphasis

is on heavy element production rather thon on detailed stellar models.

The motivation of the studies of expioslve nucleosynthesis was
the discovery by Schwarzschild and Harm (1952) that et the end of
H-burning in a low mass star, the core is a partizlly degenerate gas.
Contraction raises the central temperature, and conssquently any
thermonuclear reaction rate increases cnorsously whereas the gas
pressure remains nore or less the same. This explosive condition is
referred to as the 'Helium-flash' becruse the ignition of heliunm

triggers off the explosion.

Helium is not a particulesrly energetic fuel, and the degener-
acy mnzy be renoved after the flash, in which case the star returns
to hydrostatic equilibrium. Degenerate cocres of C  and O16 nay
however give flashes that are sufficiently violent to disrupt the
stzr (Arnett 196%9p). The nucleosynthesis accompanying the explosion

considerably excesds that during the hydrostatic burning.

The stage at which a star blows up depends on the onset of
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degeneracy in the core, which in turn depends on the core mass.
Heavier stars will generally witness more forms of hydrostatic burn-
ing, though at each.successive stage the evolution becomes more rapid
because of increased neutrino losses. If the star is sufficiently
nassive to survive ignition of heliwn, C and O-burning, it will be

able to burn Silicon, though the timescale at such temperatures renders
hydrostatic calculations unrealistic. There cannot be a Si-flash
incidentally as Si-burning is a disintegration procedure. A rise in
temperature at the end of Si-burning is thought to lead to the destiruc-
tion of iron-peak elements by reactions like:

56

Feo —> 13 + Iln

These highly endoergic reactions require further temperature rises.
The extraordinary luminosity of the supernova is then attribvted to
the neutrinos which, at such high teusperatures, transport Jarge amounts
of energy to the outer layers blowing them off to expose the hot

interior, he star disrupts, leaving perhzps a collansing remnant.

This massive-supernova model (proposed by Fowler and Hoyle
19455 ) has several restrictions. Firstly if the core mass MC<.2MO
the star will not proceed this far along the evolutionary track.
Arnett (1967ab) also points out that if i, > L {5 neutrino deposition
will be ineffective. The mean free path for electron-neutrino scatter-
ing in the high densities of such massive cores is two orders of
mazrnitude less than the core radius. Such stars will continue to
collapse after the endoergic reactions and may bocome black holes

(aboutl which one need say no more). Though this model requires

2 ¢ /M0 L it hardly restricts the total stellar mass ab all.
.

During such explosions,nucleosynthesis can occur both in the core
at the tinme of explosion, and also in the envelope where shock waves

impose extremely high temperatures and densities for short periods
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(~1,/100th sec.) (Colgate and Hhite 1966). Detailed calculations

by Truran (1969) show that the evolution of C,0 shells is so fast that
all the outer layers can be accurately representéd by pure Si28. The

resulting abundances may then be almost as described by Woosley et al

(1974). o

Perhaps the greatest uncertainties in understanding Galactic
elemeht production are the masses of the objeéts involved, and the
proportion of processed and unprocessed material ejected. If the
3 Arnett and Truran (1969) found

that an 'zmbarrassing overproduction' of iron-peak elements results,

central density exceeds 107 gm cm

and they would restrict explosions to stars vith totsl masses between
20 and 4O liy .The fact that a star does not produce the correct mix

of heavy elsaents does not however prevent it from doing so.

MAnother uncertainty in evoluticnary calculations is the super-
nova frequency. As no-one has cuggested a heavy elenent producer
that is anywhere near as efficient as a supernova it may be useful
to equate the solar share of ejected material with the hzavy element
fraction observed in the solar system., Allowing for unprocessed

" material (Arnett and Clayton 1970) gives:

Mo~ 035 Mo/ 4 (9.3)

-~

i.e. ’f’s ~ 3 Mej [ Mg gears (9.1)

wnere fs’ the supernova frequency is at the moment regarded as time-

independent; Méj is the total ejected mass per event.

Observationally f_= 1/350 yr-1 (Zwicky 1969), a figure based
on 3 Galactic and 200 extragalactic events observed upto 1967.
This}implies an improbable 120 M is ejected in each event, wheress a |
more realistic result of 9 - 17 I, corresponds to about one event every

25 -~ 50 years (Katgert and Oort 1967). lNormally astronomers woulda't
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worry about a factor 3 but it is often suggested that the present rate
of 1/50 yr-1 is sufficient to account for the heavy element production
(Tayler 1972). Zwicky and other observers feel particularly strongly
however that the supernova frequency is considerably less, despite
interstellar obscurration and difficulties detecting extragalactic
events., It is probably that fs was considerably higher in the past;
this would then be consistent with the observations (Helfer 1969)

that the oldest disk stars have near solar abundances, indicating that
a sizeable proportion of the supernovs processing occured in a short

period after the origin of the Galaxy.

9.5 The role of stellar abundances

Predicted'ironwpeak abundances are conventvionally compared with
the observed abundences of Cameron (1953, 197L). These come from
studies of meteoritic and lunar sanples however, and therefore re-
present a very localised abundance distribution. Stellar and solsr

abundances are usually excluded in these tables for two reasons.

Firstly, uncertainties in f-values and spectral interpretations
apparently render stellar abundances inadequate (Arnett 1973). This
excuse is surely outdated., Figure 9.1 shows the remarkable change in
the solar abundance of iron-group elements with respect  Canzron's
values since 1960. The remaining differences are not significant as
far ¢s nucledsynthesis is concerned, and can partly be attributed to
the inhomogeneity of the non-solar samples. This thesis has already
shown that the abundance uncertainty in cooler stars in only twice
thet in the sun, and since a large part of this error is due to
presently inadequate nodels, the prospect for greater accuracy is
encourazing. TFor hotter stars with accurate angular diameters and
reslistic models, the main limitation is the uncertainty in the f-

values which is rapidly decreasing.
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The second criticism of stellar abundances is that they fail to
offer direct isotope ratios. Exciting developments are being made in
millinetre-wave studies (Jefferts 92_&%_1974) and cosmic ray astronomy
(Cowsik and Price 1971 ), and reference has already been made to the usé
of gamma-ray investigations. Despite the alternative methods which
are capable of producing isotopic abundances, spectroscopy utilises
many other branches of stellar physics and by studying stellar struc-
ture and evolution it is possible to provide a firmer base for the

nucleosynthesis theories.

Further information is derived from the abundance variations
from one star to anothef. Variations of light element abundances are
thought to be due to mixing of products synthesised locally, for
example, by the CNO-cycle (Wallerstein 1963). Heavy element varia-
tions were originally attributed to poor observational interpreta-
tions (Unsbld 1969) though this hypothesis is now wearing a bit thirn.
There is little doubt for example, that the Arcturus/solar deficiencies
are real. The variations can of course be attributed to time and
spatial variations in the metal content of the inter-stellar mediunm

(Talbot and Arnett 1970, Powell 1972).

Several distinct nuclear processes are needed to explain thé
solsr-system abundances, though at present they can all occur in one
evolved object. It may eventually be necessary to combine products
from different objects, in which case the concept of a cosmic abundance
distribution will need modification, and the spatial abundance varia-
tions discussed above will be of great interest. Observationally we
should attack the abundance problem in as many ways as possible,
though as stars are the major constituents of this Galaxy, thought to
be the only significant nuclear processors, we must continue to

jnvestigate them as much as possible.
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CHAPTER 10

CONCLUSTONS

Although narrow and intermediate-bhand photometry offer exciting
prospects for rapid abundance investigations of many stars, detailed
analyses are siill important. There is an urgent need for a good coal
standard star with which other cool stars can be quickly but accurately
compared using simple differential techniques. Arcturus is a suit-
able choice and is of special interest because deviations from ITE
might be expected in this giant. A&s f-values are rapidly becoming
more reliable, it is perhaps time that abundances were determined by
a line-by-line method rather than by assuming a single curve of growth.
For standard stars it is particularly desirable that anélyses be per-

- formed without recouse to solar measurements.

This absolute analysis of Arcturus, though preliminary in several
aspects, brings to light nany new probls s and possibilities. TFor
cocl stars the greatest uncertainty at present is in the deteriinestion
of paremcters necessary for constructing model atmospheres. It is

generallj found that:

1) Angular,diameter measurements are unlikely to achieve the
accuracy necessary for determinations of Te from the total
flux. The only solution is to compare the relative energy
distribution with a grid of model atmospheres. Other methods

usually involve undesirable equilibrium assumptions.

2) Determinations of-Te from the shape of the flux curve ar=
limited by the unrealistic nature of the available model atmos-
pheres. Serious flux discrepancies below 50008 are noted and
are attributed to inaccurate opacities and possibly to an

underestination of line and band effects.

3) A reasonable estimate of Té could come from the H bump at

1.6&L though earth-based measurements here are unreliable,
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i) A good gravity-indicator for cool stars is badly needed. n
indicator independent of abundance and equilibrium assumptions
has been suggested (see L.5c) and it is proposed that gravities

of many late-type stars could be found this way.

5) Serious errors may result when using scaled models for investiga-

ting cool stellar atmospheres.

Oscillator strehgths can noWw be measured accurately by several
methods though few results are available for weak lines of astrophys-
ical interest. The absorption method is possibly the best for relative
measurenents of such lines,; and with the Oxford furnace a relative
accuracy of j0.0Bdex(?%) is easily attained; using refinements it is
possible to reduce this error to 20.01dex. fbsolute scales are still
too uncertain however, and more lifetime measurements for iron-group.

species are needed, particularly for the neutral atoms.

The solar Ti analysis has demonstrated the internal consistency
of the Oxford f-values, and also shows how it is possible to avoid
uncertainties in damping and microturbulence by restricting abundance
work to weak lines carefully measured from low noise spectra. For
cooler stars however, the increased noise level and decreased thermal
broadéning mekes it essential to investigate the effects of micro-
turbulence. This is unfortunate for there is little Justification for
the existence of this parameter, and its determination 1s not
straightforwsrd. TFor the case of Arcturus, in the final abundances,
the source of the greatest error lies with Te and g, thus emphasising
the points made above. With an improved model an increased accuracy
of 20.05dex in the absolute abundance will be possible.

The origin of the iron-peak is now fairly well understood in
terms of explosive theories of nucleosynthesis, though the equilibriun
procasses have been re-introduced to account for otherwise unexplained

features. The nuclear equilibrium has not been physically justified
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however, and it is suggested that the discrepancies might relate to
poor experimental data rather than to incomplete theories. Gamna

ray investigations could be crucial in settling this probk m.

Stellar anzlyses are soon likely to be regarded as ‘old
fashioned! because of exciting alternative methods for examining
products of nucleosynthesis. Stellar abundances are vital however
for studies of the structure and evolution of stars and galaxies.

It is hoped that these Arcturus abundances will provide the necessary

stepping-stone to a wealth of knowledge concerning cool stars.
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