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ABSTRACT.—Equivalent widths of about 800 lines in the spectra of the sun, dG2, v Cygni, cF7, « Persei,
cF4 and a Canis Minoris, dF3 have been measured in the region AN 3700-6750. The measured intensities have been
corrected for blending effects and other possible systematic errors have been examined. For lines measured in
common with other observers the adopted equivalent widths agree within the errors of measurement, though, for
the weakest lines, it appears that an over-correction for blending effects may have been made. Measured profiles
of the hydrogen and sodium D lines are also presented.

Menzel’s theory of the curve of growth is summarized to show how turbulent velocities and damping constants
may be derived from the fit of the observations on theoretical curves. Excitation temperatures may also be deter-
mined from the relative shift of log X, the abseissa of the curve of growth, with excitation potential for lines of the
same atom. Empirical eurves of growth have been obtained by plotting log W /N against log X, where log X, was
obtained for each line from an empirical eurve of growth for the sun. It has been found that the observations require
that different curves be used for neutral and ionized atoms for each star. Turbulent velocities are greater for
ionized than for neutral atoms, and for giant than for dwarf stars. Damping factors may be less for ionized than for
neutral atoms, and for giant than for dwarf stars, but, particularly for the giant stars, the damping portion of the
curve is not well defined. Exeitation temperatures do not show any great range from one atom to another and
mean temperatures have been adopted for each star; they do not differ greatly from star to star and are considerably
less than the effective temperatures.

The theory of the curve of growth and Saha’s ionization equation have been used to determine the composition
of these stellar atmospheres. Data obtained from high-dispersion spectra of the sun have been combined with
theoretical intensities to determine the composition of the solar atmosphere for most elements having atomic lines
in the spectral region studied and stellar line intensities have then been compared with the solar log X s-values to
derive abundances in the stars relative to those in the sun. As the ionization temperatures of these stars are not
known, both excitation temperatures and those computed for the level at which the absorption lines arise, which is
taken ag 7 = 0-3, have been used in the remaining ealeulations. By eomparing the number of ionized and neutral
atoms above the photosphere for the elements Mg, Si, Ca, Se, Ti, Cr, V, Fe, Ni and Sr, electron pressures have been
obtained. Results for different atoms give somewhat discordant results but since there is no direct evidence that
there is stratification in the atmospheres, it has heen assumed that there is no appreciable pressure gradient and
mean electron pressures have been adopted in the further discussion. The level of jonization in these atmospheres
is then readily determined and it seems that it increases with temperature and with luminosity if the stars studied
in this paper may be taken as representative of their class.

The relative abundances of the twenty-one elements for which ohservations are available agree fairly well from
star to star and confirm the general uniformity of stellar composition. There are about ten times as many atoms
producing the absorption lines in the atmosphere of v Cygnd as in that of the sun and about five times the number in
a Persei; the numbers are almost equal in o Cants Minoris and in the sun. Thus the number of atoms in giant
atmospheres seems to be considerably greater than the number in dwarfs. Although it is difficult to draw positive
conclusions, there may be small differences in the relative compositions of the giant and dwarf stars. No serious
attempt to study the relative abundance of hydrogen has been made in this paper as it seems that results obtained
from fitting profiles caleulated according to Verwei)’s theory of the Stark effect to the wings of the hydrogen lines are
not completely satisfactory.

* The principal observational data and preliminary results of this paper were presented as a dissertation submitted
in partial fulfilment of the requirements for the degree of Doctor of Philosophy in the University of Michigan in 1940.
The results were revised and prepared for publication in December 1942 but printing was deferred until the end of
the war. Recent advances in the methods of studying curve-of-growth phenomensa have required a further complete
revision of the analysis. Sections I and II have been changed only when additional information required such a
revision but the remainder of the work was re-written in 1946 and 1947,
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2 THE DOMINION ASTROPHYSICAL OBSERVATORY, VICTORIA

The following table lists the principal numerical results of the study:

Sun . . o Canis
| fovalues Sun ¥ Cygni | « Persei Minoris
neutral atoms 5-0 3-7 1-2
Turbulent Velocity, vr km/sec....... 0-9 0:5
ionized atoms 56 5.7 3-0
neutral atoms 1-3 1-6 0-9
Damping Constant, I'/v X 10%... ... 2.6 1-6
ionized atoms 0:15 0-20 1-1
Excitation Temperature, Teze. Koo oo 4700 4875 4825 5100 5000
Temperature at Optical Depth 0-3, Ty _0.s ° K...... 5275 5275 5075 5850 6200
Electron Pressure, P, dynes/em2............. e 16 17 0-47 4-2 86
Mean Level of Ionization, X volts.................. §-0 7.9 9-2 9-6 8-7

SECTION I.—INTRODUCTION

In recent theoretical discussions concerning the physics of stellar atmospheres,
Menzel! and others have pointed out the great need for more observations of line intensities
in stellar spectra.  As a contribution toward this phase of the general problem the main
portion of this paper is devoted to the measurement of line intensities in the spectra of
the sun and the stars v Cygni, a Persei, and a Canis Minoris. The final sections of the
paper present certain applications of the results to the theory of stellar atmospheres and
include a determination of excitation temperatures and estimates of the composition of
these stars.

The study of stellar atmospheres has become an important section of astrophysics
during the past twenty-five years. In the elementary theory, expressions were obtained
for the absorption and scattering of radiation as it passed through a uniform layer of gas
at a constant temperature. It predicted the relative shapes and intensities of spectral
lines surprisingly well and is used in many calculations today. We know, however, that
conditions in the reversing layer of the sun are very different from those postulated by
this simple theory. Many refinements have been added to improve the results but for
many years progress was impeded as much by the mathematical and physical complexities
of the theory as by the observational difficulties which were encountered. The sun is the
only star whose surface can be studied in detail, and deep-seated disturbances may be
inferred from observations of sun-spots, granulations and prominences as they vary from
day to day. Detailed studies of line intensities in solar spectra should also suggest these
disturbances and the correlation should provide further information concerning the whole
atmosphere. A detailed comparison of line intensities and shapes in the solar spectrum
and in spectra of other stars, both giants and dwarfs, should then enable some quantitative
estimates to be made concerning conditions in other stellar atmospheres.

1 Pop. A., 47, 6, 1939.
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The transfer of radiation through the outer layers of a star was first studied by
Schuster? in 1905 when he derived expressions for the intensity of monochromatic radiation,
moving outward from a bright source, after it had been scattered by an intervening layer
of gas. Schwarzschild,® in 1906, obtained formulae for the temperature of a similar layer
of gas which absorbed radiation of a given intensity. Subsequently few important
advances were made until 1924 when Stewart! combined these researches with the classical
theory of radiation to evaluate the breadth and intensity of a spectral line in terms of
the number of atoms above each square centimetre of the photosphere. During the next
ten years many papers were written on the theory of stellar absorption lines. Milne®
modified Saha’s theory of ionization® and studied the opacity of an atmosphere as a
function of the temperature and pressure at the base of a column of gas; Unsold? discussed
the theory of line profiles and applied it to his own observations of a few Fraunhofer lines
in the solar spectrum; Eddington’s paper on ‘“The Formation of Stellar Absorption
Lines® has formed the basis for many later discussions on the subject; Woolley®,
Pannekoek', Rosseland v, Unsold®?, and Stromgren® attempted to explain the apparently
real residual intensity at the centres of absorption lines; and Adams and Russell* applied
atomic theory to the Rowland intensities of Fraunhofer lines and obtained a semi-
quantitative estimate of the composition of the atmospheres of the sun and a few bright
stars.

Until 1933 few observations were available to test the theories which had been
developed. Schwarzschild'® had measured the profiles of the H and K lines of Ca II in
the sun in 1913; Unséld? had made use of his own intensity measurements for a few solar
lines; Minnaert'® had begun a systematic study of the solar spectrum at Utrecht which
has recently culminated in the “Photomeiric Atlas of the Solar Spectrum”"; and Miss
Payne® and her co-workers had measured the intensities of many lines on objective-prism
plates taken at Harvard Observatory. During the past thirteen years, extensive studies
of the solar spectrum have been made by Woolley'®, Mulders?, and Allen? and detailed
investigations of a number of individual lines, such as the sodium D lines?, the magnesium
b lines®, and a few neutral iron lines®, have been published. Observations of individual

tAp. J., 2, 1, 1905,

2 Gottinger Nach., p. 41, 1906.

“Ap. J., 59, 30, 1924.

5 Phil. Tr., A., 228, 421, 1929; M.N ., 92, 150, 1932 (with 8. Chandrasekhar).

¢ Phil. Mag., 40, 472, 1020,

1Z. Phys., 44, 793, 1927; Z. Phys., 46, 765, 1928.

tM.N., 89, 620, 1929.

* M.N., 90, 170, 1929.

1o Pr, K. Ae., Amsterdam, 34, 1352, 1931,

1 Theoretical Astrophysics, p. 140, Oxford Univ. Press, 1936.

127 f Ap., 4, 319, 1032; Physik der Sternatmosphdren, p. 301, Springer, Berlin, 1938.

BZ. 7. Ap., 10, 237, 1935.

U Ap, J., 68, 9, 1928.

15 Sber. Preuss. Ak., p. 1183, Berlin, 1914.

18 Z. Phys., 45, 610, 1927.

17 Minnaert, M., G. F. W. Mulders and J. Houtgast, Schnabel, Kampert and Helm, Amsterdam, 1940,

18 Stars of High tuminosﬂy, Harv, 0. Mon. No. 3, 1930.

B An, Sol. Phys. Q., Cambridge, 3, Pt. 2, 1933.

20 Diss. Utrecht, 1934; Z. f. Ap., 10, 297, 1935.

2 Mem. Comm. Sol. 0., Canberra, 1, No. 5, 1934; 2, No. 6, 1938.

2 UUnséld, A., Z. Phys. 46, 765, 1928; Korff, 8., Ap. J., 76, 201, 1932; Thackeray, A. D., M. N., 94, 99, 1933;
Shane, C. D., Lick O. B., 19, 119, 1941. ) .

% Minnaert, M. and G. F. W. Mulders, Z. f. Ap., 1, 192, 1930; d’Azambuja, L., Ann. O. Paris-Meudon, 8, Pt. 2,
1930; Righini, G., Oss. Mem. Arcetri, No. 48, 29, 1931; Plaskett, H. H., M. N. 91, 870, 1931; Korff, 8., Ap. J., 76,
291, 1932; Cherrington, E., Lick O. B., 17, 161, 1935; ten Bruggencate, P., Z_1. Ap., 18, 330, 1939;

M Shane, C. D., Lick O. B., 16, 76, 1932; 'i‘hackemy, A.D., M. N. %4, 99, 1933; ten Bruggencate, P. and H.
von Klither, Z. f. Ap., 18,, 284, 1939; hedman, R. 0., M. N., 97, 562 1937,
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late-type stellar spectra include 6 Cygni, w Cephei and & Equulei by Pannekoek and
van Albada®, « Carinae by Greenstein2¢,y Cygni by Mrs. Bailey” and Sahade and Cesco®
and o« Persei® and & Canis Majoris® by Miss Steel; the variable stars: R Coronae
Borealis by Berman®, § Cephei by Krieger®? and by Pannekoek and van Albada®; the
eclipsing binaries, { Aurigae by Christie and Wilson®* and VV Cephei by Goedicke®,
and the Cepheid variables, & Cephes and n Agquilae by Whipple** and by Melnkov®, In
addition, a comparison of the spectra of the K-type giant, « Bootis, with the dwarf,
70 Ophiuchi A, has recently been completed by Miss van Dijke®® which gives useful in-
formation concerning the atmospheres of these stars. Intensity measurements of the
hydrogen lines have been made, for solar-type stars, by Elvey and Struve®”, Williams?®,
Giinther®, and Jensen*?, but since many of these observations were obtained with instru-
ments of low dispersion their accuracy may not be high. Other intensity measurements
which have been published for solar-type stars include data on a few iron and titanium
multiplets by Struve and Elvey® and on a number of lines from AA 5000-6000 by
Thackeray®. Of the above papers, those dealing with the sun, v Cygni, a Perse: and
a Canis Minoris form the basis for comparison of the present work with that of other
observers.

Early discussions linked the theory of stellar atmospheres with the profiles of absorp-
tion lines but observations of line profiles with different dispersions showed that, except
for broad lines such as those of hydrogen in the A-type stars, the shape of a line was
determined very largely by the spectrograph. Methods have been developed“* to allow
for this instrumental profile but Unsold® has pointed out the difficulty of obtaining the
true shape of solar lines weaker than Rowland intensity 5. As already mentioned, true
profiles of strong solar Fraunhofer lines have been derived for a few lines™ . 2
Numerous attempts* have been made to trace the course of radiation through a stellar
atmosphere and to compare observed profiles of absorption lines with those calculated for
certain specified conditions. For many years the mathematical complexities of the
theory discouraged further studies of this nature, but recently Chandrasekhar'® has
developed methods by which the equation of transfer can be solved directly. In addition,

13 P, A, Imst., Amsterdam, No. 6, Pt. 1, 1939; No. 6, Pt. 2, 1946 was received after the manuseript had been
largely completed.

2 Ap. J., 95, 161, 1942.

11 Thesis, Univ. of Arizona, 1942,

# Ap. J., 104, 133, 1946.

® 4p. J., 102, 43, 1945.

3 Ap. J., 102, 429, 1945.

n Ap. J., 81, 369, 1935.

2 Ap. J., 85, 304, 1937.

B Ap. J., 81, 426, 1935.

% P. 0. Univ. Mich., 8, 1, 1939.

#s Lick O. B., 16, 1, 1932.

B 4. Cir. Ac. 8c., U.8.8.R., No. 45, 6, 1945.

# Ap. J., 104, 27, 1946.

3T Ap. J., 71, 191, 1930; Ap. J., 72, 277, 1930.

B An, Sol Phys O Ca.mbrldge, 2, Pt. 2, 1932.

#Z f. Ap., 7, 106, '1933.

© A, N., 266, 269, 1938.

wAp. J., 79, 263, 1934; Ap. J., 79, 409, 1934.

a M N, 9,99 1933; M. N., 94, 538, 1934.

s See e.g. Unsild, A. Physik der Sternalmosphdren, p. 208; Redman, R. 0., M. N., 98, 311, 1938.

8 Ap. J., 69, 326, 1929,

# See Unsold, A., op. cit., p. 226.

“Ap. J., 99, 180, 1944 et. seq.
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" Stromgren®® obtained expressions for the profile of a line in terms of the abundance of the
" atom producing it and, for certain resonance lines, was able to make an estimate of the
. abundance of a given element relative to that of all metals, and to hydrogen. His theory
can be applied to stars other than the sun and can be used for total intensities of lines,
but the method has not yet been thoroughly applied.

Although the true line shapes can be obtained for only a few of the strongest lines in
the spectra of a few bright stars, where the lines are sharp as in the sun, the total absorption
or equivalent width of an absorption line is a quantity which is independent of the spectro-
graphic resolving power and, for a given line, the same value should be obtained with any
instrument. 'This is the observational datum which has been found most useful in the
past few years and with which this paper is primarily concerned. In 1931, Minnaert,
Mulders and Slob* were able to relate the equivalent width of any line to the number of
active atoms involved in the transition which produced the line. The course of the curve
relating these two quantities is called a curve of growth and will be fully considered in
Section ITI. Struve and Elvey*® formed curves of growth for a number of stars by apply-
ing their equivalent-width observations of lines in a few multiplets and thereby discovered
the “turbulence effect”, namely, that the velocities of the atoms in the atmospheres of
many stars appear to be much greater than those which can be ascribed to thermal motion
alone. Later, Menzel® and his co-workers at Harvard Observatory extended the theory
of equivalent widths, applied it to Allen’s solar data and obtained an excitation tempera-
ture for the sun which was somewhat lower than the usually accepted value for the revers-
ing layer.

At the outset of this investigation the only published measurements of line intensities
which covered a considerable range of spectrum, were homogeneous and included both
strong and weak lines, were those of Allen® and of Mulders? for the sun. In order partially
to remedy this obvious lack of obgervational data the present program was undertaken
at Victoria in the spring of 1937. Previously, a number of spectrograms of fifteen
representative stars had been obtained with the two-prism spectrograph attached to the
37%-inch telescope of the Observatory of the University of Michigan in an effort to
obtain a relation between the central intensities of spectral lines and the heights of the
corresponding elements in stellar atmospheres. When the writer moved to Victoria,
however, the availability of much more powerful equipment presented an opportunity to
make a detailed study of line intensities in the spectra of a few stars and the earlier
investigation has been superseded.

It is well known that many errors are inherent in the spectrophotometric measure-
ment of line intensities and although Dunham® is extending Adams and Russell’s empirical
work on line intensities to determine the number and distribution of atoms in stellar
atmospheres, it is felt that additional data on the spectra of a few typical stars will be of
considerable value. This paper presents observations of the equivalent widths of eight
hundred lines in the region A\ 3700-6750 for the four solar-type stars, the sun, ¥ Cygni,
o Persei and o Canis Minoris. These intensities have been combined with solar log X ,-

16 Ap.J., 86,1, 1937; Festschrift fiir Elis Slromgren, p. 218, Munksgaard, Copenhagen, 1940; P. Med. Kobenhavns
0., No. 138, 1044,

w7.f. Ap., 2, 165, 1931; Pr. K. Ac., Amsterdam, 34, 542, 1931.

@ Ap. J.. 84, 462, 1936; Ap. J., 87, 81, 1938; Pop. A., 47, 6, 66, and 124, 1930.

o Mt. Wilson Ann. Rep., 1933-38.
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values, which are derived from an empirical curve of growth for the sun, to obtain curves
of growth and excitation temperatures for the four stars. They have also been compared
with solar data obtained from spectrograms taken with instruments of very high resolving
power to provide preliminary information concerning the pressures and ionizations in
' these stellar atmospheres and approximate values for the abundances of the elements
observable in the spectral region studied in this paper.

During the past year improved observational data have permitted a more detailed
comparison of empirical curves of growth with those given by theory. A solar curve of
growth derived by the writer® from intensities given by Allen and in the Utrecht Photo-
metric Atlas, and from laboratory ¢;/- values measured in absorption by R. B. King and
A. 8. King® showed deviations from the theoretical curve of best fit which have not yet
been explained; similar deviations are also present in the curve of growth for Arcturus
which was constructed by Miss van Dijke®s. In addition, when measures of lines in the
spectrum of o« Persei were plotted against solar log X, values®, it seemed clear that
different curves of growth were required not only for neutral and ionized atoms in this
star®, but also for lines arising from different levels in the same element (neutral iron)®,

These observations indicate that accurate measures will demonstrate the need for
considerable extensions of the present theory of the curve of growth, However, it must
be remembered that Struve® has pointed out that curve-of-growth phenomens, provide
one method for securing some information concerning the structure of stellar atmospheres
but it is only a substitute for the study of true line profiles undistorted by the spectrograph,
As an example of the value of the latter, he cites the study by Spitzer®® of the spectra of
M-type super-giants. Very recently, Struve®® has also shown that there is a serious
discrepancy in the value for the turbulent velocity derived from line profiles and from the
curve of growth for & Canis Majoris which also suggests the need for a further modification
of the theory.

In view of these remarks, it appears that there is a fruitful field in the study of stellar
line intensities, both from the standpoint of the curve of growth and from that of line
profiles. It will be many years before it will be possible to develop instruments capable
of giving true line profiles for faint stars. Therefore it seems desirable that the two methods
should be studied concurrently and that all possible information be derived from each in
the hope that our knowledge of stellar atmospheres will be further advanced.

0 Ap. J., 99, 249, 1044,

A, J., 87, 24, 1938,

“J R. A. 8. Can., 40, 183, 1946.
BJ. R A 8 Can., 41, 49, 1947,
M Ap. J., 98, 134, 1043,

BAp. J., 90,494, 1939,

6 Ap. J., 104, 138, 1946,



. SECTION II.—OBSERVATIONAL MATERIAL AND MEASUREMENTS
THE SPECTROGRAMS

The three stars, v Cygni, o Persei, and « Canis Ménoris, were selected for detailed
study because they are representative bright stars, similar to the sun in spectral type,
vet covering a large range in absolute magnitude. Observations of the sun were included
n the program in order to compare the Viectoria spectrograph and experimental pro-
ures with those.of other observers. In the case of the sun, plates of the sky and also
* of the moon were taken as they represent the integrated light from the whole solar surface
ii_md are directly comparable to the light from the stars. Observations of the sky and
" moon were studied separately at first but, as no systematic difference was apparent, the
results have been grouped together. Table 1 lists the relevant data concerning the stars
* as given by Moore ¥ and Kuiper.®

TABLE 1. STARS OBSERVED FOR SPECTRAL LINE INTENSITIES

_ Sun v Cygni a Persei ;g?;::: .

2 380 /PRI R 194093 20902 61421 |
@ (1900 . oot e 20" 1876 3t 1772 7 3471
8 (1900). .. eree e SUUUTTTTRS TR 30° 567 49° 30° 5° 20°
Speetrumm, H. D.. oo ettt 1 Go Fsp F5 -F5

ReVISed. ... oviveenrerneeneene e eeeins e F7 oF4 dF3
Mo s e e s e e e an e e nae e raraiaaranreerantens ~26-84 +2-29 +1.90 +0-45
Y O P PSPPSR PP +4.73 -5 —4.4 +2.77
Tar Kevrooe e, e 5725 5500 6325 6725

In order to cover the desired spectral range, four series of spectrograms were obtained
at the Cassegrain focus of the 72-inch telescope of the Dominion Astrophysical Observatory.
The “blue”’ region from \ 4028 to A 4603 was studied first with the three-prism spectro-
graph which gave dispersions of 4-8 A/mm. at A 4028 and 10-1 A/mm. at A 4603. After
the intensities of available lines in this region had been measured and preliminary results
had been obtained, it was decided to extend the investigation to cover the green and red
regions of the spectrum. For the “green” region from A 4571 to X 5701, the same spectro-
graphic combination was used but the deviation was changed and the dispersions were
7-6 A/mm. at A 4571 and 20-8 A/mm. at A 5701. As the dispersion of the prisms was
decreasing rapidly at this point, the Wood aluminum-on-glass grating, which has a strong

s P, Lick 0., 18, 1932.
“ Ap. J., 88, 429, 1938; Ap. J., 88, 472, 1938,
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first order, was used for the “red’’ region from A 5435 to A 6752. The grating acts against
the usual single-prism arrangement of the spectrograph as described by Beals and
McKellar® and the dispersion increases from 18-1 A/mm. at A 5435 to 13-2 A/mm. at
X 6752. In the blue and green regions the field was very flat and excellent definition was
obtained over the entire plate; in the red region, because the lens had been made for use
with a single prism, the field was not absolutely flat, although good definition was obtained
over a range extending from A 5600 to A 6750. In 1943 the stellar spectrograph was
re-designed to permit the use of prisms and gratings in a Littrow form®. It was found
that the Wood grating which gave a strong red spectrum in the second order was suitable
for use in the third order in the ultraviolet region from AX 3700-4000 where a reasonably
flat field was given by the collimator lens. As this region contains numerous strong lines
of neutral iron, many of which are on the damping portion of the curve of growth for the
sun, it was decided to obtain a fourth series of plates for the stars studied in this paper
and to measure the intensities of all lines which seemed to be suitable for this purpose.

Details of the spectrograms are given in Table 2. The date, the emulsion, the
exposure time, the region actually measured on each plate, its density, the instrument
and the observing conditions are listed in successive columns. Photographs of selected
regions of the spectrum, together with microphotometer tracings of the same regions, are
shown in Plates I to III. Intensitometer traces, showing the observed intensity of the
spectrum from AN 3835-3875 relative to the adopted position of the continuous back-
ground (taken as 100 per cent) are shown in Folding Plate IV. A number of different
emulsions were used; the choice of a particular emulsion depended on the spectral region,
observing conditions and the time available at the telescope. The Ilford Astra II plates
are very satisfactory when great speed is required but somewhat coarse-grained and, in
the blue region, Eastman 33 or Eastman 40 plates were used whenever possible. The
Iliford Special Rapid Panchromatic plates have a suitable grain and are moderately fast
over the region to which they are sensitive, but in order to study He and the lines to the
red of A 6500 many Ilford Astra VIII plates were used. However, as shown by the
microphotometer tracings, the weak absorption lines in the red region are particularly
difficult to distinguish from the grain of the plate and for that region lower weights have
been assigned to the results obtained for these lines. More recently, Eastman 103a 0,
IT 0, III 0 and Lantern Slide emulsions were used for the ultraviolet region.

CALIBRATION OF THE PLATES

All plates were exposed in the single-prism calibrating spectrograph, which gives a
dispersion of 53 A/mm. at X 4350, for from ten to thirty minutes immediately before the
stellar exposure. The latter varied from a few minutes for plates of the sky and a Cands
Minoris to nearly two hours for some plates of ¥ Cygni but, as Jones and his collaborators®
have shown, this exposure factor does not introduce an appreciable error due to failure of
the reciprocity law. Immediately after exposure the plates were brush-developed for
four minutes at 20° C.; the blue and ultraviolet plates were developed in D-11 and the
green and red plates were developed in Rodinal which had been diluted with water in a

®J. R. A.S., Can. 32, 369, 1938.
# Beals, C. S., R. M. Petrie and A. McKellar, J. . A. 8. C’tm, ,349, 1046,
wJ, 0.8 A., 11, 319, 1925; J. 0. 8. 4., 12, 321, 1926; J. 0. §. A., 14, 223, 1927.
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Prate 1. Spectra and Microphotometer Tracings of the Sun, v Cygrt, o Perset and
o Cants Minoris in the Region AN 4225-4235. Wave-lengths and identifications have heen marked
and the lines measured for each star are indicated by vertical strokes on the appropriate tracing.
The magnification is 25 X the original spectrograms.
A line representing the position of the continuous spectrum has heen drawn on each tracing.
The density of the original plate is shown by the calibration steps which have been drawn at the left
of the tracings; the intensity ratio between steps is 2-00 for the sun and 1-58 for the other stars,
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A line representing the position of the continuous spectrum has been drawn midway through the deflections
produced by grains of the plate.  The calibration steps are shown at the left; the intensity ratio between each step
is 1-28.



LINE INTENSITIES IN THE SPECTRA OF FOUR SOLAR-TYPE STARS

TABLE 2. LIST OF OBSERVATIONS

ga,;e Emulsion Exnl:l?z"m R&g}l\on Instrument Density Remarks
Sky and Moon

1937 Feb. 19-947..... All 6 4028-4603 | III Prisms Good

Mar. 18-981.. ... E 33 5 40284603 Good

Sept. 9-041..... E 33 25 40284590 SI. strong

Sept. 9-056..... E 33 14 4028-4603 S1. strong

Sept. 22-326. .. .. E 40 60 4028-4590 Good Clouds

Sept. 22-360..... E 40 32 4028-4603 Weak in violet,

Sept. 22.385.. ... E 40 42 4333-4603 Woeak in violet | Clouds
1938 Nov. 19-833..... S.R.P. 6 4571-5625 | III Prisms Cal. strong

Dec. 12-803..... AIX 5 46345690 Compn. strong

Dec. 12-866 S.R.P. 22 4602-5683 Good Clouds
1938 Sept. 13-374..... A VI 46 5688-6753 | Prism and Good

Grating

Dec. 13-625..... AIX 40 5638-6142 Weak in red
1939 Mar, 27-820..... AVIII b 6081-6753 Green weak

May 9-821..... A VIII 15 55556661 Sl weak

May 9.846..... A VIII 20 5522-6233 Good

May 9-864..... A VIII 24 6142-6753 Good
1943 Aug. 18-097..... II0 12 3690-4010 | Grating Sl weak
1944 June 8-994..... LS. 12 36904010 Good

June 22-955. . ... LS. 14 3690-4010 Good

7y Cygni

1937 May 27-427..... Al 61 4028-4584 | IIT Prisms Cal. strong Clouds

June 5.462..... Al 50 4028-4603 Good

Sept. 9-152..... E 40 50 40804603 Weak in violet

Sept. 9.201..... E 40 90 4056—4603 Good

Sept. 9-284..... E 40 115 4134-4603 Weak in violet | Clouds

Sept. 22-158..... E 40 104 4028-4603 Good

Sept. 22-257..... E 40 120 4028-4603 Weak in violet | Clouds
1938 Feb. 25-556..... E 33 30 40284603 Weak in violet
1938 Oct. 4-131..... ATl 42 4584-5156 | III Prisms Weak in green

Dec. 13-047..... AIX 22 4716-5690 Sl strong

Dec. 13-063..... AIX 26 4571-4872 Good

Dec. 13-081..... AIX 22 4914-5701 Sl weak

Dee. 13:099..... AIX 30 4576-4940 Good

Deec. 13-137..... SR.P. 80 4583-5690 Good
1938 Bept. 13-299..... A VIII 56 56836753 | Prism and Bl strong

Nov. 22-075..... S.R.P, 84 5445-6152 Grating Compn. strong

Nov. 22-135..... A VIII 88 62166753 81. weak

Nov. 22-198..... S.R.P. 90 5497-6312 Fair
1939 May 9-442 ... A VIII 68 5665-6753 Good

May 9-482..... A VIII 106 55766753 Good
1943 Aug. 18-285..... 103a 0 210 3705-4010 | Grating 8l. weak Haze
1944 June 9-397..... Cr.H.5. 120 36904010 Good

June 10-446. . ... Cr.H.8. 50 36904010 Sl weak
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TABLE 2. LIST OF OBSERVATIONS—Concluded

%ﬂt.; Emulsion Exlfn?i?m Ref;:) n Instrument Density Remarks
a Persed
1937 Feb. 20-111.....] AII 51 4028-4590 | III Prisms Good
Mar. 28:162.....| AII 20 40284590 Weak in violet
Sept. 9-403..... E 40 70 40284603 Weak in violet |Clouds
1938 Jan. 19-064.....] AII 30 40284590 Strong in blue
Feb. 25-136.....| AII 14 40284576 8. strong
Feb. 25-144.....| AII 8 4028-4603 Good
1938 Sept. 16-449.....! S.R.P. 60 4576-5683 | IIT Prisms Strong in green
Nov. 15-301..... AIX 14 4588-5701 Good
Dec. 13-225.....| BS.R.P. 46 4588-5701 Good
1938 Sept. 13-411.....| S.R.P. 50 56886417 | Prism and Fair
Grating
Sept. 13-488.....| A VIII 50 5703-6753 Good
Nov. 22:264.....| A VIII 80 5471-6753 Good
Nov. 22:326.....] S.R.P. 80 5435-5775 Good
1939 Mar. 14-157.....| A VIII 36 5498-6753 8l weak
1944 Mar. 12-169.....| Cr.H.S. 82 3690-4010 | Grating Good
Mar, 12-251..... Cr.H.8. 90 3690-3905 Good
Oct. 6-382.....1 1IIIO 94 3690-4010 Bl weak
Oct. 6-461..... IIT 0 130 36904010 Good
Oct. 11-433..... Iro 108 3690-4010 Sl. strong
1945 Feb. 20-196..... iro 76 3690-4010 Good
a Canis Minoris
1937 Feb. 20-250.....| AII 15 404904590 | III Prisms Good
Mar, 28-145.....| AII 17 4028-4603 Good
Mar. 28-176.....] AII 5 4028-4603 Good
1938 Feb. 25-217.....| E33 6 4028-4603 8l. strong
Feb. 25.228.....| E33 2 40284603 Good
Feb. 25-231.....| E33 1 4028-4603 Good
1938 Nov. 15-500.....; S.R.P. 50 5172-5619 | III Prisms Weak
Dec. 13-321..... AIX 12 4572-5185 Good
Dec. 13:364.....| S.R.P. 40 4583-5174 Sl. strong
Dee. 13:408.....| B8.R.P. 25 4572-5690 Good
Dec. 13-430.....] S.R.P. 36 5166-5701 Good
1938 Nov. 22.460.....| A VIII 40 5512-6753 | Prism and Compn. strong
Grating
Nov. 22.510.....| A VIII 40 5615-6753 8l weak
Nov, 22-543.....| AVIII 56 5490-6753 Good
1039 Mar. 28.162.....| A VIII 70 6355-6696 Sl strong
1944 Mar, 10-228.....] Cr.HS. 30 3690-3906 | Grating Good
Mar. 10-263.....| Cr.HS. 26 36904005 Good
Mar, 10-292.....] Cr.H.S. 36 3690-3895 Good
Oct. 11-558.....| IIIO 44 38003922 Good
1945 Feb, 20-238.....] II0 34 36904010 Good
Feb. 20-300.....| II0 40 3690-3865 Good
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ratio of 1 : 20. Before this observing program was begun, tests were made on a number
of developers, including borax D-76 and paraphenylene-diamene, to test the relative
graininess of the plates and the presence of any Eberhard developer effect. Since the
size of the grains did not decrease greatly, since the necessary exposure time was lengthened
considerably by the use of a fine grain developer, and since no Eberhard effect was apparent
for any of the developers, the use of those employed at the Observatory was continued.

Intensity steps were impressed on the plates by means of a rapidly rotating step-
sector placed immediately in front of the slit of the calibrating spectrograph. Until
March, 1937, a sector with nine steps which had a uniform intensity ratio such that
A (log 1o I) = 0-301 was used. The sector was then replaced by one of similar con-
struction but which had twelve steps with a uniform ratio of A (log 10 ) = 0-200 between
each step. The calibrations obtained with this arrangement have been compared with
(a) a step-slit; (b) a number of step-weakeners made of sputtered platinum by McKellar
at the Massachusetts Institute of Technology; and (c) a step-weakener sent by Minnaert
from Utrecht with which calibrating devices in use at several observatories have been
compared. The calibration curves obtained with the sectors were shown to be identical,
within the errors of observation, with curves obtained by means of step-slit and step-
weakeners. All comparisons, which covered almost the entire range observed in the
present investigation, A\ 4000-6700, were made by Petrie and McKellar® and by Beals
and McKellar®.

MICROPHOTOMETRY OF THE PLATES

The plates were analysed with the photo-electric recording microphotometer of the
Observatory designed by Beals®. To obtain the full resolving power, narrow slits were
used on the microphotometer and the speed was regulated so that one centimetre on the
plate was covered in about five minutes. In order to allow for any change in the lamp or
in the amplification system, calibrations were placed on the tracings both before and after
each run along the spectrum. In most cases the maximum deflection of the galvanometer
remained sensibly constant but for the few times where a change was noted, all deflections,
both for the calibrations and throughout the spectrum, were reduced to average values.

In the green, red, and ultraviolet regions, all tracings were made with a 100-fold
wave-length magnification. In the blue region, for identification purposes and for measur-
ing profiles, the same magnification was used but for lines where the intensity at the centre
of the line and its width at the continuous spectrum were the measured data, a 20-fold
magnification was employed. In all cases the sensitivity of the microphotometer was
such that the amplitude of the galvanometer deflection between clear glass and total
darkness was between 10 and 11 cm.

Much has been written concerning the variation with wave-length of the slope of
the calibration curve relating galvanometer deflection and log (intensity). While no
detailed examination of this problem is attempted in this paper, it may be noted that, for
the plates used, there was little appreciable change in the slope of the straight-line portion
of the curve from A 3700 to A 4600; that an increase in slope occurred between A4800

2] R.A. 8., Can. 31, 130, 1937.
% Unpublished.
“ M. N., 96, 730, 1936.
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and A 5000; and that there was a gradual increase in the slope of the curve from A 5500
to A 6700. The calibration curves shown in Fig. 1 were selected from the tracings almost
at random and indicate these changes. To eliminate possible errors from this effect,
calibration curves were placed on each tracing every 150 angstroms in the blue region
and every 200 angstroms throughout the remainder of the range except from A\ 4800 to
A\ 5200, where they were impressed every 100 angstroms.
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SELECTION AND MEASUREMENT OF LINES

As so few measurements of line intensities in these stars have been published, all
measurable lines in the blue region were studied. When the investigation was extended
to include the green and red regions of the spectrum, only lines for which theoretical
intensities were available were measured. In the ultraviolet region, the high resolving
power combined with the large scale of the intensitometer tracings permitted measurement
of numerous lines in spite of the congestion of the spectrum; the intensity of a line was
measured whenever it was felt that a reasonable estimate of its strength could be obtained.
In the blue region many lines are so hopelessly blended together that even a rough estimate
of their intensity is difficult and, except for a few important lines, no measurement was
attempted if another line of comparable intensity lay within 0-8 angstroms. For lines in
the green and red regions, the limit of proximity for selection of a line was usually set at
one angstrom.

Identification of the lines in the spectrum of each star was made by comparison with
the published wave-length tables: Revision of Rowland’s Pable of Solar Wave-lengths by
St. John, et al.®%, and the Utrecht Photometric Atlas of the Solar Spectrum®®, when it became
available; notes on v Cygni by Adams and Joy®” and Roach’s study of “The Spectrum of
v Cygni”’®in the region AN 3977-4405; ‘“The Spectrum of Alpha Persei”’ by Dunham®; and
“The Spectrum of a Canis Minoris’” by Albrecht’. Swensson’s paper on ‘“The Spectrum
of Procyon”™ was received after the tables had been typed for publication; a comparison
of his wave-length identifications with those adopted suggests very few changes. It
appears that molecular lines of CN and CH are faintly present and a few lines in the
ultraviolet which were attributed to rare earths should be considered molecular lines.

Hartmann formulae were used to compute dispersion tables in the blue and green
regions. For the red region, where prism and grating are combined, a first approximation
was obtained by means of a linear formula; the computed positions were then improved
by drawing a correction curve through the measured positions of the iron and neon com-
parison lines. The dispersion of the grating spectra in the ultraviolet region was almost
linear. It changed from 4-81 A/mm. at A 3700 to 4-67 A/mm at A 4000. Allowance for
this variation was made both for line identifications and in calculation of equivalent widths.
In all cases a final approximation to the true position of a line was obtained by measuring
the positions of known lines on the tracings and making a correction curve from these.
All lines listed in Tables 3 and 4 were found to lie very close to the position calculated for
the corresponding Rowland solar wave-length.

Before the tracings were measured, the estimated position of the continuous back-
ground was sketched, as discussed later in the paper, along the upper edge of the small
variations in the microphotometer curve which seemed to be caused mainly by grains of
the plate. The profiles of all lines to be measured were also drawn on the tracings; suitable
allowance was made for the wings and for the blending of other lines as well as for any
obvious irregularities produced by the grains of the plate.

¢s P, Carnegie Inst., Washinglon, No. 396, 1928,

¢ Minnsert, M., G. F. W. Mulders and J. Houtgast, Schnabel, Kampert and Helm, Amsterdam, 1940.
P, A. 8. P., 38, 322, 1926; Pr. Ac. S., Washington, 13, 303, 1927,

8 Ap, J., 96, 272, 1042,

8 Cont. Princ. 0., No. 9, 1929,

™ Ap. J., 80, 86, 1934.

1 Ap. J., 103, 207, 1946,
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All tracings in the region A\ 4028-6750 were measured on a special machine designed
for the purpose by Beals™ It consists essentially of an illuminated millimetre reseau
with rollers at each end on which the tracing is wound and which keep the paper firmly
in position during measurement. For most tracings the line-width at the continuous
spectrum and the deflection at the centre of each line and at the continuous background
were measured. Where profiles were determined, the deflection at each millimetre from
the centre of the line was measured for narrow lines, though larger intervals were permitted
i the wings of broad lines such as those of hydrogen. By means of the appropriate
calibration curve obtained from the same tracing, the galvanometer deflections were
reduced to log (intensity) and intensity which, in accordance with Allen’s notation, is
designated 7., the measured residual intensity at the centre of the line expressed as a
percentage of the continuous background.

The equivalent width of a line is defined as the width in angstrom units of a rectangular
line which completely absorbs the background intensity and which is equal in area to the
given line. In this investigation equivalent widths were determined in three ways:

(1) Profiles: For many lines whose profiles were not seriously affected by blending
the observed shape of the line was reduced to intensity units and, after the profile had
been plotted on graph paper, the area was measured with a planimeter. For strong,
unblended lines this method undoubtedly gives the most accurate measure of the equivalent
width but, in these stars, many lines are too badly blended to permit the sketching of an
accurate profile on the tracing. Profiles of about 75 lines were determined as a control on
the total absorptions obtained by other methods.

(2) Triangles: For most lines of weak and moderate intensity, Elvey™ has shown
that the line may be assumed to be triangular in shape and the equivalent width may be
determined by a measurement, of the intensity at the centre and the width at the continuous
background. This method may be considered a first approximation valid in many-lined
stars where it is difficult to estimate the profile on account of blending. For this reason
all lines in the region AX 4028-6750 have been measured in this way. A comparison of
equivalent widths shows that profile determinations give values about ten per cent greater
than the triangle measurement. The difference, for which allowance has been made in
the final results, is not considered serious because the blending of neighbouring lines tends
to make the lines appear too strong.

(3) Central Intensities: Since, in the blue region, many of the tracings were made
with only a 20-fold magnification, the writer felt that the results should be checked in
some way. Accordingly the central intensity, ., was plotted against equivalent width, W.
Since the central intensity increases with decreasing dispersion as a result of the averaging
effect when points on the wings are superimposed on the centre of a line, and since the
dispersion decreases with increasing wave-length, a direct correlation had not been
expected. However, after several functions had been considered, a good correlation was
found between r,, and W/M. In order to test the reality of this correlation over a greater
range, these functions were again plotted for the four stars after the green region had been
measured. In Fig. 2, the mean curves for the four stars have been superposed on the
individual observations and it is seen that the agreement remained excellent. As this

2 UInpublished.
= Ap. J., 79, 263, 1934,
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relation gives a semi-independent. determination of the equivalent width, and as Woolley™,
Allen™, Merrill, Sanford, Wilson and Burwell’s, and others have discovered similar corre-
lations, the mean value from profile, triangle and curve was accepted as the preliminary
equivalent width. When the red region was studied, a correlation was found between Tm
and W which proved satisfactory.

A comparison of the results for the sun with those obtained by Allen showed that
the Victoria values, for weak and moderate lines, were appreciably greater than Allen’s.
This had been expected because, in the preliminary study, full allowance for the blending
effect of neighbouring lines had not been made. Even Allen, with his greater dispersion,
found a blending effect in his central intensities for which it was necessary to apply a
correction before the true equivalent width could be determined.

With the dispersion used in the present investigation the lines are crowded together
on the plate and the blending effect is more serious but, on account of the many lines, it
cannot be readily determined. For a few lines, most of which were in the blue region
where the effect is most serious, the central intensities which would give Allen’s equivalent
width were read from the curve relating r,, and W/A%. The difference between these
adjusted central intensities and those obtained from the tracings was taken to be the
necessary correction for blending. As they seemed to be of the right order of magnitude
and as the results were consistent, corrections were applied to the central intensities of all
lines. This correction for blending was estimated from the observed effect of the neigh-
bouring lines; the closest approach of the line wing to the continuous background on each
side of the line was taken as the criterion. Series of corrections for lines of different
intensities were made up but, after some practice, the estimate, to the nearest one per
cent, was made by inspection. All lines in the region A\ 4028-6750 were corrected in this
manner though, in the green and red regions, the corrections were often small or negligible.
Allowance was also made for the difference in the width of average lines in the sun and in
the other stars. '

Throughout the spectrum the profiles gave slightly higher values than the equivalent
widths obtained from the triangles. As the triangle measurements frequently agreed
more closely with measures of the same lines by other observers, especially in the red
region, and as the profiles were not completely corrected for blending effects, triangle
and profile measures were given equal weight when the final mean curve relating central
intensity and equivalent width was drawn. After r,, the central intensity of a given line
corrected for blending, had been used to obtain a value of the equivalent width from one
of these curves, a small additional correction was added to the latter. This correction
was positive if the original triangle measurement was above the curve and negative if it
was below. This final value is the equivalent width listed in Table 3. For extremely
strong lines, such as those in the iron multiplet, a’F —y°F°, the hydrogen lines, the
magnesium b triplet, the sodium D lines, calcium \ 4227, and a few others, values of the
equivalent width obtained from profile measurements have been used. For the few lines
in the extensive wings of the hydrogen lines, the equivalent widths have been increased in
accordance with the result found by Thackeray’ that “the observed intensity of a blended

™ An. Sol. Phys. 0., Cambridge, 3, Pt. 2, 1933.

s Mem. Comm. Sol. 0., Canberra, 1, No. 5, 1934; 2, No. 6, 1938.
% Ap. J., 86, 274, 1937.

WAp. J., 84, 433, 1936,
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