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Sshortly after Rowland's fundemental study of the
wavelengths of Praunhofer lines, Jewell in 1896 observed
that the solar wavelengths were shifted to the red side
of the corresponding wavelengthe cbserved in the labor-
atory. This shift became known as the red shift of
gsolar lines, and at first led to veriocus erronecus eon-
cepts of conditions in the soler atmosphere. Moreover,
in 1907, Halm discovered that the soler wavelengths were
not themselves constant, but depended upon the radisl
distance of the point of observation from the centre of
the solar disk. This variation of wavelength with the
point of observetion has now become known as 1imb effect.
If © 1s the angle between the line of sight to the point
of cbeervation on the soler surface and the true solar
radius et that point, /\ (©) denotes the difference
between the wavelength at that position and thet observed
at the centre of the disk. In genersl, /\ () was found
to be positive, increasing toward the limb,

Part of the generel red ehift of the Fraunhofer
lines wes explained when Einstein published his Gensral
Theory of Relativity, in which he predicted the Fraunhofer
lines to be shifted to the red by an amount given by
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45? « 2.12 x 106™8, In fact, this gravity shift is e
consequence of the underlying Principle of Egquivalence
which has heen recently demonstrated in the labdoratory.
On the other hand, no explanation of limb effect was
immediately odvious. The most promising hypothesis
wag that of 8t. John, in which linmb effect wes attri-
buted to the Doppler shifts arising from rediel con-
vective motions in the solar atmosphere. At the centre
of the disk, these would be predominently violet shifts
while at the linmb, the streaming would have no effect.
Although satisfying some of the observational data,
this interpretation was not wholly satisfactory. In
particular, an interferometric determination or \ ()
by M. G. Adem in 1948 showed that, sssuming known photo=
spheric conditions, unreasonedbly large convective
veloeities were required for such an interpretation.
Recently, Schroter has elasborated this theory of
solar red shifts in which the. gravity shift and Doppler
shifts arising from unresolved gramuletion elements come
bine to give 2 red shift with limdb effect. Agein certain
characteristios of the observed red shifts sre accounted
for, but consistent agreement with verious observational

deatas is leeking. The most serious difficulty in this
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respect was thet the observations of M. G. Adam in 1969
indicated thet at the extreme limb, the observed red
shift exceeded the gravity shift. No theory based on
redial convection currents c¢sn account for such a super-
gravity shife.

In order to submit the radial current theory to a
deteiled examinetion and to confirm the existence of a
super-gravity shift, the wavelengths and profiles of
three solar lines were studied., Thie investigation forms
the subject matter of the thesis. The same three medium
strength iron lines at 6300 A ss used by M. G. Adam in
her 1959 investigetion were chosen, since they are con~
veniently situated for comparison with terrestrial lines
of the @ dand of atmospheric oxygen. Using the latter
as fixed wavelength references, the variation of the soler
wavelengths across the disk wes determined from microe
meter measurements of greting spectra. After correction
for the motions of the Earth and Sun and for the effects
of scattered light, a meen /\ (©) was determined for the
three lines. It was found that AN (©) increased rapidly
for redial Adistances from the centre of the diesk greater
then 85 per cent of the disk radius. Expressing the
wavelength shifte as equivalent Doppler velocities, it
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was found that the velue of /A (©) st the extreme lind
wae sbout 0.7 km/ses, in good agreement with the value
found by M. G. Adem.

In order to convert these observations to absolute
red shifts (referred to terrestirial leboratory measure-
ments), the wavelengths of the irom lines at the cenire
of the disk as well es in the leboratory were required.
The interfercmetric method of circular channels wes
adopted for this purpose, end ebsolute wavelengths
(referred to the cadmium line at A 6438,4696) of the
three irom lines and the oxygen reference lines in the
spectrum obtained at the gentre of the disk were deter-
mined, In order to confirm that the effects of loeal
velocity fielde in the photosphere had been eliminated
fraom these observations, similar determinations of wave~
lengths were made using integrated light from the whole
soler disk. In sddition to the solar observations, the
terrestriel wavelengths of the three iron lines have been
found using a vecuum iron arc. Combining these meassure-
ments with the limb effect observations gave a mean red
shift at the centre of the disk of 0.39 km/sec inor:asing
to sbout 1 km/sec at the limb. 8ince the gravity shift
18 0.64 km/see, the existence of a super-gravity shift



at the linb is confirmed.

8ince the interpretation of micrometer measurements
of lirmd erreoihdopendn critically on the éentre-limb
variation of the line profile concerned, in particular,
of any aaymmetry in the profile, the profiles of the
three lines were determined for various disk positions,
averaging many observations. It was found that et the
centre of the disk the iron lines were slightly asymmetric
with stronger violet then red flanks, somewhat 8s pree
dicted by Schroter. At the limdb, however, a large
fluctuating red asymmetry wes discovered. This is
established to be of solar origin and eppeers to be cone
nected in some manner with nearby cohromospheric disture
bances. This red asymmetiry, oceurring predominsntly at
residual line intensities ~ 0.8, on cccasion corresponded
to & shift of the line centre of 25 mA and was of suf-
ficient mean megnitude to account for the super-gravity
shift (if the micrometer measurements refer to such a
residusl intensity).

An snalysis of these cbservations of wavelength
shifte and line asymmetry at the centre of the disk
showed that Doppler shifts due to gramulation, such as

appear in Schréter's theory, sre too small to sccount for



vi

the observations and, consequently, that the origin of
the centre red shifts (actually the deviations from the
grevity shift) must lie elsewhere. Moreover, the newly
discovered red asymmetry, or alternetively the supere
gravity shift, et the limb cennot have its origin in
streaming motion. Following suggestions by H. H. Plaskett
the possibility of this asymmetry being due to the super-
position of & chromospheric line on the photospheric line
was investigeted. Such a superposition esn arise from
scattering or by chromospheric contributions to the pro-
file in the line of sight. It waes found that such a
hypothesie could account for the dbeerﬁatlona 1f 1t s
espumed that the chromospheric lines ere shifted slightly
to the violet.

An additional section of the thesis deals with com-
putetional problems arising in the reduction of the wave=
length and profile observations. Methods were developed
for the utilization of the Oxford "Mercury" electronic
computer for calculations such as the computation of
corrections to obgerved wavelengths due to motions of
the Sun and Earth, the reduction of circular chsnnel
interferometric plates, the determination of characteristic
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response curves of photographic plates, and the com=
putation of true line profiles. In particulsr, a study
of numerical methods of =clving the integrsl equation
arising in the instrumental broadening of spectral lines
wes made, and programmes for the solution of this equation
were written,

From this detailed study of the three medium astrength
iron lines, 1t is concluded that the origin of the solar
red shift must be more complex than previously assumed.

In addition to the grevity shift, small grenmuletion
effects, and possible chromospheric effects at the limb,
some other, unknown, cause of wavelength shifts remains.
Thus & new theoretliocal trestment of possible mechanisms
for the creation of line shifts in the photosphere is
required before a comprehensive red chift theory can be
attained,
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Chapter 1

INTRODUCTION

Pare I

THE GRAVITATIONAL SiIFT



A, The Principle of Equivalence and General Relativity.

Since the gravitational shift of spectral lines is
intimately connected with the subject matter of this thesis,
the first part of this chapter will be devoted to a discussion
of this phenomenon, and the related theory of relativity.

In 1911, Binstein (1) advanced the foundations of his
General Theory of Relativity, based on the principle known
as the Principle of Equivalence. This latter may bde
expressed as follows. "In any small region, a gravitational
field of force is exactly equivalent to a field of force
introduced by a transformation of the coordinates of reference,
so that by no possible experiment can we distinguish between
them." The observed proportionality of inertial and
gravitational masses of material bodies (i.e. in a pendulum)
formed the basis of this general hypothesis and it in turn
formed the basis of the General Theory. The above principle
states, in effect, that a given small region in a four
dimensional Euclidean (x,y,2,t) space in which particles
experience "gravitational" forces may be transformed into a
non-Euclidean (x',y',z',%t') space in which no foreces act on
the particles. The General Theory is then concerned with
specifying the required coordinate transformation.



B. omical Tests of Equivalence and General Relativi

Einstein at once .deduced (1) that, if the above principle
is a general one and applies to electromagnetic phenomena,
light passing through & gravitational field must undergo a
change im frequemcy. This may easily be illustrated for the
case of & uniform gravitational field, in which case the
General Theory is not required to find the coordinate trans-
formation, a uniform acaeleration clearly being the "equivalent”
transformation. Following Einstein, consider light passing
from A t0o B, in & frame of reference 8 (Fig. 1.1), in the
gravitational field g. By the Principle of Equivalence,
the observations nndo by an observer at B must ba the same
as those that would bo made if the observer were accelerated
wvith acceleration g in the absence of a gravitational field.
If S’ is an sccelerating frame of reference, so that A' and A
eoincide and A' 1s at rest when the light is emitted at A,
then the observer at B' will have a velocity of approximately
bg/c ( h = |A = B| ) when he observes the light. He will
therefore observe it with a Doppler shift

Vo= P hg

y

(1.1)

Thus in the frn? S, the light oust also undergo a frequenoy
‘ g A *
shift, due to the gruvitatioual field. This shift is vhat

has become known as the "gravity éhift" or "relativistic shift"
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of spectral lines.

In the case of light passing through a non-uniform field,
such as from the Sun to the Earth, the above principle applies
only in each infinitesimal region of epace. For such &
case, ve may, however, consider a very large pumber of
"1oeal" frames of reference along the light path, for each
of vhich the fidd may be considered uniform. Then in each
frame, from equation (1.1)

Av _ 38"
u(ry -~ et
 GMear (1.2)
c* r*

since g = GHo/rz. The total shift in passing from R, to R,
is given by: R

Ro (1.3)
-GMo (c_’!ﬁ@ B c_"‘RE)

assuming > (r) to de constant. Thus we have the equation

qu;(l—-g-m—o'i— MQ)

< Ro c*Rg

(1.4)
If we negleet the third term, since R, >> R, , and insert the

values of My and R, , we arrive at the expression for the

solar red shift due to gravity:

-6
% — 212 x |0 (1.5)



It has been proposed that the observation of such a
shift would oonstitute a test of the General Theory, al-
though as we have Qeen, 41¢ is sctually a test of the more
fundamental Principle of Bquivalenee. At the time when
observational verification of the theory was first sought,
the only bodies having gravitational fields of sufficient
magnitude to yield observable shifts were stars. It was
therefore in astronomical observations that the verification
was sought. These fell into two groups, observations of
the solar spectrum, and observations of the spectra of
massive stars, in partioculsr white dwarfs and some O and B
stars, For the former, although the shift is small, modern
high dispersion spectra would allow its measurement. The
latter objects, because of the large value of M/R, would
yield larger shifts, but the observation of these is compen-
sated by the limitations placed upon the dispersion that may
be used,-owing %o the faintness of these stars. It has
been found, however, that neither of these are satisfactory
methods of testing equation (1.4), principally due to a lack
of knovlodgo of the exact physical conditions accompanying
the oniaaiun of the light in the stellar atmospheres. In
addition. the masses of individual O and B stars are not
known with any accuracy. The great difficulties in the
interpretation of solar spectral observations will be discussed



in the next part of this chapter and in fact is the main theme
of this thesis. A recent discussion of these astronomical
tests of the gravisy shift is given by M. G. Adam (2), in
which these problems are illustrated.

In addition to the gravity shift of spectral lines, two
other tests of the General Theory were originally proposed (3).
These are the deflection of light rays passing near a massive
body, e.g. the Sun, and the advance of the perihelion of
minor planets, e.g. Meroury. These are both deduced from
the geometriecal structure of General Relativity, and
observations of such effects are genuine tests of this theory
(although, as Whittaker (4) peints out, such effects may be
predicted by other gravitational field theories). The
astronomical observations of the first of these effects are
quite inconclusive, and it seems, therefore, that the only
astronomical verification of Genersl Relativity to date is
the advance of the perihelion of Meroury.

and_General Relativity

It has recently become possible to test the validity of
equation (1.1), and hence the Principle of Equivalence as
applied to photona, in a terrestrial laboratory. This was
made possidle by the discovery, by Missbauer (5), that



1\5
emission of certain f-rays from the e T

nucleus occuras in such
» manner that the emitted photons have a very precisely
defined frequency. There are §-rays emittcd in the de-

.-

excitation of the 14.4 kev state of this rucleus. Tor a

larre fraction of emissions in this transition, the photon
moventum is absorbed by the crystal structure, ard this has
the ef:ecct that rost of the Doppler and recoil broadening

of the line is removed. From very elementary considerations,

it can b2 shown that in such an emission, thc emitted photon

has a frequency given by:

o~
~

- W p* n h >,
P, 2 mrc* ZMce* (1.6)

where >, is the natural frequency of the transition, ? ics
the momentum of the emitting nucleus, my is its rest mass, and
M is the "effective" mass of the crystal. These two terms
are small, and hence the line width is very small, Pound and
iebka (6) finding a width given by 82 = 1.13 x 10712,  iside
from contributing to the line width, the abocve terms give rise
to a shift in the emitted frequency, which i temperature
dependent and also depends on the crystal structure.

Pound and Rebka have used this very narrow line to
measure the frequency shift of a rhoton falling in the
Rarth's gravitational field. The shift expected from

Dreel
Vel

equation (1.1), for h = 22.5 metres, is = 4,02 x 10"15,



20 that it was required to measure a shift of 1/200 of the
line width. By using long counting times and by carefully
eliminating any residual shifts due to the two terms in
equation (1.6), they obtained a final value of the observed
shift, A”ab‘é"; given vy Av,  /A» , = 1.05% 0.10.

A similar experiment had been carried out by Cranshaw
et al. (7) at A.E.R.E. Harwell, using a fall of 12.5 metres.
No corrections were made for possible residual shifts, and
consequently their results have a much greater uncertainty.
Their final value, however, agreed well with that above,
being Avobs/AV,.d =096 £ Q- #5

It thus appears that the general Principle of Equivalence
is valid, and with improved techniques expected to reduce
the uncertainty in the adbove determinations, it seems that
astronomical observations can no longer be expected to give
the best verification. 1In fact 1t would seem that the
emphasis must now change from an investigation of the
validity of equivalence to an imvestigation of the observed
deviations from ite predictions.

As yet, no terrestrial test of Gemeral Relativity has
been carried out, although such a test has recently been
suggested. Schiff (8) has proposed that it may socon be
possible to measure the precession of a epinning body in
a terrestrial laboratory, that is predicted by the theory.
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Thie precession is due to the distortion in the metric
produced by the Earth's rotation and depends upon its off-
diagonal elements. It is therefore a genuine test of the
complete structure of General Relativity. Although the
predicted precession is very small, about 6 x 10~9 radians/
day, it may bde measurable using a super-conducting gyroscope.



Parsg II

OBSERVATIONS OF SOLAR WAVELBNGTH
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A. Definitioms.

The many investigations of solar wavelengths in the past
fifsy yeara have given rise to different terminologies for
the description of the observations., For thq‘elt of this
chapter, in which these observations will be discussed, and
for the nevw observations $0 be presented, the following
terminology will be adopted, A point of observation on
the solar disk will be spesified by two coordinates, ¢
and /2 . The former is a position angle measured
from & specified direction, and /0 is the distance from
the centre, expressed as a fraction of the radius of the
disk. It 18 customary to also express distance from the
centre by the angle © , vhere this is the angle between
the line of sight and a true solar radius at the point of

observation on the Sun. These two distance coordinates

are related (to a high degree of approximation) by sin 6 = 4.

Any variation of the wavelengths of spectral lines
across the disk (cos O = 1.00 to 0.00) will be designated
as "limb effect". Its value, denoted by /\(6) , will give
the wavelength difference Ytween the observed point and the
centre of the disk. The term "red shift" will denote the
difference between the wavelength of a line at a given point
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on the Sun and the corresponding wavelength obtained in
a terrestrial laboratbry for similar physical conditions.

It should dbe noted that the Principle of Equivalence
requires that all lines have a red shift ot“é;P = - 2,12 x
10~® at all disk positions and thus predicts no limb effect.
Since the predicted gravity shift can be expressed as an
equivalent Déppler velocity of 0.636 km/sec, red shifts

and limb-effect values are someitimes expressed in terme of

their equivalent Sopplor velocities for comparison.

B. Early Wavelength Observations and Interpretations.

In order to view recent obgervations of solar wave-
lengths in proper perspective, the trend of thought concerning
the physical conditions in the solar atmosphere, over the
last sixty years, must be considered. This is clearly
reflected in the changing interpretations of the observations
of wavelengths in the solar spectrum,

The study of solar wavelengths began with the observations
of Fraunhofer in 1823, but it was not until 1896 that any
differences between the solar wavelengths and corresponding
terrestrial wavelengths were noticed. In that year, Jewell
(9) concluded that the wavelengths of lines in the solar
spectrum were generally longer than those in an ordinary arc
spectrum, Although observations of granulation had indicated
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that motions existed in the solar atmosphere, Jewell dis-
counted the possibility that the observed difference in
wavelength could be due to a Doppler effect and suggested
that it was a pressure shift. From this assumption, the
exiatence of large pressures in the solar atmosphere was
deduced. Unfortunately, the physical conditions in the
solar atmosphere were largely unknown at this time, and

this concept of a2 pressure shift dominated the interpretation
of solar spectra for nearly twenty years. One must remember
that the gravity chift had not yet been predicted.

The existence of a limb effect was discovered in 1907
by Halm (10), wvhen he found that the wavelengths of two
iron lines (6300 A) were 12 mA longer at the limb than at
the centre of the disk. He attributed this effect also
to a pressure shift, dependent upon the geometric path of
the light through the solar atmoephere. According to
this interpretation, the lower, higher pressure, layers of
the atmosphere contributed more to the absorption of the
line at the limb than at the centre of the disk. Fuisson
and Fabry, from an interferometric inveestigation of solar
vavelengths (11,12), confirmed this discovery and supported
Halm'a interpretation. They found the lines at the limb
to be shifted SmA to the red and interpreted this to be due
to a red asymmetry in the lines, produced by the greater

effective pressure.
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In 1910, Adams (13) undertook an extensive survey of
1limb effect for lines ranging in wavelength from 3800 A
to 6400 A, He found that the limb effect varied from line
to line and in some cases was even negative, obtaining
values renging from -4mA to 14 wA. An analysie of these
results indicated that the lines originating at the lowest
levels in the atmosphere had the largest limb effects and
therefore he too supperted the pressure shift interpretation.

After an analysis of nev determinations of red shifts
and limh effect, Evershed and co-workers (14,15,16,17) dis-
carded the pressure interpretation. Instead they ascoribded
the observations to a general motion of the solar gases away
from the Farth, the magnitude of the motion decreasing with
depth in the atmosphere, The cemponent in the line of sight
of this motion was assumed to ineresse toward the limb, thus
accounting for limdb effect. This hypothesis became known
as the "objectionable Earth hypothesis" and was seriously
investigated, Evershed seemingly convinced of its validity.
On the other hand, it was in one of this series of investi-
gations (15), that the gravity shift proposed by Einstein
vas first considered as an explanation of the red shifts at
the centre of the disk. These were of the right megnitude,
but the gravity shift was discarded because of its inadbility
to explain limb effecs.
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Another interpretation of solar wavelengths was advanced
by Julius (18) who proposed that the shifts were due to
anomalous dispersion in the solar atmosphere. A long and
lengthy debate arose over this gquestion (19), leading
finally to the abandonment of the theory.

Evershed'se conecept of a motion of the atmospheric
matter awvay from the obgerver was soon replaced by the
concept of radial comveotion currents in the atmosphere.

In order to explain the observations, however, St. John

and Babcock (20) had to assume that in general the motion
was downward, except for the very faint lines for which the
motion was upward, i.e. the convective motions were depth
dependent. The red shifts at the centre were successfully
explained iﬁ this manner, but the prodblem of limb effect

was left unsolved. Their observations indicated that the
convective motions were quite steady, the centre wavelengthe
showing no time variation. At the limb, however, they found
considerable fluctuations in the wavelengths.

It was in 1928 that the first physically reasonable
theory of limb effect and centre red shifts appeared.
According to the theory proposed by St. John (21), the
observed effects were due to the superposition of the gravity
shift and the Doppler effects of radial convection currents.
From observations of 1537 lines at the centre of the disk,



17

he found a mean red shift of 8.5 mA vith red shifts of
individual lines varying from 6 mA to 12 mA, The deviations
of these red shifts from the gravity shift of 9 mA were
attridbuted to radial currents, inward at high atmospherie
levels, and outward at lower levels. At the limd,
observations of 133 lime s gave a mean red shift exceeding
the gravity shift by only 1.5 mA, whereas his theory would
predict a red shift equal to the gravity shift. The
ogcurrence of this slight "super-gravity" shift at the limd
was only one of the two difficulties presented byhthe radial
eurrent theory. The other difficulty, more fundamental,
was that it required a change in the direction of the
eonvection currents with depth, which gives rise to an
agoumulation of matter at a certain level. The funda-
mental concept that photospheric convection currents play
a role in the interpretation of solar wavelengths has,
however, formed the basis of most nuiuoqu.nt theories of
red shift and limd effect. |

In the period from 1930 to 1940, several new deter-
minations of limb effect and red shifte were made in order
to verify or disprove the radial current- gravity shift
hypothesis. In 1930, FPreundlich, Brunn and Briick (22)
published the results of a limb effect determination for
nine lines of Fe at 4420 A. From observations along four



radii of the 130 mm image (including polar and equatorial
radii), they found similar limb effect curves. The mean
/\.(6) so obtained increased rapidly near the limd (8in 6>
0.8) and they concluded that the variation with cos© did
not fit St. John's predictions (requiring /\(6)to be linear
in cos © ). They also discounted the possibility that
Compton scattering at the limb could have any effect.

On the other hand, Everched (23) found that an analysis
of his earlier (1916) limb effect results indicated that
/\ (6) was linear in cos©. His observations of several
lines (including H and K) at the extreme 1limb, however,
indicated shifts exceeding the gravity shift dy as much as
7T mA. In a later paper (24), he finds even greater excesses
at the 1limdb, in some cases amounting to 12 mA. This latter
figure corresponds to twice the gravity shift at the limb,
and Evershed concluded that some modification of St. John's
theory was required. Observations of similar super-gravity
shifts in the wavelengths of lines originating in prominences
convinced him that such a modification cannot be dependent
on the path length of the light through the photosphere.

A survey of these early wavelength studies has been
presented by Hunter (25), who concluded that no theoretical
explanation of the various observations had yet been entirely
satisfactory. In particular, no explanation had been found
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for shifts at the limb exceeding the gravity shift, although
the radial current theory of limb effect was generally
favoured. Even in this respect, contradictions were to

be found in the observations of various researchers. Al-
though Evershed supported the cos € variation, Freundlich
et al. 4id not and in 1939, Babeock (26) reported that he
found & limd effect that was linear in ein6 . For 8inb >
0.58,/\(0) increased from sero to 6 mA at sin O = 0.99.

It 418 difficult to see why these observations obtained
from an image 175 mm in diameter disagreed so much with
those of Freundlich et al. On the other hand, the similarity
of the limb effect for polar and equatorial radii found by
the latter observers was confirmed by Babecock. It was 4in
this unsatisfactory, contradictory position that the study
and interpretation of solar wavelengths remained until 1948.

In that year, the first of a long series of investi-
gations of solar wavelengths at Oxford was published.

M. G. Adam (27) presented the results of absolute wavelength
Wterninations for several points along & polar radius of

a 180 om image. These indicated that the limd effect

vas only appreeiable for A4 > 0.9, after vhich it increased
very rapidly, giving & shift near the limd (cos © = 0.18)
approximately equal to the gravity shift. The form of the
1imd effeet curve agreed well with the determination of
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Freundlich et al., being non-linear in cos ©, as is shown in
Fig. 1.2. Nevertheless, it was shown that if radial con-
vection currents d¢ exist, the sight line velocity should
vary, not linearly, but as a polynomial in cos O, thus these
observations did not exclude a radial current interpretation.
In this discussion, nllovnno§ vags made for slight red shifts
due to collisional damping as predicted dy Lindholm (28).
Because of its fundamental impossibility, she disoarded‘the
concept of predominantly upward currents in the lower photo-
sphere and downward currents at upper levels, replacing
these with a mioro-circulation. In this interpretation,
the derivgd sight line velocity is & mean of the upward and
downward ciroculation velocities. Unfortunately, such an
interpretation led to circulation velocities that were
imposeibly large (assuming a granular contrast of 10%).
It was therefore concluded that even a modified radial
current theory was physically incompatidble with the odser-
vations and that a new theoreticl treatment of the problem
wvas required. In addition, better observations were
needed near the limd where the limb effect varied rapidly,
These were the conclusions that prompted the intense
investigations into limdb effect and red shifts at the centre
of the disk, of which the work presented in this thesis
forms a part. In the next two sections, several interfero~
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metrie investigations of red shif¢s at the centre of the
disk, and reecent limd effeot determinations will de driefly

discussed.

C. Interferometrie Determinations of Centre Red Shifts.

Early interferometric determinations of wavelengths,
both in the solar spectrum and in the vacuum arc, were
carried out by the Allegheny Observatory in conjunction
with the Bureau of Standarde (29,30,31) for many lines in
the wavelength range of 3600-7000 A. Integrated solar
light was used for these observations, but it is now known
that such a procedure yields wavelengths differing little
from centre wavelengths. These indicated, as had other
investigations, that the centre red shifts were dependent
upon the intensity and wavelength of the lines, at this
period, a theorstically inexplicable phenomenon. It later
became, however, a fundamental basis of St. John's radial
current hypothesis.

As mentioned above, it was suggested in 1948 that
collisional shifts might occur in the photosphers. In
fact, Spitser (32) proposed that all the observed centre
shifts were due to the combination of collisional shifts
and the gravity shift. 1In order to investigate the above
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intensity effect and the possidility of collisional shifts,
a series of interferometric observations were conducted at
Oxford. Utilising the new interferometric method of
"eircular-channels®, M. G. Adam (33) showed that Spitzer's
theory was not compatidle with her observations, even if
small convective motions were allowed. Moreover, it was
found (54) that the red shift observed for the weak calcium
resonance' 1ine at 6572.8 A was very small, not exceeding the
gravity shift as predicted by Spitszer. Ilater solar and lab-
oratory observations (%%,%6) with reference to the 4227 A
resonance line of caleium indicated that collisional shifts
in the solar atmesphere could not account for the observed
red shifts,

From her observations, M, G. Adam concluded that there
wvas a strong correlation between red shifts and the logarithms
of equivalent widths of the lines, expressed as "absolute”
widths (log ¥/} ), confirming the earlier observed dependence
on line intensity. A theoreticel explanation of this
relation was proposed by Schriter (37), arising from a new
theory of line formation in an inhomogeneous photosphere
(see Part III). A detailed theory based on the assumption
of a granmular gireulation in the photesphere, Schriter's
tvo-lt?oam hypothesis predicted a red shift at the centre,
dependent on the line strength, and a limdb effect agreeing
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fairly well with the early Oxford (27) and Potsdam (22)
determinations. In a detailed comparison of this theory
with her red shift and limd effect observations, M. G. Adem
(35) comcluded that the predicted and observed limd effects
were not in agreement if one adopted centre red shifts
consistent with both the theory and observations. In a
statistical analysis of the red shift observations, she
also found that a predicted correlation with excitation
potential was in fact negligible. Moreover, an analysis
of any correlation between the red shifts and wavelength
proved to be inconclusive. Unless one chooses lines
originating at exactly the same level for such an analysis,
however, a linear relation is not a necessary consequence
of a radisl current theory, Other observations dy Nichols
and Clube (38) brought the number of red shifts determined
at Oxford to 51, and extended the red shift - line atrength
relation. From these investigations, it appesred that

the only observational evidence in support of the two stream
theory was this correlation, and that in almost all other
respects, theory and observation were in disagreement.

In the last five years, three new investigations of
1limb effect have been carried out with particular emphasis
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on the testing of the two stream theory. Since most wave-
length shifts due to physical causes increase with wavelength,
L. Hersberg (39,40) has studied the limb effect of several
infrared solar lines. In general, limb effects (in km/sec)
similar to these found by M. G, Adam (27) at 6100 A were
obtained, although the ionized caloium lines at 8500 A

shoved a strong negative limd effeot. It was suggested

that thie was due to the high level of formation of these
lines.

In 1959, M. G. Adam (41) published the results of
detailed measurements of limdb effeect, using three iron lines
at 6300 A and with a solar image 330 mm in diameter. This
investigation was the most exact in existence when the
research discussed in this thesis was begun, and supported
her earlier 1948 observations. Moreover, it indicated a
red shift at the extreme limb exceeding the gravity shif¢
by 50%. Thus the question of the interpretation of a
super-gravity shif¢ again arose. Certainly no radial
current theory can account for such shifts.

More recently, Schriter himself has obtained data for
the determination of the limdb effect of a large number of
lines, using & nev photographic technique to determine the
"oentre" of a speotral line. Preliminary results of this
survey (42) indicate a-limb effect for medium strength
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lines as given in Pig. 1.3. Also in this figure are the
results of the 1959 determination at Oxford. The most
notable features of these two curves are the approximate
linearity of the curves in cos 5, (for cos © < 0,5) and
the negative limd effect found by Schriter at cosb = 0,8,
In addition, he obtained interferometric solar wavelengths
at the centre of the disk which confirmed the relation
between line strength and red shift. If & represents
the difference between the observed wavelength shift and
the gravity shift, then the correlation he found was

£ x10° = —2-46 + 132 log (2L« /o‘) This may

A A
be compared with the similar correlation found for the

Oxford data (358) (over a greater range of equivalent widths)
of _58[')‘ 10° = — .28 + 060 log (%‘\/—x lO")

This concludes the survey of observational data to date
and some of the various interpretations proposed. Although
much of the early observations were contradictory, suffering
from large errors owing to equipment and technique, the
recent data should be reliable, As a consequence, we
met conclude that no theory at present is consistent
with the data as a vhole. The most acceptable theory at
present is, however, that based on a convective photospheric
circulation and this topic will be discussed in the next part
of this chapter, along with two other recent theories of limd
effect.



Part i1l

RECENT THEORETICAL IRTEIFBTATIONS OF 30LAR WAVELENGTHS
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A. Radi _ t e en.

We have seen in the preceding part of this chapter
that the early theories of pressure shifts, anomalous dis-
persion effects, the "objectionable" Barth, and finally
the reecent theory of ecllisional shifts have all been dis~
carded in the light of more detailed observations and
increased knowledge of the physies of the photosphere.

On the other hand, observations of gramulationfave
indicated that turbulent motions exist owing to some con-
vective instabllity in the photopphere. In faet, recent
observations (43,44) indicate that there exists a semi-
stationary convective circulation in the photosphere rather
than a purely turbulent motion. It is therefore plausidble
that these convective motions will influence the profiles
of spoctrai lines. This effect, and the gravity shift,
which we have seen is now an effect demonstrable in the
laboratory, must enter into any theoretical discussion of
the problem. This does not, however, exclude other effects
of unknown origin.

Aside from the early theory of 8t. John, detailed
consideration of the effects of a photospheric circulation
on wavelength observations began with recognition of the
fact that such a eirculation does not lead to a limb effect
that is linear in cos ©. McCrea and Mitra (45) pointed out
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that the equation of continuity,
div (p¥) =0 (1.7)

requires the circulation velogity to be depth dependent.
In such a case, Mitra (46) then showed that the mean

observed veloeity at an angle O is givon by:

-+ secd
_fvcr)e cos® d7
[+]

v(E© = " (1.8)
ée_ ) dz

The weighting factors in this equation result in a poly-

nominal dependence of ¥ on cos O .

As mentioned in the previous discussion of observaiions,
these results were combined into an elementary theory of a
photospheric miero-circulation suggested by H.l. Plaskett
end applied by M. G. Adam (27), She assumed that the ob-
served velocities (assuming the centre red shifts to be due
to a combination of Doppler shifts and the gravity shift)
were means of the upward and downward velocities of the
circulating elements. These means were weighted by the

intenaslities of the two "streams" so that

_ dvi- kv (1.9)

I+,

<|

where the upward moving elements have a continuum intensity

Jl and a velooity Ve similerly for the downward moving

elements, Using then available granulation theory, it
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vas found that the streaming velocities required by the
observations were impossibly high. On the other hand,
Thiessen (47) showed thet this simplified approach to the
problem was not inconsistent with the physics of the photo-
sphere 1f a higher figure is used for the granulation contraet,
More recently, Schr¥ter (37) has pursued this line of
thought in detail, using a model photosphere consisting of
granules streaming upwards through a downward sinking medium.
A consequence of this model is that the Fraunhofer lines
should be slightly asymmetrical. Schriter then uses this
asymmetry and its variation across the disk to explain the
red shifts at the centre and the limb effect, Since some
of his results will be required for the discussion of the
new observational material to be presented in following
chapters, his "two stream™ theory will de descoribed in some
detail. It should here be noted that a similar "three stream”
theory has been developed by Voigt (48), which leads to
ginmilar asymmetry effects. No application, however, was
nade toward the interpretation of red shifts and limb effect.
Since no detailed criticism of Schriter's theory will
be made in this chapter (see Chapter 5), the three basic
aasumptions underlying the theory should be pointed out:
1) the mean sise of the granules (equal in area to the
sinking elements) is taken to be 0.4"; 2) the granular
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contrast is taken to be 1.45 at the centre of the disk,
increasing to & maximum at cos 6 = 0.3, and thereafter
decreasing rapidly to unity; and 3) the Fraunhofer lines
are formed by true absorption.

The temperatures and velocities of the two streams in
Schriter's theory are adjusted so that the "integrated”
ﬁhotaphero is identical with an adopted homogeneous model.
This is accomplished by satisfying the two relations:

R=PR =R (1.10)

In these, the subsoripts g, b, and h refer respectively to
the granules, the intergranular background, and the homo-
geneous model. In addition, the equation of continuity
requires that

73 = A% (1.12)
The combination ef this equation and equation (1.10) results

in
Vi _ Ta+ Al

A (1.13)
VL TL—ATL

where the AT's represent the temperature deviations from
the homogsmecus model. The inequality of the two A T's
follows from elementary convection theory. Adopting



33

Prandl's concept of "mixing length”™ it can be shown that
the mean velocity at a given level is related to the temper-

ature deviation (from a static dackground) at that level by

1 d AT
2 N
v = 2 T_

vhere 4 is the mixing length and g is the acceleration due
to gravity. 1If /:l‘ is used to express ATg/Th' etc. then
equations (1.13) and (1.14) may be combined inte

(1.14)

|+ 284+ Ps - £ (1.15)
1—2,/5;,-0- /51 Ab
or
By e (1.16a)
Axer L ~ x \
AR T (1.160)

vhere « is a function depending on the level in the photo-
sphers. To this point, the derivation of the model is
standard, and only requires the adoption of some numerical
values. Sehrdter does this by assuming a dependence of
on depth such that the predicted centre-limd variation of
the granular sontrast agrees with observations. The
emergent continuum intensities for the two streams are
readily found fromi

JJ (0,6)

(B de ™" (1.17a)

—T sec©

Jy(0.8) = j Bb(fc;Je (1.17v)

when the depth dependence of the Pianck function B (which
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depends upon o ) is knowa. The trial amd error fitting of
& resulted in the theoretical granulation contrast given
in Pig. 1.4, vhich agrees with the observational data
adopted by Schriter.

Schréter assumed that the granules were small (0.4")
and generally unresolved, so that the continuum intensity
actually observed was J(0,0 ) = i(J‘(O,e ) + Jb(o. 8)).
In order to determine the e¢ffects of this unresolved structure
on line profiles, Schriter first determined the line profiles
that would be observed if the lines were formed in the sinking
background only, and in the rising granules only. ©Such
profiles %nra derived for both a fictitious medium-strength
iron line and the strong iron line at 4045.8 A. The com-
putation of these was as follows. For a given stream, the

profile is given by:
J.(O) 9) - J'y (an.)

1 - ry(o)e)z J(O)e)
0 ) sect
- jfﬂte)%(%) e” U (ae)

vhere T is the optical depth in the continuum, T, is the
selective optical depth in the line, k,, and k are the
selective and continucus absorption coefficients, and the
g( 7 ) 18 the weighting ecefficient for true absorption.
The values of 7,, k,, and k as functions of = were found
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from the two stream model, assuming a Voigt profile for the
absorption coefficient. At the centre of the line, vhere

weighting functions cannot be used, the value of J, (0, 6)

was chosen equal to B(T ") where <*+ T, = 1.

In order to obtain the mean profile resulting from a
superposition of the profiles from the two streams, the
Doppler shifts due to the stream velocities had to be
allowed for. Por a given stream profile, the Doppler
effects vary vith the frequency since different parts of
the profile refer to different depths in the photosphere.
Therefore at each frequenocy, a mean veleocity was computed
from

;o o2 -7, (T) sec 2]
_ ‘!-';a 3(?6)6 v(T) dT
W = =0 —%,(T) sec € (1.19)
S (t.8) e dv

where the stream vnlocity th)vaa found from the two stream
model., The profiles found for oach stream were then
modified at each wavelength by a Doppler shift A given by

A =v, A /o. Naturally the effect of this was to give
most parts of the "rising" profile a violet shift, and most
parts of the "sinking® profile a red shift. The addition
of the two protilol'thon gave the resulting observed profile,
the asymmetry of vhich depends upon the magnitude of the
Doppler effects for the two streams, and the strength of
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the line in the two streams. The asymmetry determined
for the two iron lines (with equivalantlwidthu of 150
and 1500 mA) is shown in Fig, 1.5; the curves denoting
the centre lines of the corresponding profiles. It can
be seen from this that the profile of the stronger line
1s affected most by the sinking elements. Schroter
points out that this is due to the smaller temperature
gradient and consequently greater effective absorption
in the cooler elements. The results prcacnted#n the
figure are the basis of the dependence of the centre red
shifts on line strength, accord;ng to this theory, since
the stronger the line is, the greater red ssymmetry it has.
In a wavelength determination, this is then interpreted
as a wavelength shift. In addition, this theory predicts
& dependence of the asymmetry on the excitation potential
of the lower state, because lines of higher excitation
are formed predominantly in the hotter elements.

If one designates to which level in a line profile a
vavelength measurement refers (say r,, = 0.2 to 0.8) then

an effective shift, /.. , for the centre can be deduced
from Fig. 1.5. The observed wavelength is then given by:

X=X+ Dty + Dy (1.20)
Thie expresses the red shift-line strength relation since
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ZXeH;ie negative for weak lines and positive for strong
lines, '

Since 2§;§;1s & function of O , equation (1.20) also
expresses the limb effect. In order to find the dependence
of Z—X efs 00 O , Schriter repeated the above computations of
profilg; for various disk positions. He found that its
variation vas determined mainly by the granulation

contrast, and it is given in Fig. 1.6, where
pey = Lu®

Aess(©
S8ince 1t is known from the ofhcrvationa that granular

contﬁils\varios little with wavelength, this may be con-
sidered to be fairly independent of wavelength. The ob-
served red shift,. due to the variation of ‘Ad} is then

given by:
SA@) = AX aravltq 1 —A-eﬁ-(o)/s(e) cos 6 (1.21)

As discussed in the preceding section, Schriter's
theory is satisfactory in that it prediocts the line strength
dependence of red shifts at the cemtre, dbut does not give
a limd effect consistent with recent observations. Further
discussion of this point will be given in Chapter 5, in
the light of the new data. Clearly this theory is in need
of modification before it can be considered a satisfactory
explanation of the observations,
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B. Other @ ations.

Before concluding this survey of theoretical consider-
ations, two other proposals must be briefly mentioned.
It has been suggested by Finlay-Freundliech and Forbes (49,50)
that the observed limb effect is due to a path length inter-
aoction between the emitted photons and the solar radiation
field. This was proposed as an alternative to the gravity
shifs-Doppler effect combination favoured by most researchers.
It results in a red shift equation of the form

A =X + Y- f(e.Ry) (1.22)

where £(6 .R/lo) is a function approaching sec O for R =,
and X and Y are unknown coefficients. Such an approach,
although lacking in physical basis, can give a super-gravity
shift at the limb. Also, according to its supporters, it
fitted the early Potsdam (22) andwbxfbrd (27) observations
very well, On the other hand, it offers no explanation
of the residual shifte represented dy the X's, or of a
negative limb effect as observed by Hertsberg (40). It
cannot be claimed, therefore, to fit the observations any
better than Schriter's theory and is certainly far less
plausibdble.

Another effeot has recently been proposed by Rudkjgbing
(51) which depende upon & genral form of perturbation of the
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atoms in the photosphere. If the atoms are perturbed
s0 that the energy of the state emitting light with its
B vector in a radial direction is not the same as that of
the atate emitting light with its E vector perpemndicular
to the readial direction, then the wavelengths observed at
the centre and the 1limd will be different. This arises
from the fact that at the centre, only light from the
Becond state would be observed while at the limb, a mixture
of light from doth states would be observed. If the
perturbation introduces a wavelength shift A\ between the
tvo emitting states, then at any disk position two lines
will be obmerved, with wavelengths A and A+AA, and
intensities K(1 + 00820) and K sin?0 , If the centre of
gravity of the two lines is taken as the centre of the
"'eoupoaito" line, then a limb effect given dy A = _A_A_:n_@fg
results, '@ In additien, at the limdb these two lines
will be linearly polariged in perpendicular directions, the
one with the longer wavelength bdeing polarised with the E
vector radial, It ean eamily bde seen that such a limd
effest curve does not fit the Oxford data (27,41) at all,
nevertheless polarisation measurements at the limd could
distinguish an effect such as this.

c.

' : ATAL I A D ¥ RENG WL Y o

We have seen that a fundamental result of the two stream
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theory of Schriter is that lines at the centre of the disk
are, in general, asymmetric. From his similar theory,
Voigt (48) had suspected such an effect, and expected a
line of high excitation potential to exhibit a measurabdble
asymmetry. From observations using & dispersion ef 5.5 mm/A,
he found such an asymmetry for the fairly weak lines of the
oxygen triplet at TT70A. He dencted asymmetry by b - hl(h *
R where h_ and h, are the widths at half intensity from
the line centre to the vioclet and red flanks. At the
centre, the observed asymmetry amounted to 9%, decreasing
to zero at cos © = 0,1, Purther observations were made of
the potassium resonance line a$ 7699 A, This line arises
at high levels in the photosphere and consequently little
asymmetry could be expected. As predisted, none was
observed. Another high excitation line, the oarbon line
at 5380 A, was obdserved in the hope of finding a large
asymmetry as for the oxygen lines. None was found, however,
indicating that perhaps the line was shifted as a whole
to the violet. Indeed, Voigt's theory predicted such a
shift, maintaining the line symmetry, for such a weak line.
Other obmervations (52), of the nickel lines at 7790 A,
also failed to reveal any line asymmetry, dbut the amount
predicted for these lines was very small in any case.
Recently, Voigt's observations of the oxygen lines
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have been questioned by Delbouille, de Jager and Neven (53)
who find asymmetries of less than 3% for these lines using
photoelectric observations. Ko explanation has yet been
given for the discrepancy between the two.

Aside from these measurements, no reliable asymmetry
determinations have been made, primarily 4ue to the
difficulties involved in removing instrumental effects
from the observed profiles. In any case, there is in-
sufficient data available on line asymmetries for any
conclusion to be drawn concerning the validity of one
theory or another.

This concludes the introductory chapter on the history
of the study of the solar red shift. The next chapter
is concerned solely with eomputational methods required
in the observational programme to be discussed in the
following chapters. It can therefore be omitted without
dreaking the continuity of the development of the work on
red shifsgs.
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General Introduction.

In the next two chapters, nevw determinations of limd
effect, red shifts, and solar line profiles will be discussed.
These new observations depend upon the derivation of wave-
lengths and line profiles from solar speetra. Much of the
time used in the analysis of solar spectra is spent on
certain simple yet laborious ealeulations, the tedious
reduction of irt erferometric plates for absolute wavelength
determinations being such a case, Since a modern electronic
computer was availsble at Oxford, an attempt was made to
do these computations on such a machine., Caleculations of
the type just mentioned are characterised by the fact that
the numerical procedure is the same whether done by electronic
machine or by desk ealculator. On the other hand, several
other prodlems, of a different type, arose for which machine
methods were also developed. * These are predlems that are
usually solved graphieally or perhaps only solved approx-
imately, if at all. “:These require special nmumeriecal
methods for machine cemputation, and present difficulties
peculiar to this type of problom, This arises from the
fact that oxrdinarily in the solution of such prodblems,
the astronomer applies eonsiderable intuition and experience,
both of which are qualities difficult to obtain from an
electronic computor. An example of such a problem is the
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determination of the characteristic response curve of a
photographic plate.

In this chapter, several problems for which programmes
have been developed will be discussed. All the programmes
have been written in the simplified coding system of
"Autocode® (1), and the computations were made on the
Ferranti "Mercury" computor of the Oxford University
Computing lLaboratory. Five main problems were investigated
and about ten programmes were written for their solution.

The first two problems, namely the determination of
vavelength shifte in solar spectra due to the observer's
motion and solar rotation, and the reduction of interfero-
metric plates, are of the simple straight-forward type,
and presented few difficulties. The remaining three
problems were of the second type mentioned above, however,
and the machine methods adopted are not entirely satis-
factorty. These three prodlems were the determination of
characteristic curves, the solutioen of certain integral
equations, and the general reduction of solar linqﬁrofiles.
In the following, the methode adopted for their aélution
will be discussed.



Part 1

COI'PUTATION OF SOLAR COURDINATES AND RADIAL VELOCITY
COLRRECTIONS
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A. trodu n and Notation.

The observed wavelength of a solar spectral line
requires two corrections before a true wavelength may be
obtained. The first is due to the motion of the observer
(sometimes designated Earth's molion cerrection) which
includes the effect of the Earth's rotation and the Earth's
orbital motion. Secondly a correction must be applied to
allow for solar rotation. These corrections depend upon
the point of observation on the solar disk and the date and
time of observation. Several programmes were written for
the computation of both of these carréctiona as well as
for the computation of the coordinates of the solar disk
at the time of observation. For the interpretation of
solar wavelengths, it is also useful to know the direction
cosines of the line of sight in a photospheric frame of
reference, 80 that these 00 are given by the computations.
In the following deseription of the computational procedure,
the notation will be as follows:

The angle (< 72 ) between the line
6 of sight and a true solar radius at

the point of observation

The angle ( < 72) between the true
o* solar radius to the sub-terrestrial

$t and the true solar radius to
he point of observation.
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S The apparen radius of the
golar disk (semi-dismeter).

/o The linear radius of the solar image.
The linear radius to the point of

P observation on the solar image.
The position angle of the solar north

P pole measured eastward from the north

point of the disk.

The position angle of the point of
& observation measured eastward from

the north point of the disk.

The position angle of the point of

Y obaervation measured westward from
the solar north pole.

B The heliographic latitude of the
0 sub~terrestrial poins.

| The heliographic longitude of the
° sub~terrestrial point.

S The apparent declination of the sub-
o terrestrial poins.

* The apparent right ascension of the
° sub-terrestrial point.

H The hour angle of the sub-=terrestrial
Q point.

(These last five symbols without subseripts refer $o the
point of observation.)
The geesentrie oquatorial rec

XY, Z coordinates of the Sun (arbitrary
T equinex).
X ) Y Vi The time derivatives of the rect-

angular coordinates of the Sun (equinox
seme as X, Y, 2).
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The direction cofnes of the line of
sight, directed away from the observer,

cos 1, in a right-handed system of rect-
cos §, angular axes at the point of observation.
1 The x axis is in the direction of solar

cos /5 rotation, the y axis is along the local
meridian, and the 2 axie is radially
outward.

, The solar equatorial velocity of
Ro rotation (km/sec).

B. General Methed.

In order to compute the wavelength corrections for
various points of obaservation, the coordinates of the sub-
terrestrial point, the equatorial rectangular coordinates
of the Sun and their derivatives, and the parameters P, 3,
ﬁ;. and L_ must all be known for the time of observation.

In the machine computations, these are interpolated from
short tables, tsken directly from the Astronomical Ephemeris,
which are entered as data along with the U.T.'s of the
obaervations. |

The right ascension and declination of the sub-terrestrial
ﬁoint, and the equatorial rectangular coordinates, X,Y,Z, of
the Sun are interpolated using the B3tirling interpolation
formulas

foo=fo) + 2 (54 8) XG4 Cedxle ')( +4, ) (2.1)
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The values of the equation of time, P, 8, B, and L 6 are
interpolated using the above equation to second differences.
The hour angle, H_ (hours), of the sub-terrestrial point is
then found from:

H,A = U,T, - Longitude of Oxford + Equation of Time + 12
vhere the 1&n¢1tudo of Oxford is taken to bde 5 min. (West).
The derivatives of X, Y, and Z at O hrs. U,T. are then found
using the Stirling formulas

for= +(5.+5,)- ,LZ(S_}L S, ) (2.2)

From these values, the derivatives at the time of obser-
vation are interpolated using the interpolation formula
given above.

For some observations, the angle { may be determined
from H,, in which case (¥ = K, + constant. In such a
case, the machine also computes () for the time of obser-
vation. '

RBach observed point on the solar disk is specified by
the two coordinates, f/o and ¢ (the latter may be a
computed quantity) and these are entered as data for the
second part of the computations. Following the precedure
given by Plaskett (2), from these data and the above computed
coordinates, the wgvolength corrections (more exactly, the
equivalent Doppler velocity corrections), the solar latitude,
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and the three direction cosines of the line of sight are
cemputed for eamch:observed point.

The correetions to the equivalent Doppler velocities
for the Barth's rotation, orbital motion, and the Sun's
rotation have been called 01, O!' and 05 respectively,
and are givem (in km/sec) by the expressions:

01 = = 0,2885 cos § sin H . (2.3)

Cop = - 1752.34(5(@05 8 cosa’ + Ycos$ smo('+Zsm5')(2.4)

Cy = = £.R, (2.5)
vhere " § =8+ P Scos @ (2.6)
H= Ho—/0, S sec §, sin ¢ (2.7)

!

x = arctan Y/X + /2P, S sec§, sin @ (2.8)
§'= arctan £ 4+ /2 S cos ¢ (2.9)

X%Y*
f = (,«-,— 0229 sin* B) /o/p, cos B, siny (2.10)

and X, Y, and % are in A.U./solsr day
The expression obtained for c3 depends upon the adoption
ef+the law of solar rotation used by M. G. Adam (3):

Ry = Ry (1~0.229 81n?B) cos B (2.11)
The signs ¢f these three corrections have been chosen so
that true equivalent Doppler velocity is equal to the
observed velocity plus the corrections. In the machine
computations, the sun of Cl and 02 is given ag the Earth's
motion correction, and the factor f is given for the solar

rotation correction.
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The solar coordinates of the point of observation
are given by the two equations:

8in B = cos " sin B_ + sin 0" cos B, cos ¥ (2.12)

8in(l=L ) = 3in O sin ¥ /cos B . (2.13)
vhere 0% B- RS, ezarcsm/%g and Y=P-¢
Of these, the solar latitude only was explicitlycomputed
for each point - -of observation.

The direction cosines at the point of observation, in

the frame of reference given in the previous section, are
given by:

cos ¥, = sin (L-L,) cos B,sin 6 cosec 6* (2.14)
cos ¥, = [sin B cosB, cos(L-L,) — cos B sin B.] x

s O cosec 0% (2.15)
cos I, = — cos B (2.16)

Several programmes were written for these computations,
nany of them dealing with specific aspects of the calcu-
lations, but including one general programme for the complete
set of calculations as outlined above. Thie is discussed
in detail in Appendix D, where short descriptions of the

other programmes are also given.



Part I

REDUCTION OF "CIRCULAR CHANNEL" PLATES



59

A, Genersl Theory.

The method of circular channels (4,5,6,7), which has
been developed at Oxford for the interferometric determination
of wvavelengths has the disadvantage that the computations
involved are lengthy and tedious. In order to render the
measurement of many interferometric plates possibdle in a
reasonable period of time, a programme was written for the
computations involved in the reduction.

The fundamental relation involved in the reduction of
the ¢ircular channel plates is the interferometric relation
giving the angular semi-diameter, © , of an observed inter-
ference ring:

mA = 2t cos© (2.17)

wvhere m is the integral order of interference, )\ is the
wavelength of the light, and ¢ is the optieal thiclkmess of
the etalon, At the centre of the interference pattern,
we define the fraetianal order of interference, £ , byt

(pre) A =2t (2.18)

Since for the nth ring, counting outwards from the centre,
_ cosbO
we have (p- n + 1) A = 2%, we obtain the relation:

E+n=1 = (i-cos e)'-%\i (2.19)
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From equation (2.19), we have that the increment in the
cosine of the angle subtended by successive rings is:

A coso = — 27 (2.20)

As was shown by M. G. Adam (5), we also have the approximate
relation:

*1,
Acoso= — %]31 (2.21)
X a 2L
vhere D, = D, (1-% —?—2) (2.22)

In these equations, D, is the diameter of the n'Pk ring, D}

is the"effective” dismeter of the ring, AD* 4is the inorement
in the square of the effective diameters of two successive
rings, and f is the focal length of the camera imaging the
interference rings. For the 18 inch Cooke lens used in the
investigation to be discuseed, D:lz ]): (1-84868x 1077 D:)
From equations (2.20) and (2.21), we have:

| AD'= H2 (2.23)
*.7.
Since gghl = | — coS b from equation (2.19) we have:
*2 .*,:L *1-
*.2.
and £ = ]AD]'),z (2.25)

Thus from the observed effective ring diameters of the
2
interference pattern of a given wavelength, A'D’e may be found
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from a linear least square fit to equation (2.24). In
addition, the fractional order of interference may then
be found using (2.25).

In the method of circular channels, the interference
patterns of the unknown wavelengths are direstly compared
with that of the standard cadmium red line () 6438.4696).
If the fractional orders of interference at the centre of
the pattern are known for the unknown and standard wave-
lengths, the unimown wavelength may be caloulated fromt

_ Ad (Pcd"‘ €ca)
Ai - F'+€._ k‘ (2.26)

vhere the subseript 1 refers to the unknown wavelength.
The factor'kl is a slight correction due to the different
effective thickness of the etalon for the two wavelengths
(phase change correction). In addition, the values of
P.s and p, must be kmown, but these are readily found by
2 trial and error proeess, using the approximate wave-
lengths of the lines..

It i3 found that the ring diameters for the unknown
wavelengths cannot be measured sufficiently accurately to
determine £ from equation (2.25), so the factor A"D*zfor
the unknown wavelength must be determined from the relation
(2.23); that is:

*z__ ** F, )‘l
AD,_ ADch ——'-—)\Cd (2.27)
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vhere ri is an empirical factor related to the chromatiec
variation of the camera focal length, and is found, for
the unknown wavelength, from a previcus investigation (8).
Using this value of AD*:L, a fractional order of inter-
fersnce (at the ocensre of the pattern) is found for each
neagured diameter fromi

Dx

AD**
The values for all the measured diameters are then averaged

=g, +n — | (2.28)

to give a mean € for the line of unknown wavelength.

Another slight correction must be applied to the value
of ., found from the cadmium interference pattern for
accurate wavelength determinations. Since different
parts of the etalon plates may be used by the cadmium
light and the light of unknown wavelength, each may use
differoent effective etalon thickneases. In practice,
this i» allowed for by using two pseudo~lines of cadmium
A 6458.4696 at either side of the plate to determine
corrections to the ., for each line of unknown wavelemgth (7).

B. Measurement of Ring Dismeters.

The interference pattern of any sbsorption (or emission)
line in the method of circular channels consists of a
series of ring segments (or arcs) formed by teking a chordal
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section of the concentric interference rings at the position
of the line in the grating spectrum of the region. By a
system of diaphragms, two perpendioular diametral sections
of the cadmium interference pattern are photographed plus
the two pseudo~lines, dracketing the lines of unknown wave-
length. This cadmium "croes" is positioned so that the
spectral lines are perpendicular to one of its arms, which
wvill be designated the "a-c" arm. VWith this arm horige-
ontal, the four sides of the photographic plate are now
labelled "a®, "b", "¢" and "d", clockwise from the left.
We may also specify an x,y coordinate system centred on
the cadmium interference pattern, with the x-axis in the
"e" direction and the y-axis in the "H" direction. In;
conformity with the above scheme, the two pseudo-lines of
cadmium are designated Cadmium "a” and Cadmium "e". The
arcs of a typieal line are indicated in Fig. 2.1 (the arcs
of the cadmium pattern having bYeen omitted for clarity).
Since only segments of the interference rings of each
line are available, & scheme of measurement was devised
from which accurate values of the ring diameters could be
determined (4), using a measuring micrometer with a
rotating plate stage. Instead of measuring the true
diameter, D, one obtains the two distances 8, and 8, (see
Fig. 2.1). These are determined by setting the micro-
meter on the arc in question, obtaining a reading R, and



/ {e \
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FIGURE 2.1I MEASUREMENT OF “CIRCULAR
CHANNEL RING DIAMETERS
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then rotating the plate through 180° and re-setting on
the same arc to obtain a keading R'. Then 28 = |R - R'| .

If the centre of ratntion ef the plate is specified
by coordinates (xl, yl) in tho dbavc syatem, the ring
diamoter is gtven byz

D= 2(S+ )+ 8xx — 4p" (2.29)

where /0 }'1+q.’“ If the quantity P is very small,
equation (2.29) reduces to:

]) 4 S S, + ¥x-2x, (2.30)

The value of x for the ring in question may be found from
S-cos8® = x, S.cos© being an average value from the two
arcs, 1 and 2. The value of 2:1 may be obtained to a high
degree of accuracy from the readings cbtained for the arcs
of the "a-c" ocadmium arm. In this case, 3, - S, =~ 2x,,
80 that a mean value of 8, = 8, for all the rings gives a
good approximation to 2:1

In order for the programme to be used moat effectively,
the arc measurements should bde recorded in the same order
that they must enter the computer as data. This is speci-
fied in Appendix D where the programme is discussed in
detail. The general ocutline of the calculations will,

however, be briefly discussed in the next section.
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C. Outl £ C at .

v Aside from the actual arec measurements, certain gemeral
input data are required by the computer. These are numbers
specifying the number and positioning on the plate of the
unknown lines, and approximate wavelengths, phase change
and camera focal length correction factors for these lines,
Following these are two numbers aspecifying the procedure
for determining integral oidoru of interference.

From the arc measursements for the "a-c¢” arm of the
cadmium oross, the quantity 2:1 is found, and using all
the aros of the oross, quantities specifying the maximum
value otjo are camputed and given in the output. The ring
diameters are then found, and, from a least square fit of
equation (2.24), AD*L is conmtoﬂ}tor the cadmium pattern.
Using this value, fraetiomal orders of interference are
found for each ring in the three pseude-lines, Cadmium "a",
Cadmium "c¢c", and the "b-d" arm of the cross, using equation
(2.28). For each line, the £, ’s are averaged to yield a
mean £ . In such a determination of a mean fractional
part from individual fractiomal parts, one must be careful
to aversge values such a8 0,99 and 0,03 to obtain 0.01,-
not 0,51. This is one of the cases in which one must
programme "intuition" imto the machine. In thie case,
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the following oriterion has been adopted. If the mean
computed £ differs from any of the individual €,’S

by more than 0,5, the €,'S less than 0.5 are increased

by one and a new mean is computed. Using the £'s obtained
from each of the pseudo~lines, an €., is interpolated for

~ sach of the lines whose wavelength is to be determined,
assuming 'a linear dependence of . on x.

Por each of the lines of undetermined wavelength, the
true ring diameters are found from ‘equation (2.%0). Using
the A'D*a_dotemined from equation (2.27), these then give
€.8%" | Pollowing the abeve criterion for averaging, a
mean & is then found for each line and this is corrected
for the chromatic change of phase. The procedure used to
find the integral orders of interference for the cadmium
1ight is a trial and error method, and as such requires
almost as much computing time as the rest of the calcu-
lations (about 15 sec). Two methods are included in the
programme, one of which is selected dy the specifieation
in the input data.

In the first method, starting at a ocadmium integral
order of interference given in the data, the expeeted €
for each of the lines of undetermined wavelength is found
from equation (2.26) using its approximate wavelength.

The difference between this and the observed value is



determined, and & mean value of the square of this difference
is found using all the lines. Again, care must be taken

to give values such as 0.99 and\0.0I 8 difference of 0.02.

If this mean square difference is less than a number speci-
fied in the data, the integral order used for the cadmium
line is adopted. If not, it 4is increased by one and the
proceses repeated. This is continued, if necessary for

100 trial integral orders of interference, after which,

if no satisfactory value has been found, the computations

are stopped and data for another plate is read,

In the second method, specified by setting the desired
mean square difference to zero, the above is carried out
for 100 values of Pcd starting with the one entered in
the data. The one that yields the minimum mean square
difference betwsen the trial and observed E£’s is then
adopted. Using the value of p., obtained by either method,
P, is then foumd for each line using equation (2.26).

Again the ambiguity in € must be allowed for. (If a
trial order of interference of 103521.998 was compared with
an observed £ of 0,001, the adopted p, must be 10322.)
The accurate wavelength of each line is then found from
the observed E£'S and computed p's. The mean error in
this value ia also estimated, using the computed standard
deviations in £. and €, .

In addition to the accurate wvavelengths and their errors,
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several other quantities are given in the output, including
the fractional orders of interference for each line.

These are given in the hope that any errors thgi night‘
possibly arise due to ambiguity in the interpretation of
£'s may be detected. In the many computations involved
in the investigation given iﬁ the next chapter, however,
no such errors occurred. The use of this programme for
the plate reduction has redueced the ecomputation time for a
single plate from over an hour to twenty minutes (the

time required to transfer data to tape form) and has
practically eliminated personal errors in the reduction.

A detailed desoription of the programme and its use is
given in Appendix D.



Part III

DETERHMINATION OF PLATE CHAHRACTEHISTIC CURVES
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A. Introduction and Method.

The reduction of photometric observations obtained
from photographic plates, i.e. the determination of line
profiles, requires a knowledge of the characteristic
response curve of the plate used. This is normally
determined by measuring the plate densities corresponding
to a number of known exposures. For the investigation
of line profiles to be presented in Chapter 4, this was
done using a step wedge, allowing seven exposures of equal
duration but different intensities to be taken simultaneously.
From the measurement of the plate density, obtained using a
microphotometer, and the pre-calidrated intensities trans-
mitted dy the wedge, a smooth charagteristic curve can dbe
estimated. Although curve fitting by hand for so few
pointe (seven) is not a difficult process, a machine method
wag developed for the determination of an analytical form
of the characteristic curve [over the region of the
observations), as part of a general programme for the
reduction of spectral observations.

In order %o present the method adopted for the derivation
of the analytical form of the characteristic curve, a brief
summary must be given of the standard process used for its
determination. The wedge used consists of seven strips
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o{lrhodtun ecating between tvp glass plates, the trans-
mission coefficient for each strip having been accurately
determined (9). On each plate for which the response
curve is required, two exposures of the spectrum, of
equal duration, are taken, one through the wedge, and one
through only the glass plates of the wedge. PFor the
latter, a filter is used to obtain a medium density on
the plate. Migarophotometer tracings through each spectrum,
perpendionlar to the dispersion, then gi?' a record of the
corresponding plate densities. In sddition, measures of
the density of the unexposed plate and of a completely
*"black” plate are included on the microphotometer records,
A diagram of such a microphotometer record is shown in
Fig. 2.2. Usually several such recordings are made for
each plate,

If we now adopt a scale for determining the mioro-
photometer deflection, x, 20 that the unexposed plate
rtadlnéyls X0 and the "black" reading is Xg0 We mAy
specify any other degree of deflection by a y/yb vhere y =
X - X, and Yo ™ Zor ~ Xo° The characteristic curve may
then be defined as the relation bYetween the plate density,
y/yb. and the intensity, I, incident on the plate. Since

{ithe intensity incident on the plate is given by $I, vhere
%% 18 the transmission coefficient of the wedge step and I°
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is the 1ntonuit; incident on the wedge, the characteristic
curve is u!uallj expressed 2s the relation between y/yo
and log t. This allows the comparison of different
determinations (made with different Io's) by a change of
the origin of the log t axis.

In the dotermingggonkgf the relation between y/y° and
log ¢, the intensities, I°
must be the same. Unfortunately this is not usually the
case, and corrections must be determined from the density
recording of the spectrum taken through the glass plates
of the wedge. A first approximation to the characteristic

; incident on each wedge step

curve is found using the measured y/yb'n for each wedge step
and their known transmission coefficients. The measured
y/yo's for the glass plates, using this approximate curve,
then give the variation in I° across tpc vedge steps. A
reference io ie chosen and the transmission coefficients of
the wedge steps are corrected to (t')'s to correspond to

an incident intensity equal to the reference 1ntennitz,,1b'.
This is given by |

t'/t = IG/IO' (2.31)

Using these new transmission coefficients and the measured
y/yo'n for each step, & second approximation to the curve

is odbtained. If the y/yb'a obtained for the glass readings
fall on the linezz - portioa of the characteristic curve,
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this second approximation is a good one. If not, it may
be considerably in error; however, such cases are assumed
to be eliminated by the choice of exposures, and the
second approximation is always adopted,

In the machine computations, the same procedure is
followed, but at each stage st which a curve is drawn by
hand, an analytical expression is fitted to the points
by a least-square solution. Since the characteristic

curve resembles the curve:

u \
1= \ + Axb , (2.32)
where y = y/y° and x = I/I,, this was:adopted as a first

approximation, A better apyreximation is given by the
polynomial expression:

In ll-o = gn; a; {]h (-?19 - l)}L (2.33)

which reduces to (2.52) for n = 1, Curves of the form
"given by (2.33) were fitted to the observed points for
values of n from one to four, and it was found that the
extra terms (for whiech a1<K.nl) allowed a very good fit,
It was therefore decided to use equation (2.33) as the
analytical form of the characteristic curve, choosing
the value of n that gave the best fit.
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Equation (2.33) has the fault, however, that for certain
values of a8 end n, it does not have the proper physical
convergence properties as y/yo—a-l and 0. This occurs
wvhen n is odd and &, is negative, and when n is even.

It vas found that for moet plate emulsions, a, was positive,
80 this difficulty usually arises only vhea n is even.

In this case, equation (2.%%) does not behave properly

for y/yo—a-l. These deviations from the correct asymptotic
forms of the characteristic curve 4o not occur within the
range of y/yo's observed for the wedge steps and so do not
present any problems im the application of the analytical
form of the curve (since any extrapolation beyond this
range is not justified by the observations). Sinoce,
howvever, the case when a8, is positive and n is even arises
frequently, provision has been made in the programme to
preserve the asymptotic form of the curve, in a somewhat
arbitrary manner, for y/yo-e>l. Por y/yo'a less than

the greatest observed y/ya, equation (2.33) is used, while
for y/yo's greater than this value, the analytical form

is taken to be:

In I/I = A + B In(1 - y/y,) (2.34)

The constants A and B are chosen so that the curves (2.33)
and (2.%4) matoh (up to the second derivatives) at the
maximum observed y/yo.



In fitting equation (2.33) to the data, the coefficients
8, are computed using a least-squere solution for poly-
nomials, This is provided by the Ferranti library pro-
gramme No. 523. In this sub-programme, the variance

m
( 2 v,/m-n) where v, is the difference between the computed

=i
1n I/I° and the observed value, and m is the number of

observed points) is also ecomputed. From this, the per-
centage uncertainty in a single determination of I may be

found,

£ FsBs

B. Outline of Comggtatiogg:

The input data for the machine eomputations consist
of mumbers specifying the nunber of characteristic curve
detorninations to be averaged together, certain control
instruetions, and the observed densities for the wedge
steps, the corresponding wedge ‘positions exposed through
the glass only, and for the "black" and elear plate, for
each determination.

For each determination, from the densities observed
for the wedge steps, y/yb's are found and the polynomial
(2,33) is fitted te the data. Using the y/y,'s found for
the glass exposure, the variation of I° across the wedge is
found and a second appreximation to the characteristic



curve is fbuid as outlined above. Again, curves for each
value of n are found and the best one chosen. Using this
curve, the values of ln I/I  are found for six values of
y/yo between 0.25 and 0.75.

The analytical curves obtained for each determination
are then “averaged" together. 1In order to do this, the
y/yo and In I/Io values used to determine each of the
individual curves must be adjusted to a common 1ln I/Io
axis. The additive adjustment for each curve is given
by the mean difference between the six computed 1ln I/Io'a
for the central part of the curve and thase found from the
curve obtained imn the first determination. Now using all
the adjusted y/y° and 1n I/Ia values, for all the deter-
minations, a new polysemial (2.33) is fitted to the datas,
using the optimum n. This is adopted as the final analy-
tical form of the characteristic curve in the region of
the observations, and the eoefficients a; are given in
the output. In addition, the variasnce of the final fit
and the percentage unsertainty in a determination of I are
given, along with the maximum and minimum observed y/yoa

i1f the final curve is one where n is even and e, is
pesitive, a curve (2.34) is also calculated for a rough
extrapolation for y/yo—a-l. The constants A and B are
found from the relationsi



79

_ = m '35)
B =T %fw )

| A — '-(In I/]-o)b‘.; B ln (\—-—'-1m) (2.36)
vhere y  is the maximum observed value of y/yb. The
derivative is approximated by éA\—-"ﬁ/Io wvhere A\ y/yo = 0,01,

Yo

Using equations (2.33) and (2.34), if applicable, a
table of 1ln I/I° for thirteen values of y/yo is given in
the output, and the coefficients in the expansions are
stored for future use.

It vas found that the accuracy of the determination
depended critically upon the measured points with y/yo'a
nearly 1 or O. Since these are transformed to points far
from the origin by the transformation which gives the
polynomial expansion (2.33), they are liadble to contridute
greatly to the calculated variance. Thus the computed
percentage uncertainty in a determination of I refers
primarily to the two extremes of the response curve, not
t0 its linear portion, vhere the uncertainty is much less.
In practice, it was found that most determinations gave
computed uncertainties of the order of 4%. Care must be
taken to include readings for at least five wedge steps
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ia the data, and preferadbly six, since for five or less
observed points, the programme will yield an exact fit to
all points. One thus loses all statistical degrees of
freedom in the fitsing. Even in this case, however, the
polynomial chosen will be the one where n = m-1l, m being
the number of observed wedge steps, so that it will still
yield a smooth interpolation.



Pars IV

SOLUTION OF CERTAIN INTEGRAL EQUATIONS



A, Introduction.

For a detailed interpretation of spectral line profiles,
it is advantageous to correct the profiles for the apparatus
function of the spectrograph. This functiom, S(x), is
defined by the integral equation:

Oxe) = fT(x) Sx-x, )Ax (2.37)

where T(x) is the true 11na profile that would be obtained
by an "ideal" spectrograph, O(x) is the line profile
actually observed, and x is a coordinate related to A .
Sincews(x-xo)éo for (X-X, -> , we may replace the
lower limit of integration by--c3 although in practice,
the limite of 1ntograticn may be considered to be finite,
T(x) being zero outside the regiom of integration. Equation
(2.37;*13 a Fredholm equation of the first kind, for which
numerical solutions are diffignlt. In the tollaving.
several numerical methods tried for an approximate uoluxiun
of 7(x), knowing O(x) and S(x), will be discussed. A
suitable machine method for the routine reduction of line
profiles was sought and the one that was chosen for the
investigation presented in Chapter 4 is deseribed in some
detail. Other methods, not discussed here, may be found
in a survey dy Van de Hulst (10,11).

The solution of the prodblem is formally the same whether
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r(x) is the profile of an emission or absorption lino,
since the apparatus function is normaliszed so that S S0 dx
= ]. In the following, we will therefore treat tho

problem for the case when T(x) >0 as |x|—= = .,

B . 50 1“ rAL:

If we approximate the integral in (2.37) by a finite
summation, as we must in any numerical treatment, we have
(assuming a very simple quadrature formula)s

Y
O(;i) - T(ﬁ? 3(:1-21) A x §=0, ..,n (2.38)

where the summation is over n+l values of x, at equal
intervals, A x. The n + 1 equations given by (2.38)
for 4 = 0, ...,n constitute a set of linear equations in
the unknowns T(xj). (For simplicity we may setAx = 1),
Thus one might hope to find the values of T(x) at the n + 1
pivotal points from a direct solution of these equations.
If we write (2.58) in matrix form,

O=S T (2.39)
vhere Q and T are column vectore and S is the apparatus
function matrix, the solution is given dy:

? =350 (2.40)
Such a solution depends upon the existence of an inverse
of 3, 1i.e. & non-singular S, ]It has been shown by Fox
and Goodwin (14), that if the kernel, S(x), can be expressed
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as a polynomial of order p, detlaljla Oforn> p. Thus
the direct solution of the equations to yield a unique sol-
ution is impossible. For an arbitrary S(x), one would there-
fore o:pééf that det Iswl-—'> O as n increases. The errors
introduced into the solution by replacing the integral dy
a finite summation, although decreased by increasing n,
are magnified by the large elements in 8™ and a large
error is intreduced into the determination of T(x). Fer
a small number of pivotal points these errors are usually
not too crisical, if the functions O(x) and 3(x) are exactly
known, however this is not the case for observed line
profiles. It was found that application of this method
%0 observed data yielded an error im T(x) that was an
oscillatory fumotion of x, of short period and large
amplitude, -

This problem of large amplitude, oscillatory errors
in T(x) is fundamental in all exact solutions where O(x)
and 8(x) are subject to0 experimemtal errors. Suppose
that the true observed function should be 0%*(x), whereas
that actually observed is 0(x). Then
o, Q') = O+ %) (2.41)

-

vhere $() is the observational error function. The true
integral equation to be solved should then bet

0" (x.) = S Tx) Sex-x0) dx (2.42)
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vhereas the equation actually used for the determination
of the true profile is (2.37). Taking the difference

between these, we have

§(x,) = S {T*(x) -T(x)} S(x-x,)ax(z.ﬂ)

If we denote ) Ta‘(.x) -T(z) lw, A(x) , the error in the deter-
mination of 7(x), we see that a large amplitude, oscillatory
funotion, A (x), will give only a small S (x) provided that
s(x-xo) is fairly constant over one oscillation of A\ (x).
From this, one might expect small observational errors in
0(x) to yield large amplitude errors in T(x). This is
discussed in slightly more detail by Kreisel. (15)

One must therefore find an approximate solution of the
problem that preserves "smoothness" in the derived function
T(x). Two iterative procedures of obtaining approximate
solutions of the equations (2.38) were therefore investi-
gated, Naturally, these procedures still suffer from
the diffieulty that successive approximations must converge
40 & solution with large amplitude errors in it. One may
hope, however, that a reasonsble solution can be obtained
after few iterations defore the large errors appear.

The problem then becomes one of determining the optimum
nunber of iterations to be made,
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C. Iterative Methods.

The first method investigated was that of Gauss and
Seidel, as desoribed in (16). An initial trial vector,
T(x;) is chosen and the eomponents of this are successively
modified by solving the 1th‘oquntian of (2,38) for the
value of T(xi). This is repeated until all the n + 1
equations have been used, to give a second approximation
to the vector T(x;). This cycle is repeated until a trial
vector is found that gives an "observed" function fitting
the actual observed function within a certain limit. This
method is known to converge if the matrix 8 is symmetric
and positive definite with dominating diagonal elements.
Since in most ocases, the apparatus function is very nearly
symmetric, rapid eonvergence might de expected; and
smoothness could be introduced by using the observed fumction
for the initial trial solution. It was found, hoqu;i.
that the convergence was slow, requiring adbout 15-20 cycles
for a satisfactory solution to be obtained (in a typical
case arising from the investigation in Chapter 4). This
resulted in the complete obliteration of the smoothness
intreduced dy the choise of initial solution, and the
method was dimcarded.

The second method imvestigated was that dus to Burger
and van Cittert (12,13), which has been adopted in the past (17)
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tpr the derivation of true line profiles. Agsain the
observed funotion is adopted as a first approximation to
the true function, and corrections to this approximation
are succensively derived. The process is best described
using & slightly & fferent notation. Ve write equation
(2.37) in operator forms
0 =57 (ef. equation (2.39) (2.44)

vhere sr denotes j Sx-%) T(x)dx . The observed function,
0, 18 then sdoptoa ags & first approxination to T, 1.e.
To' 0. Purther approximations to T are given by

Ty = Ty + (0 = 5T) = T, + (1-8)%, (2.45)

eto. vhere 1 nmnnto the unity operator,
giving for the n approximation:

T, = {Z0-9}T, (2.46)
Since 1 - (~x)" = x f:(\-x).L ve have!
— | - (|-S)n+' 2.4
= { S } T, (2.47)

It may easily be shown that this oativerges to the solution
of (2.57) by taking Fourier transforms of equation (2.37).
We then have

0(t) = (%) 2(%) (2.48)



vhere the symbols now refer to the Fourier transforms
qfﬁo(x). 8(x) and T(x). ﬂggho Fourier transform of the
solution is then given by:

(%) = 0(t)/B(%t) (2.49)
From the formal similarity of equatioms (2.48) and (2.44),
we see that the Fourier transfarm of the n°l approximation
30 T(x) is given by equation (2.47) when T,(x) is replaced

by 1,(8%), eto. This converges %o (2.49) if |l - S(t)|< l
wvhich is ui at true from the normaligation of
8(x).*

Y
i;“?.'}»"“‘

It wae found that this method converged rapidly to an
acceptadble solution; a solution, :n' being judged accept~
able wvhen it yielded an "observed" functiom fitting O(x)
within a preset degree of accuracy. For typical profiles
obtained in the investigation to be discussed in Chapter 4,
it was found that only 2-7 iterations were required teo
obtain a golution fitting the data to within & maxinmum
error of 1% of the continuum intensity for iron lines, and
4% for the sharper oxygen lines. These figures do not,
however, refer to the accuracies of the solutions them-
selves. Experiment has shown that the accuracies of
sclutions 80 adopted are about twice these values (for 2«7
iterations). 1In this small number of iterations, the large

amplitude errors inherent in the solution had not reached an

* For very asymmetric apparatus functions, [1-S(t)l may

exceed unity although |S(t)l<1 because of normalization,
In such a case there is no convergence,
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appreciable magnitude, thus the approximate solution
obtained was usually smooth (see Section D). Any
irregularities, however, that do happen to de present in
0(x) are enhanced in !n(x), and troudlesome irregularities
can arise. (In partioular, see Section D, Part II, Chapter
4). The question of the optimum number of 1terat§ms, i.e.
choice of the error limit, depends upon the value of Ax

in equation (2.38), the functions O(x) and S(x), and the
ebler;é.tional errors in these.

The convergence rate can be slightly increased if O(x)
is rully} a smooth function by a better choice of initial
approximation. The method follows that given by Eddington
(18). If S(x) is Gsuseian and is given by:

x.,\

S(x )—OCJ_— o2 (2.50)
then equation (2.37) may be written as:
0) = Az f"’(xw) e T 4‘1 (2.51)

If we then expand T(x + y) by & symbolic Taylor expansion:

T(x+y) = ¢ 155 T &) (2.52)
then equation (2.51) becomes: .
Oy = A [ 157 7 g4
V) Sz 1

= (e ™2 d_x'*) Too



treating the differential operator as a constant. Thus

¥

we have | o> J7
T(X)“‘ = (G’,_ E3 dX"> 0=
= O — % cc’JxO’“(x) PR (2.54)

‘4
I 8(x) is not qniiupnnnainn, one would still expect

T.= Ow— £ iff" (2.55)

to be a good starting approximation for the Burger van
Cittert method., This requires, however, that the second
derivative of O(x) also be fairly smooth, or else
irregularities will be introduced in the first approxi-
nation. EBxperiment showed that this initial approximation,
(2.55) decoreased the number of iterations required by one
or twe.

Owing t0 its rapid convergence, the Burger van Citsert
methed was therefore adopted and a programme was written
for its rapid execution. The funoction O(x), tadbulated
at up to 180 pivotal points, is taken as a first approxi-
mation t0 T(x) and sucsessive approximations are computed.
The required integrations are replaced by finite summations,
0(x) being taken as zero ocutside the region of tabulation,
If O(x) is sufficiently smooth, equation (2.55) may be used
for the first approximation, the secondderivatives at each
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point being approximated by the corresponding second
differences. The actual value of the second difference
adopted at each point is determined from a quadratic least-
square fit to the second differences in the neighbourhoed
of the point, and the value of X 1is estimated from the
half-width of the apparatus function. For each trial
function, m‘(x), obtained, the quantity

Eéz'Z:{S@r*OT;WQ}“mN) (2.56)

is found for each point. If the mean value of E is less
than a preset value £ , or if Epax. is less than 5¢ , the
approximation is accepted; if not, a new approximation

is found using the Ei'a. The solution finally obtained
is given in the output at as many points as O(x) was given.
If the mean values of E found for successive n's begin to
increase, the ocomputations stop and the best solution is
given. Such a precaution would not really be necessary
for the Burger van Cittert method if rounding errors could
not arise, since it must converge to a solution. The
computations for each trial solution require 30 seconds,
g0 that most profiles require 2«3 minutes for their reduction.

D. Fourier 8f Solut .

Although the above method yields fairly smooth solutions,
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for aertain cases the convergence is too rapid. For
profiles that are very droad compared with the apparatus
function, it was found that Tn(x) night under-fit the

data, having E considerably greater than & , while gu+1(x)
might over-fit the data, with E consideradbly less than & .,
Thus neither of these would be satisfactory solutions,

the first being inaccurate and the second containing enhanced
observational errorse. From the Fourier transform equation
(2.49), we see that large amplitude, short period,
oscillatory errors in T(x) can arise from observational
errors that make O(t) too large or S(t) too small, For

a well-behaved solution, we require that 0(t) — O faster
than S(¢), as t —> .

In the Burger van Cittert method, we mee from (2.47)
that as 8(¢) > 0, T,(t) - (n+1) { 2-8(¢) } " o(t). Thus,
1f 0(¢) has a finite value due to observational erros while
S(t) is very small, !n(t) will grow nearly in proportion
to the number of iterations, and & corresponding error of
frequency ¢ will be introduced. This i8 a slow growth,
however, and accounts for the relative astability of the
Burger van Cittert method,

It has been suggested by J. S. Rollett (19) that the
Fourier transform solution given in equation (2.49) would
be a faster machine method than that of Burger and van Cittert,
if some means could be found t0 eliminate the high frequency
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errors in T(x) arising from observational errors in O(x)
and S(x). He has written a programme in which the
eatimated standard deviations of the tabulated values of
0(x) and S(x) are considered. Using these, the complex
Fourier transforms (computed numerically) of these two
functions are modified, by adjusting their amplitudes,

so that there is a 10001l probability against any T(¢)
being too large because of experimental errors making S(t)
to0 small, and 20:1 against it being too large because of
errors making 0(t) too large. This programme was found
to give results in good agreement with those obtained by
the Burger-van Cittert method but much smoother, in times
equivalent to 3 iterations in the latter method. The
method of modifying O(t) and S(t) is not entirely satie-
factory, however, and further investigation into this
promising method is required.



Part Vv

GENERAL REDUCTION OF LINE PROFILES
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A. Introdugtion.

In the preceding two parts of this chapter, machine
programmes have been discussed which allow the correction
of line profiles, as odbserved on s microphotometer tracing,
for the response curve of the photographic plate and the
spectrograph apparatus function. These were derived as
part of a general programme for the reduction of line pro-
files. For the purposes of the investigation given in
Chapter 4, a programme was desired that would use profile
data taken directly from microphotometer tracings to compute
1) an observed, true intensity profile allowing for the
charactaxistic curve of the nhot&?raphic plate, 2) the
corresponding true line prpftlo allowing for the apparatus
function, and 3) a tunctiog giving the asymmetry of the
resulting profile. Such a programme was developed and the
methods used will be ocutlihed in the next section.

The data required for the execution of the reductions
consist of two sections. The first are data that are the
same for several profile determinations, consisting of a
tabulation of tho ajfiparatus function, at equal intervals
Ax o and the data required for the determination of the
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i
characteristic curve. Secondly, the data for the line

profile to be reduced must be given. This is in the form

of up to 54 (x,y) points taken from the microphotometer
tracing, vhere x is a coordinate parallel to the dispersion
and y 1is a coordinate denoting the microphotometer deflection.
In addition, y readings for the continuum, the "clear" plate
and the "black" plate must be entered. The relation betynon
the unit of the x coordinates and Ax , along with several
control parameters complete the input data.

Using the charagteristic curve data (see Part III), the
observed (x,y) points are converted to ( <, v, ) points,
vhere v, is the residusl intensity in the profile. (If
any observed points have residual intensities > 1, the
continuum level is adjusted to make them equal to l.)

Values of the observed profile are then interpolated at
intervals ¢f AXx treating the line profile as that of an
emission line. For this purpose, & quadratic interpolation
procedure was adopted. If the value of O(x), the observed
profile, is required at Xgo the two observed points on
either side of Xy four in all, are used to obtain a least-
square quadratic fit ¢o O(x) in that region (the two

central points being given twice the wiight of the outer two).
In this manner, up to 180 values of 0(x) are interpolated.
At this stage in the computations, the equivalent width
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of the observed profile is estimated (by a summation
over the interpolated wvalues).

The function O(x) is then corrected for the apparatus
function using the Burger-van Cittert method discussed in
Part IV, Since the interpolation of O(x) tends to intro-
duce a discontinuous second derivative, the method of
subtracting second differences to speed up convergence
could not be used., A trial solution, Tn(x), was accepted
when it fitted the observed O(x) within a preset limit,
as discussed in Part IV, or when it fitted O(x) within
the mean error arising from the quadratic interpolation
1f this exceeded the preseir  limit. In most reductions,
1t wvas the practice to let the second limit (a mean error
of 0.4 - 0,8% of the continuum intensity) determine the
number of iterations. From the maximum value of the adopted
?(x), the true central intensity of the profile is then
found., .

It was decided to denote asymmetry by the curve giving
the midpoint of the profile as a function of residual
intensity. This curve is computed from T(x) by an inverse
quadratic interpolation procedure as follows. At a given
intensity I, (I = 1-r,) the function ?(x) is analysed to
£4nd the values of x at which T(x)-X changes sign. The
exact value of x at which this occurs is determined by
finding a least-squars quadratic fit to T(x) in this region
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(as in the interpolation of O(x)). The solution of the
resulting quadratic equation for T(x)=l then gives the
desired value of x. Great oare must be taken in this
solution since two values of x are usually found, one of
wvhich must be selogtod. or both roots may be complex.
Certain "intuitive” criteria are inocluded in the programme
t0 allov for such cases. If there exist n separate peaks
in the profile at the intensity level in question, then
there must be 2n points at which T(x)=I, If x, and x,
denote the two such points for each peak, the midpoins

0f the profile is assumed to be given by:

e a,ﬁ‘l@wm
TR ey,

AT G g (2.57)
‘Z (- %o);

This is illustrated in Fig, 2,5. It was found that only

at large values of r, did more than one peak ocour.

This is closely related to the question of error "ripples”

in the solution of the integral equation. The midpoint

is found for up to 50 values of r_ at intervals of 0.02,

end the resulting curve of X as a function of l-r, is given

in the output. The origin of the coordinate x is directly

related to a reference line on the original traoing, so

X =

that the X curve may be given ar abdsolute interpretation.
The whole programme is very flexible, and by various



99

I sA x wiodpiw Jo joid Aq pajousp si Asjwuwhsy
SIAYND  A¥1IWWASY 4O NOI1VNINY3L3Id €c 3¥NOId

(XV Jo syun) ¥
o0l os I

cmmtmr e m e e e m e == \eefN e e e e e e m - - - T = Kdisuayy

o0

‘O

O




100

choices of the control parameters one can omit various
sections of the computations, e.g. the solution of the
integral equation or the determination of asymmetry. 1In
addition, most of the computed funoctions may be printed

out or suppressed at request, e.g. the observed 0(x) points,
the interpolated O(x) curve, the adopted T(x) curve and

the asymmetry curve., In order to conserve output time,
the curve 7(x) may be printed out at intervals that are
any integral multiple of Ax The complete reduction of

a typieal profile requires about 3-4 minutes, mach of
which is required for the pumching onto tape of the various
curves, and as many profiles as desired can be reduced

one after the other. About 10 hours of machine time wvere
used in the reduction of the data for Chapter 4 (some 140
profiles), which is considerably faster than the corres-
ponding reduction by hand (considering even the 30 hours
required for the preparation of data tapes). Moreover,

it is an obdjective method of determination of very small
asymeetries., A detailed discussion of the programme and
operating instructions is given in Appendix D,
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Chapter 3

OBSBRVATIONS OF WAVELENGTH SHIPTS

Part I

LIMB EFFECT FROM MICRMMETER MEASUREMENT
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Because of the great theoretical importance of the
exact form of the limb-effect curve and also the magnitude
of the wavelength shift at the limb, a new determination
of limd effect and red shifts was undertaken. The method
adopted by M. G, Adam (1) was used, and the same three iron
lines were investigated. The new determination, however,
vas made at intermediate solar latitudes (~ * 55°) with
a view to the detection of a latitude effect if such exists.

The method is a differential one in which the positions
of the solar lires on a speatral plate are compared with
those of a set of reference lines, in this case terrestrial
oxygen lines, whose wavelengths are assumed constant.
3ince observations were confined o the part of the disk
near the limb and the ¢entre of the disk, such a method
requires two essentially different sets of measurements.
First, a set of standard positions of the solar lines at
the centre of the disk with respect to the reference lines
is required, and secondly, a set of measurements of the
positions of the solar lines at varicus disk positions
with respect to those of the reference lines is needed.
Then the difference between the two gives the limb effect
at various disk positioms, when correctione have been made
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for the effects of the rotation of the Sun and motion of

the observer. These shifts can then be converted to a

1limdb effect expressed either in wavelength units or, as

is customary, in equivalent Doppler velocities. For such

a procedure to be valid, the dispersion used in the two

sets of measurements must be identical, otherwise corrections
must be applied, all measurements being reduced to one
standard dispersion,

B. So S .

The spectral plates used in the determination were some
of a series obtained in 1957 (1), others of which were used
in the 1959 limb-effect study. They were taken using the
35m solar telescope with its associated spectrograph, the
Bausch and lomd grating giving & dispersion of 1.4 mm/A
in the first order. The plates used were all Ilford
ranchromatic type R50 and were developed in Parkhurst two-
soclution developer.

Ten plates taken at the centre of the disk were used
for the determination of standard positions and six plates
of the region near the limb were used. For the limb plates,
the solar imasge was guided so that the spectrograph slit
wvas radial, the limd falling upon the slit. These plates
were divided equally bhetween the east and west limbs. The
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sixteen plates used are listed in Table 1.

Table 1. Details of Measured Plates.
Centre Plates Limb Plates
Dage U,T. 1957 Solar
Date U.T. 1957  ILimb Latitude
May:21.3812 May 24.3929 West  =50.0 to -59.0
22.6342 K
28.4674
51.4592 27.35944 RBast 48.1 to 60.0
June 12,4850 June 16.4084 Went «50.6 to -63.7
13.5754
15.61%1 16.414) East 81.0 to 61.8
14.450% o
14,608% | 16.423%3 East 48.9 to 658.5

The spectral lines are the same as those used dy M. G.
Adam and are listed in Table 2, with their I.A.U. wavelengths.
There is no 1.4.U, wavelength for the third oxygen line and
the value given is an estimated one (1). Tadble 2 2lso
gives their Rowland intensities, and for the solar lines,
the excitation potentials of the lower levels and the
transitions involved. The oxygen lines are associated
with the &« band of atmospheric oxygen.



107

Table 2. Measured Lines

I.A.U. Rowland Excitation
Wavelength Element Intensity Potentisl Transition
6295.960 A Atm, 02 3 o -
6297.799 Fe 5 2.21 volts « P- q’ly
6299,.228 Atm. O2 3 .
6301.508 Fe 7 3.64 2P~ D
(6302.000) Atm. 0, 2 .
6302.499 Fe 5 3.67 z5P - &°D
6302.764 Atm. 02 2

C. Centre Measurements.

The spectra were measured on a Hilger photomeasuring
micrometer fitted with a trensverse micrometer motion.
A diaphragm in the focal plane of the eyepiece limited
the field of view to a strip of spectrum 0.145 mm wide.
This was positioned parallel to the plate diepersion so
that only a small section of each line was visible. The
plates were measured in the forward and reverse directions
at the slit height corresponding to the centre of the
disk and average line positions were found. These were
referred to the first oxygen line after corrections for
the observer's motion had been applied to the solar lines,
the dispersions for the three lines being 33.99, 33.96,
and 3%.95 km/sec/mm. The average positions of the seven

lines were then found from the ten plates. These wvere
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adopted as the standard centre positions and the oxygen
positions were used to indicate the standard dispersion.
These standard centre positions are listed in Table 1,

Chapter 4, where they are compared with the standard
positions used by M. G, Adam (1).

D. Limb Measurements.

Each limb plate was measured at about forty slit
heighta, each corresponding to a different radial position
(different /o). The positions of measurement were so
chosen that they fell at approximately equal intervals
in cosO ., In order to cempute the value of /0, for
each "spectrum” measured, the limb plates were marked .
perpendicular to the dispersion at one millimeter intervals
from the inner edge of the spectrum. The positions of
each 0f the measured "spectra” wvere referred to these
marks, and the position 0f the limb was determined visually
with respect to them at both ends of the plate. The
image radius having been determined for the times of
observation, & Plo, WaB calculated for each set of measure~
nents.

The msasurements were made in the same manner as for

the centre plates and mean positions of the seven limes
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vere determined at each value of)pgq; . Using the observed
oxygen positions, the mean positions were corrected to the
standard dispersion, assuming a linear correction factor.
The difference between the corrected iron line positions

and the standard iron positions then gave the wavelength
shift, uncorrected for the observer's motion and solar
rotation, for the corresponding value of ©/0, . The shifts
80 found for the three lines were then converted to equi-
valent Doppler velocities and averaged to give a mean

shifs for that value of ~“/0 .

E. Accuracy of Measurement.

It was found that the mean velocity shifts determined
as a function of /°/Ps from a single plate exhidited large
fluectuations about a systematic trend, with amplitudes up
to 0.2 km/sec. Prom an analysis of the micrometer settings
in the spectra, it was concluded that the uncertainty in
an individual reading of the position of an oxygen line
was + 0.05 km/sec, and for an iron line, + 0.07 km/sec. at
the centre, and + 0.06 km/sec. at the limb. From these
figures, it is found that the uncertainty in the mean shift
of all three solar lines at a given disk position due to
measurement alone is + 0.05 ¥m/sec. Since this uncertainty
is much smaller than the observed fluctuations, the latter
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are attribtuted to the effecte of local velocity fields
on the Sun (2).

From sn analysis of micrometer measurements of the limd
position with respect to tho millimetre marks, it was
concluded that the values of ©/c are uncertain by about
+ 0.0003. At the limb, this corresponds to * 0.02 in

cos & ,

F. Relative Velocity Corregtions.

The corrections to be applied to the mean shifts
obtained for each value of /0, due to the motion of the
observer and solar rotation were computed using the pro-
grammes discussed in Chapter 2. The solar equatorial
velocity, Ro’ thich is needed in these corrections was
regarded as an undetermined parameter, to be supplied from
the observations themselves,

The mean shifts at each disk position were then corrected
for the odbserver's motion, giving at each point a residual
shift¢

A@®) = R, f@ + Aw)

vhere K /(o) is the correction for solar rotation, (o)
being the computed correction, and .[&(Q) is the 1limd effect.



This gives easentially 249 equatioms in.lio and the

N@© . The 1948 11mb effect curve obtained by M. G.
Adan (3) showed, however, that A\ (6) varies only slowly
with O except very near the limd. Thus the observations
wvere split into thirteen groups, each covering a amall
range in cos 8 over which /A(6) could be considered
approximately constant. For each group of observationms,
R, and A (6) were them determined by a least squares
gsolution. As in the 1959 determination, the values ef

R, were fairly comstant for the inner groups but decreased
rapidly as the 113;7:pproaohod. This was attributed to
the effect of scattered light (1). From the four inmer
groups of observations, little affected by goattering, &
mean value of 1,992 km/sec. was determined for R, . Using
this, the residual shifts were eorrected for solar rotationm,
leaving values of .[\(é).

G. Scatter C tions.

Since the positions of the observed points near the
1imb were uncertain by * 0.02 in cos 6 , and scatiering
effects depend primarily on the limd being observed (east
or west), the shifts obtained from the three east limd
plates were averaged together in intervals of 0.02 in
cos 8 , and similarly for the west limdb. These results
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are shown in the top half of Figure 3.1. The large
scatter in the observed mean shifts is attributed to
local velocity-field effects (2), and it is meen that the
west 1imb values are lower near the limb than those for
the east limd. 7This is as would be expected, since
scattering effects are far greater for the west limd
vhere solar rotation and true limb effect combine to give
a rapid variation of wavelength near the limd.

The scattering effect was assumed to be represented
mathematically by the‘ainpliua expression

| { Lo uey Sex-x0) dx
UK = = : (3.1)
{ Ty Sex-o) dx

vhere U (x) 4is the truiﬁvelooity shift (in the line of
sight) at 2p =ix| , [(X) is the intemsity at x, S(x-=X.)
is the scattering funmotion and « (x) 412 the observed
velocity shift. The limb darkening curve, 1(x), used
by M. G. Adam was chesen, and, in the absence of any

other "scattered light" exposures of the sky spectrum,
the seattering function used by her was adopted (1).

To calculate corrections for scattering, mean observed
velocity-shift curves were obtained for the two limbs.

Each was then emoothed and & true velocity shift curve
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was approximated by iteration using the above expression
for the scattering. From this, 2 scattering correction
factor as a function of CosO was determined for each limb.
Using this, the observed limd-effect plots were then
corrected, and the final values for the two limba are given
in the lower half of Fig. 5.1. Owing to limitations in

-, the {teration precess, reliable scattering corrections

could not be found for points nearer the limb than cos é =
0.05, and hence the limb-effect results terminate at this
point.

H. Final Iimdb Effect.

The east and west limb results were then averaged
together to give a final limb-effect curve. This is
given in Fig. 3.2. It is evident that local veloecity-
field effects still persist in the finsl curve despite the
averaging of.six plates. A smooth curve (a parabdbolic
formula in cos O ﬁfltted by least squares) through the
observed pointe gives the values tadbulated in Table 3
as a function of /o, .
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Table 3. Final Limb Effect
-_Aféfﬂun. /\ (km/sag_
L. A, Higgs M. G. Adam
0.998 0.584 0.474
0.995% 0.524 0.442
0.990 0.461 0.407
0.985% 0.417 0.381
0.980 0.383 0.358
0.970 0.331 0.321
0.950 0.264 0.263
0.92% 0.214 0.206
0.900 0.185% 0.159
0.875% 0.168 0.118
0.000 0.000 0.800

Included in this table are the corresponding values obtained

by M. G. Adam for the solar equatorial region (1).

The

new determination appears to give larger shifts than those
observed by her, dut the difference between the two is

entirely accounted for by differences in the standard solar

positions used in the two determinations (see Table 1,
Chapter 4). The uncertainty in these standard positions

precludes the measurement of any general difference < 0.07

m/see. Thus a latitude effect, if such exists, must de

smaller than this figure. An anslysis of the veloocity
shifts obtained from 1ndiv1@ual linss indicated small
systematioc differences between the shifts of the three
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linea, but these could also be accounted for by clight
errors in the standard positions of the three lines. The
question of the totel red shift at the limb, especially
the possidbility of a super-gravity shift, cannot de
ansvered until the red shifts of these lines at the centre

of the disk are known (Part II).



FPart 11

. DETERMINATION OF ABSOLUTE WAVELENGTHS AND OENTRE
HED SHIPTS
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A. Method.

The determination of red shifts requires the absolute
wavelengths of both the solar lines and the corresponding
terrestrial lines, formed in physical conditions as near
those existing in the solar photosphere as possidle, e.g.
vacuum are. At Oxford, the method of "circular channels”
has been developed as a powerful interferome tric technique
for wavelength determinations, the theory and applications
of which have been presented in the literature (4,5,6,7)
and bdriefly discussed in Chapter 2.

Eséontially the method-consists of using a spectrograph
in conjunetion with a Pabry-Perot interferometer, the
spectrograph serving only as a monochromator for the inter-
ferometer. If the lisht being analysed has a continuous
spectrum with absorption lines, the observed interferometric
pattern consists of a eey of c;rcular "heterochromatic"
fringes, due to the continuous npeitrun, vhich are crossed
by absorption arcs forming part of another set of concentric
circics 1nterao§tin¢ the first. In addition, the inter-
ference pattern of the cadmium red line () 6438.4696) 1is
superimposed on this pattern using a beam splitting cubde.
Overlapping is prevented by & system of diaphragms. For

the measurement of arc wavelengths, in which one is concerned
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only with a discrete line spectrum, the "heterochromatic”
fringes do not exist and emiseion arcs now replace the
absorption arcs.

The interference patterns are measured on a specially
adapted Hilger photo-measuring micrometer with a rotating
plate stage. From detailed computations, deseribed in
Chapter 2, using the measured arc positions, the wavelengths
of the absorption or emission lines are compared with the
wvavelength of the cadmium line. Although complicated in
ite early stages, the method of circular channels has now
become a standard procedure, and with the development of
computer reduction of plate measurements, is now a fairly

rapid method of wavelength determination.

B. ZProcedure.

The smaller Oxford telescope, giving an 18 cm solar
inage, was used for the determination of absolute wave-
lengths at the centre of the disk. The sun vas imaged on
the spectrograph slit, the slit height being 1.8 om, and
filters were used to equate the intensities of the solar
and cadmium light beams passing through the interferometer.
Two different spacers were used in the interferometer giving
plate separations of 2.5 and 5 mm. Fused silica plates were
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used which had been recoated at the beginning of the wave-~
length programme to give T%X transmission and 90% reflection
in the red region. Seventy-four solar plates were taken,
using Ilford paﬁchronatic R40 plates, at exposures varying
from one to three minutes, depending on the spacer used.
0f these, fwcnty—ono plates taken on four different days
were measured and reduced, using the computer programme
discussed in Chapter 2. TFPhase-change corrections and
camera focal 1ongth'correctiona were adopted from earlier
measurements (8). Both ef these were small owing to the
small difference between the wavelengths of the lines in
question and the standard cadmium wavelength. For this
reason, corrections for the dispersion of air in the
interferometer were not necessary.

For the arc wavelengths, a vacuum arc run at about
9 em Hg pressure replaced the Coudé beam from the telesevpe.
Mild steel pole-pieces were used and a io mn arc was maine-
tained at a current averaging 8 amperes. The usual method
of guiding the arc and foousing it on the slit was employed
(5), only the central portion of the arc actually being
used in order t0 eliminate any pole effects. Owing to
the low intensity of the arc lines, exposures of up to two
hours were required and the cadmium intensity was correa-

pondingly reduced using filters. Fifteen plates were taken,
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using Ilford HP3 plates, and twelve of these were measured

and reduced. The corrections for phase change, etc. were

the same as for the solar plates. The calculated absolute

wavelengths wvere foducod to absolute vacuum wavelengths

using the empirical pressure depression of spectral terms

given by Baboock (9). The largest pressure correction for
the three iron lines amounted to only 0.9 mA,

C. Solar and Axe Wevelengths.

ﬁ?ﬂ'“"

The calculafod solar wavelengths obtained from the centre
plates were corrected for the Doppler shifts due to the
motion of the observer using the computor programme for
radial veleecity eorrections. Since some plates were of
better quality than others, it was decided to weight each
of the calculated wavelengths on each plate according to
the inverse square of its calculated mean error for that
plate. A similar method was used to determine the average
are wvavelengths, There were no serious differences in the
vavelengths determined cqndidoring the two spacers separately.
For the solar wtvelangthi.utha 5 mm spacer gave wavelengths
0.6 mA longer than the 2.5 mm spacer, while for the arc
wavelengthe, the 2.5 mm spacer values were 1.0 mA longer.

The final absolute wavelengths are given in Table 4, along
with their standard deviations and the number of plates used
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in each determination. For comparison purposes, the
I.Al. wavelengths are given for the solar lines and the

Allegheny Observatory wavelengths (10) of the arc lines

are given.
Table 4. Abgolute Wavelengths
Spec vele
El. L.4,U. Obgerved No. Plates
02 6295.960 A 5.9603 + 0.0002 10
O2 6299.228 9.228% 0.0002 21
Fe 6301,508 1.5080 0.000% 21
02 (6302.000) 1.9998 0.0001 21
Pe 6302.499 2.5000 0.0003 21
02 6302.764 2.7640 0.0001 10
ron Arc Wavelength
Alleg. Obs. Observed No. Plates
6297.790 A T7.7906 + 0.0006 10
6301.%01 1.4990 0.0009% 12
6302.493 2.4920 0.0004 12
D. Integrated-Disk Wavelengihs.

Since it is known that local velocity fields may greatly
affect wvavelength determinations on the Sun, the question
arises whether the twenty-one solar plates were enough to
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eliminate these effectsa. As a check, it was decided to
take some wavelength plates using integrated sunlight from
all parts of the disk. An approximate calcultion showed
that, for the lines in question, the increase in line width
expected from solar rotation is small, approximately an
increase of 8%, thus the acocuracy of circular channel
measurenents would not be affected. Ideal conditioms

for integrated-light wavelength measurements gould be
attained if every pert of the siit and every part of the
spectrograph collimator received truly integrated light.

In practice it was found impossible to fulfil both require-
ments. Two optical arrangements were used, both of which
required a parallel bdeam of solar light in theavicinity

of the spectrograph slit. For thib purpose, the Casse-
grain mirror of the telescope was removed, and light passed
dowm to the spectrograph using plane mirrors only.

In the first arrangement, the parallel b;am wvas allowed
to fall directly on the slit, thus satisfying the first
condition above. To fulfil the second requirement, however,
a very long slit is required. The s8lit height actually
used, however, introduced vignetting at the collimator in
such & manner that the upper and lower regions of the
collimator received primarily light from the west and east
limbs of the Sun respectively. To counteract this, an
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. gy

image rotator was placed before the slit and ;he circular
channel platos were taken in "mirror pairs”. For the
second plate of each pair, the image used for the first

vas inverted about the optioal axis. In this way, wave-
length shifts due to variations in the transmission pro-
perties of the grating across its surface were expected

t0 be averaged out. The plates taken vith this arrangement
required exposure times of about 5 minutéa.

A second arrangement using a lens train was also used.
The optical arrangement is shown in Fig. 5.3. The parallel
beam from the Coude mirror fell on a doublet lens, A, of
9.5 cm focal lemgth, which produced an image of the Sun
at B. A field lens, C, of 52.6 cm fooal length, imaged
the lens, A, on the speog?ograyh collimator, D. With this
arrangement, the slit received integrated light, but the
slit height again 1nt§gduced vignetting at the collimator.
The exposure times with this arrangement tended to de very
long (about 15 minutes), and hence only a few plates were
taken.

It was decided that the {1rat arrangement was more
reliable, owing to'gho proaeﬂca of the image rotator, and
tvo pairs of plates 8o obtained were measured. The
average vavelength values determined for each of these
niror pairs agreed well with each other, although there
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were differencee (~ 4 mA) between the wavelengths determined
from the four plates individually.

- Since wavelengths observed at the outer edge of the Sun
are usually slightly redder than those at the centre, one
might expect integrated light wavelengths to be slightly
longer than those determined at the centre of the disk.

A calculation of this difference was made using the limb
effect curve and limdb darkening from Part I. It was found
that the wavelength difference was very critically dependent
on the limb effect at /¢, = 0.85, which lies ocutside the
range of the present observations. Using the 1948 curve (2),
it vas estimatéd to be in the range of 0.9 to 1.2 mA. In
fact, the agreement between the mean wavelengths from the
four integrated-disk plates (corrected for the observer's
motion) and the absolute wavelengths determined at the
centre of the disk is remarkable. Table 5 gives this
comparison. This close agreement would seem to indicate
that the absolute solar wavelengths found at the centre of
the disk are free from effects due to local velocity

fields.
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Integrated Disk

5.9605 + 0.0002 A

ble 5. Comparison of Solar Wavelengths.
Element Centre

02 629%.9603+ 0.0002 A

Fe 6297.7989 0.0004 7.7980
02 6299.2283 0.0002 7.2288
Feo 6301.5080 0.000% 1.5086
02 6301.9998 0.0001 2.0002
Fe 6302.5000 0.0003% 2.4999
92 €302.7640 0.0001 2.7636

E. Red Shifts.

0.0011
0.0004
0.0010
0.0003
0.0007
0.0003

From the above absolute solar and arc wavelengths, the

red shifts of the throe lines may be determined.

Since

there is an apprcciablc gas pressure in the photosphere,

the absolute vacuum wavalengths have been slightly corrected

for the determination of red shifts.

The photospheric

pressure wae estimated to be 0.05 atm. from the mean depth
of formation of the lines derived by Minnaert (1l1), and the
photospheric model given by H. H. Plaskett (12).

These are presented in Table 6.

The observed shifts

are slightly less than those expected accofding to the
empirical shift vs. line strength relation given by Nichols

and Clube (13).
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Table §. Centre Red Shifts.
Line Red Shify
6297.8 A 8.1% 0.7 mA
6301.5 8.6 0.4
6302.5 7.6 0.5

The results of Part I may now be extended to give the
red shifts of the three lines across the disk (with the
reservations to be indicated in the next chapter). A
final limb-effect curve on an absolute scale is given in
Fig. 3.4, in which the 1959 curve and the newv determination
are presented with their regioms of experimental error.

The scale on the left of the figure gives the limd effect

in km/sec, while that on the right gives the absolute red
shift in km/sec. Also shown is the red shift required by
the Principle of Equivalence. From this diagram, it is
evident that, allowing for experimental error, the shift
observed at the extreme limb exceeds the gravity shift,

thus apparently ruling out the radial curren; interpretation
of limd effect.
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Chapter 4

OBSBAVATIONG OF LINE PROUPILBES

rart 1

IRSTRUMENTAL EFFECTS Ol THE GHATING WAVELENGTHS
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In Part I of Chapter 3, it was stated that standard
micrometer positions for a centre spectrum were adopted
for the seven lines used, and in Part 1I, the determination
of the absolute wavelengths of these lines was presented.
Using the absolute oxygen wavelengths and micrometer
positions, it was possidble to calculate the micrometer
positions we should expect from the measured absolute wave-
lengths of the iron lines. It wvas found that the ocal-
culated micrometer positions of the three solar lines were,
on the average, 0.005 mm to the red side of the adopted
standard positions. This corresponda to a wavelength
difference of 4 mA. The calculated and standard micro-
meter positions are compared in Table 1, in which the
standard positions used by M. G. Adam (1) are also included.

Table 1. Micrometer Positions.

Calculated
2 Element Standard Positions Positions

M, G, Adam L. A, Higgs

6296.0 A 02 0.000 mm 0.000 mm 0.0000 mm
6297.8 Fe 2.571 2,570 2.5748
6299.2 0, 4.576 4.576 4.5764
6301.5 Re 7.764 7.761 7.7683
6302.0 0, 8.456 8.457 8.4569
6302.5 Fe 9.154 9.153 9.1572

6302.8 0, 9.527 9.527 9.5268
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On account of the small portion of the spectrograph
slit (cerresponding $o 600 km on the surface of the Sun)
used in the determination of the:standard micrometer
positions, one would oxpect some random fluctuations due
t0 loocal velocity fields. Results obtained by A. B. Hart
(2) indieate that r.m.s. velocity fluctuations of about
0.1% km/sec ocan be expected at a given point on the solar
disc. 8ince:ten plates Qore used in the determination
of the standard positions, one might expect fluctuations
in the mean positions of about = 0.001 mm. Since the
discrepancy in question was five times this value, it
seemed unlikely that it was due to unusually strong velooity
fields at’the centre of the disk when the ten spectra were
taken. | |
Fr- On the other hand, eince the slit hel ght used in the
absolute wavelength measurements correspended to 140,000 km
on the surface of the 3un, one would expect all local
veloeity fluctuations to have been eliminated. The close
agreement between the wavelengths determined at the centre
of the disk and those obtained using integrated light
tended to confirm this, It thus seemed difficult to accept
the possibility that the absolute wavelengths were in error.

Since an asymmetric apparatus function of a speciro-
graph can produce appreciable wavelength shiftes of spectral
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lines (3), the possidility of such an effect in the grating
spectra was considered. Using the Oxford Moll-type
microphotometer, sixteen tracings of typical spectra
were taken, in the forward and reverse directions, both
at the centre of the d4disk and at several points near the
1imb. The dimensions of the microphotometer slit were
chosen 80 a8 to correspond ¢to the dimensions of the eye-~
plece diaphragm used in the micrometer measures. The
tracings of a typioal centre spectrum showed that the
oxygen lines were ayéro:inatoly symmetric while the solar
lines were definitely asymmetric, having pronounced violet
flanks. Since this asymmetry is of such a magnitude as
t0 be scarcely detectable in a diagram of the actual line
profile, the following method of presentation will be uaed.
The profile of a line is represented by a curve giving
the mid-point of the profile at each value of the incident
intensity, I. This is illustrated by the curve AB in
Fig. 4.1 (a). In this manner, the observed profile of
the strongest iron line (2 6301.5) at the centre is
presented in Fig. 4.1 (b).

To determine an approximate appraratus function for
the 30,000 line/inch Bausch agd Lomd grating, it was decided
%o use the terrestrial oxygen lines as essentially mono-
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chromatic absorptions. The apparatus function is then
given by the observed oxygen profiles. Allen ( 4),
vho has used atmospheric oxygen lines for similar pur-
poses, gives theoretical values for the absorption co-
efficient in the line which leads to a line width of about
25 mA.. This indicates the degree of approximation involved.
Only the limdb spectra were used for this purpose because
the centre spectra were too over-exposed to show any
possible asymmetry in the oxygen lines. All profiles
were reduced to true intensity profiles using a character-
istic curve for R50 plates, obtained in another investi-
gation. From the profiles of the oxygen lines A 6296.0
and A 6299.2 an approximate apparatus function was
obtained. It i8 shown in Fig. 4.2. Having a half-width
of 69 mA, it is symmetric to a width of about 100 mA,
after which it develops a violet wing. The uncertainty
in the determination of the wings is about 1 per cent of
the central intensity, whereaas the asymmetry in the wings
is three times this figure. Thus a true asymmetry is
indicated,

Using this apparatus function, the observed centre
profile was reduced to a true profile using the Burger-van
Cittert iteration procedure given in Chapter 2. The
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asymmetry of the true profile thus obtained is shown in
Fig. 4.1 (¢). From this it is seen that a large part

of the observed asymmetry arises in the apparatus function
and it was shown that, within the experimental error of the
apparatus function determination, one could assume the

true profile to be very nearly symmetric. In addition,

it wvas estimated that the above apparatus funotion would
shift the part of the solar profiles used in micrometer
settings 3-4 mA to the violet from their true wavelengths.
This explains the apparent discrepancy between the grating
and interferometric wavelengths, and indicates the pre-
cautions that must be taken in inferring wavelengths from
grating spectra. Since this inetrumental shift of grating
wavelengths is independent of the point of observation on
the solar disk, it has no effect on micrometer limb-effect
determinations.



Part 11

LINE PROFILE AND ASYMMETHY DETEHRMINATION
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A. Introduction and Procedure.

As indicated in Part I, the great difficulty in
interpreting miorometer measurements of wavelengths lies
in the undetermined relation between the position one
acoepts as the miocrometer "contre” of the line and the
true line profile. If one makes the simple assumption
that all solar line profiles are of similar form, independent
of the point of observation on the solar disk, such diffi-
culties cannot affect any limb-effect determinations such
as that discussed in Part I, Chapter 3. This 418, however,
& questionable assumption when one considers the complicated
structure of the photosphere (see Part III, Chapter 1) and
with the high dispersions now available, one should con-
sider the possible variations of line profile as a function
of disk position. A preliminary study had indicated that
a detailed investigation of line profiles was worthwhile
(see Part III, Appendix C), and therefore a detailed
investigation of the true profiles, at the centre and near
the 1imd, of the two iron lines, )\ 6297.8 and ) 6301.5,
was undertaken.

Using the 18 cm. image of the smalle r Oxford telescope
and its associated spectrograph, the Babcock grating
giving a dispersion of 3.2 mm/A in the fourth order,
spectra of the 6300 A region, at both the limd and centre,
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were obtsained in June and July, 1960, Ilford HP3 and
panchromatic R40 plates were used, the former being devel-
oped in Kodak Press Contrast developer and the latter in
Parkhurst two solution developer. These plates were used
in preference to the slower, finer grain plates more suit-
able for profile determinations because very poor observing
veather limited the exposure times. V¥ith a slit width of
0.047 mm, exposure times of 5 to 15 sec were required.

On each plate, calibration exposures of the centre
spectrum were taken, with and without a pre-calibrated
seven step wedge, along with a limdb spectrum, all with
identical exposure times, For the centre spectrum without
the wedge, a filter was used to reduce the density to that
of the limd spectrum. For the latter, the solar image
was guided so that the spectrograph slit was radial,
crossing the limd approximately on the solar equator.
Eleven plates were taken and of these, six were chosen
for line profile determinations, three from each limb,
These are listed in Table 2.
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ZTable 2. High Dispersion Plates.

Plate No. Date U.T, 1960 Iimb
ldimb Exp, Centre Exp.

H4 (HPS; June 28.6332 June 28,6273 West

H7 (HP3 50.3620 30.3551 East

H12 (R40 July 6.3872 July 6.3907 West

H14 (R40 T.347T7 T.4450 East

H16 (R40 T.45T4 12.353%0 East

H18 (R40) 12.5579 14.5416 West

For each limb spectrum, the limb was estimated visually
and marked, along with points sapproximately at /Q%% = 0,998,
0.994, 0.989, and 0.983. Microphotometer tracings perpen~
dicular to the dispersion then allowed the true limb to be
determined, using the point of inflection in the limd
darkening curve to indicate the position of the limb.

From this, the true ,/°/q's of the marked positions on
each plate were determined with an estimated uncertainty
of + 0.0008. In order to obtain the calibration for
each plate, three or four microphotometer tracings were
made across the calibration spectra, also perpendicular
to the dispersion.

At eaoch marked /0, , microphotometer tracings of the
linb spectrum were made using a microphotometer slit height
corresponding to AA/, = 0.002. Tracings were made of
the two oxygen lines, A\ 6296.0 and A 6302.0, in addition
to the two iron lines, A 6297.8 and A 6301.5 in such a
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mannexr that profiles of one iron line and one oxygen line
vere present on each tracing. For most values of

the tracings were taken in both the forward and reverse
directions.

Tracinge of the same lines at the centre were taken
from the wedge-calibration spectrum on each plate, the wedge
step being chosen to match the limb spectrum in photographie
density. In all, tracings of 123 line profiles were
obtained, the majority of these bdeing of the two lines,

Pe ) 6297.8 and 0, ) 6296.0. Owing to the considerable
&rain of the plates, each profile was smoothed by drawing

a smooth curve through the microphotometer profile. Fig.
4.10 (a) shows such a profile for the iron line, A 6297.8,
although not a typical one as far as asymmetry is concerned.
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B. Apparatus Function.

In order to obtain true profiles of the spectral lines,
the apparatus funotion of the 9 meter spectrograph and the
associated 15,000 line/inch Babcock grating was required.
Ag in Part I, it was decided to use the atmospheric oxygen
lines to determine the apparatus function, but in a more
exact manner than was done for the Bausch and Lomb grating.
Two of the best spectral plates were chosen, one of the
east limb (H14) and one of the west limd (H12), and all
available tracing profiles of the oxygen line A 6296.0
were neasured, This gave 9 profiles from plate H12 and
8 from plate Hl4, at various values of 2©/0, from centre
40 extreme limb. Using the calibration tracings for these
two plates and the computor programme for line profile
reduction, true intensity profiles, uncorrected for the
aprarstus function, were determined for this line. From
the calculated equivalent widths for each profile, a mean
equivalent width was found for each plate. Knowing the
equivalent width, the true line profile may be determined
from an appropriate theory of line formation.

The theory of line formation given by Allen (4) and
Van de Hulst (5) was adapted for this purpose. For an
isothermal atmosphere, Allen has shown that the absorption
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coefficient, integrated with respect to path length,
assuming no Doppler dbroadening, is given by:

ay= Soh ek n (14 "3?) (4.1)
vhere X =y-1,, jzzonith distance, h, 1is the atmospheric
scale height, L = J;’r_ wvhere [, is the local (at telescope
level) damping constant, and So is related to the product of
the local air density and the transition probability for
absorption. The effect of Doppler broadening can bde
included analytically, as shown by Van de Hulst, by
calculating the Pourier transform of £ (x) and adding a term
due to thermal brosdening. Thus the Fourier transform of

the final integrated absorption coefficient is given by:

_bc'l: S’-tr.
f{o((X)B = S b, sec3 L'-lbet——) e ¥ (4.2)

vhere S = fl_}’i_'[ Yo' 4s the Doppler term.

If we now approximate «(x) by a Voigt function, V(x) the

Fourier transform of V(x) is given by:

}’{ch)‘g = e F At~ /)j;t (4.3)

Thus we mast have
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A LTLE bt S
t ﬂtt FasA — S '_e ° Ty .
'6°+/g" + X ~ 'Y\{ o"'. SQC.} Let e Y 4 4)
Expanding the logarithm by
-e " u u=
1 m =% -5 - 0 (u) (4.5)
we find that
[’. —_— bg: (406)
/5:: - _t: -+ Sz' (407)

Thus we see that for an isothermal atmosphere, the
effective damping constant, 774, , is + the local damping
constant, 47 b, .

From considerations based upon the asymptotic form of
the curve of growth for the atmospheric oxygen lire s,
Van de Hulst concluded that, in a non-homogeneous atmos-
phere, relation (4.6) is only applicable for lines arising
from states with execitation potentials of about 100 cii.
Since the A 6296.0 line, (Pz(ﬁ) of the « band) has an
excitation potential of 81 em™t
considered valid.

In order to calculate a value of Yesg , the observational

, this approximation was

data given by Van de Hulst (6) was used. An effective
damping constant of 7.89 x 109 sec™t was adopted for lines

observed at sea level at normal temperature and pressure,
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as suggested by Van de Hulst. This value was corrected
for a ground temperature of 291°K and an altitude of 64
meters, giving a final value of 8.09 x 10° sec™t. The
"effective” temperature of the atmosphere was taken to dbe

LA Rt T2

Te.{,; = IEO = 242°K (4.8)

as given by Van de Hulst. If we now adopt the integrated
absorption coefficient for an “equivalent" isothermal atmos-
phere, with the above effective damping constant and
effective temperature, wve ﬁnd the Voigt parameters to
bes

A,= 0-0215 cm’

fa= 0-00399 cm”
and £ /3, = 5.39. Thus it seemed justified to consider the
absorption coefficient 0 have a pure damping form given by:

0( (9) — Constanf ) (4.%)
1 { -2+ 002157}
or
K (A= K (4.9b)
= | + o0.0138@AAN)"

Since the absorption in the oxygen lines is pure
absorption, the true line profile is given by

. §F
;Ip: sz c (4010)



149

Using this, equivalent widths were calculated for various
values of K, giving a curve of growth for the line. This
is shown in Fig. 4.3, along with later observational
results, The true central intensities of the oxygen
lines on the two plates were then found from the observed
equivalent widths. 4As a test of the accuracy of the
determinatigns, the ratio of the logarithms of the derived
central intensities was compared with the ratio of the

sec z's calculated from the observational data. The
former was found:to be 0.89 + 0.06, whereas the theory
requires a value of 0.85,

The observed equivalent widths then enabled true
profiles of the X 6296.0 line to be calculated for each
plate. Using these theoretical oxygen profiles as
"apparatus functions", all the observed profiles were
then reduced to "true" profiles using the computor pro-
gramme for profile reduction (Chapter 2). The "true"
profiles thus obtained are just the instrumental slit
profiles. These were averaged together to give a mean
apparatus function.

An independent determination of the apparatus function
of the Babcock grating was carried out by G. Gompertz (7).
Using a cadmium emission source ( A 6438.4696), the
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apparatus function was derived from the observed emission
line profile. To simplify comparison between the two
deterninations, the same spectrograph slit width was
used in both. 1In Fig. 4.4 the apparatus funoction derived
from the oxygen absorption lines is compared with that
found by G. Gompertz from the cadmium emission line.
Her determination has been corrected approximately for
the line width of the cadmium line, asauning it has a
Gaussian profile with s half width of 10 mA. It is seen
from the figure that the two determinations agree well
to a width of 100 mA, but thereafter disagree, espeaially
in the red wing. This has been attributed to a dblend
in the oxygen linqérofile vith the wing of a solar
vanadium line sit;ated 600 mA to the red.

Since there existed such a discrepancy between the
two determinations in the wings, it was decided to use
& conposits apparatus funotion for the reduction of the
solar line profiles. That is, for the wings, G.
Gompertz's values were used and for the core, the values
obtained from the oxygen profiles were adopted. The
final apparatus function has a half width of 31.5 mA,
and is slighfly asymmetric, having a stronger violet flank
than red flank,
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The consistency of this choice of apparatus function
with the observed profiles of the oxygen lines not used
in the determination of the apparatus function was tested
by computing the true profiles for all thqébservod oxygen
lines. There were found to be no systematic changes of
line profile with £/o for either of the two oxygen
lines, and the mean computed asymmetries of these two
lines, averaged for all the east~limd plates and for
all the west-limb plates, are shown in Fig. 4.5. The
red wing of the ) 6296.0 line is again obvious, aa is
a violet wing in the ) 6302.0 line. The latter was
ascribed to a blend with the iron line at 6301.5 A.

Aside from these slight blends, the profiles are very
nearly symmetric. Table 3 gives the mean equivalent
widths, half widths and central intensities obtained

for these lines from each plate. The errors given are
standard de;iations of the means. These central inten-
sities and equivalent widths were then compared with the
theoretical curve of growth and are indicated in Fig. 4.3,
Since the accuracy of the determination of central
intensities was so low, the agreement was considered
satisfactory. It thus appeared that the adopted
apparatus function and observed profiles were entirely
consistent with the theoretical line profiles and the



assumption that the oxygen lines are symmetrie.

Line
6296.0 A

6302.0 A

Flate
H4

H12
Hl4
H16

H4

Hl2
H14
H16
H18

Oxygen Line Profiles.

Equivalent
Width

45.5%1.4 mA

43.8
38.5
42.3
32.8
34.6

29.6
28.5
29.2
35.8
27.2
27.8

2.3
0.9
1.2
1.7
2.0

0.3
1.5
2.5
1.8
2.0
2.5

Half
wWidth

36.2+1.7 mA

J32.4
31.6
36.3
29.0
27.2

33.7
26.5
29.1
33.1
27.0
27.4

2.6
1.2
2.3
1.6
1.7

1.2
1.4
5.8
6.2
1.6
2.0

154

Central
Intensity

0.117+0.021

0.051
0.153
0.127
0.156
0.083

0.222
0.118
0.232
0.217
0.216
0.248

0.049
0.027
0.0%3
0,078
0.086

0.008
0.041
0.081
0.122
0.067
0.107
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C. Obseryed Asymmetries.

ORI o 2

Using the apparatus function given above, all the
observed profiles of the two iron lines were reduced to
true profiles. For each limb, a mean asymmetry as a
function of /o, was then determined, from which it was
found that there oxiated considerable centre-limb variation
in asymmetry for doth lines (see Appendix B for the contro-
limb variation of other features of the line profiles).
Owing to the large scatter in the observed points (which
will be discussed in the next section) smooth curves were
drawn through the observed aiymnotry rouultc:nt each value
of /Oépo . Since the accuracy of any asymmetry determination
for residual intensities > 0.95 is very low, the results
have been terminated at thia.point. |

a) Centre Asymmetry.
It wvas found that the mean asymmetry observed at the

centre for the two iron lines was the same for both east
and west-limb plates, within the aceuracy of the deter-
minations. This is shown in PFig. 4.6 (a) where the
average asymmetry of the line ) 6297.8 is given as deter-
mined for each group of plates. The results for all the

plates were therefore averaged together and the mean observed
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ahynnotrieéfxor both lines are given in Fig. 4.7. For
comparison purposes, the results obtained for the same
two lines in the preliminary low-dispersion survey are
also given. The latter were obtained from the observed
profiles (discussed in Appendix C) by computer reduction,
using the apparatus function for the Bausch and Lomb
grating found in Part I of this chapter. These results
must be given much lower weight than those obtained with
the Babcock grating since they apply to single deter-
minations only. It is seen that both investigations
yield slight violet flanks at the centre, the stronger
iron line having the stronger asymmetry. In addition,
all determinations indieate a deviation towards a red
asymmetry for v;, > 0.9. At a residual intensity of
0.9, the weaker line haska violet asymmetry (with respect
to the peak of the line) of about 1.5 mA. For the
stronger line, this has a magnitude of about 3.5 mA,

b) Limb Asymmetry.

No marked difference was observed between the mean
asyzmetries at the two limbs, as is shown for the
asymmetries observed at the extreme limbs in Fig. 4.6 (b).
This indicated that scattering effects were negligible,
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as was, verified by a detailed investigatiom (see Appendix
A). The asymmetry values obtained from the east and west
1imbs were then averaged together and mean results were
obtained. These are given for the line A 6297.8 in the
top half of Pig. 4.8, in the lower half of which are
given the corresponding results obtained from the pre-~
liminary survey. In both cases, the occurrence of a

red flank at the limd is conspicuous. The line appears
to be fairly symmetric until very near the limb (~/0,~
0.998) aftor‘which it develops the red asymmetry. This
anyumotry at the limdb does not appear to be constant,

but varies greatly from plate to plate. Of the six
extreme~limd profiles ntaaured for this line, five showed
this asymmetry to some extent, and two to an extrenme
degree. These two extreme cases will be disoussed in
more detail in a later section. It may thus be mis-
leading to assume that the asymmetries given in Pig. 4.8
are eonstant; they may only represent some approximate
time average.

The resultis obtained for the stronger iron line are
given in the top half of Fig. 4.9. Again the preliminary
results are given 1ngconpa§f§oﬂi The character of the
asymmetry at the linbnia slightly different from that
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observed for the weakexr iron line, dut there is still a
strong red flank, Tﬁoro is, howvever, a slight violet
wing for larger residual intensities which was not present
in the weaker line. Also, the red asymmetry appears

to set in at a lower value of /o (about %, = 0.98)
than for the weaker lime. From Fig. 4.9, we may con-
clude that, at a residual intensity of 0,85, the weaker
line has a red asymmetry (with respect to the peak) of

7.5 mA, vhile for the stronger line this is slightly

less, about 6.5 mA,

D, Ace f A eB.

A pronounced feature of the individual asymmetry
doterminations is the occurrence of large amplitude
"ripples" in the derived asymmetry curves. These 4id
not appear t0 arise wholly from the numerical reduction
since asymmetry curvo; obtained from direct and reverse
tracings of the same profile showed similar "ripples”.
On the other hand, one would not expect such a feature
to be characteristic of the true solar line profiles.
Further investigations indicatgd that this effect was
due to the grain of the photographic plates. Although

smooth curves were drawn through the microphotometer
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profiles, slight irregularities in the hand-drawn curves
remained, correlated with the original grain "noise"
pattern. In the iteration process, these irregularities
vere magnified, giving true profiles that were quite
irregular in form. Thus the computed asymmetry curves
were distorted accordingly. Since only two or three
iterations were required in the profile reduetion, in-
creasing the preset iteration error limit would not
improve matters.

After the original computations had been made, however,
a new numerical method for the solution of the integral
equation became available, This was the Fourier trans-
form method discussed in Chapter 2, which is a non-iterative
process and has the advantage that some degree of smooth- |
ness is forced upon the derived true profile. All the
extreme limb profiles of the line )\ 6297.8 were re-
reduced using this method, along with some representative:
profiles at other values of </0, . This indicated that
the distortions in the asymmetry curves, especially at
the centre and at intermediate values of 0/0, , were spurious.
For an individual asymmetry determination, it was concluded
that the Burger-van Cittert method of iteration can give
rise to "ripples” of amplitude 3-4 mA in the asymmetry

curves. These new caloculations showed, however, that
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the red asymmetry discovered at the limb was much greater
than any distortions due to grain, since the new mean
asymmetry curves for the east and west extreme limd pro-
files agreed almost exactly with the previous deter-
minations,

The smooth curves in Pigs. 4.7, 4.8 and 4.9 have been
adopted following these considerations. The uncertainty
in the smooth curves in the Babcock determination is
estimated to be * 1 mA for residual intensities < 0.8 and
increasingly larger for residual ‘intensities > 0.8, owing
to the larger uncertainties in the determination of the
wings ef the profils. :» The uncertainty in the smooth
curves for the preliminary observations is + 2 mA, Thus
we see that the vioclet asymmetry indicated atwkhe centre
is only slightly significant, vhile the red asymmetry at
the limbh is oansidérably larger than the uncertainty intro-
duced by the numerical reduction.

At the extreme limb, other causes of error can enter
into the asymmetry determinations. The spectral plates
are here underexposed and grain fluctuations give a
signal-to-noise ratio as small as 7:1, as compared with
4031 for the centre exposures. It is therefore possible
t0 introduce a completely fictitious asymmetry in the
process of draving a smooth profile by hand. The fact
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that one limb profile out of the six measured for » 6297.8,
and one out of the six measured for X 630/.5 displayed
asymmetry in the opposite sense to the mea;. and that
thoae~fwo "anomalous” profiles were taken from the two
trneinéu wvith the lowest signal-to-noise ratio, tended

to indicate that errors of'this sort existed. It is
hoped that this inaccuracy has been reduced by averaging
together as many profiles as posaidle at each 0/ . It
is, however, impossible to giy: any accurate estimate of

the uncertainty in the limb profiles due to this cause.

I8
%

Although mos ¢ ;1:303 indicated some red asymmetry of
the line A 6297.8 at the limb, two plates, H7 and HIS,
gave asymmetries of exceptionally large magnitude. The
firat of these was taken on June 50, and referred to a point
at the east limb with solar coordinates, B = -2.89,
L = 280?5, The microphotometer profile of the line
A 6297.8 at this position is shown in Pig. 4.10 (a).
The red asymmetry can clearly be seen. This was the
moet asymmetric profile observed, and Fig. 4,10 (b)
gives a true intensity profile for the line, after
correction for the apparatus function. The stronger
iron line, A 6301.5, was also found to be highly asymmetric
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at this point as is shown in Fig. 4.11, where the asym-
metries of both lines are given.

The second strongest asymmetry was obsofvod at the west
limb on a plate tgken on July 12, referring to the point B =
~2038 and L = 29571, The asymmetry found for the weaker
iron line is shown in Fig. 4.11 (e¢). 1In thiuucasc, the
stronger (A 6301.5) line sho;od not a red asymmetry but a
violet asymmetry, yet the line at 6302.5 A showed a strong
red asymmetry. This was one of the cases of a poor signal-
to-noise ratio mentioned above, and smaller weight aﬁould be
attached to these determinations than to that of the A 6297.8
iron line. It is quite possible that the asymmetry observed
for the A 6301.5 line is unreal,

The close agreement between the solar coordinates of
the points of observation for these two plates indicated
the poesibility of a localized disturbance on the Sun.
Examination of solar activity maps showed no speecial
activity at these points of observation, but 4id show
the presence of a large filamentary prominence roughly
on the same meridien. It extended from B = 8 +to 40°
and its o;intenoo could be traced back to June 9 and shead
to August 10. It_thua appeared -to be one of the dominant
features during the period of observation, and it may be
that the associated chromospheric disturbance extended
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southward to the point of observation. On the other hand,
a centre spectrum of the same solar region showed no
unusual asymmetry in the iron lines. None of the other
limb specira were found to correspend to points on the

Sun in the near viciniiy of any large piominence or aresa
of plage activity.
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A. New Observations of Red Shifts.

In order to discuss the red shift observations presented
in the last two chapters, espescially to compare them with
theoretical predictions, the fundamental results must be
noted. These may be summarized as follows. For the
three medium-strength iron lines (6300 A) investigated,
it vas found that:

1) At the centre of the disk, the mean red shift was
0.39 km/sec (0.25 km/sec less than the gravitational red
shifts3. '

2) The red shift increased toward the limd (1limdb effect),
exceeding the gravity shif¢ for points nearer the limb than
cos O = 0,30. At the limb, the mean red shift was approx-
imately 1 km/sec.

B. New Observations of Asymmetry.

In addition to the wavelength data, the observed
asymmetry of the line profiles is of great inport#noe in
any interpretation of the observations. The fundamental
asymmetry observations for the two iron linee at 6297.8 A
and 6301.5 A may be summarized as follows:

1) At the centre, both lines dieplayed slight violet
asymmetries, amounting to 2-3.5 mA at a residual intensity
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of ~ 0.8. There were some indications that this persisted
ﬁp to co8 O = 0.1#.

2) Beyond cos & = 0.15, both lines developed strong red
asymmetries, The magnitude of the red asymmetry fluctuated,
at times being as large as 25 mA at a residual intensity of
~ 0.8, and there was some evidence that the occurrence of
a large asymmetry was associated with the presence nearby

of a large prominence.

C. ati ats .

Owing to the importsance of gramulation in any discussion
of photospherie phemomena, & brief summary of present
observational data conecerning granulation will be given.

The best photographs of granulation obtained to date have
been taken using bdalloon-borne telescopes (1,2) and many
of the wvalues quoted below refer to such observations.

1) Gramular 8ize: Mean value of 1" or 700 km (2)

2) Granular Area: Schwarzschild (2) finds that the
total granular area exceeds thas of the dackground, and
states that the latter appears to consist of dark "lines"
separating the granules.

3) Granular Contrast (J’s/Jb in the notation of Chapter 1):
Three recent values are 1.046 (2), 1.066 (3) and 1.073 (4).

4) Contrast Near the Limb: An analysis of the
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Schwarzschild granulation photographs (5) shows that the 1"
granules are visible to cos 6 = 0.2, after which they are
replaced by a pattern of 5" granules visible to cos O = 0.05
(< 2" from the limbd).

5) Macroturbulent Velocities: These are derived from
Doppler shifts of line profiles and refer to elements
considerably larger than the 1" granules. Detailed
investigations using the McMath-Hulbert vacuum spectro-
graph (6,7) yield a mean macroturbulent velocity of ~ 0.3
kn/sec (for 5.5" elements) which varies little from the
centre to cosd = 0.55. This confirmed an earlier value
of ~ 0.35 km/sec (8,9). De Jager (10) concludes that
these values are consistent with mss-motion velocities
of ~ 1.4 km/sec for the 1" granules (assuming the Doppler
shifts in line profiles to be due to the statistical con-
tridbution of unresolved elements).

6) Correlation Between Intensity and Velocity: All
observations yield a small, negative correlation (9,11,3),
indicating that, in general, the hotter elements are rising.



Part¢t 1II

COMPARISON WITH EXISTING THEORIES.



177

Finlay-Freundlich and Forbes (12) have suggested that
the red shift is due to a path-length interaction (photon-
photon). between the observed photons and the photospheric
radiation field. They predict that the red shift, SA
is given by:

X = X+ Y §$(6,Rjp) (5.1)

where X is a residual line-shift term and Y is an inter-
action term. The function £( 6, R/¢{.) is the path length
of the photon in a layer of thickness { (in units of {_ ),
and is given by

f (e, R/IL) = — —15; cos & + } | + Z%: + (—%Cose)z (5.2)

This then gives a limb effect, /\ (6) , of:

Aoy = 1 § Fe,Rfp) —1] (5.3)

From an anslysis of earlier limb-effect determinatioms,
they found that the best fit was given by Y = 2,04 mA
(corresponding to 0.097 km/sec at 6300 A) and R/Lz 100,
In order to see whether such an empirical relationship was
displayed by the new limb-effect data, the new values were
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plotted against £(0, 100) - 1. This is shown in Fig. 5.1,
the uncertainty in the observations near the limd being
indicated (the limd is at an abscissa of 13.2). The
predicted linenxr relation is also shown and it is obvieus
that the observed curve does not follow the predicted law
near the limb, These predictions were, however, based ‘:
on the 1948 Oxford limb effect which has been shown to

give values of /\ slightly lower then more recent obser-
vations (13). An analysie of the new data was therefore
made to see if it satisfied a relation such as (5.,3), and

it was found that the observations were given almost oxactly
by relation (5 3) with Y = 0.184 m/sec and Rjg. =11

(A, = 63,000 km). It must be stressed, however, that such
an agreement gives no support to a path-length theory 'm
preference to other theories, since almoat any form of
limb-effect curve can be fitted by a proper choice of
parameters. Moreover, physical explanation of the inter-~
action is lacking (photon-photon interaction cross-sections
are many orders of magnitude too small), and no explanation
is given for the residual shifts (X term in equation (5.1))
of 4 mA at the centre. Such a theory, based eésentiu.lly
on the ﬁttiﬁg of an observed curve to an equation with two
adjustable parameters and lacking in any physical foundation,
cannot be seriously considered unless new substantiation
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were to0 be found.

B. Schriter' Stre eory.

It can easily be shown that the red-shift theory arising
from the two-stream photospheric model proposed by Schriter
(14) 48 not supported by the new odservaticns. According
t0 Schrtter's interpretation, the spectral lines are
asymmetric at the centre of the disk, and this asymmetry
decreases toward the limb. VWavelength shifts then arise
correaponding to the asymmetry at the intensity level in
the line profile that is used for micrometer settings.

This will be referred to as the "mean" asymmetry of the
profile.

From detailed computations, Schriter found that an
iron line of 150 mA equivalent width should have, at the
centre, a "mean" vioclet asymmetry of 9.42 km/sec (expressing
the aéyunetry as an equivalent Doppler velocity). More-
over, this asymmetry should be even larger for weaker lines.
On the other hand, the interferometric determination of
centre wavelengths gives a mean red shift that is only
0.25 km/sec less than the gravity shift, about helf the
giffarencc predicted by Schréter. The disorepancy of
5 mA between the observed red shift and the predicted red
shift cannot be due to any error in the wavelength deter-
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minations.

Even if it is assumed that the asymmetries at the centre
that were computed by Schriter are im error, the new limb-
effect curve is not of the form predicted from the two
stream theory. The predicted relation between red shift

and cos O is:
SX (km[sec) = 0¢36 — V5, cosb (5.4)

vhere /4, is related to the granular ‘contrast (Pig. 1.6)
and v refers to the ';ean" asymmetry at the centre of the
diek. If we take the observed value of 0.25 ku/sec for v,
equation (5.4) gives the red-shift curve in Pig. 5.2. This
is compared with the observed red shift curve and it can
be meen that the two curves differ greatly, especially
near the limb. Also shown are the 1959 observations of
M. G. Adam (13). Obvicusly, no theory based on the rsdial
current hypothesis can predict a super-gravity shift at
the limb such as has been observed,

It might again be noted that, as in the case of the
peth-length theory, it is possible to find parameters such
that equation (5.4} gives a limdb effect of the proper form
(a ¥ of 0.57 km/sec fits the observed limb-effect values
very well). This would again, however, mean that the
centre red shifte were in error by 7 mA and would require
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asymmetries at the centre about three times larger than
those observed.

In summary, unless some large source of.orror exists
in the interferometric determination of centre wavelengths,
Scehrdter's theory cannot possibly account for the observed
red shift. On the other hand, the fundamental physical
data that entered into this theory requires revieion and
it is possible that radial convection currents contribute
to the deviations from the gravity shift in the central
portion of the disk. This will be discussed in more detail
in the next part of this chapter. As stated above, how-
ever, for regions near the limb some new agency is required
for the explanation of the red shifte and especially the
nevly discovered red asymmetry. The latter feature will
also be discussed in the next section.



Parst I1I

POSSIBLE RED SHIFT MECHANISMS
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A. Effects of Granulation on Centre Line Profiles.

Sinee granulation appears to be associsted with con-
vective motions in the photosphere, these motions may de
expected to influence line profiles. Although the two
stream theory developed by Schriéter has been shown to be
in conflict with'the resent obsmervations, it is still
possible that part of the red shifts at the centre are
due to convective motions. Certainly Schriter's model
was based on granulation data that has since been revised
(see Chapter 1 and Part I, Chapter 5). In order to
estinmate the‘cffeeta of such revisions on the predictions
of the two stream model, an approach similar to that of
M. G. Adam (15) vas used. It wvas assumed that Schriter's
model photosphere could be replaced by rising elements of
temperature !1, velocity Vyo and surface area &, along with
sinking elements of temperature !2, etec. From equation
(1.9), the observed velocity is then:

a,d,v, — a,davs

Q\J“"ax‘]—a

The ratio of the two velocities is obtained from (of.
equation (1.13)):

— (5.5)
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If Schriter's model is assumed to be characterized by
/I =1.45, 1 -1y = 620°, 1,/T, = 1.10, & = a,,

and ¥ = 0.42 kn/sec (for a line with an equivalent width
of 150 mA), then the oquivalent veloocities are vy = 1,90
kn/see¢ and Vo = 1.73 km/sec. Using this result, the
effect of varying any of the parameters was estimated by
assuming (from equation (1.14)) that the resulting vyt is
given by

v Lﬂ* = Ja¥ a1s = Jfl* (T‘ﬁ_T")* (5.6)
Vi Vq Jd ATé o JA (T,-T2) .
and the corresponding \f is given by
* — ql x T:. * *
Vo = ()= v (5.7)

It wvas found that if the contrast wers ehanged to 1.10,

then the resulting v would be 0.06 km/sec. If, in addition,
the sigze of the granules vere increased from 280 ka to

T00 km and the gramular area were double that of the back-
ground, the v would be 0.1l km/sBec. Moreover, the equi-
valent velocities, il and v,, would be ~ 1.5 km/sec, not
inconsistent with granulation observations., It is evident
from these approximate calculations that the observed
veloeoity is primarily depemdent upon the adopted contrast

value. S8ince the observed contrast seems to be even less
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than the value of 1.10 used here, it is very unlikely that
a8 medium strength line could appear to be shifted any more
than 0.20.km/sec by conveetive motions, compared with the
observed value of 0.2% km/sec. On the other hand, the
observed centre asymmetries of 0,09 - 0.14 km/sec are of
the same order of magnitude as the v's computed above, =0
that it sceems that they may be due to Doppler effects as
assumed by Schriéter,

It thus appears that about half of the deviation from
the gravity shift for the present observations, may de
due to granulation effects. The low gramulation contrast
nov in faveur, and the small mirroturbulent and macroturbdulent
velocities ( ~ 2 km/sec) that have been observed do not
allow more than this to be attriduted to convective motiona.
The problem of the centre red shifts, therefore, is no
nearer solution and some new effect will be required in
order to explain the observations. Moreover, if con-
vective motions are unable to account completely for the
centre red shifts, they are even less able to account for
1imd effect. Obviously a new theoretical treatment of
the prodlem is required, but, unfortunately, at the moment
no mechanism is known that can account for the observed
deviations from the gravity shift and their variation
across the disk.



B.

The observations presented in Chapter 4 definitely
indicate that, at the extreme limb, the iron lines at
6300 A have, on the average, a large red asymmetry.
Since it has been observed, on different occasions, in
spectra obtained with two completely different optical
syatcmn, 1t mst be considered a trun solar effect. Such
an auynmatry must affect a micrometer determination of limd
effect and it is thorofore probablo that the super-gravity
shift dbaorvcd at the 1limd 1: Just a mnlifeatation of this
asymmetry. ConfirnntiQQ of this vould roqnira a deter-
mination at the limb of the absolute wavelength shifts at
various levels im the line brotiloa, but at present such
an analysis has not been completed (preliminary results
indicate that the cores of the lines are shifted by approx-
imately the gravity shif¢, the super-gravity shift arising
in the wings). Such a relation between asymmetry and
wavelength shifts is supported by the fact that the
observed asymmetry of about 8 mA is comparable with the
observed super-gravity shift of 6-10 mA. On the other
hand, the red asymmetry appears to set in at cos O =~ 0.15,
vhereas a super-gravity shift certainly exists at cos0=0.25.
In any case, a physical process was sought that could give

rise to a red asymmetry in the lines at the extreme 1limb,
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Brief consideration shows that none of the more common
mechanisms that bring about shifts of the atomic energy
levels, e.g. Zeeman effect, Stark offoot. isotope ahifts,
etc. can produco asymmetries of up %o 25 mA (assuming known
physical conditions in the photosphere). Even less
pliuoible is the int:;pfitntion that the asymmetry 15 due
to Doppler shifts. Only two possible causes of the‘
asymmetry could conannsntly be found. The firat 13 that
a fraction of the yhatons emitted by the photoaphtro may
lose energy by Compton scattering, thua 1ntroduoing some a

red aaynnntry Seoondly, the red anynnntry may be a
chromoapherie effect} tha observed line profile may be
affected by chromospheric emission, absorption or scattered

light.

P

Cempton Scattering.

In ordexr to estimate the effeats of Compton seattering
on lines observed at the extreme limb, the probability that
a photon would be scattered while passing tangentially
through the solar atmosphere was eomputed, At 6300 A,
the Compton scattering oross-section is very nearly the

classical Thomson cross—section!

¢ = 8r et 25 om? (5.8)
S.= F 55 6,65 x 10 7 om
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and the probability that a photon will be scattered in
passing through the atmosphere is given by P = | Nesdx
vhere the integral is along the line of sight. In order
to0 find values of P for various paths through the photo-
sphere, & model photosphere similar to that of H. H. Plaskett
(18) (log N, varying from 13.48 to 10.00) was adopted,
and as an extreme case, it was as hat all the photons
originated et an optical depth of t-‘a . It wvas thus
found that at the extreme limd (cos & = 0.000), P = 0,02,
and at the centre of the disk, P = 0.0002,

From the Compton scattering equation for a stationary

electron:

Ay
)»

= hy
= — (I — cos8) "=

(5.9)

the expected wavelength shift at the limbd is 24.3 mA.
Allowance for the distribution of electron velocities,
hovcver, introduces a violet shift of the order of
_04—-cos9)-5%;_ as well as a thermal broadening of the line
formed by the scattering. Detailed computations by Dirac
(17) indicate that at 6300 A, the "thermal” line shift and
the Compton line shift are almost equal and hence no
asymmetry could be produced by the scattering. From
these considerations, three conclusions concerning the

effects of Compton scattering on line profiles may be drawn!
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1) Even at the extreme limb, only about one photon in
fifty observed photon will have undergone any scattering.
2) The energy lost by the photon in such a scattering will
on the average be nearly zero. 3) Even if a wavelength
shift were introduced, the thermal velocities of the
photospheric electrons spread the scattered photons into

a broad line 20 A wide, s0 that no observable asymmetry
could be introduced.

Chromospheric Effects.

The effects of chromospheric superposition (a chromo-
spheric emission or absorption line superimposed on a
photospheric line either due to formation in the line of
sight or by scattering) is very important in the region
near the limb. If the chromospheric line differs in wave-
length from the photospheric line, then an asymmetiry could
appear in the observed profile, Such a difference in wave-
length has been indicated (19,20), the chromospheric lines
being shifted slightly to the violet. Moreover, a chromo-
spheric origin of the red asymmetry is supported by its
apparent connection with chromospheric activity that wvas
discussed in Chapter 4.

On this interpretation, it vas fbunq%hat the two observed
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line profiles with the largest asymmetry (see Fig. 4.10)
could be represented as the sum of a symmetric absorption
line plus a weak symmetric emission (or absorptiom) line,
displaced 70 mA to the violet (or red) side of the main
line. The observed equivalent width of the 6297.8 A line
on plate H7, being smaller than average, indicated that
the weak line was an emission line. It is interesting
to note that Goldberg et al. (18) found that the profile
of ch.}h a flare-associated prominence could be accounted
for by a weak chromospheric emission line displaced 1.5 A
to the violet (which they attributed to deuterium « ).
Using the observed fact that the asymmetiry of the H7 pro-
£ile could be represented as a difference of residual
intensity of 0.18 between the two flanks, at a residual
intensity of 0.93 in the violet flank, the variation of
the asymmetry with cos 0 was investigated sssuming it
due to superposition.

H. H. Plaskett (16) has shown that an observed line
profile (neglecting scattering) is given byt

()

~T(6) -t (0)
I, = I (6)e e, S B,e  dt®  (5.10)

o

vhere I:' 48 the true photospheric line profile, T 1is
the optical depth of the chromosphere in the line of sight,
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and Bp is the chromospheric source function in the spectral
line. In order %0 estimate the magnitude and cos 6
dependence of this form of superposition, a very simplified
model of the lower chromosphere was adopted, an isothermal
layer of 1000 km depth. The optical depth, T , in the

line of asight was assumed to give by k £(6,R/¢, ), k being

a constant and (6, R/ ) being given by equation (5.2)

with R/y = 696. Since the layer is isothermal, [, 1is
independent of T and equation (5.10) may be written as:

I, = L@+ {8,-IJ@}1- Y )

It can be seen that if B, > I, there is effectively an
emission effect, while if B < 1) , the chromosphere
contributes to the line absorption. By dividing thro\;gh
by the intensity in the continuum, IC (6) , this may be
written in terms of residual intensities:

~kf(e)

f_ By ' (5.12)
AY, = 1,-F :—_{—Z-r {l—-e, }
=Yy y_ 'y Ié(e) y.g
Taking the value of 1.(0) to be 4,08 x 10~ erg.cm™2 and
B, ass
_ he
hy' o K (5.13)
2,
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it was found that T_ must be less than 4620° for the
observed profile to be an absorption effect. Conse-~
quently, the superposition effect (fitting the observed
data at cos 6 = 0.024) was computed for two models, one
with T, = 4500° (absorption) and one with Ty = 5500°
(emission). The absorption model so found was not very
satisfactory as it led to a rather large chromospherie
optical depth at the limb. In Fig. 5.3, the results of
these computations are shown, Ar;, being plotted agairst
cos O for each model (curves A and B). From this it can
be seen that chromospheric emission becomes mpoftant at
cos O =~ 0.15 (for the case considered), which is in the
same region that the red asymmetry appeared.

In order to estimate the cos O variation of any super-
position effect due to scattering of chromospheric light
inside the limb, the scattering function derived in
Appendix A was used. Assuming that the chromospheric
emigsion line hn?‘ uniform intensity over a region extending
outwvard from the limb for a distance of ~ 1000 km, the
scattered intensity was found for various values of cos 0
(choosing the intensity of the line in the chromosphere to
£it the above observations). This scattering superposition
effect i8 indicated by curve C in Fig. 5.3. Clear]y thie
effect i3 also important for cos 6 < 0,15.
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If one therefore assumes that the chromospheric lines
are shifted to the violet side of the correaponding photo-
spheric lines, it seems that the red asymmetry at the limd
(and poeeidly the. super-gravity shift) is due to chromo-
epheric superposition. Thie, however, only transfers
the prodblem to that of why chromospheric wavelengths are
shifted to the violet.



Part IV

CONCLUSIONS.
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From the foregoing discussion of the limb-effect and
red-shift measurements, onakhct emerges: there is no
theory at present that satisfactorily accounts for the
red shifts at the centre and limb effect. It now appears
that the temperature inhomogeneities in the photosphere
are insufficient to attridute the centre red shifts to
Doppler effects. Moreover, a shift at the limdb exceeding
the gravity shift has been confirmed. Although this has
been tentatively attridbuted to chromospheric effects, such
an explanation is very lacking in any physical foundation
as yet. Clearly a new theoretical investigation of
mechanisms that could create deviations from the gravity
shift, both at the centre and the limb, is required. Many
observations have been made to date of acourate wavelengths
at the centre of the disk, but very few accurate limd
effect curves have been provided. The latter are, however,
of utmost importance for a new theoretical treatment;
especially valuable would be a limb~effect curve for a
line having a centre red-shift exceeding the gravity shift.
Pinally, no longer will wavelength determinations alone be
sufficient for a detailed investigation of solar wavelength
shifts, but profiles are also needed (especially near the
limb). The great complexity of the problem of line
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formation in the photosphere would indicate that it will

be some time before a satisfactory explanation of wavelength
observations will be found, and until then, the investi-
gation of deviations from the gravity shift will remain

one of the most intriguing, although exacting, lines of

solar research.
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EFFECTS OF SCATTHERED LIGHT
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A. Method.

In oédor to determine the effect of scattering on line
profiles obterveg near the limd, the acat&oring function
of the atmospho:§ plus optical system must be known for the
time of observation. In order to determine thiam, several
plates were taken on July 14, 1960, of light scattered
beyond the Sun's limb. Ilford HP3 plates were used and
were developed in Parkhuret two solution developer. Owing
to the low intensities involved, exposures of 1 - 2 minutes
were required. On each plate, two calidbration exposures
of the centre spectrum vere taken, one with and sne without
the pre-calibrated wedge. For these, the light intensity
was reduced by a factor of twenty using a combination of
filters. For the scattered light spectrum, a rotating
seetor covered one half of the spectrograph slit. When
in rotation, this reduced the exposure in the lower half
t0 3% of that in the upper half. The solar image was
guided so that the limb fell on the lower half of the
8lit, allowing full exposure to the light beyond the limdb,
yet giving a limb spectrum of comparable density. The
fourth exposure on each plate was another of the limb
spectrum, but with the intensity reduced by an accurately

calidbrated filter. This removed the necessity of an acourate

calibration of the rotating sector.
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Three of these plates were chosen for photometric
measurement. For each plate, two microphotometer tracings
were made across the four exposures, perpendicular to the
dispersion, at wavelengths near those of the spectral lines
being studied,

B. Secattering Function.

The scattering function was determined following closely
the method of M. G. Adamy(l), differing only in that intensity
neasurements were to be used in place of wuveiength measure-
ments. Characterietic curves were computed from the
calibration spectra for the three scattered-light plates,
and observed intensity curves for the region 0.94 < Ap, <
1.13, were cbtained for oﬁqh plate. The true position of
the limb was estimated from the point of inflection in the
intensity curve. All three curves agreed with one another,
thus indioating that the scattering function was fairly
constant throughout the periocd of observation. %wpaan
curve was taken, and was fitted to the true limb dirkening
curve, used in Part I, Chapter 3, by assuming that the
scattering decreased the continuum intensity at /o, =
0.94 by 3.6%. It was assumed that the scattering process
could be satisfactorily represented by the one dimensional
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integral equation: |

— § Teo Sexny) dx
loy= =

S (x-7%,) d=x

By
where ,/p=|x| I(x) 4is the true intensity in the

continuum (6300A), T(xo) is the observed intensity at X,
and S_(x—xc,:)._is the scattering function. Using the above
limb darkening curve, the scattering function was derived
from the observed intensity at points beyond the limdb.

For this determination, it was assumed that there was
negligible scattering by S(x-x.) beyomd |x-*l=1 , fThe
light scattered at great distances allowed a very good
determination of the wings of S(x-7#,) but the core was much
leas precisely defined. It was found to be Gaussian in
form to a width of 0.008, having a half-width of 0.0046
(4.4"). Thereafter, it has appreciable flanks and very
extended low-intensity wings. Long range scattering is
consequently large, 5.2% of the light being soattgred into
the far wings ( |x-%,| > 0.122). As a check on the
consistency of this determination, the derived function
was used to determine an “observed" intensity distribution
inside the limd. This was compared with the observed
distribution obtained from the limb spectrum taken with
the calidrated filter. The observed and calculated curves
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agreed in form, but there appeared to be a displacenent
of 0.002 in /o between them. This was attributed to
errors in the determination of the position of the true

limb, and not to any great inacouracies in the determination
of the scattering function.

C. Application to lLine Profiles.

At the extreme limb, where both intensity and wvave-
lengths are rapidly varying, scattering can be expected
to introduce asymmetry into the observed line profiles.
The asymmetry so introduced should bde differan} for the
east and west limbs. In order to determine fha magnitude
of any such asymmetry, an "observed" A 6297.8 profile
(corrected for the apparatus function) was calculated
for S/ = 0,999 at both the east and west limbs, using
the soattering function derived above. It was assumed
that éhc true line profile was symmetric for all values
of £/o, , and the general form of the profiles was taken
from Table 1, Appendix B. The limb darkening used in Part
I, Chapter 3 was adopted, and the wavelength variatidn
across the disk was found from a computed mean Earth's
motion and solar rotation correction, plus a limd effect.
For the west limb, an extreme limb effect (that obtained
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in Part I, Chapter 3) was used, while for the east limb,
2 limb effect giving the gravity shift at the limb was
used. These were adopted since they give, for each limb,
the extreme value of any asymmetry introduced by scattering.
The resulting asymmetries are shown in Fig. 1. The
central line gives the centre of the profile assuming

no socattering, and the ;vo neighbouring curves give the
profile, as a result of scattering, at the two limbs,

It can be seen that & slight asymmetry is introduced but
that it should have no resultant effect when the profiles
from both limbs are averaged together (excluding the
slight violet wing which is common to both limbs). It
was therefore decided that no corrections, duwe to

scattering, were necessary for the observed asymmetiry curves.,
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In addition to the asymmetry of the observed line
profiles, the reductiom procedure yielded a large amount
of information on the general properties of the profiles
of the two iron lines, \ 6297.8 and 6301.5.

In Table l’
the mean observed equivalemt widths, half-widthe and central

inteneities of these two lines are given as a function of

/YR » after correction for the apparatus function.

These

were robtained by averaging together the resultis ohtained at
the two limbs. The exrrors that are quoted are the standard

dcviayiona of the means.

Table 1.
Equivalent

Line Position -(P/°.) Widsh . Half-Width
6297.8 A 1.000 65,2:2.4 mA 120.,6+ 4.0 mA

0.997 65.6 1.9 134.1 2.0

Limb 0.994 67.9 1.6 135.6 2.1

0.989 66.3 0.9 127.2 2.5

0.983 70.5 2.6 131.% 3.9

Centre 0.000 68.5 1.6 96.4 2.4

6301.5 A 1.000 95.3 3.4 141.8 T.7

Limb 0.997 88.4 1.3 138.0 5.8

0.994 97.3 2.0 144.2 8.6

Centre 0.000 122.1 4.4 13%5.7 5.4

Central

0.493 +
0.541
0.516
0.515
0.490

0.348
0.412
0.424
0.404

0.269

From these values, it is seen that the two lines have

quite different centre-limb variations.

Th?beaker 1ine

Intensity

0.017
0.008
0.008
0.011
0.006

0.011
0.045
0-005
0.012

0.013
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A 6297.8, has a fairly constant equivalent width but is
mach dbroader at the limb than at the centre, while the
stironger line, although having a constant half-width,
decreases in equivalent width towards the limb., It is
interesting to note that the observed (at cos 8 = 1.00
and 0.15) centre-limb variation of equivalent widths given
by the table is quite different from that predicted by
Schriiter (1) from his two stream model (for cos 0 = 0.3).
This may indicate that after an increase in equivalent
width towards the limb, the lines weaken for very small
values of cos 6 . No other observations so near the limb
have been made, s0o that no conclusions on this point may
be drawn.

The equivalent widths found for the two lines at the
centre agree well with the values of 69.3 mA and 122.2 mA
given by Minnaert et al. (2). The corresponding central
intensities are, however, somevhat smaller than the values
of 0.50 = 0.02 and 0,30 + 0.02 given by Allen (3) for the
two lines. (No correction to the central intensities has
been made for the effects of scattered light, but a dbrief
investigation showed that such corrections amount to less than
2.5% of the continuum intensity for /0 = 0.999).
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Summary

. The centre-to-limb increase in wave-length of three medium strength
iron lines in the solar spectrum has been determined, using micrometer
measurements of grating spectra. The observations were made at solar
latitudes of approximately +55° and at radial distances from the centre
between 85 and 100 per cent of the radius of the disk. The limb-effect
curve obtained, after corrections for scattering of light, is in good agreement
with the curve obtained recently at Oxford (5) for solar equatorial regions.

The absolute wave-lengths in the solar spectrum of the lines used in this
investigation .and the vacuum arc wave-lengths of the three iron lines were
determined using the method of circular channels. The centre red-shifts
of the three lines, together with the limb-effect curve, give a red-shift at
the extreme limb substantially exceeding the shift required by the principle
of equivalence.

It is shown that the line profiles of the solar lines in the grating spectra
are affected by the apparatus function of the spectrograph. Allowing for
this, the solar lines at the centre appeared to be symmetric but an
unexplained asymmetry at the extreme limb was discovered. This indicates
that wave-length measurements alone are insufficient for a determination of
the nature of limb effect.

Introduction

It is an established fact that the wave-lengths of the Fraunhofer lines in the
solar spectrum are dependent upon the point of observation on the solar disk.
In general, the wave-length of a line increases as the point of observation moves
toward the limb. This difference of wave-length between the limb and the centre
of the disk has received the general name ‘‘limb effect’’. In addition to this
effect, most Fraunhofer lines have longer wave-lengths than do the corresponding
transitions observed in a terrestrial laboratory. This effect will be referred to as
the ‘‘red-shift ’’ of the spectral lines. Thus the red-shift of a line at a given disk
position is given by the red-shift of the line at the centre plus the limb effect.

The principle of equivalence predicts a wave-length shift of all solar lines
with respect to corresponding terrestrial lines observed under similar physical
conditions by an amount given by

éé = 212 X 10~8
~ = .

This shift, referred to as the ¢‘ gravity shift ’’, is, however, independent of the
point of observation on the Sun. Thus other physical processes must be invoked
to describe the observed variations in the red-shifts at the centre of the disk and

for the very existence of limb effect.

31
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The early history of red-shift and limb-effect determinations may be found
in the literature (14, 12, 7, 20, 13, 11). In 1948, M. G. Adam (1) published
the results of an investigation of the wave-lengths of several solar lines at various
positions along a polar disk radius. It was found that the limb effect reached
an appreciable magnitude only along the last 10 per cent of a solar radius, and
indicated the necessity of more detailed observations near the limb. Recently,
in 1959, such a redetermination of solar limb effect was published by M. G. Adam
(5). This gave the results of a study of the centre-limb variation of the
wave-lengths of three medium strength iron lines in solar equatorial regions.
The wave-length shifts were determined from micrometer measurements of
spectra obtained using the 32 cm image of the larger Oxford telescope and its
associated grating spectrograph. These indicated that the red-shift observed at
the limb for these lines much exceeded the gravity-shift. Recent observations by
Schroter (19) of limb effect agree well with the Oxford measurements in the
common range of observation.

Because of the great theoretical importance of the shift at the limb, a further
determination of the limb-effect curve for the same three solar lines as used
in (5) has been carried out, and forms the subject of this paper. Although no
great differences exist between the 1948 and 1959 limb-effect curves, referring
respectively to polar and equatorial regions, the present determination was
made at intermediate solar latitudes (~ + 55°) with a view to the detection of
a latitude effect if such exists.

Part I presents the micrometer determination of the centre-limb variation
of the wave-lengths of the three solar lines following the procedure adopted by
M.G. Adam for the 1959 determination. In Part II, the determination of the
absolute wave-lengths at the centre of the disk of the lines used in the investigation
is given. Part III deals with an apparent discrepancy arising from the measure- -
ments in Parts I and IT and presents some preliminary measurements of the
profiles of the three solar lines at the centre and limb.

Part 1
Limb effect from micrometer measurement

Li. Method.—The same method of determining the centre-limb change in
wave-length was adopted as was used in (5). The method is a differential one
in which the positions of the solar lines on a spectral plate are compared with
those of a set of standard lines, in this case terrestrial oxygen lines, whose
wave-lengths are assumed constant. Since observations were confined to the
part of the disk near the limb and the centre of the disk, such a method requires
two essentially different sets of measurements. First, a set of standard positions
of the solar lines at the centre of the disk with respect to the reference lines is
required, and secondly, a set of measurements of the positions of the solar lines
at various disk positions with respect to those of the standard lines is needed.
Then the difference between the two gives the limb effect at various disk positions,
when corrections have been made for the effects of the rotation of the Sun and
motion of the observer. These shifts can then be converted to a limb effect
expressed either in wave-length units or, as is customary, in equivalent Doppler
velocities. For such a procedure to be valid, the dispersion used in the two sets
of measurements must be identical, otherwise corrections must be applied, all
measurements being reduced to one standard dispersion.
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We shall use the following terminology for disk positions. A given radial
position will be specified by 6, where 6 is the angle between the line of sight
and a true solar radius at the point of observation. Alternatively, a position is
SP?Clﬁed by p/p, where p, is the radius of the solar disk, and p is the radius to the
point of observation. To a high degree of approximation, these are related by

sin 6= p/p,,.

I.z.. Solar spectra.—The spectral plates used in the determination were some
of a series obtained in 1957 ( 5), others of which were used in the 1959 limb-effect
study. They were taken using the 35 m solar telescope with its associated
spectrograph, the Bausch and Lomb grating giving a dispersion of 1-4 mm/A
in the first order. The plates used were all Ilford panchromatic type R5o and
were developed in Parkhurst two-solution developer.

Ten plates taken at the centre of the disk were used for the determination of
standard positions and six plates of the region near the limb were used. For
the limb plates, the solar image was guided so that the spectrograph slit was
radial, the limb falling upon the slit. These plates were divided equally between
the east and west limbs. The sixteen plates used are listed in Table 1.

TABLE I
Details of measured plates
Centre plates Limb plates
Date U.T. 1957 Date U.T. 1957 Limb Solar latitude
May 21-3812 May 24-3929 West —50°'0 to0 —59°0
22°6342
274411 24'3979 West —487to —57-8
28-4674
31°'4592 27°3944 East 48'1to 60°0
June 124850
13°5754 June 16-4084 West —50°6 to —637
136131
14°4505 16°4141 East 51'oto 61°8
14°6085
16°4233 East 489to 585

The spectral lines are the same as those used by M. G. Adam and are listed
in Table II, with their I.A.U. wave-lengths. There is no I.A.U. wave-length
for the third oxygen line and the value given is an estimated one (5). Table II
also gives their Rowland intensities, and for the solar lines, the excitation potentials
of the lower levels and the transitions involved. The oxygen lines are associated
with the « band of atmospheric oxygen.

TaBLE II
Measured lines
I.A.U. Rowland Excitation Transiti

wave-length Element intensity potential ransition

6295-960 A Atm. O, 3

6297799 Fe 5 2-21 volts a*P—SD®

6299228 Atm. O, 3

6301-508 Fe 7 364 25PO—5D
(6302-000) Atm. O, 2

6302°499 Fe 5 367 25P—o5D

6302764 Atm. O, 2

31*
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1.3. Centre measurements.—The spectra were measured on a Hilger photo-
measuring micrometer fitted with a transverse micrometer motion. A diaphragm
in the focal plane of the eyepiece limited the field of view to a strip of spectrum
o'145 mm wide. This was positioned parallel to the plate dispersion so that
only a small section of each spectral line was visible. The plates were measured
in the forward and reverse directions at the slit height corresponding to the centre
of the disk and average line positions were found. These were referred to the first
oxygen line after corrections for the observer’s motion had been applied to the solar
lines, the dispersions for the three lines being 3399, 33:96 and 33-95 km/sec/mm.
The average positions of the seven lines were then found from the ten plates.
These were adopted as the standard centre positions and the oxygen positions
were used to indicate the standard dispersion. These standard centre positions
are listed in Table VI, Part III, where they are compared with the standard
positions used by M. G. Adam (5).

I.4. Limb measurements.—Each limb plate was measured at about forty slit
heights, each corresponding to a different radial position (different p/p,). The
positions of measurement were so chosen that they fell at approximately equal
intervals in cosf. In order to compute the value of p/p, for each ‘‘spectrum’’
measured, the limb plates were marked perpendicular to the dispersion at
one millimetre intervals from the inner edge of the spectrum. The positions
of each of the measured ‘‘spectra’’ were referred to these marks, and the
position of the limb was determined visually with respect to them at both ends
of the plate. The image radius having been determined for the times of
observation, a p/p, was calculated for each set of measurements.

The measurements were made in the same manner as for the centre plates
and mean positions of the seven lines were determined at each value of p/p,.
Using the observed oxygen positions, these were corrected to the standard
dispersion, assuming a linear correction factor. The difference between the
corrected iron line positions and the standard iron line positions then gave the
limb effect plus relative velocity corrections for the corresponding value of p/p,.
The shifts so found for the three lines were then converted to equivalent Doppler
velocities and averaged to give a mean shift for that value of p/p,.

L.5. Accuracy of measurement.—It was found that the velocity shifts determined
as a function of p/p, from a single plate exhibited large fluctuations with amplitudes
up to o2 km/sec. From an analysis of the micrometer settings in the centre
spectra, it was concluded that the uncertainty in an individual reading of the
position of an oxygen line was + 0-05km/sec, and for an iron line + o0-07 km/sec.
Similarly, an analysis of the limb measurements yielded an uncertainty in an
iron line setting of +oo6km/sec. From these figures, it is found that the
uncertainty in the mean shift of all three solar lines at a given disk position due
to measurement alone is +0-05 km/sec. Since this uncertainty is much smaller
than the observed fluctuations, the latter are attributed to the effects of local
velocity fields on the Sun (15).

From an analysis of micrometer measurements of the limb position with
respect to the millimetre marks, it was concluded that the value of plp, are
uncertain by about +0'0003. At the limb, this corresponds to + o002 in cos®.

1.6. Relative velocity corrections.—The corrections to be applied to the mean
shifts obtained for each value of p/p, due to the motion of the observer and solar
rotation were calculated using the Oxford Computing Laboratory ¢ Mercury >’
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computer. Two programmes were written for this purpose. The first provides
the coordinates of the centre of the disk and various other solar parameters at
the time of exposure. The input for this consists of the times of exposure and
certain data directly as tabulated in the Nautical Almanac. The second
programme uses the output of the first plus the observational p/p, values as input
data and calculates for each observed position: cosf, solar latitude, correction
for observer’s motion, correction factor for solar rotation. The calculations of the
corrections follow the procedure given by H. H. Plaskett (18) and, following
M. G. Adam (5), the law of solar rotation is taken to be

Ry = Rycos B(1 —0-229sin? B)

where R, is the solar equatorial velocity. In the calculation of the solar
rotation corrections, R, was regarded as an undetermined parameter, to be
supplied from the observations themselves.

The mean shifts at each disk position were then corrected for the observer’s
motion, giving at each point a residual shift

A(0)=R,.f(0)+A(6)

where R,.f(0) is the correction for solar rotation, f(f) being the calculated
factor, and A(f) is the limb effect. This gives essentially 249 equations in
R, and the A(f). The 1948 limb-effect curve showed, however, that A(6)
varies only slowly with 6 except very near the limb. Thus the observations were
split into thirteen groups, each covering a small range in cos 6 over which A(6)
could be considered approximately constant. For each group of observations,

R, and A(9) were then determined by a least squares solution. As in the 1959
determination, the values of R, were fairly constant for the inner groups but
decreased rapidly as the limb was approached. This was attributed to the
effect of scattered light (5). From the four inner groups of observations, little
affected by scattering, a mean value of 1-922km/sec was determined for R,.
Using this, the residual shifts were corrected for solar rotation, leaving values
of A(6).

I1.7. Scattering corrections.—Since the positions of the observed points near
the limb were uncertain by +o0-02 in cosf, and scattering effects depend
primarily on the limb being observed (east or west), the shifts obtained from the
three east limb plates were averaged together in intervals of o-02 in cosf, and
similarly for the west limb. These results are shown in the top half of Fig. 1.
The large scatter in the observed mean shifts is attributed to local velocity-field
effects (15), and it is seen that the west limb values are lower near the limb than
those for the east limb.  This is as would be expected, since scattering effects
are far greater for the west limb where solar rotation and true limb effect
combine to give a rapid variation of wave-length near the limb.

The scattering effect was assumed to be represented mathematically by the

simplified expression
1
f T L) S (e — ) e
—1

+1
I(x)S(x— x,) dx
-1

u(x,) =
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where u(x) is the true velocity shift (in the line of sight) at p/p,= |x|, I(x) is the

intensity at x, S(x—ux,) is the scattering function and u(x) is the observed
velocity shift. The limb darkening curve, I(x), used by M. G. Adam was chosen,
and, in the absence of any other ‘‘scattered light ’’ exposures of the sky spectrum,
the scattering function used by her was adopted (5).

To compute corrections for scattering, mean observed velocity-shift curves
were obtained for the two limbs. Each was then smoothed and a true velocity
shift curve was approximated by iteration, using the above expression for the
scattering. From this, a scattering correction factor as a function of cos was
determined for each limb. Using this, the two observed limb-effect plots were
then corrected, and the final values for the two limbs are given in the lower
half of Fig. 1. Due to limitations in the iteration process, reliable scattering
corrections could not be found for points nearer the limb than cosf=o0-03,
and hence the limb-effect results terminate at this point.

1.8. Final limb effect.—The east and west limb results were then averaged
together to give a final limb-effect curve. This is given in Fig. 2. It is evident
that local velocity-field effects still persist in the final curve despite the averaging
of six plates. A smooth curve (a parabolic formula in cos 8 fitted by least squares)
through the observed points gives the values tabulated in Table III as a function
of p/py. Included in this table are the corresponding values obtained by
M. G. Adam for the solar equatorial region (5). The new determination appears

TaBLE III
Final limb effect
Plpo A (km/sec)
L. A. Higgs M. G. Adam

0'998 0584 0'474
0'995 0'524 0°442
0°'9go 0461 0407
0-985 0°'417 0-381
0980 0-383 0358
0°975 0355 ©°339
0970 0331 0°321
0°950 0-264 0263
0925 0'214 o0'206
0°go00 0-185 0°159
0:875 0168 o118
0°000 0°000 0°000

to give larger shifts than those observed by her, but the difference between the
two is entirely accounted for by differences in the standard solar positions used
in the two determinations (see Table VI, Part III). The uncertainty in these
standard positions precludes the measurement of any general difference
<o0-07 km/sec. Thus the latitude effect, if such exists, is of too small a
magnitude to be detectable by these measurements. An analysis of the velocity
shifts obtained from individual lines indicated small systematic differences
bc?tween the shifts of the three lines, but these could also be accounted for by
slight errors in the standard positions of the three lines. The question of the
total red-shift at the limb, especially the possibility of a super-gravity shift,
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cannot be answered until the red-shifts of these lines at the centre of the disk
are known (Part IT).
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F1G. 1.—Mean observed limb effect before and after corrections for scattering.
Open circles: west limb.
Filled circles: east limb.
Continuous curve: final limb effect.

PaArT 11

Determination of absolute wave-lengths and red-shifts

I1.1. Method.—The determination of red-shifts requires the absolute wave-
lengths of both the solar lines and the corresponding terrestrial lines, formed in
physical conditions as near as those existing in the s_olar photosphere as possible,
e.g. vacuum arc. At Oxford, the method of ‘‘circular channels’’ has been
developed as a powerful interferometric technique for wave-length determinations,
the theory and applications of which have been presented in the literature

(21, 2, 3, 4).
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Essentially the method consists of using a spectrograph in conjunction with
a Fabry—Perot interferometer, the spectrograph serving only as a monochromator
for the interferometer. If the light being analysed has a continuous spectrum
with absorption lines, the observed interferometric pattern consists of a set
of circular ‘‘ heterochromatic’’ fringes, due to the continuous spectrum, which
are crossed by absorption arcs forming part of another set of concentric circles

-~
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04 —
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00 01 02 03 0-4 05
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F16. 2.—Final limb effect.

Open circles: mean of east and west limbs.
Continuous curve: smooth limb effect.

intersecting the first. In addition, the interference pattern of the cadmium
red line (A6438-4696) is superimposed on this pattern using a beam splitting
cube. Overlapping is prevented by a system of diaphragms. For the measure-
ment of arc wave-lengths, in which one is concerned only with a discrete line
spectrum, the ‘‘heterochromatic’’ fringes do not exist and emission arcs now
replace the absorption arcs.

The interference patterns are measured on a specially adapted Hilger photo-
measuring micrometer with a rotating plate stage. From detailed calculations,
described in earlier papers, using the measured arc positions, the wave-lengths
of the absorption or emission lines are compared with the wave-length of the
cadmium line. Although complicated in its early stages, the method of circular
channels has now become a standard procedure, and with the development of

computer reduction of plate measurements is now a fairly rapid method of
wave-length determination,



No. 5, 1960 The solar red-shift 429

11.2. Reduction of measurements.—The formerly tedious reduction procedure
has been superseded by automatic reduction using the ‘‘ Mercury’’ electronic
computer of the Oxford Computing Laboratory. A programme for this purpose
has been written and is suitable for most conceivable wave-length determinations.

The input data consist of general plate information and the plate measurements.
The former include: the number of lines that have been measured; chromatic
phase changes, camera focal length corrections and approximate wave-lengths
for each line; and special instruction parameters to indicate the specific
reduction procedure to be followed. The output consists among othér things
of a tabulation of the fractional orders of interference of all the absorption or
emission lines and the absolute wave-lengths of all the lines. In addition, the
mean error due to the scatter of the measurements is tabulated for each value.
The total reduction time for a typical plate is reduced by this procedure to
approximately twenty minutes, almost all of which is taken in preparing the
input data on punched tape.

I1.3. Procedure.—The smaller Oxford teléescope, giving an 18 cm solar
image, was used for the determination of absolute wave-lengths at the centre
of the disk. The Sun was imaged on the spectrograph slit, the slit height being
1-8 cm, and filters were used to equate the intensities of the solar and cadmium
light beams passing through the interferometer. Two different spacers were
used in the interferometer giving plate separations of 25 and 5 mm. Fused
silica plates were used and had been recoated at the beginning of the wave-length
programme to give 7 per cent transmission and go per cent reflection in the red
region. Seventy-four solar plates were taken, using Ilford panchromatic R4o
plates, at exposures varying from one to three minutes, depending on the spacer
used. Of these, twenty-one plates taken on four different days were measured
and reduced. Phase-change corrections and camera focal length corrections
were adopted from earlier measurements (6). Both of these were small due to
the small differences between the wave-lengths of the lines in question and the
standard cadmium wave-length. For this reason, corrections for the dispersion
of air in the interferometer were not necessary.

For the arc wave-lengths, a vacuum arc run at about g cm Hg pressure replaced
the coudé beam from the telescope. Mild steel pole-pieces were used and a 1omm
arc was maintained at a current averaging 8 amperes. The usual method of
guiding the arc and focusing it on the slit was employed (2), only the central
portion of the arc actually being used in order to eliminate any pole effects. Due
to the low intensity of the arc lines, exposures of up to two hours were required
and the cadmium intensity was correspondingly reduced using filters. Fifteen
plates were taken, using Ilford HP3 plates, and twelve of these were measured
and reduced. The corrections for phase change, etc., were the same as for the
solar plates. The calculated absolute wave-lengths were reduced to absolute
vacuum wave-lengths using the empirical pressure depression of spectral terms
given by Babcock (9). The largest pressure correction for the three iron lines
amounted to only o-9 mA.

I1.4. Solar and arc wave-lengths.—The calculated solar wave-lengths
obtained from the centre plates were corrected for the Doppler shifts due to the
motion of the observer using the computer programme developed for Part I.
Since some plates were of better quality than others, it was decided to weight
each of the calculated wave-lengths on each plate according to the inverse square
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of its calculated mean error for that plate. A similar method was used to determine
the average arc-wave-lengths, There were no serious differences in the wave-
lengths determined considering the two spacers separately. For the solar
wave-lengths, the 5 mm spacer gave wave-lengths 0-6 mA longer than the 2-5 mm
spacer, while for the arc wave-lengths, the 2-5mm spacer values were 1:-0omA
longer. The final absolute wave-lengths are given in Table IV, along with their
standard deviations and the number of plates used in each determination. For
comparison purposes, the I.A.U. wave-lengths are given for the solar lines and
the Allegheny Observatory wave-lengths (10) of the arc lines are given.

I1.5. Integrated disk wave-lengths.—Since it is known that local velocity fields
may greatly affect wave-length determination on the Sun, the question arises
whether the twenty-one solar plates were enough to eliminate these effects.
As a check, wave-length plates were taken using integrated sunlight from all
parts of the disk. Ideal conditions for integrated-light wave-length measurements
would be attained if every part of the slit received truly integrated light and if
every part of the spectrograph collimator received integrated light. The first
condition was satisfied by removing the Cassegrain mirror of the telescope and
allowing a parallel beam of light to fall directly on the spectrograph slit. The
second condition, on the other hand, could not be satisfied. To counteract this,
an image rotator was placed before the slit and the circular channel plates were
taken in ‘‘mirror pairs’. For the second plate of each pair, the image used for
the first was inverted about the optical axis. In this way, wave-length shifts
due to variations in the transmission properties of the grating across its surface
were expected to be averaged out. Two pairs of plates were measured.

TaBLE IV
Absolute wave-lengths and red-shifts

Solar spectrum wave-lengths

EL I.LA.U. Observed No. Plates
0O, 6295-960 A 5:9603 + 00002 IO
Fe 6297799 7+7989 + 0-0004 21
O, 6299228 9:2283 + 00002 21
Fe 6301-508 1'5080 + 0°0003 21
0O, (6302-000) 1'9998 + 00001 21
Fe 6302:499 2°5000 %+ 00003 21
0O, 6302764 27640 + 0-0001 10

Iron arc wave-lengths

Alleg. Obs. Observed No. Plates Red-shift
6297:790A 77918 + 0-0006 10 7'1+0'7 mA
6301501 1'5008 + 00003 12 72+ 04
6302°493 2°4938 + 00004 12 6-2+o05

The average wave-length values determined for each of these mirror pairs
agreed well with each other, although there were differences (~4mA) between
the wave-lengths determined from the four plates individually. Since limb effect
is known to concern only light coming from the extreme outer portion of the
solar disk, one would expect the integrated disk wave-lengths to agree substantially
with those determined for the centre of the disk. In fact, the agreement between
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the mean wave-lengths from the four integrated disk plates (corrected for the
observer’s motion) and the absolute wave-lengths determined at the centre of
the disk is remarkable. Table V gives this comparison. This close agreement
would seem to indicate that the absolute solar wave-lengths found at the centre
of the disk are free from effects due to local velocity fields.

IL.6. Red-shifts.—From the above absolute solar and arc wave-lengths, the
red-shifts of the three lines may be determined. These are presented in the last
column of Table IV. These observed shifts are found to be slightly greater
than those expected according to the empirical shift vs. line strength relation
given by Nichols and Clube (16).

TaBLE V
Comparison of solar wave-lengths
Element Centre Integrated disk
O, 6295°9603 - 0-0002 A 59605 + 0:0002
Fe 62977989 + 00004 7+7980 + 0'0011
O, 62992283 + 0-0002 7-2288 + 00004
Fe 6301-5080 + 0'0003 1:5086 +0-0010
O, 6301-9998 + 0 0001 2'0002 + 0°0003
Fe 6302°5000 + 0°0003 2°4999 * 0°0007
0O, 63027640 + 0-0001 27636 + 0:0003

The results of Part I may now be extended to give the red-shift of the three
lines across the disk (within the reservations to be indicated in Part III).
A final limb-effect curve on an absolute scale is given in Fig. 3, in which the
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Fic. 3.—Limb effect and the gravity shift. The uncertainty in the limb-effect determinations
is indicated by the shaded band.

Continuous curve: 1960 limb effect.
Dashed curve: 1959 limb effect.
Hovrizontal line: gravity shift.
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1959 curve and the new determination are presented with their regions of
experimental error. Also shown is the red-shift required by the principle of
equivalence. From this diagram, it is evident that, allowing for experimental
error, the shift observed at the extreme limb exceeds the gravity-shift, thus
apparently ruling out the radial current interpretation of limb effect.

Parr III

Line profiles

II1.1. Centre wave-lengths.—In Part I of this investigation, standard micro-
meter positions for a centre spectrum were adopted for the seven lines used, and
in Part II, the determination of the absolute wave-lengths of these lines was
presented. Using the absolute oxygen wave-lengths and micrometer positions,
it was possible to calculate the micrometer positions corresponding to the absolute
wave-lengths of the iron lines. It was found that the calculated micrometer
positions of the three solar lines were, on the average, 0-005 mm to the red side
of the adopted standard positions. This corresponds to a wave-length difference
of 4mA. The calculated and standard micrometer positions are compared in
Table VI, in which the standard positions used by M. G. Adam (5) are also
included.

TaBLE VI
Micrometer positions
El Standard positions Calculated positions
M. G. Adam L. A. Higgs
62960 A O, 0'000 mm 0°000 mm ©0'0000 mm
62978 Fe 2°571 2°570 2°5748
6299°2 O, 4'576 4'576 4°5764
6301°5 Fe 7764 7761 77683
63022 0, 8456 8-457 8:4569
63025 Fe 9'154 9'153 9'1572
6302-8 0O, 9°527 9:527 9'5268

On account of the small portion of the spectrograph slit (corresponding to
600 km on the surface of the Sun) used in the determination of the standard
micrometer positions, one would expect some random fluctuations due to local
velocity fields. Results obtained by A. B. Hart (15) indicate that r.m.s. velocity
fluctuations of about o-15 km/sec can be expected at a given point on the solar
disk. Since ten plates were used in the determination of the standard positions,
one might expect fluctuations in the mean positions of about +0-001 mm.
Since the discrepancy in question was five times this value, it seemed unlikely
that it was due to unusually strong velocity fields at the centre of the disk when
the ten spectra were taken.

On the other hand, since the slit height used in the absolute wave-length
measurements corresponded to 140000 km on the surface of the Sun, one
would expect all local velocity fluctuations to have been eliminated. The close
agreement between the wave-lengths determined at the centre of the disk and
those obtained using integrated light from the whole disk tended to confirm this.

It thu‘s seemed difficult to accept the possibility that the absolute wave-lengths
were in error.
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Since an asymmetric apparatus function of a spectograph can produce
Wane-length shifts of spectral lines (17), the possibility of such an effect in the
grating spectra was considered. Using the Oxford Moll-type microphotometer,
sixteen tracings of typical spectra were taken, in the forward and reverse directions,
both at the centre of the disk and at several points near the limb. The dimensions
of the microphotometer slit were chosen so as to correspond to the dimensions
of the eyepiece diaphragm used in the micrometer measures. The tracings of
a typical centre spectrum showed that the oxygen lines were approximately
symmetric while the solar lines were definitely asymmetric, having pronounced
violet flanks. Since this asymmetry is of such a magnitude as to be scarcely
detectable in a diagram of the actual line profile, the following method of
presentation will be used. The profile of a line is represented by a curve giving
the mid-point of the profile at each value of the incident intensity, /. This is
illustrated by the curve AB in Fig. 4(a). In this manner, the profile at the
centre of the strongest iron line is presented in Fig. 4 ().

To determine an approximate apparatus function for the 30000 line/inch
Bausch and Lomb grating, it was decided to use the terrestrial oxygen lines as
essentially monochromatic absorptions. The apparatus function is then given
by the observed oxygen profiles. Allen (8), who has used atmospheric oxygen
lines for similar purposes, gives theoretical widths for these lines of about 18 mA,
which indicates the degree of approximation involved. Only the limb tracings
were used for this purpose because the centre spectra were too over-exposed
to show any possible asymmetry in the oxygen lines. All profiles were reduced to
true intensity profiles using a characteristic curve for R5o plates, obtained in
another investigation. From profiles of the oxygen lines A6296-0 and 262992 an
approximate apparatus function was obtained. Having a half-width of 69 mA,
it is symmetric to a width of about 150 mA, after which it develops a violet wing.
The uncertainty in the determination of the wings is about 1 per cent of the
central intensity, whereas the asymmetry in the wings is three times this figure.
Thus a true asymmetry is indicated.

Using this apparatus function, it was shown that the observed asymmetry
of the solar lines at the centre could be accounted for by purely instrumental
effects, the true solar profiles being symmetric. In addition, it was estimated that
the above apparatus function would shift the part of the solar lines used in
micrometer settings 3—4 mA to the violet from their true wave-lengths. This
explains the apparent discrepancy between the grating and interferometric
wave-lengths. Since this instrumental shift of grating wave-lengths is
independent of the point of observation on the solar disk, it has no effect on
micrometer limb-effect determinations.

I11.2. Limb profiles.—To investigate the profiles of the solar lines near the
limb, tracings of six limb spectra were measured, each at different values of
plpe. The east-limb plates were used for these in order to reduce the effects of
scattered light. Fig. 4 (c) to (f) shows the observed “profile”” of the strongest
iron line (A6301°5) as a function of p/p;. There seems to be a sys'fema}tic change
in profile as one approaches the limb, Wlth. the asymmetr}f reversing in the core
of the line, indicating effects other than instrumental slit pattern. Although
these curves all refer to the strongest iron line, the other two iron lines show

similar behaviour.
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Several causes of the difference between centre and limb profiles were
considered. The most plausible of these was that the scattering of light might
create very asymmetric line profiles at the limb where both the intensities and
wave-lengths of the lines are varying rapidly. To test this, an ‘‘observed
profile was computed for p/p,=0-997, assuming the true line profile to be
symmetric. In this calculation, the same scattering function was used as in
Part I, the apparatus function was taken to be that above, and the wave-lengths
were calculated using the limb-effect curve in Part I. It was found that scattering
could not account for the observed asymmetry of the lines at the limb, its only
effect being a slight shift of the whole line to the violet. In a similar manner, it
was shown that the finite height of the microphotometer slit could not account
for the observed profiles.
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F1G. 4.—Measured asymmetry of the 63015 A iron line.
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[t thus appeared possible that the solar lines at the extreme limb are formed
with asymmetric profiles. The unexplained asymmetry is seen to set in at a
value of p/p, of about 0-98 (about 20" from the limb). Such an asymmetry has
never been previously observed*; on the other hand, observations so near the
limb are few. Assuming that such true asymmetry existed, an attempt was made
to correct the observed profiles for the apparatus function and thus determine
the amount of the true asymmetry. Unfortunately, the asymmetries concerned
were too small and the apparatus function insufficiently well determined for any

* Although asymmetry of infra-red oxygen lines has been detected at the centre by H. H. Voigt,
Zs. f. Ap., 40, 365, 1956,
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iteration procedure to yield reliable results. It did appear, however, as if the
solar lines at the limb have very pronounced red flanks.

The asymmetry observed in limb lines, if real, completely changes our views
as to the nature of limb effect. A wave-length shift to the red will in all probability
be produced by the strong red flanks which are indicated for the limb lines, but
the interest is now changed from wave-length measurement, an unsuitable
means of measuring line asymmetry, to a photometric survey of the nature and
origin of the asymmetry observed. To this end, observations are at present in
progress with a Babcock grating, the apparatus function of which is being

accurately determined, giving greater dispersion and resolving power than the
Bausch and Lomb grating so far employed.
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Errata (Appendix (). .

Page 430, Table 1IV: The observed arc wavelengths
and red shift wvalues should be as in Tables 4 and 6
of Chapter 3 (thesis).

Page 431, line 8: ‘“greater" should be "less",

Page 431, Pig. 3t “The horiszontal line should be
at an ordinate of 0.25 km/sec.

Page 435, References: hLeference (9) should be
HeDo Babeoek' Apo Jo' ﬂ’ 240, 1928.
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PART I. SOLAR COORDINATES AND RADIAL VELOCITY CORRECTIONS

A. Introduction.

Several programmes were written for the derivation
of various solar coordinates and radial velocity correc-
tions to solar wavelengths for given points and times
of observation. These consist of programmes OBS 1, 1A,
1B, 3, 30C=1 and 3C=2. Of these, the most general one,
OBS 3C=1l, will be given in detail, followed by short
descriptions of the other five.

B. Programme OBS 3C=l.

B. 1. Description.

This programme is used to compute, from the ¢ and
/%% of the observed point on the disk at =a knowp U.T.,
the values of cos 0§, , coe I, , cos J;, 8in B and the
radiasl velocity corrections C;+Co and f (see Chapter 2
for explanations of the symbols). In addition, the
following solar coordinates and parameters are computed
for the time of observation: o, , §,, Hy, X, ¥, 2, X,

(-]

Y, Z, By, Ly, P end 8. (If g depends only on Hg, it
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is also computed).

B.2. In Data,

The input deta, aside from the U.T., £ , and 20,
values, conslst of short tables copied from the
Astronomical Ephemeris. A separate data tape is
required for each date of observation, and this is com-
plled as follows: an integer, n-l, where n is the
nunber of ohbservations on the given day (n < 30),
followed by the U.T.'s corresponding to the n obser—
vations; a constant, A, which is defined by
g = B +A (degrees) Af 4 depends on H,, otherwise
A = 99; the equation of time, B,» Py 8, and L, for the
three consecutive days (O hrs U,T.) centred on the date
of obaervation; the apparent right ascension and dec-
lination for the five consecutive days centred on the
date of observation; the values of X, Y, and 2 (arbi-
trary equinox) for the nine days centred on the date E;r
obgervation; an integer, m, where m=l2 is the number
of disk positions for which radial velocity corrections
are required at the first time of observation, followed
by the (m~12) values of A2 and # (if ¢ is derivable
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from Ho’ i.e., A £ 99, then the 4 'e are not given
here), with ¢ 1in degrees; the m for the second time
of observation followed by the (m=12) pairs of coordinates
:/Zé end ¢ ; the m for the third time of observation, etc.
As meny data tapes (different dates of observation) may
be entered, one after the other, as desired.

Quantities that enter as three columns (U.T., E. of T.,
S, ReA., and Des.,) must have two "SPACE" instructions
between the columns, and s number must be given for each
column, if only a zero. All nunbers are given exactly
as in the Astronomiecal Ephemeris except that an hour column
mast be added to the E. of T, values and a degree column
to the 8 values.s Any /040 >1 is treated ss /"%g =1 4in the
computation of radial velocity corrections,

The required layout of the data is 1llustrated by a
sample data tape given on the next two pages. It is for
,two spectral plates taken at 9 hrs 22 min 39 sec U.T. and
9 hrs 17 min 33 sec U,T. on July 6, 1960. The first
plate was of the centre of the disk, and the second was
of the west limb.

* The three Lo values and five R.A., values entered from

the Astronomiocal Ephemeris must not contain a discon-
continuity of 2rr redians. That is, 105 3507 330 must

be entered as 370, 350, 330’
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0033536'98

Fander of </L *s plus 12
P anl ¢
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1. Rusber of A/ 's plus 12
%99948 370 ¢

%9966 279- /0% =4 ¢

%9939 270

%9885 29¢

09826 240

RSN
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BO 30 Qgteuto

The output for a given date of observation consists
of two sections. In the first, general solar coordine
ates and parameters are given for the various times of
observation, and in the second, certain parameters
referring to the points of observation are given, The
first section consists of two columns, broken into twelve
sections. These give, in order, the fraction of day,
Hos Bos Py 8, Loy @9 &y S0y X ¥, and 2. (If £ 1s
not derivable from H,, the ¢ values are meaningless).
For angular quantities, the firsat column gives the value
in degrees and the second gtves the value in radians.

For X, Y, and Z, the second column gives the derivatives
(A.U./solar day) of these quantities at the times of
observation, The values of each of these guantities

for the different times of observation appear one below
the other, in the order in which the U.T.'s of the obser-
vations were given on the data tape.

The second part of the output consists of seven

columms, giving /% , cosf or =cos?; , the correction to

radial velocities for the Earth's motion (rotation and
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orbital motion) in xm/sec, sin B at the point of obser-

vation, the correction factor, £, for solar rotation

( =f.R, 18 the true correction in km/sec), and the other

two direction cosines at the point of observation,

S :
cos l. and cos 3;. For each time of observation, the

/%%‘a'appear below one another in the order in which

they were entered in the data.

A8 an example, the output for the data given for
\} .

July 6, 1960 ie presehted on the next two pages.

‘345 =

B.4. Programme and Operating Instructions.

‘fThe programme is given after section C along with

explanatory notes. The operating instructiones are as

follows:
1.
2.

3.
4.
5.
6.
7.

Enter programme tepe in reader.

Set hand-switch 4, others clear (unless
? is required).
ITB

On reading — , remove programne tape.

Enter data tape in reader.
Tap hand-switch 9,
Por extra data tapes, same as instruections

5 and 6.
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F
0e 39073917 . Mﬁmofmmmmmm
0e 38718750 times of observation
" ,
428035333128 555456845 X, in dnfnu f!aﬂ) and
3;6:.9_7 &3765; 5e53231 804 radisns (right,
B
3052026 331 e 06144018 B, in degrees snd pradians
3051990511 e 06 133393
=0¢ 23298157 . ~0e 00406630 P in dogrees snd radi
~0e 23457936 “Oe 004 094 18 ans
‘ ol
0- 3626 046 3 0+ 0045 83 33 8 in degress and radiang
0e 26 26 0360 Oe 00345 8 331
‘289. of 94616 3 5004434129
289e 06633328 5¢03515908 3o in degrees and redisns
M1
4174353331138 7«38344440 in degrees snd radisne
3156 9784765 3 736029398 tia this  these figures are
e ZrEIeYos . : ‘::7'
A 6
105¢51759219 I¢84163939 % |
I105e 51395535 1821565973 % aseension in degrees
EC =
23467523 97 3 00 395757 43 Deslination in degrees and
33467558903 00 395763638
( 638
=0 35096828 ~o0e 01 638343
~0¢ 25091036 =00 01638368 X and X
| 0090391556 ~0e 00384193 .
0 90393916 ~Oe oos&:u% Yand Y
. Oe 39199419 =0e¢ 001 666 11 % ena 8

Q¢ 39200009

FNpe T —

~0e 00166573

- — — -



R/ Ro

Qe 00000

00999438
Oe 9956 o
%¢ 99390
0e 98850
0s 983260

CO0S 3

I+0000

— e

Oe 0323
Oe 0824
QeIl 0}
Oe 1522
0e1857,

E.M. y

Oe 20139

0033821
Oe 33783
Oe 33747 .
Oe 33676
Oe 33597,

SIN B

0 b 14

Oe 005 3
Oe 000 4
Oe OI¥1 -
Oe 0!36
Oe 0257 .

F

= 0e¢ 00000

- e

0099758
0099469
099199
0098659
Ceg8058

OBS 30 - 3

COS:

Oe 0000

009976
009948
0e9G3I -
009867 ‘
009 809

222

CO0Sa

Qe 0000

— —n =

-0e 0613
"'9006¢
= 0e 06032
=00 0593
= 0e 0585

?m. tion aonines snd radial veloelity correctioms
the quantity under ¥ is not musg a “n-:eﬁw).

T™he wvalues for the two times of observation are

separated by the space.
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C. Other Similar Programmes.,

C.l. Erogramme QOBS 1.

This is essentially Chapter 2 of OBS 3C-l, For
rifty pre-determined values of S , it computes cos 6 ,
C,+Cyy ®in B, and f, assuming that all the /4 'e refer
to the same # . The A 's are: 1.000 to 0.980 in
steps of 0,002, and 0.940 to 0,840 in steps of 0.005.
The input deta consist of the following numbers, referr-
ing to the time of observation: H,, 5 » X» X, %y X, Y,
2, B,
angles must be in radisns, X, ¥, and Z in A.U. and their

» P, £ , and S, entered one after the other. All

derivatives in A.U. /solar day. A 999 on the data tape
will stop the computation on an "ERD" instruction, but
is usually unnecessary, end as meny data tapes may be
entered as required. The cpersting instructions are as
for OBS 3C=l. The output consists of the first five
columns of the OBS 3C=l1 output.

C.2. E!:ng:ame OBS 1A.

This is the same as OBS 1 except that the s/o's are
entered as data. The data tape then consists of the 12
nunbers as for OBS 1 plus the following: an integer n,
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(n < 60) where n=12 is the number of fp,'e to be speci-
fied, followed by the (n-12)/4 's. The output is the

same as for OBS 1.

C.3. Progzm OB8 1B.

This programme gives = mean total rucialevelocity
correction, along a soiar radius, over a number of times
of observation. The date consist of the twelve numbers
required for OBS 1, for a given time of observation,
repeated for each time of observation, As meny sets of
twelve nunbers (times of observation) mey be entered as
desired (< B1l2). These are followed by the number 999
and the value to be adopted for R, in km/sec.

Por each set of twelve numbers (time of observation),
the computations of OBS 1 are carried out for fifty values
of Sk , going from 1.00 to 0.00 in steps of 0.02. The
first part of the output then consiste of the OBS 1 ocut-
put for each time of observation. Prom the computed
01+02 and £ values for each time of cbservation, & mean
velocity shift curve is then computed for all the times of
observation and this curve ( f.Rg - C; = Cp) is tabulated
for the fifty values of 24 . Only one data tape can be

used without re-entering the programme tape.
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C.4. Progremme OBS 3.

This is essentially Chepters 1 and O of OBS 3C~l.
For given times of observation, it computes various
genersl soler coordinates and parameters for physical
observations. The input 1s the same as the first part
of that for OBS 3C-~l, i.e., everything up to the first m
value, and the output is correspondingly the ssme as
the first part of the OBRS 3C-1 output. Up to 73 times
of obaervation may be entered and as many data tapes as

required may follow one another.

C.be Erog_l_::amme OB8 3C=2.

This i: exaotly the same as OBS 3C~l1l except that the

values of cos 3, and cos K; are not included in the out-

pnt .
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RADIAL VELOCITY CORRECT IONS FOR SOLAR SPECTRA - HIGGS

LLHAPTER: -
A*ay

B*25s

C*80

Dr1o

E*7 5

F+75

V7 5

X+26

10

b%30

Y*30 -
1¥l=0(1)4
P)=2) .
3 READ(£o
EADEﬂ:)
FEAD(£3)
leMsz
2)Al=13L0
P)=4) ’
JUMP3
$)Bl=£o
EPEAT-
I=0(1)4
£l=Al
FEPEAT
NEWL INE
NEWL INE
620,27 .
6205 18
630,1
62050
%H.;)[NE
K=oi-z)'l‘

JMPz o
5)PRINT(£8) 3,8
SPACE - -

PRINT(££8/180) 398

NEWL INE -
REPEAT

NEWL INE
I=o(1)4

£l=B] -

REPEAT

NEWL INE

Repeat for each of five days, centred on
the day of observation

Resd right escension (a )

Convert to hours
Convert to degrees

Rend declination (8, ) and convert to degrees

Copy right asconsione

Print RA

Repeat for eassh time of observrntion
Interpolate right ascension
Print richt accencion (deprees)

Print right sscencion (radisns)

Copy declinations



620’374
62054 -

620’5

62053

6300

NEWL. INE

M) =6)
K=o(1)T
JUMPz1 o

6) PRINT(£8) 3,
SPACE
PRINT(f:cs/:So) 3.
UK=££8/180 -
NEWL INE
FEPEAT
x1(220)Uo0,0
NEWL INE -
I=o(1) 26
READ(XI)
FEPEAT
$o(1)2

NEWL INE
\UMPZO’ S>o
620,27. -
6205 24
62050
M=250
B¥=280

NEW. INE
JIMP2 2

30) JUMP2 3, S>1
620, 27 .
6303525
62050
Bi=%4 0

NEW. -INE
JUMP2 2

33)6 20,27 .
620,26 -
630.0

M= 370

Br=4 00

NEWL INE
22)K°o(z)T
I=o(1)4

E=S+4 I+6

o8BS ¢ -1
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Print DRC

Repeat for each timo of observation
Interpolate declination
Print declination (6 ) in degrees

Print §, in rpdians

Store §, for each time of obeservation

Read the 9x3 matrix of X, ¥, end 2, row dy
( Row g:lvas the fay, the three columms

{ the fbnowing for X, Y, and 72 (4.e,
for each colum of matrix

Print X

Print ¥

Print 2

Repeat for each tire of observation

Select 2 colum from five central rows (colum
dapendsupontevalm of 8)



£l=XJ
REPEAT
M)=9)
JMPr o

9) PRINT(£8) 3,8

UK=£8
SPACE
=o(z)4
Jo(1)a
&S+ 31+ 3J
DJ=XQ
REFEAT
N)=7),
JUMPz1z
7).£ 1=D7 ,
REFEAT

M) =8)
JUMPr o

8) PRINT(£8) 3,8

YK=£8

NEWL INE

FEPEAT

X?%Aﬂ) U0,0

X7(Bn)Yo0;0

FEFEAT ' --

NEWL INE

NEWL NE

NEWL INE

ICROSS1/ 2

10)£5=£3=L1
=f.3=2£2+L1

RrsL4=2L3+2L1=Lo0

0BT 30 - 1
208

Select valuce of X, ¥, or 3 (depending on 8)
on the five days centred on the dasy of
obscrvation

Irterpolate X, Y, or 2 for the time of observ,
Print X, ¥, or 2

Repeat for five days centred on day of observ,

Seleset values of X, ¥, or 2 {depending on 8)
on the five dnys centred on the deay in question

Compute derivative of X, Y, or 2 for the day
in question (0 hrs u.'r.f

Tnterpolate X, ¥, or £ at time of observation
Print X, Y, or 2

Store X, ¥, and Z, X, ¥, and Z for each time
of observation

Interpolate to third differences

£8=£24VKE §/2+VKV KE6 /2 +V KW KV KE7 [12-VKE7 /12

JUMP( M)
11) Dg=D 3~Dz

6=Dg=2D3+2D1-Do

D6 B s/H=D6 /H
D7=D7/12
HMPLN )

12) Eo=LotL1/60+£2/ 36 00

JMP(P)
PSA
LOSE

Comput derivative

Convert houres, minutes and seconds to
hours, or degreoes, minutes and scconds %o

degroes



CHAPTE R2
b6 o
B35
(25
Ds6 o
E»20
Fs320
G*30
B a0
P20
V=20
W20
X*30
Y»20
Z*20
£+20

I)'xé(l O) E0,0

% (220)F 050
)6(250)(50:0
%( 310)Ho;0
ﬁ§37o)U050
% ZSO)VOQO
5234 Q)W0,0
% {400) X030
% 40%Yo,0
o 710 Zo;0
% (16 0)C6 ,0
P=e(1) 3
SPACE

FREPEAT
6204927 .
620518
63050
630523
6205237 .
620,18
620;0

630,:6
Po{1)4
SPACE -
REFPEAT
620,27 .

620,‘ 3
620,‘!5
630,19
630,0
X620, 19

Read ¥_ , for each time of obaervation
(from store)

Read &,
Read X
Read Y
Read Z
Read X
Rogd Y
Read £
Rend B,
Readl P
Read 8
Read ¢

print R/Ro

Print C083

0B3S 30 - 1



P=o(1) 3
SPACE
RE FEAT
620, 27 .
6205 §-
62050
620,28
620437 .
620:1‘3
63050
6205 28
P=o(1)4
SPACE -
RE FEAT
620927 .
620519
620, 9
620514
62050
SPACE
6204527 .,
6205 3-
62050
Peo(2) 5
SPACE
FREPEAT
620' a7.
62056 -
62050
P=o{1) %6
SPACE
FEFEAT
620,327,
6320, 3-
630,15
6320519
62050
62051
Po(1)4
SPACE -
FEXPEAT
620,27 ,
620, 3-
520515
63053 9
62050
630,‘2
NEWL INE

Print ©E,.N,

Print SIN B

Print ¥

Print (COS1

Print 0082

0BS 3¢ - 1
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NEWL INE
Izo(2) T
Ao=E 1

S ea
u M
DM

o
REEL
-3l antibe »f

FEAD(Az3)
J=XINTPT( Ara)
3) K=z 3(1)J
FEAD ( AK)
JUMPro,Cn=1
K=C( $+6)

JMPz1

10) READ (D K)
Dk=£DK/180

11) ¥Bo=X SIN(DK)
Br=XS INEAS)
B2=xXCOS(Ag-DK)
B3=xCOS(DK
By=XCOS( Ax )

Bs=xCOS( A8 )

B6=1 /By
B7=XxSQRT(A2A2+A3A3)
B8=XARCT AN (B7 5 A4 )
Bo=XARCT AN (Az,A3 )
B18=xSIN { Ag=DK)
Co=AK
PRINT(Co) 2435
Ci=1=CoCo .

JUMP2,C1 30

Ci=o-

7).Cr=XxSQRT(C1)
PRINT{Cz)1,4
Ca=XARCTAN(Cz ,Co)

Repeat for each time of observation

|
(-]

(]

(=]

w8 2 e DR o M

8
Read nunber of Ak 's ¢+ 12
Repeat for each value of A/,

Read /-,
Copy ¢ 1f applicadle

XA
! ans

8in B,
Cos ¢
Qos

cos o,
Cos B.
Bec 0,

Aretsn i !%)W& )

Arotan
8in ¢

print A4

Coan O
Print cos 6 {( =cos 13)

Bro=xSIN (Ao¥~AriBoCoB6) 8in H

?BII=.XSlNiBg+AIIBoBéco) 8in o
Bra=xSIN(B8+A11B3Co) 8in §°*
B1 3=XS IN (C2~A1:Co) Sin 0¢
B14=XCOS( Ar+Ar1B3C0) Cos &
Br §=xCOS(Bg+A12BoB6Co) Cos «a'
B16=xC0S(B8+A11B3Co)- Cos 6

OB8 X -1
231
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B175XCOS(C2=Ar1Co) GCos 0%
C3=—0¢2885B14B10=17 324 34A5B15B16~17 32+ 34A6B16B11~17 32 34A7B12

PRINT(C3)2,5 e ’ » 4 | |
C4=B,B,7+‘BS£531382 Print Earth's motion eorrection (6, + 6,)

PRINT(C4)z,4 Prin
g?B_l:'iE(BéCc))-o. 229B1 885000402 sin B
Wl Iy p
Bz¢=:-c4t534 5 Print solar rotation correcotion (=0,/R,)
JMP30,B2020
10)B21=X SQRT (Ba.)
30)B21=XSQRT(Bao '
Cos

Bt 9=B1 3B18/B21 - ?
st=81i985§30/813 8in (I~1Ly)
PRINT (B22) 1, _
B2 3=1 B 98194 Print cos 7,
JJIMP31,B2 320
B2 3=o -
51) B2 XSQRT (B2 3) Cos {(I~lg
%;;,;ngsB;)ﬁo/B:3—BzIBXzCo Bz 3 J

Bz 154 & Prin
NEWL INE -+ tcos i,
FEPEAT
NEW. INE
NEWL INE
FEFEAT
ACROSS1 /0
PSA -
XSERT
XARCTAN :
XSIN .
QLOSE

CHAPTE Ro

VARI AHLES:

1)READ(T) Reasd number of times of observation, on
O=T+g given dny, less one

NEW. INE

NEWL INE

620,274

620,6 - Print ¥

620,0

NEWL INE

ll<=e€z%'r Repeat for each timc of observation
=ol1)2

READ(£1) Read U, T,

REFEAT



P)=3)

JuMPz 2
2)VK=£o/24
PRINT(V K)*g,
NEWL INE
FK=£0=0e 083444444
FE FEAT
FEAD(A)

Cn=o

JMPz 0, A= 99
JIMP21 -
20)Cn=1

a1 JH=1
I=0(1) 2
REAB(£o)
READ(f£1)
EAD(£2)
P)=3)

JUMPr 2

PE I=£o
FEPEAT
I=o(1) 2

£I=E 1

FEEAT

K—-o?:)’l’

JUMP: 3
)E(Kﬁs)-ﬂs
=FK+E (K+ 3)+12
tK+s) =15C4

REFEAT

NEWL INE

620, 27 ,

620,8’

62050

NEWL INE

K=o(z)T

PRINT(C(K+5)) 3,8

SPACE

mm'rif:c(ms)/:ao) 39 8

UK=£C K+5)/:8o
NEW. INE

FEPEAT
X7(10)Uo0,0

NEWL INE-

620, 27 J

620, 2~

62050

A I N

088 30 - 1
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Convert to howmrs
Praction of day

Print frection of 4ay
1ocnl mean time

Read nupber »elated to ¢

8et G, = O if ¢'e are derivable from Hy
» 1 otherwise

Read egquation of time

Convert to hours

Repeat for esch time of ohservation
Interpolate aquation of time

R {aoarens)

Print H

Repeat for each time of observation
Print hour engle 4in degrces

Print hour sngle in radiens

8tore Hy for each time of oboservation

Print B



NEWL INE
FEAD(£o)
EAD(L1)
READ{£2)

Q=6)

k=o(1)T

JUMPx 3

6) PRINT (£53) 3, 8
SPACE

PRINT(££5/180) 3,8

UK=££5/180
NEWL INE

RE PEAT
¥x7(40)Uo,0
NEWL-INE -
620427 ,

620, 1<)

62050

NEW: NE

FEAD (£0)
READ(£1)
fREAD(£3)
Q=35)
K=o(1)T
JUMP: 3

25) PRINT (£5)3, 8
SPACE

PRINT (££5/180) 3, 8

UK=££5/180 - -
NEWL NE

FEPEAT

X7(70) Uo,O

NEWL INE- -

620, 27 ,

620519

620,‘0

NEWL INE

I=a(1) 2

READéi:o)
READ(£1)
EAD(£2)
F=5s)
JUMPr 2
5IF 1=£o
FEPEAT -

OBS 3¢ - 1
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Read B,

i at for e::h zimt og‘ba:muon
' a observation
Print B, ?ZW)

Print B, (radiens)

Store B, for cach time of observation

Print P

Read P

Repeat for esch time of observation
Interpolate P at time of observation
Print P (degreces)

Print P (redians)

Store P for each time of odservation

Print 8

Read S
Convert to degrees



Q=7)

=o{1)T

JIMP1 3
7)PRINT(£5) 3, 8
SPACE

PRINT(££5/:80)3,8

UK=££5/180
NEWL INE -
FE FEAT
x7CIOO)UO’O
NEWL INE
620, 27 ,
620912
52050

NEWL INE
FEAD(£0)
EAD%S:)
FEAD (£3)

K= %I)T

JUMP1 3

9) PR*INT(;*:S) 38
SPACE

RINT(ZE 5/180) 3,8
UK=££5/180 -
NEWL INE

REFEAT

X7(1 30)Uo,O
NEWL INE

620427 ,

620;16

620;8

6205 9

63050

NEWL INE

K=o(1)T

FRINT(C(K+5)+A) 3,8

SPACE

PRINT(C(K+5)£/180t£A/180) 358
7zso+£A/:80

UK=C(K+35) £
NEWL INE
REFEAT
X7(16 0) Uo,O
ASROSS1 /1

Iz)Eo-Qo-l-ﬂz /6 o+£z/ 36 00

JMP( P)
13 )€3=£2=Lo

OBS 3¢ - 1
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t for each time of observation
te 8 at each time of observation
(degrees)

Print 8 (radiana)

Store 9 for each time of obserwvation

Print L

Reed L,

Repeat for each time of observation
Interpola L° at the time of observation
Print L, (Qegrees)

Print L, (radiens)

Store L, for each time of observation

Print FPHX

Repeat for each time of observation
Print ¢, assuming 1t is derivedble from Hp

Print ¢ (radisns)
gtore ¢ for each time of observation

Convert hours, minmites and seconds to
- hours, or degrees, minutes snd secondes to

degrees
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£:4,=£2-'2£§I';50

£5=L1+VKE 3/ 24V KVKE4/ 2

JUIMP( Q) Interpolate to second

o differences
L OSE
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PART II. REDUCTION OF INTERFFROMETRIC (CIRCULAR CHANNEL)
PLATES

A. Introduction.

In order to facilitate the reduction of large numbers
of interferometric pletes, progremme OBS 4 was written.
Thie computes accurate wavelengths, along with their
standerd deviations, of all the spectral lines on the
circular channel plates from date obtained using a special

measuring machine (see Chapter 2 for details).

B. Programme OBS 4.

B.l. Input Date.

The input data consist mainly of the measuring
machine readings, and in designating these, the termine
ology set out in Chapter 2 will be followed. In addition,
individual readings of arc positions will be specified
as follows. The arcs (or interference rings) will be
nurbered outward from the centre of the plate, from 1 to
N, starting from the first measured arc end where the Nh
arc is the measured arc farthest from the centre. Thus
8y refers to the reading for the third arc to the "a"

side of the centre in the "a-c" arm of the cadmium cross.
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An asterisk will denote the reading for the corresponding
arc after the plate has been rotated 180°. Thus a,'
refers to the reading of the above arc after the plate has
been rotated (it matters not which of the two readings

of each arc is referred to as the "rotated" reading).

The arcs of lines perpendicular to the "a-c" arm will be
designated by b, and a, (including the two pseudo-lines

of eadmium). Finally (hN) will refer to the angular
reading obtained when setting on the bN arc of a given
line,

The input date consist of two parts, the first being
basic data on the spectral lines whose wavelengths are
required, end the second being the observed plate read-
ings. The first part of the input is ss follows: ean
integer 8, where s is the number of lines of unknown

A on the "a" side of the "b-~d" arm of the cadmium
cross; an integer t, where t is the number of lines on
the "e¢" side of the "b=-d" arm; epproximate wavelengths
(in A units) for the (s+t) lines, from the "a" side of
the plate to the "¢ side; phase chenge factors, k, for
the (s+t) lines in the above order; cemera focal length
fastors, P = () /Sy )z for the (s+t) lines in the above
order; san integer n, which is the first trial integral
order of interference for the cadmium line; and finally
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e eontrol number. The latter 1s zero if the best of
100 trial integrel orders of interference for the
cadmium line (starting at n) ‘is required, otherwise the
triel integral order of interference is chosen for which
the mean square of the difference hetween the trial
orders of interference and the observed orders of inter-
ference (for the unknown lines) is less than the control
mumber. Velues must be given for both s and t, even if
ZePrO. The phase change factore are chosen so that the
true etalon optical thickness for the unknown wavelength,
N, is 8t+k A, where 2t is the optical thickness for
the cadmium wavelength.

The seoond part of the input data consists of the
plate resdings, which are given in two columne separated
by two "BPACE"'s. The date start with the readings for
the “a—¢" arm of the cadmium cross, the first column
giving the readings By secees al,cl cacee cn. The
second column gives the corresponding "rotated" readings,
n.; etc. The number 999 terminates the "a-c" data,
This is followed by the date for the "b-4" arm, the first
column giving Dyy seese Oy &nd the second b; etc.
Agein 999 terminates the data. Following this data for
the cedmium cross, the readings for each line of unknown

l and the cadmium pseudo=lines are glven. These are
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given in the following order: OCadmium “a" pseudo line,
the unknown lines from the "a" side to the "e" side, and
the Cedmium "¢" pseudo=line. If all the unknown lines
are confined to the "~" (or "e") side of the plate, only
the Cadmium "a" (or "c") pseudo-line data are given.

¥or each of these lines, the first colum gives the
readings b,, dl,‘ba, dg, +e.. Yy dys and the second
column gives the readings bl*, dl* etc. in the same order.
These are followed by 999 and four numbers in two columms
of two. The first column gives O (by) and Q(O.R), and
the second glves 9'(‘0“) and Gt(dn).

It must be noted that readings must be glven for all
the arcs from 1 to N (N may vary from line to line, but
must be the same for the "a-c' and "b-~d" arms of the
cadmium cross). If certain arcs are not measurchle,
therefore, =211 the readings for those arcs must be entered
as zeros.

Data for other plates may follow on the same data
tape. If the first part of the input deta is the same
as for the preceding plate, the data for the next plate
commence with the "a-c" readings. If, on the other handg,
the first part of the input data is different from thet
for the preceding plate, the number 777 must be given
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followed by the input date commenc ing with the integer s.
A sample input data tape 18 given on the next five
pages, referring to the determination of the wavelengths

of the seven spectral lines used in Chapter 3, using a

2.5 mm etalon spacer.



TYPICAL INPUT DATA 03232"

3 4 Munber of wunknown line
N ines on gide a snd
side ¢ of interferometrig plate

62950 96 o \pproximai
Sa07en 89 ate wavelengths of the seven
6339. 238 lines, to o

63014498
6303+ 000
6303¢490
6302.76¢

G 001 O
o 0016 Phase change corrections for the gseven
% 00190 lm

0s OOI O
0s OO O
Ge- 00 O
% 001 0

o amy bmy o e

®» 99984 0 ‘

0999870 Camera focal length factors for the
® 999810 soeven lines

® 999820

®» 999830

® 999820

®»999%840

8200 Pirst trial integrel o , rence
200 firet trial rder of interfes

0 Error 1imit (signifies that the best of
. 100 trial ¢n ord
100 tria ; ers of interference



é. 367 i
$1e852
P49

51¢333

530446

560047 /
4o 076

ﬁ“6’¢

780792

800624

82¢261

83753
999~ -

460 %4
Pe«857 .
P 499
5Te 333
53453
560‘048
740 07 3
160 679
18¢7 84
80e¢6 20
82 2532
8373
99~

......

41« 856
474848
$e363
¢0368
7[409.82
440984
313692
99

83e751
83¢3353
800613
787 90
160662.
T4e b3
560030

X536447.

5Ie 338~
494497 .
47.,'86'3
36373

83756
830353
80e617 ,
7 8e7 87 .
750659
T4s b3
560049
530453 .
51«336
49+ 509
37874
46 319

82¢ 264

820349
830755
830744
8501241 :
85.130
860443
86+230

R4e7 . I 346
22607, 4697 .

336391 77730
530394 77e7LT.

0BS 4
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Data for avc arm of caftmiwm cross

Data for d~d arm of cadmium crogs

Data for cadmium A psevdo-line

Begimning of data for first wknown line



500463 79660
500363 794650
48765 8re3skg
430768 8rs1353
fe233 820892
f1¢337 . 824885
450813 8403112
35¢823 83. 305
999 - T

337e8 1478
31460 3400

- -—

550865 74e374

556878 730368
5% 310 7Q767.
53¢ BT, 76725
51¢ 325 784833
ste 313X -78+833
49e¢531 800633
Pe518 8Boe¥1g
fe919 820238
fleg20 B82ae318
999 -~ -

339¢4 159¢2
303¢7 3245

_— e -

5506532 74480
55643 734371
530183 760943
5189 764934
51ex50 784977,
5!01371 780 970
9+ 382 80075 0
Pe O 800739
7«784 820353
4T«792 . 82e 340
999~ - ohe

HIeI' 17%e0
190071 !«8"
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Data for first unknown {terrectrial
oxygen line in this oase

Data for ond wnknown line {(solar
iron m’”

Data for third unknown line (terrestrisl
oxygen line)



40 376
14 387 .
760 87% .
16,0843
780926
78905
800723
800684
82¢ 299
824283

9?99
18807 i
531’

7536 3
15¢3 80
77578
114.581 .
19 539
79539
81¢ 240
81+ 338
83.7 88
82¢7 84
999~ -

102¢ 3
H9e 4

Te1:8
1640 I4Q
78278
782831 .
Soex40
800123
8795
81784
830282
83¢ 286

. 9.?9 i,

55743
550768
S3e36 0
33+399
51e¢31y
$1e¢318
49438
49356
47838
47858

8¢ 8
173¢3

54834
540848
530541
53¢539

500597,

500 596
480839
380 894
37« 343

347«351°

L2323
16966

54 007,

539935

51842
5% 857,

5 Oe 006

5 0e 00Xs

48 348
38. 329

364845
160816

195¢6 159
%#6e1 16641 .

0B It
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Data for the fourth unknown line (solar

iron line)

Data for the fifth mknown line (terrestmial
oxygen line)

Data for the sixth wmknown line (solar
iron line)
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15.3;35, g4.9_os

o3 903

;%-5*37 . -;’,3533 ta for the geventh unknown line
190496 500634

190490 500643

8t¢208 48e.921:

81208 3%X8e930

830757+ 37373

82¢756 27378

999~ - -

198e3 I8er:
34306 163.6

800621 . 490494

800625 490498 Date for the cadmium C psoudo-line
824263 274844

82260 374861

83756 36368

83750 260375

850143 X444982

Bexiq4 43s5991°

99 -~ "~ T

323861 ° 48T
313eX’ I33eI:



B. 2. Computer Qutput.

Certein precautions have been written into the
programme and it is possible that the computations will
halt on an "END" instruction before all the output has
been given, In such a case, a characteristic number
terminates the ocutput. These characteristic numbers
and their interpretations are as follows. A 999 sige
nifies that the number of arc readings given for the
"a=-c® and "bea" arms were not equal. A 998 signifies
either a machine fault in the computation of the frace
tional order of interference for the cadmium cross or
extremely bed date (this should never occur). A 997
can only arise when the control number in the first part
of the input is not zero, and it signifies that none of
the 100 trial integral orders of interference gave a
.mean squeare difference between the computed and observed
orders that was less than the control number. In sueh
a case, the machine does not stop but reads data for the
next plate.

Aside from these r-ccial cases, the output consists
of the following numbers. After "DIFF", the value
adopted for ixi is given, followed by the maximum ebsolute
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valuee of 28a~BB° and esbuzsd. These are given in the
same units as the arc readings in the input. The
number after "DD" is the vnlue of A 1)"'9~ for the cadmium
eross (in the ebove units squared). The next group of
quantities designated by "FO" are fracticnasl orders of
interference along with their standard deviations.

The first of these, specified by "C" refers to the
cadmium cross; the next, "CB" refers to only the "b=d"
arm of the cross; "CA" refers to the Cadmium "a"
pseudo-line; the next group of fractional orders, which
are undesignated, refer to the unknown lines, from "a"
to "e"; and finally "OC" refers to the Cadmium “c"
pseudo-line. The number following "IO" gives the mean
square difference between the computed (approximete)
orders of interference and the observed orders of inter-
ference, and it is followed by the adopted integreal
order of interference for the cadmium line. (If the
fractional orders of interference observed for the
cadmium pattern are ~ 0.9999 or 0.0001l, this mey be

one less than the true value used in the computations.)
Pinslly the accurate wavelengths of the unknown lines
are given, from "a" to "e¢" (in A units) elong with their
standard deviations. Although given to five decimal

places, the computed wavelengths are only eccurate to



OBS 4
249

four places. On the next page, the output corresponding

to the semple input is given as an example.
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TYPICAL OUTPUT

CIRCUL.AR CHANNEL REDUCTION - HIGGS - 1 2APRIL6 1

- 373
02 037,
03 035
0 06:'2
DIFF ~—oe o085 0o Oe 03I O Oe 021 0
D 214. 30554
FO C oe 51657 / ©Oe 00018
FO CB 0651563 0e 00033
Fo CA"o.5:877,~ 9e 0009 3
FO 0.065 33 0600083
0 0e61407. 0eo00cb58 Fractional orders of intertference
F49 .~ e for the seven wnknown lines, followed
FO 0.69153 0e 00076 by their gtandard deviations
FO 0465446 Oe 0OI 08
FO 00987735 Oe OOII 3}
FO qe 32884 . 0e 00157 .
FO 0.96792 Oe 90083
FO CC o0e51709 0.00143
10 o-oooooss 82410
6395. 96064  0e 00083 Asourate wavelengths for the scvem
639779173 Geoc0d52 lines, followcd by thelr gtandard
6:99. 23850 0000061 deviations
6 301« 5§ 0016 0e 00084
5 301699925  ©Oe 00090
3020 49350 Oe 00124
302. 76 344  Oe 00076

D . 7. e
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B. 3. Propramme and ggeratigg Instructions.

The programme, along with explanatory notes is

gtven on the next fourteen pages. The operating
instructions are as follows:

1, Enter programme tape in reader.

2. Set hand-switch 4, others clear (unless %

is required).

3. ITB

4. On reading —> , remove programme tape.

5. Enter data tape in resder.

6. Tap hand-switeh O,

Te Por extra data tapes, seme as instructions

5 and 6.
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TTLE
CIRCULAR CHANNEL REDUCTION - HIGGS - rs3APRIL61:

CHAPTERz: -

A*20

B*20

C+20

Do

E+z0

F+20

G*20

H*20

U+40

V216

W+20

20

Y+20

£220

Z*160

1)£s=0

@o?m Repent for coch ring of cadmivm pattemn
KEQX=J=-1

BEleJ - 2
FP=E JEK m,asa = nﬁ

ZP=FP

JUMP20, 0e 01 >ZP w :mmu which were not measured

FP=F P=o0s 0000008486 8F PF

FP=FP/H - ---

GP=xFRPT (FP) €n

Le=£54G P

20) RE FEAT _

£s=£5 /E En=¢E

DWN7/ 3 Check that no special velues of £, have
F=£5- entered into the derivation of ¢ , 1,0,

22%’;74 valueas such as 0,9999 snd 0,0001
2030~

220,15

2050 : 7

2201 0 Frint FO OB
620027 .

620, 3-

630,52

6320; 0

. e



PRINT(F) 1,5

G=o

Fol1)!l
JUMPI1, 00 013ZJ
FJ=xMOD(GJ-F)
G=G+F JFJ

11) REFEAT
G=G/E

E=sE~y

G=G/E

G=X SQRT(G)
PRINT(G) 1,5
V4=Q
JMP21, 1 >F
F=F=z

a1 )NEWL INE
NEWL NE

3)P=o

3) EAD(E o)
JIMP4,£0=999
FEADzF.‘:) -
UP=xMOD( £1 - o)
EP+y

JIMP3
4)Jd=o(1) 3
FEAD(VJY)
EPEAT

5)£ 0=XMOD(V o=V2z )

fr=xMOD(Vi-V3)
JUMP6,L0>180
JUMPy7 . -
6g£o=36o-£o

1) JUMP8,£1>180
JUMPy
83£1=36o-ﬁz
9)Lo=Lo/4+L1/4
£o=ELo/180 -
£0=XCOS(£ o)

Lr=U( P-1)/2+U(P=3)/2

£3=£1f0

X=£4

Gov P/ 2=1
I=XINTPT(G o)
=l -

Fo(r)l
K=aJ
=UK

OBS L
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Print ¢

Repeat for each ring
?g&terlinsu not measured
-

Compute standard deviation of €

Print standard deviation of ¢

Retain the fractional part of ¢ (€
may be a mumber such s 1,0001)

CADEIUE A PEUDO=-LINE

Read R, starting at the b are farthost fron
the pattorn centre .

Read R' for the seme arc after 180 rotation
28, or 28, on vhether a d arc

or 4 arc is measured

Read the four angles given for the extrene
b and 4 eros

Hean angle 0 in degroes
0 in redisns

?'&)s" for the lergest measured ring

Runber of measured rings less one
Repeat for each ring



JUMP1 3, 0e 01 DUK

GJ=UKU(K+z1)=£4D
GJ=G J~0e 00000084 86 8GJGJ

JUMPI 3
13)GJv o
=Dn=y -
xgﬂffEAT

£5=0

JFolz)l
JUMP22, 00 01>Z J
GJ=XFRPT-(GJ/H)
£5=£5+GJ
22) RE FEAT

E=Dn+ 1
£s=f35/E
DOWN7/ 3

NEWL INE
620927 .

620;6-

630, I5

620, 2]

SPACE

620,27 .

620, 3

620,1 )

62050

PR!NT(£:5 ), 5

Go

Jo(1)l
JJMPI4’ Oe O >Z'J
GJ=XMOD(E ¢ =G J)
GGHaJGJ
14) RE PE AT
G=G/E

G=G/Dn
G=XSQRT(G)
PRINT(G) 1,5
Vs=G

G=£ ¢

JIMP2 31 >G
G=G=-x -
23)NEWL INE
NEWL INE
ACROSS:z/ 2
PSA

XSQRT

XCOS

@ OSE
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Omitrmgamtmd

29.@ moh*
b~ )

Set Iy =0 for rings not measured

Repeat for sach ring
Omit rings not measured
€n

e
Check that no speoial values of £, have
entered into the ealoulations

Print ¥0 CA

Print €

Repeat for each ring
Omit rings not measured

|e"£n'

Compute standard deviation of ¢
Print stendard deviation of ¢

Retain fractional part of £



CHAPTE R2
VARIAHLES:
1)N=o

L=R+r .

3)P=0

9 JUMP1 3,N 3L
EAD(L o) -

JMP4, £0=9 99
FEAD »L‘-.:i)
UP=xMOD(£1 «£ o)
P=P+y -
JUMP3

P F=o(1)s
EAD(VJ)

EFEAT
5)£0=XMOD(Vo=V2)
£1=xMOD( Vz =V 3)
JUMP6 ,L0>1 80
IMP
6)£o=36 0-Lo
7)JUMP8;L1>180
JUMPg - -
83 £r1=o0-L1
9)Lo=Lo/4+L1/4
£o=£fo0f180 -
£0=XCOS(£ o)
Lr=U( P=1)/2+U(P=3)/2

K= S=1

JUM Pz 0,N >K
JMPry: -
Iog£3=-£3
1£)GoV P/ 2~1
O)=38
4) I=XINTPT(G o)
Dn=1 -

J=o(1)I

K=3dJ

ZJ=UK

JUMP35, 0e o1 UK
GJ=UKU(K+x)=-£ 3D

o®s &
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Total mumber of wavelengths to be determined

LINES OF UREROWN WAVELENGTH
Read R, R' and compute 28, , 25. ete, o8
above for the gadmivm A pseulo-line

Change the sign of 2x 4f the line concerned
has an x > 0 (1,0, it i8 on the ¢ side of
the gentre)

2,
Compute D, as above for the cadmium A
peendo-118

QJ=G J=0e 00000084 868G G J

JMP3 - :
$5)GHo
i=Dp=gz -

$) REFEAT
JIMP(0)

Control to allow some of above instructions
%o Do used for the cadmium ¢ pseudo-line



18) 2£ 4=CN ANH/C
£5=0 -

Jol1)l

JMPs 0y 00 01 >ZJ

15 J=XFRPT(G J/E 4)

£s=£5+GJ
50) RE FEAT
E=Dn+1
£5=£5/E
DOWN7 /3
620937 .

62036

6204515

620,
\l:RiNT(BS)I ’35

Fo(r)l
JMP37, 0e 01 >ZJ
GJ=XMOD(£ 5~G J)
V=V+GJGJ

17) REPEAT
V=V/E
V=Y /Dn
V=XSQRT(V)
PRINT(V)z,3
HN=y -
M=L g
A XINTPT( XN )
JMP 30, An=0
N=XN-x -
30)NEWL INE
NEWL INE
N=N 41 -
JIMP2
12)P=¢
JJMon, T=o
13) READ(L o)
JMPz4,£ 02999
EAD(E:) -
UP=xMOD(£ 1 -£o)
BEP+y . -~
JMP:1 3
1)Jo(1)3
EAD(VV)
E FEAT

15)£o=xMOD(Vo=V2 )

£1=xMOD(V1=V3)
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AD" @ (8D™ )ya. Wgge fooml length faotor
Compute &, for each ring

int 0

Print &

Compute standerd deviation of £

Print standard deviation of &

ftore fractional part of &

Repeat for next peszsured spectral line

Onit the following if there are no lines
on the ¢ half of the plate

CADEIUM C PSFUDO=LINE

Computation as ebove for lines of unknown
wavelengths




JIMP16,£ 0>1 80
JMP17. -~
16)£Zo=36 ot o
17) JUMP:1 8,£1 >1 80
JMPr g -
:8)31'-= 6 o=F£1
19)E0=Lo/ 4+L1/4
fo=LL o/ 1 80 -
£0=XCOS(L o)
Lr=U(P=1)/ 2+U(P=2)/2
£3=£1f o

=f£ 3
La==£
GoXv P/ 3=y
0)=39
JMPy1 -
39)*35-0

Fo(r)l
JUMP52, 0e 01 >ZJ
%6 J=XF RPT(G J/H)
L5 =L 5+G J
532) REFEAT
E=Dn+ 1

£s=£g /E
DOWN 7/ 3
620527 .
62056 -
620515
63205 0
SPACE:
620427 .
6205 3
620; 3
6205 0
PRINT(£5) 1,5
V=0 -
Fo(r)l
uUM'P4 0y Qe OI >ZJ
GJ=XMOD(Ls5 =G J)
V=V4+G 5J
40) REFEAT
V=V /E
V=V/Dn
V-xSQRTSV)
PRiNT(V I,9
Vo=V
Y=£5

Jump to previous routine to caleulate D,

Compute En =€
Print F0 CC
Print £

compute stendard deviation of ¢

Print standard deviation of ¢
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2



JUMPs 3, 1>Y
Y=Y-1 -
s3)NEWL INE
NEWL INE
DOWNs o/ 3
30) K=5~1
Fo(1)K

£ I=F 4G YJ/X=FYJ/ X

FE FEAT
JMP22,T=0
FS(1)R.

B J=F+YyJ/Z=F YJ/Z

£ FEAT
a1 )NEWL INE
ICROSSt/ 3
PSA

XSQRT

X0 S

(LOSE

CHAPTE R3

VARIAHLES:

1) JUMPr7,B=0

Eo(1)100

E=o -

MWo=A+W+Q

Fo(1)R

EJ=CDo/AJ

¥ J=xFRPT(E J)

F=XMOD(F J=XJ+BJ)

¥J=F

F=r=F

JMPr5,F>FJ

EJ=E J+1

FJ=F

1$)E=E+FJFJ

FE EAT

E=E/L

JUMP3,B>E

EREAT -

2) JUM P3s 100>9Q
=997 .~ -

m!N’TZUO) 301

JMPs -
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Rotain fractional part of €

Check that all cadmium € 's are eomparabdle,
6.8, Nno 0,9599's gmd 0,0001's

Repeat for each line with x < ©

Bestimated €., at the position of the line

Repeat for each line with x >0
Estimated €., at the position of the line

Omit the following if the error limit « O
Repeat for 1060 $rial integrsl orders

al ofder of %&mmo for cadmium
aepeat Tor each

Ordex of interference for wavelength of line
™ial £ fLor line

Difference between (cbserved £ « phase change

correction) and triml £

Belect bent it of £ and 148

Mesn square of the 4iffercnce
Stop vhen mean square is less than the
preset error limi¢

If no integ order for oadmium is found

that satisfies this regquirement, print 997
snd read nov data ’



1 J=o(1)R
E J=xiN TPT(E J)

FEFEAT

620527 ,

6205 9-

620515

620; 0

PRINT(E )z,7 .

NEWL INE

4)K=S~1

Fo(1)K

No=X SQRT(V4V4+Vs5Vs)
Nog=Y No9/X - -
MI=XSQRT(V 4V4+VgVo )
FEFEAT -
ES(z)R -
Nog=XSQRT(V4V4+V6V6)
Ng=¥No/Z - -
WI=XSQRT(V4V4+VgoVg )
EFEAT - -

S)NEWL INE

Fo(1)R

EvDoC+E JC=WC
FvEJ+XJ-BdJ
GQNE/F -
PRINT(GJ) 4,
Np=xD IV 1051

088 4
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Repeat for each line
Adopted integral order at wavelength of

Print I0

Print mesn square of 4ifferenge
Print cadnium integral order img pay be
one less than the true value)

Repeat for lines with 2< 0

Nean error (stendard Gsviation) in codmium
frectional order at line position

Repeat for lines with x>0

Bean error of cadmiuvm fractional order of
interference nt line position

Repeat for each line

Cadmiun order of intorference multiplied by "M
Order of interference at line wavelength
Wavelength of line

Frint wvavelength of line

W J, Dot J=4 )

W 8=xD1VIDE (HJ,EJ+XJ~BJ)

No=X SQRT(V7V7+V8V8)

N9=GJV9 R,
RINT(Vg)1,5

NEWL INE -

EPEAT

NEWL INE

NEWL INE

JUMP§

NJ=o(1)1

JUMPr 0y 00 02 >ZJ
CHECK(E£5,GJy 0 35 10)
JUMPg :
16)RE FEAT

] 4
‘g9)d=o(1)1
JUIMPS8, 0e 01 >ZJ
Hn=xIN TPT(G H 0e 5)

Compute mean error (standard deviation) of
each wavelength
Print pesn error of wavelength

R t for each ring of interference pattem
t rings not measured
Cheek that €, and £ agree within 0,3

1 not, inerense the low £, 's Dy 1 and
gompute a new &£



JMP8, Hi>o0 o
G=GJ+r: -

8) RE FEAT
£5=0

Fol1)l
Ls=£54GJ
EFEAT
gs=£s /E

uP

13)J=0(z)1
JUMPz1 3,HJ=666

JMPr3,6J>0e 9
HJ=HJ+1
1 3)FE FEAT

J=o( 1)1
JMP3s ,HJ=666
G—G-&-HJ

17)Q=o(1)1 60
Z¢Fo

E_ .

Do=AtW+Q
Fo(1)R

EJ=CDo/AJ

FJ=xXF RPT(E J)
F-xMOD(Fd—XJ-I-BJ)
FJ=F

Fey=F

FJ=F -

18) ZQ=ZQ+FJFJ
FE FEAT

FEFEAT

K=xMIN (Zo, 0, 1 oo)

620,27, = -

620,9

620515

632050 -
PRINT(ZK/L)1 57 .
PRINT(A+K)6,1-

NEWL INE

o8 b
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Reépeat for each ring

As in routine 7), if some £, 's have specinal
valugs, modify low velues end compute a
new

Repeat for 10C trial intepral orders of
intorference for cadmium

Trial osdmivm order of interference
Repent for esch line

As in routine 1), corpute mesn sguaere

dirference betwoen the trial € 's and
gbmmﬁ € 's, averaged over all the
ines

Choose the integral order giving the emallest
mean square difference

Print 10

Print the minimur mean square difference

¢ ondmiunm intepral order of interference
Emaa value mey be one less than actual
value uged in the calculations)



Fol(1)R

o8 b
261

Repeat for sash line

EJ=CA/AJHUC/AJ+KC/ AJ ADproximate order of interference at line \
Approxima

P=XFRPT(EJ)
Bn=F
F=XMOD(F~XJ+BJ)
Gr=F
JMP1 9,G>F
JUMP3r,Bn>XJ
EJVE J~1
JMP1g
)EJ"EJ-‘-I
?:9)EJ=xlNTPl‘(zEJ)
EPEAT -
Do=AX +W+ K
JMP4
6) ACROSS2/ o
5°)C}'ECK(GI Fgs 00 2y 54)
JMPss5,G>F -
G=G+1
JUMPs 4
SS;F‘-‘FH
54 C}ECK(F: Y, oo 3956)
Y=Y+1
56 JCHECK(W ,F, oe 2, 57)
=W+
s71)UP
PSA
XSQRT
ALOSE

te £ for line

Integral order of interferemse adopted for

each line
AMopted order of interferense Tfor cadmium

that all codmium € 's are comparable
'esadmium cross, b-d4 arm of cross, pseundo-
iine a, and pseudoeline o)

Read nunber of lines with x <0 icm side a
Read number of lines with x>0 (on eide o
Standard cadmium wavelength



I=o(1)R
EAB(AL)
EFEAT
=o(z)R
EAD(BI)
E FEAT
I=o(1) R
EAD(XCI)
EFEAT
EIAD%A)
EAD(B)
NEWL INE

3)Q=o
NEWL INE

%) READ(£ o)

JMP4, £0=9 99
JJMPIQEO’-'-'T'Z"Z' ‘
FEAD(BI ) ---
DQ=XMOD(£‘0-BI)
EQ+:

JUMP3

4) P=o

5) READ(£ o)
JUMP6 £o=999
FEAD(B:)
EP=xMOD( £ o=£1 )
B=P+y

JJMPs

6)Uo Q=1 °
UtvUo/ 2=~0e 4
l=XlNTPT6U:3
E=1+y -
J=o(1) I

K=@=J=-1 .
JUMP£2%14 , 0e of 3DJ
JMPrs -
14)E=E -1

£d=o -
JUMP16
15)£J=DJ-DK

16 ) RE FE AT
{D=o
JFol1)l

C=D+£ J

EEAT

D=D/E

0BS L
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Read spproximate wavelengtha for each line
Readl phase change corrections for each line

Read camera foeal length factors for eanch

Read approximate integral order of interference

for cadmium, and the preset error limit

CADMIUM CROS8S

Reed R, starting with the arc of the a-¢
arm having the most negative x

neaa R'. for the same arc after 180° rotation

ras depending on arc
ao&n the®total number of 2ree

A gbove, but for the arcs of the b=d amm
uf the cadmium aross

or depending on are
5 I Mt o Bglied

Total number of arces in the a-c nrm lese one
Corresponding nurber of rings lees one

Furber of rings
Repeat for each ring

Omit rings which were not measured

284~ 284

Average 28,~ 28,



6304 27 .

630, 4"

62059

620; 6

620’6

620; ©

SPACE

SPACE

PRINT(D) 1,6
Fol(1)l
£J=XMOD(£ J)
EFEAT -

SPACE

K=xMAXX(£ o0y 0,1)
PRINT(£EK)1,4
U2v P=1 -
CHECK(U2,U0, 0e 01,7
Uo=999 - -
PRINT(Uo) 3, 1
END -
7).J2=0(1 )1
K=Q=d—1 -

£J=E J=EK

FE FE AT

J=o(1)l
£J=xMOD(£J)
EFEAT
K=XMAXX(E£0, 05 1)
PRINT(EK) 1,4
NEWL INE -
NEWL INE

E=l+1

F=o

G=o

L=o

M=o

Fol(r)!

K= @=J=y

Pzl =J

9) JUM P10, 0e o1 >DJ
JUMPry -~ -
10)E=E~1 °

GP=o -

JUMPr 2

11)G P=DJDK/ 2+E E K/ 2
GP=GP=0¢ 00000084 868G

F=F+GP -

oBS 4
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Print IPP

Print mean velue of 25~ 284 = Ux,

Select largest differance (28, 28,,)’
Frint this value

Check that the same number of arcs were
moasured in each arm of the oross, If not,
print 999 and astop

Repeat for eech ring
26y~ 254

BEASE* HEESRRH 1 Forcne (20, 28)

Runmber of ringe in cadmiuvm pattemn

Repeat for each ring

Omit rings not measured

P oy



G+PGP
L=L+ PP
E=M+P

12) REFEAT

2,

HexD 1V 1 DE (EG=MF ,LE=MM ) AD’,
£r=XDV |DE (LF=MG, LE-MM) D,

F=XxFRPT(£1/H)
620,27 .,

6205 4~

62052

62050
PRINT(H )4, 5
NEWL INE -
NEWL INE
62027 .
62056

620,15
620, 0

SPACE

620527 .

63205 3~

620, 0

SPACE
PRINT(F)z1,5
W=F -

Go

Fol(r)l
JMPr8,GJ=0
HJ=GJ/H
HJ=XF RPT (HJ)
G=G+HJ -
JUMPz19

18) HJ=666

19 )REFEAT
G=G/E

Print DD

Print ap™

Print ¥0 C

Print €

Repeat for each ring
Dy /aD"

€n

—

088 L
o264

L

Leest square solution (linear) for AD™
and B*"

3 -

grOECK(c/;. /Fs 00 0001 , 8) Cheok th&‘:t;.:tm e . 1 mgimfy 86 ;ga
Wia/3 - assuming mme are 6 >

CHECK(G 1, F,o.ooo:,a) others slightly < 1, If test faile, an

Uo=998 - - 1% can only do in the case of very bad
glzmr(uo) 391" data or s machine fault, print 998 and atop
Rol) Rope ring

Fo(r)!

JIMP20,HJ=666 'ff for each

HJ=xMOD(HJ=G ) l€n- &,

U=U+HJHJ

20) RE FE AT



U=U/E

F=E -1

U=U/F

U=x SQRT(U )
PRINT(U) 2,5
NEWL INE -
NEWL INE
ACROSS: /3
PSA
XSQRT

LOSE

o~

Compute etandard devistion of £

Print standard deviation of ¢

OBS 4
265
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PART III. SOLUTION OF THE FREDHOLM INTEGRAL EQUATION

A. Introfuction.

In order to solve numericelly the Fredholm integral
equation arising in line profile studies due to the
apparatus function (see Chapter 2), several programmes
were written. Aside from the Fourier transform pro-
gramme mentioned in Chronter 2, the most successful was
the iteration programme, OBS 11 - E, based on the method
of Burgerfand van Cittert. Two other programmes were
also developed in this connection, however, one of which,
OBS 11 - C, utilizes the Gauss-~Seidel iterative method
for the sclution of the integral equation. Finelly,

a programme, OBS 11 -« D, was written for the inverse
operation, That 1s, knowing the true line profile and
apparatus function, an "observed" profile 1s computed.
In the following, the Burger~van Cittert iteration pro-
gramme will be given in detall, and short instructions
for the use of OBS 11 - C, and 11 - D will aleo be

presented.
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B. Progremme OBS 11 = E.

B.1. Input Dete.

8ince this programme is intended to be applied to
line profile studies (although it is not restricted to
such use), corresponding terminology wiil be adopted.
The observed profile will be assumed to be tabulated
from "violet" to "red", i.e., in the direction of
increasing wavelength. If this 1s the case, the appar=-
atus function must be tedbulated from red to violet,
opposite to the observed profile. Both of these func~
tions must be tabulated at equal intervals, A x, and the
eapparatus function need not be normalized. The observed
profile should'be of emission type, i.e., the tabulsted
values should approach zero in the wings (1t is per-
migsidble for the wings to approach a nonwzero value, A,
if a large number of A's are tabulated at either end of
the observed curve. The nurber of points so added
should be comperable to the number of points in the
apperatus function). The zero reference of the apperatue
function is assumed to correspond to its maxinum wvalue,

The input commences with an integer specifying the
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number of points at which the apparatus function is
tabulated ( < 180), followed by the values of the appar-
atus function at these points, tabulated from red to
violet. Next is an integer giving the number of points
et which the observed curve is tebulated ( < 140).
Following this is & number specifying the accuracy
desired in the iteration, and should be compersble to
the standard deviation of a single point of the observed
curve, This controls thc termination of the iteration
as follows: 1If the nth approximation to the true profile,
when folded (broadened) by the apperatus function,
differs from the observed profile by & mean difference
F, end a maximum difference E ___, the iteration ceases
when either E is less then the above number or T, is
less than five times the above number. Finelly, the
observed profile is given, tabulated from violet to red,
end 1is followed by another conirol number, The value
of thies latter number depends on what is to be taken as
the first approximation to the true profile. If it is
to be the observed profile, this number is zero; 1if it
is to be the observed profile less a function of its
second derivative (see Chapter 2 for details), this

number mist be the half width of the apparatus function
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in units of Ax . B8everal data tapes may be entered,
one after the other,

A sample data tape is given on the next six pages.
The apparatus function is that derived in Chapter 4 for
the Babecock grating (Ax = 5 mA), and the observed pro-
file is thet of a typieal iron lineky at 6300 A.



98

0e 00000
0e 00050
Oe OOT OO
0e:001 50
0 00200
0e 0036 3
0e 0026 4
0s 002579
0e 0026 0
Oe 002713
0e 002 92

0s 007318
0e 003 38
0e 00 354
0e 003773
0e 00396
0s 0041 O
Oe 00‘396
0e 00392
0e 00415
0s 004 51

0e 00507 .

%e 00589
0s 0067 3
Oe 007 00
0¢ 007 50
0e 008 00
0s 00870
%e 0094 O
Oe 000

Ge 0 06

O 0X11 3
O%s 0123
O 0141
Oe 02 55
O 017 9
00206
00‘0229
Oe 0274

%0333
0401

TYPICAL INPUT DATA OBS 11 ~ B
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Ruzber of tabulated values of
funotion apparatus

Apparatus funotion, tadulated from red to
Vviolet, This is the spparatus function
for the Babsock grating smd speatrograph

as determined in Chapter l, The interval
AX, used here is 5 mA, ’
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000553
w0738
O lX4
00188
Oe 317 .
0e471
0657 .
0e812
%895
0e 8 36

066 5
%475
Oe 337 .
%345
G179
Oe I32
% 0979
% 0743
%0593
% 0476,

0e0380
60318
00027 3
%02 39
0e 0205
e 0180
0e0I52
Ce 0128
0 0IXO0
00098 §

0. 008 90
0e 007 9O
0e 00710
0e 0067 0
%e 00647 .
0¢00616
0¢ 0057 3
0e.005 36
0e: 00500
000470
%s- 0044 8
0¢007 26
0002 03
%0037 8



0» 00357 .
00 00341
O» 00325
0 00301
Oe 0027 3
0e 0024 8

0e 00329
0» 00210
00 00I9S§
0 001 50
0s 001 00X
0e 000%50
Os 00000

134

0e 006 2

Os 0007 .
Os 0009
Os OO ~
Os OOI 4
Oe 0017 .,
% 0020
Oe 0024
Oe 0028
Os 0032
& 0036

G 004 0
0s 004 §
0 0050
™ 0055
Os 006 1
0s 0067 |,
% 007 3

0BS 1] - E
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Furber of tabulated values of odbserved
profile
Preset orror limit, €

Observed profile, tadulsted from violet
to red. This is %he profile of an iron
line gt 6300 A and 1t 18 tabulated nt

5 mA intervels,



00007 5
0e 0082
0s 0089

0e 0098
0e 01 07 ,
0e 01 16
0. 0140

Ce 0XI50 -

%0158
0s 0166
CGe 073
0e0173
000179

0, 0185
Oe O 9O
e 01 g6
0s 0203
0 0188
0. 0199
0e 0214
0e 02 32
%e 02 50
000276

Oe 0307 .

0e 0349
0e 0 386
Oe 04 24
00024 92
0005 33
ce0b1?
0+074 8
0e 0904
0eT079
01269

001488
G758
0"1'996
Oe2251
0e 2484
0e'27 03
Os 2914
Os 3123
Oe 3317 .

cB8 11 - B
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0e 34 99
0 3670
0e:3833
0o 3984
0e4 097

-

02181

Oe 2 39
0e4 283
0e3 301
0ed 296
004365

Ced 217 .

0e4l40
0s3 06T

Oe 3971

003863
% 3749
% 36 07
0e344 5
f- 3259

Qe 3057 .

002824

%3597 .

% 2335
Oe 311 3
Oe 1914
Oe 17 09
Ce1522
Oe 1 326
Oe128

Gs 0932
0.0792
0e 0670
000590
% 0507
%0445
% 0413
% 0384
%e 0370
0.0383

-~

%e 0381

%0389
0e0 392
00395

Oe 0397 .

ons 11 - B
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0s 04 0O
0s 04 04
0e:03 06
e 04 07
Oe 02 08
0e 04 09
Oe 04 0§
0e'04 03
00‘04 02

Os 04 02

%0z O

Ce 04 00
0e 0399
000423
0e0318
0004 11Z
Os-04 00

0s:0 387 .

0e 0299

00371 .

Os 034 4
0e 0218
0e 0193
0e 0170
000148
Oe 0277

0e 0089
Oe 007 3

—

OBS 11 - B

275
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B. 2, L*) er °

The output ocan take two forms, depending upon the
way that the iteration terminates. If the iteration
terminates due to an approximate solution fitting the
observed profile, when folded, within the preset accur-
acy, the output is as follows. After "ITER! ie given the
nunber of the iteratlion at which a satisfactory solution
was obtained., The nunber after "ERR! gives the E for
this iteration, and the number after "M" gives the
corresponding Emax' The true profile thue obtained is
then tabuleted below "FINAL CURVE". The first column
gives the ebscissa (in units of Ax ) corresponding to
the pointe at which the observed curve was given (0O
refers to the first point of the observed curve). The
second colunm gives the corresponding values of the true
profile (tabulated from violet to red).

If the iteration is stopped msnually (see B.3) or
stops beceuse E >E,_; (which cen only arise through
rounding errors), then the output takes another form,

After "BEST" is given Eﬁ_ and’fh, where n is the number

1
of the last iteration completed. Then n is given in

parentheses, followed by "M" and E nx fOr the last iter-
ation. The approximate solution obtained from the lest

4teration is then tabulated as above.



OBS 11~E
oy

The output resulting from the sample data tape
given above is presented on the next three pages. The
iteration in this case has halted since Emax is less
than five times the preset ascuracy. (The true pro~
file derived here is rough because the second derivative
of the observed curve wss not at all smooth. It would

thus have been better to set the last control number in

the input equal to zero).
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BURGe VAN CITT. ITERATION = HIGGS - OBS/1:E

o. 233
e 631

m-:R.l 1: ERRe! 006009z M oeo0329r1: Tusber of gompleted
oo T "iterations, mesn and maximum

FINAL CURVE deviations
o Oe 0007 ,
o Os 0016
2 Oe 0008
3 Oe ooré?.
4 Oe 00t The somguted trus profile, tabulated
2 ::::‘283 frem viclet %o red st 5 mi intervals
1. 0e 0028
8 Oe 0032
9 0e¢ 0035

10 0e 0038
& 3 Oe 004 4
13 Oe 004 9
13 Qe 005 3
14 Oe 0059
15 Oe 0074
16 Oe 007 %
17 . Oe 0073
18 Oe 0073
19 Os 0087 .
20 Oe O 0O
ar: Oe 008§
23 Oe OI 06
33 Oe0I48
34 Oe 017
23 Oe 02485
26 0e 0178
a7 ., 0e 0179
38 0e0ITI
a9 0o QI L -
30 0e 0187,
3t Oe 062 83
33 Qe 6337 ‘
33 Oe 0208

34 0e 0265



O OISI :
Qe 03!4
Oe 0233
Oe 0334
%00 0343
Oe¢ 0391 °
Oe 0354
Oe 038
Oe 0414
0e 0473
Oe 04 34
0e 043
0 & 35
Oe 0856
0el0Ij
001133
OCelI4fIa
O0e1732
0e 23044
0e 3373
Oe¢ 2550
OCe 27737 .
002937 .
Oe¢ 3159
Oe 3364
Oe 5T
002288
0. 3882
Oe4 082
0e2333
004259‘
Oed 31X -
0e 3 356
OeZ 393
ez 376

0e% 335
Oez380

Oe I 83
Oe 3 0%
Oe g 9!1. .
Oe 393 .
Oe 3827 .
% 3699
O 3513
Oe 3351 -
Qe 31 0§
Oe 3903
0¢ 2599

oBs 1) ~- B
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128
129
130
131
133
133

0e 2280
Os 3035
Oe 21885
Oel 01
Oe SIS
Oel 360
Oe 1663
Oe 0831
Qe é39
Oe 05 032
Oe 05 33
Oe 0451 -
0e 0367 ,
Oe 0367 ,
Oe 0 325
Oe 0337 4
0e 0367 .

~06 0397 .

ce 0380
Oe 0403
0e 0394
0e 0395
e 0399
Oe 04 08
Oe G4 II
Oe 0467 ‘
Oe 04 07 .
Oe 04230
Oe 03415
Oe 04 00
Oe 03973
Oe 04 04
Oe 0310
ce 0360
Oe 0390
Oe 0444
0e 0569
Oe 0391 -
Oe 0519
Oe 0446
Oe 03285
Oe OI77T -
Oe 0359
Oe 0313
Oe 0 38
0e 01 65
Os OI 45
Oe 0123
Oe 0084
0 o113
0 0079

-y ®

oB8 11 - B
280
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B.3« Programme and Operating Instructions.

The programme, along with explanatory notes, 1s
given after section C. The operating instructions
are as follows:

1. Enter progremme tape in reader.

2. Hand-switches clear.

o 8 ITB

4. On reading —» , remove programme tape.

5. Enter date tape in reader.

6. Tap hande-switch 9,

7. The nurber of the itersation in progress
18 displayed (in binery) in register B2.
After each iteration ( ~ 30 sec) there is
2 hoot.

8. To stop the iteration manmually, af'ter the
hoot, set handeswitch 9. The computa-
tions will then stop on the completion
of the next iteretion, and the approxi=
mate solution will be printed out.

9. For extra data tepes, same as instructions

5 and 6.
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C. Qther Similar Progremmes,

C.l. Programme OBS 11 - C.

This programme is also an iterative method
(Gauss-8eidel) for the solution of the Fredholm equation.
The latter.is expressed as a set of linear equations
which are solved by succeesive epproximations. The
input deta is the seme as for OBS 11 - E except that the
last control number must be omitted, and the number of
pointa in the observed curve may he < 160.

The output is identicel with that of OBS 11 - E.

In this case, the mean difference, E, refers to the
difference between successive approximations to the true
profile., The iteration ceases when this is less than
the preset error limit.

The operating instructions are the same as those

secon

for OBS 11 - E. The Mme,\reqnircd for esch iteration
is approximetely Ni where N is the number of points in

the observed curve.

C.8. Programme OBS 11 - D.

This is a programme for computing the integral
arising in the dbroadening problem, knowing the true
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profile and apparatus function. Thet is, it computes
the fold of the true curve with the apparatus function.

The input data consist of three parts. The first
is an integer specifying the nunmber of true profiles to
be folded with the apperatus function concerned, This
is then followed by the number of epparatus function
points and the apparatus function, tsbulated as in
OBS 11 -~ E. Finally the number of points for the first
true profile is given followed by the true profile,
tabulated from violet to red st intervals, Ax . If
more than one preoefile is to be folded with the given
apparatus function, they are then tabulated, each pre-~ |
ceded by an integer giving the number of its points,
one after the other. Several such data tapes may be
entered one after the other.

The output consists of the observed profile, teb=
ulated under “"FOLDED CURVE", along with the correspond-
ing integral x values (similar to the OBS 11 - E output).
The ‘operating instructions are the same as 1 - 6 and 9

for OBS 11 - E.



TITLE

OBS 11 « B
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BUR3e VAN CITT, ITERATION - HIGGS - OBS/1iE

CHAPTER: .

A*1179
B*1 39
C+1 39
F»1s

I)iFEAD( P)
R=P-3 -
I=o(z)P
EAD(AL)
EFEAT

B=P+g -

J)MP: 32 P>179
P(:)x'w“ a

M'go -~

E FEAT

13 V=0
I=e(z}179
VeV+AL- -
EFEAT
I=o(1) 179
Al=A /v~ -
EEAT

¥1(400)A0,180

UP

z)chlNTFT(70o:é~Q/3)
M(O)BR,Q T
)6(4oo)A¢,180

M2Rmg - --
JJHP4o. o>M
l=o(r)HM--

Bl=¢

FEFEAT

40)L=R+Q

HMP3s5,L>139

Read mumiber of points in gpparatus fumetion

Resd the spparatus fumstion, 8(x-x,)

Sot remaining registers st sero

Normalize the apparatus funotion

Stove the apparatus funotion

Read observed funotion from store smd
umtu it in the 180 regicters



I=L(1)1 39

Bl=o -
FEFEAT
35)%x7(0)Bos140
el —=x : T

K=XMAX( AO, 0y17 9)

%) READ(Z)
JJMP27,Z=0
38) Z=0e 0901 677
PCROSS48?O

37).2=1000
P=o ol
Zn=3Hn
Yn=5A-

5)U=0
Un=o -
P<Psy .
oozi P)
Folr)r 39
*=o

I=J(1) 139
T=K+1=J
JUMP3, T>17 9
X=X+BIAT

3 REFEAT

Y=o
Fd=r -
JUMPr 4,Jd=0

I=0(2) S
T=K=J+ |
JJMP4’ O)T
Y=Y+B [AT
4) RE FEAT

14)CJ=X+Y
EFEAT

X6(O) AO, 140
Fo(1)139 -
U=xMOD { AJ=C J)
JUMP17 sM2J
JUMPgq , J5L

OB8 11 - B
285

Store the obaerved funstion

Find the peak of the apparatus funstion

Read halfewidth ¢of spparatus funetion) if
360, onit sescond differense routine) if
naon-26r9, Jump to second Aifferencs routine

pasis o 07 T B

Mnauitcm:i&n%wbymm tor B2
Mseplay presen yration nusber in regis
Repeat for each pivotal peint

Centridutions scattered frem points to
the right of the peoint in gquestion

Centridutions scattered from the ts
t0 the left of the point in 1

Ametion odtainecd when trial solution is
seattered by apperatus funsction
Read the obgerved function from the stere

Cempare the scattered and cobserved fumetions



W=W+U
JUMPz17,Un>U
U=y - - -

Wn=sW
()

‘”HPS, °>I

HOOT - -

JUMP8,W>

Z=W g

\UMP209U”>W"

JUMP1 8,Un>Zn

JMP7 | - -

18) JUMP15,Un>Yn

‘HMP7 , . - .

30) JUMP6 , W>H7

JMP7 |

6) JUMP1 5, W>A

7NEWL INE

NEWL INE

620, a7,

6205 9-

620520

6205 5-

620518

620528

62050

PRINT(P) 2,0

SPACE -

PACE

620,27 .

620’ 5~

620,18

620,18

620,28

62050

PRINT(W) 2,4

SPACE -

620427 .

630513

NEWL INE -

NEWL INE

JUMPz6

%15)J=0(1)139

BJ=B J+AJ~ CJ

trial solution, I Ij

ops 11 - %

286
Add doviations Detween the two functions

Pind the maxiwum devistion, B,

Nosn Aeviation, ¥

Read hand-pwitohes; if hand-switch 9 is set,
Jup to 8)3 £f not, hoet

ItE !é:nﬁm decrezsed since last iteratiom,
TERATION ARALYSIS, R, greater than 5E:
stop iteratiem 4f £ 1a ** jess them the
praget orror € 4f not, eontinue,
less tham nbg itevation £f R,y
| Jess then 5¢c 3 if not, continue,

rint ITER,

Print index nusber of iteorstion Just
sompleted

Print ERR,
Print mean deviation, ¥

Print saxizum deviation y in
parentheses * Faex?

If iteration is g9 continwe, foram a new



FE FEAT

%6 (400)A0,180

JUMPs -
8)NEWL INE
NEWL INE
6205327 .,
620, 3-

62055

620, 19
620520

SPACE
HHNT€2)2,4
PRINT(W) 2,2
620; 0 y
6205 5
PRINT(P) 32,0
62050 -
620'6

SPACE
620,27 .
620,13
PRINT(Un) 3,4
NWL INE ~ -
NEWL INE

16) JUMPy 0,Cri=0

NEWL INE -
620,27 ,
620;6 -~
62059
620;14
6201 -
620;12
SPACE
620,27 .
620, 3~
620521 °
620;18
620; 23
620, §
6305 0
NE WL INE
NEWL INE

I=R(z )L
$1-R
PRINT(S) 2, 0

ass 11 - B
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Read apparatus funetion from store
The following applies for a stop (ef

fiteration) due to non-convergence, or
a2 manusl stop By operator ’

Print BRRSY

Print previous mosn deviatiom, ¥
Print present mean deviation, B

Print rmumber of Mm'em last completed
in parentheses

Print XA
Print present maximum deviation, R,

Jusp to 10) 1f print eut is to be

(this is uot appliesbis to this progromme

Print PFINAL

Print CURVE

Repeat for eseh pivotal point
Frint x



PRINT(BI)4 ’4
13)NEWL INE -
FEFEAT

NEWL INE

16) ACROSSz/ 0o

PSA
LOSE

CHAPTERo

A179
B*x 39
Gz 39
Fo1g

1)DOWN 1/
Cn=1
O=35
mmé@)
FEAD(Hn)
FHn- -

FQ 1
I=0(1)S
FEAD( A1)
FREFEAT

X’](O) Ao, ©
.ACROSSa/1

2) JUMPy

48)J=3(1)1 %

Fo=ZB(J=3)~2ZB
Fr=ZB(J=2)=~2ZB

0B8 11 - B
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Print T{x)

Read the
snd atore

agaram funotien, novmalize it

Read muiber of pivotal points for observed curve
Raad prese ¢ omulft,

Read the observed fumstion, 0(x)

Store the observed fwnoetien

J=2)+ZB(J=1)

E J=1)+ZBJ

Fa=ZB(J=~1)=2ZBJ+ZB J+1;
F3=ZBJ=2ZB{J+1) +ZB(J+3
F4=ZB(J+1)=2ZB(J+2)}+ZB(J+3)

F8=Fo+F 1 +F3+F 34F 4
Fro=4F o#F 1 +F 3+4F 4
F14=0e48571F8=0e14285F 10

Repeat for 134 odgerved points

Compute seoond difference factoy £ »
five ﬁ:nts centred om point in °
gquast

Least~square quasdratis selution for
sesond rence factor at po’_gg in
question Pactorngq.h‘.m )



50) CU=BJ~F 14
RE FEAT -

F3(1)r 3
BJ=CJ
FEPEAT

51) ACROSS27 /1

FSA
QL OSE

o83 11 - ¥
289

Nodify observed funotion %o give first
Wt&m

obaerved funation with first

spproximation

Return to msin pard of prograpme
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PART IV. DETERMINATION OF CHARACTERISTIC CURVES

A. Introduetion,

Programme OBS 11 - 111 was written as a sube
j;;dgranme of the general reduction progremme, OBS 11.

It may, however, be used as & complete programme in
itself for the derivation of photographic plate char-
acteristic curves, Using least-square methods, an
analytic form of the curve is derived from date obtained
n.si.;’:g a seven-step transmission wedge.

44 ] iy
B. 1. Inﬂt Da_tg‘.

The input date consist of sets of nmumbers giving
miorophotometer readings for the seven wedge steps,
corresponding readings for the glass plates of the wedge,
and olesr and bBlack plate readings. Up to ten sets of
readings (individual determinations) may be combined
together for the determinstion of a characteristic curve.
It will be assumed that the microphotometer deflection
is given dy s coordinate X , The input dsta then cone

sist of the following: an integer giving the number of
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sets of data (individual determinations) to be entered

( £10); an integer which is 1 if the characteristic
curve is to be printed ocut in the form of a table, and
is 0 if this print out 1s not required; an integer
vhich gives the first register in the auxiliary store

to be used for storage purposes (the programme requires
30n + 95 auxiliary variebles if n is the number of sets
of input data) which 1s ususlly O; seven pairs of
numbers corresponding to the wedge steps, which will be
deseribed below, for the first determination, followed
by similar sets of fourteen numbers for each of the other
determinations; and finslly, for each determination,
peirs of numbers, the first of which gives the X reading
for the clear plate, and the second of which glves the
black plate or "zero" reading. These pairs are entered
one after the other in the order that the sets of wedge
readings were entered. The fourteen numbers in each
gset of wedge readings are entered in two céiumns. The
first column gives the X readings for the seven wedge
steps starting at the reading nearest the clear plate
reading. The second column givee the corresponding
readings for the glass plates alone, at the positions of

the wedge steps. If a wedge reading is not considered
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usable, it must be set equal to zero along with the
corresponding glass plate reading. (In no other case
should a wedge reading be exactly O0). As meny data
tapes may be entered, one after the other, as desired.

8ince the clear plate reading may vary consideradly
across the microphotometer tracing and only one Xop
value may be entered for each set of data, the following
procedure has been adopted. The X,p entered in {i: data
1a;chosen to refer to the wedge readings. The gless
pinte readings are then adjusted to correspond to thise
¢lear reeding. )6 o Xop is the actual clear reading for
the glass plate readings, the correction, 5 , to be
added to a glass plate reading, x, is given by:

s = (%o = x) (Xor - xep)
(Xop = X,)

A typlcal data tape is given on the next page.
This is for an Ilford HP3 plate, the dats referring to
two wedge calibrations near 6300 A.



b50
2038
4010
6e9 3
9¢90

Qe 31 °
9047 .
Qge70
975
97T .

I1II#60 "ge70
13¢ 395 " 9e51

198
2. 88
- 490
Ted ©

165 41
Ire 81 :

13¢49

0935
1415

90438

9.63

994

T 0607,
10608
100 045
9¢ 99"

I 34013
I3e0I2

TIPICAL INPUT DATA Gﬂﬂi%%;-]ll

Control nuxbers, The first indieates two
sets of data, the seoomd indicates a

full print out is wvanted, the third is the
first puxiliavy varisble,

Pivet set of data, On the left are the meven

the rig , )
';;:2: ;;::2"“” cn..' right the sorresponding

Sesond set of data

Clear and black reading for first set
Clear and dlack reading for second set
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The first part of the output consists of three
columns.  The first one, designated "ORD,", gives the
order of the polynomial characteristic curve found for
each set of data, and lasstly, the order of the final
adopted characteristic curve. The second columm,
"VAR.", gives the variance (see Chapter 2 for definition)
of each of these determinations. The third column gives
the percentage uncertainty in any intensity value deter-
mined from these polynomiesl fits. In all of these,
the last row of nunmbers is the significant one, referr-
ing to the final curve.

If a print ocut of the characteristic curve was
specified in the input, the sbove is followed by a set
of numbers headed "COEFF," These are the coefficients
in the polynomial finally adopted starting with 8o
Finelly, the adopted curve is given in tabular form with
the natural logarithm of I/'I0 being given for values of
/350 A Y/4o = 1 refers to the "clear" plate. At the
bottom of the tedble, two more numbers are given. The
first gives the minimum y/yo in the input data, snd the
second the maximum y/yo, thus indiecating the region for
which the determination applies. The output corres-
ponding to the sample data tape given above is shown on
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the next page.



TYPYOAL OUTPUT oss 11 - 111

296
PROG RAMME~x ¢ 3-0BS/ 11=H IGGS=~7JMARCH6 1 :
of 0351
02 103
03 033
00 637 ‘
ORD. VARO
3 0e¢ 00057 . 30 4 Rosults for first set of data
1 Oe 00234 500 Rosults for second set
4 Oe 00T47 , 3¢9 Pinal adopted curve
COEFF o
=31e¢34378 ,
0048349 Coefficients of adopted polynomial
=00 VX375
=000034 3
0o 00132
Y/ Yo LN(1/10)
Os 02 0044573
OeXO -0034767 ‘
OeX8 “0'64394
Oe 36 ~0e85336 Tedbulated sharacteristic curve
Oe 34 -1e 02843
0e43 ~31418813
0e 50 - ~Ie 34278
Oe 58 =I¢ 50003
0066 ~3s66783
Oe 74 ~1¢85604
0e82 -3¢ 086 32
0e 90 “2¢39959
0098 =2¢99669

% 0450 049513 Nintmum end maxizus y/y,'s
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B. 3. Programme and Operating Instructions.

The programme, along with explanatory notes, is given
on the next thirteen pages. The operating instructions
are as follows:

1. Enter programme tape in reader,

2. Hand=-switches clear,

Se ITB

4. On reading —> , remove programme tape.

5. De-isolate Column 2, Drum O.

6. Enter data tape in resder.

7. Tap hand-awitch 9.

8. For extra data tapes, same as 6 and 7.

9. If programme stops shortly after beginning
of eomputations, and hoots st 2 rapid
rate, instruction 5 has been neglected,
The computations will continue as soon

as it is ecarried out.
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TITLE
H’?DG RAMME~113+0BS/11-H IGG S-7MARCH6 1

PROGRAMME=~z1 % :

CHAPTE Ry °
A5
Be6
o735
E=6

G*9
fa3

o
X6
V=9
2»s
U_.G,

1)NEWL INE

NEWL INE

SPACE

SPACE

SPACE

620,27 .

630515

63951-8 Mﬂt m
62054

620;0

620;28

I=of{z)8

SPACE

EFEAT

6:9’2? ¢

620;33 |
63051 Print VAR,
620728

62050

620;28

NEWL INE

NEWL INE

mxrrmtm (P indieates whieh set
3N=7 Zﬁm ing considered)



Ro

322)Do=0e 07 35
D=o0s104
=0e 156
03=Oo 26 3
D4=0e 4 30
=006 56
Db=14000

JUMP7,A=4

X6 ( Cntq P‘7)A°a7 y

I=0(1)6
DI=xLOG(D 1)
JMP2, Al>0e 99 99
JUMP2, 0e 000r>Al
Al=xLOG(:1/Al-1)
JUMP3 -

3)N=N~1

Di=o

Al=o

3)U1=Al

EEAT

Q =1 §¥%)
JUMPr 4

14)1=0(1)6
Dso -

Aizso

J=o(1)6
JUMP8,Ad=0
JUMPg 5

8) AJ=A( J+1)
AJ+1)=0

9) JUMPr 0, DJ=0
JUMPri - -
10)DJ=D( J+1)
D(J+1)=0

11) REFEAT
EFEAT
JUMP( Q)

15)K=2(1)4
X7 (An) Ao,N
X7 (An+N )Do,N
M=N - -

0BS 11 - 111
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Tranemigsion factors for the gseven
wodge steps

Read y/yo's for wedge steps from astore

In (transmission factor)
Omit wedge j/¥,'s outeide 0.0001< y/ygo< 0.9999

In (yo/y = 1)

xg some r/{g's are omitted, aggcregs:hgnmbev
of wedge stéps agoordingly pat ¢
corresponding In(t)'s equal to zero

o routine, This moves all non-zero
In (§o,/¥ = 1)'s and 1n(t)'s to the lower-
index regiasters, leaving sll zeros in the
higher-index registers

Repeat for orders of polynomisl
8tore the 1n 7?/3 -1)'s
Store the In (¢)'s



1
PRESE RVE

DWNz1/2=~111

ESTORE
O=K+23
RFgK=g
5=6 K=5

x6( Bn+6 o) £R, 0

WK=£ ( St1)
[EFEAT

T=XMIN(Woys254

36 T=s -
ResT=5

JMP30,A=2

JMP1 g; A=1
JUMP33
10)NEUL INE
JUMPr

33) X6 ?Cﬂ+7 B+7 P-7) Xo,

=7 ,
D3
JIMP322

7).1=0(1)6

JUMPr32,XI=9
JUMPra,Ul=o0
X1=xLOG(z/X1-1)

JMPr 3

12) DI=o
Ul=o -
Xl=0o

N=N =g -
13)Vi=o
*S(~1)R
Vi=£J+VY X}
EREAT

E FE AT

I=0(1)6
Al=U]

JUMP16,XI=0

OBS 11 -~ 111
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Pind best polynominl (order X) fitting the
observed data, using progremme 523

Read al goefficients mj:d variance
from store 'K is the varisnce

Choose the order of polynomisl with minimum
varience

Control jumps

7 Read the y/y,'s for the glass plates from
- store

Control parsmeters
Restore original tronsmicsion factors

In (yo/y = 1) for glass plates, omitting
those which were either not measured or

which qorrespond to wedge steps that were
omitted in the above computation of the

first aprroximation to the gharacteristie
curve

Compute 1n (I1/I,) for glass plate readings
using the approximate charseteristic curve
found from wedge readings aline

Correct the original 1n (t)'s for intensity
variations across the wedge steps, using the



DI=XLOG( D1)
DI=D [+V |-V,
16’) RE PEAT

Q=18)
JUMP1 4
18)AV1
JUMP1 5

19) PRINT(T) 4, 0
PRINT(£( S*+1)) 8,

5
JUMP4 0, oXKIINSE ( S+

£(S+1) =XSQRT(L( S+
g(S+1)=xEXP(2( St1)
e S+1)=XF RPT(£(
PRINT(100C(5+1)) 4
40 )NEUWL I E
JMP31,A=2

JIMP34

31) ACROSS ;1/3~111

P
o e N~
[ o BRSNSl g

)V:Q
1312(1)7 A
Vi=o
Bo=0e 05 O« 1l
Bo=xL0G(1/Bo~1)
J=S(-1)R
Vi=C J+VIBo
FE FEAT
JJMPZO’ P=I
JIMPar
20)G 1=V ]
21)VIvVI-Gl
V=V+V1/6
[E FEAT

%25)1=0(1)6
JUMP6,Al=0
O=D1=V
6) FE. FE AT

x7(Cn+7B+7 B~7)Do,7 .

x7(Cr+7 P=7) Ao, 7 . -
P=P+y

X INTPT(B+o0e 5)
T=Q+1

JMPy, T™>P

0BS 11 - 111
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Intensity incident on the fourth step as
a reference

Order the new In (t)'s and In (y/y - 1)'s

Resoet control parameter sma £ina new least~
square polynominl

Print the order of the best Polynominl
Print corresponding variance

Compute corre peroentage
uwneertainty in a determination of 3

Print the pereentage maertainty
Control Jump

S

Compute 1n (1/I ) for six walues of y/

using the adoptBd polynominl ehamterggtie
curve

Find mean shift aleng In (t) axis between the

charascteristic curve Just determined and that
found from the first set of data

Adjust the In (t)'s using the mesn shift derdived
ebove, placing all scts of observations on
a common bdasis

Btore the final In (t)'s and in (yo/7 - 1)
Increase P by one, indicating next
set of data

Return to U4) if all sets of data have Deen
considered



.KCROSS33/3=111%

PSA
x.0G
XXEX P
LOSE

E+g
W=z 00
X*1 00
Y*1 60
Z*1 00
V+5

1}R=Q

% ( An) X1, M
YoU Ans+M
a)y1=1(z1)N
Wi=1

EFEAT

Amy An-N

3} X6 ( An+N+M ) Y1 4N
9) =1 ()N
Zl=o

FEFEAT
Ao=o

Bo=~x

Co=0

Do=1

Fo(1)K
Vi=o

Va=o

V3=o

=g (1)N
Yi=y|-CJZ!1

OB8 11 -~ 111
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The firat part of thic chaplter is essentially
the Perrsmti 1ibrary programme No, 523,

zhaoh dete eg the least-square polynomial
Y= 2 ag of order K best fitting

X poirs Oof x and ¥y values, These are stored
in the auxiliazry store, starting respectively
at A 7 and A, + K



V4=X1=AJ

V3=V4ZI-BWM |

Wi=Z21 -

- Il=Vy

V4-ZtZ!

Vi=VitVy

V4=V4XI-

Va=Va+V4

V4=YIZ ]~

V3=V 3+Vy4

FEFEAT -
J+:g =Va2/Vz
[ Jtr)=Vr -

ClJ+1)=V3/Vy

B( J+:}-VI/DJ

E(J1)=v3C(H1)

EFEAT -

YVi=o

Vi=o

I=x{1)N

YI=Y]=C(K+z1)Z1

Va=YIY]- -

Vi=Vi+Va

EFEAT

ze)X7(An+N+M)Y1 ,N
3=Dy K=y -

JJMP4,9.:>V2

V3=Vr/¥a .-

4)I=o(:)xoo

L=T=z¢

ZT=Z(k=1) ~AJZL-BJZO
EEAT -

EFEAT

JFo(1)K

EJ+y

‘T=redtzo

T=T+;

088 11 - 111
303
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Va=C( J+1)ZT
Z1=Z 1+V 2
FE FE AT
EREAT

s) JUMPS , @>R
S

Fo(1)K
S=S+J

T=1r oJ+11
I=0(1)J
[=S+]

WL=2T

T=T+1
FEFEAT

FE FEAT

E=K+1
I=1(1)S
Y(1+50)=D]
REFEAT
x7(Bn)Yr,60
6) S=K+1
I=1(2)S
Z(l+10)=c I
Z(1+20)=E1
EFEAT
Z(K+3)=V 3
Z(K+22)=V1
X7(Bn+6 0) 21, 30
Brw Bn+ 20

7). R=R=1

Anv AN

A Antt

12) JUMP%2, R>0
upP

19)%X6(Dn)Vo,0 Read polynomial ecefficients from store
X6 (Cn+1aB)Vs5,: Read minimum valve of In - from
Read (vo/¥ 1?

=XEXP(V3s)

Ro=1+A2

A2=1/A2

En=Az Moximum value of y/y,

A3= A2=0. 01

A3=xLOG(1/A3-1)

Ao=Vs

Ar=A3

I=0(1 )1



Cl=o

ET(=-1)0o
Cl=VJ+ClAl
EFEAT

EEAT
C2=160Co0~1 00C1
A2=Aa~y
D=C32A3
A2=xLOG (~A3z)
E=Co~DA3

JMP23,C=0o

I=o(1)12

Y=o

A4=0e 02+ 0e 081
RINT(A4) 352
J’MPQO’ A4>E?3

Ag= XLOG(I/A4-I)

FT(-1)o -
YI=VJ+Y A5
FEPEAT
JMP2z :

30) A4=XxL0OG ( 4 -A4 )

Y]=DA4+E

a1 ) PRINT(Y] )4 5

NEWL INE
FE FEAT

22)ACROSS54/ 3-111

PSA
XS QRT
L0G
XEXP
(LOSE

OB8 11 - 111
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{d ¥/¥o )} {(V/Yo) }
In (/%) 44 max = D 1n {1 = (3/5,)

Control jump concerning print out
Tebulated characteristisc curve

max )

Print value of /%o

from al if i
Sompute 1n 2 /%g,) polynomi VT, 18

Compute ln (1/I o) from linear extrapolation
otherwise

Print 1n (1/1,)



CHAPTER3

VARIABLES:
C-6

F-6

H»2

Y»12

1) &=X INTPT(B+o0. 5)
T=7Q

Bnv Ant+14B
CrwAn+r 4B+9g0
D Ant30B+g0

Fr(1)eQ

X (Cn+7Jd=7)Co,7 .

¥6 (Cn+T+7J=7)F 0,7 .
¥6 (CrtaT+aJ=2)Ho,2
Hz=Hr-Ho

I=0(1)6
'JUMP40,C!=O
Cl=Hz/H2~C 1/H2

40) JUMP41,F =0
Fl=Hi/H2-F 1/H=
JUMP42

g )Fl=9

42) REPEAT

X7 (Cn+t7J=7)Co0,7 .
X7 (CntT+rd=7)Fo0,7 .
EFEAT

2)Brw An+14B
CrwAn+rsB+go
DwAn+t3oB+go0

50)I=1(1)2

Lo=1

X7(=2000)L0,1

X6 (=2000)E151

CHECK(£ 0,815 00 O 551)
HOOT

JUMPs o

s1) REPFEAT

ACROSST/ 1~111
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Reset parameters as in chapter O

Read wedge reniings from store
Read glass plate readings from store

Read clear plate end bleck plate (zerq) resdings

Yo

Compute y/y,. for wedpe (Cy) snd glass (Fy)
readings, oﬁitttng those not measured, t{e

latter being set equal to either zerc (wedge)
or nine (glass),

Store the y/y,'s for the wedge ond glass
readings

As above

Checkiny routine to determine whether eolumn
2, drum 0 is de-isolated, If not, numbers
read from dmm are not the same ns numbers
transferred to drum, and the machine hoots
mtil the store is de-1gsolated



BIN=7Q
$N

Re S~1
x6$Cn)Ao,N
X6 Cn'l'N)’DO’N
I=0(z)R
JMP35,Al=0
JIMP226

B)Al=10

26 ) REPEAT

=XxMIN ( AO’ Oy R)
I=o(1)R
JMNP37,AI=10
JIMP3 8

g%Al‘*‘zo

38) REFEAT
L'-'XMAX(AO’ Oy R)
X72Cn+2N ‘)AK,I )
X7(Cr+aN+1)AXEL , 1

I=o(1)R
JMPag, Al=-1 o
JUMPzs5 -
34 )N=N~1

D=0 -

Al=o

35 ) REPEAT

I=o(1)S
St1)=o
A(St1)=0o
JFo(1)s
JMP26 ,D =0
JUMP2q |
26) JUMP4s , DJ=AJ
JMP2aq -
&)D#D(&I)
J+1)=0
27)JUMP28,AJ=0
JMPag
38) AJ=A( J+1)
A(lJ+1) =0
29) REPEAT
FEFEATX

ba

0B8 11 - 111
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Read the final 1n (t)'s and 1n (yo/y - 1)'s
from stors

se the minimom end moximom values of
in (yo/¥ - 1)

moio the minirmm end maximum values of
In (Y.

/T~ 1)

Omit readings which have been omitted in
previous calculantions

om?r all the values of In (t) end
in Kg/y ~ 1) so that all the zeros a2 e in
the high-index registers

Reget csontrol parameter
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ar)l=o(z) T
SR+l -
Zl=£J
FEFEAT

O=T+gx
JUMP32,C=0

NEWL INE
NEWL INE
SPACE
SPACE
SPACE
630,27 .,
6205 3"
620,15
620; 5
630,6
62056
6204 0
620,28
NEWL INE
NEWL INE

I=0(1) T
RRINT(Z 1) 3, §
NEWL INE

FE FEAT

NEUWL INE
NEWL INE
SPACE
SPACE
620427 .
630,25
620; 0
620;23
620’ 27 .
620525
620’ Q
620; 16
I=o(1)4
SPACE -
REEAT
620, 27 .
630,12
620, 14
620, 0~

OBS 11 -3%%1
Compute Dest polynomial fitting all the
observed data

Copy the coefficients of the adopted poly-
nomial

Order of the zdopted polynomial plus one
Control Jump soneerning print out

Print COEFF,

Print the coeffirionts of the adopted
polynomial P

Print Y/Y,

Print IN (1/1,)



620, 5
620,237 .
63205 9
620, 0
620523
620527 .
62059
620,50
620,16
620"6
NEWL INE
NEWL INE

18)X7(Dn)Z0,0
F=XPARITY(T)
JUMPs3,F >0

JUMPs 3

52) ACROSS1 9/ 2-111
53)JUMPs4,C=0

I=o(1)12

Yl=0o

Z5=Oo 02+ 0e 081
PRINT(Zs) 2,3
25=XLOG,?1 /Z5=1)
FT(~1 )o
YI=ZJ+Y |25
EFEAT
PRINT(Y1) 4,5
NEWL INE
EFEAT

54)UP

FSA
XL 0G
QLOsE

B8 11 - 111
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Store the coefficients of the polynomial
Check whether the adopted polynomial is odd
or evan, If even, jump to chapter 2

Control jump eoncerning print out

Tabular presentation of characteristic curve

Print y/y,
Compute 1n (X/1,) from polynomial

Print In (1/1,)
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1) READ(R) Re.d number of sets of dsta
EAD(C) Read print-out control integer
FEAD( A7) Read starting point in auxiliary store
Crv Ant14B+g0 Storage pocitions in auxiliary store
Dv AN+ 305+9 0
EXIMTPT(3+0. 5) Number of sets of data (individual determin-
=79 ations), T is nunber of wedpe readinrs
I=:(1)T
FEAD(XI) Read wedge reading
FEAD(CTI) Read corresponding glaso plate reading
FE FEAT
S=28
I=1(1) S
EAD(AT) Read clear film and zero (black) readings
REPEAT
x7(Cn)Xr,T 8tore wedgs resdin-s
x7(Cn+T)Cz,T Store glass plate readings
x7(Cn+2aT) Az, S 8%tore clear £ilm and zcro readings
DuN1/3=111
NEWL INE
X6 (Ci+%14B)A22,2 Read maximum and minimum observed
A22=XE XP( A22) In {yo/y = 1)'s from store
A22=1}-A22
A22=1/A22 c te maximm and minimum odserved 's
A2 3=XEY.P(A23) ompu ® y/y°
A2 3=1+A23
A23=1/A21
PRINT(A23)1,4 Print minimm obscrved y/y,
PRINT(A22)1,4 Print maximum observed y/go
JIMPr Return to beginning for next data tape
PSA
XEXP

LOSE

->
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PART V. REDUCTION OF LINE PROFILES

&

Al ;gtroducggon.

Progremmes OBS 11 - E end OBS 11 - 111 were
combined into e general progremme, OBS 11, for the
complete reduction of true line profiles snd their
asymmetry from microphotometer trasings, allowing for
apparatus function effects and the photographic plate
regponse. Although severely limited in the amount of
data that can be considered for eech profile, it is
adaptdgle to a large nunber of reduction procedures.
Because of its flerihility and speed it is very useful
when large amounts of data must be analysed (although
it 18 not as useful for‘aingle profile determinations
owing to the length of the programme tepe that must be

entered),
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B. 0 B

B.1l. Input Data.

The basle data for this programme consist of
measurements of a line profile on a microphotometer
traocing, using X,Y coordinates superimposed on the
trasing in a grid form. The X coordinate is in the
direction of increasing wavelength and the Y coordinate
measures the microphotometer deflection. In addition,
data related to the apparatus function and cheractere
istic curve must be given.

The data begins with the apparatus function. As
for OB8 11 - E, if 1t consists of N tabulated values,
R( £ 180) 1is given firet, followed by the N values
tabulated from red to violet at equal intervals, A x.
This tebulation intervel, A x, sets the interval to be
used in all subsequent calculations. Only one appar-
atus function may be used (for meny different profiles)
without re-=entering the programme tape (or s menual
restart at first instruction of chapter 0).

The characteristic curve data 18 then given. This
is exactly the same as the imput data for OBS 11 - 111,
except that the integer specifylng the first auxiliary
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variable to be used is omitted. (Note that the
coordinate now called Y wes called x in the speci-
fications for OBS 1l - 111).

The next part of the data consists of the five
control parsmeters A, B, 0, D, end E. The compute-
tions carried out in this programme meke avallable
four main sets of results {(details may be found in
Part V, Chapter 2). These are: the residusl inien~
sities at the measured points on the microphotometer
tracing profile, the smooth profile through these
values found by interpolation, the true profile derived
by solving the intepral equation, and finally the
asymmetry of the true profile. The five control para-
meters then have the following effect, depending on
their walues.

A = the number of line profiles to be reduced
using the characteristic curve data last
entered {( < 512)

I£ B = 2, the residusl intensities of the

observed points the smooth
interpolated profile are printed out

= 1, oenly the emooth interpolated profile
is printed out

= 0, neither of these two sets of results
are printed out
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If C = 2, both the true line profile and
1ts asymmetry are printed out

= 1, only the true line profile is
printed out

= 0, only the asymmetry of the true
profile is printed out

If D = non=zero integer, the true profile,
if being printed out, is printed out
at intervals of DOx
= 0, the true profile is not printed out,
regardless of the value of ©

E = the preset iteration error limit (see

0BS 11 -« E). The iteration termination

1s c¢ontrolled by the larger of E and the

fitting error srising in the interpolation

of the smooth observed line profile

The rest of the data refers to the line profile on

the microphotometer tracing. It begins with a number,
M ( £ 54), which 1s the number of cobserved points on
tuls profile. Following this are three nunbers giving
the black plate, continuum, and clear plate Y readings
for the tracing at the poaitiaq of the profile. Rext
is a nunber, P, giving the relation between Ax and the
unit of the X coordinate on the tracing. If the latter
sorresponds to 50 mA, and Ax = 5 mA, then P = 10,
Finally the Y and X values of the M observed points are

given in two columns, the Y's on the left with the
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corresponding X's on the right. These tsbulated
values must satisfy three restrictions: 1) the X's
must be entered, increasing in velue, from violet to
red (opposite to the apparatus function), 2) the first
X value entered must be 1 (thus corresponding to &
grid line on the tracing), and 3) the largest X value
given must be such that the integral pert of

(mex + Xpay) < 139,

If more than one profile is to be reduced using the
same characteristic curve data (A>1), then the drta for
the next and successive profiles follows, commencing
with the integer B. After the A sets of profile data
have been entered, naw'characteristic curve data may be
entered followed by more profile data.

The flexibility of the programme may be illustrated
by a few examples. It should be noted that the true
profile may be made equel to the observed profile by
entering the spparatus function &as 1.0, 1.0.

Apparatus function normal
AyB,C = 0,0,0 Gives asymmetry of true profile
= 0,1,0 @Glves equivalent width of profile
Apparatus function &s 1,1
A,B,C = 0,0,0 Gives asymmetry of cbserved profile

= 0,1,10 Prints observed profile at
intervals of 10 A x
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On the next five pages, a sample data tape 1s given.
This is for the determination of the true profile of an
iron line at 6300 A using the Bebcock grating.



58

Os 00000
Os 00050
Oe 00100
0s 09150
Os 00200
00 0026 3
0e 00264
Oe 00259
o» 00260
O 0027 1
0 00292

O 00318
0s 003 35
O 00354
% 00373
0s 00 396
Os 00410
0 00396
Oe 00392
Oe 00415
0e 004 51

0e 00507 .

o 00589
0e 0007 3
Os 007 00
Os 007 50
0e 008 00
0e 0087 0
0 009 40
Oe QI OO

Os OI 06

% 0X11 73
Oe OI 2 3
e OL 41
Oe O 5§
0w 017 )
Oe 0206
G 0229
Os 027 4

% 0333
Oe 0401

TYPICAL IRPUT DATA 0BS 11
317

Rumber of points in apnaratus functien

Apparatus funotion (as used in Chapter L

for the Babecock grating) tabulatcd from
red to violct at 5 mA intervals (=Ax)
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00553
o» 07 38
0Il4
0188
o 317 .
0471
00657 .
w813
0 895
0s 8136

» 665
00 4735
os 337 .
O 245
%179
0o I 32
% 0979
O 07473
0e 059 3
0 0476

000380
w0318
Oe 027 3
Oe 0239
Oe 020§
o o1 80
Oe OI 52
0 0 28
Os0I YO

0e 009 85§

0e 0089 0
O» 007 9O
Oe 00710
% 0067 0
0 00647 .
0 00616
O 00573
0s 005 46
Os 00500
O» 0047 O

-~

Oe 00448
Ge 004 26
O 00403
o 00378

ol han



Oe 00357 .
0e 00341
0s 00325
Oe 00 30I
0e 0627 3
0e 00248

0e 00229
Oe 0021 O
0s 00I 95
0e 0OI 50
0e 0OI OOX
0e 000X 50
Os 00000

o o

00275 TIex80
Oe77 . 1e9l
%18 24005
10e1j 2¢XI0
12063 2e 02
134005 Ie875

o o

0058 26327 .
1«06 2439

354 203

106375 2e41
12667, 2042
0 o

OBS 11
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Numbers spceifying that there are three
sets of data for the charmcteristiv curve
determination, and that a print out of
the characterigtic curve i not w-ntead

First set of datn

Segond st of data



o o
o o
ce59 Ie82
P19 187,

10022 Ie.98
I270 1e9O0
I3 00§ Ie7 2%

0198 136082
0 4)0 I 36002
~0e 046 I3e073

0 2 2 0e00I}

54

@0l 84305 I2s4525

IleX52

8.42 ¢ OO0

823 1e20
“8e515 1e80
8659 2e00
8067 2290
876 2640
808’] 2460
80985 2+ 80

J» 09 3e 00
9¢27 . 320
9e35 3¢ 30
350 36425

0BS 11
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Third set of data

Clear and black plate readings

Fumber of profiles to be reduced

Three control integera and $teration error
limit

Runiber of points in cobserved line profile

Black plate, contimuum and slear plate
readings for the mierophotometer tracing

Dispersion of tracing ( 1 wmit on tracing =
11,152 x 5 mA)

The 54 observed points, The Y (de{leetion)
values are on the left and the X (wavelength)
values are on the right



9¢60 34 53
9080 3069
IGe 0O 30775
10620 388
10640 36975
10460 4 03
10e80 4el2
11400 Ze20
1Ie 20 4e29
11640 " 40 39
11¢60° 45505
IIe80 4e70
IIe 925 4é 90
124 00 5 00
I2¢03 5620
I2¢03 3e30
12¢005 'Se40
ITe9I §e60-
1Ie80 54783
11e60 5697,
ITe40 6ox0
1Te30 64,320
lTeoo 64 31"
16680 6e41
I0e60 643525
I0eg40 6,67,
10e 20 6.765
10e OO 60865
%80 6492
960 7eo01"
Je 315 ~7e320
90105 7Te40
8698 7460-
8.88 9480
8078 8e 00
8.69 8e20
8462 8440
856 8e60
84465 9e 00
8¢405 9e40
8620 9480

8e40 1r0e00

oBs 11
321
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B.2. Computer Output.

The first part of the output gives the charscter-
istic curve determination and 1s the same as for
OBS 11 - 111 (except that the minimum and maximum
y/?o's entering into its determination are not printed).

The next part, if specified in the input, consists
of the residual intensitiees et the observed points of
the profile. Those values which arise from sn extrae
polation of the charscteristic curve beyond the renge of
calibration observetions are followed by asterisks.

The interpolation resulte ~re given next. A "opo"
at this point indicatee a singular set of equations
arising in the least square fitting. After "L.S. PIT",
the root mean square fitting error (see programme for
explanation) and the meximum fitting error arising in the
interpolation procedure are given, If specified in the
input, the interpolated observed curve is then given,
headed "SMOOTH CURVE". The profile is given as an
emission profile and the corresponding x values are
given, The O of the x scale corresponds to the O of
the X scale on the tracing. This convention will apply

to all coxputed x values, Again if extrapolation has
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entered into any of the intensity determinations,
agterisks are printed, This will salways arise at the
two extrapolated ends of the profile.

The equivalent width of the profile (in units of
Ax) is then given, after "EQUIV., WIDTH". Following
this are the numbers indicating at what point the itere
etion terminated, These are the same as those glven dy
OBS 11 - E. A nunber titled "MIN. PEAK® is then given
which is the minimum value of the derived true profile,
a useful indicator of "diffraction ripples" c-rising from
the iteration. If the true profile was desired, 1t is
then given under "FINAL CURVE". Agein the x values and
poesible asterisks are given.

After "“CENT, INT.", the central residual intensity
of the true profile is given, along with the x value at
which it occurs (in brackets). In addition, the half
width (in units of A x) 1s given after "HALF WIDTH",

In this and the following parts of the output, the
symbole +, ¥, and X refer to difficulties arising in the
inverse interpolation procedures. The programe should
be consulted for their interpretation.

Pinally, if the asymmetry routine wae used, the
asymmetry of the true profile is given after "ASYMMETRY",
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At each of several values of I (from O at the continuum
in steps of 0.02 to the line peak) the X value of the
line centre is given. If more than one pesk occurs at
that level, the X value is a weighted mean for all such
veaks, and the number of secondary peaks (additionel to
the mean line peak) is indicasted by the number of
asterisks following the X value. If the asymmetry at a
glven level can not be found due to the fact that the
profile never drops below that value at one end or the
other, one of "PCB8.", "NEG.", or "NONE" is printed.
These indicate, respectively, that the centre X value
lies toward the red end of the profile, toward the
violet end of the profile, or that no information about
the line centre can be determined.

The output resulting from the sample data given
previously is presented on the next three pages. The
ripples in the asymmetry curve are mainly due to irrege-
ularities in the line profile which were enhanced.by

the iteration. This problem is discussed in Part II,
Chapter 4.
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FEDUCTION OF L IME PROFILES =~ HIGGS = 7MARCH61:

of o051
02 102
03 ©33
a4 048
o5 069
& 153
o 324
00 I53
ORD. VAR Characteristic curve
results
4 0e 00IZ 0 3o 5
j oron0ee o Solution for each set of
. . aata

4 O» 20030 Ie7 . Pinal adopted polynomial

LeSe FIT e 0014 e 0038 Mean and maximm errors arising

%n the lenst :quare fitting
, . ) or interpolation purposes
EUIV. WIDTH - 150257 Equivalent width of line profile

( = 15,257 x 5 mA)

ITER. ! 3 ERRe! o0eooO1I M Oe OCﬁ‘) Number of iteratiens
required for o satisfactory solution to the
integral equation, snd the menn and maximum
deviations, The minimm intenasity value in
the true profilec

MIMe 1PEAX =0e 002

FINAL CURVE
0 Tooat ¢ The computed true profile, tabulnted from
ODOS G violet to red at 10 mA intervals. The

é 0:0015 . astericks indicate extrapolated walues,

8 00 0072 . The zero X value corresponds to the zero
o 0e 0054 X valuc on the original microphotometer
12 0e 0081 tracing
14 Oe 0055

16 Oe 005 3



Oe¢ 0068
Qe 0096
Oe¢ QY 39
Q¢ 02 09
Oe 0266
0e 0343
Oe 04 35
0e 0475
Oe 0551
Oe 0682
0e 0827 ,
Oe 08 90
Oe Il 85
01633
Oes 24 58
Oe 3251 °
Qo4 O5T
%4559
0e286 0
Oe5303
Oe 5417 .
Oe 5363
Oe 5§07 3
Oe4 824
Ce465
0e3809
Oe 3042
0e2475
0e22%8
0e1809
Oe¢ 0989
Oe 0732
0e 0568
O0e 0487 .
Oe 04 5I .
Os 0386
Oe 03 04
Oe¢ 0240
Oe 01935
Oe OX 54
Oe 0118
" 0¢ 0088

Oe 0057 .,

Oe 004 4
Oe 0040
O 0036
Oe 0084
Oe 006 3

Oe 0041

088 11
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116 0+ 0025 *
118 Oe 001 3 »
120 Oe 0003 .
122 = 0e 0005 *
FEMTe HINT, | 0e 156
HALF (' IDTH 24+ 379
ASYMMET RY

e 02 ?}.6 8';’

Qe O 5% 364

De 0O 5'050228

O0e 08 580524

BelO 580 099

Oel2 S2671T1I

Oe I 59¢ 303

OeID 600151

0e1IB 60e17 0

Oe 20 60‘113

Qe 22 5?‘762

Qe 24 59« IJI

0e 26 580 928

0e 28 5@.833

0s 30 53762

Oe 32 580708

Oe 34 580667 .

e 36 584673

0e 2 8 58¢641

0¢ 40 580664

06 42 587 02

O0e 2 4 586741

0046 53'931

0e2 8 59e 002

0.50 53.666

0.52 58' 309

Oe 54 58 086

/

N
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57491€ ) Central (residual) intensity
of the truc profile and x value of peak
Half width ( = 24,379 x 5 mA)

Asymmetry of the true profile

Intensity values (1 - residual intonsity)
on left and centrs X value on the right
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Be3e Programmne and Operating Instructions.

The programme, elong with explanatory notes, is
given on the following‘twentyntwo pages. The operating
instructions are as follows:

1. Enter programme tape in reader,

2. Hand-switches clear.

Se ITB

4. On resding — , remove programme tape,

5. De=isolate Column 2, Drum O.

6. Enter data tape in reader.

7. Tap hand-switch 9.

8. If programme stops shortly after beginning
of computations and hoots at & rapid rate, instruction 5
has been neglected. The computations will continue as
soon a8 it is carried out.

9. In the iteration routine, the number of the
iteration in progress is displayed (in binary) in
register B2, After each iteration ( ~ 30 sec) there is
a hoot.

10. To stop the iteratiéh manually, efter the
hoot set hand-switch 9. The computetions will then stop
on the completion of the next 1lteration, end the rest of
the computatione will continue.

11. For extra data tepes, same as instructions

6 and 7.
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TITLE
FEDUCTION OF LINE PROFILES = HIGGS - 7MARCH6

PROG RAMME ~1 11 This sub-programme is identical with the

programme OBS 11 - 111 (except for chapter
0), It will t erefore be omitted in the
CHAPTE Ry follcwing,

1)NEUWL INE
NEWL INE
SPACE
SPACE
SPACE
620,27 .
620’ IS5
630,18
620, 4
620, 0
620,’28
I=o(1) 8
SPACE
EREAT
620,27 ,
630,23
62051 .
620,18
620; 0
620,28
NEWL INE
NEWL INE

5) P=1
HN=7



620,5
620537 .
620,9
630, 0
6205 2 3
620527 .
6205 9-
620, 0
630,16
620, 6
NEWL INE
NEWL INE

13)X7(D#n)Zo,0

P=x PARI TY(T)
JUMPs53,F >0

JUMPs 3

53) ACROSS19/3=111
53) JUMPs4,C=0

I=o(1) 12

Yi=o

Z5=0e 02+ 0s 08 |
PRINT(Zg)2, 2
25=xLOGz 1/Z5=1)
FET(=1)o
Y1=Z2HY1Z5

E FEAT
PRINT(Y 1) 4,5
NEWL INE -
EFEAT

54)UP

PSA
XLOG
QLOSE

This concludes sub-progromme 111

0BS 11
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PROG RAMME -1

CHAPTER:

A»57 .
B*s57 .
Z»517 .
Y=3
£+16
U1 39
X*1 39
KZW -3

1)x6 (0) Ao, L
X6 (0+%X%2L)Z o, L

P=o
M=N+2
W=0
Un=o
I=2Ez M
Fol(1)3
El+J
BJ=82 Q=2)
Yd=A( Q@=2)
[EFEAT
Lr15=Z1
£16=2(1-1)

F4(1) 10
£J=o

. FEFEAT

Z=o
Y=0
Wo=0e66
Wr=1434
Wa=z¢ 34
W3=0e 66

OB8 11
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Read observed intensities, corresponding

X values and éxtrapolation indicators from
store

Repeat for coch observed point

Chooss four pairs of intencity and x values

Indicates whether either of the inner pai» of
values represent évirapolated points

Weights for the four observed points



J=ol(1)3
7=Z2+£J
Y=y+YJ
EEPFEAT
=2/4
Y=Y/3

2)J=o(1) 3

£J=L J-Z

Yy=YJ=-Y
£4=L4+L W JIX
£s=L35+L JEJW J
£6=L£6+L£JC JL MJ
s+ K JJEJEIN J
£8=L£ 8+Y MW J
£o=Lo+LJY M J
f1o=L£10tEJEJYINI
EFEAT

OBS 11
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Transform the coordinates of the four
points to their eentre of gravity

Coordinates of the ecntre of pravity

Transformed coordinntes

Least s solution for second order
polynomial (y = Ax2 4+ Bx + C) through the
four points

£11=4E£755-4L6L6+2L68584=~L764L4~E5E585

£12=4L1 005489 L6=L1 oL 4R 4+E6L 4L 8+E5LgL4~L5L5£8
£134=4L9R 7 =£75 488481061 L 5L4+L5L6 £8=L5L5E 9
£14=E£755L8=L£754L9=L6L6 £8+L6L9L5+L1 oL6 £4 L1 0£5L5

£10=XMOD(£11)

JMP30, 0 000001 >£1 0

£ra=£1a3/L11
£ri=Lr3/L1t
Lr4=£14/L1 1

JUMP3
3o)£o=99?
PRINT(£ o) 3, o
NEWL INE

NEWL INE

up

3) Yn=£ 2+7Z
¥=P-

JUMPsg , X>Yn
. EP=Z

UP=£1a3UU+E1 3U+£14%X+Y

Coefficient determinsnt for the normal
equations

Polynominl eoefficients A, B, and C respectively

Print 999 1if solution is singular amd
retum to chapter O

INTERPOLATION OF OB RVED INTYNSITY
(at integral x values)

Y)mclqthatt intepral
ies betwcen the twgrcan ﬁgglggeégvggeggigﬁé

Vg1 2B(1=1)B(1=1)}=2£12ZB( 1=1)+ZZ€1 2+L1 3B(1 =1 ) ~£13Z+L14~A(l -1) +Y

V=xMoD(V)

Us£1aBIBl=2£122B1+Z2812+L1 3BI-£1 3Z+L14~Al+Y

U=xMOD(U )
V=U/2+V/2
JMPr2,V>Un

Compute 1nten31t{ at x (Up) and also £ind the
mean differcnce (V) begween the observed and
computed valucs for the two central observed

points, This is an cstimate of the fitting
error



JUMP: 3
13)Un=y

13) W=W+yy
4)JUMF5,£IS>0
JIMP6,£16>0
XP=o

JUMP7 |

6) XP=1

7). P=P+g

X=P
JUMPs , X>Yn
JUMP3

5) REPEAT

=N+I

X=%XSQRT(W/Y:x)

Hn=XX
NEWL INE
NEWL INE
620,27 .,
630,12
63203 0
620,28
620527 .
620,19
620,50
620,28
SPACE
620,27 .
630’6'
62059
6320520
62050
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Choose the maximm wvalue of the Pitting error

Sum the squares of the fitting errors for
each x value

Set the extrapolation indicators at one for
extrapolated points

Move to next intepral volue of b4
IMterpolste intensity at x either with the

same polynomizl as ebove, or with onc

cealoulated using a new sot of four observed
voints

Pind the root mcan square of the fitting
error snd astore this value

Print L,8, FIT

Print root mean square of fitting crror

PRINT(X) 4,4 Print moximum fitting error

fR“QT(Uﬂ)3)4
NEWL INE -

ExINTPT(B(N+1)+G%X) Largect x vslue for which an intensity wes

JUMPX10,Bn=0 interpolated, Omit oprint out 1f instructed
NEWL INE

NEWL INE

620,27 . .

6201:9 Print  SMOOTH CURVE

630,13



620,15
620,15
620,20
620, 8
620, 0
SPACE
620, 27 .
6320, 3
620,31
620, 13
620,22
620,5
620, 1¢]

NEWL INE
MWL INE
Po(1)Q
PRINT(P) 3, o

PRINT(UP) 4,4

JUMP8, XP>o
JUMPg

8) SPACE
620, 3
9)NEWL INE
fEPFEAT
NEWL INE

X1 0) Q= Q+1
X’](O)Uo, Q

X7 (0+140%) Xo, Q

KLROSS2/2~-1 -

FSA
XS QRT
L OSE

HAPTER>

A*179
Br1 139

Co139

OBS 11
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Print integral x value (units are Ax)
Print interpolated intensity

Print an asteri-: after Intensity 1f

corresponding extrapolation indic-tor is
get 2t one

Btore interpolated intenscitics snd
extrapolation indicators
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Elﬁst(P) Host of this ehapter is the samo as

l=o(1)P chapter 1, progromme OBS 11 - B

EAD( A1)
FEFEAT

R=P+;

JMP1 3, P>179
1=P(1)179 -
Al=o

E FEAT

13)V=o0
I=o(1) 179
V=V+Al
FEFEAT
I=o(1) 179
Al=A1/V
E AT

X7(400)A0,180
up

3)R=XINTPT(7 0e 1 0=Q/2)
x6(0)BR,Q -
X6( 400) Ao, 180
M=R~-g :
JIMP4 0y X0>M
I=o(1 )M

Bl=o

fEFEAT

40)L=R+Q
JMPs1,L>139
I=L (1)1 39

Bl=o

E FEAT
41)X7(0)Bo, 140
L=l =g :

ST
I=o(1 )1

w=w$~s% »? Add intensity v-lues to give equivalent
R PEAT width (in units of oOx)

NEWL INE

NEWL INE

620,27 .

62055



620, 17 .
63053z :
620;9
630522
620328
SPACE
620927,
630533
62059
620, 4
6320520
620; 8-
620,‘0
PRlNT(W)4 »3
NEWL NE -
W INE

N= Q=1
K=xMAX( Ao, 0,17 9)

Z=1 000
Psg---
n=sHn
Yn=5A -

5)U=o

Un=o-

RePty

ooséP)

Folr)139
o

I=J(1) 139
T=K+ ] =J
JUMP 3 T> 179
X=X+BIAT -
3 EFEAT

Y=o
FdJd=2
JUMP14,J=0

I=o(1)S
T=K=J+1
\UMP4 P 0>T
Y=Y+B ] AT
4) REPEAT

Print =UTV, WIDT™R

Print the equivalent w13+h

0BS 11
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14) CJ=X+Y
FEPEAT

X6( O) AO, I40
J=o(1 )1 39
U=xXMOD( AJ=Cy )
JH P17, M>J
JUMPr7, JsL
W=UW+U

JM P17, Unsy
Un=U -
17) RE FEAT

N=W/Q
Wi=cl
61081)

JUMPS, o>1

HOOT

JUMP8, U >Z

Z=U
JUMP20,Un>l 2
JUMP1 8,Un>Zxn
JMP;

18) JUMPr5,Ux>Yn
JUMP7 |

20) JUMPG , 1! 5H 77
JMPy |

6) JUMP1s,U >A
7)NEWL INE

NEWL INE
620,27

620, 9

620,20

620:5

620,18

620,28

620, 0

FRINT( P) 250
SPACE

SPACE

620,27 .

620’5

620,18

620,1 3

630,28

620, 0

FRINT(W )2,4
SPACE

620, 27

OBS 11
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The termination criteria are the same ag in
OBS 11 - & except that the larger of the
breset error limit, E » and the root mean
Square fitting error is taken ag the allowed
measn deviation
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620413
PRINT(U7 ) 2,4
NEWL INE

MEWL INE

JUMP16
s15)Jd=o0(1) 139
BJ=BJ+ AJ=CJ
E FEAT

¥ (400)Ao,180
JUMPg

8)NEWL IE
NEWL INE
620,27 .

620, 2

620, 5

620’ I9

620520

SPAXCE
RINT(Z) 2,4
PRINT(W ) 2,4
62050

620,5
PRINT(P)2, 0
620, 0

620;6

NEWL INE

NEWL INE

16) X6 (0+140)Co, € Read extrapolation indicators from store

P=xMIN(Bo, R,L) Select the minimmm intensity value in derived

NEWL INE trmue curve

620, 27 .

620,13

620, 9 Print MNIN, PEAX

620,14

620,28

SPACE

620,27 .

620,16

620, §

620,1

620,11

630, 0

l\1;_‘%\1 T(BP) 3,3 Print the minimum intensity in the true profile
WL INE

NEWL INE

JUMP1 0, Cn=o
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NE WL [NE 339
620,27 .
620,06
620, 9
620’ 14
620,1"
620’ 12
SPACE
620y 27 .
620, 3
6205 21
620, 18
620,22
62035
620,50
NEWL INE
NEUL INE

JUMP1o0,V5=0 Oonmit print out if tabulation interval = O
1=XINTPT(V#i+oe1) Pabulation interval (units of Ax)
EXINTPT(L/Va=R/V#1+0e 01 )

K= R+S1 |

P=1

I=R( P)K

S=1-R

PRINT(S)z2,0 Print x value in units of Ax

PRINT(BI )s,4 Print true intaensity values

JUMP11,CS>0

JUMP1 2

11) SPACE Print an asterisk if the corresponding

6204 3 intenaity has deen derivaed from extrapolated
12)NEWL INE data

EFEAT

NEWL INE

10)X7(0)BR, Store the computed true profile
ACROS St/ 3=1

FSA
LOxE



CHAPTER3

A*50
B»1 39
C*s50
D*139
E+50
£+18
Y-+ 3

W= 3

I)-*X6 (O) BO, Q
K=xMAX(Bo, o,N)

0BS 11
3L0

Read the true line profile {from store
Pind the moxirum intensity value in the
profile

JUMP48,B(K+1)>B(K-1)

JUMPz9
48) K=K+1

H)Eo=K-2
£1=K=-1
£2=K
£3=K+1

Yo=B(K=2)
Yr=B(K=1)
Y2=BK

Y3=B(K+1)

T=19
DOWN 13/ 4~1

19) Xn==L13/£13

Engure that two largess values are at K-l
e X

Choose four points near the peak to be fitted
by a least square polynomisl

Find tho least squrre dratic 1 !
through the four potntqu8 Polynomial

x value ?x)peak (1n transformed coordinates)

Y= 0e 581 2X0nXN+EL1 3Xn+L144Y

U=1=Yn

NEWL INE
NEWL INE
620%,27 .
620, 3
620,5
620, 14
630,20
620,28
SPACE
620427 .
620, 9
620,14

Residual intensity at the peak (central intensity)

Print CFNT, INT,
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620,20%

620; 38

PRINT(W) 4, 3 Print central intensity

620, o

62055

PRINT(X#n+Z )3, 3 Print x value of peak in parentheses
620, 0XX

620’*6

NEWL INE

NEWL INE

K=o

Ao= 0. 5Y 71 Half intensity level in the profile
620,27 .

62 Qs 8

620,1

620,12 Print HALF WIDTH
“620,6

SPACE

620,27 .

620,23

620,9

620,4

620, 20

620, 8

62 O 0

SPACE

JUMP41 Compute half width
2)PRINT(V )4, 3 Print half width (in wnits of ax)
NEWL INE

NEWL INE

JUMP36 ,Cn=1 Omit asymmetry determination if instructed
NEWL INE

NEWL INE

620, 27 .

620, 1 Print ASYMMETRY
620,19

630, 25

620,13

620,1 3%

620,

620,20

620,18

620,25

620, 0

NEWL INE

NEWL INE

Kr(z1)so
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=0e 02K Specified intensity level, I(x) = Constant
JUMP 36, AK>Y#n Jump 36) if I exceeds the peak intensity

41) I=0( 1)N
Cl=o

E FEAT

P=o

X=X SIGN ( AK=Bo) Check that the true profile, T(x), is less

u;)UP;ff(.X% than I at both ends of the profile

X=XSIGN (AK=BN)
JUMPy,X>0
JUMP8

2)l=0(1 )N

Y=X

*=xSIGN ( AK-BI ) Whenever T(x) ~ I changes sign, place the
JUMPg, Y#X

corresponding x value in DP' P gounts the
J’”& nunber of such points (lesg one) in the
gg+;l profile

s) EFEAT
JMP6, 0>X

JUMP3 8 If T(x) 18 greater thon I at the vioclet end
7)6 20, 27 , of the profile, print ¥Nma,
620, 1’4

620, 5
620,7 .
620,28
NEWL INE
JUMP37

6)630,27 . If T(x) 1s greater than I at the ped end of
620,16 - the profilc, print PoS,

620515

620’ 19

620;28

NEWL INE

JMP37 |

8)620,27 If T(x) 1s greater than I at both ends of the

630,14 profile, print NONE
620,13

620:14

620’5'

NEWL INE

?égqgg;ﬁAx(Do, 0sN) Rumber of points less one at which T(x) = I
MP37 , R=

\FLJXII\?%’PT(z.sR—Ooq. ) R+l = number of peaks in profile

Fo(1)R -



P=2S
T=P+1

FXINTPF(DP"‘Q.I o)
M=X INTPT( DT+ 0e 1 0)

o

JUM P9 ,L= 1
11 )Eo=L=2
L1=L-1
£a=L
£3=L+1

Yo=B(L=2)
Yr=B(L-1)
Yo=Ho

Y3=B(L+1)

JUMP1o
9)L=L +1
JMPr 1
10) T=12

DOWN 1 X3/ 4=1 "

JUMPa21,U=1
12)£18=X

JUMPy 4, M=N
15)Lo=M=2
£1=M=-1

£2=M
£3=M+1

Y o=B(M=2)
Yr=B(M~1)
Y2=BM
Y3=B(M%+1)
JUMP16

14) H=M=-1
JIMP1 5
16)T=17 .
DOWN 1 3/ 4 =1
JUMP2r ,U=1

t7
b4

17)CS=X-£18

OBS 11
3L3

Por each peak, L is the x value at the violet
side and M that at the red side at the
intenaity level, I

Select x and y (P(x)) values for 2 least
square determination of the exact x at
which ™(x) = I on the violgt side of the
peak, The equetion y = AX“ + Bx + C is
fitted to the four points about the position
at which ™(x) = I

If L= 1' use points 0,132,3 inztead of
"1,0’1,2

T s a control index

Down to least square sub-chapter

Bxact x value nt violet side of nreak

Repeat the above for the red nide of the
peak

Width of the pcak (in units of Ax)

ES=£18+0s 50X~0s 5018 Centre of the peak st intensity level I

21) REFEAT

U=0o



V=0

$o(1)R
UsU+CE S

V=V+CS

FEFEAT
JUMP43,K=0

JUMP 39, 0e 0000%1 >V
U=u/v

JUMP4 o

39)U=0

40) PRINT(AK)2, 2
PRIMNT(U) 3, 3
JMP34, R>0
JMP3s

%) S=1(1)R
6205 0

620, 3

[EFEAT

35 JNEUL INE__

g)REFEATWo

NEWL INE

HIUP

PSA
XS QRT
QL OSE

CHAPTE R4

Aso
B»139
C*s0
D+1 39
E+so
£~+18
Y=+ 3

W= 3

13)J=4(1)10
£J=o -
E FE AT

=0

0BS 11
3Lh

Repeat for each peak at the level in
qQestion

Jump 42) 1f half width is being determined
Weighted contre of profile at level X

Print intensity level I
Print x value of line centre

Print an astcrisk af'ter the X valuc of the
line centre for each peak in addition to the
main profile peak ot tre level X

Least square asub-chapter, Similar to least
gquare routine in chapter 1, programme - 1
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Yo

w0=0066

3;:1.22 Weights for the four Pints
W3=o.66

J=o(1) 3

=7+ 3
§=§+$j Tranaformation to centre of rroaviiy of the

=2/ 4
Y=Y/4

23)J=o0(1) 3

LJJ=£J=-2

Yd=YJ=Y

£4=L£4+EJWIX

§2=§gjﬁj§jgij Least squarc cplculations for y = sz + Bx + C
£7=£7+LJEIEJIEJUWI

£8=£8+YJWJ

£9=L£9+L£JYJIUJ

£10=L10+EJEJIYIWJ

RE PEAT

£11=48755=486L6+2L6L584=L75484-L58585

£12=4L10L 5=480R6 ~L1 0L 48 4+L£6E 4L 8+ 5E9L4=L585E8 Bolution of
£13=389L7=L7£4E8 =48 10£6+£1 0E 54 +E5E6£8~E52 589 NOTmal equatlions
£14=£785L8=L£754L9~L6L6L8+L6LgL5+L10L6 £L4=L£108 55

£10=xMOD(£11)

JUMP30,0e000001>£10

£ra=L1a/L11 Polynominl coefficients A, B, and C
L1 3=L13/L11

Lr4=L14/L11

JUMP2 3

)6 30,0 If solution is sinpumlar (coefficient

620,26 determinant is zero), sct Us=l, print + sion
U=g and return to nnin chapter

ES=o

CS=o

up

%23)L12=2812 2A

JUMP32, T=19 Refers to the determination of thc veak of

the profile



JUMP 33
32)UP

oBv 11
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33)E15=XSQRT(L13E13~2812014+2812AK=2L12Y)

JUMP 39
100)6 20, 31
U=1

ES=o

CS=o

upP

©)L16==L£13/L12+L15/L12
£17==L13/L12-£15/812

JUMP24,£173£16
Lo=£16
£16=£17,
Exg;ﬁo-

24
JUMP217 |

Rescue routine, If roots arc comnlex, set

U=1, print erase symbol ond return to main
chapter

Tyo real roots of the equation for
T™x) = I

Sat w7 equal to the larger root

CHECK(£1,£16,200,25)

ZS)CHECK(SI ,EI'] 2 0,26)

JUMP29

27 )CHECK(£1,£175200,28)

630,0
620,24

U=12

ESo

CS~o

UpP
28)X=£17%Z
UP

29 )X=£16 +Z
UpP

26 YJUMP28,T=17 .

JUMP2g

PSA
LOSE

If nelther root is within 2 unitn of the
cecond of the four x values uced, set U= 1,

print function symbol (X) and return to
main chanter

Seleat larger root
Select oroller reot

If both roots sre Tithin 2 of the mecond
x value, select tro smpller root fot the
vioclet silde of the penk ~nd the lareer one
for the red sidc,



CHAPTE Ro

A>25
B»s7
C*75
D=5
E-s
F»57 .
G+57 .
H»57 |
757 .
75

1) DOWN 1/ 21

2) READ(B)

FE AD(C)

A o

CwisB+go

DY 30B+g o
EXINTPT/B+0e ;)
F=78Q

I=x(1)T
READ(X1)
READ(C1)
FE FEAT

S=20Q

I=1(1)<
FEAD(AL)
[E FEAT

x7(Cn) Xz, T
x2{Cn+T)Cz1,T
x7(Cn+X2T)Az, <

OWNz/3=111

NEWL INE

X6 (Cn+14B)E 0,2
Fn=Eo

Gn=E 1

OBS 11
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Read apparatus funetion
Read data for characteristie ourve
deteminatilo? (see chapter 0, programme

Compute characteristic curve

Read cheracteristic curve coefficienta from gtore
Read minimum and maximum In (yo/y - 1)'s from
store



8) READ (An)
M=An+o0e 20
H=1

12) READ(B#n)
EAD(Cn)
FEAD(V#n)
FEAD(A)
FEAD(N)
FEAD(E2)
FEAD(E3)
EAD(E4 )

EAD(G)
En=xEXP(F:)
En=En+gy
En=1/En

Xo=XPARITY(T)

Eq=E2-€4
Es=E2/E.-E3/E4
JUMPr 5, B 3>E "

40)E 3=XLOG(1/E 3~1 )

V=0

ET(=1)0o
Y=DJ+VE 3
FEFEAT

E3=V

JUMP:1 6

15) JUMP4 0, 0> Xo
E3=XLOG(1-E3)
E3=DE3+F

16)1=1(1)M

V=0

EAD(BI)
FEAD(F 1)
Bl=E2/E4~Bl/Ey4
JMP;,BI>En
41)B1=xLOG (1 /B 1-1)
FT(=-1)0

V=D J+V Bl

FE FEAT

JUMP,
7).JUMP41, 0>Xo

OBS 11
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Read mumber of profiles te be reduced

Read three control integers indicating
sequence of computations to be performed

Read preset ervor lirit for iteration

Read nurber of points in cbserved profile
Read zero rcrding for microphotometcr tracing
Read contimmm resding

Read elenr plate reading

Read tracing dispersion (in terms of Ax)

Parity of adopted eharancteristic ecurve
polynominl

¥/¥, for the continuum

Compute 1n (I/I,) for the continum (1f the
y/y. for the continuum ic greater then the
max Lrman ¥/¥, enterinz into the characteristic
eurve dotermination, ticn use the extrapolation
eurve corregponding to the pority of the
characterictic curve)

Read Y} served points
Read X for the observed po
Compute 3/y, for the obzcrved points

Compute 1n (I/I,) for thc observed points



B|=xLOG(1=BI)
V:DB]+E

9) X=V-E 3
¥=xEXP(X)
JUMP3,F>B1
JUMP3, BI>G:
Z2(I+1)=0

BI=X

JUMP4
DZ(1+1) =1
BI=X

4) JUMP1 0, Ei122
PRINT(BI1) 254
JMPs,7(I+1) >0
JIMP6

5) SPACE

620, 3

6)NEWL INE

10) RE PEAT

K=XMAX(Bo, 14! )
B=BK

I=r(1 N

JUMP2 Oyle o>B
Bi1=B1/B
20)J=1+1

HJ=GF |

GJ=1-B1

FE FEAT

NEWL [ME
Go=o
Gi=o
G(N+2)=0o
G(N+3)=0
Zo=1

L=H+4
X7( 0)Do,O
X7 (O)GO:L

OBS 11
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Cogﬁgte residual intenoities for obeerved
roints

Set extrapolation indicator equal to one &f
¥/¥o of the observed point lies outside the

range ol observations us=d in the characteristic

curve determination; otherwise set it ot
zZero

Control jump concerning print out
Print the observed residunl intensities

Print an astoerisk if the residual intensity
relies upon an extrapolation of data

Find the maximum observed residual intonsity

If this value excceds one, adjust all
residunl intensity wvalues so that the maximum

value is one

gtore x valres in units of &x
Store thc obsorwved profile intensities
(expressed as =n emiscion profile)

get valucz of intensity -t both onds of the
profile for extrapolation purposcs

Extra x values for extrapolation

gtore the characteristic curve coefficients,
obsorved intensitics, corresponding x values,
and extrapolation indicators



x7(0+L YHo, L
X7 (O+2L)ZO,L

DOUN1/1-1

11 ) H=H+1
JUMP1 3, H>An
X6 ( 0) Do,O
T=0-1

JUMPr 2

1 3) JUMP2

FSA

XL OG
XEXP
LOsE

-

Aeroas to progvomme 1

0Bs 11
350

Cheok whether all profiles have been
redueed, ond ators eharaoteristis curve

ooefficicnts



351

ACKNOLFDGEMFNTS

I wish to ex recc my grﬂtitﬁde to Dr M. G. Adam
for her continuel guidance er¢ ins;pirction throughout
this investigation, and for her assistance in meking
many of thec observations. In nddition I wish to thank
Professor H. H. Tlaskett for the meny helpful discussions
ve have had together on the limbeeffect jroblem, es;ec—
ially for hic sug estion of chromospheric ef{ects as
presented in Chapter 5. Finelly I should like to thank
the steff of the Oxford University Computing Leboratory
for their ocsistence with the computetionel rroblems,
ecrceiolly Dr J. §. Rollett whose »c~lstance hes been
invalushle , rnd the Rhodes Trustees for t'e scholership

thet hes mecde this resesrch jonsible.

L. A, 1,



