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Abstract

Centre-to-limb displacements of the chromospherio lines H,, K, and H,, K, have been measured on high-dispersion spectrograms
secured during the years 1947-49. These measures show that the absorbing vapour producing the H, and K, lines has o descend-
ing motion of & imately 1:5 km./sec., while the vapour responsible for the emission, lines H, and K, has a very salight ascen-
WM order of 0-8 km./sec. These results are contraated with the results of 8t. John's observations of 1010 and the bearing
of resulis on theories of the cause of the higher radiative power of the H, K, layer is dissussed ; it is suggested that the emis-
sion of the H, and K, lines is unlikely to be due to high temperature.

The width, of the H,, X,, H, and K, Jines have been measured at different points of the disk, both over the undisturbed pho-

and over faculse, Itisfonndthainlthoughtharehammhdhmggmhhaommtothonmbineuhom,thefeh-
tive widthsfnraﬁ'ﬁvan position on the disk irrespective of the presemce or absence of faculae are constant, .., Kg/K,=H,/H, =
]

oongtant and K o/Hjy==constant.
Introduction

The H and K lines of ionised ealeium being by.far the strongest lines in. the solar spectrmm have naturally at-
traoted the most attention from solar phyaicists, These exoep'hionﬁ.ly broad lines are remarkable for certain peculiari-
ties of structure, which are not easily noticeable in other strong solar lines. As early as 1872 Young visually observed
them “ to be regularly reversed on the body of the sun itself, in the penumbra'and the immediste neighbourhood
of every important spot ’, But the doublo reversals in these lines, so clearly seen in high-dispersion spectrograms,
%ﬁear to have besn observed photographically by Deslandtes first in 1892 and confirmed immediately after by

. From the pioneer works of Hale and Deslandres twith the spectroheliograph and the Spsciroenrsgisirsur
dés viissses it became evident; that the central absorption component (Hg or K,)' of these linesis formed in the
highest levels of the solar atmosphere, the emission components (HyV, Hyg, Eyy, Kqp) have their origin at & lower

level, while the brosd shadings denoted by Hyy, Hyp and Kry, Kip are formed in the deepest levels of the solar

atmosphere.

In his earliest observations of the K line Deslafidres (%) had noticed, among other peoculiarities, a dissymretry
between Kyv and Kgr 8t the contre of the disk with the violet component the stronger, the inequality disappearing
at the limb. This he had interpreted, thou,‘gih not with sufficient justification, as being due to a descevding motion
of the gases producing the K, component and an ascending motion of the gases emitting the K, component. ' How-
ever, this conclusion was established with greater certainty by Jewell (3), who was able to observe a progressive de-
orease in dissymmetry from the centre of the disk to the limb and oould measure s descending motion of ‘ about a
mile a second ’ in the Hy and K layers ; he also found “ some indications that the emission line might be slightly
displaced towards the violet . On the other hand , Adams4®) working on the same problem a few years later found
dissymmatry to be the exception and could measure an npward velocity of 0-41 km/sec. for the absorbing vapour
and a slight d.iacﬁlgoement of the emission component toward the violet, In 1910 a very detailed study of the wave-
lengths of the different oomgonent,s of the H and K lines over different parts of the undisturbed disk, over faculae
and spots was made by 5t. John (¢), whose measurements not only confirmed the conclusiong reached by Deslandres
and Jowell, but also showed that the variation of the displacement of K, from centre to limb was in remarkable agree-
ment with the cosine law demanded by the hypothesis of vertical movements. According to St. John's measure-

(*) Comptes Rendus, 119, P. 458, 1884,
@) Ap. 7., 8, P, 108, 1806 ; Ap. J., 11, P. 287, 1900,
(*) Ap. J., 23, P. 45, 1906.
(4) Ap. 7., 82, P. 86, 1910.
(209)
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ments, which are so far the best available on the subject, the mean displacement of K, relative to K, at the centrs
of the disk is 0-04 A° towards the red, which corresponds to a relative velocity of descent of approximately 3 km./
seo, for the absorbing vapour. In faet, St. John deduces from his measurements a mean descending motion of 1-14
km/sec. for the K, vapour and a mean ascending motion of 1-97 km/sec. for the K, vapour over the general surface
of the sun. In spite of the great importance of these observations and their bearing on the conception of turbulence
in the solar atmosphere no further measurements of the vertical movements of the K, and K, layers appear to have
been reported in later literature. Numerous spectrograms in the H and X region have recently been taken at the
Kodaikanal Observatory in connection with the investigation of another problem ; as a number of these spectrogram
are quite suitable for the measurement of vertical movements we have thought it desirable to examine them from
this t of view as well. Incidentally, we have utilised these plates also for a study of the widths of the H,,
K, ﬁ:':nd K, lines over different parts of the undisturbed disk and over faculae. The plates selected for definitive
measurements are those secured in blue sky and under conditions of best possible definition ; the results of the measure-
ments are given in the present paper.

Apparaius and Observational Procedure

The spectrograms were obtained with a prism spectrograph of the Littrow design constructed some years ago
by the first named of the present writers for obtaining maximum photographio resolution combined with high-dis-
m in the region'of spectrum under consideration. The dispersive system oconsists of three equilateral glass

siand a' half-prism and the Collimator-Camera lens has a focal length of approximately 14 feet, so that a seven-
prism dispersion amounting to 0-45 A°/mm. on the average is obtained in the H and K region with excellent definition
and short exposute times. The spéctrograph is remarkably free from stray light and the spectra obtained with it
show no signs of astigmatism.

The spectrograph was fed by means of a 12-inch Foucaul$ siderostat through an 8-inch visual telescope objective
of about 10:foot. focal léngth and an erlarging lens, so that the diameter of the solar image on the slit plate was ap-
groximately 44 inches. The speotra were taken at nine definite points of the undisturbed digk, namely E, W, N and

points, points half-way between them and the centre (which, for brevity, we shall call }E, {W, N and 1S) as well
as the centre itself. Facular spectra were taken at E, 1K, centre, {W and W and the faculae chosen were those which
wers away fom the oditres.of spots. On some of the spestrograms taken over the centre and the limbs iron are com-
parison spectry Wwete also impressed for caloulating the absolute values of the wavelengths of K, and Hj.

Measurements of displacements and widths of the absorption and emission com ponenis

Our’ measnrements of wavelengths have been made normally with a Hilger wavelength comparator. For the
mensurements of the displavements of the components from centre to limb plates with iron arc comparison spectrs
have been used. For the H, and K lines the cross-hair has always been placed on the minimum of intensity as es-
timated by the sye. Althiough these lines are fairly narrow they are enough to make the physiological effect
of contrast () unimportant ;' and it is believed that the wavelengths measured repregent the real-minima. of the lines
The wavelengths of the centres of the emission lines H, and K, have been computed by making measures over both
the outer edges of each line and taking the average ; this procedure naturally implies the assumption thab the dis-
tribution of intengity in the ‘bright lines is symmetrical about their centres.

(") A. Kuhl, Phy. Zeit., 20, P, 1, 1928,
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"Phe wavelengths obtained in accordance with the above procedure have been corrected for orbital motion and
diurnal rotation of the earth using the usual formula

V = 0-464 Sin T cos § 008 g, where T = hour angle of sun, 3§ = declinateon and ¢ = latitude of place of
obgervation. The wavelengths for the limb spectra have beemn further corrected for the rotation of the sun, In
order to eliminate uncertainties arising from the variation of the rotational velocity with height and latitude the
means of the wavelengths of the respective components at points 1 mm. from the east and west points of the Hmb
have been taken, so that the influsnce of solar rotation on the limb wavelengths is effectively eliminated. The
values of limb wavelengths thus obtained and of the centre wavelengths for the absorption and emission components
of H and K are collected in Table I. It is to be noted that the edges of the emission components of the H and K
lines are often diffuse and irregular and therefore individual measurements on them may be subject to consider-
able uncertainties. The values of wavelengths given in the table are, however, means of several measurements made
at different points of the edges and can therefore be regarded as representative of average conditions and free from
errors arising out of local peculiarities.

Since the relativity effect should be the same at the centre and at the limb, the difference between the centre
and the limb wavelengths as given in Table I can be attributed to vertical movement, which is at present the only
known cause of the centre-to-limb displacements of solar lines. The vertical velocities caloulated on this basis
from the wave lengths in Table I are also incorporated in the same table. The - sign before the value for velocity
denotes radial motion towards the sun or descending movement, while the — sign represents ascending motion, The
velocities have been computed ou the assumption that the “limb * spectra correspond to longitude 80°

As is well known, the measurement of the widths of spectrum lines presents great difficulties. The difficulties
are particularly great when the widths to be measured are those of reversals superposed upon broad absorption and
emission lines as in the case of the H and K lincs. The visual measurement of the edges of the H,, K,, H, and K,
lines is largely influenced by the effect of contrast and is therefore greatly dependent upon the density distribution
in the regiob of the negative used. 1t is probable that measurements of widths of lines made on negatives of widely
varying densities would differ very considerably. It therefore appears very desirable that the width measurements
should be made by an objective method. Our measurements have been made both by the visual method using a
wavelength comparator and by an objective method using the tracings made by a recording photoelectric mierophoto-
meter of the Cambridge type. The measures as obtained by both methods are given separately in Table II, ' The
spectrum plates utilised in these measurements do not ha; to differ greatly in density froin each other with the
result that the widths obtained-by the visual method from the different plates are concordant, and so also are the values
obtained by the miorophotometer method. But the mean values given by the microphotometer method are consis-
tently higher than those given by the visual method. The values of widths collected in Table IT are the means of
several measures made on a number of plates and oan therefore be regarded as representative of fairly average condi-

tions,
Resulis and conclusions

A comparison of the radial velocities in Table I with those obtained by §t. John shows that our value for the
velocity of descent of the K, layer is slightly higher than that measured by 8t. John ; but our measurements show
nothing like the high velocity of ascent of the order of 2 km/séo. of the K, layer found by St. John, although they
indicate an upward movement of about 0-3 km/sec, on the average. On St. John's ‘plates the mean difference in
wavelengths between X, and K, at the centre of the disk is of the order of 0-04°A, while qn our plates the dif-
ference is only 0-02°A, This discrepancy we have fufther verified by making measurements on microphotometer
tracings of well-exposed spectrograms secured mnder excellent observing conditions on two days; these measure-
ments are also included in Table I. It may be noted that the scale of our spectra is considerably lar, b least
double—than that of the spectrograms measured by St. John ; and it does not seem possible to attribute the dis-
crepancy to any uncertainty in our measurements, which extend over a number of spectra photographed on different
occasions. It is however worth mentioning that we have also measured a few of the spectrograms by Mr. Evershed
in 1911 (8t. John’s observations were made about 1910) and still available at Kognﬂmml Observatory ; these do
show a difference of the order of 0-04 A° just as found by 8b. John,  The observations on which the present paper
is based were made during 1947-49,

An examination of the widths of the Hy, Hy, Ky and K3 as given in Table-II shows that there is a marked
increase in each ense from the centre to the limb.* But, for a given position on the disk, be it centre or limb, there
is no systematio change in width of any given line irrespective of whether the line is photographed over & facula or the
undisturbed photosphere. The widths of Hy and Hy are systematically less than those of K, and K, respectively
for a given position on the disk, The relative widths of the emission and the absorption components of both H and
XK are sensibly constant over the whole disk, irrespective of the presence of faculae ; in other words

K, /Ky=H,/H; = constant.
Ky/H;=K,/H, = constant.

* The spectra were sotually taken at aboub 3 mm. inside the limb which for the sise of the image used msans at & point aboub 80°
from the centre of the diak.
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8t. John (loc. cit.) has also measured the widths of H, and K, at the centre of the disk and the limb and of Hy
and K at the limb. For comparison we have included his mean values in Table II. Tt is seen that St. John's
values for the widths of Hj and K, both for the centre of the disk aund the limb, are considerably lower than our
corresponding visual measures, while his widths for the Hy and K, lines at the limb are much higher than the width
measured by us by the same method. These discrepancies are probably due to the fact that 8t. John’s plates were
much denser than ours, as he seems to have found it necessary to resort to “ careful timing of exposures and, strong
dovelopment ” for making the H, and K, lines measurable. This appears also to be quite natural in view of the
fact that his plates were taken with a grating spectrograph, which would give a great deal less contrasty spectrograms
in this region of the spectrum than a prism spectrograph. Moreover, our prism spectra had more than double the
dispersion of 8t. John’s grating spectra. Our microphotomstric measures of the widths of H, and K, at the limb are
however higher than those obtained by 8t. John ; it is likely that microphotomstric measures are more dependable
than visnal measures in & cuse like the present. It is worth noting that in spite of the marked divergence between
St. John’s absolute measures of the widths of the lines and, ours the relative widths Ki/H, and K4/H; are practically
tho same in both series of measurey, although from our measarements we find K,/H; more nearly equal to Ky/H;.
Disoussion
The results of the present work show that the high-level caleium vapour (Hy-K, layer) has a descending motioa

of about 1-5 km/soc., while the lower Hy-K, layer has a slight upward velocity probably of the order of 0:3
km/sec. This agrees very closely with Jewoll’s measurement of the radial veloocities of the K, and K, layers in
1900, but during the intervening years the only measurements available, namely those of Adams in 1905 and of St.
John in 1910, gave divergent rosnlts. From theso meagre data it is impossible to say whether the observed varine
tions in radinl velocities have any correlation with the ayele of solar activity ; but the faet that these variations do
ocour ig significant. Jewoll interpreted his results as an indication that the Hy and K, lines were produced by
meteoric matter falling into the solar atmosphere and that the emission components Hy and K, were caused by the
rige of tempersture duo to the impaot betweon tho down-rushing miteoric matter and the up-rashing chromospheric
matorial.  According to nn estimate by H. N. Ruwsell(?), however, the total quantity of msteoric matter falling into
the sun is, at most, 60 tons per sscond and “ the whole kinetic energy which this can carry in amouats to 2 evgs/
em? soo. as againgt 8-2 X 1010 orgs/om? seo. of photospheric radiation ”. Jewell's hypothesis does not therefore
seom to be capable of producing the rise of temperaturs envisaged by him. On the other hand, Deslandres(?) already
in his oarliest work hnd attributed the brightneds of Ky to phenomena of ¢electrienl luminescence ’. St. John,
who like Jowell regarded thoe omission of Ky std Hy as probably due to the higher temperature of the concerned
lnyer, suggosted that, the rise of temperature was camsed by the convarsion into heat of the mechanicul energy
lost by the up-going and down-rushing masses of caloium vaponr through collision and internal friction. Howeves,
in, tho process imagined by him the rise of temperature nshouldp he expeoted to be most in the lnyer where the muxi.
mum conversion of mechaniosl energy into thermal energy would take place and this ahould also be the layer where.
the verlival movement would be the least. But St. John's own, ohsorvations show a high upward velocity in the
Kg-H; layer. On the other hand, our obsérvations as well as the enrly observations by Jowell, which show littls
or no vertical velooity in the K,y-Hy layer, are congistent with the idea of mechanionl energy being converted, into
thermal enoryy and raising the temperature of the Kg-Hy layer. But the faot that the Ky-H, layer hns a higher
radintive power regardless of whother ths vertival velocity in the layor is high or practically nil argues against St.
John's thoeory of higher temperature being resporwible for the higher radintive power of the Kg-Hy layer. We
should then have to fall back on Desalandres’ iden of oleotrical luminesconce or on some other mechanism for ex.

Inining the emission of tho Ky und Hy lines. Thore is & very attrantive suggestion by Woolley(®) based on Rosse-

nd’s theory of oyclical tennsitions in & field of dilute temperature radiation according to which the emission of
K, and Hy may ho o oase of fluorescence. Although from observational materials so far available it is not possible
to arrive at a decisive conclusion in favour of fluorescence or clostrical luminescence as the cause of the emission
of the Ki; and Hj lines, fluorescence through Rosseland, transitions is capable of explaining such & variety of solar and
stellsr phenomena that it appoars to be the most likely cause of the triple structure of the H and K lines and indeed
of Fraunhofer lines in general.

Kodaikanal Obsarvatory, A. K. DAS,
Decembear 1949. N. RAJESWARA RAO.

APPENDIX
In this connection, it may be mentioned that our microphotomster records show a faint absorption line at about
3033-920 which does not seem to have been obsarved by any of the previous workers. As this line falls on the red
wing of K., near its edge, it might have affected the measurements of the previous workers.
) Ap. J., 89, P. 49, 1029,

(" 0. B, 117, P, 718, 1808.
MN.R.AS, 94, P. 681, 1084,
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