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EVIDENCE FOR THE GRAVITATIONAL DISPLACE-
MENT OF LINES IN THE SOLAR SPECTRUM
PREDICTED BY EINSTEIN’S THEORY
By CHARLES E. ST. JOHN

ABSTRACT

Material —The observational data are the wave-lengths of 1537 spectral lines at the
center and of 133 at the edge of the sun, and their wave-lengths in a vacuum source.

Precision of the measures—The probable error of single solar lines is +0.0008 A.
For groups of 40 lines, as in Table VII, the probable deviation from the mean is
+0.0003 A, and for groups of 33 lines, as in Table IX, +o0.0004 A. These uncertain-
ties are small in comparison with the displacements predicted by the theory of rela-
tivity, which average o.0100 A.

Other causes of line-displacement.—The discussion is preceded by consideration of
conditions in solar and stellar atmospheres that produce displacements of lines. In stellar
atmospheres radial velocity of recession determined by high-level lines is greater, and
by low-level lines less, than that of lines of medium level. The displacements to the
red at the center of the sun are greater for high-level, and less for low-level, lines than
for lines of medium level of the same spectral region, by amounts consistent with the
position of the sun in the evolutionary sequence (Fig. 1). These extra-Einsteinian
phenomena require that, if lines at any level give the predicted displacement, lines of
higher level give more, and lines of lower level less, than the predicted amount.

At the center of the sun.—Each of the 586 iron lines shows a displacement to the red,
for sun minus vacuum, whose average is -+ 0.0083 A. The mean displacement for lines of
medium level (520 km) is +o0.009 A; the theoretical Einsteinian displacement is
+o0.0001 A (Table X). For lines of higher level of class b (840 km) it is o.0027 A
greater, and for low-level lines (350 km) it is 0.0026 A less, than the calculated displace-
ment (Table VII).

The general results for iron are confirmed by 6 lines of silicon, 18 lines of man-
ganese, 402 lines of titanium, and 515 lines of cyanogen.

At the edge of the sun.—Lines of iron to the number of 133 give at the limb a mean
red displacement for high- and low-level lines which is 0.0015+ 0.0004 A greater than
that calculated from the theory of general relativity. This small residual, if real, is a
true limb-effect. By themselves the lines of very low level give the predicted displace-
ment. The progression shown in the fifth column of Table VII disappears. From all CN
lines in the 3883 band the mean displacement at the edge of the sun is +-o.0072 A.
From 184 lines better suited to measurement, it is +0.0076 A. The calculated displace-
ment is 4-0.0081 A.

Interpretation.—Lines in widely different spectral regions but at the same low
level give negative values for O—C that are proportional to wave-length and hence are
attributable to upward currents near the photosphere (Table XI). This interpretation
is confirmed by the increase in wave-length at the limb and by the vanishing of the
negative residuals for very low-level lines which there, in the absence of line-of-sight
velocities, give the predicted displacement (Table IX).

In the higher regions of the sun’s atmosphere displacements to the red may be
brought about, according to Milne and Merfield, through the greater number of atoms
absorbing from the red edge of the line—many of the upward-moving atoms normally
absorbing from the violet edge having escaped owing to the high velocities engendered
by the successive absorption and emission. The effect should increase with height.
This is confirmed by the lines of exceptionally high level (Table V).

Level the delerminative condition.—According to atomic theory, lines of lowest
excitation potential are due to electronic transitions of greatest probability and repre-
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sent the highest level for the vapor of a given element. Such lines will be the strongest
and of highest level. Lines of different elements of very different intensities, but at the
same level, give equal red displacements; while for lines of the same solar intensity, but
at widely different levels, the lines of higher level give the greater red displacements.
This points to level of origin rather than line-intensity as the controlling factor in line-

displacement (Table III).

Relative levels of origin—Any one of five methods may be used in allocating the
levels, since all agree as to the order of levels: (1) solar rotation; (2) the Evershed effect;
(3) flash spectra; (4) excitation potential; (5) deviations from relativity predictions.

Conclusion.—The investigation confirms by its greater wealth of material and in
greater detail the announcement madeat the Symposium on Eclipses and Relativity in
Los Angeles, 1923, that the causes of the differences at the center of the sun between
solar and terrestrial wave-lengths are the slowing of the atomic clock in the sun accord-
ing to Einstein’s theory of general relativity and conditions equivalent to radial
velocities of moderate cosmic magnitude and in probable directions, whose effects

vanish at the edge of the sun.

SOLAR PHENOMENA CONCERNED IN THE PROBLEM
OF RELATIVITY

Any interpretation of the observed differences between wave-
lengths in the sun’s atmosphere and the corresponding wave-lengths
as measured in terrestrial laboratories must take into account condi-
tions and phenomena known to occur in stellar atmospheres. In
order to put the general reader in touch with the essential features
of the problem, the necessary facts, together with certain general
considerations, will be summarized and discussed under the following
headings: (¢) “Magnitude of the Relativity Displacement,” (b)
“Precision of Measurement of Lines in the Solar Spectrum,”
(c) “Pressure in the Solar Atmosphere,” (d) “Levels Defined by
Fraunhofer Lines,” (e) “Radial Currents in Solar and Stellar
Atmospheres or Their Equivalent.” These points will be taken up
in detail before proceeding to the observations and the related dis-
cussion.

a) MAGNITUDE OF THE RELATIVITY DISPLACEMENT

The theoretical value of the gravitational displacement is pro-
portional to M/R (M =mass, R=radius). It also varies directly
as the wave-length. For the solar spectral lines it is equal to the
Fizeau-Doppler effect corresponding to a velocity of 0.635 km/sec.
away from the observer. In angstrom units, the theoretical dis-
placements to the red for the sun, in the spectral regions included
in these observations, are:

Wave-lengths. . ... 3800 4250 4725 5675 6600 A
Displacements. . . .4-0.008 +o0.009: “+0.010 4-0.012 -t0.014
118
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GRAVITATIONAL DISPLACEMENT OF LINES 3

For Sirius and Procyon it is of the same order as for the sun,
while for Arcturus it is a small fraction of that value,* and, in any
case, far too small for measurement on ordinary stellar spectrograms
except for such a remarkable star as the companion of Sirius, for
which Adams® found a gravitational shift of 21 km/sec., agreeing,
within the errors of observation, with the amount predicted by
Eddington.?

b) PRECISION OF MEASUREMENT OF LINES IN THE SOLAR SPECTRUM

To determine the agreement attainable by different observers,
using different apparatus, the Mount Wilson Observatory arranged
a few years ago with Mr. Evershed, then at Kodaikanal, India, for
the independent measurement of the wave-lengths of the fourteen
solar lines listed in Table I.

The measures show practical agreement in the mean, with an
average difference of only +o.0015A; nevertheless, two lines,
N 4447 and M 4494, illustrate the care necessary in such measures
to reduce the effect of insidious errors to a minimum. The mean
sun minus arc for the group is +o0.005 A, while these lines give

Mount WiLson KODATKANAL
Sun—Arc Sun—Arc
N 4447 +o0.007 A +o0.012 A
N 4494 ~+0.003 ©0.000

For both lines the measures at the two observatories deviate from
the mean in the same direction, above for 4447 and below for 4494.
The lines are of intensity 6 in the solar spectrum, but \ 4447 has a
line of oo intensity 0.06 A to the red, and N 4494 a line of oo in-
tensity o0.08 A to the violet. The separation is so small that the
strong and weak lines are in contact or even partially overlap, so
that the influence upon the measured wave-lengths depends upon
the intensity of the spectrograms. Rowland’s table gives 14,000
lines in the region under consideration. The spectra of elements
known to be present in the sun’s atmosphere include a far larger
number of lines, many of which might reasonably be expected to

* For data on stellar masses and diameters, see Table IV.

3 Mt. Wilson Communications, No. g4; Proceedings of the National Academy of
Sciences, 11, 382, 1923,

3 Monthly Notices, R.4.S., 84, 308, 1924.
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occur. The measured position of any moderately strong line may
be slightly affected by a nearly coincident, but not observable,
weak line. The effect of random errors thus introduced may be
eliminated by using a very large number of lines, as in the present
investigation, which depends on more than 1500 apparently free-
standing lines.

Further evidence of the dependence that may be placed upon the
measures is given by comparing the wave-lengths as measured at
Mount Wilson Observatory with the A.0.B.S. wave-lengths® for

TABLE I
ORDER OF AGREEMENT BETWEEN MEASURES
. Mount Wilson . Mount Wilson
. Kodai- . . Kodai- .
Mount Wilson kgn?tll - Jg;?g;nal Mount Wilson an:.ll Kofc’lzgg‘;nal

4337.057 .0 uun... .055% “+o0.002 A || 4454.390....... .301 —0.001 A
4375.946........ .046 . 000 4461.662....... .662 .000
4388.416........ 413 + .o03 4466.564....... .565 — 001
4427.310. . ...... .318 + .oo1 4460.385....... .384 -+ .oo1
4442.35T. .. ..... .352 — .oo1 4484.229. ... ... .231 — .002
4443.203. .. ..... .201 | -+ .oo2 4489.750. ... ... .751 — .o001
4447.730. ... . .. .735% —0.005§ 4404.575. ... .. .572 +0.003
Sum, positive residuals, Mt. Wilson—Kodaikanal.................. ~o0.012
Sum, negative residuals, Mt. Wilson—Kodaikanal................. —0.011

the 201 lines common to the two lists. The Mount Wilson wave-
lengths are based upon the secondary standards adopted by the
International Astronomical Union in Rome, 1922. The A.O.B.S.
wave-lengths are based upon the new neon standards which, in
the region compared, differ by o.002 A from the Rome standards.
When this is taken into consideration, the result of the compari-
son is:

Mean systematic difference, Mt. W.—A.0.B.S.=-o0.0002 A .

The mean deviation between independent measurements of
even limited groups of solar lines shows an accuracy far greater than
is required to establish displacements of the magnitude predicted
by the theory of relativity. In this connection it may be recalled
that, in the observations upon which the accepted existence and

* Publications of the Allegheny Qbservatory, 6, 105 (No. 7), 1926.
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GRAVITATIONAL DISPLACEMENT OF LINES 5

magnitude of the general magnetic field of the sun rest, the maximum
differential displacement in latitude 45° is 0.0o1 A} a tenth of the
average relativity effect.

C) PRESSURE IN THE SOLAR ATMOSPHERE

Until quite recent years a pressure of 5—7 atmospheres was as-
sumed to obtain in the region of the sun’s atmosphere accessible to
spectroscopic investigation. It is now the accepted conclusion
among solar investigators that the maximum pressure in the re-
versing layer is so low that for spectroscopic purposes it may be
taken as zero. The low pressure is shown by direct spectroscopic
measures® and by deductions from the theory of ionization.? The
gravitation of the earth produces a total pressure upon its surface
equal to the weight of its atmosphere less the centrifugal effect of
rotation, but in the sun and in all bodies of stellar character the
pressure of radiation outward yields a counter force that tends to
balance the effect of gravitation upon their enveloping atmospheres,
and for the high-level portions it nearly equals the gravitational
attraction. In this respect the sun is in no way peculiar, but be-
haves like any other star.4

d) LEVELS DEFINED BY FRAUNHOFER LINES

The concept that the Fraunhofer lines in the spectra of the sun
and stars refer to definite levels is steadily gaining acceptance and
application.s The observational evidence for this concept rests upon

* Hale, Seares, van Maanen, and Ellerman, M:. Wilson Contr., No. 148; Astro-
physical Journal, 47, 206, 1918.

2 Evershed, Kodatkanal Bulletin, No. 18, 1909, and No. 36, 1916; Perot, Comptes
rendus, 172, 578, 1921; Salet, ibid., 174, 151, 1922; St. John and Babcock, M¢. Wilson
Contr., No. 278; Astrophysical Journal, 60, 32, 1924.

3 Saha, Philosophical Magazine, 40, 809, 1920; St. John, Coniributions of the Jeffer-
son Physical Laboratory, 18, 1921; Russell, Mt. Wilson Conir., No. 225; Astrophysical
Journal, 55, 119, 1922; Stewart, Physical Review, 22, 324, 1923.

4 Eddington, Monthly Notices, R.A.S., 77, 16, 596, 1917; 83, 32, §8, 431, 1922;
Astrophysical Journal, 48, 215, 1918; Fowler and Milne, Monthly Notices, R.A.S., 83,
417, 1923; St. John and Adams, M¢. Wilson Contr., No. 279; Astrophysical Journal, 6o,
43, 1924.

5 Rufus, Aldrich, R. H. Curtiss, Popular Astronomy, 32, 22, 218, 228, 471, 547,
1924; R. H. Curtiss, Publications of the Astronomical Society of the Pacific, 38, 148,
1926; Joy, Mt. Wilson Conir., No. 311; Astrophysical Journal, 63, 281, 1926.
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the concordant results from solar rotation, flow near spots, flash
spectra (Table II), differences between the spectra of limb and
center, progression in excitation potentials, and the observed de-
crease in the strength of the general magnetic field with the heights
above the photosphere at which the lines used have their origin.”

TABLE II
CORRELATIONS IN LEVEL

A. Data from Various Sources*

Lines Oblj_“_tgﬁ’;;“m'f Observer F I%\;; OIZISear Height
km /sec. km/sec. km

H;and K; Cat......... +o0.20 | St. John and Ware 1.80 in 12000
Hg hydrogen............ + .11 | Adamsand Evershed | 1.50 in 10000
4226 Ca................ + .06 | Adams 0.06 in 2100
High-level Fe............ -+ o2 Evershed .00 1200
Medium-level Fe......... .00 | Adams and Evershed | .40 out 400
4196 Lat+ . ... ... ...... —o0.03 | Adams 0.75 out Low

B. Simultaneous Observations at High and Low Level}

Lines E{}:ﬁ')t(ggfl Observer Flosvl‘:rxﬁlsear Height

km /sec. km/sec. km
sr72 and 5183 Mg....... 2.03 St. John and Ware 0.36 in 2250
5165 and 5225 Fe........ 1.05 St. John and Ware o.60 out 350
H;and K; Cat...... .. 2.12 St. John and Ware 1.80 in 12000
Weak CN lines.......... 1.87 St. John and Ware | 0.63 out Low

* Adams, Mt Wilson Contr., No. 33; Astrophysical Journal, 29, 110, 1900; and Mt. Wilson Conir.,
No. 43; Astrophysical Journal, 31, 30, 1g10; Mitchell, Astrophysical Journal, 38, 407, 1913; St. John,
Mt Wilson Contr., Nos. 6o, 74, 88; Astrophysical Journal, 37, 322, 1913; 38, 341, 1913; 40, 356, 1014;
Fox, Astrophysical Journal, 57, 234, 1023; Evershed, Monthly Notices R. A. S., 85, 607, 1925.

t Norm.=Linear velocity for lines of medium level.
1 St. John and Ware, Annual Reports of the Mt. Wilson Observatory, 1915, 1918.

At the high level of Ca* the eastward velocity in the equatorial
region is 0.23 km/sec. greater than that shown by the very low-
lying vapors of lanthanum. For that portion of the hydrogen atmos-
phere responsible for the Ha line the period of the sun’s rotation is
24 days, while for the lower reversing layer it is 25.35 days. The
relative linear velocities represent a steady east wind of approxi-

* Hale, Seares, van Maanen, and Ellerman, M. Wilson Contr., No. 148; Astro-
physical Journal, 49, 206, 1918,
122
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GRAVITATIONAL DISPLACEMENT OF LINES 7

mately 400 km an hour in the upper atmosphere. In observations
for solar rotation, we seem forced to the view that the specific
behavior of Fraunhofer lines refers to restricted levels in the sun’s
atmosphere. The measures are relative and between lines of the
same intensity and character. They are therefore free from the
effects of any possible asymmetry. ‘

Around spots, the vapors from below the photosphere, raised by
the spot-forming vortex, flow outward along the solar surface—the
Evershed effect—the outward velocity decreasing with the eleva-
tion and eventually becoming zero. The lowered temperature of the
expanding gases produces the relatively dark umbra. Over the
cooled region the radiation pressure which supports the chromo-
spheric gases is reduced, and they fall* and form a secondary vortex
in the chromosphere in which the flow is inward, the maximum
velocity of inflow occurring at the highest elevation. In the observa-
tion of these velocities we have a method of sounding the solar
atmosphere and of allocating the relative levels of the lines.?

The determination of the absolute heights reached by the gaseous
layers responsible for the Fraunhofer lines has not attained high
precision, but it is sufficient to assure one that the fifth column of
Table I1 represents relative heights, although the actual heights may
be only approximately known. The data in the second, fourth, and
fifth columns, Table II, are most simply interpreted in terms of level,
and, when so interpreted, show the same sequence of levels from
high at the top to low at the bottom of the table.

From the like order in the arrangement of levels shown by solar
rotation, by flow near spots, and by flash spectra, it may confident-
ly be inferred that the heights to which the different constituents
of the sun’s atmosphere rise and the relative levels of origin of the
Fraunhofer lines observed in these particular regions of the sun are
representative of the general solar surface. This inference is rein-
forced by the similar relation between level and the strength of the
general magnetic field for which the observations are made along
the sun’s meridian.

Still other observations show that certain lines originate in low-

1S, R. Pike, Monihly Notices, R.A.S., 87, 56, 1926.

2 St, John, M¢. Wilson Conir., No. 69; Astrophysical Journal, 37, 341, 1913.
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lying layers and others in successive shells of the solar atmosphere.
Thus ionized atoms, such as 7%, give long, lancelike lines in
chromospheric spectra, in strong contrast with the shorter arrow-
headed lines produced by normal atoms, though in the spectrum
of the sun’s disk the lines may be of the same intensity. This differ-
ence of behavior in the chromosphere is direct evidence that the
atmosphere of ionized titanium is more extensive than that of the
normal atom. Moreover, the sharpness of the 7%t lines in the spec-
trum of the disk and the known increase of ionization with decrease
of pressure point to their high-level origin in the layers of maximum
ionization. Plate 16, a reproduction of a small section of an
eclipse spectrogram taken with Campbell’s moving-plate camera in
Spain, 1903, illustrates the characteristic behavior of 7% and 7%+
lines of the same solar intensity for which the red displacements are
respectively +4o.009 and +o.012 A.

In comparisons of the spectra of the center and the limb of the
sun, Adams’ observed that lines of the heavy elements and the broad
shading of the strongly winged lines are greatly weakened and in
some cases are almost obliterated in the spectra of the limb. This
he interpreted as evidence of the low level of their origin, the light
from the low-lying layer being scattered in the longer path at the
limb or, according to the present conception, cut off by its source’s
being below the optical depth.

Again in spectrograms of planetary nebulae made with a slitless
spectrograph, the diameters of the monochromatic images show the
distribution in level of the gaseous shells corresponding to the
bright lines, greatly emphasized, however, in comparison with the
levels of distribution in the sun. One needs only to imagine a shrink-
ing to stellar proportions to have a mental picture of levels in the sun
and other stars. Through the kindness of Dr. W. H. Wright, I am
able to reproduce his spectrograms? of N.G.C. 7662, in Plate Ia.
Similar results for the sun were observed by Paddock? on spectro-
grams taken with an objective-prism telescope located just outside
the edge of the shadow at the eclipse of January 24, 1925. The

t Mt. Wilson Contr., No. 43; Astrophysical Journal, 31, 46, 1910.

2 Publications, Lick Observatory, 13, Plates XLV and XLVI, 1918.

3 Astrophysical Journal, 66, 1, 1927.
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GRAVITATIONAL DISPLACEMENT OF LINES 9

hydrogen arcs show positive correlation between height and inten-
sity. The only arcs of Ba, Fe, Sc, Sr, and T high enough to be ob-
served were from their ionized atoms; and the only Cr arcs were
from atoms in the lowest energy-state.

The heights to which the constituents of the solar atmosphere
rise are mainly determined by their abundance, atomic weight, ioni-
zation potential, and selective radiation-pressure; but for the same
element the levels registered by the different normal lines depend
upon the excitation potential and the probability of the electron
transitions concerned in their production. For an element in a given
state of ionization, the lines of the multiplet of lowest excitation
potential and, within the multiplet, the lines on the diagonal, due
to transitions of greatest probability, represent the highest eleva-
tion above the photosphere. Since atoms in this state of excita-
tion are the most numerous, form the most abundant constituent
of the substances, and contribute most to their radiation or absorp-
tion, their lines will be strong and the level high.

For each element the relation between level and line-intensity
should hold for lines of the same class and spectral region, but lines
of a given solar intensity corresponding to different elements, or
classes, or spectral regions are not necessarily at the same level.

That the level of origin and not the intensity of lines is the con-
trolling factor and determinative of the characteristic differences in
displacement for lines of different solar intensity may be illustrated
by comparing the sun-minus-vacuum displacements for lines of the
same intensity but of different levels, or for lines of different in-
tensities but of the same level, as in Table III.

For the first two pairs—lines of equal intensity—the larger dis-
placement goes with the greater height, while for the last pair—
lines of very unequal intensities but at approximately the same
level—the displacements are equal. For the middle pair—ionized
and normal 77—the difference in level follows directly from Saha’s
theory? according to which high ionization characterizes the lower

1 Observational evidence on the relation of excitation potential appears in Tables
VII and XT1I.

2 St. John, Mt. Wilson Conir., No. 74; Astrophysical Journal, 38, 343, 1913.
3 Philosoplical Magazine, 40, 472 and 8og, 1920.
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pressure at high levels; and here again the lines of higher level show
the greater displacement to the red, though the lines are of like
solar intensity.

Although the classification of lines into groups for discussion is
by line-intensity, it is, in accordance with the preceding discussion,
fundamentally one based on level. Since the heights of individual
lines are not yet exactly determined, and since, within the
foregoing limitations, a close relation exists between level and in
tensity, relative levels, in a first approximation, may be inferred
from the more accurately estimated intensities, or determined from
the Evershed effect near spots, or from the differences in solar ro-

tation.
TABLE III
REDp DISPLACEMENT AND LEVEL IN THE SOLAR ATMOSPHERE
Element No. of Lines Mean A Mean Int. Sun—Vac. Height
km

Tit+......... 2 3772 " II.0 +o.013 A 6000
Fe........... 14 3870 11.0 .010 1100
Tit....... .. 14 4250 4.9 .012 1300
Tioovioin.t. 12 4110 4.2 .009 520
Tit......... 14 42350 4.7 .0I2 1300
Fe.o......... 12 3000 13.6 +4o0.012 1290

6) RADIAL CURRENTS OR THEIR EQUIVALENT

On high-dispersion spectrograms of Sirius, Procyon, and Arc-
turus, taken by Adams and Babcock in 1gog-1910,* the radial
velocities determined from high-level lines give positive residuals
when compared with the results for lines of medium level, while
lines of still lower level show negative residuals.? The results are
shown in Table IV along with comparable data for the sun and seven
other stars.

The residuals in the first line show that the line-of-sight velocity
of Sirius away from the center of the solar system determined by the

* Mt. Wilson Contr., No. 50; Astrophysical Journal, 33, 64, 1911.

2 St. John and Adams, M¢. Wilson Conir., No. 279; Astrophysical Journal, 60, 43,
1924.
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GRAVITATIONAL DISPLACEMENT OF LINES I

Ha line of high-level hydrogen is 2.6 km/sec. greater than that for
lines of medium level, but that, when determined from low-level lines,
it is 0.5 km/sec. smaller. Conversely, the residuals in the fourth line
show that to an observer on Sirius, Procyon, Arcturus, or any other
star, the motion of the sun, measured by the apparent Doppler
displacement of the H; and K; lines of high-level Cat, would be

SIRIIS
BLUE WHITE
7=8800°

' .E

HIGH +12 KH/SEC
NORM 00 - -
‘ LOW=Q5 ~ -
Procron
WHITE

4 . Suv
7 G400 YELLOW

725800

1IGH + 0.7 KM/SEC
Noem 00 - - HIGH + 025 AHfeec
/ Nokm 00 - -

ARCTURUS Low-0/5 - -

RaoiaL VeLocrry
ANDLEVEL IN \
STELLAR ATMOSPHERES
Nowste VELOCITY FBOM MeotumLEveELUNES LeDDwarr

[/ PeD Giunr
Ho
7=3700°
HIGH»0.3KM/5EC 7=3000°

NORM 00 ~ *
Position oF Sun IN EVoLUTIONARY SEQUENCE
FROM
ReEDGienT To FReo Dwarr
F16. 1

0.45 km/sec. greater than that determined from lines of medium
level; but, when measured by the displacement of the low-level
lines of La, it would be o.15 km/sec. smaller, and, for still lower lines,
o.25 km/sec. smaller.

On the assumption that the larger part of the material of a star
is expendable in radiation, a single star might go through almost
every known spectral type, starting as a massive red giant, passing
through wvarious stages to class A or B and along the main se-
quence perhaps as far as class M, using up its active substance on its
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way.® When the first four stars of Table IV are arranged according
to this evolutionary sequence, the magnitude of the effect seems to
be correlated with temperature, being largest at the highest tempera-
ture, and, in the case of the sun, corresponding to the sun’s position
in the sequence (Fig. 1).

In the differential displacements of Table IV, we are concerned
with phenomena that are characteristic of both solar and stellar
atmospheres and independent of relativity effects. The comparison
has been made by forming differences in displacement in the same
spectral region; this eliminates relativity, the small change in the

TABLE IV
CompArRATIVE Rapiar VEevrociTies For HicH- AND Low-LeveL LiNES
Star %{:{gc Sp. | Temp.{Diam{Mass Cat | Ha | H v | High {Med| Low | Very Low

Sirius......... Neutral | A2 8800°] 4 2.5 |...... +2.6]4+2.0]+1.2 | 0.0]—0.5 {...ivrunnnnn
Procyon...... Neutral ] F3{ 6400 | 1.6 | t.7 [......0.....|[..... 0.7 .0
Arcturus...... Neutral | Ko| 3900 | 3 200 {ovvvefenendonnn, .3 .0

Un.......... Neutral | Go{ 5800 | 1 1.0 {+o0.43}.....]..... .25 .ol—o0.15{—0.25(Ce-+)
v Cygni*..... Enh. |....0 ... ol —1.45(Cet)
5 Giants...... Enh., ..ol c e 2= IN-Y DUPUS IR
v Cygni* .. ... Enh. |....0......0 .o oo 37 Y PP
& Cephei min...| Enh, RIS P DIDS S I IS S .9 o] P P
6§Cepheimax ..| Enh. |....|......0..... ... eeeiii el F2.4 000 i,

Scienctsl}gg?\ggg,nggg;y, Mt Wilson Communications, No. oo; Proceedings of the National Academy of
theoretical displacement with levels arising from the change in the
effective radius of the sun being quite insensible. Even for a differ-
ence in level of 10,000 km, it amounts, in the case of the sun, to only
one-seventieth of the total effect.

The progressive decrease of red shift at lower levels finds a
natural explanation in convection currents or their equivalent. It
may fairly be assumed that convection currents are more pronounced
the higher the temperature of the star; and the residuals in Table IT,
interpreted as Fizeau-Doppler effects, are in harmony with such a
view. That Arcturus and other giants having lower temperatures
than the sun show greater convection currents is not opposed to this
view, since giants are of extremely low density as compared with the
dwarf sun, and somewhat more rapid convection is perhaps to be
expected.

* Russell, Dugan, and Stewart, Astronomy, 2, 919, 1927.
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GRAVITATIONAL DISPLACEMENT OF LINES 13

In the case of the sun the assumption of upward currents, in-
creasing in magnitude on nearing the photosphere, appears espe-
cially well founded and apparently justified by the behavior of easily
ionized cerium (Table IV, fourth line), which gives the relatively
large displacement —o.25 km/sec. The element is heavy and may
be expected to occur at a very low level, an expectation confirmed
by the fact that it gives a small value for the solar rotation and has
a high velocity of outflow from spots. The very large negative dis-
placement, —1.45 km/sec., that it shows iny Cygni is also significant.

TABLE V
BEHAVIOR OF EXCEPTIONALLY HicH-LEVEL LINES
(Unit for AA=o0.001 A)

WAVE-LENGTH AN
LINE : ggfé‘é: Eggzgn HeicHT
Sun’s Center| Vac. Obs. Cal. | O-C
km /sec. km /sec. km

Ca+ (K;).| 3033.684 [0.667 { +17 | 8.5 |+8.5 |4+0.63 dn} 100 in | 12000
Cat (H;).| 3968.494 | .476 18] 8.5 9.5 7xdnf | T9
Ha....... 6562.816 | .793 23 | 14 g .41 dn | 1.501in | zoooo
HB....... 4861.344 | .327 17 | 10 7 .43 dn folelele)
Hvy ......| 4340.477 | .466 11| 9 2 .14 dn1 1.00 in 6000
Mg....... 5183.621 | .605 15 | 11 4 .23 dn .
Mg...... 5172.700 | .686 14 | 11 3 .17 dnf 0.36 in 2500
Na (D2)...| 5889.977 | .963 14 | 12 2 .10 dn} .
Na (Dy)...| 5895.044 | .030 14 | 12 2 .10 dnf ©.18 in 2300
Ca....... 4226.742 j0.731 | +11{ 9 |42 |+0.14dn | 0.06 in 2100

Evidence supporting the assumption of radial currents is also
found in the fact that the residual displacements attributed to this
source correspond to radial velocities which, for lines of the same
level, are independent of wave-length. The details for a comparison
of this kind appear in Table XI.

While the displacement of low-level lines to the violet in com-
parison with lines of medium level in the same spectral region finds
a satisfactory interpretation in rising convection currents, the dis-
placement of high-level lines to the red in a similar comparison pre-
sents an interesting question. This has been discussed by St. John
and Babcock,® by Milne,> and more recently by Merfield.? Milne

Mt Wilson Contr., No. 278; Astrophysical Journal, 60, 32, 1924.

2 Monthly Notices, R.A.S., 86, 507, 1926.
3 Read at the Royal Society of Victoria, Melbourne, Australia, 1926.
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14 CHARLES E. ST. JOHN

suggests that an asymmetrical velocity-distribution among the ve-
locities of agitation of the individual atoms would remove the diffi-
culties he sees in the suggestion of St. John and Babcock that an
asymmetry to the red may be due to a more effective absorption by
a cooler downward-moving vapor. “Unfortunately,” he says, “the
‘investigation of the velocity-distribution amongst the high-level
atoms given in this [his] paper shows it to be a symmetrical Max-
wellian one.” He suggests, however, that the clue to the explanation
of the displacement to the red may be in the expulsion of outward-
moving atoms under radiation pressure with a consequent excess of
absorbing centers on the red edge of the lines, though the dynamical
evidence is wanting. Merfield finds on his eclipse plates a widening
of the H and K lines above 8ooo km, and reasons along the lines
of Milne’s suggestion as follows:

The widening of the H and K lines above 8coo km is attrib-
uted to high ionic agitation. After emission, some of the atoms
may possess large outward velocities, and the next absorption
will be from the violet side of the line where the radiation
is stronger than at the center of the line. Successive emis-
sions and absorptions will endow these atoms with an increasing
outward acceleration, and some may escape from the sun. The
velocities of descent are hardly likely to exceed the velocities of
thermal agitation. Atoms with such velocities will be retained in
the sun, whereas the velocities of ascent may reach the velocity of
escape. There are then more atoms absorbing from the red wing
than from the violet. Hence the absorption line will appear displaced
to the red, and this feature should become more prominent with
increasing height. This conclusion is supported by the data in
Table V.

Although the measures on such strong lines, intensity 20 and
above, are not of the high precision attained for lines of intensity 2—4,
they suffice to show that, as a rule, for this class of line, the higher
the level, the greater the downward velocity deduced from the posi-
tive residuals.

It should be repeated that the displacements discussed in this
section are differences at the center of the solar disk between lines
of different levels, in the same spectral region, and hence inde-
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GRAVITATIONAL DISPLACEMENT OF LINES 15

pendent of relativity. The progression in the differences is plausibly
explained as the consequence of ascending and the equivalent of de-
scending currents, but whatever the ultimate explanation of these
characteristic differences for lines of high and low level, it follows as
surely as night follows day that, if the lines of any level give the
predicted gravitational displacement, lines of higher level will show
an excess, and lines of lower level a deficit, the deficit increasing with
lowness of level, and this, it will be seen, is precisely what the ob-
servations indicate.

{OBSERVATIONS OF IRON LINES AT THE CENTER OF THE SUN

The major weight of the conclusions deduced from the present
investigation rests upon 494 iron lines of groups ¢ and b, lines
measurable in the arc with very high accuracy.* The results for
these lines are confirmed by the somewhat less reliable data for 8¢
relatively unstable iron lines of groups c5, ds—Ilines showing marked
pole effect in the arc>—for 18 similar manganese lines? and for 515
closely spaced lines in the 3883 band of cyanogen. The results for
the stable iron lines are further consistently supported by the
data for 6 lines of silicon, 10 exceptionally high-level lines of cal-
cium, sodium, manganese, and hydrogen, and for 402 lines of titanium
measured in the vacuum arc by Brown and by Crew,* a total of
1537 lines.

The comparisons between the sun and arc are between the wave-
lengths of the lines in the sun and the wave-lengths for the source in
vacuum. In the case of iron lines of groups ¢ and b not measured
in the vacuum arc, the wave-lengths in air were reduced to the source
in vacuum by applying the means of the closely agreeing pressure
coefficients per atmosphere found by Gale and Adams® and by
Babcock (unpublished). For groups c¢5 and ds the coefficients are

* Transactions of the International Astronomical Union (Rome, 1922), Commission
(12) des étalons de longeur d’onde.

2St. John and Babcock, Mt. Wilson Contr., No. 106; Astrophysical Journal, 42,
231, 1915.

3 Monk, Astrophysical Journal, 57, 222, 1923.

4Ibid., 56, 53, 1922, and 60, 108, 1924.

s Mt. Wilson Contr., No. §8; Astrophysical Journal, 3s, 10, 1912.
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16 CHARLES E. ST. JOHN

derived from Brown’s’ measures and Babcock’s unpublished data.
For manganese the laboratory data are from Monk’s paper.?

The solar wave-lengths from A 4000 to the red are the means of
the closely agreeing grating measures of St. John and the inter-
ferometer measures of Babcock, corrected for the rotation and
orbital motion of the earth. To the violet of A 4000, they are grating
measures only, based upon simultaneous exposures to the sun and
arc, extending over a series of years, made with the 3o0-foot spectro-
graph and the 6o-foot tower telescope in the earlier period, and with
the 75-foot spectrograph and the 150-foot tower telescope in the
later period. The interferometer measures were in greater part
made with the Snow telescope. Plates II and III show the heads of
the spectrographs and the arrangement of the accessory apparatus.
Plates IV and V are reproductions of grating and interferometer
spectrograms similar to those upon which the wave-length measures
depend.

The results of the measures on iron lines are given in detail in
Table VI under sections A, B, and C, which correspond to the fol-
lowing pressure classes: b—Lines symmetrical under pressure; energy-
level medium; pressure displacement small to medium; an inclusive
and complex class. a—Low-temperature lines, flame lines; sharp
and symmetrical; energy-level low; pressure displacement small.
¢5, d5—High-temperature lines; asymmetrical toward the red; pole-
effect large; energy-level high; pressure displacement large.

The solar and vacuum wave-lengths are given in the first and
second columns, respectively. In the third column are the red dis-
placements, sun ménus vacuum, and in the fourth column, the differ-
ences between these displacements to the red and those calculated
from general relativity. The excitation potentials of lines identified
in multiplets are in the fifth column, the approximate heights? in
the sixth, and the temperature class (King) in the seventh column.

The results are summarized in Table VII. This table includes
in the eighth and ninth columns additional data bearing on the
levels at which the lines originate.

t Astrophysical Journal, 56, 53, 1922.
2 Ibid., 57, 222, 1923.
3 Mitchell, 7bid., 38, 407, 1913.
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GRAVITATIONAL DISPLACEMENT OF LINES 17

TABLE VI

WaAvE-LENGTES AT CENTER OF SUN
MINUS
WAVE-LENGTHS FROM SOURCE IN VACUUM
(Unit for AA=0.001 A)

Section A Iron Lines, Pressure Class b
WAVE-LENGTHS AN
E.P. LEvEL v TEMPERA-
Ku TURE CLASS
Sun’s Center Vac. Obs. O0-C
Violet: Solar Intensity 8-40; Mean 13.6
3608.870. ... 859 +1z + 3 1.007 500 I
3631.476.... 463 13 5 0.954 600 1
3647.852.... 843 9 I .0II 600 I
3709.257. ... 248 9 I .QII 400 II
3734.876. ... 866 10 2 .855 750 II
3749.497.. .. 488 9 I B} 5 S A 1T
3758.247.. .. 234 13 5 .054 600 I
3763.805. ... 780 16 8 0.986 1000 1I
3767.2006. ... 103 13 5 1.007 1000 II
3787.893. ... 883 10 2 1.007 750 IX
3795.014. . .. 003 1z 3 0.986 450 1
3815.853. ... 841 12 4 1.478 goo II
3820.438. ... 427 1T 3 0.855 1200 I1
3825.803. ... 882 i 3 0.91I 1000 II
3827.834. ... 824 10 2 I.551 8oo I
3834.235.... 224 11 3 0.954 | iviiiinn. IT
3840.449. . .. 437 12 4 0.986 1200 IT
3841.060. ... 049 1z 3 1.601 1200 I
3849.979. ... 068 1T 3 1.007 8oo I
3878.029. ... 021 8 o 0.954 1200 I
3902.958. . .. 047 11 3 I.551 goo II
3969.270. ... 259 Iz 3 T1.478 ..ot IT
4045.827. . .. 814 13 5 1.478 1000 II
4063.607. ... 506 1T 3 1.551 000 IT
4071.75I. ... 740 II 2 1.601 9oo 1T
4132.009. ... oo 0 o 1.601 550 I
4143.880. . .. 871 0 o I.551 1000 I
4202.042. ... 031 II 2 1.478 6oo I
4250.799. ... 700 0 o 1.551 700 I
4271.776. ... 764 12 3 1.478 800 II
4325.777. . .. 764 13 4 1.601 9oo 1T
4383.559. ... 548 11 2 1.498 1600 II
4404.763. . .. 753 10 1 I.551 8oo II
4415.137. ... 126 +11 + 2 1.601 500 II
Means.. .{.......... “+11.0 +2.4 I.245 840 ...,
+ o.2
Violet: Solar Intensity 6—7; Mean 6.2
3585.720.... 709 411 + 3 0.911 450 II
3621.468. ... 462 6 — 2 .. 450 Y
3622.010.... 005 + 3 — 3 2.747 400 v
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18 CHARLES E. ST. JOHN

TABLE VI—Contined

WAVE-LENGTHS A\

EP LEVEL IN TEMPERA-
e Km TURE CLASS

Sun’s Center Vac. Obs. 0-C

Violet: Solar Intensity 6—7; Mean 6.2—Continued

3640.395. . .. 390 + 5 -3 2,716 400 v
3651.475. ... 468 7 o 400 IV
3676.323. ... 312 1x + 3 e v
3684.124. ... III 13 + 5 e IV
3687.467.... 458 9 + 1 0.88;5 400 I
3689.470. ... 463 5 — 3 o 400 Iv
3716.452. . .. 447 5 e T P 400 v
3724.387.... 378 9 + oo 400 IIT
3732.408. ... 397 1 + 3 oo 350 III
3743.370.. .. 363 Vi -1 0.986 600 ITA
3753.622.. .. 613 9 4+ 1 2.167 500 I
3765.553. ... 541 12 + 4 | 8oo v
3798.523. ... 513 10 + 2 0.0IT {.......... II
3799.560. . .. 549 11 + 3 0.954 750 II
3805.351.... 344 7 i T P 750 v
3807.546. ... 530 7 -1 2.213 500 I
3865.535. ... 526 0 + 1 1.007 900 II
3872.512.... 504 8 o 0.986 700 I
3887.061. ... o051 10 4+ 1 0.011 600 I
3056.688. ... 6479 9 + 1 2,681 500 IIT
3077.782. ... 743 0 + 1 2.188 700 III
4005.256. . .. 247 o) o 1.551 8oo IT
4067.990. . .. 084 6 -2 | 450 1T
4137.007. ... 002 5 e R DU 500 v
4307.014.. .. 9006 8 -1 I.55T |ououi...., II
4442.351. ... 342 9 o 2.188 350 IIY
4447.730. ... 720 10 + 1 2.213 450 ITT
4494.575. . .. 568 7 - 3 2.1338 400 0T
4602.951. . .. 944 7 -3 1.478 350 I
4678.857. . .. 852 + 35 — 5 oo 400 \%
Means...|.......... + 8.2 0.0 1.6017 520 f...ieien.

Violet: Solar Intensity 5

3587.961.. .. 751 +10 + 2 2.8309 350 IV
3603.211. ... 204 7 1 2,681 300 IV
3623.193.... 187 6 — 2 2,304 400 IV
3625.148. ... 146 2 -6 2.820 500 Iv
3649.512. ... 508 4 — 4 feeiiiiia 400 IV
3650.286. ... 279 Vi -1 2.422 400 v
3650.525. ... 518 7 -1 2.443 |oveiiinn.. IV
3605.057. ... 053 4 — 4 e 400 IV
3707.053. ... 049 4 — 4 2.985 400 IV
3760.057. ... 051 6 i I 500 I
3786.684. ... 677 7 -1 1.007 4350 III
3700.100. .., 093 7 - I 0.986 750 II
3707.524. ... 516 8 < T Y II1
3846.811. ... 803 4+ 8 o T S P IV
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GRAVITATIONAL DISPLACEMENT OF LINES 19

TABLE VI—Continued

WaAVE-LENGTHS AX
EP LEVEL IN TEMPERA-
: Kum TURE CLASS
Sun’s Center Vac. Obs. 0-C
Violet: Solar Intensity s—Continued

3876.053. ... 043 +10 + 2 1.007 500 It
3888.526. ... 516 10 + 2 1.601 500 II
3007.042. . .. 936 6 . i 500 v
3909.839. ... 830 9 + 1 e 300 11
3016.739. . .. 735 4 - T P P 1%
3018.653. . .. 644 9 + 1 e v
3925.653. . .. 646 i e T PP 500 v
3940.892. ... 881 It + 3 0.0954 600 1T
3049.963. . .. 956 7 -1 2.167 500 11X
3951.174. . .. 168 6 — 2 oo 500 IV
3971.334. - .. 325 9 + 1 2.681 400 I
4021.872. . .. 870 2 — 6 foeedeeeei I
4002.451. . .. 445 6 — 2 |l 600 II1
4066.986 . ... 981 5 e N 500 II1
4008.185. . .. 183 2 e 500 IAY
4107.496. . .. 492 4 — 5 oo 450 IIT
4118.557. . .. 549 8 R T IS P v

4123.755. ... 748 7 e [-7<= R I,
4134.687. ... 682 5 el T EE 500 v
4175.645. ... 640 5 e T B 500 JIT
4181.766. ... 758 8 el U F Y PO 11T
4199.107. . .. 098 9 < O I
4282.413. ... 405 8 — I 2.167 700 IIx
4337.057. . .. 049 8 — I 1.551 600 II
4367.502. . .. 580 12 + 3 e 500 v
4466.564. . .. 553 1z +2 oo 500 I
4531.160. ... 152 8 — 2 1.478 400 II

4601.429. ... 414 +13 +5 ... 400 oo

Means...{.......... + 7.1 - 1.3 2.011 400 ...l

Violet: Solar Intensity 4
3586.119.... 112 + 7 : S A 400 IV
3589.113.... 106 7 -1 0.855 350 1
3608.156. ... 148 8 o 2.830 fooiiiiennn v
3630.356. ... 351 5 - 3 2.839 500 v
3632.085. ... 978 7 o SR P 400 v
3637.874. ... 861 13 + 3 2.927 350 v
3643.628. ... 624 4 - 4 2.927 500 v
3045.828. ... 821 7 ek T P 400 v
3647.429. ... 426 3 - 5 I.551 400 v
3669.527. ... 522 5 — 3 e 13"
3677.319. ... 308 1L +3 e 400 IV
3678.870. ... 862 8 0 e IV
3687.661. ... 655 6 — 2 fooiiia.. 400 IIT
3608.610. ... 608 4+ 2 — 6 o eeeioa v
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20 CHARLES E. ST. JOHN
TABLE VI—Continued
WAavE-LENGTHS AN
EP. LE%;IN TEMP(]:?.RA-
Sun’s Center Vac. Obs. 0-C TUGRE CrAss

Violet: Solar Intensity 4—Continued

3702.038. ... 033 + 5 — 3 Jeeeiiiaan. 350 v
3704.470. ... 463 7 — I feeeiieiadennn o, IV
3711.230. ... 225 5 — 3 e, IV
3718.413. ... 407 6 — 2 | 400 IV
3735.330. ... 326 1o + 2 2,027 f.o......... v
3756.043. ... 039 4 — 4 oo 600 v
3760.538. ... 532 6 — 2 oo, III
3774.834. . .. 825 9 + 1 2.213 ..ol v
3704.349. . .. 340 9 S S S PO 500 I
3821.188. ... 180 8 L 500 v
3833.319. ... 311 8 o 2.548 500 v
3843.266. . .. 258 8 = T P v
3850.828. ... 819 0 + 1 0.986 |[.......... 11
3852.581.... 574 7 -1 2.167 |.......... IV
3873.760. . .. 762 7 =T | v
3885.521. ... 5II 10 + 2 | 500 IIT
3801.936. ... 928 8 Lo 600 \
3803.404. ... 394 10 +2 ... 600 v
3906.756. . .. 748 8 o Y )
3909.670. . .. 664 6 — 2 3.269 500 v
3910.831. ... 846 5 S S 500 IV
3013.630. ... 634 5 - 3 2.260 {.......... oI
3918.326. ... 319 7 S R e
3018.426. ... 418 8 o I v
3925.050. ... 044 6 —2 | 600 Iv
3047.540. ... 533 7 -1 2.819 |.......... v
3048.787. . .. 778 9 S i S PO (R Iv
3052.617. ... 6os i2 +4 e 600 IV
3056.465. . .. 459 6 — 2 |, v
3081.977.... 774 3 — 5 2.716 |.......... 111
3983.973. . .. 961 12 + 4 24 { T D 10T
3904.121. ... 117 4 Sy S P v
3907.403. ... 394 9 + 1z 2.716 600 II1
3908.060. ... 056 4 — 4 2.681 500 III
4017.161. ... 155 6 — 3  Jeeeeiaa.. 400 I
4070.779. . .. 792 7 — 2 Lo 11T
4076.639. . .. 636 3 -6 | 400 v
4078.368. . .. 362 6 — 3 e e v
4085.015. . .. o1I1 4 -5 ool 500 v
4085.319. . .. 312 v - 2 2.747 |oooi... v
4100.749. . .. 744 5 — 4 0.855 |.......... ITA
4114.453. ... 449 4 -5 deooo.. 450 IAY
4120.215. ... 211 4 -5 oo 400 v
4126.103. ... 138 5 —~ 4 e 400 v
4127.615. ... 612 3 -6 ... 550 v
4132.910.... 004 6 - 3 1.601 500 IIT
4154.507. ... 503 4 -5 fo...... 500 II1
4170.914. ... gos 9 L I Y v
4184.g02. ... 895 + 7 -2 oo 500 II1
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TABLE VI—Continued

WAVE-LENGTES AN
EP LEVEL IN TEMPERA-
e KM TURE CLASS
Sun’s Center Vac. QObs. 0-C
Violet: Solar Intensity 4—Continued
4245.266. . .. 260 + 6 — 3 e 500 IIx
4352.745. . .. 737 8 — I 2.213 500 III
4369.781. . .. 773 8 — I feeiieiiaen 500 IIx
4592.601. ... 655 6 - 4 1.551 350 I
4630.130. ... 125 5 - 5 2.209 300 fiieiinnenn
4632.927.. .. 915 12 + 2 1.601 400 1T
4638.019. . .. oI5 4 -6 ... 350 IV
4643.472. . .. 466 6 el T P Y PN
4745.809. . .. 803 6 e T PP 350 A%
4772.824. . .. 815 g — 1 1.551 350 II1
§070.232. ... 225 7 - 4 2,188 500 v
5328.544. ... 532 12 + 1 1.551 500 IT
570I1.550. . .. 549 10 - 2 2.548 500 ar
Means...|.......... + 6.8 — 1.9 2.204 460 |,
Violet: Solar Intensity 3
3587.432.... 423 + 9 o T PP 350 v
3599.632. . .. 623 v e U PP 350 IV
3617.322.... 316 6 — 2 fiiiiiaan. 400 IV
3632.561.... 557 4 el N 400 v
3638.305. ... 208 v - I 2.747 350 v
3655.473. . .. 464 9 + 1 | 400 v
3687.103. . .. 099 4 — 4 e v
3711.413. ... 408 5 — 3 e, v
3715.017.... 013 4 — 4 Jeeiiiinn. 400 v
3725.500. . .. 496 4 el N DU 400 ...
3727.1I00. ... 096 4 — 4 2.927 400 v
3730.304. . .. 386 8 0 leeeiiiiin. 350 Iv
3730.952.... 943 v/ e T PP 350 IV
3731.383.... 374 e} o U 350 v
3738.314.... 307 7 i U PN 500 v
3742.625.... 621 4 — 4 2.927 300 Iv
3756.074. ... obg 5 -3 |l 300 IVA
3768.036. ... 030 6 — 2 V0 & S DU v
3773.70L.... 691 10 + 2  foo.oiaa. 500 IV
3776.463. ... 456 7 e T P 500 v
3777.458. ... 448 10 4+ 2 foooaao 500 v
3778.705. . .. 697 8 o 2,188 oot
3781.103. . .. 187 6 el N T P IV
3785.954. ... 948 6 — 2 eeereeie e IV
3780.186.... 178 8 0 deveiviiidiiiiii v
3792.160.... 156 4 el N PUNU PP v
3801.685. ... 680 5 -3 e 450 v
3804.016. ... o12 4 el T P 600 f......ennn
3808.%36. ... 731 + 5 - 3 2.548 |........ v
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22 CHARLES E. ST. JOHN
TABLE VI—Continued
WavE-LENGTHS AN
EP LEVEL v TEMPERA-
i RKum TURE CLASS
Sun’s Center Vac. Obs. 0o-C
Violet: Solar Intensity 3—Continued
3810.702. . .. 758 + 4 — 4 e Iv
3816.347.... 340 vi — I 2.188 400 Iv
3836.339. . .. 332 7 Sl SURE IRV PO v
3839.265. ... 258 7 e T 500 v
3859.225.. .. 214 1T + 3 e III
3861.346. ... 341 5 e T PR P v
3867.226. ... 219 G Edir S PR I Iv
3800.851. ... 844 i el T P 8oo v
3897.002. . .. 896 6 =2 oo, v
3937.330. . .. 330 9 + 1 e v
3042.450. . .. 443 7 e T R F v
3943.350. . .. 342 8 o 2.188 |.......... v
3044.900. . .. 892 8 o T T P, v
3045.120. ... 119 10 Y v
3955.965. . .. 058 7 et T U P, v
3961.151. ... 147 4 — 4 2.846 ... o ]oeea,
3064.528. . .. 520 8 < T A D \
3966.075. . .. 066 ) + 1 1.601 |.......... II1
3085.398. ... 393 5 -3 e 400 IV
3086.182. ... 176 6 ~2 | 500 v
3089.867. . .. 839 8 o 2.260 J.......... \%
3005.992. . .. 087 5 -3 e IV
4001.672. ... 666 6 — 2 2.167 500 111
4003.773. ... 766 7 Eaadi S PO P \
4006.635. . .. 631 4 — 4 oo, 500 IV
4007.281. ... 279 4 — 4 2.747 600 v
4000.719. ... 715 4 — 4 2.213 fooo.on.... I
4044.619. . .. 614 5 — 4 feeeiii.. 500 IV
4067.282. ... 274 8 i S PP P 1T
4074.797 . .. 792 5 -4 e 500 I\Y
4079.848. . .. 846 2 el A P 500 v
4005.983. . .. 975 8 i S PR 500 IV
4121.812. . .. 8oy 5 — 4 e 300 IV
4122.525. ... 520 5 e T PR 500 v
4125.888. ... 884 4 — 5 feeaii.. 300 Jooi.iioa..
4156.812. ... 803 9 o oo 500 111
4182.380. ... 384 5 i S P 450 v
4207.135.... 130 5 el N P 400 v
4208.612. ... 606 6 el I 350 \4
4213.655. . .. 650 5 — 4 ool 500 IV
4220.349. ... 344 5 el S DU 450 IV
4206.971.... 968 3 e S T 400 IV
4285.453. . .. 446 7 — 2 oo oo, vV
4408.427. . .. 418 9 L T P 450 IIT?
4422.578. ... 570 8 bl SR PRI P 111
4430.624. . .. 617 7 — 2 | 450 I
4443.203. ... 105 8 S S Y 111
4454.390. . .. 383 7 i I 500 T
4517.537. ... 530 + 7 -3 3.943 350 feieiianes
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GRAVITATIONAL DISPLACEMENT OF LINES 23

TABLE VI—Continued

‘WAVE-LENGTHS AN
EP. LEVEL mv TEMPERA-~
Ku TURE CLASS
Sun’s Center Vac. Obs. 0~C
Violet: Solar Intensity 3—Continued

4547.856. ... 850 4+ 6 — 4 e 400 A"
460z2.011. ... 003§ 6 4 1.601 350 foieiiiin..
4610.209. . .. 203 6 4 e 350 v
4683.570. ... 564 6 4 e 300 loo.ooooll.
4710.202. . .. 285 7 [ S PO 350 v
4735.852. . .. 846 6 4 e 250 |l
4741.538. ... 531 7 K S P 300 \Y%
4788.760. . .. 757 o} £ SR I 300 ...,
4789.660. . .. 653 i - S P 400 v
4839.554. ... 540 5 S feeeeennnnn 300 |ooiiiaean.
4924.779. . . . 773 6 4 2.269 350 \
5098.700. . .. 701 8 3 2,167 400 v
5108.718. ... 710 8 3 2.253 f.......... v
5216.285. ... 246 9 2 1.601 350 II
5250.656. ... 648 8 3 2.188 400 v
5307.371. ... 363 + 8 -3 1.601 350 IIre

Means...}.......... 4+ 6.5 — 2.2 2.334 420 ...

Violet: Solar Intensity 2

3637.001.... 004 + 7 el SURN VY IR v
3669.156....] 150 6 — 2 oo v
3674.974. . .. 7635 9 + 1 e v
3703.830. ... 824 6 — 2 i v
3722.030. ... 026 4 e S I S PP
3728.673. ... 668 5 el I P IR v
3757.460. ... 458 2 el T P I IV
3778.517. ... 5I1 6 - 2 2.985 |...o.oion. v
3781.940. ... 038 2 — 6 |
3782.455. ... 450 5 el T PO S v
3790.761. ... 756 5 — 3 2.167 |.......... IVA
37091.511.... 504 v — I e
3703.487. ... 481 6 — 2 3.025 |eviiiiiiiidieiiiiinn,
3703.878. ... 872 6 — 2 e v
3802.287. . .. 282 5 — 3 e
3811.8¢6. ... 892 4 el T PP P v
3813.642.. .. 638 4 e T P P v
3825.410. ... 404 6 — 2 e
3827.582. ... 572 10 + o2 e v
3830.766. ... 758 8 o 2.507 levoiino.. v
3837.143. ... 133 1o + 2 2.507 feeieiinnns v
3846.419. ... 412 7 ek T P P v
3871.760. ... 750 10 + 2 e IV
3935.828. ... 815 13 + 5 e I
3907.433. . .. 423 10 + o e v
3070.401. ... 301 +10 N T P P v
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24 CHARLES E. ST. JOHN
TABLE VI—Continued
WAvVE-LENGTHS AN
EP LEVEL IN TEMPERA-
il Ku TURE CLASS
Sun’s Center Vac. Obs. 0-C
Violet: Solar Intensity 2—Continued

3076.870. ... 863 + 3 e S O L
3990.381. . .. 379 2 — 6 | v
39006.973. ... 968 35 el T P 500 v
4000.468. ... 464 4 — 4 i vV
4000.319. . .. 314 5 -3 e, 500 Iv
4173.325. ... 320 5 et N P N, v
4205.546. . .. 543 3 — 6 |,
4225.964. . .. 956 8 S S (AP P v
4220.433. . .. 426 i e T PO v
4229.522. ... 516 6 — 3 e
4242.736. ... 730 6 e S I A N
4246.004. . .. 0ogo 4 — 5 | 400 \%
4248.233. ... 228 5 ey S AP I v
4258.621. ... 614 i e P Y
4265.268. . .. 260 8 i T FT Y I PP
4268.758. ... 747 11 + 2 e, Iv
4302.197. ... 190 7 — 2 oo
4300.040. . . . 035 5 Sl S O T P
4321.800. ... 708 2 el AN P PO PPN T
4343.707. . .. 700 7 — 2 oo 400  f....iae.n
4346.563. ... 557 6 S S P Y D
4348.949. . .. 042 7 Sl R T N PN
4351.556. ... 548 8 — 1 |, v
4358.514. ... 503 9 Lo T N P v
4367.914. ... gob 8 -1 1.601 f.......... T A
4373.570.. .. 563 7 - 2 2.548 400 ...,
4387.901. ... 895 6 — 3 e Iv
4447.139. . .. 133 6 et TR IS v
4490.780. . .. 773 7 - 3 3.026 |......o i,
4547.027. ... 022 5 - 35 I.55T feevevennni]oennnnnns
4549.476. . .. 4470 6 St S N s
4574.730. . .. 724 6 — 4 2,269 350 |oeiiiii...
4587.139.. .. 132 g — 3 oo, 350 {....oi....
4595.367. ... 363 4 -6 | 350 foe.iee...
4506.071. ... 0063 8 — 2 |l 350 f.........
4635.857. ... 848 o} S S 300 ...
4687.306. ... 389 7 — 3 e, 300 ...
4721.002. ... 097 5 — 5 feeieiia.. 300 ...,
4757.587.... 580 7 — 3 e, 300 oo
477%.714. . .. 702 12 + 2 2.188 ..o
4786.816. . .. 810 6 iy S PV Ive
4800.655. ... 651 4 -6 |0 300 |,
4802.888. ... 883 5 S S O O
4838.523.... 517 6 — 4 3.402 350 .o.o........
5131.478.... 473 5 — 6 2.213 350 ...
5242.50I. ... 494 7 — 4 | 250 v
5320.908. ... 003 + 3 — 6 |

Means...|.......... + 6.3 — 2.6 2.429 350 |..........

N
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TABLE VI—Continued
WAVE-LENGTHS AN
EP. LE\ES}; ™ TEMPERA-
Sun’s Center Vac. Obs. 0-C TuRE CLass
Violet: Solar Intensity 1

3709.539. . .. 534 + 3 S R AN DS
3751.826. ... 820 6 — 2 e
3775.862. ... 857 5 S T I B
3782.615. ... 612 3 S S e A O
3785.700. . .. 706 3 S S O P
3789.579. ... 572 i Sl SR PO P P
3790.659. - 656 3 S-S O I
3795.540. . .. 532 8 Lo R N o
3808.288. ... 284 4 el SR DU D

3824.084. . .. or7 7 — I 2.577 oot v
3845.702. ... 604 8 o I Y
3031.13I.... 124 Vi -1 3.252 ..o,

3032.639. . .. 631 8 o 2.458 ... ... v
3932.917.... 917 o —8 e

3967.977. ... 004 13 + 5 o v

3973.658. . .. 655 3 — 6 e Vv
4004.838. . .. 833 5 — 4 e
4200.386. . .. 382 4 — 5 eeieiiiiide i en e,
42g60.882. ... 870 12 + 3 2819 f..... e,
4338.273. ... 264 o) o 2.367 foeoeiiiiifeiiiii..
4432.577. . .. 572 5 Sl S (VS PP P

4439.801. . .. 884 7 — 2 2.260 [.......... v
4450.325. . .. 321 4 — 6 2.260 |....oooiifoiiia,
4456.335. ... 331 4 — 6 |

4479.613. . .. 609 4 — 6 3.6071 |.......... v

4480.147%. . .. 142 3 - T PP D v
4514.195. ... 189 6 — 4 feeeniiiiceii e e
4523.408. ... 403 5 S S B O PO
4526.570. ... 563 Vi — 3  Jeevieviiideenennande e
4552.556. ... 547 9 S S O O
43558.115. ... 108 7 S S O R
4566.526. . .. 520 6 e S I S D
4600.941. ... 937 4 — 6 |
4661.541. ... 537 4 — 6 e
4661.981. .. 975 6 — 4 e
4680.308. ... 208 10 o £ Q7o SN DY I
4689.503. ... 495 8 St J I PR P
4701.057. ... 050 7 — 3 e
4734.107. ... 100 7 =3 e
4737.637. ... 633 4 S T P R
4740.347. . .. 343 4 — 60 e
4779.447. . .. 439 + 8 e U R P
Means...|.......... + 5.9 — 3.1 2.565 | i,

Red: Solar Intensity 5-8; Mean 6
6065.499. . .. 488 +i1r - 2 2.507 400 111
6136.631. ... 610 +12 -1 2.433 400 I
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26 CHARLES E. ST. JOHN
TABLE VI—Continued
WAVE-LENGTHS AN
E.P LEVEL Iv TEMPERA-
e Ku TURE CLASS
Sun’s Center Vac. Obs. 0-C
Red: Solar Intensity 5-8; Mean 6—Continued

6137.709. ... 608 411 -2 2.577 400 III
6157.730. ... 727 12 S R PO \%
6173.348. ... 338 10 3 2.213 |oovinn.... II1
6191.577. ... 564 13 o 2.422 300 IT
6200.327. ... 318 9 4 2.507 Jooooia... v
6213.443. . .. 434 0 4 2.2T3 ..o, 111
6215.157. ... 147 10 K S P I
6219.204. . .. 285 9 4 2.188 |.......... III
6230.742. . .. 730 12 1 2.548 |.......... IIT
6252.572. ... 562 10 3 2.304 f.o......... IT1
6265.148. ... 140 8 5 2.167 |.......... III
6207.808. . .. 798 10 3 2.213 f....ooo.... 111
6318.036. ... 024 12 I 2.443 .o, III
6335.345. - - . 337 8 5 2.188 |.......... I
6358.695. ... 681 14 o 0.855 |.......... IA
6303.620. ... 607 13 I 2.422 |.......... IIT
6421.367. ... 357 10 4 2,260 ... 111
6430.863. ... 854 ) 5 2.167 |.......... II1
6495.001. . .. 088 13 1 2.394 ... II
6502.934. . .. 923 11 2 2.716 | ... I
6678.007. ... 997 +10 — 4 2.681 |.......... 111

Means.. .|.......... +10.7 — 2.6 2.319 375 oot

Red: Solar Intensity 2—4; Mean 3.2

5956.709. . .. 698 +11 - 2 0.855 |..... oo,
5075.356. ... 349 i — 6 4.520 ..o, )
6o27.064.. .. 055 9 Sl N (O N A%
6127.918. ... 9oy Iz Sl P PO P
6137.009. ... 995 14 + 1 2,388 ...
6165.360. ... 361 8 ~ 5 e
6240.659. ... 651 8 — 5 2.213 feveiieniidiiinin.
6270.237. ... 229 3 -5 2.846 ...
6280.628. ... 619 ) — 4 0.85 |.......... IA
6315.323. . .. 300 14 e S O P
6322.701. . .. 690 11 — 2 2.577 oo, I
6344.162. ... 155 7 -7 2.422 |.......... 111
6355.043. . . . 034 9 - 5 2.833 {.......... III
6380.756. ... 748 3 — 6 e, \%
6475.640. . .. 633 7 -7 2.548 {.......... Iv
6518.384. ... 377 i -7 2819 ..o,
6609.120. ... 120 6 —8 | Iv
6663.470. . .. 452 18 + 4 oo 1Y
6750.173.. .. 160 413 el T T v

Means.. .}....o..... + 9.7 - 3.7 2.426 |......oo i,
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TABLE VI—Continued

Section B Iron Lines, Pressure Class @
WAVE-LENGTHS AN
EP Lever iv. | TEMPERA-
: Ku TURE CLASS
Sun’s Center Vac. Obs. 0-C
Solar Intensity 8-40; Mean 13.7
3670.924. . .. 014 +10 + 2 0.000 500 ITA
3705.578. ... 567 i1 3 .O5I 750 I
3710.949. . .. 937 12 4 .000 1500 I
3737.143. . .. 132 1T 3 .051 1500 I
3745.576. . .. 562 14 6 .087 1500 I
3748.273. ... 263 10 2 .110 750 TA
3856.383. ... 372 11 3 .05 1200 ITA
3859.024.. .. 914 10 2 .000 1800 I
3886.206. ... 284 12 4 .051 1600 I
3800.721.. .. 710 11 3 .087 1000 I
3006.402. . .. 483 9 1 .1I10 750 I
3020.271. ... 260 11 3 L121 1000 I
3022.025. ... 913 12 4 .051I 1200 I
3027.935.. .. 922 13 4 .110 1000 I
3030.3I0. ... 298 +12 + 4 0.087 1000 I
Means...}.......... +11.3 + 3.2 0.064 b5 7 TN RN

Solar Intensity 4~7; Mean 5

3649.308. ... 304 + 4 — 4 0.000 400 1A
3733.332. ... 319 13 + 5 B & (o JNE PUPR IA
3745.912. . .. go1 I + 3 N -5 S PO TA
3878.582. ... 573 9 + 1 087 b, I
3805.669. . .. 659 10 + 2 .II0 1200 I
4172.%764. . .. 740 15 + 6 054 600 ITA
4174.019. . .. 014 5 — 4 .Q1I 500 ITA
4375.946. . .. 932 14 + 3 000 500 I
4427.319. ... 312 7 - 2 .051 6oo I
4461.662. . .. 654 8 -1 .087 500 I
4480.750. ... 742 8 -1 0.121 400 IA
4733-599. . .. 504 5 -5 1.478 400 1
50I2.077.... o072 5 — 6 0.855 500 I
5083.347.... 342 5 — 6 .054 400 I
5107.459. . .. 452 Vi — 4 0.986 500 I
5107.653. ... 645 8 - 3 1.551 500 IT
5150.854. ... 843 11 o 0.986 400 I
5171.612. ... 500 13 + 2 1.478 600 IT
5104.9SI. ... 943 8 - 3 I.551 400 I
5332.9I0. ... go2 8 - 3 I.551 350 I
5371.503.... 492 1I o 0.954 500 I
5307.143.... 130 i3 + 2 Q11 800 I
5405.787. ... 779 10 -1 .986 600 I
5420.708. ... 699 9 - 3 0.054 600 I
5434.536. ... 524 12 + 1 1.007 500 I
5446.926. . .. 917 + 9 - 2 0.986 500 I
143
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28 CHARLES E. ST. JOHN
TABLE VI—Continued
WAVE-LENGTHS AN
EP LEVEL IN TEMPERA-
bl Ku TURE CLASS
Sun’s Center Vac. Obs. 0-C

Solar Intensity 4-7; Mean 5—Continued

5455.626. . .. 612 +14 + 2 1.007 500 I
5497.528. ... 519 9 -3 1.007 500 I
550I1.479.... 467 12 o 0.954 400 I
5506.703. ... 781 12 o) 0.986 400 I
Means...jf...vvunn.. -+ 9.6 — o.¥ 0.834 516 |i.........

Solar Intensity 1—3; Mean 2.6

4173.935. . .. 927 + 8 -z 0.98 {.......... ITA
4206.704. ... 698 6 3 031 400 IA
4216.193. . .. 187 6 3 000 400 I
4258.326. ... 320 6 3 087 400 IA
4201.475. . .. 467 8 I O5T Jovevevnn.. IA
4348.949. ... 042 7 2 feeoao 500 |..........
4389.2560. ... 248 8 T .0§51 400 ITA
4435.158. ... 151 i 2 087 |, ITA
4939.605. . .. 689 6 5 8ss 350 1
4004.139. . .. 133 6 5 0.911 500 I
5123.732.... 725 7 4 1.007 400 I
5127.370.... 363 7 4 0.911 300 I
5142.938.... 932 6 5 0.954 400 * I
5I5I.QIQ. ... 014 + 5 — 6 1.00% 400 I
Means.. .[.......... + 6.6 — 3.2 0.533 404 Jeeiiiiennn
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TABLE VI—Continued

Section C Iron Lines, Pressure Class ¢z, ds
WAVE-LENGTHS AN
EP LEvVEL IN TeEMPERA-
- Ku TURE CrLass
Sun’s Center Vac. Obs. o-—-C
Solar Intensity 6-10; Mean 6.9
4187.049. . .. 043 + 6 -3 2.439 600 III
4191.439. . .. 435 4 -5 2.548 550 I
4233.613. ... 607 6 - 3 2.471 400 II1
4235.095T. ... 042 o} o 2.415 650 I1T
4250.132. ... 124 8 -1 2.458 700 11T
4260.488. ... 479 9 o 2.38¢ 500 III
4271.166. . .. 158 8 -1 2.439 8oo IIT
4736.783.. .. 777 6 — 4 3.197 400 I1?
4890.765. . .. 760 5 - 3 2.863 600 11T
4891.504. . .. 496 8 - 2 2.839 600 11T
4919.000. . .. 902 8 — 3 2.853 400 1T
4920.516. ... 507 o} - I 2.820 500 17T
4957.612. . .. 508 14 + 3 2.796 500 111
5232.054. . .. 942 12 + 1 2.927 400 111
5266.565. . .. 536 ) -2 2.983 350 Iv
5283.031. ... 621 1o — 1 3.227 350 v
5324.103.... 181 12 + 1 3.107 400 Iv
5339.939. . .. 032 7 - 4 3.252 250 N
55609.633. ... 620 13 + 1 3.402 500 v
5586.773. . .. 757 16 + 4 3.354 750 IV
5615.664. .. 645 +19 + 7 3.318 500 v
Means.. .f.......... + 0.4 — 0.9 2.862 5I0  fiiiiiiinnn
Solar Intensity 2-5; Mean 3.8
3667.262. ... 261 +4+ 1 e A PP 500 IV
3739.531. ... 523 8 o T T v
3855.853. ... 844 0 + 1 e
3020.845. ... 835 10 + 2 e e
3048.111. ... 103 8 o ... 6oo |..........
3963.117. ... 106 i1 F 3 e A%
4024.934. ... 732 2 — 7 e A%
4063.290. ... 284 6 — 3 3.354 |oveeinieiifiiniiainnn
4084.503. . .. 497 6 - 3 3.318 400 v
4136.530. ... 510 20 e ¥ S I, 500 {..........
4154.815. ... 810 5 — 4 feeeiian. 500 v
4157.790. . .. 784 3 -6 f........l. 400 v
4105.342. ... 335 v i EE T A Iv
4196.216. . .. 216 o el N P I v
4222.223.. .. 216 7 — 2 2.439 500 II1
4225.463. ... 457 6 — 3 e v
4227.442. . .. 433 9 S R III
4238.031.... 023 8 —~ I oo, 500 v
4238.818. ... 814 4 - PV DN v
4247.434. . .. 431 3 -6 |, 400 I1I
4200.252. . .. 230 +13 + 4 2.415 | 1IL

-
o+
w
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30 CHARLES E. ST. JOHN
TABLE VI—Continued
WAaVE-LENGTES AX
E.P. LEvEL IN TEMPERA-
Ku TURE Crass
Sun’s Center Vac. Obs. 0-C :
Solar Intensity 2-5; Mean 3.8—Continued
4388.416. ... 408 + 8 = I e, 400 IV
4401.300. . .. 289 1T + 2 3.587 ..o oo,
4446.845. . .. 836 0 o 3.671 350t
4469.385. . .. 380 5 — 5 oo 400 v
4484.229. . .. 225 4 -6 3.587 350 IV
4525.148. ... 143 5 o T v
4531.634. . .. 629 5 o 3.912 350 f..o.o.......
4508.127. ... 119 8 — 2 3.2060 300 |l
4607.655. . .. 653 2 - 8 3.252 350 \4
4613.215. . .. 207 8 — 2 3.278 | ... \%
4625.054. . .. o351 3 -y 3.227 350 v
4637.512. ... 507 5 — 5 3.260 350 v
4707.287. ... 278 9 o 3.227 | ..., v
4850.749. . .. 745 4 — 6 2.863 350 111
4882.150. ... 147 3 -y 3.402 350 ...l
4938.822.. .. 816 6 - 4 2.863 350 v
4946.397. . .. 390 7 -4 3.354 350 Iv
4950.113. ... 109 4 -7 3.402 350 f..........
4957.300. . .. 300 0 -1 2.830 f.......... 111
4066.007. . .. 002 5 — 5 3.318 350 Vv
4082.509. . .. 504 5 -6 | 300 ...,
4983.861. ... 8352 0 -2 ... 300 \%
4085.2061. ... 257 4 -7l 350 \Y
5001.872. ... 867 5 -6 ... 400 A%
5014.95I.... 045 6 -5 i 350 A%
§022.243.. .. 239 4 A D 350 \%
§027.I3I.... 131 o et S I 350 \Y
5068.773. . .. 770 3 -8 ... 500 A%
5137.395. . .. 383 12 + 1 fo.. 350 \4
5130.203. . .. 256 7 -4 o, 350 IV
5130.475.... 464 iI Lo S 500 v
5101.467. . .. 455 12 + 1 | 500 v
5102.355.. .. 345 (o) -1 2.985 500 v
5215.1Q00. ... 180 10 -1 3.252 300 Iv
5217.308. . .. 390 8 - 3 3.197 300 \Y%
5229.862. ... 852 10 -1 3.269 400 \Y
5263.316. ... 300 7 - 4 3.252 350 A%
5281.800. ... 793 7 - 4 3.025 350 v
5302.300. . .. 301 8 - 3 3.269 350 \%
5466.407. . .. 399 8 -4 e, 300 ...,
5473.912. ... 903 9 - 3 4.136 450  f.....i.a..
5476.578. ... 566 12 o 4.086 |.......... v
§576.101. ... 0go i1 -1 3.415 500 v
5624.559. ... 542 17 + 5 3.402 400 v
5638.274.. .. 262 12 o 4.202 350 A%
5753.135.. .. 128 7 5  feeeonioin. 400 A%
5775.00T. . .. 082 + 9 - 3 4.202 f..eiiiiiieiiiiiia.,
Means.. .|.......... + 7.2 — 2.8 3.322 300 ...,
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OBSERVATIONS OF IRON LINES AT THE SUN’S EDGE

The advantage of observations at the limb is the elimination of
Doppler shifts produced by radial currents in the sun’s atmosphere.
At the center of the image the full force of radial currents is effective,
while at a distance from the center of 98.5-99 per cent of the radius,
where the limb observations were made, the effect of ascending and
descending currents is inappreciable. Such measures, on the other

TABLE VII

SummarY OF DATA ForR IroN Lines 1n TaBLE VI
) (Unit for AA=o0.001 A)

AN
No. SoLAR
MEeA E . E L
Cuss | or | R oc veroe, | EP | “Emeer |mv K| INIEN-
Obs.
km /sec. : km /sec.

b, Violet..| 34 | 3043 |+11.0 |[4+2.7 [+o.21 dn| 1.245 | 0.03 out | 840 | 13.6
33 | 3017 8.2 o.o .00 1.617 .45 out | 520 | 6.2

42 | 3974 7.1 {—1.3 |— .10 Up| 2.011 .57 out | 490 5

76 | 4026 6.8 {—1.7 |— .13 up| 2.204 .63 out | 460 { 4

95 | 4106 6.5 |—2.2 {— .16 up | 2.257 .6g out | 420} 3

73 | 4219 6.3 |—2.6|— .19gup| 2.429| .75 0ut | zs0} 2

42 | 4269 5.9 |—3.1 .22 up | 2.56;5 .84 out | Low| 1

b,Red...} 23| 6205} 10.7|—2.6|— .12 up}| 2.319| .62 0ut {375 | 6

19 | 6311 9.7 |—3.7 {— .18 up | 2.426 .76 out | 325 | 3
N 15 { 3830 | 11.3 |{+3.2 |+ .25dn] o0.064| .o5in {1140 | 13.7

31 | 4836 0.6 |—o0.7 |— .04 up | 0.834 .41 out | 515 5
14 | 4629 6.6 |—3.2 [— .21 up | 0.533 .66 out | g00 | 2.6
¢5,d5....1 21 | 48065 0.4 |—o0.9 |— .06 up | 2.862 .33 out | sio| 6.9
68 | 4728 |+ 7.2 |—2.8 |—0.18 up | 3.322 | 0.58 out | 300 | 3.8

hand, are subject to some uncertainty because of a possible limb
effect. The spectral lines for this region present a different appear-
ance from those observed at the sun’s center, which might lead to the
expectation of some influence on the wave-lengths. As will be seen
later, the mean differential effect between limb and center which
can be attributed to this cause is very small for the lines measured.

The solar rotation does not enter as a disturbing factor because
the tabulated displacements are the means for points in the same
heliographic latitude at opposite limbs. The effect of solar rotation
is therefore completely eliminated. The influence of random hori-
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TABLE VIII

Wave-LEneTHS AT EDGE OF SUN
MAINUS
WAVE-LENGTHS OF SOURCE IN VACUUM

(Unit for AA=o0.001 A)
Iron Lines of Pressure Classes ¢ and b

Wave-LENGTHS AN
Crass
Sun’s Edge Vacuum Obs. 0—-C
Solar Intensity 8-25; Mean 11.9
3787.803....... 883 ~+10 - 2 b
3795.014....... 004 10 2 b
3815.852....... 841 11 3 b
3820.438....... 429 0 1 b
3825.804....... 883 1r 2 b
3827.833....... 824 9 1 b
3834.235....... 224 1I 3 b
3840.448....... 437 1 3 b
3841.060....... 049 11 3 b
3849.979....... 969 10 2 b
3856.384....... 372 12 3 a
3850.023....... 014 0 o a
3878.031....... 021 10 2 b
3886.296....... 284 12 4 a
3809.721....... 710 11 2 a
3002.956....... 047 ) I b
3006.495....... 483 +12 + 4 a
Means.....|.......... “+10.4 + 2.2 ..o
Solar Intensity 5-7; Mean 5.8
3790.105....... 095 +10 + 2 b
3797.524....... 517 i -1 b
3798.524....... 513 iz + 3 b
3709.560....... 549 1 + 3 b
3805.355....... 345 10 + 2 b
3807.549....... 540 9 + b
3824.455....... 444 II + 3 o
3846.811....... 804 7 -1 b
3865.535....... 526 0 + 1 b
3872.513....... 504 9 + 1 b
3876.056....... 044 12 + 4 b
3887.061....... 051 1o + 2 b
3888.527....... 517 10 + 2 b
3805.669....... 650 10 + 2 a
5049.837....... 823 12 4+ x @
5IT0.423....... 413 10 -1 a
5171.610....... 599 II o a
5227.204....... 190 14 + 3 a
5371.508....... 492 +16 + 5 a
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TABLE VIII—Continued

WavE-LENGTHS A
Crass
Sun’s Edge Vacuum Obs. 0-C
Solar Intensity 5-7; Mean 5.8—Continued
§307.148....... 130 +18 + 7 a
5405.794. . ... .. 777 17 + 6 e
5429.7I3....... 699 14 + 4 a
5434.543- .- .- 524 19 + 9 ¢
5446.93%....... 917 14 + 3 a
5497534 - - 519 15 + 3 a
§501.478....... 467% 11 — 1 a
‘ 5506.796....... 781 +135 + 3 a
Means.....|J.......... +11.8 + 2.4 |l
Solar Intensity 3—4; Mean 3.4
3789.186....... 179 + 7 — I b
3794.350....... 341 9 + 1 b
3801.690....... 682 8 o ool
3804.021....... o014 i i S PO
3810.766....... 760 6 — 2 b
3816.351....... 341 10 42 ..l
3821.190....... 181 9 + 1 b
3833.323....... 312 Ix + 3 b
3836.340....... 333 7 Ll T B
3839.269....... 259 10 4+ 2 a
3850.830....... 820 10 + 2 b
3852.584....... 575 o} + 1
3859.225....... 214 ir + 3 b
3861.351....... 342 0 + 1 b
3867.226....... 220 6 - 3 b
3873.973....... 764 9 + 1 b
3885.522....... 512 10 + 2 b
3890.854....... 845 9 + 1 b
3801.037....... 020 8 o) b
3803.406....... 305 I + 3 b
3807.003....... 897 6 — 2 b
4004.146....... 133 13 + 2 a
5041.085....... 074 1T o a
504T.773. ...\ .. 758 15 + 4 a
5051.651....... 637 14 + 3 a
§070.237. ... .. 226 I + 1 b
5070.757.cvun .. “42 15 + 4 e
5083.356....... 341 15 + 4 a
5098.715....... 704 11 o b
5I107.470....... 452 18 + 7 e
5107.659....... 645 14 + 3 a
5123.742....... 723 19 + 9 o
5141.756....... 748 8 — 2 b
§142.545....... 541 4 — 6 b
5142.043....... 033 ~+10 - I a
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34 CHARLES E. ST. JOHN
TABLE VIII—Continued
WAVE-LENGTHS AN
Crass
Sun’s Edge Vacuum Obs. 0o-C
Solar Intensity 3—4; Mean 3.4—Continued
5150.860....... 843 +17 + 6 e
5I51.926....... 913 13 + 2 a
5198.731....... 712 19 + 8 a
5210.204....... 277 17 -+ 6 a
5250.666....... 649 17 + 6 a
5254.968....... 953 15 + 4 a
5307.375. <. ... 364 1I o a
5322.085....... 046 9 — 2 b
5332.920....... 900 20 + 9 a
5365.417....... 402 15 + 4 a
5379.585....... 575 10 o b
53908.205....... 282 13 + 3 b
5455.634....... 612 +22 +10 a
Means.....|.......... ~+11.6 + 2.0 ...l
Solar Intensity o—2; Mean 1.5
3789.580....... 571 + 9 + 1 b
3793.484....... 479 5 — 3 Jeeriiiiinn
3793.882....... 873 9 it T
3795.54I....... 532 9 + 1 {........
3797954 ... 949 5 -3 b
3801.815....... 8os 10 +2 ...
3802.288....... 284 4 i T P
3808.203....... 288 5 — 3  |ieviiiinen
3813.645....... 639 6 i
3824.082....... o075 i it T PR
3825.414....... 405 9 4+ |
3830.768....... 758 10 + 2 |
3837.146....... 133 13 + 5 fooooaa
3845.608....... 693 5 — 3 it
3846.423....... 413 10 + 2 b
3871.761....... 751 10 + 1 b
3803.932....... 925 Vi -1 b
3897.460....... 450 10 + 2 b
5028.140....... 129 11 o b
5029.630....... 621 9 — 2 b
5065.207....... 199 8 - 3 b
5131.485....... 475 10 -1 a
5235.402....... 300 12 + x b
5242.510....... 493 17 4+ 7 a
5247.068....... 049 19 + 9 a
5250.228....... 209 10 + 8 a
5251.082....... 068 14 + 3 b
5288.541....... 530 1T o b
5208.704....... 786 8 -3 b
5326.157....... 151 6 — 5 b
5330.008....... 903 +13 + 3 e
150

John G. Wolbach Library, Harvard-Smithsonian Center for Astrophysics * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1928CMWCI.348....1S

Fro28CWMACT “348- .- 15!

GRAVITATIONAL DISPLACEMENT OF LINES 35

TABLE VIII—Continued

WavEe-LENGTES AN
Crass
Sun’s Edge Vacuum Obs. 0—-C
Solar Intensity o-2; Mean 1.5—Continued
5332.678....... 670 + 8 - 3 b
5403.835....... 820 15 + 3 b
5436.602....... 501 11 o b
5464.202....... 233 9 - 2 b
5332.761....... 749 12 o b
5535.43T....... 416 15 + 3 b
\ 5546.518....... 500 9 -3 b
5553.50I....... 583 8 - 4 b
5562.717....... 700 8 -3 b
5567.406....... 308 + 8 -3 b
Means.....{.......... + 9.9 0.0 Joevivuinn.

zontal currents is reduced to a minimum by combining measures in
different latitudes and on photographs made on many different
days.

The wave-lengths of the separate lines at the edge and in vacuum
are entered in the first and second columns, respectively, of Table
VIII. The displacements, N edge minus N vacuum, are entered as

TABLE IX

SumMMARY OF OBSERVATIONS AT THE SuUN’S EDGE
ITron LineEs—CLASSES @, b

(Unit for AA=o.001 A)

AN
No. or WAvVE- LEevEL InT
LiNes LENGTH N Ku .
Observed 0-C

I7.00ieen. 3849 | +10.4 +2.2 840 11.9
27 e 4567 11.8 +2.4 520 5.8
48.. . ..., 4600 11.6 +2.0 440 3.4
4I........ 4671 | -+ 9.9 0.0 350 1.5

AN in the third column, and the residuals, displacement observed
minus displacement calculated from general relativity, in the fourth
column. The results are summarized in Table IX.
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DISCUSSION

From the point of view of general relativity it is significant that
the displacement at the center and edge of the sun for every line in
Tables VI and VIII is toward longer wave-length. For convenience,
the discussion of this material is based on the summaries in Tables
VII and IX.

At the center, for the region N 3917, the average displacement
to the red of lines of medium level, class b, intensity 6, is that pre-
dicted by general relativity. For lines of higher level it is greater,
and for lines of lower level it is less than the calculated magnitude,
the discrepancy in the latter case increasing systematically with
decrease of level for each pressure class, as shown in the fifth column
of Table VIL. The relative levels are given by the horizontal veloci-
ties of outflow of the gases of the reversing Jayer from the spot vortex
in the eighth column, the lowest level corresponding to the highest
outward velocity,” and by the heights and intensities in the ninth
and tenth columns.

At the limb the average displacement for low-level lines, mean
intensity 1.5, originating at 350 km, is in exact agreement with
Einstein’s theory. For the next three levels, extending to 850 km,
the deviations are sensibly constant and, in the mean, equal
—+o0.0022 A. For the four groups observed at the limb, including 133
lines, the mean deviation from the theoretical displacement pre-
dicted by relativity is +o.0015 A.

The progression with level shown by the displacements at the
center (Table VII) is that brought to light in section e, page 1o,
as something independent of relativity and there attributed to the
action of radial currents. Such currents, however, cannot explain
the total displacements between the sun and the arc, which are al-
ways positive. To do so would require the very improbable assump-
tion of radial currents descending at all levels. An even more conclu-
sive reason is that the sun-minus-vacuum displacements at the limb
(Table IX), where radial currents can have no effect on the position
of the line, are not zero. Practically speaking, the progression which
is so conspicuous at the center disappears at the limb, which greatly
strengthens the hypothesis that radial currents exist; but at the limb

1 St. Johh, Mt. Wilson Contr., No. 69; Astrophysical Journal, 3%, 342, 1913.
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there remains a mean positive displacement which, on the whole, is
greater even than that at the center of the disk. Hence at the limb,
some cause other than radial currents is also operative in producing
displacements.

The universal positive displacement of lines at all levels, both
at center and limb, was formerly attributed to a higher pressure in
the sun than in the vacuum or open arc, but the pressure is now
known to be practically zero in the atmospheres of the sun and stars.
The red displacements cannot now be ascribed to increase of pressure
over that in the arc.

Differences in the character of spectral lines at the center and
the limb, as already suggested, raise a question as to the existence
of a true limb effect. Such an effect may well account for the small
systematic difference of 4-0.0015 A shown by the measures at center
and limb after allowing for the progression attributed to radial cur-
rents, but leaves the bulk of the relatively large red displacement
unexplained. The only other known agency which can account for
this is the gravitational displacement of relativity. Allowance for
this leaves, for the sun’s center, the progressive sequence of residuals
O—C in the fifth column of Table VII, positive at high levels and
negative at low levels, which are attributed, respectively, to descend-
ing and ascending currents. Ascending convection currents are to be
expected at low levels; at high levels Milne’s and Merfield’s sugges-
tion of the equivalent of downward currents is confirmed by the be-
havior of lines of very high level (Table V). The hypothesis of verti-
cal currents requires zero effect at some intermediate level. For the
center of the sun, relativity fixes this level at that for lines of group &
of mean solar intensity 6 (see Table X), which by pure chance was
originally selected to represent the medium level.

At the limb, the corresponding residuals in the fifth column of
Table IX are practically constant. Here there is no question of radial
currents, and the small mean difference, in so far as real, is provi-
sionally regarded as a true limb effect.

One important test at least can immediately be applied to these
conclusions with the aid of the present data. The red displacement
of relativity is proportional to wave-length. Residuals found for lines
of the same level, by allowing for a displacement varying in this
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manner, must correspond to radial motions which are independent
of wave-length. Table XI gives such a comparison for two large
groups of lines having the mean wave-lengths 4026 and 6295 A.
Judged by the velocity of outflow from spots (third column, Table
XTI), the levels for the two groups are the same. The wave-lengths,
total displacements, and residual displacements have the same ratio,

TABLE X
LEevVEL oF Lings GIviNg THE EINSTEIN DISPLACEMENT
(Unit for Residuals=o0.001 A)

AN
Lines InT. EQuiv. VEL. Eﬁ;ﬁxgzn LEVEL No.
Obs. 0-C or Lives
km/sec. km km
Feclassb. ... 6.2 | +8.2 0.0 0.00 0.48 out 5235 32
Feclassa....| 3 +9.6 | — .9 |— .o4up{ .41 out 515 30
Ti i, 4.2 | +o. +0.4 |+o0.03 dn| 0.45 out 520 12
Means...|........ +9.0 | —o.1 0.00 0.43 out 520 {........
TABLE XI
Di1sPLACEMENTS OF LINES AT SAME LEVEL BUT IN
DirFERENT SPECTRAL REGIONS
AN
VELOC EQUIVALEN
No. Lmves MEean 2 Ourrrow Verociry
Sun—Vac. 0-C
km fsec. km/sec.
760 .t 4026 0.63 0.0068 A | —o0.0017A | 0.13 up
23 i 6295 0.62 0.010% —0.0026 0.12 up
Ratio 156  |............ 1.87 I.53 feeiiiiiiiann

as they should; and, finally, the upward velocities in the last column,
which are equivalent to the negative residuals in the fifth column,
are equal, in accordance with what was to have been expected.

It should be noted that convection currents or other conditions
producing similar effects are not arbitrarily introduced into the
picture for the purpose of explaining the deviations of the observed
displacements from the predictions of relativity. Instead, they are
interpretations of the progression in the displacements, appearing
in the stars as well as the sun, which is independent of relativity.
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The particular interpretation adopted for the displacements which
depend upon difference in level is not important in the present dis-
cussion, but their presence and effect should be taken into account
in any consideration of line-displacement, as they were for the first
time in my paper at the Los Angeles meeting of the American
Association for the Advancement of Science,® September 23, 1923;
again in Monthly Notices of the Royal Astronomical Society, Decem-
ber, 1923; and later in a paper before the National Academy of
Sciences, April, 1924. The displacements of low-level lines to the
violet with respect to lines of medium level appear, however, to find
an ‘adequate explanation in currents rising from or through the
photosphere; and of high-level lines to the red, in an excess of absorp-
tion on the red edge of the lines. The practical disappearance of
these relative displacements at the limb strongly supports the inter-
pretations adopted here.

In the main, the deviations from relativity to be expected in the
case of lines observed at the sun’s center will be negative, for g9 per
cent of the 20,000 lines in Rowland’s tables are lower in level than
those of class b, intensity 6, which fulfil the prediction of Einstein.
Only about 200 solar lines originate above the medium-level lines.
These give positive residuals when observed and calculated displace-
ments are compared.

The discussion of the measures at the sun’s center up to this
point has been based upon the 395 Felines of class b. Class a includes
the Fe lines of lowest energy-level, the ultimate lines, and should
represent the highest level reached by iron vapor in the sun’s atmos-
phere. This is confirmed by the data in the seventh and eighth
columns of Table VII. The highest-level lines of group b (840 km),
mean intensity 13.6, show outflow, while the highest-level lines
of group @ (1140 km), mean intensity 13.7, show inflow around
spots. The larger positive residual for group e, fifth column, and
the greater downward velocity, sixth column, are a logical conse-
quence of this difference in level, which itself is a consequence of the
differences in excitation potentials. The two groups consist of lines

* Publications of the American Astronomical Society, 5, 84, 1923.

2 Mt. Wilson Communications, No. o6; Proceedings of the National Academy of
Sciences, 12, 65, 1926.
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in the same spectral region and of the same mean solar intensity.
This would seem to eliminate any possible effects of an asymmetry
varying with intensity or wave-length* and to leave difference in
level as the effective condition.

The results for groups c¢5 and ds, because of pole-effect and asym-
metry in the arc, would not have high weight if they stood alone;
but their agreement with group b shows that pole-effect is practically
eliminated. The close agreement between measures by Fabry and -
Buisson® and the present measures on the same eight lines of these
groups adds further weight to them:

Fabry and Buisson, A sun—A\ arc in vacuum. ....... +o0.0075 A
Present measures, A sun—A\ arc in vacuum.......... +0.0071

SUPPLEMENTARY EVIDENCE FROM OTHER ELEMENTS

A large number of measures have also been made at the sun’s
center for elements other than iron. These observations, which fully
confirm the results and conclusions stated above, are here summa-
rized for each of the elements in question.

Stlicon—The silicon lines are similar to the iron lines in behavior.
This is illustrated in Table XTI where the high-level lines are at the
top and the low-level lines at the bottom.

Titansum.—The titanium spectrum has recently been measured
in vacuum by Brown3 and by Crew.# The lines of neutral titanium,
Table XIII, show results consistent with the behavior of the iron
lines and add the important fact that even very low-level lines,
intensity ooo-oo, are displaced to the red by nearly 0.006 A. The
march of excitation potential in the sixth column compared with level
in the seventh column brings out clearly what was shadowed forth
for iron in the seventh column of Table VII, namely, that lines of
low energy-level are high-level lines in the sun. The titanium lines
are identified in multiplets, and the excitation potential is known
for each. Relatively few Fe lines are so identified. Nevertheless, the
same relation between energy-level and height above the photo-
sphere was evident for iron, but not so perfectly shown as for the
titanium lines. Its emergence under the not very favorable condi-

t Burns and Kiess, Publications of the Allegheny Qbservatory, 6, 139 (No. 8), 1927.
2 Astrophysical Journal,31,113,1910. 3 Ibid.,56,53,1922. 4 Ibid.,60,108,1024.
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tions for iron indicates that the correlation represents a real rela-
tionship between the energy-level of the atom and the height at
which atoms in a particular state of transition are present in detect-
able quantity. Excitation potentials are therefore properly included
in section d with other criteria for determining the relative levels
of Fraunhofer lines. They may be used, however, only for the lines
of a given element taken in the large.

Manganese.—The arc spectrum of manganese has many unsym-
metrical lines with large pole-effect, and, in general, the quality of
the lines is not so high as for lines of the same pressure groups of

¢

TABLE XII

NEUTRAL SiLicON AND IRON AT SamEeE LEVEL
(Unit for AA=o0.001 A)

Ax
No. MEAN A E%gi\ggggr LEVEL INTENSITY
Sun —Vac. 0-C ‘
km/sec. km
158 ... 3005 +11 2.7 |4+o.21 dn 8oo 12
34 Fe........ 3043 11 2.7 |+ .20dn 840 13.6
55%........ 5675 9.4 2.6 — .I4 up 325 2
42 Fe........ 6305 +10.2 3.2 |—o.15 up 350 4.5

iron. Monk* has made a short series of measures in vacuum. For
these the sun-minus-vacuum displacements, as shown by the third
section of Table X1V, yield results in agreement with those of iron
at like level.

For Fe and M# at the same level, as shown by the velocity of
outflow from spots, the negative residuals give upward currents of
the same velocity (top of third section, Table XIV). The longer the
wave-length, the deeper we see into the sun’s atmosphere. When
Mn lines \ 5453 are compared with Fe lines A 4269, the negative
residuals for manganese show an upward current of higher velocity
corresponding to its lower level (bottom of third section, Table
X1V).

Cyanogen.—Lines in the 3883 band have been used by several
investigators—Schwarzschild, St. John, Grebe and Bachem, and

L Astrophysical Journal, 57, 222, 1023.
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Evershed—in the study of the gravitational displacement of solar
spectrum lines. The choice of lines for this purpose was made at a
time when the pressure in the sun’s atmosphere was thought to be
of the order of 5—7 atmospheres. As band lines show no appreciable
pressure shift, their use seemed to eliminate one variable. High pres-
sure in the sun was then the accepted interpretation of the displace-
ments to the red, now attributed to the sun’s gravitational field.* The
choice was unfortunate because of the high density of line-distribu-
tion, the overlapping of series, and the probability of undetected

blends.
TABLE XIII
NeuTrAL TrTANIUM
(Unit for AN=0.001 A)
AN 5 s
N B Al
%&gf MEaw X ngé‘c,:. E.P. Lever INT?EII:ISI:TY
Mean Obs. 0-C
km /sec. km
12..... 4110 +9.1 +0.4 |+o0.03 dn| o0.324 520 4.2
32..... 4604 9.7 + .1 .00 0.765 300 3
58..... 4496 9.2 —0.3 |— .0z up| 1.177 385 2
46..... 4537 8.1 —I1.5 |— .1oup| 1.586 380 I
06..... 4770 7.0 —3.1 |[— .19 up| I1.774 Low o
188..... 4864 +5.9 —4.4 (—o.27up| 1.934 | Verylow| ooo-oc0

My original investigation was confined to some 40 lines and gave
negative results. In view of later work on the complete band,
these lines might be called the “Forty Thieves.” The present investi-
gation includes the whole band, 515 lines, for which results are given
in the left half of Table XV. It is assumed that random errors intro-
duced by faulty measures, blends, and overlapping series are as
likely to be positive as negative, and that their effect will be practi-
cally eliminated from the mean. As a check on the validity of this
assumption, an excellent fourth-order spectrogram of the band was
sent to R. T. Birge, of the University of California, for examination
of the structure of the band, with special reference to the overlapping
of series. As a result of his study of the plate, he selected a list of
184 lines which he considered especially suited to measurement.
The results for these are given in the right half of Table XV.

* Birge, 2bid., 59, 45, 1924.
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TABLE X1V

MaNcANESE LiNes; Mixep CrAsses
A Sun’s Center minus N Arc in Vacuum
(Unit=0.001 A)

Wave-LENGTHS AN
Crass EP. Ig‘g; Sﬁg‘ﬁk
Sun’s Center Vac. Observed | O-C
Sclar Intensity 2—7; Mean 3.9

4490.00I........ 079 +12 + 2 c 2.940 400 3
4502.226........ 220 6 — 4 c 2.907 300 2
4709.720........ 711 9 - I b 2.876 350 2
4739.1I5..00uu.. 106 9 -1 b 2.928 350 3
4754.04X........ 037 4 -6 d 2,272 400 7
4761.530........ 518 12 + 2 b 2,040 350 3
4762.377........ 367 10 o) b 2.876 400 5
4765.866........ 855 11 + 1 b 2.928 300 3
4766.425........ 423 2 — 8 b 2.907 350 4
4783.426........ 426 o —10 d 2.288 500 6
4823.516........ 512 + 4 - 6 d 2.300 750 5

Means......{........ + 7.2 — 2.8........ 2.743 405 3.9

Solar Intensity oo-1; Mean o
5304.678........ 672 |+ 6 -5 a 0.000 |........ {;
5399.476........ 480 | — 4 —~15 d 3.83 |........ 1
5420.360........ 353 + 7 -4 |, 2.I33 feeeinnns {g
5432.550........ 544 |+ 6 - 6 a 0.000 {........ I
5470.640........ 640 o —12 b 2.154 |........ {g
5516.785........ 7z | 413 |+ 1 b 2.160 |........ {g
5537.764.. ..., 783 | 411 R 2. 377 Loviinn .. {gg
Means......[........ + 56| —60f........ 1781 |ouuvunnn o
Comparison with Iron
AX
Bomave | Yoo | oo | Pow | Epmomo | Legm | Spus
Mean 0-C
km /sec. km/sec.

Fe....... 68 4728 | +7.2 | —2.8 {—0.18 up | 0.58 out | 390 3.8

Mn...... IT 4714 7.2 2.8 .18 up| .6o out | 403 3.9
Fe....... 42 4269 5.9 3.1 .22 up | 0.84 out | Low I
Mn...... 7 5453 | +5.6 | —6.0 [—0.33 Uup ... 0inuun Lower | o
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The 43 lines in my original paper are included among the 515
lines. Their remeasurement agrees well with the original measures,
which failed to show displacements to the red in agreement with the
Einstein theory of gravitation. Their influence, however, is counter-
acted in the final mean, based upon the far greater number of lines.
The results for the center of the sun are reduced to the imb by
adding o0.0026 A, the mean of the limb-minus-center displacement
for CN lines found by Adams and of more recent measures by St.
John. Since wave-lengths at the edge of the sun are free from the
effect of radial currents, their displacement at the edge of the sun in

TABLE XV

RED DI1sPLACEMENT OF THE CYANOCEN LINES IN THE 3883-BAND
(Unit for AA=o0.001 A)

Region No. of Lines AN Region No. of Lines AN
X 3720-A 3782. ... 103 +3.8 A 3703-A 38710.. . 49 “+4.4
3782~ 3810.... 103 4.2 3819- 3850... 46 4.3
3810~ 3843.... 103 5.1 3850- 3866.. . 45 5.5
3843~ 3865.... 103 4.6 3866— 388r... 44 +5.7
3865~ 3883.... 103 +4.9
Mean for 515 lines (center) —+4.6 Mean for 184 lines (center) 5.0
Mean for 515 lines (limb). . 7.2 Mean for 184 lines (limb).. 7.6
Relativity shift.......... +8.1 Relativity shift.......... +8.1

reference to arc wave-lengths furnishes an appropriate measure of
the red shift of Fraunhofer lines. For the C/V lines the displacement
at the limb is of the sign and approximate magnitude required by
the theory of relativity.

CONCLUSION

Lines originating at a level of 520 km above the sun’s photo-
sphere show displacements at the center of the sun in agreement
with those given by general relativity (Table X).

Below this level, in the region where gg per cent of solar lines
originate, upward currents exist in the sun’s atmosphere, which in-
crease in strength with nearness to the photosphere. The iron lines
of lowest level give a velocity of approximately o.22 km/sec. up-
ward; the effect vanishes at the edge of the sun so that for these lines
the difference, N at edge of sun minus \ for arc in vacuum, is the
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predicted Einstein displacement. When the high-, medium-, and low-
level lines of iron are considered, the mean residual, N at edge of
sun minus N for arc in vacuum, differs irom Einstein’s prediction
by +o.co15 A. This difference, if real, is a true limb effect.

This investigation confirms by its greater wealth of material and
in greater detail the conclusion announced in the Symposium on
Eclipses and Relativity at Los Angeles, September 17, 1923, that the
causes of the differences at the center of the sun between solar and
terrestrial wave-lengths are the slowing up of the atomic clock in the
sun according to Einstein’s theory of general relativity, and radial
velocities of moderate cosmic magnitude and in probable directions,
or equivalent conditions whose effects vanish at the edge of the sun.

My thanks are due to Mr. Babcock for checking the grating
measures by the interferometer, to Miss L. M. Ware, Mrs. W. S.
Adams (née Miller), and Mr. E. F. Adams for assistance in the meas-
urements, reductions, and compilation, and to Miss Charlotte E.
Moore for excitation potentials. To Professor W. W. Campbell and
Professor W. H. Wright, for copies of their remarkable eclipse and
nebular spectra, and to Professor Z. A. Merfield, for unpublished
material, I wish to express my grateful appreciation.

CARNEGIE INSTITUTION OF WASHINGTON

Mount WitsoN OBSERVATORY
August 1927
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