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THE WAVE LENGTHS OF THE NEBULAR LINES AND
GENERAL OBSERVATIONS OF THE SPECTRA
OF THE GASEOUS NEBULAE

By WILLIAM HAMMOND WRIGHT

INTRODUCTORY NOTE

Before attempting to describe the observations which are the subject of this paper I may be
permitted to give some account of the manner in which, from time to time, direction has been
given to the work to which they relate; for the aim with which that work was begun has been
so altered by factors developed by the investigation itself that the purpose toward the end was
quite different from that with which it was originally undertaken.

In a former paper® I published the wave-lengths of some of the brighter nebular lines. These
wave-lengths had been measured for the purpose of investigating the numerical relations between
the positions of certain features of the bands in Nova Persei No. 2 and the positions of the

‘nebular lines. At that time it was planned to extend the measures to the fainter nebular lines,
but other work claimed my attention for a very considerable period, and it was not until about
ten years later that the observations were taken up as a sort of stop gap in another investigation,
to be fitted in as occasion offered, when one or another of the necessary instruments was available.
The observations naturally centered on a few of the bright nebulae which supplied in their
spectra all of the known lines, the object being not primarily discovery but rather added accuracy
in the measurement of wave-length. This fact accounts for the comparatively large number of
observations of three or four of the brightest objects. High and low dispersion spectrographs
were used as occasion demanded, one series of plates being secured with a grating. The obser-
vations were believed to be complete in the summer of 1914, but the last plate of the series, a
long exposure on the nebula N.G.C. 6572, revealed the fact that the center of that object emits
the radiation 4686A as a band having a width of about fifteen Angstroms. This line is known
to be common to both the nebulae and the Wolf-Rayet stars. In the nebulae it is normally
narrow like the other nebular lines and in the Wolf-Rayet stars it is a broad band. Its occurrence
as a broad band in a nebula therefore indicated a relationship between the nebulae and this group
of stars. The relationship referred to is an important one and is discussed at some length in
Chapter ITI. Further observation showed the presence of four additional bands eharacteristic
of the Wolf-Rayet spectra. The observation appeared to be of sufficient importance to warrant
the examination of other nebular nuclei, a work which was undertaken and which constitutes
what I may term the second division of the investigation. A detailed account of this phase of
the work will be found in later pages. At present I should like to draw attention to the necessity
imposed by observations of this sort of accurately following the object under observation, in
order to insure that the spectrum of the nucleus will be properly isolated from that of the rest
of the nebula. ‘In ordinary observing with an astronomical spectrograph the object is allowed
to “‘drift’’ so as to furnish long and easily measurable spectral lines, and this practice has in

11. 0. Bull, 1, 153, 1902.
[193]
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the past undoubtedly been responsible for the concealment of valuable information with respect
to the spectra of nebulae. When accurate following was resorted to the nuclei of quite a number
of planetaries were satisfactorily photographed, and in addition a number of interesting facts
were developed with regard to the localization of lines in some of the nebulae. One of the most
striking of these is the peculiar restriction of the radiation 4686A to the inner areas of certain
objects, resulting in a shortening of the spectral line. The phenomenon had, unknown at the
time to me, previously been observed by Max Wolf in the ring nebula in Lyra. The shortening
is more pronounced in some nebulae than in others, and the behavior of 4686A is shared by other
lines, singularly enough by the members of a group in the immediate vicinity. In an attempt
to systematize the data resulting from these observations a number of spectra were arranged
in an order determined by the length of 4686A2 and-other lines, and a sequence was obtained in
which spectra lying in juxtaposition closely resemble each other while between the extremes
there is little in common other than the hydrogen lines and 3727A.> The series might have been
completed without a considerable hiatus by adding the spectrum of a Wolf-Rayet star without
surrounding nebulosity.

Whatever significance this exhibit may have, it seemed at the time to be suggestive of an
order of nebular development, and directed attention to the necessity of a study of the distribution
of line intensity throughout the nebulae if we are to understand more fully the relationship
between these objects and the stars which appear to be forming within them. With respect to
such an investigation the method of long and short lines has the obvious limitation of measuring
the distribution only along the diameter or other line traversed by the slit, and some form of
slitless spectrograph or prismatic camera seemed more suited to the requirements of the proposed
observations. It chanced that at about this time I had in hand the re-design of a quartz spectro-
graph for the Crossley reflector, and this instrument was therefore so constructed that it could
be used either with or without a slit. Its performance as a slitless instrument has been most
satisfactory. Monochromatic images are recorded from the ultra-violet to HB with practically
the same faithfulness to detail that characterizes a direct photograph. Figure 2 of plate L
illustrates to advantage the definition obtainable with it under the best conditions. The diameters
of the slightly elliptical hydrogen rings recorded on this plate are about 2” by 3”. The instru-
ment has proved most effective in the observation of the distribution of the various lines through-
out the nebulae. This phase of the work I have termed the third division. It occupied, almost
exclusively, the observing time during the years 1916-17.

To recapitulate, the parts into which the work has divided itself are three in number:

1. The measurement of wave-lengths and the intensities of nebular lines.
2. The study of the nebular nuclei.
3. The investigation of the distribution of nebular radiations throughout the nebulae.

The first chapter is devoted to a description of the observations, the second, third, and fourth
to the aspects of the work indicated by the above divisions, while the fifth concerns itself with
a number of miscellaneous results.

Acknowledgments are due to Director Campbell for placing at the disposal of this research
the necessary instrumental equipment and for the generous provision, by purchase, of optical

- accessories as the need for them developed. The labor of preparing the observing list was

tacilitated through the privilege of consulting the extensive series of photographs of planetary
nebulae secured by Dr. H. D. Curtis. In the computation of the effect of atmospherie
absorption on the nebular lines assistance has been rendered by Miss Mary Heger of the Berkeley
Astronomical Department of the University of California. Miss Adelaide Hobe and Magister
Holger Thiele of this Observatory have aided in the preparation of the manuscript for publication.
The writer desires to express his gratitude for this encouragement and assistance.

2 Proc. Nat. Acad. Sci. Am., 1, 590, 1915.
3 The sequence referred to is that indicated in plate XLV with the addition at the lower end of the

spectrum of N.G.C. 40. Better reproductions of individual spectra are found in some of the other plates.

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


http://adsabs.harvard.edu/abs/1918PLicO..13..191W

37 TN,

THE SPECTRA OF THE GASEOUS NEBULAE

CHAPTER I

OBSEI%%ATIONS OF THE NEBULAE

The following descriptions of the observations of the spectra will, it is believed, be found
self-explanatory. Included with the account of each object is a table in which are entered such
details of observation as are likely to be required. It has seemed best not to burden the pages
with data which will not be used, but if the process of abbreviation has been too thorough supple-
mentary information can be secured by communicating with the Lick Observatory. The letter
under the head of Instruments refers to the description, to be found in the appendix, of the
particular spectrograph used in the observation.

A majority of the observations were made with the quartz slitless spectrograph (g), and the
frequent references to the ‘‘images’’ refer to the monochromatic images given by each line in
the spectrum of the nebula.

The dates given are in Greenwich Mean Time.

LIST OF NEBULAE OBSERVED

. Classification
Object a ] Cannon Wright Nucleus spectrum

N.G.C. 40 Oh 7mg +71° 32’ Pt 111 continuous and bright bands

1.C. 1747 1 50.3 462 49 Pd ITa continuous and bright bands
I.C. 351 3 41.1 +34 45 Ib continuous and bright bands?
N.G.C. 1535 4 9.6 —13 0 Pd TIe continuous
I.C. 418 5 22.8 —12 46 Pa I1I continuous and bright bands
Orion 30.4 — 5 27 Pb IIb
N.G.C. 2022 36.6 +9 2 Pf Ia continuous
1.C. 2149 48.9 +46 6 Pd ITb continuous
1.C. 2165 6 17.1 —12 56 Pe Ib
N.G.C. 2392 7 233 +21 7 Pe Ta continuous and bright bands
N.G.C. 2440 37.5 —17 58 Pe Ia
N.G.C. 3242 10 19.9 —18 8 Pe Ib continuous
N.G.C.4361 12 193 —18 13 Pt Ie continuous
1.C. 3568 30.4 +83 7 Pd IIa continuous
N.G.C. 6058 16 1.0 -+40 57 continuous
1.C. 4593 7.0 412 20 Pe ITb continuous .
N.G.C. 6210 40.3 +23 59 Pe ITa continuous and bright bands?
1.C. 4634 55.6 —21 40 Pd ITa continuous
N.G.C. 6309 17 84 —12 48 Pe 1
N.G.C. 6543 58.6 466 38 Pd ITa continuous and bright bands
N.G.C.6572 18 7.2 + 6 50 Pd 11a continuous and bright bands
N.G.C. 6629 19.6 —23 16 Pd IIb continuous
N.G.C. 6644 26.4 —25 13 Pd Ie
1.C. 4732 27.9 —22 43 Pd ITa
1.C. 4776 39.3 —33 27 Pd IIa  continuous and bright bands?
N.G.C. 6720 49.9 +32 54 Pb Ic continuous
N.G.C. 6741 57.5 — 0 35 Pd Ia
N.G.C.6751 19 05 —6 8 Pt IIa continuous and bright bands
1.C. 4846 11.0 — 9 14 Pd ITa
N.G.C. 6790 17.9 +1 19 Pd ITa
N.G.C. 6803 26.6 + 9 52 Pd ITa
N.G.C. 6807 29.6 + 5 29 Ila
B.D.+30°3639 30.8 +30 18 QOcp III continuous and bright bands
N.G.C. 6818 38.3 —14 24 Pe Ia
N.G.C. 6826 42.1 450 17 Pd IIa  continuous and bright bands
N.G.C. 6833 46.9 448 42  Pd IIa
N.G.C.6879 20 5.9 +16 38 IIa continnous
N.G.C. 6884 7.2 +46 10 .Pd Ie
N.G.C. 6886 8.3 +19 41 Ia
N.G.C. 6891 10.4 +12 24 Pd ITb continuous
1.C. 4997 15.6 +16 25 Pe Ila
N.G.C. 6905 17.9 +19 47 Pd I continuous and bright bands
N.G.C. 7009 58.7 —11 46 Pe Ib continuous
N.G.C.7026 21 2.9 447 27 Pe Ie bright bands
N.G.C. 7027 3.3 +41 50 Pe Ia
1.C. 5117 28.7 +44 10 Pa? Ila
1.C.5217 22 19.9 —+50 28 Pd Ib continuous and bright bands
N.G.C.7662 23 21.1 +41 59 Pe Ib continuous
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The system used in assigning intensities to the nebular lines is explained on page 242. There
are two scales, depending on whether the optical parts of the instrument used are of glass or
of quartz, Ig corresponding to glass and Iq to quartz.

Two systems of classification are given in the observing list: the well known one developed
by Miss Cannon* and a tentative system, deseribed in Chapter V, which the writer has found
to be useful.

N.G.C. 40, a=0t T™6; § = }-71° 32’

DETAILS OF OBSERVATION

Exposure Region of

Date Plate No. Instrument time Spectrum

1914 Dee. 29.76 685 i 6" 0™  Dblue-violet
1915 Mar. 3.66 687 i 1 25 blue-violet
Mar. 18.71 689 | 3 0 blue-violet

1916 Aug. 31.92 753 g (slitless) 4 0 ultra-violet

A large dim nebula, nearly circular in outline, brightest at the outer edge, and showing con-
siderable structure. There is a comparatively bright central star, or nucleus. A
The character of the spectrum is very well indicated in plates XLIV, figures 3, 4, 5, and L,
figure 3. 3727A is the brightest line and forms the most conspicuous of the monochromatic
images in plate L, figure 3. F'ive of the hydrogen images are also shown. These and the bright
image are alike in size and structure. N, and N, are not recorded on this plate, but appear as
exceedingly faint lines on the strongest of the slit spectrograms. They seem to be shorter than
the other lines, but they are so faint this is uncertain. The slit spectrograms were made with a
H-inch camera, and are on a very small scale.
The relative intensities of the images are:

line I, line I

q
Hg 51 He (15)
Hy 49 Ht (10)
Hs 25 . 3797 97

The nucleus is exceedingly interesting. It furnishes a Wolf-Rayet spectrum of the most

- unmistakable type. It was first observed by Paddock, who found the broad band 4650A to be

present. This is the brightest radiation in the entire spectrum of the nebula. Prolonged
exposure brings out numerous other nucleus bands. The lumpy appearance of the nucleus
spectrum i§ due to the presence of these. Figure 5 of plate XLIV is a cylindrical enlargement
which exhibits the details to better advantage. Along the top of the spectrum are indicated the
positions of the principal Wolf-Rayet bands given by Campbell. The correspondence is more
definitely shown in table 2, where the second column gives, with a single exception, the wave-
lengths of bright bands in B.D. 4-30° 3639, as measured by the writer. The noted exception
is 4334A, which is a band found in other stars of this class. The reason for selecting B.D. +-30°
3639 for this comparison is that the wave-lengths are better determined in this star than in any
of the others, and include the ultra-violet.

Paddock has photographed some of the brighter bands, using several times the linear dis-
persion of the present observations. He finds ‘that the narrow nebular hydrogen line Hp
broadens in the nueleus to a wide band, and the same is doubtless true of the other hydrogen lines.
This behavior is analogous to that of 4686A in N.G.C. 2392, which furnishes another of the few

4+ 4nn. H. C. O., 76, 19, 1914-16.
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cases that have come under my observation of the occurrence in the same object of a nebular line
and nucleus band of identical origin. The phenomenon would appear to be of comparatively rare
oceurrence.}

TABLE 1
N.G.C. 40. Wave-LENGTHS
No. 758* No.685 No. 687 No. 689 Means Remarks
(slitless)
331+ : 331+ Beginning of recorded continuous spectrum
(335%) (335+) suspected v. ft. nucleus band
3385+ 3385+ nucleus band
3403+ 3403+ nucleus band
3412+ 3412+ nucleus band rather bright
3449+ 3449+ nucleus band v. ft.
(3493*) (3493=*)  suspected v. ft. nucleus band
3561+ 3561% nucleus band
3609+ 3609+ nucleus band
3690+ 3690+ nucleus band
____________ 3726 strong mebular line
3759+ 3759+ nucleus band
............ 3834 v. v. ft. nebular line
3889+ 3889 nucleus band
............ 3890 v. ft. nebular line
............ 3913 v. v. ft. nebular line
3925 3925 nucleus band v. broad
3963 3963 nucleus band
............ 3970 ft. nebular line
............ 4028 ft. nucleus band
............ 4069 strong nucleus band
4102 fairly strong nebular line
4122 v. ft. nucleus band
4156 rather ft. nucleus band
4185 v. ft. nucleus band
4230 rather ft. nucleus band
4250 edge
4268 center ; broad nucleus band probably compound
4277 edge
4323 strong nucleus band
4329 center of broad double band
4336 nucleus band, a shade fainter than preceding
4341 strong nebular line
........ 4377 ft. nucleus band, extra broad
........ (4412) suspected ft. nucleus band
4443 4442 strong nucleus band
b e e (4474) suspected ft. nucleus band
4514 fairly strong nucleus band
4545 ft. nucleus band
4653 4653 4653 extremely strong nucleus line
46861 4687.0 4686.6 v. strong nucleus band
........ 4786.6 4786.3 4786 ft. nucleus line .
4863 . e 4863 strong nebular line
........ 4858 4860 4859 ‘fairly strong nucleus band
........ 4922+ 4917+ 4920 v. v. ft. nucleus band
4960+F oo e 4960 v. ft. nebular line
5010t . 5010 v. ft. nebular line

* These wave-lengths are determined by extrapolation and are therefore uncertain.

t These lines are so faint that it is impossible to describe them accurately. They are probably shorter than the hydrogen
lines, and N; impresses one as being strengthened in the nucleus. A longer exposure would be required to settle these points.

1 The astronomers of Harvard College Observatory have called attention to the spectrum of this nebula (H.C.O. Circ., No. 98,
1905; Ann. H.C.O., 76, 40, 1916) as possibly being intermediate between a nebula and a fifth type (Class O) star. ‘Its
spectrum resembles the fifth type, its appearance is that of a nebula.” The spectrum is reproduced in plate 1 of the second of
the references just given. -

The relationship of the nebulae to the stars is such an important one that it seems appropriate to examine this statement
somewhat critically, particularly in view of the vagueness of the context from which it is taken. The spectrum is shown in the
publication referred to in juxtaposition with the spectrum of N.G.C. 7662, and, aside from the weakness or absence of Ny and
No, there is little to differentiate it from the spectrum of a nebula in which 4686A (which is the wave length assumed, in-
correctly as Paddock has pointed out, for the brightest spectrum band) is unduly strong. Furthermore, this critical band,
which is actually broad, appears narrower than the really monochromatic nebular lines. As indicated in the present text the
spectrum has stellar characteristics, but they are due to the involved star and not to the nebula, which is quite a large one.
An objective prism spectrogram of the Orion nebula -would present a combination of stellar and nebular spectrum, analogous in
certain respects to the one under discussion, yet we should hardly venture to say of that object that its spectrum resembles one
of a Class B stur, while its appearance is that of a nebula.. ‘In any event attention should be directed to the fact that the
stellar characctleristics pertain to the stellar nucleus, and not to the comparatively large nebula as the context of the reference
appears to indicate. . - :
ppA valuable ‘account of certain features of the spectrum of N.G. C. 40 is given by Paddock (Zick Obs., Bull., 9, 30, 1915).
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TABLE 2
CoMPARISON OF NUCLEUS OF N.G.C. 40 AND WoLF-RAYET SPECTRUM

N.G.C. 40 W-R N.G.C. 40 W-R
nucleus bands nucleus bands
(335 ) 334 4185 4188

3385% .. 4230 4230
3403 3404 4268 broad 4267
3412 3414 4323 4326
3449 ... §4334
e e o 4E3Igs
3561 3564
3609 3611 4377 broad {4385
3690 ... (4412) 4416
3759 3760 4442 4441
3889 3889 (4474) 4472
3925 broad 3920 4514 4517
3963 3962 4545 4543
4028 4027 4653 4652
4069 4070 4687 4687
4102 Hos 4786 4786
4123 4122 4859 HB
4156 4155 4920 - 4923

LC. 1747. a=1" 50™3; §=-460° 49’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 Nov. 24.80 800 g (slitless) 2r om
1917 Sept.16.90 865 g (slitless) 4 0

A small elliptical ring with a very faint nucleus. The object is too faint to furnish intensity
measurements of much value, the line HS, for instance, being barely discernible on the stronger

plate.
NEBULAR LINES
line I, line I,
N, 200 Hs trace
N, 110 3967 (40)
HB 50 3869 (60)
Hy (50) 3727  trace

The nucleus gives a faint continuous spectrum with a broad emission band estimated roughly
to extend from 4640 to 4700A.

I.C. 351. o==3"41™1; § =-34° 45’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 Sept. 5.99 765 g (slitless) 1» 38m
Sept. 24.93 771 g (slitless) 4 10
1917 Oct. 23.89 876 g (slitless) 3 0
Dec. 12.70 897 g (slitless) 3 0

A small slightly elliptical nebula. Direct photographs show an apparently uniform dise,
but, as sometimes happens, this is due to the fitting together of component images of different
forms and sizes. 4686A glves a small, almost stellar pattern not more than 275 in diameter at
most, while the remaining images are ellipses showing condensations at the ends of the major axis.
The distance between these condensations is about 5”7. In an integrated image, such as is
seculjedl by a ghrect »phlotograph, the ‘4686 image fills in between these condensations and
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gives the general appearance of a uniform dise. The following are the lines with their relative
photometric intensities:
NEBULAR LINES

line I, line I,
N, 182 (39674 He) 35
N. 110 H{ (15)
Hp 53 3868 55
4686 58 Hny (10)
4363 18 . Ho (5)
Hy 47 3445 (17)
Hs 26

There is a very faint continuous nucleus spectrum which affords a suggestion of broad
emission bands.

N.G.C. 1535. o=4" 9™6; §—=—13° O/
DETAILS OF OBSERVATION

Exposure Region of

Date Plate No. Instrument time Spectrum

1914 Dec. 7.83 683 a 4" 30™  blue-violet
Dec. 2276 684 i 5 0 blue-violet

1916 Sept. 2698 777 g (slitless) 2 50 ultra-violet

A slightly elliptical ring lying on a uniformly illuminated circular dise. The outer diameter
of the ring is about 1814” and that of the background 40””. There is a very strong central star.

4686A gives an image about 10 or 15 per cent smaller than the hydrogen set, and, judging
from the appearance of the lines 4363, 4712, and 4741 on the small scale slit spectrograms, these
images are also small, though this is not so certain. The three last mentioned lines are faint
and hardly record on the slitless spectrogram. The other images are of about the same size as
those due to hydrogen.

NEBULAR LINES

line I, line I,
N, 155% 4471 (5*)

N, 109+ . 4363 (20%)

Hg 52+ Hy 48+

4741  (10=%) Hs 25+
4712 (5=) (3967+ He) 31+
4686  (25%) 3889  (20x)
3869 63+

The above measurements were made on a single plate and the results are therefore only
approximate.
The nucleus gives a continuous spectrum. The hydrogen lines are dark.

I.C. 418. o==5" 22"8; § =—12° 46’
DETAILS OF OBSERVATION

Exposure Region of

Date Plate No. Instrument time Spectrum
1913 Feb. 18.75 439 f 1h  27m ultra-violet
Mar. 14.68 444 a 1 40 . blue-violet

1914 Oct. 21-22 654 a 6 10 blue-violet
Nov. 1094 665 a 4 10 blue-violet
1916 Oct. 2594 T788C g (slitless) 0 5 ultra-violet
Oct. 2594 788D g (slitless) 0 15 ultra-violet
Oct. 2597 789 g (slitless) 1 0 ultra-violet
1917 Oct. 27.00 877 g (slitless)* 2 10 ultra-violet

* Photographed on a lantern slide plate.

This is a slightly elliptical nebula with a bright central star. In the telescope its appearance,
except for the star, is that of a uniformly illuminated dise.
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The spectrum is shown in plates XLV and XLIX, figure 4. It is comparatively simple, the
prineipal lines being 3727A, N,, N,, and those of hydrogen. The hydrogen image and the one "
at 3727 are not dises, but small rings, a fact which is not readily perceived, however, unless the
photographic density is just right, because the images are traversed by the strong continuous
spectrum of the nucleus. 3727A gives the largest image and the best defined ring. It is uniform
arid does not exhibit any mottling or curdling such as is sometimes found in the corresponding
images of other nebulae. It is more elliptical than the other rings.

At first glance the hydrogen images appear to decrease in size from line to line with decreasing
wave-length, but the difference is, I believe, only apparent, and due to difference in intensity.
On comparing plates of unequal exposure so as to match, in intensity, the different images of the
series, one with another, the apparent inequality disappears. ’

The images N, , were discovered by Dr. Campbell, who observed the nebula in 1893,° to be
smaller than the image at HB. His measures of the three diameters are:

N,=11”,N,=9", H3=14".

The present investigation confirms this early observation with respect to the smaller size of the
two nebular images as compared with that of HRB, but not the difference in size of the first two
images. While there is apparently such a difference on. all of the plates, I am nevertheless
inelined to think that the discs are actually equal in diameter, and that the seeming difference
is due to the character of the images. Thése lines do not give ring-shaped patterns, such as the
hydrogen lines and 8727A do, but nebulous dises which fade in intensity from the center out-
ward. On account of this fact, the measured diameter will depend on the brightness, and N,
being the brighter line will appear to give the larger image. However that may be, the diameters
on the photographs certainly vary with the exposure time. On plate No. 789, which was exposed
for an hour, N, is more intense and larger than N, is on 788 D, exposed for 15 minutes. The
diameters as measured approximately on these two plates are as follows:

Line Diameter (E and W)*
1 hr. exp. 15 m. exp.
N, 1175 9”
N, 10.5 8
HpBt 13 (over-exposed) 12

. *The difference in intensity between N; and N. is less photographically than it is visually, and one would expect less
difference in the apparent diameters, when measured on a single plate than when determined directly by the eye. This seems
to be the case. Photographic diameters from the same plate differ by only 1”, while visually the difference appears to be about 2”.

t Outside diameter of the ring.

The measures are inexact, but they serve to show the effect of increased density on diameter.
From the appearance of the images I am inclined to think that with equal density N, would
appear equal in size to N,, and that the two discs are equal. The matter is of some importance,
as the inequality, if proved, would establish a difference in the behavior of these two lines which
appear to belong together. ' )

The three dises due to N;, N,, and Hg have been described by Campbell as being brightest at
the center and fading gradually as the edges are approached, but that HB is more uniform than
the others. My own observations confirm this with respect to the first two. dises, but the third
shows the ring structure quite unmistakably.

A comparison of all of the plates indicates the following order in size of the images:

3727 > Hydrogen > 4471 (Helium) > N, _,.

The inequality in the last two members is uncertain on account of the difference in the character
of the images. 44T1A appears to have a definitely defined edge, while the N images are nebulous.

5 Astron. and Astrophysics, 13, 494, 1894. .
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The relative size will therefore vary with exposure time. The N discs are sensibly round, the
hydrogen rings slightly elliptical, and the 3727 ring more elliptical still.

The integrated image of the nebula as viewed in a telescope is a dise for the reason that the
N,., images fill in the HB ring. The same is true, in a less degree, of the nebula as photographed.
The different images tend to nest one within another, but plates, insensitive to N,_,, such as the
lantern slide, may give indications of a hollow interior. .

NEBULAR LINES

line I, line 1,
N, . 33 4068 (10)
N, 22 4026 (7
HB 51 : He 20
4471 10 H¢ 18
4388 1 Hy 17 .
4363 1) Ho 12
H~y 49 H.. 9)
Hs 29 Hy (8)
4076 (2) 3727 85%

th * ’grl;ggrelative intensity of the components of the doublet, as estimated on slit spectrograms, is about 2 : 1, 3726 being brighter
an A.

The intensities of the lines according to the system established by the slitless quartz spectro-
graph are given in the usual table. Wave-lengths as measured on the slit spectrograms are
given in table 3. There are so many faint and uncertain lines among them that it seems
preferable to give the measures for each plate, rather than the means. There are included some
lines which do not appear in the intensity table. These are so faint that their strength cannot
well be estimated.

TABLE 3
I1.C. 418. Wave-LENGTHS
1914 Oct. 21-22  Nov. 10.94 Remarks
*No. 654 No. 665
3726.11 3726.30 long, strong
3728.85 3729.04 long, fairly strong
3835.56 3835.54 very faint
............ 3869.0+ v. v. ft. extends out into nebula
3889.13 3889.02 long, strong, probably compound helium and hydrogen
3965.6+ 3964.4+ v. v. ft.
3970.25 3970.17 long, strong
4026.23 4026.57 v. ft.
(40624 ) . suspected v. v, ft. line
4068.74 4068.61 ft., long
4076.43 4076.0 v. ft., long
4101.91 "4101.93 long, v. strong
41223+ v. v. ft., v. short
4200.5+ v. difficult dark line
4267.9 v. v. ft., length uncertain
(4325 suspected v. v. ft. nucleus band
4340.55 long, v. strong
43634 . v. v. ft.
4388.5 4387.5 v. v. ft., extends out
4471.76 4471.71 fairly strong, medium length
4483.0 . dark line
4541.7 4541.2+ strong dark line
45714+ 4572.6+ v. v. ft., only certain in nuecleus
. (46404=%+) ... suspected v. ft. nucleus band
4649.0+ 4649.9+ ft., nucleus only .
4685 4686.8+ nucleus line, v. ft. and difficult
- 4861.2 4861.5 long, v. strong
4922.8 - 4921.5 v £t
4959.0 4959.1 medium length, strong
(4972.6k&)  (4971.9x) suspected v. ft. nucleus band
5007.0 5007.0 medium length, strong

The spectrum of the nucleus is strong and continuous, with bright and dark bands, as indi-
cated in table 3. - :
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OrION NEBULA. " o= 5" 3074 ; § =—5° 27/
DETAILS OF OBSERVATION

. Exposure Region of

Date Plate No. Instrument time Spectrum

1908 Dec. 17.81 1 Th 0™  blue-violet
1912 Jan. 12.78 348 0 HBN,
Jan. 30.76 350 0 HB-N,
Jan. 31.77 351 50 HB-N,

15 ultra-violet
30 blue-violet
2 blue-violet
36 blue-violet
25 blue-violet

Nov. 22.95 424
1913 Feb. 14.78 438
Mar. 9.69 443
Feb. 25.77 597
Mar. 15.66 601

O HP Y HEEEG
O H WO DO DO O

The spectrum has been observed only for the purpose of measuring the wave-lengths of lines,
no attempt having been made to study the line distribution through the nebula. That the
nebula is not homogeneous is well known. Campbell was the first to prove it with respect to
Hp on the one hand and the two chief nebular lines on the other. Since then it has been found
by Hartmann and others that the line at 8727A has a distribution peculiar to itself. The object
affords an interesting subject for study, but the apparatus available in the present investigation
is not suitable for the observation of anything so large. No attempt has been made, therefore,
to extend the results of previous investigators with respect to the homogeniety of the nebula.

‘Wave-lengths of the lines, measured except as noted, with a single-prism spectrograph
attached to the 36-inch refractor, are given in table 11.

N.G.C. 2022. o=5" 36™6; § =+ 9° 2/

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 Dec. 13.86 898 g (slitless) 4 Om

An elliptical ring nebula resembling, somewhat, in general appearance N.G.C. 7009 and
N.G.C. 7662. Direct photographs show condensations at the extremities of the major axis of
the ellipse. In the slitless spectrograms these condensations occur in the N;, N,, and 3869 images,
being particularly strong in the first two. The other lines hardly appear to show them. The
line 8727A, which usually surpasses all others in the depietion of these outlying condensations,
is not present.

There is little difference in the size or shape of the images, execept that the one at 4686 is
noticeably less elliptical than the others, and the illumination within the space enclosed by this
ring is relatively strong. The ultra-violet line at 3426 is rather faint, and it is not possible to
form an accurate estimate of its relative size nor of the intensity distribution within it.

The spectrum of the nucleus is continuous, and, as is the case with the spectra of all of these
nuclei, it extends with almost undiminished intensity far into the ultra-violet. Although faint
throughout its length, it ecan readily be traced to 3450A.

The spectrogram is hardly suitable for measurement with the photometer. The lines in the

~order of their estimated intensities are:

N,, 4686, Hy, HB =N, = 3869, H5 = (He - 3967), 3426.
1.C. 2149, o=>5" 4879 ; § = -+-46° 6’

DETAILS OF OBSERVATION
Exposure
Date Plate No. Instrument time
1916 Oct. 26.90 791 g (slitless) 3h Qm
Oct. 27.00 792 g (slitless) 1 O
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A small, very much elongated elliptical nebula. The nucleus is a comparatively bright star.
The hydrogen series is relatively strong and ean be followed to Hy (3750A). Two more lines
would probably be visible were it not for the strong nebular line at 3727A.

NEBULAR LINES

line I, line I,
N, 79 (3967+ He) 29
N, 49 H¢ 22

50 3869 26
4471 16+ Hny 10

Hy 50 H6 (8)

Hd 37 H. (6)
4069 trace Hyx (4)
4026 trace 3727 55

The monochromatic images are fairly uniform elliptical dises. They appear at the first
glance to differ in size, but a comparison of the two plates, which were made with different
exposures, shows that this is, in nearly every case, an effect of relative intensity. 3727 is quite
certainly the largest, but it is doubtful whether there is much difference among the other images.

The central star records a continuous spectrum. It is very bright, quite bright enough for
observation with a slit spectrograph. It should be observed with such an instrument for the
purpose of determining more precisely the character of its spectrum.

1.C. 2165. a==6" 17T™1; § =—12° 56’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 Dec. 19.88 899 g (slitless) 1n O™
Dec. 20.85 901 g (slitless) 1 40

Photographed directly the nebula appears as a nearly circular uniform dise about 8” or 10”
in diameter. The images recorded on the spectrograms show some differences among themselves.
3426A gives the smallest image and 4686 the one next in size. 3727, though faint, gives the
largest image, and both the 3967 and 3869 dises are larger than those due to hydrogen. The N,
and N, discs also appear larger than the latter, but they are more intense, and the effect may
be due to this fact. The 3727A image is a ring, that is, it is hollow. The others are discs, though
some of them are perhaps relatively a little weak in the center; in other words, there are
indications of a tendency toward a ring structure in all of the images.

NEBULAR LINES

line I, line I,
N, 194 Hs 26
N, 108 (3967+ He) 34

Hp 53 H{ 15

4740 (8) 3869 51

4712 (8) Hn (5)

4686 55 He (4)

4640  (10) 3727 19

4471 10 3445 (4)

4363 27 3426 10
Hy 47
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N.G.C. 2392, a="Tt 2373, § = 121° T/

DETAILS OF OBSERVATION

Exposure Region of

Date Plate No. Instrument time Spectrum

1914 Nov. 7.85 663 a 1n 4™  Dblue-violet
1915 Mar. 2.78 686 a 4 6 blue-violet
Mar. 3.78 688 i 4 10 blue-violet

1916 Mar. 28.78 711 i 2 0 blue-violet
Mar. 29.73 712 i 4 0 blue-violet
Apr. 2-3 713 a 8 20 blue-violet
Nov. 24.96 801 g (slitless) 1 30 ultra-violet
Nov. 2494 803 g (slitless) 6 5 ultra-violet
Dec. 20-29 804 a 14 50 blue-violet
1917 Jan. 9-10- 806 é 18 0 blue-green

12-13

This is the doublering planetary in Gemini. It consists of a bright nucleus, surrounded
by a strong continuous and nearly circular ring. The nucleus is a little eccentric with respect
to the ring. Outside of this bright ring is a second and much fainter ring, circular in general
outline but badly broken or curdled. These rings appear to lie on a faint uniform dise of
nebulosity almost exactly circular and having a diameter slightly greater than that of the
larger ring. ,

The general features of the spectrum are shown in the illustrations better than they can be
described. Figure 1 of plate XLVII is a reproduction of spectrogram No. 803. The dimensions
of the system seem to be about the same for all wave-lengths, but there are pronounced differences
in intensity distribution. Omne of the most striking features is the intensity of the outstanding
lobe in the image at 3727TA and its absence from the image at 3426. In 4686A the lobe is
relatively weak. The same may be said, in fact, of the whole outer ring, of which this lobe is a
part; it is relatively intense in the 3727 image, of, let us say, normal intensity in the hydrogen
and N images, a trace in 4686, and absent in 3426. 3445A is too faint to permit of a judgment
as to the presence or absence of the outer ring. All of the images of sufficient intensity show
the faint circular background except 3727A, from which it appears to be absent. It is partic-
ularly easy to see in 4686 and 3426, where its visibility is not interfered with by the outer ring.
All of the images of the inner ring resemble each other very closely.

NEBULAR LINES
(Intensities in bright ring)

line I line I,

q
N, (170=%) Hy 50
N, 85 Hs 29
HB 50 (39674 He) 28
4740  trace 3869 60
4712  trace 3727 34
4686 70 3426 35
4363 37 ) 3346 11

Observed with a slit spectrograph the spectrum is a remarkably interesting one. Unfortu-

. nately the observations are not so extensive as one could wish. This has resulted from the

comparative faintness of the nebula as well as from the fact that it is a winter object, and it is
therefore difficult, with the uncertain weather of that season, to arrange for exposures extending
over several nights, such as are essential to the adequate investigation of the spectrum.

The best of the slit spectrograms is No. 713 (plate XLIII), which was taken on the evenings
of April 2 and 3, 1916. It was made on a Seed No. 23 plate. These plates, while comparatively
slow for faint astronomical subjects, possess advantages in the way of fineness of grain and
contrast which are particularly valuable in depicting the speetrum of this object. The following
deseription of the spectrum is based on an examination of all of the plates.
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The line 4686A on crossing the nucleus is broadened into a band about 2A wide. There are
two similar bands in the spectrum of the nuecleus at 4634 and 4641, but they do not appear to
extend out into the nebula. None of the lines except 4686A is intensified or broadened on
crossing the nucleus spectrum. A very remarkable feature of N, and N,, which is perhaps shared
by HB and other hydrogen lines, is their strong curvature. They are roughly in the form of a
bow, the convex side of the bow lying toward the red. On the low dispersion plates the line
4686A does not appear to share the curvature. This line differs so in its general habits from
most of the other nebular lines that it has seemed to me of interest to inquire whether it is subject
to the same peculiar distortion as they. In the laboratory the line is particularly resistant to
resolution by the Stark effect,® which has been suggested as a contributing cause of the disturbance
of the nebular lines. An attempt was made to photograph the line with three prisms, devoting
to this purpose an exposure of 18 hours on four successive nights, but observing conditions were
poor and the observation is inconclusive. It is quite eertain, however, that the line is subject
to disturbance as it enters the dark area within the ring, but whether this disturbance corre-
sponds exactly with that of N, and N, is not determined. The observation should be repeated
under more favorable conditions. A somewhat similar observation of the line in N.G.C. 7662
was more successful and is of interest in this connection.

The hydrogen lines are reversed in the nucleus, that is, they occur there as dark lines. These
dark lines do not appear to share the displacement of the bright curved nebular lines in the
immediate vicinity of the nucleus, but, within error of observation, correspond in wave-length
with the lines in the ansa. An explanation of the curvature of the nebular lines as the result
of velocity in the line of sight would have to take account of this fact. The reversal in the
nucleus of the Hp line is not so certain as that of the members above it. The spectrum of the
nucleus is under-exposed here, which partly accounts for that fact, but there is the additional
complication introduced by the greater strength of the emission line as well and the comparative
weakness of absorption. On those plates which show the details of the nucleus spectrum the
nebular hydrogen lines, with the exception of Hp, which is the strongest, are visible only in the
bright ansa. They are not recorded in the comparatively dark area within. The bright Hp line
can be followed close up to the nucleus, where it becomes somewhat confused with a dark line
in measured position 4959, which I assume to be that part of the dark Hg line left by the dis-
placed bright line. The dark Hp being weaker than Hy, which in turn is less intense than HS,
shows progressive strength of these absorption lines with decreasing wave-length. The contrary
is true with respect to the nebular emission lines; they increase in intensity with wave-length.
There seems to be a significant parallel between this nebular nucleus and those Class B stars
which have dark hydrogen lines with bright borders, usually on the red edge, and the observations
furnish the suggestion that the red edge in these Class B stars may be the same phenomenon
which is exemplified in the displacement of the middle of the nebular bright line.

Besides those due to hydrogen, there are numerous dark lines in the speetrum of the nucleus.
These are recorded in table 4. One of the strongest is 4471A, due to helium, but perhaps the
most significant are the members of Pickering’s { Puppis series, with the primed subscripts, and
4097A. The speetrum conforms quite closely to the Harvard Class Oe, the main difference
lying'in the relatively greater strength of the helium lines.” Table 4 affords a basis for com-
parison with the spectrum of 29 Canis Majoris, the typical Class Oe star. The data for this star
are taken from Miss Cannon’s table® of lines in the Class O stars, and the estimates of intensity
of the nucleus lines were made so as to conform as well as possible to those adopted for the star.

6 Evans and Croxson, Phil. Mag. V1, 32, 327, 1916.

74712A is the only one of the reasonably strong helium lines not represented. It may be masked by the
presence of the weak nebular line at 4711A.

8 Annals H. C. 0., 28, 233.
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TABLE 4
Nucleus N.G.C. 2392 29 Canis Maj. (Oe)
A i A i
(3933) 3933.8 2
(3964) ... ...  He
(3970) 3970.2 25
4026 20 4026.4 20 He-He¢
(4083) 5% ...
(4089) 5+ 4089.2 6
40974 20 4096.9 18
41019 30 4101.8 25
(4113) 5+ 4116.2 3
(4120) 5+ 4120.5 2 He
(4124) 5+
4143.3 8 4144.0 3 He
.......... 4186.2 1
4200.5 10 4200.7 5 H¥
4340.6 25 4340.7 25
.......... 4367.3 2
4387.4 8 4387.8 3 He
4471.3 25 4471.8 15 He
(4480.2) 8 4481.4 1
.......... 4514.5 5
45424 10 4542.4 5 HY
4634.2 15 4633 3
4641.0 15
4685.9 30 4688 8
.......... 4712.8 4 He
4859+ 15=% 4861.5 15

Enclosure by parentheses indicates that the line is only suspected.
Ttalics indicate emission bands, Roman type dark lines.

As indicated in the text, some of the lines in this nebula are sensibly distorted in such a manner as to give them the
appearance of a bow with the convex side toward the red. Since the wave-lengths in the nucleus must be corrected to normal
by means of measures of the nebular lines of known wave-length, it is a matter of choice as to which part of the line to use
for the purpose. In reducing the observations for this table the wave-lengths in the ansa were assumed to be normal and it
is significant that on this bases the dark nucleus lines Hr, H§ and 4471 assume their normal values. A reference to the wave-
length of HR is made in the text.

N.G.C. 2440. o="Tr 37T™5; § =—17° 58’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 Dee. 20.94 902G g (slitless) 1h 15™
1918 Feb. 9.78 902A g (slitless) 2 45

A small dumbbell nebula with faint exterior nebulosity. In appearance it strongly suggests
N.G.C. 7026, and the spectra of the two objects are somewhat alike, though with the important
difference that the ultra-violet lines at 3346, 3426, and 3445A are present in N.G.C. 2440 and
have not been observed in the other. 4363 is also somewhat stronger.

There is a very pronounced difference in size in the images, 3727A being as usual the largest
and 3426 the smallest of the brighter ones. 3346A is probably of the same size as 3426, but it is
too faint to permit of an accurate estimate. The relative dimensions are indicated by the
following measured separations of the two chief condensations in the nebula. As stated elsewhere,
these measurements are merely approximate and are subject to small errors due to distortion of
field which have not been fully determined. I believe, however, that they are competent to
decide the question of relative size, the only cases in doubt being the extreme lines N, and N,,
which are farthest from the center of the field and from minimum deviation.

distance

line center to center
3426 371
4686 5.3
HpB-Hs 5.7
N,-N, 6.4
(39674 He) 6.3
3869 6.5
3727 3
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The third image from the last is a composite of two which are probably of different size, the
He component being presumably equal to the other hydrogen impressions while 3967 is perhaps
comparable with 3869.

NEBULAR LINES

line I, line I,
N, 280  (3967+ He) 24
N, 175 3869 62
HgB 49 3727 52
4686 62 3445 (4x)
4363 (20) 3426 (50=%)
Hy 51 3346 (5)
Hs 20

In both plates Hy appears to be unduly bright. This may be due to partial overlapping of
the images at 4363A, but this hardly seems sufficient to account for the increase. As shown by
the measurements, Hy is about equal in strength to HB, while HS is relatively faint.

There is no trace of a nucleus spectrum.

N.G.C. 3242. o=10" 19™9; § =—18° &
DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time
1917 Apr. 5-6 809 a 9h 30m

Apr. 27.75 816 g (slitless) 0 45
Apr. 2872 819 g (slitless) 2 0
Deec. 20.01 900 g (slitless) 3 48

The nebula is a somewhat irregular elliptical ring lying on a background of comparatively
uniform nebulosity. In appearance and in size it bears a striking resemblance to N.G.C. 7662,
and the likeness extends in an even more remarkable degree to the spectra of the two objects.
Except for the fact that the line 3426 is relatively faint in N.G.C. 3242, and that the image at
3727 is a little less complicated, the speetra appear to be identical. While the nebulous back-
ground on which the ring rests is more uniform in N.G.C. 3242 than in 7662, the spectrum of
the latter object, as shown in plate XLVI, will serve to illustrate the appearance of that of the
former.

The nebulous background is missing for the image at 4686A, and probably for the faint
neighboring images and the far ultra-violet images as well. As not infrequently happens, the
image at 4686 is rounder, that is, less elliptical, than the other images. The far ultra-violet rings
present the same appearance, but here it is, in a measure at least, due to the fact that the light
traverses the prisms out of minimum deviation, and therefore elongates the image in the direction
of the spectrum. The major axis of the 4686 ring is slightly shorter and the minor axis some-
what longer than is the case of the hydrogen, N, and other images. 3727A is somewhat indistinct,

“but is pretty much concentrated in nuclei at the extremities of the major axis of the ellipse.

These outlying condensations occur to a less marked degree in the other images, except those of
the 4686 group and the ultra-violet group. The hydrogen images can be followed to the line
3T27A.

The intensity measurements refer to the ring. They are uncertain on account of the
variation of the background from line to line, and also because the relative intensities of the
several lines are not the same in different parts of the ring. Most of the lines are strongest at
the extremities of the major axis, while 4686A is at its best at the ends of the shorter diameter.
Subject to more than the usual uncertainty, the intensities are as follows:
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NEBULAR LINES

line I, line I,
N, 184 Hs 34
N, 123 4026 (5)
Hp 50 (39674 He) 40t
4740 (6) H¢ *
4712 (5) 3869 71
4686 49 Hy *
4640 (5) Heé (5)
4542 (5) 3727 - 161
4471 (8) 3445 23
4363 (15) 3426 (4)
Hy 51 3342 (5)
4200 (5) © 3313 (2)

¢

t These lines are not separated on the slitless spectrograms from which these intensity estimates were derived. They are,
however, resolved on plate 809, on which their relative intensity appears to be about 1 : 4, 3967 being the stronger.

* Too close to 3869A for complete separation in this object.

+ The measurements for this line refer to the condensations at the extremities of the ellipse.

The continuous spectrum, found in so many of the planetary nebulae, which begins at about
the limit of the Balmer hydrogen series and extends into the ultra-violet, is relatively quite
strong. In breadth it extends to the limits of the bright ring. The nucleus has the characteristic
spectrum. It extends far into the ultra-violet, reaching well above 3300A, or practically to the
silver transparency band. It is apparently continuous.

N.G.C. 4361. o=12" 19%8; § =—18° 13’

DETAILS OF OBSERVATION

Exposure
Date Plate-No. Instrument time
1916 Apr. 12.80 714 i 5h Q™

This is a large oval nebula with a strong central star and two spiral extensions or streamers,
giving it the appearance of a spiral nebula. It can hardly be classed as such, however, as the
spectrum is gaseous. It is unfortunately too large to be observed advantageously with the slitless
spectrograph, and the spectrum has accordingly been photographed only with the slit instrument,
using a single prism and a very short camera. The linear dispersion of the spectrogram is
very-low.

The spectrum is different from that of any nebula that I have observed in that it presents the
line 4686A as a strong, long line in conjunction with what might otherwise be called a hydrogen
type of spectrum. This line is the most intense in the spectrum, being fully twice as strong
as any of the others. It also appears to be quite as long as any of them. The two nebular
lines N, and N, are relatively faint, the former being scarcely as bright as HB. Usually 4686A
appears as a nebular line only in objects in which these two lines are strong. The order of
intensity is as follows: 4686, HB = Hy, N;, H3, N,, He, 4363.

The spectrum of the nucleus is continuous, at least no bright or dark bands are v1s1ble with
the comparatively low dispersion used in this observation.

1.C. 3568. o= 12" 30™4; 5= }-83° 7/

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

71917 May 11.76 821 g (slitless)  2n O™
June 18.76 824 g (slitless) 1 0
June 18.78 825 g (slitless) 0 15

A small, slightly elliptical nebula lying on a faint circular background of nebulosity. The
nucleus is stellar. There is little to remark about the spectrum. The nebulous background, or halo,

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


http://adsabs.harvard.edu/abs/1918PLicO..13..191W

THE SPECTRA OF THE GASEOUS NEBULAE 209

shows about the brighter monochromatic images. 4686A is absent from both nebula and nucleus.
The different images appear to be of about the same size, though it is difficult to judge accurately
in such a matter when the object is so small and the image intensities different. The following
lines are the only ones recorded.

NEBULAR LINES

line I, line I,
N, 160% Hs 34
N, 92 (39674 He) 34

Hp 46 H¢ 10+

Hy 53 3869 48

The spectrum of the nucleus is continuous. It reaches with scarcely diminished intensity far
into the ultra-violet, terminating above 3300A.

N.G.C. 6058. o«=16" 1™0; § = 140° 57’

DETAILS OF OBSERVATION

. Exposure
Date Plate No. Instrument time

1917 June 22.79 828 g (slitless) 2n Q™

This is a small, very faint ring nebula with a comparatively strong nucleus. The nebula
itself is too faint to record with the exposure of two hours given to the single plate secured, but
there is a very fair record of the spectrum of the nucleus. This speetrum, which is to all appear-
ances strictly continuous, can readily be distinguished from the other stellar spectra on the
plate by its great length and uniformity. It has about twice the linear extent of spectra of stars
which are several magnitudes brighter. The variation in intensity along the spectrum is very
gradual.

I.C. 4593. «==16" 7T0; § = 412° 20’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 July 6.78 732 g (slitless) Oh 30™
July 6.83 733 g (slitless) 1 25

1917 Apr. 2791 817 g (slitless) 1 0
Apr. 27.95 818 g (slitless) 0 15
Apr. 27.85 820 g (slitless) 3 0

A very small bright nebula with a short faint extension which carries at its extremity a
condensation or satellite. As seems to be invariably the case with these outlying condensations,
it is much more pronounced in the image at 3727 than in the others, though it is indicated more
or less certainly in all of them. The images appear te be about equal in size.

The nebula is so small and the econtinuous spectrum of the nucleus so bright that measurements
of intensity are made with difficulty, and the results given are subject to considerable uncertainty.

NEBULAR LINES

line I, line I,
N, 107 Hs 30
N, .74 He 20

53 . H¢ 20

4471  trace 3869 20
Hy 47 3727 45

The spectrum of the nucleus is continuous. It is very uniform and extends beybnd 3300A.
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N.G.C. 6210. o==16" 40™3; § = 423° 59’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1913 Apr. 24.90 454 £ 3 (m
1914 Oct. 14.66 653 a 2 0
1916 June 22,73 724 g (slitless) 0o 7
June 22.74 725 g (slitless) 0 35
June 22.81 726 g (slitless) 2 30
1917 Aug. 10.68 840 g (slitless) 0 11
Aug. 10.72 841 g (slitless) 1 30
Aug. 10.77 842 g (slitless) 0 30

A small bright nebula about 10” in diameter with faint eomplicated outlying nebulosity.
The brighter part of the nebula is all that shows on the spectrograms. The monochromatic
images indicate considerable structure within this bright area which is not visible in a direct
photograph. A narrow dark lane running nearly east and west divides it into two parts of
unequal brightness. The northern section is the larger as well as the brighter and contains the
nucleus. The southern has the appearance of a piece cut off from the main nebula, except in
the image due to 3727A, where it is made up of two separated condensations in positions corre-
sponding to the east and west extremities of the section.

NEBULAR LINES

line I, line T

q
N, * He (10)
N, ¢ 3967  (30)
50 3889 (Het+H{) 20
4471 9 3869 55
4363 10 Hy 7
Hy 50 He 5
Hs 28 H (4)
4069  (3) Hy (3)
4026  (3) 3727 30

* The measures of these lines agree so poorly among themselves that the average results would have little meaning. The
color curves of the plates used probably differ greatly at this point even among plates of the same brand. Observations made
with Seed No. 27 plates are fairly consistent and give the following intensities for this nebula:

N,/

N, N, /N,
90+ 64 14
90 64 14
112 76 15

The Seed No. 23 plates give higher and less accordant values of all of these quantities, including the ratio.

There is a group of very faint lines, or bands, between 463 and 474uu, composed undoubt-
edly of the known nebular lines of this region, but it is difficult to determine whether they are
confined to the nucleus or extend out into the envelope. The continuous spectrum noted in
other nebulae as beginning at about 3890 and extending in the direetion of shorter wave-lengths

is comparatively strong in this object.

The spectrum of the nucleus is continuous, with the possibility of superposed bright bands,
as mentioned above. It is not recorded on the slit spectrogram, but is shown on the plates made
with the slitless instrument. On the strongest of these plates there are indications of dark lines
at 464 and 468up, corresponding in position with the strong bordering lines in B.D. +30° 3639.
‘While the observation should be conﬁrmgd by a long exposure with a slit spectrograph, I am
inclined to the opinion, on the showing of these plates, that the nucleus is a Class O star.

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


http://adsabs.harvard.edu/abs/1918PLicO..13..191W

THE SPECTRA OF THE GASEOUS NEBULAE . 211

I1.C. 4634. o==16" 55™6; § =—21° 40’

DETAILS OF OBSERVATION

. Exposure
Date Plate No. Instrument time

1917 June 19.81 827 g (slitless) 3n Om

July 23.75 830 g (slitless) 2 0

July 24.75 832 g (slitless) 0 30
A nebulous disc about 5” in diameter. There is nothing noteworthy about the spectrum
except that the image at 3727 appears to be double, the components lying north and south of
each other. The disc is very small and the ‘‘seeing’” was poor when the photographs were made,
so that not much can be said with respect to the relative sizes of the images. One gets the
impression that 4471A is confined pretty closely to the region of the nucleus. Otherwise the

images cannot differ greatly in size.

NEBULAR LINES

line I, line I,
N, 190* (39674 He) 31
N, 82+ H¢ 14
HB 50 3869 46

471 9 Hy  (6)
4363 8 Ho (5)

Hy 50 H (4

Hb 27 3727 13

The nucleus shows a uniform continuous spectrum with the characteristic persistence in the
ultra-violet.

N.G.C. 6309. a==1T" 8™4; § =—12° 48"

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 June 25 829 g (slitless) AL

An irregularly elliptical ring nebula. The image at 4686A is smaller than the others and is
apparently not weakened in the center. The order of intensity of the lines is N, N,, 4686, 3869,
HpB==Hy, 3967, Hs. .

N.G.C. 6543. a=17" 58™6; § — +66° 38’

DETAILS OF OBSERVATION

Exposure Region of
Date Plate No. Instrument time Spectrum

1910 June 25.93 245 3" 32m  visible

a

1914 June 26.93 609 £ 2 35 ultra-violet
June 28.86 610 £ 6 0 ultra-violet
Sept. 16.70 649 a 1 55 blue-violet
Oct. L1.77 651 a 5 0 blue-violet

1916 May 4.78 716 b 2 0 visible
May 11-12 717 b 13 0 visible
June 28.81 728 g (slitless) 1 0 ultra-violet
Aug. 18.72 737 g (slitless) 1 0  ultra-violet
Aug. 19.70 738 g (slitless) 0 4 ultra-violet
Aug. 19.71 739 g (slitless) 0 15  ultra-violet
Aug. 19.76 740 g (slitless) 1 0 ultra-violet

This is the bright planetary nebula in Draco. It is interesting historically as being the one
in which bright lines were discovered by Sir William Huggins. The spectrum is shown in plate
XLIII, figure 2, and XLIX, figures 1, 2, and 3.

The structure of the nebula is quite complex, and varies somewhat from image to image on
the slitless spectrograms. 3727A gives the largest of the images, and, as not infrequently happens,
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is relatively bright in the outer parts. In fact, the two outlying lobes are by far the brightest
parts of this image. Projecting outward from about the middle of each one of these lobes is a
minute excrescence suggesting a projecting pin. None of the other images exhibits this ap-
pendage, except that there is perhaps a trace of it on the over-exposed N, image. The 3727
image shows much more definite detail than the others, which rather baffle any attempt to make
out their structure, though the definition of the plates is excellent. All of the images are,
approximately at least, of the same size. The curious detached continuous spectrum in the
ultra-violet is relatively strong. :

4686A is concentrated in the nucleus as a strong emission band about 9A wide, and there are
a number of other hazy lines, or bands, in the nucleus. In the following list they are compared
with some of the so-called Wolf-Rayet radiations measured in B.D. 4-30° 3639.

N.G.C. 6543 Wolf-Rayet N.G.C. 6543 Wolf—Rayet

nucleus (B.D. +30° 3639) nucleus (B.D. 4+30° 3639)
4122.0 41214
4267.2 ... .. 4266.9
4632.0 ... .. 4634
4650.7 ... .. 4651.6
46874 ... .. 4687.1
. 5801
G804 . oo {5812

This spectrum has been observed by Professor Max Wolf, who measured many of its lines
and who reports two previously unobserved at 3653 and 3639A.> I have not been able to confirm
these two, but it is possible that my apparatus is not well adapted to this particular observation.
These lines -‘would be near the beginning of the ultra-violet continuous spectrum, and if very
faint might be masked by it on the slitless spectrograms. In his deseription of the nucleus
spectrum Professor Wolf speaks of it as presenting two maxima, one at 4390A and the other at
3640, and describes the ascent to these maxima as gradual on both sides. The plates which
furnish the basis of the present deseription do not indicate such a distribution, but show the
characteristic nucleus spectrum, very even and uniform, running out into the ultra-violet and
fading to invisibility at 3270A, which is the limit of silver reflectivity. The nebula itself is
quite free from continuous spectrum to a point in the violet at about 365uu, above which it is
relatively strong. It appears to me not unlikely that the appearance referred to by Professor
Wolf is due to his apparatus being incompetent to distinguish between the continuous spectrum
of the nucleus and that of the nebula as a whole. The blending of the two would cause some
such appearance as he deseribes.

NEBULAR LINES

line I, line I,
N, 92+ ’ 4097 (4)
N, 58" 4026 (7
HE 51 (3967+ He)* 30
4713 (3) 3965 2
4641 (3) Hy (18)
4471 11 3869 37
4388 (2) Hy (11)
4363 (3) He (8)
Hy 49 . H. (6)
Hs 30 3727 40

* On slit spectrograms the two components are almost equal
in intensity, He being perhaps a shade the brighter.

Measurements of wave-length and notes are given in table 5. The notes were made before I
had the advantage afforded by the slitless spectrograms for judging the lengths of lines, but they
are left as originally made.

o Sitz. Heidel. Akad., 35 Abh., 1911.
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TABLE 5
N.G.C. 6543. Wave-LENGTHS

Prate No. 651
3725.97 v. ft., long '
3835.48 v. ft., long
3868.83 v. strong, long
3888.88 strong, long
3964.37 v. ft., length uncertain
3968.84 doublet components of equal length and intensity
(4008.0) suspected v. ft., long
4026.10 fairly strong, long
(4033.6) suspected v. ft. line, long, strengthened in nucleus
(4043.2) suspected v. ft. nucleus emission band
4057.45 hazy, fairly strong, occurs in nucleus only
(4068.5) suspected v. ft. hazy nucleus emission band
4078.8 v. ft., hazy, seen only in nucleus
4088.6 hazy nucleus line, rather ft.
4097.19 v. ft., extends out into nebula but length uncertain,
strengthened in nucleus

4101.86 v. strong, long

4122.0 v. ft., ocecurs in nucleus only
4267.17 v. ft., seen only in nucleus
4340.67 v. strong, long

4363.31 ft., extends out into nebula, but comparatively short
4388.6 V. ft extends out, length uncertain
4471.65 long, falrly strong

4632.0 v. ft., hazy, occurs in nucleus only

4640.96 v. ft., ’ extends out into nebula, but comparatively short

4650.7 v. ft. , hazy, occurs in nucleus only

4657.9 azy, occurs in nucleus only

4683 edge )

4687.4 max. | broad strong nucleus band,broadest in spectrum

4692 edge

4713 v. ft., extends out into nebula, but comparatively
short

" 4861.5 -v. strong
4959.0 v. strong
5007.1 v. strong

PraTE No. 717

5802 ft., occurs in nucleus only
5875 D,, rather ft., long

6562 Ha, strong, long

6582 ft., long

N.G.C. 6572. a==18" T"2; § =4-6° 50’
DETAILS OF OBSERVATION

Exposure Region of

Date Plate No. Instrument time Spectrum
1910 June 1295 244 a 2n 35m  visible
1912 Aug. 21.75 404 e 3 0 HpB-N,
Aug. 30.74 406 e 3 50 HB-N,

1914 June 185 606 a 6 50 blue-violet

June 10-11 607 a 13 37 blue-violet
June 24.85 608 b 2 15 visible
June 29-30 611 b 14 5 visible

1915 June 20-21 696 a 12 45 blue-violet

1916 Aug. 30.68 748 g (slitless) 0 1 ultra-violet

Aug. 30.69 749 g (slitless) 0 4  ultra-violet

Aug. 3069 750 g (slitless) 0 15 ultra-violet

Aug. 30.74 751 g (slitless) 1 0  ultra-violet
A small very brilliant planétary and one that has been studied extensively by spectroscopie
observers. There is a faint nucleus which, according to Keeler, who made a careful study of
the telescopic appearance of the object as well as of its spectrum, is not stellar, but apparently
due to a general increase in the density of the nebulous material. Reproductions of the spectra

are given in figures 3 of plate XLIII and 3 of plate XLVII.

Reference has already been made to the faet that several of the bands characterlstlc of the
spectra of the Wolf-Rayet stars occur in the spectrum of the nucleus. The line 4686A does not
occur in the outer regions of the nebula, but is localized in the spectrum of the nucleus as a band
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about 15 Angstroms wide. Other broad bands similarly restricted are 4057 and 5807A, while
the lines 4634, 4641, 4650, and 4658A are hazy and also confined to the nucleus. Most of these
bands are Wolf-Rayet radiations, and it was their detection in the nucleus of this object which
led to a fuller investigation of the spectra of nebular nuclei.

In addition to those mentioned above, there are other short lines scattered throughout the
spectrum. By a short line is meant one which does not extend beyond, or very far beyond, the
spectrum of the nucleus. In a nebula, like this one, in which the intensity falls off gradually
in passing from the center outward it is difficult to judge of the length of a line, since by making
the photographic exposure long enough one can lengthen any line unless it is entirely absent
from the outer parts of the nebula. Nevertheless the question of the relative lengths of lines is
of such interest that I have, with a realization of these difficulties, ventured to deseribe many of
the lines as short, medium, and long. Such a classification must, in the nature of things, be
tentative, but I am inclined to believe, on account of the distinctive appearance of many of the
lines, that the assignments are, on the whole, not far from correct. The estimates are given in
table 6.

TABLE 6
N.G.C. 6572. DEscripTION OF LINES
3726 long
3729 long
3798 long
3835 long
3869 long
3889 long
(3956) suspected v. ft. broad nucleus emission band
3967 long
3970 long

4009 v. ft., short, possibly confined to nucleus
4026 medium length

4052 “edge
4057.6 center | ft. nucleus emission band
4063 edge

4069 medium length
4076 medium length

(4087) suspect v. ft. broad nucleus emission band
4097 short, faint
4102 long

4120 ft., medium length

4145 short, diffuse, probably broadened in the nucleus
4267 short

4341 long

4363 medium length

4388 medium length

4416 v. ft.

4471 length about same as 4363

(4489) suspect nuecleus emission band

(4537) suspect dark band in nucleus

(4542) suspect v. ft. nucleus emission band

4571 v. ft., medium or long, appears stronger in-nucleus

4634 hazy, short
4641 hazy, short
4650 hazy, short
4658 hazy, short

(4678) suspect dark line in nucleus
4681 edge

4686.8  center |} nucleus emission band
4695 edge

4713 medium to short

(4735) suspect dark line in nucleus
4740 short

4861 long

4922 short

4959 long

5007 long .

5807 hazy band in nucleus

6548 long

6563 long

6583 long
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In his comments on the spectrum of this nebula Professor Wolf states that the longest line
is Hy, which he finds to extend 27" from the center. It seems probable that his result is affected
by instrumental irregularities, or unfavorable observing conditions, since the radius of the nebula
is only 5” or 6”.1° Tt is therefore doubtful whether this observation can be regarded as suffi-
ciently delicate to settle the somewhat diffieult question of the relative lengths of the lines in this
nebula.

The wave-lengths and intensities of the lines are given in tables 11 and 13.

In addition to the emission bands already mentioned, the nucleus gives a econtinuous spectrum.
As photographed with the slitless spectrograph this spectrum fades gradually toward the violet
until the image at 3727A is reached. On the less refrangible side of the image it appears to
inerease in intensity, but that is, I believe, an effect due to the crowding together of the images
formed by the hydrogen series, which are very close together. There is a further appafent
increase at about 3650A, which is undoubtedly due to the peculiar ultra-violet continuous
spectrum found in many nebulae. This would probably be as good an object as any in which
to study that ultra-violet spectrum.

N.G.C. 6629. o=18" 19"6; § =—=—23° 16’
DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 July 25.80 834 g (slitless) 2n 20m

Photographed directly this nebula appears as a dise about 15” in diameter, with a bright
nucleus. The spectroscope serves to disperse the light of the nucleus and shows the nebula
proper to be a hazy ring.

The intensity measurements of the images are of doubtful aceuracy and are not given here.
The lines present, arranged in order of intensity, are: Ny, N,, HB, Hy, Hs, 3869, He, 3727.

The nucleus spectrum is continuous.

N.G.C. 6644. o==18" 26™4; § —=—25° 13’
DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 Aug. 7.68 835 g (slitless) O 15™
Aug. 7.72 836 g (slitless) 1 10

A beautiful example of a stellar nebula. All of the images appear as points except 3727A,
which has a suggestion of haziness about it. There is no record of a continuous spectrum.

The intensity measurements are not accordant, and are not recorded. The system of measure-
ment is hardly applicable to images as small as these. The lines arranged in order of intensity
are: N,, N,, 3869 = Hp, HY, 3967, 4363, 4686 = HS3, 3727. N, and N, are very bright, relatively
twice as bright perhaps with respect to HB as they are in N.G.C. 7027, where they are in fact
exceptionally strong in this same sense.

1.C. 4732. o==18" 27%9; § ——92° 43’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 June 1893 826 g (slitless) 2r (m

This is an exceedingly small nebula. The monochromatic images of correet intensity have
a diameter of about 3, and as the ‘‘seeing’’ was very poor when the exposure was made it may

10 Sitz. Heidel. Akad. Wiss.,, 35 Abh., 1911.
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be that the object is stellar. N, and N, are very bright relatively to HB. The photometric
observations are uncertain on account of the small size of the image, the great range in intensity
and the position of these lines in the spectrum. Subject to these sourees of error, the ratios
of the intensity of N; : N, : HB are as 880 :230 : 50. The nebular lines in order of intensity are:
N,, N,, H3=13869, Hy, (3967 -+ He), HS, 4363. There is no continuous speetrum.

1.C. 4776. o==18" 39"3; § =—33° 27’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 July 24 833 - g (slitless) i 13m
Aug. 8 837 g (slitless) 2 0

A small bright irregularly elliptical nebula. The images are all of about the same size '
except that at 3727A, which is somewhat larger than the others and very diffuse and hazy.

NEBULAR LINES

line I, line I,
N, overexposed (3967- He) 33
N, 77 H{ 15
Hp 53 3869 47
4471 10 Hoy 8
4363 14 3820 (3)
Hy 47 He 6
Hb 26 H. (5)
4069 (6) Hy 4)
4026 (6) 3727 28

The spectrum of the nucleus is continuous, except that an emission band is suspected on the
stronger plate (No. 837) at or near 4650A. :

N.G.C. 6720 (Ring Nebula n Lyra). a=18 49m9; § = 4-32° 54/

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time
1916 April 24.90 715 i 50 50m

June 2.78 721 g (slitless) 2 0
June 2.83 722 g (slitless) 0 20
June 15-16 723 i} 13 32
June 27.86 727 g (slitless) 5 34

1 Position of slit 30° west ‘of north.

Reproductions of spectrograms numbers 723 and 727 are given in plates’ XLIT and XLVIII.

Spectroscopic observations of this nebula are numerous. It appears to have attracted an
amount of attention rather out of proportion to its interest or importance. At any rate, it has
been studied to the exclusion of brigher and more interesting objects. The fact that it is com-
paratively large and suitable for general observation with small telescopes has probably con-
tributed to this. ‘ '

The nebula is really quite faint, and an unusually long exposure is necessary for a good
record. Spectrograms have been secured with both the slitless spectrograph and the low-
dispersion slit instrument. It is too large for effective observation with the present slitless
spectrograph and it is hoped that a more suitable optical combination will be available for its
study at some future time. It has therefore not been attempted to make the present series of
plates in any sense complete.

11 The continuous spectrum in figure 4 of plate XLIT comes from the moonlit sky.
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The most interesting of the older observations from the point of view of the present work
are those of Max Wolf'? and Burns.'®* To the former we owe the discovery of the non-homogeneity
of the nebula. He found the 4686 ring to be the smallest, that at 3727 to be the largest, and
assigned two intermediate sizes to the others.. He observed in addition that the area enclosed
by the ring is relatively weak in 3727 light and strong in that of 4686A. Wolf’s observations
were made chiefly by the laborious process of securing successive exposures of great length with
the slit of his spectrograph in different position angles, though he appears to have made some
use of the slitless speetrograph. Burns’ investigation was undertaken with a small slitless
spectrograph attached to the Crossley reflecting telescope, and is in many respects similar to
mine. His dispersion was, however, less than a fifth that of the present instrument, which is
itself, as I have indicated, too low for the best observation of this object.

The image at 4686A differs from the others in the following particulars:

1. Tt is smaller. ‘

2. It is almost circular.

3. It is a nearly uniform disc with those edges corresponding to the flat sides of the nebula
slightly reinforced. That is, the edge of the dise is slightly brightened on the sectors corre-
sponding to the brightest parts of the nebula.

The image at 3727A differs markedly from the others in that it shows vastly more detail.
It is doubtless due in a great measure to this fact that a photograph of the nebula exhibits
much more structure than is visible in the telescope. The other images are very nebulous or
hazy, while this one is made up of what appears to be a complicated system of interlacing
filaments, suggesting the great detail in the network nebulae in Cygnus. Wolf and Burns have
found this image to be larger than the others, and while this is undoubtedly the case it is difficult
to compare the sizes quantitatively on account of the unequal distribution of the light in the
different images. The difference in length of the major axes, for images of normal intensity,
is not very great, but the difference in length of the minor axes is considerable. The following
are the measures of plate No. 727 for inner and outer diameters of three of the rings.

MAJOR AXIS
Inner Outer
A diameter diameter
N,-N, 34" 86"
4686 46"
3727 43" 90"

Measurements of the shorter diameter (along the length of the speetrum) can not be directly
compared with one another in view of certain small field distortions inherent in this type of
instrument which have not yet been quantitatively determined, and these diameters are therefore
not given, though it is doubtless in that direction that the image 3727A has its greatest excess
over the others. I am inclined to think that with the two exceptions mentioned the images are
all essentially of the same size and shape. There appear to be two very faint hazy protuberances
on the outside edge of the 3727 image just to the north of the northeastern end and to the south
of the southwestern end of the major axis.

Dr. Burns extended his observations to the red end of the spectrum, and reports that the
Heo image differs from the other hydrogen images and bears a close resemblance to the one at
3727A. As we should not expeet Ho to give an image differing greatly from those of the other
hydrogen lines, it seems probable that the reported Ha image is in reality due chiefly to one or
both of the nebular lines 6548 and 6583, which, together, are quite as strong as Ha in some
nebulae. . :

12 Vierteljahrschrift Astron. Gesell. 43, 283, 1908.
12 Lick Obs. Bull., 6, 92, 1910.
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The spectrum of the nucleus or central star has at one time or another been the subject of
considerable speculation. As Burns has pointed out, it is apparently continuous, there being
no visible dark lines or bright bands to mar the uniformity of its course. It does not differ in
any respect from the nuecleus of any other planetary nebula which gives a continuous spectrum.
The record is a long faint line of uniform intensity fading out at about 3400A. Spectra of
stars in the vicinity several magnitudes brighter do not extend that far. The spectrograms
have not been measured photometrically. Arranged in the order of their intensities the lines
are: 3727, N,, N,, 3869, HB = Hy, (3967 - He), 4686, Hs, 4363, 4471, 3889, 4069 = 4026.

N.G.C. 67T4]1. a=18" 57™5; §=—0° 35’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 Aug. 24.69 742 g (slitless) or 30m
Aug. 24.75 743 g (slitless) 1 0

1917 Aug. 9.69 838 g (slitless) 0 30 -
Aug. 9.77 839 g (slitless) 3 0

A small nearly round nebula slightly elliptical in an east and west direction. The mono-
chromatic images are all discs, except that at 3426 A, which -might better be described as a point.
A comparison of all the plates leads to the conclusion that there is quite a range in the sizes of
the different dises, that at 3727A being the largest, with a major axis of about 6"/, while the one
at 3426A is the least. The 4686A image is small, but perceptibly larger than the latter. The
images are so small and they differ so in brightness that it is difficult to estimate their relative
sizes. The following are in their estimated order of size: 3727, 3869, 4686, 3426A. The remaining
images are probably intermediate in size between the second and third.

NEBULAR LINES

line I, line I,
N, 370x Hy 37
N, 170%x Ha 20

HZ 63 (3967+ He) 22

4740 %) 3889 %)
4712 (5) 3869 62
4686 46 3727 46
4641 (5) 3426 241
4363 20

t This image is a stellar point, but contains about as much
light as 3889a, which has a sensible area.

There is no continuous spectrum.

N.G.C. 6751. a==19" 0™5; § =—6° 8§’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 Aug. 23.78 741 g (slitless) 1 30m
Aug. 29.76 744 g (slitless) 3 0
1917 Aug. 12.75 844 g (slitless) 4 30

In a direct photograph the object presents the appearance of a faint irregularly round dise
with a bright nucleus. The spectrograms show monochromatic ring-shaped images. The brightest
of these are N, and N,, and they furnish most of the photographic as well as the visible light of
the nebula. Hp, Hy, H$, and 3727A are present, though faint. These four lines give very much
larger rings than N, and N,, the diameters being about 30 per cent greater. 3869A also appears
to be present, but it is so faint that its diameter can not very well be estimated.
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Most of the light of the nucleus comes from a very broad composite band, evidently the result
of the combination of the Wolf-Rayet bands at 4650 and 4686A, the former being much the
stronger. There is a fainter band at about 4090A, also very broad, and there are probably others
of a similar character scattered along the spectrum. The continuous spectrum of the nucleus
is very faint and has a lumpy look. It may be composed of bands such as the two referred to.

The reason that this ring nebula presents, in a direct photograph, the appearance of a dise
is that the rings of different size fit one within the other, while the nucleus serves to fill the
vacant place in the center of the smallest ring. The same thing happens in other objects.

No photometric measurements were made.

1.C. 4868. o«==19" 11™0; § =—9° 14’

DETAILS OF OBSERVATION

Exposure
Instrument time

g (slitless) 1n 35m

Date Plate No.
1916 Sept. 26.68 774

An exceedingly small nebula. All of the images exeept N,, N,, and HB, which are slightly
out of focus, are practically stellar. 3727A is as small as the others, but there is a suggestion of
haziness around its edge that is lacking in them.

NEBULAR LINES

line 1, line I,
N, 126 Hs 30
N, 78 (39674 He) 40

HE 49 3889 22
4363 () 3869 59
Hy 51 3727 21

The photometric measurements are uncertain, as the nebula is small and there is only a
single observation.

N.G.C. 6790. o=19" 17"9; §=+1° 19’

DETAILS OF OBSERVATION

Exposure
Instrument time

g (slitless) 2r  Qm

Date Plate No.
1916 Oct. 25.67 786

Aug. 10.81 843 g (slitless) 0 30
Aug. 14.68 846 g (slitless) 0 10
A very bright, practically stellar, nebula.
NEBULAR LINES

line I, line I,

N, 360+ 3889 (He + H¢) 25

N, 180+ 3869 68

HE 53 Hy 9
4471 13 Ho 6
4363 26 He (4)

Hy 47 Hx  (3)

Hs 28 N (3)
4069 (3) 3727 11
4026  (5) HE  (2)

(3967 + He) 34

In addition to the lines listed above, the following are probably present, though very faint:

4740, 4712, and 4686A. They are of about the same intensity as HA.
The continuous spectrum is very faint. ’
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N.G.C. 6803.

Date

a=19" 26%6; 8§ =-+9° 52’
DETAILS OF OBSERVATION '

1917 July 23.91

Exposure
Instrument time

3 Om

Plate No.
831 g (slitless)

This is a very small object, practically stellar. The monochromatic images on the spectrogram

show discs a few seconds in diameter, but this may be due to the °

the photograph was made.

‘seeing,’’ which was bad when

NEBULAR LINES

line I, line I,
N, 130=% Hs 24
N, 100=* 4076 (10)
Hp 52 (3967 + He) 37
4471 (10) H¢ 15
4363 (12) 3869 59
Hy 48 3727 20

There appears to be a trace of continuous spectrum.

N.G.C. 6807.

Date
1917 Aug. 14.88

The nebula is stellar.

o=19" 29™6; § =45° 29’
DETAILS OF OBSERVATION

) Exposure
Plate No. Instrument time
847D g (slitless) 4n (Om

Only the over-exposed images show appreciable dises.

NEBULAR LINES

line I, line I,
N, overexposed (3967 4+ He) 30 °
2 77 Hg 12
Hg 55 3869 43
4471 (6) Hy (5)
4363 17 Ho (3)
Hy 45 H. (2)
Ho 22 3727 12
4026 trace

The measurements are uncertain.

Continuous spectrum is not present, except p0s51b1y on the more refranglble side of 3727A.

B.D. --30° 3639.

a=19» 30m8; § — -30° 18’

DETAILS OF OBSERVATION

Date
1914 July 886 618
July 13-14 623
July 22-23 624
Aug. 11.84 632
1916 Sept. 573 757
Sept. 574 758
Sept. 575 759
Sept. 580 760
Oct. 20.7 780

Oct. 20.7 781 -

Oct. 20.7 782
Oct. 20.7 783
Oct. 31.67 794
1917 June 4.03 823
Aug. 1579 847

Plate No.

Exposure Region of

Instrument time Spectrum

b* 1* 13™  visible

b 13 0 visible

at 11 0 blue-violet

f 6 18 ultra-violet
g (slitless) 0 4 ultra-violet
g (slitless) 0 4 ultra-violet
g (slitless) 0 15 ultra-violet
g (slitless) 1 0 ultra-violet
g (slitless) 0 4 ultra-violet
g (slitless) 0 4 ultra-violet
g (slitless) 0 4 ultra-violet
g (slitless) 0 4 ultra-violet
g (slitless) 1 26 ultra-violet

k*t 3 0 red
g (slitless) 3 0 ultra-violet -

* Slit of spectrograph in focus for Hg light coming from refractor.

t This photographic exposure was kindly made by Mr. C. D.

purpose.
} Slit slightly out of focus of 36-inch refractor.

Shane, with a spectrograph designed by the writer for this
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The bright-band character of the speetrum of this star was discovered by Mrs. Fleming in
1890.** It was included by Pickering in his list of spectra of the fifth type.’® Campbell in an
investigation of stars of this class found object to be surrounded by an envelope of hydrogen
gas.’® Later observers detected a few nebular radiations in the integrated spectrum of the
system,’” and Adams found the line 4069A to be present in the envelope.’® In 1914 these and
numerous other nebular lines were found to have their origins in the star’s gaseous surroundings.
The so-called hydrogen envelope may therefore be said to be a planetary nebula. A preliminary
account of the spectrum has been given in an earlier paper.’®

An excellent plate secured with the slitless spectrograph shows that the envelope, or nebula,
is not a dise, but an exceedingly minute ring, irregularly elliptical in shape and somewhat
eccentrically placed with respect to the bright star. The axes of the Hp ring, in the sense mean
of inner and outer diameters, are about 2” and 3 respectively. The spectrogram in question
probably represents the limit of definition obtainable with this apparatus. It is reproduced in
plate L, magnified about seventeen diameters from the original negative. The outer diameter
of the image as measured on this plate is about 5”. An increase in exposure extends the borders
slightly.

The lines in the spectrum of the nebula as measured with the slit spectrograph attached to
the 36-inch refractor are given in table 7. The lengths of the brighter ones correspond to a
diameter of about 7”. This slight excess over the diameter given above is probably due to
instrumental imperfections (including chromatic aberration) and ecircumstances of observation.
The faint lines N, and N, impress one as being shorter than the hydrogen lines, but this may
be the result of their faintness.

TABLE 7
B.D. 430° 3639. NeBULAR OR ENVELOPE LINES

A (R) Ig* A (R) Tg*
3726.47 15 4861.2 110
3729.24 7 4959 8
3835.6 10 5007.2 10
3840.4 5 (5593)t 8
3889.3 30 5755.2 20
(3935.1) 10 (5776)1 10
3970.3 50 6303.6+ 10
4068.8 60 6548.51 70
4076.6 20 6563 100
4101.9 70 6583.21 110
4340.6 90 67298 15

(36£?Aa)ddition to the lines listed, the fainter ones of the hydrogen series are recorded on the slit spectrograms as far as Hp
* Lines below 10 in intensity are very faint.
t These are faint bands in the nucleus which possibly extend out into the nebula as narrow lines.
} Measured with a dispersion of 3 prisms (plate No. 823). Assumed wavelength of Ha = 6563.01.
§ This line is diffuse on its more refrangible edge, presenting the appearance of having a close companion. The measured
position of the suspected companion is 6718a.

The spectrum of the nucleus, or central star, which is by far the brighter part of the system,
is continuous with many superposed bright bands and a few dark ones, while the surrounding
nebula emits only narrow bright lines. These features are well shown in the illustrations
(pl. XLIV). A number of considerations make the study of the spectrum of the nucleus desir-
able, not the least of which is the fact that as compared with other stars of its spectral class it
exhibits comparatively narrow bands, which renders a fairly accurate determination of their wave-
lengths possible. This is particularly true in the cases of those bands which are sufficiently close
to encroach upon one another in the spectra of other stars. Instances in point are the triplet at
5801-28 and the numerous bands in the vicinity of 4650A.

14 Astr. Nach., 125, 155, 1890.

15 Astr. Nach., 127, 1, 1891.

16 The Wolf-Rayet stars, Ast. and Ast.-Phys., 13, 461, 1894. . .

17 Palmer, Lick Obs. Bull., 2, 53, 1902; Wolf, Sitz. Heidelberger Akad. Wiss., 14 Abhl,, 1913; Merrill, Lick Obs.
Bull., 7, 129, 1913.

18 Science, 32, 882, 1910.

19 4p. Jour., 40, 466, 1914.
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The bands vary considerably in width. In some cases this is undoubtedly due to the over-
lapping of close bands, which thus blend to form an apparently single one of greater width,
and in others to photographic spreading through over-exposure, but after allowing as well as
possible for such effects they appear to fall into two groups having widths of about 10 and 214A
respectively. The former is the larger group and includes such lines as 4686A and the helium
lines. The so-called ¢ Puppis bands (bright in this object) fall in the narrow group.

The measurements of the nucleus spectrum are recorded in table 8. Except as indicated to
the contrary in footnotes, they were made with slit spectrographs attached to the 36-inch
refractor. The intensity scale is made to correspond more or less with that adopted for the lines
of the surrounding nebula on the Ig system explained on page 242. On account of their diffuse
character, intensities 5 or 10 represent bands at about the limit of visibility. Anything rated
at 40 or higher may be considered comparatively bright.

TABLE 8
B.D. +30° 3639. SpecTRUM OF NUCLEUS
Labojxsxtory Stellar dja;u‘k lines
A (R) Igt Description?® Y element’ “ClassO  ClassB |
33427 ft. L L
3404° ft.
3414 ft. it s
3429° ft., narrow . il e
34472 ft. it s
3564% ft., v. broad ..
3611° v. strong L il e
3640° ft., v. broad = ..
3705% fairly strong 05.2 05.
3760° narrow, strong _  60.09 60.1
37943 fairly strong 91.47 0 (I1I) ) 92.
3883.0 dark line L. it e
3884) edge .
3804 20 edge 88.78 He 89.1 89.1
3915 ) edge
3920.2 | 30 center 20.8 ¢ L 20.8
3925 | edge
3962 15 s 6175 O ((III) ... 62.
4022 dark line =~ ... L Ll e
§26.0
4027 40 e 126.40 26.8 26.4
4050.9 dark line . L e
4056.7 55 e 59
4063.8 strong dark line ... ... .. L.
4070* 55 e %‘;g'g 694
4084.7 dark line ... . L
4088.9 45 89.09 89.1 89.1
4113 edge
4115.1 20 max. 16.51 16.2 16.2
41214 ' 40 max. 21.0 20.8 20.8
4129.6 20 max §28.29  Si(II) = .
4133 edge 13104 Si(II) 0
4155.4 50 s et e e 54.2
4163.8 50 - [ - "
4187.7 L 86.2 %gg:{
4200.5 15 s 00.3 Hy 00.6 00.6
4229.6 15 U
4239 10 et et e et e
4247 5 e e e e
4266.9 70 67.30 c 67.3
431675 30 e {}gg e
4320.6 dark line . e e e
4325.8° 5 . 25.9
4347 30 et memeeeemmmeeee e 49.6
4368.1 40 e e 67.2 67.2
4385 40 v. broad, prob. 88.10 88.1 §79.8
composite 188.1
15.1 §15.1
4416-2 40 ------------------------------------------ 117.0 117'0
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TABLE 8—(Continued)

Laboratory Stellar dark lines
A (R) I Description® A element Class O Class B
44414 A0 e i
4457 20
4465.8 -. strong dark line ... . il
44724 40 71.7 71.7
4516.6 50 e e i,
(4533)° 10 i T T
4538.0 wee o dark line L et s
4542.7 20 e Hy' 424
4555.0 20 Si (IIT) 53.0
4569 10 Si (III) 68.3
Si (IIT)
4593.9 20 %g}
4619% 10 20
4634 10 e 0342 (DHAD) o,
4641.8 «..  strong dark line ... ... . .
4651.6 100 50 50
4666.0 40 e
4675.4 20 76
4681.0 wee dark line L s e,
4687.1 50 86.0
4695.7 . dark line . it e,
4702.2 10 e %gg
(4713) 10 13.2
4738 52U
4786.4 20
4799.2 10 s et et e,
4923 10 no record 22.1
4940 10 e 41.6
5017 10 o 15.7
5091.5 10 et s e e e .
5130.9° 25 e
5251.1 20 o
5272.6 15 o
5305.0 15 e e
5412.2 15 LA 13.6
5470.2 10 e e
(5576) 5 T o
5593 8 92.57 o) ¢«
(5660) 5 o o e T
5691
5696.0 60 96.0 C AN 97.8
5703
5773 10 e e e RAE 73
5801 15 01.4 C e e
5812.3 30 12.0 C e e
5828 20 26.7 C o e
5876.8 30 75.9 He o e 76
§90.2 D, v 90
5893.5 B 196.2 D, %96
6154 10 s ¢ ¢ morecord
(6206) 5 (43 (%3 (43 (%4
(6309) 5 43 (X3 43 (X3
6459 5 (43 (X3 (43 ‘¢
66763 5 (43 X3 (¥4 ‘¢

1 For explanation of this intensity system see p. 242.

:hBaf?ds oliserved with slitless spectrograph. The wave-lengths are extrapolated and are uncertain. Intensities cannot be given
on the scale.

3 Wa\;ge-lengths measured with quartz slit spectrograph. Intensities cannot be given on the I, scale.

¢ Difficult to measure accurately on account of close bright lines in nebula. -

5 These two bands practically blend. Separated by only a comparatively narrow dark line.

6 The apparent presence of a band here may be an effect of contrast due to a dark line at 4538.

8 On account of the chromatic aberration of the telescope in this region it is not possible to say whether this band is confined
strictly to the nucleus.

? There seems to be a group of two or more faint emission bands below this one extending to about 51624A.

10 Unless otherwise specified the wave-lengths are the centers of emission bands.

11 A composite band with three maxima, the middle one of which is the strongest.

12 These bands are incompletely resolved.
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The principal helium lines are represented. The brightest ones certainly, and probably the
faint ones as well, are bordered on the more refrangible edge by dark bands. The lines of
parhelium are comparatively faint, only the strongest being certainly present. The extra
hydrogen, or { Puppis lines, are bright, but narrower than the helium bands. They appear to
have, like the latter, dark companions on the violet edges. The centers of all of the emission
bands referred to in this paragraph appear to be displaced slightly toward the red. Taking
only those which for one reason or another seem to be most suitable for measurement, we have:

)\ star A laboratory origin star-/}lab.
4027.0 4026.4 prm(npally He 0.6
4200.5 4200.3 He +0.2
44724 4471.7 He +0.7
4542.7 4541.3 HY +1.4
4687.1 4686.0 . +1.1

As will be seen later, other stellar bands (under reasonable assumptions as to their origin)
do not exhibit this shift. It seems not unlikely that the displacement may be associated with
the fact that the members of these particular groups of bands have absorption on the violet edge,
which may encroach upon, and disturb, the position of that boundary.

TABLE 9

COMPARISON OF STELLAR AND CARBON WAVE-LENGTHS

A star I laboratory I
3920.2 30 3920.8* 5+
4266.9 70 4267.3 10
4647.6 10
4651.6 100 4650.4 8
| 4651.6 8
5593 8 5592.1t 8
5696.0 60 5696.0 10
5801 15 5801.4 7
5812.3 30 5812.0 5
5828 20 5826.7 3
5893.5 15 5893
.......... 6578 9
.......... 6583 8

* This line is not reported by Merton, whose observations do not appear to have extended so far into the violet. It has been
inserted as a characteristic carbon line found associated with 4267A. Its laboratory wave-length appears to be somewhat uncertain.
The value given is quoted from Lunt (4nn. Cape Obs., 10, II, 37, 1906). The intensity represents the mean of the estimates of
a number of observers. See Kayser Handbuch der Spectroscopie, 5.

t This line has since been ascribed by Fowler and Brooksbank to the third line spectrum of oxygen. Mon. Not. R. 4. 8.
Lond. 77, 511, 1917.

There appears to be little doubt that carbon is represented in the spectrum. Several
observers, particularly Mr. T. R. Merton, have called attention to the probable occurrence of
this element in the Class O stars.?® Mr. Merton has been able to excite a spectrum, probably
due to carbon, whose lines correspond closely in position with many of the bands characteristic
of these stars. His measurements are given in column 3 of table 9. Merton identifies the last

“pair of lines with the nebular line at 6583, which oceurs in the envelope but this is hardly

permissible, as the envelope line is narrow while the others are in the form of broad bands
localized in the nucleus. It is quite possible that there is a nucleus band in this position, and
that it is completely obliterated by the over-exposed envelope line referred to. In fact, the
envelope lines 6548, 6563, and 6583 are run together through over-exposure on the plate which
shows the fainter nucleus bands to advantage, so there is essentially no evidence against the

20 Lockyer, Baxandall, and Butler, Proc. Roy. Soc. Lond., A, 82, 543, 1909; Merton, ibid., A, 91, 498, 1915;
Wright, Proc. Nat. Acad. ’Sei. Am, 1, 596 1915.
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presence of a nucleus band of moderate intensity at this place?* Except with respect to some
of the relative intensities the correspondence may be said to be excellent, and it is doubtful
whether that irregularity is in any degree critical, as the relative strength of many of the lines
vary in the laboratory spectrum with conditions of observation. The comparison certainly seems
to indicate the presence of carbon in the star.

The possible identity of the other bands is indicated in table 8. Silicon appears to be repre-
sented by members of Lockyer’s group IV, and possibly groups II and II1** The agreement
is not in all respects so good as one might wish. The two lines 5042 and 5057 in Lockyer’s
group IT have not been observed, but this may be due to lack of sensitiveness of the plate in this
region. The discrepancy of over 2A in the group III line at 4552.6 is rather large. The bands
of Fowler’s extension to the fourth group have not been found.?* Fowler and Brooksbank®*
have recently discovered a new line spectrum of oxygen which is excited by very intense electrical
discharges. They have identified certain bands in the spectrum of this nucleus with lines in
that speetrum, which they designate the third spectrum of oxygen, O (III). The identities referred
to are indicated in table 11. Their work renders exceedingly probable the presence of oxygen
in this and other celestial objects.

Some of the stronger groups of lines in the elementary line spectrum of oxygen correspond
fairly well in position with bands observed in the nucleus. Lines in this spectrum are so
numerous, and the nucleus lines so broad that it is diffieult to compare the two and little assistance
is rendered by a mere table of wave-lengths of the oxygen speetrum. A glance at a chart of
the spectrum of oxygen, as photographed by Lunt,*® however, shows a number of prominent
groups of lines, the strongest of which are approximately in the following positions: 4072, 4119,
4349, 4416, 4593, 4650, 4942. Thereé are nucleus bands close to all of these positions, which are,
however, in a number of cases undoubtedly due, partially at least, to other elements. Perhaps
it may be said that while the evidence in favor of the presence of the elementary spectrum is
not by any means convineing that against it is equally weak.

It is to be remarked that all of the elements here referred to are prominently represented
in the Class B stars by the very lines, occurring there as dark, through which their presence in
B.D. +30° 3639 is indicated. It has been noted by other observers that there appears to be a
significant correspondence between the bright band spectra of the Wolf-Rayet stars and the
dark line record of the Class B stars, though many of the prominent features of each are lacking
in the other. In columns 6 and 7 of table 8 are inserted lists of stellar lines lying close to the
bright bands. The stellar wave-lengths are taken from the tables of Miss Cannon®*® and Mr.
Baxandall.2” Lines in Class B spectra are fairly numerous, and this fact must be considered in
judging of the significance of approximate coincidences.

Reference has already been made to the faet that some of the emission bands are bordered
on the more refrangible edge by broad dark lines. In a spectrum such as this, containing
numerous emission bands, some of which are grouped closely together, it is not always possible
to distinguish between absorption bands and minima due to other causes. The following list
of bordered bands is therefore doubtless incomplete. The distance of the dark band from the
-T}Eg—g;ls (Phil. Trans., 154, 11, 139, 1864) found that the red carbon doublet is suppressed in an atmos-
phere of hydrogen, and this has been confirmed by Herbert (Phil. Mag., 6th series, 4, 202, 1902), who }:as in-
vestigated the effect quantitatively. Herbert finds that the lines are practically extinguished by a 50 per

i iol arbon line at 4267 is, on the other hand, hardly affected. In view of
Eﬁgtgl;l;::u:terefg?}?dgg glf;c.lrorggﬁ \i’:lotehfisc object the eonditioné would appear to bé favor};;ble for the elimination
from the spectrum of the lines in que_astion. I_t would be a matter of interest to learn whether the spectrum
observed by Merton can be excited jointly with that of hydrogen.

22 Proc. Roy. Soc., 67, 403, 1900.

23 Mon. Not. R. A. 8. Lond., 76, 196, 1916.

24 Mon. Not. R. 4. 8., 77, 511, 1917.

25 Ann. Cape Obs., 10, pt. IT, pl. II.

26 Ann. H. C. 0., 28, I1, 233-237, 1901. . .

27 Comparison of the spectra of Rigelian, Crucian, and Alnitamian Stars, Publ. Solar Physics Committee, 1914.
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center of the bright one appears to be in the neighborhood of 5A, except in the case of 4642A,
in which it is considerably larger. There is no evidence of a relationship between displacement
and wave-length, such as is found to exist in the novae, and in view of the great range in the
width of the emission bands such a dependence is hardly to be expected. The outstanding
discrepancy just alluded to is somewhat disconcerting. Surmising that it might be a photo-
graphic effect due to the great strength of the bright band, I have measured the line on a more
suitably exposed plate and find that it is hardly possible that the tabular position is in error

A\ dark \ emission A \ laboratory element
3883.0 3889.0 6.0 3888.78 He
4022.1 4027.0 4.9 4026.40 He
4050.9 4056.7 58 .
4063.8 4070.0 6.2 .. .
4084.7 4088.9 4.2 .
4320.5 4325.8 53 s
4465.8 4472.4 5.6 He
4538.0 4542.7 4.7 4541.3 ..
4641.8 4651.6 98 .
4681.0 4687.2 6.2 4685.98 ...
4695.7 4702.2 4.5 .

more than half an Angstrom. One might be inclined to think that in this instance the bright
and dark bands are not physically related, were it not for the fact that each is, of its kind, the
strongest feature of the spectrum. A possible explanation is suggested by the probability that
the bright band is due to the carbon triplet, 4647.5 —50.9 —51.6, and it may be that only the
more refrangible member of such a composite line would be effective in producing the bordering
dark band. In that case the dark line is exactly in the required position. If there is any such
law as the one suggested, it would appear to indicate that the absorption lines are produced at
a lower level than the bright bands, and that consequently they may be obliterated when covered
by bright emanations of sufficient strength. :

In two instances there are nebular lines and nucleus bands which eorrespond closely in wave-
length. In one of these it is quite certain that the band and line are of independent origin,
while in the other we cannot say whether or not there is a physieal relation between the two.
The hydrogen line at 3889.20A crosses the broad helium band at 3888.78. These two lines are
so close together that, were it not for their difference in character, it would be impossible to
separate them with the low dispersion used. The other case referred to is 4070A. There is a
band 9A wide centering at this point. As this band has a dark companion its normal wave-
length is probably a-trifle less than the figure given, let us say 4069.2, which corresponds closely
with the line 4069.5A in the Class B stars. Crossing the band is the nebular line 4068.8A.
Whether the line is due to an element common to these three classes of objects it is at present
impossible to say.

The continuous spectrum of the nucleus is so strong that it does not seem practicable to
measure intensities either of the nebula or nucleus spectrum with the photometer.

The continuous spectrum possessed by so many nebulae, which begins near the limit of the
hydregen series and extends toward the ultra-violet, does not appear to be present.

N.G.C. 6818. o=19" 38™3; § =—14° 24’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 Sept. 25.68 772 g (slitless) 1 20m
1917 Aug. 13.77 845 g (slitless) 4 0

Direct photographs show a dise about 20” in diameter which exhibits much structure. Plate
No. 845 is shown in figure 1 of plate XLVIIL. The spectrograms record images of a variety of
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shapes and sizes. Most of them have the appearance of a horseshoe, the open end of the shoe
lying to the north. Some of the images show mottlings, or condensations, scattered along the
shoe, or ring. The hydrogen images are free from these, or nearly so. N, and N, are not
completely separated, so that it is not possible to state whether this is the pattern which they
record. 3967A shows the condensations fairly well, 3869A better still, while 3727A is composed
of condensations and not much else. It seems to be a rule that outlying condensations such as
these, and detail in general, are greatly strengthened in images given by the last line.

The images at 3426 and 4686A do not show the mottlings. These images are noticeably
smaller than the others and the first is itself smaller than the second. The line 3426A is not
recorded in a great many nebulae, but when it does occur the image which it gives is either the
smallest, as in the present instance, or as small as any in the spectrum. On a previous oceasion
the writer made a similar statement®® with respect to the line at 4686A, but that was before the
ultra-violet region had been systematically studied.

NEBULAR LINES

line I, line I,
N, overexposed Ha 22
N, 112 (3967 + He) 24
Hg 51 3869 47

4686 60 3727 34
4363 (15) 3445 trace
Hy 49 3426 16

The intensities depend on the measurement of a single plate, and are uncertain.

N.G.C. 6826. o=19" 42™1; § = +50° 17
DETATLS OF OBSERVATION

Exposure Region of
Date Plate No. Instrument time Spectrum
1914 Aug. 27.85 641 a 5" 0™  blue-violet
Sept. 8-9 648 a 11 25 blue-violet
1916 May 19.78 718 i 0 20 blue-violet
May 19.92 719 i 5 0 blue-violet
June 2891 729 g (slitless) 2 0  ultra-violet
June 28.97 730 g (slitless) 0 20 ultra-violet
June 28.98 731 g (slitless) 0 5 ultra-violet
1917 Sept. 10.74 858 g (slitless) 2 25 ultra-violet
Sept. 10.82 859 g (slitless) 0 52 ultra-violet
Sept. 10.84 860 g (slitless) 0 17 ultra-violet

In the telescope this nebula appears as a round uniform dise with a very bright nucleus.

There is an excellent reproduction of the spectrum as photographed with the slitless spectro-
graph in plate L. The most striking features are probably the two star-like condensations on
the periphery of the 3727 image. There are faint condensations in corresponding positions in
the other images, but they are ineconspicuous and must be looked for carefully to be recognized.

The condensations appear at first glance to be isolated features of the images, but a more
careful examination discloses in most of the images ‘a delicately traced ellipse, and the condens-
ations mark the extremities of its major axis. The ellipse is not visible in the 3727 image. The
phenomenon appears analogous, in some respects, to that observed in N.G.C. 7009, where most
of the light of the elliptical image at 3727TA is concentrated near the ends. The condensations
are farther apart in 3727A than in the other images, one of them lying partly beyond the edge
of the dise. The measured distances here and in two of the hydrogen lines are:

3727A 922”8
Hy 19.2
HB 19.8

These measures are only approximate.

28 Proc. Nat. Acad. Sci. Am., I, 266, 1915.
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"The-images are of about the same size except with respect to the separation of the two out-
lying bright points. It would be difficult to make a more definite estimate of the relative
dimensions because the edge of the nebula is ill-defined, and consequently the diameter varies
with the intensity in a manner that it is hard to allow for even with plates of long and short
exposure. ,

The line intensities were measured in the body of the nebula. In the case of 3727A the
intensity was also measured in the condensations.

NEBULAR LINES

line I, line . I‘1
N, not measured Hy 51
N. not measured Hs 30
HB 49 4097 (5)
4712 (2) 4026 (8)
4471 10 (3967 4+ He)* 31
4388 (3) 3869 40
4363 (8) 3727 22 (38 in condensations)

* The components are equal in intensity.

In addition to the above lines, the hydrogen lines from H¢ to Hy and the following due to.
helium, 4009, 4120, and 4144A, are recorded on one of the small scale plates (No. 719), but their
intensity on the adopted scale cannot very well be estimated.

The nucleus has the characteristics of a Wolf-Rayet or Class O star. The following bright
bands occur, or, where indicated by parentheses, are suspected, in its spectrum :

Nucleus Wolf-Rayet
4057 - 4057
4089 4089

(4109) ...

(4116) 4115

(4122) 4121

4635'edge ] 4634
4661 edge§ 4650
4686 4687

The Pickering series is represented by dark lines at Hy’ and H$’ (4541 and 4199A). The
lines of the Balmer series are also dark and are recorded from HB to Hy (3750A). I may
remark that the slitless spectrograph appears to be a relatively efficient form of instrument for
recording dark nucleus lines in the presence of bright lines of the same wave-length in the
spectrum of the nebula. The absorption lines of hydrogen are much more readily seen on the
slitless plates of this and other nebulae than on the slit spectrograms. This seems a little
surprising at first, but the reason is very simple. On a slit spectrogram the bright nebular
line crosses the dark line and tends to neutralize or obliterate it. The contrast between the
center of the line and the adjoining continuous spectrum is absolutely reduced, or may perhaps
be reversed. In using the slitless spectrograph we in effect place over the dark line a bright
dise, which illuminates not only the center of the line but the adjacent continuous spectrum as
well. The absolute contrast remains the same, and, in particular, it eannot be reversed, though

" of course the proportional illumination is modified.

Table 10 is based on measures of one of the slit spectrograms.
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TABLE 10
N.G.C. 6826. WAVE—LEN(;.THS

Plate No. 648 I,

3868.85 40

3889.01 20

3933.18 fine dark line in nucleus
(3959.1) susp. fine dark line in nucleus
3967.57 30

3970.17 30

4026.7 10

4057.5 15 ft. hazy emission band*

4089.0 10 hazy emission band*

4097.8 10 short line

4101.90 50

(4109) 5 suspect nucleus band

(4116) 5 suspect nuecleus band

(4122) 5 suspect nucleus band

4199.1 hazy dark line in nuecleus
4340.62 60

4363.55 12

4471.4 15

4541 v. broad dark band in nucleus
4635 v. ft. hazy emission band, difficult*
4661 - . hazy )
4682.7 dark line in nucleus bordering emission band
4686.2 20 max. of emission band*
4690+ end of band

4861.7 60

4959.3 70

5006.9 100

* Confined to nucleus.

N.G.C. 6833. a=19" 46™9; § = }48° 42’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 Aug. 19.71 848 g (slitless) m om
Aug. 19.75 849 g (slitless) 0 28
Aug. 19.83 850 g (slitless) 3 0
This is a stellar nebula, the largest image of normal intensity being not more than 3”7 in
diameter, which is a very good star pattern. The intensity measurements are uncertain, as is
always the case with small images. -

NEBULAR LINES

line I, line I,
N, 116 (3967 4 He) 27
N, 53 H¢ 15
HB 49 3869 45
4471 10 Hnp (5)
4363 16 Héo (4)
H~y 51 3727 trace
Hs 26

There is an exceedingly faint continuous spectrum.

N.G.C. 6879. oa=20" 5™9; § = +16° 38’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 Sept. 16.72 864 g (slitless) 2" 35m

A very small nebula, almost stellar, but apparently elongated slightly east and west. The
object is faint and there are not many lines recorded on the single plate secured. Small though
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it is, it evidently possesses a nucleus, for there is a faint continuous spectrum threading the
centers of the discs.
NEBULAR LINES

line 14 line I,
N, 125 Hy 44
N, 77 Hsé (20)

HB 56 (3967 4 He) 28

4363 (10) 3869 38

The object being small and only one plate available, the intensity measures are uncertain.

N.G.C. 6884. o«=20" 72; § =+46° 10’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 Nov. 16.68 797 g (slitless) 3n QOm
Nov. 24.67 799 g (slitless) 1 0
Nov. 26.66 802 g (slitless) 0 15
1917 Sept. 17.76 867 g (slitless) 1 0
The nebula presents, both in a direct photograph and on a spectrogram, a perfectly round
dise 47 or 5” in diameter. It is difficult to say whether or not there is much difference in size
in the monochromatic images, since the faint images naturally appear smaller than the bright
ones. In larger objects it is possible to eliminate this effect, to a certain extent, by comparing
plates of different exposures, but with a very small image this cannot be done unless we know
that the plates are exactly the same with respect to focus, seeing, and other conditions of
observation. Concerning two of the dises, however, there is no question that a difference in size
exists. The dise at 3727 is larger than that at 4686, since the former is both larger and fainter
than the latter. '
NEBULAR LINES

line I, line I,
N, 286 Hy 44
N, 160 Ha 28

Hp 56 4026 (4)

4740 (6) (3967 -+ He) 32
4712 (6) Hy 14
4686 22 3869 62
4640 (6) Hy (6)
4471 (10) Ho (4)
4363 22 3727 17

There is little if any continuous spectrum.

N.G.C. 6886. o==20" 8m3; §=-119° 41’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 Sept. 13.74 863 g (slitless) 3h om
Sept. 17.69 866 g (slitless) 0 55
Sept. 18.72 869 g (slitless) 0 16

A small dise about 5 in diameter. Allowing for differences in intensity, 3426A appears to
give the smallest image, 4686A that next in size, while the largest are perhaps furnished by
3869 and 3727A. The latter is hazy on the edges, and with prolonged exposure would probably
spread out into the largest image. The two last named images appear to have minute excrescences
on the southeast and northwest edges which serve to give them an elongated appearance. Some
of the other images have tendencies in this direction. Otherwise they appear to be perfectly
round. N, and N, are intensely bright relatively to HpB.
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NEBULAR LINES

line I, line Iq
N, 330 Hy 43
N, 180 Hs 21
HB 57 (3967 4 He) 30
4740 (10 H¢ 15
4712 10 3869 57
4686 49 Hny (10)
4640 (5) 3727 40
4471 (7) 3445 (4)
4363 26 3426 17

There is no record of a continuous spectrum.

N.G.C. 6891. o=20" 10™4; § = 412° 24’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 Sept. 25.77 773 g (slitless) 1 30m
1917 Aug. 21.84 853 g (slitless) 4 10

The nebula is a hazy dise about 12” in diameter, somewhat elongated north and south.
There is a very bright nucleus. The monochromatic images present the same appearance as
the nebula, except of course with respeet to the nucleus, the speetrum of which is continuous.
They are strong in the center and fade out to a nebulous edge. The size of an image of this
sort is naturally a function of the intensity and exposure time, and probably most of the small
apparent differences in diameter that are exhibited by these spectrograms are due to this cause.
It seems likely, however, that the 3727 image is larger than the others. It appears to have a
greater length in the direction of the spectrum than hydrogen images of less exposure but equal
photographic density.

The intensity measurements are rendered very difficult by the strong continuous spectrum
of the nucleus. In making them it was necessary to set the photometer near the hazy edges of
the nebula, and even here somewhat arbitrary corrections are necessary for the intensity of the
background. The results are therefore uncertain.

NEBULAR LINES

line I, line Iq
N, 194 Hb 23
N, 86 (3967 + He) 20
Hp 59 3889 (He + Hy) 17
4686 trace 3869 30
4471 (5) 3727 25
Hy 41

The nuecleus gives the characteristic continuous spectrum. It is of very uniform intensity
and can be followed to above 3300A. There is no indication of either bright or dark lines.

1.C. 4997. o=20t 15™6; § = --16° 25’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 Sept. 26.77 775 g (slitless) 2r  Qm
Sept. 26.83 776 g (slitless) 0 30

This is an exceedingly bright stellar nebula. The weaker of the two spectrograms has some
overexposed images and a still shorter exposure would be of value. All of the lines form neat,
clean, circular dises of stellar dimensions, except 3727A which, though faint, gives a decidedly
hazy image. It may be noted that 4363A is extremely bright, perceptibly brighter than the
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neighboring line Hy; in fact the measurements indicate it to be second in strength in the
speetrum. This observation serves to isolate it from all other strong lines w1th1n the limits of
the ordinary photographlc region of the spectrum (3000 to 5000A).

NEBULAR LINES

line I, line I,
N, 47 H¢ 17
N, 30 3869 62

HB 48 Hp 10
4471 16 3820 (5)
4363 57 Hé 9

Hy 52 H. 8

Haé 30 Hyx 7

4076 (6) Hx 6 -

4069 9 3727 20

4026 6 H» (3)

(3967 He) 37 3705 (He + Hf) (3)

The continuous spectrum is weak until it reaches the vieinity of H¢ (3704A), from which
point on into the ultra-violet it is stronger. It is undoubtedly reinforced by the detached
continuous spectrum observed in this region in other nebulae. On the stronger of the two
plates (No. 775) there appears to be a dark band on the more refrangible edge of 3727. This
may, however, be a subjective effect due to contrast with the bright line on one side and the head
of the continuous spectrum just referred to, combined with Hv and H¢, on the other.

N.G.C. 6905. o==20" 17™9; § = +419° 47’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 Aug. 22.80 854 g (slitless) 3 30™

This is a large faint planetary, almost the duplicate in appearance of N.G.C. 40. That object
has an exceedingly interesting spectrum, and the present one was added to the list for the purpose
of determining whether the resemblance extends to the two spectra. It is so faint that it would
otherwise hardly have been considered as a subject for observation.

The lines present in the nebula proper are N,, N,, 3869, 4686, and Hy.

The images are all faint, but there is a record sufficient to show that there is little resemblance
between the spectra of the two nebulae. 3727A is relatively strong in N.G.C. 40, while 3869 is
the brightest ultra-violet line in 6905. N, and N, are practically absent from No. 40, but are
the most intense lines in the spectrum of 6905. 4686A is absent from the nebular spectrum of
the former, but present in that of the latter. The hydrogen series appears to be present in both.

The nucleus gives a continuous spectrum, with two very broad emission bands at wave-
lengths 3795-3835 and 464-471—+—+puu. These figures are merely approximate. The second
band is apparently composite and is doubtless due to the Wolf-Rayet radiations at 4650 and
4686A, much broadened, with the first the stronger of the two. The spectrum appears to be

“identical with that of the nucleus of N.G.C. 7026, except that in the latter object the 4686

component of the band just discussed is weak or missing.
This appears to be one of those rare objects in which 4686A is present both as a nebular
and as a nucleus line.
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N.G.C. 7009. o =20" 5877; § =—11° 46’

DETAILS OF OBSERVATION

Exposure Region of

Date ~ Plate No. Instrument time Spectrum

1914 Sept. 21-22 650 a* 10" O™ blue-violet
Nov. 4.64 657 a¥ 0 15 blue-violet

Nov. 4.67 658 a* 1 0 blue-violet

1916 July 6.94 734 g (slitless) 1 0 ultra-violet
July 6.97 736 g (slitless) 0 20 ultra-violet
Sept. 24.72 770 g (slitless) 3 0  ultra-violet

* Position angle of slit 346° (about perpendicular to the general direction of the ellipse).

A brilliant elliptical ring with outlying lobes beyond the extremities of its minor axis. There
are two straight threads of light running outward from the nebula in the direction of the major
axis, which terminate in minute knobs, or condensations. The object suggests the appearance
of Saturn when viewed with the rings ‘‘edge on.”’

The spectrum is shown to fair advantage in plates XLII and XLVIIL?® It will be seen by a
glance at the photographs made with the slitless spectrograph that most of the light of wave-
length 3727A is concentrated in two small areas at the extremities of the ellipse. This is just the
place where the other lines are weak. The weakness is most pronounced in the 4686 image, from
which the ends of the ellipse are practically gone. The small condensations mentioned as
terminating the faint extensions of the major axis-are relatively strong in the image at 3727A,
though the extensions themselves hardly show. These extensions are, however, visible on the
brighter images. The short diameter of 4686A is less than that of the other images, measuring
71 as compared with 875 for HB and Hy.

In appearance the nebula strongly resembles N.G.C. 7662, and the spectra of the two objects
are almost identical in the part of the photographic region covered by glass instruments.
Helium (4471) is relatively stronger in No. 7009, while the Pickering series is more pronounced
in No. 7662. Some of the ultra-violet lines are apparently missing in 7009, but allowance must
be made for the fact that this object, on account of its southern declination, is observable only
at a great zenith distance, and the lines in question are therefore much weakened by absorption.
Another point of difference brought out by the slit spectrograms is that in N.G.C. 7009 the line
4363A terminates at the bright ring. In N.G.C. 7662 it extends beyond. Otherwise the spectra
are remarkably alike. The similarity in form and spectrum of the three nebulae N.G.C. Nos.
3242, 7009, and 7662 is striking.

NEBULAR LINES

line I* line I
N, 130k 4267 (3)
N, 85+ Hs 30
Hp 50 4097 (5)

4740 (8) 4026 (4)
4712 (8) (3967 + He) 42%
4686 28 3889 (15)
4640 (8) 3869 70
4634 (2) Hy (6)
4471 10 Hoé (5)
4363 (15) 3727 24-16*
Hy 50 3445 10

*The intensity measurements are on the side of the bright ellipse except for 83727A, in which case the two condensations at
the ends are measured. These two condensations are of unequal brightness and measurements of both are given.

1 On a slit spectrogram which resolves these lines 3967A appears to be about 3 times as strong as He.

290 The faint hazy patch above Hy in fig. 5, pl. XLVIII, is probably a photographic defect.
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The detached ultra-violet eontinuous spectrum is quite strong. This is rather a good speetrum
in which to measure its lower limit, because the nebula itself 1s quite narrow and roughly serves
the purpose of a slit. An estimate of the position, which is after all necessarily an approximate
one, places the limit at about 3650A. '

The spectrum of the nucleus is continuous, and has the usual uniform appearance charac-
teristic of the spectra of nebular nuclei.

N.G.C. 7026. o=21" 2™9; §=4-47° 2T’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 Oct. 26.72 790 g (slitless) 3" Om
1917 Sept. 11.79 862 g (slitless) 6 0

The ncbula consists of two slightly elongated lobes lying parallel to each other and separated
by a comparatively dark lane not quite equal to their width. Faint filaments of nebulosity
surround and connect the lobes. One of the spectrograms is reproduced in plate XLVII, figure 2.

The image at 4686, although maintaining the general shape of the nebula, is very much
smaller than the others, while 3727A is larger. There is no evidence of a difference in size or
separation among the remaining images. The separation of the two lobes, measured center to
center, is as follows:

N, image overexposed
N, 673
HB-HH-HS 6.0
4686 3.7
3869 6.1
3727 7.3

The slight range in the measured separations of intermediate size is probably not significant.
It has been suggested that the separating lane in this nebula is due to absorption. If that is
true, it is evident that the absorption must be selective and within the nebula itself, and not
beyond the luminous part, because the width of the lane varies with the size of the image, that is,
it is different for different wave-lengths. It is exceedingly narrow for 4686A, and very wide
for 3727. This fact is incompatible with the idea of its being caused by a generally opaque
medium.

NEBULAR LINES

line I, line I,
N, overexposed Hy 43
N, 115+ Hs 28

HB 57 (3967 + He) 33

4686 20 3869 55
4471 10 3727 28

There is a very faint nucleus situated just to the east of the center of the lane. The light
of this is concentrated in two broad bands, one extending from 3795 to 3835A, and the other
from 4640-4690A. These estimates are only approximate. The second band is doubtless the
Wolf-Rayet band 4650A. The nucleus of the nebula N.G.C. 6905 has an almost identical
spectrum. :
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N.G.C. 7027. a=21" 3"3; § =441° 50’

DETAILS OF OBSERVATION

Exposure Region of
Date Plate No. Instrument time Spectrum
1909 Oct. 13.80 31 a 4 O™  visible
1910 June 26.85 246 a 5 11 visible
Sept. 8.88 254 a 5 13 visible
Sept. 27.83 258 c 5 55 visible
Oct. 25.79 271 £ 2 20 ultra-violet
Oct. 26.83 272 £ 3 15 ultra-violet
Oct. 27.77 273 a 6 5 visible
1912 Aug. 16.74 403 e¥ 3 40 blue-green
Aug. 21.86 405 e¥ 1 50 blue-green
Aug. 30.87 407 e¥ 1 45 . Dlue-green
Oct. 30.75 418 £ 2 5 ultra-violet
Nov. 26.76 426 £ 2-20 ultra-violet
1913 Aug. 5.77 540 d 3 45 blue
Aug. 14.78 542 b 7 0 visible
Aug. 17.85 543 b 7 28 visible
Aug. 31.87 549 d 4 10 blue
Sept. 4.80 551 a 7 25 blue-violet
1914 Nov. 4.74 659 at 0 17 °  blue-violet
Nov. 4.78 660 at 1 0 blue-violet
Nov. 9-10 664 a* 10 15 blue-violet
1916 Sept. 4.74 754 g (slitless) 0 15 ultra-violet
Sept. 4.85 755 g (slitless) 4 0 ultra-violet
Oct. 31L.73 795 g (slitless) 0 22 ultra-violet
Oct. 31.76 796 g ‘(slitless) 1 0 ultra-violet

t Position angle of slit-321°.
* Position angle of slit 141°.

This is a rather small but exceedingly bright nebula, perhaps the brightest in the sky. It
has two condensations or nucleii of unequal intensity. In any one of the slitless spectrograms the
different monochromatic images appear to be of unequal size, but this is almost entirely an effect
of image intensity. Properly timed images are nearly of the same dimensions, though the one
at 4686 may be a little smaller than the others.® There is not, however, the difference in this
respect that one finds in many objects.

It is an excellent nebula for wave-length determinations, not only on account of its brilliancy
but also because its spectrum includes a very great percentage of the known nebular lines. This
is the reason for the large number of observations whiech have been made.

The spectrum shown in plate XLII was secured with the slit placed in the line of the two
nuclei. Photographs taken with the slitless spectrograph are reproduced in plate XLVI.

The wave-lengths as measured in this and other nebulae are given in table 11. The mean
results for all the measurements of a single spectrum are recorded there. It has seemed preferable
not to publish the determinations from individual plates in extemso. The observations were
made with instruments of many kinds and under a great variety of conditions, and a complete
account of the reductions would be very long, and probably serve no useful purpose. There
are some details of the measurement of particular lines, however, which seem to call for some
explanation, and these are discussed here.

The line 3426.4A was measured twice with the quartz spectrograph (f). This is the only
one of the ultra-violet group 3313 to 3445A which I have measured with a slit spectrograph in
any nebula, the others being too faint for the present instrurnental equipment. It is one of
the ultra-violet lines discovered by Palmer, the other being 3346A. Dr. Palmer observed with
a very small slitless quartz spectrograph, and was unable to more than indicate the positions of
his lines, since they are far to the violet of any other nebular lines known at that time, and he
was obliged to extrapolate about 300 units beyond his nearest standard, 3727A. The wave-lengths

30 Tn a previous paper I stated that the nebula appeared to be perfectly homogeneous. That view was.

based on observations with a slit spectroscope. It may be necessary to modify the assertion upon further
investigation with more efficient apparatus.
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given by Palmer differ considerably from my determinations. They are 337 and 345uu. The
seecond of these should not be confused with 3445A of the present system. That is a line which
happens to fall near his estimated position, but it was not observed by him.

The other lines in the ultra-violet group just mentioned were measured in this and other
nebulae on slitless spectrograms, using the line 3426.4 and other known nebular lines as a basis
for inter- and extrapolation. They are probably not more than a unit or two in error.

The line 4686A was measured on four plates, secured with a battery of three prisms. The

single determinations are as follows:
4686.00
85.90
85.93
85.92

Mean 4685.94
4363A is recorded on one of these plates. The wave-length as measured is:
4363.39

A discussion of the wave-lengths of N, and N, is given in another paper and need not be
repeated here.

A word may not be out of place concerning the suggestion by Fowler* that a search be
made in the spectrum of this nebula for the line at 3203A, observed by him in the laboratory
and designated as the first line in the second principal series of hydrogen. The so-called prinecipal
series is comparatively strong in this nebula, the leading line, at 4686A, being among the brighter
lines of the spectrum, and this fact led Professor Fowler to suggest that the least refrangible
line of the second series, which he found associated in laboratory spectra with the principal one,
be searched for in the spectrum of this nebula. The line is not recorded on any of my plates,
but that fact furnishes little evidence that it is not present in the spectrum. A silvered mirror
is transparent for light of that wave-length, and its reflectivity is therefore, unfortunately for
this purpose, very low, so that a line of considerable strength at this particular point might well
fail to record. The observation should be attempted with a metallic or nickel-plated mirror.

There is a very faint continuous spectrum due to the whole of the brighter part of the nebula.
Following it in the direction red to violet, it fades out to vanishing intensity at about 4000A.

© Another continuous spectrum begins abruptly at about 3700 and continues far into the ultra-

violet.
I1.C. 5117. o =21" 28™7; § = +44° 10/
DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1917 May 30.97 822 g (slitless) or 57m

Aug. 20.95 852 g (slitless) 3 0
This is a stellar nebula. Monochromatic images of proper exposure are about 215” in
diameter, which is about as small as can be expected for any star. N, is intense even on the
shorter exposure and gives a 4” disc. It is probable that the increased diameter is due to
circumstances of observation. As is the case with all stellar nebulae, the intensity measurements

are rather uncertain.

NEBULAR LINES

line I, line I
N, overexposed Hy 39
N, 140 Hé 17

Hp 60 (3967 + He) 25

4363 26 H¢ (6)
3869 48

No continuous spectrum is recorded.

* Mon, Not. R.4.8., 73, 68, 1912.
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I1.C. 5217, «==22R 19™9; § = +-50° 28’

DETAILS OF OBSERVATION

Exposure
Date Plate No. Instrument time

1916 Oect. 20.83 784 g (slitless) 3r QOm
Oct. 25.78 787 g (slitless) 1 0

A small elliptical nebula with the major axis lying north and south. The definition is not
of the best on either of the spectrograms, but as far as one can judge the intensity of the images
falls off from the center outwards. The strongest discs therefore appear to be the largest. Most
of the apparent differences in size can be ascribed to this cause, but 4686 is quite certainly
confined closely to the nucleus, and the image at 4471 impresses one as being small. The images
given by the lines 4740, 4712, and 4640, which usually conform to the behavior of 4686A, are
too faint to permit of an estimate of their sizes. 372TA gives a faint image of the same general
size as the others, but more nebulous.

NEBULAR LINES

line I, line I,
N, overexposed Hs 30
N. 75 (3967 4 He) 39
Hg 53 3889 (He + Hy) 21
4740 (6) 3869 55
4712 (6) Hy 10
4686 12 Ho )
4640 (5) H. (5)
4471 13 Hy (5)
4363 16 3727 15
H~y 47 3445 trace

There is a faint continuous spectrum due to the center of the nebula which, as noted above,
appears to include 4686A, and possibly other lines, as localized radiations.

N.G.C. 7662. «=23" 21™1; §= }41° 59

DETAILS OF OBSERVATION

Exposure Region of
Date Plate No. Instrument time Spectrum
1914 Oct. 12-13 652 a 17" 4™ blue-violet
1916 Aug. 29.90 745 g (slitless) 0 15 ultra-violet
Aug. 29.95 746 g (slitless) 1 0 ultra-violet
Aug. 29.99 747 g (slitless) 0 5 ultra-violet
Aug. 30.88 752 g (slitless) 3 16 ultra-violet
Nov. 2.783 798 g (slitless) 4 30  ultra-violet
1917 Sept. 5-6-7 855 e 24 0 blue-green

This is a beautiful nebula, consisting of an oval ring lying on a more or less circular dise of
nebulosity. Distributed around the edge of this disc are a number of bright lobes which give
the impression of detached portions of an outer ring system.

A number of spectrograms are reproduced in plates XLIT and XLVT. They show at a glance
the variety in the forms of the monochromatic images. The most striking image is that at 3727A,
rather inadequately depicted. Here the light is almost all in the outer broken ring, and is

~ distributed in a string of stellar points, most of which are resolved on the original photograph
but are run together in the reproduction. The outstanding point shown in plate XL\VI, figure 5,
above and to the right of this image lies on a faint thread of nebulosity following the general
form of the outer ring. Little more than a trace of the inner ring is shown.

The absence of exterior nebulosity from 4686A is very noticeable. The ring itself is rounder
than the others, due to the fact that its minor axis is slightly greater and its major axis slightly
less than those of, say, the hydrogen rings. The measured diameters of the principal rings are
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given herewith. They are subject to certain small sources of error, such as field distortion and
effects of departure from minimum deviation, which have not yet been quantitatively investigated
but which probably do not seriously affect the measurements.

diameter diameter
line major minor line major minor
N, 1479 9”8 3967 1576 974
N, 14.7 10 3869 15.7 9.6
HB 14.6 8.7 3727 14 13+
4686 13.7 9.1 3445 14.2 10.2
4542 12 8 3426 9 7
Hy 14.8 8.7 3342 13.4 9.8
Ho 14.4 8.8

Collecting the images which appear to have about equal dimensions, the following tentative
grouping results:

line 3426 9”7 X 77 line HB
Hy ! 1476 X 877
4542 12 X 8 Hs |
N,
14.8 X10
3342 Nz}
3445 { 13.8X10 3869
4686 3967}15'6 X 9.5

The inner ring of 3727A is so faint as to be scarcely measurable.

The ring at 4686A, when viewed on the original negative, impresses one as being smaller than
many of the others. This is doubtless a subjective effect due to the fact that the interior is
relatively intense. The various monochromatic images differ in several respects. In some there
are very pronounced gaps in the flat sides of the oval. Among the images which show these
gaps are N,, N,, 3869, 3967, 3727, and to a less extent the hydrogen images. There are no gaps
in the images of the ultra-violet group 3313 to 3445A, while the 4686 image is especially strong
at these places.

The orientation is not the same for all of the rings. The major axis of the mnebula lies
approximately NE and SW. With respect to this mean position the axis of 4686A inclines
perceptibly towards the east and west, while 3869 and 3967 appear, though not certainly, to
favor the north and south direction. The difference in inclination of the 4686A and Hp ovals is
very apparent in figure 4 of plate XLVI. A greater effect of this sort is indicated in the case of
4471A. That oval appears in figure 5 to slope the wrong way. This reversal of direction may
be more apparent than real, and perhaps due to a difference in the relative intensity of some of the
outlying parts of the image. The record is rather faint and the observation should be confirmed.

NEBULAR LINES

line I, line I

o
N, 360 4026 (3)
N, 145 (3967 + He)* 37

Hp 48 H (25)

4740 (6) 3869 65

4712 - (6) Hy (5)

4686 59 Ho 4)

4641 (4) 3759+ 4)

4634 1) 3727 13

4541 (4) 3445 13

4471 (4) 3426 6

4363 (15%) 3346 )
Hy 52 3342 5

4200 (3) 3313 ()
Hs 29

* On a slit spectrogram 3967A is estimated to be about three or four times as strong as He.
+ This line probably present, but too close to other images to be completely separated.
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The spectrum as photographed with the single-prism slit spectrograph is shown in figure 2
of plate XLII. The restricted occurrence of 4686A and neighboring lines is shown by their
comparative shortness. 4363A seems to be of intermediate length.  This spectrum has been
observed with high dispersion by Director Campbell and Dr. Moore, who have found that the
lines N, and N, are split and distorted in a remarkable manner (pl. XXXIX, fig. 65¢). The
line at 4686A differs in its behavior in so many respeects from many of the other lines that it
seemed worth while to observe it under high dispersion for the purpose of determining whether
it is affected in the same manner and degree. An observation was therefore made with the
dispersion of three prisms and an exposure of 24 hours, using a Seed No. 23 plate (spectrogram
No. 855). The line is divided in much the same manner as the two nebular lines referred to
but differs from them in that, with respect to the pattern they exhibit, it is reversed in the sense
right and left. The observation would appear to indicate that the distortion is not the result
of velocity in the line of sight, because, if it were, the gases responsible for the respective lines
would have to be moving in opposite directions to produce the observed effect.

The wave-lengths measured in this nebula are given in table 11. The spectrum of the nucleus "
appears to be continuous.
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DATA REFERRING TO ILLUSTRATIONS

The data in these tables refer to the illustrations whi¢h follow. Probably the only part requiring expla-
nation is the last column in the second table. The orientation of the image on a slitless spectrogram is de-
termined by conditions of observation which are genmerally imperative, so that it is impossible to have it uni-
form in any series of plates. It is therefore necessary that it be specified in each case. When the image is
properly oriented its disposition on the plate corresponds with that in the sky. )

The scale of plates XLVI to L is approximately uniform except with respect to two subjects. Its value
is 1 mm.=~4"3. The two exceptions noted are XLVIII, figure 2, which is about half the normal scale, and
L, figure 2, in which the scale is double, one millimeter being equivalent to about 272 of are. This plate is
enlarged about seventeen times from the original negative. '

SLIT SPECTROGRAMS

' Obsn. Pos. angle
Plate Figure Object No. Exposure of slit Remarks
XLII 1 .N.G.C.7027 664 1014  141°  Slit in line of nueclei
2 N.G.C. 7662 652 17 0
3 N.G.C. 7009 650 10 346 Slit approx. along minor axis
4 N.G.C. 6720 723 131 150 Slit approx. along minor axis. The background of con-
tinuous spectrum is from moonlit sky
XLIII 1 N.G.C. 2392 713 814 90
2 N.G.C. 6543 649 2 90
3 N.G.C. 6572 607 1314 90
4 Orion 1. 7 90 Region just north of Trapezium
XLIV 1 B.D. 43023639 624 11 90 Slightly out of foecus of 36-inch objective
2 B.D. 43093639 623 13 .. Visible region of spectrum
3 N.G.C. 40 685 6 90 No comparison spectrum
4 N.G.C. 40 689 3 Nucleus only
5 N.G.C.40 ... e e Reproduction 689 with cylindrical lens. Principal Wolf-
Rayet bands marked at top
6 Vega ... . ~ Showing general absorption above limit of hydrogen
series; not seen in Class K spectrum shown below
XLV oo eeeiee e e e Comparison of nebular spectra
SLITLESS SPECTROGRAMS
Obsn.
Plate Figure Object No. * Exposure Orientation right end cut
XLVI 1 N.G.C. 7027 795 22m South
2 N.G.C. 7027 796 1r South
3 N.G.C. 7662 745 15m South
4 N.G.C. 7662 746 1r South
5 N.G.C. 7662 752 41h South
XLVII 1 N.G.C. 2392 803 6n West
: 2 N.G.C. 7026 790 3n North
3 N.G.C. 6572 751 1n South
XLVIII 1 N.G.C. 6818 845 4n South
2 N.G.C. 6720 787 5140 20° east of south; Ring nébula in Lyra
3 N.G.C. 7009 736 7m South
4 N.G.C. 7009 734 1n South
5 N.G.C. 7009 770 3n South
XLIX 1 N.G.C. 6543 740 1v East
2 N.G.C. 6543 739 15m East
3 N.G.C. 6543 740 East. Same as figure 1
4 I1.C. 418 789 1n South
L1 N.G.C. 6826 858 214n ~ North
2 B.D. 43023639 757 4m South
3 N.G.C. 40 753 4n North
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Figure 1. N.G.C. 7027.
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Figure 2. N.G.C. 7662.

Figure 3. N.G.C. 7009.

Figure 4. Ring nebula in Lyra.
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1 PLATE XLIII

O 3727 3869 4000 Hy 4686 5000 Ny

o
|-

Figure 1. N.G.C. 2392.

Figure 2. N.G.C. 6543.

Figure 3. N.G.C. 6572,

Figure 4. Orion Nebula. (Comparison spectrum at center.)
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1 PLATE XLIV

O, 37217 3869 4000 Hy 4686 5000 N,

Figure 1. B.D. 4-30°3639.

HB 5000 }:" : ) 6000 Ha

Figure 2. B.D. 430°3639 (visible region).

Figure 3. N.G.C. 40. Figure 4. Nucleus of N.G.C. 40.

4000 5000
Figure 5. Nuecleus of N.G.C. 40.

L R

Figure 6. Above a Lyrae, below 8 Aquilae.
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PLATE XLV

4686A long.

4686A shorter.

4686A shorter.

4686A long but partially condensed in
nucleus. 4634 and 4641 in nucleus.

4686A completely condensed in nucleus.

4686, 4650, 4634, 426TA
condensed in nucleus.

4686 hordered by dark line
on violet edge.

4650 stronger than 4686A. N; N
and 4471 (helium) short.

4650 stronger than 4686A.
Helium in nucleus.
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Comparison of Nebular Spectra.
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7009
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Orion

I.C. 418

B.D.4-3093639
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CHAPTER II
WAVE-LENGTHS AND INTENSITIES OF THE NEBULAR LINES

The Wave-Lengths of the Nebular Lines—The most extensive observations of nebular wave-
lengths heretofore available have been those of Campbell ®* who investigated the spectra of the
Orion and six planetary nebulae. Measurements of the spectrum of the Orion nebula have also
been published by Lockyer,®2 and two bright planetaries have been the subjects of investigation
by Max Wolf.*® These observers measured a comparatively large number of lines with the use
of low dispersion. Accurate observations have been made of a few of the brighter lines. Of
these the earliest are those of Keeler,** who in 1891 determined by visual methods, and with a
high degree of precision, the wave-lengths of the two green lines now generally designated as
N, and N,. These lines have been remeasured photographically by Hartmann,® Campbell and
Moore,*® and the writer.

A very beautiful application of the methods of interference measurement to an astronomical
problem was made by Buisson, Fabry, and Bourget in their observations of the doublet near
3727A in the speetrum of the Orion nebula.*” They not only determined the positions of these
lines with the greatest accuracy, but detected differences of wave-length in various parts of the
nebula due to differential radial velocity.

The present determinations depend upon the measurement of the spectra of nine bright
nebulae. The results are given in table 11. The table includes, with a few exceptions, all of
the well authenticated lines announced by previous observers and a number in addition to these.
Two of the exceptions are the very faint green lines at 518 and 531pp, discovered respectively
by Vogel and Campbell. They lie in a region of the spectrum to which it is difficult to sensitize
plates and do not appear on any of my photographs. Should it ever become necessary to deter-
mine their places photographically plates can probably be specially sensitized for the green which
will record them in a reasonable exposure time. Besides these lines the only others not measured
are two reported by Max Wolf at 3629 and 3652A in the spectrum of N.G.C. 6543. There is a
reference to them in the deseription of the spectrum of that object.

While quite a variety of spectrographs have been used, each observation being accomplished
with the instrument which seemed best adapted to the particular purpose, most of the speetro-
grams have been made with the single-prism speetrograph (a) attached to the 36-inch refractor.
Some of the brighter lines were, however, photographed with a battery of three prisms and with
a grating, while in the ultra-violet it was necessary to depend very largely on the slitless quartz
spectrograph. I regret that it has not been practicable to secure satisfactory photographs of
all of the ultra-violet lines with the quartz slit spectrograph. The reason for the failure lies in
the strong curvature of the field given by the simple quartz lenses. This curvature corresponds
to a radius of six inches, and is too great to be accommodated by bending, even with the most
flexible glass plates procurable. The use of films is unsatisfactory on aceount of certain changes
in length which they have been found to undergo even in the comparatively short interval of
time required for an exposure. It is not uncommon for a film to alter its dimensions by a half
of 1 per cent in less than two hours, a degree of instability not to be tolerated in any photographie
operation where aceuracy is required. We have been attempting for several years to secure
achromatie lenses which will give a better field and thus allow the use of glass plates, but disturbed
commercial eonditions have prevented the accomplishment of this purpose.

The instruments used are all described in the appendix under the head of the letters by

which they are indicated in the text.

31 Astron. and Astrophys., 13, 384 and 494, 1894. 35 Ap. Jour., 15, 291, 1902.
32 Phil. Trans., 1864A, 73, 1894. 36 Lick Obs. Bull., 9, 6, 1915.
33 Sitz. Heidel. Akad. Wiss., 35 Ab., 1911. 37 Ap. Jour., 40, 241, 1914,

3¢ Pybl. Lick Obs., 3, 165, 1894.
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It is believed that the observations are practically free from systematic error, a fact which
is indicated by the agreement with lines of known origin where they are available for comparison.
Certain of these known lines, particularly the brighter ones of the hydrogen series, have been
used to reduce the nebular wave-lengths to normal, and a fair agreement with laboratory values
follows as a necessity ; but the fainter lines above He have, as a rule, not been used for this
purpose, and here the degree of correspondence between the nebular and laboratory values may
be taken as an indication of the accuracy of the measures. In the near ultra-violet there is a
check furnished by the interferometer determinations of Buisson, Fabry, and Bourget of the
wave-length of the doublet at 3727A. The comparison appears to indicate a systematic error at
this point of +.06A, which I should hardly have expected. This quantity is, however, within
the limits of accuraey of the measurements of any other lines in the vicinity, and is therefore a
matter of little consequence. The error does not persist below He.

The observations published in the previous paper?® are 1ncluded vmth the more recent ones,
in table 11.

‘Wave-lengths of the nucleus bands are collected in table 12. In the case of B.D. —}—30° 3639
and a few other objects the measurements were made chiefly with a slit spectrograph and the
positions may be regarded as reliable. In most instances, however, the wave-lengths have been
estimated on slitless spectrograms and are therefore subject to considerable uncertainty. Where

"a band is very broad and apparently composite the wave-lengths of the probable components

are inserted and covered by a brace. For further particulars the observations recorded in
Chapter I should be referred to.

The photographs on which these wave-lengths depend were made on Seed No. 27 and Seed
No. 30 plates, for the photographic region, and for the ‘‘visible’’ region of the spectrum, on Seed
No. 27 plates bathed in Pinacyanol, Pmaverdol and Homocol in the proportions recommended by
‘Wallace®,

Intensities of the Nebular Lines.—There are two systems of intensity used in this discussion,
one of which refers to the intensity as photographed with the glass spectroscope (a) attached to
the 36-inch refractor with correcting lens. This scale is designated by Ig. The other indicates
the intensity as observed with the slitless quartz spectrograph used in conjunction with the
Crossley reflecting telescope. This has been termed the Iq scale. It might appear at first that
the use of the two scales would lead to confusion, and that the glass system should be discarded
in favor of that determined by quartz, which is of course the more uniform of the two. In view,
however, of the fact that a great deal of work in this field still lies ahead of the glass spectrograph,
it seems better to preserve the older scale for the convenience of observers who may desire to
compare observations made with this, or similar apparatus, with the present ones.

Ig System.—In the earlier paper?® the intensities of the bright nebular lines were indicated
on an arbitrary secale running from 1 to 80, 1 indicating the faintest line photographed., In
extending the work to the fainter lines all of these naturally fell within the unit, and desiring
not to alter the original intensity assignments fundamentally, and at the same time to avoid
the use of decimals, the intensities were all multiplied by ten, which allowed plenty of latitude
for the estimates of the fainter lines. This scale as originally adopted was, as has been said,
quite arbitrary, and was described as follows: ‘‘The relative brightness of the lines as photo--
graphed is indicated in a way by the numbers opposite the wave-lengths. About all that can
be said of the system is that, for any one object, the larger the number the brighter the line.
Such estimates must of course be used with caution, as the apparent brightness of a line is
greatly influenced by photographic and instrumental conditions.”” These considerations apply
to the present extension of the scale to the fainter lines.

39 Lick Obs. Bull., 5, 151, 1909. *
40 Lick Obs. Bull., 1, 153, 1902.
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N.G.Ci 7027 N.G.Gi 7662 Me%n A Probable origin, ete.

No.obs. Iz Io “N(R) No.obs. Iz I, “r 1A (\ in TA) 243
U - 1 3313 2 1 .. 2 3313 3313 !
e 3342 * 1 .. 5 3342 3342 !
1 .. 8 (3347 )* 1 .. 2 3346 3346 Palmer 337uu
1. 20 3426.4% . . 6 34264  3426.2 Palmer 345uu
1 .. 8 3444 * 1 ... 13 3445 3445 1
o 3704 3704 HE 3703.9; He 3705 . ‘ 16
3712 3712 Hy 3712.0 5217
I 3722 3722 Hp37229
.. - 5 3726.30 3726.16 Bulsson, Fabry & Bourget 3726.100
e 3729.05 3728.91% Buisson, Fabry & Bourget 3728.838 .
3734 3734 HA37344 .
1 - 3 -3750 3750 Hy37502
i . 4 3759 3759
1 ‘4 3771 3771 H.37706
1. 5. 4 3798 3798 Hes7979
1 . 1 3820 3820 He3g196 .
1 . 8 5 3835.6  3835.5 Hy 383542
38404 38402
3 170 55 . 3 45 65 3868.80 386874
2 10 13 3888.9 1 10 25 3889.11 3888.96 Hi 3889.05; He3888.64 ...
e (3935 ) (3935 ) L
. 3965.00 3964.8 1 Par He 3964.7 R
8 170 3096757 2 40 3967.66 3967.51*
28 37
1 30 397008 2 20 3970.23 3970.08 He3970.07
4009 4009 ParHe40003
2 1 3 1 2 3 4026.4  4026.2 He 4026; He40262 - ..
1 1— 1 (4064 ) (4064 )*
3 20 9 4068.77 4068.62
2 2 4 4076.37 4076.22! S
2 1 2 4097.5 40973 * N 409730 .
8 70 24 3 40 29 4101.89 4101.74  Hs4l0L7TE .
o 41207  4120.6 He41208
o 41442 41440 ParHe41437 ..
1 1 3 1 3 3 4200 4200 * Hy42001
4267.2  4267.1 c 426714
3 90 43 3 60 52 4340.62 4340.46 Hy434047
- . (4353 ) (4353 )
1 8 30 3 20 15=% 4363.37 4363.21
4388.1  4388.0 ParHe43880
(4416 ) (4416 )*
3 8 9 1 3 4 4471.71 4471.54 He447149
2 2 7 1 5 4 45416 45414 * Hy 45441
1 1— 5 45717 45715
2 2 6 1 1 1 4634.3 46341 * HII46344 "
2 8 10 1 3 4 46411 46409
1 1 5 4649.4  4649.2 ! C (4647.4, 4650.7, 46516) .
2 1 5 46584  4658.2 '
4 90 43 4685.80 3 60 59 4685.94 4685.76 Fowler 468580 "
471165 1 10 6 47116 47114
3 8 9 4712.8  4712.6 He47132
4 4 : 47257 47955 T
p 20 15 4740.5 1 3 6 47404 47402
- 80 57 486150 3 40 48~ 4861.50* 4861.32 Hp486133
. 49224  4922.2 Par Hedo219
4 200 150 2 80 145 4959.09° 495891
4 800 300 2 200 360 5007.02® 500684
1 1— .. 5017 5017 ! ParHes50157
2 4 - 5411.5 5411.3 HP' 54103
e (5655 ) (5655 )*
B1 . . 5737 © BT3T
4 . e e 5755.0 57548
% 8 5875.9 5875.7 He58756
) 5 . e e 8302 6302 * . :
B 2 . 6313 6313 * T
2 2 . 6364 6364 * T
1 10 .. - 65483 65481 T
2 100 e 6563.01¢ 6562.79* Ha 6562.80 536
5 30 6583.8  6583.6 1
g 1 6677 6677 * ParHe6678.2
11— .. 6730 6730 *

1 it exists, and that the nebular line is actually D, This measurement has not been used in striking s
CBIL.

I, not measured. . )

The ﬁnal values of N, and N, are the means, struck by Campbell and Moore, of the results of seveml

vers. L. O. Bull., 9, 9, 1915,

This is elose to the strongest line in the secondary spectrum of hydrogen observed by Dufour. It

shes the pnly ease of coincidence with a line of that spectrum, however, and too great significance should

e attached to this single correspond in wave-length.
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A (R)

3704
37124
3722
3726.38

3729.10

3868.85
3889.17
30651
3067.62

3970.27
0265
4068.7
4076.6

4144

4268
4340.62
(4353 )
4363
4388

ans

4659

4714 °

4861.50*
4921

4959.09°
5007.01°

Orion Nebula

1.0.418
A

N.G.0, 6543
A

N.G.C. 6572

TABLE 11
NEBULAR WAVE-LENGTHS

B.D. +3A0' 3639 N.G.C.AGEZG

No.obs. Tg I,

A (R) No.obs. I I

No.obs. T,

A (R)

No.obs. T

12
101 :
102 B o
3 40 3726.22 1 3
3 30 3728.94 1
12 — -
103
1 6
1010 S 1
3 15 3835.55 11 2
4 40 3869 386883 1 40 37 386891 5 50
4 40 3889.07 388888 1 20 18 388917 5 15
2 10 3 3 15 2 39651 1 2
2 30 30 3967.64 3 50
39688 { 1 30
4 40 397021 2 60 20 397024 3 40
- e (4008) 40092 21—
2 10 0 7 40261 402636 3 10
- (4065 ) 11—
s 5 20 10 406883 3 6
1 2 4076.2 5 2 ) 40763 3 3
4097.2 40976 3 1
4 60 80 20 4101.86 410187 5 60
101 41207 3 1
101 41442 3 1
11 4267.9 5 1 N 426722 3 2
4 100 90 49 4340.67 434062 5 70
16 . 4363.31 5 20
14 s 5 1 4388.6 3 2
F e — [— 1 1—
3 20 447173 4471.65 5 20
4 3 1
) 3 1
3 3
3 2
1 2 . 3 1
101 47128 1 5 3 47127° ¢ 5
B . 3 5
2 65 51 486150 .. 60
e 49224 4 3
4950.09 2 495915° 2 80
5007.0 2 5007.04 2 250
. .. 5017 1
(5655 ) 11—
5740 11—
57552 1 2
58766 ° 1 20
- 63014 1 3
- 6367 11—
- 65483 1 10
- 6563.0 1 65631 1 60
- 65834 1 65832 1 30
- 6679 1 1
- I, 6731 11—

Bracketed lines: suspected only.

1 These lines are believed to have been observed for the first time in the present investigation.

2 Observations with large slitless spectrograph.
® Observations with high dispersion (3 prisms).
4 Assumed wave-length.

® As helium is very weak in both N.G.C. 7009 and 7662, this line cannot be ascribed, in these two objects,
entirely to the comparatively faint helium line at 4718.8A. There is evidently a distinct nebulsr line at

I,

Is

®

A (R) No.obs. T

No.obs. T,

3840.4 1 5

85 1
3880.01 1
306757 1
307017 1

"4266.6
4062 1 60 51 4340.6(
4363.4(

436355 1 12 8

4711.5

49585
5006.9 5006.4

6548332 1 70
6563.01 ¢ 1
6583.86 ° 1

4711.5A. This is too close to the helium line to be separated from it in those nebulae in
occur. The measured position of the blend therefore varies from one nebula to another
relative strengths of the components.

¢ Probably present.

7 Present, but not measured.

8 The measured position of the line on the one plate of N.G.C. 6572 which covers th
.TA greater than that of D; This discrepancy corresponds to an error of measuremen
.006 mm. While an error of that size is hardly to be looked for, I am inclined for the ]
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= :
Q,TABLE 11
L
\R WAVE-LENGTHS
.60, 6826 § . N.G.C. 7009 , N.6.0, 7027 § . N.6.0, 7662 N ) Mean \ .
Yo.obs. T I, A(R) No.obs. Tg A(R) No.obs. Iy A A (R) No.obs. TIg I, R IA
e e 3312 * 1 1 3313 * 1 2 3313 3313 !
.. - 3342 * 1 5 3342 3342 ?
.. .. 1 8 (3347 )2 1 2 3346 3346
- 1 - 20 34264+ ... 6 3426.4 3426.2
e e 10 1 . 8 3444 * 1 - 13 3445 3445 1
S, JR— 3704 3704
- - - - - - 3712 3712
- —— - - 3722 3722
- .. 3726.30 3726.16
- 20 12 372744 - 13
e - - 3729.05 3728.91*
- - - e 3734 3734
- - - 1 - 3 3750 3750
" . - . 1 . 4 3759 3759 1
1 B <4 - 3771 3771
- 5 1 5. 4 3798 3798
1 1 - 3820 3820
6 1 8 5 3835.6 3835.5
. - - — 3840.4 3840.2 1
1 40 40 3868.84 1 4 70 3 70 55 3 45 65 3868.89 3868.74
1 20 3889.00 1 20 15 2 10 13 1 10 25 3889.11 3888.96
- . e e e (3935 ) (3935 )
. - e aeen .. . 3965.0 3964.8 *
1 40 3967.78 8 70 3967.57 2 40 3967.66 3967.51*
42 28 37
1 20 3970.33 1 30 3970.08 2 20 3970.23  3970.08
[ 4009 4009 *
1 5 4 4026.3 2 1 3 1 2 3 4026.4 4026.2
(4063. ) 1 1— 1 (4064 ) (4064 )*
4068.78 3 20 9 4068.77 4068.62
4076.4 2 2 4 4076.37 4076.22"
1 10 5 10 5 40975+ 2 1 2 4097.5 4097.3 *
1 50 30 30 30 4101.88 3 70 24 3 40 29 4101.89 4101.74
.. - - 4120.7 4120.6
JR— 4200 1 1 3 1 3 3 4200 4200 *
4266.6 1 2 : Z— 4267.2  4267.1
1 60 51 4340.60 1 60 50 4340.61 3 90 43 3 60 52 4340.62 4340.46
JE T — (4353 ) (4353 )*
1 12 8 1 20 15 4363.39° 1 80 30 3 20 15+ 4363.37 4363.21
- - S, 4388.1  4388.0
e e (4416 ) (4416 )*
1 15 10 1 10 10 4471.70 3 8 9 1 3 4 4471.71  4471.54
4541.6 2 2 7 1 5 4 4541.6 45414 1
4571.6 1 1— 5 4571.7 4571.5
1 2 2 4633.5 2 2 6 1 1 1 4634.3  4634.1*
- 1 10 8 4641.1 2 8 10 1 3 4 4641.1  4640.9
e - 4649.1 1 1 5 46494  4649.2 *
- 4658.2 2 1 5 - 4658.4 4658.2
- - - 1 40 28 4685.94* 4 90 43 4685.80 3 60 59 4685.94 4685.76
- 1 10 8 4711.6° 1 10 6 4711.6 47114 1
- 4713.0° 3 8 9 — 4712.8 4712.6
eeeeeraes e 4725.7 4 4 5 . 4725.7 472551
4740.5 1 10 8 474046 5 20 15 4740.5 1 3 6 47404  4740.2
1 60 49 48614+ 1 65 50 4861.50* ... 80 57 4861.50 3 40 48" 4861.50* 4861.32
- . S 4922.4 4922.2
1 70 ? 80 85+ 4959.06° 4 200 150 2 80 145 4959.09* 4958.91
1 100 » 100 130+ 5006.97 4 800 300 2 200 360 5007.02* 5006.84
- 5018, 1 1— .. 5017 5017 1
.. . 5411.5 2 4 . 5411.5 5411.3
. e e . . (5655 ) (5655 )*
. .. - - 5736 ] 1 . .. - 5737 5737 1
- R 5754.4 2 4 - - 5755.0  5754.8
- . - 5875.8 2 8 - - . 58759  5875.7
. . 6300.1 2 5 . 6302 6302 *
- - 6313 2 2 - 6313 6313
- 6363 - 2 2 6364 6364 *
- 6548 1 10 . 6548.3  6548.1 *
- 6563 2 100 6563.01¢ 6562.79
- - . 6583 2 30 . 6583.8  6583.6 !
. - . . 6676 2 1 " 6677 6677 !
.- 6729 2 1— .. 6730 6730 *

separated from it in those nebulae in which both lines
3 varies from one nebula to another according to the the mean.

® T, not measured.
1 The final values of N, and N, are the means, struck by Campbell and Moore, of the results of several

observers. L. O. Bull., 9,’ 9, 1915.

1 Thig is close to the strongest line in the secondary spectrum of hydrogen observed by Dufour.
furnishes the only ease of coincidence with a line of that spectrum, however, and too great significance should
not be attachsd to this single correspondence in wavelength.

late of N.G.C. 6572 which covers this region is about
responds to an error of measurement on the plate of
e looked for, I am inclined for the present, to assume

that it exists, and that the nebular line is actually D,

Probable origin, ete.
(A in TA)

Palmer 337up
Palmer 345uu

H¢ 3703.9; He 3705

Hy 3712.0

Hy 37219

Buisson, Fabry & Bourget 3726.100

Buisson, Fabry & Bourget 3728.838
H) 37344

Hy 3750.2

H.3770.6

H6 37979

He 3819.6

Hy 3835.42

H{ 3889.05; He 3888.64

Par He 3964.7

He 3970.07

Par He 4009.3
He’ 4026; He 4026.2

N 4097.30
H64101.74
He 4120.8
Par He 4143.7
H& 4200.1

C 4267.14

Hry 434047
Par He 4388.0

He 4471.49
Hy 4544.1

H IT 4634.4"

C (4647.4, 4650.7, 4651.6)
Fowler 4685.80

He 4713.2

Hp 4861.33
Par He 4921.9

Par He 5015.7
Hp' 5410.3

He 5875.6

Ha 6562.80
Par He 6678.2

This measurement has not been used in striking

It
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A (R)

8704
37124

3722
3726.38
3729.10

i

3965.
3967.62
3970.27
0365
40687
40766
410193

4121
4144

486150
4921

Orion Nebula

I

No. obs.

Dl ol sl m ol mnd sl mmes wmmnd £

Bronw

BBl wnd

1

TABLE 11
NEBULAR WAVE-LENGTHS

10418 §.6.0, 6568 N.a.g 6572 B.D. +30° 3639 N.6.0,6826 N.6.0, 7009 N.6.0, 7027 N.6.0,7662 Megn X ‘Probatle arigin, eto.
I N(®) No.obs. I I AR Noos. I, I, N(B) Noobs. I, N(R) Noobs. Ip ® Moo I, N(R) No.obs. I, A(®) Noobs. I, Iy A(R) Noows T, L ® A i 14)
- - - - . SO - 312 ¢ 1 1301 2 3313 313
1 5 3342
1 2 3346 346 Palmer 337uu
3426.4 6 34264 6.2 Palmer 345
3445 * 13 3445 '
3704 704 He 3705
712
. 3722 3722 Hy 37219
3726.52 37260 3726.32 3736.47 i 372630 372616 Buisson, Fabry & Bourget 3726100
p— - N 274t
372894 37289 12004 17 372005 372891*  Buisson, Fabry & Bourget 3728.838
734 734 H) 37344
3750 750 Hy 8750.2
3759 759 *
77 771 Hi3770.6
37981 3798 798 HO3797H
P 382 820 He 3819.6
3835.55 38355 38355 38356 38365 Hr 3835.42
. R . 38404 38402 *
386883 1 40 37 3868.91 3868.85 386884 1 3868.80 386874
3889.07 338888 1 20 18 3889.17 3889.3 388901 1 20 338900 1 3880.11 3888.96 H{ 3889.05; Ho 3888.64
- (3935) (3935 ) (3935 )
) 39650 30648 *  ParHe 39647
3 3967.57 e bW 396757 3967.66  3967.51*
397021 3 397017 397033 1 3970.08 soross gor00s  Hesoroor
(4008) 2 R 400 4009 Par He 4(
. 3 2 w0263 1 40264 40262 He 4026; o202
1 1 (4064 ) (4064 )
4068 67 3 3 4068.77 4068.62
40762 3 £ 407637  4076.22'
3 4097 40075+ 2 40075 40973 * N 4007.30
410192 5 4101.90 40188 § 410189 410174 Ho 410174
- 3 - 12 4120, He 4120.8
p asz 3 41442 4144 Par He 4143.7
- B 42001
42679 - 26722 3 p - 4267.
4340.60 84067 1 60 434062 5 4062 1 80 5 434060 1 Hy 4340. 47
46331 1 5 3 436329 5 436339
43880 43886 1 2 2 43881 3 Par He 4388.0
- - (4416 ) 1
roc uries 1 2 e 5 i 3 a2 1 He 4471.49
[ . 2 45416 1 Hy' 4544.1
572 se 11 57199 3 1 ..
JR— 46346 3 2 46348 1 43 HIT4634.4%
w10 15 46408 3 2 46417 1 11
6495 3 1 X C (4647.4, 46507, 4651.6)
46584 3 2 y
4 4685.80 ! Fowler 4685.80
a6 1 X
B - ¥ He4713.2
4 47357 47255
j— 3 5 7404 4740,
48613 486152 - 486150 486132 486133
j— - 4 49224 4929 Par He 4921.9
495900 3 2 4 4950.00 4958.91
5070 2 2 4 5007.02% 500684
1 1 5017 Par He 5015.7
2 54115 54113 H 54103
1 (5655 ) (5655 )
1 E 5737 5187
H 57550 57548
5876.0 1 2 58759 58757 He 5875.6
1 2 6302 02
- H 6313 13
1 2 6364 6364 *
1 1 65483 65481 ¢
65630 1 1 2 6563.01¢ 6562.79° Ha 6562.80
65834 1 1080 6583.86 2 65838 65836 *
. = 101 2 6677 66T Par He 6678.2
1 = 2 6730 6730 *

Bracketed lines: suspected only.

2 Theso lines are believed to have been observed for the first time in the present investigation.
* Obsorvations with large slitless spectrograph.
* Observations with high dispersion (8 prisms).
¢ Assumed wavelength.
 da ety 4 iy w0, Do .00, 009 a0 1663, i tne exnuckbe serbal n (s b0 e
entiraly to the comparatively faint helion line at 4713.84. evidently » distinet nebular line at

John G. Wolbach Library, Harvard-Si

AT1L5A, This is 00 close to tho helium line to bo separated from it in those nebulas in which both lines
occur. The measured position of the blend therefore varies from one nebula to another according to the
relative strengths of the components.

¢ Probably present.

" Present, but not measured.

#Tho measured position of the line on the one plate of N.G.C. 6572 which covers this region is about
1A greater than that of D, This discrepancy corresponds fo an error of measurement on the plate of
1006 mm. While an error of that sizo is hardly to be looked for, I am inclined for the present, to sssume

Center for Astrop)

that it exists, and that the nebular line is actuslly D,

» I, not messured.

This measuroment has not been used in striking

2Tl valuse of X, and X, ace the meune, sruck by Gempbel and Moore, of the results of several
observe Bull, 9,9, 1
8 This is elun 1o the .mmn line in the secondary spectrum of hydrogen observed by Dufour. It
furnishes the only of that spectrum, however, and too great significance should
be attachdd to this single correspondence in wavelength,

+ Provided by the NASA Astrophysics Data System
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3. 11w

THE SPECTRA OF THE GASEOUS NEBULAE

TABLE 12

NUCLEAR BANDS

N.G.C. I.C. I.C. N.G.C. N.G.0. N.G.C. 1.C. N.G.C. B.D.430° N.G.C.
40 1747 418 2392 6543 6572 4776 6751 3639 6826

........ (4109) oo
41151 (4116) oo
41214 (4122) ...
4129.6

41554
4163.8
4187.7
4200.5
42296
4239
4247
4266.9
4316.7
43958

4449 L L L LT smma T T

........ 4641 . e
4650  4651.6 4651 [ 4651
................................................ 4666.0 oo ] e
................................................ " 4675.4
46874 46868 ... 4686 4687

................................................ 4702.2

243
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TABLE 12— (Continued)

N.G.C. I.C. I.C. N.G.C. N.G.C. N.G.C. 1.C. N.G.C. B.D.4-30° N.G.C.
40 1747 418 2392 6543 6572 4776 6751 3639 6826

(4972) ...

Iq System.—In this system I have endeavored to indicate the relative photographic intensity
of the lines of a nebular spectrum as they would be observed at the zenith with the slitless quartz
spectrograph (g) attached to the Crossley reflecting telescope and with the use of Seed 23 or 27
plates. In pursuance of this plan the following procedure was adopted:

(1) The image densities were measured against a ealibrated wedge on the Hartmann Miero-

photometer. ‘

(2) The relative intensities thus determined were corrected for the difference in the atmos-
pheric absorption between the mean position of observation and the zenith. The
correction depends, of course, on the wave-length. In making these corrections use
has been made of the formula developed by Fowle.®r For the Crossley telescope I
have assumed an elevation of 1200 meters, a water vapor pressure of 45 em., and a
barometric height of 654 mm. as representing summer observing conditions.

(8) The intensities measured on strong and weak plates of each nebula were combined. This
is in general necessary for a complete observation, because very bright and very faint
lines can not be measured on the same plate on account of the great range in intensity.:
The results from two or more plates were combined by means of the measures common
to both. After the relative intensities of all of the lines had been determined, the
whole system of numbers representing them was multiplied by a factor calculated to
bring the mean of intensities HB and ,Hy to the value 50.

There has emerged from this process a set of numbers (see table 13) which undoubtedly leave
much to be desired in the way of accuracy. Still the result of the attempt probably represents
an advance on any system of intensities that has heretofore been used for nebular lines. The
unecertainties referred to arise from a number of causes. The measurement of irregular nebular
images, some of which are stellar, others of which present extended surfaces, images impressed
by light of different wave-lengths on different photographic emulsions, such measurements involve
diffeulties not to be met with in ordinary stellar photometry. The bright continuous spectrum of
the nucleus is sometimes troublesome, particularly where the nebula is small. In objects exhibit-
ing images of different sizes and shapes there usually arises a question as to what part of this or

41 Smithsonian Physical Tables, 6th ed., 182, 1914. Fowle’s constants have been extended to 3300A with
the aid of Abbot’s results on p. 181 of the same publication.
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that image is to be selected for observation. In reducing to the zenith, a great deal of uncertainty
arises in the cases of the ultra-violet lines from ignorance as to the amount of water vapor in the
‘atmosphere above the observer. '

The identifications of lines for the purpose of intensity measurements have been made by
inspection and, in cases of very faint lines, there may be instances of misidentification.

The quantities in brackets under Iq in table 13 do not rest on photometric measurements,
but merely on eye estimates in the established system. Only fairly well impressed and separated
images are measurable with the photometer, so it would be necessary in many cases to omit lines
if approximate eye estimation were not resorted to. '

With all the sources of error and uncertainty which have been mentioned, and others which
have not been referred to, it might seem as though the intensity measurements were really of
little value. It is rather a difficult matter to estimate their accuracy, but I have sought to obtain
some light on the subject by comparing the values of Iq for HS in the different nebulae. If

- we assume the intensity gradient of the Balmer series, that is, the fall in intensity from one line

to another, to be invariable from nebula to nebula, then the true values of Iq for HS should be the
same in all nebulae, since the mean of HB and Hy is assumed to be 50 in every instance. As a
matter of fact, the gradient is not by any means invariable, but if we attempt to eliminate
extreme cases by excluding nebulae having outside values for HB and Hy, taking only those in
which Iq for Hp lies between 50 and 55, we have twenty spectra in which the gradient may be
considered to be more uniform. In these twenty objects the mean of the values of Iq for HS is
28. The residuals from this mean are due to three causes: '

1. Errors of observation of H$;

2. Errors of observation of mean of HB and Hy;

3. Variations from uniformity in the gradient from HB-y to H3.

Now, if we assume that the gradient is invariable and that the residuals are due entirely to
the first two causes, we will evidently get the maximum possible value of the probable error.
Computing the probable error of a single observation on the basis of this-assumption, we have

e==*23;
that is, the probable error is equal to or less than 8 per cent of the value of Iq for HS. This is
probably a conservative estimate of the percentage of error for all intensities except those that are
small, or bracketed. The likelihood of error is also greater above 3500A because of uncertainty
in the eorrection for atmospheric absorption. :

In using this table it is necessary to bear in mind that the values of Iq are relative, and have
nothing to do with the actual intensity of the image on a plate. The absence of a line from the
table does not necessarily mean that it is not in the spectrum of the nebula, unless other fainter
lines are recorded. Take, for instance, the line 4471, which has a pretty uniform intensity
through the table. It is not recorded in the faint nebula I.C. 1747, but it would probably be
brought out by long exposure. The faintest line estimated in that object has an intensity 40,
while HS, with a probable intensity of 30, shows only a trace. In judging of the presence or

. absence of a line from the spectrum of a given nebula, or of the significance of the word trace

(tr), account should be taken of the strength of the faintest lines actually noted in that spectrum.
Should a sensibility curve become available for the Seed 23 plates approximate energy ratios
can be determined for the lines.*®

42 A provisional sensibility curve for Seed 23 plates has been furnished by the manufacturers (The East-
man Kodak Co.), which is perhaps sufficiently accurate in the blue-gregn to permit of approximate relative
energy determinations for the three principal lines. - The factors by which the values of Iq are to be multi-
plied for the lines HB, N, and N, are 1, 1.6, and 2.2. The mean values of Iq (from about 30 nebulae) for
these three lines are 52, 102, and 185. The corresponding energies are as 5 : 16 : 40. ‘
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TABLE 13

RELATIVE INTENSITIES OF NEBULAR LINES AS OBSERVED WITH QUARTZ SPECTROGRAPH

L.C.

PUBLICATIONS OF THE LICK OBSERVATORY

1.C.

N.G.C. No. 40 1747 315(3. 1535 418 2149 2{'&' 2302 2440 3242 315'gé 415'85 6210 416354 6543 6572 4776
Class IIT I1a Ib Ic 111 IIb Ib Ia Ia I IIa IIb I1Ia ITa I1a IIa ITa
. 3313 e e e e e e (8) o e e e e e
3342 o e e e e oo ;3 S,
3346 e s et e eemeee eeeee e 11 (5) et e e e 2l e e
3426 e e e 10 35 (50) (4) oo e e e oo
3445 e A7) e e 4) e (A) 28 e e e e
5 7322 (07 ORI
& 572 3 /15U PUUUU RO
37274 97 tr . 85 55 19 34 52 16 ... 45 30 13 40 21 28
& N 32> 7 U Y
Hy 3750 oo e e e (8)  (A) e o (3) e (5). 4
BT59 oot et et e emeee oo e meme mmmee e eeee emeee eeeee emee e e eeeen
He3TTL o e e o 9 (6) e e 4 @ 6 ) (5
HO3798 .o .o (5) oo 12 (8) (4) (5) o 5 (5 (8) (10) 6
8820 i o e e e e e e e e 3) (3)
H7 3835 oo o 10) ... 17 10 (5) e e S 7 (6) @11) 14 8
3869 ... (60) 55 63+ ...... 26 51 60 62 71 48 20 55 46 37 50 47
(He+Hy) 3889 (10) (15) (20%) 18 22 15 .. o o 10+ 20 20 14 (18) 2 15
3965 o e e e e e e e e e @ (@)
3967 l (30)
(40) ;35 31+ 29 34 28 24 40 34 20 31 30 38 33
N e LN LI E L LI L
4009 oot et eeeee eeeee memee emeee ee memeee e e emeeee e e eeee e 1) ...
4026 . e e e (7 tr o e (652 I [€) — (7 10 (6)
X 1 VUV 1) ..
4069 .. e e (10) 7 U PN (€) I — 5 (6)
4076 . eh e e 22 OO 24+)......
- 1 B (4) (2)
Ho 4102 25 tr 26 25+ 29 37 26 29 20 34 34 30 28 27 30 31 26
75 1> PV (2) ...
4144 it et et e emeeen ememee et emeee meemee eemee eeeee eeee eemeee eeeeee eeeeen 2) ...
4200 i et et e e emeeee e eeeee e 52 2P U O
4267 men emmmeememeee e memeeeemee eeees eemeee emeee e e (3) e
H~y 4340 49 (50) 47 48+ 49 50 47 50 51 51 53 47 50 50 49 50 47
4363 ... ... 18 (20%) (1) ... 27 37 (20) (15) tr ... 10 8 (3) 14 14
4388 i et et e (T P (2) (2)
He 4471 ... i e (5%) 10 16+ 10 ... ... (8) e tr 9 9 11 12 10
U541 e e e o 3 J
U571 e e e e (1) e
4634 e e e e 1) e
4641 o e e e (Q0) e (B) o e e 3)  (2+)
4649 o e e e e @)
A58 o i e e e e (1) e
4686 . e 58 (25%). .. 55 70 62 49 e e e oo
4112 [CE= (8) tr o (B) o e e ) (3)
%421 SOV VU OO
4740 (0%) s e 8) tr o (6) e e e e (3) o
HpB 4861 51 50 53 52+ 51 50 53 50 49 50 46 53 50 50 51 50 53
4922 ... e e @)
4959 tr 110 110 109* 22 49 108 85 175 123 92 74 ... 82+ 58 75 77
5007 tr 200 182 " 155*+ 33 79 194 (170=%) 280 184 160+ 107 ... 190+ 92+ 120 ...

Blank spaces opposite 4959 and 5007A do not indicate weakness or absence of the lines from the nebula. They are strong
in nearly all objects but are, in instances, difficult to measure because of mutual interference of the images or by reason of over-
exposure,
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TABLE 13— (Continued)

RELATIVE INTENSITIES OF NEBULAR LINES AS OBSERVED WITH QUARTZ SPECTROGRAPH

1.C.
N.G.C.No. 4846

6790 6803 6807 6818 6826 6833 6879 6884 6886 6891
Class I1Ia I1a IIa 11a Ia 1a Ila IIa Ic fa IIb
3318 e
3342 ot e e e e e
3346 e e e e e
3426 o e 16 e e e 17 ...
3445 . o i e 7 4).
He 3704 .. (2) o et e e e e e e
Hy 8712 o e e e
3727d 21+ 11 20 12 34 22§ tr ... 17 40 25
HA 3734 ... (8) o et e e e e e e e
Hy 3750 ... (8) s e e e e e e
3 457
H. 3771 ... ¢ — (2) e e e e e e
HO3798 ... [ — ) N (4) .o 4) e
3820 e i e e et e e e
Hn3835 ... [ 5) e e () - (6) (10) ...
3869 59+ 68 59 43 47 40 45 38+ 62 57 30
(He+Hy) 3889 22+ 25 15 12 ... ... 15 ... 14 15 17
8965 e e e e e e e e e e e
3967
40 134 137 »130 }24 }31 }27 1281:}32 }30 }20
He 3970 } } J J
4009 o e e e e e e e e
4026 ... (5) e tr oo [€) N —— (4) e e
4064 ot e et et e e e e e e
4069 ... (8) o e e e e tr o
4076 ... ... SO
4097 e e e e G
HM54102 30+ 28 24 22 22 30 26 (20x)28 21 23
121 e e e e e e e e
7 7
4200 o et e e e e e
4267 e e e e e e e
Hy4340 51+ 47 48 45 49 51 51 44+ 44 43 41
4363 ("y 26 (12) 17 (15) (8) 16 (10%x) 22 26 ...
4388 e e e e (8) oo e e
He 4471 ... 13 (10)  (6) 10 10 ... o) (7 (5)
4541 e e e e e - - (SR
A5T1 o e e e e et e e e e
2
4641 ... ... b e e e e ®6)  (5)
4649 i e e et e e e e e e e
151 S
4686 ... [6) ]} S 60 e 22 49 tr
4712 . (B) e e 1C) N (6) 10 ...
AT25 i e e e e e e e e o
4740 ... ) T (6) (10) ...
HB 4861 49+ 53 52 55 51 49 49 56+ 56 57 59
4922 ... e e e e e e e
4959 78z 180=* 100+ 77 112 ... 53 77+ 160 180 86
5007 126 360+ 130+ ... ... ... 116 125+ 286 330 194

§ Intensity of this line in the condensations is 38.
* See footnote, p. 233. .

i Probably present.

+ The line is probably localized in the nucleus.

I.C.
4997 7009
IIa -

7026
Ib Ic
10 ...
20* 28
(5) e
(6) e
70 55
(15) ...

85+ 115

130+ ...

247
1.C. I.C.
7027 5117 5217. 17662
Ia ITa Ib Ib
) S (@)
.................. 5
8 i (2)
20 e 6
8 tr 13
12 .. 15 13
() J— (6 —
(€ J ¥
4 () J—
5o M @
(@ N
- J— 10 (5)
55 48 55 65
13 (6) 21 (25)
} 28 } 25 } 39 } 37
: J 3)
(@) S,
9 e e
(4) e e
() J
24 17 30 29
3 e (3)
43 39 47 52
30 26 16 (15=%
9 ... 13 (4)
T e e 4)
5 e e e
() N @
10) .. G) (4
() J .
(5) e e e
43 ... 12 59
©) 6) (6)
() U
15 ... (6) (6)
57 60 53 48
151 140 75 145
300 ... .. 360
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CHAPTER IIT

THE SPECTRA OF THE NUCLEI OF THE PLANETARY NEBULAE

The present chapter concerns itself in part with the relationship between the planetary
nebulae and the Wolf-Rayet, or class O stars. So much has been written on this subjeet, both in a
conservative seientific spirit and in'a speculative vein, that it has seemed to me fitting to give a
brief review of some of the principal observations of stars of this class.

The Wolf-Rayet stars, so named in honor of the discovery of the first three known members
of the group by MM. Wolf and Rayet at the Paris Observatory in 1867, comprise a compara-
tively small group of objects giving spectra characterized by bright bands of considerable width
usually superposed on continuous spectrum. Besides those bright radiations, the spectra some-
times show dark bands, and in instances fairly narrow dark lines, but the bright bands have
generally been regarded as the characteristic spectral features of the group.

These spectra appear ever since their discovery to have attracted an unusual amount of
interest, and their position in the various schemes of stellar classification has been the subject
of speculation by astronomers. In 1890 and again in 1891 Pickering drew attention to certain
points of resemblance between their spectra and those of the planetary nebulae, and classified
both as belonging to a fifth type of stellar spectrum.*®* Pickering’s association of the two classes
of objects appears to have been based partly on certain correspondences in wave-length and
partly on the similarity of their distribution in the sky. He drew attention to the very significant
fact that the Wolf-Rayet stars follow closely the central line of the Galaxy, and as the gaseous
nebulae favor the same region, though less strikingly, the circumstance favored the presumption
that the two classes of objects are related. The spectral correspondences alluded to by Pickering
refer to approximate coincidences in wave-length among lines that are now recognized as due
to hydrogen and helium. To what extent these are significant it is somewhat difficult to judge,
since we are familiar with the occurrence in both the nebulae and certain red stars of the bright
lines of hydrogen, a circumstance which is not generally held to indicate spectral relationship.
The very important question of breadth of line was not dealt with, probably because the slitless
spectroscope with which the observations were made is incompetent to distinguish between the
breadth of a line due to the extent of the source in the case of a nebula and breadth as a spectral
peculiarity of the bands in the Class O stars.? :

At about the same time that Pickering suggested this classification Keeler, who was then
engaged in his visual investigation of nebular spectra, independently announced his convietion
that the nuclei of the planetary nebulae are closely related to the Wolf-Rayet stars.** Keeler’s
conclusion seems to have been based on the observation of lines near the limit of visibility,
notably in the spectrum of the nebula N.G.C. 6572 (36), with respect to which he says:*

Besides the usual lines 5007, 4959, HB, and Hv, several others were seen in the spectrum of the nucleus.
A line near D was quite bright, and a comparison with the sodium line from a spirit lamp showed that it
was probably D, . .. The principal lines were fine and sharp in the spectrum of the nebula, but fuzzy and
considerably broadened in that of the nucleus. It would evident_ly be a matter of considerable interest to
note whether the bright lines Dy, Ha, and other of the less conspicuous lines appear only in the nucleus, where

‘the substances in which they have their origin are doubtless subjected to greater temperature and pressure,

or whether the lines do not appear in the spectrum of the more diffuse parts of the nebula, simply on account
of their faintness. It was very hard to determine this point. The lines were very short—mere knots on the
spectrum of the nucleus—but they certainly seemed to fade outward from the nucleus much more rapidly

than the ordinary nebular lines.

The D, line is barely visible in the diffuse part of the nebula and is brighter and broader near the nucleus.

* * * L * * * * * * * * * * * * * * * *

. In my preliminary paper I pointed out the great resemblance between the spectra of the nuclei of plane-
tary nebulae and the spectra of stars of the Wolf-Rayet class. At.the time I had not noticed that Professor

12 Ast. Nach., 127, 1, 1891. 44 Publ. Lick Obs., 3, 227.

i Footnote p. 197, 45 Loc. cit., pp. 209, 226, 227.
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Pickering had called attention to the same fact in the then recently published fourth report of the Henry
Drape_r Memorial. Tt is interesting to note that the similarity is apparent in both the visual and the photo-
graphic spectrd. Professor Pickering has since classified both objects together as forming a fifth type of
stellar spectrum.

Keeler’s observation with respect to inereased breadth and haziness of D, and other nebular
lines on erossing the spectrum of the nucleus appears to be uncertain, and has not in all respects
been confirmed by later observers. It seems necessary to call attention to this because the
phenomenon which Keeler suspected, and which he apparently believed to be a normal one,
that is, the broadening out of a line in passing from a nebula to its nucleus, is as a matter of

- fact quite rare. As will be seen later, the oceurrence of a given radiation as a nebular line and

as a nucleus band in the same object, while it occasionally happens, is uncommon. In particular
it has not been confirmed in the objects especially referred to by Keeler. Campbell’s*® de-
seription of the appearance of D, in 36 is as follows:

The line D, is sufficiently bright for its form to be observed. When it is in focus it does not reduce to
a point: it extends out a perceptible distance from the continuous spectrum of the nucleus; and, as is the
case with the principal visual lines, belongs to the nebula proper.

The writer’s observations, made later by photography, confirm in a way those of both Keeler
and Campbell. D,, like 4471 A and the other helium lines, is of medium length, not so long as
the hydrogen and the N,_, lines, but still extending into the nebula. There is no indication of
increased breadth in the nucleus.

Four years after Keeler’s observations Campbell published the most exhaustive acecount of
the spectra of the Wolf-Rayet stars that has appeared. He observed all of the then known
stars of this type which are within the reach of the instruments at Mount Hamilton. His
observations were both photographic and visual, and covered the spectrum from 4100 to He.
He added numerous lines to the list of known ones, and, as most of these are of unknown origin,
left the spectra even more enigmatic than he had found them. At about this time the same
investigator made an equally comprehensive study of the spectra of the bright-line nebulae.
His conclusions as to a relationship between these two classes of spectra are therefore of the
highest interest and are as follows:

Aside from the hydrogen, D,, and 4472 lines, the nebular spectrum presents a few interesting coincidences
with the Wolf-Rayet spectrum. The lines at 5412 and 4687 observed in several nebulae were found with
more or less prominence in nearly all the Wolf-Rayet stars; but the lines at 4389, 4067, and 4026 were found
in only a few of the stars, and it is not certain that the last two lines ocecupy the same positions in the nebulae
and stars, though they probably do. The prominent star lines 5813, 5693, 5593, 5472, 4652, 4636, 4541, 4509,
4442 were specially searched for in the nebulae and not found. Likewise the nebular lines 5751, 5007, 4959,
4715, 4364 were most carefully looked for in the stars, and no trace of them is visible. I think we must
say that if any relation exists between these spectra, it is not clearly established and its nature is not apparent. . . .

In conclusion, I think we can say, from the foregoing observations, that the spectra of the Wolf-Rayet
stars are not closely related to any other known type. They appear to have several points in common with
the nebular and Orion-type spectra; but the last two appear to be much  more closely related to each other
than to the Wolf-Rayet spectra.. It is therefore difficult to place these stars between the nebulae and Orion
stars. They certainly do not come after the Orion stars, and one does not like to place them before the nebulae.
We can probably say that the bright lines are chromospheric, owing their origin to very extensive and
highly heated atmospheres, but showing very little relation, in constitution and physieal condition, to that of
our own Sun. For the present, at least, this type of spectrum must be considered as distinet from every other
known type, just as the nebular spectrum is distinet, and, like the nebular speetrum, containing lines whose
origin cannot be assigned.

It should be stated that Campbell’s investigation did not include the systematic observation
of the nuclei of the planetary nebulae. With Keeler he realized the importance of the study
of these nuclei, but the Lick Observatory did not at the time possess the instrumental equipment
requisite for the work. Campbell’s position with respect to the distinctiveness of the two classes
of spectra appears to the writer as having been properly taken. A further reference to this
subject is made on page 2563. The observations seemed to set at rest the earlier notion that the
relation between the Wolf-Rayet stars and the nebulae is a close one.

In 1899 Sir William and Lady Huggins!” were concommittal with respect to the position of
the Wolf-Rayet stars: ‘ o

46 Astron. and Astrophys., 13, 497, 1894.
47 An Atlas of Representative Stellar Spectra, p. 77
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The question before us is: Which class of stars, from the evidencé we at present possess, should be placed
first, as being in the stage of least condensation, and therefore in the youngest condition?

Leaving out of consideration, for the present, as we have them still under investigation, the Wolf-Rayet
stars, the evidence we possess points distinctly to some of the white stars as being the most diffuse, and still
in the earliest condition.

In their general work on stellar classification the astronomers of the Harvard College
Observatory, notably Miss Cannon,** have quite definitely established a relationship between the
Class O, or Wolf-Rayet, and the Class B stars.

In 1907 Hartmann® made certain observations of the spectrum of Nova Persei which he
believed indicated that it had been transformed into a Wolf-Rayet star, and Adams and Pease®®
have reported similar changes in the spectra of five novae.

Other observations of interest have been published of the spectra of these stars and they
have been made the subject of a purely theoretical inquiry by Nicholson. The appended list
of references™ is probably incomplete, but it covers important contributions to the literature of
the subject.

It should be remarked that while some observers have sought to attach the Class O stars to
the nebulae, and to those related objects, the temporary stars, this has not invariably been the
case. At least two of these stars, y Argus and ¢ Puppis, have been assumed by Lockyer to be
in mid-development, and therefore presumably far removed from the primordial condition which
the nebular stage is supposed to mark.’> The theory espoused by several astronomers, notably
Sir Norman Lockyer, that the course of stellar evolution runs through an ascending and subse-
quently a descending temperature curve, has received, in recent years, considerable support
from considerations of a general nature which indicate a very low density for some of the red
stars. The Class O stars, being of a very high temperature, must, if they represent a stage in
normal stellar development, be placed at the peak of the temperature curve, that is, according
to this theory, somewhere in middle life. On the other hand, under the hypothesis of a con-
tinuously falling temperature, these stars, under the same assumption as to their normality,
must be regarded as representing one of the initial stages of stellar existence. The proof of a
close relationship between the Class O stars and the nebulae would therefore strongly sub-
stantiate the latter hypothesis as against the former, and it is perhaps in this connection that
the general question of such a relationship has, at present, its greatest significance.

In the year 1913 the writer’s attention was drawn by Dr. P. W. Merrill to the occurrence
of 4686A as a hazy line, or band, in the stellar nucleus of N.G.C. 6826, and shortly afterward
Dr. G. F. Paddock observed the Wolf-Rayet band at 4650A in the central star of the large dim
planetary N.G.C. 40.® These observations were casual, and incidental to the photography of
nebular spectra for the purpose of measuring velocities in the line of sight in the prosecution
of a research under the direction of Director Campbell. The writer beecame interested in the
problem during the following year through the detection in the bright central region of N.G.C.
6572 of five bands characteristic of the Wolf-Rayet spectra. A preliminary account of these
and other observations was published at the time® in the belief that they strongly indicated a
close connection between the nebulae and the Wolf-Rayet stars. The following discussion deals
with the phase of the investigation suggested by these observations.

The presence of the bands just referred to in the spectrum of N.G.C. 6572 was strongly
indicative of a relation between the nebulae and the Wolf-Rayet stars, not so much because
some of them do not correspond in wave-length with known nebular lines, since ‘‘new’’ nebular

48 4nn. H. C. 0., 28, 141, 1901.

49 Agtron. Nach., 177, 113, 1908.

50 Ap. Jour., 40, 294, 1914; Proc. Nat. Acad. Sci. Am., 1, 391, 1915. ) )

51 Miss Cannon, dnn. H. C. 0., 28, 146 and 243, 1901; Palmer, Lick Obs. Bull., 2, 53, 1902; Pickering, H. C.
0. Circular No. 98, 1905; Duncan, Lick Obs. Bull.,'6, 58, 1910; Max Wolf, Sitz. Heidel. dkad. Wiss. 4b., 14 and
22, 1913; Merrill, Lick Obs. Bull., 7, 129, 1913; Adams, Science, 32, 882, 1910; Nicholson, Mon. Not. E. 4. S.
London, 74, 118, 1913; Bosler, €. R., 160, 124, 1915.

52 Proc. Roy. Soc. Lond., 73, 277, 1904.

53 Lick Obs. Bull., 9, 29, 1916.

5¢ Astrophys. Jour., 40, 466, 1914.
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lines are discovered from time to time, but because their breadth, which in 4686 A amounts to
15A, gives them the character of the stellar radiations. Furthermore, the nucleus here is appar-
ently not a star but a general thickening of the nebulous material. The observation led, as has
been stated in the introduection, to the second division of this work, that is, to the observation of
the nuclei of the planetary nebulae. The results are described in detail in Chapter I, and a very
considerable amount of information that it would be difficult to convey in a description can be
gathered from the illustrations. There are, however, certain general considerations which may
apprepriately be discussed here. '

In a few of the nuclei bright bands only are recorded, but in the greater number the con-
tinuous speetrum predominates. In many cases bright bands are superposed on this continuous
spectrum, and in some instances dark lines are also found.

The Continuous Spectrum of the Planetary Nuclei—The most striking feature of the con-
tinuous speetrum is its very uniform extension into the ultra-violet. I have observed no exeeption
to this rule. While there may be slight variations in the character of the intensity curves,
speaking generally, any one of them may be taken as a type of all. In order to give some
precision to the description, the nucleus of N.G.C. 6543 has been selected, quite at random, for
measurement with the microphotometer. The results are platted in figure 1, where (@) represents
the observations of intensity made with the photometer, (b) the same observations corrected to
normal dispersion, and also adjusted for the reflectivity of the silvered mirror. Losses within
the spectroscope have been neglected. Curve (c) represents (b) corrected approximately for
the absorption of the atmosphere. If we assume the photographic plate used to have been of
uniform sensibility throughout the violet and ultra-violet® (¢) may be taken as a rough approx-
imation to a section of the energy curve. Where the maximum lies can not be conjectured.

)

A of Max of Solar Curve

—
\
+
a T
! Il ! i ! Il Il ! 1 1 1 Il Il 1 -
3500 4000 4500
Figure 1
55 ¢¢The chromatic sensibility of ordinary plates . .. is sensibly uniform throughout the ultra-violet and

down through the violet and blue to about wave-length 0.54),”’ P. G. Nutting, Outlines of Applied Optics, .
924, The manufacturers of the Seed 23 plates used in these observations are unable at present to furnish

.an accurate sensibility curve. A provisional curve, which they kindly supplied, shows a rapid falling off

toward the ultra-violet. Such a eharacteristic would mean greater strength in the ultra-violet spectrum of the
nucleus than that indicated in the figure. -
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The characteristic appearance of these spectra can best be appreciated by comparing the
records on plates XLVI to L with spectrograms of o Lyrae and B Aquilae made with the same
apparatus (pl. XLIV, fig. 6) or with an excellent set of photographs of the ultra-violet spectra
of stars published by Sir Norman Lockyer.>®

One might be inclined to suspect that the richness in the ultra-violet is due to the peculiar
detached ultra-violet spectrum of the outstanding nebulosity, which is visible in some of these
illustrations, and is referred to in Chapter IV, but this I am convinced is not the case. It
persists beyond the point where that spectrum is recorded, and exists in spectra where the
outstanding spectrum is faint or invisible.

Nuclear Bright Bands.—The relative strength of the bright bands with respect to the con-
tinuous spectrum is very different in different objects. In some, such as N.G.C. 7026 and. 6751,
they oceur almost without it, while in others they are barely visible against the strong continuous
background. It is possible that faint bands exist in many of the spectra in which they have not
been detected by reason of lack of sufficient contrast with the continuous spectrum. The fol-
lowing nebulae have nuclei sufficiently bright for observation. They are divided into two groups,
the nuclei of the first group present bright bands, those of the second give continuous spectra only.

NUCLEI OF PLANETRY NEBULAE

Bright bands Continuous spectrum only
N.G.C. 40 N.G.C. 1535
1.C. 1747 N.G.C. 2022
1.0.351 (%) 1.C. 2149
1.C. 418 N.G.C. 3242
N.G.C. 2392 N.G.C. 4361
N.G.C. 6210 (%) 1.C. 3568
N.G.C. 6543 N.G.C. 6058
N.G.C. 6572 1.C. 4593
I1.C. 4776 (?) 1.C. 4634
N.G.C. 6751 N.G.C. 6629
B.D. +30° 3639 N.G.C. 6720
N.G.C. 6826 N.G.C. 6879
N.G.C. 6905 N.G.C. 6891
N.G.C. 7026 N.G.C. 7009
L1.C. 5217 (%) N.G.C. 7662

The interrogation mark indicates that the presence of bright bands is merely suspected.

We are here confronted with the interesting fact that out of thirty nebular nuclei about
one-half are Class O stars. The number of the Class O stars heretofore known, including those
of the 10th magnitude, is 107. The total number of stars brighter than magnitude 10 is of the
order of a million. There is, therefore, in general, about one Class O star to every 10,000 stars.
This is, however, for obvious reasons not a fair statement of the proportion. It may justly be
argued that the percentage of Class O stars is greater in the Milky Way, near which these objects
lie, than in other parts of the sky, but if we shift the decimal once and call the ratio 1 to 1000,
there still remains a safe margin over the proportion of 1 to 2 determined for the nebular nuclei.
But the showing is, I believe, very much better than that. As we have already seen, the invariable
characteristic of the nucleus spectra is the remarkable extension into the ultra-violet. The
(lass O spectra show this peculiarity in only a slightly less marked degree, some of them matching
np perfectly in this respeet with the nebular nuclei. I can not but believe that this wonderful
iichness in ultra-violet light which gives to the spectra of nebular nuclei their characteristic
appearance, in spite of the great differences which they exhibit in the matter of bright bands,
is the dominating peculiarity which must be regarded as the distinguishing mark of this
group of objects.. As it is also characteristic of the Class O stars, and since half of the nuclei
are undoubtedly stars of that class, I have no hesitancy in advancing the opinion that the nebular
nuelei belong to the same general division as the Class O stars, irrespective of whether they
exhibit bright bands or not. But, however we label them, the really significant thing seems to

56 Proc. Roy. Soc. Lond., 73, 238, 1904.
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be that these objects present a type of energy curve, which, if we interpret it in the usual way
as a heat phenomenon, marks them as bodies of very high temperature, higher probably than
that of any other class of stars.* ‘

These remarks concerning temperature refer of course only to the nucleus, and not to the
surrounding nebula. Whether the temperature of the nebula itself is high is a question touched
only indirectly by these observations. The fact that the continuous ultra-violet radiations from
the nucleus can pass through the enormous atmosphere of the nebula without extinetion by
molecular scattering proves the highly rarefied state of the latter. If the gas is rare and its
luminosity is due to incandescence, a high temperature is indicated. This is in general accord
with the results of Buisson, Fabry, and Bourget,”” who assign a high temperature to the Orion
nebula on the basis of their observations with-the interferometer.

A striking fact brought out by the observations is that there is very little resemblance
between the spectrum of a nebula and that of its nucleus. The two spectra are quite distinet,
as will be readily appreciated by a glance at the plates or by the comparison of measurements.
It is due to this fact that the relation between the nebulae and the Class O stars has been obscure.
Campbell’s observation that the spectra of the Wolf-Rayet stars, while presenting points of
similarity with those of the nebulae, are quite distinet applies with equal truth to the spectra
of the nuclei, but we have here incontrovertible proof of physical association to bridge the gap
in spectral similarity. The speectral difference between a nebula and its own nucleus is likely
to be more pronounced than that between it and the nucleus of some other object, because it is
uncommon for a line which occurs in both classes of spectra to oceur both as a nebular line and
a nucleus band in the same object. 4686A appears in both places in N.G.C. 2392 and 6905, and
Paddock®® has observed the hydrogen lines to widen into bands in the nucleus of N.G.C. 40, but
the phenomenon is apparently a rare one. It has been assumed by some observers that the
nucleus spectrum represents in a sense an intensification of the nebula spectrum in which the
nebular lines are broadened out, but this does not, in general, appear to be the case.

It is a matter of interest to know which of the lines or bands are common to the nebulae and
the Wolf-Rayet stars. An absolutely reliable answer may never be possible, since it is difficult
to measure the wave-lengths of many of the stellar bands with sufficient accuracy, and in any

*If we measure the ordinates at the extremities of the are (¢), figure 1, and endeavor to match them by
computations on the basis of the Wien-Planck radiation formula, it is necessary to assume a temperature which
seems absurdly high—of the order of 50,000° Cent. I am not disposed to place much reliance on the accu-
racy of the curve, nor any on this method of deterx.m‘nmg stellar 1§emp§rature, that is by the calculation of
the absolute temperature from the ratio of intensities at two points in the spectrum, though the procedure
has had the sanction of some use in astronomieal practice, for there is little ground for the belief that any
of the radiation formulae afford exact mathematical expressions of the energy distribution at the higher
stellar temperatures. It is doubtless more permissible to assume generally, as is usually done, that increased
richness in the shorter wave-lengths of stellar spectra is indicative of higher temperature, and on the basis of
this assumption the nebular nuclei are undoubtedly to be considered among the hottest of the stars. Even
this assumption, however, is not in keeping with the opinion of Burns (Publ. Agt. Soc. Pac., 27, 113, 1915),
who, from a very suggestive discussion of Coblentz’s measures of the total radiation of the stars, concludes
that the Class B stars have an excess of infra-red radiation (A\>1.4x) and are not, therefore, certainly hotter
than the A5 stars, though, magnitude for magnitude, they are relatively richer in th_e violet rays. Unfortu-
nately the deduction hinges on the observation of only two stars, one—the most critical—of which appears
to have been observed under somewhat unfavorable conditions and besides is an unsuitable object because
it is a spectroscopic binary (Lick Obs. Bull., 8, 116, 1914). It is to be hoped that future developm_ent of the
work so suecessfully initiated by Dr. Coblentz will contribute further to our knowledge of the radiation curves
of stars, but until more progress has been made in that direction, and the interpretation of the observations
has become more certain, I question whether we can afford to discard the evidence of temperature afforded
by observations in the photographic region of the spectrum. }

Dr. Burns calls attention to the fact that if we accept the original Draper Catalogue system of photographic
magnitudes, that is, if we arbitrarily assume the photographic brightness to be determined by the intensity
of the spectrum at 4320, the Class A stars are relatively as bright ‘‘photographically’’ as those of Class B,
while on the basis of the total amount of photographic light they are fainter. A discrepancy of this nature
is to be expected as a result of the heavy absorption beyond the hydrogen series in the spectra of the
Class A stars (fig. 2). The latter are doubtless hotter than their total actinic intensity would lead one to
suppose.

57 Ap. Jour., 40, 258, 1914.

58 Loc. cit.
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event a further investigation of the Class O stars will be necessary. A partial answer can,
however, be obtained by a comparison of the nebular and nuclear lines of the present measure-
ments. In addition to the lines 6f hydrogen and helium, including 4686A and those of the
{ Puppis series, which are generally recognized as oceurring both in the nebulae and the Class O
stars, there are possible coincidences as follows:

nebula nucleus nebula nucleus
3342} 3342+ 4416 4416
3345¢ .
3426 3429+ 4571.7 4570
3445 3449+ 4634.3 4634
4068.8 4070 4641.1 4641
4267.2 4266.9 4649.4 4651

Probably the most interesting and important phase of the nebular problem is that which
concerns the relationship of the nucleus to the nebula. If we make the rather arbitrary assump-
tion that the nucleus is a star in the process of formation out of the surrounding material, the
question reduces to speculation as to the nature of the changes that take place during the process
of development. The present observations do not appear to afford a very broad basis for
speculations of this character. In the preliminary note referred to, the suggestion was made
that a process of development might be indicated by the relative lengths of certain lines. The
idea was not new, but appeared to receive some support from the observations then available.
Later, in attempting to classify the nebulae with respect to the lengths of 4686A and certain
other lines, a sequence of spectra was secured which seemed rather in harmony with the notion
of an orderly development. The sequence is indicated in plate XLV, reproduced from the
original paper.*® It seemed plausible that the last nebula represented in that plate had passed
through the stages typified by those in the scale above. But if this be true, what of the nucleus of
N.G.C. 2392, which is a typical Class Oe star, equipped with dark lines and presumably in a
more advanced stage than B.D. +-30° 3639 or N.G.C. 40? Does this represent some sort of
celestial shorteut to early maturity, or is there in fact no normal course of evolution, but rather
a process of development determined by conditions peculiar to each object? As a result of the
observation of a great variety of nebulae, associated with equally diversified nuclei, T am able
to come to no conclusion in the matter. The observations are recorded as faithfully as possible,
and await the divining power of some subtler mind. The sequence indieated in plate XLV is
therefore not regarded as being of special significance with respect to any theory of nebular
development. It has, however, suggested a tentative system of classification which has been of
convenience in this work, and the plate is reproduced to indicate the basis on which that classi-
fication rests.

In concluding the discussion of the nebular nuclei I may be permitted to emphasize the
nature of the link which appears to connect the gaseous nebulae and the Class O stars. All of
these objects can be grouped under the three following heads:

1. Nebulae without nuclei.

2. Nebulae with nuclei. The nuclei are in all instances stars of very high temperature,
and in half the eases show Class O bands.

3. Class O stars, with no (observed) nebulous surroundings. Temperature high.

As astrophysical evidence goes, the link appears to be fairly strong and the chain complete.
It would be interesting to find some of the previously known Class O stars to be surrounded by
nebulae. This has already been done in the case of B.D. 430° 3639, Campbell’s hydrogen
envelope star, in which the prinecipal nebular lines have been found, as recorded elsewhere, and
it appears not unlikely that other observations of a similar character will be made in the future,
but such discoveries are scarcely necessary to add to the strength of the link. The only effect
would be to remove one or more objects from group 3 and place them in group 2.

59 Proc. Nat. Acad. Am., 1, 590, 1915.
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CHAPTER IV
THE DISTRIBUTION OF RADIATION THROUGH THE NEBULAE

The observations referred to in this section were made with the slitless quartz spectrograph
attached to the Crossley reflecting telescope.®® They were undertaken for the purpose of
investigating the distribution of material in the nebulae, with the hope that some light might be
shed on the general question of the relation between a nebula and its nucleus. A very short
period of observation sufficed to develop a number of interesting facts with respect to line
distribution, but the significance of these in their bearing on the original problem is not clear.
The early observations made with slit spectrographs having indicated a decided tendeney of the
line 4686A to localize near the center, and of the line 3727A to occur in the outer regions, it
seemed possible that we were dealing with gases of different densities, and that the observed
distribution is the result of gravitational action. The fuller evidence furnished by the complete
monochromatic images lends little weight to this view. While the peculiar tendency of 3727A
to favor the outer regions of the nebula is exhibited in numerous objects, a fact which taken
alone might indicate it to be emitted by a comparatively rare gas, it is also equally true that the

- line tends more strongly than any other line to concentrate in the exterior condensations, or

knots, a thing that is hardly to be expected if the gas is peculiarly unresponsive to gravitational
action.

These outlying knots are well shown in N.G.C. 7662, 6543, and many other objects. In
elliptical ring nebulae there appears to be a tendency on the part of this line to favor the ends
of the ellipse, as in N.G.C. 7009 and 6826, though the phenomenon is not exhibited by the Lyrae
nebula. See plates XLVI to L.

Quite aside from these characteristics, however, the general appearance of the images does
not suggest the symmetry which we should expect as the result of gravitational action. The
very decided difference in the distribution of helium, as indicated by 4471A on the one hand
and the line 4686A on the other, in such objects as N.G.C. 7662 and 6572, taken in econnection
with the remarkable behavior of the latter line in the laboratory, is strongly suggestive that it
is a physical condition that is localized, rather than actual material.

Fowler,®* in his account of the discovery of 4686A in the laboratory, has called attention to
the manner in which it is isolated in a vacuum tube, the lines of the series to which it belongs
being ‘‘readily distinguished from the lines of helium, and from most other lines, by their
localization.”” He also refers to Wolf’s observation of the local ocecurrence of the line in the
Lyra nebula. We have, then, in a vacuum tube essentially the same phenomenon as that observed
in many nebulae, the restriction of 4686A to a certain part of the source.

Another factor which perhaps modifies the size and appearance of the images is selective
absorption. The intensity of a line emitted by a great thickness of gas is, of course, a function
of both its emissive and absorptive powers, and with changing physical conditions throughout
the region of distribution it is not at all unlikely that the appearance of a nebula is modified
accordingly, and that the modification is different for different lines.

It is not impossible that all three of the factors mentioned, unhomogeneity in composition,
variation in physical state, and selective absorption, combine to produce the differences in the
images of a nebula as recorded by different lines.

The fact noticed by Max Wolf in the Lyra nebula that 4686A is comparatively strong within
the ring and that 3727A is faint there has been found to be characteristic of ring nebulae, and
his remark that the two lines tend to avoid each other appears in general to be true. The image
at 3727 frequently shows much more detail than any of the others.

60 See Appendix, under (g).
o1 Mon. Not. R. 4. 8., 73, 63, 1912.
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With respect to the sizes of the images, where a difference exists, which is not always the
case, 3727TA when present is always at least as large as, and usually larger than, any other image,*
and 3426 is, in a corresponding sense, equal to, or smaller than, any other. The order of size
appears to be 3426, 4686, the H lines, 3869, and 3727A. The N,_, lines appear, as a rule, to give
slightly larger images than hydrogen, though in certain well-known instances, such as the Orion
nebula and I.C. 418, they are smaller. Unfortunately these lines are quite far from the center of
the plate and are a little more subject to field and prismatic distortion than HR, so that the most
accurate comparison in size can not be made, but in N.G.C. 2440 and some other objects the
greater size of the N,_, images is certain. :

N.G.C. 40 appears to be somewhat exceptional in that the hydrogen images are as large as
that at 3727A, though 4686A and numerous other bands are localized in the nucleus.

The line at 4686A is of peculiar interest, in view not only of its remarkable behavior in the
nebulae but also because in the laboratory it is peeuliarly sensitive to physical conditions obtaining
in the source. It seems not unlikely that experiments with this line may eventually define some
of the conditions existing in the nebulae. In this connection it seems pertinent to refer to 3426A.
This nebular line has the characteristics of 4686A with respect to localization developed in a
still higher degree than has that line itself. It would be interesting to know whether a line in
this position can be excited in the laboratory. Some sort of superspark condition would appear
to be indicated for the experiment.

A very remarkable feature of many of the nebular spectra is an apparently continuous
spectrum which commences quite abruptly at about 365pu and extends with great uniformity
far into the ultra-violet. The spectrum should be investigated with a slit spectrograph for the
purpose of determiring its character and limit with greater certainty. On account of the well
understood limitations of the slitless spectrograph in the matter of resolving power, when applied
to the study of a body having a sensible diameter, one canmot be certain that the spectrum is,
in fact, continuous, though its extent and great uniformity favor the assumption that it is. The
point of beginning of the spectrum as measured in N.G.C. 6543 and 7009 is about 3650A, but
in other objects the wave-length may be greater. The spectrum is shown in plates XLIX, figure
1, in XLVI, figure 5, and in several other illustrations. It suggests to the unbridled imagination
the feather of an arrow, the spectrum of the nucleus being the shaft. The peculiarity of this
spectrum is not its continuity, since many nebulae present more or less continuous radiation,
but the fact that it ecomes to an abrupt end, and, furthermore, that end is very close to the
theoretical limit of the Balmer hydrogen series at 3647A. From this position the continuous
spectrum extends in the direction of shorter wave-lengths, while the lines of the Balmer series
reach toward the red. Evershed has observed a similar speetrum in the solar prominences and
lower chromosphere, which begins suddenly at 3668A, and suggests a hydrogen origin for it.®
He refers to an observation by Sir William and Lady Huggins®* to the effect that in such stars
as Vega the continuous spectrum suffers a sudden fall in intensity at the end of the series of
dark hydrogen lines, heyond which it continues without further enfeeblement far into the ultra-
violet. The phenomenon with respect to Vega is well shown in plate XLIV, figure 6, the upper
part of which is the spectrum of Vega and the lower that of B Aquilae, a star of Class K intro-
duced for the purpose of showing that in later stars the peculiarity is absent. In figure 2, of the
text i'lustrations, are ecurves based on direct photometric measurements of these two plates. We
have, then, in Vegae an absorption spectrum corresponding closely with the emission spectrum
in the chromosphere and in the nebulae. In the stellar spectrum the absorption appears to
begin at about A3700.® Evershed’s limit for the chromosphere emission is 3668, while in the

62 There may be a few exceptions in cases of those stellar nebulae in which 3727 is faint.

63 Phil. Trans., 197A, 399, 1901.
64 An Atlas of Representative Stellar Spectra, p. 85. ) .
65 The darkening in this vicinity is doubtless largely due to the crowding together of the hydrogen lines,

which are very broad.
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KH
Figure 2. Intensity curve (prismatic dispersion).

Upper a Lyrae, Lower g Aquilae. L indicates the limit

of the B_\llmer series. ‘
nebulae the measured position is roughly 3650. The limit for the Balmer series is about 3647,
so there is apparently some overlapping of the two speetra, the amount probably depending on
the conditions in the source. A corresponding continuous spectrum appears to have been actually
observed by Dufour®® in the laboratory, during the course of his investigation of the spectrum
of hydrogen, though he seems not to have associated it with the Balmer series, but rather with
the secondary speetrum of hydrogen. :

In this connection it will be recalled that Wood,*” in his investigation of the absorption of
sodium vapor, noticed a continuous absorption spectrum beginning just where the Balmer series
for sodium leaves off, and extending far into the ultra-violet. That is, the sodium spectrum
presents a phenomenon closely paralleling the apparent behavior of hydrogen in the early stars.

All of these facts seem to lend plausibility to the idea that the speectrum here discussed
belongs to the Balmer series, and that its production is in some way involved in the mechanies
of line series radiation. Bohr,®® in the development of his theory of radiation, has attempted
to aceount for the continuous sodium absorption observed by Wood, but whether continuous
radiation is also to be accounted for is not stated.

Professor Millikan has drawn my attention to the fact that the Balmer hydrogen series is
almost certainly to be regarded as the L radiation of the Roentgen ray spectrum of hydrogen,
since its limit at 3646A is very elose to the position of one of the Li lines as computed by
Moseley’s law.® He also points out that the absorption observed in the spectrum of Sirius
corresponds exactly with the characteristic absorption bands found by Barkla and Sadler, and
also De Broglie, to border the K and L lines in the Roentgen ray spectrum. An emission
spectrum corresponding to that in the nebulae seems not to have been observed for Roentgen rays.

Laboratory experiments undertaken in this connection might lead to interesting results.
To any one contemplating them the writer would suggest the use, for purposes of preliminary
investigation, of comparatively low dispersion.

66 Ann. Chim. et Phys., (8), 9, 361, 1906.

67 Ap. Jour., 29, 100, 1909.

68 Phil. Mag., 26, 17, 1913.

69 R. A, Millikan, The Electron, 195 and 202.
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CHAPTER V

The present chapter is devoted to miscellaneous topics which form no definite part of the
three divisions covered by the preceding three chapters. ,

On the Presence of Carbon and Nitrogen in the Nebulae.—Coincidences among nebular lines
and lines in the spectra of stars and terrestrial sources are usually regarded as limited to
radiations of hydrogen and helium, including 4686A and the related series of ¢ Puppis lines.
Attention was drawn in a previous paper to indications of the presence in the nebulae of
nitrogen and carbon. There is in the nebulae a very faint line close to H§ which became pro-
nounced enough in the spectrum of Nova Geminorum No. 2 to modify very perceptibly the form
of the HS band. In fact, it was first suspected in the nove from this circumstance, and after-
ward found, with prolonged exposure, in a number of nebulae. Its wave-length is uncertain
on account of its faintness and the overpowering strength of the HS line, which, with the low
dispersion used, is very close. The mean of eight measures gives 4097.3A. There is a charaec-
teristic dark line in the spectra of certain of the Class O stars, the wave-length of which, as
measured in the spectrum of ¢ Oronis by R. H. Curtiss,” is 4097.3A. The stellar line has been
the subject of much discussion in studies of spectral classification. It has its maximum, according
to Miss Cannon, in Class Oe stars. It has been assigned by various observers to as many elements,
but the best case seems to have been made out by Lockyer, Baxendall, and Butler, who identify
it with a line of abnormal behavior in the spectrum of nitrogen.”” Whatever its chemical source,
its strength in Class O stars argues for its common origin in these and in the nebulae. A line
which plays an equally or perhaps more important part in stars a little further along in their
development is 4267.14A. This is universally ascribed to carbon, and the wave-length quoted
is Hartmann’s laboratory determination made with a tube containing a highly rarefied gaseous
hydrocarbon compound. A faint nebular line has been photographed in this vicinity by several
observers, but only rough determinations of its position have been published. The mean of five
of my measures places it at 4267.1A. The line is very faint, and this value may be in error,
say, 0.2 of an Angstrom. The South Kensington and other observers have found™ the carbon
line 4267.14 to be accompanied by a composite line at 4647.4, 4650.7, 4651.6. If this line were
in the nebulae it would not be resolved, but would be represented by a hazy line at 4649.3+.
There is such a line at 4649.2. The presence of carbon and nitrogen in the nebulae seems
probable.

Recently Detected Lines Common to the Spectra of the Gaseous Nebula and the Temporary
Stars—A line to which some interest attaches is that at 4725.5A, observed in N.G.C. 7027. This
line was unknown until recently and has been observed only in this nebula. However, in an
analysis made many years ago of a complex bright band™ in the spectrum of Nova Persei it
was found that, after allowing for numerous maxima and minima in a certain compound bright
band, due to the known nebular lines in the vicinity, there were outstanding certain others
which could be accounted for by a hypothetical nebular line near wave-length 4724. The
detection of this line at measured wave-length 4726 may be taken as a confirmation of the
correctness of this conclusion. It will be remembered that the bright nebular line at 3967 was
detected in the same way, and the same is true with respeet to the line 4097A just referred to.
Still another instance may be mentioned in 4711A, the detection of which as a nebular line
independent of 4713 (helium) explains what were previously regarded as peculiarities in the
behavior of this helium line in Nove Perset No. 2. The finding of lines in this way, first by
inference based upon apparent irregularities in the move bands, with subsequent confirmation
in the nebulae, tends to strengthen our confidence in the rigorous correspondence between the
spectra of the novae during the so-called nebular stage and the spectra of the nebulae.

70 Pub. Ast. Obs. Univ. Mich., 1, 120, 1915. 72 Ibid.
71 London, Proc. R. Soc., A, 82, 534, 1909. 73 Lick Obs. Bull., 1, 54, 1901.
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Lines Apparently Associated in the Spectra of the Nebulae.—The question of association or
linkage of lines in the spectra of the nebulae has, from the time of the first spectroscopic obser-
vations of these objects, claimed the interest of astronomers. The N,_, lines, for instance, appear
to vary one with the other, and are generally regarded as belonging together.* The same is,
of course, true with respect to the members of the Balmer series and the various helium series
of lines, the relationship of some of the latter having been inferred before the actual discovery
of helium. ]

I have attempted to determine whether there are any other groups of lines of common
behavior, but have not been able to arrive at very certain conclusions. The isolation of certain
lines seems perhaps more certain than the association of others. There are two characteristics
which may be made the basis of segregation; these are relative intensity and distribution. To
what extent behavior in either of these respects is a safe guide to the grouping of lines is a
matter of doubt. The relative intensity of lines in the same spectrum is, of course, in many
instances subject to great variation under change of condition in laboratory experimentation,
and it is not impossible that certain gases may occur in equal proportions in practically all the
nebulae, so that a uniform line relation is, strictly speaking, neither the necessary nor sufficient
condition for identity of origin of the lines concerned; still, it seems worth while to examine
the available data to see what lines appear to have a common behavior.

The two lines near Ha, 6548, and 6584A occur in such very unlike spectra as N.G.C. 7027
and B.D. +30° 3639, being particularly strong in the latter object. They have not been ob-
served in the Orion nebula. We have therefore to search out the lines common to the spectra
of the first two objects, which are very dissimilar, and select any of undue intensity in the second
spectrum which do not oceur, or are faint, in the Orion nebula. 5755, 4069, and possibly 4076A
are the only lines that meet these requirements. 3727A is out of the question because, while it
is in the first two nebulae, it is the strongest line in the Orion spectrum. There is therefore the
possibility that 6548 and 6584A, which seem to oceur together, are linked with 5755, 4069, and
less certainly with 4076A, but with no other strong lines. The observation of the two red lines
are comparatively few, and further investigation may, of course, tend to divide the suggested
group. These lines appear to show no particular regard to the class of nebula they favor with
their presence.

The N lines probably have a common behavior, but do not appear to be associated with any
other strong lines.™ It is true that the measured values of Iq are not relatively the same in the
nebulae listed in table 13, but that is, I think, due to the fact that the green is a region of the
spectrum unfavorable for measurement of intensity. It is close to the end of the sensibility
curve, and different plates give different intensity ratios even in the same object. The fact
that they are isolated from other lines is indicated by their faintness in 1.C. 4997, a nebula in
which all of the other lines maintain a good strength.

There is an interesting group of lines in the neighborhood of 4686A, which are characteristi-
cally short in such objects as N.G.C. 7662 and 7009 (pl. XLIT). One would expect to find some
evidence of relationship, but there appears to be none, as is indicated by the following comparison :

Object Relative intensity of lines
N.G.C. 7662 4741 = 4711 > 4641
7009 4741 = 4711 = 4641
6543 absent probably 4641 fairly strong, 4632 and 4651
absent in nuecleus
7027 4741 > 4711 =— 4641

Although the five lines mentioned here undoubtedly have characteristics in common, they
are not to be definitely eonnected together.
7¢ A difference in behavior of these two lines in the spectrum of Nova Geminorum No. 2 is reported by

Adams and Pease. Proc. Nat. Acad. Sci., 1, 392, 1915.
75 Loc. cit.
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4363A probably does not belong with any other line in the photographic spectrum, judging
by its remarkable strength in I.C. 4997.

3869 and 3967 are probably linked. When He, which is close to the latter, is sufficiently
faint the two images given by these lines are alike, and the relative intensities appear to be
uniform.

Of the pair at 3727, the one of greater wave-length is the fainter; but, so far as I have been
able to observe, always accompanies the other if the strength of the photograph is sufficient.
They appear to be companions.

3426 and 3346A maintain approximately the same relative intensity. Furthermore, the
former line, and probably the latter, give nebular images of the smallest size. For example, in
N.G.C. 7662 (pl. XL'VI, fig. 5) 3426 gives a small image, while the small 3346 ring can be seen
eccentrically situated within the bright image due to 3342A.

3445, 3342, and 3313A give normal sized images in the nebula just referred to. They seem
to belong to a group.

Recapitulating, the following lines as arranged in vertical columns appear, with more or less
certainty, to be linked:

3313 3346 3726 3869 4069 4363
3342 3426 3729 3967 4076 () cceeeeee
3445 . et e 5755 ...
................................ 6548

6584 ...

Classification of the Gaseous Nebulae—The only serious attempt of which'l am aware that -
has been made to classify the gaseous nebulae is that of Miss Cannon.”® The arrangement in
that classification is based on the relative intensity of certain lines of the spectrum, the most
critieal of which is 4686A. With respeect to this line Miss Cannon says: ‘‘The presence of the
bright band 4686 in both gaseous nebulae and spectra of Class O certainly indicates a connection
between the two. Accordingly, gaseous nebulae characterized by this band have been placed
in the later divisions, presumably near Class O.”” Admitting the existence of a close relation-
ship between the two classes of speetra, and the importance of 4686A as an index of the position
of one with respect to the other, I can not entirely agree with the deduction in the second sentence
of the quotation. In general I should be disposed to assign a nebula in which 4686A is strong
to the class farthest removed from the stellar stage. The basis for this view is touched in two
earlier papers,’”” to which frequent references have already been made.

A difficulty encountered at the outset in any attempt to classify the nebulae lies in the fact
of their unhomogeneity, and their differences, one from another, in structure. Objects like
1.C. 418 and B.D. +30°3639 consist of two definite parts, a nucleus and an envelope. Which
of these is to be made the basis of the classification? Other objects show no nucleus whatever,
and among them some exhibit the line 4686A and some do not. At first sight the lines 4686 and
3727A would appear to be competent to serve as indices, since they predominate as a rule at
opposite ends of any system that can reasonably be suggested, but a difficulty here is that one
or the other may be made to predominate in the spectrum of a single object by selecting a suitable
part of it for observation. A striking thing brought out by the present observations is the
apparent relation in certain instances between spectrum and form. Many of the ring nebulae,
for example, N.G.C. 7662, 7009, and 3242, are almost identical in form and spectrum, and the
ring nebula in Lyre is somewhat like them in both respects. Of the six objects designated as
belonging to Class Ib in the system shortly to be indicated five are ring nebulae, and the sixth
(I.C. 5217) is on the border line of its class. These considerations lead me to believe that the
question of form may eventually enter as a factor in the classification of nebulae. The compli-

76 Annals of Harvard College Observatory, 76, 19, 1916.

77 Proc. Nat. Acad. Sci. Am., 1, 269 and 590, 1915.
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cations referred to here arise from the great extent of these objects. In the case of a star which
is a much more concentrated body conditions are presumably more homogeneous over its entire
radiating surface, and some more uniform law of radiation would naturally be expected.

The foregoing considerations are conformable with the opinion expressed elsewhere that we
have at present insufficient data to serve as a basis for a satisfactory theory of nebular develop-
ment, and therefore that any system of classification of the nebulae by means of their spectra
must be regarded as merely descriptive. I have for my own convenience adopted such a system
on the basis of the general arrangement of nebular spectra indicated in plate XLV and more
fully described in one of the papers just referred to, and as it has been found to serve very well
in segregating the spectra into comparatively homogeneous groups I venture to present some
acecount of it.

Having arranged the objects in the order indicated in the illustration, it was found that
some of the prinecipal lines showed a fairly steady progression in intensity from one end of the
series to the other. The following prominent lines experience a general decrease in intensity
as we pass from the beginning to the end of the sequence, 3869, 3967, 4363A, and the N lines.
The line 3727A appears, on the other hand, to become stronger, though the variation is so
irregular that it can hardly be deemed a critical line. For instance, while it is the strongest line
in B.D. +4-30° 3639, N.G.C. 40, and in other objects near the end of the sequence, and is generally
weak in those at the beginning, there are exceptional cases such as the Lyre nebula, which belongs
well up in the seale, in which it is photographically the brightest line. It also occurs in undue
strength in N.G.C. 6886, the spectrum of which, except for this fact, is practically identical with
that of N.G.C. 7027, the first nebula in the sequence. In addition to these facts, the line has
such a spotted distribution that its relation to the rest of the spectrum is necessarily a matter of
doubt, and while it is perhaps the most interesting of all the lines, by reason of its erratic be-
havior, its significance in the suggested scheme of arrangement appears to be obscure, and its
use as & criterion is hardly justifiable.

Of the lines mentioned as decreasing in intensity, 3869A appears to be the most suitable to
use as a guide. It is, generally speaking, strong, and therefore easily photographed in mnearly
all nebulae in which it appears at all. It gives a clear uniform image, and is well separated
from its nearest neighbor at 3889A. 3967A probably follows the behavior of 3869, but is unsuit-
able on account of its proximity to He. 4363A conforms in a general way with the intensity
variations of 3869, though the relative intensities are not by any means uniform. The line is
apparently not of such general occurrence as 3869, and it is too close to Hy for complete separ-
ation in the larger planetaries when a slitless spectrograph is used: N, and N, are apparently
not critical in their behavior, and, in addition, there is the practical consideration that they lie
near the end of the sensibility curve of most photographie plates, and their apparent strength
varies greatly from one commercial brand of plates to another. For example, a ‘‘Cramer
Crown’’ or a ‘‘Lumiere 3’ plate may record these lines as faint, where a ‘‘Seed No. 27’7 or
4307’ will show them well. Some such difference doubtless exists in a less degree among different
emulsions of the same commercial brand of plates. In view of all of these facts, 3869A has
tentatively been adopted as a guide line when 4686A is absent.

T'he procedure has been to place in one group all those spectra which contain 4686A as a
nebular line, in a second those from which this line is absent but in which 3869 occurs, and in the
third those from which both of these lines are absent.

It will be noticed that the lines in the ultra-violet lying above 3500A occur only in those
nebulae which emit 4686A, but that they do not always accompany that line. This suggests a
subdivision within the first group. The ultra-violet lines appear to belong to two subgroups,
of which the leading lines are 3426 and 3445A. From general considerations referred to else-
where, it seems fair to infer that the remarkable characteristics of 4686A are even more pro-
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nounced in 3426, so that it has been assumed that the nebulae in which this line is the stronger
belong in the earliest subdivision. Those in which 3445A is stronger are assigned to the second,
while the occurrence of 4686A without either of these lines determines the third subdivision of
the first class.

The second class is subdivided on the basis of the intensity of 3869A, the first division
consisting of those nebulae in which Iq for this line is greater than 30, the second, of those in
which it is equal to or less than that intensity. The selection of Iq==30 (which is close to the
mean value for HS) as the intensity marking the dividing point is not entirely an arbitrary one,
as, in so far as the present list is concerned, it places in the first subdivision those spectra which
contain 4363A and excludes them from the second. Whether the criterion will continue to
function in this manner under the strain of a further accumulation of data can not of. course
be predicted. It is hardly to be expected that it will, since the intensity of 4363A with respect
to 3869 varies from object to object, the two being almost equally strong in I.C. 4997. It might
seem the better plan to make the presence of 4363 A the test, but this line is sometimes not visible
through under-exposure, or, when using a slitless spectrograph, on account of its proximity to Hy.

Class III contains only three objects: N.G.C. 40, Index 418, and B.D. 4-30° 3639. It requires
subdivision, probably with respect to the occurrence of helium or the brightness of the N lines,
but observations of more objects should be available before proceeding further.

To sum up, the basis of classification is as follows:

Class I 4686A present in the nebula Typical Nebula
(a) 3426A stronger than 3445A N.G.C. 7027
(b) 3445 stronger than 3426 N.G.C. 7009
(¢) 3445 and 3426 absent N.G.C. 6884
Class I 4686A absent from nebula, 3869A present.
(a) Iq for 3869A>30 N.G.C. 6572
(b) Iq for 3869A<30 ~ Index 2149
Class IIT 4686 and 3869A absent e

A Comparison of the Spectrum of the Orion and Planetary Nebulae—The suggestion has been
made that there is a fundamental difference between the extensive nebulae, such as the Orion
nebula, and the planetaries. This point of view is based largely on observations of velocity in
the line of sight. It has been found by Kapteyn and Campbell that there is a progressive inerease
in speed with advancing stellar type, and Campbell has called attention to the fact that the
velocities of the planetary nebulae exceed those of Class M, the final group of stars. The space
velocity of the Orion nebula is, as was pointed out by Keeler, approximately zero. Some
astronomers have been inclined to infer from this that while the Orion nebula represents an
initial stage in stellar evolution the planetaries represent a final one.

The question as to whether the spectrum of the Orion nebula differs fundamentally from
those of the planetaries is therefore an important one. In plate XLV the spectra are compared.
Making allowance for the fact that the plate of the Orion spectrum was taken with apparatus
more transparent to violet and ultra-violet light than that used for the others, it will be observed
that there is little difference between the spectrum it records and others placed close to it in the
illustration. The spectra of the planetary nebulae differ much more among themselves than
some of them do from the spectrum of the Orion nebula. Whether or not the spectral similarity
which exists between certain of the planetaries on one hand and the Orion nebula on the other
indieates -approximate equality of physical constitution depends upon the sensitiveness of the
nebular spectrum as an index of the state of its source. That the spectrum is responsive to
changes in_the physical condltlon of the’ radlatlng gas is rendered almost certain by the great

variety of Spectra that are found, not only in different nebulae but also in different parts of the

same object. This subject has been discussed in the preceding chapter with particular reference
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10 the line 4686A, which, judging from the way it reacts in the laboratory, is very responsive to
changes of physical condition. This line is due to helium, and its occurrence proves the existence
of some peculiar physical state at the seat of radiation. The presence of helium in I.C. 418, the
Orion and other nebulae, without the presence of this line, indicates that a condition present in
other nebulae does not exist here. There are doubtless other lines that are equally sensitive, for
instance, 3727A. This line behaves so erratically that it is difficult to credit its distribution to
the local occurrence of any particular gas. Other lines are perhaps equally critical, so that it
may fairly be assumed that the nebular spectrum is an index of the condition of the gas that
radiates it. Sinece the spectrum of the Orion nebula is practically identical with that of a certain
class of planetary spectra, it appears probable that its physical state is not sensibly different
from theirs.

In the matter of structure the planetary nebulae present points of difference from the
extended nebulae, and the symmetry of arrangement which they so often exhibit suggests that
with them the relation of nebula to included star is more fundamental than with the larger and
more irregular gaseous masses. It is this undoubted intimacy between nebula and nucleus that
gives special interest to the spectral characteristics of the nuclei. In the cases of stars involved
in extended nebulosity there is greater latitude for the assumption of a casual relationship.
However that may be, it appears to be noteworthy that the spectrum itself affords no basis for
distinguishing between the Orion nebula and planetary nebulae of the corresponding elass;
on the contrary, identity of physical constitution in these objects is indicated. This view is
strengthened by the fact that the stars involved in the Orion and the planetary nebulae are all
of high temperature and have points of spectral similarity.

In closing this section devoted to miscellaneous results of observation I wish to draw attention
to the importance of observing the line 4686A under high dispersion in those objects, such as
N.G.C. 2392 and 7662, which exhibit N,_, lines of peculiar shape. The matter is referred to at
some length in the deseription of the observations of those two nebulae, and need not be dwelt
on here. Tt will be recalled that in the spectrum of N.G.C. 7662 the pattern of 4686A is reversed,
in a right and left sense, with respect to that of the principal nebular lines, as observed by
Campbell and Moore. This result depends on a single observation, and while it appears quite
definite it should be confirmed, because it must be taken into consideration in any explanation
of the remarkable structure of the nebular lines, a structure which might otherwise be accounted
for on the basis of comparatively simple assumptions.
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SUMMARY OF RESULTS AND CONCLUSIONS

In the following paragraphs an attempt is made to summarize the results and conclusions
arrived at in this investigation. Certain definite results can very easily be specified, but I have
felt some hesitancy in drawing definite conclusions for the reason that I regard the value of the
work to lie in the observations themselves rather than in any construction that I might feel
disposed to put upon them. In fact; the interpretation of observations of this character is a
problem lying rather within the domain of physics than of astronomy, and more particularly
within that subdivision of the field of molecular and submolecular physies which includes the
theory of radiation. This is generally true with respect to the more complicated phenomena of
celestial spectroscopy for the very apparent reason that the astronomer can not, in his experi-
nients, vary the condition of the radiating sourece. The best he ean do is to go from one object
to another in the hope of encountering differences in condition, the nature of which can only
be conjectured. The result, therefore, of even the most successful of such efforts, is usually a
fragmentary collection of observations which the laboratory worker, with his control of conditions
of observation, may hope to bring into some sort of mutual relation. This truism of astrophysiecs
applies with particular force to the results of the present investigation, and it is hoped that
much of the material, particularly that relating to the distribution of lines in the nebulae, will
eventually be unified and have its significance made clear by experimental work in the laboratory.

With respect to some of the simpler phenomena presented through the medium of these
observations, there are inferences which, in the present state of our knowledge, may tentatively
be drawn. Some of these depend on the assumption that the energy curve of the spectrum is
an index of the temperature of the body which emits it. This is ordinarily assumed in estimating
the temperature of a celestial object, and there appears to be no special reason to question the
application, in this manner, of a fairly well established law of physies; still, it is well in these
days when, as Professor Millikan so well expresses it, ‘‘new viewpoints and, indeed, wholly new
phenomena, follow one another so rapidly across the stage of physies that the actors themselves
scarcely know what is happening,”’ to adopt a conservative view, and to bear in mind that other
agencies besides heat may be competent to produce an energy curve rich in the shorter wave-
lengths. The detection of such a thing as a continuous spectrum of appreciable strength, be-
ginning suddenly at a certain point and extending out into the ultra-violet, suggests caution in
the interpretation of the energy curve in terms of temperature alone. But adopting the usual
point of view, that an increase in the relative strength of the shorter wave-lengths is indicative
of increased temperature, the conclusions with respect to the temperature of the nebular nueclei
follow as a matter of necessity.

Subject to the foregoing reservations, the general results and conclusions may be summarized
as follows:

1. The wave-lengths of the nebular lines, including some not previously reported, have been
measured.

9. The nuelei of the planetary nebulae have been found to give a continuous spectrum strong
in ultra-violet light, indicating that they are at a very high temperature.

3. Half of the observed nuclei have been observed to exhibit the characteristic bands of the
Wolf-Rayet or Class O stars, and they are probably all to be classed as belonging to the same
general group as these stars. A definite connection is therefore established between the planetary

" nebulae and the Class O stars. -
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4. There is no essential spectral difference between-the Orion nebula and the planetary nebulae
of the same spectral class. As the nebular spectrum appears to be sensitive to changes of physical
condition in the nebulae, this justifies the presumption that the conditions in both the Orion and
planetary nebulae are comparable, a point of view that is supported by the fact that the stars

‘involved in both have a high temperature and possess points of spectral similarity. Spectro-

scopie evidence does not, therefore, of itself, justify the separation of the planetary from the
more extended nebulae, and the placing of one class at the beginning of stellar evolution and
the other at the middle or end of it. If we were obliged to assign them a position it would seem
necessarily to be that at the beginning, unless we are prepared to accord some other to the
system of the Orion nebula. The alternative would be to assume that practically identical
conditions for nebular radiation can arise under very different circumstances of development.

5. T refer with a great deal of diffidence to the réle played by the gaseous nebulae in the
drama of cosmical development. The subject of stellar evolution, like many others in astronomy,
should be approached with a full sense of the limitations of our ordinary experience as a basis
for appraising probability in the interpretation of celestial phenomena. We know little of the
physical constitution of the nebulae, and nothing whatever of the stimulus which excites them
to luminescence. It is of interest to recall in this connection that the dark side of the Earth
would undoubtedly exhibit to a celestial observer a bright line (auroral) spectrum, faint, it is
true, but of sufficient strength to be seen or photographed.”® In this case the luminosity is
probably due to the influence of the Sun, an explanation which holds out the suggestion that
that of the nebulae may be stimulated by their nuclei. The very obvious objection to such a
notion is that some of the nebulae have no visible nucleus, nor is it reasonable to suppose that
in these instances a nucleus exists and is hidden in the nebula, because the readiness with which
ultra-violet light is transmitted when the nucleus is visible at all shows the planetary nebulae
to be exceedingly transparent, and the uniformly high temperature of the known nueclei is
unfavorable to the assumption that a nucleus may be dark. The inference is that if we can
not photograph a nucleus it is not there. These reﬁleetions point to the probability that the
involved star is not the cause of a mnebula, nor of is light, and that the latter, whatever the
mechanics of its origin, finds its stimulus in the body of the nebula.* If one were compelled
to choose either the star or the nebula as the cause or antecedent of the other it would again,
as in paragraph 4, seem more consistent with the scattered evidence at present available to
place the nebula first, though in making such a choice I should be obliged to regard it as a
forced decision, and not the expression of a definite conviction, for I do not feel fully assured
that we are close to an understanding of the real significance of the gaseous nebulae. However,
the present observations have a bearing on those theories of evolution that assume the nebulae
to occupy a place prior to that of the stars. There are at present two general conceptions as
to the nature of stellar evolution, one of which assumes a falling temperature throughout the
period of a star’s development while the other predicates a rise to maximum and a subsequent
decline ; both of these assume the nebula as the primordial state. As between these two hypotheses
the present observations undoubtedly favor the first, since they add to the proof that the gaseous
nebulae are associated only with the hot stars.

78 Campbell, 4strophys. Journ., 2, 162, 1895; also Slipher, Lowell Obs. Bull.,, 3, 1, 1916.

* Since the above was written I find myself to have been anticipated in this observation to the extent of
a century and a quarter by Sir William Herschel, even in the matter of the reference to the aurora. ‘‘But
what a field of novelty is here opened to our conceptions! A shining fluid, of a brightness sufficient to reach
us from the remote regions of a star . .. and of extent so considerable to take up 3, 4, 5, or 6 minutes in
diameter. Can we compare it to the coruscation of the electric fluid in the aurora borealis? . . . Tt has been
said above that in the nebulous stars the shining fluid does not seem to be so essentially connected with the
central points that it might not also exist without them. . . . If therefore this matter is self-luminous, it seems
more fit to produce a star by its condemsation than to depend on the star for its existence.’’ (4dbridged
Phil. Trans., 17, pp. 25-26.) Herchel’s conclusions were of course drawn without the advantage of the spec-
troscopic evidence we now possess, and it seems well worth pointing out that that evidence, so far as it goes,
is confirmatory of the forecast of his sagacious mind.
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6. Many of the planetary nebulae, when photographed with the prismatic eamera (slitless
spectroscope), present a remarkable variety of forms corresponding to different nebular lines.
The significance of the variation is not understood. It may be due in part to differences in
distribution of the component gases of the nebula; in the case of the 4686A and some other lines
it appears to be almost certainly due to a localization of peculiar physical conditions. Other
causes may also be effective in altering the apparent form of a nebula; for instance, selective
absorption of the nebular lines themselves. Whatever the cause, it is quite apparent that the
image of a nebula as it appears in the telescope, or on a direct photograph, is an integrated one
due to the superposition of many which are liable to be quite unlike. It follows that there is a
limit to the value of simple telescopic or photographic observations in the study of mebular
structure. .

7. A spectrum, apparently continuous, which begins abruptly at about the limit of the Balmer
series and extends into the ultra-violet, has been found in the nebulae. It is undoubtedly the
same spectrum as that observed by Evershed in the spectra of the solar chromosphere and
prominences, and, as noted by him, corresponds with the ultra-violet absorption first observed
by Huggins in the spectrum of Vega. It is probably part of the Balmer hydrogen series, and is
of possible significance in the theory of radiation.

8. The probable existence of carbon and nitrogen in the nebulae is indicated.

9. A system of nebular classification is suggested.

July 30, 1918.

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


http://adsabs.harvard.edu/abs/1918PLicO..13..191W

