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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.
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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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