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my advisory committee, and Dr. Robley C. Williams, a member
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CHAPTER I
INTRODUCTION

This study of a region of Cygnus was undertaken with
three principal goals in mind: (a) To determine the amount
of obscuration due to interstellar material in that direc-
tion; (b) To determine the stellar density distribution in
that direction; and (c) To determine the luminosity func-
tion in that direction.

The region is one of twelve galactic fields (varying
in galactic longlitude from twelve degrees to two-hundred and
two degrees) being investigated at the Warner and Swasey
Observatory of the Case Institute of Technology. Reports on
two of these flields have been published by Dr. S.W..McCuskey
and Dr. C. K. Seyfert.l

The instrument used for all studies is that observ-
atory's twenty-four inch Schmidt-type telescope (the Burrell
telescope), which has a thirty-six inch mirror and a focal
ratio of three and five-tenths. The diameter of the field
is five and three-tenths degrees, and the four-degree ob-
Jective prism which is used to obtain the spectra has a dis-
persion which varies from 150 A/mm. at A37OO to 280 A/mm. at
HY. The spectra are essentially complete to the twelfth

magnitude and many are for stars fainter than this magnitude,

1S.W. McCuskey and C.K. Seyfert, Astrophysical
Journal, 106, 1, 1947. :
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The instrumentation has been described in detall by Dr. J.J.
Nassau.l

The general approach is to obtain as much data as
possible on color excesses and spectral types, and then pro-
ceed to analyze these data (with as few assumptions as pos-
sible) with the above goals in mind. It is hoped that the
extensive and homogeneous data obtained will help to clear

up some of the many ambiguities which exist in the field of

galactic structure.

15.5. Nassau, Astrophysical Journal, 101, 275, 1945.
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Scale: One inch = Five kiloparsecs

Fig. 1l--Plan view of LF3a region in plane of galaxy
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CHAPTER II
THE REGION INVESTIGATED

Co-ordinates and Orientation

The fleld, to be designated as LF3a, is shown on
Plate I, which i1s a reproduction of part of Ross Atlas Chart
Number Seventeen. The abbreviations "LF" are for "luminos-
ity function", and the "3a" signifies that the field is con-
tiguous to the field known as LF3. Another region, LF3b,
overlaps both of thesej; all are shown on Plate I, and their
coordinates are summarized in Table 1.

TABLE 1
EQUATORIAL AND GALACTIC CO-ORDINATES

LF Region R.A.(1945) Dec .(1945) 1 b
3 e o e o o o ooh 3s5m + 38% ¥4° |y 10
3a. e o o o 20 O 35."" ll‘O 1
3be. ¢+ ¢ . .. | 20 00 38.0 ¥v2 | 3

Al though most of the galactic fields selected for
the broad Case study are apparently uniform both in the dis-
tribution of stars and interstellar material, these three
~ Teglons are decidedly non-uniform. Several investigators
have found evidences of clustering of varilous interesting
groups of stars. Dr. Nassau and Mr. Daniel Harris III have
indicated in a preliminary report of their detailled study of
LF3 that they have discovered an extensive cluster of B-type

stars, with an indication that the cluster extends in the
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direction of LF3a.l A secondary goal of this study, there-
fore, was to determine whether this cluster extends further
in the direction indicated. LF3b was added to the group be-~
cause of the evidence of "transparent" areas, originally
announced by Oort and Oosterhoff, in this vicinity.2

Dr. Nassau 1s in the process of working up LF3b with Dr.

D. A. MacRae, and with Dr. G. B. van Albada is completing
what may be a far-reaching investigation of the distribution
of the‘M-type stars 1in selected portions of this area, em-
ploying infra-red plates and filters.

Flgure 1 shows a diagram in the plane of the galaxy
wlth the LF3a longitude limits indicated, as 1s the accepted
direction of the galactic center. The dashed iines in the
direction of LF3a indicate the extrapolated range of the
analysis; the uncertainty in the results increases with the
distance. |

Many investigations have been made in the constella-
tion of Cygnus. It is a region of contrasts, including as
it does the bright "Cloud", the dense absorption area known
as the "Rift", and a variety of irregular dark markings.
LF3a takes in roughly the east central portion of the Cloud
(no implication of an actual star-cloud intended), part of
the western portion of the Rift, and quite a number of the

dark markings.

1y.7. Nassau, Astronomical Journal, 53, 153, 1948.

2J.H, Oort and "p,Th, Oosterhoff, Bulletin of the
Astronomical Institutes of the Netherlands, 9, 325, 1942,




Earlier Investigations

Interstellar Absorption

Several investigators‘have found evidence that the
portion of the Rift with which we are here concerned is due
primarily to a dark nebula at a probable distance of about
elght hundred parsecs and of absorbing power of about two
magnitudes. Struve in 1927 found the first indication of
this as a result of his study of Henry Draper and Henry
Draper Extenslon stars of type O to B3 in this region.1 He
found a rather sharp edge in the distribution which agrees
roughly with the boundary of the Rift as it appears in the
reproduction of the Ross Atlas photograph.

Schaléen provided further confirmation when he pub-
lished two extensive papers dealing in part with this
region.2 The first of these, in 1928, consisted of a dis-
cussion of the B and A stars only, whereas the second, 1in
1932, covered the F, G, K, and M stars. (The methods in-
volved in these investigations will be discussed in a later
section). |

Dr. F. D. Miller, who made an extensive series of
counts of stars with a limiting magnitude of 15.0 to 16.0
over an area of seven hundred square degrees at the northern
extremlty of the Rift, also found results in general agree-

ment with the above.3 He found distances between five

10.Struve, Astronomische Nachrichten, 231, 17, 1927.

2 7
Carl Schalen, Upsala Meddelanden, No, 37, (1928),
and No. 55, (1932), ’ ,

3F.D. Miller, Harvard Annals, 105, No. 15, 1937.
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hundred and sixteen hundred parsecs and'a total absorption
of two to four magnitudes, with no evidence of strong ab-
sorption at distances less than two hundred or three hundred
parsecs. He pointed out that the dark nebulae appear to be
scattered at random through space within the range of the
analysis, although systematically nearer the sun in some
parts of the Rift than others. While admitting that the
figures for the absorption should be considered as lower
limits and that 1t 1s not possible to define the distribu-
tion in detail with this type of anai&sis, he concludes that
the observed l1limits of the Cloud are determined by the dis-
tribution of dark nebulae at distances not less than five
hundred parsecs.

Hubble, 1n his galaxy survey, found two each at the
regions with galactic co-ordinates 40°, #5° and 45°, +3°,
and none at two regions centered at 46°, +3°, and 43°, +2°,
indicating rather heavy absorption.1 The mean estimated
distance of the four Cepheid variable stars in this region
investigated by Oort and Oosterhoff, however, range from
about seven thousand parsecs to twenty thousand parsecs,
assuming that the photographic absorption is near one and
one-half magnitudes (based on color excesses and proper
motions).2 They reported further that Baade had investi-
gated the region for galaxies with no definite positive
results. In an effort to harmonize these data, they sug=-
gested the possibility of a cloud of obscuring material Just
outside and around the galaxy.

1E.P. Hubble, Astrophysical Journal, 79, 8, 193k,
20ort and Oosterhoff, op. cit.
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Stebbins, Huffer, and Whitford, in their well-known
paper on the colors of B stars, measured colors for twenty-
three stars near P Cygni.1 They found considerable varia-
tion and an average absorption of about one magnitude per
kiloparsec. Comparison of the present work with these
results will be discussed in a later section.

In an extension of the work on the Cepheids, Heyden
in 1947 found further evidence of patchy absorption in his
investigatlion of seven Cepheids in Cygnus, two of which fall
within the limits of LF3a (MW Cygni, CD Cygni).2 For the
former he obtained one and six-tenths magnitudes absorption
at thirteen hundred parsecs, although some nearby B stars
observed photo-electrically at greater distances show no
apprecliable reddening, and one star (HD 190603) shows two
and one-half magnitudes at seven hundred parsecs. In the
region of CD Cygni, he found an absorption of about one-
half magnitude per killoparsec. )

With regard to the evidence furnished by the inter-
stellar lines, Merrill in 1937 found indications of sodium
clouds in this region (eleven stars at a mean distance of
eighteen hundred parsecs).3 Sanford, in the same Yyear,
found some correlation between the calcium absorption (in-
tensity of K 1ine) and the color e:t:cess.)+ In 1943, Adams
found dense clouds of calcium in this direction, with vary-

ing radial veloclities; he found as?many as five components

15, Stebbins, R.C. Huffer, and A.,E. Whitford,
Astrophysical Journal, 91, 20, 19L0.

2F.H. Heyden, Astrophysical Journal, 106, 325, 1947.
3P.W. Merrill, Astrophysical Journal, 86, 28, 1937.

l+R.S. Sanford, Astrophysical Journal, 86, 136, 1937,
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in the K line for one star (HD 199%78).1 Although the rela-
tion between the clouds of gas and the dark nebulae which
absorb selectlvely has not yet been made clear, it seems
noteworthy that the gas distribution also is irregular.

It seems quite probable that an "average absorption®
has little meaning in LF3a, since the absorption varies a
great deal in going from the Cloud to the Rift, and also
since there is a good deal of irregular absorption. It is
possible that most of the apparent disagreements which have
arisen in this area can be explained by the highly irregular
nature of the dark nebulae. It may be that the dark "glob-
ules" recently discussed by Bok are responsible for some of
this.? In any event, it was thought when this present in-
vestigation was undertaken that the broad base line for the
colors plus the penetrating power of the Burrell telescope
should make possible a more detailed study of the absorption
than had previously been made. The wide field of thlis tele-~
scope 1s an advantage in this work, of course, as well as
its ability to reach to faint magnitude limits both in
direct photography and with the objective prism.

Stellar Distribution
General star-counts.-- Although the discussion of
the varlous methods of determihing stellar density distribu-
tion will be deferred to a later sectlion, it might be well
to discuss briefly the two general approaches to the problem
at this point. In the method of general star-counts, all

the stars in a given area are counted to successive limits

1W,S. Adams, Astrophysical Journal, 97, 105, 1943,

2B.J’. Bok, Sky and Telescope, 6, No. 5, 1947,
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of apﬁarent magnitude. The density function is then com-
puted, usually on a trial and error basis, utilizing an
assumed luminosity function and an assumed or determined ab-
sorption for the area in question. One objection to this
method is that the luminosity function does not seem to be
| constant, either in galactic latitude or longitude.l Another
is thaé at great distances star-clouds or other structural
features of the galaxy will be masked due to the "smoothing"
of the process. The other general approach involves the de-
termination of the spectral types of the stars in question.
The direct method is more satisfactory in that it avoids the
necessity of assuming a general luminosity function, but due
to the difficulty of obtailning spectra of faint stars it is
much more limlited in its application with respect to
distance.,

Discussing first the surveys employing general star-
counts, we find that Pannekoek, in.a ploneering study, ob-
tained a distance of forty thousand parsecs for a clustering
of stars in this region in 1919.2 He reduced this distance
to eighteéh thousand parsecs in 1922.3 In 1929, however,
he'found a condensation of stars at fifteen hundred parsecs,
which he assoclates with the Cloud, and another clustering
at five hundred parsecs not identified with the Cloud.u

1McCuskey and Seyfert, op. cit.

2
A. Pannekoek, Monthly Notices of the Royal

Astronomical Society, 729, 500, 1919.

3Papnekoek, Bulletin of the Astronomical Institutes
of the Netherlands, No. 11, 1922,
h*f-———- ,

Pannekoek, Publications of the Observatory of
Amsterdam, No. 2, 1929,
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Dr. F. D. Miller found that the distribution of
stars 1s similar for regions of low obscuration (including
one iIn the Cloud) over a considerable range in galactic
1ongitude.l The denslty is probably constant for distances
up to six hundred or one thousand parsecs. He also cited
confirmatory evidence by Balanovsky and Hase,2 and Bok.3
The clustering in the P Cygni-(LF3 and LF3a) region was men-
tioned in this paper, as was the likelihood of error which
would result from the counts if the presence of the addi-
tional O and B stars were not known.

In an exténsion of this work, which includes star-
cbﬁnts to the eighteenth magnitude, Dr. F. D. Miller and
Dr. J. A. Hynek again found constant or slowly decreasing
densities within two thousand parsecs of the sun, and hence
no evidence of a star cloud within this distance.l+ Uncer-
tainty as to the absorption at great distances kept the dis-
tance to the figure mentioned, and at lower latitudes
reasonable solutions for the stellar density could be found
only on the assumption of decreasing absorption beyond that

distance.

Stellar distribution determined from stars of known
spectral type.-- Another paper of historical interest only

may be mentioned at this point; it is that of Kopff, who in
1922 found a distance for the Cloud of four thousand to six

thousand parsecs under the assumption that the general

lMiller, op, cit.
2P. Balanovsky and T. Hase, Bulletin de 1'Observ-
7———————-———_—_

atoire Central a Poulkovo, 14, 2, 1935, . -~
3Bok, Harvard Circular, No. 371, 1931.

l+F.D. Miller and J.A. Hynek, Contributions from the
Perkins Observatory, No, 13, 1939.
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spectral character of the Cloud corresponds to type A to F,
and that the absolute magnitudes of the Cloud stars are near
zero.l

The sharp edge between the Rift and the Cloud found
by Struve for stars of type O to B3 has be;n mentioned.2
He obtained a distance of about eight hundred parsecs for
the cluster but also made assumptions concerning the abso-
lute magnitudes. This points up one of the weaknesses of
the direct method-~the uncertainties as to the values of the
absolute magnitudes for stars of wvarious spectral classes,
Along this same line it might ﬁe mentioned that the adopted
dispersion of these luminosities is also a factor of consid-
erable importance in this approach.

Schalen concluded that there is no Cloud between
fifteen hundred and four thousand parsecs, and that any such
agglomeration of stars with relatively small extenslon in
the line of sight would probably have to be at a distance of
about eleven hundred parsecs.3 He prefers to think of the
region as one rich in stars rather than one which has a
definite cluster.

Bok, in his 1937 summary of thils region, agreed with
the interpretation which holds that the Cloud 1s merely a
region of contrast with surrounding dark material, and sug-
gested that a spiral arm may run through the vicinity of the
sun in the direction from Carina to,pygnus.h‘ He further

lA. Kopff, Astronomische Nachrichten, 216, 325, 1922.
2

0. Struve, op, cit.

3schalén, op, cit.
L

1937 Bok, Distribution of the Stars in Space, 119,
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suggested that the clusterling around P Cygni may represent
a knot in the spiral arm,

Other investigations not strictly comparable with
those under consideration in this section may well be in-
cluded here because of their pertinence. Baade, from a
study of eclipsing systems and long-period variables in
1934, found a distance for the Cloud of from fifteen hundred
parsecs to twenty-five hundred parsecs.l Merrill and
Burwell list the region of the Cloud as one rich ih Be
stars.2 Reber has found the region of Cygnus to be one from
which excessive amounts of radio “statie" of various fre-
gquencies are received.3 While the significance of this in-
formation is not fully understood, it perhaps tends to em-~
phasize the pecullar character of this area of the sky.

It is seen that there are marked differences in the
results of the analyses for this region. In view of the
uncertainties mentioned, this perhaps should be-eXpected.

In the case of Baade's work, it might be that the distribu-
tion of the objects which he Investigated is different from
‘that of the stars in general, Although the areas involved
in the above discussion are in general comparable, the fact
thét the absorption has been shown to be irregular may in-
fluence the results for regions of small angular separation.

As indicated before, it was hoped that the present

investigation would obtaln sufficiently faint colors and

ly. Baade, Astrophysical Journal, 79, 475, 193k,

2P.w. Merrill and Cora Burwell, Astrophysical

Journal, 78, 139, 1933.
3G. Reber, Astrophysical Journal, 100, 279, 19ul,
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gpectra so that a significant contribution to theﬁdistribu-
tion in this area could be made., Some assumptions are still
necessary, of course, notably those which involve the lumi-
nosities and their dispersion, but the general luminosity

function need not be assumed.



CHAPTER III

OBSERVATIONAL MATERIAL

Photometry

Most of the plates were obtained during the summer
of 1946, Blue and red magnitudes were determined for those
stars for which red indices were desired. For the blue
magnitudes, which are on the usual international scale,
Eastman IIa-0, III-O, and 103a2-0 plates were used., Later
it was found that, contrary to sensitivity data received
from the manufacturer, the effective wave-length of the
I11-0 plates was somewhat shorter than the others, so it
was necessary to discard practically all the blue magni-
tudes., As described in a later section, additional plates
to replace those discarded were taken in the spring of 1947,
Eastman 1l03a-E plates were used with a Wratten Number 22
filter to obtain the red magnitudes, the combination yield-
ing an effective wave-~length of about A 6200. Development
was In a solution of D-19 for four minutes at sixty-five
degrees Fahrenheit. The plates were developed in a tank,
and were agitated throughout the process.

A magnitude sequence of twenty-five stars ranging
in magnitude from 6.5 to 12.5 was established by triple ex-
posures on each plate, in the sense (for all but one):
fleld-comparison area— field. No appréciable'pre-exposure
effects were detected. The sequence stars are fairly

widely distributed over the area although they do not cover

- 17
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the entire plate. For the blue magnitudes, three plates
were compared with the polar sequence, and two with Harvard
area C 10 (R.A. 198 05™, Dec. + 15°). The probable error
of a single determination of the magnitude of a sequence
star is + 0.08 and that of the mean is & 0.03, determined
from the range in the determinations by Schlesinger's
method.1 For the red magnitudes, five plates ﬁere compared
with the pole using the magnitudes for the polar sequence
as determined by Dr. Nassau and Mrs. Virglnia Burger
Knight.2 One plate was compared with Selected Area 39
(R.A. 19" 48T, Dec. + 45°), using the standard magnitudes
which have been set up there on the same scale by the same
investigators (unpublished data--soon to be published).

The same stars were used as for the blue sequence, and the
corresponding probable errors are the same. The sequence
is given in Table 2, which includes the spectral types de-
termined in this investigation, as well as the blue and red
magnitudes of the sequence stars. The sequence magnitudes
and also the subsequent individual field star magnitudes
were determined by the well-known method of visually compar-
ing (with a low-power microscope) a graduated scale of
images with the sequence stars and with the field stars
which appear on the same plate. This method yields probable
errors comparable to those obtained with the Schilt photo-

meter.3

1
F. Schlesinger, Astronomical Journal, 46, 161, 1937,

2J.J. Nassau and Virginia Burger, Astrophysical
Journal, 103, 25, 1946,

31pid, p. 30.
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TABLE

MAGNITUDES AND SPECTRAL TYPES OF SEQUENCE STARS

Star my, m,. Spectrum
1 ¢ o o o o o 6.51"': - o —— gG8
2 v v e e e e 7.);3: 7.30 BO
3 ¢ e e e e o 7. 7-33 A3
L ... ... 7.64 7.92 B2
> S 8.23 7.92 B2
6 - L) - . - . 8.22 8051 B2
7 o o o o o o 8.11 6.73 gG8
O 8.69 7.61 gG8
D e e e o o 8.27 8.29 B2
10 . ¢ &« ¢ o . 8.70 7.87 O
1 N 9.21 9.27 A2
12 . . . ¢« ¢ . 9.18 9.40 B9
13 L] . L) . ] [ 9.’"‘"" 7.9)'" gK2
ik ... . . . 9.%9 9.74% BS
15 L] L] L] L] [ ] . 9.58 9'9 B2
16 . . ¢ .+ . . 10.36 10.1 AS
17 [ . . [ 3 [ 3 ] 10.68 10096 B8
18 . . . .« . . 11.04% 11.23 A2
19 &« & ¢ ¢ o . 11.61 9.21 gK5
20 ¢ 4 ¢ e o . 11.27 11.58 B9
2l ¢ ¢ e e e 10.94% 10.87 A2
22 ¢« ¢ o o o 12.80 12.11 B8
23 . o . - L] . 11. 8 11.63 G2=
24 L . . e . e 12.38 12.22 BS8:
25 . . - . . . 12.72 12.’"’6 -
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For the blue magnitudes of the 1281 field stars,
three III-O plates were used originally, and one additional
plate (103a-0) for those stars which showed a large range
in the determinations. The red excesses derived by compar-
ing these magnitudes with the red magnitudes for the same
stars were found to contain about sixty negative excesses;
in other words, these sixty stars were found to be bluer
than normal., This is a larger number than would be expected
from the uncertainties in the colors. Also the late-type
dwarf stars used to check the zero-point of the color
system were much too red., When this problem was investi-
gated, it was found, as mentioned previously, that the
III-0 plates had a shorter effective wave-length than the
other plates--this was confirmed by the manufacturer, and
fully explained the abnormal colors mentioned above. If
the sequence magnitudes had depended only on III-0 plates,
the difficulty probably would not have arisen, but the six
sequence plates had consisted of two plates of each type.
Therefore the two III-0 plates were discarded, and one
additional sequence plate was taken. This was a 103a-0
rlate and was compared with the polar sequence, so that the
final sequence in the blue magnitudes depends upon two
IIla-0 plates compared with Harvard region C 10, and three
1l03a-0 plates compared with the pole. Two additional
103a-0 plates were taken for the field star magnitudes, and
the 103a~0 plate which had been previously measured par-
tially was completed, with some re-measures to determine
whether there had been any systematic changes in the method.
No changes were detected. Therefore the blue magnitudes

for the 1281 stars depend upon the three 103a-0 plates.,
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The longest exposures were about two minutes long, and these
usually were made with a diaphragm (which reduces the inci-
dent light by three magnitudes) to avold very short exposures.

Two 1lO3a=E plates were used for the red magnitudes,
with a2 third plate used for those stars for which the two
measures differed in magnitude by more than four-tenths.
Six hundred and eight stars of type O through A0 were
'measured, and 111 of later types.

Mr. Edward Winkel has shown that no distance or
color correction is necessary with the plates taken with
the Burrell telescopej; as a precaution the portion of the
plate within two centimeters of the edge was not used.1
One source of error is the possibility of varying trans-
parency between the comparison field and the field under
investigation. A visual inspection of the sky was main-
tained to avoid this as much as possible, and care was
taken to see that the individual plates did not differ
systematically from the others, Also no sequence plate was
used which showed variation in the magnitudes derived from
two images of the sequence star (one formed before the com-
parison exposure, and one formed after the comparison
exposure). A correction was applied for differential ex-
tinction, based on the Rayleigh law of atmospheric scatter-
ing and the effective wave-length of the plates employed.
Standard atmospheric conditions were assumed as well as
the usual secant law of variation of the correction with
the zenith distance. One-half the correction for the blue
magnitudes was used for the red magnltudes. This is

lE.F. Winkel, Unpublished M.S. Theslis, Department

of Astronomy, Case Institute of Technology, 1942,
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the usual correction,l and is an approximation based on
Lundmark's2 summary of the work on the extinction for
photovisual magnitudes and the relation between the effec-
tive wave-lengths for the photovisual and the red magni-
tudes (red index = 1.33 color index).> The maximum differ-
ential extinction correction applied to the blue magnitudes
was 40.22 (mean correction = +0.,11), and to the red magni-
tudes +0.11 (mean correction = 40.08).

Table 3 exhlibits various data concerning the pre-
cision and comparisons of the magnitudes. Columns 2
through 7 indicate various magnitude intervals, and
column 8 shows the mean with the numbers in parentheses
representing in each case the number of stars involved.
The first part of the table refers to the blue magnitudes
and shows in the first row the probable error of the mean
of the three determinations, and in the second row that of
a single observation. The next four rows indicate the
residuals for those stars which LF3a has in common with the
Henry Draper Catalog, its Extension, and the Upsala work of
Schalen previously mentioned, with the early type stars
compared first.u The residuals are all given in the sense
LF3a minus comparison. There is some indication of a cor-
relation of the residual with magnitude in the comparison
data, in the sense that the LF3a magnitudes are too faint
for the brighter stars. However this is not large and 1t

is not considered to be serious in the light of other

1B.J. Bok and Jean M. Rendall-Arons, Astrophysical
Journal, 101, 282, 1945,

1932 K. Lundmark, Handbuch der Astrophysik, 5/1, 566,

3Nassau and Burger, op.cit., p.32. l+Schalen,g_g_,_g_i;ﬁ.
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comparisons with these systems. Similarly the difference in
zero-point between LF3a and the Henry Draper Extension mag-
nitudes may be due to errors in the Extension, as similar
differences have been found in LF3 and LF3b (unpublished
data) . The next two rows show the comparisons with LF3 and
LF3b. The comparison with LF3 shows a rather large system-
atic difference of 0.17 in the sense that LF3a is too faint,
whereas the comparison with LF3b shows but 0.05, in the same
sense. The probable errors of these mean residuals are
+0.02 and $0.005 respectively. The small size of the LF3b
probable error and the large number of stars involved lend
strength to the LF3a magnitudesj; the reason for the rather
poor agreement between LF3 and LF3a is not known. No cor-
rections were applied to the blue magnitudes.

The second part of Table 3 shows the comparisons and
probable errors for the red magnitudes. The probable errors
are seen to be comparable with those obtained for the blue
magnitudes, although only two plates were used for the
ma jority of the stars. A third plate was used for those
stars which differed by more than four-tenths in the two
magnitude determinations. The only available comparisons
are the magnitudes obtained in LF3 and LF3bj; these are seen
to be quite satisfactory. The probable errors for the mean
residuals are also small; 20,012 for LF3 and +0,006 for LF3b.

Therefore no corrections were applied to the red magnitudes.

Red Indices
A red index is defined as the blue magnitude minus

the red magnitude for each individual star. Red indices
have been obtained for all (719) stars for which both blue
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and red magnitudes are available. Table 4 exhibits the ob-
served red indices arranged according to magnitude and ob-
served spectral type. These colors were obtalned for all
stars of class AO and earlier as they are the most luminous
stars (generally speaking) and hence best fitted for a
penetrating analysis of absorption characteristics, stellar
space distribution, and the luminosity function. The colors
for the later spectral types were determined largely for
the purpose of checking the zero-point of the color scale.

The red indices are subject to the same errors
which affect the magnitudes; these errors were discussed
previously. From the given probable errors of these mag-
nitudes, it is concluded that the internal probable error
of a single red index is about 20.09 (the square root of
the sum of the squares of the magnitude errors). To obtain
the external probable error, comparisons were made with the
LF3 field (63 stars), LF3b (115 stars), and with the stars
measured photoelectrically by Stebbins, Huffer, and Whitford
(18 stars).1 These comparisons each yielded a probable
error for a single observation of #0.12, neglecting the
differences in zero-point. The mean red index residuals
obtained by comparing witp LF3 and LF3b are about what
might be inferred from the magnitude comparisons:
+0.20 #0.,015 for LF3 (in the sense LF3a minus LF3) and
0,00 20,011 for LF3b.

Returning to the work of Stebbins, Huffer, and
Whitford, it was found that there were nineteen stars in

lstebbins, Huffer, and Whitford, op, cit.
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common.l The photoelectric C, was changed to a red index
by means of the relation derived by Dr. Nassau (unpublished
data-~-to be published soon) :
R.T. = 0.12 « 3.00 (Cl - 0.03)
The relation was derived for early-type stars. The follow-
ing alternative formula due to Seares yields values quite
similar to those obtained by the above relations:2
R.I. = 2,53 C3 - 0.03
This relation was derived from comparisons with staré of
type B8-Alt, so is not strictly comparable. The derived red
indices (using the first relation above) were then compared
with those obtained in this investigation. The mean
residual (LF3a minus Stebbins) is «0.11 20.03. One star,
HDE 227460, yielded a residual of -1.08 and was omitted
from the comparison; if it is included the mean resid&al
is -0.0k. As this star is also in LF3b, and the LF3a minus
LF3b residual found in that comparison is -0.11, it appears
that this star was misidentified in the photoelectric work.
The small number of stars in common tends to diminish the
significance of this comparison. A further comparison will
be made, however, in the discussion of the photographic

absorption.

Spectral Types
Spectral types were determined for all 1281 stars.

The spectral criteria used are those derived for the Burrell

telescope and the four-degree objective prism by Dr. Nassau

lipia.

2F.H. Seares and Mary C. Joyner, Astroghxsical
Journal, 98, 244, 1943,
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and Dr. Seyfert.l The principal criteria are the relative
strengths of the He linesy, H lines, the K line of Ca II,
the G band, and the A4227 line of Ca I. For stars of class
G5 and laﬁer, giants and dwarfs were separated., The lumi-
nosity criteria consisted mainly of the CN bands at 23883
and 24215, and, for the classes later than K5, the inten-
sity of the continuum between A\4+227 and the G band. Much
of thls work represents an extension of the criterla used
at Harvard University, the University of Chicago; and in
Sweden. Vyssotsky at the McCormick Observatory uses
essentially these same criteria.2

Five plates were taken with the four-degree objec-
tive prism, with exposures varying from thirty seconds to
thirty minutes. One of these plates was taken with the
prism turned at a fiveedegree angle from that usually em-
ployed, in an effort to separate overlapping spectra. 1In
addition, one two-degree prism plate was used, mainly as a
check plate. In nearly every case there were at least two
four-degree prism plates used for each star, and usually
two independent estimates were made for each plate. Ekcept
for overlapping spectra, which are numerous in the crowded
regions, it was determined that the spectra are complete to
about the twelfth magnitude, although many spectra were
obtained for falinter stars. This 1imit was obtained by

comparing the counted numbers of stars to various magnitude

lNassau and Seyfert, op. cit.

1043 2A.N. Vyssotsky, Astrophysical Journal, 91, 425,
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limits for small areas of the plate with the numbers of
spectra obtained to various magnitude limits for the same
nunmber of small areas.

Frequent comparisons were made with Dr. Nassau and
Mr, Harris, while the classification of both LF3 and LF3a
was in process, on the overlapping stars, in order that the
two areas would be on the same system. The other compari-
sons available are indicated in Table 5, and in Figures 3
to 7 inclusive.

There are seventy-eight stars common to the Henry
Draper Catalog and LF3a. The table indicates that the LF3a
system 1is somewhat earlier for the early types; this is fur-
ther shown by the plot of the two systems in Pigure 3. A
similar situation exists in the comparisons with the Henry
Draper Extension in this field, as shown in the table and
also in Figure 4. In this case the LF3a system seems to be
somewhat earlier for the later typés as well., This agrees
with conclusions reached in the case of LF3,l LF1l and LF2,2
and comparisons between the Henry Draper and Henry Draper
Extension systems as determined by Shapley.3 The lack of a
G8 class in these last systems tends to increase the appar-
ent differences when compared with LF3a, as does the lack of
the class A7 in the LF3a system. Vyssotsky found results

which are of the same general type as those mentioned

lpaniel L. Harris III, Unpublished M.S. thesis,
Department of Astronomy, Case Institute of Technology, 1945,

2McCuskey and Seyfert, op. cit., . p.2.
3u. Shapley, Harvard Circulars, 278, 1925,
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TABLE 5

SUMMARY OF SPECTRAL COMPARISONS

————

s

li

o e—

LF3a
System
Earlier Equal Later
H.D. (78). . « L6(59%) 21(27%) 11(14%)
H.D.E. (321) . 200(62%) 86(27%) 35(11%)
McCe (24), . 13(54%) 10(42%) 1 (4%
Ups. B&A (108) 81(75%) 17(16%) 10 (9%
Ups. F=K (75). 29(39%) 34 (45%) 12(16%)
Ups. B=-K (183) 110(60%) 51(28%) 22(12%)
LF3b (199) . . 75(38%) 81 (40%) k3(22%)




36

above.l The scanty material in common with that from the
Leander McCormick Observatory is also indicated in Table 5
and in Figure 5 but is not considered significant.2 Com-
parison with the Upsala spectra is also given in Table 5
and Figure 6.3 In the group Just later than AO, LF3a is
again seen to be somewhat earlier. Comparison  in the usual
manner with the B stars is impossible as the Upsala spectra
did not permit subdivision of these. Of the forty-five LF3a
giants in common, forty-three are classifiéd as such at
Upsala. This same high order of agreement was found in LF3,
as were the differences near AO.# There are no LF3a dwarfs
among the stars in common. The spectral comparisons with
L¥3b are shown in Table 5 and Figure 7. The agreement is
considered satisfactory, especially in view of the fact that
various spectral subdivisions were grouped in the final dis-
cussion of the data. As four classes were used in the lunm-
inosity classification of LF3b, exact comparison is not
possible., Of forty-one common Stars, thirty-one may be said
to agree in the luminosity classification. No systematic
trend was detected in the ten stars for which the luminosity
classifications differed.

The conclusion drawn from the comparisons is that
there are no serious systematic errors indicated. No appre-
ciable difference in the limiting magnitude for the various

spectral classes was detected in the course of the study.

lvyssotsky, op. cit.

2V'yssotsky, Publications of the Leander McCormick
Observatory, VII.

3Schal’en, op. cit. , “ﬂarris, op. cit.
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It is considered possible that the B stars have a slightly
fainter limlit than the others because of the favorable dis-
tribution in the continuous background and easily recog-
nized characteristics,

The spectral groups are summarized by magnitude
intervals in Table 6. A comparison of the spectral data
with corresponding material in LFl, LF2, LF3, and LF3b is
shown in Table 7. Columns two through six show the per-
centages of the various spectral groups, in each area. It
is noteworthy that both LF3 and LF3a contain a much higher
rercentage of BO-B2 stars than either LFl or LF2. LF3 and
LF3a seem to be in substantial agreement except for the
B8-Ao group, where LF3a seems to be more in accord with the
LIF1l-LF2 groups than with LF3. In columns seven through
eleven, a similar comparison is made omitting those spec-
tral classes earlier than A2. When this is examined the
resultant distribution is seen to be similar for all five
groupse.

The many unusual spectra which characterize this
region made the classification work of special interest.
Six O stars (including five Wolf-Rayet), ten M stars,
five known variable stars (including one of class N and
one of class 8)5 and several Be stars were noted in the
original list before any discards were made. One planetary
nebula, just outside the usable 1iﬁit of the plate, has

been reported by Dr. Seyfert.l

1Seyfert, Publications of the Astronomical
Soclety of the Pacific, s 34, 1947.
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TABLE 7

COMPARISON OF SPECTRAL DISTRIBUTIONS

Percentages

Type A2 and Later
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Intrinsic Red Indices
The normal or intrinsic color indices were taken
from the paper by Nassau and Seyfert.1 As pointed out
there, these are in substantial agreement with those of
Seares and Joyner.2 They may also be compared with those
derived by Morgan and Bidelman; the difference is again
found to be slight.3 The color indices first mentioned
were converted to intrinsic red indices by multiplying by
1.33, and are shown in Table 8.“
TABLE 8
INTRINSIC RED INDICES

Spectral Type Intrinsic Red Index
Bo . e e o e e o e e o -0060
B2 e ® e o ¢ o o o o o -0055
B5 ¢ e o o ¢ o o o o o —0050
B8 L J [ ] L ] [ ] L] ® L ] L] [ ] L] -O.l+2
B9 ) [ [ [ e ° - L) [ ° _0032
AO e @ o e o e e o o o "0020
A2’A3 ) o [} [ ] [ ) L3 L 3 3 "0-07
AS ® ® ©®© e e o e o o o 0.00
FO,F2 e e o o o e o o "0018
FS e @& o e o o o ° o o "’0.28
F8,G0 ® © o e e o o o "'0.""3
daG2 e o o ¢ o o o o o +O.6O
dGS ® e & © o o o o o "O.BLI"
dGS,dK e o e o o o o "‘1.07
AK2,dK3 ¢ o o o o o o +l.24

A check on these colors may be obtained by ‘the red
excesses of the late-type main-sequence and dwarf stars,
which supposedly are close enough to preclude appreciable
space-reddening effects. (The red excess is obtained by

subtracting the intrinsic red index from the observed red

lNassau and Seyfert, op. cit., p. 133.

2Seares and Joyner, op. cit.

3W.W. Morgan and W.P. Bilidelman, Astrophysical
Journal, 104, 245, 1946, :

L"Nassau and Burger, op. cit., p. 32.
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index) . Sixty-four stars from classes F2-dK2 inclusive were
measured for thils purpose, and the mean red excess for these
stars is +40.19. However as the spectral comparison data and
the spread in these observed red indices had indicated the
possibility that some giants had 1ncorrectly been classifled
as dwarfs, a more significant selection might well be those
stars from classes F2-G2 only, as there is much less likeli-
hood of giants occurring in this spectral range. The stars
in this group yielded a mean red excess of +0.,08 (thirty-
eight stars). Since this is comparable with the probable
error of measurement, and also since a small amount of ma-
terial absorbing two-tenths of a magnitude at a distance of
one or two hundred parsecs could account for this result,

it was concluded that the zero-point of the color system is

not seriously in error.

Red Excesses

In order to determine the probable error (due to all
causes) of a single red excess, the internal probable error
of a single red index, 2C.09, was combined with that due to
the spread in the intrinsic red indices (estimated to be
+C.05), and that due to mis-classification (also estimated
to be 20.05). Squaring these and extracting the square
root of the sum yields a probable error of a single red
excess of £0.13. It 1s similar to the previously derived

external probable error of a single red index, 20.12.

Star-counts and Galaxy Searches

Because of the irregular nature of the absorption
and also because of the knoanclustering of high-luminosity

stars in this region, it was not considered feasible to
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make star-counts to successive magnitude limits for the
general star-count analysis. However, in an effort to
learn more concerning the obscuration, it was decided to
count one well-exposed plate to the plate limit. This was
a thirty minute exposure on a IIa-0 plate and it was found
to have a limiting magnitude of about 18.1, using some un-
prublished magnitude sequences based on the North Polar Se-
. quence and obtained at the Warner and Swasey Observatory.
The counts were not made to the actual 1limit of the plate;
- they extend to magnitude 17.6 approximately. The counts
were made by squares which are about eight minutes of arc
on a side. PFour of these squares were summed for each
square shown in Figure 2. These large (twenty millimeters
on the original plate) squares extend a pattern which was
used in LF3; the central line (between rows IV and V) was
oriented along the edge of the Rift. These star-counts
confirm the extrapolated fifteenth magnitude counts of
Miller,l and also the eighteenth magnitude counts of Miller

and Hynek,2

both of which apply to areas within this field.

The plate used for the counts and another similar
one were examined for galaxies—--none was found on either
plate. This 1s in agreement with Hubble's results, pre-
viously discussed.

Due to the fact that the form of the catalog (which
is to include all the stars investigated in this series)
has not been definitely settled as of the time of this

writing, it was not thought desirable to include a catalog

IMiller, op. cit.

2Miller and Hynek, op. cit.
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of the individual stars in LF3a in this paper. Such a cat-
alog will appear as part of the larger one soon. The var-
ious tables and figures iIn this paper summarize the essen-

tial data which will appear 1n the catalog.



CHAPTER 1V
DISSECTION OF REGION INTO SUB-AREAS

Returning to Figure 2, it is seen by comparison
with Plate I that the counts reflect rather well the appar-
ennt distribution of stars and obscuring material in the
Ross Atlas reproduction. To emphasize this point, a "con-
tour line" has been drawn to delineate those squares which
have more (or less) than 640 stars. The Rift appearé in
row VI and parts of rows IV and V, while the dark region
near the "vertex" of the parabolic dark segment is largely
in row II, columns I and J. Surrounding this portion, and
covering most of the central fegion; 1s a relatively bright
area, generally considered to be part of the Cygnus Clouds
the remainder of the plate consists of the dark, broadening
portion of the parabolic dark segment, largely along rows
I and II.

The counts should be compared with Figures 8, 9,
and 10, which show the distribution of the red excesses
averaged over the same areas as the counts (one-gquarter of
a large squére). Figure 8 illustrates this distribution
for those stars with uncorrected distance moduli of 10 or
11 (between 9.5 and 11.5), Figure 9 fbr moduli of 12 or 13,
and Figure 10 for moduli of 14 or 15. The figure in paren-
theses gives, as usual, the number of stars involved in
each case (if more than one). In order to determine wheth-

er a corre;ation exists between tpe counts and the red

L
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excesses, plots were made of these quantities for stars of
a given uncorrected distance modulus range (10 or 11, 12 or
13, 1% or 15, as before), using the smallest areal unit--
one sixteenth of a large twenty millimeter square. From
these it appeared that there is no correlation between the
two quantities plotted, except possibly in”}herRift. In
order to investigate this in another manner, plots were
made of the distribution of the red excess for each uncor-
rected distance modulus range, again using the unit of
one-sixteenth of a large square rather than the quarter-
square units.used in Figures 8, 9, and 10. The scatter in
the first of these figures (that for the least distance
modulus) was about what would be expected from the probable
error of the measures, but was somewhat greater than ex-
pected in the other two dlagrams.

Unless the space distribution is decidedly non-
uniform, it would seem that there are two possible inter-
pretations to be made of the fact that the red excess in
any small area does not represent the distribution as de~
duced from the counts. One is that the obscurafion is so
uneven that it varles considerably within the smallest are-
al unit, and the other 1s that the obscuration which causes
the variation 1h the counts ié so far away that it does not
show in the color data. Van de Kamp has found, for stars
of galactic latitude 0° and visual magnitude sixteen, a
mean secular parallax of 0.0078, which yields a mean dis-

tance of 1260 parsecs.l As the mean visual magnitude of

lP. Van de Kamp, Annals of the New York Academy
of Sciences, 42, 176, 19%l.

—_
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the stars involved in the counts in this paper 1is probably
fainter than sixteen, this may be thought of as a minimum
distance. As will be seen presently, many of the stars for
which excesses are available probably extend far beyond
this distance. It seems likely that both of the above in-
terpretations apply to some degree.

As previously indicated, some evidence of an in-
verse correlation between the counts and the red excesses
was found in the Rift region. Consequently it was decided
to investigate this reglion independently. Although the
iine of demarcation is not very definite, it seemed desir-
able on the basis of the distribution of the red excesses
to include rows VI and VII‘in this region, as well as
squares H, I, and J in row V. This will be designated as
area B; the remaining portion of the field will be called
area A. It was felt that further subdivision of the field
was not Justified by the color data, although it was recog-
nized that the two areas are not strictly homogeneous
within themselves. Area A contains 10.0 square degrees

and 1015 stars; area B 2.4t square degrees and 266 stars.




CHAPTER V
THE INTERSTELLAR ABSORPTION

Possible Methods of Analysis

ost of the methods of determining the distance and

cbsorbing power of a given dark nebula have involved the
:ssuzaption that two regions are to be observed, one of

w ich is relatively free from obscuration. Pannekoekl de-
riveZ the fundamental equations for this type of analysis:
modifications of 1t have been used by Schalén2 and Miller3
in the papers previously discussed. The method first used
he A Eolfh, which consisted simply in plotting the logarithm
of the stars counted (per square degree, usually) against
tle apparent magnitude for the two regions and then deter-
mining the distance and absorbing power by noting where the
Two curves diverge, has been shown by Miller5 and others to
>e oversimplified. As there are no obviously clear regions
in L¥3a, no comparison method seemed feasible. An estimate
T the minimum total photographic absorption to the edge of
tre galexy in this direction may be obtained from the fact

tnzt no external galaxies could be detected. From the

1Pannekoek, Proc. Kon. Akad. Amsterdam, 23, part 5,

b
0
Ay
-t
[]

2

kH. Wolf, Astronomische Nachrichten, 219, 109, 1923.

3Miller, Unpublished Ph. D. dissertation, Depart-
ment of Astronomy, Harvard University, 193L.

50
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known surface distribution of galaxies in the relatively
clear regions in high galactic latitudes, and on the as-
sumption that this same distribution would continue in low
latitudes if it were not for the absorption in the galactic
plane, a minimum total photographic absorption to the edge
of the galaxy in this direction of about three magnitudes
is derived.

Interstellar Absorption Derived from Red Excesses
The procedure for determining the photographic ab-

sorption from the observed red excess consists simply in
multiplying the excess by the proper factor. This factor
is subject to considerable uncertainty, although the factor
3.0 has been used quite commonly.l’2 As mentioned previ-
ously, however, Dr. Nassau and Mr. Harris have determined
the value 2.6 to be somewhat better. In the following con-
version both values will be used so that the nature of the
difficulties as well as the approximate value of the dif-
ferences obtained by the two factors may be perceived.

The first step was to determine the mean photograph-
ic absolute mégnitudes to be adopted for the early-type
stars involved in order to be able to computé distance
moduli for various apparent magnitude groups. This, as Bok
has pointed out, is "extremely difficult".3 Previous de-

terminations consulted include those of Malmquistu, Seares

180k and Rendall-Arons, op. cit., p.285.

s °Bok and Wright, Astrophysical Journal, 101, 304,
1945,

3Bok and Rendall-Arons, op. cit., p. 281.
" MK. Malmquist, Meddelanden Lund, Serie 2, No. 32,
192k, T
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and Joyner,l Schalén,2 Bok,3 Bok and Rendall-Arons,™t
Stebbins, Huffer, and Whitford,5 Wilson,6 and van Rhijn.7
The adopted absolute magnitudes were ultimately modified
slightly to agree with those used by McCuskey and Seyfert,
for the sake of uniformity.8 The adopted values are shown
in Table 9. |

TABLE 9

ADOPTED MEAN ABSOLUTE PHOTOGRAPHIC MAGNITUDES
(FOR GIVEN APPARENT MAGNITUDE)

Spectral Type M
bg
BO . 3 . . [ ] [ - L] "305
Bl?. . . . . . . . L) _205
B5 ° ) - - - 3 - L) -1.0
B8 . . - [ ) . L . L) -0-5
B9 e - - . L) - L [ ] Ooo
AO L ] L J * - - L 2 * L ] ‘005

The red excesses were then averaged over an appro-
priate distance modulus interval for each spectral type,
and for each areaj; the distance modulus is not corrected
for absorption. As there are very few BO stars, they were
included with the B2 stars in the averaées. The red ex-
cesses were then plotted against the uncorrected distance
modulus for each area, as shown in Figure l1ll. The curves
indicate higher excesses in area B as expected; it should
again be emphasized that there are about four times as many

stars in area A and hence that curve is stronger.

5 ,
"T.H. Seares and Mary C. Joyner, Astrophysical
Journal, 28, 261, 1943,

2Schalén, op._ cit.

3Bok, Distribution of the Stars in Space, p. 23,
1937. .
6

¥k and Rendall-Arons, op. cit.
Stebbins, Huffer, and Whitford, op. cit.
R.E.Wilson, Astrophysical Journal, %E, 12, 1941,

P.van Rhijn, Groningen Publication 51, 1946.
cCuskey and Seyfert, op. cit., p. 7.
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The distance modull were then corrected by multi-
plying the red excess for various distance moduli along the
curve by the factor 2.6 to convert to total photographic
absorption. The absorption thus obtained was then plotted
against the cor:eéted distance (or "true" distance) and is
indicated for eéch area by the full lines in Figure 12. 1In
order to illustrate the effect of multiplying the red ex-
cesses by 3.0 rather than by 2.6, the broken lines in the
same figure show the absorption obtained by use of the
higher factor. It 1is seen that in area A the absorption
derived by this higher factor leads to a vertical portion
of the curve at one thousand parsecs. A similar unreason-
ably steep curve in LF3 was a factor in the adoption of the
lower factor of 2.6 for the conversion from red excesses to
photographic absorption.

It is seen from the curves that the absorption be-
gins to be appreciable at about five hundred parsecs. For
area A it increases to about ©.75 magnitudes at one thou-
sand parsecs, 1.5 at two thousand parsecs, and appears to
level off at about 2.0 magnitudes at three thousahd parsecs,
although this 1s an extrapolation. In area B the absorption
increases somewhat more sharply between five hundred and one
thousand parsecs, then increases very sharply to about

thirteen hundred parsecs, where there 1s some indication of

leveling off.
Comparison with Other Results
Comparing these results first with the Rift region
of LF3, it is found that the absorption sets in fhere also
at about four hundred parsecs, and increases to about four

and five-tenths magnitudes at two thousand parsecs. Thus
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it may be said to agree with area B to the limit of the
present data. In the clearest region of LF3, the absorption
increases gradually to about two and five-tenths magnilitudes
at seven thousand- parsecs; a result not in serious disagree-
ment with area A of the present paper.

It is interesting to note that the results for area
A compare quite well with those for LF1l and LF2, despite the
differences in longitude and 1at1tude.1

If comparison is made with the various papers men-
tioned in the historical survey carried out in an earlier
section of this dissertation, it is seen that there is no
serious discrepancy, if allowance is made for the spotty
nature of the obscuration. There it was pointed out that
the evidence indicated that the absorption in the Rift (area
B) is due to a dark nebula at about eight hundred parsecs,
and that the absorption amounts to about two magnitudes.
Figure 12 yields a somewhat larger value for the distance
to the Rift, perhaps eleven hundred or twelve hundred par-
seés. This should 5e compared with Miller's results, which
indicated a distance between five hundred and sixteen hun-
dred parsecs, and an absorption between two and four magni-
tudeé.2

Thus it would seem that the Rift sets in rather

sharply along the line indicated in the photograph of the
region, at a distance of about one thousand parsecs. The
parabolic region also sets iIn quite sharply, as Judged from

the star-counts, but at a distance probably somewhat greater

IMeCuskey and Seyfert, ops cit., p.8.

2Miller, opecit.
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than fifteen hundred parsecs. At this distance the data in
this paper probably would be inadequate to detect it with
certainty; its large angular dimensions would indicate an
upper limit near this figure.

Returning to the photoelectric work of Stebbins,
Huffer, and Whitford,l and adopting the value eight and two-
tenths?2 as the ratio of the total photographic absorption
to their E;, a mean residual (LF3a minus Stebbins) of
+«0.13 20.05 was found for the eighteen stars in common

(again neglecting the star HDE 227460).

lstebbins, Huffer, and Whitford, op. cit.

2Van Rhijn, Groningen Publication lo. 51, 1946.




CHAPTER VI

THE STELLAR POPULATION

Possible Methods of Analysis

The various methods of analysis which may be used
for the determination of the distribution of the stellar
population in space have been ably summarized by Bok.l The
basic problem 1is to find the density function from an ob-
served series of counted numbers of stars per unit of sur-
face area, on the assumption (or derivation from observa-
tion) of a luminosity function. Allowance must be made for
absorption of l1light in space. The luminoéity function, ¢
(MydM, 35 defined as the number of stars per cubic parsec
with absolute magnitudes between M and M ¢ dAM, in the vic-
inity of the sun, where M as usual represents the absolute
magnitude of the stars. Formerly the density function was
assumed to have a definite analytical form, and this was
combined with an assumed form of the luminosity function
until a fit with observations was obtained, making allowance
always for the absorption present. However it soon became
apparent that the analytical form for the density function
‘was too restricting and that there are marked irregularities
in the density distribution. Consequently numerical methods,
which allow greater flexibility, have been used more and
more frequently. For the details of the method to be used
here, known generally as the (m, log pi) type of analysis,

1Bok, Distribution of the Stars in Space, pp. 10-37,

1937.
: 58
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reference may be made to Appendix A.

Analysis of Data

Strengthening of Bright Star Data

The spectral summations for area A and area B are
shown separately in Tables 10 and 11. The summations are
by magnitude intervals similar to Table 6.

In order to strengthen the data for the bright
stars, two steps were taken. In the first place, counts of
stars by spectral types for those with apparent magnitude
less than seven have been taken from Seydl's compilation of
the stars 1n the Henry Draper Catalog.1 His tabulations
for the zone of galactic latitude 0° to £10° at all lati-
tudes are shown in Table 12, in the form of log A'(m),

" where A'(m) represents the number of stars with m - 4 to

m + 4 per one hundred square degrees of the sky. The
spectral groups shown in this table (and subdivided further
as to luminosity in later tables) were adopted in an effort
to increase the numbers per spectral group for statistical
purposes and to minimize the errors of spectral classifica-
tion. This involves a slight sacrifice as to homogeneity
in luminosity, of course, but this is not considered to be
serious.

Overlapping the faint end of the above counts and
extending approximately to magnitude nine and five-tenths
are counts made in similar fashion in the Henry Draper Cat-
alog for an area of one hundred square degrees centered on

LF3a. These counts are shown in Table 13. It is of inter-

Seydl, Publications of Prague, No. 6, 1929.
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est to note that the spectral classes BO through A0 contain
somewhat more than one-half of the total in Table 2%,
whereas in Table 6 these classes compriséd somewhat less
than one-~half.
Separation of Giant and Dwarf Stars

Because of the wide difference in luminosity be-
tween giants and dwarfs, it is necessary to determine the
percentage of stars in each spectral group beginning with
the F8-C2 stars. The G5 stars are treated separately be-
 cause of the rapid decrease in the percentage of dwarfs
with advancing spectral class in the range G2-G8, as found
by Dr. Nassau and Dr. Seyfert in their study of spectra in
the region of the North Celestial Pole.l It was decided to
break up the data by magnitudes also, into three groups as
follows: those with magnitude less than 8.5, between 8.5
and 10.5, and greater than 1C.5. Little difference was
found between the two faintest groups. For the brightest
group, the percentages adopted by Dr. McCuskey and Dr.
Seyfert in LF1 and LF2 have been used, for uniformity.2
For the F8-G2 group, however, the percentages found in the
overlaponing region LF3b have been followed (as being more
representative of this region of the sky), using unpublish-
ed data kindly furnished by Dr. Nassau and Dr. MacRae.
They used the luminosity criteria derived by Dr. Nassau
and Dr. van Albadaj; LF3a had been classified before these

criteria were derived and hence they were not used in the

lNassau and Seyfert, op. cit., p. 132.

2McCuskey and Seyfert, op. cit., p. 10.
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spectral classification of LF3a.l For the two remaining
magnitude groups of G5 and G8-K3 stars, the LF3b data were
combined with the percentages of dwarfs as derived in LF3a.
All stars of class K5-M5 were consldered to be gilants.
Table 14 shows the final adopted percentages ofrdwarfs.

TABLE 1%

ADOPTED PERCENTAGES OF DWARFS

My
Spectral Type
<8.5 8.5-1C.5 >10.5
F8-G2 . . . . . . 32 80 86
G5 ¢ o o « o . 20 40 40
G8-K3 . . . .« . . L 8 10

Adopted Surface Distribution

In combining the bright-star data and the observed
numbers, the counts from the Henry Draper Catalog for one
hundred square degrees centered on LF3a were converted to
log A'*(m), as were the observed numbers, for each of the
spectral groups. These values for log A'(m) were then plot-
ted against the magnitude. 8Slight corrections were made to
the magnitudes. taken from the Draper catalog to allow for
the diffefences between the color indices used in convert-
ing these magnitudes from visual to photographic, and the
values of the color indices used in the present paper.
Smooth curves were then drawn through these points, making
allowance for the fact that the Draper catalog is probably

not complete beyond the eighth magnitude. For the later

Nassau and van Albada, Astrophysical Journal,
106, 20, 1947.
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spectral types, the percentages of dwarfs previously dis-
cussed were used. Table 15 exhibits the adopted wvalues

of log A'(m) for half-magnitude intervals and for the var-
ious spectral groups, for area A. Usiné the same bright
star data, it was found that the curves fitted the observ-
ed numbers for area B quite satisfactorily also, except
for two spectral groups. For the B5 stars, an excess over
area A was found near the faint end of the curve, and for
the B8-~AC stars an excess amoﬁnting to a factor of two was
found between magnitudes seven and eleven. These results
may seem somewhat surprising in view of the difference in
appearance of the two areas; however 1t should be emphasiz-
ed that the samll number of stars in area B and its small
areal extent (two and four-tenths sqguare degrees) make the

results rather uncertain.

Derived Density Functions

Prelimiﬁary considerations.--Table 16 shows the
adopted mean absolute photographic magnitudes and disper-
sions, per unit volume of space, for the different spec-
tral groups. Except for the BO-B2 group, these have been
taken with sligﬁt modifications from LF1 and LF2.1 Ap-
pendix A exhibits the procedure followed in applying the
(m, log pi) type of analysis to the log A'(m) values of
Table 15, in computing the stellar space densities (number

of stars per one thousand cubic parsecs).

1McCuskey and Seyfert, op. cit., p. 11.
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| TABLE 16
ADOPTED MEAN ABSOLUTE PHOTOGRAPHIC

MAGNITUDES AND DISPERSIONS
(PER UNIT VOLUME OF SPACE)

Sp. Type Mg Stand. Sp. Type Mg Stand.
Dev. Dev.
BO"'B2 - . [ -2 .C ‘.‘l .O C.!LFS-dG2 . . + 5.0 ‘l. 2
BS [} [} . . -loo :l.o dG’S 3 . . . +6.0 tloo
B8-AOC . . . +0.5 1.0 dG8-dK3 . . #7.0 1.5
A2=-A5 . . . +2,0 £21.0 gFB-gMS e« « +2,0 +=1.0
FC~-F5 . . . +3.5 21.C

Density functions for different spectral types.--

Figure 13 exhibits the density functions in area A for the
BO-B2, B5, and B8-AC stars. The BO-B2 group shows a de-
crease to five hundred parsecs, followed by an increase to
a maximum at two thousand parsecs. There is then a gradual
decrease to four thousand parsecs, which 1s considered to
be near the safe observable limit of the data. The B5
group shows a similar trend, although the maximum for this
group comes at about thirteen hundred parsecs. The B8-AO
maximum occurs still closer, at about four hundred parsecs.
The four-fold increase in the scale of the ordinate should
be noted.

Figure 14 exhibits in a similar fashion the density
functions for area A for the A2-A5, FO-F5, and gF8-gM5
stars. The change in co-ordinates should again be noted.
Each of the groups shows a decrease to a minimum, an in-
crease to a maximum, then a decrease. The minima are all
near six hundred parsecs.

Finally the dwarf stars in area A are shown in Fig-
ure 15. Due to their low luminosity and hence to the small

numbers observed, these curves are perhaps weakest.
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It was felt worth-while to obtain density functions
in area B for the groups BO-AO only. These are shown in
Figure 16. In the case of the BO-B2 stars, it is seen that
there 1s a minimum near five hundred parsecs and a maximum
near two thousand parsecs, just as in area A, except that
the maximum in area B is higher by a factor of two. Simi-
larly the curve for the B5 stars in area B shows the same
trends as in area A, except that the maximum is about four
times as high. Finally it should be observed that the
B8-A0 maximum 1is nearly at the same distance (five hundred
parsecs) as in area A but again 1s about twice as high.

As an effect similér to the above could be caused
by over-correction for absorption in area B, i1t seemed de-
sirable to check thls possibllity. Accordingly the density
function which represents area A was applied in an (m, log
pi) analysis, using the absorption values determined for
area B. If the density functions are reaily similar, as
would seem likely in two adjacent regions, the wvalues of
log A'(m) computed as above should agree with the observed
values. The computed values were found to fall below the
observed, however, near the apparent magnitude at which the
absorption becomes effective. The possibility remains,
therefore, that the absorption determined for area B 1s
somewhat high--possibly because of the relatively few stars
which were available in that area for absorption determin-
ation.

It should be pointed out that the derived densities
should be considered as representing minimum conditions,

as several overlapping spectra were discarded, particularly

in crowded regions.
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Comparison with other results.--A preliminary
report on the LF3 region indicates a condensation or clust-
ering of B stars at about two thousand parsecs.l Unpub-
lished results dealing with LF3 are quoted in the paper on
LF1l and LF2 as yielding a high concentration of B8-A0O stars
at about thirteen hundred parsecs.2 Except for the fact
that the B8-A0O stars in the present investigation were
found to have a maximum much nearer (at about four hundred
parsecs) in area A, these two regions may be said to be in
rough agreement; it will be recalled that this was one of
the reasons for investigating this region.

No comparison earlier than B8 1s possible for the
L¥l and LF2 regions as there were insufficient stars there
for the analysis of the earlier spectral types. The B8-AO
group is in general agreement, particularly for L¥F2, al-
though many more stars in this group are indicated for
LF3a. Rather good agreement is found in the steep decrease
in density near the sun for the A2-A5, FO-F5, and gF8-gM5
groups. Some differences are noted for the lower luminos-
ity groups remaining but may not be significant.

As to the results discussed earlier in the paper,
it would seem that there is no definite evidence here for
the exlistence of a large star-cloud, although there is
evidence of clustering at different distances. These
clusterings, plus the contrast effect of the dark nebulae,

may well be responsible for the so-called Cygnus Cloud.

1

2McCuskey and Seyfert, op. cit., p. 13.

Nassau, Astronomical Journal, 53, 153, 1948,
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As pointed out in the paper on LF1 and LF2l and
also in the paper on Monoceros by Bok and Rendall-Arons,2
the accuracy in these density analyses is only about thirty
to fifty percent for a given region. However 1t was also
pointed out in the first of these papers that the relative
results of this series of papers done at the Warner and
Swasey Observatory should have some valldity, as every

effort has been made to keep the work homogeneous.

Luminosity Function at Different Distances

In continuing this effort to keep the results com-
parable, a method of analysis of the luminosity function
used in the LFl1l and LF2 paper will be followed here. In
this method a comparative (m, log pi) table is formed, in
which absorption is not involved (Table 17). There are
really two tables here; one of them represents a summation
of the tables used in the density analyses already discussed.
The other one is formed by use of the standard wvan Rhijn
Z¢(M) with the densities in each shell arranged so that the
surface distribution observed in LF3a is well represented.
The ratio of the entry in the observed table 15 called R,
and log R is used to represent the departure of the observed
luninosity function at various distances from the standard
luminosity function. These data are summarized in Figure 17,
where the numbers to the right of each curve represent cor-
rected distances.

Figure 17 indicates that there 1s an excess of lumin-

ous stars (M between minus four and plus ocne) in LF3a as

11pia.

°Bok and Rendall-Arons, op. cit., p. 281.
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compared with the standard ¢ (M), and that there is a de-
ficiency of less luminous stars (M between plus one and
plus four). In each case an average factor of two is in-
dicated, with a rather sharp change at M = +1,

These results are in accord with those found in
LF1l and LF2, and also in general agreement with other re-
sults from other fields which have been summarized in that

paper.
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CHAPTER VII

SUMMARY AND SUGGESTIONS FOR FUTURE RESEARCH

Summary

The rather large uncertainties present in this type
of analysis should be kept in mind while drawing conclu-
sions, as well as the amount of '"smoothing" necessary. As
to the absorption in the Rift area, it would seem that it
sets in at about five hundred parsecs and increases rapidly
to at least two and one-half magnitudes at fifteen hundred
parsecs. In the other area, which 1is considerably more
heterogeneous in appearance, the absorption seeﬁs to amount
to about two magnitudes at three thousand parsecs. The
dark "parabolic" section of this area probably does not
cause large absorption at distances less than fifteen hun-
dred parsecs.

The density analysis in this same area reveals
clustering of the early-type stars, as might be expected
from previous studies. The principal difference between
LF3a and the overlapping region (LF3) in this respect is
that in LF3a the .B8-A0 stars show clustering at about five
hundred parsecs, a distance much less than in LF3. The
spectral groups A2-F5 and the F8-M giants all show rapid
decreases in density going.outward from the sun in tﬁis
direction. This same result has been found for other
areas, particularly for the F-type stars. Due to the small

number of stars, it was thought advisable to carry out a
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density analysis in the Rift area for the early-type stars
only. Clustering was detected at approximately the same
distances as in the less obscured area, but the indicated
density in the clusters is greater. It may be that the
absorption used for this analysis in the Rift area is too
high.

In comparing the luminosity function in this area
with the standard van Rhijn luminosity function, it was
found (as in LFl and LF2) that there is an excess of lumi-
nous stars (absoclute magnitude between -4 .and +1) in this
region and a deficlency of stars with absolute magnitude
between +1 and +4. The first of these results 1s not sur-
prising in view of the known concentration of luminous

stars in this vicinity.

Suggestions for Future Research
The immediate task at hand is the assembling of the
data collected in the various LF regions thus far completéd
into a catalog. Then one or more of the following projects
might be carried out in this region: _
l. A search for M—type stars, along the lines of
the work by Dr. Nassau and Dr. van Albada in .
LF3b.
2. A search for faint diffuse nebulae.
3. A search for faint peculiar spectra.

4L, A search for faint variable stars.

5. A search for small dark nebulae, of the
"globule" type.

6. A study of the intensity of interstellar lines
on the objective-prism plates.

FPurther projects will doubtless suggest themselves as a

result of the comparison of the present data with the de-
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tailed account of the investigations in LF3 and LF3b, which
wlll soon be published. |




82

APPENDIX A

FORMATION AND USE OF (m, log pi) TABLES

Fundamental Equations
The first part of this appendix will illustrate the

derivation of the fundamental equations used in the analysis
of space dehsities; the second part will indicate the modi-
fications employed in adapting the method to the derivation
of space densities in LF3a.

The three assumptions involved in the first approach
to the solution of the problem are as follows:

1. All stars have the same absolute magnitude.

2. The stellar space density is constant.

3. There 1s no absorption of light in space.
Then if N(m) is used to indicate the number of stars per
square degree with apparent magnitude equal to or brighter
than m, and x indicates an increment in m, the ratio
N(m+x) /N(m) will equal the ratio between the volumes of two
spheres whose radiil are equal to the diStances of the stars
with apparent magnitudes ﬁ+x and m., From the definition of
the magnitude system and the inverse square law of the dim-
inution of light, the ratio of the radii is equal to
(2.512)*%/2, and the ratio of the volumes to (2.512)3%/2,
Therefore:

N(mex) /N(m) = (2.512)3%/2 = (3.98)%

In other words, the number of stars to successive integral

magnitude limits should be four times the number of stars
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included in the previous limits. In logarithmic form:
- log N(m+x)/N(m) = 0.60x or N(m) = k (10) ©-60m
It is often more convenient to use the quantity A(m), which
is defined as follows: _
A(m) = 4AN(m)/dm
Or in words, A(m) represents the number of stars per square
degree between successive magnitude limits. Differentiating
the expression for N(m) yields:
A(M) = (10)0.60m (k) (0.60)/log1O e
Again: '
Log A(mex)/A(m) = 0.60x
The assumption that the absolute magnitudes are
constant is now changed to allow a spread in the luminosi-
ties, but the frequency distribution is assumed to be iden-
tical for any two large elements of volume. This luminosi-
'ty function, F(M)dM, is defined as the number of stars per
cubic parsec with absolute magnitudes between M and M+dM,
near the sun. The number of stars per cubic parsec with
absolute magnitude between M and M+dM at a distance r from
the sun, is then:
D(r) &M dM
in which D(r) is the density fﬁnction and is equal to unity
near the sun. In order to convert this to an expression
involving the apparent magnitude m, the relation which fol-
lows 1is used:
M=m+ 5- 5 logr
The number of stars per square degree falling within a

spherical shell of inner radius r and thickness dr, and
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between apparent magnitudes m and medm, is then:

a(m,r) dm dr = L7 2 D(r) Z(m « - 1 ‘ dm d
’ I ses r m 5 5 log r) T

It follows that:

A(m) = 47 ;2 D(r) d(m + 5 - 5 log r) dAr
L e

This is sometimes called the fundamental equation of stellar
statistics. If D(r) is set equal to unity, the above equa-
tion will not include that term explicitly. It can be shown

that, as before:
A(mex) /A(m) = 100-60x
Procedure Followed in Setting up
the Tables for LF3a

In the fundamental equation of stellar statistics
derived above, A(m) is an observed quantity, (M) 1s known
(approximately), and D(r) is the desired quantity. The
gulding principle, due to Kapteyn, 1is to divide the wlunme
of space in question into a definite number of spherical
shells, concentric with the sun, and then replace the fundas+
mental integral by the sum of a limited number of terms
(shells) . Bok has developed this method extensively and his
work will be followed closely here.1

As general star-counts were not consldered feasible
because of the great irregularities in the surface distri-
bution, the density function for each spectral class was
computed separately. As pointed out earlier, this limits
the distance reached but decreases the uncertainty of the
results somewhat. To illustrate the procedure in a concrete
manner, the computations necessary for setting up the table

for the B5 stars in area A will be indicated. For these

T80k, B.J., Distribution of the Stars in Space,
Pp. 26"31’ 1937-
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stars the adopted mean absolute photographic magnitude per
unit volume of space is -1.03 the adopted dispersion (stan-
dard deviation) is £1.0. Absorption is momentarily neglected.
As there are relatively few stars closer than one
hundred parsecs, these will be neglected. The stars beyond
ten thousand parsecs will also be disregarded, as there are
few stars luminous enough to show through the absorbing
clouds at that distance. The logarithm of the parallax of
the central portion of the first shell considered will be
-2.,0, the next -2.,1, etc. If these distances are represented
by distance moduli, the first will be 5.0, the next 5.5, the
next 6.0, etc. The apparent magnitudes will start at 4.0 amd
increase by half-magnitude intervals to 12.5--this represents
a half-magnitude extrapolation of the observed data. Let us
assume that the distribution in space of the stars of appar-
ent magnitude 8.0 is desired. Obviously if there were no
dispersion in the absolute magnitude (and no absorption),
these stars would a2l1ll have distance modulus 9.0. Due to the
increasing volume of the successive shells, howvever, the
distribution will not even be symmetrical about distance
modulus 9.0. To facilitate the computation, the areal unit
adopted is one hundred square degrees, rather than one
square degree; The volume increment for each distance mod-
ulus may then be computed, over the solid angle of one hun-
dred square degrees. Assuming that the distribution of the
luminosities for this spectral subdivision follows the
Gaussian curve, and using the adopted standard deviation of
+1.0, the relative number of stars with absolute magnitude
of -1,0 #0.25 may be computed. This is then multiplied by

the volume increment to give the entry in that cell in the
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table. This figure represents the number of stars of mean
apparent magnitude 8.0 and with mean distance modulus of
9.0, under the assumptions mentioned. The unit of density
chosen 1is 10"'6 stars per cubic parsec. This procedure 1s
repeated for each row under the column headed apparent mag-
nitude 8.0, using successive one-half magnitude intervals,
The entries in this column then give the distribution in
space of the stars of this apparent magnitude, provided that
the given assumptions are wvalid.

In order to obtain adjacent columns, use is made of
a relationship previously mentioned--namely, that an increase
in apparent magnitude of one-half doubles the number of stars
for that cell. Thus each entry may be moved to the right
and down for increasing apparent magnitude and to the left
and up for decreasing apparent magnitude; in the first case
the original cell entries are multiplied by two and in the
second case they are divided by two. By trial and error,
each row is then multiplied by a number representing the
density at that distance until good agreement is obtained
with the observed A'(m)--the number of stars per one hundred
square degrees between m-} and mef.

In order to account for the absorption another prop-
erty of the table 1s employed. If in a given shell, there
is an absorption of one-half magnitude, all the stars in
that shell will appear one-half magnitude fainter than they
would be if the region were clear; in other words, each
entry in that shell will be shifted one column to the right.
A gravhical method is used to interpolate on thils same
principle, as usually the absorption will differ from multi-
ples of one-half magnitu@e. Those shells not affected by
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absorption will be unchanged, and the density function will
be computed by trial and error as before. For distance

modull greater than 12.0, the absbrption has been extra-

polated.

Table 18 shows the table (absorption included) for

the B5 stars in area A.
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