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ABSTRACT

Objective prism spectra obtained with the 16/24/60-inch
Schmidt telescope have been used for an investigation of the
wavelength dependence cof interstellar absorption in thﬁ
spectral range from 8000A tec 3U450A, in a ragion of 30 sqguare
degrees in Cygnus centred on (20%15™, 38°). lMonochromatic
magnitude differences have been measured at 24 wavelengths
for 28 pairs of stars down to magnitude V = 10%.0.

The mean reddening curves derived separately for O-
and early B-type stars do not differ by more than 5 per cent.
The reddening law in the direction of Cygnus does not change
by more than 3 per cent over distances out to 2 - 2.5 kpc.
The intrinsic r.m.s. dispersion about the mean reddening
curve is less than 3 per cent.

S8ince there is no gsignificant intrinsic dispersion, no
significant distance dependence and no significant difference
between the reddening curves for 0- and B- stars, all the
available chservational data in the Cygnus region have been
used to give a weightsed mean reddsning curve with a mean
standard error of +0.8 per cent. Cver the observed wave-
length range the reddening curve can be represented by two

straight lines, intersecting at about L300A.
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INTRODUGCTION

The work presented in this thesis is a contribution
to our knowledge of interstellar reddening.

For more than a century astronomers suspected ths
presence of obscuring material in interstellar spacse,
but could not detect it. Around 1930, it became clear
that clouds of dust and gas in the plane of the Milky Way
absorb and redden the light of distant stars and clusters.
As a result of this discovery, the calculated dimensions
of the Galaxy had to be reduced. Knowledge of inter-
stellar absorption was thus clearly essential to any
investigation of galactic structure.

The basic problems connected with the studies of
interstellar absorption are (1) to determine the reddening
law, and (2) to study the variation of this law with
position in the Galaxy.

Whethsr or not there is a unique reddening law is
of fundamental importance for the study of both galactic
structure and properties of the interstellar medium.

To determine ths absolute value of the total absorption is
a difficult matter. If the reddening law is everywherse
the same, accurate colour measurements over a short wave-
length interval can be used to set the scale of the
reddening curve and a ratio of the colouring effsect of

the medium to the total absorption at somse particular
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wavelength can be established on the basis of the
observed reddening law. This ratio serves a useful
measure for correcting distances for interstellar
absorption. It is not yet known sexactly how uniform

the propvertiss of the interstellar medium are, so that a
universal reddsning law cannot be assumed.

It is now believed that intserstellar matter in the
form of gas and dust particles constitutes 2% of the
total mass of our Galaxy and is being constantly depleted
in the process of star formation. As a consequence of
nuclear processes occurring within stars, some matter
enriched in heavier slements is returned to the inter-
stellar medium. Consequently its mean chemical
composition changes with timse. The mass of the dust
particles which absorb starlight is less than 1 per
cent of that of the gas.

The wavelength depsndence of interstellar absorption
is the basic observational data for the construction of a
model of the dust particles. Cbserved interstellar
polarisation and the assumption that polarisation and
reddening are produced by the sams particles have given
rise to a variety of speculations on the models for ths
particles. The theory which is at present considered to
be most likely, predicts that a uniform reddening law
cannot be expscted.

The published observational results can be



summarised by saying that while spectrophotometric
observations indicate a close approach to uniformity of
the reddening law, the UBV photometry of galactic O and
B stars suggests a general variability of this law. -

UBV'photomstry hes been extended to a largs numbér
of sarly type stars mostly between &th and 10th magnituds;
but a serious criticism against broad band filter
rhotometry in connection with studies of the interstellar
reddening law is that the effective wavelengths of the
filters are not accurately known parameters. Also the
derivation of the reddsening law from multicolour
photometry depends on an accurate knowledge of the
intrinsic colours of stars. UBV photomstry is therefors
not suitable for elucidating the extinction law.

A mors direct method of obtaining the reddening law
is to comparse the spectral energy distributions of
reddened and unreddensd stars of identical spectral
types. Until now, spsctrophotometric studies for the
investigation of the wavelength dependence of inter-
stellar absorption have been limited to a few bright

o~

moderately reddened stars scattered in different parts of
the galactic Plans. In any given region in space, not
enough stars have been studied spectrophctometrically to
determine the intrinsic scatter in the derived reddening

CUrve. Study of the variation in the reddsning law has
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been confined to a limited rangs of wavelength in the
visible and ultraviolet. Moreover, a sourcs of error in
the method of deriving the reddening curve from the
comparison of a reddened and unrseddensed star is
uncertainty in spectral classification. As a resultrof
an error of 11.subclass in spectral type of B stars, the
ultraviolst part of the reddsening curve derived from a
single pair of stars is found to bs in error by morse than
15 per cent. The error dus to uncertainty of spectral
types being larger than photomstriec errors, whether
photographic or photo-electric, is predominant and can
only be reduced by increasing the numbsr of pairs of
stars being compared. Therefore a large numbser of stars
obssrved photographically gives a more agccurats mean
reddaening curve than a small numbsr obssrved photo-
glectrically.

The object of the present work is (1) to extend
spectrophotometric obsservations in the Cygnus region to
stars as faint as 11%.0 in thse wavelength range 3L00A to
80004, (2) to improve the accuracy of the mean reddening
curve by considering a large number of stars in this
region, and (3) to determine the cosmic dispersion in the
reddening curve.

Cbservations have bean extended to six regions in

different directions and similar investigations are to
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follow, the ultimate aim being to make a systematic
survey of the reddening law as a function of wavelength
and position in ths Galaxy.

The programme has been carried out at this
Observatory with the 16/2L-inch Schmidt telescope in
conjunction with 2 low-dispersion objective prism and
grating.

Objective prism spectrophotometry with a Schmidt
telescope has the advantage that information can bse
obtained about a large numbser of stars over a wide wave-
length rangs in narrow band widths at many accuratsly
determined wavelengths.

Chapter 1 contzins a brisf review of published
works in this field. The observations and the methods
of reduction are described in Chapters 2 and 3
respectively. Chapter L describes the results of the
investigation of stars in the Cygnus region.

As a by-product of this work, relative monochromatic
magnitudes at twenty wavelengths between 8000A and 34.00A
for 218 stars have been derived and are given in the

Appendix.



LITERATURE REVIEW

1.1 Harly History

Around 1920 it was a puzzling problem in Astronomy
that the colours of B-type stars were systematically
sither too red or too blue /rRussell (1919), Struve (1926)/.
Halm's (1917) suggestion was that the colour-temperature
of starlight decreased gradually on its way through
space. His results could have been interpreted as a
"% - law" of interstellar reddening. But the paradox
that the interstellar reddening and temperature reddening
Tfollow similar laws was not immediately solved through
spectrophotometric studies.

The study of galactic star clusters by Trumpler
(1930a) played an important part in our understanding of
the role of the interstellar medium in our galactic
sys tem. He found that the linsar sizses of clustsrs
deduced from angular sizes and distances were on the
average largsr for the more distant galactic clusters
than for the nearsr ones. He reasoned that the
apparently increased sigze of the distant clusters was not
real but was due to the cumulative effect of the dimming
of starlight, which caused the distances to bs over-
estimated. He postulated that in the neighbourhood of

the galactic plane there exists a very thin layer of



absorbing matter. Trumpler (1930b) further observed
that stars belonging to the same spectral type had colour
indices larger than their intrinsic colour indices.

This led him to conclude that interstellar absorption is
selective with respect to wavelength. His (1930c)
spectrophotomatric comparison of distant and nearby stars
of the same type in a limited wavelength rangs showed
that the absorption does not follow Rayleigh's scattering,
but is nearly proportional to wave number. Similar
conclusions were reached by Struve, Keenan and Hynek
(193L), Rudnick (1936) and Greenstein (1938). Hall
(1937) and Stebbins, Huffer and Whitford's (41939) photo-
electric work established that as a first approximation
absorption is proportional to wave-number over a wide

spectral rangs.



1.2 Observational Terms

Let A(™) be the absorption of the starlight
expressed in magnitude, the apparent magnitude m( N ) is
given by

m(N») =M(N) +5 logr =5+ A(N) (1)
where M(N ) is the absolute magnitude and r is the
distance expressed in parsecs.

For a different wavelength %1

m(Z1) = M(N') + 5 log 2 - 5 + A(NT) (2)
The colour-excess E( », N) is the difference between
apparent and intrinsic colour-index. Thus,
E(p, N =a(N) - a(nh) (3)
The ratio of total absorption to selective absorption is

then defined as
& A(N) (L)
A(N) = a( D)

When a reddened star is compared to a similar

unreddened star, A(N) will be given by

A(N) =m(») - my(»™) -5 log rl’—o (5)

where mo()») and r, denote the terms corresponding to
the unreddened comparison star.

If there were no absorption, the differences in
magnitude of the two stars would have bsen independent
of wavelength. The monochromatic magnitude differences

as a function of wavelength are thersfore attributed to
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the wavelength dependence of interstellar absorption.
Tha curve showing the monochromatic magnitude differencss
plotted against 1/r is usually referred to as the
"reddening curvs'. EBach pair of stars gives a different
reddening curve, sincse the absorption varies from one‘
vair to another. For comparison of the reddening curves
derived from different pairs, monochromatic magnituds
differences are normalised to a certain standard total
absorption.

0O- and early B-type stars are particularly suitable
for the study of interstellar reddening because of
(i) their easily defined continua, (ii) their large
ultra-violet radiation as compared to A and later type
stars, and (iii) the negligible effect of absolute
magnitude on their colours. Peatureless spectra of
these early type stars permit the use of fairly wide

band filters.
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1.3 Observational Results

1.31 The reddening law from the comparison of pairs
of stars

Important progress in the study of the reddening law
was made by Stebbins and Whitford (1943) who measured’
photo-electrically the magnitudes of stars in six fairly
broad spectral regions in the wavelength rangs from
10,300A to 3530A. They derived the reddening curves
for 30 pairs of early typs stars distributed over
different galactic longitudes and studied the deviation
from ths "1/$ -law" of absorption for different pairs of
stars. In all cases the dirsection and magnitudses of
deviations from the'ﬂ/$ ~lawwere found to be the same.
Finally, they concluded that the reddening law is, in
general, uniform. Whitford (1948) extended the study to
21,000A by using a lead sulphide photo-conductive csll
in his observations of four pairs of stars and Stebbins
[imitford (19&817 obtained measurements at N\ = 3200A on
the pair of & and € Persaei. Combining these data with
the results of the six-colour photometry, they derived a
mean reddening curve. Although the curve follows
approximately a "1/) -law" in the red, visible and blue,
it shows a continuous change of slope and deviates
considerably from the'ﬁ/$ -law"in the ultra-violet and in
the infra-red. The inverse curvature in the infra-red

indicates an approach to the * }"h law".
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From objective-prism spectra extending from 63504 to
3900A, Schalén (1952) studied the reddening law in regions
in Cygnus and Cepheus. Later the wavelength range was
extended to 85004 /Schalén (1957)7.

Schaléﬁ found that for some stars in the Gepheug
ragion, absorption in the red is abnormally small in
comparison with the absorption in the blue and violet
regions. However, his general conclusion /Schalén (1959,
196hl7 is that there are no certain indications of any
significant variation in the reddening law in the
directions of Cygnus, Cepheus and Cassiopeia, although
minor local variations may exist. But Schaléh (1952)
found large differences between his results and those by
Stebbins and Whitford (1943). Similar deviations from
the results of six-colour photometry were alsc found by
van Rhijn (1953) and Borgman (1954). Such differences
are attributed to errors in the adopted sffective wave-
lengths of the six-colour photometry.

From spsctrophotometric studies in the wavelength
range 6100A to 3130A of 20 widely distributed
reddened stars in a narrow range of spectral typs,

Divan (1954) arrived at the conclusion that the reddening
law is uniform. But the msean reddening curve which
Divan derived from Cygnus stars shows considerable

differences from Stebbins and Whitford's (1943, 1948)
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mean reddening curve. For shorter wavelength Divan's
reddening curve is more linear and has a greater slopse
than Stebbins and Whitford's mean curve. She pointed
out that a small difference in the spectral type of a
star, a B-star in particular, causes an appreciabls
variation of the amount of Balmer discontinuity and must
be taken into account in the derivation of the ultra-
violet part of the reddening curve.

Whitford (41958) has shown that filter corrections,
according to King's (1952) method, bring the measures of
six-colour photometry intc better agreement with the
measures derived by other methods. Using a photo-
glectric spectrum scanner developed by Code (1954) he
compared five pairs of stars over the same wavelength
range as that of six-colour photometry. From scanner
data of three well observed pairs of Cygnus Rift stars,
and from observations with a lead sulphide photo-
conductive csll of five pairs of stars, he derived a
definitive reddening curve over the interval 1/} = .48/“"1
bo A/ = 3.0 p

In Fig. 1 Whitford's (1958) curve is reproduced and
compared with Stebbins and Whitford's /iWhitford (19&817
mean Ccurve. Sigﬁificant difference exists between thess
two curves in two respects:

(1) In the wavelength range from 10,300A to 3,5304



| | l

/N 2 3

Fig, 2. Whitford's (1958) reddening curve compared with that
derived by Johnson and Borgman (1963) for Cygnus stars, Circles
represent Johnson and Borgman's measures, and crosses represent
Whitford's measures,
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Stebbins and Whitford's curve shows a continuously
changing slope, whereas Whitford's curve consists of two
portions with different slopes, one between 1/y = .8/71
and 2.2;4'1, and the other between 1/} = 2.2f¢“1 and
3.0}&‘1.

(2) The rounding off in the infra-red is less in
Whitford's curve than that in Stebbins and Whitford's
curve.

The difficulty of using broad band filters in the
study of the interstellar reddening law can be
illustrated by comparing the recently published results
of Johnson and Borgmen's (1963) wide band photometry with
that of Whitford's photo-electric spectrophotometry.

Fig. 2 shows the comparison of the reddening curve
derived by these authors Tfor Cygnus stars. A smooth
curvae drawn through the widely spaced points I, R, B, V, U
represents a reddening law which is very much different
from that 'represented by Whitford's curve. On the

other hand, if the points I and R are plotted against the
inverse of the wavelengths of the peak transmission of
the filters, the differenca between the two curves is
much reduced. This indicates that- even a small error

in the assignment of the effective wavelengths of the
filters may change the character of the reddening curve.

A comparison of different spectirophotometric results
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shows a gignificant scatter in the details of ths

reddening curve. For example, the quantity A()1) = A(%Q)

Alp2) = A03)
has been computed for the effective wavelengths of U, B,
V filters (Johnson, 1953) from the observed reddening '
curves for Cygnus stars derived by different authors.

The result is shown in the following Table.

TABLE 1
A(U) - A(B)
Author A(B) = AV
Whitford (1958) .8l
Divan (195L) 1.00
Rodgers (1961) .93
Borgman (1961) 1.10

The dispersion about the mesan is about 10 per cent.
Sucn a dispersion would suggest either an intrinsic
scatter in the space reddening law or a large source of
error which is independent of the photometric system. It
will be of considerable interest to determine an accurats
reddening curve and its intrinsic dispersion for a given
region in space from a widse range spectrophotomsetric
study of a large number of reddened stars, and to compars

it with the reddening law in other directions.
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1.32 Variation of the reddening law

Although Divan (1954) and Whitford (1958) havs
emphasised the uniformity of the reddening law, there are
certain regions of the Galaxy where the reddening curves
are found to deviate from Stebbins and Whitford's (19L3)
mean reddening curve.

An anomalous reddening curve is found for the
Trapezium stars in the Orion nebula. This was first
pointed out by Baade and Minkowski (1937) and was
confirmed by Stebbins and Whitford (1945). The deviation
from the ”1/} -law' for these stars was found to exceed
the mean valus by a factor of 2. A similar deviation
was also found by Stebbins and Kron (1956), Hallam (1959),
Borgman (1961), Johnson and Borgman (1963).

Divan (1954) believes that the reddening law for
the Travezium group of stars is the same as in thse othsr
zalactic regions and that the observed anomaly is due to
the fact that ths stars exciting the nebula have, in ths
ultraviolet, a colour temperature higher than that of
other stars of the same spectral type. Stebbins and
Kron have suggested that the peculiar reddening curve
may be due to the presence of unseen red companions,; but

L)

the infra-red spectrograms of the Trapezium stars

obtained by Sharpless (1956) and Hallam (1959) do not

-

indicate the presence of any red companion.
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Johnson and Borgman (1963), on the other hand, have

suggested that the different reddening law found for the

6]

Orion stars is dus to the modification of ths propertiss
of the interstellar medium rather than peculiarities of
the stars themselves. Such differences in the
reddening law may be connected with the association of
the interstellar medium with hot stars /Hallam (1959),
van de Hulst (1949)/.

Any conclusion from the Trapezium stars alone may
bs misleading since these sgtars are embeddsd in the
nsbulas, and the elimination of the nebulous background
gffect from photometric measurements is to some extent
uncertain. All the four components are known to be
peculiar, their spectral types ranging from 06 to B3.

Borgman (1961) from his seven colour narrow band
vhotometry extended from 5900A to 3300A, found that
the reddening curves for the stars located in a small
area within the association Cygnus 1 (II Cygni) in the
Cygnus region and IC 1805 in the Psrseus region show
systematic deviation from the averagse reddening law.
Borgman's result has not been confirmed by any other

spectrophotometric observations.
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1.33 8Study of the reddening law from UBV photometry

Since thermal reddening does not have the same
effect as interstellar reddening on different spectral
ranges, a multicolour photometric system provides an .
independent method of determining some parameters which
characterise the space reddening law. Such parameters
are (1) ratio of colour excesses, and (2) ratio of total-
to-selective absorption.

The ratio ~U-B/Ep_yv on Johnson and liorgan's (1953)
U, B, V system, which determines the slope of ths
reddening trajectory on the (U-B, B-V) diagram of the
stars, is essentially a measure of the shapse of the
extinction curve over the range of wavelength covered by
the photometric system. Due to the change of effective
wavelengths of the filters with absorption the colour-
eéxcess ratio is not constant over a wide range of
reddening, thereby producing a curvature in the reddening
path (Blanco 1956). Also thse ratio dspends slightly on
spectral type (Lindnolm 1957).

The ratio of the total to the selective absorption,
R is related to the portion of the reddening curve
between L500A and infinite wavelength.

The study of the variation of the reddening law from
the ratio of colour-excesses and the ratio of total-to-

selective absorption has become the subjsct of interest
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during recenﬁ years, but the conclusions are not free

from ambiguity. For example, the (U-B), (B-V) diagram of
galactic O-stars /Johnson and Morgan (1955), Hiltner and
Johnson (195617 has been intervreted differently by
different authors. The diagram shows that the reddening
path of the stars located behind the Great Rift in Cygnus
is a straight line with a slope of .83, whereas the
raddening path for all the other stars appears to have a
curvature and its mean slope is .72. The curvaturse of
the reddening path is in agreement with theorsetical
predictione. The anomalous reddening path and the large
colour-excess ratio of Cygnus stars led Hiltner and
Johnson (1956) to conclude that the reddening law in the
direction of Cygnus is different from that found elsewhers.

Rozi-Saulgeot (1956) explained the Cygnus anomaly as
dus to the neglect of the seffect of reddening on the
filter sensitivity curves.

Rodgers (1961) deduced that the large ultra-violet
absorption of Cygnus O-stars as compared to other stars
for the same value of Ep_y is due to the Cygnus O-stars
being intrinsically ultra-violet deficient.

Greenberg and Meltzer (1960) and Wilson (1960)
interpreted the difference in the slope of the reddening
paths for Cygnus and Perseus stars as an indication of

the directional dependence of the reddening law. Another



21,

property of the interstellar medium which is known to vary
with galactic longitude is polarisation. They suggested
that the dependence of the reddening law on galactic
longitude may be connected with the variation of
polarisation.

Wampler (1961, 1962) on the other hand, concludsd
that the curvature of the reddening path is dus to ths
irregularities of the reddening law. By grouping O-stars
in the (U-B, B-V) diagram according to their galactic
longitudse, he has bsen able to show that the slops of the
reddening line in the (U-B, B-V) diagram variss in a
sinusoidal manner with galactic longitude. But this
variation does not correlate with the variation of the
degree of polarisation.

Recently Johnson and Borgman (1963) have extended
the wavelsngth range of UBV photomstry of early type
stars and have incorporated infra-red colour indicses
V-1, V-J, V-K and V-L bstwssen 5550A and 3.5/1. The
effeétive wavelength of the filters I, J, K and L ars
8LL.00A, 1.16/‘, 2.1&/* and 3.37/ respectively.

Their analysis of the colour excess ratios of O-
stars leads them to the following conclusions:-

(1) The variation and gslactic longitude dependence

E--- -
of =9=2 ig5 small. Except for Cygnus stars, the r.m.s.

Ep-v

dispersion about the mean valus EE:E = .72 is less than
ARV



5 per cent; The mean g%:% for the Cygnus region is
20 per cent higher than that found for Perseus stars.
(2) The infra-red colour-excess ratios show a
slow variation with galactic longituds. Also at the
same galactic longitude these ratios vary over a wide
range, depending on whether or not the stars are in

bright H II regions.

(3) The variation of infra-red colour-excess

Ey-B

Ep_y

ratics 1s independent of the variation of

Johnson and Borgman have further shown that a
total to selsctive
direct estimate of R, the ratio of the/ absorption on the

By-1

BV system, is possible from observed values of 7 and

Ev-x
Ep ;. They have assumed relations of the form
R = f.E______V"K ’ a.'l‘ld.
LB-V
(6)
R = g.Ev_I
4B-v

where the factors f and g have been linsarly interpolated
from a few valuses of R which are directly derived, on the
basis of van de Hulst's (1949) model, from the observed
reddening curves extrapolated to 1/} =005

The valuses of R derived from colour-excess ratios
show a considerable rangs of variation from 2.5 to 9.5,

whereas the theoretical value as determined by Blanco
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(1956) on fhe basis of Stebbins and Whitford's curve is
Bels Stars essentially at the same longitude show high
and low values of R, very high values being found for
Orion stars. In the direction of Cygnus and Perseus

the ratios are found to be the sams. However, the value
of R does not add any further information to that already
given by the ratio of the infra-red colour-indices.

The main problem involved in the study of the
reddening law from colour-excesses is to determine the
intrinsic colours. Since early-type stars are reddened
to some extent because of their distances, a prior
knowledge of the reddening law is necessary to derive
intrinsic colours from observed colours.

The basic assumptions which Johnson and Borgman have
made are:-

(1) The scatter in the colour-colour diagram is due
to the wvariation of the reddening law.

(2) All O-type stars have the same intrinsic
colours, and if the colours arse plotted against B-V, the
reddening lines intersect at (B-V) = -.31, which is the
adopted intrinsic (B-V) colour of O-stars.

The accuracy of the conclusions from colour-excess
ratios depends primarily on these assumptions.

A significant fact is that the colour-execess ratios

for a physical group of stars like the Trapezium Group
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and NGC 6530 show a considerable scattsr, which cannot be
explained by a simpls assumption of the variation of the
reddening law. It is very unlikely that the reddening
law will change across as small a configuration as the.
Trapezium (Underhill 196L).

It has been mentioned by Hiltner and Johnson (1956)
and Wampler (1961) that in the (U-B, B-V) diagram of
stars the reddening lines do not intersect at the
adopted intrinsic (U-B), aﬁd (B-V), colours of C-stars.

Wamplser found that the calculated valuses of (U-B)O
from the point of intersection of the reddening lines
extrapolated to (B-V)gy = -.31 range from -1.12 to -1.24
and that the difference between the calculated and the
adopted intrinsic (U—B)0 is correlated with the slope of
the reddening lina. This discrepancy between the

calculated values of (U-B)_, may well be due to systematic

o}
grrors in photomatry.

Coincidentally, a difference has been found between
the measures of six-colour photometry and those of Johnson
and Borgman (1963) of the same pair of stars. Since the
zero-point of the colours of six-colour photometry is
arbitrary, a constant has to be added to the given
magnituds difference in order to find the actual

differencs. A smooth curve has been drawn through ths

measures of Stebbins and Whitford and those of Johnson
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and Borgman; and the constant has been dsetermined by
fitting the curves at the effective wavelength of the V
‘filter on UBV system. However, the shape of the curve
showing the magnitude differences for a pair of stars .
as a function of 1/} is independant of the zero-point
of the magnitude system. Fig. 3 shows that the
difference in the shape of the curve for the same pair
of stars is not negligibls.

It is also found that the reddening lines do not
necessarily intersect at Johnson and Borgman's assigned
intrinsic colours of O-stars. As shown in Fig. 4 the
point of intersection of the reddening lines of Cygnus
stars and stars in Perssus double cluster region gives
-.31)

-.51)

1]

(B-V)g = -.40 (assigned value
(‘I_I) 0

Uncertainty in the intrinsic colours derived from the

i
1l

-.60 (assigned value

intersection of reddening lines is more than 10 per cent.

Apart from uncertainty in the intrinsic colours, the
observed colour-sxcess may b6 in error dus to probable
spectral variations, or the possible presence of ungesn
rad companions.

The resulting error in colour-excess ratios may not
be insignificant, especially for stars of 1little
reddening, and this may explain the high scatter in the

ratio of the colour-sxcesses for Orion and NGC 6530, and
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high values'of R as found for stars of small colour-
8XCBS56S.

In deriving R from the colour-excess ratio, Johnson
and Borgman have in fact sextrapolated the reddening
curves to infinite wavelength by using the factors f and
g of equation (6). The accuracy of R is very much
limited by uncertainty in extrapolation, in the spectral
classification, in the assigned effective wavelengths of
the filters, and in the assumed intrinsic colours.

The sextrapolation of ths reddening curve would not
be necessary if clusters or 0OB-associations showing a
range of reddening among their members were considered.
For such a group of stars which are assumed to be at the
same distance, the apparent distance-moduli would be
linearly related to Eg_v» with the slope of the linse
equal to R. Uncertainty in the absolute magnitude
determinations is the largest source of error in this
method.

Determinations of R have besn made in this way by
Sharpless (1952), Hiltner and Johnson (1956), Houck
(1956) , Whitford (1958) and Walker (1962). Whitford
summarised the results giving R = 3.0 +.2. Howsever,
a high value of 6 + 1 was found by Sharpless (1952) for
-the Orion aggregate.

Walker (1962) argued that for stars nearer than



1.0 kpec, the dependence of reddening on distance has to
be considered when R is dstermined from the slope of the
relation between apparent distance-moduli and Ep_y. The
apparent distance-modulus is given by

m-M=51logr -5 + R. Eg_y (7)

Differentiating with respect to Ep_y and assuming that R

is independent of Ly _y, one obtains

dg m"'l'fl ! -'1 3 dr‘ .
=i Bmrarsibenia. ("-'-T;-""— + R 8
d EB—V 8 d *"'B—-V) ( )

The equation (8) can be approximated to

%LEE%% = 5 loge: ;2 ! "3§¥E§ £ R (9)
where ry = the mean distancse of the association,
Ar = the thickness of the association in the lins
of sight,
DEg_y = the variation of Eg_y over AY.

An sestimate of the apparent increase in R produced
by ths distance depsndence of reddening made by Walker
was found to be 2.9.

The observed value of the slops being 6.0, the
equation (9) gives R = 3.1.

For Cygnus Rift stars, Hiltner and Johnson (1956)
derived R = 2.1 by assuming that all the O-stars lay at

the same distance and were of the sams absolute luminosity.
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Walker Tound that the exclusion of the members of the
heavily obscured Cygnus II (VI Cygni) association from
Cygnus Rift stars would yield a value R = 2.8 +.2.

Valuss of R derived for several regions by different

authors are shown in the following Table.

TABLE 2
From From
il . colour- apparent
seglon G SHOT 6XCcess modulus —
ratios Ep-v plot
Cygnus Hiltner & Johnson
(1956 224
Johnson & Borgman
(1963) 3.1

4 HA & X Persei Hiltner & Johnson

(1956) 5.2
Walker (1962) _ 3.5
Johnson & Borgman F16
(1963)
Orion Sharpless (1952) 6.0
Walker (1962) B

Johnson & Borgman

(1963) T+357




s

The large differences bsetween the valuss of R
obtained from the ratios of the colour-sxcesses and from
the plot of the apparent distance modulus against Eg_y
illustrate the difficulties in determining this ratio
accurately.

To Summarise, it is an assumption rather than a
conclusion that the variations of colour-excess ratios
are of interstellar origin. The strong argument in
favour of this assumption is that the variations are
independent of Eg_y, have longitude-dependence, and
also depsnd on the relative position of stars and
absorbing clouds. Spectrophotomsetric observations,
on the other hand, do not indicate any systematic
variation of the reddsening law. However, the reddening
curves derived from spectrophotometric comparisons of a
few pairs of stars are not accurate encugh to detect

small systematic variations.



1.4 Theories of Interstellar Grains

The theoretical problem is to predict the shape,
the size-distribution, the optical and the physical
properties of the absorbing dust particles, which would
produce the observed reddening law and interstellar
polarisation. As far as the representation of the
reddening curve is concsernsd, the solution is not uniqus.
Four possible models of the dust particles have been
suggested, each of which can satisfy the average
absorption law with an appropriate size-distribution.
These typss of particles can be classified broadly as
(1) graing of nearly one micron in diameter, which may be
di-selectric, metallic or gravhite, and interact
classically with radiation, (2) unsaturated molecular-
type varticles about ten angstroms in diameter, which
absorb radiation by quantum mechanical processes.

Some hypothesis is necessary concerning the formation
and growth of dust particlss. Following Lindblad (1935),
Oort and van de Hulst (1946) considered the possibility
of the formation of the dust particles by condensation
from the interstellar gas. Their theory is that largse
molecules (condensation nuclei) are formed out of the
gas and once their nuclei are formed, grains grow by
random accretion. Conclusions can be drawn about the

composition of the grains from the cosmic sbundances of



the elements and from the vhysical conditions of inter-
stellar space. It has besn suggested that the particles
are likely to be composed of frozen H50, CHM and NH3
together with metallic impurities (van de Hulst, 1955) «

Collisions between the grains caused by ths
occasional encounter of clouds, produce svaporation
which check the growth of the grains. On the basis of
this hypothesis, Oort and van de Hulst (1946) have
determined the resulting equilibrium distribution of
grain sizes.

The analytical theory of the scattering of light
for smooth spheres of arbitrary size and material was
first developed by Mis (1908). The solution involves

the paramsters

E =0 2B N
mes ok 3 K
where r = radius of the sphere,
» = wavelength of the incident light,
m = complex refractive index relative tc

surrounding medium.
For numerical results lMie's formulaeare unsuitablse,
particularly for large values of x. van de Hulst (1949)
derived a correct analytical solution for large dielesctric

spheres whose refractive indices differ 1little Ifrom unity.
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Denoting the paramster g ek
€ = 2x (m-1)

the efficiency factor E(€ ) for the extinction of a
single particle is given by

E(§) =2 -Uf sSine +L/e 2 (1-Cose) (10)
As €— 0, E(€) = 0.
For other values of m in the range from 1:.33 to 1.5 a
few points computed accurately from liis's rigorous
formula indicate the nature of the divergence from the
curve obtained for m—1. A correct extinetion curve
can be drawn through these computed points for which the
curve for m—1 serves as a guide. The solution for
di-selsectric spherss is extended to large sphseres whose
complsex refractive index differs 1little from unity.
Since the imaginary part of the refractive index denotes
an attenuation factor, a fraction of incident energy
will be absorbed and transformed into heat. This
absorbed ensrgy is, howsver, independent of the real
part of the refractive index.

The solution which refers to a single particle can
be extended to a mixture consisting of particles of
various sizes. If the frequency distribution in size is

exvpressed as g(u), the mean value of efficiency factor

E(€) is given by Jm
F(C) = 2Eu,90) g(u u® du (11)
S’”g(u) u® du
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where § = 4 ﬂ.ro(mr1)/> » T, being the radius of an
arbitrary sphere.

By varying the two parameters, viz. the refractivs
index and the frequency function of the sizes of the
particles, van de Hulst (1949) produced a number of
theoretical curves. From the choice of the solution
(Curve No. 15) giving the best Fit to Stebbins and
Whitford's /ihitford (1948)/ reddening curve for the pair
of { and € Persei, he inferred that the interstellar
particlaes are di-elsctric with littls metallic impurities
having an seffective size of 0.8/“. The refractive index
and size-distribution of the particles assumed in this
solution are consistent with the Oort-van de Hulst (1946)
size=-distribution function.

Although the gross properties of the reddening curve
are reproduced by van de Hulst's solution No. 15,

Divan (41954) has pointed out that the ultra-violet part
of the theoretical curve deviates from the observed data.
Whitford (1958) found that { Persei is an anomalous star
and that the inverse curvature in the infra-red is less
than that predicted by van de Hulst's model.

The theoretical sextinction curves are very sensitive
to the ratio of the number of large particles relative to
that of small particles. The presently observed

uniformity of the reddening law impliss that the
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dispersion in the size-distribution of particles should
not generally be more than 5 per cent throughout the
regions observed /van de Hulst (196L4)/. Proximity of a
cloud to hot stars can modify the sizse-distribution
function by increasing the number of large particles.
With such modification of size distribution it is
possible to explain sxceptions such as the different
reddening law for COrion stars and stars in H II.

The real difficulty with the model of di-slectric
spheres is that it cannot explain the observed ratio of
nolarisation to absorption. The inward curvature of the
reddening curve in the infra-red and the high albedo of
the scattering particles, as observed by Henysy and
Greenstein (1941), suggests a strong argument against the
hypothesis of iron particles. Following Schalén (1936,
1939) Guttler (1952) showed that the absorption by a
mixture of iron particles with an effective size of .08
could reproduce Stebbins and Whitford's (1943) mean
reddening curve. Although the theoretical study of the
formation of grains does not favour the formation of
pure iron particles, Spitzer and Tukey (1951) suggested
a possibility that mutual collision betwsen van de Hulst's
particles would produce a total fusion, with a partial
evaporation of water and other volatile constituents.

Metallic impurities vresent in the di-electric particles
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could be formed into ferromagnstic nuclei which would
grow a di-elsectric skin. These particles would most
likely behave optically as ferrites. These ferro-
magnetic grains would have random shapes and their long
axes would orient themselves in the dirsction of the
galactic magnetic fisld.

The alignment of elbngated ferromagnetic graians
sgsems to provide an sasy explanation for the observed
polarisation. Since the plane of polarisation shows
a preference for the galactic plane /Hall (1958),
Hiltner (1956)/, the long axes of the particles must lie
in a direction normal to the galactic plane. Tharefore
the theory of Spitzer and Tukey regqguires that the
galactic magnetic field is perpendicular to the galactic
plane. The field strength nsecessary to account for the
observed polarisation should be of the order of 2,1073
gauss.

The criticisms against the theory of Spitzer and
Tukey are:-—

(1) It is difficult to explain random orientation
and feeble polarisation, as observed in certain regions,
unless some dspolarising effecis are considered.

(2) . At present it is believed that the spiral arm
structure of our galaxy is bound up with the

galactic magnetic field. For the gtability of the
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spiral arms it has been argusd that such a large magnetic
field may be force-free, and this may be possible in the
case of the magnetic field lying along the spiral arms.
This, however, is contrary to the assumption of Spitzer
and Tukey, /Davis (1960)/.

(3) Considering the balance betwesn gravitational
and magnetic forces in the gas, Chandrasekhar and Fermi
(1953) estimated the field strength to be of the order
of 10‘6 Zauss . The magnetic field required by the
theory of Spitzer and Tukey seems to be too high.

The possibility of the formation of elongated ice
crystals by ordered accretion has been considered by Kahn
(1952). The electric dipole moments of water molecules
produce an selectrostatic potential which may hold sﬁm@
free hydrogen atoms at the positive end. When an oxygen
atom strikes, a water molecule is formed and the crystal
grows in one dirsctions Such crystals may contain
gsufficient metallic impurities to be paramagnetic.

Gold (1952) suggested that if the particles are elongated,
collision with a streaming gas cloud might produce a
dynamical alignment of the axses of rotation. But

Davis (1955) has shown that Gold's mechanism fails undsr
a2 guantitative examination. .

Davis and Grsesenstein (1951) have developed a thsory
for the alignment of paramagnetic grains. Their theory

suggests that particles are set into a spinning motion by
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collisions with the gas atoms. As the grain rotates,
its magnetisation lags behind the local galactic
magnetic field, the direction of which is along the
galactic plans. The out of phase component is given By

41, L] x h} 2 s
the ratio Eg where x, and xq are the imaginary and the

1
real part of the magnetic susceptibility. This para-
magnetic relaxation ﬁroduces a dissipative torgus

which tends to make the particle rotate about its short
axis and to orient this axis parallel to the direction of
this field. Bombardment by the interstellar gas tends
to disalign the particles. Solving this non-equilibrium
process by using a relaxation time method, Davis and
Greenstein (1951) have shown that the magnetic field
reguired to explain the observed polarisation will be of
the order of 1077 gauss. The theory has been
subgequently genseralised to ferromagnetic particles by
Henry (1958) who has found that if a sizeable fraction

of the grains were ferromagnetic, the required magnetic
field could be reduced by a factor of 10. The alignment
mechanism of Davis and Gresenstein offers a simple
explanation for the observed dirsctional dependence of
polarisation. In Cygnus where the line of vision is
parallel to the spiral arm and therefore to the lines of
force, the spinning particles are seen sideways and

polarisation should be negligibls. On the other hand,
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in the direction of Perseus where the spiral arm is
viewed perpendicularly, the particles are seen edge on
and maximun polarisation should be observed in this
direction. -

Scattering cross-sections for elongated particles
for different orientations have been studied by the
micro-wave analogue experiment (Greenberg, Pedersen and
Pedersen, 1961). The experimental results indicate a
definite dependence of wavelength law of extinction on
the orientation of the particles.

lMaking use of a scalar wave W.K.B. typs of
approximation, Greenberg (1960) has derived an analytical
expression for the total cross-section ¢ (X, b/a, a,n, ™)
for arbitrarily orientated non-spherical particles, where
X is the angle which the axis of synmetry makes with the
direction of propagation, b and a are the semi-major and
the ssmi-minor axis respectively, and n is the refractive
index.

Assuming that the interstellar dust particles are
di-electrics {(n = 1.3) having the size distribution as
given by Oort-van de Hulst's theory, and the elongation
b/a = 2, and that they are perfectly aligned by Davis
and Greenstein's mechanism, Greenberg and lieltzer (1960)
used the expression for & (X, b/a, a, n,») to obtain the

total cross-section for extinction in the direction viewed
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along and perpendicular to the spiral arm. Their result
is shown in Fig. 5 which shows that towards the
shorter wavelengths GJalong is significantly greater

than The ratio of the slope of the extinc@ion

é:across'
curve in the ultra-violet relative to that in the visible
and longer wavelengths is about 50 per cent larger aloag
the spiral arm than across the spiral arm. In reality,
the difference may not be as large as 50 per cent since
particles may not be perfectly al igned.

Wilson (1960) obtained an approximate solution
for an infinite di-electric cylinder for the limiting
case of refractive index m—~»1, and computed theoretical
extinction curves for different values of polarisibility
(polarisation per unit colour-excess) on the assumption
that the Davis -Greenstein mechanism for van de Hulst's
particles hold. He derived the conclusion that the
ratio of ultra-violet colour-excess relative to the visual
colour-excess on the U, B, V system will decrease by 30
per cent and that the ratio of total to selective
absorption will increase by 60 per cent as the
polarisability increases from zero to maximum.

The predictions of Greenberg and lieltzer (1960) and
of Wilson (1960) receive a qualitative verification from
the results of Borgman (1961) for the stars in Cygnus I

(II Cygni) and IC 1805, which are viewed along and
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perpendicuiar to the spirel arm respectively. The
larger ratio of the ultra-violst to visual colour-excess
for stars in Cygnus as compared to stars in Perseus
seems consistent with the prediction. As polarisatiog
implies a fair degree of alignment, it is expected that
a systematic variation of the reddening law should be
correlated to variation of polarisation. But nc such
correlation has been found /iWampler (1961), Serkowski
(1963)/.

A low value of R in Cygnus and a higher value in the
Perseus region, as obtained by Hiltner and Johnson (1956)
favour the prediction that R increases with increasing
polarisation. But Johnson and Borgman (1963) have
found the same value of R in these two regions.

The interpretation of polarisation would sesm to be
easier if the extinction of light could be attributed to
small graphite particles /Cayrel and Schatzman (1954)/.
Recently Hoyle and Wickremasinghe (1962) have considered
the formation of graphite flakes at the surfaces of cool
giant stars. They have shown that monatomic carbon
vapours would condense into carbon grains in the pulsation
cycle of N stars when ths temperature falls below 2700°%K.
These grains have the effect of decreasing the photo-
spheric density as the temperature falls towards EOOOOK,

and the radiation pressure is sufficient qnadgh to ajsct
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the grains'into space if their sizes are of the order of
10" CIil. Juring the outward journey grains of this size
gscape evaporation. The calculation of the rate of
emission of grains from N stars shows that the “IO)'L ¥
stars in the Galaxy would suffice to produce the obssrved
interstellar grain density in a time-scale of 3 x 109
years.

Graphite crystals possess anisotropic conductivity
and large anisotropic diamagnetic susceptibility.

Taking account of the anisotropic conductivity
Wickra&%ingh@ (1962) has shown that a small degres of
alignment of only about 2 psr cent would be able to
explain the observed polarisation. Davis -Greenstein's
(1951) theory applied to diamagnetic graphite flakes
requires a magnetic field of the order of 10—6 gauss.

The degree of alignment is so small that the variation in
the aligmment of grains would not produce any significant
effect on the reddening law.

Applying Mie's theory, Wickramsinghe (1963) has
derived the extinction cross-—sections of graphite spheres
of various radii. Rigorous computations lead to the
result that the theoretical curves for grains of size
a >..05/“ begin to deviate from the observed reddening
curve of Whitford (1958). The particles of smaller size

represent the observed reddening law better, but their



L5.

albedo is lowern by 4O per cent than what is required by
Henyey and Greenstein's (1941) observations. T s
also significant that there is a disagresment between
the theoretical reddening curve and the extrapolated
portion of Whitford's curve for A) 2 M.

To explain the observed high albedo Wickraﬁbinghe
- (1963) has considered the possibility of a model of a
composite grain consisting of a graphite core surrounded
by a concentric shell of ice. Becausa of the high
chemisorbant properties of carbon, the surface of graphite
grains would accommodate interstellar atoms and a laysr
of ice-crystals would eventually grow. The wavelength
dependsnce of extinction in the red and visible is not
very sensitive to the amount of ice around the grain,
but the slope of the reddening curve in the blue would be
slightly increased. Albedo is considerably raised by
the presence of ice.

The extent of the condensation of ice on the
graphite grains depend on the temperature of the grain
and the density of interstellar gas éround them. In hot
H II regions condensation of ice cannot possibly take
place and the particles would be of pure graphite and
possess low albedos, while in H I regions grains would bs
coated with ice. Wic&raﬁ%inghe has not considered the

effect of collisions and subsequent evaporations. It is
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likely that there would be a size distribution of
composite grains and that the distribution would possibly
vary from ragion to region_aecording to local conditions.
A uniform reddening law cannot therefore be expsected, but
the variation would be confined to blue wavelengths only.
In any given direction the average reddening law would
show a considerable scatter because the reddening of star-
light would be produced by grains in a wide range of sizes.

Since the effect of ice is to increase the slope of
the reddening curve in the bluse only, the solution which
fits in the red and visible gives the size of the graphite
COr6. An upper limit to the grain size can be estimated
to be a ~ .05M, because departure from Whitford's curve
is found for sizes a ) .05/M. For regions in the
vicinity of hot stars where carbon particles are free
from contamination, the reddening law would not differ
from that predicted for small, pure graphite grains.

Such particles, howsever, cannot reproduce the reddening
curve as found for the Trapezium group of stars.

An objection to the hypothesis of carbon particles
sugzested by Donn(1960) is that because of the over-
whelming abundance of hydrogen in spacs, these particles
are likely to be absorbed by atomic hydrogen. In hot
H II regions especially small graphite grains may not

have a permanent existence.
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Donn (1955) has =lso criticised the hypothesis of
growth of large heterogsneous particles by chemical
processes involved in the sticking of atoms to the
grains. He has emphasised that under the conditions
prevailing in the interstellar medium, surface processes
cannot be fully understood by extrapolation from the
normal laboratory conditions.

Platt and Donn (1956) have considered the formation
of molecular type particles by two~body collisions as well
as by direct addition of atoms. They have argued that
interstellar matter consists primarily of atomic and ionic
specises and chemical bonding would play an important role
for particle growth. This mechanism would result in
forming quasi-organic radicals having unfilled energy
bonds with linear dimensions about 10 to 50 angstroms.

Platt (1956) has proposed that small molecular-type
particlss containing fres radicals or unfilled energy
bonds are efficient absorbers and polarissrs. The
optical behaviour of thess particles can only be predicted
by quantum mechanics. On the basis of experimental
results and simple quantum mechanical calculations for a
rectangular particle containing free electrons, Platt
has derived the following conclusions:-

(1) The wavelength of strong allowed absorption is

about LO0 times the length of the particle. The
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absorption cross-section at ragsonance is of the ordsr of
the geometrical cross-section.

(2) The particles are still large enough to have a
statistical distribution of sizes to satisfy the average
reddening law. =

(3) Particles which have unpaired electrons in the
system will have a paramagnetic and quasi-metallic
character. Due to statistical fluctuations in the random
growth process involving small numbers they will tend to
bé elongated, and to give several per cent polarisation
they will require a smaller than usual magnetic field
for alignment by the Davis and Greenstein's mechanism.

(L) The particles have high albedo and re-radiate
isotropically. Cn the other hand, Henyey and Greenstein's
(1941) observations suggest that the degree of forward
scattering is high in interstellar dust.

It does not appear that a sound theory is available
which will give a quantitative formula for the wavelength
dependence of extinction or polarisation for Platt-type
particles. However, if quantum-mechanical particles
are dominant, the actual number of particles required to
explain the observed extinction would have to be more
than that predicted by the Oort-van de Hulst (1946) theory
by many orders of magnitude. When such large numbers

are involved, small fluctuations in the relative



distribution according to sizes would not produce a
significant variation in the wavelength dependence of
gxtinction. Variation of wavelength dependence of
total-cross—-section for different orientation would be
negligible /Greenberg (1960a)/. Therefore, if the
particles are always small enough, the law of reddening

should be uniform.



CHAPTER II

[ ety

CBSERVATIONS

2.1 DTelescops, Objective Prism and Grating

The 16/2L/60-inch Schmidt telescope covers a Ffield
of ho diameter. On a good plate, the diameters of the
faintsest star images are equal to 20/“ corresponding to
approximately 3 seconds of arc.

The objective prism of angle 10.8, made of Schott
LF5 glass, has a high UV transmission. The spectra
have a linsar dispersion of about 1000A/mm at Hy and
extend from 3200A to 9000A. The spectra were broadened
to 0.3 mm. by varying the sidersal rate. Differences
in broadening dus to differences in declination have
been found to bs of no significance.

The grating, constructed in the Observatory workshop,
is made of threads of nylon which has several advantages
over the usual metal wire; in particular it is less
affected by changes of temperature. It has 18 threads
per inch with a spacing approximately squal to the

thickness of the threads.
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2.2 Dispersion Curve of the Prism

The important dispersion curve of the prism was
with collimator

determined by setting a cadmium lamp/in front of the
telescops. The constants in Hartman's interpolationE
formula were found from observations of the 3L664,
L4678A and 6438A lines of cadmium. When the distance
of the Balmer lines from He (L340.5A) as calculated from
the interpolation formula, are compared with their actual
measured separations, Table 3(a) results.

The dispersion curve was extended into the infra-
red from the spsctrum of the Wolf-Rayet star HD 192103,
which consists of many broad emission lines covering the
range from 3065Ato 8666A /Edlén (1956), Underhill (1959)/.

A microphotometer tracing of the spsctrum of this
star is shown in Fig. 6. Wavelengths of the emission
features have been identified from the lists referred to.
The identified wavelengths and contributing spectra are
listed in Tabls 3(b). The width of the lines, however,
mekes the identification difficult. Where there are two
or three lines very close together, their mean wavelength
has been taken. Linear distances of these lineés on the
tracing from the strongest line which occurs at L6524

have been measured on eight plates. Since they are well

distributed over the spectrum, they prove sufficient for

the purpose of obtaining the dispersion curve.



As shown in Table 3(c¢) the curve thus derived is
in good agreement with that obtsined by interpolation
from Hartmann's formula.

The error in calibration is;t3/¢on the plats which

corresponds to +15A at 70004, +54 at 50004 and +3A at LOOOA.

TABLE 3(a)

Digpersion of ths Prism
(from the spectrum of Cd)

Separation from Hea
on the plate

Balmer Lines Wavelength
From Hartmann's Al
formuls
Hop 4310.5A 0 0
Hﬁ L861.3 410.8 ﬁ hiOf*
H, 3970 y21.7 1428
H 3889 -535.6 -5L2
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TABLE 5(b)

Wavelengths of Emission Lines in the

Spectrum of HD 192103

Wavelength Mean Wavelength Contributing Spectra
338l A 0 TIIL,; @ IV, O ¥, 8 TII
3399 3398 A 0 IV
3410 0 IV
3563 ¢ IV, O IV
3608 He I, © IXE, A1 TR
3688 c IV
3754 Q. IIT
3814 He I, He II, O VI
3887 He I, He 1II, C III
3929 He LT, 0 IT, 6 IV, S 1IT
L1066 C III

4071

4075 ¢ [Ty 84 IV
L318 @I G T
4336 i H, He II, N III, S III
LLLO He, C IV
L652 @ TI, 6 LIT, ¢ TV N 111
5696 0 TII, AT TLIX
5816 N R
6576 g, He II, C II, C IV
67111 G At 8 LI
7060 G Zl, He I
7234 ¢ II

6 IV

7726




TABLE 3(c)

Dispersion of the Prism
(From the Spectrum of HD 192103)

Separation from Hy on the Tracing

From Hartmann's

Formula Observed for HD 192103
3398 A ~88.3 mm. -88 mm.
3608 -6l 1 -65
3688 -56.4 -56
3928 =37 -38
1327 -13,68 -4
5696 +28.3 +29
5816 +30.5 +31
6576 2.2 +13

6711 .2 &
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2.3 Determination of Grating Constant

When the prism 1s crossed by a coarse grating, sach
star has Tainter first order spsctra at both sides of the
central spectrum. The magnitude differencs between first
order spectrum and central spectrum, the Grating Gonstént

is given by

s il
Sin ( 'iT-En)

my = my = -2.5 1og10 (12)
( L_'“)Q
1+d
and
ik 2 _ g L
T - = 1
(1+d) I (13)
Wners

tiy m0 denote the magnitude of the first order spectrum
and central spectrum at a given wavelength,
d, breadth of threads,
1, spacing between threads,
I, I, the intensity of the centre spectrum with and
without grating.

The magnitude difference given by (12) is a constant
for the grating and is independent of wavelength. For
d = 1, the theoretical value of the Grating Constant is
o™, 98.

The determination of the Grating Constant nas been
done photo-electrically in the laboratory as well as

photographically by comparing the quasi-monochromatlc
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magnitudes determined for stars in a narrow range of
spectral types in the Pleiades with Johnson's photo-
electric measurses.

The optical arrangement for photo-electric method is
shown in Fig. 7. ‘

S 1s a source of monochromatic light (Mercury lamp).
The lens L4 focusses the beam from S on the slit. The
beam is collimated by the lens L2, Passes through the
grating and is focussed on the photo-cell by the lens L3.
The grating was fixed to a board and a number of readings
were taken for two . positions of the grating.

The results are given in Table L.

m
The adopted value of the Grating Constant was 0 .875.

TABLE

Determination of Grating Constant

Photo-glectric Method

I Prom centre and side images G
Upper half of the grating .888 + 004
Lower half of the grating 871 + .005

II From Io/; [Kienle (1937)/ 872 x 014

Photographic listhod

Plate P21 .87 + 04
Plate P31 .87 + .04




1
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2.4 Regions Observed

For the present Programme the regions of high
obscufation in the Milky Way, given in Table 5, have been
chosen. Columns 2, 3, L and 5 show respectively the name
of the main constellation, equatorisl and galactic co-
ordinates (galactic pols £ = 12hu9m, 9 = 218) of the
centre of the region and the area of the region of the

sky in square degress.

TABLE 5
Constellation 41950 04950 11T  II Araa
I Vul 19hh6m 26° 62°.4 0°.30 20 sq.degs.
Q
53 Cygnus oo™ 3% 7% 15 30 v v
ITE Cepheus oolzgMm 570 405°.6 -1%06 15 "
O ] {
v e o? 63° 117°.5 0°.93 30 " *
0] !
v Perssus 2h10m 580 43395 —2°.0 Lo ! i

VI Orion 5h36m 2% 206%.2 -17°.1 30
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The space distribution of early type stars and 0-B
associations in the galactic plane is shown schematically
in Fig. 8. They delineate the inner arm, local arm and
Perseus arm. The Perseus-arm is located about 2000
parsecs away from the local arm in the direction of ghe
anticentre.

Region I. Cygnus and Vulpecula provide a cross-section
of the local spiral arm in thse direction in which it

winds into the nuelsus of the galaxy. In this region is
the association Vul I at a distance of 2 kpc on the

inner side of the spiral arm /Morgan (1953), Kopylov
(1958)7. Visual absorption averages about 3 with a
maximum of L™.5 (Hiltner 1956). From the thrse-colour
photometry by Serkowski (1963) it appears that the early
type stars in this region have ultraviolet excesses
compared with other reddensed stars.

Region IT. At the head of the Great Rift the Cygnus
stars form a large complex of neutral and ionized hydrogen
0B stars and associations. The spiral arm is viewed
tangentially in this direction. The whole region is rich
in early type stars of which the earliest types 0-B3
predominate (Serkowski 1963). They are distributed
mostly between 4.5 and 2.5 kpe (Hiltner 1956) .

Absorption values appear to be similar to those for

Vulpecula, but in the Gygnus II (VI Cygni) association
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several of the bright stars suffer an extinction of 7™ or
more and one highly polarised star of more than 10™

[Hiltner (1956), Schulte (1958)7.

Region III. In Cepheus we look diagonally through the
local arm to Cep I in the outer (Perseus) arm which
mekes an angle of about 30° with the line of sight.

This region lies a few degrees south of a nearby obscuring
cloud but the extinction is everywhere less than Bm
(Hiltner, 1956). The obscuration in this part of the
Milky Way is very variable.(Risley, 1943).

Region IV. Region IV also covers a section of the local
arm and an association (Cas V) in the Persgeus arm.

Cas V is a ring shaped aggregate of more than 100 bright
OB stars (Reddish, 1961); it includes three galactic
clusters and a condensation of early type stars around
6 Cas. Colour excesses are low so that the absorption
is generally less than 2™.5 (Hiltner, 1956).

Region V. This region includes Perseus I, one of the
groups -tracing the Perseus arm. It is a very young
association which forms the densest known concentration
of early and late type supergiants, but lacks the dense
clouds of obscuring matter found in most groups of this
age in the other two spireal arms. In Perseus the line
of sight makes an angle of 70° with the direction of the

spiral arm.
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Region VI. Ori I, partly because of its nearness, is
the most prominent feature on plates of this area. It
lies in the local arm opposite to Cygnus at a distancs
of 500 pe (Morgan, 1953).

Although the nucleus still shows signs of star
formation, the average age of the stars of the group is
of the same order as in Per I (Herbig, 1958). There
exist, howsver, clouds of gas and dust with masses of
the order of 10° that of the Sun (Menon, 1958) in a
‘volums no larger than Per I; here are only five supsr-
giants. The greatest extinction occurs for the nuclear
cluster ¥ Ori in the Orion nebula wherse 2™ absorption

is observed.



2.5 DPlates and Tiltsrs

In crowded llilky Way regions overlapping of spectra
represents a serious problemn. The problem is reduced
partly by the low dispersion of the objective prism and
greatly by the use of different emulsion-filter
combinations to restrict the lengths of spectra.

For measures in the blue and ultra-violst, Ilford
SRO (sensitivity 3300A - LB8OOA) or Kodak II-al
(sensitivity 3300A - 5000A) have been found suitable.
For longer wavelengths Kodak IN (sensitivity 3300A -
9000A) has been used in combination with a Schott filtser
GG 13 which cuts out the blue and ultra-violet. The
contrast is high and the sensitivity in the green low.
T1ford Astra III (sensitivity 3300A - 6800A) because
of its uniform sensitivity has been used to cover fthe

green region in combination with filter GG 13.
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CHAPTER III

MEASUREMENT AND REDUCTION

3.1 Wavelength Identification

The tracings of spectra were obtained with a Joyce
Loebl double beam recording microdensitometer in which
the tracing table and plate carriage are connected by a
rigid lever. The lever ratio being exactly known,
the distance betwsen these lines can be accurately
determined.

Hydrogen lines provide suitable reference points
for wavelength identification for middle and late B-tyve
stars. Difficulties arise when there are no spectral
lines, as in the case of O and early B-type stars.

However, the sharp cut-off wavelength of the
emulsions and also, on the infra-red plates, the sharp
peak at 8000A which is partly dus to the low dispersion
of the prism at long wavelengths and partly to the high
contrast of the IN emulsion, can be used as referencs
points. To illustrate the method Fig. 9 shows a tracing
of a svpectrum of a star on a blue sensitive SRO emulsion
demonstrating spectral lines. The distance between Hq
and C (the mid-voint of A and B) is assumed to be
constant. The dispersion is sufficiently low that

systematic effects due to differences in spectral types



D0 »

-~

‘efuex Texloe0ds MOIIBU B UT

8I81S SEpEIe[d JO Bepnytulew g s uUosuyop pue ‘£3Tsuep ,aedeq, Ueemjeq UOTIETOY LI 'Tig

0<4

09

e

g



69.

can be neglscted. I'or each plate the mean distance
between H«r and C is calculated from a number of stars
showing hydrogen lines. This gives the position of Hy
with respect to C. The standard error of this mean
distaence is less than +0.5 mm. on the tracing whicﬁ
corresponds to 10A at Hey o Wavelength identification
from the sharp peak at 8000A on infra-red plates is

illustrated in Fig. 10.

3.2 Calibration

For the calibration of plates the prism was crossed
by the objective grating.

E. A, Baker (1949) has shown that if the blackening
of plates is represented by the parameter A= logyg 1%2
where T is the ratio of light through the image to
that transmitted by the background, A is approximately
linearly related to magnitude over a rangs of T = 0.002
to T = 0.98. This has been verified for Schmidt plates
in two ways:-

(a) By plotting A's at 4220A against the B-
magnitudes of Johnson's photo-electric standards for
stars in a narrow range of spectral type in the Pleiades
cluster. The plot is shown in Fig. 11.

(b) Ifmy =4 (B) is a linear relation, the

relation between the A's of centre and side images at
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a given wavelength should be nearly linear. Fig. 12
shows that the plot of A , (centre) against A, (side)
is almost a straight line.
The problem of deriving the calibration curve of
a prism-crossed-by-grating plate is equivalent to ‘
solving the functional equations,
By = (8y) (14)
my = £ (A) (45)

]

]

Equation (14) represents a pair of densitises such that
their difference corresponds to a known magnitude
difference equal to the Grating Constant.

Let Ay - Ay = 3A denote the difference in
densities of centre and side imeges, and G denote the
Grating Constant. Becauss of the approximate linearity

g 4 it can be assumed that G = 921 represents
(15) Doy 2A

the slope %Y-z at the middle point of A , and & 4.  From
(14) values of %m_dcan be obtained corresponding to
values of £(& , + 8 4). If the zero of the magnitude
scale is chosen so that m = O when A= 0, the magnitude

for a given value of & is given by

“a (16)
ke g dm ga
) e J o d

(4]
If A is not very large numerically, with sufficient

accuracy

m = -A.(g'-ql- (17)

ab) 3 A
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is the value of slope at LA,

L
2

Wher:a(é_"%l}')%A

Having determined magnitudes for a set of values
of m by integration of (16), (44) can be used to extend
the range of the calibration curve.

This method of calibration may be modified in the
following way. Instead of using (14), A o and A, can
be expressed as a function of %(A , + A,) so that one

can write,

1

£1 (A7) (18)
£, (B) (19)

Ao
A

1}

—

where A is the mid-point of A j and A 4.
From (18) and (19) one can obtain,

(Ao = By =08 (A) (20)

A
: 1 A
Therefore, .. m= - G JF—OT)— aa (21)

If (18), (49) and (20) are approximated by suitable
polynomials, the integration can be performed
analytically. This method has advantages for computer
programming.

The modified method is illustrated in Fig. 13(a),
13(b) and 13(e).

The advantage of the integration method over the

usual one is that the calibration curve can be derived

from a large number of points.
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3.3 Effect of Fog

It is not possible to obtain plates entirely frass
from sky fog. In addition, the surfacs brightness of
a nebulous region may contribute to the fog level. Let
Ir and I, be the intensities of sky-light and star-light
respectively and A ¢ and A s the corresponding
densities relative to the chemical fog level.

Let & be the observed density at any point of a
star's spectrum which will correspond to the sum of the

intensities of superimposed sky-light and star-light.

One can write,

A‘f = (If) (22)
&g = B (1) (23)
A = g (I) where I = Ip + Iy (24)

Now

g (1) % 6 (1) + 8 (T)

but can be approximated to

g (1) =g (If) + B (Ig) + ¥ (Ie, Ig) (25)

where ¥~ is an unknown function.
(22) to (25) give
A = Dy + By + W
or A= Bgy=A, + ¥ (26)

If the density of the star's image be measured with

respect to the fog level in the neighbourhood of the
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1 . o
star s image for centre and side spectra of the star,

one obtains

Ao

I

ﬁ(Iso) 27 W(ISCp If)

A'I ﬁ(Is“[) F %(151: If) - (27)

where the subscripts O and 1 denote the quantitises
corresvonding to the centrse and side spectrum
resgspectively.

The process of calibration consists in determining
a function of (A, - A4) so that

Fag,=-48y) =¢ (28)

i

where G = -2.5 (log Ig, - log Ig4)-

The unknown function VW (Ig, Ip) is empirically
determined and included in (28).

Thus relation (28) represents the calibration curve
of the plate for a given fog level which is in practice
the mean of fog levels in the neighbourhood of the star-
images used for calibration.

If in any part of the plate the background fog level
£l qiffers from the mean fog level f, the calibration
function for that part will be slightly different from

(28) and can be written as
I‘{ (A =45 +5A} = G (29)

where SA is a correction term. In other words, if
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the densities of centre and side spectra of star

images relative to the neighbouring fog level are
converted to magnitudes from (28) the difference betwesn
the two magnitudes should be equal to the adopted valus
of G. Any deviation from this value of & indicatés

an error introduced by graininess and variation in fog
level. This gives an objective way of determining the
error of the calibration curve. If &4 and 22 be
errors in the magnitudes of the centre and side spectra

derived from the calibration curve, then assuming

§41 = €o the error of the calibration curve is given by
(86)% ~
& =k (30)
2n
where A G = (observed value of G) - (adopted value of G)

n = number of stars.

= Cx P m
The mean error is found to be +0 .OL.

3.4 Determination of Monochromatic Magnitude Differences

The microdensitometer records demsity (D = logyg 1/T)
directly and linearly within the density range of the
instrument. An absolute density scale was constructed
from the known densities of three neutral filters.
Resolution depends on the width of the slit while
integration of graininess depends on the area of the slit.

By increasing the height of the slit as far as possible
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the width of the slit can be adjusted until optimum
conditions are obtained. However, for a given height
tracings taken with the slit width of BQ/~ to 6%& do
not show any significant differencs. In general, the
width of the slit along the length of the spectru& was
uOfL on the plate and the height across the spectrum
was 0.2 mm. The width corresponded therefore to about
200A at 8000A, 70A at 5000A and 16A at 3500A.

Absolute densiby values were converted to "Baker"
densitiss (A4 = logyq 1%2 ). lionochromatic magnitudes
derived from O have different zero-points Ffor
different wavelengths. However, the monochromatic
magnitude-difference at a given wavelength for a pair
of stars on the same plate is independsnt of the zero-
point of the magnitude scals. If the magnitudes have
to be compared among stars which appear on two differsent
plates, it is necessary that the two plates have a
region in common. Comparing the magnitudes of stars
common to both plates, a transformation equation of the
kind

ORGSR (31)
where X\ and Iy are the magnitudes of the same star
on the plates X and Y respectively and Ky 1s a constant,
can be obtained for each wavelength.

Since the plates have not been taken at the same
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zenith distance, the magnitudes of the stars common to
both plates which are used to determine the
transformation equation (31) ars subject to corrections
Tor atmospheric extinction, and‘K7~ is therefore
numerically equal to ths sum of the diffsrence in'zero—
points of magnitude scale and the difference in
atmospheric extinction for wavelength A -

The difference of monochromatic magnitude for a
pair of stars is corrsescted for atmospheric extinetion
by the formula

5m.{\ = ay (Sec 2, - Sec Zp) (32)

difference in atmospheric extinction for

1l

where 9 Ty,

wavelength A

Ba = extinction co-efficisent for vertical
transmission
by, 2o = the zenith distances of stars.

For the present work ay has been computed from
Washington observations (1908) as well as from
Chalonge's (1952) formula. The mean value has been
adopted. The numericsl value of o(Sec Z) being small
generally less than 0.05 error dus %o uncertainty in the

value of ay is negligibls.

However, in future as will be determined from

Schmidt plates thus:

The plates on the sams region having been taken at



PLATE B

@

Fig. 1

Two plates having a region in common.
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different zenith distances from the observed magnitude
differences of the two stars most widely separated on

the plate one can obtain a set of equations of the

form
(&mi‘)true = (Am7‘)0bs. E a}_,%(sec z) (33)
where
Amy = monochromatic magnitude-difference
®(Sec Z) = difference in vselues of Sec %.

A least squares solution of (33) gives the value of ap .
Reliable valuss of ay can be obtained from the
reduction of a large number of plates taken over a
period of six months.

When the reddened and comparison star do not appear
on the samse plate, the magnitude difference for the pair
ig corrected for atmospheric extinction in the following
way:-

Lst L3N and m7\1 be the monochromatic magnitudes of
X, a reddened star on plate A, and of Y, a comparison
star on plate B, respectively (Fig. 14).

Let Z,, Zp be the zenith distances of X and the
centre of the overlapping region on plate A; and

Z,, Zg zenith distances of Y and the centre of the over-

y’
lapping region on plate B.

( bmﬁobs = i (m}j - Kﬁ), Ky being given by (31).
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The correction for atmospheric extinction is

om, = ay (Sec Z, - Sec Zy)

a >i(sec Zx - Sec Zp) + (Sec Zp - Sec Zp) + (Sec ZR- Sec Zy)}

Il

But K} = difference in zero-point of magnitude scale For
wavelength A + ay (Sec ZA - Seec ZB)
Thereforse,

(Amy) tpue = @mN)obs. + a}{(Sac Zx - Sec Zp) + (Sec Zp - Sec Zy)} (3L)

5.5 Normalisation of Reddening Curves

The monochromatic magnitude difference between a
reddened and a comparison star consists of two parts:
"an intrinsic magnitude difference depending on absolute
magnitudes and the difference in the effects of inter-

stellar absorption on these two stars. Thus,

Am, = dm + (An - 2, ) (35)
where dm = intrinsic magnitude differsence,
Ay, a, = absorption at A for a reddened and a

comparison star respectively.
If (i) the spectral energy distribution of the two
stars is identical, and (14) a x is small in comparison
with Ay , by plotting amy against 1/ , a function of

the form

Ay = (A ) + constant (36)

is derived which with suitable normalisation gives the
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extinction law
Ay =0 (1) (37)

The method of normalisation adopted for the present
work is as follows:-—

Two regions are chosen, one between 1/% = 1.55;4"1
and 1.43}»"1, and the othsr between 1A = 2.22;&'1 and
2.37ft'1. A smooth curve is drawn through the observed
points in each of these regions. The mean points
correspond to Amy at 1/% = 1.34,&'1 in the red and
Typsi= 2.28fs."1 in the blus. The normalising factor
is the reciprocal of the slope of the line joining thess
two mean points. All observed magnitude-differences
have been multiplied by this factor. The zero-point of
Amy has been adjusted by making Amy at 1/ = 2.22;&‘1
read off from the smooth curve equal to unity.

Condition (i) of equation (36) is approximately
fulfilled by considering a pair of stars of the same
spectral type and luminosity class which are situated
in the same region of the galaxy. The comparison of
pairs of stars can be made in two steps:

In the first step highly reddened stars are compared
with neighbouring moderately reddened stars of the same
spectral type;

In the second step the moderately reddened stars

are compared with similar nearby unreddened or slightly



reddened stars.

If the reddening curves derived in these two steps
are identical, reddening effects for both groups of
stars must be the same, and the derived function must
represent the extinction by the interstellar mattér
which is distributed over the distance at which the
observed stars are situated.

On the other hand, if the reddening curves are
systematically different no immediate conclusion can be
reached. Such a difference may be due either to a
difference in the effects of interstellar absorption
or to peculiarities in the stars themselves. The
latter case may be investigated further by comparing
reddening curves obtained from O-stars with those

derived from B-stars.

3.6 Sources of Error

The main sources of error are (a) graininess,
(b) overlapping, (c) uncertainty in wavelength
identification, and (d) uncertainty in spectral types.
(a) The standard error of a single measurement of
monochromatic magnitude at any given wavelength dus to
graininess is given in Table 8, Section ly.2, and is

about ipm.05.

(b) Errorsdue to overlapping of spectra are
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somewhat uncertain. No spectra have been measured
which were obviously disturbed by overlapping. In
order to estimate the effect on spectra of overlapping
by faint other spectra, long and short exposure plates
have been compared. These show that errors in |
monochromatic magnitude on account of overlapping
should not exceed +0.02 magnitudes.

(¢) Errors arising from uncertainty in wavelength
identification depend on the slope of the tracings of
the spectra. The tracing in the blue and visible part
of the spectrum is reasonably flat for the emulsions
which have been used and this error is negligible. The
tracing has a steep slope in the red and ultraviolet,
and monochromatic magnitudes may be in error by
+0™.05 in the red and +0™.03 in the ultraviolet.

(d) Error resulting from uncertainty in the
spectral types of stars is inherent in the method of
comparison of two stars. The wavelength dependence of
the mean error in the magnitude difference for a pair
of stars due to error in spectral types reduced to
unit normelising factor, is shown in Table &(a).

Combining all the errors, the standard error in the
monochromatic magnitude-difference for a given wave-—

length from a pair of stars is given by

gam} =t % j2E2 & 2527 282 + fa (38)
ﬂl o
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where n% = the number of measures for the given pair
at wavelength A .

Taking n4y = 2 and assuming that the error in spectral

type is +1 subclass (which is the uncertainty in the

MK classificatiorns used) values of &, have been |

calculated for different spectral ranges and are given

in Table 6(b).

Large errors in the blue and ultraviolst are
mainly due to errors arising from uncertainty of spectral
types which are greater than any photometric errors
whether photographic or photo-electric. The accuracy
of the results could be greatly improved if one could
increase the accuracy of spectral classification.
Alternatively, if the reddening law is uniform in the
region investigated, the effect of errors in spectral
classification may be reduced by obfaining a mean

reddening curve from measurements of meny stars.
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TABLE 6(a)

Error in Amy dus to Uncertainty in Speciral Type

Error in monochromatic Error in monochromatic
i mag. 4irff. from one | mag. diff. from one
pair of stars dus to ﬁ: pair of stars dus to
o error of +1 subclass _\ error of + subclass
(f‘) in spectral type (p ) in spectral type

1.25 0 2,26 #2071
1.35 +.07 2.37 .01
1.43 .01 2,141 .02
1.5 .01 2.48 .05
1.67 .02 2.50 .06
1.75 02 2.59 .08
1.82 .02 2.62 .10
1.92 .03 2.67 .10
2.0 .03 2.72 .10
2.0l .03 2.78 .15
2.20 .03 2.82 .15
2.22 0 2.86 .15

2.91 .16




+1

I

clLe g0+ Q0"+ Lo*F 90 *+ GO*¥ 90 °¥F LO*+ GO+ an

gL* g0° 90° o L0* 0 co* 0 0 @w

¢o* co* co* 0 0 0 0 Go* 0 %2

20" 20" 20" 20" 20° 20° ok 2o 20°* pw

GO*F Go*F Go*¥  90°F GO*F Ho *F 90°F  Ho°¥ ho ¥ P

0Ghe 0L9¢ elefeley 0coh ozzgh 0067 000G 000/L 0008 X
NUlyy UT J0dafE paepuegg

()9

ERIRS A



41° 3804
040°4219
404227

" 040% 212

® 174839
®193945

@ 194092
@ 195213
@ 20°4185
228919
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Fig,1 Early type stars in the Cygnus region studied in the
present work for the wavelength dependence of interstellar ab-
sorption, Circles denote the areas covered by the plates,



CHAPTER IV

RESULTS FOR CYGNUS

L. Details of plates

A region of 30 square degrees centred on (20h15m,38°)
has been covered by four sets of plates. The positions
of the areas observed are shown in Fig. 15. The plates
were taken during the winters of 1962 and 1963. For
each position two series of plates were taken, one series
with prism crogsed-by-grating, and the other series with
prism only to reach fainter magnitudes. Details of the
plates are given ian Table 7.

Having calibrated "Prism + Grating" plates by means
of grating images, relative monochromatic magnitudes at a
number of wavelengths were obtained for a large number
of stars. These relative magnitudes were then used to
calibrate prism plates taken without grating.

For IN-emulsions, no systematic variations in the
shape of the calibration curves were found for wave-
lengths ranging from 8000A tc 6000A and from L5004 to
3650A. his feature of the IN-emulsion has already
been found by Schaldn (1961). For SRO-emulsions the
shape of the calibration curves did not change with wave-
length over the rangs from 4500A to 3600A.

For this reason, a single calibration curve has been
used for each IN- or SRO- plate for all wavelengths %o

derive magnitudes from densities.



TABLE 7
HZmulsion Tot
RA 4950 Dec.qg5p Series and total pyposures
Filter Ho.
o092 35° 30"  Prism & N 2 gu_ of
Grating
" " Astra IIT 1 150
Prism IN +2CC 50Y 1 15™
oo™ 37° 30" Prism & IN+GG 13 1 300
Grating
" SRO o 15M oo™
" Astra III 1 218
+ GG 13
Prism IN ) ot
1 SRO 2 8%, 20™
" Astra TII 2 16m, 25™
+ GG 13
H
o018™  39° 30 Prism & IN 4 1™
Grating
L Astra ITI 1 Lo™
Prism IN 2 57.5,14™
" SRO 1 i
" Astra III o o5, 350
+ GG 13
ooPog® 0 Prism & IN ] 400
Grating
L Astra III 2 45", 6o™
+ GG 13
Prism IN 2 5m, 5, 51,5

1 SRO 2 g, 45
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'ig. 16(a) Calibration curves of a Kodak IN- emulsion at different
wavelengths. Abscissa: Baker density (A );
Ordinate: magnituds (m).
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Fig.16(b) Calibration carves of an Ilford SRO- emulsion at different
wavelengths. Abscissa: Baker density (A ); Ordinate: magnitade (m).
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Fig. 16(a) and 16(b) show the calibration curves
at several wavelengths for IN- and SRO- plates.
For Ilford Astra III a systematic change in the
slope of the calibration curves was found even for
the wavelength from 6000A to L500A. Separate .
calibration curves have been used thersfore for
extending each wavelength at which magnitudes had been

measured on Astra III plates.



L.2 Photometric BErrors and Comparison with Photo-

Electric Work

The average standard error in a single msasurement

of monochromatic magnitude has been calculated from the

formula
2
= :/12‘1— (39)
n m
where n = number of stars, each star appearing on m
plates,
G2 ) e s 3
Y _ = mean square deviation of the mean magnitude
m

of each star.
Table 8 ghows the average standard errors in a single
measurement of monochromatic magnitude at different
wavelengths. This and ofther sources of error have heen

discugssd in Section 3.5.

TABLE 8

Average Standard Error of a Single leasursement

of Monochromatic Magnitude

A 8000A 5000A L500A 4220A L0304 3858A 3670A

§  4+0.0L +0.06 +0.0L +0.05 +0.06 +0.05 +0.05
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Fig.18 Comparison between Edinburgh measures and Rodgers' measures

L. HD 228854 -~ HD 193595
5. BD L0oCL227- HD 193595

OCpen circles denote Rodgers' measures and filled circles
denote Edinburgh measures.
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Magnitude differences for the following pairs of
stars of the same spectral type have been compared
with Stebbins and Whitford's (1943, 1945) measures
HD 194839 - HD 1934L3
HD 190919 - HD 191201
HD 193443 - HD 192639
The comparison is shown in Fig. 17. The effectivs
wavelengths of the filter of the six-colour photometry
have been adopted from Whitford's (1958) paper. Sincs
Stebbins and Whitford have reduced the magnitudes
relative to a mean valus for the B-, G- and R- filters
the magnitude differences for the pairs of stars
derived from their measures differ by a constant from
the actual differences. However, no constant has been
added to Stebbins and Whitford's measures to derive
Pig. 17
In Fig. 18 reddening curves from two pairs of stars
are compared with the curves derived from Rodger's (1961)
data on the same pairs of stars.
Comparison with Johnson and Borgman's (196L)

measures of the following pairs of stars is shown in Fig.19.

HD 195213 - HD 193682
HD 195213 - HD 193595
HD 193682 - HD 193514
HD 193595 - HD 193514

As shown in Figs. 17-19 the agreement with photo-electric

measures is satisfactory.
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TABIE 9

Reddened Star

O-stars i
i i (Pairs of stars compared)
Serial Sp.
No. i EJ RA1000 D°C1900  Type N Bgy  med
1 998766  36°3991 20M3™.8 37°00' 06f or 9.14 .97 -
wR
o oo8841  38°4000 20M14™.8  38%°34' 07.5p  8.93 .89 11.4
3 908854  35°4062 20M1s™.0 36°%02  08: 8,93 1,02 11.0
1
4 008989 38°4025 20M6™.7 38°23  08Vim  9.72 1.08 11.1
1
5 194004 38°4043 208%™ 7 38%4' 09 ITT 9,02 .90 12,02
k! 1
6 299902 30°%4162 20™M9".8 39°50  08V: 9,83 1.7 114
1
7(i) 220232 38%4070 20720™.3 387  05f 9,53 1,134 117
(ii) n 1" n 1" 1" 1 1 ]
Y I
8 104649 39°4177 20M'21™.7  30°54'  06.5 9,0 1,27 10.5
1
o(i) 195213 40°%187 20%24™,0 40%28 07 8.74 1,17 10.4
(,T’Li) i i n n 1" n 1] n
1
10 40%212  20M2d™.0  40%2 09 10.29 1,94 9.1
1
11 40°4219  20"28™,6  41%6 08 10.22 1.50 ° 10.8
1
12(1) 40°4227 207206  40%48  O6f 0.05 1.59 9.7
(ii.) n i 1 n i u T
1
13(41) 41°3804 20M30™,2 40°12'  09,5Ta 9.89 1.83 10.6

(ii) i it i 1
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TABIE 9

Comparison Star

HD ED Riyons  DeSiann ngé By, el

193505 38°4012 20M5%,9  38%4' 0y  BJS 67 121

193505 38%012 20M5™,0 38%4 o7 8.73 .67 12.1

193595 38%4012 20M5™,0 38°%4 07 8.73 .67 12.1

103505 38%012 20M5™,0  38%4 87 8.73 .67 424

193595 38%012 20%15™.9 38%4' o7 8.73 .67 12.1
192639  36°3958 20078  37°03 08f 7.1 .66 -

(1) 190864 35°3049 20%01%,9 35°10' 06. .76 .52 41,6

(i) 193595 38%2012 20%5™.0  38%4 o7 - 893 .67 121

103505 38%012  20Ms™.9  38%44 o7 8,73 67 124

(1) 103505 38%4012 20Ms™o 38%4' o7 873 .67 12.1
(11) 1903682 37°3804 20™e™5 37°30 05 SRS

193505 38%4012 20Ms™.o  38%4 o7 873 .67 12.1

103505 38%4012 20Ms™9 38%4 07 8.73 .67 12,1

(i) 190864 35°3049 20"01™.9 35°19' 06 7.76 .52 41,6

(3i) 193595 38%4012 2071579 38%44" o7 8.3 .e1 12.1
(1) 192639 36°30s8 20Mo™s  37%03 osf 7.11 .66 -

(ii) 193595 38°4012 o7 8,73 61 124
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TABIE 9 (Contd.)

Reddened Star

B-stars
geﬁi?l 5o L Riq000 P®Cq000 ngé LA T
14 208587 36°3966 20714™.7 36°19' B1II  10.07 1.06 11.89
15 30°%117 20M4™,2 39°43' B1IT 9,92 1,13 11,53
16 36°4000 20M15™,1 36%56° BO5Ia  9.63 1,09 12.8
17 36°4004 207154 37%s’  BO5 TTT  9.63 1.18 10.8
18(i) 228882 40°4113 20M5%.4 40%23' BOSTa  9.21 1.43 11.3
18(i1) " n " T X WP "
19 208010 39°4135 20M15™,9 40%s' < B1 TV  9.68 .89 11.01
20 228928 40°4117 20M6™,0 40°20 B2 Thimm 9.69 1.13 12.0
21(1) 228929 39°4136 20™6™.0 39°36 BO.5Ib  9.63 1.43 11.2
(11) o u n u n s I
22 998043 38°4016 20M16™,1 38°17°  BOTI 9,29 1,21 11,06
23 1903704 38%4028 20M7%1 392 BO V
24 229033 37°3808 20M17™.2 37%25 BOTI-IIT 8.77 1.02 10.7
25 193045 40%4132 20M7".0 40°52'  BO Vmn
26 225108 38%4038 20M8™.3 39%8' BO.5Tb  9.48 1.09 13.31
o7(i) 194839 40°4165 20"22™8 41°3' B0.5 Ta  7.49 1.28 10.35
(i1) o u n n u oo Lo l
28(i) 40%185 2024™7 40°8'  BOV 9.82 1,14 10.6

(ii)

i
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TABLE 9

b v

Comparison Star

B-stars
HD BD RAIQOO ]Z)eu::1900 Tsyg:a v B_V m-M
192303 37°3828 2079™.1 37°56' BLIIT 8.96 .56 11.5
194002 40°4137 20%18%.6 40°39' BO5 IIT 8.26 .41 11.73
193076 37°3866 20%13™.3 37%2 BOSII 7.62 .61 11.0
193032 38%3080 207130 38°35' BO III 8.32 .65 11.37
(1) 192422 38°3956 20P09™.7 38°28' BOSIb 7.09 .78 10.55
(1) 193443 37°3879 20M45™.2 3757 09 IIT  7.24 .72 11.18
192303 37°3828 20" 9®1 37°56 BL IIT 8.9 .56 11.5
193183 37°3867 20M3%.8 37%5 B1.5Tb 7.12 .67 12.81
(1) 192422 38%°3956 20%9™.7 38°8 BO5Ib 7.09 .78 10.55
(1) 193443 37°3879 20M5™.2 37°7 09 IIT 7.24 .72 11.18
193076 37°3866 20M3™,3 372 BOSII 7.62 .61 11.0
226263 37°3819 - 20008™.4 37°21'  BLV  9.42 .42 11.66
192303 37%3828 20" ™1 37°6 BLIIT 8.96 .56 11,5
008263 37°3819 20008™.4 37°21'  BLV  9.42 .42 11.66
193076 37°3866 20M3™3 37%2' BOSIT 7.62 .61 11.0
(1) 192422 38°3956 20%0d™.7 3828 BOSIb 7.09 .78 10.55
(i1) 193443 37°3879 20Ms5™2 3757 09 IIT  7.24 .72 11.18
(1) 228263 37°3810 2000s™.4 37%1' < BLV  9.42 .42 11.66
(i) 228690 37°3861 20M2™.g 3737  BOSV 9,25 .55 11.4
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TABIE 10
Normalised magnitude differences hetween reddened and comparison stars.

Se;ial & 1,25 1,35 45 138 .67 075 187 1.95 2.0 504 2.2
£ k  amg amp amy Amy Am, ampx AT AMp AMy, AW, Am,

1 B oAl @ - 4D B8 55 U860 76 .63

2 B S03  SHB . FL6 .38 J8E. 56 88  BY U8

3 B9 =65 0B IZ .39 B3 63 e .98

4 90 =39 .03 20 A5 33 6 .52 B B2 .0 .68 . B6

5 p44 .Og "'004 -14 023 - 041 -55 064 071 -80 -82

6 1.39 q96 004 -09 -10 .38 057 .61 | 480 .78 n88 |98

7(i) 148, SE86T 04 18

(i1) 92 A3 -0 36 G4 28 B2 B2 O B9 T .80

8 1,08 <. 48 02 15 08 33
9(i) 1,16 -,60 -.08 .19 .24 BL 49 51 BBy B
(ii) 92 ~-.35 ~,14 18 .42 - Bl 69 1l 69 6
10 2.79 -,20 .05 .19 ,23
11 1,48 4% 06 A2

123 2.3 =24 03 A%

(ii) 1.93 -.64 .02 .14 .21 58 .59 70
13(1) 236 38 03 .13 22

(ix) 2.04 <.22 .02 .08 .21

14 105 <59 02 IS 3% ;23 B8 45 o5
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2.22 2.26 2,37 2.41 2,48 2.54 2,59 2.62 2.67 2.72 2.78 2.82 2,86 2.9%
Amy ANy AW AmMN  AMN Ay AN} ANy amM, AM,  Amy Amy 4my Ay
1.0 1,04 108 1.16 1,16 1.919 2.20 1,23 1.34
1.0 1.0 1.15 1,29 1.12 1,21 .24 1,27 1.27 1:35
0 1,05 1,14 1.14. 1,23 1,25 1,27 1,31 1,44 1,35 1.36
1,09 - 1.11 = 1,21 1,26 1.37 1.31
3.0 1.0 -aig - 1,10 1,19 1,26 1.26 1,44 1.52
1,08 1,10 1,14 - 1,20 1,20 1,24 1,32 - 1,33 1,36 1,32
ST 1,09 116 1,19 1,200 1.27 1,33 1.32
.93 1,04 1,17 “ 430 1,29 1.38 1,28 1,29 1,40 1.43 1.33
1.07 1,09 1.16 1.24 1,10 1.29 1.24 1.,2¢ 1.28 1,23 1,24 1.24 1,28
94 1,03 1,18 - 1,23 1,28 1,29 1,28 1.31 1.35
1,0 1,10 1,15 - 118 1,20 1.34 1,42 1,39 1.47
1.0 1.08 1.15 1.14
1,0 1.05 1.17 1.22 1,20 1,29 1.28 1,34 1.37
1.0 = 1.9 3.98 1,20 1,85 127 4,30 1,31 1,38 1,38
1.0 1,10 1.15 1,18 1,13 1,22 1.25 1,28 1.31 1.30 - 1,44
1.07 1.12 1.13 1,13
1.06 1,08 1,10 . % |
1,07 1,03 1,18 1,21 1.21 1,27 1,27 1.32 1.34

1,22
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Serial
NO. ‘% 1‘25 1.35 1.43

£ k amy, am, am,

15 1.79 2% 01 AL 24
16 .23 £02 _® A4 L0
17 1,07 - .63 02 .08 .08
18(1) .32 .64 03 A4 22
Fiy 4.81. .38 02 3 19
19 .54 .84 .01 .18 31
20 1090, 1.58 4603 At 48
2{E) 1810 2496 B ot B3

Gi) 478 56 .07 13 38

22 1,200 .75 =02 12 23
23 .86 108 .01 A4 25
24 o4 =,53 =00 07 25

26 140 . .58 i1 13 .2
20E) 110 =45 A5 090 .30
(ii) 1.24 -.56 .06 .05 ,26
28(3i) 1,28 .34 04 .15

(i) .97 =11 "=.07 .19

194 1.87 1.75

dm},

.34

.30

.28

.48

. IO

4 M

«5.111;,~

.47

AT

1.82

.61

.63

.50

.05

2.04

A]'f'lh

.83

.76

.91

2.20

A rﬂk

.94

.92

.91

.97
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TABLE 10 (Contd. )

-%_2.22 2.26 2,37 2.41 2,48 2.54 2.59 2.62 2,67 2,72 2,78 2.82 2.86 2,91

Afy Amy,  ARy. AN, AM. AN, AWy A, AN, A, ANy ANy ANy Amy

L9 411 31.36 1.22 1.23 .24 %29 1,26 1.35

1504 1,07 3:07 1,09 111 1,17 1,21 1,16 196 - 1,95 1,32
1.05 1,09 1,26 1,20 1,25 1.36 1.20 1.24 1,38 1.30
1,07 1.09 1.22 1.23 - 1,30 1,25 1.26 1.31

1,08 1.10 1.16 1.17 1.28 1,25 1,32 1.25 1.25 1.32
92 .92 1.14 1,20 1.24 1.24 1.27 1.14 1,53 1.56 1.35 1.46 1.64
1,03 1,10 1.13 - 1.17 1.13 1.07
1.06 1.13 1.15 1.13 1.16 1.18 1.18 1.23 1.19 1,19
1.13 1.16 1.16 1.16 1.29 1.24 1.24 1.23 1,21 1,21
1,07 1,00 1.45 - 4,90 - 481 - d.98 4.33 1,34 1.45
1.0 1.0 1.16 1.15 1.27 1,30 1.38 1.23 1.25 1.45 1.41 1.45 1.39 1.59
1.0 1,0 1.08 1.0 1.12 1.31 1,28 1.31 1,35 1,33 1.28 1.45 1.43 1,41
1.0 1,05 1.02 1.46 1.15 1,25 1,31 1.24 1.20 1.40 1.38 1,50 1.62
1,0 1,08 1.11 1,19 1,19 1.23
1.0 1.03 1,20 1.15 1.26 1.21 1.32 1,37 1.34 1,40 - 1.45 1.50
1.0 1,02 1.19 1.14 1.20 1.27 1.33 1.37 1.37 1.40 1,48 1.45
1,0 1.06 1.09 1.10 1.18 1,22 1.26 1.23 1,32 1,32

200 108 1,21 1.0% 1,21 4.2 4.2 181 1.32 1025
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TABIE 11

Deviation from "1 /A ~law"

No. YA 1.25 1.35 1.43 1.54 1.67 1.75 1.82 1.92 2.0 2.04 2,20
1 03 .03 04 B3 B =) 08 .03

2 06 =02 =05 =06 =11 =08 =068 .05 .05 41

3 =01 01 .18 A =508 = w03 0B

4 0 =08 06 —s01 01 01 -0t 18 .08 4 i2
5 07 w0l w82 = O =08 =0 w01 03 6

6 =01 .04 A1 =,06 =,12 =,08 - -,10 0 -,06 4]
7 B =03 07 O 07 B -.07 0L 02 02

8 Ot =08 43 -0 0 =,08

9 OB =06 =12 06 02 -03 .08 .12 .07

10 =07 .06 =02

11 =08 04

12 0 -.03 0 08 ol @

13 0 .03 =08

14 O1 =02 -6 09 A5 15 - 415

15 82— 0l ~03 =0 G0E 08 08 52

16 0% w0l =0T e 404 B3 0 0O w08

17 0L 08 13 =02 0% 0% A o~ 07 .08

18 B Bl 0 LBE 02 JB6 =83, O3 02
19 02 w05 =10 =08 =01 ~, 01  J2 04 =20 o1
20 B G0%F 07 00 <06 10 05 « 07 =02 =08

21 w86 =0l 0 406 09 -8B -02 - 03 .03 .08

22 05 .01 =02 415 =08 =01 -Jb .03 . .06 =01

23 0% =01 =08 =16 04 08 .04 =11 -.08 =10

24 D4 06 048 04 Al A1 .00 BB 06 04
25 .01 ,02 02 - o7 07 =.08. .07 .06
26 .08 -0 B =05 =45 =08 02 =402 =13 =09

27 =07 06 =07 = =47 =15 -.08 =.11 =.11 .04
28 .08 -,04 01 06 —02 .09 .04 .02
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TABIE 11
2.26 2,37 2,41 2,48 2,54 2,59 2,62 2,67 2,72 2.78 2.82 2.86 2,91
0 A L 830 S naS Nt i SR Dy
A% 0, =80 g3 18, 08 L1818
Bl L0f A2 08 A8 A8 A4 6 LB 8
- 04 - 05 06 O .09
7 AR -, GRS | R T RSO - SRR 17 RN o (IR
-.06 .01 - 06 A2 13 08 - L A .
#i02 B2 S B GOl 04 .03 10 I8 10 1B .27
=08 =08 =05 .36 .03 A3 A8 47 .97 L3 .36 A1
=08 =it 06 .08 .05 .05c 10 4009
-.04 0 12
=01 =02 -,03 ,06 .03 ,09 .06 .08
06 =02 Of A0 JOF it i dd oie Jis  Lie
06 - .04 14
o =303 .05 ,10 .16 A8 .23 oA %6
07 =01 403 0% 08 0 4% .09
w03 208 LA A5 s 24 e BT .28
S L | 06 SOF . JOE bagR0 - 2l 13 26
=08 03 02 0L 07 06 A5 420 419
A2 01 .01 02 08 JA0 26 =Jog <06 21 14 0
-.06 ~ ,02 - 09 ,19 .30
AL Jo 08 Ak o 5T giF 1 Lgs L3d
.03 Q .06 .06 A0 alT . 322 0 B35
04 01 04 01 02 =01 A7 200 08 15 T 16 425 .10
04 07 19 13 01 -.09 09 A0 A7 28 16 .21 .25
L R - P i SRR & I 1 R AR e R Lo R ¢ s L R .07
04 4 0 07 .09
01 =05 .04 03 08 .04 ,L03 10 310 = d4 17
0 0 A1 06 07 14 13 13 2
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.3 Reddening Law in Cyenus

L.31 Results of present investication

'The reddening curves have been derived for 28 pairs
of highly and moderately reddened 0- and early B- type
stars down to magnitude V = 10m.0, for which gpectral
types ars available in the literaturs. Spectral types
of stars fainter than 11™.0 are not accurately known
and therefore they have not been considered.

Stars investigated are plotted in Pig. 15 and the
necegsary data for the palirs of stars compared ars
given in Tehle 9. V is the apparent visual magnitude
and Ep_y is the colour excess on Johnson's (1953)
sjétem. These columns have been obtained from Hiltner's
(1956) cataloguse. (m - M) is the trwue distance
modulus which has been determined from the spectral
type-luminosity relation given by Schmidt-Kaler (1962).
The average error in distance-modulus is about i1m.0.
The spectral types on the twé—dimensional MK system
have besen taken from the following sources:-—

1.  Hiltner (1956)

2. Morgan et al (1955)

3. Barbier (1962)
A comparison between the spectral types determined by
Barbier and those determined by Morgan shows that the

standard error in spectral types is #.07 subclass.
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Stars later than type B3 have not been measured. For
the pairs No. 7, 9, 12, 13, 18, 21, 27 and 28 two stars
have been used as comparison stars.

Hormalised magnitude differences for sach pair of
stars are given in Table 10. The values in the table
can be converted to observed magnitude differences by

the following equation,

(Am?*)ObS- =1L (dm})normalised e I (L0}

Column 1 gives the serial number which corresponds to
the stars of the same serial number of Table 9. Values
of £ and k are given in columns 2 and 3. Deviations
from the straight line which passes through (Arn%== 1m.0,
i/x = 1.2%F1) and whose slope is unity, are given in

Table 11.

L.32 Continuum anomalies

The anomaly that O-stars in Cygnus have a higher
ratio of (U-B)-colour excess to (B-V)-colour excess
than is found elsewhere was noted by Rodger (1961);
he suggested that the effect is dus to intrinsic ultra-
violet deficiency in these stars. In this case thse
reddening effect for O-stars should be different from

that for B-stars. The differencss

(Z\Tnb)o-stars 5 (Amb)B-stars
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have been plotted against 1A> in Fig. 20. They are
within the r.m.s. dispersion about the mean and have

therefore no significancs.

L.33 Intrinsic dispersion of reddening curves

Tahle 12 compares the total error of observations,
as described in section 3.5, with the r.m.s. dispersion
about the mean of the magnitude-differsnces from all
pairs of stars measured in the present work.

The table shows that the dispersion in the
reddening curves can be explained solely in terms of
error of classification and measurement. An upper
1limit of 3 per cent can be placed on any intrinsic
r.m«s. dispersion of the reddening curves, having regard

to uncertainties in the measured dispersion and serrors.

L.3L Dependence of the reddening law on distance

The patchiness of interstellar absorption in the
region of Cygnus is illustrated in Fig. 21 in which
colour-sxcesses of the stars investigated in the present
work (denoted by filled circles) and by other authors
(denoted by circles) have been plotted against distance
moduli . /Dawrence and Reddish (1964)/.

For a comparison with results derived by differsnt

authors as well as for an investigation of whether or
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not there is any variation in the reddening law with
distance, the stars in Fig. 21 are divided into two
groups, A and B, each containing approximately an equal
number of stars. The average distance modulus of the
stars of Group A is 10".8 and of Group B 12™.0. The
moderately reddened stars are separated from the highly
reddened ones by a dotted linse. Normalised magnitude
differences have been calculated for pairs of highly
and moderately reddened stars belonging to the same
Sroup. Since the stars are situated in the same
region in space irregularities in the properties of
stars dus to local galactic conditions, if any, will
probably be the same for reddened and comparison stars.
The curves are normalised in the manner described
garlier. Wnere observations are limited to the spsctral
range from 6000A to 3L00A, the curves are normalised so
that the slope of the line between %: 1.70 471 ana
% < 2.28/‘*~”JI is unity and

Amy = 170 at % - 2.22;-«'1
For each group of stars a mean reddening curve has been
derived separately from the results of the present work
and from the published data of Stebbins and Whitford
(1943), Schalén (1959, 1961), Divan (1954), Rodgers
(1961), Johnson and Borgman (1963). The results are

summarised in Tablse 13 and the comparison with ths



reddening curves derived from the data of different
sources . is shown in Figs. 22 and 23.

Deviations from the %_1aw fitted at % = 1.22 n
and % = 2.22fk'1 averaged over % = 2.26f&—1 to 2.90}«"1
are plotted against distance as well as colourf-excess in
Figs. 24 (a) and 24(b). No correlation has bsen found.
A smooth curve has been drawn through the plotted points
of Figs. 22 gnd 23. The difference in mean reddening
curves derived from the stars of Group A and Group B
does not excsed Om.OB.

It is now necessary to investigate whsther the
raeddening law for moderately reddened stars obtained
by comparing them with nearby slightly reddened stars
is ths same as that found for the pairs of highly and
moderately reddened stars. This study is not possible
from our objective prism plates as the nearby stars
are toc wide apart. However, from Stebbins and
Whitford's and from Johnson and Borgman's photometries
the moderately reddened stars have been compared with

the following nearby stars:

Sp. type Reference Stars
0 HD 47839 (15 lMon)
HD 14633

HD 66811 ( & Pup)
HD 214680(10 Lac)
BO V HD 36512 ( » Ori)
B1 Ib HD 91316 ( PLeo)
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Mean Ain%'s for different groups of stars at the
regpective inverse effective wavelengths of the filters
have been compared in Table 14 which shows that within
the errors of observation the reddening effect of
highly reddened stars is the same as for moderately

reddened stars with respect to nearby stars.
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GROUP B TABLE 13 (Comtd.)

INbrmalised interstellar absorption values for the stars of Group B
(cefe Fige 2,1 ) derived from the data of different sources.

1/, Edinburgh Johnson & Borgman Stebbins & Whitford
N Amy, Amy Amy
13 stars 3 stars 2 gtars
« 98 -.27
1.19 -.03
1,25 .02
1.35 .13
1.43 22 .20
1.54 «33
1.56 .29
1.67 .49
1.95 +52
1.79 +59
1,82 D9
1.83 .65
1.92 .66
2.0 .78
2.04 .81
2.09 e

2.20 <92
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TABLE 13 (Contd.)

GROUP _B
1/1 Edifﬁurgh Johnson & Borgman Stebbins & Whitfoxrd

> Amh Am,‘

2,22 1.0

2.26 1.04

2.30 1,08

2.37 113

2.40 1.15

204 o

2.48 1,18

2.54 1.23

2,59 1,26

2.62 1,26

2.67 1.30

2.72 1.35

2,78 1.40

2.82 1,38

2.86 1.41 152

2.50 1.46

2.91 1.50
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TABIE 15

Wavelength dependence of interstellar absorption in Cygnus region.

1/ . Weighted lMean Mean Standard StandaFd Error of
Ama Error the Weighted Mean

1,19 -.03
1,22 0
1,25 .023 .01 .003
1.35 .130 .01 . .004
1,43 214 .02 .007
1.47 . 246 .02 .007
1,54 314 .03 .009
1,56 .378 .03 .017
1.62 .409 .02 .006
1.64 421 .02 ,013
1,66 .451 .02 011
1,67 461 .02 011
1,70 .489 .02 .008
1,78 .504 .02 .005
1.74 .529 .02 .005
1.75 536 .02 .005
1,76 540 .02 .006
5 556 .02 .004
1,79 .575 .03 .008
1,80 .585 .02 008
1,82 .604 .02 011
1,83 .621 .03 012
1,87 .655 .02 .013
1,88 .664 .02 .013
1,90 .682 .02 011
1,92 .695 .03 W0
1,94 .726 .02 7012
1.97 .758 .02 .010
1,98 ,769 .02 010
1,99 .75 .02 .012
2,0 .785 .02 -85
2,02 .806 .02 §207
2,03 .812 .02 158
2,04 ,821 .02 003

2,05 835 .02 L011



Mg =

ABIE 15 (Contd.)

1/} : Weighted Mean Mean Standard Stanﬁa?d Error of
Amy Error the Weighted Mean
2,06 . 845 .02 011
2,08 .870 .02 .010
2,09 .879 .02 .008
2,10 .886 .02 008
2.12 . 902 .02 ,011
2,15 ,930 .02 .010
2517 . 949 .01 .008
2.20 571 .01 .008
2422 1.0
2,25 1,03 .01 .005
2.26 1,042 .02 .004
2,30 1.071 .02 .003
2,32 1,090 .02 ' .005
2,35 f.131 .02 .005
2o 37 1,431 .02 .007
2,40 1,146 .02 .007
2,41 1,156 .02 .007
2,44 1,171 : .02 .004
2.46 1,182 .02 .006
2,48 1,190 .02 006
2,50 1,207 ,02 .005
2453 1,234 .02 .008
2.54 1,242 .02 .005 :
2,55 1,248 .02 .005
2,59 1,268 .02 .007
2.60 1.277 . 02 .007
2,62 1.283 .02 009
2,67 1,315 .03 .009
2,70 1,346 .03 .010
2.72 1,356 .03 .010
2.74 1.365 .03 .013
2,78 1,384 .03 017
2,82 1,406 .03 .016
2.86 1,444 .05 021

2.90 1.468 .06 022
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L.35 Weighted mean reddenine curve

Since there is no significant intrinsic dispersion,
no significant distance dependence and no significant
difference between the reddsning curves for 0- and B-
stars, all the availsble observational data in‘ths
Cygnus region have been used to give a weighted mean
reddsning curvse. The weight given to sach individual
curve included in the mean is numerically equal to the
difference in the colour-excesses of the pair of stars
being compared. | As shown in Section 3.5 photometric
errors are not important in comparison with uncertainties
in spectral classification which are assumed to be about
the same for all observers; and the error of the mean
reddening curve is therefore substantially reduced by
increasing the number of reddened stars. Weighted
mean Annh , mean standard error and standard error of
the weighted mean are given in Table 15. The mean
reddening curve and its deviation from a 1/ -law Titted
at 1 = 1.22p 71 ana 2,22 is shown in
Wige. 25 and 26,

As a result of measures of a large number of stars
at many wavelengths the error in the mean reddening
curve resulting from different sources of error is not
greater than 0".03 mag. in the ultra-violet, o™.02 mag.

for the blue and longer wavelengths. Within these



Fig. 27 The reddening curve in the Cygnus region after Johnson and
Borgman, 1963 (denoted by circles). The solid line represents

the weighted mean reddening curve (c.f. Fig. 25) normalised
to Ex_y = 1.0 and Ay = O%.0.
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.errors the observed curve can be represented by two
straight lines:

By, =il =222, 104 4/ 2,30

o e 0.64 1/X = 0.39, 2.30 < 1/ & 2:90

The change in the slope of the reddening curve occurs

(L1)

il

in a narrow wavelength range.

The result of the present work is in agreement
with the conclusion of Whitford (1958). The ratio of
the slops of the two linear parts from Whitford's curve
is «61, which is approximately the same as found here.
Whitford estimated that the change in the slope of the
reddening curve occurs at 1A = 2.2,¢“1, while in the
present investigation the slope is found to change at
about 1/n = 2.3/&"1.

The extinction curve derived by Johnson and
Borgman (1963) for Cygnus stars from colour-excess
ratios (reproduced in Fig. 27) shows that the points
corresponding to inverse effective wavelengths of the
filters R and I do not lie on the straight line fitted
at 1/ = 1.80[*“1 and 1/» = 2.3r—'1. But a shift of
the assigned effective wavelengths of the R and I
filters towards longer wavelengths by an amount of
300A and 500A respectively brings Johnson and Borgman's
curve into good agresment with the present result. It

seems that some zero-point corrections are necessary
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for the red filters of Johnson and Borgman's photometry.
The colour-excess ratios calculated from the

weighted mean curve for the effective wavelengths of

ﬁ, B, V and J filters and for corrected effective wave-

lengths of R and I filters are given in Table 16.

TABLE 16

Johnson and Borgman
Colour-excess ; Weighted
satia Edinburgh Moan Adopted
n‘ —
L4 1.88 1.83 1.90
Ep_y
B
e .80 .86 . 80
Ep_v
Y
e 1.60 1.65 1.70
Ep-v
g ‘ ,
= A7 2.25 2.20
Ep_v

Table 16 shows that the colour-excess ratios determined
from the mean reddening curve agrees with Johnson and

Borgman's result. An extrapolation on the basis of
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] =

their adopted colour-excess ratios —t—k R ST :
Sy and Tp_y 8ives:

j;; (r~1h A my
L7 -6}
.30 -.68

The extrapolated part of thse feddening curve has been
shown by the dotted segment in Fig. 28.

The comparison of the weighted mean reddening
curve with different theoretical solutions of van de
Hulst (1949) has been shown in Figs. 29(a), 29(b) and
29(e) . Over the wavelength range studied in the
present work none of these solutions is in exact
agreement with the observed curve. Curve No. 15 which
has been preferred by van de Hulst deviates in the
ultra-violet in the same sense as found by Divan (1954).
Curve No. 8 seems to be nearest al though even then
absorption at 1/} = 2.5}‘*"1 and 2.6}-»'1 are 3 per cent
higher than the observed valués.

Neither Curve No. 15 nor Curve No. 8 provides the
exact £it with the extrapolated part of the reddening
curve, the residual without any regard to sign in each

case being about O™.0L. The reality of the difference
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between the theoretical solution and the extrapolated
reddening curve depends on the accuracy of the infra-
red colour-excess ratios and of the adopted effective
wavelengths of the infra-red filﬁar. Curve No. 8

gives the value of R = 2.8 while the extrapolation of

the observed reddening curve betwesn 14 = 1.0 and
1/} = 0 by colour-excess ratios EV-K and ZV-L gives
Ep-v EB-V

R = 3.10
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Comparison of the obssrved reddening curve
with different theoretical solutions of van
line observed curve; the

theorsetical solutions.
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Cohclusions

The mean reddening curve for Cygnus stars over
the wavelength range from 8000A to 3LOOA consists of
two linear parts, a change of slops occurring in a
narrow wavelength range between LLOOA and MBBGA.

The dispersion in the observed reddening curves
can be accounted for by errors of observation and thers
is no intrinsic r.m.s. dispersion in the reddening
curves largsr than 3 per cent.

The difference in mean reddening curves derived
separately from O- and B-type stars is not greater than
5 per cent.

The fact that reddening curves derived from two
groups of stars situated at average distances of
1.2 kpe. and 2 kpe. differ by not more than 3 per cent
signifies that in the direction of Cygnus the
reddening law is independent of distance out to at
least 2 kpe.

The weighted mean-reddening curve derived by
combining all the available observations in ths Cygnus

region is accurate to 0.8 per cent.
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Monochromatic Magnitudes

Relative monochromatic magnitudes for stars have been
determined from the measurements on the tracings of the
spectra. The wavelengths at which the magnitudes have
been obtained correspond to those measured for the study of
interstellar reddening. Using equation (31) the measure-
ments of all stars have been reduced to the zero-point of
one plate system. In Table 18 the monochromatic magnitude
for sach wavelength has been given relative to a zero-point
defined by the mean magnitudes at the respective wavelengths

of the following stars:

BD HD Sp. Type
37°3900 193890 B9.5 V
37°3904 193984 Ao V
37°3819 228263 B1 V
37°3785 227902 B1 V
363948 228156 B2 IV

3693927 228199 B0.5 V
3594019 228326 B2 IV

Relative monochromatic magnitudes have been corrected for

atmospheric extinction with the help of equation (24).
While the average standard error of a single measure-

ment of monochromatic magnitude is of the order of +07.06,

an additional error has been introduced by the conversion
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of one plate system to a standard system. The mean error
in the transformation equation (20) is of the order of
iDm.OB mag. The resulting uncertainty in relative
magnitudes measured from one plate amounts to +0™.07. The
number of measures for each star is given in thse fourth

column of Table 18.



TABLE 18

(Relative lionochromatic Magnitudes)

(Contd.

A 8000 7400 7000 6500 6000 5700
= 4.8 .35 dhE sk ey Hep
ﬁg?‘ Star Tigé (n)
1 HD 190864 06 1 =1.47
2 190919 B1 Ib 1 -1.94
3 190967 BY1 Ib-II 1 =1.66
Y 191139 B0.5 II 2 -1.29
5 191158 2 =1493
6 191201 BO III 2 -1.86
7 191225 AOV 2 = .57 = .56 - .56
g8 191243 B5 Ib 1 =3.22
9 191290 2 -1.69 =-1.54 -1.59 =-1.45
10 191291 3 =83
11 191396 B0.5 II 1 =-1.36
12 199456 BO.5III 3 =151 =1.51 =1.61 -1.85
13 191641 BO.5III 2 =111
14 191612 08 5 w430 =1.23 <1357
15 191703 2 -2.04
16 191720 B9V 2 =-1.22
B 191897 1 -1.82
18 191917 B1 III 2 =1.36 =1.36 =1.34
19 192003 B2 1V 2 = U1 = .36 = .37 - .36 =-.39 -.41
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A 5500 5200 5000 4900 L4500 L4430 4220 L4150 L4035

T4.82. 1.92 2.0 2404 2,20 2,86 . 2372 2.l 2.&8(Contd':
Ser.
No.
1 ~1.54 =1.05 =1.54 =-1.63 -1.52
2 -2.04 -2.04
3 -1.21 -1.05
I ~-1.35 ~1.42 -1.30 -1.38 -1.25
5 —2.48 =2.52 =-2.37 =2.50 =2.36
6 -2.12 =2.16 =2.09 =-2.18 -2.04
7 -1.01 -1.04 -1.03 -1.04 - .95
8
9 -1.04 - 82 - .40 - 51 = .25
10 -1.51 -1.57 =1.51 -1.45
11
12 -2.0 =2.04 -1.96 =-2.06 -1.90
13 -1.00 = 97 = .94 = .94 - .88
1l S #1.38 21,33 =1.40 =1.27
15 ~2.18 -2.15 -2.05 ~-2.06
16 478 T8 —12T3 =1.80 =17l
17 At =118 — 87
18 =1.62 =1.60 =1.54 =-1.52 =1.50
1O B8 e B6 =i iT =B = 5BE = U9 = kg =050



X 3930 3858 3820 3750 3670 3600 3540 35007 34kO
~§ 2.5 - 2.58  2:62 .66 12.72 '2.78 2:82 .2:66 2.9
Ser.
No.
1 1460 =161 =1.67 =1.81 =-1.79 =1.90 =-1.91 -1.98
2 =194 -1.93 =1.93 =2.05 =2.05 =-2.19
3 -1.14 = .98 -1.03 - .96 - .89
L =139 =1s27
5 =2.,0 =2.12
6 -2.08 ~2.08 =2.09 ~2:18 =2.28 =2.36 =2.36 =2.33 =2.25
1 - .96 - .87 - .74 - .49
8
9 = 258 = 382
10 -1.L46 -1.68
11
12 =00 199 ~1.95 ~2.08 =2.12 =2,06 =2:10 =214
13 = 497 = 93 ~ 495 =1.09 -1.056 = 499 #1.02 =104 =1.05
1 =439 =1e37 =136 ~1:35 -1.51 ~1.51 -1.48 ~1.51
15
16 -1.72 -1.59 -1.49
17
18 4Bl =1.55 ~1451 =4.56 =1.65 =1.65 =1.66 =1.71
19 _ =ah5 = WlU5 - 45 —eblf = .51 = B0 = JA45 - .50 = 50
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N 8000 7400 7000 6500 6000 5700
\ Contd.
% 1250 4350 4.l e 18R s Th

I%?f Star T?rgé ()

20 192021 1 =2.66

29 192078 1 =2.29 =#2,22 2,31

22 192079 B2 IIT 2 =~ «73 -.66 -.66

23 192102 1 = .89 = .65 =- .56

2l 192124 1 =1.90

25 192182 1 =2.22 =2.26 =2.35

26 192283 B9.5 V 2 = .79 = .73 = 56

27 192303 B4 IIT 2 = «65 — 65 = .55 -.49 =.53

28 192321 1 =3.04

29 192361 1 = 425 = 30 = 37 = 38 =.38 =-.46

30 192422 B0.5 Ib 2 =-2.29 =-2.18 =-2.21 =2.13 -2.07 -2.10

51 19245 BO.5III 3 =-1.64 =1.52

39 192537 B8 V 4 motl =il ~db =12 =.11

33 192536 1

3l 192538 1 =2.27

35 192556 i =0,17 ~2.08 ~2.05

36 192603 4 =241 =2.01 -2.02

57 192604 B7 III 1 = .06

38 192639 08 4 5 B0l A2 =105 ~Tofs —2A7 220k
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» 5500 5200 5000 4900 4500 4L430 L4220 L150  LO35

4382 1,92 200 2.0 228 2.6 297 2ui 2.ué?mﬂh
ﬁen
MO
20
54 = 69 = 45 = 13
20 = 61 = U7 = 60 - 62 - 51 - L6 = U1 = 43 = 40
23 -1+:33 =130
2l ~2.17 =2.22 -1.96
25 “1:52 ~1.38 = .98 = 75 =~ 75
26 -1.12 -1.20 -1.18 1 .1L
57 = wif = MO = U5 = 8T e B3 = 232 = 96 = aso = o5
28 ' ~-2.99 -2.90 -2.72
29 = JU7 = U8 = 66 =467
30 =2.06 =2.06 =2.04 =2.03 -1.93 =1.88 -1.85 -1.86 -1.71
31 -2.28 =2.40 -2.34 -=2.44 =2.35
B0 w8 = 27 = Gl =l = W7 = il = 48 - W46
33 -1.28 -1.23 -1.17 -1.07
3l
35 - 50 - .30
36
47 - .29 - 43 - 35
38  =2.14L -2.05 =2.13 =-2.11 =-2.10 =-2,06 =-2.01 =-2.04 -1.90
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» 3930 3858 3820 3750 3670 3600 3540 3500 344O
BBl BB 2.6F 18:B6 15i7R (2478 (2488 19:86° 129
Ser.
No.
20
21
D9 = N0 = W38 = 42 = U9 = U9 = B3 - U5 = 47 - .29
23
ol -1.71 ~1.68
25 = .05
26 =417 ~ 92
27 = W24 = .22 - .30 - b3 - U6 - .37 - 42 - Lo - .36
28 -2.34 -2.25 -2.04
29
30 =471 =171 =1.79 =1.85 ~1.85 =1.81 =1.78 =1.83 =1.85
31 =D.38 ~2.36 =2.34 =2.36 =2.50 =2.51 =2.54 =-2.50 =2.50
32 = 46 - W34 = .30
33
34
35
36
B7 | =aB9 = 339 = 27
38  =1.91 =1.95 =1.99 =2.06 -2.12 =2.19 =-2.19



» 8000 7400 7000 6500 6000 5700

+ 1.25 1.35 4.43  4.54  1.67 1.75@0ntd
ﬁg?' Star ngé (n)
39 192660 B 0 Ia 1 =1.97 -1.95 =-1.91 -1.82
Lo 19274k 1 -1.81
41 192745 1 =1.03 = .85 - .78
u2 192766 2 =1.05 = .95 = .92 =1.23 -1.26 -1.28
43 192987 1 =2.21
44 192988 1 =141 = 87 - 77
45 192989 2 =2.24 =-2.32
46 192990 1« =175
L7 193007 B0.5 II 1 -1.56
48 193032 BO II 2 = .92 - .99 =-1.03 - .96 -1.04 =-1.01
L9 193063 1 -1.37 =1.48
50 193064 B9 2 -1.20
51 193076 B0.5 II 2 =-1.66 =-1.70 -1.69 - P
52 193159 1 =1.69 1,72 =1.91 -1.96
53 193183 B1.5 Ib 2 =2.36 =2.26 =2.26 =-2.18 -2.35 =-2.38
54 193184 1 =1.18 =1.05 = .79
55 193204 1 -1.26 -1.22 -1.03
56 193328 1 = 86 - 38 =~ .43
57 193344 B9 2 -1.29
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N 5500

5200

5000

4900

L500

1150

L035

T 482 9P 200 @l Bz 206 2487 20 2.uécont
Sern,
No.
39 133 ~1.39 =1.42 -1.21
110 -1.83 =1.78 =-1.70
L1 =1.18 -1.24 -1.24 -1.29 -1.38 =~1.35 =1.35 ~1+37
L2  =1.28 =124 =146 =1.U43 =“4UT 146 =1.52 ~1.55 =147
L3
4y = 57 = 46 -~ .53
45 =1.64 -1.46 -1.02 - .73 = .67
L6 -2.54 =-2.62 =-2.51 -2.52 ~2,40
L7  =1.5L =1.55 =1.43 =1.52 =1.50 -1.4l4 -1.4l4 -1.50 -1.52
L8 = .06 = .89 = .98 = 93 = 79 = «82 o 90- = 81 = 77
49  —1.49 -1.52 -1.68 =1.70 =1.63 -1.79 -1.96 ~1.88
50 ~1.87 -=1.89 -1.85 -1.88
51  ~1.60 =1.53 =-1.65 - ~1.62 =1.60 =-1.55 =1.60 =1.60
B8  =4.97 =200 =8.46 =217 -2.27
53 =2.30 =2.21 =2.25 =2.33 =2.20 -2.14 -2.04 -2.02 ~-1.87
5 = Tl - 262 - JT70 ~ i
55 - 73 =71 - .72 -
BE el - Jh5 — 67 e B8 = T8 = @8t . = .87 ~ <88
57 ~1.87 -1.92 -1.87 -1.97 -1.90
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» 3930 3850 3820 3750 3670 3600 3540 3500  34LO
= 2.54 2.58 2.62 2.66 2.72 2,78 2.82 2.86 2.9

Ser.

o.

39 =1.16 -1.11 -1.15

L0

L1 =1.30

L2  ~1.42 -1.36

43

Ll

45

L6

L7

8 = 78 i=ief9 = $88 =292 =107 =90

L9 .

50 -1.86 -1.84

51 1,59 =1455 =1450 =1.60 =1.59 =1.55 =1.60 =1.58 =1.57

52

53 _ =4.0l =187 =1+87 =1+93 ~1.93 178 =1.77 =1.80 =1.80

Bli. =T

55 - 27

56 - .88

57 =1.92 =-1.88 -1.89



™ 8000 7400 7000 6500 6000 5700
85 AB5L AdS 15y AsEE AMTs

wee, Ster  gns )

58 193369 1 =1.39 =1.44 -1.25

59 193426 B9 Ia 1 157 138 ~1:2p ~1.15 ~1.03 - 5
60 193445 09 IIT -2.04 -1.91 =-1.93 -2.08 -2.08
61 193487 1 =1.78 -1.63 -1.84

62 193537 B9.5 IV Saalid st J2R = 502 - 31 = Wl
63 193550 -2.13 -2.08 =-2.15 =-1.91

6L 193576 B2: II -1.20 =-1.11 =~ .96 -~ +86 = ,78
65 193595 07 D = J65 = 465 = 459 = U8 = .62 = .61
66 193611 BO Vp ~1.06 =1.0 - .84 - T8 =]
67 193612 Ao III - .30 = 31 = 16 - 443 = .56
68 193621 1 =2.20

69 193634 B3 III 1,76 ~1.87 -1.92
70 193636 1 =1.20

71 193681 1 = .66 |

72 193682 05 1.0 = 499 =1.05 -1.06 - .93
73 193794 BO V 2 BAL85 1 = Ty, = 67 = 58, = l2) ~ 59
74 193889 1 % B2 = BB~ 372 =~ 565 = ;66 ~ 71
75 193890 B9.5 V = 232 = .23 - 15 = .22 = .37 - 46
76 193908 -1:12 = .98 =1.02 ~1.01 =1.22 =1.21

il
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* 5500 5200 5000 L4900 L4500 L4L430 L220 4150 L4035

+ 482 .92 2.0 gl ghge 2.2 237 2. z.uépont
Ser
No.
58
59 - =alb - W5 - 5L - L7
60 -2.02 -1.88 -2.03 -2.03 =-1.98 -1.90 -1.86 -1.88 -1.90
61 1487 =1.83 -1.68 -1.76 -1.62
6D e diF B~ B o B TR S T - oT8 S TR a2
63 4528 =104 =~ 470 ~ 75 ~ o5l
Bli = W7D = W58 = LB = L6 e BY =i 3P0 = 35 = 25 =10
65 - s5F = BT = B2 = 96 = .3 = =36 = g - 2L
66 = b8 = oBF = 260 =359 =33 = =30 = S0 = .30 = .11
67 = B3 — 51 = 479 = .82 - 86 - 82 - 89 - .93 ~ .83
68 ~3.05 =3.06 -3.00 =3.13 =3.17
69 —1.87 ~1.80 =1.94 =2.02 -1.91 -1.88 =-1.82 -1,95 -1.82
70 ~1492 =1.97 <1.82 ~41.+87
71
Fo a0 = T8 = B0 < TT S 65 = 56 = Db < HE =3
S BB S A = A = S Bl B 1S .31 52
T = B2 = Bl = WBT = 66 = 56 - w63 - hl - .38
76 o= il = aBl = SJ1 e S R3T = Wli2 = W53 - 462 — .66
76 —1.22 =1.26 -1.36 -1.44

(11
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76

* 3930 3850 3820 3750 3670 3600 3540 3500 3440
T 2.5l 2.58 2462 2,66 2.72 2.78 2.82 2.86 2.9
S_e 8
NOa
58
59 = 421 = .21 = .29 = .29 - .11 525 .30 .31 45
60 =1.83 =1.83 =1.79 =1.90 =1.91 _1.88 ~1.90 =1.88 =1.90
61 -1.4y =1.29 -1.30
62 = .69 - .63 - .51 - .09 .05 .06 .10 15 .16
63 = 405 - Jll
6li = A5 = oWl = W20 = (BF = i3 = 5 = g = Al = {2
65 = «30 = «32 - M40 = 51 = .56 = 5L <= 48 - L9 = 46
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