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ABSTRACT

Photometric and spectroscopic observations have been made
of northern hemisphere early type stars at intermediate galactic
latitudes, Stellar distances, the corresponding distances from 4
the galactic plane and the interstellar reddening along the ;
lines of sight have been derived. The available published data

was used to support the observational results. The HI spiral
features seem to have corresponding optical counterparts, and the
agreement between the two patterns is remarkably good. The neutral
hydrogen kinematic distances depart from the stellar distances.
This can be explained in terms of the density wave theory, with a 5
small modification which may be the result of a non-zero distance ;é
from the galactic plane. The Local Arm extends to about 500pc é
above the galactic plane and the Perseus Arm to 1 kpc. Thus it
seems that the interprotation of intermediate latitude high and
intermediate velocity features, as vertical extensions to the
spiral arms in the galactic plane, may be correct,

Stellar and interstellar calcium radial velocities suggest ¢
that these intermediate latitude spiral features atdhere closely to :
differentinl galactic rotation, and that the small departures fiom
this motion exhibit a significant correlation with the predictions
of the density wave theory. Published proper motions are used ;
together with the stellar radial velocities to derive the components

of the stellar space motions with respect to their local standards

D T

of rest. In cases where the component normal to the galactic plane
was significantly different from zero, the dynamical lifetime was
calculated on the assumption that the star was formed in the
galactic plane. These were found to be compatible with the
svolutionary lifetimes for only half of the stars considered,
suggesting that about 50% of intermediate latitude OB stars were

eregeer

formed in or near the galactic plane and subsequently ejected from

it. The remainder seem to have been formed at considerable distances




(iii)

gt

from the galactic plane, and a scheme for explaining this is !
proposed. This scheme also explains the apparent assymetry between

the northern and southern galactic hemispheres. A few interesting

iR

high velocity stars and OB star associations are also considered.
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1.1

1.2

CHAPTER ONE

Introduction

Historical Development of Galactic Astronomy

Recent Studies of Galactic Structure at Intermediate
and High Galactic Latitudes, and the Aims of this

Present Investigation.
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1.1 The Historical Development of Galactic Astronomy

A comprehensive review of the development of galactic astronomy

has been given by Kienle (1969). Consequently only a brief summary

will be attempted in order to present the research reported here in its

historical context. &

Proper motion determinations by Halley were the first scientific

studies of stellar motions. These proper motion studies were continued

into the eighteenth century, and in 1760 Mayer published the first

catalogue of proper motions. By this time it had become generally

accepted that a " stellar system " existed, and Kant adopted the view
that the Andromeda Nebula was an external '" stellar system ! similar

to our own,

Major advances were made by Herschel in the early years of %3
the nineteenth century, By basing his distance determinations on
the assumption that all stars have the same luminosity as the Sun,
he established that the Galaxy consisted of a disk, in which most
of the stars were concentrated, Little progress was made after this
until the distribution of globular clusters was studied by Shapley

(1918). Unlike other celestial objects, the globular clusters :
show no concentration towards the galactic plane. In fact they i

appear to describe a sphere with the galactic plane as a diametrical
plane, which enabled the distance from the Sun to the galactic ﬁ
centre to be determined. This model of the Galaxy became firmly '
established with the discovery of differential galactic rotation
by Lindblad (1926) and Ooxt (1927), because the apparent solar
motion, star streaming and the assymetry in stellar velocities

could now be explained.

The accurate determination of stellar distances became feasible :
after the discovery of interstellar reddening by Trumpler (1930a) and ¥
the establishment of the UBV photometric and MK spectral classification 5

systems by Johnson and Morgan (1953). The existence of spiral




structure, suggested earlier by Morgan et al. (1952, 1953), was
established by Hiltner (1956) using accurate stellar distances

determined in this way.

The possibility that the hyperfine emission line of hydrogen,
at a wavelength of 2lcm, would be observable was first suggested
by van de Hulst (1945). It was first observed by Ewen & Purcell
(1951). More extensive 2lcm observations were made by van de
Hulst, Muller § Oort (1954), and these were interpreted as being
indicative of spirdl structure already reported (Morgan et al.,
1952, 1953). Similar observations in the direction of the galactic
centre, by Kwee et al. (1954), enabled a rotation curve, giving
the neutral hydrogen angular velocity as a function of galacto-
centric distance, to be derived for the inner regions of the
galaxy.

Schmidt (1956) used a mass distribution model for the galaxy
and was able to verify this rotation curve theoretically, and
extend it to the outer regions of the galaxy. However, this
theory quickly ran into difficulties, because the kinematic
distances predicted from radial velocities for neutral hydrogen
did not agreé with the photometrically determinéd distances for
the optical spiral tracers. The same problem was eicountered with
rogard to HII regions and their exciting stars.

A further difficulty arose with regard to explaining the
permanence of spiral structure. It became obvious that the galactic
magnetic field was far too weak to prevent the spiral arms from
“winding-up'. Consequently a new approach to the theory of
galactic structure was needed, This led to the development of
the density wave theory. The principle aspects of this are reviewed
by Lin et al., (1969).

This theory successfully explains the permanence of spiral
structure in the galactic plane. It does not, however, attempt to
discuss the spiral structure at intermediate galactic latitudes,

Al




if it does in fact exist at all., Neither is any attempt made to

account for the origin of spiral structure in a galaxy. A success-

Kl
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3

ful theory to account for these aspects of galactic structure has

yet to be presented. é
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1.2 Recent Studies of Galactic Structure at Intermediate

and High Galactic Latitudes, and the Aims of this

Investigation

Any future developments of a rheory to successfully account

for the existence and evolution of galactic spiral structure, will
probably take the form of some minor modifications to the existing

density wave theory (§1.1). Before any such theoretical advance

can be contemplated, however, the full extent of the spiral arms,

in distance from the galactic plane as well as in distance from the

galactic centre, must be known. For this reason, extensive 2lcm

surveys have been carried out, at intermediate galactic latitudes,
those by Kepner (1970), Davies (1972) and Verschuur (1973a) being

the most notable.

Extensive intermediate and high velocity features were found,
which on the basis of kinematic distances, appeared to be extensions

to the well known spiral arms in the direction away from the
galactic plane. In fact there was evidence to suggest that the
further the spiral arm from the galactic centre, the further it
extended from the galactic¢ plane, Furthermore, it can be seen
from star catalogues that early type stars appsar to exist in
considerable numbers at intermediate galactic latitudes. Thus,
certain questions arise for which answers have to be sought.

In the first instance, are these stars really normal early
type stars? If so, are they associated with the neutral
hydrogen features, and if they are, do they participate in
differential galactic rotation. Intermediate latitude stars can
be considered as stars in the galactic plane if their positions
and motions are projected onto the galactic plane. Thus, if it

turns out that these intermediate latitude OB stars approximitely

follow dififerential galactic rotation, then any. departures from

this could usefully he compared with the predictions of the density

S ANAS A o B o




wave theory.

Furthermore, the existmnce of early type stars at intermediate
latitudes has to be explained. Traditionally, early type stars are
thought to have been formed in dense regions close to the galactic
plane. If this is the case, then any distant stars observed at
intermediate galactic latitudes must have been ejected from the
galactic plane, in which case the ejection itself has to be explained.
In the event of there being no evidence for the ejection of stars
from the galactic plane, then a scheme for explaining the formation
of stars away from the galactic plane has to be devised.

In any attempt to resolve some of these uncertainties, a survey
of intermediate latitude OB stars in the Southern Hemisphere has
just been completed by Kilkenny et al. (1975), and Kilkenny & Hill
(1975). They have shown that stars of type B2 and earlier, at
distances of up to 1 kpc. from the galactic plane, appear to follow
spiral structure in the plane. Furthermore, these stars appear to
participate in differential galactic rotation,

A similar survey conducted in the Northern Hemisphere is reported
in this thesis. This survey was begun in 1971 at which time, only
Kepner's paper had been published. Consequently it was decided to
restri¢t the observations to include only those stars which lay in
the area of thé sky suwveyed by Kepner (1970). Kilkeniy (1973) has
pointed out that the advantage of observing at Intermediate latitudes,
if the OB stars are found to reflect the spiral structure in the
galactic plane, is that it should be possible to trace distant
spiral arms without the handicap of dense interstellar absorption found
in the galactic plane. Kilkenny was able to trace the Arm-II in
the direction 6f the galactic centre, and similarly it was hoped to

trace the Arm II, in the anticentre direction, in this survey.

1 s
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2 Introduction

The complete description of our galactic stellar system can be
expressed by a frequency function F (Trumpler and Weaver, 1953, page

234) given by

FuP (lL,baMSU U N)rremme o o o m 3. %35,

where
1 = galactic longitude of a star,
b = galactic latitude of the star,
r = distance from the observer to the star,
M = absolute magnitude of the star,

S = spectral type of the star

and U,V and W are three rectangular velocity coordinates.
In practice the function F is generally rewritten as

R = D(1,b,r) i[(_M,s,U,v,W/ 1b,2) 5 5 5 588 502,40

In this case D(1l,b,r) is the total star density at the point
having coordinates 1,b,r and Ehd@finas the relative distyribution of
stars of differing values of M,S,U,V and W in the vicinity of the point
defined by (1,b,r). An explicit form for the functions D andjz'cannot
be determined because insufficient observational data are available.

In fact the problem is so complex, that F can only be determined for
a few stars of a particular spectral type. It can be hoped that this

gives some indication of galactic structure,

By analogy, a complete description of the intrinsically non-
luminous interstellar medium is given by a density distribution and state
of motion of oach class, i, of interstellar particle, molecule or
atom, cf the form

Gi = Gi(l,h,r,U,V,W) ------------ (2.1.3%)

-G 5.
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In this case, there is the additional complication of being unable
to measure the motions of the interstellar medium in a direction
perpendicular to the line of sight directly. Consequently, the most

that can be hoped for is to determine a function

] '
Gi = Gi (l,b,r,Vi) ------------- (2.1.4),

where Vi is the velocity along the line of sight of each class, i,

of interstellar particle, molecule or atom. As with the function F,
i

only a crude determination of Gi can be made, for only a few classes

of interstellar particle, at a few differing values of 1,b and r.

A further difficulty encountered in the determination of G; is
that only a mean distance along the line of sight to a star can be
determined. A method for doing this has been suggested by Stibbs
(1975), and is as follows. Let r be the distance of the star, and
suppose that x 1is a variable giving distance along the line of
sight. Then the corresponding variable giving the height above the
galactic plane is 2z = x sin(b). Suppose that p(z) is the density

of the interstellar medium given by

p(z) = p exp (-(z/M)7) = = = =« ===~ - (2.1.5),

where p is the density of the interstellar medium in the galactic
o

plane,
a constant, depending upon the medium, and

i

= 0,1,2 -~ ~ - - = etc., to be determined.

=
bl

The mean distance of the particles making up a constituent of
the interstellar medium, along the line of sight to a star, can be

defined by

T
T = J 0(z) xdx/)‘— BLE) e o= v e (2.1.6)

From equations (2.1.5) and (2.1.6) considering the case of n = O gives

Gy iBn
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From equations (2.1.5) and (2.1.6), considering the case of n = 1

gives

r T {

T = fo exp (-z/h) xdx//S° exp (-z/h) dx

1
Substituting for z in terms of x and evaluating the integrals gives

;1 = h cosec (b) [ 1-(1 + a)exp(-0) ] = = = = = =~ = (218},
(1 ~ exp(-a) )

where o = r sin b/h.

Similarly, equation (2.1.6) can be evaluated for higher values
of n. The case chosen, to which an attempt is made to fit the observed ‘i

data, depends on the value of n chosen for equation (2.1.5).

Thus it can be seen that only a very crude picture of galactic e

structure can be obtained by observing a few stars and the interstellar 3
medium in the directions of these stars. It can then be hoped that a '
model, developed as a result of such observations, will successfully

predict the results of subsequent observations.

1
All the parameters which describe the functions F and Gi can be
determined for a given star by direct or indirect means. The galactic %
longitude and latitude can be calculated from the measured position of a o

star on the celestial sphere (Blaauw et al., 195¢). The stellar
distances, aboslute magnitudes and space motion components are deter- 4

mined using the methods indicated in the remainirg sections of this

chapter. The radial velocities and spectral typcs are discussed later &

(55.1). The selection of stars for observation is discussed in Chapter 3.

ot
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2.2 The Theory of Intrinsic Colour and Absolute Magnitude

Determination

In an attempt to develop an understanding of galactic structure,
the difficulty of determining the interstellar reddening along the
lines of sight of stars has to be overcome. This was done by means
of wide band photoelectric photometry of the programme stars, using
the UBV system, as defined by Johnson & Morgan (1953). The principles
involved in carrying out and reducing UBV observations are discussed
later (Chapter 6).

One fairly obvious method of measuring interstellar reddening is
in terms of the colour excesses E

gy and EU-B'
Johnson & Morgan (1953) and has been in use ever since. The colour

This was proposed by

excesses are defined by

3
i

B-V (B"V) T (B_V)o ““““““““““ (2-2.1),

i

and (U-B) - (U-—B)° ——————————— (2:2:2),

I:U_ B

where (B-V) and (U-B) are the observed colour indices outside the
earth's atmosphere, and (B-V) and (U-B) are the colour indices that
would be observed outside the ;arth's atmgsphere if there were no
interstellar reddening. That is, they are the intrinsic colour indices.

In establishing the UBV system, Johnson § Morgan made some

important contributions to the understanding of interstellar reddening.
These were later confirmed by Hiltner & Johnson (1956). A large humber
of MK spectral type standard stars (Morgan et al., 1943) werc observed
on the UBV system and the resulting (U-B) was plotted as a function of
the resulting (B-V). They noticed that all unreddened stars lay along

a unique curve characteristic of their MK spectral type. Reddened stars
of a given spectral type on the other hand lay along a straight line

of a certain slope (Fig. 10 in Johnson § Morgan, 1953).
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The reddening lines for the stars of different colour classes

of OB stars are very nearly parallel, and so Johnson and Morgan deduced

that there existed a reddening-free parameter, Q, for OB stars, defined &
as '
E 3

Q= (U-B) - g2 (BV) - mm e m - et

B-V ]

This can be effectively demonstrated by substitution in equation (2.2.3)
from equations (2.2.1) and (2.2.2) which gives

Ein ;

Q= (U~B)o - — (B-V)° —————————— (2.2.4). d

bB-V

From a consideration of observational data on OB stars, Johnson §

Morgan were able to show that the relation

B n ;

pilil, B OOTR VDB By B mowm (2.2.5), ke

E B~V 3

B-V ;

was valid to a good approximation. Substitution for By ./ E, . in j

equation (2.2.3) gives 4
Q = (U-B) - 0.72 (B-V) - 0.05(B-V)% - = - = ~ - (2.2.6),

Thus Q 1is a reddening-free parameter for OB stars, which is _;

solely a function of the colour of the star, or alternatively, the
effective temperature. A more accurate determination of the reddening @

trajectory was made by Serkowski (1963), who used published UBV photo-

metry of early type stars, and took the effects of polarization into -2
consideration. Klinkmann (1973) has used the results of Serkowski's
reddening trajectories to derive an improved expression for Q asg 5
Q = (U-B) - 0.58(B-V) + 0.45(B-V)(B-V) - 0.06(B~V)2+0,06(B-V)?
. [+] (]
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It will be noticed that (B-V) appears in this equation. As both
(B-V) and (B-V) tend to be small for OB stars, (B-V)? and (B-V)(B-V)
will Be small enough to prevent a small error in (B-V§ from having ’
a very significant effect on Q. Thus, if a MK spectr;1 type has

been published or can be found by spectroscopic observations (§5.1.2 ¢
§5.7), a value of (B-V)° can be obtained from Serkowski (1963) which

is of adequate accuracy.

Values for (B-V) and (U-B) are obtained from the literature or
by UBV photometry (see Chapter 6). Substitution in equation (2.2.7)
gives a value for Q. Further substitution in equation (2.2.3) will
give EU—B 7h EB-V’ which can be used in equation (2.2.5) to give
EB-V' Then EU-B’ (B-V)° and (U—B)a can be derived from equations
(2.2.1), (2.2.2) and (2.2.3). The parameter traditionally used to
describe the interstellar reddening is EB—V’ although Crawford (1973)

prefers E The arguments will not be pursued here, and the

u-B°
traditional use of E will be adhered to.

B-V
It has been shown by Moffat et al, (1973), that B(54.1) and
(B-v) are functions of the absolute magnitude (Mv) and the effective
o

temperature. As already explained, Q is purely a function of the

effective temperature for OB stars. Consequently it should be possible

to derive MV and (B—V)Q from B aind Q, and a graphical method for
doing this has been developed by Klinkmann (1973). The diagram used
is that piven in Fig. (2.2.1), which has been reproduced from
Klinkmann's thesis,

The value of (B-V) thus obtained can be used to check that
obtained from the MK sp;ctral type and, if necessary, Q can be re-
determined. The interstellar reddening, EB~V’ was obtained from
equation (2.2.1). This method of intrinsic colour determination was
used in preference to that based on equation (2.2.5), if HR photometry

of the star in question was available.

SRILRS L Sy,
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The B - Q Diagram for Early Type Stars
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263 Distance and Galactocentric Distance Determination

The intrinsic visual magnitude of a star, which is the
visual magnitude that would be observed if there were no inter-

stellar reddening, is given by

P B TRy miomim e e o w o (2517 ,

where V = the observed visual magnitude of the star on the
Johnson and Morgan (1953), UBV system,
and AV = the total absorption in the visual part of the spectrum,

due to interstellar dust, measured in magnitudes.

It is apparent that there is some correlation between Av and
EB-V' The relation between them is dependant upon the nature of
the interstellar dust itself., If the nature and composition of the
interstellar dust varies in the Milky Way, the relation between AV
and EB—V will also vary. The first determination of this relation
was made by Morgan et al, (1953), who obtained a value R = (AV/EB~V)

b B0 T 00

Al investigation of intorstellar roddening in the "Cygnus RiFEY
by Johnson § Morgan (1955) led them to the conclusion that R = 6 for
0 stars in this region, although a value R = 3 was found elsewhere.
It was recognized that there were large amounts of obscuring inter-
stellar dust in Cygnus, which is consistent with the findings of the
intermediate latitude survey discussed in this analysis (88.1).
Accordingly, Johnson & Morgan (1955), proposed that this anomaly
was due to relatively high concentrations of dust close to the 0
stars. The intense radiation from an O star, would modify the
physical and chemical structure of the dust, and this would change
its obscuration properties giving the anomalous value for R. This
has been subsequently confirmed by Hiltner and Johnson (1956). A
further study of this effect has been made by Reddish (1967) who
coﬁcluded that the more luminous the star, the larger the obscuring

cloud around it.

=l idlas
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The value of R has been discussed in some detail by Schmidt-

Kaler (1967), who has shown that R = 3.2 is probably better than

R = 3.0. Wiemar (1974) has shown, by means of colour-magnitude diagrams,

that within our galaxy there is only one mean law of interstellar

extinction, a view supported by Sherwood (1975). The anomalous

cases have been explained in terms of the peculiar properties in the

stars themselves. The value R = 3.2 % (0.2 seems to have become

widely accepted, and has been adopted here.

Thus equation (2.3.1) becomes

Vo= oG g s s s e (2:3:2),

and the distance of each star in kiloparsecs can be calculated by

substitution in the relation

r = Antilog [ 0.2(V - M+ 5)] /1000 - - - - - (2.3.3),

derived by Pogson (1856).

Let 2z be the height of a star of galactic coordinates (1,b)
above the galactic plane. Thus z is given by

z:rsinb..u..:—-dmu ——————— -d-;-u(z.s.q).

If RQ is the galactocentric distance (Rc) projected on to the
galactic plane, then it can be seen from Fig. (2.3.1) that the

application of the cosine formula gives
RQ? = R02+ r2cos?b - 2Rorcos b. cos 1,

* RQ =(R02 + r%cos?h - 2R0 +668 B, ¢OS 1)5‘ (2.3.5),

The galactocentric distance Rc is given by

R, = ®RQ? + 20},
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The Determination of an Expression for Galactocentric Distance !

in Terms of the Heliocentric Distance and Galactic Coordinates

S ( Star with galactic
coordinates (1, b )) §

1
S Position of the star projected

onto the galactic plane

C

Galactic Centre

Fig 2.3.1
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and substituting for RQ and z gives

R = (R?+71%-2R rcos b cos 1)% """"""" (2.3.6)‘
c 0 o

Thus by application of equations (2.3.2), (2.3.3) and (2.3.6)
the distance and galactocentric distance can be calculated for each
programme star. To be strictly correct, the distances should be
corrected statistically, using the method indicated by Feast and
Shuttleworth (1965) and Feast (1972). However,.this will not be
undertaken at present, because it is not certain that the sample of
programme stars (see Chapter 3), does not include subluminous stars.
Furthermore, it turns out that most of the programme stars lie within
2kpc (§7.2). Balona § Feast (1974) have found that the statistical
corrections are insignificant for stars within this distance, and
only become large for stars beyond about 4.5 kpc. Thus it would
appear that the conclusions drawn from the results (see Chapters 7,

8 and 9) are unaffected by neglecting this corrcction.
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2.4  Space Velocity Determination

e R The Corrcction of Radial Velocities for Differential

Galactic Rotation.

The correction of radial velocities for differential galactic
rotation has been considered in detail by Kilkenny (1973), who has
essentially followed the method proposed by Trumpler & Weaver (1953,
page 562). Tor the sake of completeness, the argument will be re-
discussed here. Consider the Sun So and a star S at respective
distances of Ro and Rc from the galactic centre C, as indicated in
Fig (2.4.1.1). Suppose that both have circular orbits about C,
their respective orbital speeds are Oo and 0. Assume that the solar
orbit lies in the galactic plane, and that the orbit of S, galactic
coordinates (1,b), is inclined at an angle o to the line of sight
SSO. In the case of b = o, the radial velocity of § as observed

from § is
o

V' = 0 cos o - 00 sin 1 = = =« = = = - (2.4 1

By application of the sine formula

§in (90 + o) = sin 1,
RO kc

cos O = Ro sin 1,

E_.
£

and substitution in equation (2.4.1.1) gives

Vvt = 6, R _sinl -8 _sin 1,
o) 0
R
¢
N V! = RO g“ - 0 sin 1
: R R

T R R S S L S PP PR " 3
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The Derivation of an Expression for the Contributions to the Observed

Radial Velocity and Proper Motions due to Differential Galactic Rotation

2% At ey

SrenaNE 1S

Fig 2.4.1.1

L}
5 S ( Projected position i
of S on the Galactic %
Plane) :

Fig = 2.4.1.2 | 1
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Vi R (@R - o(R) ) sin 1,

where w(Rc) and w(RO) are the respective angular velocities of S and
So about C. If b # 0 then the contribution to the radial velocity of

S, as observed from So’ due to differential galactic rotation is

Vl = Ro(w(Rc) - w(RO) } sin 1l cosb - - - (2.4,1.2)

The expression for the radial velocity due to differential
galactic rotation derived by Oort (1927) depends on the assumption
that r<<R0 although no assumption was made about the nature of the
orbits. For stars with distances of lkpc. or more, the assumption
matde by Qort is hardly valid. On the other hand, the orbits of these
stars are not likely to be very different from circles, except in
the cases of high velocity runaway stars, and the number of these is
probably very few, llence the assumption of circular orbits is

reasonable in this case.

For stars away from the galactic plane, the angular velocity
should be represented by w = m(Rc,z). However, observations of our
own galaxy and external palaxies suggest that spiral structure persists
over several revolutions., This would hardly be possible if there
were a large difference in the angular velocity of rotation at
different heights above the galactic plane, for a given galactocentric
distance projected onto the galactic plane. Thus the assumption that

W 1is independant of z is justified.

To implement equation (2.4.1.2), the function [w(Rc) - w(Ro)]
has to be determined. This has been done by Feast § Shuttleworth
(1965), and amended by Schmidt-Kaler (1967). An approximate numerical
fit to Schmidt-Kaler's graphical represcntation of this function,
derived by Kilkenny (1973), involves fitting five straight lines to

the curve, which are

PR
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(1) for RC < 5 kpc. w = -6.45 Rc + 52.45,

(2) for 5 < Rc < 7 kpc. w = -4,88 Rc + 44 .40,

(3) for 7 < Rc < 10 kpc. w = -3.33 Rc + 33.33,

(4) for 10 < Rc < 12 kpc. w= -2,50 Rc + 25.00,

and (5) for 12 < Rc w= -1.16 Rc + 8.93,

where w = w(RC) - m(RO). The function given by Schmidt-Kaler (1967)
has not been determined outside the limits 4 < RC < 15 kpe, and
consequently w cannot be calculated outside this range.

The error in V., calculated from equation (2.4.1.2), using this

approximate derivatiin for w, is of the order of 0.5 km/sec. This is
small in comparison with the usual errors in B star radial velocities,
and when distance errors are taken into account as well, this becomes
negligibly small. The variation of V1 as a function of galactic

longitude, for different values of r, is illustrated in Fig (9.3.1).
Balona § Feast (1974) have derived the relation

2
w = 55,056 - 9,919 R, + 0.310 R, = - = = = = = = - - - (241 .3),

from their stellar and interstellar Ca II radial velocities, taking
the distance of the Sun from the galactic centre to be 9 kpc. Some
estimates suggest a value of Ro = 10 kpe., For this reason, and because
of the intention to compare the results of Kilkenny (1973) with those
presented here in the future, it was decided to adopt the linear-fit
method for calculating w for each of the programme stars. In this

way the correction to the radial velocities for differential galactic

rotation were determined.
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2.4.2 The Correction of Proper Motions for Differential Galactic

Rotation.

Following the arguments given by Trumpler and Weaver (1953,
page 562), and Kilkenny (1973), it can be seen from Fig (2.4.1.1)
that the component of the proper motion in the direction of increasing

galactic longitude, due to differential galactic rotation, is given

by

t1 = 0 sin o ~ Oocos 1 = = = = = = = = e - -~ (2.4.2.1),

if it is assumed in the first instance, that b = 0. Furthermore,

R cos 1 r + R cos(90 - a),
o c

and s0 sin o Ro cos 1 -1

R
¢

Substituting in equation (2.4.2.1) gives

t, = Q.(Rocos 1 -1) - OO Rocos 1,
R o2
c R
o
and so from the definitions of w(Rc) and w(Ro) (§2.4.1.1),

t, = R [OR) - wR)] cos 1 - wRIr - - - - - (2.4.2.2).

From Fig (2.4.1.2), it can be seen that in the case where b # 0, the

term r in equation (2.4.2.2) must be replaced by r cos b, giving
t, = Ro[w(RC) - w(RO)] [cos 1 - 1 cos b/Ro] - w(Ro)r cos b

----- (2423
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The component of proper motion in the direction of increasing

galactic latitude, due to differential galactic rotation, is given

by {
= V! i :
tb V! sin b, i
. tb =~V tan b - - - = = = & &« w .- - - - (2.4.2.4)
Now let tl = Kul TCosSh == === o« o= == - - = (2.4.2.5);
g ORD A s e AN Al T VRS GE TWE CAe ek @ & 68T sy e e 2
and tb Kub r (2.4.2:6),

where Hy and W, are the proper motions due to differential galactic
rotation in seconds of arc per year, and K is the appropriate
conversion factor. Thus equations (2.4.2.3) and (2.4.2.5) give

Kul T cos b = (m(Rc) - w(Ro) ) [Rocos 1 -1 cos b] - w(Ro)r cos b
~~~~~~~~~ (2:4,2.7),
and equations (2.4,1.2), (2.4.2.4) and (2.4.2.6) give

Kyr = =R [w(R) - w(R)] sin 1 sin b - - - - - (2:4.2.:8)

Assuming that RO = 10kpc. and OO = 250 km/s (Allen, 1973,
p.283), m(Ro) = 25 km/s/kpc. This can be substituted into equation
(2.4.2.7) and then using the value of [m(Rc) - w(Ro)] derived in the
manner already described (§2.4.1), equations (2.4.2.7) and (2.4.2.8) 4
give the values of ] and My for each star. By resolution into ‘é

w3z

components, see (Fig. 2.4.2.1), the corresponding corrections to the

equatorial proper motions, p”  and u’G can be derived as

o

=
]

M, cos b cos ¢ - My sin ¢ - - - - - (2.4.2.9), 3

i

and u‘s = M cos b sin ¢ - W, cos é - - - - - (2.4.2.10).
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The angle ¢ is sometimes referred to as the galactic parallactic {
angle, and is the angle between the galactic and celestial north 3
poles at the star under consideration. In the spherical triangle 7

GCS (Fig. 2.4.2.2), ¢ is given by the cosine formula as

cos ¢ = sin 60 ~sin§sinb _ _ (2.4.2.11) | 4

cos 8§ cos b

where 60 = 27.4, is the declination of the north galactic pole
(Blaauw et al., 1959). 1In this way, the observed radial velocities ﬁ

and proper motions can be corrected for the effects of differential

galactic rotation.

2.4,3 The Derivation of Galactic Velocity Components from the 8

Observed Velocity Components.

Suppose that the solar motion relative to the local standard of
rest is represented by Ue’ V0 and Wo, the component towards the ;
galactic centre, in the direction of galactic rotation and normal 4
to the galactic plane respectively. Then considering a spherical
polar coordinate system (r,1,b), the radial velocity (Vz) and the £
proper motion components (tl' and tb') that are observed as a

result of the solar motion are

V = Ucos 1 cosb+Vsinlcosb+ Wsinb - - - (2.4.3.1),
2 (¢ (C) o B
rt.' = -Ucos 1 sinb - V. sin 1 sin b + W sin b - ~ - (2.4,3.,2), i
b o} e Q ]
and rtl'cos b = —Uosin 1+ V@cos 1 - n e s e e e e e (2.4.3.3)

The weighted mean results of Feast § Shuttleworth (1965) were

assumed as




i I

u = 10 } 0.5 km/sec. and L% 13 * 0.5 km/sec.,

and following Kilkenny (1973) the value
we =6 % 0.5 km/sec

was adopted. These have the advantage of having been determined
from OB stars, although they differ somewhat from the results of
Balona § Feast (1974), which is to be expected from the fact that

they derive a distance from the Sun to the Galactic Centre of 9kpc.

Any systematic errors introduced by assuming one determination
instead of the other, or by taking a weighted mean of the two, will
be small in comparison with the errors introduced into the space
motions from other sources, such as proper motion errors. Therefore,
in order to be consistent with the work of Kilkenny (1973), with
whose results a comparison is to be made, the determination of the
solar motion by Feast § Shuttleworth (1965) was adopted.

A substitution into equations (2.4.3.2) and (2.4.3.3) shows

n 1
that tb and t1

analysis. Thus the solar motion corrections to the proper motions

' are negligible for the stars considered in this

are neglected. The radial velocities and proper motions are corrected
for differential galactic rotation in the manner described previcusly
(62.4.1 and §2.4.2) and the residual radial velocity corrected for
the solar motion as prescribed by equation (2.4.3.1). The residual
radial velocity and proper motions, are those that would be observed
in the local standard of rest of the star in question.

The calculation of heliocentric galactic velocity components,
from these corrected radial velocities and proper motions, has been

reviewed by Hill (1969). The proper motion Hy is defined as

P ® 15ua cos §

where ua' is the proper motion in right ascension in seconds of

P Aegie e,

o4
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time per annum. The proper motions My and Mg are in the
directions of right ascension and declination respectively, in
seconds of arc per annum. The corresponding proper motions in

kms/sec. are given by

R T (2.4.3.4),

and ty = Kru6 ---------------- (2.4.3.5),

where r and K are as defined in (8§2.4.1) and (82.4.2) respec-

tively. The orientation in space of the initial Vr’ ta and t6

coordinate system is dependant upon the position of the star. If
ua and Ug are referred to the epoch 1950, then the Vr’ ta and t6
system is transformed to the equatorial system for the epoch 1950.
The x-axis is the direction of o = 0°, § = 0°, the y-axis is

towards a = 90° and § = 0°, and the z-axis is towards § = +90°,

This transformation jis carried out by making two successive

rotations to the coordinate system. It follows that

X ~sin o cos o O 1 0 0 t

y|® | cos o sina O 0 -sin 8 cos § t

z 0 0 1 0 cos & sin § Vr
-------- (2.4.3.6) ,

In general, three rotations are now required to transform

the X,y,z velocity system into the heliocentric galdctic U,V,W
system. Here U, V and W are the velocities towards the galactic
centre, in the direction of galactic rotation and normal to the
galactic plane respectively, being referred tc the:local standard
of rest of the star in question. If % and 60 are the equatorial

coordinates of the north galactic pole for the epoch 1950, and 1

1

I N L
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is the galactic longitude of the ascending node of the galactic

plane on the celestial equator, then the space motion components

are given by

o BB

The space velocity S is then given by

2 2 2%
S=(U+V+ W) - = = e = - = (2.4.,3.8).

oo -u1 |- ——y ad p—
U cos 1 sin 1 0 1 Q 0 -sing_ coso
0 o o o)
V|=| sin 1 -cos 1 0 0 sin § - cos 6 cosq_ sina
o o o o 0 o
L\V L 0 0 1 0 cos § sin § 0 0
£ = 0 0li.

0

0

1
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2.5 The Theory of Standard Deviation Determinations

The relation between the standard deviation of a guantity and
the standard deviations in the parameters from which the quantity is
determined, are in all cases derived from the relation between the
quantity and the parameters, following the method given by Barford
(1967, page 29). As already discussed (§2.3), the ratio of the

total absorption to the selective absorption is given by

AV = R.HB_V :

and so

a(Ay) = Ay c"z(R) v (B ) e (205E)
. (Ep-y)

where o(X) denotes, throughout, the standard deviation in a general

quantity X.

Bimilarly, from equation (2.3.1), the standard deviation in

the intrinsic visual magnitude is

Uwo)n WZW)*(ﬁ(Mﬂ)Q serewwwmesse 15,89,

where G(AV) is obtained from equation (2.5.1). The standard

deviation in the distance is given, in kiloparsecs, as

o(r) = 0.2r[ o*(V ) + o? (M) 11 T (2.5.%),

where 0(% ) is given by equation (2.5.2), and the standard deviation

in the absolute magnitude, G(Mv), is assumed to be as described

later (§7.2). From equation (2.3.4), it follows that

0(2) =o(r)sin b = =« = =« = = = « = = = (2.5.4),

B t J R/
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and the standard deviation in the galactocentric distance, which

follows from equation (2.3.6), is

o) =L |R 262°(R) + r?c%(r) + cos®l cos®b {o?(R ) + o%(x) b
L+ R (6] 0 (&) e
c R02 r

To obtain O(Rc) from the above relation, it is neccessary to
have an estimate of O(RO), the standard deviation in the estimate of
the distance of the Sun from the galactic centre. The other quantities
have been discussed above or previously (82.3). To derive the
standard deviations in the space motion components, o(U), o(V) and
o(W), it is necessary to estimate a value for O{m(Ro)], the standard
deviation of the angular velocity of the Sun about the centre of the
galaxy, This can be calculated from values of Oort's Constants, A
and B, and a value for RO, given by Allen (1973, page 283) as

B ® 10.0 £ 0.8 kpe.,

1

1+

A = 15,0 ¥ 0.8 km.sec” ! kpc~

and B =-10.0 % 0.8 km.sec * kpe™?,

Thus the value

i+

g(Ro) = 0.8 kpe,

was adopted and the relation

w(Ro) = A -DB,
derived by Oort (1927), gives the expression

of o) 1 = [o*(W) +o*(®) 1 ?

.”"'i!;“fl':‘
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from which of m(Ro) ] was calculated, using the values for o(A)

and o(B) listed above.

As explained already (§2.4), the observed radial velocity of

a star, V is thought to be made up of three parts, which are

obs’
due to the solar motion with respect to the solar local standard

of rest, differential galactic rotation, and the motion of the star
with respect to its own local standard of rest, Vr. Thus the

standard deviation in Vr, U(Vr) is

o) = [P, +o?(V) + ot ) 1P - -~ (25.6),

where O[Vl) is the standard deviation in the radial velocity
comporient of differential galactic rotation. This can be derived

from

a? () o? [w(R)) - w(R )]

Rp? [w(R,) - w(R )] 2

R (2.5.7)

ov) = v,

which follows from equation (2.4.1.2). Here o [w(Rc) - w(RO)] is the

standard deviation in the value of the function w = [w(Rc) - w(Ro)].
This is not easy to determine precisely, as it depends on how well w
represents galactic rotation, and also on the accuracy of the linear
fitting technique. However, both of these errors are small in
comparison with the error that arises due to an error in Rc, and so
they are neglected. Since only approximate standard deviations in
the space motions are required, this simplification is justified.

Since w = w(Rc), dg(w) is given by

o) # A6 5 R ) v rom = mms s (2.5.8)5
dR

where dw/dRc is evaluated at the appropriate value of Rc’ and

c(Rc) is given by equation (2.5.5). Following the 'linear fit"

technique o(w) is evaluated as indicated below :

5
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For RC < Skpc. o(w) = 6.45 O(Rc)’
for 5 & Rc < 7kpe. o{w) = 4.88 O(Rc),
for 7 € RC <10kpc. olw) = 3.33 c(RC),
for 10g Rc <12kpc ow) = 2.5 U(Rc),
and for 12¢€ Rc glw) = 1.2 O(RC).

Substitution in equation (2.5.7) yields G(vx)' From cquation
(2.4.3.1), it follows that

O(Vz) = [GZ(UQ)coszl cos?bh + UZ(VO)sinzl cos?h + oz(wo)sinzb]i
------- (2.5.9),

where O(UQJ, O(VG) and o(wo) are the standard deviations in U@,
Ve and We respectively; the adopted values for these are already
given (§2.4.3). In order to obtain o(vr) from equation( 2.5.6),
the standard deviation in the observed radial velocity, o(Vobs),

has to be derived. This is discussed later (§5.6).

It follows from equations (2.4.2.3) and (2.4.2.4), that the

standard deviations in the corrections to the proper motions, t, and

1
tb’ are
o(t,) = {Oz(wRo)coszl + 0%(wr)cos?b + Uz{w(Ro)r]coszb ]%
----------- (2.5.10)
and o(tb) 2 (V) tan b = = = i m o e . m e (2.5.11),
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02 (Rg) + 0%(w) | ¥

B2 w?
o

where O(Row) =R w

3
G[m(Ro)r] = ru(R) cZ{w(RO)] i o%(R) ’
w? (R ) o*
%
and o(rw) = TW l:gz(r) 4 Gz(w)}
r? w? .

'Thus by making the appropriate substitutions, derived in the manner
described above, in equations (2.5.10) and (2.5.11), o(tl) and o(tb)
can be evaluated. From equations (2,4.2.5) and (2.4.2.6) it follows
that

2 2 1%
gluy wow (G ¢ T o cvums (2.5.12)
1 1 e ; y)
5
o?(r) o?(t,) |4 \
and o(ub) =Wy, i + _*.?91_ ------- {2:5:18).,
T t e
b

These results are then used to determine the standard deviations

in the estimated corrections to the proper motions, which are

o(u“&) = [ Oztul)coszb cos?p + czcub)sin2¢ ] e (2.5.14),

and 0(“,63 = [Uz(ul)coszb sin? ¢ + cz(ub)cos2 ¢ ] ¥ -(2.5.15)
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These relations follow from equations (2.4.2.9) and (2.4.2.10), and
can be used to derive the standard deviations of the corrected

proper motions which are given by

it

__________ (2.5.16), ]

sy = [ 0%y + o?w) 1*

it

1 1
and O(ug) [ Oz(ua) + Oz(ug) | I (2.5.17),
where c(uu) and o(ua) are the standard deviations in the catalogued é

proper motions My, and Mg respectively, These dre discussed later (§7.2).

As already indicated (82.4.3) the proper motions in km/sec., 4
o and tg, are derived from equations (2.4.3.4) and (2.4.3.5) :
respectively. Thus it follows that the standard deviations in these

quantities are

oCty) =ty [ 02()/2? + a2u/mE 1% - o oo oo o (2.5.18),

and o(tg) =tg [ o%(r)/r? + UZ(Ua)/Ué ]é -------- {2.5.19),
These results are used to derive the standard deviations o(x),

o(¥) and o(2), and ultimately the standard deviations in the space 3
velotity componénts U, V and W. The matrix equations below dre

derived trom equations (2.4.,3.6) and (2.4.3.7). These give the squares

of the standard deviations as

Moo Rum iR d e ds e S

0% (x) sin®a cos?0.sin?8 cos®a.cos?$ oz(ta)
o%(y) | = cos?o sin®o.sin?8 sin®o.cos?$ cz(ta)
o2(2) 0 cos?§ sin%§ oz(Vi) A
-------- (2.5.,20); ¥
a2 (U) 0.005 0.762 0.234 o2 (%) :
and | o?(V) | = 0.243 0.203 0.554 o%y) | = ~ (2.5.21), x

a?(w) 0.753 0,035 0.212 _0%(2)
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o(U), o(V) and o(W) are derived by taking the appropriate square roots,
The standard deviation in the space velocity of a star with respect to

its local standard of rest is then given by
G(S) = (1/S) [ U%s%(U) + V302(V) + W2a2(W) ]% ----- (2.5.28)

which follows from equation (2.4.3.8). In the derivation of the above
expressions, it has been assumed throughout that the errors in the
equatorial, and hence galactic, coordinates of each star are

negligible, as compared with the other errors considered.
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2.6. The Mean Distances ang Galactocentric Distances of Inter-

Stellar Call Absorption

For reasons explained later (§9.1), f‘ was adopted for the
mean distance of the interstellar Call absofption. This is given by

equation (2.1.8). Substitution of r, for r in equation (2.3.6)

R R T T R PR T ore

gives the mean galactocentric distinte of the interstellar Call

absorption. Considering equation (2.1.8),

let y = (1 - (1 + o)exp(-a) ) (1 - exp(-a) ) - -~ = =~ (2.6.1)

where o = z/h, as defined previously (82.1).

Thus the standard deviation in o, o(a), is given by

¥ 3
T Lol A s ] - (2.6.2),

2 h?.

Since y 1is a function of a, the standard deviation in y is

ofy) =4 . o) ,
do

soo(y) = (exp(@) -1)7F (@-y) 0(@) -~ - - == - (2.6.3),

RO IE AN e e A BT L e Doy = g

which is derived by differentiating equation (2.6.1). Thus since

fl = hecosec by, B

which is in effect equation (2.1.8), the standard deviation in El

T e

is given by

oGy = 5 |Tm L ;[P (2.6.4)
1 1] 2 y?

s .
S5 e
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The values of y and o(y) are derived in the above manner, and
values of h and o(h) are discussed later (88.3). By substituting
fl for r and o(fl) for o(r) in equation (2.5.5), the standard
deviation in the mean galactocentric distance of the interstellar

Call absorption can be evaluated. .
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CHAPTER THREE
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Determinations
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351 Introduction

Observations of neutral hydrogen by Kepner (1970) and Davies
(1972) have shown that spiral structure is still apparent at distances
of one to two kiloparsecs from the galactic plane. Any attempt to
confirm these observations by optical means requires that spiral arm
tracers, in the appropriate part of the sky, be selected for obser-
vation, For this analysis, it was decided to restrict the observa-

tions to the area surveyed by Kepner. This area is defined by the

new revised galactic coordinates (Blaauw et al., 1959) as 48°¢ 1 g 228°

and 6° £ b € 20°,

A statistical investigation of galactic spiral structure was
made by Robhifs (1967). This showed that OB aggregates, early type
clusters containing O to B2 stars, HII regions and early type Be
stars are the best spiral tracers. Wolf-Rayet stars were excluded,
but Schmidt-Kaler (1971) has shown that Wolf-Rayet stars are better
spiral arm tracers than was suggested by Rohlfs' analysis,

Modern theories of stellar formation and evolution suggest that

stars are formed in regions of relatively high concentration of nedtitral

hydrogen, from which they then migrate. Thus it is hardly surprising
that the best spiral arm tracers are OB stars and objects associated
with them such as HIYI repions, There die vther reasons £or uslng 0B
stars as spiral arm tracers. Por stars earlier than B5, the stellar
CalIK line is absent and so any CallK line present in the spectrum is
interstellar in origin. This can, in theory, give information about
the interstellar medium along the line of sight, as discussed in §5.1.
Furthermore, by the application of a technique discussed previously

(§2.2), the interstellar reddening can be determined.

Consequently, a list of the known OB stars in the area surveyed
by Kepner (1970) was compiled from the "Henry Draper Catalogue"
(Cannon and Pickering, 1918-1924), the "Henry Draper Extension"
(Cannon, 1924-1936), and from the '"Luminous Stars in the Northern
Milky Way'" (Hardorp et al., 1959, Stock et al., 1960, Hardorp et al.,
1964, 1965, Nassau and Stephenson, 1963, and Nassau et al., 1965).

RO PP
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3.2 Selection of Stars from the HD Catalogue

5.2.1. Description of the Computer Programme Used.

A catalogue containing the OB stars in the HD Catalogue
(Cannon and Pickering, 1918-1924) had been made on punched cards
and copied onto magnetic tape. The University of St. Andrews
IBM 360/44 was used to select stars in a particular part of the
sky, reading the necessary data from the magnetic tape. For this

purpose, a programme had been written in Fortran by Dr. P.W. Hill,

The data is read for each star in turn, The right ascension
and declination are examined, to see if they lie within the limits
specified by the programmer. If not then the star is rejected and
the processing of information for the next star is begun. If the
star is accepted, the galactic coordinates are calculated and sim-
ilarly tested to ensure that they lie within the specified limits.
If they do then the magnitude and spectral type are checked before
the star is accepted. The data for accepted stars are listed on
the line printer. These consist of the HD number (No. of star in
the Henry Draper Catalogue), the BU number (Argelander, 1859-1862),
the right ascension and declination précessed to the required epoch,
tha photometric and photographic magnitudes, and the HD spectral
type which is discussed later (85.1.2).

In this way a list of stars of spectral types O to B5 was
prepared, A supplementary list of B8 and B9 stars was also obtained.
The reason for this was that at the time of the compilation of the
HD catalogue, nothing was known of the interstellar medium. Conseq-
uently, when the interstellar CalIK line was present, it was thought
to be stellar. The appearance of this was recognised as an indication
that the star was of spectral type B8 or later. Thus many early B type
stars were misclassified. These are very often defoted by a "R" in
the HD Catalogue. All of these stars were included in the observing
list, and the remaining B8 stars formed an observing list of stars

to which a lower priority was given.
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32,2 The Removal of Emission Line, Variable and Double Stars

By modifying the job control language, the output of the programme £
described previously (8§3.2.1) can be redirected to magnetic tape.
This can then be copied onto disc giving a disc file of programme ¥
stars. A Fortran programme was Qritten for the University of St. é
Andrews IBM 360/44, to list the contents of the file, but excluding

stars whose HD numbers are input as data,

The catalogue of emission line stars by Wackerling (1970) was
compared with the list of programme stars. Then a revised observing 5
list was prepared using the above programme, the emission line stars ‘
being excluded. The necessity for removing emission line stars
arises from the fact that narrow band photometry is to be used for
absolute magnitude determination (84.1)., If published absolute ?
magnitudes were found for these stars, then they were re-included
in the list of programme stars (87.2).

According to Petrie (1963), 51% of all B stars are double stars,
and thus may exhibit variability. Thus the double and variable star
catalogues were compared with the list of programme stars, including ?
a supplementary list of progriamme stars prepared as described below
(83:3). A list of programme stars which are known to be binaries is
given in Table (3.2.2.1) and a list of those which are known to be -4
variable is given in Table (3.2.2.2). The catalogue by Blanco et al.
(1968) was also searched, but no additional double or variable stars

could be found.

In most cases the companions are very much fainter than the
primaries, and consequently the magnitude variations are small even
if the plane of the orbit lies along the line of sight. If the :
secondary is fainter than the primary, then its mass is probably much =;
less than that of the primary, and so variations in radial velocity .
will probably be small. If all non-visual binaries in which the
secondary is less than two magnitudes fainter than the primary are
excluded, then at the very worst the observed magnitude is that of {5
the primary to within 15%. In practice if the average is taken 4
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Table 3.2.2.1

A List of Programme Stars in the Double Star Catalogue
(Jeffers et al., 1963).

No (HD/BD) ADS No. Magnitudes Notes
HD 3366 516 7.1, 10:9, 12.2
1D 25638 2984 ZTaky 12
HD 25639 p S5 R ()
HD 41161 4655 6.5, 10.9
HD 58383 6068 Tty 8485 12:1
HD 173087 11593 6.1y 745
HD 174585 11732 5.8; 10.3
HD 175426 §u8; 9.2
HD 177109 11965 6.2, 13.3
HD 177593 12003 Tl 13,3
HD 180163 12197 3.8, T
HD 180844 12263 741, 10,1, 114
1IN 186618 12849 8.5, 10.2
1D 202214 14749 5.6, 8.7
BD 58°2237 81, 943 1
[ 203025 14852 6.4, 12.6
HD 208185 15417 8.4, 8.5 2
BD 67°1546 16879 9.8, 10.1
Notes
1. - The fainter companion is BD 58°2236. The system constitutes

a visual binary and so both stars were retained in the

programme.

2. - This star was retained since the published. radial velocity %
(Table 5.6.1) suggests that the binary nature of this star
is questionable.
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TABLE 3.2.2.2 %

A List of Programme Stars found in the General Catalogue
of Variable Stars (Kukarkin et al., 1969, 1970, 1971).

No. Name . Comments

HD 25638 SZ Cam Variations in magnitude are small ;
(Wesselink, 1941) and so the star is b
retained in the programme

HD 192035  RX Cyg Apparently non-variable (Guetter, 1974)

and so the star was retained

HD 187879 V380 Cyg The variability of this star was not
confirmed by Crawford et al, (1971) and X
s0 it was retained in the programme.

HD 188439 V819 Cyg The variability of this star was not -4
confirmed by Crawford et al. (1971) ;
and so it was rctained in the programiue, é
HD 60848 BN Gem Magnitude variations from 6.0 + 6.6, See 4

notes to Table (7.2.1).
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over 3 or 4 nights on which the star is observed, then a better
estimate of the magnitude of the primary is obtained. Similarly

the mean radial velocity obtained on several different nights will
give a reasonable estimate of the mean radial velocity of the system,
provided that the period is not too long or equal to the interval

at which the observations are made.

On the basis of these criteria, HD 186618 should be excluded
from the observing list, but since it is a luminous star which is
probably very distant, it was retained. Larger than average errors
were to be expected in the radial velocity and photometric results
for this star.
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3.3 The Selection of Stars from the Henry Draper Extension 4

and Luminous Stars in the Northern Milky Way Catalogues

Since the available observing time was limited, priority |
would have to be given to observing the brighter luminous stars, '
so as to obtain as large a sample of stars as possible. On the a
other hand, if galactic structure is to be investigated at distances é

of more than a few kiloparsecs, then the cobservations would have to

be extended to faimter stars. i

Consequently, all the OB stars listed in the "Luminous Stars
in the Northern Milky Way' (Hardorp et al. 1959, Stock et al. 1960,
Hardorp et al. 1964, 1965, Nassau and Stephenson 1963, and Nassau

et al, 1965) were selected if they were in the area surveyed by

Kepner (1970). The scheme of spectral classification used in this ﬁ
catalogue has been described by Slettebak and Stock (1957). Stars
with a designation fr' or '(»)', which indicates that the star

is reddened or may be reddened respectively, were included. Further-
more, priority was given to observing these stars. The desipgnations
tp' or '(p)', dimplying that the objective prism spectra are
pectiliar were also included. Stars with the designations given in
Table 3.3.1 were not included in the observing list, but were used
in tho subsequent analysis if the relevant data had been published
(B7.2).

It has been suggested by Herr (1969), that only 46% of 0B stars
are non-emission line objects. Consequently, care was taken in
selecting them for observation. The only 0B" star in the area
surveyed by Kepner (1970) is BD 35°1332. This was retained and
subsequent 13 photometry (§4.5) confirmed the absence of emission
in HB. All the OB, OB  and OBl stars were retained unless they

were rejected an the criterion outlined above.

The first section of the Henry Draper Extension was searched
for stars of spectral type BS or earlier, that lay in the area of

the sky surveyed by Kepner (1970). Since this only produced three
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TABLE 3.3.1

Reasons for Rejecting Stars with Some Designations

after their Spectral Type (i.e. OB, OB™, OBl1)

Designation given to ' Reasons for Rejecting
the spectral type the Star
le ’ Line emission, usually in one or more

members of the Balmer Series. Rejected
for the same reasons as HD emission

line stars.

h Ho observed in emission. This implies g
that other lines may be in emission as B
well,

ce Continuous emission near the Balmer
limit. This means that the star may be

subluminous. 3

Note =~ The designation is sometimes enclosed in patrentheses,
which implies that the use of the classification is
questionable, In these cases the star is also rejected. Y
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additional programme stars, it was decided not search the remaining
sections, in view of the labour involved. As there were sufficient

stars for the available observing time, it was hardly necessary.

Those Henry Draper Extension stars for which published infor-
mation was avallable before May 1975, were included in the subseq-
uent analysis of galactic structure. In addition some stars, for

which published data had been obtained by Chuadze (1974) were used.
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3.4 The Selection of Programme Stars Requiring HB Observations

The list of programme stars, prepared in the manner described
previously (83.2 and §3.3), was used as a basis for preparing a list
of stars requiring HR photometry. The literature was searched for
published HB photometry, so as to exclude programme stars that had
been observed previously. Some of these previously observed stars
were retained, so that a comparison could be made with the results

of other observers.

The relevant papers which had been published by the end of 1971
were, Crawford et al. (1971), Sinnerstad et al. (1968) and Haug (1970a).
Of these three papers, only the first contained published HB photometry
of the programme stars. The detailed account of the Hf photometry is

presented in Chapter 4,

After the observations had been completed a paper by Feinstein
(1974) was published. This was also searched for HB photometry of
the programme stars but none were found.
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3.5 The Selection of Programme Stars Requiring Radial Velocity

Determinations

A list of stars requiring spectroscopic observations was prepared
in a manner similar to that discussed previously in connection with
HR photometry (83.4). The sources of published radial velocities at
the end of July 1972 are listed at the end of Table (5.6.1). The
exception is reference (2) which did not appear until later in the

year,

In the first instance the catalogue by Wilson (1963) was searched,
and from this a revised list of programme stars requiring radial
velocity observations was prepared., Each paper was searched in turn,
and at each stage a revised observing list was prepared using tlie
computer programme described previously (83,2.2). The papers by
Plaskett and Pearce (1931), were not searched in this way, as the
published velocities in these papers are given by Wilson (1963). With
the publicatian of the catalogue by Abt and Biggs (1972), a useful

check on the observing list was available.

A list of stars for which MK spectral types (85.1.2) were
required was prepared in a similar way. A search was made through
references (1), (2), (4) and (6) in the list at the end of Table
(5.8.1). Those stars which required MK spectral types, but did not
require radial velocities, were then reincluded in the list of stars
requiring spectroscopic observations. Observing these stars will
not only give a spectral type, but also a check on the published
radial velocities. All stars for which there were only Lick
Observatory velocities available were also reincluded in the observing
list, as other observers have obtained large discrepancies between
their velocities and those obtained at Lick Observatory (Petrie and
Pearce, 1962). The spectroscopic observations are discussed in

detail in Chapter 5.
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3.6 The Selection of Programme Stars Requiring UBV Observations

The sources of published UBV photometry at the end of July 1972
can be seen from the list of references given at the end of Table
(6.4.1). A list of stars requiring UBV photometry was prepared
in a manner similar to that used for preparing the list of stars i
requiring spectroscopic observations (83.5). References (1), (3), 3
(7), (9) and (11) were searched, and the programme stars with :
published UBV photometry were deleted from the observing list, 3
although a few were retained for a comparison with the results of :
other observers. The details of the UBV observations carried out
by Dr. P.W. Hill at K.,P.N,O. are given in Chapter 6. The subsequent
publication of references (2), (4), (5), (6), and (10}, listed at 2
the end of Table (6.4.1) also proved useful for comparison with the
results of other observers.
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4.1 Introduction

It has been thought for some time that the width of the
Hydrogen Balmer Absorption lines in stellar spectra, is correlated
with the absolute magnitude of the star. This is because we
expect a dwarf star to have a much higher surface gravity than a
giant star. So the stellar atmospheric pressure, at the points in
the atmosphere where the absorption lines are férmed, will be
higher in the dwarf stars. Now as well as having a natural line
width, as a consequence of the Heisenberg Uncertainty Principle,
and a much larger line width due to the Maxwellian Velocity Distri-
bution of the atoms of the gaseous stellar atmosphere as a result
of the atmospheric temperature, there is a pressure broadening
effect. That is, the width of spectral lines tends to increase
with pressure, and so we would expect dwarf stars to have much

broader lines than giant stars of the same temperature.

The value of measuring the strengths of the Balmer lines of
hydrogen, as a luminosity criterion for early type stars, was first
illustrated by Lindblad (1922), He measured the intensity of
relatively strong features in low dispersion objective prism
spectra of stars of known parallax; by spectrophotometric methods,
aind found that there was a good ¢orrcelation with absolut& maghit-
udes, so verifying the above hypothesis, Stp8mgren (1951, 1952,
1956a, 1956b) found that the strengths of these strong spectral
features could be measured photometrically to a very high accuracy,

and hence yield fairly accurate absolute magnitudes. For OB stars,

the 1B line of hydrogen. was found to be a very useful strong spectral

feature for this purpose, Crawford (1958, 1960) improved the
Stromgren System by using two interference filters instead of three.
These were both HR filters, that is the maximum transmission
occurred for a wavelength of 4861R. One filter had a half width

of 90A and the other filter a half width of ISX. The 1SR filter
had the effect of excluding most of the contribution of the
continuum around the [B line, to the light passing through this
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filter. Consequently, Crawford defined the B index as
o
B = 2.5[Log I (90A filter) - Log I (15A filter)]
* 16w we ($adal)

where I stands for the transmitted intensity, and C, for a constant,

This is thus a measure of the strength of the HB line, and
consequently of the absolute magnitude of the star. It can be seen
from equation (4.1.,1) that the value of B is filter dependent. Thus
it became necessary to develop a standard B system, and this has been
done by Crawford and Mander (1966). As a result of this we can use
filters of bandwidths different from those mentioned above, the only
requisite being that the narrow filter should exclude the continuum
on either side of the B line and that the wide filter should not
include any other interfering lines. If as many of the standard stars
as possible from the list of Crawford and Mander are observed in each
night of observing, as well as the programme stars, the instrumental g
system can be transformed to the standard B system. In practice, the

instrumental B index is calculated by

' = 2,5 (Log I - 3 R 4.1.
B ( og T Log‘oln) (4.1.2)

whare Iw = Intensity through the wide fllter (Btar-Sky)

Intensity through the narrow filter (Star-Sky).

I

anc. I
n

The transformation from the instrumental  system to the standard
B system is found to be linear, to a good approximation. However,
Kilkenny (1975) has shown that this linear transformation is not
necessarily the best. 1In fact, Kilkenny has found a small curvature
eff'ect in his transformations, for HB photometry of Southern Hemisphere
Early Type Stars (Kilkenny, Hill and Schmidt-Kaler, 1975). This could
be accounted for by calculating a theoretical value of the instrumental
B index, for stars of different standard B index, from the transmission

curves for the filters.
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In practice, then, onc fits a linear transformation and then
looks at the residuals for the standard stars. These are obtained by
taking the difference between the computed f index from the linear
transformation, and the published standard B8 index. If these residuals
exhibit any systematic variation with B, that is there is curvature in
the transformation, then a polynomial can be fitted to replace the

original transformation.

In a similar way, we can look at the residuals as a function of
time, and also as a function of hour angle, declination and right
ascension. Again if any systematic variation is found, the appropriate
corrections can be deduced for the computed B indices. Having removed
all such sources of systematic error, one can then use the calculated
values of the $ indices of the programme stars to deduce their absolute

magnitude, using the calibration derived by Crawford (1973).

In practice, however, it is not quite as simple as this., The B
index depdnds on the surface temperature of a star, as well as its
surface gravity, This is because the radiation pressure will oppose
the surface gravity and thereby reduce the pressure broadening effect
described carlier, and this effect has been discussed in detail by
zinn (1970). It appears that this may well explain difficulties that
have hitherto been experienced in deriving a calibration for absolute
magnitude as a function of the B index. Absolute magnitudes have been
derived, using the calibration of Graham (1967) and compaved with
absolute magnitudes derived from Spectral Types (Schmidt Kaler, 1965¢ ).
by Haug (1970a). llaug also noted the same discrepancy as that which
was found in the above comparison, in the case of the absolute
magnitude calibration as a function of B derived by Fernie (1965) as
well as in the case of the calibration that he derived for his own
data, He concludes therefore, that the calibration must be dependent

on the spéctral type of the star.

Crawford (1973) has derived a preliminary calibration for HB
photometry, valid for zero age main sequence stars, and a method is
suggested whereby evolutionary effects might be accounted for.
However, the need to determine luminosities of high luminosity super-

giants is also present. Accordingly, a calibration, from which the
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absolute magnitude and the intrinsic colour index, (B-V) , may be
derived from the B-Q diagram, was deduced by Klinkmann (;973). The
parameter Q is identical with that defined by Johnson and Morgan
(1953). The B-Q diagram is illustrated in Fig. 2.2.1. The theory
behind this calibration has already been discussed in detail in
§2.2. This method has been used with some success by Klinkmann and

is used herec.

The HR line in stellar spectra is also subject to rotational
broadening. It has been pointed out by Abt and Osmer (1965) that this
has no appreciable effect on the B index, provided that the narrow
filter used is not appreciably less than 30A in bandwidth. Consequent-
ly if filters used for obtaining the narrow deflection are of approxi-
mately this bandwidth, then there is no need for the effects of

rotational broadening to be considered further at this stage.
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4.2 Two-Channel Illo and HB Photometry using the University

of St. Andrews James Gregory Telescope

4,2,1. Description of the Photometer

The University of St. Andrews James Gregory Telescope, herceafter
referred to as the J.G.T., is a 37" Cassegrain-Schmidt Telescope. It
was designed primarily for direct photography of the sky, having a
focal ratio of f/2.6. The primary mirror is spherical, and at the
other end of the telescope tube, there is a glass correcting plate,
which is figured in such a way that it has the effect of bringing all
the rays to a common focus., That is, the spherical primary mirror,
when used in conjunction with this glass correcting plate, is equivalent
to a parabolic mirror alone.

Mounted within the telescope tube is a 19" convex secondary
mirror. When the telescope is used in the photographic mode, a photo-
graphic plate is placed at the cassegrain focus. The exact focussing
is achieved through the telescope focussing knob, which has the effect
of moving the 