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ABSTRACT

Star formation in the Cam OBI region is investigated. Star formation. in general.
is considered in terms of three elements: a) the structural relationship between
the parent molecular clouds and newly formed stars. b) the temporal evolution
of the parent molecular clouds, and c) the probability of the occurrence of star
formation. Star formation in Cam OBI. over the range in [ and b considered in
this work. is concentrated in the vicinity of Cam R1 and appears to have led to the
formation of three distinct stellar groups: a) Group I. formed ~ 1 — 50 x 10° yr ago.
and located spatially and kinematically between two CO complexes. b) Group II.
formed ~ 1 — 3 x 10° yr ago. and coincident with one of the previously mentioned
complexes. and ¢) Group III. the youngest group. formed ~ 1 —20 x 10* yr ago. and
located at the current point of intersection between the two complexes in (a). The
mass function (MF') for Groups I and II is similar to the cloud mass function of the
parent molecular clouds. i.e.. a power-law with exponent a ~ 2. A similar analysis
for the Group III stars and associated molecular clouds cannot be performed due
to the relatively small numbers in both samples. The star forming efficiency (SFE)
in all cases is ~ 1%. It is proposed that cloud-cloud collisions between the CO
complexes in the region triggered the formation of Groups [ and III. while Group I1I
was produced by a shock induced by the radiation pressure and stellar winds from
the stars in Group I. An analysis of the molecular cloud structure in Cam OB1 and
the background Perseus arm also shows that the clouds in both regions are turbulent.
and typical of clouds seen elsewhere in the Galaxy. However. the clouds in Cam OB1

show a large dispersion in the degree with which they are self-gravitating, with the



larger. warmer clouds being gravitationally bound.

The principal data set for this work comprises fully sampled 2CO (J=1-0) ob-
servations of the western half of Cam OBL. which were obtained at the Center for
Astrophysics during the winter of 1992-1993. These data have an effective resolu-
tion of 10’. a velocity resolution of 0.65 km s~!. and a sensitivity of 0.115 K. High
resolution (20”) observations of the 12CQO (J=2-1) transition of the most active star
forming region were obtained with the James Clerk Maxwell Telescope during the
winter of 1994-1995. These observations led to the discovery of a second outflow.
AFGL 490 — iki. associated with [RAS 0323145843. in the immediate vicinity of
the very well-studied molecular outflow AFGL 1490. Additional observations of the
CH3;OH maser (5, — 6pA™). taken with the 26m telescope at the Dominion Radio
Astrophysical Observatory during the fall of 1994. did not reveal any such maser-
ing activity in the Cam OBI region. but did lead to the discovery of a new maser.

associated with IRAS 02455+6034. in the background Perseus arm.
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Introduction

The Historical Development of Our Understanding
of Star Formation

The first model of star formation can be attributed to Immanuel Kant and
Pierre Simon Laplace who. in the eighteenth century. proposed the "nebula theory”
to account for the formation of the solar system. In their original model. they
envisioned a large thin disk of gas. approximately the size and mass of the current
solar system. undergoing contraction. from which the Sun formed at the center with
the planets forming in rings of material which had broken away from the contracting
disk. Problems with the distribution of angular momentum in this system. the
inability to explain planetary orbits inclined to the plane. as well as the inability
of the rings of the proposed size to avoid being disrupted by tidal forces proved
insurmountable. Furthermore. the manner in which the disk first formed was not
addressed. However. the work of Kant and Laplace has served to plant the seed
for contemporary models of star formation and the related problem of planetary
formation.

In the nineteenth century. the contemporary mathematical framework for tack-
ling the problem of star formation was formulated by R. J. E. Clausius in his deriva-
tion of the virial theorem. A very interesting exposition of the historical develop-
ment of this theorem is given by Collins (1978). A rigorous development of this
formulation is not the focus of this thesis but the underlying principle is clear if one
considers that the change in the dynamical state of a system is a balance between
the forces which are trying to disperse the system and those trying to condense it.
Clausius was able to show that the mathematical description of this balance is:

2
é%=2T+Q. (L.1)
where [ is the moment of inertia of the system. T the kinetic energy of the system and
1 the potential energy of the system. The simplest application of this formula to the
problem of star formation was first carried out by Sir James Jeans who considered
a cloud of gas which was stable (i.e.. a system in which there is no change in its
rotational inertia), in which the kinetic energy of the system would be due to its

thermal motion and its potential energy would be determined by its self-gravity. For



such a system. Eq. [.1 reduces to:

GM?

0= 2(%.»1&) +-a (1.2)

where V. the virial mass. is the total mass contained within radius R. v is the
mean three-dimensional velocity of the particles due to their thermal motion. a is
a factor included to generalize the equation to allow for different geometries and G
is Newton's gravitational constant. The minimum mass which must be contained
within radius R such that the force due to self-gravity of the system at least equals
its tendency to disperse due to its thermal motion is given by Eq. [.2 and is known
as its Jeans mass. A mass larger than this. for a given gas temperature and radius.
will undergo collapse while for a smaller mass the system will disperse.

Of course it was realized that Eq. [.2 did not contain all of the possible con-
tributing forces to the system. Over a period of time the influence of additional
forces. e.g.. magnetic fields and rotation (Chandrasekhar & Lebovitz 1962). turbu-
lence (von Weizacker 1951). and external pressure (Ebert 1955. Bonnor 1956). have
been included. A more complete formulation of the problem. assuming a stable

system. may now be given as:
P—-Q=2T+B+2L. (L.3)

where P represents the contribution to the energy of the system due to any external
pressure. {) represents the potential energy of the system as before. T represents
the kinetic energy of the system which must now include the contributions due to
thermal motion and turbulent motion. B is the total net magnetic energy of the

system and L represents the energy due to rotation.

Contemporary Approaches to Understanding Star Formation

Various assumptions have to be made in approaching a theory of star formation
for a given region. It is quite common for a particular model of the star forming
process to rely upon a reduced form of Eq. [.3 in that only some of the (relevant)
forces at play are considered. As an example. in the analysis of the star formation
in Camelopardalis presented in this thesis. the role of external pressure is not con-
sidered even though many of the CO clouds found in the region do not appear to
exceed their virial mass and should quickly dissipate without this additional force.

However. one of the main points of interest in this thesis is the relation between
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the molecular clouds and newly formed stars. not necessarily the longevity of the
clouds (which would require details of the external pressure). The assumption that
the external pressure is constant throughout the field is common to most studies of
star forming regions and is adequate for the analysis conducted in this thesis.

Furthermore. understanding star formation is inherently difficult as it is difficult
to define what constitutes a ‘system’ exactly in a particular situation. For example.
an extreme case would be a starburst galaxy. in which case the whole galaxy. or at
least a significant portion of it, constitutes the system undergoing the transformation
from gas to stars. The complexity of this system changes as it evolves and the
importance of the different forces may vary with time.

Contemporary models of star formation have approached the problem. for the
most part. from two different points of view. One point of view considers star
formation in terms of the structure of the molecular clouds from which the stars
came (von Weizacker 1951. Larson 1979. 1981. 1991. 1992). i.e.. they are produced
as a natural consequence of the structure seen in the interstellar medium (ISM). The
other point of view considers star formation in terms of the details of the formation
and evolution of individual stars (Myers & Benson 1983. Shu et al. 1987. Myers
1991). The two approaches are not mutually exclusive. On the contrary. one of the
main thrusts of contemporary star formation theory is an attempt to svnthesize the

observations and theories developed from these two points of view.

On the Evolution of Molecular Clouds

Historically. there were two schools of thought on the organization of the ISM.
which can be now be extended to molecular clouds. Von Weizacker (1951) proposed a
model] of the ISM where in the structure of the clouds could be described by classical
turbulence (Kolmogorov 1941). whereby differences in the velocity field served to
organize material in a series of eddies with a transfer of energy. via viscous heating.
from the largest scale to the smallest. At the smallest scale. heat is then dissipated
via radiative cooling. If the smallest clouds can satisfy the Jeans criterion then the
smallest clouds will collapse and form a star. On the other hand. Hoyle (1953) argued
for a gravitationally-driven structure. i.e.. turbulence in a gravitational field rather
than a pressure field, where fragmentation at all levels of organization occurred as a
natural result of the gas cooling. Again. the final unit in this fragmentation scenario

was a Jeans mass cloud which produced a star. The difference between these two
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propositions is subtle but very important. and one which will be addressed in some

detail in this chapter. As Hoyle (1933) very succinctly summarized:

“The rise of pressure [in a velocity field] due to compression in ordinary
turbulence tends to disrupt the denser elements of material. It is for this
reason that the density of a particular sample of material fluctuates in or-
dinary turbulence. sometimes being denser than the general average and
sometimes less dense. The formation of a denser element in gravitational
turbulence. on the other hand. only increases the ability of the element to
hold itself together. Thus there is a rooted difference between the two cases:
denser elements are evanescent in ordinary turbulence, denser elements tend

to become permanent condensations in gravitational turbulence.”

While the von Weizacker and Hoyle models of molecular clouds are useful they
cannot entirely represent the truth of the matter. Both of these models are essen-
tially "top-down’ views of the organization of molecular clouds in the Galaxy and are
very limited in their application. If either the von Weizacker or Hoyle model were
strictly correct then the star formation associated with these clouds, and all clouds
in the Galaxy. should be rapid. with the molecular material being quickly converted
into stars. This is not seen in the Galaxy today where the observed star formation
rate. ~ 3 M vr~!. is conspicuously low and the lifetime of molecular clouds. 1-
3x 107 yr (Blitz & Shu 1980. Elmegreen 1985) is appreciable. This difficulty with
time scales for both the von Weizicker and Hoyle models was first noted by Oort
(1954) and modelled by Field & Saslaw (1965). In the modification to the theory
proposed by Oort (1954) it was proposed that the largest molecular clouds were
continually being replaced by smaller ones which coalesced and which, in their turn,
had been built up from even smaller clouds. and so on, down to the smallest cloud
scale. It should be noted that application of Oort’s (1954) "bottom-up’ model alone
is also unsatisfactory as it does not allow for a realistic break up of the most massive
clouds by stellar winds after the formation of a sufficiently massive star (Elmegreen

1987) ! and/or supernovae (Tenorio-Tagle & Bodenheimer 1989). Nor does it ad-

! Elmegreen (1993) considers the formation of clouds via ‘pressurized’ events as
being a separate process, a discontinuous rather than a continuous process, from
the two described here. However, the objects he attributes to these events — shells,

sheets, cometary globules and galactic chimneys - may be modelled just as well in
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dress, in any detail. how such a star is formed from the most massive clouds (Field
& Saslaw 1963). or allow for destructive collisions between clouds (Struck-Marcel &
Scalo 1984).

Hence. any molecular clouds we observe. e.g.. the Cam OB1 clouds or Perseus
clouds. represent a snap-shot of the current state of affairs. which is a balance
between the tendency for the clouds to break up into smaller clouds and the tendency

for smaller clouds to conglomerate to form larger molecular complexes.

On the Formation of Individual Stars

The formation of an individual star is still a very poorly understood process
but the standard model for this process at present (Shu et al. 1987) involves the
inside-out collapse of a rotating isothermal molecular cloud core which has a 1/r?
density profile. Collapse of such a core leads to the formation of a proto-star and
disk at the center of the core. Material from the infalling core continues to accrete
onto the proto-star after first falling upon the much larger disk. Termination of
the infall occurs when outflows from the proto-star. either from bipolar outflows or
stellar winds. disperse the remaining core material.

In the model of Shu et al. (1987) magnetic fields serve as the main support
mechanism regulating the size of the initial core and subsequent proto-star formed.
Cores which are gravitationally unstable but supported by the local magnetic field
(magnetically sub-critical cores), collapse slowly as the supporting magnetic field
gradually escapes (ambipolar diffusion). Cores in which the magnetic field support
exceeds the minimum to prevent gravitational collapse (magnetically super-critical
cores). avoid collapse until the mass contained within the molecular core exceeds
what can be supported. after which rapid collapse occurs. Given that the super-
critical cores can be more massive than the sub-critical cores before the onset of
collapse. it is believed that the super-critical cores produce massive stars.

While the model of Shu et al. is attractive in the sense that it provides a
comprehensive framework in which to study the evolution of the proto-star and is
observationally consistent with the density profiles seen in cloud cores, as least as
measured by present techniques (Myers 1983), it is by no means universally accepted.

Goodman et al. (1990) note there is no unequivocal evidence for an alignment of

terms of the two general processes operating in the evolution of the ISM so there is

no additional insight to be gained from making this distinction.
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cloud features with the ambient magnetic field. This argument was extended to
cloud cores (Myers et al. 1991) and bipolar outflows (Heiles et al. 1993). where
it was shown that neither the axis of rotation nor the direction of the outflows
was correlated with the ambient magnetic field. Furthermore. this model of star
formation leads to the formation of single stars (Bodenheimer et al. 1993) and
cannot account for the high frequency (~ 50%) of multiple systems seen in very

voung star forming regions.

An alternative model by Adams & Fatuzzo (1996) proposes that the Shu et
al. model be generalized to include other support mechanisms. e.g.. turbulence
and thermal pressure. in which case the rate of build up onto the proto-star from
the surrounding core material is related to the rate of rotation of the core and the
effective sound speed a.yy. i.e.. the rate at which material can be transported to the
proto-star from the surrounding molecular core. In his early work, Larson (1981)
proposed that the proto-stellar core was built up entirely by accretion processes. in
a manner somewhat reminiscent of the Qort model for cloud evolution. with the
termination of infall again occurring when the radiative pressure and stellar winds
prevented further accretion. In this model Larson argued that the initial proto-
stellar mass should be a function of the core density and temperature (p > 10?
cm™3, T = 10 K) which for typical cores should vield a proto-stellar mass ~ 1
M:. Finally. in a re-examination of the problem. Larson (1991. 1992) suggested an
alternative solution in which turbulence was the dominant force for organizing the

[SM and molecular cores represented the smallest organized unit of this structure.

None of these models address the problem of multiple-star formation directly. In
the original work of Hoyle (1953) no rotation was assumed in the cloud fragmentation
process but this model was extended by Zinnecker (19384) to the smallest fragment
sizes. resulting in the formation of binary stars. In all the models of individual
star formation discussed so far. it is assumed that any companion stars which form
around the main proto-star form in the disk produced as a result of the collapse of a
rotating core. Details of the mechanism for the formation of the disk, its size relative
to the proto-star. the amount of the system’s angular momentum it contains, are
still very poorly understood (Bodenheimer et al. 1993). Furthermore, whether any
successful models for the formation of multiple star systems can be extended to
explain the formation of clusters or whether they form by some other means, e.g.

fragmentation of the core before collapse, remains to be seen.
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Figure I.1 A schematic diagram of the relationship between the ISM and stars.
The cycle of clouds represents the possible states of the molecular clouds, while the
cycle of stars illustrates the evolution of stars for different masses. The conversion
of the ISM into stars is shown as a solid arrow, while the enrichment of the ISM by
the stars via stellar winds and supernovae remnants are shown as broken arrows.
The fundamental elements of the problem of star formation, structural, temporal,

and stochastic, are highlighted in the insert.
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Figure 1.1 provides a pictorial summary of the current state of star formation
theory. In this overview of the problem. the relationship between the ISM and the
stars - the Galactic ecology - is represented by two cycles: the cycle of clouds and
the cycle of stars. The cycle of clouds is not really a closed cycle because low mass
stars. and to a lesser extent high mass stars, permanently remove gas from the [SM.
However, this time scale. ~ 10% — 10° yr, is long in comparison with the length of a
single star forming event. e.g.. the time to form an association. ~ 107 yr (Hillenbrand
et al. 1993).



Observational Constraints on the Formation of Stars

There are several observations which are useful in constraining any model for

the conversion of the ISM into stars.

1.

[

Larson (1931. 1982. 1991. 1992) noted that there was a relationship between
the most massive star formed in a star forming region and the most massive
molecular cloud associated with the star forming region. based upon a literature

search of the data then available. This relationship is described by
M. x “[:;oud' (I'”

with n = 0.43. Larson argued that if the stars were forming in an hierarchical
manner i.e.. the most massive star formed from a given subsystem was related
in a similar fashion to the mass in the subsystem. then the distribution of stars

would follow a power-law distribution given by.

A

— x M, [.5
dlog M. s (15)

where r = 1/n = 2.33. Larson allows for both accretion. which was the premise
of his early work (Larson 1981). and turbulent fragmentation. which is the
premise of his more recent work (Larson 1992). to be the responsible agents.
Observations of many star forming systems. including both high-mass star and
low-mass star forming regions. throughout the Galaxy show an initial mass
function (IMF) ? which is relatively constant with r = 1.7 & 0.5 (Scalo 1987).

. Star formation is going on throughout the Galaxy in two modes: “loosely aggre-

gated” star formation occurs in smaller and sparser clouds with predominately
low-mass star formation scattered throughout the region. e.g.. Taurus (Larson
1982. Evans 1991). whereas “tightly packed™ star formation occurs in denser.
isolated molecular clouds and results in the formation of more massive stars from
the more massive cores. e.g.. p Ophiuchi (Lada et al. 1993). However. neither
mode is completely absent in a star forming region where the other mode is most

evident. e.g.. Orion (Evans 1991).

2 There is some confusion in the literature about the calculation of the IMF in

terms of mass bins or logarithm mass bins. Throughout this thesis the IMF is

defined in terms of the change in the number of stars (and clouds) per mass bin. in

which case ¥ x A[-(1+7),

dM
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Not all giant molecular clouds (GMC. M > 10° M) produce stars (Blitz 1993),
and some are doing so at a very low rate. e.g.. the GMC detected by Maddalena
et al. (1986).

Star formation is not coeval but rather contemporaneous (Stahler 1985. Palla &
Stahler 1990, 1991. Garmany 1994). There is also evidence for the formation of
low-mass stars after large mass stars have appeared (Hillenbrand et al. 1993).
[t is necessary but not sufficient that there be high-density cores present to
ensure star formation: star formation is strongly favored in regions possessing a
substantial total mass (Lada et al. 1993).

Cores appear to be elongated and dominated by rotational motion which does
not appear to be well correlated with the large-scale structure of the molecular
cloud (Myers et al. 1991). As stated in the previous section, there is no over-
whelming evidence for the alignment of the cores with the ambient magnetic field
(Heiles et al. 1993. Goodman et al. 1990). but this point is still contentious.
Recent work by Vallée & Bastien (1996) suggests such an alignment may be
in effect but there are a large number of possible magnetic field configurations
proposed and the uncertainty in the measurements is large. Furthermore. the
magnetic field which they have measured may not be the one deep inside the
molecular cloud.

The largest cores appear to be embedded in the center of the most massive
clouds with smaller cores distributed about them (Blitz 1993).

The star forming efficiency for a molecular complex as a whole is low. typically
only a few percent, but is very high, greater than 50%, for the star forming
molecular cores (Evans 1991).

At least half of the stars studied which can be associated with star forming
regions are multiple star systems: of these 87% are binary systems (Bodenheimer
et al. 1993).

The observational constraints listed above suggest that the star forming process

is regulated in three different ways; structurally (as suggested by points 1 through

3),

temporally (points {4 and 5) and stochastically (points 6 through 10). A sim-

ple overview of a typical star forming event may be as follows; molecular material

forms, by whatever means, and arranges itself quickly into a hierarchical structure

with stars being produced directly from the cores of these structures. Massive cores,

formed at the center of large molecular clouds tend to form the most massive stars.
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These cores interact via tidal or hvdrodynamic mechanisms. and in a small number
of encounters. one. some or all cores involved become unstable and collapse. Star
formation is favoured in regions of high density gas as the total number of interac-
tions increases and the cross-section for a star forming interaction increases (due to
the decreased relative velocity of the interacting cores). Cores appear to be flattened
and are probably disk-like which may be the result of rotation or ambipolar diffusion
but their collapse. in general. appears to be unstable. in which case multiple star

systems or possibly stellar clusters are formed.

Why Camelopardalis? What can it tell us about
the Star Forming Process?

Camelopardalis OBl (Cam OBI1) is a very extensive OB association (134° <
" < 151°. —3° < b1 < +7°) 3 lying at a distance of 975 pc (see Chapter 4.
Humphreys 1978. Dame et al. 1987). Star formation in the vicinity in the recent
past (~ I —3 x 107 yr) can be traced out by the OB association itself as well as
by large. extensive and old HiI regions. e.g. S$202 (Sharpless 1939) or supernova
remnants (a Cam is a very well studied runaway star in the region believed to have
originated in NGC13502 but the remnant of the companion star to a Cam is no
longer visible. Blaauw 1964). More recent star formation in the region (~ 10%> — 10°
yr) includes the very energetic outflow AFGL190 (Campbell et al. 1986. Mitchell
et al. 1995). the newly detected outflow AFGL490-iki (Purton et al. 1993). the R-
Association Cam R1 (Racine 1968). as well as infrared sources detected by the IRAS
satellite (Beichman et al. 1933) which have the infrared colors of (ultra compact)
UC Hiand Hu regions. masers. outflows. etc. (Walker & Cohen 1988). Hence. Cam
OBI1 appears to be an active star forming region producing intermediate mass stars
(3 to 25 M. early A- to late O-type) albeit at a much less prodigious rate than
some of the more energetic intermediate and massive star forming regions in the
Galaxy. e.g. Orion and Monoceros (Larson 1932).

Cam OBI is worthy of study for several reasons. Firstly. very little is known

3 In regards to conventions; all Galactic coordinates refer to the new Galactic
coordinates (I//,b") and will be referred to as (I,b) throughout this thesis, the
radial velocities measured in the Local Standard of Rest are based upon standard
solar motion. and all equatorial coordinates are referred to the mean equinox and

equator of B1950.0 unless otherwise specified.
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about this region of the Galaxy. Examining the Palomar Observatory Sky Survey
(POSS) prints shows that Cam OBI. in projection. lies near to the very energetic
W3/4/5 star forming region and most studies carried out along this line-of-sight
have concentrated on this dynamic region. Studying Cam OBI1 is an excellent op-
portunity to investigate a relatively poorly known region of the Galaxy where the
possibility of new discoveries. e.g.. AFGL490-iki. is great. Secondly. Cam OBI. by
virtue of being a somewhat quieter and gentler star forming region allows the study
of the formation of an OB association in which the formation of very massive stars
and their evolution. via stellar winds or supernova remnants. have not destroyed
the primary mechanism responsible for producing the stars. Thirdly. as in studies
of other star forming regions. Cam OBI can be tested for consistency with the ob-
servable constraints outlined in the previous section. An exhaustive examination of
star formation in the Cam OBI region would require observations at many different
wavelengths with different instruments and is beyond the scope of this thesis. How-
ever. what this thesis attempts to do is provide a framework for our understanding
of star formation within the Cam OBI region. This thesis also suggests further
observations. which will support or reject the claimed method of star formation.
Finally. it also comments on the applicability of the star forming mechanism(s) seen

in Cam OBI to elsewhere in the Galaxy.

Outline of the Thesis

Since the primary data for this thesis consist of a CO survey of the Cam OBI1
region. the first three chapters will focus on this material. Chapters 4 through
7 identify the sites of star formation in the region and consider the star forming
process in terms of the three elements proposed to characterizeit. i.e.. the structural
relationship between the parent molecular clouds and newly formed stars. temporal
evolution of the clouds. and the probability of the onset of star formation. Chapter
8 compares the structure of the clouds in Cam OBl with the more distant Perseus
region. The final chapter provides a summary of the current knowledge of star
formation in Cam OBI1 and makes some suggestions for further observations. The

outline of the thesis. in detail. is as follows:

Chapter 1 discusses the physics of the radio emission by the CO molecule as
well as essential definitions used throughout the remainder of the thesis. It also

presents background material necessary to provide some insight into the underlying
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assumptions and limitations of CO molecular observations.

Chapter 2 presents the CO data for the thesis. These data have been published
(Digel et al. 1996) and form part of a larger survey of the second quadrant being
undertaken at the Center for Astrophysics (CfA).

Chapter 3 deals with the improvement in quality in the present CO data over the
previously available CO data for this region. The improvement in data quality is
examined via Fourier transform techniques and structure tree statistics. Results of
this analysis suggest there is no preferred scale size and there exists a hierarchical
structure in at least one of the molecular clouds in the Cam OBI region.
Chapter 4 examines the optically identified stars in the Cam OBI region taken
from the SIMBAD data base. A fit to the data shows that the distance to the
association is 975 =90 pc and the association has been evolving contemporaneously
for the last 1—350x 10° yr. There is strong evidence for the presence of both pre-main
sequence and evolved stars in the association.

Chapter 5 considers the most recent star formation in the region by analyzing
the infrared sources selected from the /RAS data base (Beichman et al. 1988). The
current star formation. traced out by these sources. is shown to coincide with the
current site of interaction between two molecular complexes. A pointed survey.
undertaken with the Dominion Radio Astrophysical Observatory 26m telescope. of
methanol masers of the entire survey region failed to detect any new sources in the
Cam OB region. but a new source associated with IRAS 02455+6034 was detected
in the Perseus arm (near W3). Data for these observations have been published
(Lyder & Galt 1997). High resolution observations of selected sites in the Cam
OBI1 region of CO emission. undertaken with the James Clerk Maxwell Telescope.
revealed the presence of a second powerful outflow. AFGL190-iki. An announcement
of this discovery has been made (Purton et al. 1993).

Chapter 6 deals with confirming the association between the stars assigned to
Cam OB1 and CO emission features. This is accomplished from morphological
arguments and physical arguments. i.e., the ionization of the Cam OBI gas by the
hot Cam OBI stars and the warming of the dust associated with the Cam OBl
clouds by the Cam OBI stars.

Chapter 7 analyzes the star forming history of the Cam OBI region and argues
that star formation in Cam OBI1 has had three epochs of activity. The first occurred
over a period of 1 — 50 x 10® yr ago and probably involved the collision of two molec-
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ular complexes. A second epoch of star formation appears to have been triggered
by shock compression of one of these complexes 3 — 1 x 10° yr ago. The most re-
cent epoch of star formation is coincident with their current points of intersection.
The IMF for the stars in Cam OBI1 agrees with that seen elsewhere in the Galaxy.
The cloud mass function for many of the CO complexes in the region. including the
interacting complexes. shows a similar scaling law as the IMF. In all cases the star
forming efficiency is low (less than a few percent).

Chapter 8 compares the molecular clouds in Cam OBI1 with those in Perseus. It
is shown that the clouds in Cam OB1 cannot be distinguished from those in Perseus
on the basis of the degree of their turbulent support, but many of the clouds in Cam
OBl are not gravitationally bound. It is also argued that this last group of clouds
are the youngest clouds in Cam OBI.

Chapter 9 is a summary of the analysis of the Cam OBI region provided in the
thesis and makes some suggestions for further studies.

Appendices of technical details deemed necessary to the thesis. but not to the
main body of work. are also included. Appendix B contains data on Perseus stars
not directly related to the thesis but discussed in the published survey (Digel et al.
1996). which referenced this work.
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Chapter 1

General Overview of CO Observing

The basic physics of CO emission is reviewed; this includes the
modelling of CO emission assuming statistical equilibrium and
application of the equation of radiative transfer. The detection of
CO emission by ground based telescopes is also discussed taking
into account the attenuation of the CO signal by the atmosphere
and the efficiency of the coupling of the telescope beam to the
CO signal. Physical quantities of importance characterizing a CO
‘cloud’ are also defined, i.e., radius, linewidth, CO mass, virial

mass and luminosity.

1.1 Introduction

Molecular hydrogen. H,. is one of the major components of the interstellar
medium (ISM). It is also the major constituent of molecular clouds. which are the
sites of star formation. Unfortunately. direct detection of H, via vibrational or rota-
tional (quadrupole) transitions is not easy due to their relative weakness or location
in a spectral region of poor atmospheric transmission. With the first successful de-
tection of 12CO J = | — 0.v = 115.2712 GHz. A =2.6 mm (Wilson et al. 1970).
hereafter referred to as CO. there became available a useful probe of the molecular
environment of star forming regions. In this chapter. the underlying basic physics of
the CO molecular transition. and the limitations and assumptions made in observ-
ing it. will be discussed. Physical quantities of interest, e.g.. the mass of a molecular
cloud. based upon the observations will also be derived. This chapter will be lim-
ited to a highly idealized system in order to present the main concepts relevant to
observing CO. while a discussion of the uncertainties in the quantities dependent
upon the observing procedure. e.g.. the acceptable noise level for a given spectrum.
will be deferred until Chapter 2.

The layout of this chapter will be as follows: §1.2 presents the physical principles
applied in observing the emission from a CO cloud assuming the CO line emission

is purely the result of collision processes. This section also discusses the equation of
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radiative transfer for the CO line emission when illuminated by a weak background
source (2.7 K background radiation field), and the detection of the CO line by a
ground based telescope. §1.3 discusses the measured physical quantities (§1.3.1).
e.g.. the linewidth of the CO line. as well as derived physical quantities (§1.3.2).
e.g.. the CO luminosity of a CO cloud. §1.4 summarizes the main assumptions and

constraints made in CO observing.

1.2 Physical Principles

Molecular transitions are more easily modelled if it is assumed that the motion
of the relatively light electrons can be completely decoupled from that of the much
heavier parent nuclei (Born-Oppenheimer approximation). Under such conditions

the total energy of a molecular system is given by (Lang 1980):
Eior = Eer(re) + Evib + Eror. (1.1)

where E.j(r.) represents the electronic binding energy at the equilibrium separation
re. Evip the vibrational energy and E, the rotational energy. Typical values for
E.(r.) are 3 — 10 eV atr, ~ 1 A. This contribution to the total energy does not
play a role in the current observations and will not be considered further. For a
simple diatomic molecule. Ejp, = Awyip(v + %) with vibrational quantum numbers
v = 0.1.2..... While these transitions can be observed and are useful they are not
responsible for the line-emission considered here. The rotational energy of a simple
diatomic molecule or linear polyatomic molecule assumed to rotate rigidly can be
written as Ef.:t) = hBJ(J + 1) where J = 0.1,2.... is the rotational quantum num-
ber. B is the rotational constant (in Hz) and A is Planck’s constant. For a molecule
like CO that possesses a permanent electric dipole moment. i.e.. a separation of the
centers of charge and mass. the molecule can undergo a strong electric dipole tran-
sition obeying the selection rule Jypper - Jiower = MJ = +1. Figure 1.1 is a simple
schematic illustrating the lower transition states of CO.

Observationally, the problem is one of viewing a cloud of CO gas against the
background radiation field and being interested in the contribution to the net radi-
ation field. as viewed along a line-of-sight through the cloud, due only to the cloud.
If the incident radiation impinging upon the far side of the cloud possesses a specific
intensity defined as [, (this is the energy being emitted by a source per unit solid

angle of the source which then falls onto some area of the cloud per unit bandwidth
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Figure 1.1 Ro-vibrational levels for the lower transitions of ?CO. Adapted from
Genzel (1992) and Scoville & Sanders (1937).

per sec. e.g., in cgs units this would be in ergs s™! cm~2sr~! Hz™!) then there should
be some moderation of this radiation due to the addition of sources radiating within
the cloud and some depletion due to some sources absorbing within the cloud. If
this is the case, then an equation for the change in radiation intensity as it passes
through the cloud (the transfer of radiation) is given by (Rybicki & Lightman 1979,

Bohm-Vitense 1989):
dl, .
ds 0¥

where ds is the increment in distance along the line-of-sight through the cloud from

—-a,l, (1.2)

the far side (say at some distance s, as viewed by an observer) to the near side (say
at some distance s as viewed by an observer). The first term on the right-hand side

of Eq. 1.2 represents the added emission to the incident radiation and is defined as

the emission coefficient (ergs s=! cm™3 sr~! Hz™!) while the second term represents
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the attenuation of the incident radiation (hence the negative sign) where a, is
defined as the absorption coefficient (cm™!). In some formulations of the problem.
a term is included to account for photon scattering along the line-of-sight (Rybicki
& Lightman 1979). However. it is assumed for the molecular clouds examined here
that the optical depth is greater than one (emitted photons do not travel far before
being re-absorbed) and that collisions dominate the equilibrium state of the cloud
so that scattered photons. on average. do not contribute to the radiative transfer.
This would not be the case for diffuse clouds where the contribution from scattered
light could make a contribution to the radiation field.

[t is sometimes simpler to think of the attenuation of the incident radiation in
terms of the relative loss of intensity as it passes through the cloud rather than as a
function of position in the cloud. This change of variables can be accomplished by

defining the optical depth. d7,(s). as the total absorption per increment of length

ds. i.e..
dr,(s) = a,ds. (L.3)
and. hence. for the whole cloud
r, = 1(s) = / a,(s')ds'. (1.4)

It is now a simple matter to rewrite Eq. 1.2 in terms of the change in opti-
cal depth through the cloud. i.e.. the change of the incident radiation intensity as

function of optical depth. given by

d, _ o _,

dr, v v

where S, is defined as the source function, the ratio of the emission coefficient to

(1.5)

the absorption coefficient. i.e..

s, =3I (1.6)
@,

Eq. 1.5 can now be solved making use of an integration factor €™ and integrating

over the length of the cloud. from 7 =0 to 7 = 7. to obtain
I, =1,0)"+S,(1—¢"7). (1.7)

Hence. the intensity of radiation emerging from the cloud is composed of the initial
incident radiation attenuated by the cloud’s total absorption plus the cloud’s con-

tribution to the radiation (assuming S, is spatially constant — a contribution from
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scattering could be inserted at this point in which case S, is now the ratio of the
emission coefficient to the sum of the absorption and scattering coefficients. but then
Eq. 1.5 must be solved by more sophisticated analytical or numerical methods) over
the length of the cloud. The solutions to this equation include the ‘optically thin’
case (7 < 1) when Eq. 1.7 reduces to [, = [,(0) + S, 7. and the "optically thick’
case (tr > 1) when the cloud’s emission dominates the background emission giving
I, = S,. Finally. the excess line intensity above the 2.7 K background continuum

emission. A/j;,,. is given by
AMjine = [1, — L(0)] = [S, — L(0)][1 — 7] (1.8)

The equation of radiative transfer describes only one aspect of the physics of
CO emission. A complete solution to the problem also requires an understanding
of the state of the gas in terms of the state of each molecule. Such knowledge
cannot be obtained directly but may be inferred from a statistical approach. The
simplest approach (Genzel 1991. 1992) considers a two level system to describe the
CO rotational transition: a lower state [ (no rotation) and an upper state u (rotating)
with a change in energy between the two states given by AE = hv (photon at 115
GHz). 1If collisions are the sole agent for producing transitions between the two
states (v — [.[ — u) and there are n molecules (collision partners - these would
be primarily H, molecules) per unit volume (cm™3). then the transition rates per

molecule per collision partner per sec are given by
Cu=Cumy=nvy=n<oyv>. (1.9)

and
Clu = Cl—-u = Cul(gu/gl)e—hu/krl‘m- (110)

0. (cm?) is the cross section for a collision u — [ at velocity v (cms™!). v (cm3s7!)
is the overall collision rate coefficient for u — [. g, and g; are the statistical weights
for the upper and lower states. respectively. given by 2J + 1. and k is Boltzmann's
constant. If the distribution of collision energies is given by a Maxwell-Boltzmann
distribution at kinetic temperature, T};,. then the average collision rate. < o, v >,

will be given by

3

1 LI e

Yul =< Oyt >= — s (aul(v)v)vze_“”z/(?”’"")dv, (1.11)
\/-71: 2kTin °
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where p is the reduced mass of the molecule and collision partner system. Typical
values of +,; for CO with H, as its collision partner are 1.8 x 107'? cm® s~! and
3.7 x 1072 cm3s™! at 10 K and 100 K respectively (Spitzer 1978).

If the system is also allowed to be de-excited. i.e.. to undergo u — [ transitions
by emitting a photon. then the relative populations in the u and [ states for a system

of n molecules may be found by the principle of detailed balance to be
nl(A/lun)=nu(Aluln+-"lul)- (112)

where A, is the Einstein coefficient for spontaneous emission. 4, may be found

from
64ty

RY Yo
where ¢ is the speed of light. v is the radio frequency at which the line is observed

(= 2B(J + 1) where J is the lower state J) and P, is the dipole matrix element for

Ay = | Pul?. (1.13)

the transition u — [. In the case of a pure rotational transition for a linear molecule
such as CO. |P,|? has been determined to be (Spitzer 1978)

. s J+1
t= P .

where M is the permanent dipole moment for the molecule which must be deter-
mined experimentally. For CO M = 0.112 Debye (1 Debye = 10~!® e.s.u-cm). For
the J =1 — 0 transition of CO B = 57.6 GHz and hence. 4, =6 x 1078 s~!.

Defining n¢,: = n; + n, and the critical density. n., = A,;/7.. it is now possible
to re-write Eq. 1.12 in the form

(=he[kTgen)

Py _ (gu/g1)e
Ntot 1 + (gu/gz)e( ~he/*Tkan)

: (1.15)
+n./n
The critical density is an important parameter as it defines the density at which the

population becomes thermalized. i.e..

~hu/kTe,pn)

(nu/nl)thcrmal = (gu/gl)e( (1.16)

One of the problems in analyzing CO emission is that there is no consensus among
radio astronomers on exactly when Eq. 1.16 is applicable. Values between 1 and 2
for the assumed ratio of n to n. are not uncommon in the literature. For this work

it is assumed that n = n_,.
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A further modification which must be taken into account in determining the
equilibrium state of the CO gas is the effect of line blocking. The above derivation
for the distribution of molecules in each energy state assumes that a photon at a
particular frequency (or velocity). once produced. will escape from the gas cloud
without re-combining, i.e.. the gas is optically thin to the emitted radiation. For
emission regions which are optically thick. i.e.. regions where the photon does not
travel far before being absorbed. the Einstein coefficient is effectively reduced. If
the optical depth. r at a particular velocity can be determined then the reduction
in the 4, can be calculated. Assuming 3 represents the effective line blocking and

3 x 1/r then A, — A, 3(7) and Eq. 1.15 can be re-written such that

(=hv{kTiin)

nu _ (gu/g1)e
Neot 1+ (gu/gde ™™ T £ no3(r)/n

(1.17)

Measurements of 7 for most giant molecular clouds in the Galaxy suggest that it
is > 10 (de Jong et al. 1980. Scoville & Sanders 1987) and with n., > 3000 cm™3
assuming no line blocking. then the effective density when the CO line is thermalized
will be =~ 300 cm~3.

The observed radiation intensity from a transition which is in thermal equi-
librium. such as CO observed in the radio region. can be expressed in terms of the
excitation temperature. T.,. or Rayleigh-Jeans radiation temperature at radio wave-
lengths. Try. which will equal the kinetic temperature. Ty;,. as well as the rotational

temperature. Tg,,. i.e..

L 2k hv 1 2kv*TR; 2kvd,,Thot N
S, = = [t’:.l‘p(k Tu)—l] = = = 2 . (1.18)

The background radiation will also follow a similar prescription with Tex in place
of T... Hence. the intensities (Eq. 1.8) may be written in terms of radiation tem-

peratures,

Tline = (TRot - Tback) [1 — erp (_Tu)]- (119)

Finally. one last effect which must be taken into account is the fact that the clouds
are not uniform but are usually very fragmented and hence they may or may not fill
the beam of the telescope. In order to generalize Eq. 1.19 to take this into account.
it must be modified so that
Q. ot ol
Trot = Trot (222 + Taek (—24). (1.20)

Qbenm
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where §.,4q represents the area of the CO cloud. Q,,,; .iuq represents the area within
the beam but outside the cloud and Q.. represents the beam of the telescope. In
principle. one can determine this modifving ratio. or filling factor. by observing
with successively smaller beams with higher velocity resolution until T};,. does not
change. In practice, there are usually not enough data available to check this point
and normally it is assumed that the filling factor is unity. as was assumed in the
present survey (Digel et al. 1996).

So far the discussion has considered only the physics of CO emission at the
source but this is not the entire picture. One complication is that the CO signal
must also pass through the Earth’s atmosphere where it is subject to attenuation
that is highly weather dependent. It is also necessary to consider how efficiently the
telescope detects the radiation in order to determine the true radiation temperature
(Tiine). What the telescope will measure is commonly referred to as the antenna
temperature. T4. If the effects of the atmosphere are first ignored. i.e.. if the tele-
scope were placed above the atmosphere. then the response of the telescope is given
by:

[ Tr(8.0)P.(6 —b8,.0 — 0,)dQ

T'.fl(ao'oo) = ,,R4r f P (0' O)dQ (1'21)
4

where n, is the efficiency with which the source couples to the telescope. Tr(6. o)
represents the radiation temperature of the source and P, (6. o) represents the power
pattern (sensitivity) of the telescope. both as a function of position in the sky in
(8. 0) coordinates, and df2 represents the solid angle of integration. Essentially. Eq.
1.21 is the convolution of the telescope beam with the source. If the telescope is
well designed then most of the power is in the main beam and it is useful to define

the forward looking beam efficiency. n, . by:

N [ P.(6.0)dQ

2x . Forward

= . 1.22
N N CNYT h22)
T4
and what the telescope detects in the forward direction! is given by:
TI
1=, (1.23)
U

! It was pointed out by the referee for the present survey (Digel et al. 1996) that
the limits in the forward direction for the CfA survey was not 27 but rather down

to the first nulls in the forward direction. Given that most of the sensitivity in the
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If the effects of the atmosphere are then included it follows that T4 may be found

from:
T_4 = T:lﬁ-r + T]LTAtm(l - e—r)

=0, Tae™ + 1, Tarm(l — €77). (1.24)

where 7 is the optical depth of the atmosphere for the source elevation and T ¢y, is
the temperature of the atmosphere.

In principle. Eq. 1.24 could be solved directly for each observation but this is
not the usual procedure at the CfA. What is done is known as the "chopper wheel
calibration’. where T’y for a source is found relative to the temperature of a chopper
wheel momentarily placed in front of the receiver. This procedure. in detail. is as
follows:

1. Calculate the receiver temperature. Tg;. and gain G using a hot (ambient tem-
perature) and cold (.V,,,) load. The voltages from the receiver for these two

loads are given by:

Veod = G(Tcota + Tre). (1.25)

and
Vior = G(THot + Tr:)- (1.26)

Eq. 1.25 and 1.26 may be solved simultaneously to obtain Tr, and G.
2. Determine the parameters n,. T'ytm and 7 by "antenna tipping’. In this proce-
dure. many observations of the sky at different elevations are taken in order to

form a system of equations with each equation of the form:
Vsky = G0y Taem(1 — €77) + (1 = 0 ) Tams + Trs)- (1.27)

where T4, is the ambient temperature. The first term in Eq. 1.27 represents
the contribution to the signal from the sky. the second term the contamination
of the signal from ground radiation and the third term the noise contribution

from the receiver. In solving Eq. 1.27 7 is assumed to be composed of two

forward direction was contained in the first nulls this discrepancy is not serious.
however, for clarity the temperature scales in the Digel et al. (1996) were given as
=5 to indicate they were temperatures derived from the response of the main beam

of the telescope.



24

components, 7, and 7, ,. 7, is due to oxygen in the upper atmosphere and

is relatively constant (7, = 0.378 at 115 GHz: Kutner 1978. Digel 1991) while

Tu,o IS due to water vapor in the lower atmosphere and is highly variable. This

H
procedure is repeated every four to six hours. or more frequently when the

weather is changing rapidly (Kutner 1978. Kutner & Ulich 1981). in order to
update the solution for n,. Ty and .

3. Determine T3] using the chopper wheel calibration. By looking at a second
source. such as a chopper wheel at temperature T, temporarily placed in front
of the receiver. while pointing at the same position in the skv where V5, was

obtained. the response of the system. V7. is found to be:

Vi = G(TL + Tre). (1.28)
From Eq. 1.27 and 1.28. a calibration signal. AV¢,;. defined by:

Abcar =V — Vg (1.29)

may be formed. If it is assumed that T; ~ Ta,5 ~ T4m then it follows that Eq.

1.29 may be re-written as:
A"'.C'zzl ~ G’]L I‘.-lmbe_r- (130)

Similarly. the voltage measured at the back end of the receiver when looking at

a source is given by:
Voourcersky = G(n, Tie™" + n Taem(l —€77) + (1 = ) Tams + Tr:).  (1.31)
and the difference between Eq. 1.31 and 1.27. AV);. may be found to be:
Vieurcesaky — Voty = AUy ~ G, Te™", (1.32)

Hence. for any source. T may be obtained from a comparison of Eq. 1.30 and
Eq. 1.32. i.e.. )
Ty = ————Tams- (1.33)

Eq. 1.33 is a first-order approximation of Tj. In general. the assumption that
T; ~ Timp ~ T atm does not hold so that a correction factor. C F'. of the form (SEST
Handbook):

CF:1+(n—-;1r“—m)(e’—l)+(q—t-—l)(i%fﬂg)e’. (1.34)
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must be applied to AV¢g. i.e..

AVS,, = CFAVea, (1.35)
and Eq. 1.34 becomes
Ti= ¥4 7 (1.36)
4~ CFA"C‘GI Amb .

The quantity T3 as derived from Eq. 1.36 is essentially what is measured at the
backend of the receiver as the source temperature.

Finally. in order to recover the line temperature for the CO emission. as coupled
to the main beam. a last correction for forward spillover and scattering efficiency of
the support structure must be applied to give

_ I

line ™ .

Nfss

(1.37)

where g, = 0.82 for the CfA antenna (Bronfman et al. 19388). In the literature

T;,. is often referred to as T and for consistency this practice will now be followed.

1.3 Physical Quantities of Interest

There are several physical quantities of which are of fundamental importance to
the description of CO. Measurable quantities include the linewidth for the observed
CO line. the boundary of the CO emission as defined by the half-maximum radius of
the peak emission (the details of the selection method of this radius will be provided
in Chapter 7) and the centroid of an emission feature weighted by temperature.
From these measured quantities it is possible to derive the CO luminosity for a
given emission feature (provided the distance is known). as well as the CO mass. It
is also possible, assuming that the features are in virial equilibrium, to derive a virial
mass. An estimate of the uncertainty in these parameters is provided in Appendix

A.
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1.3.1 Measured Physical Quantities

i. Linewidth Figure 1.2 shows a typical spectrum for an emission feature in the
Cam OBI region (velocity coverage of -3 to ~22 km s~!). This feature is defined
by a rectangular box in (/,b.v) co-ordinates as a spatially and kinematically single
feature. Given the identification of a CO feature. the linewidth is defined as the
full width at half maximum (FW H M) for a Gaussian profile fitted to the average
spectrum contained within the defining boundary. In practice. this was performed
in a program. cloud_find, written by the author which called the in-house Interactive
Data Language (IDL) library to make use of the resident line fitting routine curvefit.
This program required an input function in the form of a Gaussian. i.e..

(v — Velocity of Peak)?

2 o?

Mean Tg(v) = Offset + Maximum Mean T x exp —

(1.38)

where FW H M = 2.3556 o (Lang 1980). as well as its derivative (contrary to the
IDL disclaimer) in order to fit the data properly.

However. the apparent FW HM for a given spectrum requires one more cor-
rection before it can be used. All observations obtained with the CfA instrument
involve the convolution of the instrument’s spectral response (0.65 km s~!) with the
true velocity profile of the emission line. Hence. the true FW HM for any emis-
sion feature will be given by the de-convolution of the apparent FFW H M with the

correlator channel width or
FWHM((true. km s™') = (FWHM (apparent. km s~!)? — 0.65%)"/2, (1.39)

In addition. the true FWHJM is derived from the one dimensional line-of-sight
velocity. and hence is referred to as \vy4. In some instances. a three dimensional
FW HJM is required in deriving a physical quantity of interest. In these cases.
assuming random motions. then \ v34 1s given by (Myvers 1985)

3

817)1/2 _\vld. (140)

Avzg = (
For brevity. any future references to Av;q will simply be Awv.

ii. Radius The selection of a cloud radius is certainly more problematic. There
are several methods which have been employed to define such a radius including the
radius for a circular area equivalent to the area of the cloud defined at some arbi-

trary threshold average temperature or intensity (Dame 1983, Sanders et al. 1984,
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Figure 1.2 Sample spectrum for the Cam OBI emission centered on (I.b.v) =
(141.9.4+6.5. —12.0). Each channel represents the mean emission fitted over a rect-
angle selected to encompass only the emission feature of interest. The histogram
is the actual data while the dashed line represents the fitted solution characterized
by: the peak mean emission (0.43 K). the FW HM (2.7 km s~!). the position of the
peak value (-12.3 km s™!) and baseline offset (-0.0 K).

Maddalena et al. 1986. Peters & Bash 1987. Digel 1991. Dobashi et al. 1992). In
some cases, the radius is related in some geometric fashion to the observed emission
feature. e.g.. as a weighted mean of the spatial dispersion (Solomon et al. 1987).
while in others the cloud radius is derived from the number of detections on the
survey grid spacing (Tereby et al. 1986. Chair et al. 1994) or by the chord cut
along a particular axis of the survey (Sanders et al. 1983) or by the longest axis

seen (Larson 1981).

In this thesis the definition of a cloud radius is essentially geometric but now
it is assumed that the observed cloud radius is that derived from an equivalent
circular area as traced out by the half-maximum intensity contour for a selected

emission feature identified in an integrated map over a given velocity range (Digel
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SompLe Cloud: G141.9+6.5-12.0
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Figure 1.3 Sample map for the Cam OB! emission centered on (l.b.v) =
(141.9. +6.5. —12.0). bounded as indicated by the broken line and integrated from
-3 to =22 km s~!. Each dark contour represents a 3o level (1.17 K km s~!). The
projected centroid of emission is shown by the white cross and the half-maximum

contour level (3.48 K km s™!) by the white contour.

et al. 1996). i.e..

.’*fea-n —maximum intensit 12
rObserved = ( = T y ) ’ ( 1-41 )

The advantages of this procedure over previous methods are the ease with which the
radius can be defined. and its relative independence of the sensitivity of the survey.
Again. as In the case of the linewidth, a correction for the finite beam width must
also be taken into account. The data presented in this thesis and presented as a
part of a recent survey (Digel et al. 1996) have been smoothed to a resolution of
10’. Hence, a true half-maximum radius taking into account the convolution with

the 10’ beam is given by

1/2
rTrue = (riburved - 52) ° (1'42)

where the observed radius is measured in minutes of arc. Figure 1.3 is a sample

map for the cloud used for constructing the spectrum shown in Figure 1.2.



29

ili. Centroid of Emission It is important to determine the centroids as they may

be used to indicate whether there are any interesting trends in the motion of clouds
seen in the field. e.g.. discontinuities in the velocity field indicative of a shear or
possible cloud-cloud collision. The definition used for the centroid of a cloud is the

emission weighted center of the cloud in (/. b. v) space. i.e..

pirels in cloud

Z T-Ri li
[= =1 ) (1.43)

pirels in cloud

> Tg;

=1

pirels in cloud

- Tiyb
i 1=
b= pirels in cloud * (1.44)
Tx.
;=1 R
and
pirels in cloud
TRy vk
¢ T : (1.45)

pizels in cloud
kz=:1 Rk
where the limits are determined for each cloud as previously discussed (§1.3.1.:). The
centroid for a cloud is calculated in the program cloud_find and the designation of
the cloud is made based upon the centroid (/. b. v) values (to the first decimal place).

e.g.. G141.94+6.5-12.1 refers to the cloud centered on (141.934. 6.473. -12.10).

1.3.2 Derived Physical Quantities

i. Luminosity The luminosity of a molecular cloud (K km s~! pc?) is the integrated

CO line intensity over the total area of the cloud. This is given by

Lco = 02 / / T;é dv dS. (1.46)

Solid angle of cloud velocity range

where D is the distance to the cloud in pc, Tj is the radiation temperature. dv is the
increment in velocity in km s™! and dQ? is the increment in angular area in radians.
This equation may then be written in terms of the maximum line temperature seen

in the cloud. Tp(mazr), the area under the Gaussian curve fitted to the velocity
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distribution and the FH H M of the velocity profile fitted by a Gaussian profile.
A v. (Dame 1983). i.e..

Leo = D? 2 ,/1:—.) Tj(maz) Av / do. (1.47)

Solid angle of cloud

In the course of writing this thesis it was noted that there was a slight discrepancy
between the method of calculating Lco. method 1. used by the author and that of
Digel et al. (1996). method 2. In method 1. the author fitted a Gaussian profile
to the average value of all of the pixels contained within the cloud boundary at
each velocity and multiplied by the total area contained within the cloud boundary.
In method 2. a Gaussian profile was fitted to the sum of all pixel values within the
cloud boundary which was then multiplied by the area of one pixel (method 2) . The
ratio between the two solutions should. in principle. be unity. but it was determined

by a least-squares fit to the data that
Leo(method 1) = Leo(method 2)/1.07. (1.43)

i.e.. method | underestimated Lo by ~ 7% relative to method 2. It is not clear
what is the source of this discrepancy but all of the Lros quoted throughout this
thesis have been scaled to be in agreement with method 2.-footnote One possible
explanation is that \/;—;: was used in Eq. 1.47 rather than the proper coefficient -

L. B. Knee. private correspondence.

ii. Mass There are two methods of mass determination used throughout the
thesis. The first. Mco. is the *CO mass” of the molecular cloud derived from the CO
luminosity (Eq. 1.40). The second. M,,.. is the virial mass of the molecular cloud

as determined from the virial theorem.

a. CQO Mass It is well established that CO is a good tracer of the molecular mass
of a cloud (Combes 1991. and references therein). The fundamental quantity of
interest is the constant of proportionality. X. between the integrated line-of-sight
CO intensity. W(CO). and the H; column density. N(H;). This constant. defined
» V(H.)

- -V,

X= m (1.49)
where

W(CO) =/T§(ma.r) dv, (1.50)
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can be determined in several different ways. The first direct determination of X
made was based upon ultraviolet absorption by H, of nearby background stars (Sav-
age et al. 1977). Since this technique could only be applied to nearby stars and
to diffuse clouds. more indirect methods were then employed. These included pho-
tometric extinction measurements (Bohlin et al. 1978. Elias 1978) and star count
measurements (Dickman 1988). In both of these methods there is an assumption
that the gas-to-dust ratio is constant. which does not necessarily hold true. Further-
more. in the case of photometric extinction surveys. information is only gained for
a small area, while in the case of star count measurements. a tremendous effort is
required in treating a large area. which may also suffer from calibration and inherent
statistical uncertainties (Dickman 1938).

More recently. there have been high-energy v-ray observations of the Milky Way
which examined the 4-ray intensity and its correlation to .V(H;) and W(CO). and.
consequently X (Lebrun et al. 1983, Bloemen et al. 1984, Bloemen et al. 1986.
Strong et al. 1988). This technique, which assumes that cosmic rays strike hydrogen
nuclei in the ISM producing = mesons which in turn decay into y-rays on a one-to-
one basis. i.e.. one y-ray per nucleus. is still not established. There has been some
debate as to whether the v-rays fully penetrate the cores of molecular clouds to vield
a true count of the hydrogen nuclei (Bloemen 1989) as well as the calibration of the
relationship taking into account the variation of metallicity and/or temperature of
the CO clouds with galactocentric radius (Digel et al. 1990. Digel et al. 1996).
The calculation of CO masses determined in this thesis will assume that the best
estimate of X is given by Strong et al. (1988) with a correction due to the fact
that the CO data used in the comparison. which had been gathered at the CfA,
assumed an incorrect intensity scale by a factor of 1.2. Hence. for this thesis it will

be assumed that
X =1.9x 10*° (molecules cm™*[K km s™!]7"). (1.51)

Finally, it follows from Eq. 1.47. 1.49 and 1.50 that the CO mass (M¢o) for a
molecular cloud is given by (Digel 1991, Digel et al. 1996)
X

Mo = 4.2 (E> Leo, [Mg) (1.52)

where X is in units of 10* cm~? [K km s7!|~'. This includes multiplication of
the column density, N(H;), by a factor of 1.36 to account for helium and heavier
elements (Allen 1973).
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b. Virial Mass The virial mass. M,;,. of a molecular cloud of radius r and FW HM
velocity dispersion Av is defined as the mass of an equivalent uniformly dense. non-
rotating. spherical cloud which possesses the same velocity dispersion and size and is
in gravitational virial equilibrium. With the additional constraints that there are no
magnetic fields present nor ambient medium producing an external pressure. then
Eq. [.4 may be written as (Dame 19383)

3GM?

M, Av2, - ®r = 0.0 . (1.53)

Combining Eq. 1.40 and 1.33 it follows that for such a cloud

3 .
) vir — ’2. D
I (SGln'Z) r Au (1.54)

Finally. M,,, must be multiplied by (4/3)!/? to take into account that the r measured

is the half-maximum r (Digel et al. 1996). Hence.

M, = 2425 0 A2, (1.53)

where M, is in solar masses. r is measured in pc and Av in km s™!.

1.4 Summary of Assumptions and Constraints

The main points raised in this chapter with regard to CO observing are:
1. The CO moleculeis assumed to be associated with molecular hydrogen gas where
the local density exceeds the critical density to ensure thermal equilibrium.
The CO gas is assumed to be optically thick.
The filling factor for the CO clouds is assumed to be unity.

™

The observed line radiation, Tg. is the difference between the line radiation
produced by the CO molecule and the background radiation after correction for
spillover and scattering as detected in the main beam of the telescope.

. The line profiles for a CO emission feature are assumed to be well modelled by

Ut

a single Gaussian profile.
6. The radius of a CO cloud is derived from the area of the cloud contained within
the half-maximum contour level.
. A value of X = 1.9 x 102 (molecules cm™3[K km s~!]™!) is used throughout
this thesis.
8. It is assumed that the clouds are spherical and non-rotating with no additional

~1

support from magnetic fields or external pressure in the determination of their

virial mass.
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Chapter 2

The Present Survey

Recent data (Digel et al. 1996) taken with the CfA 1.2 m tele-
scope of '2CO (J=1-0) are presented. The author was responsi-
ble for mapping a significant portion (~ 40 deg?) of this survey
(~ 100 deg?). Maps made from this survey present the CO emis-
sion taken from different perspectives; 1 vs. v, b vs. vand 1 vs. b
for different regions defined in the survey — Local, Cam OBI1,
Interarm, Perseus and Outer Galaxy. Each region is discussed
in some detail emphasizing the main CO structures seen.

2.1 Introduction

Observations of the molecular gas associated with the extensive OB association
Cam OBl (Humphreys 1973) were carried out as part of a more extensive survey
of the second quadrant of the Galaxy which included the W3/4/5 complexes (Digel
et al. 1996. hereafter Di96). The second quadrant is excellent for studying the CO
emission as it lies in a direction that is subject neither to velocity ambiguities (i.e..
near and far side distances) nor velocity crowding associated with most previous
surveys which sampled the inner Galaxy (see Combes 1991 for a good summary of
those surveys). In this chapter. the details of the Center for Astrophysics ! (CfA)
survey will be presented. with an emphasis on the Cam OB1 CO emission.

This chapter is broken into four sections: §2.2 deals with the CfA telescope
describing the various components of the telescope in a fairly brief manner. More
details on the telescope can be found elsewhere (Dame 1983. Digel 1991. Leung &
Thaddeus 1991). §2.3 summarizes the details of the observing run: dates. procedure.
calibration. etc. In §2.4, maps of the survey in various useful projections. I vs. v,
b vs. v and [ vs. b. are presented. A complete set of maps is available upon request

from the author, while the data are also included in the complete survey of the

! Harvard-Smithsonian Center for Astrophysics. MS 72, 60 Garden Street, Cam-
bridge. MA 02138.
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Second Quadrant to be released by the CfA. Finally. in §2.5 a brief summary of the

main points raised in this chapter regarding the CO emission is provided.

2.2 The CfA Telescope

The CfA *mini-telescope’ is a 1.2 m millimeter-wave radio telescope located on
the roof of Building D at the Harvard College Observatory. Cambridge. Mass. The
telescope was originally located at Columbia University in New York City but was
moved to Harvard in 1986. First light for the telescope at its current location was in
January of 1988. A typical observing season for the telescope in its present location
is from October to May. The telescope is easy to use and is well supported by the
excellent staff at the CfA; in particular Tom Dame (software development). Sam
Palmer (hardware) and Seth Digel (daily operations), were instrumental in making
the author’s stay pleasant and productive. A summary of the main components
of the telescope: the antenna and mount. receiver. spectrometer and computer
control/data retrieval system is provided below.

Figure 2.1 is a simple schematic diagram highlighting the main components of
the antenna and mount. Figure 2.2 shows the author next to the telescope during
his stay at the CfA. The telescope possesses a 1.2 m parabolic primary and 17.8 cm
hyperbolic secondary operating in a Cassegrain configuration providing an effective
f/D of 2.3. The primary is a monolithic aluminum casting providing a f/D of 0.375
which has been milled to high precision (better than A/635 at 115 GHz) and is quite
stiff (Digel 1991). In 1988 the primary beam was mapped and shown to possess a
main beam FWHM of 8'7. This pattern had not been re-checked up to the observing
season when the present survey was completed but repeatability of the observations
for standard calibration sources suggested no major degradation. The telescope
antenna. receiver. and mount are contained in a 5.2 m Ash dome with a 191 cm
entrance slit covered by a Goretex screen to protect the instrument from the elements
and maintain a relatively constant temperature within the dome (Palmer 1993).

A simple schematic of the receiver is shown in Figure 2.3. A brief summary for
the system is as follows:

1. A scalar feed couples the microwave signal (v.,) to the mixer.
2. A Gunn oscillator provides a local oscillator (LO) frequency ~ 1.4 GHz below
the frequency of interest, v . i.e.. ~ 115 GHz. The LO is frequency controlled

in a phase locked loop circuit by comparing the difference between the output
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Figure 2.1 Schematic diagram of CfA 1.2 m telescope showing 1.2 m primary,

secondary, mount and drive apparatus (Dame 1983). The receiver box is detailed in

Figure 2.3.
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Figure 2.2 Author standing next to the CfA 1.2 m telescope. The bottom of the
main dish, the receiver, mount and drive assembly are clearly visible. The author is

standing on a hydraulic hoist used to lift the Hejq and N3jq to the receiver dewar.
(Photo by S. Digel)
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of the Gunn oscillator and a reference frequency.

3. A superconducting-insulating-superconducting (SIS) junction serves as a mixer
for the two signals (v, and v_,) operating as a heterodyne receiver. Many
harmonics of the input signals and their products are produced in the mixer but
only one is passed out through a low pass filter as [F (intermediate frequency).
The IF is produced at the beat frequency of v, - v,

1. The IF is amplified by a 27 dB amplifier.

5. The IF is mixed a second time with a second LO (v, ~ 1.24 GHz) down to a

frequency of ~ 150 M Hz and again amplified before passing to the spectrometer.

ad LO

Steps 1 - 4 occur within the receiver front-end which is contained in a Hejq cooled
dewar operating at ~ 4 K. This dewar is surrounded by an outer jacket dewar which
is cooled by Nj jjq.

The spectrometer consists of two filter banks. each containing 256 channels.
which can be selected in software. The high-resolution spectrometer. which was
used for this survey. sampled only the central 614 MHz of the 150 MHz second inter-
mediate frequency signal. This central portion was divided into 16 bands of + MHz
bandwidth which were in turn further divided into 16 contiguous channels of 0.25
MHz by two-pole Butterworth filters. Each spectrometer channel had a velocity res-
olution of 0.65 km s™! for a total coverage of 166 km s~! at the CO signal frequency.
The low-resolution spectrometer operated in an analogous manner but with bands
8 MHz wide and channels 0.5 MHz wide. The low-resolution spectrometer was used
only for double-checking baselines and off positions.

Computer control of the telescope was maintained by control system software
on an Apple Macintosh IIfx. This system was essentially the same as the operating
system used during the earlier Dame (1983) survey but has been continuously up-
dated to incorporate more safety features. e.g., a Hej;q dewar temperature monitor.
As each spectrum was gathered it could be manipulated immediately. e.g.. baseline
fitting of various orders, or simply examined to make sure it looked reasonable. At
the end of the shift or after several shifts the data were passed to an HP Apollo work-

station where they could be viewed as a data cube or written to a FITS (Flexible

Image Transport System) tape.
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Figure 2.3 Schematic diagram of the receiver for the CfA 1.2 m telescope.
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Figure 2.4 Survey boundaries showing the boundaries for the present survey
(Di96). Data gathered are shown by the shaded regions. The author was solely
responsible for the darkly shaded area and assisted with the lightly shaded area.

2.3 The Observations

Observations included in the present survey were carried out during the 1992-
1993 observing season. i.e.. from October 1992 to April 1993. The survey covered
~ 100 deg? (from | = 131° to | = 144°,b = —2° to b = +4° and from [ = 139° to
[ = 144°.b = +4° to b = +8°) and comprised a total of 25.248 spectra. The author
was solely responsible for collecting the data from [ = 139° to [ = 144°.6 = +0° to
b = +38° (~ 10768 spectra, including bad scans) shown in Figure 2.1. The author
also assisted, to a much lesser degree, in observing the remainder of the survey. A
summary of the observing run for the author is provided below:

November: 6 shifts.

December: 15 shifts.

January: 3 shifts.

Total: 26 shifts. — 414 spectra/shift.



40
2.3.1 Observing Procedure

The observing procedure at the CfA may be loosely broken down into two com-
ponents; occasional observations required for pointing calibration and daily obser-

vations for data gathering.

i. Occasional Observations These observations check the pointing of the telescope.

prior to the start of the observing season. by observations with a small optical
telescope. aligned with the main axis of the telescope (Dame 1983). of 30 or so stars
located at various positions throughout the sky. The results of this check indicated
the telescope achieved a blind pointing accuracy of better than 1’ (Puche 1993).
Periodic observations of the radio continuum emission from the limb of the Sun
were also performed on a weekly basis in order to double-check the stability of the
pointing.

Observations were also made at the beginning of the season in order to select
suitable off positions. i.e.. positions free from CO emission to be used in solving Eq.
1.9. Candidate positions were selected by first examining an Infrared Astronomical
Satellite. [RAS (Beichman et al. 1988) 60 um map for regions apparently devoid
of emission and hence. warm dust and gas. These candidate positions were checked
for CO emission by frequency switching for a period of a few minutes. Promising
oft positions were checked by frequency switching down to a level of 0.07 K (rms)
per channel. Table 2.1 lists the off positions used for the present survey.

Table 2.1: Off Positions

[ b [ b
[deg.] [deg.] [deg] [deg.]

131.0 -3.0 137.0 -3.0
132.0 -3.0 137.5 3.0
134.0 -5.0 138.0 -3.0
134.5 2.5 139.0 -5.0
135.0 5.0 142.0 6.0
135.0 3.0 143.0 6.0
136.0 -5.0 1440 -3.0
136.5 3.0 145.0 2.0
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ii. Daily Observations Observations for all shifts followed a standard procedure to a

large extent. These were:

a. Cryogenics and Dome Maintenance At the beginning of each shift. and during

the shift. as required. the He A and N, dewars would have to be filled to ensure
that an operating temperature of ~ 4 K was maintained in the He  dewar. The
He,, levelin the receiver dewar was checked by means of a flutter tube after each fill.
Nl.liq

It was also necessary to monitor weather conditions throughout the shift to

was kept in an outer jacket dewar and was simply topped up until overflowing.

make sure the equipment in the dome did not become too cold or that tracking
by the telescope wasn't affected by gusty wind conditions. A dome temperature
maintained near 10°C was ideal for the proper running of the electronics housed in
the dome. Even though the entrance slit was covered with Goretex on cold evenings
when the dome temperature dropped appreciably. heaters were used to maintain
the ideal dome temperature. For those evenings when the telescope was tracking
poorly due to gusty wind conditions closing the upper and/or lower shutter usually

alleviated the problem.

b. Calibration Calibration of the telescope for CO observations followed a standard

chopper wheel calibration (see Chapter 1) which comprised of essentially three steps:

1. The determination of the receiver temperature. Tg,. and system gain. G. using
a hot and cold load. Normally. the receiver temperature would be between 60
K and 70 K if properly tuned. If the receiver temperature was too high then

the coupling between the Gunn oscillator and receiver had to be reduced.

(V]
.

Determination of the system parameters 5,. T4;m and 7 by "antenna tipping’.
This is calculated at the beginning of an observing shift and then every 4 - 6
hours thereafter unless the weather is changing rapidly.

3. The chopper wheel calibration. This comparison of the on- and off-source power
(voltages) with a chopper wheel of known temperature provides a natural scale
for the conversion between voltage and temperature for the receiver.

As a last check. to make sure the telescope was properly calibrated. observations
were made of a standard source. e.g.. W3(OH) or NGC7538. A plot of temperatures
previously observed for this source. a Gaussian distribution of observed integrated

line intensities. provided an estimate of the acceptable deviation in this quantity.

c. Data Collection An observation consisted of sampling an "off’ position. an ‘on’
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position. and then a second off position. Spectra were then obtained by subtracting
a reference spectrum. obtained from a weighted average of the two off positions’
spectra. from the on position spectrum (Eq. 1.13). The average of two off positions
for each on position. one above and one below the on position in elevation. were taken
as the reference spectrum as it should be representative of a reference spectrum
which would be obtained at the on position. In the case where there were no
known off positions available. either above or below the source. such that the source
position could be bracketed by two off positions. then the two closest off positions.
regardless of relative position. were used to compose the reference spectrum. Finally.
to correct for any variation in the sensitivity of the spectrometer. a linear baseline
was fit through the final source spectrum after reference subtraction.

The total time required for an observation follows from the standard measure

of the sensitivity of a system given by Kraus (1936)

Tsys

ATRXW.

(2.1)
where T,,, is the total system temperature. Av is the bandwidth per channel (250
KHz) and t is the total integration timeon the source. With the additional constraint
that the time observing the off positions equals that for the on position it follows
that the total time per observation is 2f. For sources at the upper transit a total
observing time of typically = 10 seconds was adequate to achieve a ATj; = 0.29 K.
For a source at the lowest practicable elevation the total time was =~ 300 seconds
per observation.

Finally. in order to increase the sensitivity of the survey without a great loss in
resolution. the original data (which had a resolution of 8'7) were convolved with a
beam of 49. resulting in a final data cube which possessed a resolution of 10’ and a
sensitivity of ~ 0.14 K per channel. Table 2.2 summarizes the relevant parameters

for the survey.
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Table 2.2: Summary of Survey Parameters

Observing Mode . . . . . . . . . . . . . ... ... Position Switching
Spatial Coverage . . . . . . . . . . . . . . 131°<I[<139°:-2° < b < +4°
. 139 << I =22 < B +8°
Beamwidth Original/Smoothed (FWHM) . . . . . . . . .. ... 8T7/100
Sampling Interval . . . . . . .. . 0oL L. e ALAL FTS
Total Number of Spectra . . . . . . . . . . . . ... Coe o ... 25248
Velocity Coverage (LSR)* . . . . . . . . . . . . . .. -133 to +33 kms™!
Sensitivity per Channel Original/Smoothed . . . . . . . Ty =0.29 K/0.14 K

a) Based upon standard solar motion.

2.4 The Data

As mentioned in §2.3 the author was responsible for mapping ~ 10 deg? of the
survey which entailed taking more than 10.000 spectra. Some of these (277) were
bad for several reasons including: poorly fit baselines. offsets. missing data or very
noisy data. Figure 2.5 illustrates an example of each of these problems as well as a
good spectrum for comparison.

The main regions detected in the survey are summarized in Figure 2.6. These
are the "Local” emission. defined over the velocity range +10 to -5 km s~!. the "Cam
OBI" emission. defined from -3 to -22 km s~!. the ‘Interarm’ region. defined from
-22 to -30 km s~!. and the "Perseus’ emission. defined over the velocity range -30
to -70 km s~!. Other representations which are useful include a plot of Galactic
longitude vs. radial velocity (LSR). { vs. v (Figure 2.7). Galactic latitude vs. radial
velocity (LSR). b vs. v (Figure 2.8) and Galactic longitude vs. Galactic latitude.
[ vs. b. for the various identified regions (Figures 2.9 through 2.14).
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Figure 2.5 ‘Bad’ spectra detected throughout the observing run. Starting at the
upper left corner and moving clockwise these are: a bad baseline (S-shaped greater
than the acceptable noise, 0.29 K. per channel). a bad baseline (linear fit but tilted),
improper offset between the 250 kHz and 500 kHz filterbanks, missing data, and
noisy data (usually due to a short integration). The last spectrum, center left, is an

acceptable one.
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Figure 2.6 Average CO spectrum (corrected for atmospheric attenuation and cou-
pled to the main beam. Eq. 1.37) for the surveved region. Several emission features

are clearly visible and are labelled appropriately:

Local Emission: +10 to -3 km s~!.

Cam OB1 Emission: -5 to -22 km s~!.

Interarm Region: -22 to -30 km s~ 1.

Perseus Emission: -30 to -70 km s~!.

Outer Galaxy: -70 to -130 km s~!. (Not labelled in Figure 2.6)

The overall linear baseline fitting is excellent. suggesting a good selection of off posi-

tions. i.e.. free from CO emission and close to the on position. Two bad spectrometer

channels are visible at ~ -33 and -65 km s™!.
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2.4.1 bvs. v

Figure 2.7 illustrates the CO emission obtained by integrating over the longitude
range of the survey ([ = 131° to 144°). As in the case of Figure 2.6 there are several

distinct regions of emission. The Local emission (v = +10 to —5 km s™!) is very

well defined over most b with some blending with the Cam OBI emission (¢ = -5
to —22 km s~!) near b = +4° and b = —1°. In the case of the b = —1° region the
blending may be confined to a single identifiable feature near v = —7 km s~!. It

is also apparent from this figure that not all of the Local emission in this direction
has been detected. i.e.. it extends to greater latitudes. In the case of the Cam OBl
emission. the emission decreases substantially at the edge of the field. near b = +6°.
but it cannot be ruled out that there is more emission at higher latitudes. In the
case of the Perseus emission (v = —30 to =70 km s~!) this is not the case. The
Perseus emission ends quite abruptly near b = +2.5° which for an assumed distance
of 2500 pc (Chapter 1) corresponds to = ~ 100 pc.

[n Figure 2.7 it is also clear that the arm-interarm contrast is very strong with
only a few small clouds present in the Interarm region (v = —22 to —30 km s~!).
The majority of these features are near 6 = —2° which are also coincident with some
peculiar velocity features in Perseus. If these features were really associated with
the Perseus emission they would be suggestive of a shell-like structure. However.
examination of other views. e.g.. Figure 2.3. shows the features in the Interarm and
Perseus regions are at two different longitudes and are not associated.

There also appears to be some emission near -35 km s™! (from b = +2° to +4°)

~! (in the Perseus region). However. from Figure 2.6 it is clear that

and -65 km s
there are some bad spectrometer channels at these velocities which suggests that
these features may not be real. Other features at more negative velocities defining
the Outer Galaxy. i.e.. vt = —70 to —130 km s~!. have been detected (Di96) using a
moment analysis scheme. which are not apparent in this representation. In Di96. a
moment analysis was used to emphasize the faint features but this technique does
not follow Gaussian statistics and it is difficult to estimate the uncertainty for any
detected feature. Hence. the more classical method of detecting features seen in

integrated maps is preferred by the author.
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Figure 2.7 b vs. v for survey. A contouring scheme has been selected to show a
minimum 3o level over the entire range of the survey. Contours increase by a factor

of 1.58 to yield 5 contours per decade.
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2.4.21vs. v

Figure 2.8 provides a view of the CO emission in the [ vs. v plane of the Galaxy.
As in the case of the b vs. v plot (Figure 2.7) the various identified regions are clearly
delineated. Blending does occur between the Local and Cam OBl emission over the
longitude range [ = 131° to | = 136°. with a prominent spur of Local emission near
[ = 132° which extends into the velocity range defining the Cam OB! emission. This
feature corresponds to the b6 = —1° feature seen in Figure 2.7. It also appears that
the Local emission is slightly broader in this longitude range which may be due to
projection effects. i.e.. the superposition of features at slightly different velocities.
e.g.. the b = +4° emission as seen in Figure 2.7. when viewed from the [ vs. v
perspective.

The brightest feature seen in the field lies in the Cam OB1 emission near { = 142°
and is coincident with one of the most energetic molecular outflows in the Galaxy.
AFGL490 (Snell et al. 1934. Campbell et al. 1986). One striking feature of the
CO emission associated with this outflow. from this perspective. is its cavity-like
appearance with a large scalloped feature opening towards more negative velocities.
In this case this feature is the superposition of CQO at different latitudes and velocities
(Chapter 6).

In the Interarm region there are two main emission features: two clouds near
[ = 144° and a relatively isolated feature near [ = 135°. There also appears to be
some very weak and broken emission from [ = 132° to [ = 133° with v = -25 km
s~!. These fragmentary emission features may be associated with the Cam OBl
emission.

The Perseus emission (arm) is very well defined and dominated by the W3
molecular complex centered on [ = 133.5°. At slightly higher longitudes are W4
(I = 135°) and W35 (from [ = 136.5° to | = 139°). W3 also appears to have a
shell-like feature centered on | = 139° with the front of the shell at © = —30 km s™!
and the back of the shell at © = —50 km s™'. Most of the CO emission is contained
in these three complexes with the exception of one feature at [ = 141°. At higher
longitudes the emission is much more fragmentary.

There are no obvious features in the QOuter Galaxy. i.e.. in the velocity range
-70 km s~! to -130 km s~!.
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Figure 2.8 [ vs. v for survey. A contouring scheme has been selected to show a
minimum 3o level over the entire range of the survey. Contours increase by factors

of 1.38 to vield 5 contours per decade.
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2.4.31 vs. b: Local Emission (410 to -5 km s7!)

The general impression of the Local emission (Figure 2.9) is that it is very
fragmented and complicated. with a large portion of it lving along the Galactic
equator. There are emission features seen at higher latitude which may make a
significant contribution to the total amount of molecular gas seen in this part of the
Galaxy. but it is not possible to assess this contribution. given the surveyv boundaries.

Prominent throughout this region is a long filamentary feature stretching from

[ = 144° and b = —2° to { = 131° and b = 0° which shows localized peak emission
at [ = 14227, b = —126 (there is some weak nebulosity on the POSS plates at this
location). { = 140°8. b = —1°2 and [ = 133°0. b = —0°2. This last feature is in a

complicated region but appears to be related to LDN 1363. 1370 and 1365. and LBN
656 and 657 (Lynds 1962). Other noticeable features in this velocity range include
smaller filamentary features which possess brightened cores at [ = 142°6. b = +0°8.
[=1427T. b= +87. { = 14329, b= +6°7. [ = 140°4. b= +7°8. [ = 13R8. b = +328.
and [ = 131°2. b = +220 (possibly associated with LBN 341).

Figure 2.10 is a velocity moment map of the Local emission. i.e.. the velocity
moment calculated for each pixel in the integrated map which has been weighted by
the sum of the radiation temperature along the line-of-sight over the Local emission
velocity range. This is given by:

Thv

~ velocity channels for each pirel .
Ueach pirel = T= . ( .
R

(8]
(BV]
~

velocity channels for each pirel

where the summation over each pixel is carried out over the velocity range in question
(in this case from +10 to -3 km s~!). A minimum cutoff of 3 ¢(=0.70 K) has been
used in selecting pixels in constructing the map. to ensure that only true emission
features add to the map. A lower cutoff does provide the same information but
the background becomes heavily mottled by noise which makes interpretation of the
velocity features difficult. In Figure 2.10, it can be seen that for the most part the

Local emission does lie near 0 km s~1.

and [ = 136° closer to -5 km s~!.

with some major features between [ = 131°
There are no clear gradients or distinguishing

features in the velocity field of the map.
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Figure 2.9 [ vs. b for Local emission. A contouring scheme has been selected to
show a minimum 3o level over the indicated velocity range. Contours increase by

factors of 1.38 to yield 5 contours per decade.
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Figure 2.10 Temperature weighted moment map of the Local emission. A mini-
mum cutoff of 5 o(= 0.70 K) has been set for selecting real features from the noise.
The gray scale indicates the emission-weighted central velocity of the molecular

features.
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2.4.4 [ vs. b: Cam OB1 Emission (-5 to —22 km s™!)

Molecular emission associated with Cam OBl (Figure 2.11) is also very frag-
mented and complex. Overall. the emission is divided into two main features: one
running along the galactic plane from { = 131° to [ = 136° and a second from
[ =139°.b = +6° down to [ = 144°.b = —2°. Note that there is a turn southwards
in the direction of the lower emission feature from [ = 136° to { = 133°. This
may also possibly be seen in the more northerly emission but the boundaries of the
survey prevent confirming this observation. Furthermore. there is a suggestion of
this turnover in the Local emission (Figure 2.9) and in the Perseus emission (Fig-
ure 2.14). In the case of the Perseus arm this is usually attributed to a warp in
the galactic plane (see Burton (1992). Chapter 7. for a discussion of this point).
Usually the warp is not shown to extend into the molecular emission in the solar
neighborhood but the present observations suggest otherwise.

Cam OBI emission is dominated by the very bright complex at { = 14220. b =
+128 which is also associated with the very energetic molecular outflow AFGL490
(Campbell ef al. 1986). From the POSS plates it would appear that this feature
is also associated with LBN 631. 682 and 634 (Lynds 1962). An unidentified dark
nebula visible on the POSS plates may also associated with this complex. Lying
above this feature there is a long arc-like emission feature which stretches from
[ = 140°5. b = +2°6 to | = 143°. b = +3°. The most southerly emission of this
feature appears to be related to LBN 676 and LDN 1377. Other emission features
of importance in this region include a long filament which stretches from [ = 140°8
to { = 13729 along b = +224. This is a complicated structure which appears to be
associated with LDN 1378 - 1386. At longitudes below [ = 138° the emission is
generally weaker than at higher longitudes. The dominant feature is a long arc-like
filamentary structure running from { = 136%4. b = =220 to { = 132°. b = 0°0. On
the POSS plates this feature may be associated with the weak nebula LBN 665 and
an unidentified bright nebula near [ = 133°0. b = 0°0. More details on the molecular
clouds and the associated population I objects are provided in Chapters 1 - 6.

Figure 2.12 displays a velocity moment map of the Cam OBI1 emission. There
appear to be two distinct velocity components. i.e.. well fit by Gaussian velocity

=1, and the other approximately at -14 km

profiles. one approximately at -9 km s
s~!. These two components appear to meet in three places: firstly, along a distinct

ridge of CO emission running along b = +2° from [ = 138° to [ = 143° (which shows
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a marked discontinuity of ~ 4 km s™! in the velocity structure of the emission).
secondly near { = 134°.6 = 0°. and thirdly. near [ = 140°.b = +6°. In the first two
cases. the velocity contrast between the two components is quite dramatic. while
in the third case the contrast is smaller and is developed over 2 much larger area.
It is not possible on the basis of Figures 2.11 and 2.12 alone to determine whether
the two (velocity) components of CO emission are physically interacting. or overlap
due to a line-of-sight coincidence. In Chapters 6 and 7. it will be shown that only
in the case of the emission along 6 = +2° from [ = 138° to { = 143° are the two

components of molecular gas interacting.
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Figure 2.12 Temperature weighted moment map of the Cam OBl emission. A
minimum cutoff of 5 o(= 0.70 K) has been set for selecting real features from the
noise. The gray scale indicates the emission-weighted velocity of the molecular

features.
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2.4.5 [ vs. b: Interarm Emission (-22 to -30 km s™!)

The Interarm emission shown in Figure 2.13 is very sparse and lies in two well-
defined regions. The main feature. near | = 144°.6 = —1.5°. is seen in Figure 2.8
to be composed of two components. One component lies at the edge of the Cam
OBl emission. i.e.. at =22 km s~!. while the second lies at the edge of the Perseus
emission. i.e.. at -30 km s~!. It is tempting to assign the more negative feature to
Perseus on the basis of morphology but its velocity suggests it is an Interarm object.
Some means. other than kinematic information. is required to settle this matter.

The second main feature in the field comprises a cluster of three small features
centered on [ = 134°.b = +1°. The brightest of the three. near { = 134.5°.6 = +2°
lies at slightly more positive velocities and at higher latitudes than the W3/W41
region in Perseus. This feature is seen in Figures 2.7 and 2.8. The other two
features in this group are more problematic. It is not easy to determine where these
features lie in either Figures 2.7 or 2.8. In both of these figures it is possible to
identify Perseus emission which may extend into the Interarm region and account

for these last two features.
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Figure 2.13 [ vs. b for Interarm region. A contouring scheme has been selected to

show a 3o level over the indicated velocity range. Contours increase by factors of
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2.4.6 [ vs. b: Perseus Emission (—30 to —70 km s™!)

Perseus emission (Figure 2.14) is quite complicated with features that are frag-
mentary. shell-like and filamentary. However. there are four main bright features.
The first is the W3 (IC1795) region which is centered on [ = 134°.b6 = +1° (Lada
et al. 1978. Braunsfurth 1983) and is the brightest and most massive region seen
in the survey. On the POSS plates W3 stands out as a very bright emission fea-
ture and is associated with many LDN and LBN. The second is the W4 (IC 1805)
region which lies next to W3 and comprises a thin band of molecular clouds with
constant longitude at [ = 135°. The third is the W3 (IC 1348) region which is a
long filamentary feature stretching from [ = 136° to | = 139° approximately along
b = +2°. Below this main feature there is a thin ridge of emission which is also
part of W5 (Braunsfurth 1983) which. together with the main upper ridge. form a
shell-like structure. Both the upper and the lower ridge of W5 are seen on the POSS
plates as extinction features. Finally. there is a long filamentary feature extending
from | = 140°.6 = +1° to [ = 142°.b = —1°. This feature may be associated
with LBN140.77-1.42 (Green 1939) and a “spur’ evident in the Perseus HI emission
(Braunsfurth & Reif 1984). It is very striking how quickly and clearly the molecular
emission seen along this ridge changes direction. turning southward away from the
W3/4/5 complex.

There also appears to be a considerable number of smaller clouds which follow
the general pattern established by the main features. mentioned above. but with
a much larger dispersion in [ and b. Chapter 8 will deal in some detail with the
Perseus emission in a comparative study of the cloud structure in Perseus and the
Cam OBI region.

In Figure 2.15 velocity moment maps for the Perseus emission are presented.
There are two prominent features. Firstly. there is a large velocity gradient seen in
the W3 complex which has been detected before (Lada et al. 1978) and discussed
in some detail (Elmegreen & Wang 1938). Secondly. a feature which has not been
previously discussed. to the author’s knowledge. is the appearance of two distinct

l ! which are seen

velocity components at approximately -35 km s~! and -35 km s~
over the entire field. The more negative component of the emission appears to lie
above and below the more positive emission. except in the case of the W3 complex

where they seem to meet.
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to show a 3o level over the indicated velocity range. Contours increase by factors

of 1.58 to vield 5 contours per decade.
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Figure 2.15 Temperature weighted moment map of the Perseus emission. A min-
imum cutoff of 5 ¢ = 0.70 K has been set for selecting real features from the noise.

The gray scale indicates the velocity coverage of the molecular features.
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2.4.7 | vs. b: Outer Galaxy (-70 to —130 km s™!)

There are two features readily apparent in the Outer Galaxy from a ! vs. b
perspective (Figure 2.16). These were detected in Di96 as well as some smaller.
fainter ones ranging in velocity from -60 km s™! to -104 km s~!. There is the
suggestion of a third feature near [ = 133°.b6 = +3° which Di96 also detected
but this feature is not easily distinguishable from noise. [t should be noted that
in Di96 a moment analysis was emploved which only adds emission above some
arbitrary threshold to an integrated map. This technique is more sensitive to faint
structure and is very useful for searching for candidate objects but it is difficult to
assign uncertainties to such features. By further subdividing a region in velocity
to encompass only one particular candidate object it is possible to make use of
the more classical integration method to determine exactly how well the candidate

object really stands out above the noise.
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Figure 2.16 | vs. b for Outer Galaxy. A contouring scheme has been selected to

show a 3o level over the indicated velocity range. Contours increase by factors of

1.38 to vield 5 contours per decade.
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2.5 Conclusions

New data from a recent survey (Di96) are presented. The main points of this

survey noted in this chapter are:

1.

[R]
.

The survev was fully sampled and taken with sufficient sensitivity to provide a
useful database for continuing studies.
Maps were presented from various perspectives illustrating the richness in struc-

ture seen in the CO emission.

. Several distinct regions — Local. Cam OBI. Interarm. Perseus and Outer Galaxy

- were clearly identified as separate kinematic (velocity) entities.

In the case of Cam OBI emission there appear to be two distinct velocity compo-
nents. with mean velocities of ~ —9 and ~ —13 km s~!. It is not possible on the
basis of this data set alone to determine whether the two velocity components
in Cam OB are interacting or are line-of-sight coincidences.

There appears to be a warp in the CO emission clearly seen in the Perseus region
and possibly seen in the Cam OBI region.

The CO emission in the Perseus region also shows two distinct velocity compo-

nents which appear to be spatially separate except in the W3 region.
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Chapter 3

Why the New Survey?

A fully sampled, sensitive survey of the CO molecular gas in the
Cam OBI1 region recently taken with the CfA 1.2m telescope
(Digel et al. 1996) reveals a rich structure compared to the
original CfA survey (Dame et al. 1987). A Fourier analysis of
this structure suggests that it follows a similar distribution of
power with scale length to that seen in Hi in the region. A
structure tree analysis of a sample cloud in the region suggests
it is similar to the Taurus star forming region and hierarchical

in nature.

3.1 Introduction

Dame et al. (1937. hereafter referred to as Da37 or the original survey) published
a composite survey of the galactic plane of the Milky Way (all {. |6] < 3°) taken
from 5 major surveys and studies of 11 individual regions. The intent of the original
survey was to provide some insight into the large scale structure of the Milky Way.
e.g.. location of spiral arms and scale height of C'O gas. In this regard the original
survey must be considered a success as it has proven to be a standard reference in
many studies of Galactic structure (Burton 1992).

However. there are several observational limitations to the original survey. For
the most part. the data were gathered using the "superbeam’ technique (Dame &
Thaddeus 1985) in which spectra were obtained on a square grid of points about
one beamwidth (8/7) apart. followed by the summation of all spectra within 30’. i.e..
the final pixels were 30’ square. This led to a final resolution somewhat greater than
30" with a 3o brightness temperature sensitivity of 0.1-0.33 K in the original survey
temperature scale (the range in sensitivity is indicative of the composite nature of
the original survey). All further references to temperatures from the original survey
will be divided by 0.82 to bring them onto the same temperature scale as the present

survey of Digel et al. 1996 (hereafter Di96 or the present survey). Examination of
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emission-free channels in the original survey over the area considered in the present
survey led to an estimation of a lo rms noise of 0.26 K.

By comparison. the present survey was fully sampled and has a sensitivity of
0.14 K after being smoothed from 8!7 to 10’ (T is the radiation temperature or the
observed antenna temperature after correction for atmospheric attenuation. spillover
and beam coupling). Both surveys were observed with a velocity resolution of 0.65
km s~!'. Hence. it is expected that the present survey should have both higher
spatial resolution and greater sensitivity than the original survey. and therefore
should reveal more detail of the CO emission.

Previous studies of the structure of the ISM in the Cam OBI region have only
considered the atomic component of the ISM. i.e.. Hi. in an attempt to discern
whether there are any preferred scale lengths over which the Hris organized (Green
1993. hereafter Gr93). The lack of any such preference suggests that the mechanism
regulating the structure of the atomic component of the ISM. e.g.. turbulence (Scalo
1937). is operative and equally effective over all scale lengths. It is also important
to know whether the CO emission in the region also follows the same scaling law. or
if not. at what scale lengths the CO emission is clumped. A comprehensive model
of the structure of the ISM and its implications for the Galactic ecology requires a
good measurement of both of these components of the ISM. A related question is
whether the structure of the CO emission. or more generally the ISM. is self-similar
or hierarchical: i.e.. whether the number of cloud fragments is identical at all scale
lengths or the contrast in intensity between levels of fragmentation is constant (Scalo
1988). Self-similarity in a turbulent ISM has been claimed before (Larson 1931} but
never considered in the case of the Cam OBI region.

In this chapter some of the questions regarding the structure of the CO emission
in Cam OBI1 will be addressed in a comparative study between the present and
original surveys. Details of the relationship of the CO to individual star forming
regions. e.g.. star forming efficiencies. CO cloud mass function. etc.. as well as a
discussion of possible star forming mechanisms will be presented elsewhere (Chapters
7 and 8). The analysis of the structure of the CO emission will be both qualitative
(§3.2.1) and quantitative. using a two dimensional Fast Fourier Transform (FFT)
(83.2.2.1) and structure tree statistics (§3.2.2.2). A discussion of the analysis will

be presented in §3.3. and a summary will be presented in §3.4.
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3.2 Comparison of Original and Present Surveys

3.2.1 Qualitative Comparison

Integrated CO emission and velocity moment (Eq. 2.2) maps from the two

surveys are shown in Figures 3.1 and 3.2. respectively. From an examination of

these two data sets the following observations can be made:

i. Morphology In Figure 3.1 several features stand out:

1.

[
.

The present survey clearly contains more diffuse emission and small emission
features. A comparison of the average intensities for the velocityv-integrated
maps taken in Figure 3.1 (2.10 K km s~! in the original survey versus 2.24 K
km s~! in the present survey) suggests that ~ 93 % of the emission detected in
the present survey had been detected in the previous work.

Small emission features detected in the present survey are scattered through-
out the field but in many cases were not detected in the original survey. e.g..
the emission near [ = 134°.6 = +1°. In some cases the emission feature was
detected. but was completely misrepresented and out of position. e.g.. in the
original survey the emission near { = 137°5.6 = +0°3 has no clear analog in the
present survey. but may be a combination of two or three features or possibly
due to noisy spectra.

In both surveys the emission is divided into two main ‘streams’. In the present
survey these streams are running parallel to each other and appear to follow the
warp in the plane of the Milky Way seen in this direction (see Weaver & Williams
1973. Kerr et al. 1986). The northern stream extends from ~ [ = 144°. 6 = 0°
to ! = 138°.6 = +4° and the southern stream from { = 133°.6 = —=2° to
{ = 131°.b = 0°. There does appear to be a turn over in the direction of the
southern stream near [ = 135°. b = 0°. There are no data in the present survey
to determine whether this also holds for the northern stream. In the case of
the original survey it is not easy to see the warp in the more northerly stream
as the components are very block-like in appearance and could equally well be
modelled as running parallel to one another at constant Galactic latitudes.
Brighter. core-like features are shown in more detail in the present survev. e.g..
the feature near | = 142°.b = +1° appears as a roughly circular feature in
the original survey. while in the present survey it is composed of at least three

different emission peaks.
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Figure 3.1 Integrated CO emission in Cam OBl — present survey (Di96). upper.
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be attributed to different observing methods (sampling and gridding strategies) and
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ii. Velocity Structure In the case of the velocity structure in Cam OBl as deter-

mined from the two surveys (Figure 3.2) it follows that:

L.

[

In the present surveyv. at least at higher longitudes (I > 137°). the velocity
structure is well represented by two main features. centered on ¢ = —9 km s™!
and v = —13 km s~!. which appear to be superimposed upon one another. In
the original survey this structure is not clear as the emission appears to be very
heavily blended. Only in the case of the emission near { = 134°.6 = 0° are the

velocity features very similar in appearance between the two surveys.

. There appear to be several cases of single pixels at more negative velocities in the

original survey. e.g.. near [ = 135°. b = +1°. which have no analog in the present
survey. In some cases. the broader beam of the original survev has blended in
nearby emission which can be seen in the field of the present survey. as in the
case mentioned in point | above. In other cases. the beam has probably blended
emission from nearby regions. which are just out of the field of view. or possibly
from regions which are at slightly more positive or negative velocities. e.g.. the

feature near [ = 134°.b = +3°.
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general the contrast between regions of differing velocity in the original survey is

less pronounced and more difficult to interpret.
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3.2.2 Quantitative Analyses
3.2.2.1 A FFT Analysis of the CO Emission Structure

A quantitative measure of the structural information contained in the present
survey (Di96) and the original survey (Da387) was made from a Fourier analysis of
the two. In this analysis. it is assumed that any source in the sky consists of an
ensemble of point sources with coordinates (r. y) of different brightnesses which may
be equally well represented by an intensity distribution which is constituted by the
superposition of sine waves at different wavelengths and amplitudes. In the two

dimensional case. this intensity distribution may be written as (Leinert 1994):

+
[(z.y)=// T(u. v)et*™ st gy dy, (3.1)

where u and v are the spatial frequencies in the r and y direction. respectively.
which measure the number of wavelengths fitting into a unit length or unit angle.
In astronomical applications the spatial frequency is taken as [arcsec™!] or [(image

size)~!]. [(u.v). the composite of sine wave amplitudes at different wavelengths.

i.e.. the Fourier transform of [(x.y). may then be obtained from:

+x

i(u.v):/ I(r.y)e~ " ustevlqrdy, (3.2)

-

[t is also possible. as was used in the analysis presented below. to write the Fourier

transform of [(r.y) in terms of a modulus |[[(u.v)| and phase o. i.e..

[(u.v) = [{(u.v)]eet=s). (3.3)

Fourier transforms of the two data sets were obtained using a standard Fast
Fourier Transform (FFT) algorithm (Press et al. 1939). Since the data for the two
surveys being compared cover identical areas any unwanted effects due to the shape
or extent of the boundaries should be similar in the two resultant transforms. The
amplitude components of the FFTs of the two data sets are given in Figures 3.3.
3.4 and 3.5. The input map for both surveys had to be padded to a 2" x 2™ grid (!
and b) in order to use the FFT algorithm and was set at 1024 x 1024. The border

area. and also any non-data pixels in the input were set to zero before performing
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the FFT. The relationship between the grid spacing in the output map of the FFT
and the input image or sky plane. is given by:
1

Au = W. (34)

where A\u is the FFT grid spacing in a particular direction. i.e.. the spatial frequency
or sampling rate in the output FFT map in meters (or wavelengths if it is recalled
that 1 A =2.6 x 1072 m). N is the dimension (1024 for both directions) of the FFT.
and Al is the grid spacing in the sky (Al = sin(Af) where A@ = angular spacing
between grid points in the skyv plane: for small A§. sin(A8) = A§).

i. Present Survey Figure 3.3 shows the amplitude of the two dimensional FFT for

the present survey (upper plot). which has a pixel size of 3/75 and resolution of 10.
The FFT image was obtained from an input map consisting of average radiation
temperatures. The lower plot shows the log of the square of the average radiation
temperature (the power at a particular scale length. Gr93) as a function of the log of
the radius from the central pixel of the azimuthally averaged bins in the FFT image
used to calculate the average radiation temperature. Figure 3.4 shows the FFT for
the present survey but only considers the smaller scale lengths (or conversely. the
larger scale structure in the sky).
In Figures 3.3 and 3.4 there are four distinct FFT features:
1. The very broadest FFT structure. seen only in Figure 3.3. extends out to a
scale length of ~ I m (roughly the antenna diameter) and is associated with the
smallest resolved features (~ 10’) in the sky. This structure is symmetric about

the origin with no apparent preference in orientation. but it is quite weak.

o

Two finger-like structures. seen over the smaller scale lengths (~ 0.2 m) shown
in Figure 3.3. run parallel to one another out at a position angle of ~ —20° as
measured clock-wise from the top of the figure. In Figure 3.4. this structure
is more pronounced but appears more plateau-like with the central portion of
the “plateau’ fairly well filled in out to a scale length of ~ 0.1 m (~ 128). The
orientation and shape of this FFT structure strongly suggest that it represents
the two streams of CO emission seen in the image plane. i.e.. the plateau is
elongated for the correct scale length to span the length of the two streams and
it is at an angle of 90° to the CO image in the image plane. as expected for a
FFT.

3. A bright *S” shaped feature at the center of the FFT plane which is associated
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Figure 3.3 Two dimensional FFT of present survey (Di96). Top view shows the
FFT (amplitude) of the square of the average radiation temperature. Tg. over the
velocity range. v = —35.5 to — 22 km s~!. Shading levels are at 140. 11344. 31511.
37532 and 504184 K? with shading weights selected to enhance the central features.
The bottom view is an azimuthally averaged representation of the log of the square
of the amplitude of the same data as a function of the log of the distance from the
central pixel. The line fitted to the data represents an unweighted least-squares fit

while the error bars represent a lo deviation in the azimuthally averaged data.



74

)

Scale Length [meters]

|
C
\

)
L]
i
1

[39)

It

A -
- - -l - —- - ~ -

Scale Length [meters]
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Figure 3.3. Shading levels are at 35. 87..... 20522 K? with the shading weights chosen
to emphasize the "plateau’-like structure seen running almost vertically through the

image over the scale length -0.2 m to 0.2 m.
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with the broadest scale structure in the sky. The alignment of the arms of this
feature is at a position angle of 13° (clock-wise from the top) and extends out
to ~ 0.025 m (723 in the sky). Note that the position angle of the arms of this
structure differs from that of the plateau by ~ 33° as it is not obvious from the
CO map that the best representation of the data at the largest scale sampled is
not dominated by the plateau described in point 2 above.

4. The vertical and horizontal stripes through the center of the FFT shown in
Figure 3.3. which run along 0 scale length in both coordinates. are due to edge
effects. The asymmetry in the weighting of these stripes can be attributed to
the asymmetry of the field. i.e.. the absence of data in the upper right hand
corner of the field.

Azimuthally averaged data in the lower diagram of Figure 3.3 provide additional
information on clustering at particular length scales in the map but at the cost of
losing any information on orientation angles. The quantity plotted in that diagram
is the log of the square of the amplitude of the FFT as a function of the radii of the
azimuthally averaged annuli. Fitting an unweighted least-squares fit to this data

leads to the solution:
log (Power [K°]) = (1.73 £0.10) + (—2.52 4+ 0.08) log (Scale Length [m]). {3.53)

where the uncertainty in the slope and intercept are 1o values. The uncertainty in
each point in the azimuthally averaged FFT is a lo variation in the mean binned
value. i.e.. the log of (n!/2 x 0.14 K) where n is the number of pixels in each bin.
In order to examine the strength of the claim of a *plateau” shape in the FFT
plane highlighted in Figure 3.4. it is useful to plot solutions from strips or wedges
of data taken along the plateau and perpendicular to it. Taking strips ~ 100 pixels

wide in these two directions leads to:

log (Power [K?]) = (1.88 £ 0.03) + (—2.42 £ 0.02) log (Scale Length [m]). (3.6)
along the plateau. and

log (Power [K?]) = (1.74 £ 0.06) + (—2.51 £ 0.05) log (Scale Length [m]). (3.7)

perpendicular to the plateau. There is only weak evidence that there is a difference
in the slope of the overall fit to the data. Eq. 3.3. and the data fitted along the
plateau (the difference is just within the lo limit). Reducing the width of the
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test strip along the plateau increases the difference in slopes for the FFTs between
the plateau-aligned and plateau-perpendicular solutions but with a commensurate
increase in the uncertainty of the fit to the slope of the plateau-aligned solution.
A comparison of the slope for the data taken along the perpendicular strip is in
very good agreement with the overall fit and well within the limits to the fit along
the plateau. Hence. there is no difference in the slope of the fit for the azimuthally
binned data along the plateau or perpendicular to it.

In the case of the y-intercept for the solutions fitted to along the plateau. per-
pendicular to it and the overall fit there is a significant difference between the fit
along the plane and the overall fit. A similar difference exists between the fit along
the plateau and perpendicular to it but the uncertainty is too large in the case of
the perpendicular-fit y-intercept to determine whether this difference is significant.

What does it mean? The similarity of the solutions for all of the cases considered
suggest that the distribution of material. i.e.. the number of features at any size
scale. is the same regardless of direction in the sky. The difference in the offsets or
v-intercepts for the solution along the plateau and perpendicular to it suggest there

is simply more material. at all scale lengths. along the plateau.

ii. Original Survev Figure 3.5 shows the two dimensional FFT for the original survey

(Da87). In order to simplify the comparison of the original survey with the present
survey. the original survey has first been re-gridded. using an in-house software
package mapconvrt (this makes use of a cubic spline routine to interpolate the data
onto the new grid). so that it lies on the same grid as the present survey. i.e.. 3/75
pixels. A comparison of the modified original survey image with the original did
not reveal any major discrepancies between the two. This was confirmed from a
visual inspection of FFT images made from the original and modified original maps
which were in agreement over the scale lengths for which they could be compared.
i.e.. the inner 0.2 m of Figure 3.5. A summary of some of the key features seen in
the original survey is as follows:

1. In contrast to the FFT of the present survey there is no discernable asymmetry
over the intermediate or large scale lengths. i.e.. there is no comparable “plateau’
feature detected in the FFT of the original survey. Indeed. the high degree of
symmetry at these scale lengths suggests that there is no preferred position angle
or size for CO emission over these scale lengths. This may be attributed to the

coarse binning of the original survey where information over these scale lengths
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has been seriously diminished.

2. There is an 'S" shaped feature seen at the center of Figure 3.5 which is not as
well defined as for the present survey. The orientation angle and extent of the
feature are similar to the present survey and have probably been produced by
the same emission feature in the image plane. This suggests that on the largest
scale the distribution of CO is similar in both surveys. as modelled by an FFT.

3. Like the present survey. edge effects and the asvmmetry of the field produce the

vertical and horizontal stripes seen at the very longest scale lengths.

It is very instructive to now consider the azimuthally binned FF'T for the original
survey (lower diagram in Figure 3.5). In this case. the least-square fit to the log of

the square of the power (the broken line in Figure 3.5) is given by:
log (Power [K?]) = (2.83 £0.24) + (—=1.71 £ 0.14) log (Scale Length [m]). (3.3)

[t is clear. from the comparison of the solution obtained from the present survey
(Eq. 3.5. solid line in Figure 3.3). that information on the structure of CO emission
is missed at the largest scale lengths. i.e.. the smallest angular structure in the sky.
as indicated by the sharp drop off of the FFT in the azimuthally binned FFT for the
original survey. compared to the new. The drop off occurs at a log scale length of
~ —0.82 (1222 on the sky). and represents the effective limit of the original survey
if a circular beam is assumed (a square beam would yield a limit of 1°). More
surprisingly. there is a considerable amount of information regarding the largest
structure in the sky. i.e.. at the smallest scale lengths. which is missed in the original
survey when compared to the present survey. The difference in the slopes and the
intercepts of the present and original survey exceeds the uncertainties in both of
these quantities which suggests that the solution obtained from the present survey
represents a real improvement in the description of the structure of CO emission in
Cam OBI.

In summary. the present survey shows a marked improvement over the original
survey in the information it provides through FFT analysis leading to a better

measure of CO structure at all scale lengths.
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Figure 3.5 Two dimensional FFT of original survey (Da37). Note that the scale
is the same as for Figure 3.4 as the original survey only samples the largest scale
structure accessible by the present survey. Top view shows the FFT (amplitude)
of the average radiation temperature. Tg. over the velocity range. v = —35.5 to —
22 km s~'. Shading levels are the same as for Figure 3.3. The bottom view is an
azimuthally averaged representation of the log of the square of the amplitude of the
original survey as a function of the log of the radius. The broken line represents
an unweighted least-squares fit to the original data (Eq. 3.8) while the error bars
represent a lo deviation in the average. The solid line represents the similar fit to

the present survey (Eq. 3.3). which is the solid line shown in Figure 3.4.
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3.2.2.2 Structure Tree Statistics

Structure tree statistics are a useful tool for detecting structure in a two dimen-
sional image of a three dimensional object. A typical astronomical application is to
consider the image of a CO "cloud” as viewed from its integrated CO emission. A
two dimensional image of such an object will appear to be an “island” with many
emission peaks. However. it may also be the case that the island really is composed
of many separate features which are not physically related to each other. but are
the result of a chance alignment along the line-of-sight. By looking at the parent-
age of the peaks. i.e.. considering an emission peak to be the progeny of a broader
emission feature (parent) if it is contained within the boundary of the parent. it is
possible to distinguish between such scenarios as a random distribution of clouds
or a perfectly geometrical hierarchy of clouds (Scalo 1935. 1938: Houlahan & Scalo
1990. 1992). This type of investigation is extremely important in so far as some
models of star formation are based upon the fragmentation of molecular clouds in
which the smallest fragments. stellar-mass cores — the precursors to stars — are
produced in a single stage (Shu et al. 1937. Solomon et al. 1937. Mouschovias 1991)
as opposed to multi-staged fragmentation models (Nakano 1976. 1977. Carlberg &
Pudritz 1990. Henriksen 1991). The former case would be identified with strongly
random structure trees while the latter with hierarchical structure trees.

This section will not exhaustively examine all of the clouds detected in the
present survey (Di96) but will consider one feature. centered on { = 142°5. 6 = +0%5.
to serve as an example of the structure in CO clouds in Cam OBI not detected in
the original survey (Da387). Figure 3.6 shows the CO emission and the corresponding
structure trees for the original and present surveys.

An algorithm for constructing the structure tree is detailed in Houlahan & Scalo
(1992). The structure trees presented here are derived using a simplified version of
that algorithm. A summary of the procedure employed is as follows:

1. Select a minimum contour level to establish a root. In both cases of the present

and original survey this was set at their respective 3o levels.

[SV]
H

Increase the contour level and determine whether any progeny clouds exist at
the new contour level. A progeny is first identified as a "cloud’ if it is at least
two beam widths across in any direction. The only exception to this are the
small isolated features detected in the original survey at the root level which

were retained for illustration but not used further in the analysis.
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Figure 3.6 View of sample cloud and structure tree from original survey (top) and
present work (bottom). Contouring is as for Figure 3.1. i.e.. a minimum contour of
3o with an increase by a factor of 1.38 for each step thereafter. An equivalent 100um
optical depth has been derived for the CO emission assuming it is optically thin.
has a standard dust-to-gas ratio (100). and the dust follows a A~! emissivity law.
With N(H;) = 1.25 x 10#*A;[cm™?] (Scheffler & Elsasser (1987). A, = 20007,,,,..
(Houlahan & Scalo 1992) and N(H,) = 1.9 x 102°W(CO) (Strong et al. 19388) it
follows that 7,,,,.. = 7.4 x 107°W(CO). In both structure trees the positional offset

is taken in the Galactic latitude direction from the centroid of the lowest intensity

contour level.
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3. Increment the contour level until the whole tree has been traversed. For this
analysis 100 levels were selected between the minimum 3o level and the max-
imum detected signal. The top of a branch (a single cloud) is pruned when it
falls below the detection criterion set in Step 2. This will clip the tips of the
trees but does not alter the conclusions derived below. (As a check of this point.
an examination of each branch tip was performed and it was found that in all
cases the emission fell to zero within three contour levels of the claimed tree tip.
l.e.. the emission fell to zero within a very small change in tree height.)

4. Construct the tree. identifv the main components and calculate the relevant
statistics.

There are several definitions required to perform the analysis of a structure tree
and its statistics. These include (Houlahan & Scalo 1992):
Root This is the lowest intensity level in the structure which serves to define the
largest extent of the cloud as a simply closed contour.
Path A line connecting tip to root through all intermediate clouds as determined
by the lineage.
Node This is the position in the tree of an intermediate cloud in terms of its mean
intensity and centroid. The cloud’s intensity has been converted into an optical
depth in Figure 3.6 in order to allow a direct comparison of the structure tree from

Houlahan & Scalo (1992).

Branching Node A node at which two or more paths merge. This corresponds to a

parent cloud with at least two children.
Segment A sequence of branching nodes with similar weight. i.e.. size and center of
mass above the root.
Parent Node The lowest branching node in a segment. If there are similar segments
in a tree then the lowest branching nodes in other segments are referred to as uncles.
The analysis of the structure tree statistics. presented in this thesis. will be
limited to a comparison of idealized models of perfectly geometric hierarchies. In
this case. there are four parameters which are necessary to characterize the structure
— n. D. L and 8 (Scalo 1985. 1990). n is the number of progeny per generation
above the root (for a self-similar hierarchy this number is constant), D measures
the intensity contrast between levels. L is the number of levels in the image and 6
measures the spatial distribution of children around their common parent. L is set

as the number of planes making up the image as seen along the line-of-sight in Monte
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Carlo simulated data or the number of different emission regions that can be isolated
kinematically along the line-of-sight of the present survey. These parameters are not
measured directly. with the exception of L. but can be obtained from measurements
of properties of the tree. In terms of these properties. these parameters are given
by:

n=—-: (3.9)

where N is the total number of nodes in the system and B is the number of branching
areas (a branching node with the branches at slightly different heights. or optical

depths. but still believed to have a common node).

mean displacement of the children in a segment

0= (3.10)

mean displacement of the parents in a segment -

where the position of the feature in question is measured from the position of the

root and

D= (—1—;9 (3.11)

C is the change in path length in going from one tree level to the next. In practice.

C is determined from:

¢ = _mean height of the tips of the children above parent node (3.12)
" mean height of the tips of the parent (and uncles) above root T

From Figure 3.6 the difficulty in deriving any meaningful structure statistics for
the CO cloud based upon the original survey is obvious. since the tree is composed of
only one segment and only one node at the tree tip. Only one segment was detected
due to the lower sensitivity. i.e.. the second segment at the root of the tree was not
detected. while the poorer resolution only allowed detection of the brighter features
separated by ~ 1° (one beam width). Furthermore. the tip of the tree appears to
occur at a lower optical depth due to the gross averaging that occurs when binning
the observations in the original survev. From the original survey it is only possible
to derive a value for n (= 0). L(=3) and D (~ 3). 4 is not defined for this structure
as there is only one parent in the tree.

In the case of the present survev. the structure tree is more informative. With
the resolution and sensitivity of the present survey it is possible to see a definite
pattern to the structure tree emerge. The main difficulty in interpreting the tree lies
in the treatment of the central branching region of the larger segment (indicated by

the broken line in Figure 3.6). The nodes in this region do appear at appreciably
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different heights above the root. but the height of the tips all fall within a very
narrow range. certainly comparable in extent to the range seen elsewhere in the tree.
Hence. in characterizing this branching region it has been assumed that it is indeed
a branching node with three children. With this assumption. it follows that the
structure tree for the present CO data is characterized by the following parameters:
n=2360=0.33.and D=11.8. L is set at 3 as there appear to be three main CO
features making up this cloud complex (Chapter 7). If the assumption regarding
the central branching region does not hold. then B. the number of branching areas.
will increase for the same number of branching nodes and thus. reduce the value of
n.

Houlahan & Scalo (1990. 1992) also showed that clouds which have a self-similar
hierarchical structure will have a frequency distribution for their cloud sizes and a
density-size relationship related to their hierarchical structure. For a self-similar

hierarchy. the frequency distribution of clouds as a function of radius. r. is given by
flr) xro. (3.13)
where a may be obtained from

g = pt/ti+a), (3.14)

and 7 is the number of fragments per level of hierarchy and 6 is the relative size
of fragments at successive levels. The density-size scaling law for a self-similar
hierarchy is given by:

p xrb. (3.13)
where p may be obtained from

D = pp/ti+al (3.16)

where D is the volume density contrast. i.e.. the contrast in the density of successive
levels in the hierarchy. Hence. for the molecular cloud considered here it follows from
from Eq. 3.14 and 3.16. that it has a size distribution with a ~ —1.8. and density-
size scaling law with p ~ —2.2. It is interesting to note that the value of p derived
here. which is based upon a relatively large cloud structure. i.e.. ~ 3 — 20 pc. is
similar to that detected in high-resolution studies of molecular cores (Myers 1933).

which lends support to the claim that this structure holds over a large range of scale
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sizes and is common. High-resolution studies of the entire cloud system are required
to confirm this.

From Figure 3.6 it is quite clear that the structure tree statistics derived from
the original survey cannot be used for this type of analysis. However. the richness
of structure seen in the structure tree revealed in the present survey suggests that
the CfA 1.2 m telescope is very useful for gathering data suitable for this type of
analysis. even given its moderate resolution. provided the data are fully sampled

with good sensitivity.

3.3 Discussion

In §3.2.2.1 and §3.2.2.2 two quantitative methods. FFTs and structure tree
statistics. were used to measure the improvement in image quality of the present
surveyv over the original survey. [t is now worthwhile to extend this analysis and
compare the results gleaned from the present survey by comparing these results to
other survevs conducted on the surveved region and elsewhere in the Galaxy. To this
end. the first comparison will be with the Hr (Gr93). in order to consider whether
the power-law describing the distribution of power with scale length derived for CO
from the present surveyv is similar to that for Hi. A second comparison will be of
the structure tree statistics derived from /RAS (Beichman et al. 1938) 60xm and
100um emission for the Taurus star forming region (Houlahan & Scalo 1992). in
order to provide some frame of reference for the results obtained for the Cam OBl
region.

The analysis of Hrin Cam OBl (Gr93) was performed on data obtained with
an interferometer. As such. the structural information contained within the data
had to be carefully treated in order to account for the correlation between signal
strength and noise. as well as a difference in the sensitivity of the correlators making
up the spectrometer. After these corrections had been applied. Gr93 found that the
exponent. m. of the power-law distribution of power of HI. Py,. as a function of scale

length. r. normalized to the power at a scale length of 100\, i.e..

r

100A

Py, = Pigo( )y (3.17)

is given by m = —2.57 £ 0.13 over the velocity range -5.7 to -10.7 kms™'. m =
—2.18 £ 0.11 over the velocity range -10.7 to -15.7 kms~! and m = —-2.33 £ 0.13

over the velocity range -15.7 to -20.7 kms™!. From these values it is reasonable to
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assume that m = —2.36 £ 0.16 is representative of the exponent. m. for the power-
law distribution of Hr as a function of scale size over the velocity range defining
the Cam OBl CO emission. This value of m is in agreement with the value of
the exponent of the power-law fit to the CO emission derived from the present
survey. i.e.. —2.52 £ 0.08 (Eq. 3.5). and may suggest that the force(s) responsible
for organizing the HiI is also operative and equally effective in organizing the CO.
at least down to the resolution of the present survey (at a distance of 975 pc for
Cam OB this corresponds to a scale ~ 3 pc). Scalo (1987) has suggested that
turbulence could be the primary support mechanism in molecular clouds which
follow a Kolmogorov prescription (Larson 1931). If this is the case. the distribution
of power with scale-length should be described by a power-law with an index ~ —8/3
(Leinert 1994). This is in good agreement with observations for both Hr and CO.
A second quantity of interest suggested by Gr93 is the total power seen at some
particular physical length. In the case of the Hi survey a length of 100 pc was
chosen as a standard length. as the power over this length could be determined over
a large range of distances: from Figure 4 of Gr93 it is possible to derive a mean
power at a scale length of 100 pc for Hi of 820 £ 300Jyv? over the range of velocities
quoted above. Conversion of this quantity to the same units as the CO power may
be obtained from (DRAO in-house memorandum. 1996).
0.335 E

W = Flux Density[K]. (3.18)
i Ve

Flux Density[mJy per beam] x

where E is the ratio of minor to major axis of the DRAO Super Synthesis Telescope
(SST) beam. v is the observing frequency in GHz and R is the minor axis. in arcmin.
of the SST beam. For Gr93 the data were smoothed to 2’ x 2’ at an observing
frequency of 1.42 GHz. The power in the Hi emission. seen at 100 pc scale lengths.
in Cam OB region is (1.46 £+ 0.53) x 10° K2. From Eq. 3.5. the power in the CO
emission at a scale length of 100 pc (R. the radius of the corresponding scale length
in the Fourier plane is 0.062 m) is (6.03 & 0.20) x 10* K2. Thus. the ratio of the
power in Hi to CO at a scale length of 100 pc is ~ 23. It is difficult to interpret
what exactly this ratio means. or indeed what the "power’ is for either component of
the ISM. as the FFT image of the data is not a simple composite of sky brightness
or intensity. However. this ratio. and the value for the power in each component,
may prove useful in constraining any models or simulations of the ISM in the Cam

OBl region.
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There is additional information on the structure of the CO emission in the Cam
OBI1 region to be gained from the structure tree statistics. The analysis of the
structure tree statistics for the Taurus star forming complex based upon the IRAS
60pm and 100pm emission (Houlahan & Scalo 1992) serves as a good example
of another well-studied star forming region in the Galaxy. From their analysis of
Tiooum Versus positional offset from the root. Houlahan & Scalo (1992) determined
that the Taurus star forming complex has a structure tree best characterized by
n1=9.8.0=0.16. L =2 and D = 9.6. The nature of these clouds was determined by
comparing them to Monte Carlo simulations of: a) ideal clouds. i.e.. uniformly dense
cores with r=2 variation in their envelopes. which were constrained to be hierarchical
in their physical makeup and spatial position (hierarchical models), b) the same
models but randomly distributed in space (random models). or c) a mixture of the
two (mixed). The solution for the Taurus region turned out to be best represented
by a mixed-model. but one dominated by hierarchical structure. One complication
in the analysis of structure in the Taurus region was the difficulty in separating
foreground from background material solely from integrated dust emission maps. In
principle. applying the structure tree analysis to CO emission has the advantage over
a dust emission study for the same region, as the additional CO velocity information

may be used to eliminate foreground and background contamination.

A comparison of the structure tree for the sample Cam OBI cloud (n = 2.3,
6 =0.33, L =3 and D = 11.8) to that of Taurus suggests that the Cam OBI cloud
is sparser than Taurus (smaller n). possesses better defined branches (larger ). with
more levels (larger L) but with approximately the same density contrast per level
(D). In order to check whether the sample Cam OBI1 cloud is better modelled as
being hierarchical or random or mixed, Houlahan & Scalo (1992) suggest that a
branching factor. E,. which is equivalent to n as it is calculated in Eq. 3.9, is a
useful diagnostic. i.e.. a value for E, of less than 3 is a good indicator of hierarchical
structure. The solution provided by the CO data taken in the present survey does
suggest such a structure. but it must be kept in mind that it was only derived
from a coarse structure tree for one cloud. However, on the other hand the CO
data do have the advantage over a dust emission study of being less susceptible to
contamination by foreground and background material. In Figure 3.6, the range
of optical depth is similar to that covered by Houlahan & Scalo (1992) for Taurus
(Tiooum : 1 % 107% — 4.4 x 1073), while the velocity maps for the region (Chapter 2)
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show that the CO emission is well contained within the Cam OBl velocity range.
This is only assumed in the case of the Taurus emission. With these considerations

in mind. it would appear that some of the Cam OBl CO emission. like the Taurus

region. has a strong hierarchical component to its structure. Higher resolution CO

data and additional Monte Carlo simulations are required to refine this solution.

3.4 Conclusions

The following conclusions can be drawn from this comparison of the present

(Di96) and original (Da87) surveys of the Cam OBI region:

L.

[
.

The improvement in data quality expected from the present survey is clearly
seen in both the integrated map of the emission and the velocity moment maps
(Figures 3.1 and 3.2).

An FFT analysis of the region from the two surveys suggests there is consider-
able additional structure seen in the new survey. The distribution of power as

a function of scale length for the present survey is given by:
log (Power [K?]) = (1.73 £0.10) + (—2.52 £ 0.08) log (Radius [m]).

A comparison of the CO structure to the structure seen in Hi suggests that
both the CO and Hri have the same structural scaling law. This suggests that
the force(s). e.g.. turbulence. operative in organizing the Hr may be equally
operative and efficient for organizing the CO.

A comparison of the structure trees taken from a sample cloud in the Cam OBl
region suggests that it can be modelled as possessing a hierarchical structure
similar to that found for the Taurus star forming complex. No comment on this
sample cloud is possible from the original survey.

The structure tree statistics for the sample cloud have a solution n = 2.3.
0=033.L=3and D = 11.8.

An analysis of the cloud density profile shows p x r=22 which is similar to
molecular cores seen elsewhere in the Galaxy (Myvers 1933). This is consistent
with the model of molecular clouds in which they are turbulent and have a

self-similar hierarchical structure.
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Chapter 4

Population I Objects

An investigation of the optically identified Population I objects
within the boundaries of the present survey (Digel et al. 1996) is
carried out. From the analysis of these objects it is determined
that the distance to: 1) the Local emission is 250 + 30 pc, 2) the
Perseus emission is 2300 + 200 pc, and 3) the Cam OB1 emission
is 975 £ 90 pc. An HR diagram for the Cam OBL1 stars reveals
that star formation has occurred in the region for ~ 1 — 50 x 10°
yr. At present, the most active site of star formation is Cam
R1, which shows an asymmetry in the distribution of optically-
identified Population I objects: the majority of the pre-main
sequence stars lie in the northern half of the association while

the main sequence and evolved stars lie in the southern half.

4.1 Introduction

Population I objects were first identified as a stellar population closely associated
with spiral arms by Baade (1944a. 1944b) in his examination of nearby galaxies. A
complete discourse on these objects is bevond the scope of this thesis (Mihalas &
Binney 1981 provide an overview). but for practical purposes Population [ objects
will be divided into two categories. Population I objects and extreme Population
[ objects (hereafter referred to as Plo and ePlo. respectively). Plo will include
OB associations. R associations. galactic clusters. OB field stars. Be stars. classical
cepheids and Herbig Ae/Be (HAe/Be) stars. ePlo will be designated as ‘non-stellar’
objects which are associated with star forming regions. i.e.. they trace out the current
epoch of star formation. These include pre-main sequence stars. i.e.. T-Tauri and
HAe/Be stars identified by their infrared emission. masers. molecular outflows. as
well as reflection nebulae and emission nebulae (Hii regions).

[t is important in the analysis of any star forming region that both Plo and
ePlo be considered for two reasons. Firstly, if the Plo contain a relatively young

population of stars (say 1 — 10 x 10° yr) which can still be associated with their
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parent cloud on the basis of the interaction between the stars and parent cloud (via
dissociation fronts. ionization fronts or reflection nebulae). positional coincidence
and similar space velocities. then the fundamental problem of assigning a distance to
the parent cloud and any ePlo embedded in the cloud may be confidently addressed.
If the Plo form a cluster or association. as is the case for the Cam OBI stars. then
it is best to fit a standard main sequence to these objects (Blaauw 1963. Mermilliod
1931. Garmany & Stencel 1992. hereafter GS92). thereby reducing the effect of
uncertainties of an individual measurement. to obtain the distance to the Plo (and
associated parent cloud). Secondly. the association of the Plo with the parent cloud.
and the presence of ePlo in that cloud provide an opportunity to study the long
term evolution of a star forming region. including the interplay of possibly distinct

generations of stars (Chapters 6 and 7).

[f it is not possible to obtain a distance to a parent cloud and its associated
ePlo from associated Plo. then it is necessary to determine this distance by one
of two means. If sufficient data exist. then it is possible to consider departures
from a statistical model of stellar densities and obscuration. to infer the location of
excess obscuration along the line-of-sight. e.g.. the extinction survey in the region
by Heeschen (1951). This method is best suited to the determination of the distance
to the Local emission in the present survey (Digel et al. 1996. hereafter Di96). For
more distant emission. where there are no known Plo present. the distance to the
emission must be determined from a standard kinematic model of the Galaxy (Brand
& Blitz 1993). The Local emission (—35.5 km s™! < v, < +10 km s7!) and Cam
OB! emission (—22 km s™! < ¢ < —5.5 km s7!) are well situated in the second
quadrant of the Galaxy for this type of analysis. which avoids the distance-velocity
ambiguities inherent to studies of the first and fourth quadrants. However. the
Perseus arm (—70 km s™! < ¢, < —30 km s™!). which lies beyond Cam OBI. is
known to show departures from the circular motion (streaming motions) assumed

in standard kinematic models (Roberts 1972).

This chapter will consider only the Plo: ePlo will be considered in Chapter 3.
The breakdown of this chapter is as follows: §1.2 will deal with the selection of Plo in
the field and the distances to the different regions of the Galaxy seen along the line-
of-sight. i.e.. Local emission will be discussed in §4.2.1. Perseus emission in §4.2.2
and finally. Cam OBI1 emission in §4.2.3. In §4.3.1 an observer's HR diagram for

the Cam OBI stars. including Cepheids and classical Be stars, will be constructed.
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In §1.3.2 the observer’s HR diagram will be transformed into a theoretician’'s HR
diagram in order to derive time scales for the evolution of these stars. In §4.4 the

findings from this chapter will be summarized.

4.2 Population I Objects

Selection of Plo has made extensive use of the SINMMBAD database (hereafter
simply SIMBAD) ! as the principal source of stellar data. Figure 1.1 shows all
of the stellar objects (2260) detected within the boundaries of the present survey
(Di96) at the time of writing. Previous experience working with SIMBAD shows
that while it is not complete. typically ~ 30% of the stellar objects studied and
available in the literature are included in it. From a comparison of Figure 4.1 and
Table 4.1. which contains information on known open clusters and R-associations
included in the surveved region. it follows that the most prominent open clusters

have been identified. and only the smallest and least studied ones were omitted.

4.2.1 The Distance to the Local Emission

The determination of the distance to the Local CO emission made use of the
star-count analysis of Heeschen (1951) which extended to stars down to 15** mag-
nitude. In his work. Heeschen examined selected areas in the Perseus region of the
Galaxy. including the region considered in the present survey. and deduced. ~...The
obscuration is ascribed to two clouds: one cloud is at a distance of 200-300 parsecs
and the other at the distance of 3800 parsecs from the sun. The nearer cloud ac-
counts for most of the patchiness of the region. while the cloud at 800 parsecs is
nearly uniform in density.” Figure 4.2 is an integrated map of the Local CO emis-
sion in which several regions. identified in the original work of Heeschen. have been
indicated using his original designation.

From Figure 4.2 and Table 4.2 it is evident that the Local emission lies at
a distance of 300 pc for the emission at lower galactic latitudes. and at 200

pc for emission at higher latitudes. For this thesis it will be assumed that

! SIMBAD is operated at CDS. Observatoire de Strasbourg 11. rue de I'Universite.
67000 STRASBOURG. France. The Canadian link to the CDS is provided by the
Canadian Astronomical Data Centre (CADC) located at the Dominion Astrophys-
ical Observatory. Herzberg Institute of Astrophysics. National Research Council of
Canada. 5071 West Saanich Rd.. R.R. 5. Victoria. British Columbia. Canada.
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Figure 4.1 All stellar objects in SIMBAD contained within the survey boundaries
(D196). Some obvious clusterings of objects have been identified in the Sky Catalogue
2000.0 (Hirshfeld & Sinnott 1983) and are tabulated below (with the exception of
Cam R1 which is taken from Herbst 1975). D refers to the apparent cluster diameter.
No. to the number of cluster members and R. the quoted distance to the cluster.
"Not easily identified’ means the cluster is located in a busy field. "easily identified’
means the contrast between the cluster and surrounding field is great. "not included”
ixlldicates there is no obvious cluster of objects at the indicated position (a sparse
cluster).
Table 4.1: Open Clusters and R-Associations in Field

Name [{°] bl DT No. R [kpc] Appearance

NGC 743 131.21 -1.60 5 12 N/A  Not easily identified
Stock 6 132.88 +2.79 20 20 N/A  Not easily identified
Stock 2 133.44 -1.89 60 50 0.32 Easily identified

IC 1805 134.73 +0.92 22 10 2.10 Easily identified

Cz 13 135.66 +2.31 6 10 N/A  Easily identified
NGC 1027 135.78 +1.49 20 10 1.00 Easily identified

Cz 38 135.80 -1.38 7 10 2.40 Not included

Berk 65 135.83 +0.27 5 20 3.30 Not included

King 4 136.02 -1.20 3 20 2.20 Not included

IC 1848 137.19 +0.92 12 10 2.20 Easily identified
Cr33 138.10 +1.35 40 25 N/A  Easily identified

Cr 34 138.26 +1.46 25 N/A N/A  Easily identified
Stock 23 140.11 +2.08 15 25 N/A  Easily identified
Cam R1 142.00 +2.00 N/A 3 0.87 Easily identified

King 6 143.36 -0.08 7 35 N/A  Not included

NGC 1502  143.66 +7.65 38 15 0.95 Easily identified
Tombaugh 5 143.94 +3.57 17 60 1.80 Easily identified
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“"tocal Emission"”
Integrated 12c0 Emission
from +10 to —5.5 km s~ .
Shading : 1.2(30), 2.4,....6.0,

8.4, 12.0, 18.0,...,
48.0 K km s~ .
Moximum = 24.4 K km s .

GALACTIC LATITUDE

142° 140° 138° 136° 134° 132°
GALACTIC LONGITUDE

Figure 4.2 Overlay of Heeschen's (1951) areas of obscuration onto the Local emis-
sion. The data describing the obscuration due to the Local emission in each region
are given below according his original scheme. Positions in ({!/.b!!) are included in
parentheses. Details of the obscuration due to the Cam OBI emission (assigned a
constant distance of 800 parsecs by Heeschen) will be dealt with in §4.2.3.
Table 4.2: Obscuration in Surveyed Region
(after Heeschen 1951)

Region Obscuration [Mags]

At 200 pc At 300 pc At 300 pc
Zone B+2°5 (143°. —1%5) ........... 16........ 09. ...
Zone A. 0°0 (138°.0°0)  ..oooi.... 15 R
Zone Z.+2°5 (133°.+3%3) 10.................... | 5 S

Zone Z.45°0 (140°. +7°0) 1.0 ..uvvvveeveennann. 13 .. ...,
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the Local emission lies at a distance of 250 + 50 parsecs at all latitudes considered

in the present survey.

4.2.2 The Distance to the Perseus Emission

The Perseus emission. in the direction covered by the present survey. is domi-
nated by the giant molecular complexes associated with the giant Hir regions W3.
W1 and W5. GS92 conducted an extensive literature search of OB associations
in the northern Milky Way in order to ascertain the extent of intrinsic scatter in
the O-star calibration: this study included two rich associations. Cas OB6 and Per
OBL. in the Perseus region covered in the present survey. Cam OBl was considered
briefly in the study of GS92. but the paucity of O-stars in its membership precluded
it from being useful in the calibration of the O-star classification scheme. Figure 4.3
is an overlay of the stars identified as belonging to Cas OB6 and Per OB1 (GS92.
Humphreys 1978). contained within the present survey boundaries. over the CO
emission from the present survey. A table of the stellar data for these associations
is included in Appendix B.

The technique employed by GS92 to determine the distance to the Perseus stars.
and by association. the Perseus CO emission. was to: a) compare the main sequence
B stars in the associations Per OBl and Cas OB6 with a standard model of main
sequence stars (Blaauw 1963. Mermilliod 1931). and then. b) transform the observed
HR diagram to a theoretical one (Flower 1977) in order to determine the state of
evolution of the cluster (Maeder & Meyvnet 1983). The published (GS92) distances
for these associations are 2.3 kpc for Per OB1 and 2.4 kpc for Cas OB6. Given that
the stars in Cas OB6 clearly lie in front of the associated molecular gas. and assuming
the gas is of comparable depth to the width of the largest complexes. ~ 100 —200 pc.
then a resonable mean distance for the Perseus CO emission is ~ 2500 pc. Examining
the fit of the standard main sequence to the data for Per OBl and Cas OB6 (Figure
1 in GS92) it appears that an uncertainty of ~ 0™2 in the fit is not unreasonable.
which translates into ~ £200 pc in the distance determination. Hence. a good

estimate of the distance to the Perseus CO emission is 2500 + 200 pc.

Additional information which may be gleaned from the GS92 survey includes
statistics on physical parameters of the two associations which can aid in discrim-
inating between the Perseus arm stars and foreground, Cam OB1 stars. The two

parameters which are of relevance to this work are the distance derived from the
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Figure 4.3 Location of stars in Cas OB6 and Per OBI. as listed by GS92. in the
Perseus arm (—30 > v, .. /kms™' > —70). The distance to the associations (and
associated molecular gas) has been determined by cluster main sequence fitting to
the B stars in the associations. The spatial positions for the stars have been taken

from Humphreys (1973).

distance modulus relationship and the measured stellar radial velocity.

The distance modulus relationship is given by
my — My =235 log (d) — 5 + Av. (4.1)

where my- and My are the apparent and absolute V™ magnitudes of the star. respec-
tively. d is the distance in pc. and Ay is the extinction of the star light in the V'

band due to intervening material (primarily dust): formally. Ay is given by
A.=R [(B - V)Obser\'cd - (B - “r)o]~ (‘1’2)

where (B — V')observed and (B — V'), refer to the observed and intrinsic color. re-
spectively. for the star. In Appendix B. the distance to the Perseus stars using Eq.
4.1 is given as Dist 1 and has been derived using the intrinsic colors and absolute
magnitude-color relationship due to Schmidt-Kaler (1982) as found in Lang (1992),
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with R = 3.1 (Fitzpatrick & Garmany 1990). These relationships are for stars
which are very young. i.e.. they have just arrived on the zero-age main sequence
(ZAMS). GS92 chose the intrinsic colors as listed in FitzGerald (1970) and absolute
magnitude-color relationship given by Blaauw (1963) and Mermilliod (1981). with
R = 3.0. The very close agreement between the values of Dist 1. on average (see
Appendix B). and the claimed distances for the associations suggests that: a) Dist
l is a reasonable first guess for the distance to the stars in the associations. and b)
the stars in the associations are relatively voung.

From an inspection of the distribution of the radial velocities for Per OBI and
Cas OB6 (see Appendix B - there are very few B main sequence stars in GS92 from
which to derive any meaningful statistics). the dispersion in the mean radial velocity
appears to be quite large in the case of Cas OB6 (somewhere between 11 and 14
km s~!). but much less for Per OB1 (less than 2 km s~!). The best estimate for the
mean velocity of both associations. derived from all of the stellar radial velocities.
suggests that Perseus stars should. on average. have a velocity of ~ —43 km s™'.

As a final note regarding radial velocities for the Perseus stars. it has already
been pointed out that the Perseus arm is known to be undergoing a streaming motion
(Roberts 1972) which will lead to a peculiar distance/radial velocity relationship. i.e..
rotation curve. for the molecular gas. The most recent estimate of this relationship
was carried out by Brand & Blitz (1993) who considered Hii regions throughout the
Galaxy. They obtained the following value for Qort’s constant :

4= L = 12.6 km s~! kpe~!, (4.3)

t SR
d sin(2l)cos?(b)
where d is measured in kpc. and [ and b are the Galactic longitude and latitude.
respectively. Using this average value for A. the molecular gas in Perseus (with
a v, =—43kms™! at [ =138°.6 = +2°) would be placed at a distance of ~ 3.4
kpc. This is significantly further away than the distance derived assuming the gas

1s associated with Per OBl and Cas OBS6.
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4.2.3 The Distance to the Cam OB1 Emission

Determination of the distance to the Cam OB1 molecular emission follows the

same algorithm as that for the Perseus emission as outlined in GS92. i.e.. by main

sequence fitting to B stars associated with it. An overview of the main sequence

fitting method to obtain the distance to the Cam OBI stars is as follows:

I.

[SV]

Select all B main sequence stars in SIMBAD which have good "BV measure-
ments and fall within the survey boundaries (40 in total).

Eliminate those stars from Step 1 which are listed as being in Perseus in G592
(L8 stars).

Eliminate those stars from Step 1 known to be in the Perseus arm from SIMBAD
(3 stars. from Haug 1970).

Tabulate the data for those stars which survive Steps 2 and 3 (19 stars. Table
4.3) and plot an observational HR diagram (Figure 4.4) of them.

Determine the best fit to an empirical main sequence. An initial guess of My
for the candidate stars is made from Eq. 4.1 assuming some initial distance
(DIST 1 was useful here and suggested that 1000 pc was a good initial guess).
An observed main sequence will lie below this empirical main sequence if the
initial guess for the distance is too high and above it if too low. From the offset
between the estimated solution and the empirical solution. determine the cor-
rection necessary to the distance to bring the estimated solution into agreement
with the empirical fit and update the value of the distance. In the fitting pro-
cedure. give the most weight to those stars already listed in SIMBAD as being
members of Cam OBI1 and the least to those which are known to be variable.
Include emission line stars in this procedure as their relatively narrow emis-
sion lines should not have adversely affected the broad-band {"B1"~ photometry
(Jaschek & Jaschek 1987).

Estimate the uncertainty in the main sequence fit from the range with which it
is possible to slide the empirical main sequence above and below the best fitting

solution and still obtain a reasonably good fit to the data.

Details of how the stars are placed on the observer’'s HR diagram are the same as
followed in GS92. These are:

1.

Determine the reddening free parameter (the abscissa). Johnson's @ (Johnson
1958. Sharpless 1962). which is a measure of the star’s color after taking into

account the effects of differential reddening. The @ value. for B-type main
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sequence stars is defined as:

. E, i
Q@ = (U — B)Observed — oA (B — V')observed. (4.4)

y

where (for main sequence stars up to spectral type AQ)

2 = 0.72+0.05 E,. (4.3)
and
Ey =(B - V')observed — (B — V'), (4.6)

In keeping with GS92. the (B — V'), value is taken from the interpolated values of
FitzGerald (1970). For main sequence stars of spectral type B0 to BS. inclusive.

the intrinsic color is given as:
(B-V), =-0.318+0.0i7 r. (4.7a)

where r is the numerical increment for the spectral type. i.,e. B0 = 1. B0.5 =
2. etc. For main sequence stars from B8 to Ad. inclusive. the intrinsic color is
given by:

(B—-1V), =-0.138 + 0.032 y. (4.7b)

where y is now incremented such that B8 = 1. B9 = 2. etc. Note : For B3 stars
the mean of the two solutions from Eq. 4.7a and 4.7b was used.

2. The ordinate for the observer’'s HR diagram is the stellar absolute magnitude.
My-. The empirical main sequence. given by Blaauw (1963) for stars earlier than
B1.5 and by Mermilliod (1981) for stars later than B1.5. can be placed on this
immediately.

From the fit of the Cam OB1 B main sequence stars to the empirical main sequence
(Figure 4.4). it is a reasonable estimate that the distance to the association is 973
pc. The uncertainty in the fit. as fitted by hand. is ~ £0™2 which translates into
an uncertainty of £90 pc. This uncertainty is representative of the uncertainty
in the fit to the main sequence for the association. The uncertainty for an indi-
vidual stellar measurement can be considerably more than this: any given "BV
measurement has a typical uncertainty of £0701 — 0™02 (Ochsenbein 1974) while
the uncertainty in (B — V') due to the uncertainty in spectral type (one sub-division)

is £0™02 and for the uncertainty in luminosity class (say between class V and III)
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Figure 4.4 Overlay of B main sequence stars - normal B stars indicated by crosses
and peculiar B stars by crosses overlaid with a circle - against empirical main
sequence - solid line (Blaauw 1963. Mermilliod 1981). There is excellent agreement
between the two for an assumed distance of 975 pc. The large cross indicates
the maximum possible uncertainty of an individual measurement due to incorrect
labelling. etc.. but the reasonably good fit to the the data argues against such large

uncertainties for any of the data included in this study.



Table 4.3: Data for B Stars, Main Sequence Fitting

No. Namer b MK Dess U9 B Ve e Dist 1/ (ULB) (18V)s Qb MRy
[deg]  [deg) [mag) [mag] [mag] [kms~] [kpe]  [mag] [mag] [mag] [mag]
| BD4G1 382 13190 40.26  BIL:V: 11.39 1013 10.70 1.26 0.95 0.27 (.88 2.60
2 BD4+60 503 13492 4046 BLAY 10,31 10.61 995 0.97 (1.8%8 .25 .87 2.81
3 LS 459 136 13520  0.42 B0.AV 11,66 11.60  10.52 .96 1.02 .29 0.9H J.65
| BD+58 188 13570 0.78  BOSV 10.27  10.53  9.85 1.2 1.02 0.29 (.85 J.058
) HD 1711 137.26 0.32 B1Vvar 9.21 9.66 916 +51.0 .99 0.95 0.27 (.87 317
G HD 237015 137.38 4097  BGV 9.4H 9.68 Y. 150D 0.67 0.50) 0.15 0.42 1.70
T BD4+61 506 13707 +2.40 BWV 10,36 10,35 1018 4+0.0 0.70 0.8 0.07 0.12 0.h2
] BD461 529 13848 +3.34 B3V 9.53 9.8h 9.5 17.0 0.51 0.67 .20 0.57 1.98
9 BD+G1 5341 138.87 +3.15 B8V 9.nh9 9.63 9.47 3.0 (.60 0.45 0.11 0.16 1.31
10 BSD 9-1102 139.13 +2.80 BY.5HV 12,18 1192 1148 {).82 0.10 0.0 014 (.04
11 BD+6G1 549 139.33 +3.84 HBhHV 1012 10012 994 20.0 1.0 0.56 0.16 (14 1.07
12 BD460 648 139.59 +2.69  BhY 10,00 10.35  10.13 1.06 0.H6 0.16 0.52 1.00
13 HD 21806 139.76 +6.18 BiVn... 7.501 8.06 7.75 20D 0.68 0.95 0.27 .80 3.99
14 BS DY-1315 139.97 +3.47 B9V 1033 10,15 9.96 6.0 .61 0.1a 0.07 0.04 0.80
15 HD 237091 006 +1.92 Hl:V:llle(' 8.93 9.3 .70 +7.61LE  0.66 0.95 0.27 0.96 4.07
16 HD 20761 140.12 43.78 B9V 9.97 9.8 9.74  +19.0 0.5 0.18 0.07 0.03 (.90
17 BD+549 624 140,21 +2.07 BAV 10,76 10.82  10.51 1.11 (.56 0.16 0.31 0.90
18 HD 237134 14091 +2.86  BiVe 9.65 9.8 9.46 0.62 0.6 0.16 0.50 2.16
19 1 237121 14121 +1.39  BO.AVs 8.85 940 893 120 C 110 1.62 0.29 .91 1.45

a. Catalog designation of star as given by, in order of preference, its HR, BD, LS [, BSD or UBV entry.

L. Galactic co-ordinates (! b1y of star.

¢. MK classification of star as listed in G892,

d. UBV photometric indices,

¢. Radial velocity of star corrected to Local Standard of Rest assuming standard solar motion. ‘The letter index, when listed in
SIMBAD, gives the quality of the spectra: A - excellent to - pouor,

f. Distance from m, - M, = 5 log(d)~5+ A, , assuming the intrinsic clolors and abolute magnitude-color relationship of Sehide-Kaler
(1982) as given in Lang (1992), and R = 3.1 (Fitzpatrick & Garmany 1990).

g. Intrinsic colors interpolated from FitzGerald (1970).

h. Q parameter as derived from Fq. 1.4

i. Absohitte magnitude of star from Fq. 1.1, given distance from main sequence fitting,

66
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1s 2002 (FitzGerald 1970). These uncertainties would be the extreme case if the
data were of very poor quality. The reasonably good agreement between the empir-
ical main sequence and the main sequence B stars for Cam OBl shown in Figure
1.4 argues against such an event. However. for completeness. the uncertainty in
(. assuming the maximum predicted uncertainty from Eq. 4.4 (£0™11). and the
uncertainty in M. assuming it is only affected by evolutionary effects (brighten-
ing by ~ 0750. Maeder & Mevnet 1938) or misidentification (~ —1™00 for class V
stars misidentified as class [II. Lang 1992). is also shown in Figure 4.4 by the cross
in the lower right hand corner. From Figure 4.1 it is reasonable to conclude that

the distance to the Cam OBI stars is 975 £+ 90 pc.

4.3.1 The Observer’s HR Diagram for Cam OB1

Constructing the observer’s HR diagram for the Cam OBI stars employs basi-
cally the same method as used in the distance determination in the previous section.
There is only one slight modification: now the definition of @ must be generalized
to include stars other than main sequence stars. The steps for completing the ob-
servational HR diagram are:

1. Select all stars in SIMBAD which have good {'BV" measurements and fall within
the survey boundaries (214 in total).

2 Reject those stars already identified as being Perseus stars in GS92 (68 stars in
(S92 in total). or identified as Perseus stars in SIMBAD (27 stars. these are
included in Appendix B).

Using the above algorithm there were 119 stars which survived the selection process.
including the 19 B main sequence stars identified in the previous section. which are
probably part of the Cam OBI association. Completing the placement of these
candidate stars on the observer’'s HR diagram required the following steps:

1. Stars without a luminosity class identification are assumed to be class V (the

most probable assignment).

(V]
.

[n the case of non-main sequence stars. use the more general definition of the Q
parameter given by:

(C- - B)Obsen’ed - ([— - B)o
(B - "")Obscrved - (B - "’)o

Q = (L. - B)Observed - x (B - "")Observed- (48)

For these stars, the intrinsic colors were taken from Fitzpatrick & Garmany

(1990) for luminosity classes la, Iab (by interpolation) and Ib and spectral type
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earlier than GO. as well as the luminosity class II stars earlier than spectral
tvpe AO. For luminosity class II stars of spectral tvpe AQO and later. and for
luminosity classes [II and IV. the intrinsic colors were taken from FitzGerald
(1970). Determination of the (" — B), color for many of these classes of stars

was determined from a hand-fit spline through the values of FitzGerald (1970).

After the first pass through the data it was found that 17 stars lay well below the
main sequence for Cam OBI. [t was assumed these stars are not members of Cam
OBI. and they have been removed from the data set for any further analysis (they
are included in Appendix B). Table 4.4 presents a summary of the stellar data for
those stars which have been selected as members of Cam OBL. Figure 4.5 is the

observer's HR diagram for this data.



-8 102

Known Lumirosity Class V. 4~
Assumed Luminosity Class V X
-7t E E Luminosity Class V O
Luminosity Clcss HI o
EI Luminosity Cless I O
-6l Luminosity Cless | E
Peculicr Stars (e,p,n.v) O
O
—50
> —4
=
)
©
2 3
c
S ¢
=
o
=
o
N
o)
<< -
e]8
5 BC 33 B9
-1.2 -0.8 -0.4 -0.0 0.4 0.8 1.2 1.6 2.0

Q

Figure 4.5 Observer's HR diagram of Cam OB1. There is clear evidence for evo-
lution along the entire length of the main sequence sampled. The main sequence
turnoff occurs at approximately B0. One star (HD 13686) is a K3Ib star with @
value too blue for its spectral type (as indicated by the arrow). This is probably
due to the fact the ({" — B), color changes very rapldl\ at this spectral tvpe for Ib
supergiants (FitzGerald 1970) and a small error in the (" or B photometry could
easily produce a large shift in Q. The excellent agreement with the empirical main
sequence over the entire range of () sampled also strongly supports the distance de-
termination of 975 pc. As for Figure 4.4. the maximum possible uncertainty for an
individual stellar measurement is indicated by cross in the lower right hand corner.



Table 4.4: Data for Cam OB1 Population I Objects

No. Name® [ I MK Desc Ut 3¢ v e Dist I/ (U-B)? (B-vy QP ML g T ME 'm/':.... Comments
{deg [deg)] (mag] (mag] (mag] (ki s7'] (kpe]  [wagl  [wag]  [mng] [uag) {ng] [10° yr]
I BD4GIAR2  131.9040.26 BEV: 1139 1153 10.70 126 095 027 088 266 448 HT0 R/
2 HD 13686 132,28 +1.91 Kilh 1096 888 7.0 +3.0D 102 1.5 1.4 0027 436 3.61 hos 29 )
3 BD-+60 503 134.9240.46 BLAV 1031 10,61 9.95 0.497 (.8R 0.25 087 281 447 DTUR O/
4 HD 15000 [34.99  1.50 Fall TRY TH2 742 127C 076 0.08 .38 1O 250 382 202 100/
h LS U450 136 13520 042 BOLY 1166 1160 1052 496 1.2 .24 0.95  3.65 4.53 (TR I
6 BD458 488 135,70 0.78 BOLV 10.27 1053 98D .24 1.02 (.24 ORhF 308 445 huh 8/
7 HD 17114 13726 0.32 BlVvar 921 966 916 +51.0 099 0.95 027 08T 317 447 G167 /  Varable
] WD 237015 137384097 B6V 94) DGR 44 10D 067 (.50 0.15 042 170 114 298 98/
9 BO+G1 506 137.47 +2.45 BV 1036 10,30 10018 40.0 0.70 0.18 0.07 012 052 392 0.54 /1
1 BSD 4-1528 13784 42,99 BG PEAT 1H44 1096 .90 0.10 .14 0.46 0938 4.7 2.8 100/1
I BSD 9-1541 13804 +2.95 A0 182 1058 11,12 0.67 0.04 0.02 .03 003 $.80 .02 /N
12 BSD 9-1606 138174340 BH TERO TE2K8 10.74 0.89 0.56 0.16 043 139 410 254 100/1
13 BSD 91637 13838 +3.37 BX 1540 1139 1109 1.03 0.149 0.11 .22 0,12 399 0.34 30072
14 BD-+61 533 L8R 4+3.95 B RAO3 925 48 0.54 037 011 037 132 410 2107 17071
15 BD+61 529 (BLIE T BN IR T I R AY 903 98h udhd 17.0 081 0.67 0.2 057 198 425 3707 )
16 BD+61 530 138.6443.00 BY 10.76. 11.06 10.77 0.77 (.18 0.07 0538 030 4.22 I.R4 8T /3
17 BD4+61 534 138 BT +3.15 BRV 909 9.63 947 J0 0.60 0.35 0.1l 016 L3 395 0.25 H0/2
I8 BD460 635 13891 +2.96 B7IH 9.6 978 9.50 36.0 0.96 0.45 0.12 0.32 153 408 218 17471
19 BSD 91042 139.07+2.28 AGHI 1062 T1.24% 10.90 0.83 004 0.03 002 035 399 0.57 400/2
20 BSD 9- 448 139104+ 1.84 B 1244 1212 1140 (.65 017 0.1 029 L1 4.0 1.61 /1
21 BSD w-1102 139,13 42,80 BO.LY 12,18 11,92 11 .48 (.82 0.10 0.04 014 004 3.93 0.00 50072
22 BD+60 645 13904 +3.23 Ball O.8G O.8R  40.57 0.78 .48 0.10 0.29 .65 4.08 225 171/1
23 BD+60 646 130 1943.19 Ball QAR 1000 W77 1.14 0.47 0.14 037 148 113 208 99/
24 BD461 557 139.20+4.40 BR 921 940 929 .54 0.27 011 0.27 L33 4.03 1.69 200/1
20 BSD 9-1134 139.28 4 2.87 Bulll 1130 1119 1096 133 0.20 0.08 012 0.0 4.02 (.20 400/3
26 BSD 9-1814 139.28+4.02 BY O 1080 10.51 .64 0.18 0.07 0.02 056 3.8 (.06 /1
27 BSD 9-1137 130.324+2.82 A0 V297 1247 12.08 1.10 0.04 .02 001 103 383 L0 /3
28  RBD4-61 544 13933 43.84 BHV 1012 10,12 994 260 1.03 056 0.16 014 107 393 1.1l /1
29 BD+54 64 13940 42,27 Buttl 040 1024 992 4100 0.72 0.20 0.08 0.8 127 4.0l 1.5 200/1
30 BSD 9- 453 13941 138 BY 12,07 1228 11.74 0.91 0.18 0.07 0.06 0.0 388 0.4 /1

€01



Table 4.4 cont.: Data for Cam OB1 Population I Objects

No. Name* L MK Des© Ut gt Ve o Dist 1 (U-B)] (B-V)2 QY My log T2 ME, 1/t Comments
[deg] [deg] [mag] [mag] [mag] [k s7') [kpe]  [mag] [mag]  [mag] [nag] [mag] [10° yr]

M OBSD 91155 139,42 4+2.84 A2Ll 13 1108 10.97 0.86 0.07 (.04 0.0 0.4 3.99 0.09 400/2

32 HD 19968 139.46+2.497 BHllI T2 764 756 7.0 076 .0l 0.16 043 317 416 137 47/

33 BD+61 554 139.46+3.92 BR 965 9.73 9549 3.0 0.65 (.18 0.11 019 118 3.97 1.25 /1

34 BSD 9-186G 139484431 135 13.02 12091 12,19 1.34 0.56 (.16 051 049 421 1.99 50 /3

35 BSD 9-1174 139.494+2.92 BY 1182 11T 11.26 0.04 0.8 0.07 ol 0.2 383 012 /!

36 BD460 655 139514320 BRIV 10,49 1026 9498 200 .78 (.41 0.10 024 114 400 1.39 250/1

37 BD4AY 603 139.5242.02 A0l 10.72 10.66 10.36 0.74 0.0 0.03 003 061 3499 083 H00/2

38 BD+61 H5H2 139.56+3.95 86 10.46 10.68 10.32 0.8H 0.15 (.15 051 119 421 2,60 30 /2

39 BSD 9-1161 139.58-+2.57 B2 1102 1117 10.34 0.78 (.81 0.23 088 2490 448 Hhah 8/

40 BD-4G0O 648 139.5942.69 BiV HLOO 1035 1013 1.06 .06 .16 0.52  1.00 421 248 100/ S202

41 BSD 9- 53h 13961 +2.14 AOV LSS 1139 1110 0.79 (.04 0.02 0.08 0,32 .84 0.42 /1

42 BSD 9-1829  139.63+3.63 BY TESO HLA3 1123 1.09 0l 007 0.08 044 380 0.4 /!

43 BD+61 566 139.6444.40 Bb 975 10014 975 0.70 .56 0.16 070 191 4.34 403 16/

44 BSD 9-1842  139.7243.71 AG EL70 1147 1116 0.79 0.04 0.02 0.0 032 384 0.32 /)

45 BSD 9-1891 139.72+4.42 A0 12382 12,00 11.65 0.92 0.04 0.02 0.3 0.65 381 .65 /1

46 HD 19441 139.73+1.26 8311 7090 824 787 30.0 ¢ 0.46 0.72 0.20 0.59  J.84 4.30 MGR 2 [ 8202

47  UBV 3031 139.73+1.41 BY 1284 1242 11.82 (.80 018 0.07 .08 .22 3.89 0.22 /)

48 BSD 9-1904 139.75+4.52 BY 1107 10.93 10.73 (.86 0.18 0.07 .01 0.07 3.84 0.07 Al

49 1D 21806 139.7646.48 BlVa.. THl ROG 795 220D 0068 085 027 080 399 442 6698/

50 BSD 9-1840 139.784-3.57 BY 1129 1101 1071 0.74 0.18 0.07 0.05 040 380  0.40 /!

51 BD459 613 139.9042.19 Al 1105 10.83 10.52 0.76 0.01 0.00 0.0F 039 399 0.6]1 H00/2

52 BSD g-1262 139.96-+2.91 A0 1200 1076 11.45 0.492 0.04 0.02 .01 0.61 4.83 0.61 /)

53 BSD 9-1315 139.97+3.47 BOV 1033 1016 996 6.0 (.61 .18 0.07 0.04 080 3.80 (.80 /1

HM BSD 9-1289 140.044-3.02 137 11.63 1181 1138 1.1l .13 0.13 0.53  0.30 4.22 LD 50 /3

55 HD 237000 140054+ 191 BOSIV:inuvar 915 955 9.01 6.0 139 1.02 (.29 0.80 351 .42 TA6 12 /8202, Variable

a6 1D 2387001 140.0641.92 BL:Vinpe RO3 034 R70 476 E 0.66 045 027 096 4.07 4.5 747 4/ 8202, Be star

57 BSD Y- 615 0.08+2.44 A0 12,62 1233 11.87 (.88 0.04 0.02 0.07  0.56 388 0.56 700/2

a8 BSD 9-1279 140.094+2.84 A0 1248 1216 11.70 (.82 (.04 (1L.02 0.04 (39 384 .34 /)

50 HD 20798 140114 3.87 B2IH-1V RA6 863 83T 20¢ 139 0.92 (.24 0.76 3108 440 H 6025/ Cam R DGILY

60 1D 19820 140024154 OOV 700 762 700 42A 0490 113 .31 0.90  H.38 440 5202, Algol type

8T/
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Table 4.4 cont.: Data for Cam OB1 Population I Ohjeets

S202, Be star

S202

§202, Variable

S202, Variable
S202

Be star

5202, Binary
8202

No. Name® L MK Dess 03t vl e Dist 1 (U-B)8 (B-V)2 Q" My og 12 ME G/t Comments
[deg.) [deg) [imag) [mag] [mag] [kma~'] [kpe]  [mag] [mag]  [mag] [inag] [mag) [10% y1]
61 HD 20761 L0I243.78 BV 007 980 974 4190 059 018 007 003 090 a85 090 /1
62 11D 20134 0164206 B2AIV-V 701 753 789 125C 064 077 022 062 367 429 559 2 /
63 BSD 91309 140174302 A0 1200 1179 1135 092 004 002 004 001 393 0.07 5o/
G4 BSD 91286 140.1942.76 B9 1250 1211 11.49 067 018 007 003 061 385 061 /I
65 BD459 621 140.2142.07 BOV 1076 10.82 10.51 LIL 056 0.6 031 080 406 140 15072
66 BSD 9- 600 140.2241.82 A0 1380 1284 12,13 070 004 002 012 005 392 002 /I
67 BSD9- G614 140204187 A0 319 1301 12,36 078 004 002 015 006 394 016 500/3
68 BSD 9- 638 140.2542.04 AOH 1149 1118 10.81 082 004 003 001 038 399 0.60 500/2
69 BSD 91320 140.2843.06 A0 388 1361 12,80 082 004 002 036 0.66 410 039 200/3
70 BSD 9- 660 140.2942.22 AUl 43 1011 10.72 0.74 (.01 0.00) 0.01 043 399 (.66 H00/2
71 BD4GRATY  140.3240.94 BI .36 1071 1008 90E 126 095 027 089 260 448 SRS B/
72 BSD9- 692 140354260 By 150 LLAL 1114 094 008 007 002 013 392 0.09 700/2
78 BSD 91377 140.4443.66 BY 1205 1171 1128 080 I8 007 000 028 3RE 028 /1
74 BSD 9-1366 140.4943.39 A0 1283 1248 12,01 008 004 002 002 067 385 06T /I
7 1D 20295 140.58+1.91 Bl K22 ROL B35 320D 086 051 000 046 290 419 420 47 /
76 1D 20508 10.6042.39 BLAIVvar  RO5 BAT R21 280C 088 088 025 065 323 431 523 28 /
77 BSD 9-1336 14061 4+2.77 A0 13.04 1276 1215 0.81 0.04 0.02 0.22 038 3.99 (.15 H00/3
78 BSD9- 156 140.75+1.50 Bo 1034 1155 1100 088 050 015 067 110 432 34522 /
79 HD 20808 140.8043.06 B2 Lvar TOT BA0 TO7 200 091 0492 024 075 4056 437 6327 17 /
RO LS T 458 119 140.864+1.48 BS 10.72 1102 10.50 082 056 0.6 073 156 487 39815 /
81 BSD 9- 780 140.864+2.87 A0 1262 1249 12.04 097 004 002 022 077 399 0.55 500/3
82 BSD 91390 140.86+3.15 A0 1326 1283 122 OKT 004 002 005 053 387 053 /I
B3 HD 297134 140.9142.80 BhVe 965 984 946 062 066 016 050 216 420 358 60 /
&1 BSD O TR6 140.97+2.69 BR PLT3 1093 1154 086 047 011 051 006 421 1403 /3
85 BSD 9796 141.0442.71 B6 114G 11,66 11.21 112 050 004 057 058 425 228 50 /I
R6 11D 20547 141.09-4+1.68 B3N ROT BB6 RIR 150D 076 072 020 064 353 430 533 26 /
R7T HD 237121 14121 41,39 BOAVS BER 940 393 120 110 1.02 0.29 0491 3345 450 TV
BROBSD 9-R00 141234246 BR LLES 118G 1143 077 028 011 033 009 407 086 100/2
80 BSD9- 778 141.3142.05 B6 1090 1116 10.80 LOG 050 005 055 071 424 231 30 /)
90 1D 20059 141444223 B3I TAR NZRORO2 IROC 082 072 020 058 335 420 590 1T /

5202

SOl



Table 4.4 cont.: Data for Cam OB1 Population T Objects

No. Name® L MK Des” 04 g vl e Dist 1/ (U-B)2 (B-V)2 Q" My og T2 ME Lt /ul Comments
[deg.] [deg] [imag] [mag] [mag] [km s~ [kpc]  [mag] [mag] [(mag] [mag) (nag] [10% yr]

91 HD 21291 141.50+2.23 Bdla 439 462 421 688 1.02 0.57 0.03 055 7.0 4.01 748 9 7/  S202,Cam RI

92 BD+61 623 LM +H.22 B2 9.02 951 9.03 0.71 (.81 0.24 089 315 448 6G.20 5 /  Bestar

93 1D 20041 141.57 -0.41 AOla 6.60 652 579 HOB 1.37 0.39 0.0 040 639 3.99 6.71 15/ DGI2,Cam R

94 BD45R 611 142.1242.52 BRI 1204 1151 1049 1.06 0.46 0.09 038 290 4.06 3.50 80 /8202

a5 HD 21389 142.1942.06 AOlab: 499 510 454 GOA 063 .31 0.02 030 7.20 3.99 752 11/ DGIT.Cam R

96 HD 25000 143.1947.34 B0 700 764 731 3.0C 108 1.05 (.24 0.82 4.56 4.43 T.36 22 /

97  NGC IH02 49 143.6147.65 B3 .99 1122 10,72 L.a6 0.67 (.20 064 138 4380 339 22/ NGOLIHNZ

98 UBV M 30866 143.6447.68 B3 10.69 10,99 10.49 0.96 0.67 0.20 071 1.62 435 386 22 /  NGCIHO2

99 UBV M 30864 143.66+7.62 BI 985 1023 966 dHlOD 113 (.95 0.27 086 288 4.46 HIR B/ NGCIHO2

100 BD462 655 143.6847.76 B2 963 9.99 9.5 0197 081 023 071 244 435 474 15/ NGCILAO2

101 BD+61 678 143.7047.69 B2 947 980 941 23.0C 084 081 024 082 274 443 5548 /  Binary

102 AG+62 344 143.71 +7.62 B3 1023 11,34 10.72 090 -0.67 020 061 176 430 376 22 / NGCLIHO2

a. Catalog designation of star as given by, in order of preference, its HR, BD, LS I, BSD or UBV entry.
b. Galactic co-ordinates (', 6!1) of star.
¢. MK classification of star as histed in (1892,

d. UBV photometric indices.

». Radial velocity of star corrected to Local Standard of Rest assuming standard solar motion. The letter index, when listed in SIMBAD, gives the quality
of the spectra: A - excellent to E - poor.

f. Distance from m, — M, = 5 log(d) — 5 + A, assuming the intrinsic clolors and abolute magnitnde-color relationship of Schinidt-Kaler (1982) as given
in Lang (1992), and R = 3.1 (Fitzpatrick & Garmany 1990).

g. Intrinsic colors interpolated from FitzGerald (1970).

h. Q parameter as derived from Fq. 4.4,

1. Absolute magnitude of star from Eq. 4.1, given distance from main sequence fitting,

Jo T caleulated from (B - V) (Flower 1977), after conversion from Q (Johnson 1958).

k. Myor obtained from My after application of bolometric correction, BC (Flower 1977).

L. Ages for main sequence stars, £y, from the models of Maeder & Meynet (1988), and for pre-main sequence stars, fpm, from Palla & Stahler (1993).

Stars which have an ambiguous age determination have an entry for hoth ¢, and tym.

901
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4.3.2 The Theoretician’s HR Diagram for Cam OB1

In order to estimate the state of evolution of the Cam OBl association it is
necessary to first transform the Observer’s HR diagram found in §4.3.1 into a The-
oretician’s HR diagram. i.e.. (Q.My-) — (T.g. Mpo). Once transformed into this
form it is possible to estimate the ages of the stars by comparing them to standard
evolutionary tracks. For main sequence stars and evolved stars the standard mod-
els of Maeder & Meynet (19338) were used. and for the pre-main sequence stars. of
intermediate mass (2 M: - 8 M:). the models of Palla & Stahler (1993) were used.
The evolutionary tracks for lower mass stars will not be considered as there are none
in the sample.

The algorithm for converting from the observer’s HR diagram to the theoreti-
cian's diagram is as follows:

1. For class V' through class III stars convert Q to a (B — V') value using the
relationship Q@ = (B — V7)/0.332: for class II and class [ stars this relationship
does not appear to hold (Johnson 1958). In the latter case. the intrinsic (B—1")
colors for a given spectral type have been derived by interpolating in the tables
of FitzGerald (1970).

Convert the de-reddened (B — V") for all stars. found in step L. to an effective

N

temperature by means of interpolated values fit to the tables of Flower (1977).
3. Convert M- to Mp, using the bolometric corrections. BC (Mo = My + BC).
again by means of interpolated values from the tables of Flower (1977).
Figure 1.6 is a plot of this transformation and the plotted data are included in Table
4.4 (the third- and second-last columns). Analyzing Figure 1.6. in terms of stellar

masses. suggests the following conclusions:

L. Stars more massive than 6 M:

a. The upper main sequence is very well defined with a turnoff that coincides
with spectral type B0 which suggests an age somewhat less than 107 yr.
This is in agreement with Mermilliod (1981) who derived a similar result for
NGC 1502, a member cluster of Cam OBI.

b. The position of the supergiants in the HR diagram indicates that additional
star formation must have been going on in the region for at least 1 -2 x 107
yr. Furthermore. the presence of many evolved main sequence stars and post
main sequence stars in the 6 — 9 M range indicate that star formation in the

region can be pushed back to ~ 5 x 107 yr. Chapter 6 deals with evidence
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Figure 4.6 Theoretician's HR diagram of Cam OBl. The main sequence and
evolved stellar tracks (solid lines) are from Maeder & Meynet (1988) while the pre-
main sequence tracks (dashed lines), which represent the path of stars once they
emerge from their natal cocoon and have ceased to accrete material (dash-dot line),
are taken from Palla & Stahler (1993). The symbols are the same as for Figures 4.5.
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supporting the physical connection between these more evolved stars with
the Cam OBI emission.

c. There does appear to be a gap in the population of main sequence stars
between 9 and 12 M:. but given the incompleteness of the survey it cannot
be ruled out that these stars exist. but have been missed. It is also possible
that misidentification of some stars could contribute to the presence of such a
gap. e.g.. HD 20793 is assumed to be a class III star to simplify its placement
on the HR diagram (just below the 12 M; main sequence evolutionary track).
while in fact it is classified as a class [II-IV star. The change in BC for
the very early stars differs dramatically between luminosity classes (a full
magnitude for a B3 star between luminosity class III and class V - Flower
1977) and contributes to some of the scatter in Figure 1.6.

d. It should also be noted that there are no known Cepheid variables (late F- to
early G-type supergiants) in the Cam OBI region considered in the present

survey nor were any identified in this work.

2. Stars between 6 M and 2 M;

a. There are 6 stars which lie to the right of the main sequence but are classified

as main sequence stars. These stars fit extremely well onto the pre-main
sequence evolutionary tracks of Palla & Stahler (1993). The placement of
these stars in the theoretician’s HR diagram cannot be explained as due to
errors in either co-ordinate (the error in log T.qg ~ £0.05 while the error in
Mpol ~ 072 — 1™0) or the conversion to the theoretical plane or other effects
such as rapid rotation (Finkenzeller & Mundt 1984) or duplicity (De Geus
1990). both of which will tend to brighten the star. Hence. these stars are
almost certainly pre-main sequence stars.

b. There is a second population of stars in the theoretician’s HR diagram in this
mass range which have poorly determined or ambiguous ages and fit equally
well onto both the pre-main sequence and main sequence evolutionary tracks.
Within this group there is a group of class III stars clustered about T.qg =
4.0 and fainter than Mg, ~ —1™. This collection of stars is present in
the observer’'s HR diagram (Figure 4.5), but does not stand out as such a
distinct feature as it does in the theoretician's diagram. Herbig (1985) has
noted the presence of class Il stars in the vicinity of the Trapezium Cluster
(see also Finkenzeller & Mundt 1984 and Berrilli et al. 1992) which he
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argues are pre-main sequence stars, rather than evolved stars. on the basis
of their overabundance of Li I (6707 A). However. it is not expected that this
element will survive for an appreciable length of time (less than 10° yr) in
the atmospheres of stars more massive than ~ 2.5 M (Hillenbrand. private
communication). [t may be that the transformation from the observer’'s HR
diagram to the theoretician’s HR diagram has produced the clustering of

these objects but they still are almost certainly pre-main sequence stars.

It is useful to plot the spatial distribution of all stars in the Cam OBI region in
order to discern any patterns in their distribution as well as to provide some clue as
to the nature of the stars below 6 M: which have poorly determined or ambiguous
ages. Figure 1.7 (upper diagram) shows a plot of the position of the stars in Cam
OBl as a function of their ages. while Figure 4.8 is a plot of the Cam OBI stars
by luminosity class. From the spatial distribution of stars shown in Figure 4.7 it
would appear that. for the most part, there are stars of all age groups scattered
throughout the region. The two obvious concentrations of stars in the region are
NGC 1502 (upper left hand corner) and Cam Rl (boxed region). NGC 1502 has
been previously discussed (Mermilliod 1931) but Cam R1 has not been discussed in
any great detail.

A histogram of the age distribution of stars in Cam Rl! is also provided in Figure
4.7 (lower diagram). From this distribution it would appear that the oldest stars
(age IV stars) are scattered uniformly throughout Cam R1. It is also apparent that
there is a concentration of younger main sequence and evolved stars (ages [ - III
stars) in Cam R1 S. It is interesting that the ratio of ages I. II and III stars is the
same in Cam Rl S and Cam R1 N. but the total number of stars in Cam R1 S (15)
and Cam R1 N (4) is prohibitively small and does not allow a statistical analysis
to test this observation. If this ratio does indeed hold then it suggests that both
populations come from the same parent population. but there are simply not as
many stars in Cam R1 N. and that most. but not all. of the star forming activity in
the Cam R1 region within the last ~ 1 —30 x 10° yr ago. occurred in Cam R1 S.

There is also a very interesting correlation of stars with poorly determined ages
in the Cam R1 region with the other stellar populations. In Cam R1 S. the total
number of such stars (14) equals the combined number of pre-main sequence stars
(6) and class III stars (7) - the two dominant populations of stars with known ages.

In Cam R1 N. there is a large increase in the number of stars with poorly determined
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Figure 4.7 The upper diagram is the spatial distribution of stars in the Cam OBl
region by ages. The defining boundaries for Cam R1 N and Cam R1 S are illustrated
in this diagram. In the lower diagram the number distribution of stars in the Cam R1
region, i.e.. in the region highlighted by the rectangular grid in the upper diagram,
is plotted. The symbols used in the lower diagram are:

asterisk: main sequence or evolved stars

open circle: pre-main sequence stars

solid squares: stars with poorly determined ages.




112

JANLIONOT DILOVIVO
oVl 9% o8¢ 1 0¥l

O (n'u'd's) uoinoag & || ssoj) Aysoutwn
{1 ssoip Ayisoutwuny o i ssoj) Ausouwun |

O Al sspj) AysouiwnT
¥ A SsD|) Ajisoulwn pawnssy f j
+ A SSD|D) A}iSOUlINT UMOUY; (B

Anjauiojoyd Agn yym
adA| |on1oadg umouyy

J0 sJD}S |g0 WD)

GALACTIC LATITUDE

g

a minimum 3o level over the indicated velocity

v

ay of Cam OBI1 stars on Cam OBl CO emission. A contourin

.8 Overl
scheme has been selected to show

4

Figure

yield 5 contours per decade.

S to

;)

range. Contours increase by factors of 1



113

ages (25). but this is very well matched by the increase in pre-main sequence stars
(24). while the number of age class III stars decreases (2). On the basis of the
population distribution. and with no additional information. it would appear that.
in Cam R1 S. the stars with poorly determined ages probably are an equal mix of
pre-main sequence stars and evolved stars. while in Cam R1 N. the stars with poorly
determined ages are probably pre-main sequence stars.

The question remains. "are the old stars (sav 30 - 100 x10° yr) in the mass
range 2 - 6 M identified as lying in the Cam R1 region really part of Cam OB1?"
The original spectral survey of the region (Schwassmann & van Rhijn 1947). as well
as the follow up work by Jonas (1971). where many of the class III stars were given
their luminosity classification. was complete for stars as faint as m, ~ 12™ within
the boundaries considered here. If this is the case. then the enhancement in late B-
and early A-type stars seen in the Cam RI region is in fact a real enhancement over
the normal space distribution for these stars in this region. There may very well
have been some dispersion of these stars into the surrounding space. which we see in
the presence of age class IV stars. but for the most part the stars are well contained
within the Cam R1 boundaries. Whatever the star forming process. it seems to be
gentle enough and sufficiently long lived to have produced stars within a relatively

small space over several 107 yr.

4.4 Conclusions

Summarizing the results of this chapter we have the following:
l. In agreement with Heeschen (1951). the Local CO emission identified in the

present survey (Di96) is at a distance of 250+30 pc.

| )

In the case of the Perseus CO emission. the work of GS92 places the two as-
sociated stellar groups Cas OB6 and Per OBl at a distance of 2.40 kpc and
2.30 kpc. respectively. Since these two groups lie in front of the Perseus CO
emission. a representative distance for this emission is 2500£200 pc. This dif-
fers significantly from the kinematic distance (~ 3.3 kpc) derived from Brand
& Blitz (1993).

3. It is possible to construct a main sequence of B-type stars in the Cam OBl
region in an observer's HR diagram. From the fit of this main sequence to
standard empirical models it follows that the distance to the Cam OBI stars,

and by association the Cam OB1 CO emission. is 97590 pc.
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. It is possible to extend the observer's HR diagram to include the more evolved

stars. hotter and cooler stars on the main sequence and pre-main sequence stars
down to an My ~ +1™.

[t is also possible to construct a well defined theoretician’s HR diagram for
the Cam OBI1 stars which suggests that star formation has been going on in the
region for ~ 30 - 1 x10° yr. as judged from the main sequence stars and evolved
stars in the mass range 6 — 25 M.

There is a well defined population of pre-main sequence stars with ages ~ 3 -
1 x10°% yr concentrated in the Cam RI1 region. In particular. these stars are

concentrated in the northern half of this complex (Cam R1 N).

. The more evolved stars in the Cam R1 region are concentrated in the southern

half of this complex (Cam R1 S).

There exists a population of stars which have poorly defined ages whose spatial
location suggests they are primarily pre-main sequence stars in the northern half
of the Cam R! region (Cam R1 N) and equally mixed pre-main sequence and
main sequence stars in the southern half of the Cam R1 region (Cam R1 S).
Whatever the star forming mechanism at play in Cam OBI it appears to be
a relatively gentle and long-lived process and has produced a concentration of

stars in the Cam R1 region.
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Chapter 5

Extreme Population I Objects

An analysis of sources in the IRAS point source catalog, coinci-
dent with the Cam OB1 region, is presented. A number (16) of
these sources can be characterized as candidate extreme Popu-
lation I objects on the basis of their infrared colors. Additional
observations looking for methanol masers and molecular outflows
are also presented. No masers were discovered in the Cam OB1
region, but a new one, associated with IRAS 0245546034, was
discovered in the background Perseus arm. A new molecular out-
flow, AFGL490-iki, which is associated with IRAS 0323445843,
was detected in the Cam OB1 region.

5.1 Introduction

In Chapter 4. a theoretician’s HR diagram was constructed for the Cam OB1
stars in order to provide some insight into their evolutionary state. In this chapter
the objects in Cam OBI associated with star forming regions will be identified on
the basis of their infrared emission. in order to trace out the most recent epoch of
star formation. These extreme Population I objects (ePlo) include: HAe/Be stars.
methanol (CH3OH) masers. molecular outflows. reflection nebulae and Hir regions.
Together with Chapter 4. it should then be possible to compile a record of the star
formation that has occurred in the Cam OBI region from a few x 107 yr ago to the
present time. The /RAS point source catalog (Beichman et al. 1988). served as the
principal data set for all of the analysis in this chapter. Additional observations of
methanol masers and molecular outflows. carried out by the author. were motivated
to a large degree by this analysis. Confirmation of the association between the ePlo
and Plo (Population I objects) in the Cam OBI region. as selected in Chapter 4
and 5. will be made in Chapter 6.

ePlo are a very diverse group of objects, driven by different physical processes.
HAe/Be stars included in this list, i.e., identified by their infrared emission. repre-

sent intermediate-mass stars which still have residual dust from their natal cocoon
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surrounding them in the form of shells or disks (Hillenbrand et al. 1993). For stars
less massive than 6 M there is a "birthline” where these stars cease to accrete ma-
terial and become optically visible (Palla & Stahler 1993). while still undergoing
further contraction until they arrive on the main sequence. These optically visible

HAe/Be stars have been identified and discussed in Chapter 4.

Methanol masers were first detected in studies towards the galactic center (Ball
et al. 1970) and the Orion star forming region (Barrett et al. 1971). While it is
poorly understood, it is believed that the pumping mechanism for the methanol
maser considered here (the 5; — 6¢.A* transition at 6.6 GHz) is due to the amplifi-
cation of the infrared continuum emission coming from an UC (ultracompact) Hr
region (Menten 1991). i.e.. from the Hii region generated by a massive star during
the earliest stage of its evolution (t < 10* yr. Wood & Churchwell 1939). Obser-
vations of candidate objects selected on the basis of their infrared colors (Lyder &
Galt 1997) did not reveal any methanol masers in the Cam OB1 region. within the
boundaries of the present CO survey (Digel et al. 1996. hereafter Di96). This would
suggest that there are no massive stars (say M > 20.)M; ). at least at this early stage
of evolution. in the Cam OBI region considered in the present survey. However.
these observations did lead to the discovery of a new methanol maser associated

with the infrared source IRAS 02455+6034 located in the Perseus region.

Molecular outflows are believed to be associated with the very earliest evolu-
tionary period of a proto-star while it is still accreting material (Fukui et al. 1993).
Indeed. it has been argued that these outflows are ultimately powered by the po-
tential energy released by the accretion process (Strom et al. 1988). and serve as
the only means to remove sufficient angular momentum to allow the growth of the
stellar core (Hartmann & MacGregor 1982). The lifetime of an outflow is typically
~ 3 x 10* yr (Fukui 19389). in agreement with the accretion time scales. Hence. an
outflow is the surest signature of the very earliest stages of star formation. As it
turns out. there are at least two outflows in the Cam OBI region covered by the
present survey (Di196) — the well known and very energetic outflow AFGL 490 (Snell
et al. 1984. Kawabe et al. 1984, Campbell et al. 1986. Hasegawa 1986. Mitchell et
al. 1992, Mitchell et al. 1993) and its newly discovered companion outflow AFGL
490-iki (Purton et al. 19953).

Finally. reflection nebulae and Hi1 regions represent the interaction of the inter-

stellar medium (ISM) with stars; reflection nebulae are produced by the scattered
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starlight from neighboring dust, while Hi1 regions are produced by emission from
gas which has been ionized by hot stars. The time scales for these objects are more
difficult to estimate. Reflection nebulae can be produced either by relatively old
stars which are recent interlopers into the region. e.g.. the Pleiades. or by relatively
voung stars which are known to be part of a star forming region. e.g.. Orion. Well
developed Hii regions can be identified at optical wavelengths by their characteristic
H, emission. and they may be relatively old. i.e.. as old as the lifetime of the main
sequence star(s) energizing them (Chapter 6 identifies these sources in detail). UC
Hir regions are associated with the very earliest evolution of massive stars and are
very short lived (see the discussion on outflows above).

The outline of this chapter is slightly different from the others in this thesis. as it
includes additional observations of methanol masers and molecular outflows. which
are of interest in their own right. Hence. the sections dealing with these objects
are presented in the form of mini-papers within the chapter. §5.2.1 will describe
the selection of infrared objects in the Cam OBI region. while in §3.2.2 the infrared
sources which have been selected will be characterized. i.e.. whether they are UC Hun
regions. or HAe/Be stars. etc. §3.3 will present an investigation of the ePlo in Cam
OBl on the basis of their optical and radio emissions. In §3.4 the results of a survey
for 6.6 GHz methanol masers. undertaken in the Fall of 1994 with the 26m dish at
the Dominion Radio Astrophysical Observatory (DRAOQO). will be presented. In §5.5
high resolution (20”) observations of '?CO (J=2-1) of selected regions within Cam
OBI. gathered in January 1995 with the James Clerk Maxwell Telescope (JCMT).
will be presented. These high resolution observations led to the discovery of the
molecular outflow AFGL490-iki (Purton et al. 1993). §5.6 will provide a summary
of the study of ePlo. identified by their /RAS colors. in the Cam OBI region.

5.2 Infrared Objects in Cam OB1
5.2.1 Selection of Candidate Infrared Objects in Cam OB1

The principal source of information in this chapter is a catalog of data taken
with the Infrared Astronomical Satellite (IRAS), which orbited the Earth during
1983 and mapped 96% of the sky at 12, 25, 60 and 100 um. Reliable detections of
245,889 point sources and extended structures smaller than 8 were obtained in at
least one of the bands. The sensitivity of the survey for point sources, away from

spatially confused regions of the sky, was ~ 0.5 Jy at 12, 25 and 60 yum and ~ 1.5
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Jy at 100 gm. The angular resolution of the instrument varied between ~ 2’ at 12
pm to 6’ at 100 um while the positional accuracy was typically better than 20”.
The bandwidths (FWHM) for the four bands. from 12 to 100 um respectively. were
7.0, 11.2, 32.5 and 31.5 um (Beichman et al. 1988). All of the infrared sources
(1639) listed in SIMBAD within the boundaries of the present survey are shown in
Figure 5.1. which includes a few sources which have been detected only at 2 um
from ground based observations.

The strategy for selecting those objects associated with the Cam OB1 emission is
slightly different from that employed for the Plo. in the sense that it is assumed that
the ePlo of interest are indeed very young objects and must be very closely coincident
with the molecular gas from which they formed. Furthermore. the association of the
ePlo with the molecular gas must be unique and real. i.e.. they should be associated
only with the Cam OB1 molecular gas. they must represent a real enhancement over
the background source count. and it must be possible to characterize the sources in
terms of their infrared colors.

The selection of candidate ePlo in the Cam OBI region required two passes
through the data. The first pass. the initial selection of infrared sources. may be
summarized as follows:

1. A -control region’ in the present survey. judged to be free of ongoing star forming
activity on the basis of its random coverage. was selected. The chosen region is
bounded by 144° > 1 > 139°.4+8° > b > +4° (see Figure 5.1).

2. The control region. selected in Step 1. was then divided into cells of reasonably
large size. in order to obtain meaningful statistics on the variation of source
counts in a cell. A cell size of 0°5 x 025 was judged to be adequate, resulting
in 80 cells in the control region. Assuming that the statistics for the number
of sources per cell followed a Poisson distribution. the background source level
away from any star forming regions was found to be 1.96 sources cell™! with a
lo deviation of 1.40 sources cell™. The ‘background’ sources included a mix
of true background sources, e.g.. background galaxies. as well as sources which
may be in the foreground or in Cam OBI1 but are unrelated to star forming
regions, e.g.. carbon stars or planetary nebulae.

3. A density map covering the entire survey, but with pixels of 025 x 025, was then
generated by placing the sources in Figure 5.1 into the appropriate cell. An

enhancement was defined on this grid as such, if the total number of sources in
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Figure 5.1 Location of all infrared objects (1639) within the present survey bound-
aries (Di196) as selected from the SIMBAD. Some clustering is obvious in the field
but a mathematical treatment is required to separate true enhancements from the

background (see text).

the cell lay at least 30 above the mean. i.e.. 6.16 sources cell~!. This intermediate
step i1s not shown.

4. The density map generated in Step 3 was then regridded onto a grid similar to
the present survey. i.e.. 020625 x 020625 pixels. using the DRAQO inhouse routine
mapconvrt (cubic spline) and the enhanced regions were then compared with the
three distinct zones of CO emission. i.e.. Local. Cam OB1 and Perseus. Figure
5.2 shows these comparisons.

5. Candidate ePlo were then selected if it was determined they lay within an en-
hanced region with respect to the background source counts. i.e.. within the first
contour level in Figure 5.2. In Figure 5.2. the number of sources (132) included
in the enhanced region (total area ~ 3.3 deg®) suggests an average density of ~
10 infrared sources deg=. an enhancement by a factor of five over the control
region.

In Figure 5.2 there are several obvious clusters of infrared sources which can be as-
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Figure 5.2 cont. 50.00. 70.00. 90.00 sources cell™! (where a cell is defined as a
025 x 0°5 region). The [RAS sources in the Cam OBI1 region. within the enhanced
infrared source regions. are also shown (open circles) for illustration.

The CO emission is shaded at a minimum (30) level appropriate for each region
and increased by a factor of 1.38 thereafter. The apparent cutoff in the density
contours at lower Galactic b and higher Galactic { is an artifact of the plotting

program.

sociated with CO emission. The dominant infrared clustering in the survey field
takes the form of an enhanced band of sources which are verv well correlated
with the Perseus CO emission between [ = 133° and { = 139° and from b = —2° to
b = +3°. The strongest enhancement in the number of sources seen in the dataset
(I = 13325.b6 = +1°) is associated with the W3 region. Two small enhancements
near [ = 134275.6 = —0°5 and { = 135°73, b = +0°25 can be associated with features
in Perseus or the Local emission. However. given the star forming activity along
this line-of-sight (Garmany & Stencel 1992). these sources are probably associated
with the Perseus emission. The same argument can be applied to the enhancement
centered on [ = 14023, b = 0°0. which closely follows the turnover in the Perseus CO
emission near | = 138%5.b = +1°5.

There are three infrared features which stand out as probably being associated
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with the Cam OBl CO emission. These features, in order of decreasing size. are
centered on [ = 14200.6 = +2°0, | = 140°0.6 = +2°5 and [ = 13825.b = +325. The
largest is coincident with the active star forming region Cam R1 (Chapter 4). It
should be noted there are some Perseus CO emission features which could be associ-
ated with these enhancements. but the morphology (large width) of these enhance-
ments and a better positional coincidence with Cam OB1 CO emission suggest that
the majority of the infrared sources comprising these enhancements are associated
with the nearby Cam OBI emission (and in particular with the feature defined as
Complex F in Chapter 7 for the first infrared enhancement. and Complex B for
the second and third infrared enhancements). There may be some contamination of
these three enhancements by Perseus infrared sources. whose contribution is difficult

to estimate. but this will be minimized in a second pass through the data.

Other features which require some comment include two strong infrared source
enhancements near [ = 141°0.6 = 0°0 and [ = 143%5.6 = —2°0. which are probably
Perseus sources as they are located near strong Perseus CO emission. Finally. there
is an enhancement near [ = 13225, b = +3°5 which is well correlated with Local and
Cam OB emission. There do not appear to be any young stars or clusters in this
region (Chapter 4) indicating whether this feature may be associated with a star
forming region in Cam OB or the Local emission. Given the lack of corroborating
evidence that these objects are associated with the Cam OB1 emission they will not

be included in any further analysis.

The second pass of the selection process was to select from the list of infrared
sources identified as probably associated with the Cam OBI emission a subset of
the best quality possible. in which the sources can be well modelled from their
infrared emission, and in which any possible contamination from background sources

is minimized. There are three steps to this process:

1. An initial trial selection process was chosen which required that all infrared
sources in the Cam OBl enhanced regions have at least a moderate quality
flux measurement in two adjacent [RAS wavelength bands (63 sources in total).
Figure 5.3 (lower two diagrams) shows two color-color planes ([60 - 23] vs. [25
- 12] and {100 - 60] vs. [60 - 23]) for those sources which could be placed on at
least one or both of these diagrams. [RAS colors are defined in this thesis to be
non-color corrected quantities, i.e., the flux density calculated at the nominal

center of each bandpass has assumed a source flux density S\ & A, and are given



123

by:
F25 -
23 — 12] = log(——). 5.1
[25 | = log( Fu)' (3.1)
(60 — 25] = log( F‘”). (5.2)
F25
and F
[100 — 60] = log(—=). (5.3)
Feso

For comparison. the control region infrared point sources subject to a similar
constraint are also shown in Figure 5.3 (upper two diagrams).

In Figure 5.3 it would appear that. on the whole, the sources selected in the enhanced
infrared density regions in Cam OBI1 do differ in their location in both color-color
plots from those of the control region. In the case of the [12-25-60] plane. the control
region stars are clustered around a value of [25—12] ~ —0.3.[60 — 25} ~ —0.2, which
are suggestive of stellar photospheres (Walker et al. 1989. hereafter W89). There
do appear to be a few control region sources which are redder. i.e.. [60 - 25] > 0.5.
in the [12-25-60] plane but the uncertainties in their fluxes militate against drawing
any firm conclusions as to their nature. It also appears that the candidate Cam
OBI1 sources are redder. as a group. in the [25-60-100] plane than the control region
sources. In many cases the Cam OBI sources have uncertainties which suggest that
they may indeed be redder than shown. which would increase the difference between
the two data sets.

2. Even given the strong evidence for the difference between the control region
and Cam OB infrared sources using the two flux criteria illustrated in Figure
5.3, there are still too many degrees of freedom in the placement of the Cam
OB1 sources in both color-color planes. To reduce this uncertainty. the final
list of infrared sources will be further restricted to sources (26) which have at
least three moderate-quality /RAS flux measurements. The remaining sources
(37), possibly associated with the Cam OBl emission, are certainly intriguing,
but they require further observations in the infrared in order to ascertain their
nature.

3. The final step in the selection of Cam OB infrared sources is to reconsider the
chance that some of the selected sources may not actually be associated with
the Cam OBI emission. In Figure 5.2 it appears that the only other potential
contaminating sources are those which are associated with the Perseus emission.

As has been previously argued in the section discussing Figure 5.2, the width
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Figure 5.3 Color-color plots for infrared sources which have at least two adjacent

wavelength /RAS fluxes of moderate quality.

Sources in the control region are

shown in the upper two diagrams. while those in the enhanced regions associated

with Cam OB1 (see Panel 3 of Figure 5.2), are shown in the lower two. An open

diamond indicates a source capable of being reliably positioned in the [12-25-60]

plane and an open square indicates a source which may be positioned reliably only in

the [25-60-100] plane. Five-point stars indicate sources capable of being positioned

in both plots. An arrow attached to a symbol indicates the direction the source

moves in the plot due to the quoted uncertainty or limits in the fluxes.
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of the infrared enhancement regions assigned to the Cam OB region is much
larger than that typical of the Perseus infrared source regions. suggesting that
most of the infrared sources associated with the Cam OBI region are correctly
placed. In order to eliminate any Perseus sources. candidate Cam OBI1 sources
were not considered for further study if they had already been assigned to the
Perseus region in the literature (Wouterloot & Brand 1989. McCutcheon et al.
1991. Wouterloot et al. 1993). or if they were also coincident with a 3o level of
Perseus CO emission as shown in Figure 5.2. This step eliminated 9 sources from
the initial list of 63. or 7 sources from the final list of 26. leaving 19 candidate

sources considered to be probably associated with Cam OBI.

5.2.2 The Nature of the Infrared Objects in Cam OB1

The availability of infrared data on star forming regions from [RAS led to the
rapid growth of the characterization and understanding of these objects. Typical
examples of the work on ePlos. based to a large extent on [RAS data. include Hu
regions (Chan & Fich 1995), UC Hu regions (Wood & Churchwell 1989). T-Tauri
stars (Rucinski 1985. Beichman et al. 1986, Wilking et al. 1992. Prusti 1992).
HAe/Be stars (Weintraub 1990. Berrilli et al. 1992). outflows (Hasegawa 19386).
reflection nebulae (Castelaz et al. 1987) as well as more general surveys of star
forming regions including /R4S data (Strom et al. 1989. Carpenter et al. 1993.
Lada et al. 1993. Odenwald & Schwartz 1993). In all of these cases the analysis had
to contend with the confusion and sensitivity limits inherent to /[RAS. Improvement
to this situation can be made with specially enhanced versions of the /R4S data. e.g..
HIRES (Laughlin 1991). or from using data gathered in pointed observations from
newer spacecraft, e.g.. ISO. Nevertheless, the observations presented in the second
version of the [RAS point source catalog (Beichman et al. 1988) still represent the
largest database from which to draw infrared data on star forming regions.

At the present time the most complete analysis of /RAS point sources. on the
basis of their colors. is due to W89. In their analysis they constructed a set of
*Occupation Zones' (OZs) for sources which possessed at least a good quality flux
measurement at 12, 25 and 60 pm. and whose identity was already known. Table
5.1 summarizes these results using the [RAS colors as defined in Eq. 5.1 - 5.3.

The conversion between the colors in W89 and the present work is given by:
12] - [25] — 1.56

2.5 ’

[25—12] = [ (5.4)



Table 5.1: Occupation Zones for IRAS Point Sources
(adapted from Walker et al. 1989)
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Source

[25 - 12]
Mean+ lo(no)

(60 - 23]
Mean+ lo(no)

(100 - 60]
Mean+ lo(no)

Bright stars
O-rich stars
Optical C-rich
LRS C-rich
HII

Blue ref. neb.
Red ref. neb
Blue PN

Red PN

Blue galaxies
Red galaxies
Seyferts
Quasars

T Tauri
LRS=3 stars
LRS=6 stars
HHES
Bipolar neb.

—0.59+£0.05(1022) —0.92 + 0.08(3142)
—0.30+£0.14(2679) —0.92 + 0.08(3142)

—0.52 + 0.05(308)
—0.30 + 0.13(282)
0.87 £ 0.13(42)
0.11 £ 0.13(31)
0.61 + 0.19(35)
0.15 + 0.20(41)
0.85 + 0.30(159)
0.18 £ 0.11(179)
0.48 £ 0.10(95)

0.48 + 0.14

0.31 + 0.18(49)

0.14 £ 0.11(43)

0.20 + 0.10(127)
—0.09 + 0.11(49)

0.57 + 0.29(26)

0.23 + 0.33(20)

—0.70 + 0.09(270)
—0.81 + 0.07(306)
0.84 + 0.13(60)
0.80 + 0.32(22)
0.61 + 0.33(27)
—0.18 £ 0.31(41)
—0.02 + 0.36(170)
0.80 + 0.06(179)
0.68 + 0.05(95)

0.42+0.13
0.15 £ 0.20(56)
0.02 £ 0.22(46)
—0.66 + 0.15(140)
~0.92 + 0.06(40)
0.34 + 0.34(29)
—0.01 £ 0.48(21)

-0.42 £ 0.11(509)
-0.42 +0.11(509)
-0.28 £ 0.16(79)
-0.52+£0.08(52)
0.24£0.17(49)
0.43+£0.13(6)
0.18£0.15(17)
0.02 £0.40(17)
—0.34 £ 0.12(102)
0.28 £ 0.12(343)
0.28 £0.12(343)
0.20+£0.24
0.18 £ 0.16(37)
0.16 £ 0.24(16)
—0.54 £ 0.09(21)
—0.35+ 0.40(14)
0.25+£0.31(28)
0.39+£0.31(19)

and

. _ [25] —[60] —2.26
(100 — 60] = B —[100] — 1.1

25

Designation
a

b

c

d

4

f

g

h

i

J

k

1

m

n

(o]

P

q

r

(5.3)
(5.6)

The bracketed quantities on the right hand side of Eq. 5.4 - 5.6 are the quantities

originally presented in W89 (their Table [). In Table 5.1 the occupation zones are

defined by the mean and standard deviation of the sample, whose size is given in

parentheses. The designation for the zones are as follows: a) optically identified

bright stars, b) optically identified oxygen-rich stars, c) optically identified carbon-

rich stars. d) carbon-rich stars identified from the Low Resolution Spectra (LRS)

Atlas (1986), e) Hu regions, f) blue and g) red reflection nebulae as determined
from their fit in the [12-25-60] plane and their {25 - 12] color, h) blue and i) red
planetary nebulae determined from their fit in the [12-25-60] plane, j) blue and k)

red galaxies, again determined from their fit in the [12-25-60] plane. 1) seyferts,

m) quasars, n) T Tauri stars. o) stars with LRS=3, i.e., evolved stars with silicate
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absorption at 10 pgm. p) stars with LRS=6. i.e.. evolved stars with silicate emission
and a red continuum. q) stars believed to be exciting Herbig-Haro objects and r)
bipolar nebulae. The last two designations. q) and r). are assigned by the author
based upon the work of W39.

In order to make the OZs as complete as possible. at least in regards to ePlo.
the OZs defined by W39 were supplemented with the following additional zones:

Hir regions were selected from [RAS using the filter devised by Hughes &
MacLeod (1989). These are given by:

Ut
-1

[25 — 12] > 0.40. (5.7)

)

with the additional constraints that Figo > 80 Jy and the qualities of the 25 and
60 pum fluxes are at least moderate. Using this filter. Hughes & MacLeod (1989)

Ut
o

[60 — 25] > 0.25. (5.

determined that thev would select a Hir region with a contamination rate of 11%
(this includes a 5% contamination rate by other ePlo. e.g.. reflection nebulae. and
a contamination of 6% by obviously non-ePlo. e.g.. galaxies and PN). It should
also be noted that this filter does agree with the Hir region OZ in WS89. but it is
a more general characterization of the position of Hi regions in both of the [RAS
color-color planes.

UC Hil regions were investigated extensively by Wood & Churchwell (1989) who
determined that these objects could be identified using the following filter:

[25 — 12] > 0.57. (5.9)

[60 — 12] > 1.30. (5.10)

with no restriction on the 12 um data but at least a good quality flux index at 25
and 60 um. Using this filter, Wood & Churchwell (1989) determined that they were
contaminated by non-ePlo. i.e., galaxies and optically visible stars. 8% of the time.
This category of ePlo was not considered by W89, but it is important as it marks
the very earliest stage of massive star formation, and thus should be included.

Finally. an OZ for HAe/Be stars has been included which is based upon the
most probable identification of these objects as such. from Berrilli et al. (1992).
This filter is defined as:

[25—12] =0.27 £0.37 (26 sources), (5.11)



[60 —25] =0.25+0.65 (26 sources), (5.12)
(100 — 60] = 0.31 £0.27 (14 sources). (5.13)

where the dispersion is the measure of the range seen in a rather uniform distribution
of colors about the quoted mean value. Berrilli et al. (1992) checked whether the
large range found in Eq. 3.11 - 5.13 could be attributed to confusion by comparing
them to similar colors derived from Kuiper Airborne Observatory (KAQO) 50 um
observations in conjunction with ground-based N band (10 pm) and Q band (20
pm) photometry. both of which had higher resolution. The scatter persisted. which
suggests that the large range seen in the /RAS colors for HAe/Be stars is real.
Figure 5.4 illustrates the placement of the OZs as defined in Table 5.1 and Eq. 3.4
- 5.13 in the two color-color planes ([12-25-60] and [25-60-100}) derived from the
IRAS data.

Figure 3.5 shows the graphical placement of the 19 candidate ePlo in Cam OB1
in the [12-25-60] plane. while Figure 5.6 presents the same sources in the [25-60-100]
plane. It is quite apparent from Figures 3.5 and 3.6 that it is not a simple matter
to characterize most of the infrared sources in either color-color plane. Given the
spatial confusion which can exist at the 100 ym band due to its relatively broad
beam (6'). the greatest weight should be given to the position of the sources in the
[12-25-60] plane.

In the [12-25-60] plane. shown in Figure 5.5. there are 3 objects which have
been identified as having colors suggestive of a stellar photosphere (the open stars
in Figure 5.5 and 5.6). Two of these sources are well separated from the remaining
17 sources in both colors. while the third. [RAS 03208+5812. can only be placed in
this group if the uncertainty in its [60 - 23] color is large. These 3 objects are also
very similar in their position in the [12-25-60] plane to the control region sources.
which are probably dominated by unevolved stars. Hence. these objects are probably
unevolved stars. It is not possible on the basis of I[RAS data alone to decide whether
these sources really are associated with the Cam OB1 emission. however, given that
there is no further information in the literature suggesting that they are nearby.
bright stars. it will be assumed that they are associated with the Cam OBI region.

The remaining sources occupy positions in the [12-25-60] plane. and in many
cases in the [25-60-100] plane, suggestive of ePlo. In the [12-25-60] plane, there
appear to be two groups of sources. A group centered on [25 - 12] = 0.5, [60
- 25] = 0.4, contains four sources, IRAS 03236+5836. IRAS 03111+5938, IRAS
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Figure 5.4 Occupation zones (OZs) for non-ePlo (top) and ePlo (bottom). as
defined in Table 5.1 and Eq. 5.4 - 5.13. OZs for the non-ePlo include galactic
objects not associated with star forming regions (dot-line boxes): a — bright stars,
b ~ O-rich stars, ¢ — optical C-rich stars, LRS C-rich stars, h — blue PN, i - red PN.
o - LRS = 3 stars, p - LRS = 6 stars, and and extra-galactic objects (dash-line
boxes): j - blue galaxies, k - red galaxies. | - seyferts. m — quasars. ePlo associated
with star forming regions (solid-line boxes) include: e - Hir regions. f - blue ref.
neb., g - red ref. neb., n — T-Tauri stars, q - Herbig-Haro emission line stars, r -
bipolar neb. Additional OZs for Hi regions, UC HiI regions and HAe/Be stars as
defined in the text (dash-dot-line).
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Figure 5.5 Positions of the 19 candidate ePlo in Cam OB! in the [12-25-60] plane.

with the occupation zones (OZs) as shown in Figure 5.4 superimposed. Solid-line

and dash-dot-line boxes indicate OZs for ePlo associated with star formation. Dash-

line and dot-line boxes indicate either OZs characteristic of extra-galactic objects

or OZs for
the objects

galactic objects not associated with star forming regions. Symbols for

are as follows: open stars - stars; filled stars - HAe/Be; filled triangles -

blue reflection nebulae (BRN); filled circles - outflows. Errors in the colors due to

upper limit

s in the fluxes are indicated by the arrows.
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03234+5843. IRAS 03243+5829. which include the two known outflows. The other
group of sources. centered on [25 - 12] = 0.0. [60 - 23] = +0.75. coincides with the
OZs for HAe/Be stars and blue reflection nebulae (BRN).

Table 5.2 provides the results of the tentative assignment of the sources to OZs
as well as some other basic physical parameters. Assignment of a source as either
an HAe/Be star or a BRN is somewhat arbitrary. This is not surprising as one
of the original criteria used to classify HAe/Be stars as such is that they must
be associated with reflection nebulosity (Herbig 1960). In fact. given that Cam
OBl is an active star forming region. it is possible that all the BRN are associated
with voung. hot luminous stars in Cam OBI1. As a result of a search through the
optically identified stars known to be in the Cam OB1 region (Chapter 4). thereis a
reasonably strong positional coincidence between 5 of the HAe/Be and BRN sources
and these stars: IRAS 0311146041 with BD+60 648 (B5V). IRAS 03116+5951 with
HD237091 (B1V).IRAS 03111+5938 with HD 19820 (O9IV). IRAS 03164+5839 and
IRAS 0316745840 with HD 237121 (B0.5V).

There may be some additional informatior on the probability of the association
of the optically identified stars with [RAS sources tentatively identified as HAe/Be
stars or BRN on the basis of their /R4S luminosities. These luminosities (Table
5.2). which are derived from Carpenter et al. (1995). are given by

D BW(\),, 8., -
LIR = 0304(@)2 Z[W](J—y . (0.14)

where D is the distance to the source (0.975 kpc. Chapter 4). and BW'(\;) and
S., are the bandwidth and flux density. respectively. of the A\; I[RAS band. The
infrared luminosity for each source has a lower bound estimate, L;p . given by
summing up the contribution from the 12. 25 and 60 um bands alone, and an upper
bound. L;g¢ (to within a factor of 2 — Carpenter et al. 1993). obtained by also
adding the contribution from the 100 um emission when this is of at least moderate
quality. When the 100 um emission is of at least moderate quality then the accepted
luminosity. L;g acc. is the same as the upper bound luminosity, L;g¢. When the
100 pum flux density is an upper bound (poor quality index), L g 4. is taken to be
the mean of the upper and lower bound luminosities. A comparison of the infrared
luminosities listed in Table 5.2 for the ePlo identified as HAe/Be stars or BRN and
the bolometric luminosities of the proposed associated stars shows that the infrared

luminosities are significantly less (at most, only a few percent of the bolometric



Table 5.2: IRAS Data for Cam OB1 Extreme Population 1 Objects

Name l b 120 250 60g0m™ 100 [25 12 [60 25)% (200 60]" QL Likr Lo Likoao Mig  Kdentity:Associated Star
{deg] {deg] Uyl (vl Wyl [y] L] (L] L) (M)

IRAS 0311846144 139.07+3.67 591 254 051 26.65L 037 0.70 1.72 d 9% 168 132 3.9 c-rich star

IRAS 0311146041 139.5442.73 061 081 922 35.77L 0.2 1.06 0.59 f 39 137 o8 1.5 BRN:BD46O 648

IRAS 0311946025 1397742655  0.25L .22 2.66 1203 0.08 1.OX (.66 f 8 4H A 29  BRN

IRAS 0311946017 1398442440 046 0.67 1036 2465  0.16 1.19 0.38 f 39 107 107 3.7 HRN

IRAS 0311645951 140.0442.05 039 054 277L 2790  0.14 0.71 1.00 f,llA¢/Be 17 ™ 9l 3.5 HAe/Be:HD 237091

TRAS 0311145938 140104083 038 127 573 1717 0.52 0.65 (.48 f HAe/Be 30 77 77 3.3 HAe/Be:HD 19820

IRAS 0313946005 140154240  0.30 040  5.260 2483 0.12 1.12 0.67 f 21 90 00 3.5 BRN

TRAS 0318246017 14050 +2.86  0.280 018 1.03:  10.24 0.19 0.76 1.00 f,lHAe/Be 8 36 36 2.7 NAe/Be

IRAS 0316445839 141194136 0.87  0.35: 139 20.24L 040 0.60 118 f,llAc/Be 17 16 47 2.9 HAe/Be:lID 237121

IRAS 0316745840 141224138 075 0.34 151 26320 0.34 0.65 1.24 f.HAc/Be 16 89 iX] 3.0 HAe/Be:HID 237121

IRAS 0318945828 1401.56+1.37 0.20L 0.26  3.08 1009  0.02 1.07 0.52 f 13 66 66 3.2  BRN

IRAS 03234456843 11914191 050 181 5.66 781901 0.58 0.50 2.14 glar i HAe/Be 36 2200 1100 7.0 AFGLA90-iki,ontflow

IRAS 03208456812 141.92+1.28 L83 0.63  Lo6lL 10.00 0.46 0.9 0.71 ? 33 61 1] 3.1 star? confused

IRAS 0323645836 142.0041.82  82.39 278.40 716.70 784.90  0.53 0.41 0.04 g.la,n L HAC/Be 5100 7300 7300 12 AFGLA90 outflow

IRAS 0322745824 142.02+41.59 0.26L 030  2.31: 1716 0.06 (.89 (.87 f,HAc/Be 1259 Y] 31 HAe/Be

IRAS 0320345740 142,15 4+0.80 3.63 2,09 117  2040L -0.24 0.2H 1.40 ? 65 16 106 37 star?

TIRAS 03267458556 142164230 0.52 038  3.92: 4257L  0.14 1.01 1.04 ? 20 137 79 34  BRN

IRAS 0324345821 142224165 069 142 274 38821 0.31 0.29 1.15 r.q.HAe/Be 27 134 81 3.4 HAe/Be

TRAS 0326145829 142344190 107 114 1076 b6.17 0.0} 0.97 0.72 f 5l 206 206 14 BRN

a) IRAS (Beichman cf al. 1988) fluxes at 12, 25, 60 and 100 gm. A : following a Aux value indicates a good quality flux measurement while a L represents an upper limit.
h) Colors from IRAS fluxes: {26 - 12] = log{Fas/Fy2), [60 - 25) = log{Fuu/Fus) and [100 60) = log(F o0/ Fun)-

¢) Occupation Zones as judged by Walker of al. (1989). See ‘Table 5.1 for details. In summary the OZs are: a - hright stars, b - O-rich stars, ¢ - optical stars, d - LRS
C-rich stars, ¢ - 1111 regions, { - blue reflection nebulae (BRN), g - red reflection nebulae, b - blue planetary nebulae, i - red planetary nebulae, j - blue galaxies, k - red
galaxics, | - seyferts, m - quasars, o - ‘T ‘Tauri stars, o - LRS=3 stars, p - LRS=6 stars, q (anthor's designation) - Herbig Haro emission line stars, 1 (author's designation)
- bipolar ncbulae. Additional occupation zones are given for Hit regions (Hughes & MacLeod 1989), UCHII regions (Wood & Churchwell 1989) and HA«¢/Be stars (Berrilli
et al. 1992).

d) Luminosity of sources from [RAS emission. Ly g, has been calculated from the 12, 25 and 60 jon bands (Carpenter of al. 1995), Ly i has been ealeulated in a similat
manner from all four bands, Lig ace represents the accepted value of infrared luminosity in this paper. In the case of good 100 pom fluxes Ly v and Ly .. are equivalent,
while Ly acc is the mean of Ly o and Ly 1, when the 100 o flux is an upper hound.

) Mass of stars assuming the accepted infrared luminosity, Lig ace, is equivalent to the bolometric luminosity and L:, = ML® (Casoli ¢f al. 1986).

€€l
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luminosities). It has been observed with other BRN that a significant amount of
stellar radiation. 10 — 30%. is reprocessed and emitted in the infrared (Sellgren
1984). This is not the case here. which suggests that either. a) the stars are quite
far away from the BRN and may not be associated with the infrared sources or b)
the identification is incorrect. or c) the radiation is being emitted outside of the
IRAS bands. Sellgren’s model suggests a peak in the emission near 3.3 - 3.4 um
due to small (~ 10 A) particles. Additional infrared observations. particularly in
the I - 10 pum range. are required to explore this possibility further.

While the /RAS data provide only limited information on the presence and
nature of ePlo it can be concluded that:

I. There is an excess of infrared sources which can be associated with the Cam
OB1 CO emission. This excess is concentrated in three specific areas centered
on ! =1420.b = +220. [ = 142°0.b = +2°5 and [ = 138%5.b = +3°5.

2. The [12-25-60] and [25-60-100] color-color planes constructed for sources with
at least 3 moderate flux density measurements in these regions suggest that the
majority of these sources are ePlo.

3. The ePlo associated with the Cam OBl emission appear to lie in two groups
in the [12-25-60] plane: the first group of 4 sources includes the two known
outflows in the region while the second group possibly consists of HAe/Be stars
or BRN. Higher resolution observations. particularly in the infrared. are required

to model the interaction of the illuminating star(s) with attendant dust.

5.3 ePlo Identified by their Optical or Radio Emission

In the previous section ePlo have been identified on the basis of their infrared
emission. However, many ePlo. especially Hit and BRN. are extended objects which
can be identified by their optical or radio emission. These objects have traditionally
served not only as indicators of recent star formation but also as tracers of the spiral
structure in the Galaxy. In particular. the seminal work of Georgelin & Georgelin
(1976) has served as a standard reference for the construction of rotation curves
of the Galaxy. which has only recently been superseded by the work of Blitz et al.
(1982) and Brand & Blitz (1993). The region of the Galaxy studied in the present
survey (Di96) is rich in Hi regions identified in optical surveys (Shajn & Gaze 1951,
Gaze & Shajn 1953, 1954. 1953, Sharpless 1959, Dubout-Crillon 1976, Parker et al.
1979). and radio recombination surveys (Reifenstein et al. 1970, Lockman 1989).
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BRN have also been extensively studied in the region presently under investigation.
primarily from the Palomar Observatory Sky Survey (POSS) plates (van den Bergh
1966. Racine 1968. Herbst 1975. van den Bergh & Herbst 19753).

Optical surveys of Hi regions range in design from those with low spectral
selectivity. A\ ~ 100—200A. with moderate sensitivity. ~ 50 cm~® pc. e.g.. Shajn &
Gaze 1951. Gaze & Shajn (1933. 1954. 1955). Sharpless (1959). to those with higher
selectivity. AA ~ 10 — 50A. and higher sensitivity. ~ 30 cm™® pc. e.g.. Dubout-
Crillon (1976). and Parker et al. (1979). Variation in the optical survey parameters
can be attributed to the questions addressed in each survey. Surveys which serve to
make the initial identification of Hir regions (Shajn & Gaze 1951. Gaze & Shajn 1953.
1954. 1955. Sharpless 1959) made use of low selectivity to allow a large throughput
of photons at or near H,. while surveys considering the contribution from particular
emission lines (Dubout-Crillon 1976. Parker et al. 1979) isolated those lines with

very narrow filters.

Determination of the velocity of the H, emission has been carried out primarily
via Fabry-Perot interferometry (Georgelin & Georgelin 1976, Fich et al. 1990).
Unfortunately. the H, emission profile can be very broad, which makes it difficult
to determine its central velocity. In some cases (Reifenstein et al. 1970. Lockman
1989). radio recombination lines have been used to determine the velocity of the
H, emission. with the proviso that the peak of the radio recombination line may
not coincide exactly with the peak of the H, emission (Fich et al. 1990). It is also
possible to make use of H,O or OH (or both) maser emission associated with young.
massive stars (Genzel & Downes 1979. Cesaroni et al. 1988. Felli et al. 1992) to
infer the velocity of the H, emission. However. the H,O/OH masers may also have a
velocity component due to bulk motion, i.e., an outflow, which reduces the reliability
of this measurement. The measurement given the most weight in this study for the
velocity of the HII regions is the velocity of associated CO emission (Blitz et al.
1932, Wouterloot & Brand 1989. Fich et al. 1990). CO profiles are narrower. and
hence give a more accurate measurement of the central velocity than H, emission
profiles. while still being coincident with one another, i.e., typically v, ~ v, =
0.5 £ 0.5km s~! (Fich et al. 1990). In the case of multiple CO emission features
seen along the line-of-sight, the CO feature with the brightest temperature, after
scaling for beam dilution, is the CO feature which is assumed to be associated with

the Hi region. Table 5.3 summarizes the data available for the optically identified



136

Hir regions (4) with well-determined distances.

In many cases. the cataloged optical Hii regions have only been imaged. and no
cross-identification has been attempted with the optical Hu regions of known dis-
tance. A comparison of the two sets of data suggests that in many cases the "imaged
only’ optical Hi regions are coincident with many of the better studied Hi regions.
Differences in the image shape and size can be attributed to differences in sensitivity
between the surveys. as well as the detail with which each survey described a par-
ticular Hit region. In the cases where there is some ambiguity regarding which CO
feature is associated with an Hii region. it is necessary to consider the quality of the
image. If the Hii region is faint it is assumed to be associated with the more distant
CO feature. with the dust associated with the foreground CO obscuring the H,
emission. A brighter HiI region is assumed to be closer and free from obscuration.
This assignment is consistent with their appearance on the POSS plates. Hence.
a particular optical Hir region which has only been imaged can almost always be
assigned a distance based upon a positional coincidence with an Hir region of known
distance or a CO feature of known distance. Table 5.4 summarizes the data available

for the two optically identified Hir regions without well determined distances.

Optically identified BRN have been extensively studied. to a large extent from
the POSS plates (van den Bergh 1966. Racine 1968, Herbst 1973). in order to trace
out the spiral structure of the Milky Way through the illumination of the associated
dust by hot luminous stars. Table 5.5 presents the summary of these data for
Cam OBI. taken primarily from van den Bergh (1966). van den Bergh (1966) has
claimed that there is a relationship between the size of a reflection nebula and the B
magnitude of the illuminating star (B = 11.0 - 5 log R(B), where R(B) is the angular
radius of the nebula in arcmin as measured on the blue POSS plate). In two cases
shown in Table 5.5 (HD 20041 and HD 20798) this holds true. However. in the case
of the other two stars (HD 21291 and HD 21389). the illuminating star is fainter
than expected. This may be an indication that there are more stars contributing
to vB1l4 and vB15. Another point of interest is that there is a spatial coincidence
between the optical Hit region BFS29 and the optically identified BRN vB15. Both
these objects are coincident with the AOIa star, HD 21389.

Figure 5.7 shows a map of the ePlo selected on the basis of their /RAS colors or

radio/optical identification against the associated Cam OB1 CO emission. It is very
apparent from this figure that the ePlo, by and large, are clustered in two groups



Table 5.3: Optically ldentified Hul Regions in Cam OB1 (with Reliable Distances)

Ohject Name®  Alternate Designation® * bt . R br Ref/ Comments

[deg.) [deg.] [kms=']  [kpe]  [arcmin]

BFS24 13434 3.56 9.7 (0.77) 20 BFS ('O line emission.
S202 140.59 1.92 170 Sh N, image.
140.60 190 170 ne H., image.
140.59 1.92 115 (0.93) 170 BFS CO line emission.
140.57 1. 2.0 FID H., Fabry-Perot.
140.59 1.92 1D 0.98 170 This paper.
BFS28 141.73 2.76 10.2 (0.83) 20 BEFS 'O line emission. Part of §202.
LTS 276 10.2 008 20 This paper.
BEFS29.DGILT 142,18 2.06 10.9 (0.89) 30 BFS CO ine emission. Part of §202.
M208 206 10.9 098 30 This paper.

Table 5.4: Optically Identified Hil Regions in Cam OB1 (without Reliable Distances)

Object Name®*  Possible Associated i b v RY I Reft Connments
HIl Regions [deg.] [deg.) (kms™')  [kpe]  [aremin]

SGIO1T S202 139.62 2.70 0.49%8 20 SG3 H,, image.

SGIOIN S22 140.30 240 0.98 30 SGI I, mage.

a) Object name or alternative found in SIMBAD.
l); Galactic coordinates (111, b1,

¢} Radial velocity of object corrected to the Local Standard of Rest based upon standard solar motion.

d) For Cam OBI the distance (no parentheses) has been obtained from main sequence fitting of associated stars (Chapter 4),
Distance obtained from a Brand rotation curve (Brand & Blitz 1993) are also given, i.c., from It = vpgi/A sin(2l)cos*(b), where
A=126 kms-*,

¢) Angular diameter of object.

) BFS:Blitz er ol (1982), DC:Dubout-Crillion (1976), F'T'D:Fich et al. (1990}, Sh:Sharpless (1959), and $G3: Dixon & Sonneborn
(1980).

Le1



Table 5.5: Properties of Optically Identified BRN

138

d

Name® | b Neb. Type’ R(B)° R(R)¢ Associated Star® Sp Type? B
[deg] [deg] [arcmin] [arcmin] [mag]
vB10 141.6 -0.04 I 8.0 5.4 HD 20041 AOla 6.52
vBll 140.1 +3.9 II 3.1 2.3 HD 20798 B2III-IV 8.63
vB14 141.5 429 I 23 23 HD 21291 B9ia 4.62
vBld 1422 +2.1 II 27 17 HD 21389 AOIa 5.10

a) Number in catalog of van den Bergh (1966).

b) Nebular type - I: illuminating star is embedded in the associated nebula. II - illuminating

star is outside the associated nebula.
¢) Angular radius on blue POSS plate ~ R(B). and red POSS plate — R(R).

d) Stellar data for illuminating star.

centered on | = 142°.b = +2° (CO Complex F in Chapter 7) and | = 140°.b = +225
(CO Complex B in Chapter 7). The former appears to be the more active of the
two regions as it contains the only known outflows, AFGL490 and AFGL490-iki.
while the latter is composed of lower luminosity HAe/Be or BRN. 5202 clearly

dominates the field and is coincident with many of the other ePlo. Only one source.
IRAS 03118+6144. from the third density enhancement of infrared sources near

[ = 139°.b = +3°3 survived the stringent selection process and it is a star.
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5.4 Methanol Masers
5.4.1 Introduction

Methanol masers occur during the early stages of evolution of massive stars when
the stars are still embedded in their parental cocoon. In some cases these masers are
positionally offset from UC Hi regions. as measured by the position of their infrared
emission and OH masers. and are believed to be associated with molecular outflows
(Class I. Menten 1991). In other cases. such as the methanol masers considered
throughout the remainder of this thesis (5; — 69 A*. v = 6.663513 GHz), they are
coincident with and pumped by the infrared emission from UC Hir regions (Class
I1. ibid). The mechanism for producing these maser emissions is still very poorly
understood. Ellingsen et al. (1996) have argued. on the basis of the positional
coincidence of the peak radio continuum emission with the maser source. that one
can make a distinction between a maser produced in a disk (maser coincident with
the peak radio emission) and in an outflow (maser radially distributed along the
axis of the outflow). However. of the two examples studied in detail by Ellingsen et
al. (1996). only one could be modelled unambiguously as being associated with a
disk. while the other could possibly be due to a disk or outflow or both. In either
case it was not clear where the infrared source pumping the maser was located or
how it was produced. This is indicative of our ignorance of how these masers are
formed and further investigation is obviously warranted.

Given the great distance to regions of massive-star formation in the Galaxy
(Orion is the closest at ~ 400 pc) it follows that one needs high-resolution observa-
tions to understand the physics of these masers. A preliminary survey of candidate
regions was undertaken with the DRAQ 25.6m telescope ! during the fall of 1994 to
identify masers which may be associated with massive star formation in the outer
Galaxy. The limits of the survey were set by the boundaries of the present CO
survey (discussed in Chapter 2) while candidate sources were selected on the basis
of their infrared colors and flux densities. One new maser. associated with [RAS
0245546034, was detected.

! The DRAO 25.6m telescope is operated by the National Research Council of

Canada as a national facility.
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Table 5.6

Summary of Methanol Survey Parameters

with DRAO 25.6m Telescope

Observing Dates . . . . . . . . . . . . . Sept. - Dec. 1994
Observing Mode . . . . . . . . . . . . Frequency Switching
. +0.50 MHz. v ., > —30 km s™!
. -0.50 MHz. v, ,, < —30 km s~!

Polarizations . . . . . . . . . . . . Left and Right Circular
Bandwidth . . . . . . . . . . . ... .. ... 0.50)MHz
Frequency Resolution . . . . . . . . . . . . . . . 20kHz
Velocity Resolution . . . . . . . . . . . . . . 0.09kms™!
Beamwidth (FWHM) . . . . . . . . . . . ... ... 74
Teys - - o o o o o o oL 8K

5.4.2 Observations

The 25.6m telescope at DRAO is suitable for preliminary surveys of methanol
masers at 6.6 GHz provided one is cautious about its substantial error beam and
large sidelobes. It has a moderately large collecting area. low noise receiver and
a suitable spectrometer and large blocks of observing time for observations at 6.6
GHz can be obtained. Table 5.6 summarizes the relevant data for the methanol
observations. Sources studied are listed in Table 5.7.

Source selection was made on the basis of infrared colors taken from [RAS.
"Class A’ sources are designated as those sources which have colors and satisfy the
minimum flux density requirements to be classified as both UC Hu regions (Wood
& Churchwell 1989) and Hi regions (Hughes & MacLeod 1989). Twelve ‘Class B’
sources met the color criteria for both UC Hi regions and Hi regions but failed the
minimum flux density requirements. Six ‘Class C’ sources met only the Hi1 regions’
infrared color and flux density requirements. Figure 5.8 shows the positions of the
candidate IRAS sources searched in this survey superimposed on the present survey

(Di96). In most cases CO emission could be associated with the /RAS sources,
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Table 3.7
Positions Searched for the 5, — 6, A+ Methanol Maser

Name { b P Range v?,, Flux® Flux® Comments*
Peak rms

[deg] [deg] [kms~!|kms™'] [yl (]
Class A®
IRAS 02230+6202 133.79+1.42 —10 2.91 W3N.Contaminated by W3(OH)
IRAS 02232+6138 13395+1.06 —143 —12,~46.5 38380 9.0l W3(OH), H2O maser
[RAS 02395+6241 135.28+2.80 -7l 3.09 AFGL 5077, H,O maser
IRAS 02383+6241 135814269 -7l 372
IRAS 02461+6147 136.39+2.27 —13 2.16 AFGL 5085. H,O maser
IRAS 02455+6034 136.81+1.114 —15.4 —11,—16 35.0 0.73¢  New maser
[RAS 0257546017 138.30+1.56 -38 2.21 OCL 369. H»O maser
[RAS 02593+6016 138.50+1.61 -39 2.22 S201
IRAS 03035+5819 139.91+0.20 —I10 2.43 BFS 26. H20 maser
IRAS 0323545808 [42.25+1.43 —I7 2.25 AFGL 5095
Class B*
[RAS 0217146058 133.49+0.18 —10 2.21
IRAS 02244+6035 134.46+0.13 -14 2.10 Contaminated by W3(OH)
IRAS 02333+5930 135.90-0.46 -30 2.22 H2O maser
IRAS 02437+6145 136.14+2.12 —19 2.20
IRAS 02407+6029 136.35+0.82 -60 2.20
[RAS 02541+6208 1[37.07+3.00 -32 2.27 H20 maser
IRAS 0250346025 137.41+1.26 -0 2.29
[RAS 02589+6130 137.87+2.70 -1l 2.23
[RAS 02598+6008 138.62+1.56 —10 2.13
[IRAS 03101+5821 140.64+0.67 -36 2.22 H»O maser
IRAS 0321146018 140.80+3.06 -10 2.28 HD 12750 (B3)
IRAS 03306+5825 142.87+2.18 -8 1.55 HD 21109 (B3)
Class C¢
IRAS 02245+6115 134.24+0.75 —10 2.10 Contaminated by W3(OH)
[IRAS 02421+6233 135.63+2.76 -72 2.22
IRAS 0253146032 137.69+1.52 —10 1.37
[RAS 03064+5638 111.08-1.66 —10 2.25 AFGL 5090
IRAS 03236+5836 1.42.00+1.82 -1t L77 AFGL 490, H,O maser
[RAS 0321145446 113.83-1.56 -32 1.94 AFGL 5091

a) Class A refers to sources which meet all conditions to be UCHII regions (Wood & Churchwell 1939): [25 -
12] > 0.57, [60 - 12] > 1.30 with at least a good quality flux density measurement at 25um and 60 zm. and Hll
regions (Hughes & MacLeod 1989): [25 -12] > 0.40, [60 23] > 0.25 with Fgo > 80 Jy and at least a moderate
flux density measurement at 25um and 60pm. Class B sources meet the color criteria as above but not the flux
density requirements. Class C sources satisfy only the conditions to be a HII region (Hughes & MacLeod 1989).
b) Central velocity of observation or, when a maser was detected, the velocity of peak maser emission and range
in velocity over which it was detected.

¢) Peak and 3 o rms flux density of maser line.

d) H2O masing from the indicated sources has been detected by Brand et al. (1994) or Comoretto et al. (1990).
No H»O masing from sources indicates the sources have been examined for H,O masing but none has been
detected.

e) These observations were obtained with frequency switching by 0.25 MHz in order to increase the signal-to-

noise ratio.
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Figure 5.8 Overlay of /RAS sources examined for methanol emission over the
integrated CO emission in the Perseus (—70 < v, /kms™! < —30) and Cam OBl
(=22 < v, /kms™! < —5.5) regions. The CO contours for both regions start at the
3 o level. i.e.. 1.37 K km s~! for Cam OBl and 2.18 K km s~! for Perseus, and

increase by a factor 1.58 thereafter.
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which would support their selection as candidate star forming regions.

The observing frequency was switched every 8 seconds between the predicted
frequency of the line and an offset reference frequency one bandwidth (0.5 MHz)
away (+0.5 MHz for sources associated with Cam OBl emission i.e.. —22 <
v /kms™t < —5.5. and —0.5 MHz for sources associated with Perseus emission.
—70 < v ,,/km s™! < —30). Records were averaged over sufficient time to ensure
detection of moderately weak masers (typically 24 hr). Column 7 of Table 5.7 shows
the rms noise level (3 o) for each observation. In a few cases the signal was identified
as originating in W3(OH) and detected by the telescope’s sidelobes. Such “sources’
were dropped from further investigation.

For the newly detected maser. a source associated with IRAS 02455+6034, fur-
ther observations were made. In this case. four brief preliminary observations.
one beamwidth away in each cardinal direction from the IRAS position. were
first taken. From these. a more accurate position for the maser source was de-
duced: RA(2000) = 2P49™0%4. DEC(2000) = 60°50’30” or. in galactic coordinates
[ =136°786.6 = 1°177. This source was then re-observed for several days at the up-
dated position with the frequency switched by only one half (+0.25 MHz) in order
to increase the signal-to-noise ratio by folding the switched signal. The resultant

spectrum is shown in Figure 5.9.

5.4.3 Discussion

The new maser (Figure 5.9) is clearly double-peaked and is reminiscent of what is
seen in OH/IR stars. There is no simple classification for the spectra from methanol
masers as they show considerable range in intensity and multiplicity of components
(van der Walt et al. 1995). It is not possible from the present observations to
determine whether there are two physically distinct masers along the line-of-sight
or one maser emanating from two locations in the same region. Menten (1991)
proposed that the 53; — 60" maser is due to the pumping by the infrared flux near
50 um. This is consistent with the observed methanol flux density (35 Jy) and
60 um flux density (168 Jy) for IRAS 0245546034 if the efficiency of the pump
is ~ 20%. This efficiency is in good agreement with the masers found by Menten
(1991). which ranged in efficiency from 5% (NGC 7538) to 42% (W3(OH)) for the
five sources with measured IRAS flux densities. The peak flux density also falls
within the range of observed flux densities found by Menten (1991). More extensive
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Figure 5.9 Spectrum for new methanol maser associated with IRAS 024554-6034.

surveys. particularly towards Southern Hemisphere objects. have been carried out
by Schutte et al. (1993) and van der Walt et al. (1995). IRAS 0245546034 is
located in the [12-25-60] /RAS color-color plane (see Figure 4 in van der Walt et
al. 1995) at the short wavelength end of the distribution typical for these sources.
Hence, the maser associated with TRAS 0245546034 appears to be a typical object
of this class.

It is difficult to test the proposal of Ellingsen et al. (1996) regarding the location
of the maser formation. There should be a correlation between the peak radio
continuum emission and maser emission if the maser is produced in a disk around

a massive star. If the maser is being produced in an outflow then it should be
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Figure 5.10 Positions of the methanol maser (open star). IRAS 02455+6034 (filled
square). C'S emission (open circle) and the only known radio-detected Hir region.
Lo2 (asterisk). superimposed on the associated CO emission. The contour intervals

for the CO are the same as Figure 3.8.

distributed in a radial fashion about the peak radio emission along the axis of the
outflow. A moderate resolution (9’). low sensitivity (130 mJy) radio continuum
survey of the region at 1420 MHz (Kallas & Reich 1980) clearly shows a strong
continuum feature (W3) which is very extensive and closely follows the CO emission.
The peak radio emission of W3 is near the maser but the resolution and sensitivity
are too poor to discern any radio emission features associated with the maser. The
limitations of the 1420 MHz survey are clear when other well known masers are
considered, such as Cep A which is a strong maser source (Speax = 1420 Jy. Menten
1991) but shows only weak emission (5 - 10 mJy) at 20 cm (Hughes 1988). The only
other radio continuum observation in the region. a 3 cm radio continuum observation

at slightly higher resolution (3'), detected one Hir region - Lo2 (Lockman 1989).
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Figure 5.10 presents the updated position of the newly detected maser as well as
the published position of IRAS 0245546034 and the position of Lo2 overlaid on the
associated CO emission (Di96). Given the resolution with which Lo2 was detected
and the offset in position between Lo2 and both IRAS 02455+6034 and the maser.
it is not likely that Lo2 is associated with the new methanol maser. Hence. the
radio continuum source associated with the maser has not been properly identified
to date. if it exists.

The only additional information on IRAS 0245546034 available in the literature
are some high resolution CS (2-1) observations by Bronfman et al. (1996). These
observations of IRAS sources with UC Hit colors show that IRAS 02455+6034 is
a faint source in CS (Tms = 0.25 K) but with one of the broadest lines in CS
(Ar = 9.5 km s™!) - there were 843 sources detected and [RAS 0245546034 ranked
15" in linewidth. The peak velocities of the maser emission (-45.4 km s~!) and CS
emission (-39.8 km s~!) do differ. but the CS emission may still be associated with
the maser given the broad linewidth of the CS emission. Further work is required on
the correlation of the linewidths in the CS sample with well studied maser regions

before the significance of this ranking is understood.

5.4.4 Conclusions Regarding Methanol Masers

A recent survey with the DRAO 25.6m telescope has detected a new 5; - 6g
A* methanol maser in the Perseus region associated with IRAS 02455+6034. A
summary of the key points regarding this maser are:

1. It is of moderate strength (~ 33 Jy), spans a velocity range of —41 to —46 km
s~! and is located at [ = 1362786.b = +12177.
It does appear to be a typical Class II maser (Menten 1991) as it is closely

[A]
.

associated with an UC HiI region, as determined from its /RAS colors.

3. The central velocity of the maser is slightly offset from that of the CS emission
feature.

4. Higher resolution radio and continuum observations with good sensitivity of the
maser are required. in order to test the model of Ellingsen et al. (1996) as to

whether the maser is being produced in a disk or outflow.
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5.5 Molecular Outflows
5.5.1 Introduction

Molecular outflows were first detected in the late 1970’s, and were quickly rec-
ognized as being a signature of a star very early in its formation. Indeed. the obser-
vation that the available force for accelerating the outflow from radiative pressure
alone (L./c - the stellar luminosity divided by the speed of light ) is always less than
the required force. had been used as evidence that the source of energy for driving
the outflow is due to the infall of material being accreted by the newly formed proto-
star and disk (Bally & Lada 1983). Observations of the brighter outflows were made
in rapid succession after the nature of these objects was recognized: a list of ~ 60
of these outflows was compiled by 1985 (Lada 1985). Fukui et al. (1993) extended
this list to include ~ 160 outflows, which number has been surpassed recently by
Wu et al. (1996). who have compiled data for 264 outflows.

The observations presented here are of a new outflow. AFGL190-iki (Purton et
al. 1995). serendipitously discovered during a recent CANFLEX (Canadian flexible
high-frequency time allocation) observing run conducted in January 1995 with the
James Clerk Maxwell Telescope (JCMT). ! Part of those observations was of molec-
ular clouds in the Cam OB region (Di96. see Chapter 2), and employed. for the first
time in operational mode. the *on-the-fly’ raster-scan capability of the telescope. It
was known at the time that there was a very energetic outflow. AFGL190 (Hasegawa
1986. Campbell et al. 1986, Mitchell et al. 1992, Mitchell et al. 1995). in the re-
gion. which appeared to be associated with multiple components of CO emission
(Mitchell et al. 1992). These observations were undertaken to determine whether
the multiplicity of such CO components existed throughout the parent cloud. or
was restricted to the neighborhood of AFGL490. The observations reported here
detected the presence of multiple CO emission only in the vicinity of AFGL490 and
led to the discovery of AFGL490-iki. This supports the argument that star for-
mation in the region is enhanced in the vicinity of AFGL490, and may have been

prompted by the collision of two CO complexes (see Chapter 7).

! The JCMT is operated by the Royal Observatory. Edinburgh. for the Particle
Physics and Astronomy Research Council, the National Research Council of Canada.

and the Netherlands Organization for Pure Research.



Table 5.8
Summary of Qutflow Survey Parameters

with the JCMT 15m Telescope

Observing Dates . . . . . . . . . . . . Jan. 20 - 28. 1995
Observed Line . . . . . . . . .. a0 TR A B
Observed Central Frequency . . . . . . . . . 230.5330 GHz
Spectral Resolution . . . . . . . . . . 189 kHz (0.25 km s7!)
Channel Spacing . . . . . . . . . . . 156 kHz (0.20 km s~!)
Observing Mode . . . . . . . ‘on-the-fly” Position Switching
Beamwidth (FWHM) . . . . . . . . . . . . .. Co.oL21"
8 e e e e .. 8OK
Integration Time/Spectra . . . . . . . e« . . . . . DHsec.
TRyms/Channel . . . . . . . e e e e . . 095K
Off-Positions

Position . . . . . . . . . .. Y S
AL e e e e 142037, +2237
Bt . 141°70. 4+1260
...... c e e e o oL 41°40. 42270
........... coe e o w2 1422900 41030
E . ... 00 C e e e e e 141280. 41280

1. The B off-position was observed to have some emission at -40
km s~!. but it was free of emission over the velocity range of the
quiescent CO gas in Cam OBl: -5 > v /kms™ > —22 (see

Chapter 2).

149
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5.5.2 Observations

Observations of the Cam OBI region presented here were the first to use the
‘on-the-fly’ raster-scan technique. In this method. the telescope sweeps through a
constant arc in the sky (usually in R.A.), integrating as it does so. A row of such
observations is preceded and followed by observations at an off-position., while a grid
of observations constitutes several rows offset in declination. For the observations
presented here the total integration time for each position was 5 seconds, which
resulted in a typical Tg,ms ~ 0.95 K. Position switching was used to linearize the
response of the spectrometer, with off-positions sampled at the beginning and end of
each row. The off-positions were selected at the beginning of the run after a check,
via frequency-switching, of positions believed to be free of CO emission (Di96).
Table 5.8 provides the relevant data for the outflow observations.

The time allotted allowed two passes through the region. In the first pass, a
series of observations each comprising a 9 x 9 grid, with each grid point separated
by 40”. were made. The central position for each grid was selected on the basis of
either: a) a coincidence with an [RAS point source (Beichman et al. 1988) which
had at least three moderate-quality flux measurements. which allows a preliminary
classification as to its nature (Walker et al. 1989. see §5.3), or. b) the coincidence
with CO emission (peaks and troughs) known to be in Cam OB (Di96, see Chapter
2). Table 5.9 lists the results of these observations. Figure 5.11 provides an overlay
of the observed positions, [RAS positions and off-positions onto the CO emission.
In the second pass. there was time to investigate further only the newly detected
outflow, AFGL490-iki (Purton et al. 1995). which was labelled as Cam 4 in the
first pass (Table 5.9). To this end. a 13 x 17 grid (17 rows. each consisting of 13
observations) was made, with the central position now coincident with AFGL490-
iki. but with the grid points separated by 10”. Figure 5.12 shows the spectra for
AFGL490-iki, from the second grid, while Figure 5.13 is an integrated map of the
CO emission from AFGL490-iki made from these spectra, showing the red and blue

lobes of CO emission.



Table 5.9

Positions Scarched for Multiple-Peaked CO Kmission

Name

! b
[deg] [deg]

Assoc. Source®

Ref. Ot Comments

Cam |

Cam 2
Cam 3

Cam 1

Cam b

Cam 6

Cam 7

Cam 8

Cam 9

Cam 10

Cam 11

Cam 12

142.19+1.88

142.3441.90
142.2241.65

141.92+41.91

142.09+1.74
141.8142.66
141.80+42.12
141.1642.23
142.1642.08
142.49+1.33

142.6441.13

142.69+2.04

GI42.14+1.8 123

IRAS 0326145829
G142.141.8-12.3

IRAS 0323445843

G142.14+1.8 123
G142.0+2.6-104
G142.04+2.6-104
G 14214126
Gl42.1+1.8-12.3
G142.5+1.1-134

G142.5+1.1-134

Gi142.5+1.1 134

Cam A

Cam A
Cam B

Cam B

Cam B

Cam C

Cam B

Cam A

Cam A

Cam D

Cam D

Cam A

Peaked emission at =12 and =9 ki s™! which is broad (Av ~ 3 = 5 kins™"), and
heavily blended, Ty ~ 6 K.

Double-peaked spectra throughout, as for Cam 1, Ty ~ 8 K.

As for Cam 1, Thiax ~ 8 K.

Third, narrow (Av ~ 2 —3 km s7'), component at —18 kv s™!, Tiax ~ 3 K.
AFGLA90 = iki. Very broad wings (Av ~ £30 km s~!), with central, quicscent
clouds from —10 to —15 km s~!, which are self-absorbed (‘1,4 ~ 8 K, while
neighboring position has 'I'jux ~ 12 K).

Double-peaked spectra, as for Cam 1, seen in NW part of field, 'T'yax ~ 8 K.
As for Cam 1, with possible self-absorption.

A third, narrow feature, at =22 km s=', Tjax ~ 8 K.

‘Two narrow features at —10 and =13 ki 8™}, Toax ~ 6 K.,

Double-peaked spectra, as for Cam |, Thux ~ 6 K.

Mostly single-peaked spectra at =9 km ™!, Tyax ~ 3 K.

A few double-peaked spectra in W part of field, Tyax ~ 6 K.

Narrow features at —9, =11 and —13 ki s~ heavily blended in some places,
Timax ~ 6 K. Some spectra very noisy.

Two broad features at —11 and —16 ki s™'. Both {eatures possibly sclf-absorbed,
Tiax ~ 5 K.

Single, broad feature at =11 kin 87", Thux ~ 3 K.

Second weak peak at —13 km s~ in E part of field, Tyux ~ 2 K.
Double-peaked, narrow spectra at —9 and —11 km s~!, in SW corner of field,

Tiax ~ 6 K.

IS1



Table 5.9 cont.

Positions Searched for Multiple-Peaked CO Emission

Name

l b
[deg] [deg)

Assoc. Source?

Ref. Off*

Comments

Cam 13

Cam 14

Cam 15

Cam 16

Cam 17
Cam 18
Cam 19
Cam 20
Cam 21
Cam 22

Cam 23
Cam 24

Cam 25
Cam 26
Cam 27

143.07+1.70

142.00+0.87

142.2140.67

142.2140.93

142.8240.80
142.71+1.73
141.90+0.60
142.65+1.65
143.30+1.65
142.20+2.67

142.2042.08
142204+ 1.77

142.20+0.80
141.15642.15
140.10+2.10

G143.3+1.7

G142.0+1.0

G142.040.6

(i142.041.0

G142.56+1.1

GH43.3+1.7

G142.040.6
G142.541.1
G143.3+1.7
G142.0+2.6

G142.141.8
GH2.1+41.8

IRAS 0320345740

Gl41.142.1
G139.8+1.7

10.3

15.3

15.6

15.3

134

10.3
15.6
13.4
10.3
10.4

12.3

12.3

12.6
13.6

Cam D

Cam I

Cam E

Cam I8

Cam I
Cam D
Cam E
Cam D
Cam D
Cam A

Cam A
Cam A

Cam I
Cam C

Cam O

Strong, broad feature at =9 ki s™!, which is possibly self-absorbed, Ty ~ 7 K.
‘T'wo other narrow features seen at —11 km s™! (NE corner, ‘Tpux ~ 4 K)

and =16 ki s~ (SW corner, Tyux ~ 1 K).

Heavily-blended, very broad (Av ~ 8 km s™') feature centered on =15 kms™!,
Tiax ~ 5 K.

As for Cam 14, T ~ 1 K.

Weak feature at. 0 kms=!, Iux ~ 2 K.

As for Cam 14, Thux ~ 3 K. Two peaks, well defined at =20 and =14 km s~ in
NW corner, Ty ~ 4 K.

As for Cam 15.

Double-peaked spectra with broad lines at =13 and —20 ki s™!, Tyyax ~ 6 K.
Broad, self-absorbed feature at —14 km ™}, Thux ~ 7 K.

Weak emission at —11, =13 and =20 km 57", Thax ~ 3 K.

Very broad, self-absorbed feature at =10 kins™'. Tyax ~ 4 K.

Narrow feature at =10 ki s=!, Thax ~ 5 K.

Some noisy spectra.

Weak emission at —10 ki s~1 in W half of field, Tyux ~ 5 K.

Broad, heavily blended double-peaked spectra centered at =8 and =10 km s™!,
Thax ~ 8 K.

Weak emission features at 0, =10 and =13 km s™!, Tyax ~ 1 K.

Weak emission feature at —15 ki s, 'Tux ~ 3 K.

Weak emission feature at =11 km s™!, Toax ~ 3 K.

a) Associated sources: IR - IRAS source (IRAS 1988), i

cs1

centroid (I, b, v) of CO emission from Lyder (1997).

b) Off-positions, as listed in Table 1, used during observation.
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Figure 5.11 Overlay of observations onto integrated CO emission (-3 >

v sn/km s™! > —22) in Cam OBI region. The white crosses show all positions
searched (Table 2). the white triangles show /R4S point sources (IRAS 1988) which
have at least three moderate-quality flux measurements. and the black asterisks are
the off-positions (Table 1). The contour levels for the CO emission are: 1.39 (30).
2.20. 3.43. 5.0. 10.0. 15.0. 20.0, 24.0. 28.0..... 5+.0 K km s~!.

5.5.3 Discussion
5.5.3.1 General Properties of the CO Spectra

It is possible to derive some statistics on the physical properties of the CO
emission in Cam OBI1 from the data in Table 5.9. Firstly. it would appear on
the basis of Figure 5.11 that the CO emission can be separated into two spatial
groups. emission lying to the north or to the south of b6 ~ +1°5 (Figure 5.11: these
correspond to Complexes F and G, respectively, in Chapter 7). The first group, the
northern emission. has an estimated mean peak temperature. Tmax = 3.95 £ 0.50K,
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while the southern emission is considerably colder. with an estimated mean peak
temperature given by Tyac = 4.10 £ 0.41K. This is not surprising, as the northern
emission (Complex F. Chapter 7) contains both AFGL490 and AFGL490-iki. which
can act as internal heat sources. Furthermore. a number of late O- and early B-
type stars. which are members of Cam OBI. are probably in close proximity to the
northern emission (Humphreys 1978. see Chapter 6). and serve as an additional heat
source to the ambient radiation field. Secondly. the spectra taken of the southern
emission. for the most part. can be well fit by a single Gaussian profile whose peak
emission lies in the velocity range ~ —13 to —16 km s~!. while the spectra of the
northern emission appears to be bimodal with peak velocities ~ —8 to —10 km s~!
or —11 to —13 km s~!. Finally. all the spectra of the southern emission features
have relatively broad lines (Av ~ 3 — 5 km s™!). while the spectra of the northern
emission is made up of a mixture of emission features with narrow (Av ~ 2 —3 km
s~!) and broad lines.

Note that all the spectra of northern emission with narrow lines were taken
from sites which are well away from the star forming region containing AFGL190-
iki. and are associated with smaller CO emission features. e.g.. the emission near
[ =140210.6 = +2°10 and { = 141°81.b = +2°66. The remaining northern emission
features. which are associated with AFGL490-iki. all have relatively broad lines. The
difference in the linewidth of the spectra amongst the northern emission features can
be attributed to a difference in the turbulence present (Larson 1981). i.e.. the spectra
with broader lines are probing larger. more turbulent features. The broad lines of
the spectra taken from the southern emission features, which also belong to a large

CO complex. can be explained in a similar manner.

5.5.3.2 AFGL490-iki

[t can be seen from Figure 5.12 that AFGL490-iki is quite an energetic outflow.
with a peak radiation temperature of ~ 8 — 10 K and a large velocity outflow
~ 40 km s~!. The outflow looks symmetric, and there are no apparent velocity
features which could be construed as ejecta from the outflow (Mitchell et al. 1992).
The observational grid did not cover all of the outflow emission but the general
morphology of the outflow can be discerned.

Figure 5.13 shows an integrated map of the outflow emission. The blue-shifted

emission (-37 to -16 km s~'), shown by the solid contours, appears slightly larger
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Figure 5.12 '2CO(2-1) emission for AFGL490-iki centered on | = 141°580,4 =
+1°475. North is to the top and east is to the left. The positional offset between
each spectrum is 10” and TR ms = 0.95 K. The central velocity of the outflow is
~ —16 km s~!. the red-shifted emission (upper left-hand corner) extends to 0 km

s~!, while the blue-shifted emission (lower middle to right-hand corner) extends to

-30 km s~ 1.
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Dec. offset(arcsec) from 58 43 43.50

0 —50
R.A. offset(arcsec) from 03 23 28.33

Figure 5.13 Average '2CO(2-1) emission for AFGL490-iki, as shown in Figure
5.12, over the velocity range -37 to -16 km s~! (solid-line, blue-shifted emission)
and -10 to +11 km s~! (dotted-line, red-shifted emission). Contours are at every
0.3 K. The resolution of the survey is indicated by the cross in the lower left-hand

corner while the grid coordinates are in equatorial coordinates (B1950).
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than the red-shifted emission (-10 to +11 km s~!). Both lobes of the outflow appear
to be elongated and have axial ratios of 1.8 (blue lobe) and 2.0 (red lobe). It is also
clear from the map that the peaks of the emission for both lobes are well separated
along the line-of-sight. which suggests the two lobes are inclined to the line-of-sight
and that the angle of inclination to the line-of-sight. 6. is large. Furthermore. there
is a small red-shifted emission feature near the southern tip of the blue-shifted lobe
that has spilled over into the red-shifted velocity range which could occur if the
inclination angle is high and the outflow broad. The amount of CO contained in
each lobe. assuming optically thin gas. may be obtained from summing the total
column density contained within each lobe. For '2CO(2-1) the total column density

is given by (Snell et al. 1984):

18 59
Te

Neotar = 1.04 x 10137, e Tex / Tr(2 - 1)dv. [em™? (5.15)

where Tg(2 — 1) is the detected radiation temperature, after correction for atmo-
spheric attenuation and beam coupling, T.; is the excitation temperature of the
(2-1) transition. and dv is the increment of the velocity of the gas emission. i.e..
0.25 km s~!. When the lobes are not aligned exactly with the line-of-sight to the
observer. as is the case here. then dv is foreshortened by cos # and hence. Eq. 3.15
must be divided by cos 6. Assuming T., ~ 15 K. which is typical for these sources
(Wu et al. 1996). an inclination angle of 43° and a distance of 975 pc (Chapter 4).
then the mass contained in the wings of AFGL490-iki is 0.85 M (red lobe) and 2.50
M. (blue lobe). suggesting a total ejection of ~ 3.4 Mg. These values are a lower
bound as they assume the gas is optically thin. Optically thick emission must be
scaled by 7/(1 — e™7) while assuming T,; = 20 and 25 K scales all solutions by 1.02
and 1.07. respectively. Finally, the kinematic timescale of the outflow. assuming a
smooth continuous flow of ~ 15 km s™!. is ~ 2 x 10* yr. for both lobes. while the
total kinetic energy of the outflow is ~ 2.7 x 10% erg.

The driving source behind AFGL190-iki, IRAS 0323445843, has /RAS colors
suggestive of a pre-main sequence star (Walker et al. 1989, see §5.3). The luminosity
of this source, based upon its IRAS fluxes (Carpenter et al. 1995, see Table 5.2),
is ~ 1100 Ly. If it is further assumed that the central star powering the outflow is
close to the main sequence, then its mass may be found assuming Lg = M3® (Casoli
et al. 1986). i.e.. the central star powering AFGL490-iki has a mass ~ 7 M3 (a B3
- B4 star).
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In comparison to other outflows in the Galaxy (Fukui et al. 1993. Wu et al.
1996). it would appear that AFGL490-iki is tvpical for high-mass stars. [t is more
energetic than average (Fukui et al. 1993). but considerably less energetic than
AFGL490 (Mitchell et al. 1992). Other outflows which agree very well with the
above derived parameters for AFGL190-iki. e.g.. mass in lobes. luminosity of source
and outflow velocity. include NGC 2024/0ri B. LkHa193. IRAS 01133+6434. [RAS
00259+6510. NGC7129 FIR and NGC 23032453937 (Wu et al. 1996).

It is interesting to note that if it is assumed that the large-scale Cam OBl CO
emission features at —9 and —11 km s™! (see Chapter 7) are of depths comparable to
their widths (say. one degree across or ~ 17 pc). and they are at the same distance.
which is supported by both components being warmed. then the time scale possible
for an interaction between the two would be of the order of a crossing time. i.e..
~ 8 x 10°% yr. The time scale for AFGL490-iki as an outflow. or as a pre-main
sequence star (Palla & Stahler 1993) is considerably less than this. Hence. it cannot
be ruled out from a consideration of time scales. that an interaction between the two
CO complexes at —9 and —11 km s~! (see Chapter T) was responsible for triggering
the formation of both AFGL190-iki and AFGL4190. It will require more extensive
observations of the region to determine whether the southern emission feature at
—15 km s™! could also possibly be intruding. and playing a role in the ongoing star

formation.

5.5.4 Conclusion Regarding Outflows

A recent high-resolution survey carried out with the JCMT has detected a new
outflow. AFGL490-iki. in the Cam OBI region. The main results of this survey can
be summarized as follows:

1. AFGL190-iki is a molecular outflow which has been active for ~ 2 x 10* yr.
and has ejected ~ 3.4 M. injecting ~ 2.7 x 10* erg into the surrounding

ISM. Additional observations of different molecular isotopes and transitions,

e.g.. 13CO and '2CO(3-2), are required to refine the solution further.

(V)

. Molecular emission seen in the vicinity of AFGL490-iki shows multiple compo-
nents at similar velocities to AFGL490-iki (at ~ —9, —11 and —15 km s™!).
AFGL490-iki and also AFGL490 may have been produced as a result of the in-
teraction between these various molecular components. A more extensive map-

ping of the region is required to delineate the interface between these various
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components.
The *on-the-fly’ mode of operation at JCMT is a very efficient method for map-

ping large areas containing bright emission features.

5.6 Conclusions Regarding ePIo in Cam OB1

In this chapter an investigation of candidate extreme Population I objects as

selected on the basis of their I[RAS colors. was carried out. From this study it can

be concluded that:

L.

[SV]

Ut

There does appear to be an enhancement of infrared objects associated with the
Cam OBI1 emission.

The infrared objects selected as being associated with the Cam OBI emission
(66 objects) do appear to lie in different parts of the I/RAS color-color planes
from those in a nearby control region.

19 of the selected infrared sources can be characterized on the basis of their IRAS
colors: 16 of them are promising candidates to be ePlo while 3 are probably stars.
A search for methanol masers. associated with infrared sources in the survey
field (Di96). led to the discovery of a new maser in the Perseus arm. associated
with [RAS 02455+4-6034.

A search for molecular outflows in the Cam OBI region led to the discovery of
a new outflow. AFGL490-iki. associated with [RAS 03234+5843.
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Chapter 6

On the Association of Cam OB1 Stars
with Cam OB1 Molecular Gas

An investigation of the relationship between optically-identified
stars in Cam OB1 and the Cam OB1 CO emission is presented.
It is shown that HD 19820 is the principal source of Lyman-
continuum photons for $202, the main Hu region in Cam R1. It
is also shown that a number of stars are physically related to
Cam R1 CO emission via the warming of its associated dust.

6.1 Introduction

In Chapters 4 and 5. Cam OBI stars identified by their optical emission and
infrared emission. respectively. were assigned a distance of 975 & 90 pc on the basis
of main sequence fitting to the optically-identified stars. There was some discussion
in Chapter 3 as to which stars could be associated with the Cam OBI1 molecular
gas on the basis of the ionization of this gas (see Table 5.3), or by the warming
of the dust associated with the molecular and/or atomic gas by neighboring Cam
OBI stars (see Table 5.3). However. the data currently available on the interaction
between Cam OBI stars and associated gas are very limited. In order to understand
the star forming history of the region. it is important to extend this analysis to the
remaining stars in the region and establish. where possible. the association between
the Cam OBI optically-identified stars and the CO emission. There are two main
ways to do this: a) on the basis of morphoivgy, and b) from evidence of physical
interaction between the stars and gas. In (a), the young, optically-identified stars
should be nearly coincident with the CO emission in which they originated, although
they may be heavily reddened and dimmed by the dust associated with foreground
CO emission. In (b), evidence for physical interaction would include Hu regions
surrounding the stars with similar velocities and complementary morphology to the
CO emission, or evidence of the dust having been warmed by the radiation from the

stars. Furthermore, from an analysis of the physical interaction between the stars
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and gas. it may be possible to place some constraints on the likelihood that the stars
did indeed come from the neighboring gas on the basis of time-scales and energetics
of the interactions.

The layout of this chapter will be as follows: In §6.2 morphological arguments.
both spatial and kinematic. supporting the association of the molecular gas with
the optically-identified stars will be presented. In §6.3 evidence for any physical
interaction between the stars and molecular gas. on the basis of HiI regions (§6.3.1).
or warm dust (§6.3.2) will be discussed. §6.4 will provide a summary of the proba-
bility of the association of optically-identified stars with the molecular gas. and the

likelihood that these stars originated in this gas.

6.2 Morphological Arguments

While it is not possible to associate the Cam OB1 CO emission unambiguously
with optically-identified Cam OBI stars solely on their spatial coincidence or simi-
larity in radial velocities. a great deal can be learnt from such a comparison. Stars
that are relatively young should be close to the CO cloud in which they formed.
e.g.. assuming a canonical value of 10 km s™! for the velocity of separation of the
newly formed star from its parent CO cloud (Leisawitz et al. 19389) then after 10°
vr the star will lie at a distance of ~ 10 pc from its birth site. For the Cam OBI
emission. at a distance of 975 pc. this translates into an angular separation of ~ 0°3
if all the motion is tangential to the observer.

Figure 6.1 shows a CO map of | vs. b. taken at different velocities. from the
velocity range defining the Cam OBI emission (—3.5 > v, /km s~ > —22). which
have been overlaid with the Plo selected in Chapter 4. For simplicity. stars in
Figure 6.1 can be loosely assigned to three possible regions: a) most stars can be
associated with the dominant star-forming region centered on | = 140°. b = +3°.
which comprises Cam R1 N and Cam R1 S (see Figures 1.7 and 4.8), b) a second
group of stars make up the compact cluster NGC 1502 at | = 143%5. b = +7°5.
while. c) the remainder of the stars. which are primarily found at longitudes below
[ = 138°, are scattered throughout the field.

Of the group (c) field stars mentioned above. 9 lie at longitudes below { = 138°
and are randomly distributed throughout the field. with no strong coincidences with
the Cam OB1 CO emission in this region. Several of the stars (HD 15000. LS [+59
136. BD+58 488, HD 17114 - see Table 4.4), may show some clustering around
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Figure 6.1 cont. Overlay of Cam OBI stars on Cam OB1 CO emission at indicated
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CO emission near [ = 135°.b = —1°, but CO emission is also seen at very positive
velocities, i.e.. in the Local gas velocity range. as well as being present in the Cam
OB velocity range. It is not possible on the basis of morphology alone to decide
whether these stars are associated with the Local or Cam OB! emission. Given the
extinction is at least ~ 1™ for most of these stars (see Table 4.1). they probably lie
behind the Local emission but not behind the Cam OBI emission. Unfortunately.
very little additional radial velocity or proper motion information is available on

these stars to help with this problem.

Other stars in the region (HD 136386 and HD 237015) do not appear to be
strongly associated with either Local or Cam OBI1 emission. Radial velocity mea-
surements for these stars are not of much help. HD 237015 has a radial velocity.
—13.0 km s™!. consistent with that of the Cam OBl emission. but it is sufficiently
old. 98 x 10° yr (Table 4.4). that it could have travelled a considerable distance from
its origin. HD 17114. the star with the most positive radial velocity. +51 kms™'. in
the field would have to be classified as a runaway star if it originated in Cam OBI
CO emission. Even given its relative youthfulness, 8 x 10% yr (Table 1.4). this star
could have travelled a considerable distance from its origin. The remainder of the

stars in this region have very little information to assist in their placement.

Hence. morphological. kinematic or time-scale arguments fail to provide any
compelling evidence for the close association of Cam OBI1 stars with the Cam OB1

CO emission below [ = 133°.

There are three other ‘field” stars which warrant some discussion. Firstly. HD
20041 is an early type supergiant ({ = 141257, b = —0%41) which has been previously
identified as being associated with reflection nebulae in Cam OB1 (see Table 5.5).
The strongest spatial correlation of HD 20041 with the CO emission occurs over the
velocity range of —13.3 to —17.2 km s~!. A velocity of —11.9 km s~! for HD 20041

1

(a search of SIMBAD reveals a variation of only a few km s™! in the radial velocity

for this star) suggests that it is moving away from us, relative to the CO emission.

at ~ 3 km s~L.

The relatively yvoung age of this star, ~ 15 x 108 yr (Table 4.4).
also suggests that it should be close to its origin. It is intriguing that HD 20041 lies
just below Cam R1 S. which has a number of stars of similar age, and it would have
been possible for HD 20041 to have traversed the 30 to 40 pc separation in the plane
of the sky, if it had a very small relative transverse velocity of ~ 2 km s™! from

Cam R1 S. Secondly, there are two early type stars which lie to the north of the
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Cam R1 N and Cam R1 S complex. HD 21806 (I = 139°76.b = +6°48), and BD+61
623 (I = 141250.b = +3°22). which may be associated with the CO emission. HD
21806 has a radial velocity of —22 km s~! which would suggest it is moving toward
us relative to the Cam OBl CO emission. i.e.. CO emission at ~ —12 km s~!. An
extinction of 1™8 for this star suggests that it may be on the far side of this emission
and given its relative motion. also be moving towards it. With an age of ~ 8 x 10°
vr it is also possible that HD 21806 originated in Cam RI1. If this is the case. it
would suggest that the CO emission lying in the northern half of the field is closer
to us than the CO emission in the vicinity of Cam R1. BD+61 623 lies at a slightly
lower latitude. closer to the Cam R1 region and it is sufficiently old (~ 3 x 10° yr).
that it could have come from Cam R1. There are no radial velocity measurements
available to determine its motion relative to the CO emission. but its extinction of

212 suggests it is behind the Cam OBI1 emission. as was the case for HD 21306.

Next. considering the group (b) stars. i.e.. the open cluster NGC 1502. it is
clear from Figure 6.1 that there are no striking positional coincidences of Cam OB1
CO emission with this cluster. The only CO emission of any consequence in the
vicinity of NGC 1302 can be seen over the velocity range of —12.0 to —14.6 km
s™'. and lies at slightly lower longitude. The radial velocity measurements for stars
assigned to NGC 1502 in the literature vary tremendously. e.g.. HD 25090 has a
radial velocity of —3.0 km s~!. while UBV M 30864 has a radial velocity of —31.0
km s™!. and BD+61 678. a known binary. has a radial velocity of —23.0 km s™!
(Table 4.4). The position of HD 23090 ({ = 143°19.6 = +7°34) is well away from
NGC 1502 (~ | = 143268.b = +7°65). which suggests that it differs significantly in
space motion from NGC 1502. In Figure 6.1. the only distinguishing characteristic
of CO emission in the vicinity of NGC 1502 is that it has a slight curvature best seen
at —13.3 km s~!. Blaauw (1964) argued that NGC 1502 is the origin of the runaway
star a« Cam. If this is the case. then there was probably a supernova explosion in
NGC 1502. which ejected a Cam from the cluster. Unfortunately. the morphology
of the CO emission is really too nondescript to make any claims about the possible

effect of the supernova on the neighboring CO emission.

Finally, the Cam R1 stars, group (a) above, show a strong spatial correlation
with the Cam OB1 CO emission. At a velocity of —5.5 km s~!, the stars are
bounded by the CO emission to the north, which is just becoming visible. At

more negative velocities. the spatial coincidence between the stars and CO emission
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becomes more marked. For Cam R1 N. this coincidence is strongest at —8.1 km s~!

and [ = 140°.b = +3°. as well as { = 139°5.6 = +4°. (This CO feature is referred
to as Complex B in Chapter 7). The stars of Cam R1 S. which are mostly evolved.
lie below this emission. and are almost perfectly spatially anti-correlated with it.
The most northern members of Cam R1 S group (located near [ = 141°. b = +2°75)
overlap with some Cam R1 N CO emission. but for the most part. are well confined

by the CO emission coincident with the Cam RI1 N stars.

[t is interesting to note that an analysis of the radial velocities of B-type stars.
which are presumably yvoung and close to their origin. contained within the bound-
aries of Cam R1 N and Cam R1 S (Table 4.4 and Figure 4.7). shows that the Cam
R1 N B-type stars (7 stars in total) have a mean radial velocity —5.1 £ 0.5 km s~!.
while the Cam R1 S B-type stars (3 stars in total) have a mean radial velocity of
—11.2 £ 0.9 km s~!. This suggests a real difference in the motion of the B-type
stars for the two regions. which could indicate that they originated in different CO
clouds.

At —9.4 km s™!, there is a dramatic increase in the amount of CO emission
associated with the Cam RI1 S stars. This increased CO emission is composed of
four main features:

At 1 = 139°.b = +2%5. there is an elongated emission feature which breaks up
into several smaller features at more negative velocities but it is best defined at
vsp = —9.4 km s7! (part of Complex B defined in Chapter 7). The stars in Cam
OB1 skirt this feature but there are none visible in front of it (the one exception.
BD+61 506. has a a radial velocity of 0.0 km s~! [Table 1.4], which suggests a large
motion relative to the main CO emission associated with Cam R1 N and Cam R1
S). This argues strongly that this particular feature actually consists of foreground

emission relative to the Cam OBI stars. both Cam R1 S and Cam R1 N.

At [ = 140°.6 = +2°, a second prominent CO feature which resembles a large
triangular shape. is first identifiable (again. part of Complex B). The morphological
connection between this feature and the Cam R1 S stars is particularly fascinating.
At —9.1 km s™! the stars in Cam R1 S skirt south of this feature, with this spatial
anti-correlation relaxing at more negative velocities where the stars of Cam R1 S
become spatially well mixed with the CO emission. The Cam R1 S stars forming
the skirt are. for the most part, giants (Class III) stars and, if this classification

holds true, represent more evolved stars in Cam R1. Hence. it would appear that
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the more positive velocity component of this CO emission feature is in front of. and
obscuring. most of the older stars in Cam R1 S.

The largest CO emission feature contained within the survey boundaries be-
comes visible first at —8.1 km s~!. but is best seen at —10.7 km s~! (part of Com-
plex D defined in Chapter 7). The northern half of this complex resembles a large
arc-like structure centered on ~ { = 142°. b = +3°. A large part of this complex has
the same orientation as the other CO features which are coincident with Cam R1
S. indeed blending in with the previously mentioned CO emission. Components of
this emission persist out to a velocity of —18.3 km s~!.

The last CO feature to be considered is aligned at constant longitude along
[ = 14225 centered on ~ [ = 142°.b = +1°. and is best defined over the velocity
range —12 to —14 km s™! (part of Complex G in Chapter 7). This feature persists out
to a velocity of —19.8 km s~!. There are three evolved stars coincident with it, HD
21291 (I = 141250,b = +2223. Table 4.4), BD+38 611 (I = 142°12.b = +2252. Table
4.4). and HD 21389 ({ = 142°19.6 = +2°06) - recall that HD 20041. a supergiant
seen at the extreme southern end of the complex was not considered part of Cam R1.
There are no obvious correlations between the CO emission and these stars. They
do appear to be spatially coincident with CO emission over the velocity range —12
to —14.6 km s~! but there are no remarkable spatial coincidences to speak of. The
extinction for the supergiants is also comparable. ~ 1™5. while it is considerably
higher for the bright giant. ~ 3™1. This would suggest that the supergiants are
in front of the CO emission. while the bright giant probably lies behind it or is
embedded in it. Furthermore. the available radial velocity measurements for the
supergiants (none are known for the bright giant). with a mean value of ~ —6.5 km
s~!. would also suggest that the supergiants are moving towards the Cam OB1 CO

emission.

6.3 Physical Interaction between the Cam OB1 CO Emission and
Population I Objects

6.3.1 Hu Regions

While the morphological arguments supporting the association of the selected
Cam OBI stars (Chapter 4) with the Cam OB1 CO emission (Chapter 2) are very
interesting. a compelling case for their association may be made from evidence of

their physical interaction. These arguments are based on the premise that the
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presence of hot stars should quickly dissociate and ionize any nearby molecular gas
to form Hu regions (Spitzer 1978. Roger & Dewdney 1992). as well as warm any
dust associated with the atomic and/or molecular gas (Leisawitz & Hauser 1988.
Scoville & Good 1989). In Chapter 5 candidate Hi regions. identified on the basis
of their optical. infrared and radio continuum surveys. were presented. [t remains
now to demonstrate that these were formed as a result of the interaction with Cam
OB stars.

In Tables 3.3. 5.4 and 5.5. and in Figure 5.7. details and positions of ePlo
believed to lie in the Cam OBI1 region are provided. What will be emphasized
in the discussion provided here is S202. This very large. faint Hir region. which
dominates Cam RI. is clearly visible on the POSS plates as a large circular emission
feature with a diameter of 170’ centered on | = 140°59.6 = +1°92 (see Figure 5.7
for the outline of this feature). However. the nebula is not uniform in brightness.
but shows a brightening towards the northern (S202 N) and southern (S202 S)
edges.! From Table 1.4 it is possible to determine which optically identified stars
could potentially fall inside the boundaries of S202. as seen in projection. Table
6.1 provides a summary of the relevant information for those candidate stars which
have an appreciable Lyman-continuum flux.

A 1420 MHz radio continuum map for this region (Kallas & Reich 1980). pre-
sented in Figure 6.2. shows a weak continuum feature coincident with the position
of 5202, whose brightest emission is from regions to the south of the Cam OB1 CO
emission near ! = 140°5.6 = +1°0 (S202 S) and coincident with the Cam OB1 CO
emission near | = 139°5.6 = +2°5 (5202 N).

S202 N covers an area of ~ 1.2 x 107 arcsec? and. has a total flux density of
~ 25 Jy. The ion density producing this flux density may be found from (Genzel
1992).

S, =24 x107° T;7%% vght 6% EM [Jy], (6.1)

arcsec -

where T} is the excitation temperature of the nebula in 10* K (assumed to be 0.8,
Osterbrock 1989). v is the observed frequency in GHz (1.42), and 62 is the solid

angle of the source in the sky in square arcsec. EM is the emission measure for the

! On the POSS plates S202 S is not as clear as the $S202 N. This could be in part
due to: a) vignetting. as S202 S is located near the bottom of the plate. and b) the
lack of contrast with the background Perseus H, emission which is enhanced in this

region.



174

Table 6.1: Candidate Cam OB1 Stars with Significant Lyman Flux
Associated with S202

Name { b Sp. Type ¢} log N! Lg,
[deg]  [deg] [km s~ [10° L]

HD 19968 139.46 +2.97 B5III -7.0(N) 4279 1.3
BSD 9-1161 139.58 +2.57 B2 +4.89 5.7
BD+60 643 139.39 +2.69 B3V 4236 0.3
HD 19441  139.73 +1.26 B3III ~30.0(5) 4130 5.0
HD 237090 140.05 +1.91 B0.53IV  -6.0(S) 46.65 60.0
HD 237091 140.06 +1.92 B1V +7.6(S) 45.52  16.0
HD 19820 140.12 +1.54 O9IV -+.2(S) 48.50 100.0
HD 20134 140.16 +2.16 B2.5IV-V -12.5(N) 44.70 8.0
BD+39 624 140.21 +2.07 B3V 4236 0.3
BD+58 574 140.32 +0.94 Bl -9.0(S) 45.32 140
HD 20295 140.58 +1.91 B5III -32.0(S) 42.79 L8
HD 20508 140.60 +2.39 BL3IV ~ -28.0(N) 45.60 10.0
HD 20893 140.80 +3.06 B2III -2.0(N) 43.25 17.0
LSI +58 119 140.86 +1.48 B5 4236 0.3
HD 23713+ 14091 +2.86 B3V 4236 0.3
HD 203547 141.09 +1.68 B3III -15.0(S) 4430 5.0
HD 237121  141.21 +1.39 BO0.5V -12.0(S) 46.50  30.0
HD 20959 141.44 +2.23 B3III -10.0(S) 4430 5.0

a) Membership of the stars in Cam R1 N or Cam RI1 S (see Figures 4.7 and 4.8) are

indicated by (N) and (S) respectively.

-1

b) Ni is the total number of ionizing photons s~ as determined by Panagia (1973).

c) Lgo is the stellar bolometric luminosity. as listed by Lang (1992).

nebula defined as

EM = /n;" dl  [em™® pc]. (6.2)

where n, is the electron density per cm>. and the integration is performed over the
length of the nebula. in pc. along the line-of—sight [f the nebula is assumed to be
as deep as it is wide. then this depth is ~ 22 pc. for an assumed distance of 975
pc to Cam OBI. Hence. it follows from Eq. 6.1 and 6.2 that. for S202 N. the EM

-6 =3, The calculated value

is ~ 830 cm™ pc. and the electron density. n. ~ 6.1 cm
for the EM of S202 N, and its appearance on the POSS plates. are in agreement
with other well known Hi1 regions, e.g.. S187. IC5146. NGC281 and S142 (Roger &
Dewdney 1992).

The number of Lyman-continuum photons which could be absorbed through
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recombinations per second per unit volume (¢cm™3) in an Hiu region is 3.4 x
10713 T7%7® n2 (Osterbrock 1989). Hence. S202 N. with a volume of ~ 1.7 x 10%° cm®

and n, = 6.1 cm™3.

would absorb ~ 2.5 x 10*® Lyman-continuum photons s™!. Sev-
eral stars in Table 6.1 have considerable Lyman-continuum fluxes with HD 237090
being the closest to S202 N. However. the available ionizing flux from this star is
several orders of magnitude less than what is required. HD 19820. the strongest
source of ionizing photons could provide this flux if ~ 80% of it went into ioniz-
ing S202 N. However. HD 19320 has a projected stand-off distance of ~ 122 or 21
pc at 975 pc which would limit the available flux which could energize S202 N to
~ 10% of its total. Other stars in the Cam OBI region. in particular HD 237090.
probably could not alleviate this difficulty to the extent required. Nor are there any
additional stars detected in Perseus (Appendix B) which could be contributing to
the radio continuum emission. There are three sources of uncertainty in this calcu-
lation. Firstly, an error in the selection of the boundary of 5202 N will affect both
the estimate of the total flux in the nebula and the volume of the nebula. Secondly.
the ionizing flux for HD 19320 may be underestimated. this is still open to debate
and is an active area of research. Finally. the star’s wind may have depleted the gas
in its vicinity to some extent (Dorland et al. 19386).

Nevertheless. given the limitations of the mapping of S202 N and the absence
of any other significant sources of ionizing photons. HD 19820 must be the principal
source of ionizing photons in 5202 N.

If the above analysis is applied to S202 S. it can be shown that the total flux
density for the nebula is ~ 212 Jy, extended over an area of ~ 2.3 x 107 arcsec?.
which leads to an EM ~ 2900 cm™® pc. If it is assumed that $S202 S is as deep as
it is wide (~ 26 pc). then it follows its electron density is ~ 11 cm™3. Finally. the
number of Lyman-continuum photons required to energize $202 S is ~ 2.8 x 1048
sec™!, which is comparable to that of S 202 N. Furthermore. as is the case of S 202 N.
S 202 S does not appear to have any other significant sources of Lyman-continuum
photons than HD 19320. Hence. with the same caveats which were applied to the
analysis of S 202 N it follows that HD 19820 must be the principal source of ionizing

—~

photons in 5202 S.
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6.3.2 Dust Warmed by the Cam OB1 Stars

As mentioned earlier. the warming effect of the Cam OBI stars on the dust
associated with the molecular gas is further evidence of their close proximity. Figure
6.3 presents a dust temperature map for the region. obtained by a comparison of
the I[RAS 60um and 100um emission. These maps are made from co-added HCON
data from the /RAS survey (Laughlin 1991). which have more sensitivity than the
original survey, but have the same resolution. i.e.. typically the minimum detectable
flux density decreased from 1 - 1.5 Jy to 0.8 Jy while the resolution remained at ~ 4’
at 60pm and ~ 6’ at 100um. The dust temperature, obtained from a comparison of
these two flux densities. may be found from (Evans 1980)

T, = £y~ %) (6.3)
7 34 3) n() + In(2) i

where k. c and k are Planck’s constant. the speed of light and Boltzmann's constant.
respectively, Ay = 60pum and A, = 100um. J is a measure of the emissivity of
the dust which is assumed to be 2. i.e., Q(A) x A~2 with the flux density of the
dust given by S\ = @Q(A) x B(A.T). where B(\.T) is the Planck function. In order
to calculate the dust temperature as a function of position. as shown in Figure 6.3.
two corrections need to be made to the data. Firstly. the 60um emission must
be convolved to match the resolution of the 100um map and. secondly. both the
60um and 100pgm maps must be flat-fielded to remove the extraneous background
emission. For the 60um emission a constant background component of 7 MJy/sr.
estimated by averaging several positions away from the region of interaction. was
assumed. Similarly. for the 100um emission a constant background of 45 MJy/sr
was assumed. The effect of this removal can be seen in Figure 6.3 as *white’ pixels
which appear at the edge of the emission. where the image has been cropped by the
background subtraction. It should be noted that the very warm sources (very dark
pixels) along the edges should not be given any weight as their implied temperatures
are probably due to edge effects in one or both bands. i.e.. when taking the ratio of
two fluxes in a pixel near the edge, where the fluxes may be particularly sensitive
to an improperly fit baseline. the calculated temperature may be erroneous.

In Figure 6.3, there are a number of sites where the stars of Cam OBI appear
to be warming the dust associated with the Cam OB1 CO gas. These sites are
restricted to the region { = 138° to { = 144° and b = —1° to b = +4°, i.e.. the
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Cam RI1 region (see Figures 4.7 and 4.8), and slightly further south. In Figure 6.4.
detailed maps of eight of these regions of interaction are presented. These particular
regions have been selected as being typical. as well as providing a sampling across
the entire spatial extent of the Cam RI region. Accompanying each map is a plot
of the dust temperature profile which has been obtained by azimuthally averaging
around the central stellar position in bins ~ one pixel wide (~ 1.06 pc at 973 pc).
In order to determine the “excess’ warming that a star has on nearby dust. over the

the relationship (Leung 1975. Castelaz et al. 1937)

background radiation. T £9 ) erc-
Q6O _ - 4 7'3
Qloo =16r70 T.(f_o%)'exc (LBOI). (64)

is used. The left hand side of Eq. 6.4 represents the ratio of emissivities of the dust
at 60p¢m and 100um, and has been set equal to 2100, i.e.. similar to the dust seen in
the vicinity of the Pleiades (Castelaz et al. 1987). o is Stefan-Boltzman's constant
and Lp, 1s the bolometric luminosity of the star. as listed in Lang (1992). There
are two parameters left to be fit to the data: T| £9) e TEpresents the excess dust
temperature due to the influence of the star, and the standoff distance. r,. of the
star from the dust in order for it to provide this additional flux. The expected dust

and the background dust temperature.

temperature. T is related to T s

To-).e.rp 100 )-ex¢

T(%)‘back. through the conservation of flux. i.e..

80
1

Tlso T + Too ) pockr (6.3)

= 60
106 )€ TP { {05 )-exc 100

In solving Eq. 6.5 the minimum standoff distance, r,q is set to be the distance at
which the dust is warmest. i.e.. the closest point between star and dust. All other
standoff distances. ry. are calculated assuming the dust lies entirely in a plane. in
which case,

rl=ri +rk (6.6)

The Faceon Offset. rg. is the displacement, seen in the plane of the sky. of the

azimuthally averaged annuli from the center (warmest point) of dust emission.
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A summary of the results of this analysis is provided in Table 6.2. while a brief

discussion for each star(s) is provided below:

Table 6.2 Parameters for Cam OB1 Stars Warming Dust
Associated with Cam OB1 CO Emission

Name

[ b

Sp. Type Lpa T(%%).e:p I's.0 T(‘—g?).back T(%’a).em

[deg] [deg] [10° L:] [K] [pc] (K] (K]
HD 213389 142.1942.06 AOlab 35.0 35.8 3.1 27.3 32.4
HD 20041 141.57-0.41 AOla 35.0 36.0 3.0 27.2 32.7
HD 237121 141.21+1.39 B0.5V 30.0 35.9 3.1 308 29.6
BSD 9-796° 141.04+2.71 B6 0.50 10.3 1.1 31.7 35.7
BSD 9-786° 140.97+2.69 BS 0.18 10.3 1.1 31.7 35.7
HD 20898 140.80 +3.06 B2III 17.0 12.8 1.5 31.8 39.2
HD 20798°  140.11+3.87 B2III-IV 17.0 37.3 2.2 304 32.2
HD 20761° 140.12+3.78 B9V 0.10 37.3 2.2 30.4 32.2
HD 237090 140.05+1.91 B0.3IV  60.0 325 8.2 305 22.6
BSD 9-1161° 139.58+2.57 B2 5.70 34.1 2.1 31.0 25.6
BD+60 643° 139.59+2.69 B3V 0.80 34.1 2.1 31.0 25.6

a) The luminosities of BSD 9-796 and BSD 9-786 were added together in the cal-
culation of the standoff distance and excess flux at a point coincident with the more
luminous of the two stars. BSD 9-796.

b) Similarly HD 20798 and HD 20761 are considered together.

c) Similarly BSD 9-1161 and BD+60 648 are considered together.

HD 21389 : This bright supergiant star lies at the east end of the Cam R1 region.
and is warming the Cam OBI dust. It is interesting that the radial profile for
the 100um emission shows a depletion of emission within the first ~ 2 pc. This
depletion is highly symmetric in appearance, as determined from an inspection of a
100pum emission map and is suggestive of a shell or bubble. Note: The bump in the
radial distribution plots at ~ 3 pc is due to the presence of the energetic outflows
AFGL490 and AFGL490-iki (Chapter 3).

HD 20041 : This bright supergiant lies at the south-east end of Cam R1 and appears
to be slightly offset from the Cam OB1 CO emission. However, the excellent fit to
the temperature profile suggests that the simple model for warming the dust is
essentially correct.

HD 237121 : This hot star is also almost certainly warming the dust associated with

the Cam OB1 CO emission. Like HD 21389, there is a depletion of 100um emission
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Figure 6.4 Selected Cam OBI stars spatially coincident with warm dust associated
with the Cam OBl CO emission. The /RAS 60pum. 100um emission and observed
dust temperature. T(f—ooa)‘ are as indicated by open circles. open squares and asterisks.
respectively. The expected dust temperature (Eq. 6.3), is indicated by the heavy
solid line. The “Faceon Offset” (or rg) refers to the projected offset in the sky of the
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975 pc for the system. The dashed circle in each image is the position of the 10 pc
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with the cooler background dust (T(%)'back < 25 K) set to white.
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closer to the star, but in the case of HD 237121 this depletion appears to extend out
to ~ 4 pc. Given that HD 237121 (B0.5 V) is a much hotter star than HD 21339
(AOIab). it may simply be that the dust grains in the vicinity of HD 237121 are
being warmed out to a greater distance than in the vicinity of HD 21389.

BSD 9 — 796.BSD 9 — 786 : These two stars are superimposed upon the most ex-

tensive and warmest dust emission seen in the region. The dust could not have been
warmed to the extent shown in Figure 6.4 by these stars alone. nor by all the addi-
tional Cam OBI1 stars possibly associated with it (BSD 9-800. HD 237134 and BSD
9-780. Table 4.4). It is remarkable how symmetric the temperature profile is about
the position of BSD 9-796 which argues against the presence of any additional heat
source. either external and internal (embedded stars or proto-stars) being present.
The solution to this dilemma may lie in the fact that the emission. both 60um and
100um. is very weak and may be sensitive to the correction for background emission.
The symmetry of the dust temperature profile argues in favor of BSD 9-796 being
the source of heat for warming the dust in this region. but a more careful analysis

of the dust emission is required to confirm this.

HD 20898 : This hot giant lies to the north of the BSD 9-796. BSD 9-736 complex
and appears to be warming the dust in Cam OBI in a very predictable manner.
As in the case of HD 21389 there is a decrease in the 100um emission closer to HD
20898 but the drop off is shallower. and there is no apparent bright 100um emission
ridge encompassing it.

HD 20798, HD 20761 : Emission is peaked about the position of HD 20798 (HD

20761, a much cooler B9V star. almost certainly provides no additional warming).

but the dust-temperature profile is very complicated. Within a few pc of HD 20793
the dust emission does diminish. but at a much slower rate than expected. At an
offset position of ~ 1 pc the dust temperature profile is severely affected by edge
effects. There appear to be no other known sources in the field contributing to the
warming of the dust and the coincidence of the warmest dust peak with HD 20798

does suggest it is responsible for warming the dust associated with Cam OBI.

HD 237090 : This very hot, luminous star appears to be adding a small amount of
flux to the Cam OB1 dust. The fit to the dust temperature profile map is very
good. suggesting the simple model of dust emission is essentially correct and that
HD 237090 lies at a distance of 8.1 pc from the Cam OBI1 dust. As was pointed out
in §6.3.1. this star is probably not making a significant contribution to the ionizing
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flux of S202 N, which lies slightly to the north-west at a distance of ~ 17 pc. It
is still curious that. given the ionizing flux of this star, no more radio continuum
emission is observed in its immediate vicinity. The absence of such emission may
be in part due to its close proximity to the CO emission where the attendant dust
may serve to quench the flux of Lyman-continuum photons (Mathis 1986).

BSD 9 — 1161.BD + 60 643 : The emission for this region peaks at the position of
BSD 9-1161. the hotter of the two stars. However. the radial profile of the dust

emission does not diminish as rapidly as predicted by the simple model.

6.4 Conclusions

In this chapter it was shown that the optically identified Cam OBI stars making
up Cam RI N and Cam R1 S are indeed associated with the Cam OBI molecular
gas seen along this line-of-sight. Evidence supporting this claim follows from:

1. Morphological arguments. There are two main stellar groups best seen in rela-
tion to the molecular gas at a radial velocity of -9.4 km s~!. One group. which
appears to be fairly voung (1 — 3 x 10° yr) is well correlated with a CO fea-
ture seen near { = 140°.b = +3°. A second. older (3 — 50 x 10° yr) and more
extended group appears to lie slightly to the south of the first group (centered
on [ = 140°.b = +2°). The absence of older stars in the first group suggests
that the second group actually lies behind the CO emission containing the first
group.

Physical arguments. The presence of Hii regions coincident with the CO emission

I~

suggests they have been produced by hot Cam OBI stars. primarily HD 19820.
Furthermore. dust associated with the molecular gas in the Cam R1 region is
clearly being warmed by the nearby Cam OBI stars.

3. To the north or west of Cam R1 it is not possible to get any evidence of physical
interaction between the stars and gas from radio or infrared emission. as these
regions are either too confused with background emission or the data are not

available.
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Chapter 7

Star Formation in Cam OB1

Star formation in Cam OB1 is considered. It is shown that
there are three distinct spatial and temporal star forming re-
gions which appear to be restricted to the point of intersection
of two, or possibly three, CO complexes. It is also shown that the
structure of these CO complexes is similar to that of the newly
formed stars, and that the star formation is relatively inefficient.
It is proposed that star formation in the region has been trig-
gered, either directly or indirectly, by a collision between the CO

complexes.

7.1 Introduction

In the Introduction to this thesis, it was proposed that the star-forming process
in the Galaxy could be considered in terms of three elements: a) the structural rela-
tionship between the newly formed stars and the molecular clouds from which they
came. b) the temporal evolution of the molecular clouds leading to star formation.
and c) the probability of star formation occurring at a given site. This chapter will
consider the star formation in Cam OB1 and will attempt to assess the applicability
of this analysis. within the limitations of the available data. to this region.

In regard to (a) above. the structural element of the star forming process. it was
shown in Chapter 3 that the present CO survey (Digel et al. 1996, hereafter Di96)
contained considerably more information about the structure of molecular clouds in
the Cam OBI region than previous CO surveys of the region (Dame et al. 1987). It
was also shown that the distribution of CO emission followed a power-law similar to
that found in the HI emission in the region (Green 1993). Finally, from an analysis
of the structure of several of the CO complexes in this region using structure tree
statistics (Houlahan & Scalo 1990. 1992), it was shown that the CO emission in these
complexes appeared to have a hierarchical distribution suggestive of turbulence. In
this chapter a comparison will be made of the distribution of CO cloud masses with

the distribution of stellar masses in various regions of Cam OBI.
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In regard to the second element of the star forming process. (b) the temporal
evolution of the clouds. it was shown in Chapters 4. 3 and 6 that there are three
spatially distinct groups of stars. In this chapter it will be established that there is
a corresponding age difference for these groups. determined on the basis of HR dia-
grams constructed for two of the groups which are composed of optically-identified
stars. or on the basis of the infrared emission from the third group of sources which
suggests they are very voung pre-main sequence stars still associated with their
parental cocoons. Hence. the difference in the ages of these groups may be used to
map out the evolution of the cloud complexes.

Finally. in regard to (c) above. the probability of the onset of star formation. it
has been suggested by previous authors that the onset of star formation is triggered
by the interaction between molecular cloud cores. which leads to the dissipation
of their angular momentum and their subsequent collapse (Larson 1982. Evans et
al. 1991. Bodenheimer et al. 1993). It is not possible. with the resolution of the
CO data presently available (Di96). to consider the structure of the CO emission
at scale-lengths < 2.3 pc. However. circumstantial evidence. such as the low star
forming efficiency (SFE). the preservation of the cloud structure over the course of
star formation in the region. and the location of the star formation along the region
of contact between two CO complexes. can be explained if the rate of favorable
interactions. i.e.. molecular core interactions which lead to the collapse of at least
one core. is enhanced at the intersection of the colliding complexes.

The outline of this chapter will be as follows: §7.2 will identify and characterize
the CO clouds and CO complexes in the Cam OBI region. §7.3 will present an
analysis of the star formation in terms of the three elements describing the star
forming process. in each stellar group: §7.3.1 will consider Group I. §7.3.2 will
consider Group II. and §7.3.3 will consider Group III. §7.4 will discuss the star
forming mechanism(s) possibly active in the region. §7.5 will provide a summary of

the analysis of star formation in the Cam OBI region.
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7.2 The Molecular Clouds and Cloud Complexes of Cam OB1

[n Chapter 1 the idea that CO emission could be classified as being made up of
a set of simple geometrical "clouds” was introduced. The basis of this classification
scheme was the assumption that a CO feature. say a 60 peak which could be isolated
from an integrated profile of the emission (see Figure 2.11) at some arbitrary noise
level (3o). in fact represented a physical entity. If this was the case. then these
clouds could be characterized by a set of both measured and derived quantities. The
measured quantities include Av. the cloud’s velocity dispersion. i.e.. the FWHM
of a Gaussian fit to the velocity profile of the cloud. the radius of a cloud as fitted
to the half-maximum of its integrated CO intensity. Wco. and the centroid of the
cloud in ({.b.v). while the derived quantities include the cloud’s luminosity in the
CO line (Eq. 1.47). the cloud’s CO mass (Eq. 1.32) and the cloud’s virial mass
assuming it is spherical and uniform in density (Eq. 1.33). Details of the cloud
selection procedure and an estimate of the uncertainty in the derived quantities for
these clouds are given in Appendix A (in brief. these uncertainties are of the order
of 10 - 25%. with the largest uncertainty for the smallest clouds).

Seventy-nine CO "clouds’ or emission features were selected in the Cam OBI re-
gion which could be reasonably well modelled as spherical structures. with a Gaus-
sian velocity profile. Clouds were rejected if they were too small. if it was too
difficult to isolate one 6 o peak. or if they could not be fitted by a simple Gaussian
profile. Table 7.1 provides the results of this analysis and includes a cloud’s central
position (designation). whether or not it has been assigned to a complex (see below).
the cloud’s velocity dispersion. radius. CO luminosity. CO mass. virial mass. peak
temperature and mean particle density. The last 3 columns of Table 7.1 provide the
integration boundaries in (/. b. v) for each cloud. Note from the ultimate row in Ta-
ble 7.1. which are the sums of the indicated quantities. that the total CO luminosity
for the selected clouds is ~ 42 x 10°® K km s™! pc?. while the total luminosity for
the surveyed region is ~ 69 x 10° K km s™! pc? (i.e.. the total area of the survey.
in pc, times the average of 2.43 K km s~!). Hence, the sample of selected ‘clouds’
represents ~ 61% of the total CO emission in the region.

An additional classification scheme has been used to characterize the CO emis-
sion by placing the clouds into ‘complexes’, and in some cases, a collection of com-
plexes. Clouds were considered part of a complex if they had similar mean velocities.

and spatial positions. The strength of this claim was then checked by considering
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47
18
49
50
51
52
53
54
55
56
57
58
&9

G140.443.3-8.9
G140.541.5-13.9
(G140.543.9-11.2
G140.742.2 12.7
G140.743.3 10.0
G140.744.913.3
G140.745.9-12.9
Gl41.142.1 126
G141.243.9 108
G141.245.4-10.9
G141.246.3-11.1
G141.442.0 11.5
Gla1.644.4-9.1
G141.946.5-12.2
G142.040.6-15.6
G142.041.0-15.3
G142.042.6 10.4
Gl42,1-1.5-17.7
Gl42.141.8 12,3
G142.245.2-9.6
G142.4-1.1-15.2
G142.4-0.4-138
Gl42.444.0-11.2

3.13
3.98
4.47
2.87
417
2,40
2.94
4.31
5.46
1.85
217
2.07
3.95
3.91
4.37
3.64
2.84
1.95
4.33
1.40
2.62
3.32
3.78

3.50
5.97
3.91
3.75
3.24
3.67
5.62
2.56
3.74
2.55
2.72
1.71
3.57
2.38
4.95
5.12
3.58
2.90
3.07
4.08
4.44
1.71
1.87

0.28
1.26
0.72
0.48
0.29
0.56
1.73
0.32
0.28
0.25
0.34
0.08
0.45
0.31
1.80
1.82
1.40
0.12
2.78
0.32
0.41
0.15

0.07

8.10
22.4
1.0
7.49
13.7
4.99
1.8
1.5
27.0
2,12

2,29
3.61
2.87
3.56
2,35
4.34
4.00
2.60
1.69
3.92
3.96
2.05
2.38
2,92
5.06
5.67
5.18
2.00
9.67
317
2.27
2.25

0.95

130
120
240
180
170
250
200
380
110
300
340
330
200
460
300
270
610
100
690
94

U4

603

210

140.1875/140.5625
139.9375/141.1250
140.1875/140.8125
140.5000/ 140.9375
140.5625/140.9375
140.5000/ 141.0000
140.0625/ 1411250
140.9375/141.3750
141.0000/141.3750
141.0625/141.3750
140.9375/141.4375
141.3125/141.5625
141.3750/141 8750
141.5625/142.3750
141.5000/142.3750
141.6250/142.2500
141.4375/142.6875
141.4375/142.3125
141.6250/142.3750
141.8750/142.4375
141.9375/142.8750
142.2500/ 1425625
142.1875/142.5000

43.0625/43.4375
+1.1250/41.8125
+3.6250/44.1875
+2.0000/ +2.4375
+3.1250/+3.5000
+4.6250/ +5.1250
+5.5625/+6.1250
+1.9375/+2.3750
+3.5625/ 44,2500
+5.1875/+5.5050
46,1250/ 46,5000
+1.9375/42.1250
+4.0625/44.6250
+6.1875/+6.8125
+0.3125/+0.7500
+0.7500/+1.3125
+2.3125/42.8750
2.0000/ 1.3750
+1.5000/ 42.1250
+4.8125/45.7500
1.3125/ 0.8125
0.5000/ 0.1875
+3.8750/44.2500

-5.50/- 22,00
5.50/ 22.00
5.50/-22.00
5.50/ 22.00
5.50/ 22.00
5,50/ 22.00
5.50/ 22.00
5.50/-22.00
6.50/ 22.00
5.50/ 22.00
5.50/ 22.00
-5.50/- 22.00
5.50/-22.00
5.50/ 22.00
- 5.50/ -22.00
-5.50/ 22,00
5.50/-22.00
5.50/ 22.00
5.50/-22.00
5.50/-22.00
5.50/ 22.00
-6.50/- 22.00
5.50/-22.00
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Table 7.1 cont.: Physical Parameters for the Cam OB1 CO Clouds

J

. . N b d e ] ] j
No Designation® Complex Avl.sut r L¢o M{'O Mlg”-,. lf:mx r I(mm/umx) b:mm Jmax) v{"““/“w“
(kin s~ '] [pe] (107 K k57! pe?] (103 M) (109 M) [K) [H2 em™9) [deg./deg.) [deg./deg.] (km s~ /km ™)

70

Gl42.5+1.1 134 G 4.52 5.46 2,10 8.82 27.1 6.08 180 1423126/ 1426875 40.7500/41.5000  5.50/-22,00
71 G142.547.5 138 2.64 3.74 0.62 2.60 6.32 3540 160 141.9376/142.9375  +6.9375/48.0000 5,50/ 22.00
72 (142.9-0.4 139 I 4.30 3.75 0.52 2.18 16.8 265 200 142.5625/143.1875  0.6875/ 0.12560 5.50/ 22.00
73 G143.0409 116 G 4.29 4.95 1.60 4.72 22.1 4.09 270 142.6875/143.5000  +0.6000/+1.1260  5.50/ 22.00
74 Gl43.341.7 103 I 4.05 3.41 1.49 6,26 13.6 588 760 1428750/ 1438750 +1.3750/4+1.9376  5.50/ 22.00
75 G143.344.6 108 1 5.81 2,72 0.19 0.80 22.3 141 190 143.0625/H3.4375  +4.4375/+4.8125  5.50/ 22,00
76 G143.5-0.7 149 H 2.64 1.71 0.07 0.29 2.89 1.31 280 143.3125/143.6250  0.8125/ 0.4375 5.50/-22 .00
77 G143.6 1.5 13.5 i 3.89 1.78 0.92 3.86 17.5 239 170 143.1250/144.0000  2.0000/ 0.9375 5.50/-22.00
78 G143.743.6 100 K 4.07 4.08 0.62 2.60 16.4 296 180 143.1875/144.0000  +3.1875/+3.8125  5.50/ -22.00
79 G143.744.3 102 B 5.52 5.28 1.14 4.79 J9.0 2.24 160 143.3750/144.0000  +3.8125/44.7500  5.50/ 22,00

Total 41.8 175 914

a) Mean position of emission feature in (I, b, v) coordinates.

b) Complex to which cloud has been assigned.

¢) FWHM of the Gaussian fit. v, 5, is calculated assuming standard solar motion.

d) Cloud radius at the half-maximum contour of We0, corrected for beam size, and assuming ) = 975 pe.

e) CO luminosity, integrated from the fit to the cloud's compuosite spectrum.

f) Cloud mass derived from L., on the assumption that X' = 1.9 x 1072 em™ (K kms™! )~! with an additional factor of 1.36 for helium,

g) Mass of a uniform, spherical cloud in virial equilibrium M, = 5/(8 (; In2)(1/3)"* 1 Av®, where the factor (4/3)'7* corrects the half-maxinmm radius, 1, to
the full radius of a uniform, spherical cloud.

h) Peak 'l‘;{. Note: This peak cloud temperature does not necessarily oce ur at the cloud position suggested by its designation,

i) Equivalent mean Ha particle density for cloud assuming My, = 3.32 x 1072 g

j) Boundaries of cloud in (I, b, U5 ) coordinates used in ealeulating the cloud’s composite spectrum.

G61
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the position of the various stellar groups identified in Chapters 1, 5 and 6 in relation
to these complexes. As an example, all of the stars of Group I (older, more evolved
stars — see §7.3.1) in the vicinity of Complex A, lie in front of this complex and are
known to be interacting with it (see the discussion of Figure 6.1), which places all
of the clouds in Complex A at the same distance and associated with one another.
As another example. Complex C lies at more negative velocities than Complex B.
and Complex C lies in front of Complex B. since there is a marked enhancement of
Group II stars (younger. pre-main sequence stars - see §7.3.2). which are coincident
with Complex B but obscured by Complex C. Finally. Complex B lies in front of
Complex A. as the Group I stars associated with Complex A appear to be obscured
by Complex B. The classification of complexes has been restricted to the clouds in
the Cam R1 region.

The most detailed description of the CO cloud complexes is provided by the
assignments given in Table 7.1. A simple schematic representation of these com-
plexes is shown in Figure 7.1. The shading scheme and positional overlay of emission
features. e.g., Complex C in front of Complex B. have been chosen to reflect the
relative positions of the complexes.

In this representation of the data, and taking into account the similar velocities
of some of the complexes. it would appear that the complexes may be organized into
even larger CO structures. This is not easily seen in the map of the integrated CO
emission (Figure 2.11), nor in the velocity-moment map (Figure 2.12). Figure 7.2
shows a histogram of the mean velocity distribution for the clouds in these larger
CO structures.

One larger CO structure comprises the Complexes A. C and G. and has a
centroid, weighted by mass. of (141°1,+2°8.—-12.7 km s™!) with a dispersion of
~ 0.6 km s~'. and a mean radius of 2°1 or ~ 37 pc. A second large CO structure,
made up of Complexes B. D. E and F. has a centroid of (14126. +3°6. —10.3 km s~!),
a dispersion in its velocity of ~ 0.3 km s™!, and a mean radius of 1°9 or ~ 33 pc.

The structure of Complex H is more difficult to understand given the paucity
of clouds defining this complex. It may be that Complex H is either rotating,
or possibly is made up of several different components at different velocities. A
detailed survey of stars counts in this region may serve to distinguish between these

two possible scenarios.
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Histogram of Velocities for
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Figure 7.2 Histogram of mean velocities for the three main CO complexes seen
in the Cam R1 region. Note that the height of the bin for the Complex H clouds at

Uren = —13.75 km s~! has been slightly reduced for clarity.

7.3 The Stellar Groups in Cam OB1
7.3.1 Group I

In Chapter 4. a description of the distribution of optically-identified stars asso-
ciated with Cam Rl was made on the basis of age. which placed the stars in one
of two groups. Cam R1 N or Cam R1 S. i.e.. stars in Cam R1 N. on average. were
appreciably younger than those in Cam R1 S (see Figures 1.7 and 4.8). It then
became apparent in Chapter 6 (see discussion in §6.2) that the older population of
stars that had been placed in Cam R1 N all appear at the edge of Complex B. and
were probably located behind it. This suggested that these stars really are more
typical of the stars in Cam R1 S, i.e.. older and placed behind Complex B. Hence.
a more meaningful description of the distribution of stars in Cam R1 would include
the older stars of Cam R1 N with the stars of Cam R1 S. This group of older stars
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will be designated as Group I. Figure 7.3 is an overlay of Group I over the CO
emission seen at -9.4 km s~!. This velocity cut has been chosen as it most clearly
illustrates the position of the various Groups of stars relative to the CO complexes.
An HR diagram is plotted in Figure 7.4 which shows the evolutionary status of the
group. Stellar data for all of the figures are taken from Table 7.2.

In the model of star formation as a process characterized by three fundamental
elements. i.e.. structural. temporal and stochastic. there are several observations
which can be made which demonstrate the role of these elements. For the Group I

stars. these observations can be summarized as follows:

A. Temporal

1. Age Using the models of Palla & Stahler (1993) for pre-main sequence stars.
and Garmany & Stencel (1992) for evolved stars. one can deduce from Figure 7.4
the ages for the individual stars for Group I. Figure 7.5 is a histogram of the age
distribution for those Group I stars whose placement on the HR diagram. in terms
of age. is unambiguous. There may be evidence from Figure 7.5 for a break in the
frequency of star formation from 30 - 45 Myr. The reality of this break is difficult
to estimate as it depends upon the uncertainty in the ages of the stars and relies on
small number statistics. For a given star an uncertainty of ~ 10% in its distance.
an error in its photometry and reddening of ~ 0™1. plus an error in interpolating
its position in the theoretical models of ~ 10% would suggest an uncertainty of
~ 20 —30%. An uncertainty of this order would argue that the general distribution
of stars is real but the gap may not be.

Stars older than 45 Myr represent the earliest epoch of star formation which
can be seen in the Cam RI region. The stars which did form prior to 45 Myr. and
are still detectable. are all of intermediate mass ~ 6 — 8 M; (see Table 1.4). For
stars younger than 30 Myr. there is a larger range in the masses, ~3—30 M. The
star formation rate for these stars also appears to be steadily increasing since its
onset. Hence. it would appear that the Group I stars formed in a contemporaneous
manner, i.e., over a period of time. in agreement with current theoretical models of
star formation (Stahler 1983, Palla & Stahler 1990, 1991). and with what is seen
elsewhere in the Galaxy (Hillenbrand et al. 1993).
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6 Cam 0OB1: Group |
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Figure 7.4 HR diagram for the stars designated as Group [ in the Cam R1 region.
The pre-main sequence tracks are taken from Palla & Stahler (1993) - dotted lines -
as is the ‘birthline’ - dash-dot line — below which stars first become optically visible.
An accretion rate. dM/dt = 1 x 10~°> M, yr~! has been assumed in determining
the position of the birthline on the HR diagram. A lower accretion rate will move
the birthline to the right in the diagram (Stahler & Walter 1993). The post-main
sequence evolutionary tracks - solid lines — are taken from Garmany & Stencel
(1992) for the metallicity indicated.



Table 7.2: Camr OB1 - Stellar Group 1

No.? Name? 6 MK Des® o log 1 MY dog MR/t No.® Nameb b MK Desd e log T MY log MP G/t
[deg.) [deg) (ki s~1) K] [mag) [M/M]10° yr) (deg.) [deg ) [kins™!) [K] [maog) [M/M,]10° yr)
9 BD+61506 137474245 BV +0.0 392 ~0.540.54 /137 BD45Y 603 139.524+2.02 A0 399 -0.830.57  500/2
10 BSD 9-1528 137.84+2.99 BG 417 =2180.71  100/1 39 BSD 9-1161  139.58+2.57 12 448 -5951.10 8 /
11 BSD 91541 138.04+2.95 A0 3.85  ~0.020.48 /U 40 BD460 648 139.5942.69 BHV 421 -248074 100/
12 BSD 9-1606  138.17+3.40 BS 415  -2530.76 100/1 41 BSD 9- 535 139.61+2.14 A0V 3.89 032045 /1
13 BSD 91637  138.38+3.37 B8 399  -0.34052  300/2 46 HD 19441 139.7341.26 B3UL 430 -huo8108 25 /
14 BD+61 533 138.38+3.95 B8 410 -2.170.71  170/1 47  UBV 3031 139.734+1.41 13Y 3.89  —-0.220.50 /!
15 BD4G1 529  148.48+3.34 B3V —-17.0 425 370087 75 / 49 HD 21806 139.76 +6.48 B1Vn.. =-220D 442 -6691.18 8 /
16 BD4G1 530 138.6443.09 BY 422 184067 87 /3 51 BD4LY 613 139.9042.19 Altl 399 —0.061054 5HOo/2
17 BD+61 H34  138.87+3.15 BBY -3.0 395  -0.250.50  500/2 55 WD 287000  140.0541.91 BOSIV:anvar 442 -716128 12/
18 BD460 635  138.9142.96 B7I81 -46.0 408 -2130.70  174/1 56 HD 237091  140.0641.92 BE:Vimpe +7.6E 454 747120 4 /
19 HBSD 9-1042  139.07-+2.28 Aolll 3499  -0.57054  400/2 60 HD 19820 140.12 4 1.54 01V ~42A 449 -8HOL137T 7 /
20 BSD Y- 448  139.10+1.84 B8 404 -1.610.65 J1 62 UD 20134 140.16+2.16 132.51V-V -125 C 429 -5501.07 256 /
21 BSD 9-1102  139.13+2.80 BY.5V 3.93 000048 5H500/2 65 BD+HY G624 140.21 +2.07 BHV 406 -1.400.63 150/2
22 BD460 645 139.14+3.23 B8l 4.08 -2260.72 174/1 66 BSD 9- 600  140.2241.82 A0 392 0.02048 /1
23 BD460 646 139.19+3.19 8ol 413 -2580.76 99 / 67 BSD Y- 614 140.24+1.87 A0 3.94 0.16 0.46  500/3
25  BSD 91134 139.28+2.87 Bolll 4.02  -026051  450/3 68 BSD 9- 638 140.25+2.04 Aol 399  —0.60051 50072
27 BSD 91137  139.3242.82 A0 383 103037 /3 T0 BSD Y- 660 140.29+2.22 ALl 399  —0.66055 500/2
29 BD459 604 139.40+2.27 BYlll +10.0 401 -1556064 200/1 71 BD+58 574 140.32+0.94 B -90E 448 585100 8 /
30 BSDY-453  139.41+1.38 BY J.88 0.05 0.47 /176 1D 20295 110.58 +1.91 BbHI1 —320D 419 420092 47 /
31 BSDY-1165 139.42+2.84 A2 399 -0.090.49  400/2 76 1D 20508 140.60+42.399 BI5IVvar  -280C 431 -5281.03 28 /
32 HD 19968 139.4642.97 BHUL —TOC 416 —437094 47 /T8 HSD O- 166 140.754+1.50 86 432 -3.15081 22/
35  BSD Y-1174  139.49+2.92 BY 3.83 0.12 0.47 /179 1D 20898 140.80 +3.06 B21lvar 20D 437 -6271.14 17/
36 BD+60 655  139.51+3.20 BSIV =290 401 -1390.63 250/1 80 LS1458 119 140.86+1.48 B5 437 -3.98000 15 /

661



Table 7.2 cont.: Cam OB1 - Stellar Group 1

No.® Name® 6 MK Desd we o log T NI log MP g/t Noo Nameb I b MK Desd v log e MI log MP g/,

[deg.) [deg.) (kms=1) [K]  [mag) [M/M_ ]10% yr) [deg.) [deg.) fkins~t) [K)  [mag) (M/M}108 yr
83 HD 237134 14091 +2.86 BSVe 420 -3.58 0.86 60 / 90 HD 20959 141.444+2.23 B3Il 18.0C 426 -590 110 17 /
84 BSD Y- 786 140.97+2.6Y B8 4.21 141 063 3 /3 91 HD 21201 141.50+2.23 BYla 688 4.01 748 127 9 /
85 BSD Y- 796 141.0442.71 B6 4256 -2280.72 50 /1 92 BD461 623  141.5045.22 B2e 148 620113 5 /
86 HD 20547 141.09+1.68 131 —-15.0D 430 -5331.04 25 / 93 UHD 20041 141.57 -0.41 AUla 1198 399 671108 15 /
87  HD 237121 141.2141.39 BO.5Vs -120C 450 -6501.16 8 / 94 BD+58GI]  142.1242.52 B8H 406 -3.50085 80 /
88  HSD Y- 800 141234246 B8 407 -0.860.57 100/2 95 HD 21389 142.1942.06 AUlaby: -60A 399 752127 1/
89 BSD Y- 778  141.3142.05 B 424 -=2310.72 30 /1

a) Catalog entry for star as listed in 'Table 4.4

b) Catalog designation of star as given by, in order of preference, its HD, BD, LS I BSD or UBV entry.

¢) Galactic coordinates of star.
d) MK classification of star.

e) Radial velocity for star, v sr (assuming standard solar motion).

f) Logarithm of the effective temperature of star.

g) Bolometric luminosity for star.

h) Logarithm of the mass of the star in solar units as determined from log(M /M) = 0.48 ~ 0.105 Myq for stars with —8 < Mo < 10,6 (McCluskey & Kondo 1972).
i) Lifetime of star if it is a main sequence star, Ly, (Garmany & Stencel 1992), or a pre-main sequence star, tpy, (Palla & Stahler 1993).

00¢
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Figure 7.5 Age distribution of stars in Group [ which can be assigned an age

unambiguously.

B. Structure

1. Location From Figure 7.3 it is clear that. on average. the Group I stars lie.
both spatially and kinematically. between CO Compleres A and B. This applies to
all age groups of Group I stars. The centroid for the Group I stars. weighted by
mass. is (140%3, +2°2. —10.8 km s™!). and appears to lie between that of Complex
A (140%0,+42°0. —12.9 km s™!) and Complex B (139°8. +3°7. —10.3 km s~1).

2. Stellar MF and Cloud Mass Spectrum Larson (1992) summarized the relation-

ship between newly formed stars and the parent clouds from which they came by
describing the clouds as large gravitational potential wells whose depth (mass) ulti-
mately dictated the masses of the stars which formed from them. The local sites of
star formation in the clouds. dense molecular cores. could have their initial masses
moderated by turbulence (Larson 1982), magnetic fields (Shu et al. 1987) or rota-
tion (Scalo 1990), but still the mass of the proto-stellar core and the mass of the
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Figure 7.6 The current mass function of the Group I stars.

parent cloud are intimately related (Larson 1982. 1992).

Figure 7.6 is a plot of the current mass function (MF) of Group [ stars. If there
has been no significant mass loss from the stars. and the stars form a representative
sample down to the observational limits. My ~ 12®5 (Schwassmann & van Rhijn.
1947). (i.e., stars which have dispersed from the association have been removed in a
proportionate manner, weighted by their frequency. and that no significant number
of massive stars have been removed via supernovae), then the MF and the IMF
are identical. From the data in Table 7.2 and Figure 7.6 a completeness limit for
the minimum mass is estimated to be ~ 3 M. or a B9 - A0 V star. To calculate
the slope of the distribution of stars as a function of stellar mass. the method of
Crawford et al. (1970) has been employed, which is independent of the choice of bin

sizes. A fit to the equation of the form
N(M.) < M°, (7.1)
for all of the Group I stars with M, > 3 M yields a value of @ = —0.9540.13. The
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choice of a power-law fit to the MF can be justified as it allows a direct comparison
to the theoretical modelling for fragmentation of a molecular cloud in a single stage
(a = —3. Belresene 1970) or multiple stages (a is variable. Larson 1972). or allowing
for the fragments to interact via collisions once they have formed (a is variable. Silk
and Takahashi 1979). The complete solution to Eq. 7.1. given by an average fit over

all of the bins. above the completeness limit, as presented in Figure 7.6. gives
N(M.) = 44 M7093F03 (7.2)

Hence. the rate of change of the number of stars per mass interval. the MF. follows

as
dN(M.)

d\l.
In fitting Eq. 7.1 to the data it has been assumed that the masses of the stars are

exact, while in fact there is a possible error of up to ~ 10% on any given stellar mass

= —(42 £ 6) M195E013 (7.3)

value. at least for the main sequence stars (Bohm-Vitense 1989). This uncertainty is
less than the uncertainty in the exponent and smaller than the selected stellar mass
bin sizes for the data shown in Figure 7.6. and hence, argues that the uncertainty
in the exponent does reflect the quality of fit to the data.

Figure 7.7 is a plot of the CO cloud mass distribution for the clouds in Complexes
A and B (see Table 7.1). the complexes involved in the formation of the Group I
stars. A completeness limit for all the clouds in Cam OBI1 has been estimated from
a plot of the data in Table 7.1 (not shown) to be ~ 1 x 10® M. The solution for

the cloud mass function for the clouds of Complexes A and B was found to be:

AV aowt) _ _ g 1 49 5) x 10235178208 (7.4)
d-"[cloud

cloud
It can be seen from a comparison of Figures 7.6 and 7.7 that the mass distribution
for the stars in Group [ is similar to that for the clouds in Compleres A and B.
C.Stochastic
1. Star Forming Efficiency (SFE)
The SFE is defined as:

SFE = (ﬁw_wc?) (7.5)

Assuming that the Group I stars (total stellar mass 442 M) formed from Complexes
A and B (total molecular mass 3.97 x 10* My). then the SFE for the process which
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Figure 7.7 CO cloud mass function for the clouds making up Complexes A and B.

produced Group I, is ~ 1%. This is a very low SFE. which is similar to that seen in

low-mass star forming regions. e.g.. Taurus (Larson 1982).

7.3.2 Group 1II

In Chapter 4. an initial model of the distribution of stars in the Cam R1 region
placed the stars in one of two sub-regions. Cam R1 N or Cam R1 S. In §6.2. it
was shown that many of the younger stars in Cam R1 N showed a strong positional
coincidence with CO emission now termed Complex B. Hence, Group II stars are
those stars which are relatively young. say < 3 Myr, and appear to be spatially
coincident with Complex B. Figures and tables for the Group II stars are organized
in a similar manner to that for the Group I stars. Figure 7.8 shows the position of
the Group II stars relative to the CO emission at -9.4 km s~!. Figure 7.9 is an HR

diagram showing the evolutionary state of the Group II stars, while the data for



205

all of the figures are provided in Table 7.3. The elements of star formation for this

group of stars are given by:

A. Temporal

1. Age In the HR diagram for the Group II stars the two oldest and most massive
stars assigned to this group. BD+61 366 and HD 20798. stand out as being the
only two main sequence or evolved stars in the list. The relatively young age of the
remainder of these stars supports the argument that they are probably members of
Group I, and they are not included in any further analysis. The age distribution
of the remainder of these stars is shown in Figure 7.10. From this figure. it would

appear that the Group Il stars have been forming in Compler B for the last 3 Myr.

B. Structure

1. Location One of the principal defining features of the Group II stars is that they
are coincident with Complex B and appear to be distributed in a random fashion
but there are two interesting spatial enhancements worth noting. Firstly. there is a
group of stars near { = 13923.b = +422. near the edge of the Complex B emission.
If these stars are very young. it would appear that the star formation is enhanced in
this region. Secondly. there is a cluster of stars (stars 33. 55. 59. 64. 65. 70. 78 and
82 in Table 7.3), centered on | = 140°1,b = +2°3. which is seen against the densest
parts of the Complex B CO emission. In the HR diagram for Group II stars (Figure
7.9) these stars also form a relatively tight group of pre-main sequence stars. It is
interesting to see the formation of such a cluster of stars. which has an age (1.6 £0.3
Myr) similar to that seen for the rest of the Group II stars (1.5 £ 0.8 Myr). but
appears very compact spatially. More data on the velocity dispersion of these stars
are required to determine whether this cluster is bound or not.

The stars with measured radial velocities in Group II suggest that Group II
has a velocity of ~ —4 + 18 km s~!. but there are too few stars (only 3 in total)
to determine whether the difference in mean velocity between the Group I stars
(—10.8 km s™!) and the Group II stars is significant. However, the trend in the
mean velocity to a more positive value is consistent with the stars originating in
Complex B. Hence, with the exception of BD+61 566 and HD 20798. Group [ stars
are all relatively young (less than 3 Myr) and are probably spatially and kinematically

coincident with Compler B.
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Figure 7.9 HR diagram for the stars designated as Group Il in the Cam R1 region.
The pre-main sequence tracks are taken from Palla & Stahler (1993) - dotted lines -
as is the ‘*birthline’ - dash-dot line — below which stars first become optically visible.
An accretion rate, dM/dt = 1 x 10™° M, yr~! has been assumed in determining
the position of the birthline on the HR diagram. A lower accretion rate will move
the birthline to the right in the diagram (Stahler & Walter 1993). The post-main
sequence evolutionary tracks - solid lines - are taken from Garmany & Stencel
(1992) for the metallicity indicated.



Table 7.3: Cam OBl - Stellar Group 11

No.® Namie? I be MK Des? o log 'l'{,“ MY, log MP tm/UYn, No.® Name I b MK Desdof 0 log 'l'l{" My log MP o/t
[deg.] {deg.) [kms'] (K] [mag) {M/M 108 yr) {deg.) [deg) [kms=Y) (K] [mag] [M/NJ108 yr)
24 BD+G1 567  139.204+4.40 138 1.08  ~1.690.65 200/1 54 BSD Y-1280 140.04+3.02 BT 422 -1850.67 50 /3
26 BSD 9-1814  139.28+4.02 13y 386 —0.560.54 /U 6T BSD Y- 646 140.08+2.44 AU .88 0.56 0.42  700/2
28 BD+61564Y  139.33+3.84 HBHV -26.0 393 -1.110.50 /168 BSD 9-1279  140.09+2.84 AU 3.86 .39 0.44 /1
33 BD4061 654 139.4643.92 BY 397 -1.250.61 /169 HD 20798 140.11+3.87 B2HI-IV =200 440 -5601.07 2% /
34 BSD 9-1850  139.484+4.31 Bb 421 199069 50 /3 61 HD 20761 140.124+3.78 BYV +19.0 385 -0.900.58 /1
38 BD461 5562  139.56+3.55 136 421 -20660.76 30 /2 63 BSDO-1309  140.17+3.02 A0 3.93 0.070.47  H0Y/2
42 BSD 9-1829  139.63+3.63 BY 4.89 0.44 0.44 /1 64 BSD Y-1286  140.19+2.76 BY 3.85  -0.610.54 /1
43 BD+61 566  139.64+4.40 B5 434 413092 16/ 69 BSD 9-1320 14028 +3.06 A0 L0 039052 200/3
44 HSD 9-1842 139.7243.71 A0 J.84 0.2 0.45 JU 72 BSD9- 692 14035+ 2.60 BY 3.92 0.049 047 70072
45 BSD 9-1891  139.72+4.42 AV $.81 0.65 0.41 /173 BSD O-1377 140,44 +3.66 BY 383 —0.250.50 /1
48  BSD 9-1904  139.764+4.52 BY 484 007049 /174 BSD 9-1366  140.4943.39 A0 3.85 0.67 0.4l /!
50 BSD 9-1840 139.78+3.57 BY 380 -0.400.52 /177 BSDY-1336  140.6142.77 A0 3.99 0.150.46  500/3
52  BSD Y-1262 139964291 A0 J.84 0.610.42 /1 81 BSD Y- 780  140.86+2.87 A0 $.99 0.55 0.42  500/3
53 BSD 9-1315  139.0743.47 BV ~6.0 380 —-0.800.56 /1 82 BSDY-1390  140.8643.15 A0 3.87 .58 0.42 /1

a) Catalog entry for star as listed in ‘l'able 4.4

b) Catnlog designation of star as given by, in order of preference, its 11D, BD, LS I, BSD or UBV entry.

¢) Galactic coordinates of star.

d) MK classification of star,

e) Radial velocity for star, vygp (assuming standard solar mo tion).

f) Logarithm of the effective temperature of star.

g) Bolometric luminosity for star.

h) Logarithin of the mass of the star in solar units as determined from log(M/M ) = 0.48 - 0.105 M,,,; for stars with =8 < My, < 10.5 (McCluskey & Kondo 1972).

i) Lifetime of star if it is & main sequence star, 1, (Garman y & Stencel 1992), or a pre-main sequence star, Ly, (Palla & Stahler 1993).

80¢
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Figure 7.10 Age distribution of stars in Group I excluding BD+61 366 and HD
20798. In all cases the ages have been assumed to be those given by the pre-main
sequence track (Palla & Stahler 1990). Note the difference in the scale from Figure

(.9,

2. Stellar MF and Cloud Mass Spectrum In an analogous manner to the Group I

stars, Figure 7.11 shows the current mass function for the Group II stars. It is
clear from this figure that there is not a large range in masses with which to fit a
relationship for the number of stars at a given stellar mass. Nevertheless. assuming
a completeness limit of 3 Mg as was the case for the Group I stars (see Figure 7.6).

it follows that an MF fit to the data shown in Figure 7.11 is given by

LU - (52 g prriseow, (7.6)

This is in relatively good agreement with the MF found for the Group I stars. The

larger uncertainty in the fit, compared to the Group I stars, reflects the limited mass
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Figure 7.11 The current mass function of the Group II stars.

range and sample size.

The parent clouds of the Group II stars appear to have come only from Complex
B. The distribution of masses for the clouds of Complex B is given in Figure 7.12.
While it is possible to fit a power-law to this distribution. the limited range of
masses and small number of clouds suggest caution be taken when interpreting it.

The power-law fit to the Complex B clouds. as shown in Figure 7.12. is given by

d.N(Mouq) 3 .
L cowd (3. 5 ) [-1.98£0.35 - =
dV oy (3.6 £1.5) x 10°.M (7.7)

cloud

Despite the large uncertainties in the fit to both the stellar masses for the Group
[T stars and CO masses for the associated CO clouds. it would still appear that the
mass distribution for the stars in Group Il is similar to the mass distribution of
molecular clouds in Compler B. It should be noted that both of these distributions

are consistent with the similar distributions calculated for the Group I objects.
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Figure 7.12 CO cloud mass function for the clouds making up Complex B.
C. Stochastic

1. Star Forming Efficiency (SFE) The total mass of stars in Group II. excluding
BD+61 566 and HD 20798, is ~ 86 My, and the sum of the masses of the CO
clouds in the B Complex is 20.3 x 10> M. Hence, the SFE for the Group II stars,
if they formed from Complex B, is ~ 0.4%. This is lower than the Group I stars but

not inconsistent with other regions in the Galaxy (Larson 1932).
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7.3.3 Group II1

The Group III objects. if they are stars. represent the youngest stars in the Cam
R1 region. They are very different in nature to the Group I and II stars as they
are emitting primarily at infrared wavelengths. The data for these objects have
been taken from the Infrared Astronomical Satellite, IRAS (Beichman et al. 1988):
details are provided in Chapter 5. The Group III objects listed in Table 7.4 have
been taken from Table 3.2. excluding those objects listed in Table 5.2 which are
known to have been produced by a Group I or II star. e.g.. IRAS 03116+5951. a
blue reflection nebula (BRN) associated with HD 237091.

It is not possible to construct an HR diagram for these objects. assuming they are
embedded stars. without additional information on the temperature of the central
source (McCutcheon et al. 1991). The masses of these objects have been derived
from [RAS emission and hold true only if the source is an embedded star which
is close to the main sequence (Casoli et al. 1936). The only two cases where this
is known to hold true are for the outflows AFGL190 (Campbell et al. 1986). and
AFGL490-iki. given its similar evolutionary state to AFGL490 (Chapter 3). Given
this limitation the discussion regarding the Group III stars is more restricted.

Figure 7.13 shows the position of the Group III objects relative to the CO
emission at -9.4 km s™!. All of the relevant data for these stars are provided in

Table 7.4. The elements of star formation for this group of stars are given by:

A. Temporal

1. Age If the Group IIl objects are proto-stellar objects then they are much younger
than either the Group I or Il stars. For proto-stellar objects the relevant time scales
over which they can be observed are either the free-fall time. t;;. for the very
yvoungest objects. (i.e.. molecular cloud cores). or the Kelvin-Helmholtz time. ¢x.
for the last stages of molecular core collapse when a proto-stellar core forms but
nuclear burning has not yet commenced, e.g.. during the outflow phase (Bally &
Lada 1983). For molecular cores which produce OB stars such as the stars in Group
[IL, t;5 ~2—20x 10* yr (Myers 1985). tx for the more evolved cores may be found
from tg ~ (M2G/RL) (Bowers & Deeming 1984). where M is the proto-stellar core
mass, (G is Newton’s gravitational constant, R is the proto-stellar core radius and L
the luminosity available from gravitational contraction. As an example, if AFGL490
has M =12 Mg, R = 5 Ry (a typical proto-stellar core radius, Shu et al. 1987) and
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Table 7.4; Cam OB1 - Stellar Group I

No. Nae 1 b 12j0m® 25 60pu® 1000™ |25 12)7 [60  25)" (100 60)* OZ¢ Like Lk Liiace Min  Identity: Associnted Star
fdeg) W W) (] Wy By ..} ) Lol M)

I IRAS 0311946025 139.7742.65 0251 0.22: 2.66 1208 -0.00 1.08 0.66 f 8 45 45 29 BRN

2 IRAS 0311946017 139.844244 046 0.67 1036 24.60  0.16 119 0.48 f 39 107 107 3.7 BRN

3 IRAS 0313946005 140.1542.40 030 040 5.26l. 2483  0.12 1.12 067 f 21 90 90 3.5 DBRN

4 IRAS 0318246017 140.5142.8¢ 0.28L 0.18: 103 1024 -0.19 0.76 £O0 f1Ae/Be 8 3636 2.7 UHAe/Be

G IRAS 0318945828 1410.5041.37 0.25L, 026 3.08 1009  0.02 1O7 0.62 f I3 a6 60 3.2  BRN

6 IRAS 0323445843 141914191 050 181 H.60  784.90L 0.50 0.50 2.14 g e I A/ Be 30 2200 1100 7.0 outllow: AFGLA90-iki

7 TRAS 0323645836 142.0041.82 8239 278.40 716.70 784.90 (.53 0.41 0.4 gl n LT AC/Be 5100 7300 7300 12 outllow:AFGL490

8  TRAS 0322745824 142024150 0.26L 030 231 17.16  0.06 0.89 (.87 [,HAe/Be 12500 09 3.1 HAe/Be

9 IRAS 0320745855 142.1642.30 0.52 038 3.92: 4257L -0.14 1.01 1.04 ? 20 137 79 3.4 DBRN

10 IRAS 0324346821 142.2241.65 069 142 274 38821 0.81 0.29 1.15 rq dlAe/Be 27 144 8l 34 HAe/Be

11 IRAS 03201458290 142.344+1.90 207 114 10.76 6617  0.03 0.97 0.72 { Hl 206 206 4.4 BRN

a) IRAS (Beichman ef al. 1988) fluxes at 12, 25, 60 and 100 jum. A : following a flux value indicates a good quality Hux measurement while a L represents an upper limit,
b) Colors from IRAS fluxes: (26 - 12] = log(Fas/Fy3), [60 - 25] = log(Fae/Fes) and [100 - 60] = log(F o0/ Fan).

c) Occupation Zones as judged by Walker ef al. (1989). See Table 5.1 for details. In sununary the OZs are: s - bright stars, b - O-rich stars, ¢ - oplical stars, d - LRS C-rich
stars, e - 11 regions, [ - blue refelction nebulae (BRN), g - red reflection nebulae, b - blue planetary nebulae, i - red planetary nebulse, j - blue galaxies, k - red galaxies,
| - seyferls, m - quasars, o - T Tauri stars, o - LRS=3 stars, p - LRS=6 stars, g (author's designation) - Herbig Haro emission line stars, ¢ (anthor's designation) - bipolar
nebulae, Additional occupation zones are given for 111 regions (Hughes & MacLeod 1989), UCHT regions (Wood & Churchwell 1989) and HAe/Be stars (Berrilli ef al. 1992),
d) Luminosity of sources from IRAS emission. Ly p, has been caleulated from the 12, 25 and 60 g bands (Carpenter el al. 1995), Lig o has been caleulsted in a similar
manner from all four bands, Lig ace represents the accepted value of infrared luminosity in this paper. Tu the case of good 100 gy fluxes Lig o and Lyg ace are equivalent,
while Lig ace is the mean of Lig,o and Lig 1, when the 100 gm flux is an upper bound.

€) Mass of stars assuming the accepted infrared luminosity, Lig ace, is equivalent to the bolometric luminosity and L., = M9 (Casoli ef al. 1980).

viec
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L equivalent to its infrared luminosity (= 7300 L:). then ¢ ~ 1.2 x 10° yr.

B. Structure

1. Location There are two clusters of infrared sources making up the Group III
objects. The first. centered at [ = 139°84. b = +2.54. is coincident with the southern
end of molecular Complex B. This cluster of objects is composed mostly of low
luminosity sources. The second cluster is centered at [ = 141°92. 5 = +1282. and is
associated with the two known outflows in the region. AFGL490 and AFGL490-iki.
The central velocity for both these objects is ~ —15 km s~! (Mitchell et al. 1992: see
also §3.3). This velocity is consistent with these objects being located in molecular
Complex H but spatially they lie slightly above Complex H. However. the central
velocity profiles are broad and it cannot be ruled out. on this basis. that the objects
are actually associated with molecular Complexes F. G or a blend of these clouds.
High resolution CO observations of this region may be able to delineate where the
boundaries of these complexes are. and if they are related to the outflows in any
interesting fashion. e.g., if the outflows are at the junction of two complexes.

2. Stellar MF and Cloud Mass Spectrum As stated earlier. it is not possible to de-

rive the masses for the Group III objects with any reliability except. possibly. for
AFGL490 and AFGL490-iki. Furthermore. the sample size for studying the mass
distribution of these objects is small. Hence. no meaningful MF may be derived
for the Group III objects from the present data. High-resolution observations of
these objects at infrared and near infrared wavelengths may be able to help with
this problem.

The study of the mass distribution for the molecular clouds associated with
the Group III objects is also not possible with the current data. It is possible to
identify the clouds associated with the Group III objects (Clouds no. 36. 42. 44,
15. 38. 62 and 65 in Table 7.1) but the clouds are heavily blended and the sample
size is very small. There is evidence for an enhancement of low-mass clouds relative
to the large-mass clouds in the region but the data are too sparse to conduct any

meaningful analysis.

C. Stochastic

1. Star Forming Efficiency (SFE) If it is assumed that the masses for the Group

[II objects listed in Table 7.4 are close to the true proto-stellar masses then the



Table 7.5: Summary for Cam OB1: Cam R1 Stellar Groups

Group Age Sp. Type (1,b,v) A P 1Y SKE
10" 31 podons] M3 M2 %

Group | 150 09 A0 (140.26,42.19, 10.8) —(42 £ 6) M-F 92013 _(9 4 4 2.5) x 10* M-' 782021

Group Il 1 3 B5 A0 (140.07,43.35, 4.0) —(15+£4) M-3132030 (364 1.5) x 10% M -1 982035 () 4

Group HHI 0.1 0.2 7 (139.84,42.54,7) ? ? <0.2
(141.92,41.82, 12.0) <0.2

91¢
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total stellar mass in Group III is ~ 50 M;. The total molecular mass in the clouds
associated with Group III is ~ 3.0 x 10* M;. Hence, the SFE for Group III is
~ 0.2%. This SFE is low and may be an upper bound for the SFE given that some
of the candidate sources in Table 7.4 may not be stellar objects. On the other hand.
if star formation is ongoing in this region then the SFE should increase.

Table 7.5 summarizes the findings for the star formation in the Cam R1 region.

7.4 Discussion

[t was suggested in the introduction that star formation could be considered
in terms of three elements: the relationship between the structure of the parent
molecular clouds and mass distribution of the newly formed stars. the evolution of
the molecular clouds. and the probability of star formation occurring. With respect
to the first element. Larson (1982. 1992) suggested that more massive stars should
be produced by more massive clouds because the more massive clouds serve as
deep potential wells which are successful in accreting material onto the proto-stellar
cores. Two known examples of very voung stars which are forming in the region.
i.e.. AFGL490 and AFGL490-iki. are massive stars which have formed from massive
clouds. which is consistent with the proposed relationship. In addition. the results
of the analyses of Groups I and II in the previous sections are also consistent with
this scenario. but clearly the present data cannot provide evidence to confirm the
causal relationship. The second element suggests that if a molecular cloud is left
for sufficient time it will form some stars. If this holds. then the absence of any
star formation in a GMC is the signature that the cloud is very young and may not
have had enough time to form any stars. e.g.. the GMC found by Maddalena et al.
(1986). The last element. the probability of star formation occurring. is the most
subtle of the three elements. In some cases, GMCs have formed molecular cores
but have not produced any stars which may be indicative of their relatively young
ages (Blitz 1993). or the absence of an efficient mechanism for removing angular
momentum from the cores (Bodenheimer et al. 1993). or possibly the presence of
magnetic fields also regulating the final collapse of the cores (Shu et al. 1937). If a
molecular core does produce stars the SFE of the molecular core is quite high (Evans
1991). The element of the probability of star formation occurring really addresses
the circumstances under which star formation is promoted at the molecular core

level.
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In comparison to other regions in the Galaxy. the cloud mass function for the
Cam OBI clouds. i.e.. dN/dMcioua x Vi g,(o‘;;‘r’io'so). is in good agreement with other
surveys: e.g., Solomon et al. (1987) found a cloud mass function with exponent ~ 1.5
for 273 CO clouds in the first Galactic quadrant. Similarly. the MF determined for
the Cam OBI stars. excluding the Group III objects. i.e. dN/dM. x M 200£030,
is also in agreement with studies of the IMF. Salpeter (1953) determined the IMF
for stars between 1 - 10 M: in the solar neighborhood to be d.V/dM. x M™%,
More recent work by Miller & Scalo (1979) on field stars and cluster stars over a
larger range of masses led to an IMF. dN/dM. x M~(1+esM) [f the stellar survey
of the Cam OBI region (Schwassmann & van Rhijn 1947) is incomplete then the
MF derived for the Cam OB1 stars may be too flat due to missed low-mass stars in
the survey. More sensitive imaging of the region is required in order to confirm the
completeness limit of the original stellar survey. but it would seem to be an unusual
coincidence for the mass distribution of clouds and stars in Cam OBI1 to be similar
if there was a serious underestimate of evolutionary effects and completeness for the
stars. Hence. it follows that the mass distribution of the Cam OBI stars and the

molecular clouds from which they form are similar.

In the proposed model for star formation in Cam OBIL. it has been argued
that the evolution of these clouds into stars has been influenced by the collision of
various molecular complexes in the region. If a cloud-cloud collision is responsible
for triggering the star formation in Cam OBI. there must have been sufficient time
for the collision to occur and the stars to form. In the case of the Group I stars. if
it is assumed that the star formation initially began upon contact of Complexes A
and B and if they are as deep as they are wide (~ 23 pc). and the relative velocity
between the two complexes is ~ 2 + 1 km s~!. then the duration for the collision is
~ 10 Myr. which is roughly in agreement with the ages of the Group I stars. Only a
small increase in the depth of the interacting clouds or decrease in relative velocity
is required in order to account for the full spread in ages. ~ 1 — 30 x 10° yr. seen in

the Group I stars.

In the case of the Group II stars. the star formation appears to be restricted
to Complex B and there does not appear to be a second complex along the line-of-
sight which could have triggered the star formation via a cloud-cloud collision. One
explanation might be that the Group I stars, which are older than the Group II
stars and positioned beside and behind the CO emission associated with the Group
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IT stars. may have induced the Group II star formation via enhanced ionization
pressure or stellar winds. A model for this type of star formation has been termed
‘sequential star formation” and has been seen elsewhere in the Galaxy (Blaauw 1964,
Elmegreen & Lada 1977. Sargent 1977. 1979). It is interesting to note that the age
difference between sub-groups in such a model is ~ 4 Myr and the displacement
between successive stellar groups is ~ 20 pc. The ages of the Group I and II stars.
and their relative displacement are consistent with this scenario of star formation.
Details of how the ionization fronts from the Group I stars or their stellar winds could
have induced the Group II star formation is beyond the scope of this thesis. One
comment that may be made regarding this event is that it must have been sufficiently
strong to be effective in triggering the star formation. while gentle enough to have

preserved the structure of the molecular clouds associated with the Group II stars.

For the Group III stars (AFGL490 and AFGL490-iki). their voung age (~ 1 —
2 x 10% yr) suggests that if a cloud-cloud collision were responsible for triggering
their formation then these clouds should still be close at hand and the newly formed
stars should have velocities similar to those of the interacting clouds. There is
evidence for this being the case. as clouds from Complexes F. G and H as well as A
and B. which are known to be in the immediate vicinity of the newly formed stars
(on the basis of the gas in these complexes being warmed by nearby stars). have
similar velocities. Higher resolution observations of the molecular emission in the
region may help refine the model of this cloud-cloud collision. Nevertheless, it does
appear that collisions between molecular clouds in Cam OBl may have influenced

the evolution of these clouds and been the trigger for subsequent star formation.

Finally. as mentioned earlier it is not possible to identify the molecular cores in
the Cam OB clouds directly with the resolution of the present data. but there are
several pieces of circumstantial evidence which indicate that they exist. It has been
shown in §7.3 that the power-laws for the mass distribution of the parent molecular
clouds and the newly formed stars are similar. while in Chapter 3 it was shown from
structure tree statistics (Houlahan & Scalo 1990, 1992) for the clouds associated
with the Group III stars that their density-size relationship, i.e., p x r~22 where
p is the volume density and r is the cloud radius, was self-similar and hierarchical.
This analysis was conducted on clouds over the size range of ~ 20 — 3 pc, which
is appreciably larger than the size of most cores, ~ 0.3 pc. However, the density

profiles of molecular cores seen elsewhere in the Galaxy have a similar density-size
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relationship (Myvers 1983) and. if the cores in Cam OBl are not unusual. then
the hierarchical self-similar relationship for the Cam OB1 clouds investigated here
should persist down to the scale-lengths of their molecular cores. It is necessary to
obtain high-resolution molecular observations of this region to test this hypothesis.

Similarly. the role that the molecular cores play in star formation in Cam OB1
also has to be inferred from the observations available. The low SFE for the molec-
ular clouds does support the argument that the cores. which constitute only a small
portion of the molecular clouds. are the regions of active star formation. Whether
the star formation rate is regulated as a result of ambipolar diffusion (Shu et al.
1987) or core interactions (Bodenheimer et al. 1993) remains open to debate. How-
ever. the lack of alignment of the two known outflows in the region (see Chapter
5). which are relatively close together (~ 3 pc). suggests that ambipolar diffusion
is not responsible for regulating the collapse of the parent molecular cores as this
would also lead to some alignment of the outflow sources with the ambient mag-
netic field. Furthermore. the relatively low relative velocities between the molecular
cores in the clouds which are colliding would be favorable circumstances for core-
core interactions leading to their subsequent collapse (Habe & Ohta 1992. Kimura
& Tosa 1996). Hence. the observed star formation in Cam OBI is consistent with

the hypothesis that it has been regulated by the interaction of molecular cores.

7.5 Conclusions

Observations of star formation in Cam OBl were considered in terms of three
elements: the structural relationship between molecular clouds and the stars which
form from them, the evolution of the parent molecular clouds and the probability of
star formation occurring. It was shown that this characterization of star formation
is appropriate and useful in understanding the star forming process. Details of the

results of this analysis are as follows:

1. There are a number of CO cloud complexes in the Cam R1 region which can

be selected on the basis of their spatial position and mean velocities.

™)

There are three distinct stellar groups: Group I is the oldest group and formed
1—-30x10° yr ago from molecular Complexes A and B; Group II formed 1—3x 10°
yr ago from molecular Complex B; and Group III formed 1 — 2 x 10° yr ago
from clouds in Complexes A. B, F, G and H.

3. The mass function of the molecular clouds from which the Cam OBI1 stars
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formed. i.e.. d.N/dMciows x Mz %% is similar to the stellar MF. i.e..
dN/dM. x M (300030

Star formation in the region can be interpreted as being the direct result of
cloud-cloud collisions for the Group I and III stars. The Group II stars probably
formed as a result of ionization-shock fronts and/or stellar winds from the older
Group I stars.

The lack of alignment of the molecular outflows in the Group III stars favors a
collisionally enhanced star formation model over one using ambipolar diffusion

to regulate the star formation rate in the region.
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Chapter 8

On the Importance of Turbulence and Gravity
to Molecular Cloud Structure in Cam OBI,
Perseus and Elsewhere in the Galaxy

A study of the molecular clouds in the present survey (Digel et al
1996) is undertaken in order to determine whether these clouds
are supported by turbulence and/or are in virial equilibrium.
It is shown that all of the clouds are consistent with support
by turbulence but some of the Cam OB1 clouds show a marked
departure from virial equilibrium. A discussion of this result in

terms of evolutionary and selection effects is presented.

8.1 Introduction

In the Introduction to the thesis Hoyle’s model for the structure of Hi in the
Galaxy (Hoyle 1953) was briefly discussed. In this model, Hoyle proposed that
gravity and turbulence combined to preserve any enhancements of material which
occurred. With the realization that a large component of the [SM was in the form
of molecular hydrogen. which could be traced out using the CO molecule (Wilson et
al. 1970). this model was extended to the investigation of the molecular component
of the ISM where it was found that the molecular component also appeared to be
turbulent and followed a Kolmogorov prescription (Larson 1978. 1979, 1981). In
Chapter 3 an analysis of the molecular clouds in Cam OBI1 using structure tree
statistics (Houlahan & Scalo 1990, 1992) led to the conclusion that they appeared
to have a hierarchical element to their structure, also possibly due to turbulent
support. In Chapter 7 it was shown that the power-law describing the structure
of the clouds was similar to the IMF for the newly formed stars in Cam OB1 and
that this power-law was similar to that elsewhere in the Galaxy. In this chapter
the relative importance of gravity and turbulence in organizing molecular clouds in
Cam OBI. Perseus and elsewhere in the Galaxy will be discussed.

Given the resolution of the current CO data set (Digel et al. 1996, hereafter
Di96) it is not possible to analyze the structure of the CO emission in the region of
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Perseus covered in Di96 using structure tree statistics. However, there is an alterna-
tive approach to the problem which does allow some estimation of the importance
of gravity and turbulence in organizing molecular clouds. In the seminal work of
Larson (1981. hereafter L31), parameters for estimating the influence of turbulence
and gravity on the structure of molecular clouds were determined from the data then
available in the literature for a large number of CO clouds throughout the Galaxy.
The measure of turbulence for an ensemble of clouds is given by their linewidth-size
relationship. i.e.. the relationship between their three-dimensional velocity disper-
sion, 0,,. and length, L. as measured along their longest axes. This relationship has
the functional form:

o,, x L°. (3.1)

For the same ensemble of clouds. the influence gravity has on their structure. as a
function of cloud length L. was measured by the Virial Parameter-size relationship
where the Virial Parameteris defined as the ratio of their potential energies. 2—01}—’2
to twice their kinetic energies. .2(-![—;’;1) where G is Newton's constant and M is
the mass of the molecular clouds. The functional form of this relationship is:
2GM
a—i,f x L7,
For clouds in or near virial equilibrium the ratio of the left-hand side of Eq. 8.2
should be approximately unity. If this condition holds over a large range of cloud
sizes then .3 ~ 0.

There are four data sets which will be analyzed in this chapter: The Cam OBI1
clouds in situ (see Chapter 7). the Cam OBI clouds. if they were modified to give
them the appearance that they would have at the distance of the Perseus clouds.
the Perseus clouds. and the clouds in L81. The layout of this chapter will be as
follows. In §8.2, details of the algorithm for transforming the Cam OBI1 clouds to
allow the direct comparison with the Perseus clouds will be provided. In §8.3. the
modified Cam OB clouds and the Perseus clouds will be selected and qualitatively
compared. In §8.4. the comparison of the linewidth-size relationship and the Virial
Parameter-size relationship for the CO clouds in the present survey and in L81 will
be discussed. In §8.5. a brief discussion of the results in light of Hoyle's hypothesis
and L81’s claim will be presented. Finally, in §8.6, the conclusions of the analysis

will be presented.
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8.2 ‘Moving’ the Cam OB1 CO Clouds to Perseus

In order to modify the molecular clouds in Cam OBl to make them appear
as if they lie at the same distance as the Perseus clouds it is necessary to know
the distance to both regions. In Chapter 4. a distance value of 2500 *+ 200 pc
was assigned to the Perseus emission on the basis of associated OB associations
(Garmany & Stencel 1992). and a similar analysis of the stars in Cam OBI led to a
distance estimate for the Cam OB1 CO emission of 975+90 pc. Given the distances
to the two regions. the general procedure for modifying the in situ Cam OB1 CO
clouds to make them appear as if they lay at the distance of the Perseus emission
is as follows:

1. Convolve with the appropriate beam (DRAO in-house software convolve) the
original Cam OB1 map which has been integrated in velocity over the range -5
to -22 km s™! (see Figure 2.11). which has a resolution of 10’. In the original
data. all structure greater than ~ 2.34 pc can be resolved. i.e.. 10’ at 975 pc. but
if placed at 2500 pc only structure greater in size than ~ 7.27 pc (10" at 2500
pc) would be resolved. Hence. the input map must be convolved with a beam
such that output map can at best resolve ~ 7.27 pc features. i.e.. an angular
resolution of 23'6. Assuming a Gaussian beam for the input and output maps.

the width of the convolving beam can be found from:

—_
[9.7)
(™)

~

25 6Final Beam = (10'2 + Convolving Beam?)!/2.

which leads to a convolving beam of ~ 23'6.

N

Place the modified map on the same grid as the original one (DRAO in-house
software mapconvrt) keeping in mind the modified map has now been moved to
a distance of 2500 pc. This entails re-gridding the modified map by assuming
the input grid is really (973/2300) x 375 apart, and then converting it to a
new map with the pixels spaced 3’75 apart. Such an operation is effectively a
summation of the pixels within the final beam with a subsequent increase in the
S/N given by (3.73/1.46) or ~ 2.3.

8.3 Cloud Selection in Cam OB1 and Perseus

8.3.1 The in situ and Modified Cam OB1 Clouds

Complete details of the selection of in situ Cam OBl clouds may be found
in Chapter 7, and the data used for the analysis presented here may be derived
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Figure 8.1 [n situ Original Cam OBI data (above) and modified Cam OB1 data
(below). The contouring scheme for the modified data is 2.05, 3.23,... K km s~!.
Candidate Cam OB1 clouds (Table 8.1) are enclosed by a solid border while clouds
blended with *Local’ emission are bounded by a broken border. Note that the
velocity range of integration is —5 to —22 km s™! for both maps. It should also
be noted that the placement of the modified data in the lower right-hand corner is
entirely arbitrary and a result of the modification procedure.



Table 8.1: Cam OB1

CO Clouds if They Were Located in the Perseus Arm

. . a o b ¢ d qr 2GM N g8 [} £
No  Designation l b Visw  Av, T L%, M, (av71) l(uun/mux) b( i /max) "(min/max)
[deg]  [deg) [kms'[kms™'[p]  (10% K ka7 pe?] (104 Ma] [deg./deg.] (deg./deg.] (ke s~ kw71

MC1l GI131.3-1.3-17.7 131.2501 - 1.3204 --17.70 2.51 785  0.25 0.16 0.14 131.0000/131.5000 - 1.4375/- 1,0625 -14.0/-23.00
MC2 G132.5-0.2-108" 132.4644 -0.2310 - 10.78 4,40 349 010 0.06 0.04 132.4000/ 132.6000 -0.3500/ 0.1000 -5.50/ 23.00
MC3 G132.7-1.8-11.5 132.7144 -1.8421 -11.49 3.44 567 0.80 0.9 0.31 132.5000/132.9376 - 2,0000/- 1.6875 - 5.50/ 23,00
MC4 G133.4-0.2-11.2 133.3745 -0.1451 -11.21 4.07 523 0.31 0.19 0.049 133.0625/133.6250  0.2500/ 0.0625 - 5.50/ 23.00
MC5  G133.640,4-13,7 133.6171 03809 13.71 5.24 6.98 0.57 0.5 0.08 133.5000/ 13,6875 0.1250/ 0.6875  5.50/ 23.00
MCG6 G133.7-1.9-14.1 1336946 -1.8451 -14.10 3.14 436 031 0.19 [(VRY] 133.6000/133.8750  2.0000/-1.6875 -5.50/- 23.00
MC7 G134.0-0.7-13.5 133.9817 -0.6852 - 13.48 5.32 11.78  3.38 2.07 0.27 133.6875/134.3125  1.0625/-0.3750 5.50/ -23.00
MC8 G134.140.2-12.9 134.1023 0.2249 -12.91 4.57 1134 6.04 3.73 0.68 133.6875/134.6250  0.3125/ 09375  5.50/- 23,00
MC9 G134,741.0-15.2 134.6843 1,0309 -15.22 2.59 393 0.28 017 0.28 134.5000/134.8120 0.8750/ 1.2600  5.50/ 203.00
MCI10 G134.7-0.9-14.0 134.6721 -0.9278 - 13.95 (.96 9.59 1094 6.77 0.43 134.3125/1356.1250  1.6250/ 0.3125 5.50/ 23.00
MC11 G135.0-0.0-11.6 135.0218 -0.0269 -11.60 5.4} 6.54 0.88 0.54 0.12 14.8750/135.1250  0.2500/ 0.2500  5.50/-23.00
MC12 G135.0-1.8-14.9 134.9944 -1.8279 -14.88 3.82 523 048 0.29 u.16 134.8125/135.1876  2,0000/ 1.6875 5.50/ 23.00

a. For the MC OBI1 clouds these coordinates are not real but are a result of the modification process. The relative position of the clouds and their appearance are correct but

they could have been placed anywhere in the output grid.

b. FWHM velocity width, corrected for the 0.65 km s~ channel size,

2]

2.5 kpc.

d. CQ luminosity, integrated from the fit to the cloud's composite spectrum,
‘Mco = 4.2(4\’/1.9)11(7‘.0 where X = 1.9 x 10* c™? (K km s_l)"l (Strong et al. 1988), with an additional factor of 1.4 for helium.
. Virial Parameter as defined by Larson (1981).

o

)

g Boundary in ({, b, v) for cloud.

. Not used in any analysis as cloud spectrum is questionable.

.= (Arca/w)'/'. where Area is the area of the cloud within the half-maxinun contour of the intensity VV._.O. corrected for the beam size of the telescope, at a distance 1)

9¢¢
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from the values listed in Table 7.1. Selection of the modified Cam OB1 (hereafter
MC OBI1) clouds followed essentially the same procedure but now starting with a
modified map of integrated emission (see the lower panel of Figure 8.1). A summary
of the physical parameters for the MC OB1 clouds is provided in Table 8.1. Some
observations regarding particular MC OBI clouds are as follows:

1. The brightest molecular clouds are almost certainly blended. e.g.. MC10. but
are included as all of their emission lies in the velocity range -5.5 to -22 km s~*.

and can be fitted well by a Gaussian profile.

™

Weaker features are generally not blended but reasonably well approximated by
Gaussian profiles.

3. In the case of one very weak feature. MC2. blending of multiple kinematic
components is apparent and severe. This feature is at the threshold level for

selection and will not be included in any further analysis.

Figure 8.1 shows the MC OBI1 CO emission and the in situ Cam OBl CO emission.
The effect of the modification is quite striking considering it is only a change in
resolution by a factor of 3. As expected. fine details in the structure of the original
emission are not visible in the modified image. but the trend in the large-scale
structure. i.e.. the CO emission being gathered into several bands which sweep
from north to south with increasing longitude. is also lost in the modified image.
[t is interesting to note how well matched in appearance the MC OBl emission
is to the Perseus emission (see Figure 2.11). particularly the Perseus emission in
the vicinity of ~ { = 141°.6 = 0°. This suggests that from purely morphological
considerations it would not be possible to distinguish between the Perseus clouds
and MC OBI clouds. However. the brighter features in Perseus have higher average
peak temperatures than the MC OBI1 counterparts. and tend to be composed of

multiple-velocity components.

8.3.2 The Perseus Clouds

The selection strategy for Perseus clouds is very similar to that for the MC OBI1
clouds. Extra care was taken in analyzing the most complicated regions. e.g.. W3.
and the cloud definition had to be relaxed slightly. in the sense that a cloud had to
have a closed contour at least at the half-maximum emission level and. if possible, at
the 3o level. For the majority of complicated features in Perseus these two contour

levels did not differ by much as the cloud profile tended to be very steep at the



228

cloud boundary. Finally, a visual inspection of Figure 2.14 was made to confirm
that the cloud boundaries were representative and reasonable. Table 8.2 provides a

summary of the CO clouds in Perseus covered by the present survey (Di96).

8.4 A Comparison of the Structure of Molecular Clouds in Cam OB1
and Perseus

In the introduction. two methods for estimating the significance of both tur-
bulence via the linewidth-size relationship (Eq. 8.1). and gravity via the Virial
Parameter-size relationship (Eq 8.2) were introduced. These methods may now be
applied to the data for the MC OBI1 clouds, the Cam OBI clouds. the Perseus clouds

and the clouds found in L81. and the results are discussed below.

8.4.1 The Turbulence Law.

In L81. an investigation of the relationship between the three-dimensional ve-
locity dispersion. o,,. of the clouds and their maximum extent. L. was conducted.
There were 46 clouds included in that study. and from a hand-fit curve to the data

it was found that:
log (0,,) =0.04 +0.38 log L. (8.3)

where 0., isin kms™! and L is in pc. Tables 7.1. 8.1 and 8.2 list the one-dimensional
velocity dispersion. Av. and radius for Cam OBl clouds (79 clouds). MC OBI1 clouds
(11 clouds) and Perseus clouds (48 clouds), respectively. In order to make a direct
comparison between L8] and these data. L31's result must be expressed in similar
units. This is done by first assuming that:

1. all of the clouds are spherical. in which case the maximum extent of a cloud. L.

is given by twice the cloud radius. 2r. and

2. o34 = (3/(8 (n2))"2Ar (Myers 1983).
With the appropriate changes to the L81 data, a least-squares fit to his data gives:
Larson (1981) :

log Av =(0.19 £ 0.03) + (0.36 £ 0.03) log (2r). (8.4)

where Av is in km s~!

and r is in pc, with a correlation coefficient of ~ 0.89. The
point of interest is the exponent, 0.36 & 0.03. which is in good agreement with the
clouds if they were supported by Kolmogorov turbulence, i.e., with an exponent of

0.33.



Table 8.2: Summary of Physical Parameters of Perseus Clouds

: : a a a b € d e 2GM S 9 9 4
No Designation { b vl.sn AULSM ' I‘L"o Aluu ( AL ) l(mul/luax) b(uuu [max) v(lmu/nmx)
deg. deg)  [km s km a7 Hpe 10% K ks~ ! pe?) (10T M, deg./deg. deg./deg. ki s~ ! Jkm s~
(& .3

1 GI31.4-1.1-34.5 1313494 -1.1371 -34.54 1,70 435 023 0.14 0.48 IISI.IH75/I.’H.5(525 I..'Il'25/ -1.0000 *29.84/*44.80
P2 G131.8-0.7-53.5 131.8165 -0.6854 -53.45 1,69 350 0.64 0.39 0.35 131,0250/132.0000 ().8!25/ -0.4375 "44.55/—6-1.55
P3 (1132.2-0.9 54.8 132.2333 -0.8449 - 54.81 2.63 915  1.09 0.67 O.45 132.0000/1:32.50t0 I.IB75/ 0.5000 - 46,10/-66.25
4 G132.6-1.5-38.1 132.5464 -1.5444 38.10 2.70 306 0.66 0.41 0.79 132.1875/132.8750 1.81256/ 1.2500 29.84/-46.10
[ G132.7-0.4 503 132.6465 03937 50.31 2.70 3.06  0.14 0.09 017 132,6000/132.8125 ().5()()0/ 0.2500 *lU.OU/--(iI.().’)
re G133.240.9-42.8 1331893 0.9188 - 42.76 4.G7 10.90 9,06 5.59 1.01 1132,1825/133.6250 0.6875/1.1250 - 30.00/ 70.00
P7 G133.2-1,1-379  133.1945 -1.1430 - 37.89 2,54 4,35 0156 0.09 0.14 133.0625 /1:33.5000 l.2500/ 1.0000 -29.84/- 42.20
P8 GI33.342.1 426°133.2469 20868 -42.57 4.08 08T 0.13 0.08 N/A 133.0625/ L3750 2,0000/ 21875 3375/ 63.26
P9 G133.3-1.3-38.5° 133.2849 -1.3198 38,46 2.4 1.74 012 0.08 N/A Iiill.()(i'l.')/lﬂ.'l.ﬁ()()() 1375/ 1.2500 29.84/ 42.20
P10 G133.440.3-49.7 133.4271 0.2627 -49.65 4.17 7.85  3.63 2.24 0.70 Iilll.1875/l.'53.025() ().U()()U/ 0.5000 3().()0/ 70.00
P G130, 741.2-41.2 1330.6757 1.2298 -41.18 5.87 1.5 500 312 0.89 IZ)Z).:H‘).")/ 1339375 1.1250/ 1.9750 30.00/' 70,00
P12 G133.940.4-47.4 133.8890 0.4273 -47.35 5.80 9.6 5H.89 3.63 0.48 I!i(i.(i250/l:$'l.l250 0.1875/ 0.6250 - 30.00/-70.00
P13 G133.941.1- 44.3°133.9242 1.0710 - 44.29 8.10 436  2.21 1.97 N/A 133.81256/134.0625 0.9375/ 1.1875 -30.00/-70.00
P14 G134.1-0.9-39.4 134.0566 -0.9332 -39.41 2,36 4356 020 0.12 0.21 13,7500/ 1341875 1.1875/ -0.7500 --29.84/ -50.00
P15 GI34.140.8-48.2 1341125 0.7619 48,16 4.83 6,25  4.72 291 1.02 l:ll!.875()/l:5'| 3750 (l.(i'l.")()/ 0.9378 —30.()0/ 70.00
Pi6  Gi134.3-1.749.3 134.9219 -1.6891 -49.28 3.70 7.00 1.8 0.73 0.33 134.0000/134.6250  2.0000/ 1.3750 -36.35/-59.10
P17  G134.540.3-47.6 134.5147 0.2770 -47.58 3.3) 5.65 0.9 .24 0.17 l:S»l.(l75()/I1H.6875 0.0625/ 0.4375  38.95/-56.50
[T G134.641.9-37.27134.5858 1.8815 - 37,16 2.52 1.74 0.19 0.12 N/A 134.4375/134.8125 l.7.’r()()/ 2.0000 ll:l.l()/ 42.85
P19 GI134.742.2- 40.5 1346772 2.1540 -40.45 2,43 5.25  0.28 0.17 0.24 |-'l-l.25()0/l:}-l.875() 2.()0()0/ 2.4375 (H.-l()/ 48.05
P20 Gi134.7-0.7-42.8 134.7377 -0.7003 -42.81 3.68 7.85 1.37 0.85 0.34 Illnl.-l.’i75/l.’l5.00()0 I.()()U()/ 0.5000 (lll.l()/-- 653,25
P21 G134.941.5-40.1 134.8558 1.5036 -40.11 4.5} 3.5 0.93 0.57 0.135 134.6875/1:35.0000 I‘IH75/ 1.8125 20.84/ 50.00
P22 GI1348-0.0-448 1348154 -0.0249 -44.76  3.56 4.35 0.4 0.2} Q.16 1L.6250/134.9375 01875/ 01875 - 38.95/ 58,95

6¢¢



Table 8.2 cont.: Summary of Physical Parameters of Perseus Clouds

No  Designation lu b Yisn A"f.sn r l‘:"u ME, ( _A-;_(H';' Y l{uuu/umx) :,mm Jwmax) u:,uun/umx)
[deg)  [deg) [kms™'km s~ pe) (10T K kms™! pe?) (107 M) [deg./deg.] (deg./deg.) (kv s} fkm s™Y)

P23 G135.0-0.0-36.5 135.0374 -0.032) -36.52 2.87 3956 092 0.20 0.27 134.6250/135.2500 -0.1875/0.1875 - 28.95/ - 18.95
P24 G135.1-0.0-44.2  135.1263 -0.0288 -44.24 3.45 435 0.66 0.41 0.34 134.9375/135.3125  0.1875/0.1875 -38.95/ 58.95
P26 GI1353+41.1-44.77135.2762 1.0874 44.71 4.54 2,18 114 0,79 N/A 136.0625/135.5000 0.8125/ 1.3750 34,40/ 54.55
P26  G135.640.2-30.9 1356.5841 0.2267 - 36.87 2.71 395  0.13 0.08 0.12 136.3750/135.7500 0.1250/ 0.3760  29.84/- 41.55
P27 G135.540.3-43.5 135.5089 0.2503 -43.47 2.24 306 0.23 0.14 0.39 135.3750/135.7500 0.1250/ 0.5000  38.30/ 52.60
1’28  G135.7-0.2 38.7 135,7381 -0.2059 -38.65 5.27 565  0.61 0.38 0.10 135.5625/ 15,9375  0.4375/ 0.0625 29.84/ 50.00
P29 G136.1+2.1-45.2 136.1101 2,0800 45.15 3.23 306 0030 0.19 0.26 135.8750/136G.3125 19376/ 2.3125  36.35/-57.80
P30 G136.440.2-56.2 136.3735 0.2020 -56.17 3.55 4.35 044 0.27 0.21 136.1250/130.5625 00625/ 0.3750 46,10/ -66.25
P31 G136.541.2-37.4 1364619 1.1743 -37.42 3.60 6,55 349 2.16 1.09 136.0000/136.7300 0.7500/ 1.7500 29,84/ -48.05
P32  G137.041.3-38.6 136.9560 1.2549 -38.58 6.13 525  8.80 5.43 1.19 130.7000/ 1373750 0.7500/ 1,7500  29.84/-48.05
P33 GI37.342.7-45.2 1372906 2.6684 -45.17 2.71 3056 0.24 0.15 0.29 137.1875/ 13743756 2.5000/ 2.8125 -35.05/- 51.95
P34 G137.243.1-50.8 17,2288 3.0818 -50.81 1.86 306 025 0.15 0.61 136.8750/137.4375 2.9500/ 3.3750 - 42.2()/ 61.70
P35  G137.741.5-39.1 137.7049 1.4702 -39.10 3.G9 4.35 3.8 2.09 1.51 137.4375/138.0025 1.0625/ 1.7500  29.84/ 50.00
P36 G137.8-0.7-43.9 137.7464 -0.7117 -43.89 2.0 525  0.38 0.23 0.28 137.4375/137.9375 0.8750/- 0.4375 41.55/-67.15
P37 G138.040.8-37.8 138.0020 0.8089 -37.78 2.90 435 0.77 0.47 0.55 137.7500/138.3125 0.5000/ 1.1250 2984/ 48,05
P38  G138.541.6-38.7 138.4857 1.6419 -38.71 2.77 4.35  3.86 2.8 3.06 138.0625/139.0000 1.3750/ 1.9375 - 28.84/-47.40
P39 G138.5+2.2-39.9 138.4607 2.1863 -39.89 2.50 565 (.54 0.34 0.41 138.1250/138.6250 2,0625/ 2,.4375 29.84/-50.00
P40 G138.4-0.8-37.0" 138.4260 -0.7819 -37.04 3.42 1.76 0.1 0.09 N/A 138.3000/ 138.4500  0.9000/ 0.6375 29.84/ 42.85
P41 G138.842.3-39.5 138.8166 23070 -39.52 2.60 5,65 0.42 0.26 0.29 138.6875/138.9376 20625/ 2.5G25 -29.84/-47.40
P42 G139.240.4-39.8%1:39.2280 0.4393 -39.83 1.91 2.18  0.31 0.19 N/A 138.9375/139.5000 0.2500/ 0.6250  29.84/- 50.00
P43 G139.241.1-39.3 139.2420 1.0463 - 39.31 2.86 7.85 1.72 1.06 0.71 138.7500/139.6875 0.7500/ 1.37560 -29.84/-560.00
P44 G139.7-0.4-39.0 139.6448 -0.4393 -39.03 5.14 9.15 320 1.97 0,358 139.0000/140.2750 - 1.0000/ 0.0000 - 29.84/ 50.00

0€c



Table 8.2 cont.: Summary of Physical Parameters of Perscus Clouds

No Designation r b’ v:su Avﬁsu re I‘:‘?n A"«r‘.n (_'&'_"'_54”.)/ I:Innu/max) {lniu/umx) v(yuun/mux)
[deg)  [deg] [kms™'kms™"Ipc]  [10% K ki s™! pe?] (107 M) [deg./deg.] [deg./deg.] km s~ km s™Y)

P45 (G139.940.2-39.9° 139.9033 0.2086 -39.92 3.07 087 0.88 0.54 N/A 139.6250/140.1250 0.0000/ 0.4375 -29.84/ -50.65
Pa6  GI139.942.6 51.5 139.9313 2.6G279 -51.47 247 3.50 033 0.20 0.40 139.7500/ 140.3750  2.6000/ 2.8750 -40.25/-69.75
P47 G140.6-0.2-39.6 1405926 0.1462 -39.64 408  6.] 2.65 1.6+ 0.69 140.2750/140.9275 -0.5625/ 0.2500  20.84/ 50.00
P48 (G140.640.7-37.9 140.6177 0.67256 37.92 3.67 6.56  3.51 2.16 1.1t 1402125 /14100256 0.2500/ 1.2500  29.84/-50.00
P49 G099 1.1-408 1408686 1.0959 40.82 405 G656  6.28 3,206 1.1 1404375 /1411875 - 1.6250/-0.5000 31.14/ 50.65
P50 GL4L.5-1.2-41,1  141.6387 11750 -41.06 2,63 395 S0 1.85 2,92 141.2500/142.1250 -1.5000/- 0.6250 31.14/-50.65
P51 G141.841.6 47.7 141.7644 1G240 4765 2.80 395 039 0.24 0.38 L4375 /142.0000 1.4375/ 1.8126 36,35/ -57.15
P52 GU42.241.4-44.8% 1422002 14434 -44.77 2,84 .74 0.26 0.16 N/A 142.0000/142,3750 13125/ 1.81256 36.35/-54.65
A3 G142.640.5 434 142.6387 0.5215 - 43.25 3.42 3.05  0.76 0.47 0.50 142.4000/142.9375 0.3125/ 1.8125 36356/ 54.556
P54 G142.8-1.0-412.6 142.7475 -0.9884 - 42,60 3.97 8.3 2.5 1.45 0.48 142.2500/143.1875  1.2500/-0.5625 - 31.79/ 50.65
PS5  G143.441.0 38.0 1434278 09526 38.03 2.83 526 047 0.29 0.30 L 18TH/ 14,7000 0.6875/ 1.1250  20.84/ 50.00
P56 G143.640.2-34.5 143.5880 0.1850 -34.456 2.77 5256 0.47 0.23 0.25 143.1250/144.0000 00625/ 0.3750 - 27.89/ 137.00
P57  G143.9-1.5-30.7 143.8473 - 1.4975 30.65 2.51 5.7 1.60 0.99 1.19 143.5000/144.0000 -1.9000/ 1.0625 - 27.89/ 48,70

2 =1 & T B

—

g Boundary in ({, b, v) for cloud.

*. Not used in any analysis as cloud spectrum is questionable.

. Emission weighted mean values. v, o, s measured relative to standard solar motion,

. FWHM velocity width, corrected for the 0.65 km 8™ channel size.

. CO luminosity, integrated from the fit to the cloud's compusite spectrum,
M., =4.2(N/19)L

. Virial Parameter as defined by Larson (1981),

co Where N=19%10"em™? (K kmn a-l)_l (Strong et al, 1988), with an additional factor of 1.4 for helium,

= (Area/w)’/", where Area is the area of the cloud within the half-maximum contour of the intensity ”/co- corrected for the beam size of the telescope, at a distance [)

2.5 kpe.

1€2¢
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Turbulence as Measured by the Size — Linewidth Relationship
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r Perseus Clouds: O
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LB1: log (Av) = (0.19+/-0.03) + (0.36+/-0.03) iog (2r)
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Figure 8.2 Comparison of the linewidth-size relationship as found by Larson (1981.
44 clouds) with the Cam OBI clouds (79 clouds). modified Cam OBI1 clouds (11
clouds) and Perseus clouds (438 clouds). More data. over a larger range in cloud
radii. are required to find a complete solution to the data taken from the present
survey (Di96).

Figure 8.2 shows an overlay of the data in the present work against that in L3I.
It would appear that the clouds from all samples fall onto the L3I linewidth-size
relationship. However. the scatter in log (Av) is large. particularly for the Cam
OBI clouds. and the range of cloud sizes is comparable to the scatter in log (Av).
Hence. without additional information on clouds spanning a larger range of sizes the
only observation which can be made is that the degrees of turbulence. as measured
by the linewidth-size relationship. for molecular clouds taken from the present survey
(Di96) have mean values which are consistent with L81.

A summary of the key points regarding the influence of turbulence in supporting
the clouds taken from the present survey. and those in L81, are:

1. The scatter in the linewidth-size relationship for the Cam OBI1 clouds appears
to be appreciably greater than that in L81 or for the other regions considered
in the present survey.

2. Because of the small range of cloud sizes. it is not possible to test. in a statistical
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sense. whether there is any difference between the linewidth-size relationship for
the molecular clouds taken from the present survey and those of L31. However.
the mean values for all of the populations considered in this work do agree with

the results derived in L31.

8.4.2 Virial Equilibrium

In order to measure the degree to which clouds are in virial equilibrium. L3I
suggested the use of a Virial Parameter-size relationship. i.e.. Eq. 8.2. L31 found.
from a hand-fit solution to his data. that the Virial Parameter. as a function of

cloud size is given by:

o
ot
—

log( .0'2 i ) = —0.04 + 0.14 log (L[pc]). (8.:

A value greater than one for the Virial Parameter. %LL/ indicates that the system is

gravitationally bound and susceptible to gravitatioédal collapse provided that there
are no other forces present. e.g.. due to magnetic fields. or rotation. Converting
this relationship to the quantities consistent with those presented in Tables 7.1. 3.1
and 3.2. and using the same assumptions as in §3.4.1. it follows that an unweighted
least-squares solution to the L31 data. found by the author. is:

Larson (1981) :

WG M ) o , .
m(mz—r)) = (0.00 £ 0.07) + (0.07 % 0.08) log (2r[pc]). (8.6)

In Figure 3.3 plots of the Virial Parameter for the three cloud samples. Perseus.
Cam OBl and MC OBI. together with the L8l data. and the least-squares rela-
tionship derived from the L381 data (Eq. 8.6). are presented. In order to quantify
whether the data come from similar parent populations. a statistical analysis was
undertaken to measure the absolute difference in the mean values for various combi-
nations of the data as well as the deviation in the difference. Formally. the absolute

difference in the mean of two populations. ¥; and Y5. is given by

(v.4]
-1
S—

D =Y, - 13l. (

which has a deviation given by

ny na
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where the o, and n, refer to the standard deviation and sample size. respectively. of

the two populations being compared (Mendenhall et al. 1981). The results of this

comparison are presented in Table 8.3.

Table 8.3: Statistics for Comparison of Virial Parameter

L31 Per Cam OB1  MC OBI1

D"_'_‘O’D D:ta’p D:EO’D D:tO'D
L3l N/A 0.06 £0.08 0.30 £0.07 0.39+0.12
Per 0.06 £0.08 N/A 0.44 +0.07 0.33+0.10
Cam OBl 0.50 £0.07 0.44+0.07 N/A 0.11 £0.10

MC OB1 0.39+£0.12 033+0.10 0.11+0.10 N/A

There are several conclusions which can be drawn from the statistical results

shown in Table 8.3 and from an examination of Figure 8.3. These include:

L.

(S
.

[t is not possible to derive a formal solution for the Virial Parameter as a
function of cloud size for the Perseus clouds (top panel. Figure 8.3) because of
the limited range in cloud sizes studied. However. the mean value of the Perseus
clouds” distribution and that of L8l are in agreement and would suggest that
they came from the same parent population.

Again. owing to the limited range in cloud sizes sampled. it is not possible to
obtain a formal solution for the Virial Parameter-size relationship for the MC
OBI1 clouds (middle panel. Figure 8.3). In the case of the MC OBI clouds. the
majority of them lie below the threshold to be self-gravitating (dashed line in
Figure 8.3). The comparison between the MC OB1 mean and that of L81 and
Perseus shows that the clouds do not come from the same parent population.
In the case of the in situ Cam OBI clouds. the difficulty persists with the small
range of cloud sizes. In this case, the difference between the two population
means (D) from L81 and Per is even more pronounced than in the case of MC
OB1.

The comparison of the MC OBI1 clouds to the in situ Cam OBI1 clouds shows
that the difference in the means of the two populations is not significant. Fur-
thermore, this suggests that the essential character of the in situ Cam OBl
clouds. as being clouds which have a mean Virial Parameter different from L81

or Perseus, has been preserved in the modification process to form the MC OB1
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Grevity as Megsured by the Viricl Parameter — Size Relationshio
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Figure 8.3 Plot of the Virial Parameter, 2GM/Av?(2r), as a function of cloud
size. The condition for virial equilibrium is shown by the dashed line. For the Cam

OB1 clouds (bottom panel) the mean in their distribution, as a function of the Virial
Parameter, is shown by the dotted line.
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clouds. Therefore. the in situ Cam OBI1 clouds are essentially different from

the L81 and Perseus clouds in the importance gravity has on regulating their

structure.
In order to explore the cause of the large range in the Virial Parameter for the
Cam OBI1 clouds. an examination of the clouds making up the Cam OBl data
was undertaken. In this analysis. the Cam OBI1 clouds were placed into one of two
groups. depending on whether they are “above’ or *below” the mean Virial Parameter
for the Cam OBI clouds (i.e.. log(2GM/Av?(2r)) = —0.77. the dotted line shown
in the lower panel of Figure 3.3). There are 10 clouds which lie above. and 39 clouds
which lie below this dividing line. Table 8.4 provides a summary of this analysis.
All of the values listed in Table 3.4 are mean values. with the error shown being the

error in the mean.

Table 8.4: Physical Properties of Cam OB1 Clouds
with Above- and Below-average Virial Parameters

Group | b Av r Mco T max
deg]  [deg]  [kms?] [p]  [x10°M:] [K]

Above 139.4+0.5 1.83+£0.3 30£0.2 3.7+£0.2 3304 3.5+£0.2

Below 133.1 £0.6 1.3 +0.4 1.0+£0.2 330+£0.1 1.1+£0.2 2.0x£0.1

The properties of the two groups of Cam OBI1 clouds are quite different. There is
an indication that the above-average Virial Parameter clouds may be preferentially
located at higher longitudes but the difference in the mean longitude of the above-
and below-average groups is only marginal and may not be significant. The clouds
in the above-group also tend to have larger masses and narrower velocity linewidths
than the below-group. Both of these tendencies will contribute to the placement of
the above-group as being gravitationally bound and. conversely, for the below-group
to be gravitationally unbound. The above-group clouds also tend to be warmer.
which is expected for molecular clouds which are forming stars. i.e.. molecular clouds

associated with Cam RI1.
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8.5 Discussion

In Hoyle’s model of Hi (Hoyle 1953). now extended to molecular clouds. the
permanence of a cloud in turbulent flow is due to the cohesive effects of gravity
dominating over the dissipative force of turbulence. In principle. this permanence
could be measured directly if there were some way of observing a cloud over its
lifetime and confirming that the cloud was long-lived. persisting for at least the
order of a dynamical time (Larson 1994). In practice, this is not possible. but the
permanence of structure may be inferred in two ways: a) by the presence of star
formation. in which case it is assumed that the clouds must have survived sufficiently
long for stars to form, or b) by the distribution of cloud masses. i.e.. if there is a
large number of clouds present which exceed their virial masses.

The description of the balance between disruption and contraction of a molecular

cloud is given by the virial equation, i.e..
P—-Q=2T+B+2L, (3.9)

where P is energy due to external pressure,  is the potential energy of the system.
T is the kinetic energy of the system due to thermal and turbulent motion. B is the
energy due tc magnetic pressure and L is now the energy due to rotation. Molecular
clouds considered in this study are almost certainly turbulent. but the question of
whether they are bound or not is more problematic. L81 claimed that all molecular
clouds are gravitationally bound, over a large range of scale sizes. The Perseus
clouds support this claim but not the in situ Cam OBl clouds or the MC OBl
clouds. In fact, the Cam OB! clouds are a mizture, which vary in the degree to
which their structures are regulated by gravity. It has been argued that dramatic
departures from conditions for being gravitationally bound have been seen in very
vigorous star forming regions elsewhere in the Galaxy, e.g., Orion and Cep OB3
(Falgarone 1995)., where an additional force to constrain those clouds is provided
by external thermal pressure. In the case of Cam OBI. the star formation is not
as vigorous and the clouds involved in the star formation tend to be gravitationally
bound. It is the smaller clouds in Cam OBI, which are not active star forming
regions, that appear to be out of virial equilibrium. Since these smaller clouds are
not associated with any recent star forming activity and have not dispersed they

may represent a young population of molecular clouds in Cam OBI.
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8.6 Conclusions

In this chapter several aspects of the structure of molecular clouds in the present

survey were considered. From this analysis it was possible to conclude that:

L.

[V

The appearance of the Cam OBI molecular clouds would be similar to those
of the Perseus clouds if they were placed at the same distance as the Perseus
clouds.

All of the molecular clouds considered in the present survey are consistent with
the linewidth-size relationship derived by Larson (1981). This relationship is
suggestive of Kolmogorov-type turbulence.

The essential character of the in situ Cam OB1 clouds. as measured by their
mean Virtal Parameter. is preserved when they are scaled to appear as if they
were at the same distance as the Perseus clouds.

Not all of the molecular clouds considered in the present survey are gravitation-
ally bound. In particular. the in situ Cam OBl and MC OBI1 clouds show a
strong departure from virial equilibrium. It is suggested that the clouds showing
the strongest departure from being self-gravitating may be the voungest clouds
in the field.
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Chapter 9

Conclusions and
Suggestions for Further Observations

A summary of the thesis in terms of the three elements of star
formation is provided. Suggestions for further studies in the

region are also given.

This thesis has attempted to examine the star formation in the Cam OB1 region.
covered by a recent CO survey (Digel et al. 1996). in terms of three elements: a) the
similarity of the structure of the molecular clouds from which stars form with the
newly formed stars as measured by the cloud mass function and IMF. respectively:
b) the temporal evolution of the molecular clouds. and c) the probability of star
formation occurring. It has been shown that the CO emission in the Cam OBI
region appears to be hierarchical in structure and is probably supported against
collapse by turbulence. It has also been shown in this thesis that the mechanism
which governs the probability of star formation, in the case of Cam OBI. operates
at the molecular core level and is probably a result of an enhanced number of core
collisions in the region. leading to an enhanced number of core collapses and an
increase in the subsequent star formation rate. The principle mechanism for this
enhancement is the collision of molecular complexes in the region and ionization-
shock fronts produced by the most massive stars in the region. It was also shown
that the molecular clouds in Perseus have a similar structure to those seen in Cam
OBI.

There are. of course. further observations which should be made of the Cam
OBl region in order to strengthen the arguments presented in this thesis. These
include:

1. Extending the CO observations to the entire Cam OBI region. The present
observations cover only approximately half of the Cam OBI1 region, as defined by
the Cam OB association (Humphreys 1978), and it would be interesting to see

if Cam R1 represents a unique region of contact for molecular material in Cam
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OBI1 or whether there are numerous such regions. It would also be interesting to
see if the Cam OBI emission can be separated from the Local emission over its
entire extent. and whether or not there is any age differentiation of Cam OBI
stellar groups over this scale. Such a study may reveal whether Cam R1 is part
of a larger shell-like structure where star formation is the result of expansion of
molecular shells (Digel et al. 1996) or whether the molecular material is more
fragmented and star formation is localized.

Infrared imaging of the regions of contact where the Group III stars are forming
is badly needed. The [RAS data (Beichman et al. 1938) provides only an
indication of the enhancement of infrared sources. above the background. in the
surveyed field. An analysis of these sources based upon their infrared emission
from better data is required in order to classify them and. in the cases of pre-
main sequence stars, to determine their luminosity and possible stellar masses.

High-resolution observations. in various molecular transitions. of the molecular
cloud interface in the vicinity of AFGL490 and AFGL4190-iki could serve to
improve the physical model of the outflow AFGL-190-iki. as well as to determine
exactly where in the cloud the outflows lie. [t is also possible that abundance
differences between the various complexes may be detected which would support
the hypothesis that the colliding clouds are expanding shells.

Preliminary work on the Perseus clouds suggest that they have a similar struc-
ture to the Cam OBI clouds. High-resolution observations of selected clouds in
Perseus and a comparative study of the structure tree statistics for these clouds.
and the entire Cam OBI region. are required to confirm this result.

A comparison of the CO emission to the HI emission in the region (Gr 1993)
showed that they followed similar power-laws. It would be interesting to analyze
the Hi data using structure tree statistics to see whether or not these statistics
are also the same as those of the CO. This would provide more information on
the structure of the ISM, and the interplay between various components of it,

than is available from an FFT analysis alone.
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Appendix A

A.1 The Uncertainty in the Measured and Derived Quantities
Used to Characterize Molecular Clouds

In Chapter 1. the measured and derived physical quantities used to characterize
molecular clouds were introduced. In brief. the measured quantities are the FWW H M/
of the velocity profile of a cloud as fitted by a Gaussian profile. the radius of a cloud
as fitted to the half-maximum of its integrated CO intensity. Wco. and the centroid
of the cloud in /. b and v. The derived quantities consist of the cloud’s luminosity
in the CO line (Eq. 1.47). the cloud’s CO mass (Eq. 1.32) and the cloud’s virial
mass assuming the cloud is spherical and uniform in density (Eq. 1.53).

In practice. determination of these quantities is a multi-step process. Cloud
candidates are initially selected from an integrated map. e.g.. the Cam OBI1 emission
shown in Figure 2.11. by first identifying simple closed ‘30" features which contain
only one ‘60 peak. Boundaries for the candidate clouds are then set as a simple
box so as to include all of the emission associated with the feature. Ideally the cloud
boundary should terminate near enough to the feature to include only the feature
but far enough away to include important contributions from any extended features.
A detailed analysis of the effect that cloud boundary selection has on the derived
cloud parameters is included at the end of this section. More complicated regions.
i.e.. cloud candidates with more than one 6o peak. are broken into separate features
if there is some suggestion from their morphology that such distinct features are
easily identifiable.

Given the initial list of cloud candidates. or more correctly cloud candi-
date boundaries. each candidate cloud is then analyzed using a software package.
cloud_find, written by the author to determine whether it was possible to obtain
a closed half-maximum radius and a simple. single-peaked spectrum fitted well by
a Gaussian. For the cases where there are multiple peaks that could be kinemati-
cally isolated. i.e.. more than one FW HM apart in velocity, multiple clouds were
obtained with the same longitude and latitude boundaries but with the velocity
ranges reset appropriately. If a spatially well defined feature is well fit by a Gaus-

sian but a second velocity feature appears in the wings of the first’s velocity profile,
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then the velocity boundary between the two was deemed acceptable. For the most
complicated emission features the brightest one is examined first as the primary
cloud and half-maximum radius discriminator. The brightest emission feature is
then removed and considered counted. after which the next brightest feature is ex-
amined in a similar fashion. and so forth until the complicated emission feature has
been completely analyzed.

[t is also necessary to estimate the effect that the cloud selection process has on
the measured physical parameters of the clouds. Obviously. if the box boundaries are
set to be too broad in all dimensions then many features will be encompassed. while a
too-narrow boundary will fall within the cloud and possibly cut the half-maximum
contour. I[n order to quantify the uncertainty introduced in estimating a cloud
boundary. an experiment whereby the effect of varyving the cloud boundary by one
pixel in each spatial coordinate was computed for two clouds, one representing large
clouds of at least several beamwidths in radius (testone). and one representative of
small clouds comparable to a beamwidth in radius (testtwo). The guiding principle
to know when the choice of a cloud boundary is appropriate for a cloud is to consider
the range of boundaries possible for which a relatively steady cloud half-maximum
radius is obtained. The mean and range over which the cloud half-maximum radius
is slowly varying serve as measures of the mean and uncertainty in the cloud radius.
The values of the physical quantities of interest. e.g.. virial mass. etc.. and their
associated uncertainties. are found commensurately. Results of this experiment are
presented in Table A.1. In the majority of cases. the errors in the derived quantities.
i.e. the cloud’s luminosity. CO mass and virial mass, are typically 10 - 25% with a

larger relative uncertainty associated with the smaller clouds.

Table A.1: Summary of Typical Cloud Uncertainties

Case Av,.,  Radiusr Lo M., M,

[km s™!] [pc] [10° K km ~! pc?] [103M ;] [10°M 3]
testone 4.79+39; 4.43+£33%  9.42+1% 8.85+£120 24.64]2
testtwo 2.72+339 1.54433  0.47£34L 0.44£3%L  2.76+375

There is one last source of uncertainty, which has the potential to produce very

large uncertainties in the determined physical quantities of small clouds. In Chapter



256
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0.C024
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rOsserved[deg ' ]
Figure A.1 Effect of the finite resolution of the beam on the measurement of cloud
radii. A turnover in the relationship betweenr, _andr,, . . defined by equation
— (2 Q211/2 . : G elnit
e = (B2 - 0.0832)'/2, takes place in the vicinity of

observed ~ 0.1 deg. At this point a small change inr,, .., ~ 10% leads to a change

of ~350% inr

1.31 (in degrees). i.e. r

r

Trye®

1 it was shown to be necessary to convert the observed cloud radius to a “true’ cloud
radius (Eq. 1.42). which involved taking the square of the difference between the
squares of the observed radius and the survey beam size. A small error in the
observed cloud radius can produce a larger uncertainty in the true cloud radius for
a cloud comparable in observed radius to the survey beam size. Hence. clouds with
observed radii of this magnitude or smaller should not be included in any analysis.

Figure A.l illustrates this point.
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Appendix B

B.1 Per OB1 and Cas OB6

In Chapter 4. the distance to the Perseus CO clouds is stated to be 2300 +
200 pc on the basis of main sequence fitting to the B stars in the associations Per
OBl and Cas OB6 (GS92). Tables Bl and B2 provide details taken from GS92
useful in characterizing the two associations. In the last column in both tables are
the distances to the stars. Dist 1. derived on the basis of their distance modulus.
while the penultimate column lists the radial velocities for the stars. when available.
Proper motions are not included. even though some are listed in SIMBAD. as the
uncertainties exceed their quoted values.

Making use of the values of Dist 1 and the radial velocity listed in Tables B1
and B2 it is possible to derive the mean and associated error in the mean for both
of these quantities. In general. for some quantity. z. these values are obtained from
(Taylor 1982):

r=T=+x56,. (B.1)

where r = T is the mean of the sample of rs and 6, = o./V.V. For a sample size.

.V. the standard deviation in the distribution. o. is given by:

SN (r; - T)?
~ =1 t 9
o \/——_\,_ " (B.2)
For the Cas OB6 and Per OBI stars it follows that:
Cas OB 6
Stars: B Main Sequence All B All Stars
NDist 1- 14 24 12
Dist 1 [kpc]: 2.26 +0.10 2.69 £ 0.18 2.70 £ 0.16
:'Y"'LSR: | 6 15
U sn (kms7l: —10.0+? -33.8 £13.8 —-42.4 £+ 109
Per OB1
Stars: B Main Sequence All B All Stars
NDiSt 1- 2 17 26
Dist 1 [kpc]: 1.83 £0.17 252 +0.18 2.89 £0.32
N, . 0 8 15
LSR

U sn [kms7l]: 747 —42.0+1.3 —-41.1£2.0



Table B1: Cas OB6

No. Object Name* # 8* MK Dess B¢ V¢ v Dist. 17
[deg.]  [deg.] [mags] [mags] [kms™°] [kpc]
1 BD+60 470 133.883 -0.075 O8Vvar 1058 9.38 2.24
2 BD+624l11 133.883 +2.700 BlIb-II 3.78 346 -529 347
3 BD+62419 134.169 +2.999 BO:\V: 1008 9.72 223
1 BD+60 478 134.417 -0.034 M1Ib 14.02 1077 1.36
5 IC 180523 131.470 +0.552 BIV 1231 1147 1.87
6  BD+60 496 (IC 1805 104) 134.582 +1.035 06V’ 936 379 -503 208
T IC 1805 111 134.594 +1.070 B2V 1204 11535 2.30
3 BD-+60 496 (IC 1505 103) 134.608 +0.965 BOV 11.03 1053 267
9 BD+60 493 (IC 1805 70)  134.623 +0.583 BO.5la 922 343 396 243
10 BD+60 498 (IC 1305 112)  134.629 +0.990 O9V’ 1045 9.92 2.40
11 BD+60 499 (IC 1805 118) 134.640 +0.995 09.5V 10.30 10.26 2.48
12 IC 1305 161 134.673 +1.112 BL5V 11.31 1035 2.01
13 IC 1505 136 134.683 +0.995 BIV 11.62 1101 2.07
14 IC 1305 113 134.693 +0.319 O9Ve 11.80 10.92 2.34
15 BD+60 501 (IC 1305 138) 134.706 +0.937 065V 10.05 959 ~7T0E 3.34
16  HD 15558 (IC 1805 148)  134.724 +0.925 OSIII(f) 835 786 -500C 222
17 IC 1805 174 134.764 +0.956 B2V 1206 11.56 2.2
18 BD+60 506B (IC 1305 185) 134.778 +0.949 B2V 12.15 1161 221
19 BD+60 596 (IC 1505 183) 134.780 +0.941 BIII 1L.74 1015 6.31
20 IC 1805 169 134.790 +0.859 B2IV 12.39 1171 2.57
21 IC 1805 211 134.343 +0.953 BIV 1147 10.89 2.05
22 BD+60 513 (IC 1805 232)  [34.898 +0.922 O9V 990 9.1 2.00
23 IC 1205 260 134.907 +1.051 B2V 11.97 115t 2.36
20 1C 1305 221 131.929 +0.772 BSII-11I 12.12 1157 3.50
25 1C 1805 308 134.960 +1.235 G5Ib-I1 12.46 1093 6.14
26 IC 1805 238 134.975 +1.043 BL3V 1158 1111 2.29
27 BD+59 497 134.991 -0.693 BOV: 11.21 1047 3.39
28 HD 15785 135.306 +0.188 Bllab 291 834 -370D 310
29 BD+59 510 135.439 -0.331 BIIII 10.34 10.28 2.76
30 HD 16429 135.678 +1.146 095111 329 767 -620D 1.09
31 HD 16778 136.634 -0.023 A2 861 771 -360C 2.38
32 HD 237007 (IC I8483)  137.136 +0.858 BOV 9.76 943 ~00E 203
33 HD 17520 (IC 1848 2) 137.216 +0.880 09V 8534 BN 520 152
34 LS1+59153 137376 +0.194 09.5V 11.72 1110 3.27
35 HD 13409 137119 +3.460 O91Ib 3.78 836 —~23C 310
36 BD+60 594 137.379 +2.119 09V 9.66  9.30 2.28
37 BD+60 586 137,120 +1.279 OSIII 3.76 846 123 3.06
33  HD 17971 137 727 +1.147 F3la 382 775 510 4.94
39 LS +59 154 138.138 +0.091 B1V 11.23  10.66 187
10 0D 13076 138.437 +0.046 BOLL-I1I 961 906 -590D 269
41 BD+38 547 138.848 +0.552 B3II-1II 10.05 961 +260 3.15
42 UBV 2842 139.098 -0.723 BIIL-LII 10.84 10.04 283

a. Catalog designation of star as given by. in order of preference. its HD. BD.

entry.

b. Galactic co-ordinates of star.
c. MK classification of star. as listed in GS92.

d. B and V photometric indices.

e. Radial velocity of star corrected to Local Standard of Rest assuming standard solar motion. The
letter index. when listed in SIMBAD. gives the quality of the spectra: A - excellent to E - poor.

f. Distance from m, — M, = 5 log(d) — 5 + A, . assuming the intrinsic colors and abolute magnitude-
color relationship of Schmidt-Kaler (1982) as given in Lang (1992). and R = 3.1 (Fitzpatrick &

Garmany 1990). The distance claimed by GS92 for Cas OB6 is 2.40 kpe.

LS 1. BSD or UBV
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Table B2: Per OB1

No. Object Name* * 8 MK Dest BY V¢ i Dist. 1/
[deg] [deg] [mags] [mags] {km s™°] [kpe]
1 BD+5937 131.304 -1.506 K3la 1157 929 -59.7 491
2 BD+60 116 131.336 -0.666 BO.51II 1023 956 201
3 BD+539 387 131.704 -1.574 B3II lo22 959 2.09
1 BD+59 333 131.732 -1.675 B3Il 1021 96l 2.20
5  HD 13036 (Stock 2 1) 132.678 -1.763 BO.5:111 9.08 855 -39.0D 1.9
6 LS 1+39 112 132.938 -1.385 09V 1200 11.03 2.05
7 HD 13402 (Stock 2 31) 133.105 -1.713 BO.5Ib 366  8.07 -39.0C 208
$  BD+39 451 (Stock 2 115y 133.445 -1445 BLII 9.99 930 2.34
9 BD+39 456 (Stock 2 146)  133.651 -1.250 BO.5V 1043 9.38 1.58
10 BD+59 461 (Stock 2 138)  133.811 -1.27¢ BLII 10.60 10.09 1.33
11 HD L1242 (AG+59 258)  133.950 -1.284 M2Iab 1079 836 -342 223
12 HD 4442 134.206 -1.321 05.3N(f)p 962 9.21 3.19
13 HD 14142 (BD+38 439)  134.067 -1.997 M2Iab 1086 852 —13.0 279
11 BD+38 4517 134.154 -1.456 BLIIL: 10.59 10.07 2.65
15 BD+58 453 134.264 -1.549 BIV 10.98 1053 207
16  HD 236960 134.592 -1.520 BO.5III 1021 976 -150C 3.05
17 HD MH947 134.995 -1.745 OSIF+ 3.6 01 -30C 173
18 BD+57 586 135.902 -1.679 BLII 1072 1011 3.50
19 HD I5752 (AG+38 273)  136.064 -1.821 BOIII 923 871 —HOE 198
20 BD+38 501 (AG+39 284)  136.261 -0.439 M2lab 1222 937 -513 204
21 HD l680s 137247 -1.369 BO.5Ib 9.16 880 -366C 277
22 HD 236995 137.305 -1.113 AOfa 9.15 863 -520C 7.0l
23 HD 16779 137.440 -1.847 B2Ib 959 8385 —90D 228
24 HD 17088 137.868 -1.751 B9la 832 750 —05B 268
25 HD 17145 137.959 -1.771 B3la 395 815 —3.0C 348
26 HD 237010 (BD+57 647)  135.320 -1.396 M2Iab 1211 935 -390 242

a. Catalog designation of star as given by. in order of preference. its HD. BD. LS [. BSD or UBV
entry.

b. (ralactic co-ordinates of star.

¢. MK classification of star as listed in G592

d. B and V' photometric indices.

¢. Radial velocity of star corrected to Local Standard of Rest assuming standard solar motion. The
letter index. when histed in SIMBAD. gives the quality of the spectra: A - excellent to E - poor.

f. Distance from m, = M. = 3 log(d} — 5+ A,. assuming the intrinstc colors and abolute magnitude-
color relationship of Schmidt-Kaler (1982) as given in Lang (1992). and R = 3.1 (Fitzpatrick &
Garmany 1990). The distance claimed by GS92 for Per OB1 is 2.30 kpc.
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B.2 Candidate Perseus Arm Stars

There were stars rejected as being outside the Cam OB region which were not
listed in GS92. In some cases. these stars were known to lie in the Perseus arm. Most
of these stars have been identified as Perseus objects in SIMBAD from the work of
Haug (1970). There was also a third group of stars rejected. as not being associated
with Cam OBL. on the basis of their position in the observer's HR diagram for Cam
OB1 (§4.2.3). It has not been established in this work that these stars are Perseus
objects but they do appear to lie beyond Cam OBI1. In Table B.3 the stellar data
for both the known and possible Perseus objects are presented. An indication in the

comments column of membership in Perseus is taken from SIMBAD.
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Table B.3: Other Candidate Perseus Stars

No. Object Name* * 1Y MKDes” UY B¢ V¢ ot Dist 1/ Comments
fdeg ] fdeg.] [mas] [mag] (mag] [k s~"] [kpe]

I LS +60209 131.08 -1.17 BlVpe 10.53 10.39 10.15 -38.0 L.11 Be star. Perseus

2 HD 12302 131.81 -1.95 BL:V:pe 7.82 331 805 +47.0C 0.5t Be star. Perseus

3 HD 13590 131.95+2.63 B2llle T84 325 790 -320C 1.04 Perseus

4 BD+58 158 134.57 -1.81 Blpe 9.75 1034 9.30 1.26  Perseus

5 BD+60 562 136.21+1.31 B9 1091 11.05 10.79 +9.0 0.71  Variable

[ BSD 9-1101 137.41+2.08 B9 11.39 1L.14 10.76 0.68

v BSD 9-1426 137.41+2.38 B2 11.72 11.76 11.30 0.90

3 BSD 9- 335 137.55+2.02 A0 12,84 12,57 12.12 1.0t

9 BSD 9- 861 137.72+1.96 B9 11.70 11.67 11.09 0.59

10 BD+60 598 137.31+1.4% B6 9.76 10.29 9.96 0.95  S199. Perseus

11 BSD 9915 137.86+2.28 B3 11.08 11.238 1089 0.33

12 BSD 9- 363 137.92+1.63 AQ 13.50 13.16 12.53 0.9¢  5199. Perseus

13 BSD 9- 393 137.93+1.86 AO 13.30 12.34 12,15 0.72  5199. Perseus

14 BSD 9- 903 137.93+2.07 B9 1141 11.09 10.69 0.64

15 BSD 9933 137.98+2.30 B9 11.29 {1.02 10.72 0.74

16 LS +60287 133.00+1.29 B9 11.06 11.40 11.04 0.7 $199. Perseus

17 BD+60 606 133.01 +1.52 Ble 9438 10.04 9.45 1.37  S199. Perseus

18 BSD 9- 3879 138.05+1.51 BS 12.04 1226 11.67 1.27  S199. Perseus

19 BSD 9 %68 133.08+1.38 B3 10.43 10.27 9.98 0.63  $199. Perseus

20 BSD 9- 362 133.09+1.34 AO 12,57 12.25 11.76 0.31  S199. Perseus

21 BSD 9- 374 133.12+1.34 AO 13.28 12.33 12.31 0.99  S199. Perseus

22 BSD 9- 378 133.12+1.40 B4 10.70 11.17 10.82 1.28  S199. Perseus

23 BSD 9 943 138.14+2.26 B9 11.70 11.79 11.42 0.93

24  BSD 9- 247 133.364+0.66 AQ 13.13 12.30 1227 0.96  S198. Perscus

25 BSD9- 11 138.444+0.78 AQ 13.76 13.36 12.45 0.61  S19%. Perseus

26 BSD 9 342 138.56 +1.39 B9 11.86 11.46 10.97 0.6-1

27 LST+59 162 138.61+0.56 B+ 10.39 11.16 10.53 —{4.0 D 0.75  S198. Perseus

23 BSD 9- 12 133.67+0.37 A0 12,92 12,40 11.76 0.65  S198. Perseus

29 BSD 9- 344 133.88+0.84 A0 12,82 12,52 12.04 0.93  S193. Perseus

30 BSD 9 341 133.59+0.81 B9 11.74 1145 11.05 0.75  S198. Perseus

31 BSD 9- 360 138.93+0.94 B9 12.38 12.10 11.68 0.98  S198. Perseus

32 BSD 9 165 139.00 +0.35 B9 12.09 11.81 11.26 0.67  S198. Perseus

33 BSD 9- 399 139.04+1.25 B9 12.27 11.90 11.35 0.70

34 BD+58 55iB  139.13+0.32 B9 12.02 11.81 11.37 0.82

33 BD<+39 38l 139.19+1.11 BBIII 10.98 10.78 10.48 1.21

36 BSD 9 37 139.2140.70 B9 11.73 11.49 10.98 0.62  S193. Perseus

37 HD 237052 13936 -0.33 B3 8.50 8.32 3.45-21.0C 0.69

33 BSD 9 16 139.16 +0.78 B9 1266 12.16 11.52 0.66  S198. Perseus

39 LSI+539168 139.69+0.95 BS 12.26 12.41 11.73 1.15  Perseus

10 LST+58115 139.72+0.536 BSe 1235 1248 11.57 0.7  Be star. Perseus

11 HD 237056 139.30 -0.90 BO.5:V:pe 836 934 3.66 -220C 0.72 Be star. Perseus

42 LST 439172 139.90+1.64 B5e 12,59 12.71 11.77 0.81 Be star. Perseus

13 BSD 9- 69 139.91 4+0.63 B5III 10.96 10.91 10.32 1.34

a. Catalog designation of star as given by. in order of preference. its HD. BD. LS I. BSD or UBV entry.
b. Galactic co-ordinates of star.

c. MK classification of star as listed in GS92.

d. UBV photometric indices.

e. Radial velocity of star corrected to Local Standard of Rest assuming standard solar motion. The letter
index. when listed in SIMBAD. gives the quality of the spectra: A - excellent to E - poor.

f. Distance from m, — M, = 5 log(d) — 5+ -, . assuming the intrinsic colors and abolute magnitude-color
relationship of Schmidt-Kaler (1982) as given in Lang (1992). and R = 3.1 (Fitzpatrick & Garmany 1990).





