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Abstract

This work will present a new method aimed toward explaining long-standing
and foundational problems in Galactic astronomy that descend from the uncer-
tain dynamics in the Galaxy’s second quadrant. The overall method is based on
a mathematical model of the cumulative H1 column density with Galactocen-
tric radius. This model, when confronted with radio-wavelength H I data from
the Canadian Galactic Plane Survey (CGPS), is successful in reproducing the
large-scale distribution of HI in the Galactic disk. The method’s cardinal tech-
nique is the fitting of the model to the observational data. This step provides
three fundamental outputs for a given direction: the predicted run of neutral
hydrogen column density with distance, the relationship between velocity and
distance (the velocity field), and parameters that describe the smooth large-scale
structure of the Milky Way’s thin H1 disk. This thesis begins by fully develop-
ing and describing the method. The method’s accuracy as a distance indicator
for individual astronomical objects is tested, and new distances are derived for
30 H1I regions in the Galactic plane across the second quadrant, in the range
90° < ¢ <140°. The method’s importance to studies of astronomical objects is
demonstrated in the second part (Chapters 3 and 4), where new reddenings and
distances to a collection of objects near /=93 ° are calculated, and are shown to
be nearly one-half of those predicted from Galactic kinematics. The astrophys-
ical characteristics of the supernova remnant 3C434.1 and its surrounding HI
shell that descend from a proper distance calculation are presented. The fifth
chapter exhibits the method’s ability to predict the velocity field in a given di-

rection. Selected velocity fields from across the CGPS Phase I (90° < ¢ <140°)
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are derived. General characteristics of the HI velocity fields are consistent with
a falling rotation curve combined with the effects of a spiral arm potential as-
cribed to the Perseus Arm. The magnitude of the field’s deviation from flat
circular rotation is observed to have a strong latitude dependence, and proba-
bly arises due to non-axisymmetric motions induced by the Perseus Spiral Arm.

The thesis concludes with a look at future research directions.
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CHAPTER 1. INTRODUCTION 2

1.1 Tracing the Neutral Hydrogen Through the Outer
Galaxy

This work presents the author’s invention of a new technique that allows one to
obtain much useful information about the Galaxy’s structure and motions. With
it, one may calculate distances to objects in the Galactic plane, determine the
functional relation between line of sight (LOS) velocity and distance, and model
the density distribution of Galactic neutral hydrogen (H1). The technique was
created out of the author’s knowledge of optical and radio astronomical tech-
niques, and was originally based on stellar distances and reddenings (e.g. Gath-
ier, Pottasch, & Pel 1978). Many long evenings were spent observing deep fields
toward distant objects which needed a distance measure, before it was discov-
ered that extending the reddening-distance relation to large distances (>2 kpc)
with stellar observations was impossible (due to the Malmquist bias). Observa-
tions were traded for a model of the reddening-distance relation that assumed
a flat, uniform-density disk of dust. This model initially proved too simplis-
tic for directions into the Galactic midplane, and was completely reworked to
account for symmetric and asymmetric components (e.g. the warp) of the com-
plex HI disk. The new model of column density versus distance was found to
be very comparable to observed HI-velocity spectra, and a multiple parame-
ter x?-minimization procedure produced excellent fits. The fitting achieves two
things: a distance measurement for any object with a known LOS velocity, and
a fitted model of large-scale Galactic structure as traced by HI.

The entire technique has been named simply “the distance method” by my
éolleagues, as our mutual need for an accurate astronomical distance tool is
what spurred the method’s development and boosted its popularity. The name
is sound, and the reader will see that the method at its heart is a mass model of
Galactic H1 and its rotation, that happens to be capable of calculating distances
to individual objects. The writing folléws a practical philosophy, one that of-
fers the reader enough detail to apply the method in their own research and
reproduce the results herein.

The usefulness of a multi-wavelength approach to astronomical study, par-
ticularly in combining optical and radio observations of objects, is demonstrated
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CHAPTER 1. INTRODUCTION 3

in this thesis as well. In the early phases of its development the distance method
was a truly multi-wavelength recipe, which calculated distances using extinc-
‘tion due to Galactic dust. This dust was traced using Canadian Galactic Plane
Survey (CGPS) 21 centimetre-wave radio continuum and line data, millimetre-
wave ?CO line data from the Columbia 2CO survey (Dame et al. 2001) and
the Five Colleges Radio Astronomy Observatory Outer Galaxy Survey (FCRAO,
Heyer et al. 1998), the author’s own broadband (U BV') and narrowband (Ha,H §5)
optical observations, and the infrared dust maps of Schlegel et al. (1998). A
multi-wavelength approach is more necessary and profitable as astronomical re-
search confronts increasingly complex problems. Still, publications of research
on radio objects seldom include an optical component, or even attempts at op-
tical observations. The success of the study herein shows that this broad ap-
proach should be taken more often, and that an individual astronomer need not
specialize in a single window of the wide electromagentic spectrum showering
our planet.

The modern distance method has been distilled down to a kernel of model-
ing the H 1 distribution through the large-scale thin-disk component of H1in the
Galaxy. HI emission in data from the Canadian Galactic Plane Survey (CGPS,
Taylor et al. 2003) is used in the method. The CGPS is an international col-
laboration to map all of the major interstellar components of the Milky Way at a
common resolution: neutral atomic gas, molecular gas, ionized gas, dust grains,
and relativistic plasma. For many of these constituents, angular resolution is
improved over previous studies by more than a factor of 10. The principal goal
of the project is astrophysical research into all the major ISM components that
make up our Galaxy by the creation of a database of panoramic, high resolution
images. The basis of this survey is the ~1’' angular resolution mosaics of radio
continuum and line data produced at the Dominion Radio Astrophysical Ob-
servatory (DRAO). Astronomers at the DRAO and a consortium of astronomers
from universities across Canada have completed two phases of observations for
the CGPS. The first covers Galactic longitudes! 74.2° < £ <147.3°, and extends in
latitude —3.6° < b < +5.6° at 1420 MHz, and —6.7° < b < +8.7° at 408 MHz. The
second phase extends Phase I limits to /=63° (lower longitude end) and ¢=175°

IFor definitions of longitude ¢ and latitude b see Figure 1.1.
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CHAPTER 1. INTRODUCTION 4

(higher longitude end), and adds a high-latitude rectangle 100° < ¢ <117° that
reaches to b=18°. Detailed plans for Phase III observations have already been
made.

1.2 Motivation

The business of applying mathematical models to explain observations and
structure of the Galaxy is very active in the field of astrophysics today. Ex-
cellent models of many Galactic constituents have appeared in the literature.
A dust distribution model fit to far infrared (240 ym) observations comes from
Drimmel & Spergel (2001). This model has recently been extended to predict the
extinction to any point in the Galactic disk (Drimmel et al. 2003), as many prior
models of interstellar extinction are designed to do (e.g. Hakkila et al. 1997,
Méndez & van Altena 1998, and Chen et al. 1999). A model of the distribution
of free electrons fitted to pulsar dispersion measures and Galactic HII regions
comes from Taylor & Cordes (1993), and more recently Cordes & Lazio (2002).
The neutral hydrogen distribution in the inner Galaxy (R < R,) was modeled
by Malhotra (1995), while that in the outer Galaxy was published by Diplas &
Savage in 1991. A two-component (spheroidal bulge/halo, and disk) mathe-
matical model was fit to star-counts by Ortiz & Lépine (1993), and a more recent
synthetic model of the stellar population in the Galactic disk comes from Robin
et al. (2003).

1.2.1 Background

The above summarizes a selection of models of the Milky Way disk. A depen-
dence common to all previous attempts at modeling the observed 21 cm H1 dis-
tribution is that they rely on a pre-existing method of distance calculation. For
the inner Galaxy, Malhotra (1995) makes use of emission at the tangent points,
from which the Galactocentric distance is straightforwardly R = Rysin (£). The
work of Diplas & Savage (1991), the three-dimensional model of Nakanishi &
Sofue (2003), and most other attempts at determining the distribution of H1 in
the outer Galaxy rely on the kinematic method of distance calculation, which pre-
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CHAPTER 1. INTRODUCTION 5

supposes knowledge of the Galactic rotation curve. Merrifield (1992) solves for
the parameterized distance R/R; using the variation in apparent thickness of
the H1 layer from direction to direction at constant radii. There has been no re-
search published on H1 distribution models of the Milky Way that does not rely
on distance methods other than these.

Figure 1.1 graphically illustrates some conventions and terminology used
throughout this thesis. The Sun rotates with velocity §, about the Galactic cen-
tre, which is located R, kiloparsecs (kpc) towards ¢ = 0°. The LOS velocity of an
object a distance r from the Sun (Galactic coordinates R, ¢, b and purely circular
orbital velocity §(R)) is defined as the LOS velocity component of # minus that
of 6y:

Vonj = (0 (R) cos (7/2 — € — ¢) — bpcos (72 — £)) cos (b) (1.1)
= (6 (R) (sin (¢) cos (£) + cos (¢) sin (£)) — bysin (£)) cos (b)

Notice in Fig. 1.1 that rcos (/2 — £) = rsin (¢) = Rsin (¢), and also that Rcos (¢) =
Ry — rcos (£), so that Eqn. 1.1 becomes:
6(R) 6

vobj = Ro (T — fﬁ;) sin (£) cos (b) (1.2)

which is the fundamental equation of Galactic structure analysis (Burton 1988).
Via the HI line one observes v,;, and assuming foreknowledge of the Galac-
tic rotation law 6 (R), one can find the object’s kinematic distance R in terms
of constants Ry and 6. For example, the widely accepted “flat” rotation law?
(6 (R) = 6y) gives a kinematic distance:

fi—(u Uk ) (1.3)
Ry, bosin (£) cos (b) '

, from which one finds the heliocentric distance r from the cosine law:

R? = R2 + r%cos® (b) — 2Ryrcos (b) cos (£) (1.4)

2A flat rotation curve beyond a certain radius has been observed for many external galaxies.
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-

Figure 1.1: A face-on illustration of the Milky Way Galaxy, and definitions
of Galactic longitude ¢, Galactocentric azimuth ¢, heliocentric distance r, and
Galactocentric distances R and Ry. Galactic latitude b is positive for lines of
sight with vertical components out of the page, and is negative for components
into the page. The direction ¢=110°, b=0° towards an object in the Outer Spiral
Arm (labelled) a distance r from the Sun (and R from the Galactic centre), with
circular orbital velocity §(R), is shown. The Sun’s position (marked as ©) is R,
with circular velocity 6, and it is located within a minor “spur” (dashed line
near ®) known as the Local Arm. Positive Galactic latitudes b are for lines of
sight directed out of the page, and negative latitudes for those into the page.
The major quadrants of the Milky Way (1 through 4) are shown. The spiral arm
structure in the figure is from the model of Cordes & Lazio (2002), where dashed
spiral arms are uncertain extrapolations.
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CHAPTER 1. INTRODUCTION 7

1.2.2 The Origin of Non-Circular Motions

The work contained within these pages was intended to resolve the so-called
Second-Quadrant Problem?® where kinematic distances based on the above flat
rotation model of the Milky Way are significantly different from stellar dis-
tances. This creates an apparent rift between the optical spiral arm (traced by
luminous OB stars, and H I regions) and the arm traced by neutral hydrogen.
We review the likely cause.

Density Wave Theory

A kinematic distance to a packet of HI gas for example, presupposes that the
gas is free from systematic streaming motions, a gross oversimplification of the
environment within the spiral arms (see Fig. 1.2), where many objects of interest
lie. HI and other matter encountering a spiral density wave (e.g. Lin, Yuan, &
Shu 1969) will be affected by the gravitational potential of the arm’s concentra-
tion of matter, and their once-circular orbits are weakly constrained to follow
the pitch angle of the arm itself (Fig. 1.2). The arm is maintained (matter is
conserved) by the entry of this gas, and the similar migration of gas and stars
from out the far-edge. Massive luminous O & B stars (and their surrounding
H1I regions) generally do not have a sufficient lifespan to fully migrate through
an arm, and hence they provide very good tracers of spiral structure. Fig. 1.2
shows the location of newly formed stars for a spiral arm whose gravitational
field is 5% of the axisymmetric field. As they are marshaled along by the arm,
these objects and the neutral gas inevitably must gain streaming motions (of or-
der 10 km s7*, Lin et al. 1969) towards the Sun. Migrating through the arm, the
kinematically-derived distance to a packet of HI can no longer be accurate, as
the LOS velocity does not fully descend from circular orbiting motion. How-
ever, the potential well of the density wave alone does not completely account
for the 20-30 km s~! deviation from circularity observed for many second quad-
rant objects (e.g. see Chapters 2 & 4). These substantial deviations are explained
by the presence of a shock in the potential minimum of the density wave.

The streaming motions imparted to an H 1 packet entering the arm’s poten-

3See Fig. 2.1, Chapter 2 for a graphical display of this problem.
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CHAPTER 1. INTRODUCTION 8

SPRaL FIELD
MEAN
jagg? 2

Figure 1.2: A view of spiral structure calculated from density wave theory (Fig-
ure 7 in Lin at al. 1969, modified here). The spiral arms (grey hatched regions)
are well traced by luminous stars of known age (dots). Circles of constant radii
about the Galactic centre (GC) are shown, and the Sun here is at Ry=10 kpc (al-
though the modern value is 7-8 kpc, Reid 1993). A packet of gas with velocity
dictated by its circular rotation at Region 1 (labelled) enters the arm at Region 2
and is slowed by the arm’s gravitational field, its orbit falling slightly towards
the Galactic centre. In this way it is weakly constrained to follow the pitch an-
gle of the arm (here 6°). A shock is envisioned by Roberts (1972) to form in the
density wave’s potential minimum (inner-edge of the gaseous arm, dotted line).
This further affects the H1, which at Region 3 (observed from the Sun) would
appear to be moving towards the Sun faster than the LOS velocity component of
its circular rotation.
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CHAPTER 1. INTRODUCTION 9

tial well are likely to be higher than the local sound speed, and the calculations
of Roberts (1972) indicate the formation of a shock on the arm’s inner edge. The
compressed gas within the shock enhances the original imposed gravitational
field of the background density wave. Indeed, this shock may be the trigger
necessary for the collapse of HI clouds entering the arm, and the subsequent
formation of stars. As we have a view of the Perseus Arm'’s inner edge, this
would be the natural place to look for a spiral shock, and indeed, the velocity
fields calculated by the author’s method in Chapter 5 show evidence for one.

1.3 Assumptions and Prior Knowledge

In the new method, we are trading a model of Galactic rotation (in the kinematic
method) for an HI mass model, and we end up trading assumptions as well.
We no longer assume that motions of the gas arise purely from its response to
the axisymmetric field. Rather more basically, we assume that on a large scale
velocity is monotonic (single-valued) for increasing distance. In other words,
we assume that most of the gas in an HI spectrum is found at a LOS velocity
consistent with some decreasing function of its distance from the Sun. This is
not just a blind assumption, but one that is very well justified by the observed
relationship between 2CO line velocities and stellar distances for H1I regions
(see Fig. 1.3). It is very apparent in this figure that a smooth decreasing velocity
field describes this relationship very well.

As the method relies upon a smooth velocity field to map a density model
onto an HI profile, a second implicit assumption must be that the structure
observed in HI spectra is primarily due to density variations in the gas, and
to a much lesser extent, kinematical effects. The work of Burton & Bania (1974)
showed that, under the elementary assumption of a gaseous disk with uniform
density and temperature, HI profiles in the 2nd guadrant could be reproduced
(to within a scale factor) by only moderate perturbations in just the velocity
field. Of course, it is not physically realistic to expect the disk to be isotropic,
but it is equally unlikely that a purely circular velocity field prevails, and spatial
density variations alone determine the shape of the profiles.

As a matter of course (dictated by the first assumption), we proceed with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. INTRODUCTION 10
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Figure 1.3: The relationship between 2CO emission line velocity and photomet-
ric distance (independent of velocity) for 29 H1I regions in the second quadrant
(90° < £ <140°). Some of the scatter is attributed to the sample’s wide range of
longitudes. The velocities were measured by the author using *CO data from
the Columbia CO survey (Dame et al. 2001) and the FCRAO Outer Galaxy Sur-
vey (Heyer et al. 1998). A Gaussian function was fitted to the velocity profile
of CO emission that is spatially associated with each HII region. Distances are
from the catalogue of Fich, Blitz, & Stark (1989).
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CHAPTER 1. INTRODUCTION 11

the premise that density contrasts are responsible for the broadest structure in
H1 spectra. We keep our density model as simple as possible, and do not ad-
just the model to fit narrow “spikes” and deep troughs in HI spectra, features
commonly observed*.

1.4 Summary of Research

Section 1.2.2 above summarizes the major forces suspected to be at work in the
Galactic disk and spiral arms. Perseus Arm objects with LOS velocities that are
blueshifted from circular ones by 20-30 km s™* are observed throughout the ond
quadrant, evidently affected by these forces. Since the exact magnitudes of the
non-circular motions are unknown, the attack on the Second-Quadrant Problem
has been kept independent of any rotation curve.

The body of the text in this work begins with Chapter 2, which is a detailed
development of the HI column density model used in the new distance calcula-
tion method. The approach begins similar to Drimmel & Spergel’s (2001) mass
distribution model of dust, where distance is treated as a variable. I continue by
numerically integrating the H1 density model to measure the cumulative hydro-
gen column density Ny;. My new method also takes advantage of the available
velocity information, and what the method constructs is in fact a relationship
between line of sight velocity (v) and heliocentric distance (r).

Next in Chapter 2, the new distance method is tested as just that: a dis-
tance method. Distances calculated for 29 outer-Galaxy H 11 regions are compared
with distances known from photometric distances of resident stars within. This
benchmarking is an extremely important step which helps to justify otherwise
unprovable assumptions intrinsic to the method (such as the existence of a
monotonic velocity-distance relation). The conclusion of this test is that a smooth
relation between v and r maps the HI column density model to the observed ve-
locity distribution of H1 well, and predicts correct distances for objects at spe-
cific velocities. Such a v(r) relation is fundamental to circular rotation, which
is shown to be largely obeyed by our Galaxy by velocity crowding seen in HI

#For this reason, the fitting procedure is not automated but interactive, and a final fit is not
determined by a minimized x? alone, but also by the judiciousness of the astronomer.
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spectra near ¢/=0° and ¢=180°.

A method that can predict accurate distances has profound effects on indi-
vidual object studies, especially on those to which ascribing an accurate distance
previously remained a challenge. The thesis’ next chapters (Chapter 3 and 4)
describe a study of a supernova remnant (SNR) found to be evolving within a
stellar wind bubble (SWB), and presents new reddenings and distances to all
objects in the region near ¢=93°, b=0°. The purpose of this work’s presence in
the text is two-fold. First, it is intended to show the reader how fundamental
a proper distance calculation is to the determination of the physical and dy-
namical properties of individual objects in the Galaxy. Second, the quality of
information we are able to measure for objects in this area shows the benefits of
a multi-wavelength approach. These two chapters bring together radio, optical,
and X-ray astronomical data in a symphonic way.

The fifth major chapter shows a basic output of the distance method, the de-
termination of the relationship between v and heliocentric distance r (referred
to hereafter as the velocity field). The chapter presents new one-dimensional
velocity fields for given directions into the plane, and explores their properties
and applications. With the predicted velocity fields from the method, one can
remap the Galactic Warp into velocity space, determine values for the Oort con-
stants, and reconstruct the Galactic rotation curve by imposing the assumption
of circularity (i.e. the observed velocities arise completely from circular rota-
tion). The chapter concludes by discussing results from this step and caveats to
the approach.

A final, brief summary of the work concludes the thesis. This final chapter
summarizes the accomplishments of the work, expands on future directions and
ideas, and shows the overall contribution that the work has already made to the
field of Galactic astronomy.

The first two chapters are material published in the Astrophysical Journal
(Chapter 2) and Astronomy & Astrophysics (Chapter 3). Chapter 4 contains
unpublished work, and much of the material in Chapter 5 has been presented
at the Fifth Boston University Astrophysics conference Milky Way Surveys: The
Structure and Evolution of Our Galaxy, and appears published in the proceed-
ings for that conference. Each chapter is preceded by a detailed summary of
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the work and its results. It is the sincerest hope that this thesis will serve the
reader in his/her pursuits of astronomical science, whether in optical or radio

wavelengths, perhaps in both.
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CHAPTER 2. A NEW INTRAGALACTIC DISTANCE TECHNIQUE 17
Foreword

This chapter introduces the method of H1 study described throughout this the-
sis. All text in this chapter appears in publication in the Astrophysical Journal,
December 2003, vol. 598, no. 2. My supervisor Dr. David Routledge appears as
second author.

Figure 2.1 in the paper highlights the so-called “Second Quadrant problem”,
where an object’s line of sight velocity vn; yields an unrealistically high dis-
tance, when calculated with the widely accepted flat rotation curve of Fich, Blitz
& Stark (1989). These distances place many objects near the edge of the Galaxy
(R ~ 14 kpc, Robin et al. 1992). The problem is not necessarily one of an inaccu-
rate rotation curve, as the observed velocities may include other contributions
than simply the LOS component of an object’s orbital velocity. However, if a
spiral shock were to be responsible for this (see Roberts 1972), very high radial
velocities (e.g. for Sh127, v, = —95 km s™!) would return kinematic distances
nearer to the truth, as a “shocked” flat rotation curve returns to flatness at some
distance from the shock front. This is not observed in Figure 2.1.

Figure 2.11 shows the resolution to the problem, at least with respect to spec-
trophotometric distances (which have problems of their own). The paper con-
cludes that the photometric distances in Fich, Blitz & Stark are moderately too
high.

It is notable that values of photometric distances increase to unphysical val-
ues with higher longitude (e.g. see the distances of Chini & Wink, 1984). The
importance of the contribution the author’s new distance method makes is al-
ready being shown. The author believes that with increasing longitude the total
reddening of exciting stars becomes more dominated by the dust in shells en-
circling these H1I regions, and that using the typical value of 3.1 for reddening
parameter Ry = Ay /E(B — V) (which applies only to dust in the smooth fore-
ground ISM) causes an over-estimate in the distance modulus. The new distance
method will show this, and allow calculation of new values for the reddening
parameter Ry . A paper with R. Kothes (DRAO) is in preparation on this impor-
tant exploitation of the distance method derived herein.
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CHAPTER 2. A NEW INTRAGALACTIC DISTANCE TECHNIQUE 18

Abstract

We present a new method based on HI column densities for determination of
distances within the disk of the Galaxy. The technique is useful for all Galactic
plane objects including H1I regions and supernova remnants (SNRs) provided
a line of sight velocity can be assigned to the object. Our method uses A21 cm
spectral line data to find the atomic hydrogen column density to an object, and
beyond it to the Galactic edge. A model of the smooth large-scale Galactic dis-
tribution of HI material seen in emission (which principally traces the smooth
structure of the Galaxy) is constructed. Our model accounts for scale-height
flaring with increasing Galactocentric radius, and includes the Galactic Warp,
which is prominent in the first and second quadrants of the Galaxy. The model’s
ability to trace the observed distribution of HI is demonstrated on lines of sight
towards SNR DA530 (¢/=93.3°, b=7°) and H1I region Sh121 (¢/=90.2°, b=1.7°). We
then apply the new technique to 29 Sharpless H1I regions with known photo-
metric distances across the second quadrant. We measure line of sight velocities
for the H1I regions from associated 2CO emission, using 1 arcminute resolu-
tion ?CO(J=1-0) data from the Canadian Galactic Plane Survey. Our distance
method yields distances to these objects that are consistent with their photo-
metric distances, and which are markedly smaller than the kinematic distances
found from a flat Galactic rotation curve.

2.1 Introduction

Obtaining distances to H II regions and supernova remnants in the outer Galaxy
is fraught with difficulties. Observations of exciting stars associated with H1I
regions can be attempted to find the object’s photometric distance, but near the
Galactic plane success is increasingly unlikely beyond 2 kpc, as the effect of
interstellar obscuration is pronounced at low latitudes. Alternatively, line-of-
sight (LOS) velocities from H1 or CO associated with the objects of interest can
be used to measure their kinematic distances. However, the kinematic method
of distance determination is ultimately dependent on the model of Galactic ro-
tation one subscribes to, and normally assumes both a smooth velocity distri-
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Figure 2.1: Comparison of kinematic and photometric distances to 28 HII re-
gions in the Galactic plane region across 90° < ¢ <140°. The plot illustrates a
fundamental inconsistency between distances calculated kinematically from a
widely used flat rotation curve (FBS, 1989) and the photometric distances used
by them. A 1:1 correlation (thin black line) is not found; the kinematic distances
are larger than photometric ones by 1.6:1 across this longitude range (thick grey
regression line).

bution along the line of sight and that observed velocities arise due to purely
circular Galactic motion. Figure 2.1 illustrates the fundamental inconsistency of
kinematic distances with other established methods. The correlation is clearly
far from unity between photometric distances to second quadrant H1I regions
from the catalogue of Fich, Blitz & Stark (1989, hereafter FBS), and kinematic
distances calculated by using 2CO velocities listed for each nebula with the flat
Galactic rotation curve derived by those authors (Ry=8.5 kpc, #,=220 km s™).

No other reliable distance method for supernova remnants and distant HII
regions exists, which is unfortunate in light of the multitude of such objects now
imaged with high resolution, e.g. in the Canadian Galactic Plane Survey (CGPS,
Taylor et al. 2003).

The new technique described here is similar in concept to the optical extinction-
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distance method, used principally to find distances to nearby (less than 2 kpc)
planetary nebulae (e.g. Gathier et al. 1986). However, this classical method re-
lies solely upon reddening-distance relations derived from photometric or spec-
tral observations of stars in the direction of interest. Many problems can arise in
this approach, especially for distant and/or highly reddened nebulae. A suffi-
cient number of field stars near to the nebula must be observed to find a useful
range of data to construct a reddening-distance relation. Stars up to 5 degrees
away from the target must often be included, but can introduce significant er-
rors due to the patchy distribution of dust and the effect of this on observed
stellar colours. The scatter in individual stars about a common curve increases
significantly with larger reddenings and distances, as does an observational bias
towards less-reddened, though distant stars (often giants) which will dominate
one’s sample. Thus, deriving a reliable relationship between extinction and dis-
tance from samples of stars becomes nearly impossible for large distances.

In this work, we present an original distance method that is independent of
Galactic kinematics, but is based instead on atomic hydrogen column densities.
With a known value of HI column density to the Galactic edge Ny (r = o0) and
a model of the smooth, large-scale distribution of hydrogen atoms Ny (r, £, b),
one can match an object’s measured column density Ny; with a distance calcu-
lated from the model (see Fig. 2.2). We develop this into a new tool for finding
accurate distances to objects in the Galactic plane (see Sec. 2.2). CGPS H1 and
12CO line data are used to measure velocities, column densities and Galactic
model parameters for target objects. We fully demonstrate the method’s results
on 29 H1I regions from the catalogue of FBS, all of which have known spec-
trophotometric distances and lie in the second quadrant (90° < ¢ < 140°) near
the Galactic plane (-3.5° < b < 5°). An important feature of our method is
its applicability to supernova remnants (SNR), notoriously difficult objects for
which to find distances. With HI emission and absorption spectra derived from
CGPS data, atomic hydrogen column densities to SNR’s with known line of
sight velocities can now be found with excellent accuracy. We demonstrate the
method on the SNR DA530 (¢/=93.3°, b=7°) in Sec. 2.2.

The aim of this paper is to present our distance technique in detail, deriving
non-kinematic distances for Galactic objects, and comparing these with pho-
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tometric distances and also with kinematic distances derived from the widely
used flat model of Galactic rotation.

2.2 Constructing A Model of the Galactic HI Distri-

bution

We now begin the construction of a model density profile n(r, ¢,b) of neutral
hydrogen atoms, which is necessary to calculate the expected LOS variation of
cumulative HI column density in a chosen direction:

Nyi(r,£,b) = / n(r', £, b)dr' (2.1)
0

The pioneering work of Parenago (1945) led to the first model of reddening
E(B — V) distribution with distance. Méndez and van Altena (1998) proposed
a similar extinction model (hereafter M&vA model) for Galactic latitudes out-
side the plane |b| >5°. Chen et al. (1999) reproposed the M&vA model, based
on colour-excesses to the Galactic edge, E(B — V)(r = o), found from the
all-sky reddening maps of Schlegel et al. (1998). However, at low Galactic
latitudes (|b| <5°) contamination from point sources can dominate the mea-
sured reddening, and the Schlegel maps cannot measure an accurate value of
E(B — V)(r = 00), a parameter necessary for the Chen model.

The above models rest on simplistic assumptions concerning the large-scale
density profile throughout the Galaxy, giving a profile that decays only away
from the plane:

n(r, b) = nOexp(_ IZ(T’ b)l /hz) (2.2)

where Z(r,b) is the height of the LOS above the midplane, r is heliocentric ra-
dius, and h, is the scale height of the dust. The M&vA model assumes a flat
midplane; thus, an LOS with Galactic latitude b has a height above the disk
Z(r,b) = Zg + rsinb, where Zg, is the height of the Sun above the midplane. The
form of this model of material distribution therefore includes only the density
variation with increasing height above a flat disk.

Unfortunately, the functional form of such extinction-distance models pre-
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dicts nonsensical extinction rates for low latitudes (]| <10°), and zero increase
in extinction per unit distance for lines of sight directly into the Galactic plane
(b=0).

We proceed to derive a new density model based on neutral hydrogen col-
umn densities Ny;. In the final model, we express Galactocentric radius R in
terms of heliocentric distance r using R*(r, £, b) = R2+r2cos?® (b)—2Ryrcos (€) cos (b),
where we use R(=8.010.5 kpc (Reid 1993).

We begin by modifying the height distribution law of Eqn. 2.2 to the form
sech® (Z(r,b)/h;), which is Spitzer’s (1942) solution for the z-profile of a self-
gravitating isothermal disk. Values for the parameter h, have been determined
by many authors, most falling within a canonical range of 100 pc < h, < 200
pc. However, observations have shown that the thickness of the HI layer in-
creases with Galactocentric radius beyond the solar circle. It is therefore proper
to model the H1 disk’s z-structure with a linearly increasing scale height:

h,(r,£,b) = hg + h' (R(r, £,b) — Ry) (2.3)

where the flaring of the H1I layer is set to begin at the Solar Galactocentric ra-
dius Ry. The rate of increase A’ of the H1 layer’s half-thickness with distance is
calculated by Merrifield (1992), whose method shows a rate of about 31 pc/kpc
beyond Ry. For the purposes of this paper, we adopt a value of h'=30 pc/kpc
for our model of the HI density variation with height. We also begin with a
half-thickness of hy~200 pc at the Sun’s position (e.g. Merrifield 1992), but note
that other authors have found it to be higher (e.g. Diplas & Savage 1991).

The density of neutral material in the Galactic disk decays with Galactocen-
tric radius as well. We admit an exponentially varying radial component of the
density law to the height distribution:

n(r, £,b) = ngexp (—(R(r,£,b) — Ry)/hg) sech® (Zo + rsinb)/h,(r,£,b)) (2.4)

where hp is the scale length in R of the density in the HI disk. Values for hg
in the literature range from 0.25R, to 0.36 R, from Diplas & Savage (1991), up
to 0.49R, (Merrifield 1992). We begin with an intermediate value of 0.35R, (2.8
kpc for Ry=8 kpc), and determine hy for individual longitudes by the method
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Zo DL

Figure 2.2: An illustrative diagram of the geometry used in finding the height
of the line of sight above the warping midplane (Z,)) as a function of . Note
how the line of sight (labelled LOS) passes through the midplane.

in Sec. 2.2.2.

The above expression models the axisymmetric density profile across the
disk. To be a useful reflection of the true Galactic distribution of H1, we must
include non-axisymmetric features. One such structure is the Galactic Warp,
the bend in the gas layer in the H1 disk, which is a prominent feature in the first
and second quadrants. The height of a LOS above the warping midplane will
change in a non-linear fashion as distance increases. The LOS will eventually
intersect the dense middle disk, pass through it, and exit into the lower density
portions under the disk. This has a noticeable effect on the shape of n(r, ¢, b),
and hence the distances derived to those objects found within the warped part
of the plane. Accounting for the Warp, the form of the height of a given LOS
above the warped disk, Z,,(r,¢,b) (valid for heliocentric distances beyond that
at which the Warp begins, r,, see Fig. 2.2) is thus more complex than Z(r, b) in
Eqn. 2.4, which remains valid for r < r,,.

Previous authors’ models of the Warp’s figure are based on H1 velocities,
and hence usually on kinematic distances. We avoid prejudicing our model in
this way, and begin with a form similar to that of Binney & Merrifield’s (1998)
kinematic-based equation, but for a given £ we leave the Galactocentric radius
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in the plane at which the Warp starts (R,,) as a free parameter (but we assume
Ry, > Ry). Our expression for the height of the warping midplane is thus general:

2(R, $) = R 6Rwsin¢+ 0.3 (R —

6

2
) (1 — cos2¢),R > R, (2.5)

where ¢ is Galactocentric azimuth (see Fig. 1.1), and is related to Galactocentric
radius R by sing/r = sin{/R. We then express Eqn. 2.5 as z.(ro,¢), where
To = T — Ty, and derive solutions for Z,(r, £, b) from the geometry of the system
(see Fig. 2.2), which gives:

Zﬁ,(r, £,b) = (ro — n)2 + (zLos = 2e(T0, €))2 JT > Ty (2.6)

where 2105 = Zg + (ry + ri)tand, and r; is the distance at which the sight line
z10g intersects a line normal to the warped plane that passes through z.(r):
2e(ro) + (2.(10)) "' 70 — (Zg + rwtand)

e tanb + (21(ro)) ™" @7)

and z;(r) is dz.(R, ¢)/dR evaluated at ry. For our determination of the distance
from the Sun at which the Warp begins (r,,), see Sec. 2.2.2.

The new expression for the density encountered along a line of sight above
the plane is:

n(r, £,b) = ngexp (—(R(r,£,b) — Ry)/hg) sech® (~Z(r,£,b)/h.(r)) (2.8)

where:
Z'IU(T’ e? b)’ T 2 'rw

. (2.9)
Lo +r18inb, 1 < 1y

Z(r,6,b) = {
For Z; we subscribe to a value of 15 pc, a reasonable mean from many recent
determinations in the literature tabulated by Humphreys & Larsen (1995). Eqn.
2.8 models the axisymmetric distribution of absorbing material, but accounts
for the Galactic Warp as well.
Finally, we account for the most conspicuous non-axisymmetric density struc-

tures along lines of sight in the plane, those present in the spiral arms. For
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second-quadrant lines of sight into the plane, most HI spectra prominently
show the Perseus spiral arm, which appears as a 20-30 km s~ wide quasi-
Gaussian feature in velocity. The breadth of this feature is likely dominated
by differential rotation across the arm, with a small contribution from turbulent
motion within the gas (~8 km s™!). We assume that the spatial distribution of
HI material through an arm is approximately Gaussian in form, and that the
observed velocity width roughly reflects the spatial width of the arm along the
LOS. We therefore model the radial density variation due to the Perseus arm as
a Gaussian function with centre at Galactocentric radius R,,, whose profile is
most narrow (width w,,,) along a line connected to the Galactic centre:

Narm (75 £,b) = No grmexp (—(R(r, €,0) — Rpp)?/w?...) sech® (—Z (7, £,6)/hy grm)
(2.10)
where we have assigned to the arm its own height constant 4, 4., That the Sun
lies within a minor spiral segment (the “Local Arm”) is suggested by Georgelin
& Georgelin (1976), and neutral hydrogen belonging to this structure appears
as a relatively narrow (12-20 km s™!) emission line at velocities near 0 km s*
in CGPS H1 spectra. Unlike the Perseus Arm, we cannot easily determine the
density distribution of the foreground material from this line, as turbulent mo-
tions undoubtedly contribute a significant amount to the local feature’s velocity
width and may vary strongly with direction because of our location within the
Local Arm. We choose not to include a specific model component devoted to
this feature here! and instead allow the model to trace only the smooth axisym-
metrically distributed local HI.
The final density profile resulting from our model (normalized to unity at
R = R,) is therefore:

n(r, £,b)/no = exp (—(R — Ry)/hg) sech® (—Z(r,£,b)/h,(r))

+n0:rm-exp (=(R — Rm)?/w2,,,) sech? (Z(r,€,b)/hs arm) (2.11)
0

where of course R = R(r, {,b), and the coefficient ng 4rm /1o represents the ratio

The addition of a minor model component that accounts for the Local Arm H1 is discussed
in Chapter 5.
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of the density within the Perseus Arm to that of the smooth ISM material at R,
and Z,. This is estimated for each direction (see Fig. 2.3) from the CGPS H1
spectrum by calculating the ratio of the brightness temperature at the Perseus
Arm’s peak to the mean brightness temperature at zero velocity?. Using Eqn.
2.11 in Eqn. 2.1, we find numerical solutions for the cumulative column density
along the LOS towards a given source as a function of distance. In our rep-
resentation of the solutions of Eqn. 2.1 (column density - distance relations),
we scale the models to reach the column density observed at the Galactic edge,
Npi(r = 00), in the limit of large r. Sec. 2.2.1 gives our method of determination

of Nyi(r = o0) and Ngj. Our relations are effectual for all latitudes (including
b=0°), unlike the dust models of M&vA (1998), and Chen et al. (1999).

2.21 Determining the HI Column Density to Objects and to
the Galactic Edge

The most important parameters to obtain for our model are the H1 column den-
sity to a given source (expressed as Ny;), and the column density to the Galactic
edge Ny (r = 00).

It is customary to express the brightness B at frequency v of an extended
radio source by its brightness temperature Ty, which, from the Rayleigh-Jeans Law
for a blackbody is T}, = ¢> B/2kv?. For an isolated Galactic H1 cloud at velocity v
with a uniform Boltzmann temperature T} and optical depth 7(v), the observed
brightness temperature is T,(v) = T; (1 — exp (—7(v)))®. The following relation
defines the LOS column density:

Vobj

Nyr(cm™2) = 1.823 x 10'*T; / 7(v)dv (2.12)

Vobj
~ 1.823 x 1018/ ’ Ty(v)dv, T(v) € 1

’This is a difficult estimate to make, as the local spur H1 is never too far from v = 0 km s~!.
However the brightness temperature at the velocity origin is offset from the peak of the local
material, which is usually nearer to —10 km s™*. The calculated ratio across 90° > ¢ > 140° is
typically greater than 1 but never more than 2.

3This is the solution to the equation of radiative transfer for an isothermal cloud; see Gibson
et al. 2000
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So long as absorption of background emission by foreground gas is minimal (i.e.
the optical depth of the HI is 7 < 1), emission from all HI along the column
will reach our telescope, and T,(K)x n(cm™3). Eqn. 2.12 is an expression of this
proportionality and assumes that the HI column is optically thin.

With an observed H1 emission profile towards the source, one integrates the
emission over all velocity channels to obtain Ny;(r = 00), or using the source
velocity ve,; as the upper limit, to obtain the column density to the source Ny;.

Comparing Eqn. 2.12 with Eqn. 2.1 illuminates two major assumptions we
make throughout this work: (i) on a large scale, LOS velocity is monotonic with
heliocentric distance, and (ii) the HI in emission profiles is optically thin and
traces the smooth large-scale distribution of thin-disk H 1.

We now discuss the latter assumption. Generally, Eqn. 2.12 underestimates
the total column density of neutral hydrogen, since cooler, optically thick gas
has low brightness and is essentially not included in a column density obtained
by integrating H I emission alone. Optically thick H1is indeed present through-
out the ISM and is sometimes seen in self-absorption, but is cold and dense,
and is predominantly found on smaller angular scales than emission (Gibson et
al. 2000). HI column densities measured from absorption can include a large
contribution from these small-scale clumps of cold H1, but these clumps do not
trace the overall smooth distribution of HI found populating the ISM. The ubig-
uity of HI emission in the Galactic disk suggests that emission almost certainly
does trace this distribution (Burton 1988), and we therefore use H1 emission
alone to follow the smooth component of interstellar neutral hydrogen. We em-
ploy Eqn. 2.12 in finding Ny (r = 00) for our models, and Ny for our distance
estimates®.

We use A21 cm H1 data observed with the 7-element Synthesis Telescope at
the Dominion Radio Astrophysical Observatory (DRAQO), data obtained as part
of the CGPS (Taylor et al. 2003). The angular resolution achieved by the interfer-
ometer at 1420 MHz varies with position in the sky as 1’ x1'cosec(d). Spatial fre-
quency components corresponding to large scale H1 features are not observed

- *It is important to realize that as long as Ngy and Ng(r = oo) are both found consistently
by integration of HI emission, optically thick HI that is present along the LOS will not affect
these density models, so long as it does not appear strongly in emission spectrum.
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due to lower limits on the antenna spacing, but are observed with the 26 me-
tre paraboloid at DRAO, and incorporated into the data to create the final 256
channel mosaiced data cube, with channels resolving 1.3 km s~ of velocity and
separated by 0.82 km s~!. The uncertainty in the brightness temperature cali-
bration of each mosaiced HI image is +10%.

Values for Ny(r = co) and Ny for a given H1I region or SNR are measured
in the following way. The mean brightness temperature of HI seen in emission
is derived from within a box centred on the source and large enough to include
much of its surroundings, but excluding the source itself. In this way, we avoid
including HI physically associated with the source (e.g. surrounding shells),
and not part of the large-scale distribution of HI material along the LOS.

The measurement of the column density between the Sun and the object by
integration of H1 emission to the object’s velocity ve,; assumes that all material
in the integration range is truly foreground. This assumption may fail, as veloc-
ity inversions are known to exist within the Perseus spiral arm, where shocked
material on the near side of the arm exhibits more negative velocities than ma-
terial physically behind it. Generally, however, this assumption is well justified.
Velocity-reversed gas that has been shocked will have been compressed into a
denser and optically thick “wall” of material, and will not contribute strongly in
pure emission spectra. Where opportune we do check this assumption by com-
paring absorption profiles with those from emission, but this is possible only
towards sources whose continuum emission is seen absorbed by foreground
H1. If material at more positive velocities than the source is seen absorbing
the source’s emission, then it is deemed to be foreground, and velocities cor-
responding to that material are included in the integration limits to find the
column density to the object (Eqn. 2.12).

2.2.2 The Essence of the Method; Two Examples

The steps of our new method are shown in a flowchart in Figure 2.3. Briefly,
one begins by finding an object’s LOS velocity ve;, and uses HI data to measure
the column density to that object Ny and to the Galactic edge in its direction
Nygi(r = 00). A model of the cumulative HI column density versus LOS dis-
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Figure 2.3: A flowchart of the major steps in our distance method. Inputs and
outputs of the method are circled, and the method’s steps are boxed.

.

tance Ny (r,£,b) is constructed via numerical solutions to Eqn. 2.1, by using
Eqn. 2.11 with reasonable initial parameters, and the measured value of column
density to the Galactic edge. This model is transformed to velocity space using a
velocity-to-distance mapping function, and parameters of this and Ny, are var-
ied until the model is a good fit to the overall form of integrated column density
versus velocity Ny;(v) that is observed in the HI data. Using the satisfactory set
of parameters, one simply returns to the spatial distribution model Ny (r, £, b),
and finds the distance appropriate for the object’s measured foreground column
density, Ny;.

We first demonstrate the fit of our model to the observed Ng;(v) towards a
LOS at a relatively high latitude, and the distance it calculates for a nearby SNR.
H 1 spectral line data have been obtained by Landecker et al. (1999) toward the
SNR DA530 (£=93.3°, b=7°, vep; = —12 km s™*). DA530 lies outside the coverage
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of the CGPS, and these pre-CGPS HI data are comprised of 128 channel maps
with a velocity coverage of 55 km s™' > v > —155 km s™!, with channels sepa-
rated by 1.65 km s™*. The line data were obtained with the Synthesis Telescope
at DRAOQ, and are more fully described by Landecker et al. (1999).

The LOS toward DAB30 provides a relatively undisturbed proving ground
for testing our model. Sight lines at this latitude are significantly far from the
plane, and do not encounter most of the Perseus Arm material. Non-circular
motions associated with the arm’s spiral shock are expected to be minimal.
Thus, H1 along this LOS will be primarily smooth, axisymmetrically distributed
gas, and the only non-axisymmetric feature expected to contribute is the Galac-
tic Warp, which will cause the LOS to pass through the disk.

Figure 2.4 displays the observed H1I data (open circles), plotted as cumula-
tive column density with LOS velocity Ng;(v), calculated via:

Nyr(v)(cm™2) = 1.823 x 108 / ’ Ty (v')dv' (2.13)
0
Using the HI data toward DA530, the above expression yields Ny;(r = 00)=4.38
x10%' cm~2. Via Eqn. 2.11 and Eqn. 2.1, a model of Ny (r) for this direction with
this termination value is constructed (Fig. 2.5).

For our initial determination of the heliocentric distance at which the mid-
plane begins warping (r,,), we use the Leiden-Green Bank H1 survey from Bur-
ton (1985). Towards /=93° Burton’s data show that for velocities beyond about
—25 km s™! the plane bends upward. Using R(=8.5 kpc and 6,=220 km s~!, this
is a kinematic LOS distance of 4.0 kpc. However, it is likely that HI material
that traces the Warp has non-circular velocities, and that the Warp begins much
closer to us than this. To estimate the distance r,, we adjust the kinematic dis-
tance downwards by a factor of 1.6 (from Fig. 2.1) to obtain r,, ~2.5 kpc, and
allow a generous uncertainty of £0.5 kpc.

If we naively transform distance to velocity using a flat Galactic rotation
curve (with Ry=8.0 kpc, and 6,=220 km s~ ') and plot our model alongside the
observed Ny;(v), a remarkably good correlation is observed (Fig. 2.4). This
suggests that, at least for this relatively high latitude direction, a flat rotation
curve with these values closely describes the line of sight velocity field, and
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Figure 2.4: The observed curve of cumulative HI column density (calculated
via Eqn. 2.13 and plotted as open circles) with LOS velocity towards the SNR
DA530 (¢=93.3°, b=7°). Our model of Ny (v(r),¢,b) is also plotted (solid line),
after transforming to LOS velocity using a flat model of Galactic rotation (with
Ro=8 kpc, 6,=220 km s!). The simple distance-velocity mapping gives good
results in this relatively high-b case.
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Figure 2.5: The column density versus distance model Ny (r, ¢, b), showing the
column depth to DA530 due to neutral hydrogen and the corresponding dis-
tance: 2.2 £ 0.5 kpc. See text, Sec. 2.2.
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non-circular motions are indeed small.

Integrating to v = —12km s in Eqn. 2.11, we find the column density of H1
in emission to SNR DA530 to be Ny;=2.31 & 0.23 x 10*! cm™2. As seen in Fig.
2.5, the distance corresponding in our model to this column density is 2.2 + 0.5
kpc, essentially equivalent to the 2.3 kpc predicted by the flat model of Galactic
rotation used in Fig. 2.4.

As a second example, we descend closer to the midplane and look at the
H1 distribution towards H1I region Sharpless 121 (£/=90.23°, b=1.72°). As cata-
logued by FBS, the photometric distance to this nebula is 4.8 & 1.4 kpc, which
FBS have adjusted 25% downward from the original 6.4 kpc of Chini & Wink
(1984). FBS also catalogue the *CO LOS velocity for Sh121 as ve; = —61 km
s~!. Assuming this velocity is due solely to circular velocities about the Galactic
centre, a kinematic distance of 8.2 kpc follows.

Figure 2.6 shows the observed H1 emission (open circles) and absorption
spectrum (solid line) towards Sh121. The HI emission spectrum is the mean
brightness temperature measured in a 0.5° by 0.5° box centred on Sh121. The
absorption (To, — T,ss) profile to Sh121 is very weak, but shows that material at
velocities more positive than —42 km s™! is absorbing emission from Sh121, and
is therefore foreground to the nebula. However, between —42 km s™! and —58
kms™!, T,, — Ty fluctuates about zero. The weakness of the absorption profile
here makes it difficult to judge a location for this gas, so we assume it to be fore-
ground, and add this uncertainty (which totals 0.86x10%' cm™2) to that of our
measured column density to Sh121, which is calculated as Ny;=5.89+1.04x10%
cm™?2. Integrating the spectrum in Fig. 2.6 with Eqn. 2.12 indicates a column
density of Ny (r = 00)=1.07£0.11x10%? cm™? to the Galactic edge.

Figure 2.7 shows the observed Ny(v) towards Sh121 (open triangles). We
begin with a model of Ny;(r, ¢,b), made with similar parameters to those used
in Fig. 2.5, but now include the Perseus Spiral Arm. A ratio of 1 orm /10 ~1.3
is estimated from the H1I spectrum in Fig. 2.6, and we place the arm’s centre
initially at R,,=9.6 kpc (e.g. Georgelin & Georgelin 1976), with a width w,;,=0.5
kpc and scale height £, 4,»=0.2 kpc. Transforming Ng(r, ¢, b) to velocity-space
with the flat rotation curve of FBS (with Ry=8.5 kpc and 6,=220km s™! ), we plot
the resulting model in Fig. 2.7 (solid dark line) alongside the observed cumula-
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Figure 2.6: The observed H1 emission and absorption spectra towards H1I re-
gion Sh121 (¢=90.2°, b=1.7°). Emission is plotted as open circles, and absorption
(Ton, — Tysy) as a solid line. The LOS velocity of 2CO emission associated with
Sh121 (—61 km s7!) is marked with a bold arrow. The location (foreground or
background relative to Sh121) of HI in the range —42 km s™! < v < —58 km
s~! is uncertain, and we assign this uncertainty to the column depth to Sh121.
There is an absorption feature seen at —83 km s~! which is most likely shocked
H1in an expanding shell surrounding Sh121 (e.g. Kothes & Kerton 2002), and
not related to smoothly distributed Galactic H1. HI data are from the CGPS
(Taylor et al. 2003).
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Figure 2.7: The observed cumulative HI column density versus velocity re-
lation Ny;(v) towards Sh121 (open triangles), plotted alongside our model of
Nui(v(r),£,b) (solid line) which has been mapped to velocity space using the
flat rotation curve of Fich, Blitz & Stark (1989, with Ry=8.5 kpc, 6,=220 km s71).
The observed Ny (v) is not reproduced by using a flat rotation curve with these
parameters, but requires instead an adjustable mapping between distance and
velocity.

tive column density versus velocity Ng(v). The general shape of the model and
observed distribution are similar, but obviously using the flat rotation curve of
FBS to transform our model into velocity space fails to reproduce the observed
Ngr(v) relation in this direction.

To transform our model Ng;(r,£,b) to velocity space, we define a function
v(r) to represent the observed velocity-distance relation and choose a cubic func-
tion for v(r). In a least squares fitting routine, we allow both the coefficients
of v(r) and the parameters of the model Ny,(r, ¢,b) to vary such that our re-
sulting model Ng(v(r), ¢,b) most closely fits the observed cumulative column
density-velocity relation Ny;(v). This is accomplished by minimizing the value
X2 =S (vops — v(r))? /o2 where here we take 02 = (1.3/2)° +2.42 km? s~2, where
1.3 km s7! is the velocity resolution of each HI channel map, and 2.4 km s™! the
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Figure 2.8: The model of cumulative column depth with distance Ny,(r) to-
wards ¢=90.2°, b=1.7°, with the calculated distance to Sh121 (plus uncertainty)
labelled. Models which span +20% uncertainty in all parameters are shown, il-
lustrating the comparatively large distance uncertainty that derives from errors
in column densities Ng; and Ng;(r = o). See text, Sec. 2.2.

width of the typical *2CO line associated with an H1II region (see Sec. 2.3). For
H1 spectral features near 0 km s™' we cannot deduce information which de-
scribes the distribution of local material, so we give zero weight to data points
with positive velocities (which are forbidden for circular rotation at longitudes
greater than 90°), and also exclude those Ny;(v) points with velocities at which
local material is seen (typically 0 km s™! > v > —10 km s™%).

A model of Ny(r,¢,b) with parameters adjusted for HI towards Sh121 is
shown in Fig. 2.8, with the distance to Sh121 produced by our model labelled:
r=4.5 + 1.0 kpc. To achieve a formally acceptable fit (reduced x> = 1) the model
parameters did not require much adjustment from the values adopted in Sec.
2.2, and the axisymmetric parameters are similar to those used towards SNR
DA530. The final parameters are listed in Table 2.1. We test our model’s sen-
sitivity to 20% variations in each of the parameters, and record (in Table 2.1)
the resultant change in distance (Ar) for each. The total distance uncertainty
for a 20% uncertainty in every parameter (except Ny; and Ny (r = 00)) is 0.4
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kpc, or only 9% of the distance. The uncertainties in the object’s Ng; and in
Npyi(r = oo) contribute substantially more to the distance error than do those of
the parameters.

Figure 2.9 shows the model Ny (v(r), ¢, b) fit to the observed data, and its first
derivative, the model H1 brightness temperature profile (Eqn. 2.11 mapped to
velocity using v(r) and expressed as brightness temperature, in units of Kelvin)
overlaid with the original HI spectrum. Note that no attempt was made to fit
the synthetic profile to the original spectrum: the profile’s good correspondence
to the original is evidence of the validity of our model Ng;(r,¢,b), and of the
transformation function v(r)°. The distance to Sh121 produced by our model is
in excellent agreement with FBS (1989). This H1I region is clearly a resident of
the Perseus Spiral Arm (see Figure 2.12 below).

We hereafter present results of the distance method applied to second-quadrant
H 11 regions, and save for a future publication a discussion of the fitting analysis,
the implications of the resulting transformation function v(r), and the Galactic
structure parameters that come from it.

2.3 Application to Outer Galaxy HII Regions in the

Second Quadrant

We present new distances to 29 H1I regions (see Tab. 2.2) that reside within the
area of the CGPS (74.2°< ¢ <147.3°, -3.6°< b <5.6°) observed to date. These
nebulae were originally catalogued by Sharpless, and since then observations
of each H1I region’s stellar tenants have added photometric distances for each.
We use only regions with photometrically measured distances. Most are se-
lected from the catalogue of FBS (1989), from which we ignore objects with only
kinematic distances listed. We find model parameters for each direction (¢, b)
using CGPS 21 cm HI line data, and use CGPS 2.6 mm '2CO(J=1-0) line data
to measure LOS velocities for each object. Finally, we show that our distances
match the photometric distances currently held for the HII regions within the

SA discussion of the fitted velocity field v(r) towards this direction is presented in Chapter
5.
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Parameter Symbol Value Ar (kpc)
Disk scale length hr 2.0 kpc 0.12
in density
Scale height of H1 ho 170 pc 0.05
layer at R = Ry
Rate of increase of ' 30 pc kpc™? 0.01
H1height with R
Radius of middle R, 9.73 kpc 0.27
of Perseus Arm
Width of Perseus Warm 0.4 kpc 0.17
Arm
Height of Perseus bz arm 0.2 kpc 0.01
Arm
Heliocentric distance Tw 2.5 kpc 0.1
Warp begins
Galactocentric radius Ry 8 kpc 0.19
of Sun
Height of Sun Zy 15 pc 0.01
above midplane
Arm/Local density  7g,4rm /70 1.3 -
ratio
HI column density ~ Ngr(r=o0c) 1.07 £ 0.11x10% cm™2 0.44
to Galactic edge
H1 column density Nyr 5.89 &+ 1.04x10%! em™2 0.78
to Sh121

Table 2.1: Galactic H1 distribution model parameters towards Sh121 (£=90.23°,
b=1.72°), obtained from the least-squares fit of our model to the observed cumu-
lative distribution in velocity space, Ny;(v). The column Ar demonstrates the
sensitivity of our model to each parameter, and shows the response in distance
(r=4.5 kpc) to a £20% variation in each model parameter, and to the measured
uncertainties in Ny ;(r = oo) and Nyy.
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Figure 2.9: The observed cumulative Ny(v) (open triangles) and fitted model
Ngr(v(r), £,b) (solid line) towards Sh121. The quality of the fit is x*>=1 (reduced
chi-squared value). We also show the observed HI emission spectrum (open
circles; see Fig. 2.5) with the synthetic HI profile (black solid line) calculated
via our model of LOS HI density distribution (Eqn. 2.11). Data at velocities
v > —10 km s7! are given zero weight in fitting the model N;(v(r)) to the
observed distribution Ny (v) (see Figure 2.6), and are therefore excluded. The
LOS velocity of Sh121 is indicated (bold arrow). No attempt was made to fit the
synthetic profile to the original emission spectrum.
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uncertainties of both.

All objects in our sample are known to be associated with molecular mate-
rial imaged in CO emission. For longitudes greater than 102.2°, we confirm
this association using ?CO(J=1-0) spectral line emission data from the Five Col-
leges Radio Astronomy Observatory Outer Galaxy Survey (Heyer et al. 1998),
reprocessed for addition to the CGPS database (Brunt et al. 2000). Only four
H1I regions in our list are found at ¢ < 102.2°, and for these we use the radial
velocities from FBS. A Gaussian function is fitted to each region’s 12CO spectral
signature, and the object’s systemic velocity is assigned as that of the function’s
peak. We use ?CO velocities for the following reasons: 1) the velocity resolu-
tion of CO is typically sharper than other tracers (e.g. recombination line) and
2) 12CO associated with HII regions is expected to be more spatially compact
and less turbulent, minimizing the uncertainty in the observed velocity.

For each longitude, we assume that the Galactocentric distance at which the
Warp begins (R,,) is constant with respect to the Galactic centre. We use our
determination of r,=2.5 0.5 kpc near ¢=90°, and derive r,, for other directions
from Eqn. 1.4 (see Chapter 1).

The errors in our distances (r(FR)) in Table 2.2 are limit errors, and are de-
rived from uncertainties in the following parameters: Ng; (£10%), vop;(£+ 2.4
km s7Y), Ngi(r = 00) (£10%), 1,y (£0.5 kpc), kg (0.5 kpc), ho (£50 pc), and R,,
(contributing +0.5 kpc along the LOS). For example, allowing the uncertainty
in scale length parameter hp to be £0.5 kpc (£20% for a scale length of 2.5 kpc,
typical of our results) for individual lines of sight changes the distance to an
object by only 5-10%. Varying parameters other than those above is not found
to significantly change the distance measurement, so we ignore their contribu-
tions to 67. We measure a velocity dispersion for the 2CO line associated with
each H1I region that is typically dv = £2.4 km s~*, and allow this to contribute
to 6 Ny, and hence the distance uncertainty as well. The bulk of the distance
error descends from this, plus the +10% uncertainty in the absolute brightness
temperature calibration of the H I data, which affects both Ny and Ny ;(r = 00).
The final uncertainty in distance due to all contributions is typically 20%.

As demonstrated earlier towards Sh121, a fitting routine that minimizes the
difference between the observed Ng;(v) and model Ny (v(r), ¢, b) was performed
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Sharpless 14 b Vob; Nyr Nyr r r r

Catalog (r=00) (FBS) (Other) (FR)

no. ©) (®)  kms! 10¥ ecm™? 102 cm~? kpc  kpc(Ref)  kpc
121 90.23 1.72 —60.9 5.89 10.72 48+1.4 45+1.0
124 9457 145 434 4.09 5.86 2.6+0.6 2.8+0.4
127 96.27 257 ~-94.7 7.99 9.44 7.3+£2.3 6.0£1.5
128 97.56 3.16 ~72.5 6.10 9.93 6.21+2.3 4.8(3) 4.84+0.5
132 10296 -0.8 —-49.3 4.40 6.40 42+15 3.6(1) 3.24+0.5
134 103.72  2.18 -16.3 2.34 8.26 0.9+0.3 1.3+04
135 10459 1.37 -20.8 2.84 8.60 14404 1.5+04
139 105.77 —-0.15 —46.0 3.47 6.71 3.3+1.1 2.6(2) 2.8+0.4
140 106.81 5.31 -8.1 1.80 6.03 0.9+0.1 1.0+0.3
142 10728 -0.9 —41.4 2.94 6.10 34403 24(1) 24103
152 108.75 -093 -50.6 4.30 6.35 3.6+1.1 2.8+0.4
154 109.17 147 -11.9 2.70 8.14 14+04 1.5+0.4
155 11022  2.55 -10.0 2.02 8.95 0.7+0.1 0.9+0.3
156 11011 0.05 -52.0 4.75 7.40 6.4+2.0 3.2(3) 2.7+04
157 111.28 -0.66 —434 3.68 7.29 2.5+0.4 22+04
158 11154 0.78 -56.4 5.60 7.56 2.8+0.9 3.21+0.6
159 111.61 0.37 -56.0 5.63 7.62 3.1+1.2 3.0x0.6
161 111.89  0.88 -50.7 481 7.56 2.8+0.9 2.9+0.6
162 11223 0.24 —45.0 3.80 7.20 3.5+1.1 2.6 (4) 2.5+04
163 113,52 -0.57 —45.3 4.56 7.29 2.3+0.7 2.6+04
165 114.65 0.14 -34.0 3.16 7.57 1.6£0.5 1.9+04
169 115,79 -1.65 —41.0 3.32 6.48 2.3(2) 234+0.2
170 11757 2.26 ~45.2 3.14 740 2.31+0.7 22(1) 2.5+0.5
173 1194 --0.84 -372 2.96 6.21 2.7+0.9 22+04
175 12036 1.97 —499 4.02 8.26 1.7£0.5 2.7(2) 2.7+04
177 12063 -0.14 -34.6 2.88 7.68 2.5+0.8 24(1) 2.0+0.3
190 133.71 1.21 —40.9 4.07 8.22 2.1+0.2 2.3 () 2.3+£0.4
199 138.3 1.56 -38.6 428 8.27 2.1+0.2 2.3(1) 22104
202 13999 2.09 -89 142 6.38 0.8+0.3 0.7+0.3

Table 2.2: The 29 Galactic H1I regions used for this study, along with photomet-
ric distances and those predicted by our method. The velocities v,; are those
of 12CO emission associated with the object, and are uncertain by typically +2.4
km s~!. Integrated column densities to each object are additionally uncertain
by £10%. Column 7 shows photometric distances from Fich, Blitz & Stark (FBS,
1989). Sh169 is not assigned a photometric distance by FBS, but is by Roberts
(1972) and therefore is quoted in column 8 (Other), which shows other photo-
metric distances from the literature differing from FBS. References for the other
distances in column 8 are (1) Georgelin & Georgelin 1976, (2) Roberts 1972, (3)
upper-limit method of Dewdney et al. 1991 (see Sec. 4), and (4) Humphreys
1978. Column 9 lists the results of our distance method (FR).
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for each H1I region. With a few exceptions, the majority of observed H1 spectra
cannot be fitted to the level x* & 1, as most spectra contain moderately bright
and well-resolved HI structures that are not accounted for in the smooth fea-
tures we model. However, in all directions, the overall shapes of the observed
Ng(v) relations are consistent with our models.

Towards each object, we allow only the parameters hg, ho, R, i, h, orm and
Wqrm to vary in the x? minimizing process, and hold fixed r, Ry, and Z. It was
found that values for the parameters hp=2.5 kpc, hy=200 pc and h'=30 pc kpc!
produce a good starting fit for each line of sight, and the parameter h, 4, did
not significantly vary from ~0.2 kpc. These parameters are nearly constant over
our working range of 50° longitude, and they do not vary significantly between
adjacent directions or wander towards unphysical or unreasonable values. In all
cases it was found that the calculated distance to an object would change by very
little compared to the uncertainty as the value of x? approached a minimum;
thus tuning the model parameters to precisely fit the model to the observed
cumulative column density Ng(v) is not crucial for distance estimates, and for
this study was not done.

Columns in Table 2.2 present the following information for each H1I region:
1) Sharpless catalog number, 2) Galactic longitude, 3) Galactic latitude, 4) 12CO
LOS velocity, 5) HI emission column density to the object, 6) HI emission col-
umn density to the Galactic edge in this direction, 7) photometric distance and
uncertainty from FBS (1989), 8) Other distances from referenced authors, and 9)
our method’s distance measurement and uncertainty.

2.4 Discussion and Conclusions

Figure 2.10 shows the greatly improved linear correlation between the photo-
metric distances from FBS (1989) and distances calculated by our method (cf.
Fig. 2.1). The correlation of our distances with those of FBS (the slope in Fig.
2.10) is 0.88:1, revealing a small conservative tendency in our distance measure-
ments and /or an inherent overestimate in the FBS distances.

We find a few H 1I regions for which FBS distances do not agree with ours
within the uncertainties. Most outstanding is Sh156 (£=110.11°, b=0.05°, vep; =
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Figure 2.10: Comparison of 28 HII region distances calculated by our method
(FR) with photometric distances of Fich, Blitz & Stark (1989). A line of slope
unity is shown as a thin black line, and the mean correlation of 0.88:1 is observed
in the thick grey regression line.

—52 km s7!, r (FR)=2.7+£0.4 kpc), which FBS list as 6.442.0 kpc from the Sun,
exceeding even the kinematic distance (5.2 kpc). We have several reasons to
be skeptical of their distance. Sh156 has been observed in ammonia emission
by Wouterloot et al. (1988), who adopted a distance of 3.5 kpc. Using a tech-
nique originally suggested by Dewdney et al. (1991) as an estimator of stel-
lar luminosity, and modified by Kerton (priv. comm. 2003) to give an up-
per limit on distances to HII regions, we estimate an upper-limit distance to
Sh156. The technique requires that one measure both the ionizing luminosity
(from the observed 21 ¢m radio flux density) and the total infrared luminos-
ity (from flux densities in each of the four IRAS bands). Both values depend
on the square of the source distance, hence the ratio of these observables is
distance-independent. The well-established calibration of Lyman continuum
photon fluxes for upper main-sequence stars (Panagia 1973) is used to find the
absolute total luminosity of the exciting star. Kerton has extended the use of the
above ratio to estimate distance, the underlying assumption being that all UV
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photons from the embedded stellar flux are reprocessed into IR emission. One
uses the absolute luminosity together with the apparent luminosity (calculated
from either the 21 ¢m or IR data) to find distance. This estimate is an upper
limit, since an error in the assumption would mean that some ionizing photons
escape absorption by dust, causing the ratio of UV-to-IR flux (and hence the
distance) to be overestimated. Assuming an electron temperature of 7,=10* K,
we obtain an upper-limit distance of r=3.2 kpc for Sh156, one-half of the FBS
distance, and much more consistent with our calculated value of 2.7+0.4 kpc.

Similarly outstanding is Sh128 (¢=97.56°, b=3.16°, vp; = —72.5 km s™*), re-
ported by FBS to be 6.242.3 kpc distant. The radio-IR approach gives an upper
limit of 4.8 kpc, consistent with our calculated value of 4.840.5 kpc.

Column 8 in Tab. 2.2 lists distances published by other authors (referenced)
which differ from those adopted by FBS. Half of these distances are photometric,
and are from Georgelin & Georgelin (1976). Generally, these distances are lower
than the FBS values, and more consistent with our distances. Where no other
distance for an H1I region is found in the literature, we use that of FBS. Figure
2.11 shows the correlation between the distances of Column 8 (or Column 7 if
Column 8 is blank) in Table 2.2, and ours. The scatter about a common line is
less than in Fig. 2.10, and the correlation is closer to unity (0.94:1). We interpret
these improved results as evidence that the distances of FBS are moderately too
high.

As we do not include a model component to trace the Local Arm feature,
the distances calculated for the very nearby objects will likely be upper limits.
If H1 near to the Sun is concentrated in a local feature (such as that included
in the electron density model of Taylor & Cordes, 1993), then the true run of
column density with distance will initially increase more rapidly with distance
than predicted by our model, which traces only the smooth axisymmetric com-
ponent of the local H1. This distance overestimation is not severe, however, and
Table 2.2 shows that our distances to local (<1 kpc) H1I regions agree with their
photometric estimates within the uncertainties in both.

All Perseus arm H1II regions are found to be much nearer than their kine-
matic distances suggest. To explain this, it is instructive to refer to the Two-Arm
Spiral Shock (TASS) model (Roberts 1972) for the Perseus spiral arm (see Chap-
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Figure 2.11: Same as Fig. 2.10, but with photometric distances from other au-
thors (Column 8 in Table 2.2) replacing the FBS distances (where both exist). The
overall scatter is much less, and the correlation (0.94:1) is improved.

ter 5, Fig. 5.4 for a schematic description). For example, in the direction of Sh156
(¢ = 110°) the shock is located roughly 2.7 kpc from the Sun (a spatial uncer-
tainty of order +400 pc or greater is assigned by Roberts), and in LOS-velocity
vs. distance plots, the shock and its effects stretch 1 kpc along the LOS. Our
distance of 2.7+0.4 kpc for Sh156 places it within the influence of the Perseus
Arm shock. Further, the observed LOS velocity of this HII region (v, = —52
km s™!) places it directly atop the shock ridge predicted by Roberts” model of
H 1 distribution towards ¢ =110°. A non-circular “shock” velocity of —23 km s™!
for Sh156 is predicted by our distance, and this is well explained by the TASS
model towards ¢/=110-115° (Fig. 7 in Roberts’ paper). Similar shock velocities of
magnitude ~19 to 23 km s™! are found for other distant HII regions near this
longitude (e.g. Sh152, Sh157 through Sh163).

Referring to Table 2.2 shows that the distances our method produces tend to
divide the H1I regions into two distinct distance groups: 1) “Local Arm” objects
(0.7 kpe < r <1.5 kpc), and 2) “Perseus Arm” residents (r ~2 kpc and greater).
A plot of heliocentric distance versus longitude (Figure 2.12) shows this duality.
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Figure 2.12: The spatial distribution of 29 H1I regions with respect to the Sun
throughout the longitude range 90° < ¢ <140°. Heliocentric distances have been
calculated using the method presented in this paper. Two distinct collections of
nebulae are seen: local nebulae that cluster near the Sun are marked with filled
triangles, while those belonging to the Perseus Arm are shown as filled squares.
The solid line is a simple model of a logarithmic spiral arm (Eqn. 2.14 with pitch
angle i=10°), and has not been fitted to the data.

The Perseus Arm grouping (group 2) is quite tight above ¢=100°, and somewhat
wider for the four regions at longitudes 90°< ¢ <100° (see Fig. 2.12). To illustrate
group 2, on Fig. 2.12 we overlay a simple model of a logarithmic spiral arm,

calculated from:

R(¢) = R(¢o)exp ((¢o — p)tan(i)) (2.14)

where R(¢) is the arm’s Galactocentric radius towards azimuth angle ¢;. We
use R(¢y) ~9.0 kpc towards /=90° as in Roberts’ TASS model (1972), and the
pitch angle of the arm i is assumed constant at 10°. This model is not in any
way further manipulated to fit the points in Fig. 2.12. The H1I regions in group
2 are seen to be distributed evenly around this model of the Perseus Arm, a
remarkable result that would seem to support the distances we measure, and
the method in general.

This work is being continued by the authors, finding new distances for ob-
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jects throughout the second quadrant, and using the technique to map the outer
Galaxy’s velocity field and its relation to distance, thereby revising the Galactic
rotation curve.
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Chapter 3

The Galactic Plane Region near
¢=93° 1I: A Stellar Wind Bubble

Surrounding SNR 3C434.1
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Foreword

This chapter demonstrates two accomplishments of this thesis. The usefulness
of the method described in Chapter 2 is shown, calculating an accurate new dis-
tance for a newly discovered supernova remnant 3C434.1 (SNR)/stellar wind
bubble pair. As well, the chapter demonstrates the benefit of combining radio
and optical observations. All text in this chapter has been accepted for publica-
tion in the journal Astronomy & Astrophysics, 2003. Nothing has been modified
from the original paper. My supervisor Dr. David Routledge, and colleague Dr.
Roland Kothes (of DRAO) appear as co-authors.

The previously catalogued SNR 3C434.1 appears confined by a shell of neu-
tral hydrogen, which is observed to have a very high systemic velocity (vios ~
—80 km s™!). Using the rotation curve of FBS (1989), this would indicate the
SNR is at an extraordinary distance of 10 kpc (R=13.6 kpc) and has a physical
span of 80 pc. However, it appears in velocity space at a similar velocity as the
Perseus Spiral Arm which, as traced by H1I regions, is 4-5 kpc away in this di-
rection (e.g. Georgelin & Georgelin 1976). The SNR'’s progenitor (an O4 star)
must have been born into an OB association formed in a spiral arm, and its rem-
nant should appear there as well. An apparent conflict therefore exists between
the kinematic distance and the “most likely” position. This conflict is resolved
by the new distance of 5.2 kpc calculated here.

A cautionary note on the uncertainty of SNR distance calculators is worth-
while. The calibration for the controversial X-D method for estimating shell-
type SNR distances has been derived by many authors (e.g. Clark & Caswell
1976), and disputed by others (e.g. Green 1984). A very recent determination
comes from Case & Bhattacharya (1998), who have derived a new -D relation
with kinematic distances to Galactic SNRs (using the flat rotation curve of FBS
1989). This calibration also predicts 3C434.1 to be 5.2 kpc distant, but also sug-
gests the nearby remnant DA530 (£ = 93.3°, b = 6.9°) to be 6.6 kpc distant, nearly
three times its kinematic distance and 800 pc out of the plane! Clearly, SNR dis-
tances are sufficiently unknown quantities that any distance method for them,
no matter how welcome, should be approached with caution.

With a proper distance calculated to 3C434.1, the physics, dynamics and time
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history of the H1 shell that surrounds 3C434.1 is presented in great detail in the
following original study. It is my hope to establish the usefulness of the distance
method, particularly on SNR objects, and the inclusion of this research in these
pages furthers this goal.

Abstract

New Canadian Galactic Plane Survey A21 cm HI line observations towards
supernova remnant (SNR) 3C434.1 (G94.0+1.0) are presented. We find a frag-
mented and thin-walled atomic hydrogen shell inside which the SNR is seen to

be contained at v~ —80 km s~}

, which we report to be a highly evolved stellar
wind bubble (SWB) associated with the remnant. A dark area in the midst of
otherwise bright line emission is also seen near —71 km s~!. An absorption pro-
file to the extragalactic continuum source 4C51.45 (superimposed on the shell’s
north face) allows us to probe the shell’s optical depth, kinetic temperature and
expansion velocity. The material in the dark area has the same properties as
material in the fragmented shell, suggesting that the dark area is actually the
far-side “cap” of the shell seen absorbing emission from warm background gas,
the first instance of H1I Self Absorption (HISA) seen in such a structure. We
show that the kinematic distance of 10 kpc derived from a flat Galactic rotation
model is highly improbable, and that this bubble/SNR system is most likely
resident in the Perseus Spiral Arm, lying 5.2 kpc distant. We model the SWB
shell in three dimensions as a homologously expanding ellipsoid. Physical and
dynamical characteristics of the bubble are determined, showing its advanced
evolutionary state. Finally, from a photometric search for one or more stars as-
sociated with the SWB, we determine that three BOV stars and one O4V star
currently inhabit this bubble, and that the progenitor of 3C434.1 was at latest
also an O4 type star.
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3.1 Introduction

The supernova remnant (SNR) 3C434.1 (¢/=94°, b=1°) is one of two remnants in
the Galactic plane region near /=94°, and is seen among a collection of thermal
objects. It appears as a radio continuum shell of radius 14 arcminutes, smaller
than most shell-type remnants visible in the Canadian Galactic Plane Survey
(CGPS, Taylor et al. 2003). The 21 cm continuum appearance of this object is
similar to the neighboring H1I region NRAO 655, discussed by Foster & Rout-
ledge (2001, Paper I). The space between these two objects appears filled by
dim continuum emission, and the objects appear bridged by this nebulosity. We
study the remnant’s multi-wavelength appearance in emission and its relation-
ship with NRAO 655 no further here, but in a future publication. In this present
paper we report a thorough examination of the neutral material surrounding
this SNR, and submit that it is in reality a distant SNR/Stellar Wind Bubble
(SWB) pairing.

Stellar winds carve much of the sponge-like structure of neutral hydrogen
observed in the interstellar medium. Most of the originators of these winds,
including SNR precursors, tend to cluster in associations, and it is thus not sur-
prising to find SNRs evolving into environments greatly modified by groups
of massive stars. The legacies of OB star groups are large interstellar cavities,
surrounded by expanding outer shells, whose edges are often delineated by
swept-up neutral hydrogen, and are thus observable in the H1 spectral line. We
expect pairings of supernova remnants with H1 shells cloaking OB associations
to be particularly common within the Galactic spiral arms, where the SNR pro-
genitors and their siblings have formed.

A fine example of a cavity evacuated by an OB cluster and containing an
SNR formed within it is seen in the HI environment surrounding the nearby
SNR G106.3+2.7 (Kothes et al. 2001). Those authors suggest the formation of
the progenitor was triggered by the stellar winds and supernova explosions of
cluster members.

We present the discovery of a distant shell of cold atomic hydrogen that sur-
rounds 3C434.1, and show that it is likely an old SWB carved out mainly by two
O-type stars, one of which was the progenitor of 3C434.1. The foreground col-
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umn density is found and hence the distance to the shell and its linear extent,
using the new distance technique of Foster and Routledge (2003) (see Sec. 3.3
below). The availability of high-resolution CGPS continuum and H1 spectral
line data allows observation of the bubble’s physical structure, and for the first
time neutral material of a stellar wind bubble is seen absorbing emission from
warm H1 gas behind it. The cold gas of the shell is also seen to absorb emission
from the bright and auspiciously located radio continuum point source 4C51.45,
allowing confirmation of parameters and expansion velocity calculated for the
shell from emission data. The dynamics and time history of this SWB are mod-
eled and discussed in detail. Finally, from deep UBV photometric observations
of stars towards 3C434.1, four stars are identified as candidates for association
with the SWB, and the physical effects of this cluster discussed.

3.2 Observations

3.2.1 1420 MHz Hi Line Observations

The field of 3C434.1 was observed in the 1420 MHz continuum and 21 cm line
with the Synthesis Telescope (ST) at the Dominion Radio Astrophysical Obser-
vatory (DRAO). The continuum and atomic hydrogen line observations were
centred on (£,b) = (93.47°, 1.00°) and are part of the CGPS, a project by a consor-
tium of researchers from five countries to map a large segment of the northern
Galactic plane in radio and infrared wavelengths at a resolution approaching 1
arcminute (Taylor et al. 2003). The field of view is 3.1 degrees at 21 cm to the
10% level. The FWHM of the beam achieved by the ST is 57" x 57" cosecd in
the 1420 MHz continuum. HIline images have 1.1 arcminute resolution in each
of 256 channels, and are separated by 0.824 km s™!, with a velocity resolution
of 1.3 km s~!. The HI line data have intensity uncertainty due to calibration
of £10%, and the continuum data, +5%. Other relevant parameters of the tele-
scope and data reduction procedures are given in Sec. 2.1 in Paper I, and further
instrumental detail can be found in Landecker et al. (2000).

To depict ISM structures accurately in the CGPS radio continuum and HI

line images (especially those of large angular size), missing short-spacing in-
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formation is routinely added to each ST map. The data are obtained from the
Effelsberg 21 cm Galactic Plane Survey (Reich et al. 1997) and an H1 line survey
of the plane made with the DRAO 25.6 m paraboloid (Higgs & Tapping 2000).

3.2.2 Optical Observations

On 2001 August 9, and 2001 November 18, 407 stars in a 27’ x 27’ field towards
£=94°, b=1° (field 1) were observed with the 0.5 m optical telescope at the Uni-
versity of Alberta’s Devon Astronomical Observatory (Foster et al. 1999). Two
separate nights’ observations were performed to compare the consistency and
assess the final quality of the photometry. A second field (field 2) was also ob-
served (332 stars towards ¢ = 93.70°, b = 1.45°) for another study, and overlaps
some of the SWB interior, and we include the field here. UBV filters with op-
timal passbands for CCDs (as determined by Bessel, 1990) were used. The low
quantum efficiency of the CCD in the U-band (A\y=365 nm) limits the faintest
magnitude measured in the sample of stars, and to increase this limit, an aver-
age U-band frame was made from nine separate 600 second integrations. Each
frame was taken at slightly different altitude (and hence airmass), and we have
used the following technique to create a photometrically accurate single frame
from many individual ones.

After basic CCD image processing (including removal of cosmic ray strikes
and bad pixels), a uniform background level (in analog-digital units, or ADU)
for each target frame is determined. This level is subtracted from individual
frames. First-order extinction coefficients &} (in units of ADU per unit airmass)
for each wavelength are determined from observations of bright northern stan-
dard stars (Oja 1996). Stellar fluxes in each frame are then corrected to a com-
mon airmass X of zero by multiplying the frame by the factor 10%Xobservea/25,
In this way, the flux is corrected to extra-atmospheric values without affecting
the background, which tends to be mostly due to auroral skyglow in our loca-
tion. Each frame is shifted to a common centre, and a mean image (corrected for
atmospheric extinction) is made.

This technique permits accurate photometry to be obtained for very faint
stars with modest-sized telescopes: the limiting magnitude for our sample in-
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creased to my = 16.6, compared to a limiting magnitude of my = 14.6 using a
single 600 second U-band integration. Nine standard stars from Oja (1996) were
also observed to derive coefficients and zero-point values for transformation of
our magnitudes and colours to the Johnson system. Two of these stars (early
A-type) were also used as extinction candles, and were observed at varying el-
evations throughout the night. Extinction and transformation coefficients were
very well determined: mean absolute differences between the standard stars’
published and measured V, B —V, and U — B values are 0.032, 0.018, and 0.036
magnitude, respectively. As a further check of the quality of our photometry
we identified 12 stars in field 1 and 24 stars in field 2, present in the Tycho Cata-
logue (Hog et al. 2000), as observed by HIPPARCOS. Mean absolute differences
between DevonAQO and Tycho photometric values (transformed to Johnson's
system) were 0.11 mag and 0.13 mag in B — V and V respectively (for field 1),
and 0.18 mag and 0.15 mag (field 2).

The U~ B versus B—V two-colour diagram was used, along with the redden-
ing curve E(U — B)/E(B —V) = 0.7240.05E(B — V) and the optical parameter
Ry = Ay/E(B — V) = 3.1 to derive unreddened colour indices. 93 of the 407
field 1 stars have uniquely determined dereddened colours, as do 83 of the 332
field 2 stars. These are principally O and B-type spectral classes. In determining
their unreddened colours and distances, we used the colour index and absolute
magnitude My, calibration of hot stars tabulated in Cox (2000). Calibration for
early-type stars is more certain than for cooler stars (Gathier et al., 1986), and
less error in distance is introduced by uncertainties of a star’s luminosity class.
Nevertheless, one can expect at least £0.3 magnitudes of uncertainty in My for
O and early B type stars (Russeil 2003). Luminosity Classes (LC) of the stars
cannot be firmly determined with U BV photometry alone, although it is almost
certain that the majority are LCV. For the purposes of finding candidate stars for
association with the shell around 3C434.1 (see Sec. 3.5) we assume all stars are

dwarfs.
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3.3 A Shell of Neutral Hydrogen Around 3C434.1

In Fig. 3.1, we present a montage of velocity-channel images of neutral hy-
drogen towards ¢=94°, b=1°. The angular resolution of each of these maps is 2
arcminutes. This H1is visible as a ring of emission surrounding the SNR’s radio
continuum boundary, in H1 channel images between —76.5 km s™! and —81.0
km s7!, and has the appearance of a fragmented, roughly circular shell, contain-
ing the SNR. The ring’s mean thickness is 2 arcminutes (measured from original
1’ resolution data). The radius of this feature is approximately 21 arcminutes,
which is 7 arcminutes larger than the radius of the continuum shell of 3C434.1.
Fig. 3.2 shows this size relationship well with HI emission summed over three
individual channels, centred on —79.5 km s~!.

Figure 3.2 shows the bubble’s perimeter is fairly well defined around most
of its eastern half. Its curvature is similar to the SNR's eastern boundary, and
the remnant may be interacting with the material of the H1 shell in this region.
3C434.1 is seen as a shell-type SNR in radio continuum, and such emission must
be produced by interaction with a dense medium, in this case the inside edge
of the H1 bubble within which it is evolving. There is fairly good definition in
the west edge as well especially at —=79 km s™! to —81.0 km s™*, though the H1
shell edge is similarly fragmented. We show in Sec. 3.4 that this elliptical ring of
H 1 (see Figure 3.6) is most likely material accumulated by an expanding stellar
wind bubble (SWB), formed by a cluster of early type stars (including the SNR’s
progenitor) and inside which 3C434.1 is evolving.

3.3.1 Absorption of Continuum Emission by the H1 Shell

The radio source 4C51.45 (¢ = 94.11°, b = 1.23°) is seen fortuitously projected
atop the northern limb of the SNR’s continuum boundary (as shown by the con-
tours of continuum emission in Figs. 3.1 & 3.2. We find a 21 cm integrated flux
density of Si420 mu,=1.02+0.06 Jy. Its peak continuum brightness temperature
(Teontinuum=135 K) is higher than the mean brightness temperature of neutral
hydrogen seen surrounding it and it is absorbed by the HI foreground. This
source is projected on the face of the H1 shell approximately 7 arcminutes south
of the north edge. It can be seen to be absorbed out to large negative velocities,
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Figure 3.1: A montage of HI channel maps, spanning the LOS velocity range
765 km s7' > v >—81 km s~!. The velocity separation between channels
is 1.5 km s7!, and the image has been convolved to 2’ resolution. The eastern
half of the roughly circular outline of the shell is seen in the first two channels,
while the western half outline is seen better in the last two channels. H1 contour
levels (black lines) for the images are from -20 K to 25 K, incremented in 5 K
steps. Greyscale values are from -20 Kelvin (black) to +20 Kelvin (white), with
the average value for each channel subtracted first (from upper left to lower
right, 52.9 K, 394 K, 27.6 K, and 19.3 K). The 21 cm continuum contour lines of
3C434.1 (9 K and 12 K) are shown in white.
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Figure 3.2: Average image of three channel maps at half resolution (2) from —78
km s™! to —81 km s™!, with 21 cm continuum contours of 3C434.1 overlaid. H1

line contour levels are from 24 K to 56 K in 4 K increments, and the greyscale is
from 20 Kelvin (black) to 40 Kelvin (white). Both Galactic and equatorial (J2000)
coordinates are shown.
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suggesting it is extragalactic. For example, the 21 cm H1brightness temperature
at the location of 4C51.45 decreases rapidly, showing that HI absorption is in-
creasing, in the range of velocities shown in Fig. 3.1. Its unique location allows
us to probe the structure of the SWB associated with 3C434.1.

The optical depth of HI in the line of sight (LOS) towards the north edge of
3C434.1 is calculated as follows:

7(v) = —=In (M + 1) (3.1)

Tcontinuum

where ATjine = Ton—source = Tof f—source ANA Teontinuum i the continuum brightness
temperature of the un-absorbed source (4C51.45). The H1 brightness tempera-
ture value T,¢s_source Was calculated in each velocity channel from the mean
emission in a 6 arcminute wide annulus (of inner radius 3 arcminutes) centred
on 4C51.45, while T,,_source Was measured as the peak brightness temperature
at the position of source 4C51.45.

H1 emission and absorption (ATj;,.(v)) brightness temperature profiles are
shown in Figure 3.3, where values of the optical depth () are shown on the
right. The extended peak in emission between —35 and —75 km s~ is caused
by the Perseus Arm.

We believe the small absorption peaks at —70 km s™! and —96 km s~! are
unrelated to large-scale features of Galactic structure, and most likely indicate
where the LOS towards 4C51.45 encounters compressed HI in the back and
front edges (respectively) of the aforementioned shell (see Sec. 4.2 below). The
absorption peak near —81 km s~ is likely a cold H1 cloud which does not show
in emission and is unassociated with 3C434.1, but is otherwise in the LOS to-
wards 4C51.45.

In Fig. 3.4, a dark area is visible through several channels (centred on ve-
locity —71 km s7'), and is superimposed onto the brighter hemisphere of 21
cm synchrotron emission from 3C434.1. The figure shows that the radius of the
dark area enlarges slightly in the first two velocity channels, and is constant
thereafter with increasing velocity. This behaviour is what one would expect
if the feature were the cap of an expanding bubble. This dark feature does re-
semble the eastern half of the continuum emission in shape. The mean 21 cm
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Figure 3.3: The average HI emission spectrum (thick black line) towards the
SWB surrounding 3C434.1 is shown, along with the absorption profile AT=T,, —
Toss (thin black line) towards source 4C51.45 (/=94.11°, b=1.23°). The corre-
sponding optical depth 7 values are read off the right-hand vertical axis. The
absorption peaks from the front (—96 km s™!) and back (—70 km s7') of the HI
shell edges are marked with arrows.
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continuum brightness temperature of the SNR'’s eastern half is 12 K, not enough
to be absorbed by H1 in foreground channels, so the dark area cannot be the ab-
sorbed image of the SNR. However, the resemblance is striking enough to sug-
gest that the SNR shell continuum emission is the result of an interaction with
the far inside edge of the HI shell. In the following section, we show that this
dark feature is most likely the end cap of the shell, and appears dark because it
is absorbing line emission from a warm H1background behind it.

3.3.2 Self-Absorption of Background H1 Emission by the Shell

Many small-angular-scale concentrations of cold material in the Perseus Arm
are known to have optical depths of 1-2, and absorption of HI emission by cold
H1 is seen throughout the Perseus Arm. Such HI Self Absorption (HISA, Gib-
son et al. 2000) is only seen in spectral line images when cold foreground H1has
similar velocity to the warm background H1, even though the warm material
must be physically displaced (behind) with respect to the cold. Another crite-
rion is that the background H1 must be much warmer (and therefore brighter)
than the foreground H1.

Fig. 3.3 shows the absorption profile AT (v) = Ton(v) — T,p(v) towards
4C51.45. Using the optical depth of the shell’s near edge (7_96=0.24+0.04), one
can find the Boltzmann (spin) temperature of the shell via Eqn. 3.2:

Topin = (1{% (3.2)
where Ty is the brightness temperature (above background) of the shell frag-
ments. We find Tpe;=17.3 (£14%) K, and T,;;,=80-+16 K for the ring comprising
the shell’s edge seen in Fig. 3.2 (summed channel map at v=—80 km s™1).

If the dark area near —71 km s™! in Fig. 3.4 is to be considered a self-absorbed
portion of the SWB shell, two conditions must be met: a) the optical depth of
the H1 in this far-side cap should be comparable to that measured in the shell’s
near-side (—96 km s™'), and b) the brightness temperature of the background
gas must be much greater than the brightness temperature of gas comprising
the shell.
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Figure 3.4: A montage of HI channel maps, spanning velocities —69.0 km s™! >
v >—73.5 km s~!, showing the dark area (centred on ¢ = 94°, b = 0.9°) described
in Sec. 3.1 and 3.2. Resolution and channel separation are the same as in Fig. 3.1.
The dark area appears within a generally uniform warm H1I background, and
is likely cold end-cap material of the shell absorbing this background emission.
Contour levels and greyscale are the same as Fig. 3.1, with the following average
values subtracted: 96.5 K, 92.2K, 85.4 K, and 76.9 K.
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From the brightness temperature of background emission seen at —70 km
s™! (Tysr(v = —=70)=98.8 K), and the average value of ~27.2 K, from:

ATdarlcfeatm"e = don—darkfeature ™ Loff ('U = _70) (33)

where Tty _garkfeature 15 measured at several areas across the dark feature, we
find:

ATdark feature
To f f(v =-70

Tdark feature = ~ln ( ) + 1) = 0.32 £ 0.04 (34)

The values of optical depth measured for material in the dark feature are there-
fore similar to those of the shell towards 4C51.45, and the first condition is met.

To determine the temperature of the background Hlat v = —70 km s™!, we
separate the component of absorption due to the shell (optical depth similar to
T_g¢) from that due to the unrelated material at v = —70 km s™!. We subtract the
absorption peaks AT, and find an optical depth of 0.60+0.17 for the remaining

N (AT(v = ~70) — AT(v = ~96) 1) 35)

Tcontinuum

material by:

This assumes that at the location of 4C51.45, the shell’s far-edge (~70 km s71)
has similar optical depth to that in the near-edge (—96 km s™!). The brightness
temperature of the background (in velocity channel —70 km s™), together with
this optical depth allows us to calculate the spin temperature of the background

gas:
T,ee(v=-70
Tbackground = f(fl(_ e_,r) ) =220+50K (36)

which is much greater than the temperature of the shell. Thus, if the dark feature
at —72 km s is cold material within the SWB shell, the background emission
is sufficiently warm to be absorbed by it, and the second condition is met. We
henceforth will treat this dark feature as the end-cap of the far side of the SWB
shell.
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3.3.3 A Non-Kinematic Distance to the SWB

CTB104A and 3C434.1 are the only supernova remnants known in the Galac-
tic plane vicinity of /=94°. Until recently, their distances have been elusive, as
have most supernova remnant distances. Uyaniker et al. (2002) kinematically
determined the distance to CTB104A (G93.7—-0.3) as 1.5+0.2 kpc, a reasonable
value considering that the kinematic distance method is probably more valid
for local objects than anywhere else (Foster & Routledge 2003). The large line of
sight velocity of the SWB associated with 3C434.1 (~ —79 km s™!) suggests it is
very distant: with Ry=8.5 kpc and 6,=220 km s™!, a kinematic distance of 10 kpc
follows. This value can almost certainly be dismissed as inaccurate because of
the unreasonable physical parameters indicated for the supernova remnant (e.g.
80 pc diameter). On the basis of the ¥-D relationship, Mantovani et al. (1982)
find a more reasonable range (3.8-6.4 kpc), though this highly disputed method
overestimates the distance to CTB104A by nearly a factor of two.

The observed LOS velocity of the SWB surrounding 3C434.1 is within the ve-
locity range occupied by the Perseus Spiral arm as seen in the HI emission spec-
trum (see Fig. 3.3), which crudely suggests that the system is at least as far as
the centre of the Perseus arm, likely lying on the Arm’s far edge. The large line
of sight velocity of the system likely includes contributions from non-circular
motions (e.g. the Spiral Shock, Roberts 1972), and does not accurately reflect the
system’s circular velocity from Galactic rotation, causing a severe overestimate
of the kinematic distance.

To find a non-kinematic distance to our SNR/SWB system, we apply the new
method of Foster & Routledge (2003; hereafter F&R) in the direction /=94°, b=1°.
The method of F&R begins with a model of the integrated HI column density
versus distance Ny (r). After transforming to velocity space (using a velocity-
to-distance mapping function v(r) with variable parameters), the model is fitted
to the observed cumulative Ny ;(v) with a x? minimization method. Parameters
of both the model Ny;(r) and the mapping function v(r) are allowed to vary un-
til an acceptable fit is achieved. The results of this approach are both the model
Npi(r) and the function v(r) that together best reproduce the observed distribu-
tion Ny(v). The distance to an individual object for which a radial velocity is
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known is then calculated with either result.

This new technique principally assumes that on a large scale, the observed
line of sight velocity (for atomic hydrogen emission) is increasingly negative
with distance. For HI in emission and in circular rotation, the assumption that
distance is monotonic with velocity is fundamentally true. However, the HISA
associated with the shell’s end-cap shows that the warm emission throughout
the field at —70 km s~ is physically behind the shell. Thus, when calculating the
column density Ny to the SNR/SWB, integrating emission in all channels to the
systemic velocity ~ —80 km s™! may overestimate the true foreground column.
Conversely, integrating only to an upper limit of v=—70 km s~! (where the shell
begins to appear in velocity space; see Fig. 3.6) may miss some foreground
material appearing at greater negative velocities. We choose our upper limit as

an intermediate velocity ~ —75 km s™*

, and believe this reasonably estimates
the true foreground column density.

We thus integrate H1 emission (shown in Fig. 3.3) alone to this velocity, and
find the foreground HI column density to 3C434.1 to be Ng=(1.04+0.10) x10??
cm~2. To the Galactic edge, we find Ng;(r = 00)=(1.1840.11) x10?2 cm~2. The
distance to the SNR/SWB that corresponds with Ny; is 5.2+1.1 kpc. Fig. 3.5
shows this distance predicted by the method’s output of cumulative column
density as functions of distance and velocity for this direction. Most of the dis-

tance uncertainty derives from uncertainties in Ny and Ny (r = o0).

3.4 Kinematic Model of the Expanding SWB

In the (¢, b) image in Fig. 3.6, a ring of HI emission is visible surrounding the
SNR. This image shows the HI emission summed over four channels centred on
—78.5 km s~!. The HI ring has the appearance of a fragmented shell, possibly
an expanding SWB surrounding the SNR. We searched for the corresponding
elliptical “cross sections” of such an expanding shell in longitude-velocity and
latitude-velocity images, and the results are shown in the (¢,v) and (b, v) plots

in Fig. 3.6, respectively.
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Figure 3.5: The observed cumulative column density-velocity relation Ng(v)
(open triangles) towards ¢=94°, b=1°. The fitted model Ny;(v) is also shown
(solid line). The distance-velocity relation v(r) that results from the fit is used
to determine the corresponding heliocentric distance (plotted on the top hori-
zontal axis). The integration limit velocity (—75 km s™') to which we believe all
H1 emission between the SWB/SNR and the Sun is foreground is shown with

an arrow. The SWB/SNR distance predicted by the fitted model Ng(v(r)) is
r=5.2+1.1 kpc.
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Figure 3.6: Three views of the elliptical shell model (thick black ellipses) fitted
to the observed HI emission patterns of the shell, in (¢,b), (¢,v), and (b, v) H1
images. The continuum outline of the supernova remnant is shown (white con-
tour).
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3.4.1 The Expanding SWB Observed in HI Emission

The (¢,b), (¢,v), and (b, v) HI emission patterns seen in Fig. 3.6 are crudely com-
patible with a spherical H1 shell of radius ~ 21’ centred on (¢, b)~(93.97°, 1.10°),

having a systemic velocity v ~—80 km s~!

, and a radial expansion velocity
given by half its extent in velocity, i.e. v, 213 km s~!. However, the (¢,b) out-
line of the H1 shell is actually elliptical, and the (¢, v) and (b, v) outlines are also
slightly skewed. This suggests that rather than being spherical, the expanding
H1 shell may in fact be ellipsoidal, and that the ellipsoid is inclined with respect
to our line of sight.

A simple kinematic model for an expanding ellipsoid was constructed for
the H1 shell. The objective of creating the model was to reproduce the appear-
ance of the (¢,0), (¢,v), and (b, v) “sections” through the ellipsoidal shell which
are recognizable in Fig. 3.6. To minimize the number of free parameters, the
ellipsoid was allowed only two parameters of size: a semimajor axis a; and a
semiminor axis a,. The ellipsoid is assumed to have a circular cross-section; the
nomenclature implies that it is prolate, though it could equally well be oblate.
The major axis can be rotated in yaw (¢) and pitch (¥) as shown in Fig. 3.7. The
observer is located on the z-axis; hence Galactic coordinates £ and b correspond
to —z and y, respectively. As shown, positive ¢ yaws the ellipsoid’s major axis
counterclockwise as seen from above, while positive 1) pitches the end of its
major axis upwards which is closest to the observer.

In the kinematic model, a shell of one voxel thickness is created which occu-

pies all voxels satisfying
2 2
:LJ yl Zl
F et e

The ellipsoid is oriented relative to the observer through the relations:

x = x'cosd + 0+ 2'sing = by x’ + biay’ + by32’ (3.8)

y = x'singsini + y'cosy) — 2/ cospsin = boyx' + baoy + by3 2’ (3.9)
2 = —x'singcosy + 1y sin + 2’ cospcosty = ba1 T’ + bapy + bzz2’ (3.10)

For simplicity, each voxel of the shell is assigned an expansion velocity directed
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v,=+14km &'
——

Figure 3.7: Sketch of the model HI shell’s orientation and geometry, showing
the viewing angles ¢ and 9 (defined in Sec. 3.4.1) and points of intersection
(P1, P2) between the shell and the LOS towards background continuum source
4C51.45 (shown by the star symbol). The ellipticity of the model is exaggerated.
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radially outward from the origin of the ellipsoid, with the magnitude of the
expansion velocity assumed to be proportional to the radial displacement of the
voxel from the origin of the ellipsoid. Such a proportionality is a property of any
power-law expansion. That is, the ellipsoidal shell is imagined to be expanding
homologously so that its shape stays constant as it expands. The line-of-sight
velocity of any voxel in such a shell is simply the radial expansion velocity of
that voxel, projected onto the z-axis, if the shell as a whole has zero systemic
velocity. We define v,,s as the systemic line-of-sight velocity of the origin of
the ellipsoid. The z-axis points toward the observer, as shown in Figure 3.7,
but astronomical convention is that positive velocities are directed away from
the observer; hence the line-of-sight velocities must be negated to conform to
convention.

To create a (b,v) plot, all voxels can be found in which a plane at z = 0
intersects the tilted ellipsoid, with the z-coordinate of each such voxel (the com-
ponent of its radius vector projected onto the z-axis) being proportional to the
LOS expansion velocity of that voxel, relative to v,,,. For a power-law expan-
sion Ry(t) = Rinitiait™, for example, the proportionality relation between radial
position of a voxel related to the bubble and its radial expansion velocity is
Ry(t) =t/n x dRy/dt = t/n x v.(t) for any expansion age t.

Similarly, to create an (¢,v) plot, a plane at y=0 intersects the tilted ellip-
soid. To permit the (b,v) and (¢, v) “sections” through the ellipsoid to be taken
at £ and b positions which do not coincide with the origin, however, fixed off-
sets in z and y respectively are permitted. Thus in the (b, v) plot in Fig. 3.6,
¢=93.87°, and in the (¢, v) plot b=1.12°, whereas the origin of the ellipsoid is taken
as (£o, bp)=(93.961°, 1.123°).

In a similar manner, in constructing an (¢, b) plot a plane at =0 can inter-
sect the tilted ellipsoid. To allow the line-of-sight velocity chosen for the (¢, b)
plot to differ from v, of the ellipsoid, a fixed offset in z is permitted, corre-
sponding to sliding this plane, which is orthogonal to the line of sight, toward
or away from the observer along the z-axis. Thus in Fig. 3.6, the (£, b) “section”
is at v = ~78.5 km s™!, whereas v,,, for this modelling process is set to —82
km s7?, corresponding to an offset in z of 7 pc away from the observer using
the relation R, = tv/n above. The parameters chosen for the model ellipsoid
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whose “sections” are drawn in Fig. 3.6 are a,=36 pc, a,=29 pc, ¢$=35°, ¢=70°,
and vgy,;=—82 km s™!. The distance is assumed to be 5.2 kpc, the origin is taken
as (£o, b)=(93.961°, 1.123°), the exponent n in Ry(t) = Riniriut”™ is assumed to be
3/5, and the age ¢ of the expansion is ~ 1.2 Myr. While likely not unique, this
set of parameters reproduces the H1 emission appearance of the shell reasonably
well in (£, ), (¢, v), and (b, v), as shown in Fig. 3.6.

We are very fortunate in the case of the SWB surrounding 3C434.1, to find a
strong extragalactic continuum source, 4C51.45, on the same line of sight. The
line-of-sight velocities at which H1 absorption of this source is produced by the
shell of the SWB can now be used to check the parameters for the expanding
ellipsoid found above using only H1 in emission.

3.4.2 The Expanding SWB Observed in HI Absorption

The expanding ellipsoidal shell model introduced in Section 3.4.1 above is use-
tul for interpreting HI absorption spectra as well as for producing (¢,b), (¢, v),
and (b, v) “sections” of an H 1shell seen in emission. For an absorption spectrum,
given the position (Ysource; bsource) Of @ background continuum source relative to
the origin (£, by) of the ellipsoidal shell, the points P1, P2 in Fig. 3.7 can be found
at which the line of sight to the source intersects the ellipsoidal shell. Then the
corresponding line-of-sight velocities follow from the z-coordinates of P1, P2
under the assumption that the expansion velocity of any voxel in the shell is pro-
portional to its distance from the origin, as stated earlier. Using 2=—(4;yrce — £0)
and y=(bource — bo) We find:

21,2 = bn&’ + by’ + bss2’ (3.11)
where
, 1 (
o= — (=b+ Vi = 4ac) (3.12)
2a

b11bas3 b21) ( Yy bos )
"= — =+ = - 3.13
Y <b13b22 byo by bi3bas (3:13)
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2 = x%bi’”f_ (3.14)
and
b3,a2 (511523 b ) ?

a= +1+ - == 3.15
bisai baobis  boo (3.15)

b11bo3 521) <y basT ) 2a3b11%
b9 b (v _ - 3.16
(513522 baz b2 bi3ba a%b%g ( )
co (M- me 2—a2+ﬁ (3.17)

~ \bas  bizby 27 albyy .

with all quantities in the same units (e.g. pixels). Then the line-of-sight ve-
locity of the voxel at P1 or P2 equals the radial expansion velocity of that voxel,
projected onto the z-axis, negated to conform to convention, and added to vy,
of the ellipsoid:
nzo
Uiz = Vgys = =
in which we draw on the relation R, = tv/n as before.
Since 4C41.45 is located at ({5ource; bsource)=(94.11°, 1.22°) whereas the origin
of the ellipsoid is set to be ({g, bp)=(93.961°, 1.123°), we enter x = 8.9' (25 pixels)
and y = 5.8' (16 pixels) in the foregoing. Using the parameters for the SWB
deduced in Section 3.4.1 from the (¢, ), (¢, v), and (b, v) H1 emission patterns, the
expressions above predict that HI absorption occurring in the ellipsoidal shell

(3.18)

should appear at line-of-sight velocities of —93.8 kms™" and —70.1 km s~*.

Fig. 3.3 shows the observed HI absorption profile towards 4C51.45, and in it
we see a weak absorption peak near —96 km s~! and another peak near —70 km
s~!. Thus the absorption features seen in the 4C51.45 H1 absorption profile do
substantiate the values found for the SWB parameters in the previous H1 emis-
sion analysis. An important physical result from this kinematic analysis is the
expansion velocity along the degenerate minor axes of the ellipsoid: na,/t ~14

km s~1L.
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3.4.3 Physical Characteristics and Dynamical Considerations

The differential column density of the shell wall measured at the position of
4C51.45, and adjusted for path length is:

T, .
ANgr = 1.823 x 1018—1—%7Av x sinfcosd (3.19)

where T,y is the brightness temperature (above background) of the shell (from
Sec. 3.3.2,17.3 K), and 0 (50°) and ¢ (9.6°) are the angular locations (in spherical
polar coordinates) of the 4C51.45 absorption feature on the surface of the shell,
assumed a sphere for this estimate. Integrating across the velocity width of the
7-line centred on —96 km s™! (see Fig. 3.3), we find ANy, ~1.2x10%° cm~2. This
is taken as representative of the typical column density through the shell normal
to its surface. Assuming a uniform thickness of 2’ and the elliptical shape for the
shell modelled in the previous section, the mean density of swept-up neutral
hydrogen within the shell is ny; ~13 cm™. We thus infer that the environment
into which the bubble expanded had an original ambient density of ny ~5 cm=3,
a typical value for the interstellar medium within a spiral arm undisturbed by
massive stars. The mass of material swept up in the shell is 14500 M, (account-
ing for 9% Helium abundance by number in the surroundings), and the kinetic
energy of the shell E,=2.8x10* ergs. Table 3.1 lists these and other physical
characteristics of the shell. The observed size and expansion rate of our H1bub-
ble suggests it has certainly evolved beyond the first stage of bubble evolution
(free expansion), and is likely well into the second, longest-lasting phase of evo-
lution (the energy-driven phase) where the formation of a thin cold outer shell
is expected due to minor radiative losses at the shell periphery.

The following equation governs the evolution of a typical energy-conserving
interstellar bubble (eqn. 51, Weaver et al. 1977) with no losses:

Ry(t) = 27ny 3 Li,t3 (pe) (3.20)

where n, is the ambient interstellar density, Lss is the power of the stellar wind
(L) responsible for the shell’s formation (in units of 10%¢ ergs s7!), and t; is the
time (10° yr). Accounting for radiative loss produces an analytically intractable
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Parameter Value
Geometric Centre (4, bo) 93.961°, 1.123°,
Systemic velocity vy, —79 km ™!

Distance 5.2+1.1 kpe
Size (semimajor, semiminor axes)  36+7 pc, 2946 pc
Mean Thickness of Shell 3.140.6 pc
Expansion Velocity ve 14+ 3kms™
H1 density within shell n 129 +2cm™3
Local ISM H 1 density ng 46+1cm™3
H 1 mass within shell Mgy 14500 + 2500 M,
Kinetic energy of shell E;, 2.8 £0.5 x10* ergs

Table 3.1: Observed and calculated physical and dynamical characteristics of
the ellipsoidal stellar wind bubble surrounding 3C434.1.

equation. Weaver et al. (1977) numerically simulate the evolution of a bub-
ble accounting for radiative loss, and find that R,(t) evolves as a power law
with exponent 0.58, intermediate between Eqn. 3.20 and the law Ry(t) V't of
Steigman et al. (1975). Koo & McKee (1992) find a similar solution for a partially
radiative bubble, for which the shell radius will expand with a power law of in-
dex 0.57. One can see that partial radiative losses affect the time evolution of a
bubble in only a small way. Therefore, in estimating parameters for our SWB,
we retain the use of Weaver et al.’s analytic evolutionary equation (Eqn. 3.20)
for the analysis. The dynamical age of the bubble is calculable by combining
Ry (t) with its first derivative: ¢ = 0.6 Ry/v.. With R,=34 pc and v.=14 km s~! we
find ¢ ~1.4x10° yr.

We assume the SWB was created by the progenitor and other O and B stars
of the same cluster, and therefore the age of the SWB must be at least equal to
the main-sequence lifetime of the progenitor star (assuming the age of the SNR
itself is negligible). Since there is no massive star with such a short lifetime
(1.4 Myr), an apparent conflict exists between the dynamical age of the bubble
and the age of the SNR progenitor. Conflicts between kinematic and evolution-
ary ages of stellar wind bubbles have been observed by numerous authors (e.g.
Cazzolato & Pineault 2003, Cappa et al. 2002) and the puzzle is highlighted in
the review of Garmany (1994), who states the discrepancy is often by a factor
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of 2. This is similar to the uncertainty that lies within the non-radiative stellar
wind bubble solutions of Weaver et al. (1977). Explanations such as noncoeval
star formation have been proposed (Saken et al. 1992), but cannot be proven
here. We must believe that the true age of our system is likely much greater
than 1.4 Myr, possibly up to 2.8 Myr. A plausible age nearer to this upper limit
is supported by the discovery of an O4V type star within our bubble (see Sec.
3.5). The main-sequence lifetime given by Chiosi et al. (1978):

t, = 4.4 X 10%(Sy5) 4 (yr) (3.21)

is 2.6 Myr, where S49=8.5 is the rate at which an O4V star emits ionizing photons
(S), in units of 10*° s~! (Panagia 1973). This lifetime is for an intermediate mass
OA4V star, or about 70 M, in Schaerer & de Koter (1997), who show evolutionary
models for O4V stars from 60 M, (3.4 Myr) to 85 Mg (1.7 Myr).

Simultaneously in solving for the SWB age ¢, we solve for the wind lumi-
nosity of the enclosed star(s). At the minimum age of the system (1.4 Myr),
Ly, ~5.1x10% erg s71, and at the maximum (2.6 Myr), L, ~8.4x10%* erg s™!.
Assuming a constant wind luminosity over the bubble’s minimum lifetime, the
energy imparted to the SWB’s expansion is e=Ey /E,,=0.12 times the total energy
output (E,=2.3x10% erg). This efficiency is 0.07 if the bubble is considered as
old as the 2.6 Myr main sequence lifetime of the O star we find within it.

3.44 Energy Considerations

The wind luminosity of a star powering the SWB is related to the terminal wind
velocity v, and mass-loss rate (Mg = M /10~% My, yr') as Mgvdypo &~ 1.26 X Lsg
(where we define vyg00=v,,/2000 km s7!). From the above wind luminosity one
calculates Myv3y, ~6.4. Following McKee et al. (1984), the characteristic wind
luminosity for a bubble formed in a medium with density n, is:

Ly = 1.26 x 10% (S5, /no)l/ ? (ergss™) (3.22)

Main sequence stars from O4-O8 typically produce Sy =L§é3 (£20%) photons
per second (Abbott 1982; Panagia 1973), and if the star(s) that formed our SWB
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are similar, then Sy = 3. McKee et al. (1984) also define the dimensionless
wind luminosity Ly =L, /L as a gauge of the relative strength of the outflow.
The minimum age of the bubble (1.4 Myr) gives L =3.26, while at the bubble’s
plausible age of 2.6 Myr, we find L} =0.5 indicating a weak outflow, and that the
wind-blown cold H1 shell is likely filled with the hot wind of the resident stars.
Thus cool shell material is evaporating and mixing with the internal hot wind,
reducing the pressure caused by the wind and slowing the shell’s expansion. It
is probable that the H1 shell’s expansion has slowed due in part to such cooling,
and its exterior is beginning to fragment, consistent with its current appearance.

Using the equations of McKee et al. (1984) we have calculated a simple time
history model of a SWB blown by a single star, into a medium with ng=5 cm™>.
A single O5.5V star is used, as the wind luminosity of such a star (L3=3.5) is
the closest match to the wind luminosity of the bubble found in Sec. 3.4.3 at its
minimum age (L3s=5.1). In our model, the O5.5V star’s entire mechanical en-
ergy output contributes to the formation of the bubble, whereas in reality the
energy conversion efficiency is 20% or less (Koo & McKee 1992). The charac-
teristic wind luminosity of the system at time t=0 is L} =2.73, closely matching
the value calculated for our bubble at its minimum age (L;,=3.26). The radius,
velocity and age are found at which the bubble stalls, and are where pressure be-
tween the bubble’s interior is balanced by the confinement pressure of the pho-
toionized hydrogen surrounding the bubble. The bubble also becomes radiative
at this point. Table 3.2 shows that the model bubble stalls when it reaches t=2.6
Myr, at a radius of 50 (£10) pc, within the uncertainty of our elliptical model’s
mean radius (34+7 pc). The stall velocity of 11.4 km s™! is very nearly that
calculated for the ellipsoidal model (14 km s™! in Sec. 3.4.2). Considering the
fragmented appearance we observe our SWB to have, the above simple model
suggests that it is certainly highly evolved, and has certainly reached the last
stages of Phase II. The rate of expansion due to momentum conservation has
slowed to nearly the sound speed of the unperturbed medium, and the SWB’s
dissipation in the ISM has begun. For a “standard” bubble (ny=1 cm3, L36=1.3;
Weaver et al. 1977) the dissipation time is approximately given by the main-
sequence lifetime of the star, in this case 2.6x10° yr. We are thus likely viewing
the last period of this bubble’s identity within the ISM, a fact confirmed by its
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patchy appearance.
Parameter Model Observed
L,(10%%ergs s71) 3.5 5.1
L 2.73 (at t=0) 3.26 (at t=1.4 Myr)
S19(10* photons s71) 2.3 3.0
Stall Radius R, (pc) 50410 34+7
v, at stall (km s™1) 114 +2.3 14
tatan (10° yT) 26405 1.4-2.6

Table 3.2: Comparison of observed SWB parameters to those calculated from a
simple time-evolution model of a SWB formed by the wind of a single O5.5V
star, chosen to match the observed wind luminosity L,, at the minimum age
of the bubble (t=1.4 Myr). The model is from McKee et al. (1984). The stall
velocity and age for the bubble are near the lower and upper limits of those
same parameters as measured, respectively. The stall radius is 30% larger than
the observed radius, but is within uncertainties. The SWB surrounding 3C434.1
is apparently in its early stages of dissipation.

3.5 Stellar Residents within the SWB

We have carried out a search towards the direction of the SWB for O and B-type
stars that could be associated with the SWB, and we here present the results of
this search.

An observational bias of overweighting luminous objects will afflict a magnitude-
limited sample of stars, especially out to great distances. This Malmquist bias
will affect our observations, which therefore will reveal only the most mas-
sive and brightest stars at the distance of the SNR/SWB (5.2 kpc). This bias
is pushed further towards luminous stars by the large total extinction Ay suf-
fered by radiation (see below). On the other hand, the patchiness of interstellar
extinction (the effects of which have been found on scales down to 30 square
arcminutes by Boyle et al. 1992) makes it likely that many stars within our 730
square arcminute fields will be observed through transparent “windows” in the
dust column (or conversely through dust screens). These effects, coupled with
uncertainties in absolute magnitude My calibration (at least £0.3 mag, or 15%
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distance uncertainty) mean that a wide range of stars could be considered as
possible candidates for association with the SWB. We quantify the selection cri-
teria as follows.

First, we estimate the mean extinction to the SWB by measuring the hydro-
gen column density in the foreground. We express this column in visual magni-
tudes using the gas to dust ratio of Predehl et al. (1995), Ny /Ay =1.79+0.03x 10!
cm™? mag~'. From H1 in emission, the column density from Sec. 3.3.3 amounts
to 6 magnitudes of extinction. This is likely a lower limit as HI within the entire
column may not all be optically thin, a fact illustrated by the higher extinction
found using the absorption profile towards 4C51.45, which shows an HI col-
umn amounting to at least 7 magnitudes of foreground extinction. This optically
thick HI may not be uniformly distributed over the observed field and distance
column, so a mean extinction of 6.5 magnitudes to the SNR/SWB is adopted,
equivalent to a reddening of E(B — V) ~2.1 magnitudes. We conservatively
estimate the variation in E(B — V) across field 1 by calculating the standard
deviation og(g_v) of reddenings for all stars in distance bins 250 pc wide, out
to 2.5 kpc. A total reddening scatter of ogg-v)~0.42 mag is calculated in this
manner. Since our photometric error is small (see Sec. 3.2.2), this scatter is likely
due to the irregular distribution of local dust across the field.

Thus stars for which E(B — V) falls within 2.14+0.4 mag, and distance d
within 5.24-1.0 kpc are considered candidates. For the given extinction (Ay=6.51+1.2
mag) and distance, the expected minimum stellar type that could be detected in
our magnitude-limited sample (my=16.6 mag) is B1V (My=-3.2 mag). At the
edge of the uncertainties, we may find stars down to B2.5V (My=—2.0 mag).

Of the 100 or so classified O and B stars seen towards the interior of the
SWB, only 12 have reddenings E(B — V) ~1.7 mag or greater. If we assume all
are main sequence stars, then eleven remain for which d <5.2+1.1 kpc. Table
3.3 lists the characteristics of these stars, and shows their photometric distances
(assuming a common luminosity class of V). Three BOV stars have distances
and reddenings that are very consistent with the SWB: Stars 1, 4, and 10 are
the most likely residents. The O4-type Star 7 also has a very consistent distance
and reddening. Much less certain and barely within the distance uncertainties
is Star 2 and other stars fall short of being solid candidates. We can comfortably
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Star B—V U-B my MK My dkpc) E(B-V)
(£13%) (£20%) (£0.07) Type (£0.3) (£30%) (£0.23)

1 1.45 0.06 14.95 BO -4 5.1 1.74
2 1.75 0.11 1355 O5 =57 3.7 2.08
3 1.72 0.44 13.92 B2 247 1.2 1.95
4 1.46 0.02 15.05 BO -4 52 1.77
5 1.62 0.40 14.10 B2 247 1.0 1.84
6 1.66 0.21 14.04 BO -39 24 1.95
7 1.86 —-0.01 1433 04 -6.0 49 2.22
8 1.61 0.22 14.33 Bl -3.7 27 1.89
9 1.56 0.31 13.78 B2 247 1.4 1.80
10 1.36 0.00 14.57 BO ~4 4.8 1.66
11 1.40 0.14 14.70 Bl -3.2 3.5 1.66

Table 3.3: Eleven stars towards 3C434.1 with observed reddenings that are con-
sistent with that observed toward the SNR/SWB (E(B — V)=2.1 mag), i.e. 1.7
mag< E(B — V) <2.5 mag. The uncertainty in the assigned spectral type is on
average plus or minus one sub-type (e.g. an O5 is O4-O6 within uncertainty).
Distances are calculated using reddening law Ry=A, /E(B — V)=3.1. All dis-
tances have an uncertainty of +30%.

conclude that only Stars 1, 4, 7 and 10 are candidates for association with the
SWB surrounding 3C434.1. Figure 3.8 shows the positions of these stars (cir-
cled) within the SWB, and with respect to the radio continuum appearance of
3C434.1. The wind-dominant O4V star is found very nearly in the centre of the
bubble. There are no stars in Field 2 that match the selection criteria.

We now consider whether the observed wind luminosity and energy re-
quirements of the bubble are met by the winds of the observed candidate stars.
For our analysis, we use terminal wind velocities and mass loss rates from the
models of Schaerer & de Koter (1997). The adopted parameters are listed in Ta-
ble 3.4, and it is seen that the integrated wind luminosity of the observed stars is
Miv3440=3.7, accounting for ~50% of the wind luminosity sustaining the bubble
at age 1.4 Myr (Mgv2yy,=6.4). This is predominantly from the O4V star.

That there are no other stars observed within this SWB with outputs signifi-
cant enough to affect the bubble’s evolution is likely, considering that BOV stars
are the latest type observed here, and these are seen in Tab. 3.4 to have an al-
most negligible contribution to the wind luminosity Msv3yo.- The missing wind
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Figure 3.8: A composite optical, radio continuum and HI line image, showing
V-band optical images of the sky within the contoured HI line image of the
stellar wind bubble. Each optical field of view is 0.5° x 0.5° (that of the Devon
Astronomical Observatory telescope). Only part of field 2 (upper right) overlaps
the bubble, while field 1 is fully within it. The four stars identified as residents
of the SWB (see Sec. 5) are circled. The three BOV stars are seen at left, while the
O4V star is very nearly centred within the HI bubble. The continuum contours
of 3C434.1 are also drawn, showing the SNR’s relation to the SWB and the stars
responsible for its formation. Coordinates on axes are (e, 6)(J2000).
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a,0 Voo log(L/Le) M Tegp  M/10°% L, /10%
(J2000) (kms™1) (Mz) (10*K) (Mgyr~!) (ergss™)
21h25™m46.2° 2890 4.66 20 3.55 0.088 0.23
51°54'52.5"
21725™m18.75 2890 4.66 20 3.55 0.088 0.23
51°5729.2"
21m24m33.75 3100 5.85 70 5.00 1.30 3.94
51°59'19.4'
21h25™28.8¢ 2890 4.66 20 3.55 0.088 0.23
51°54'59.3"

Table 3.4: Stars 1, 4, 7 & 10 from Table 3.3 whose photometric distances and
reddenings are consistent with the SWB around 3C434.1. Sources of the physical

values vy, luminosity, mass and effective temperature are from Schaerer & de
Koter (1997). The relation L,,/10%=1.26 x Mgvy,, is used in the text.

luminosity gives us an estimate of the latest stellar type for the progenitor of
SNR 3C434.1. Another O4V star would bring the total internal wind luminos-
ity up to Mv3y,=6.8, and such a star has a main-sequence lifetime consistent
with the upper-limit estimate of the bubble’s age (2.6 Myr). The progenitor may
even have been of an earlier spectral type than this, but should not have been
much cooler, as such a star would have outlived the currently observed O4V
star within the bubble. This suggests it is probable that SNR 3C434.1 marks the
first supernova event to occur within this bubble, and the explosion was of type
Ib or Ic.

Figure 3.8 shows that there is 30% (by area) of the SWB'’s interior not covered
in the optical observations. It is very unlikely that other powerful stars related
to the SWB lurk in these peripheral unobserved regions, as their winds would
have certainly distorted the elliptical outline of the bubble (see Fig. 3.6).

3.6 Conclusion

We have presented evidence that the HI environment near SNR 3C434.1 has
been shaped by a cluster of at least five stars, four of which are still affect-
ing their surroundings, and the fifth of which produced the SNR itself. A thin
walled H1 shell surrounds the stars and the SNR (at a distance of 5.2+1.1 kpc),
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and we confirm what its tattered appearance and low expansion velocity (14
km s7!) suggest: it is an old stellar wind bubble which has hosted only 1 su-
pernova event, and is now beginning to dissipate in the ISM. Much of the shell
is comprised of cool (80 K) HI gas, and it is concluded that the far end cap
(seen as a dark area amidst a bright emission field) is absorbing emission from
a warm uniform background of HI emission. We develop a geometric model of
this bubble in three dimensions, and fit it to the bubble’s appearance in velocity

space.
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Foreword

The method presented in this thesis was developed over the span of about 18
months, and during this creative period the author was constantly writing and
revising the paper that is now published in the Astrophysical Journal (Chapter
2). Based on comparing a measurement of foreground column depth to a total
column depth within the framework of a column versus distance model, the
method originally used dust column densities (i.e. extinctions, or reddening) to
achieve its goals. As well, it was developed to resolve the question of the dis-
tance to four Galactic plane objects near ¢ = 93°. New results of both extinction
and distance for these objects came out of this original research. Therefore, it is
completely appropriate that selected results of this formative work be included
here.

The chapter presents new optical observations of H1I regions Sh138 and
Sh139 (near ¢ = 110°), and H1I regions NRAO 655, WB89-73, and (G93.6+1.3
(near ¢ = 93°). These optical observations are used to calculate new measure-
ments of extinction (due to dust), which are compared to extinctions found
from integrated H1 and '2CO column densities and the dust-to-gas ratio Ay /Ny
(see Table 4.1). As well, for the first time I present X-ray observations of SNR
3C434.1, and the results of a model fitted to the observed X-ray spectrum of this
remnant, which calculates an absorbing column depth that compares favorably
to that found by the above integration.

An interesting conclusion is that the £ = 93° objects NRAO 655, WB89-73,
and 3C434.1 are at similar distances near ~ 5 kpc, the same as that of the Perseus
Spiral Arm in this direction (e.g. Russeil 2003). Although the study of NRAO
655 and 3C434.1 by Goss et al. (1984) lacked any distance information, this con-
clusion supports those author’s predictions that these objects may share a true
spatial proximity. This chapter therefore contributes substantially by confirm-
ing this 20 year old mystery. I comment briefly on the association of these objects
with the Perseus Arm spiral shock (Roberts 1972) in the final section.

This chapter also demonstrates that the column density Ny = Ny + 2Ny,
(where Ny, is proportional to the area under a *2CO T, emission spectrum) can
accurately trace the optically-absorbing material (dust) along lines of sight in
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this Galactic plane region. This relationship between gas and dust constitutes
a fundamental assumption in many studies of extinction (e.g. to individual ob-
jects), and one that is not obviously justified (Astrophysical Journal referee com-
ment on the author’s original paper). The author here takes the opportunity to
respond to the referee, demonstrating an original solution to a difficult question.

Abstract

Methods that use a multi-wavelength approach to finding the optical extinction
to four Galactic plane objects are presented. I demonstrate the techniques on
two Sharpless objects (Sh138 and Sh139) near £ = 110° with known photometric
distances that place them in the Perseus spiral arm. These multi-wavelength
techniques are then applied to find original values of hydrogen column density
and optical absorption to four objects near £ = 93°: three HII regions (NRAO
655, WB89-73, and the newly discovered G93.6+1.3) and one SNR (3C434.1). It
is demonstrated that the dust column to an object can be traced by the total
hydrogen gas column. As well, new distances to these objects are presented,
calculated from the method of Foster & Routledge (2003). The method yields
distances to the four objects that are markedly closer than those apparent from
kinematic distances that use a flat Galactic rotation curve. This is explained in
terms of a spiral shock potential that each object is shown to be subject to. A
new picture of this region of the Galactic plane emerges.

4,1 Introduction

In this work, I present applications of two optical extinction methods, and com-
pare their results with those based on atomic and molecular hydrogen column
density. Such studies show how well H1+?CO (total hydrogen nuclei column)
traces the absorbing material in the interstellar medium (ISM), as found through
other methods of optical extinction. The fundamental question concerns whether
the spatial distribution of HI and Hj is the same as that of dust, and hence
whether attenuation of optical light by dust (Ay) can be used to trace the col-
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umn density of HI plus H, between observer and object.

Known values for the column density of HI seen in emission are also used
to calculate accurate distances with the method of Chapter 2 (see Foster & Rout-
ledge 2003). CGPS 21 cm continuum, HI line and 2CO(J=1-0) line data will be
used throughout this chapter (Taylor et al. 2003).

The radio continuum appearance of four objects near £ = 93° is shown in
Fig. 4.1. Optical emission (H ) has been newly discovered by the author from
all four objects (Fig. 4.2). NRAO 655 and 3C434.1 have similar radial velocities
(Foster & Routledge 2001) and are both extremely faint optically. The small H1I
region WB89-73 appears within the tail of NRAO 655, and is coincident with
12CO emission near v = —60 km s~!, and IR source IRAS 21202+5157. I have
also discovered a new nebula, G93.6+1.3, which appears bright optically (1656.3
nm), and very faint in radio continuum. CGPS polarization data shows that it
appears as an conspicuously unpolarized source amidst a polarized field. Its
distance suggests it is probably a foreground H1I region (see Sec. 4.3.3), and it
appears to depolarize 21 cm emission originating behind it.

I demonstrate the extinction methods on two objects lying directly in the
Galactic plane (b=0°) with known non-kinematic distances: Sh139 (r=3.3 kpc)
and Sh138 (r=4.8 kpc). I then apply the techniques to the above four objects,
and derive new values of extinction and distance to each. Previous to this study,
distances to these objects were either unknown (3C434.1 and G93.6+1.3) or kine-
matic only (NRAO 655 and WB89-73). Extinctions to any of these objects have
not previously been published.

4.1.1 A Multi-Wavelength Approach to Determining Optical Ab-

sorption

Classically, one measures the optical extinction to a gaseous object (e.g. plan-
etary nebula, or HII region) by finding the intensity ratio of two observable
lines (one of which may be a radio line). The lines are attenuated differently
due to the A™! wavelength dependence of scattering. Recombination lines such
as Ha, HB, and H158a are favoured in this approach. Surveys such as the
CGPS have made available high-resolution radio continuum and spectral line
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Figure 4.1: The A=21 cm radio continuum appearance of the £ = 93° Galactic
plane region, as imaged by the Canadian Galactic Plane Survey. The four objects
principal to this study are shown.
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Figure 4.2: Optical Ho emission line mosaic centred on ¢ = 94°, b = 1°, with
21 cm radio-continuum contours overlaid. Stars have been removed by point-
spread function (PSF) fitting routines (IRAF), and the image convolved to the
resolution of the CGPS 21 cm continuum image (=~ 1'). The Ho appearance of
NRAO 655 is presented in Foster & Routledge (2001). Images for this mosaic
were obtained by the author at the University of Alberta Devon Astronomical
Observatory (DevonAQ). Dark is brighter Ha emission.
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(H1 and *CO(J=1-0)) images for the first time. An H1I region’s emission mea-
sure can be determined from radio continuum brightness, and the ratio of this to
the emission measure found from the attenuated Ho line emission determines
the extinction along the line-of-sight. Radio line images in H1 and 2CO emis-
sion make it possible to determine accurate hydrogen column densities, from
which a value of Ay or E(B — V) is found, via the well-determined relation
between optical absorption and interstellar hydrogen column density (see Tab.
4.1). With H1 absorption spectra derived from CGPS data, such column densi-
ties to objects can now be found with unprecedented accuracy. As well, models
of a supernova remnant’s X-ray spectrum can independently lead to Ny (see
Sec. 4.4), and therefore Ay .

4.1.2 Determining Absorption to Objects with Known Radial

Velocities

I employ CGPS HI and >CO emission spectra (**CO data for the region { =
93° courtesy T. Dame, Dame et al. 2000) to measure accurate column densi-
ties to Galactic objects, and determine Ay via the very recent gas-to-dust ratio
Ny /Ay=1574 0.10x10?! cm™2 mag™! (Vuong et al. 2003: see Table 4.1). The
common value of this parameter determined over the years encourages one to
believe that determining extinction this way leads to very reasonable values.
This method of measuring extinction also has the advantage of allowing one to
inspect the absorbing column for dense local clouds not accounted for in models
of large-scale Galactic distribution of material.

The following relation finds the line-of-sight column density of atomic and
molecular Galactic hydrogen (referred to in this chapter as “total”) from HI and
12CO line emission:

Ny (em™2) = Ny +2Ny, = 1.823x108 / Ty du+2 (2.8 x 10% / Tb(co)dv)

@.1)
where the expression for Ny is from Rohlfs & Wilson (1996), and for Ny, from
Elmegreen (1998). With observed HI and '>CO emission profiles towards an
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Reference (year) 1(1975) 2(1975) 3(1978) 4(1979) 5 (1995) 6 (2003)

Nu/Ay [2.2] [1.9] [1.9] 189  1.79+0.03 1.57+0.1
Ny/E(B-V) 68+16 59+16 58 [5.9] [5.6] [4.9]

Table 4.1: Published ratios of total Galactic hydrogen to visual extinction
Ng /Ay, or to reddening Ny /E(B — V), in units of (10?! cm~2 mag™'). Sources
and references are 1) Gorenstein 1975, 2) Ryter et al. 1975, 3) (Copernicus) Bohlin
et al. 1978, 4) Savage & Mathis 1979, 5) (ROSAT) Predehl & Schmitt 1995, and 6)
Vuong et al. 2003. Values in brackets are calculated using the published ratios
and dust law parameter Ry =3.1.

object, one integrates the emission using the object velocity as the lower limit to
obtain Ay (object).

It should be noted that the expression above for Ny; assumes the A\21 cm
H1 emission is optically thin (r < 1). If this assumption fails, the above equa-
tion underestimates Ny by the factor 7/ [1 — exp (—7)], since cooler optically
thick gas is not readily seen in emission and is therefore not included in the
integration. There are two effects of cold HI on the derived Ng; values. 1) A
double undercounting in the presence of H1 Self-Absorption (HISA) is possi-
ble, i.e. a positive contribution to column density, contributing negatively to the
H1 line intensity. 2) A saturation effect (for those lines of sight which are not
self-absorbed). Many small-angular-size concentrations of cold material in the
Perseus Arm have optical depths of 1 or greater (Gibson et al. 2000), which leads
to an underestimation of the HI column depth (by Eqn. 4.1) by 60%. However,
H1 emission over a large angular area (e.g. the size of an HII region) generally
underestimates the total column by a much smaller fraction.

Whereas the expression for Ny; in Eqn. 4.1 is valid only for optically thin
radiation, a more general expression applicable regardless of the presence of
cold Hris:

Ngr(em™?) = 1.823 x 10T, (K) / ” T(v)dv 4.2)

where the optical depth 7 = 7(v)! and the spin temperature T, (generally the

Forr « 1, Ty = T, 1 — exp(—1)] = Ts7, and Ny in Eqn. 4.1 results from Eqn. 4.2.
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kinetic temperature of neutral hydrogen gas) are found by measuring HI in
absorption (Rohlfs & Wilson 1996). Observing absorption against a bright ex-
tragalactic source found near one’s target object, one can estimate the optical
depth of large scale features (like the Perseus Spiral Arm). This method also
yields very accurate foreground column densities to one’s target source, but to
be seen in absorption, the source’s continuum brightness temperature must be
higher than the mean brightness temperature of the surrounding HI1.

Column densities derived from H1I seen in absorption more accurately de-
scribe the total column, but are usually measured along a column with a very
small angular width relative to that of an extended object. Thus, such column
densities may not accurately reflect the mean extinction over an extended ob-
ject, for example extended HII regions. Further, very few extended sources of
interest are bright enough to be seen in absorption. Of the objects in this study,
WB89-73 and Sh138 are both small-scale (one beamwidth) and bright enough to
be absorbed, and I have used Eqn. 4.2 to find the extinction Ay (object) to these
two objects. Where HI emission alone is used to measure Ay (object), the mean
brightness temperature T, was derived from within a box centred on the source
and large enough to include some of its surroundings. Fig. 4.3 presents H1 and
12CO spectral profiles towards each of the four objects in the £ = 93° area, each
derived from a 0.5° X 0.5° box centred on each of the objects. The profile towards
NRAO 655 (from the highest-latitude box) contains a very bright CO emission
feature near v = —6 km s}, indicative of a local cloud of molecular gas in this di-
rection. A weaker signal at a similar velocity is seen in spectra towards 3C434.1
and WB89-73, and is absent from the spectrum of G93.6+1.3. Further, WB89-73
is known to be associated with a '*CO feature near v = —60 km s™*. Both NRAO
655 and WB89-73 are also associated with bright dust emission (seen in Fig. 4.4).

I shall return to these objects in Section 4.3 after demonstrating the method
on two H 11 regions of known distance.
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Figure 4.3: HI and '?CO spectral profiles towards the four objects in this study.
All charts are similarly scaled, with CO spectra appearing as the lower of the
two curves in each graph. Systemic velocities for H1 associated with each object
are shown (dashed lines).
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Figure 4.4: IRAS 100 pm image of dust emission towards ¢ = 93°, b = 1°,
with CGPS 21 ¢m radio-continuum contours overlaid. Note that WB89-73 and
NRAO 655 are both sources of IR. The boxes shown are regions from which
mean brightness temperatures of HI (in emission) and ?CO were extracted to
form the spectra in Fig. 4.3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. NEW REDDENINGS & DISTANCES NEAR ¢=93° 97

4.2 Extinction Methods Applied To Objects near / =
110°

In the direction of £ = 110°, several H1I regions exist which were catalogued by
Sharpless, and since then observations of stars have added spectrophotometric
distances for each. Sh138 (£ = 105.6°, b = 0.3°) is a compact H1II region 5.0+1
kpc distant (Deharveng et al. 1999). Sh139 (¢ =105.8°, b = 0.0°) is an extended,
diffuse H1I region, and is found to be 3.34+1.1 kpc from the Sun in Fich, Blitz
& Stark (1989). These nebulae are present in CGPS 21 ¢cm radio continuum, H1
and '2CO radio line data, and the author has observed them in the optical HI re-
combination lines Ha and H . I demonstrate three independent methods here
to find the extinction Ay towards these objects, and show the corresponding
distances match those known for the objects within their uncertainties.

Balmer line observations of Sh138 and Sh139 were made with the high per-
formance CCD system at the University of Alberta’s Devon Astronomical Ob-
servatory (DevonAQ, Foster et al. 1999), a system the author has been respon-
sible for, spearheading the design and testing of the instrumentation, and de-
veloping the control software (see Foster 2000). Images in Ha (656.3 nm) and
Hf (486.9 nm) were made over a wide airmass range. Our line filters are iden-
tical in bandwidth (FWHM=7.5 nm) and the CCD quantum efficiencies roughly
equal in both bands, so a direct ratio of the extra-atmospheric fluxes (derived
from nightly extinction coefficients) gives the reddened intensity ratio, Iga/Ings.
The N 11 lines (A =654.8 nm and A =658.3 nm) are within the passband of our Ho
filter. N1I fluxes were estimated and removed using the filter’s transmission
curve, and the average ratio for Inr=¢ss.3//ro=0.36 observed in HII regions in
the galaxy M83 (Brand et al. 1981). An intrinsic Balmer-line intensity ratio of
2.74 is calculated by Osterbrock (1974) for T,=10* K. I derive the parameters for
Sh138 and Sh139 tabulated in Tab. 4.2. Logarithmic extinction ¢ is found from

the equation:

IT_H_O‘ — (!ﬁ.‘.’i) 10—clf(Ha)-f(HB)] (4.3)
Ing Tug ),

where the Ho extinction relative to Hf is given by the standard interstellar
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Figure 4.5: The relationship between wavelength and differential extinc-
tion, normalized relative to the HpB line (2.057 um™). The Ha line
(f(Ha)— f(HB)=—0.35) is arrowed. From Whitford 1958.

extinction curve (Figure 4.5, Whitford 1958) as being —0.35. The conversion
¢ = 147E(B — V) (Feibelman 1982) and a ratio of total-to-selective extinction
Ry=3.11is used to express the result in visual magnitudes of extinction Ay .

If interstellar dust effects were not present, one should find the emission
measures of an H I region, as measured in optical and radio wavelengths, to be
identical. An optical line and the 21 cm radio continuum can thus be used to
measure the extinction, since the interstellar medium (ISM) is essentially loss-
less at 1.4 GHz. Both Sharpless regions are visible in 21 cm CGPS images, from
which we derive mean brightness temperatures of each. Within an aperture of
the same angular extent, the nebular flux in Ho was measured from the De-
vonAQO image. Emission measures were corrected for the beam-width differ-
ence between the DRAO Synthesis Telescope (FWHMz 60" ) and the seeing at
the DevonAO site (FWHM~ 6"). The apparent emission measure from the Ha
data and equation 1 from Reynolds (1988) is:
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T, \%
EMj,(cm® pet) = 2.75 (104 K) I, (4.4)

where I, is the intensity of Ho emission in Rayleighs (1 Rayleigh=10° /47 pho-
tonscm ™2 st srl).

If no absorption of optical emission by the intervening ISM were present,
this value should be identical with the emission measure obtained with 21 cm

data:

Tb Te 0.35 Y 9.1 . .
EMy; o = 12.14 (E) (-I-(—) ( GHZ) cm® pe (4.5)

where here v is the frequency 1.42 GHz. The visual extinction Ay suggested by
the ratio of Eqn.s 4.4 and 4.5 is found as:

(4.6)

Ay (mag) = 1.28 x 2.5log (EMQI ”’")

EMpq
where the factor of 1.28 converts the resulting Ho extinction into visual magni-
tudes Ay (from the reddening curve of Whitford 1958).

Both Sharpless objects are known to be associated with CO emission from
molecular material. This is confirmed with images of 1>CO emission made for
the CGPS. The spectrum of Sh139 (Fig. 4.6) shows peak emission near v = —46
km s™' and v = —54 km s~!. On the »CO images near v = —54 km s~ ! a
wall of emission neatly wrapping around the radio continuum emission from
the south “head” of Sh139 is seen. A systemic radial velocity of v,; = —50+ 4
km s™! is adopted for the nebula. HI and CO line emission in a 12'x 12’ box
containing Sh139 was integrated to v = —50 km s™!, and Ny calculated using
Eqn. 4.1. Using the gas-to-dust ratio Ny /Ay =157+ 0.1x 10** em™2 mag™!, the
integral of Ny=5.02+0.48x10%* cm™2 represents a visual extinction of Ay =32+
0.4 magnitudes.

The 21 cm continuum emission of Sh138 (7;,=96 K) is brighter than the mean
H line emission of its surroundings, so an HI absorption profile can be used
to count Ng;. Two minima in the HI absorption profile (Fig. 4.6) are seen at
v=—-493km s ! and v = —53.4 km s~!, dense material that brackets an emis-

sion peak from '2CO gas, located between these velocities at v = —52.4 km s~
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This is similar to the velocity of the ionized gas (v = —50+ 2 km s~!) reported
by Deharveng et al. (1999) and (v = —52.1 km s7') by Peeters et al. (2002).
Integrating only the *CO to velocity ve; = —52.4 km s7!, and the entire ab-
sorbed HI column to v = —60 km s™!, the total hydrogen-gas column density
Np=1.14+0.14x10%* cm™? is found, or Ay =7.27+ 0.87 magnitudes.

Tab. 4.2 shows the results of the above three methods for calculating Ay (and
E(B — V)) to Sh138 and Sh139. The calculations of extinction Ay (via direct
emission measures, and the dust-surrogate of H1+'2CO column) are very simi-
lar, suggesting that H 1+12CO reasonably traces the dust. Even more intriguing
is that total extinction values exceed those of the selective values (E(B — V) by
a factor that is more than the canonical factor of Ry=3.1 (valid for the smooth
ISM). The mean dust law parameter in the line of sight towards H1I region
Sh138 is found to be Ry=Ay /E(B—V') ~4, indicative of this region’s association
with a great amount of internal dust (Neckel & Chini 1981). Indeed, MSX and
IRAS images of this H II region show strong emission at 8 ym and 60 ym, indica-
tive of thermally radiating dust. Sh139 appears to be associated with very little
dust emission, consistent with its lower measured reddening (0.7 magnitudes
less than Sh138). Its extinction therefore likely originates from the foreground
ISM dust since its measured dust parameter Ry, =3.4 is close to the canonical ISM
value.

From the method in Chapter 2, the distances to both Sh138 and Sh139 are
found to be similar at r ~ 3.1 & 0.5 kpc. The fitted value of the heliocentric dis-
tance to the Perseus Arm'’s centre is R,,=3.2 kpc, which agrees well with other
models of the outer Galaxy (e.g. Georgelin & Georgelin 1976, Russeil 2003).
These two H 11 regions are obviously Spiral arm residents. From a flat circular
model of Galactic rotation (with Ry=8 kpc and ;=220 km s™!) the common dis-
tance predicted by these objects’ similar velocity is 5.1 kpc. Thus, if the above
rotation model holds true in this direction, a non-circular velocity contribution
of +24 km s™! is indicated.

While velocities and distances are similar for both objects, their photometric
distances are quite dissimilar. The distance to Sh139 (3.3+1.1 kpc) is consistent
with our measurement (and with that to the Perseus Arm) while that of Sh138
(5.0+ 1.0 kpc) is better matched to its kinematic estimate. So which is correct?
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Figure 4.6: HI and '?CO spectra towards Sh138 (top) and Sh139 (bottom). The
2CO feature associated with Sh138 (vy; = —52.4 km s71) is arrowed, as is the
velocity of the ionized hydrogen associated with this object. For Sh139, an H1
brightness temperature (T,,—source) €mission spectrum is shown, while for Sh138
an H1I absorption spectrum (Tyn—source — Toff—source) is shown.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. NEW REDDENINGS & DISTANCES NEAR ¢=93° 102

Quantity Sh138 Sh139
Ino/Iug 19.74+ 428 8.66+1.70
c 245+ 027 143+£0.24

E(B-V)(mag)  167+0.18 097+0.17

EMp, (cm® pc-1)  479.0+ 1432 83.8+ 20.0
EMa1 om (cm® pc 1) 54600+ 2340 891+ 255

Ay (mag) 6.58+ 042 3.29+ 0.52
Ay from Ny (mag) 7.27+0.87 3.20+0.37
Mean Ry 41+ 05 34+ 0.8

Table 4.2: Three determinations of extinction Ay (or E(B — V)) for Sh138
and Sh139 derived from Balmer line ratio (Ha/H/5), emission measure (21
cm/Ha) ratio (calculated assuming 7, =10* K), and foreground column den-
sity (Ny). Values of reddening law parameter Ry estimated from the extinc-
tion/reddening pairs are shown as well.

The reddening parameter Ry can be used to explain the problem. For Sh138
the reddening parameter Ry=4.1 is larger than the value of 3.1 which is ex-
pected for dust smoothly distributed through the ISM. A photometric distance
using Ay=3.1F(B — V) would have underestimated the total extinction to the
stars in Sh138, and overestimated the distance-modulus my — My — Ry E(B —
V)=—5+5lo0g19(r). Deharveng et al. suggest that only 0.9 magnitudes of redden-
ing originates with the foreground, a value that is confirmed when integrating
H1+'2CO to the line of sight velocity where the 12CO associated with the nebula
just starts to appear (v = —47.6 km s™!, where Ay=3.0). This suggests that the
value of Ry within the dust shell of Sh138 is at least 4.4.

4.3 New Non-Kinematic Distances to the Three H1I
Regions

Having demonstrated the consistency of the extinction methods on objects near
£ = 110°, we shall now find extinctions and distances to the three thermal objects
in the £ = 93°, b = 1° region which were introduced in Sections 4.1 and 4.2. The
methods for measuring Ay and E(B — V) presented in the previous section are
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applied, and a brief comment on each object is given.

4,3.1 The Extinction and Distance to WB89-73

A distant object with only a kinematic distance available, radio source G93.9+1.6,
or WB89-73 (£ = 93.86°, b = 1.55°) is classed as an ultracompact H1I region.
Molecular material was detected in 2CO by Wouterloot & Brand (1989), who
found two velocities of v = —5.4 and —59.6 km s~. I confirm this using *CO
data (courtesy T. Dame, Center for Astrophysics, Dame et al. 2001), finding
v = —5.8 and —60.5 km s~* (see Fig. 4.3). The CO with velocity v = —5.8 km
s~! is local, thus the systemic velocity adopted for the object is v = —60 km
s~L. Using a flat Galactic rotation model (Ry=8 kpc, 6,=220 km s™'), a kinematic
distance of 7.0 kpc is found for the object.

Optical emission from WB89-73 was discovered by the author in 2001 Jan-
uary in a deep Ha survey of fields surrounding the nearby SNR 3C434.1. It is
observed as a 1’ source in the CGPS 21 cm and 74 cm radio continuum maps,
lying near the end of H1I region NRAO 655’s extended tail (Foster & Routledge
2001). The source appears connected to NRAO 655 by a diffuse background sur-
rounding both nebulae (see Fig. 4.1). I find a radio flux density of Sy =337+
8 mJy, and an H« surface brightness of 174.3+ 44.2 Rayleighs for WB89-73.

The emission measure determined from Ho at the same image resolution as
at 21 cm (Eqn. 4.4, assuming 7,=10000 K) is EMy,=18.5%+ 4.7 cm~° pc, while
from 21 cm continuum (Eqn. 4.5) we find EMa; :,,=29900=+ 1500 cm~® pc. The
extinction is thus found (using Eqn. 4.6) to be 4y,=10.31=+ 0.36.

In the Hp line, the nebular emission is extremely faint, attesting to a high
reddening. A CCD composite image of twelve 600 second integrations was
made to detect the extremely faint Hf line emission. Using this with the De-
vonAO Ha image, I derive a reddened intensity ratio of Iy, /1xs=57.2+ 17.6 for
WB89-73. The resulting logarithmic extinction of ¢=3.77+ 0.38 is equivalent to a
reddening of E(B — V)=2.56+ 0.26 mag.

I derive Ny;=1.33x10%2 cm~? from the H1 absorption spectrum towards the
object (Eqn. 4.2). The >CO emission profile (see Fig. 4.3) is integrated to obtain
Ny,=2.24x10%' cm~2, and I find a total column density of Ny=1.77x10?? cm™?,
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Ino/ITug  EMsy o/ EMpy, Ny

Ay (mag) 10.31+0.36 11.30+1.56
FE(B —V)(mag) 2.56+0.26

Table 4.3: Results of three independent methods used to find visual magnitudes
of extinction (and reddening) to WB89-73. The value of the reddening param-
eter Ry=4.0 found is a mean value for the whole column between the observer
and the ionized gas that comprises this ultracompact H1I region.

or total extinction Ay=11.3041.56 mag to WB89-73. This method of determining
extinction implicitly assumes that the HI and *CO emission integrated to the
object’s systemic velocity is truly from material foreground to the object. A ve-
locity profile of the on-source brightness-temperature (Ton—source) and the mean
background T,¢s—source for WB89-73 shows Tos—source < Toff—source for all veloci-
ties more positive than v,,; = —60 km s™*, indicating that material in this range
is indeed foreground. A similar plot for the nearby extragalactic source 4C51.45
shows absorption features at more negative velocities, not seen in the profile
for WB89-73. This demonstrates that emission seen at v < —60 km s™! is from
material behind this HII region.

Table 4.3 summarizes all extinction measurements to WB89-73. An error-
weighted mean total extinction Ay=10.5 mag towards WB89-73 is found. With
the independently measure F(B — V), a reddening law parameter of Ry ~4.1
is determinable. As with Sh138, WB89-73 must be associated with a significant
amount of internal dust. Indeed, the MSX 8 um image (see Figure 4.7) shows
bright concentrated dust emission from WB89-73.

WB89-73 is also a bright source of emission in all four IRAS wavelength
bands. One can make use of these data to estimate an upper-limit distance to
WB89-73, using a comparison of radio and IR fluxes (as detailed in Chapter 2).
I derive two measures for the nebula: the ionizing luminosity via the observed
radio flux density, and the total IR luminosity from flux densities in each of
the four IRAS bands. Both values depend on the square of the source distance,
hence the ratio of these observables is distance-independent. The underlying
assumption here is that all of the Lyman-a photons from the embedded stellar
flux are reprocessed into IR emission. This assumption is more sound for ul-
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Figure 4.7: Dust emission from WB89-73 as seen by the MSX satellite in the A-
band (A=8 um). The contoured appearance of this ultracompact H1I region is
from the 21 cm radio continuum image (CGPS data).
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tracompact H1I regions than for more diffuse nebulae (Charles Kerton, private
communication).

Assuming 7,=10* K, I find that a star of spectral type 09.5 would produce
the observed IR luminosity of L=3.627+0.151x 10* L, and obtain an upper-
limit distance estimate of 4.7 kpc. A factor of 2 error in 7, affects the distance by
only 17%.

The distance measured using the method of Foster & Routledge is 4.3+ 0.6
kpc (limit error), while the centre of the Perseus Arm is found 4.6 kpc distant in
this direction. The upper limit estimate is in fine agreement with this distance.
The kinematic distance of 7.0 kpc is discordant with both the above and the ra-
dio/IR limit. A line-of-sight velocity excess of +28+ 8 km s™! from that expected
from flat circular rotation (Ro=8 kpc, 6,=220 km s™!) is found for WB89-73. The
uncertainty of 8 km s™! is the mean velocity dispersion of gas in the Perseus arm
(6-10 km s71; Roberts 1972).

4.3.2 A New Extinction and Distance to NRAO 655

NRAO 655 (£ = 93.4°, b = 1.8°) is a large, extended H1I region that probably
formed within the boundary of a cloud of Hy, the cloud being located in a tenu-
ous medium with a density gradient approximating a power law. The north-east
extension or radio-continuum tail suggests that a “champagne flow” formed as
the Strémgren sphere broke through the edge of the cloud and flowed into the
surrounding lower-density ISM. The nature of radio and optical line emission
from this nebula are detailed by Foster & Routledge (2001), who found a kine-
matic distance of r=8.8 kpc (with R,=8.5 kpc; 8.3 kpc results with Ry=8 kpc).

I observed recombination line emission from NRAO 655 in the H158a line
(1651.541 MHz) using the 26 m paraboloid at the Dominion Radio Astrophysical
Observatory. The detected line is centred near v = —70.6 km s7!, and has width
Av=32.3 km s™!. The velocity of the line is essentially identical to that of an
H 1 cavity identified in CGPS data by the authors at v, = —71.5 km s™!. The
total column density integrated to this velocity (Ny=1.945%10* cm~2 + 10%)
corresponds to an extinction of Ay=12.39+ 1.47 mag.

This HII region was also detected and imaged optically in the Ha line with
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the 0.5 m DevonAO telescope. The surface-brightness is quite faint at 15.24+3.6
Rayleighs, and the integrated flux density of the Ha emission is Ses6m =0.661+0.16
Jy. Ifind an apparent emission measure of EM;,=0.51% 0.12 cm® pc~! at the res-
olution of the radio image, while the mean 21 cm continuum brightness temper-
ature T;=5.11 K (& 5%) suggests an absolute emission measure of EMp; ¢, =3258
cm® pc~t. The optical extinction to NRAO 655 given by Eqn. 4.5is Ay=12.17+
0.34 mag.

The error-weighted mean value of extinction to NRAO 655 is Ay =12.2 mag.
The distance to NRAO 655 is estimated as r=4.8+ 0.8 kpc, significantly different
from the kinematic distance of 8.8 kpc. A line of sight velocity excess of +-36+ 8
km s~ ! is indicated.

4.3.3 The Extinction and Distance to G93.6+1.3

Here, I report the discovery of a new nebula, G93.6+1.3 (¢ = 93.6°, b = 1.3°). This
uncatalogued object is visible in the 21 cm (Fig. 4.1) and 74 cm radio continuum
maps from the CGPS, as well as continuum maps from the 11 cm Galactic Plane
survey of Reich et al. (1984). It is very weak at radio wavelengths, having a 21
cm integrated flux density of Ss; o, =0.35 Jy, though its angular diameter is ~15'.
With data from the above three frequencies one finds an optically-thin thermal
spectral index of a=0.16+0.12 (where flux density at frequency v is S(Jy)oc v~%).
In Ha emission line images from the DevonAQ, its surface brightness domi-
nates those of the objects in the region ¢=93°, b=1°, and the emission exhibits an
oval shape elongated North-South (15'x11’) (see Fig. 4.2). The integrated sur-
face brightness at 656.3 nm is 12.2+3.6 Rayleighs, or a flux density (in Ho) of
Ses6nm=0.47 Jy. No optical emission “bridge” is seen connecting it to the SNR.
A very distinct cavity in neutral hydrogen exists at the coordinates of the op-
tical nebula (Fig. 4.8). The systemic velocity of this HI hollow is v5; = —46.0 km
s7!, and it appears as a 5 km s™!-wide minimum in the HI emission spectrum
(Fig. 4.3). A kinematic distance of 5.7 kpc to G93.6+1.3 is indicated by the veloc-
ity of this feature. There is no significant '?CO emission towards this H1I region
at any velocity. Integrating H1 only to —46 km s™! accumulates Ay =3.91+0.46
magnitudes of extinction. From the photometry of the optical emission, the
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apparent emission measure is EMy,=33.4£9.8 cm® pc~!. Integration of 21 cm
CGPS radio continuum data over the same area gives the absolute emission
measure E My =439£22 cm® pc!. Thus, the emission-measure decrement to
(G93.6+1.3 is found to be Ay=3.60+0.33 magnitudes.

A mean value of Ay=3.73 mag is thus reported as the extinction to this new
H1I region. As well, the method of Chapter 2 calculates a distance of 3.3£0.6
kpc, corresponding to a circular velocity that is +25 km s™! discrepant from its
observed velocity.

4.4 The Extinction to SNR 3C434.1

Currently, the only high-energy observations of SNR 3C434.1 exist in the public
archive of the ROSAT mission. ROSAT PSPC-B data for G94.0+1.0 were ob-
tained, and analyzed using the PROS software package under IRAF. Smoothed
hard band 0.5 keV< kT, < 2.4 keV images of the remnant were made and com-
pared to CGPS 21 cm and 74 cm images. A total absorbing column density
was estimated from a fitted model of the X-ray spectrum of 3C434.1. The value
compares very well with that estimated from integration of H1+'2CO. I briefly
describe the remnant’s appearance in X-rays and the spectrum below.

As seen in Figure 4.9, the SNR’s radio continuum and hard X-ray morphol-
ogy correlate very well, with the hard X-ray emission mostly confined to the
eastern bright radio shell. East-west surface brightness profiles of emission
show strongly peaked hard X-rays in the centre of the eastern radio shell, and
the hard X-ray emission falls to background counts at the location of the radio
shell’s limb in the East. Lower surface brightness X-ray emission in the West
correlates with lower brightness radio emission in this region, and the X-rays
taper to background counts at a similar rate as radio emission. The remnant
appears not to be interacting with anything in this hemisphere, and is probably
still freely expanding in the westerly direction inside the very low density in-
terior of its SWB home. The elliptical SWB discussed in Chapter 3 completely
encloses the hard X-ray emission as seen in Fig. 4.9.

A very distinct anticorrelation exists between the Ha emission identified
with 3C434.1 (see Fig. 4.2) and hard X-ray emission. The anticorrelation sug-
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Figure 4.8: Three slices through the HI data cube towards G93.6+1.3. Right
panel: an H1 shell corresponding to G93.6+1.3 is seen at coordinates c:(2000) =
21722™ §(2000) = 51°48' with a systemic velocity vy, = —46 km s~!. The top
panel is a velocity-« slice at the above declination, in which a matching cavity
is visible. Left panel: a velocity-d slice at fixed a shows the same H1 cavity.
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Figure 4.9: The high-energy X-ray appearance (0.5 keV< kT, < 2.4 keV) of
3C434.1, as observed by the ROSAT satellite. Black is more intense emission in
this figure. There is excellent correlation of this emission with the bright eastern
half radio shell (21 cm continuum, contoured). The HI shell that surrounds
3C434.1 (c.f. Chapter 2) is shown to completely enclose the X-ray emission.
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gests that the Ha and X-ray emission originate from different locations and
components of the remnant. In a “cloudy” medium (one with sharp density
contrasts) this is understandable, as Ha should originate with dense clouds that
are cooling after having been heated by a secondary shock wave, while X-ray
emission marks the location of hot intercloud medium gas (T, > 10° K) and
tenuous swept-up matter recently heated by the shock.

There is a lack of overall structure in soft X-rays (0.1 keV - 0.5 keV), save
for a conspicuous absence of soft X-ray emission within the eastern radio-bright
shell. Scattered patches of such emission are seen inside and outside the radio
continuum boundary of 3C434.1, but no clear correlation is observed. Very lit-
tle flux in this band is observed for this remnant, suggesting a large absorbing
column and distance.

Finally, there is no observed correlation between any radio and X-ray point
sources in this field.

A high-energy-band spectrum (0.5 keV-2.4 keV) was extracted from a circle
(radius 10.7') overlaid on the centre of the X-ray remnant, and a background was
determined from an annulus (inner radius 17.8', width 5'). Six point sources
within these regions were excluded. The observed spectrum (see Fig. 4.10)
peaks near 1.3 keV. Various models of plasma emission absorbed by smooth and
localized components of hydrogen (Galactic and intrinsic absorption) were fit-
ted to this spectrum, with the most formally acceptable fit (reduced x*=14/19=0.74)
being obtained with an absorbed single temperature plasma model (Raymond
& Smith 1977), with line emission from heavy elements similar in abundance to
solar values. Table 4.4 provides results of the spectral fit for 3C434.1, and lists
some derived astrophysical properties of this SNR. Figure 4.10 shows both the
observed and fitted spectra.

Confidence level contours of Galactic Ny and temperature were constructed
for the fit and are shown in Figure 4.10. They indicate little variation in ab-
sorption column values with varying temperature, with a clear minimum in x?.
One can thus be confident of the value for Galactic absorption obtained by fit-
ting with this model. The model yields a Galactic column density of Ny=1.51+
0.06x 10?> cm~2, very similar to that obtained by direct integration of H1+2CO
emission (see below). Using the gas to dust ratio Ny/Ay=1.57+0.1x10* ecm™2
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Observed Parameters:

Count rate (s71) 0.18+0.01
Distance (kpc) 5.2+1.1
Radius of emitting region (pc) 16+3
Flux F, (10~'%ergs s~ cm~2) 1.5
Fitted Parameters:
kT, (keV) 0.48
Galactic Ny(10%2 cm™2) 1.50
Derived Properties
Normalization log( [ nZdV/4xr? cm™>) 12.3
Volume emission measure (107 cm™3) 6.76
RMS electron density n, (cm™3) 0.3
X-ray emitting mass M, (M) 55
Thermal Energy Ey, (10°° ergs) 1.2
Unabsorbed flux Fy (107'? ergs s~! cm™?) 47
X-ray Luminosity L, = 4nr%Fy (L) 41.3

Table 4.4: Observed, fitted and derived results of the single temperature plasma
model with absorption fitted to the PSPC X-ray spectrum (in the range 0.5 keV
to 2.4 keV) of 3C434.1. The quality of this fit is x?=14/19 (reduced x? with 19
degrees of freedom). The PSPC count rate is background-subtracted. The log
of the normalization is the volume emission measure over the area of a sphere
of radius r, the distance to the source (r=1.6x10%2 cm). The fitted value for k7T,
indicates a plasma temperature of T, =5.4x10% K. A volume filling factor of
f =0.15, estimated in the text, is used. Errors are estimated from the range of
acceptable model fits obtained with varying metal abundance Z (percentage of
Solar value).
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Figure 4.10: (left panel) The observed and model spectra of the X-ray emitting
plasma associated with SNR 3C434.1. (right panel) Two dimensional x? contour
plot (Galactic Ny versus temperature), demonstrating the narrow constraint on
the fitted absorption parameter for widely varying values of temperature. Con-
fidence (contour) levels are 68%, 90%, and 99%.

mag !, an optical extinction of Ay=9.6+ 0.8 magnitudes is found for the sight-
line to the X-ray gas in the SNR.

The excellent fit of the Raymond-Smith model indicates the X-ray emission is
predominantly thermal in origin (at least in this easterly region of the SNR), and
on average the plasma that comprises the SNR seen in this area is probably in
thermal equilibrium. The X-ray emitting material from this SNR is likely evolv-
ing in an adiabatic way, the shock having been slowed by its encounter with
intrabubble matter, probably that involved with the inside edge of the stellar
wind bubble.

Integration of HIand '?CO data towards £ = 94°, b = 1° yields a column den-
sity of Ng=1.56+10%x10*? cm ™2, similar to that obtained by fitting the absorbed
Raymond-Smith thermal emission model above. Thus, an optical extinction of
Ay=9.9+ 1.2 magnitudes is found for the sight-line to the SNR. Combining the
X-ray results with the HI+CO results, a mean extinction of Ay=9.7+ 1.0 magni-
tudes for 3C434.1 is estimated.

A distance of 5.2+1.1 kpc is also found from Chapter 3. One can thus esti-
mate that along this LOS a mean extinction rate Ay /r ~1.9 magkpc™' is applica-
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ble, not far from the value of ~1.6 mag kpc™! suggested by Binney & Merrifield
(1998). As well, a typical physical size is thus estimated for this SNR (radius~24
pc). I derive other new physical parameters for 3C434.1 from X-ray and other
data in a future publication (see Table 4.4, from Foster & Routledge, in prepara-
tion).

4.5 Discussion and Conclusions

I offer a “big picture” summary of the ¢ =93° area, and comment on possibili-
ties raised by the new distances and extinctions established for the four objects
therein.

It is instructive to refer to the Two-Arm Spiral Shock (TASS) model (Roberts
1972) for the Perseus spiral arm, with Ry=8 kpc. In the direction of 94°, the TASS
pattern is located roughly 3.5 kpc from the Sun (a spatial uncertainty of order
+ 400 pc or greater is assigned by Roberts), and the shock stretches for 0.5 kpc
along the LOS. Roberts suggests that most luminous optical objects that reside
in the Arm (e.g. HII regions) should be situated at or behind the shock, after
having been triggered into existence by its effect.

Figure 4.11 shows the placement of the objects in this study with respect to
a model spiral arm, and to the TASS. It is readily noticable in this grand picture
that most objects indeed lie within or behind the shock, the result predicted by
Roberts. If the £ = 93° objects originally formed from material compressed by
the shock, then the age of the stellar wind bubble surrounding 3C434.1 (2.6x10°
yr, see Chapter 3) provides an upper limit estimate for their ages.

G93.6+1.3 is the youngest H I region of the lot. Our distance of 3.3+ 0.6 kpc
for G93.6+1.3 easily places it within the influence of the Perseus Arm shock.
Further, the observed radial velocity of the HI cavity associated with G93.6+1.3
(Voyj = —46 km s7) places it atop the shock ridge predicted by Roberts’ model
of H1 distribution towards ¢ =93°. The observed velocity excess of 25 km s™!
for G93.6+1.3 is well explained by this model. Exciting stars within G93.6+1.3
may have recently been triggered into existence by passage through the shock.
Clearly, the evidence indicates that G93.6+1.3 is a relatively young HII region,
foreground to the other objects.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey

6 s
\\%t::tim

NRAQRSE ™~
M\BEEE’-TS \

oy
|

P

Heliocentric distance r (kpc)
'y

3
o
2
1 4 £ A
0
90 100 110 120 130 140 150

Galactic longitude £ (degrees)

Figure 4.11: A spatial map of the second quadrant, constructed by the author’s method. The Perseus Spiral Arm is easily fraced by

the distribution of 29 optical H1I regions (light squares) and 1 SNR (circle). Six Local Arm HII regions are marked as triangles and

1 local SNR as a circle. Two possible Outer Arm H II regions are shown as diamonds. The objects in this study are labelled. A logar-
ithmic model of a spiral arm (bold solid line) has been fitted to these nebulae, and a pitch angle near /=10° is found. The line of sight
extent (2o half-width) of the model arm is delimited by the thick dark hatched curves. The model is constructed from the centre and
width of the arm (R (¢p)=9.4 kpc, w,,,,=0.5 kpc) as calculated towards £5=105.8° by the author's method. Note the large apparent

width of the arm near to the low longitude end: this is due to the line of sight viewing the arm longitudinally. The Spiral Shock mod-
el of Roberts (1972, Fig. 2 in that paper) has been overlaid for comparison (thick opaque grey curve) with the 0.5 kpe extent assign-
ed by Roberts delimited by thin grey curves. '

4 AVAN SHONVISIA ¥ SONINAAATI MAN ¥ JHLIVHD

£6=

qTI



CHAPTER 4. NEW REDDENINGS & DISTANCES NEAR (=93° 116

The two H1I regions NRAO 655 and WB89-73 are found to be at similar dis-
tances from the Sun (see Tab. 4.5), and well behind the shock. As calculated,
the radial velocity excesses of the objects are similar, a reasonable finding since
each was probably similarly affected by the spiral shock. Ha images display in-
teresting features of WB89-73: an optical “tail” of emission pointing away from
NRAO 655, and faint radio continuum extension pointing towards NRAO 655.
The optical image of WB89-73 is reminiscent of a comet seen with a highly fore-
shortened tail. It is possible that NRAO 655’s “champagne” outflow is shaping
this nebula, and this flow is partly along the LOS. I suggest the possibility of
interaction between these two H1I regions.

I also suggest that 3C434.1 and NRAO 655 are quite probably related as well.
The extinction toward the SNR is quite similar to that toward NRAO 655 (see
Tab. 4.5). The calculated non-circular velocities are essentially identical, indicat-
ing that both objects have been similarly displaced from flat circular rotation (if
such a rotation model is accepted). The 21 cm continuum image shows emission
from material “erupting” from each, seemingly escaping into a common area be-
tween them. Ionized gas from NRAO 655 is likely undergoing a “champagne
flow” into this lower density midregion (Foster & Routledge 2001). Although
our distance for 3C434.1 of 5.2+1.1 kpc establishes the possibility that this SNR
is evolving into the same area as NRAO 655 (distance 4.84:0.8 kpc), the SNR is
“enclosed” within a stellar wind bubble formed by its progenitor and a com-
panion (O4 type stars). It is possible that the stars of this SWB and the exciting
stars within H1I region NRAO 655 are related as part of an extended OB associ-
ation, and formed at similar times. The two O4-type stars (see Foster et al. 2003)
that formed in the eastern side of this cluster subsequently excavated a cavity
in neutral hydrogen, while stars that formed in the western side are continuing
to be responsible for the ionization of NRAO 655.

Tab. 4.5 summarizes the extinctions, distances and velocity excesses found
in this work for each of the four objects studied. Objects in the ¢ =93° region are
likely interacting with the Perseus Arm spiral shock, exhibiting velocity shifts
of order 20-30 km s~! from flat circular rotation. I speculate NRAO 655 and
3C434.1 are related by the same cluster of stars, with 3C434.1 evolving into a

medium of reduced density (swept out by its progenitor and another star), and
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Measure Ay Ay Kinematic F&R VUne
(EM) [X-ray])  (Ng) (kpe) (kpc)  (kms™?)

WB8§9-73 10.1+04 10.5+1.2 7.0 4.3 4+0.6 +28

3C434.1 [9.640.8] 99+1.2 9.2 5.2+1.1 +40

NRAO 655 12.3+0.3 12.4+15 8.3 4.8+0.8 +36

G93.6+1.3 3.84+0.3 4.3+0.5 5.7 3.3+0.6 +25

Table 4.5: Extinctions (in magnitudes), distances and non-circular velocities vy,
reported in this chapter for nebulae in the Galactic plane region near £=93°, b=1°.
Column 2 lists extinctions derived via emission measure ratios EMoy o/ EMp,
(Eqn. 4.6) or from a model of the absorbed X-ray spectrum. These values repre-
sent direct calculations of the foreground dust column. Column 3 shows extinc-
tions derived from Ny=H1+2CO (Eqn. 4.1 and 4.2) and the gas-to-dust ratio of
Vuong et al. (2003). The latter are very comparable to the former values, sug-
gesting that the dust column is well represented by the hydrogen column. All
errors are standard errors (except in distance, which are limit errors).

NRAO 655 into a power-law density environment outside its parent molecular
cloud. The ages of these objects are similar at ~3 Myr. I also conclude that
the newly discovered H1I region G93.6+1.3 is the most recently formed, and
relatively nearby with respect to the other objects.

Table 4.5 also shows the comparable values of extinctions, derived from the
different methods in this Chapter. The very important conclusion one draws
from this is that in this direction, the LOS distribution of dust is well traced
by total hydrogen column density Ny, and the gas-to-dust ratio of Vuong et al.
(2003). The methods used in this chapter, and the availability of high quality HI
and CO line data (from surveys like the CGPS) can contribute to fruitful new
studies of the distribution of optically-absorbing material in the Galactic plane.
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Chapter 5

The Dynamics and Rotation of the
Outer Galactic Disk
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Foreword

Upon looking at Figure 2.1 (see Chapter 2), it is natural to be suspiscious of
the flat circular Galactic rotation model. Alone, this canonical rotation curve
fails to account for the large radial velocities of relatively nearby H1I regions
throughout the second quadrant of the Galaxy (90° < ¢ < 180°). The velocities
of these nebulae are blueshifted beyond that expected from a +8 km s~ velocity
dispersion, creating an apparent disparity between the radio and the optical
spiral arm as traced by these objects.

A non-axisymmetric disturbance (such as a Galactic shock wave) can ac-
count for some of this discrepancy. However, in that model the velocity field
is expected to rejoin circular Galactic rotation beyond the spiral density wave.
In this case, the interarm regions and the far outer Galactic disk should be un-
affected by the shock, which is expected to give rise to Spiral Arm objects only.
Figure 2.1 shows no sign of this behaviour: rather, one might conclude that
the chasm is ever-widening. What is affecting H1I regions in the distant outer
Galaxy?

The contents of this thesis chapter show a new way of determining the veloc-
ity field for a given direction in the second quadrant. This is a natural product
of the fitting technique in Chapter 2: the derivation of a smooth relationship
between heliocentric distances and line of sight velocities for a given direction,
rather than a single distance for a given radial velocity. Some of this chapter ap-
pears published in the pages of the ASP Conference Series “Milky Way Surveys:
The Structure and Evolution of Our Galaxy” (eds. Clemens & Brainerd 2003).

It should be noted that the derivation of velocity fields only relies on one ba-
sic assumption: that there exists on a large scale a smooth relationship between v
and r along directions in the outer Galaxy. However, translating velocity fields
into rotation curves imposes one more implicit (and precarious) assumption:
that an object’s line of sight velocity arises entirely from circular motions about
the Galactic centre. In pronouncing the new rotation model calculated in this
section, I tread carefully, and offer much discussion on the assumptions, and
inherent accuracy of the method. This work represents a snapshot in time of a
very large and very important ongoing project to determine the dynamics that
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govern in this part of the Galaxy.

Abstract

Models of the smooth large-scale radial distribution of the column depth of HI
in the thin disk are used to found a new technique of mapping the velocity field
of the Outer Galaxy in the second quadrant. The results show common features
across this quadrant: a) locally (r <2 kpc), Galactic H1 obeys a near-flat rotation
law (with Ry=7.9 kpc, 6p=214 km s~ !, and Oort constants A=13.2 and B=-13.9
km s7! kpc™!), b) beyond r=2 kpc, velocities of HI in the plane (|b| < 5° ) show
pronounced deviation from velocity fields predicted by flat circular rotation,
and c) towards some relatively high latitudes (|b| > 5°), the Galactic H1 exhibits
“normal” behaviour, with observed velocities congruent with those predicted
by a gently declining circular rotation curve. It is concluded from these obser-
vations that the Perseus Arm spiral shock is visible in our velocity fields, but
is only partially responsible. Combined with the nearby shock, an underlying
gently-declining rotation curve beyond r >2 kpc and streaming motions along
the Perseus Spiral Arm would explain the observations. We also discuss an ap-
parent “rolling” motion present in the Perseus Spiral Arm.

5.1 Introduction

Neutral hydrogen (H1I) seen in emission is omnipresent in the Galactic plane,
and is well known as a component that traces the smooth structure of the Galaxy’s
disk. Line of sight (LOS) H1I velocities are commonly used in determinations
of the outer Galaxy rotation curve (by comparison with independently known
distances, usually to HII regions), or as distance indicators (with foreknowl-
edge of the Galactic rotation curve). A seldom-discussed yet fundamental as-
sumption in the above applications is that the observed velocity derives entirely
from an object’s circular rotational velocity about the Galactic centre. This is not
necessarily true, as non-circular motions in HI spectra can affect the projected
placement of H 1 features (e.g. streaming motions and shocks formed by spiral
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density waves).

The dangers in the assumption of pure circular motion are demonstrated in
published photometric distances to 30 H1I regions (catalogued by Fich, Blitz &
Stark 1989) which are glaringly inconsistent with those calculated kinematically
with the flat rotation curve predicted by their 2CO velocities. Obviously, a dif-
ferent approach to determining the properties and dynamics of the outer H1
disk is needed, preferably one with a less-impacting assumption.

One such new method has been developed, based on a model of the cu-
mulative HI column density with Galactocentric radius (Foster & Routledge
2003, hereafter F&R). Midplane H1 data from the Canadian Galactic Plane Sur-
vey (CGPS; Taylor et al. 2003) is used with the model to determine the outer
Galaxy’s dynamical behaviour in the second quadrant region 90° < ¢ <140°. We
present an exploration of both the method and the preliminary results.

5.2 The Technique of Finding Velocity Fields

The method of Galactic HI study proposed by F&R is shown in Figure 5.1. An
input HI emission spectrum T;(v) is obtained towards direction (¢, b). To use
the method as a distance tool requires a third input (the object’s LOS velocity).
The integrated column density to the Galactic edge Ny ;(r = o) in the direction
of interest is obtained from the observed H1 spectrum. A model of cumulative
column density with distance:

NH[(T‘,&b)Z/ n(r',f,b)dr' (51)
0

is made to terminate at this value, where n(r, ¢, b) is the model of the num-
ber density of hydrogen nuclei encountered versus LOS distance (see Equation
2.11). This model has both axisymmetric features (exponentially-decaying den-
sity with R and height z), and non-axisymmetric components (the disk’s warp,
and spiral arms). The model Ny;(r,¢,b) (Eqn. 5.1) is transformed using a trial
velocity field v(r). The function v(r) maps the column depth model Ng;(r, ¢, b)
into velocity space (Ng;(v(r),4,b)), allowing a direct comparison. Parameters
of both functions are varied until the overall form of Ng;(v) observed in the H1
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Figure 5.1: Flowchart of the method of Galactic HI study proposed by Foster
& Routledge (2003). Circles represent inputs and outputs of the method, with
steps represented in boxes. This chapter deals with the fitted velocity field v(r)
towards the direction of interest £, b.

data is well fitted in a y?-minimization process. This fitting yields the LOS ve-
locity field v(r), and Galactic structure parameters that best match the observed
H1 (bottom-right circles in Figure 5.1).

The accuracy of the method’s distance output has been demonstrated to-
wards 30 H1I regions with known photometric distances and radial velocities
(see Chapter 2). Applying this technique does not assume that LOS velocities
arise solely from circular rotation, but rather that on a large scale, the observed
LOS velocity (for HI in emission) is increasingly negative with distance. Circu-
lar motions would exhibit this behavior, but they are only one possible contrib-
utor to an object’s observed velocity. On a large scale, for HIin emission and for
which circular motions are a substantial fraction of the observed LOS velocity,
the assumption that distance is monotonic with velocity is fundamentally true.

Before we proceed, we add two complementary refinements to the density
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distribution n(r, 4,b). First, it is appropriate to introduce a natural dispersion
to the path length per unit velocity interval, such that HI present at a range
of distances is found at a single radial velocity v. We employ a normalized
Gaussian of width o, and convolve it with n(r, £, b):

1
V2ro,

and estimate the dispersion using:

n'(r,6,b) =

/oo n(r', ¢, b)exp (—(r — r')?*/202) dr' (5.2)
0

Or = |ar/avflat|r:0kpc Oy (53)

where 0, is estimated from the half-width of the H1 profile at positive velocities
(forbidden in circular rotation), typically 3< ¢, <9 km s™!. The path length per
unit velocity interval near the Sun, predicted by a canonical flat rotation curve
(Eqn. 5.8 with Ry=8 kpc, 6y = 220 km s7') is |0r /0v 4] =2Ry/6ysin2¢ ~ 0.1
kpc/km s™! near £ =110°.

Secondly, we add to n(r, £,b) a component that models the local density dis-

r=0kpc

tribution, nyeeq (7, £, b). It is known that the Sun resides within a less-dense re-
gion (the “local bubble”) that itself is within a minor spiral feature (the Local
Arm, or “spur”). A Gaussian velocity profile for local HI is observed in al-

most all HI spectra for 0 > v > —15 km s™*

, and peaks at negative velocity,
crudely suggesting that a concentration of HIlay near or just in front of the Sun
(R, > Ry, where R, is the galactocentric distance to the HI density peak noca1 arm

associated with the local arm). A Gaussian for n,.,; thus seems appropriate:

nlocal('ra é, b) = Nyocal arm€TP (_(R - Rl)z/leocal) (54)

where wjye, is the width of this feature. However, it is important to note that
the Gaussian distribution is rather indistinguishable from a uniform density dis-
tribution for the local HI (see Fig. 5.2), due to the natural dispersion of the
velocity-distance relation. Thus, it is not possible to rule in favour of either dis-
tribution for the local arm, although it seems unphysical that an abrupt drop in
density should occur near r=0.8 kpc as in the uniform model. With the above
uncertainty in mind, we retain the Gaussian model component (Eqn. 5.4) for H1
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Figure 5.2: The model density profile n(r,¢,b) towards £ = 112°,b = 1°, before
(thin lines) and after (thick black line) the convolution in Eqn. 5.2. Due to this
convolution, a uniform density distribution for the local H1 (r <0.8 kpc) pro-
duces a spectrum that is indistinct from that of a Gaussian density profile (of
the same total area). In this direction, the local dispersion is o, ~ 0.3 kpc.

near to the Sun.

A typical model density profile with these refinements is shown in Figure
5.2. The convolution mildly extends the width of the spiral arm profiles, but
other changes are insignificant.

For an initial look at the field, we choose a cubic function of the form v(r) =
ar® + br? + cr + d to represent a simple smooth velocity field. This function
contains four free parameters. Presupposing circular motions would mean the
parameter d should be constrained to 0 km s~!. However, since we broaden the
local density of HI by o,, d may be expected to be positive. We constrain d to
be less than or equal to the velocity at which HT is first measurable (typically
<~10 km s71), but give H1 at positive velocities zero-weight in the fit. In the

models of n(r), five additional parameters are varied in the minimization (hg,
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ho, ¥, Rm, and wgm). Depending on the direction (¢,b), those channels with
velocity 0 > v > v; km s7! in the HI spectrum are given unity weighting (v
is the lower velocity limit where dNy;(r, ¢, b)/dr becomes negligibly small). The
lower velocity limit v; varies from direction to direction (see Table 5.1). With
channels at v > 0 km s~ given zero weight, we typically have v > 120 degrees
of freedom available.

The cubic representation of v(r) is actually the smooth function that best
fits the predicted velocity-distance mapping. This is the observed relationship
between v and r, values for which are extracted from a comparison of common
column densities calculated by the model and observed in the data:

NH(T>£7 b) = NH(’Uaea b) (55)

where Ny (v, £,b) is from the observed HI column density-velocity diagram.
The inijtial assumption of a monotonic relationship between v and r forces this
observed relationship to be continuous. Figure 5.3 shows two predicted fields
with cubic representations from the fitting process.

5.3 Goodness-of-fit and Error Estimations

In Chapter 2, one judged the distance uncertainty based on the uncertainty in an
object’s radial velocity. This was given by the typical width of the *CO signal
(0y ~ 2.4 km s, see Chapter 2) associated with each HII region. However,

12CO is much cooler than HI seen in emission, and thus 2.4 km s~}

is likely
low with respect to the velocity dispersion associated with warm H1I. Such H1
has an upper limit velocity uncertainty of 0, < 8.8 km s™! (Kulkarni & Heiles
1988), derived for the warm neutral medium component of the ISM. To estimate
the velocity uncertainty for statistical purposes, we use the local value of the
velocity dispersion from the half-width of the H1 profile at forbidden (positive)
velocities.

The probability that the observed (minimized) value of chi-squared will ex-
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Figure 5.3: Predicted velocity fields (open symbols) and fitted velocity fields
(smooth curves) from two directions in the Galactic plane. The smooth v(r)
curves are cubic fits to the directly predicted fields.

ceed a particular value x? by chance alone is evaluated by:

1, 1,2
Ay i) = "2 56
where v is the number of degrees of freedom, which is the number of velocity
channels used in the fit (V) minus the number of model parameters allowed
to vary. () is a quantitative measure for the goodness-of-fit of the model (see
Press, Teukolsky, Vetterling & Flannery 1996 for discussion), and assumes the
velocity errors o, are normally distributed, and that the model is correct. It is
the probability that the apparent discrepancy between model and observation
are chance fluctuations. Perhaps easier to understand, 1 — @ is the probability
that we would obtain a lower x? value (a better fit) with this “correct” model. If
1 — Q < 1, we can pronounce our fit as reasonable.

Table 5.1 shows the directions (¢, b) used in the following sections for demon-
stration and examination of outer Galaxy dynamics. All fits were performed
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with a cubic function for v(r) (Sec. 5.2). One can see that the calculated proba-
bility ) is unreasonable in many cases, suggesting that either the fit is unusually
good /bad or the velocity uncertainties (associated with the fit) from o,, v > 0
are over/under-estimated. Where the half-width of HI at forbidden velocities
gives unreasonable estimates for o,, @) may be too near to 1 for a less-than-
perfect fit, or too near to 0 for an otherwise excellent fit. The value of  as a
quantitative benchmark should therefore be considered marginal when using
Oy, U 2> 0.

Although the exact magnitude of the normally distributed errors in velocity
remain unknown along these lines of sight (making () not completely trustwor-
thy), we can estimate the root mean square value of ¢, by minimizing x? in the

usual way and computing;:

s = D (0 = v(r))* /v (5.7)

rms
i=1

Again assuming the model is correct, .., gives the mean difference in veloc-
ity between the fitted model Ng;(v(r), ¢, b) and observed Ny;(v,£,b). Perhaps
the best quantitative judgement of the goodness-of-fit is gleaned from o, cal-
culated with Eqn. 5.7. If this value is less than or near the typical velocity
dispersion ascribed to H1 (e.g. Mebold 1972), then it can be concluded that the
fit is reasonable. One can see in Table 5.1 that this is true of all directions, and
that velocity errors due to an imperfect fit are a small fraction of o,, the natural
velocity dispersion of interstellar HI gas.

The bulk of the uncertainty introduced to each velocity field descends from
uncertainties in the distances calculated from the model Ng(r, £,b). Errors in
the distance found to each velocity along a given line of sight will cause the
derived velocity fields to exhibit some variance. To estimate distance errors, a
+20% variance is introduced to the following model parameters: hg, ho, b, Rm,
Warm, and r,,. Figure 5.4 shows the velocity fields in the current study flanked
by curves that demonstrate the range these uncertainties introduce.

- The £20% allowance is perhaps overly generous, since it is found that the
fitted model Ny (r, ¢, b) parameter values do not differ from each other by more
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Direction 4, b  Limit v; o, v >0  x*/v Q Orms
) (0<v<wv) (kms) (km s™1)
90.23,1.72 —136.7 9.3 11/156 1.00 2.4
93.3, 6.9 —140.7 6.0 9/85 1.00 14
103.72,2.18 —-136.7 5.1 69/156 1.00 34
105.77, -0.15  —153.2 43 53/176 100 24
107.0,5.4 —135.0 5.1 23/154 1.00 2.0
110.11, 0.05 —135.0 3.5 287/154 0.00 47
111.89, 0.88 ~135.0 3.5 56/154 1.00 2.1
113.52, —0.57 —-121.0 4.3 14/137 1.00 14
115.79, —1.65 —-121.0 5.1 25/137 1.00 2.2
138.3, 1.56 —101.2 5.0 90/113 0.94 47

Table 5.1: A broad selection of ten lines-of-sight, mostly from the CGPS I region
(the exception is £ = 93.3°, b = 6.9°), chosen to demonstrate velocity fields from
a large range of £ & b. Estimates of the velocity dispersion and goodness-of-fit
are shown. Where the half-width of the HI profile for v > 0 is used, the values
of x*/v and Q (Eqn. 5.6) are misleading. o, is from Eqn. 5.7, and provides a
better quantitative basis for judging the goodness-of-fit.

than ~ £10 to 15%, across the 50° longitude range (see Table 5.2). Further, val-
ues for these parameters agree extremely well with recent determinations by
Wouterloot et al. (1990), who conclude for HI in the warped midplane a radial
scale length hp =2.5 kpc, a scale height near the Sun of hy =200 pc, and a rate

of increase of kg as h'=36 pc kpc™!

. These values are very similar to the mean
values found by the author towards ten Galactic Plane locations (see Table 5.2),
and are further supported by similar values from other authors (e.g. Diplas &
Savage 1991, and Knapp et al. 1978). Finally, with the exception of ¢ = 93.3°,
each direction in Table 5.2 is towards an H I region with a known spectrophoto-
metric distance (see Tab. 2.2). All optical distances are predicted by the velocity
fields to within 10%, an indication that the fields are probably at least this accu-

rate.
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Figure 5.4: The v(r) fields towards the directions in Table 5.1. Overlaid with
our observed fields (open circles) are those calculated from a flat rotation curve
for the outer Galaxy (Eqn. 5.8, thick black curve) with Ry=7.9 kpc and 6, =
200 km s™! (Merrifield 1992), and a Schmidt model (thick grey curve, Schmidt
1965) with Ry=10 kpc and 6, = 250 km s~*. The possible range of v(r) due to
distance uncertainties is delimited by the thin grey curves, which descend from
a hypothetical £20% uncertainty in Ny;(r, £, b) model parameters.
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El b hR hO R Rm Warm  Nlocal arm/'n'O 'n'O,arm/nO
) (kpc) (kpe) (pckpc™) (kpe) (kpc)
90.23, 1.72 2.0 0.18 35 973 083 1.3
93.3,69 2.85 0.2 36 - - 03 -
103.72, 2.18 2.3 0.18 30 9.63 0.67 0.6
105.77, -0.15 2.2 0.21 35 939 050 1.6
107.0, 5.4 29 0.2 30 1050 0.5 1.2 0.5
110.11, 0.05 29 0.22 30 930 025 1 2
111.89, 0.88 29 0.2 30 9.38 0.3 1.2 1.9
113.52, -0.57 19 0.19 35 9.35 053 1.8
115.79, -1.65 2.0 0.21 35 943 055 22
138.3, 1.56 25 0.2 35 9.84 0.66 1
Mean 25 0.2 33 - - - -
o +04 +0.01 +3

Table 5.2: Ny(r,¢,b) model parameters allowed to vary in each fitting to the
corresponding observed H1 data. Only hg, hy, and k' should be approximately
constant with differing directions ¢, b. The value for the heliocentric distance at
which the Galactic Warp begins was fitted towards ¢=93.3°, 6=6.9° (final value
rw=2.1kpc), and this distance was assumed to be circular about the Galactic cen-
tre for the other directions. Fixed parameters were Ry=7.9 kpc, and Z;=0.015
kpec. The values of ng grm /M0 and Nigear orm /Mo are directly measurable for each 4,
b. In each of these directions, the spatial parameters for the Local Arm are found

to be very stable, with R;=8.05 kpc and wj,.;=0.2 kpc.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. OUTER GALAXY DYNAMICS & ROTATION 134

5.4 The Results

Figure 5.4 shows one-dimensional velocity fields v(r) towards the Galactic Plane
in the range 90° < ¢ < 140°, —1.7° < b < +7°, which are representative of our
findings across the second quadrant. Each field is plotted alongside those from
two canonical rotation models: the Schmidt model (with Ry=10 kpc & 6, = 250
km s~!, Schmidt 1965), and the “flat” model, for which the field equation is:

_ (r/Ry — cos (£))? K .
Vfiat(r, 4, b) = 6 ((1 + sin? (0 ) — sin (ﬁ)) (5.8)

and for Figure 5.4 we choose the constants from Merrifield (1992) as Ry=7.9 kpc

and 6, = 200 km s~!. It is important to remember that these fields show the
entire velocity of HI towards the Sun, that arises from both circular and non-
circular motions. A brief discussion of the general field characteristics follows.

5.4.1 The Local Velocity Field

It is observed for all directions (except toward ¢ = 90°) that for r <1.5 kpc, the
velocity field closely follows that given by the flat rotation model. Nearby “local
arm” H1seems to obey flat circular rotation. These findings are consistent with
the belief among many that kinematic distances which use a flat rotation curve
(in this quadrant of the outer Galaxy) are generally accurate when the object is
very nearby.

Let us estimate the Sun’s orbital velocity about the Galactic Centre 8, us-
ing the approximation that very nearby H1I has a similar orbital velocity, thus
O(R) ~ 6, (in otherwords a flat rotation model is valid locally, for R ~ Ry).
If we subscribe to Merrifield (1992) that the distance of the Sun from the cen-
tre of the Galaxy is Ry=7.9 kpc (a constant our model of Ng;(r, £, b) uses), the
local velocity fields (see Figure 5.4) can be used with Eqn. 5.8 to find the So-
lar velocity. A least-squares routine to fit Eqn. 5.8 to the nine separate v(r) in
Fig. 5.4 is performed for HI in the velocity range —15 < v <0 km s7!. The
value for parameter 6, is found that minimizes x? with 18 degrees of freedom,
under the constraint of Ry=7.9 kpc. From the nine fields across 50° longitude
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range, a mean value of 6, =214+10 km s~ is found, consistent with the very
modern determination of Sackett (1997) of 6, =2004+20 km s™! and Knapp et
al. 1978 (whose analysis suggests a value somewhere between 200 and 220 km
s71). If we use Ry=7.2 kpc (a direct distance determination to the Galactic centre
employing proper motions of H,O masers, Reid 1993), then 6, =197+9 km s™*.
Note that a small Ry=7.1 +0.4 kpc and 6 =184+8 km s™! was also obtained by
Olling and Merrifield (1998).

Measuring the Oort Constants Near to the Sun

The above analysis assumes flat circular rotation locally. Let us relax our re-
quirements and backstep to the more basic assumption that the local field traces
circular motions only. For objects in circular rotation, one relates Galactocentric
distance R to the LOS velocity v by:

v = Ry (8(R)/R — 0o/ Ry) sin(£)cos(b) (5.9)

where §(R) is an object’s circular speed about the Galactic centre. For local HI
(R ~ R,) we have the following approximation:

v~ —2A(R — Ry)sin(€)cos(b) (5.10)

where A = —1/2Rq (d/dR(0(R)/R)) p—p, is the azimuthal shear (Oort constant)
evaluated in the Solar neighborhood. Equation 5.10is valid locally and therefore
depends very little on Ry, and with R? = R +r2cos?(b) — 2Rorcos(£)cos(b) it can
be written as:

dv/dr ~ Asin(2€)cos?(b) (5.11)

We use the above with each of our local fields in Fig. 5.4 (out to r ~1.3 kpc from
the Sun) to calculate the local values of the azimuthal shear A and vorticity B,

found via:

A— B =0,/Ry (5.12)

Assuming Ry=7.9 kpc and using our value of §, we arrive at error-weighted
mean values of A = 13.240.7km s~ ! kpc™!,and B = —13.9+ 1.0 km s™! kpc™'.
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Reference A -B 6
(kms'tkpc!) (kms'kpc!) (kms™?)

1 14.5+1.3 12.04+2.8 220+20
2 12.6 13.2 220
3 15.9+0.3
4 14.8+0.8 12.4+0.6 231+15
5 11.341.1 13.9+0.9 184-+8
6 15.94+1.2 16.9+4.6
7 12.95 12.93

This work 13.24+0.7 13.94+1.0 214410

Table 5.3: Recent values of Galactic constants A, B and 6, near the Sun derived
by various authors, and including the current work. References are (1) Kerr &
Lynden-Bell 1986, (2) Brand & Blitz 1993, (3) Pont, Mayor & Burki 1994, (4) Feast
& Whitelock 1997, (5) Hanson 1987, (6) Olling & Dehnen 2003, and (7) Allen &
Santillan 1991.

These values compare favorably with the relatively recent measurements listed
in Table 5.3. Note that a flat rotation curve gives A + B = 0, and Eqn. 5.12
becomes 2AR, = 6. Having made no initial assumptions of flatness, we never-
theless recover (for the local field) a nearly flat rotation model with our values
for A and B, a quantitative demonstration that kinematic distances calculated
with this canonical rotation curve are good distance estimates, albeit for local
objects only.

5.4.2 The Velocity Field Beyond the Solar Neighborhood

In all fields, a pronounced deviation from the fields predicted by a flat rotation
law and the 1965 Schmidt model is observed beyond about » ~ 1.5 kpc. HI be-
yond the interarm region appears at higher negative velocities than it otherwise
should if a flat law was uniquely present. Beyond this region of sharp devia-
tion the field thereafter continues roughly parallel with respect to the flat and
Schmidt curves. Of key interest here is the region where the field shifts away
from obeying a flat rotation law. This is possibly evidence for the Perseus Spiral
Arm shock, (as predicted by Roberts 1972), where ISM gas is decelerated as it
enters a spiral potential (see Fig. 5.5).
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Uncovering the Spiral Shock Within...

We offer evidence that this breakaway is a shock phenomenon similar in prop-
erties to Robert’s TASS model, but begininng at a different heliocentric distance.
To compare to the TASS model, we choose the midplane direction £ = 110° sim-
ilar to Roberts’ selection in his 1972 work. In this direction HII region Sh156 is
found in the middle of the Perseus Spiral Arm, the HI peak for which is 2.95
kpc distant. The arm stretches 1.4 kpc (£30, where o=wgp,/ V?2) along the line
of sight.

In this direction Roberts places the shock ridge ~2.4 kpc from the Sun and
with a potential well (the “velocity trough” in Figure 5.5) capable of affecting
LOS velocities by +30 km s~*. The velocity trough (from the shock ridge to the
top of the “velocity hill”) is where dense ISM gas compressed by the shock ex-
ists in a ~0.5 kpc wide region. Most optically visible objects (e.g. OB Galactic
clusters, H1I regions) should lie within the region of the velocity hill, having mi-
grated away from the shock ridge which triggered their initial formation several
million years ago.

We model a single-arm'! shocked flat velocity field using Eqn. 5.8 in the
following way:

Uflats T <Ts

(5.13)
Uflat — Us€TP (_(T - 'rs)/ws) , T 2T

vshocked(r> f, b) = {

where v, is the velocity displacement caused by the shock initially (the “depth”
of the potential well), 7, is the heliocentric distance at which the shock ridge
is found, and w;, is the LOS width of the region of shock-compressed ISM gas.

For v; we choose Ry = 7.9 kpc and 6, = 214 km s7!

, values appropriate to
the local field (see previous section). The shocked-flat field model is shown in
Fig. 5.5. Gas moving in a circular orbit encounters the shock and is decelerated
as it enters the spiral arm potential, which increases its apparent LOS velocity
towards the Sun. Note that the shock creates a non-monotonic velocity-distance

relation, where two or more kinematic distances are possible for a single velocity

'The two-armed spiral shock (TASS) model of Roberts is so-named as a double-peaked gas
density distribution arises along the LOS from his models. The secondary peak is negligibly
small relative to the primary, and we do not include it here.
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Figure 5.5: A model for a single-armed spiral shock towards £ = 110 — 115°.
The model is from Eqn. 5.13 with parameters that reproduce Roberts’ £ = 110°
TASS model. The direction of flow for gas in circular orbits is indicated. The
H1 Perseus arm as represented in the author’s column-depth model toward £ =
110° is shown, and 8 HII regions towards this direction (from Table 2.2) are
plotted (from left to right: Sh158, 159, 156, 152, 161, 163, 169 & 157). The optical
arm and H I arm are one and the same.

(we discuss this ambiguity in a later section).

Is the shock to be found within our velocity fields? Indeed, the overall shape
of the field from 0 km s~ to just beyond the disturbance is consistent with a
shocked flat model of rotation. To see this consistency, we unsharpen the rela-
tion between velocity and distance in the flat shocked model of Eqn. 5.13, by

convolving it with a normalized Gaussian of width o,:

1

2m0o,

’U;hocked(r’ év b) =

[¢9]
/ Ushocked(T', &, DYexp (—(r — 1) /202) dr'  (5.14)
0
where o, is estimated as described for Eqn. 5.3. The appearance of our fields

make it rather essential that the shock ridge occurs slightly closer to the Sun
(rs=1.8 kpc for £ = 110°) than in Roberts’ picture (2.4 kpc). This is also more con-
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Figure 5.6: A single-armed spiral shock model convolved to introduce a fuzzi-
ness between distance and velocity (solid curve, Eqn. 5.14), and superposed
with the predicted velocity field towards £ = 110°, b = 0.1° (open circles).
The predicted field’s shifting to higher negative velocities past 1.4 kpc is well
explained by a spiral potential at 1.8 kpc, and a broadening (due to turbulent
velocities) of o, =0.24 kpc.

sistent with the location of H1I regions Sh158 and Sh159, which appear nearer
than (and otherwise unrelated to) his 2.4 kpc distant shock ridge. Other param-
eters in Uspockea remain unchanged from the original model (Fig. 5.5). Figure
5.6 plots v, .eq for longitude £ = 110°. Excellent correlation is seen between
the theoretical field and the predicted v(r) in the region of deviation (1.4 kpc
to 2 kpc). We conclude that a shock model is consistent with the shifting region
observed in the predicted velocity fields of Fig. 5.4.

However, in the shock model, the post-shock field returns to obeying a undis-
turbed flat circular law, whereas our shifted field continues parallel to this un-
perturbed field. Our original assumption of a smooth monotonic velocity field
does not allow for velocity reversals (to positive dv/dr), as would be the case if
the H1 returned to its pre-shock potential. However, there is observational ev-
idence that the velocity structure in our fields does not abruptly reverse in the
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manner of Fig. 5.5.

Consider for a moment the shocked flat velocity field in Fig. 5.7 towards
Shl161 (¢/=111.9°, b=0.9°). If a shock ridge exists at the distance indicated, there
should also exist reasonably dense compressed HI within the velocity trough
(v ~ —45 km s7!). As well, if such a field adequately described the true field
beyond r = 2 kpc and if HI is ubiquitously distributed, there should be an
apparent H1 density enhancement where the path length per unit velocity in-
terval |dv/dr| is near to zero, the situation found at v ~ —30 km s™'. Indeed, the
H1 absorption spectrum towards the bright radio continuum H II region Sh158

1 indicative

(£=111.54°, b=0.8°) does show a strong absorption peak at —45 km s~
of cool dense H1 at this velocity. However, a lack of HI density at v ~ —30 km
s~! is seen in both spectra, suggesting that dv/dr does not approach zero and a
velocity hill really is absent here. Further, if the velocity field actually returned
to flat circular rotation, then objects that are well behind the shock (for e.g. those
near £ = 93°, described in Chapter 4) would exhibit higher positive velocities
and kinematic distances more agreeable with their photometric distances.

The H1 spectra for the fields in Figure 5.4 are consistent with a highly local-
ized potential along the LOS, and an absence of a post-potential velocity hill.
There is a conspicuous similarity between our velocity fields and the smoothed
theoretical model of Eqn. 5.13 at the point of breakaway, good evidence that
a shock ridge is present there. H1I regions (with accurate distances and *CO
velocities) are correctly seen within the post-shock ridge zone, and the “velocity
trough” is coincident with dense compressed H1 (seen in absorption).

It is observed that towards the lower longitude end, the distance to the
shock ridge is farther away (e.g. 2.3 kpc towards ¢=100°) than towards the
higher longitude end (e.g. 1.4 kpc towards ¢=138°) of the CGPS. The location
of the ridge is remarkably consistent with the inner edge of the HI and opti-
cal Perseus Arm (see Fig. 4.11). Velocity fields from Figure 5.4 in the latitude
range —1.7° < b <5.4° are shown together in Fig. 5.8. The amount of devia-
tion from flat circular rotation is observed to be latitude dependent. The field
towards b=5.4° exhibits only mild blueshifting (maximally ~20 km s™! beyond 6
kpc), however, directly toward the midplane (6=0.1° & b=—0.6°) the LOS veloc-
ity fields are severely blueshifted (~40 km s™! at 6 kpc). This behavior suggests
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Figure 5.7: The velocity field together with HI emission and absorption spectra
(right panel, from CGPS data) towards £ = 112°, b = 1°. The shocked flat ve-
locity field is the same as in Fig. 5.6, except that r,=1.7 kpc. The Perseus Arm
centre (2.9 kpc) and LOS extent (0.9 kpc) is again shown in the shaded region,
along with the 8 HII regions. No H1 is observed coincident with the velocity
hill, suggesting that the shocked field does not return to an undisturbed flat
field beyond r ~ 2 kpc.
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Figure 5.8: b-variation in v(r) towards ¢=105-115°. The solid black line is a flat
circular rotation model (for ¢=110°) with Ry=7.9 kpc, ,=200 km s™!. Note the
striking latitude dependence of the perturbation seen near r=2 kpc.

the causal phenomenon is concentrated in the plane, again consistent with a
spiral arm.

It is thus concluded that a shock ridge precedes the optical & neutral hY—
drogen Perseus Arm in the outer HI disk. A flat velocity field with a single
spiral shock (with constants Ry=7.9 kpc, 6,=214 km s~!, and v; ~30 km s 1)
best describes our predicted fields out to r ~2 kpc or so. Beyond this area, the
high negative velocities of relatively nearby HII regions and a lack of HI at the
presumed location of the velocity hill are evidence that the true field does not
actually return to the undisturbed flat model obeyed locally. More than just a
”shocked” velocity field is observed here: a significant component of the ve-
locity structure in the outer Galaxy may be non-circular in origin. The spiral
shock appears to be closer than predicted by Roberts. This more forward loca-
tion places most Perseus Arm HII regions in the post-shock region, consistent
with their forming from this triggering phenomenon.
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5.5 The Rotation Curve Beyond the Shock

If we believe that distant (r > r,) HI gas (and H1I regions) exhibit velocities
that are purely descended from their circular motions, then they do not seem
to completely recover from their encounter with the spiral potential. Far Outer
Galaxy H1 and HII regions do not return to the nearly flat rotation behaviour
characteristic of the local gas. Instead, their LOS velocity seems to grow increas-
ingly negative with distance in a fashion inconsistent with any sensical rotation
curve. This is easily seen by assigning a power-law? to 6(R):

O(R) = 6o(R/Ro)™™ (5.15)

in Eqn. 5.9, and deriving values for a by fitting this rotation curve to v(r), r > r,
(for constants Ry and f as in Sec. 5.4.1). One obtains (for / = 110—115°) o ~0.85,
far from a flat model (o = 0) and even a Keplerian model (¢=0.5). We must
conclude that our original assumption is in error, and the velocity of H1 beyond
r = r; has a significant non-circular component.

It is important to realize here that our velocity fields trace the entire LOS
motion toward the Sun, both circular and non-circular (so-called streaming mo-
tions). Further, it is the non-random component of streaming motions that are
traced (random motions are effectively averaged by the underlying method).
These motions represent an extremely interesting dynamical property of HJ,
but were difficult to separate from circular motions until now. Fortunately we
find that high-latitude velocity fields are relatively undisturbed, and allow us to
calculate the “true” rotation curve, allowing separation of v(r) into circular and

non-circular components.

High-Latitude Fields

Lines of sight at a high galactic latitude (b >5.4°) are significantly far from the
plane and do not encounter most of the Perseus Arm material: thus, pertur-

bations associated with this spiral arm are expected to be minimal. We make

2The power-law form for the rotation curve is found to adequately describe the observed
rotational behaviour of most external galaxies, Knapp et al. 1978
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the assumption that up here, velocities of HI more completely originate with
the LOS component of the cloud’s circular rotation. The velocity fields v(r) to-
wards these relatively high latitudes appear much more congruent with a rea-
sonable rotation curve (Eqn. 5.15). In Fig. 5.4, the fields toward ¢=93.3°, 5=6.9°,
and /=107.0°, b=5.4° more closely obey the Schmidt model of Galactic rotation
(Ro=10kpc & 6y = 250 km s71) than the flat model. A rotation curve that slowly
declines through the outer Galaxy seems to better describe these fields.

One can see in Figure 5.9 that the field toward ¢=93.3°, =6.9° is well mod-
eled by such a gently decreasing rotation curve of index o ~ 0.13. This field is
high enough that the Perseus Arm is hardly encountered at all along the sight
line (an outer spiral arm component for the density model n(r, £, b) was not re-
quired for this direction, see Table 5.2). Fourteen degrees east, the field towards
¢=107.0°, b=5.4° shows a slightly higher rate of decline (o ~ 0.3), a difference
explained by its minor brush with the Arm (the effect of the shock ridge is some-
what visible in the velocity field near » ~ 2 kpc). We believe the velocity field
near ¢=93.3° is most free of streaming motions induced by the Arm, and use
it to derive the circular speed curve in Figure 5.10. The quality of fit towards
this direction is excellent (a velocity deviation o,,s = +1.4 km s™! is found, see
Table 5.1).

It is an important conclusion that the rotation curve is not ideally flat in the outer
Galaxy, and is not rising as is the curve of Brand & Blitz (1993, hereafter BB93).
Near R/Ry=2, the tangential speed has fallen to § ~ 190 km s~*. This gives the
dynamical mass of the Galaxy (to 2R,) as:

_ 2Ry0(2R,)?

M G

= 1.33 x 10" M, (5.16)

assuming an axisymmetric disk. However, within our uncertainties we can-
not rule out the curve of BB93, although the 20% estimate for uncertainty in r
(shown at r=6 kpc in Figure 5.10) is probably on the high side of the true value.

Discussion of the Rotation Curve’s Accuracy

It is also worthy of note that the author’s method of calculating Galactic rotation
is inherently more accurate than using outer galaxy H1I regions (e.g. Brand &
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LOS velocity (km s'I)

Heliocentric distance r tkpc)

Figure 5.9: The velocity fields toward two high-latitude regions: £ = 93.3°, b =
6.9° (open circles) and ¢ = 107.0°, b = 5.4° (open squares). The power-law rota-
tion model of Eqn. 5.15 has been fitted to each field, yielding a similar result: a
non-flat rotation curve that shows tangential velocity 6 decreases very gradually

through the outer Galaxy.
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Figure 5.10: The rotation curve of the outer Milky Way Galaxy to 2R,, as derived
from a high-latitude velocity field from this study (v(r) towards ¢=93.3°, b=6.9°,
open circles). The Sun is at R/Ry=1 (where Ry = 7.9 kpc) & 6, = 214 km
s~!. H1I regions (triangles) and the rotation curve of Brand & Blitz (1993) are
shown, scaled to match our Galactic constants (those authors used Ry=8.5 kpc
& 6y = 220 km s~'). The curve of BB93 rises slightly in the outer Galaxy (dark
hatched line, o = —0.04), while we find a gently declining curve of oo = 0.13
(grey hatched line, fitted to v(r)). To compare accuracy, for the HII regions
Sh156 and Sh162 we show the coordinates and uncertainties from BB93 (for
Sh156 R/Ry=1.4440.3, § = 230 + 31 km s~!, thin bars) along with those from
the author’s method (R/R;=1.1740.02, § = 185 + 13 km s}, thick bars). As
well, the uncertainties in R & § are shown for a point on our rotation curve
(R/Ro=1.3£0.07, 6 = 210 + 15 km s7?*), derived from a hypothetical 20% uncer-
tainty in heliocentric distance.
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Blitz 1993, Fich, Blitz & Stark 1989). Besides displaying wild random motions,
photometric distance errors to exciting stars can creep higher than 30% (affect-
ing both § and R). The rise in the curve of BB93 has been attributed to systematic
distance errors that are a consequence of not accounting for the metallicity of
these stars, which decreases through the Galaxy (Hron 1989). More recently,
Binney & Dehnen (1997) argue that a rising rotation curve is a natural statistical
result of noisy distances, and that a gently falling curve best describes the ac-
tual data. In any case, the current method avoids both problems, and calculates
distances with smaller uncertainties (less than 20%, see Figure 5.10).

Two nagging quandaries remain, and should be briefly resolved for the reader.
Firstly, although the underlying assumption of a smooth v(r) somewhat cures
our method of random (noisy) distance and velocity residuals, it is not entirely
clear how this fundamental assumption of monotonicity affects the resulting
velocity fields. As shown by absorption spectra (e.g. Kothes & Kerton 2002)
in many directions, some H1 that appears at high negative velocities is other-
wise spatially in front of gas with more positive velocities (this H1 is said to be
“velocity-reversed”). Certainly, a shock-ridge should generate velocity rever-
sals in H1 spectra. However, the area ([ T;(v)dv) under the emission profile of
velocity-reversed H1would have to be a substantial fraction of the non-reversed
emission to substantially affect Ny;(v), and moderate deviations are ignored
in the fitting procedure. Fortunately, shocked gas is often found to be velocity-
reversed (e.g. shocked gas in shells around H1II regions and in the spiral arm
potential), and as shocked compressed gas is more likely to be optically thick,
should not contribute strongly to emission profiles.

Secondly, a more pronounced source of systematic non-uniform motions is
an apparent “rolling” motion exhibited by the Perseus Arm. Table 5.2 shows
that towards the high latitude field /=107°, b=5.4° the centre of the Perseus Arm
is found to be 5 kpc distant from the Sun, whereas more mid-planar latitudes
show it to be closer to 3 kpc. In Figure 5.11 a steep gradient in latitude is seen for
the velocity centroid of the Perseus Arm. The arm appears to be rolling towards
the Sun at high latitudes by about 10 km s~ (thereby making it appear more
distant at high-b). Given this effect, it is not surprising to find that distances
to H1I regions are also affected (see Figure 5.11). However, the effect is quite
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Figure 5.11: The distance of Perseus Arm HII regions from the Arm’s centre
(squares), and the velocity centroid of the Perseus Arm (for a constant longitude,
triangles), both as a function of latitude b.

small (maximally 40.3 kpc per degree of latitude), and some of this may be
an observational effect due to the upward warp of the midplane (where H11
regions at negative latitudes would naturally tend to be closer to us).

Neither of the above issues significantly affects the rotation curve calculated
from the velocity field towards ¢ = 93.3°, b = 6.9°. This LOS avoids shock-
related velocity reversed HI, and the non-uniform rolling motions associated

with the Perseus Arm.

5.5.1 Non-circular Motions of Neutral Hydrogen in the Plane

The velocity residuals of the HI gas are defined as the observed velocity minus
that expected from circular rotation. Since our individual fields are from spectra
obtained over ; square-degrees of sky (a large angular patch of HI) toward in-
dividual directions (¢, b), we expect only the large-scale systematic component
of non-circular motions to be present (the small-scale random components of
each HI cloudlet in the } square-degree patch of sky should average to zero).
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Figure 5.12: The systematic velocity residuals (v(r) — vrt) as a function of dis-
tance r for two directions, one more directly into the plane than the other. Four
distinct regions are labelled and described in the text.

We use our rotation curve to calculate these residuals, and plot the results for
two directions in Figure 5.12.

Four regions of interest are labelled in our residuals figure. Region 1 is
clearly where HI uniquely obeys circular rotation (shown in Sec. 5.4.1), and
illustrates the flatness of 6 (R) locally. Region 2 is distinctly defined as the lo-
cation of the shock ridge where gas, moving with differential rotation, “catches
up” with the spiral arm (which itself moves at a slower pattern speed) and is
decelerated by the spiral potential. The third region in Figure 5.12 is coincident
with the overlaid £20 extent of the Perseus Spiral Arm (centred on r = 3 kpc,
from Fig. 4.11), and shows a decline in the hydrogen’s rotational speed (for HI
in the plane). Finally, H1 in the plane that has overtaken the Arm apparently
recovers to near-flat differential rotation, but seems to retain a constant velocity
“memory” from its experience with the Arm.

That there should be a velocity gradient across a spiral arm (Region 3) can be
explained by HI streaming motions parallel to the Arm’s axis, which according
to Lin, Yuan & Shu (1969) are a dynamical result of the gravitational field of a
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circular arm of concentrated matter. Consider Figure 5.13, which illustrates a
qualitative model for our v(r) fields that accounts for these systematic streams
along the arm’s edges. The flow of the HI due to streaming is with the general
rotation pattern on the outside edge of the arm, and against the pattern on the
inside edge.

The observed line-of-sight velocity field would appear as in the figure: H1
is decelerated by the shock (A), shows a continuing drop in velocity inside the
near-edge of the arm (B), somewhat levelling-off to (C) before a gradual return
to near-flat circular rotation as the line-of-sight exits the arm. This model v(r)
is similar to the appearance of the predicted velocity fields, and suggests that
Region 2 in Figure 5.12 is actually caused by the shock ridge plus streaming
motions at the near-edge of the Perseus Arm. In this model, a shocked velocity
field would not appear to return to normal circular rotation if it is immediately
followed by an arm with non-circular streaming motions such as those drawn.

However, there is still the mystery of why H1 in Region 4 is not observed
to rejoin the near-flat differential rotation. According to a qualitative model
by Burton & Bania (1974, Figure 17 in their paper) that is based on Roberts’
shock model, stars that form from gravitational collapse of clouds triggered by
the shock will kinematically decouple from the gaseous HI. The motions of these
stars and their surrounding gas clouds retain the kinematic shift Av they picked
up from the shock ridge, and as long as they are not viscously dragged along by
the gas, they continue in a circular rotation pattern, but with a velocity “residue”
indicative of their shock-related formation. The stars and gas remain spatially
correlated but in this model the interstellar medium (ISM) H1I gas that leaves
the shock resumes a non-shifted rotation pattern.

This conclusion of kinematic decoupling is inconsistent with our observa-
tions. However, Burton & Bania do concede that many interpretations of their
findings are possible, and the above model remains qualitative and tentative.
Should there be a kinematic correlation between HII and H1? Our model,
which actually seeks a spatial and kinematic correlation, measures distances
to H1 clouds (with a given velocity) that are consistent with photometric dis-
tances to H1I regions with similar velocities to the HI. The initial assumption of

kinematic and spatial coincidence reproduces the independent photometric re-
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Figure 5.13: Cartoon sketch of HI streaming motions parallel to the axis of a
spiral arm, as suggested by Lin et al. (1969). The Galactic Centre (G.C.) and the
Sun’s position are shown. This model traces a velocity field whose behaviour

out to just past the spiral arm is similar to that observed in the author’s pre-
dicted fields.
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sults, and for this reason we can strongly argue that HI and H1I remain coupled
kinematically, even through the spiral arms.

5.6 Conclusions

It is likely then that more is going on in the Outer Galaxy, beyond the effects of a
declining rotation curve and a single spiral shock. Whether or not the observed
velocities of distant HI indeed derive from circular motions, the thin H1 disk
in this quadrant must be undergoing some intense shearing, as higher latitude
H1 does not appear to be undergoing similar motions to those of the gas closer
to the plane. Certainly, the “rolling” motion of the arm is one example, and its
relation to streaming motions must be investigated.

Nevertheless, this work has shown some exciting results. For the first time
we directly observe the Perseus Arm spiral density wave from Roberts’ 1972
prediction, and importantly conclude that the wavefront is closer to the Sun
than predicted. The detail available in the velocity fields predicted by the au-
thor’s method calls for future mapping of the shock and the spiral arm through
this region of the Galaxy.

As well, we show that the velocity field near to the Sun is undisturbed by the
shock, and that the local Oort constants are consistent with a near-flat rotation
law in the solar neighborhood. Using high-latitude velocity fields, this rotation
curve is derived out to a distance of 2R, and is found to gently decline through
the outer Galaxy. This curve underlies complex streaming motions of HI ob-
served in the Galactic plane that are quite likely related to the Perseus Spiral
Arm.
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6.1 Review and Future Directions

The work in this dissertation describes a new neutral hydrogen mass model for
the outer Galaxy, and the development of this model into an original and accu-
rate distance method and into a new tool for uncovering the dynamics of H1 gas
beyond R = R,. The method is based on the premise that there exists a func-
tion relating increasing distance with decreasing LOS velocity, an assumption
that must be true of the second quadrant HT1 if circular motions are the domi-
nant source of observed LOS velocities. The possibilities for further study of the
Outer Galaxy using the methods established herein are remarkably broad. The
following are avenues of future research that exist in the author’s mind at the
time of this writing.

The work in Chapter 5 is beginning to reveal the first-ever direct observa-
tions of the Spiral Shock as Roberts (1972) described it, confirming this thirty
year old theoretical model. The author’s velocity fields suggest the shock ridge
is moderately closer to the Sun than predicted. As well, some velocity fields
show evidence for multiple shock ridges along the line of sight (e.g. £ = 103.7°, b =
2.2°, see Fig. 5.4), the more distant one perhaps indicating the Outer Spiral Arm
extends into the second quadrant (see Fig. 1.1). Much remains to be done with
these exciting new observations.

The new work on the rotation curve is not finished either. Other high-
latitude velocity fields from across the second quadrant would help to more
firmly establish the curve calculated toward £ = 93.3°, b = 6.9° (Fig. 5.10).
Chapter 5 has shown that the HI method of the author is a better way to pro-
ceed with Outer-Galaxy rotation studies than with individual HII regions. The
high-latitude extension of the CGPSII (100°< ¢ <117° reaching to b = +18°) will
make available the data necessary for this project.

Certainly, an avenue that must be explored is the non-circular dynamics of
HI through the plane of the Outer Galaxy. It is clear from this study that H1I
regions indeed show a velocity imprint from their involvement with the shock,
as suggested by the qualitative model of Burton & Bania (1974). HI gas that
precedes the Perseus Spiral Arm also exhibits behavior consistent with a spiral
potential, but HI that has passed through the Arm seems to retain a significant
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non-circular component to its velocity, and remains spatially and kinematically
coupled with the H11. This is a surprising result that suggests H1I regions are
not readily separable from their large-scale H1 environments. Further investi-
gation into the cause of this behavior is clearly called for.

As the warping of the Milky Way’s disk is most prominently visible in sur-
veys of HI, the author’s method is naturally suited to investigating the form
of the Galactic Warp spatially. Fig. 6.1 demonstrates this idea towards £ = 90°,
using the author’s cubic-function velocity field toward this direction (see Figure
5.3) and value for r,, (the heliocentric distance at which the midplane begins to
bend) to transform Eqn. 2.5 into velocity-space. Excellent correlation is seen in
the plane (to b = 3°), beyond which the velocity field from b = 1.7° does not
work. The gently declining rotation curve of Fig. 5.10 (Eqn. 5.15 with Ry=7.9
kpc, 6o=214 km s™! & a=0.13) works very well for higher latitudes b > 5°. The
remapping demonstrated here, though somewhat simplistic (a single velocity
field does not necessarily apply to the range of latitudes shown), demonstrates
the potential for spatial studies of the warped H1 disk of the Outer Milky Way.

I have shown the importance of the new distance method to studies of indi-
vidual objects. One can now find distances to individual objects for which al-
ternative distance methods are unreliable (e.g. supernova remnants), and there
is no shortage of such objects in new high-resolution surveys like the CGPS.
The study of the HI shell around SNR 3C434.1 (Chapter 3) is so very complete
because of the independence and correctness of its distance measurement (for
example, the discovery of the stars responsible for the bubble’s formation, and
deduction of the spectral type of the SNR progenitor would not have been easy
with a kinematic distance approach).

On a somewhat larger scale, the distribution of extinction Ay and its cor-
relation with the total hydrogen column Ny; + 2Ny, is now a more tractable
study. An intriguing possibility exists for study of the large-scale spatial dis-
tribution of dust, via the total dust column found from Ny =H 1+2CO (which
is shown to be proportional to extinction Ay towards ¢ = 93°). The proper dis-
tances to molecular clouds (traced by 2CO) are now more accurately calculable,
and a better understanding of the relationship between these clouds and stars
(through stellar distances and reddenings) can perhaps be found.
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Figure 6.1: A latitude-velocity (b, v) plot of the H1 distribution towards ¢ = 90°,
from the survey of Burton (1985) with the 140-ft NRAO Greenbank telescope.
The warping of the midplane is plainly visible. Overlaid is a remapping of the
form of the Warp (dark curve, Eqn. 2.5) using a single velocity field towards
£ =90.2° b = 1.7° and r,=2.5 kpc. The correlation is excellent out to b ~3°,
v ~ —100 km s™!. The equation for the Warp is also shown remapped by the
author’s rotation curve (light curve, Eqn. 5.15), which somewhat more poorly
represents HI close to the plane (b < 5°), but traces the Warp remarkably well
beyond.
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The author sincerely hopes that the significant contribution to Galactic struc-
ture and physics contained in this thesis, and future work on projects descended
from this will continue to help make great advances toward the goals of the
Canadian Galactic Plane Survey, and other projects that endeavor to understand
our origins ultimately through study of the interstellar medium of our Galaxy.
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