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Abstract

The Formation and Evolution of Giant Molecular Clouds
by

Nia Imara
Doctor of Philosophy in Astrophysics

University of California, Berkeley
Professor Leo Blitz, Chair

To adequately address topics such as stellar and galactic evolution, it is necessary to address
the question of giant molecular cloud (GMC) formation and evolution, topics that continue
to be actively debated in astrophysics. In this thesis, I present new studies on the kine-
matic properties of individual molecular clouds in the Galaxy and M33 and on their global
properties in low-metallicity environments. My primary aim in analyzing the kinematic fea-
tures of GMCs is to determine the extent to which they are explained by current formation
theories. Clues pointing to the origins of GMCs are revealed by comparing the large-scale
linear velocity gradients, which they are frequently observed to possess, with the gradients
in the high-density atomic hydrogen (HI) from which they are expected to form. Using
high-resolution *CO observations of five Milky Way GMCs, I create intensity-weighted ve-
locity maps from which I measure the maximum gradient magnitudes and directions of the
clouds. I use data from the Leiden/Argentine/Bonn Galactic HI survey to identify and mea-
sure the properties of regions of atomic gas associated with the GMCs. If the molecular
cloud gradients—ranging from 0.04 to 0.20 km s~ pc~'—are due to rotation, their angular
momentum is always less than that in the surrounding HI. Though this result is consistent
with the the hypothesis that GMCs form from large-scale instabilities, one must necessarily
introduce some mechanism capable of reducing the angular momentum in order to explain
the discrepancies in the molecular and atomic gas. The second key result is that—with
the exception of the Orion A molecular cloud—there are large differences in the gradient
directions of the molecular and atomic gas. A continuation of this study is given for a much
larger sample of GMCs in M33. The results are consistent with those in the Milky Way; in
particular, the gradient directions of the GMCs are uncorrelated with the HI gradient direc-
tions. Additional findings include the observation that the local surface density of atomic gas
slowly increases with GMC mass as Yy Mg‘f/fcio‘%. Also, the properties of high-density
atomic hydrogen in which GMCs have not been observed generally has smaller gradients
(~ 0.03 km s pc™!) than does the HI associated with GMCs (~ 0.05 km s~ pc™!). This
suggests that high shear in atomic gas is either a prerequisite for or consequence of GMC
formation. Studying the properties of GMCs in different environments is another avenue for
enhancing our understanding of their evolution. An extinction map of the low-metallicity



Large Magellanic Cloud (LMC) is presented, using near-infrared photometry from the Two
Micron All Sky Survey. A mean visual extinction of 0.38 mag is found, and an extended
distribution of molecular gas is observed across the face of the galaxy that was previously
undetected by CO observations. The CO-to-Hj; conversion factor in the LMC, 9.34:0.4 x 10%
ecm~2 (K km s71)71 is nearly 5 times greater than the average value in the Milky Way. My
work demonstrates that CO is not a good tracer of Hy, and caution must be applied in using
the Galactic X-factor in low-metallicity environments.



For S. L. Perkins and C. A. Lee.



i

Contents

List of Figures iv
List of Tables xi
Acknowledgments xii
1 Introduction 1
1.1 Structure of Molecular Clouds . . . . . . . . ... .. ... ... ... .... 2
1.1.1  Physical Structure . . . . . . ... 2

1.1.2  Kinematic Structure . . . . . . . . .. ... 3

1.1.3 Measuring GMC Properties . . . . . . .. ... ... ... ...... 8

1.2 Ages of Giant Molecular Clouds . . . . . . . ... .. .. ... .. .. .... 13
1.3 Formation Theories . . . . . . . . . . . .. ... 14
1.4 This Thesis . . . . . . . . e 17

2 Angular Momentum in Local Giant Molecular Clouds 20
2.1 Introduction . . . . . . . . . 20
2.2 Data . . . . 22
2.3 Analysis . . . .. 22
2.3.1 Cloud Properties . . . . . . .. .. . 23

2.3.2 Velocity Gradients . . . . . . . ... ... 24

2.3.3 Selecting HI Regions . . . . . . .. .. ... ... ... ... ... 25

2.3.4 Specific Angular Momentum . . . . . . . .. ... 27

2.4 Results . . . . . . e 28
2.5 Implications for GMC Formation . . . . . .. .. ... ... ... ...... 34
2.6 Summary and Conclusions . . . . . . . . . .. ... 36

3 Angular Momentum in the Molecular and Atomic Gas of M33 55
3.1 Introduction . . . . . . . . .. 55
3.2 Data . . . .. 56
3.3 HI Properties . . . . . . . . . . 57

3.3.1 Selecting HI . . . . . . . .. .. 57



CONTENTS iii
3.3.2 HI Without GMCs . . . . . . . .. . . .. ... 59

3.3.3 Velocity Gradients . . . . . . . ... ... 60

3.4 Implications for GMC Evolution . . . . . . . .. .. ... ... ... ... .. 62
3.5 Summary ... 66

4 Extinction in the Large Magellanic Cloud 91
4.1 Introduction . . . . . . . . 91
4.2 Data Selection . . . . . . . .o 93
4.2.1 2MASS Data . . . . . . . . 93

4.2.2 Data Reduction . . . . . . . . . 94

4.3 Results . . . . . . 104
4.3.1 NIR Extinction Law . . . . . . . . . . ... 104

4.3.2 NICER Extinction Map . . . . . . . . ... ... ... .. ...... 106

4.3.3 Uncertainties and noise . . . . . . . . . .. 111

4.3.4 Comparison with previous studies . . . . . . . . ... ... ... ... 113

4.3.5 The X-Factor . . . . . . . . . . . . e 115

4.3.6 Comparison with previous studies . . . . . . . .. ... ... .. ... 119

4.4 Conclusions . . . . . . . . . 120

5 Summary and Conclusion 122
5.1 Angular Momentum . . . . ... 122
5.2 GMCs in Primordial Environments . . . . . . . . ... . ... ... ... 124
5.3 High-Resolution Observations . . . . . . . .. . . ... ... ... ...... 125
Bibliography 126
A HI Regions in M33 131



List of Figures

1.1

1.2

1.3

1.4

1.5

2.1

2.2
2.3

The Orion A molecular cloud mapped in **CO emission. The scale ranges from
10 K km s™! (dark blue) to 100 K km s (red). . . . ... .. ... ... ...
Gradient magnitudes of giant molecular clouds in M33. Gradients of GMCs with
gradient position angles differing from the galactic kinematic position angle by
more than 90° are given negative values. If the gradients are due to rotation, then
~ 40% of GMCs are counterrotating with respect to the galaxy. Image credit:
Rosolowsky et al. (2003). . . . . . . ...
The Bok globule Barnard 68 imaged in optical (BV I) and near-infrared (JH Kj)
photometry obtained with the European Southern Observatory’s Very Large Tele-
scope and New Technology Telescope. The images demonstrate how dust becomes
increasingly transparent with increasing wavelength. Image credit: Alves et al.

Barnard 68: Distribution of extinction due to dust as determined from near-
infrared measurements. The distribution of Hy can be derived from this map
since extinction is proportional to the total hydrogen column density and there
is little associated atomic gas. Image credit: Lada et al. (2007). . . . . . .. ..
The specific angular momentum (j) as a function of galactic radius in M33. The
measurements of the GMCs are indicated by +1-0 error bars. The dotted and
solid lines indicate j initially imparted to GMCs as predicted by the Toomre and
Parker instabilities. The circles indicate j initially imparted in a model which
includes projection effects and assumes that GMCs are solid-body rotators. In
each of these simple “top-down” formation theories, the initial j is systematically
larger than that observed in GMCs. Image credit: Rosolowsky et al. (2003). . .

Orion A. The bottom figure plots the average spectra of the *CO emission (solid
line) in the GMC and of the HI emission (dashed line) in the region of atomic gas.
The top figure shows a surface density map of HI overlaid with an outline of the
molecular cloud. The range of HI surface density, in units of My pc=2, is marked
in the top left-hand corner, and the contour spacing is 1 M pc™2. Atomic gas
within the dashed line is used for the subsequent analysis described in the text.

Perseus. Same as Figure 2.1. . . . . . . . . . ...
NGC 2264. Same as Figure 2.1. . . . . .. ... ..

v

12

16

41
42
43



LisT OF FIGURES

24
2.5
2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

MonR2. Same as Figure 2.1. . . . . . . .. . ...
The Rosette. Same as Figure 2.1. . . . . . .. . ... .
Orion A. The top figure shows the intensity-weighted first moment maps of
HI (grayscale) overlaid with 3CO (color). Both maps have contour spacings
of 0.5 km s7!, and the velocity ranges of the maps are indicated by the color
bars. The bottom figure plots the central velocity versus perpendicular offset
from the rotation axis for pixels in the above map located within the dashed line.
The ¥CO data are binned every 3 pc and the HI data, every 6 pc. The error bars
indicate the dispersion within the bins. . . . . . . . ... ... ... .. ....
Perseus. Same as Figure 2.6, except the HI data in the position-velocity plot are
binned every 4 pc. The non-linearity of the HI position-velocity plot indicates
that there is not a linear velocity gradient over the entire region within the dashed
circle. In the following figure, we see that by changing the reference position, there
is a significant linear gradient in the atomic gas. . . . . . ... ... ... ...
Perseus. Same as Figure 2.6, accept the Hldata in the position-velocity plot are
binned every 4 pc. The surface density map in Figure 2.2 shows that a high-
density HIpeak is located to the West of the molecular cloud. By changing the
reference position to ly, by = 157.5, —18, near the center of the peak, we find that
there is a significant linear gradient across the field centered on the peak. .
NGC 2264. Same as Figure 2.6, except the HI data in the position-velocity plot
are binned every 9 pc. Although there is no significant linear gradient across the
face of the GMC, we plot the “rotation axis” (red line) measured using Equation
2.10 as if there was. . . . . . . . ..
MonR2. Same as Figure 2.6, except the HI data in the position-velocity plot are
binned every 9 pc. Although there is no significant linear gradient across the face
of the GMC, we plot the “rotation axis” (red line) measured using Equation 2.10
as if there was. . . . . . . . L
Rosette. Same as Figure 2.6, except the HI data in the position-velocity plot are
binned every 17 pc. . . . . ..
Specific angular momentum of the atomic hydrogen, jui, versus GMC specific
angular momentum, jomc. The dashed line is a least-squares fit to the data:
JHI X jgf/%mo. Note that all of the data points lay above the hypothetical case
in which ju; = jomc (dotted line). . . . . . .. oo
The gradient position angles of the atomic hydrogen, 1y, versus position angles
of the GMCs, ¥gumc appear to be uncorrelated. . . . . . .. ... .. ... ...
The gradient magnitude versus size for HI and GMCs (red points). Overplotted
is the proportionality Q2 oc R7%5 that Burkert & Bodenheimer (2000) found for
turbulent cores. . . ... L

48



LisT OF FIGURES

vi

3.1 M33: Grayscale image in units of Mg pc=2 of the 21-cm emission of the central
45" x 45" field. Molecular clouds are overlaid with area scaled to mass. All GMCs

lay in regions of high-density HI. The galactic mean of Yy is roughly 4 M, pc=2,

while the mean value in the vicinity of GMCs is 10 Mg pc™2. . . . . . . . . . ..
3.2 Mean local Xy versus GMC mass. The solid line is the least-squares fit for the
plotted points, which show the mean HI surface density within 70 pc of GMCs.
The dotted and dashed lines are the least-squares fits for Xy; within R < 150 pc
and Yy within R < 50 pc, respectively. The average surface density of atomic
gas surrounding GMCs is 10.2 & 0.4 Mg, pc~2. The HI surface density increases
slowly with increasing GMC mass as Yy Mg‘f/fcio‘%, where the power-law is
the mean of the three least-squares fits and the uncertainty is the 1-o spread.
3.3 Cloud 1: The top left figure shows the intensity-weighted first moment map of the
HI with the gradient axis overlaid. The velocity range of the map is indicated in
the top left corner in units of km s=!; red represents the maximum speed. Below
this figure is a plot of the central velocity at a given location in the first-moment
map versus perpendicular offset from the gradient axis; the linearity of the plot
indicates that a plane is a good fit to the first-moment map. The top right figure
is a surface density map of the HI overlaid with a circle proportional to the size
of the associated GMC. The range of HI surface densities displayed in the map
are in the top right corner in units of M, pc~2, and the total HI mass in the
region is written in the bottom left corner. Below is a plot of the average spectra
of HI emission (black) and CO emission (red) toward the region. . . . ... ..
3.4 Cloud 4: Same as Figure 3.3. . . . . . . . . ...
3.5 Cloud 13: Same as Figure 3.3, accept that the slope of the position-velocity plot
is close to zero, indicating that a plane is not a good fit to the first-moment map.
Cloud 13 is an example of a region that does not exhibit a linear gradient and in
which the GMC does not coincide with a local maximum in the HI. . . . . . . .
3.6 Cloud 24: Same as Figure 3.3. . . . . . . . . .. ..
3.7 Cloud 39: Same as Figure 3.3. . . . . . . . . .. ..
3.8 Cloud 45: Same as Figure 3.3. . . . . . . . . .. ..
3.9 M33: Grayscale image in units of Mg pc=2 of the 21-cm emission of the central
45" x 45" field. The locations of HI regions containing molecular clouds are overlaid
in orange, and the locations of HI regions without observed molecular clouds are
overlaid in blue. . . . . . . ..
3.10 Cloud 1A: Same as Figure 3.3, accept for a region in which GMCs have not been
observed. . . ...
3.11 Cloud 23A: Same as Figure 3.10 . . . . . . . . . . ... .. ... ...
3.12 Cloud 30A: Same as Figure 3.10 . . . . . . . . . . . ... .. ...

71

75
76
77



LisT OF FIGURES

vil

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

4.1

Gradient magnitudes for (a) GMCs, (b) HI clouds containing GMCs, and (c)
HI clouds without observed GMCs in M33. Clouds having a position angle dif-
fering from the galaxy by more than 90° are given negative values. The hatched
portions of the histograms in (b) and (c) represent regions having non-linear linear
gradients. . . . . ..
Gradient magnitudes in the atomic gas versus GMC gradient magnitudes. There
is no significant correlation between Qy; and Qame. - - 0 0 o o oL oL
Comparison of HI and GMC position angles. If the velocity gradients indicate
rotation, then most GMCs (~ 53%) are not rotating in the same sense as the
associated HI. The hatched portions of the histograms in (b) and (c) represent
regions having non-linear gradients. . . . . . . ... ... ... L.
Position angles of (a) GMC-harboring HI and (b) non-GMC HI, with respect to
that of M33. The hatched portions of the histograms in (b) and (c) represent
regions having non-linear gradients. . . . . . . . .. ...
M33: The directions of the gradients in the atomic gas are plotted for HI regions
containing molecular clouds (orange) and for HI regions without observed molec-
ular clouds (blue). The arrows point in the direction of increasing velocity and
have lengths proportional to the gradient magnitude. The gradient directions of
the individual velocity fields where GMCs are observed (or, where GMCs may
potentially be in the process of forming) do not appear to make up a large-scale,
systematic pattern. . . . . ... Lo
Distribution of specific angular momentum for (a) GMCs and for (b) HI clouds
containing GMCs. . . . . . . ..
Ratio of specific angular momenta in atomic gas and GMCs, ju1/jomc, versus
specific angular momentum in the 36 resolved GMCs. This plot shows that
Jur > Jjomc is always the case. The dotted line shows the least-squares fit to the
data: (jur/jomc) o jario %, Data points for Milky Way GMCs are overplotted
in filled circles (but are not included in the fit). . . . . ... ... .. ... ...
Distribution of the ., parameter for (a) HI containing GMCs and (b) non-GMC
HI
Gradient magnitudes observed in GMCs (red) and associated atomic gas (black)
as a function of size. The data are averaged in bin sizes of AR = 0.1 dex. The lines
indicate least-squares, power-law fits to the data. For GMCs, Qane oc R70340-2,
and for HI,Qp oc R;*™ %2 where R, is the accumulation radius. For GMCs
and HI combined is ©Q oc R=%5%%! which is the relationship found by Burkert &
Bodenheimer (2000) for turbulent molecular cores. . . . . ... ... ... ...

Luminosity functions of our sample. The observed completeness limits for .J,
H, and K, were estimated 15.0, 14.4, and 14.3 mag, respectively. The 2MASS
completeness limits (15.8, 15.1, and 14.3 mag) are indicated with vertical lines.

95



LisT OF FIGURES

viii

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9
4.10

4.11

4.12

Color-magnitude diagram of the LMC field. The contours are logarithmically
spaced, from 2 to 3.4, by 0.4. We selected data for the extinction maps from the
enclosed region, which corresponds to regions E, F, G, H, J, L and part of D of
Nikolaev & Weinberg (2000). . . . . . . . . . . .
Color-color diagram of the LMC field before data reduction. The contours are
logarithmically spaced, from 2 to 3.8, by 0.4. Overplotted are the color sequences
for Galactic dwarfs and giants from Koornneef (1983). The reddening vector,
based on relations from Koornneef (1982), is drawn for £(B — V') = 1.0 mag.

Color-color diagram of the 204,502 stars in the LMC field after data reduction.
The contours and reddening vector are as in Figure 4.3. . . . . . . . .. .. ..
Spatial distribution of the selected sources, in pixels of 4’ x4, with average surface
density of Yinmc = 4.76 x 103 stars deg=2. Counterclockwise starting from the
northeast, the outlined control regions have an average of ¥ .. = 1.48, 1.57,
1.98, and 1.02 x 103 stars deg=2. The color levels cyan, green, yellow, orange, and

red correspond to 0.90, 1.80, 3.60, 7.20, and 14.40 x 103 stars deg=2, respectively.

The reddening distributions of the LMC field (heavy black line) and control (col-
ored lines) groups. The orange, red, green, and blue lines correspond to data
from the northeast, southeast, southwest, and northwest corners of the LMC, as
shown in Figure 4.5. . . . . . . . ..
LMC reddening as a function of hydrogen column, measured in regions where
Ico < 1 K km s™!. Error bars represent the deviation around the mean of color
excesses inside the bin (AN(HI)/[2. x 3.25 x 102'em™2=0.05]). . . . . . . . . ..
The reddening law measured in the same regions as Figure 4.7. The (H — K)
color excess is plotted as a function of (J — H) color excess. Error bars represent
the deviation around the mean of F(H — K) inside the bin AE(J — H) = 0.01
mag. The data are plotted as a function of E(J— H), as opposed to E(H — K) as
is often the case, because in this circumstance E(J — H) has a higher overall
signal-to-noise. . . . .. L oL
Sigma-clipped NICER extinction map of the LMC at a resolution of 4 arcmin. .
The pixel extinction distributions of the the sigma-clipped map (Figure 4.9).
Indicating a population of zero-reddening stars is a Gaussian with o equal to the
mean of the propagated measurement errors of the data. . . . . . . . . ... ..
Sigma-clipped NICER extinction map of the LMC at a resolution of 4 arcmin.
This map shows physically allowable extinctions, i.e., Ay > 0 mag. . . ... ..
Dispersion of measured extinctions as a function of Ay in bins of 0.10 mag. The
black squares show oean, as calculated by Equation 4.7, averaged in each bin,
with the relative scatters indicated by error bars. For comparison, we plot the
mean error due only to scatter in intrinsic color and that due only to photometry,
indicated by red and blue triangles, respectively. . . . . . . .. .. ... ...

98

99

100

102

103



LisT OF FIGURES

ix

4.13 This map shows extinction due to Hy. It is created by applying Equation 4.10

to the NICER extinction map (Figure 4.9), using only pixels with total Ay > 1

mag. Overlaid are the CO contours of molecular clouds identified by Mizuno et
al. (2001). . . . . . 116

4.14 Plotted is the Ico-Ayrelation for the analyzed regions (see the text for details).
Data are binned along the Ico axis in bins of Alco =1.0 Kkms™'. . ... .. 117

4.15 The distribution of Xpyc for the analyzed regions. The error bars are the devia-
tion in the mean number of counts for each bin. . . . . .. ... ... .. ... 118

A.1 Cloud 2: The top left figure shows the intensity-weighted first moment map of the

HI with the gradient axis overlaid. The velocity range of the map is indicated in

the top left corner in units of km s=!; red represents the maximum speed. Below

this figure is a plot of the central velocity at a given location in the first-moment

map versus perpendicular offset from the gradient axis; the linearity of the plot

indicates that a plane is a good fit to the first-moment map. The top right figure

is a surface density map of the HI. The range of HI surface densities displayed in

the map are in the top right corner in units of Mg pc2, and the total HI mass

in the region is written in the bottom left corner. Below is a plot of the average
spectra of HI emission (black) and CO emission (red) toward the region. 132
A.2 Cloud 3: Same as Figure A.1. . . . . . . .. . ... . 133
A.3 Cloud 5: Same as Figure A.1. . . . . . . .. ... 134
A4 Cloud 6: Same as Figure A.1. . . . . . . .. ... 135
A5 Cloud 7: Same as Figure A.1. . . . . . . .. . ... 136
A.6 Cloud 8: Same as Figure A.1. . . . . . . .. . ... .. 137
A.7 Cloud 9: Same as Figure A.1. . . . . . . .. . . ... 138
A.8 Cloud 10: Same as Figure A.1. . . . . . . . . .. 139
A9 Cloud 11: Same as Figure A.1. . . . . . . . . ... 140
A.10 Cloud 12: Same as Figure A.1. . . . . . . . . .. 141
A.11 Cloud 14: Same as Figure A.1. . . . . . . . . . ... 142
A.12 Cloud 15: Same as Figure A.1. . . . . . .. . . . ... 143
A.13 Cloud 16: Same as Figure A.1. . . . . . . . . .. 144
A.14 Cloud 17: Same as Figure A.1. . . . . . . . . .. 145
A.15 Cloud 18: Same as Figure A.1. . . . . . . . ... 146
A.16 Cloud 19: Same as Figure A.1. . . . . . .. . ... 147
A.17 Cloud 20: Same as Figure A.1. . . . . . .. . ... 148
A.18 Cloud 21: Same as Figure A.1. . . . . . . . . ... 149
A.19 Cloud 22: Same as Figure A.1. . . . . . . . ... 150
A.20 Cloud 23: Same as Figure A.1. . . . . . . . . .. 151
A.21 Cloud 25: Same as Figure A.1. . . . . . .. . . .. 152
A.22 Cloud 26: Same as Figure A.1. . . . . . .. . . ... 153
A.23 Cloud 27: Same as Figure A.1. . . . . . .. . . . ... 154
A.24 Cloud 28: Same as Figure A.1. . . . . . . . . . 155



LisT OF FIGURES

A.25 Cloud 29:
A.26 Cloud 30:
A.27 Cloud 31:
A.28 Cloud 32:
A.29 Cloud 33:
A.30 Cloud 34:
A.31 Cloud 35:
A.32 Cloud 36:
A.33 Cloud 37:
A.34 Cloud 38:
A.35 Cloud 40:
A.36 Cloud 41:
A.37 Cloud 42:
A.38 Cloud 43:
A.39 Cloud 44:

Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.
Same as Figure A.1.



el

List of Tables

2.1
2.2
2.3

3.1
3.2

4.1
4.2
4.3

GMC Properties . . . . . . . ... 38
Accumulation Radii . . . . ... ... .. ... ... ... ... ... 39
GMC Properties: Dynamics . . . . . . .. ... ... ... ... ... .. 40
Cloud Propertiesin M33 . . . . . .. . .. .. ... ... ... ...... 68
Properties of Non-GMC Hl in M33 . . . ... ... .. .. ....... 69
2MASS Data Selection Summary . ... ... ... ... ........ 96
Summary of LMC Reddenings. . . . . . . .. ... ... ... ...... 114

Summary of LMC X-Factors. . . . . ... ... ... ... ... ..... 120



Acknowledgments

I thank all those who have supported and encouraged me along the way.

xil



Chapter 1

Introduction

Beyond our little planet, space is filled with an assortment of fascinating and mysterious
objects: planets, rocks, dust, stars, plasmas, molecular clouds, hydrogen clouds, black holes,
dark matter, dark energy.... As humans, stars, of course, are very important to us for
a number of reasons. Perhaps the foremost reason is that we want to know where we
come from, and the story of our origins—as a Solar System, as a planet, as societies and
individuals—often begins with stars. But where do stars come from? Decades of research
have enabled us to create a picture of stellar nurseries: An enormous cloud more than
100,000 times larger than our solar system and a million times more massive than our Sun is
racing through space at 16,000 miles per hour. The cloud, composed of molecules and dust
particles, is incredibly cold—below —400° Fahrenheit. Compared to its surroundings, it is
also very dense. A magnetic field pervades the cloud, on the inside of which are thousands
of highly compact clumps of gas flying around and smashing into each other every several
million years or so. And within these clumps—inside even more compact, rapidly spinning
cores of gas—are where the initial, practically invisible stages of star formation occur....

Thousands of these giant molecular clouds (GMCs), in which all star formation is ob-
served, exist in the Milky Way and contain most of the molecular mass in the Galaxy (e.g.,
Scoville & Solomon 1975). Molecular cloud and stellar evolution are closely interconnected.
For instance, the fraction of gas in the interstellar medium (ISM) in the molecular phase
determines the efficiency with which a given galaxy forms stars. On the other hand, the num-
ber of extant stars influences the molecular fraction in a galaxy. Once molecular material
gathers into GMCs, the way in which these structures evolve determines the star formation
rate. Via highly energetic winds and supernova events, high-mass stars formed in GMCs
eventually expel heavy elements into the ISM, thus altering the chemical composition of the
material which will yield new generations of molecular clouds. Stellar winds and supernovae
are also believed to be the main mechanism responsible for the destruction of GMCs (e.g.,
Blitz & Shu 1980; Williams & McKee 1997). We see, therefore, how the balance between
GMC formation and destruction is intimately connected to the evolution of baryonic matter
in galaxies.

In this thesis, I address questions regarding the origin and evolution of molecular clouds.



SECTION 1.1. STRUCTURE OF MOLECULAR CLOUDS 2

Since the first surveys of molecular clouds over thirty years ago (Scoville & Solomon 1975;
Gordon & Burton 1976; Cohen & Thaddeus 1977), a number of pertinent questions—
questions indispensable to our understanding of stellar and galactic evolution—remain un-
resolved: What is the dominant mechanism that forms GMCs? Does their formation and
evolution depend more on global or local properties of a galaxy? How do their chemical,
physical, and kinematic properties impact stellar evolution? What is the source of energy
that keeps these massive structures from collapsing? How old are GMCs, and do they have
observable stages of evolution? This thesis focuses on issues raised by the first two of these
interrelated questions.

In the remaining sections of this chapter, background material is given that will help
to further clarify and formulate the central themes addressed in my thesis: the kinematics
of individual GMCs and their global properties in low-metallicity environments. In the first
two parts of §1.1, I summarize the physical and kinematic properties that most GMCs in
the Milky Way and other galaxies are observed to share. I dedicate the last part of this
section, §1.1.3, to describing how astronomers observe GMCs and the techniques they use
to measure their properties. Though astronomers have not been able to pin down the ages
of individual GMCs, a variety of methods have been used to estimate upper limits of their
lifetimes. I summarize these methods and the inferred GMC ages in §1.2. Theories of GMC
formation are discussed in §1.3. As we will see, the conclusions astronomers draw about the
origin of GMCs depend not only on how accurately GMC properties are measured, but on
how these properties are interpreted. At the end of this chapter, in §1.4, I outline the goals
of my thesis and the contributions it makes towards our understanding of GMC formation
and evolution.

1.1 Structure of Molecular Clouds

1.1.1 Physical Structure

Giant molecular clouds are enormous clouds of mostly molecular gas. The most common
molecule in GMCs is molecular hydrogen (Hs); they also contain helium (~ 36% by mass)
and dust (~ 1%). In the Milky Way and other galaxies, these gravitationally bound, discrete
structures with masses on the order of 10* to 10° My, (e.g., Blitz & Thaddeus 1980; Fukui
et al. 1999; Engargiola et al. 2003). The mass distribution of GMCs is observed to follow
a power-law of the form dN/dM o (M/M;)®, where N is the number of clouds and M is
the upper mass limit, which is about 3 — 6 x 10® M in the Galaxy (Williams & McKee
1997; Rosolowsky 2005). The index o may be depend on the galactic environment. In
the Galaxy, « = —1.6 £ 0.1 (e.g., Williams & McKee 1997; Rosolowsky 2005; Blitz et al.
2007). In the Large Magellanic Cloud (LMC), a & —1.7 and in M33, a ~ —2.5 (Blitz et al.
2007). Integrating over these mass distributions shows that most of a galaxy’s GMC mass
is contained in the biggest GMCs.

The dimensions of GMCs range from 20 pc to 100 pc. Though the morphology of
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GMCs is often filamentary—as is the case with the Orion A and Perseus molecular clouds,
for instance (see Figure 1.1)—they are often approximated as spheres when measuring their
effective radii and other properties. As we will see later on in Chapter 4, measuring the
sizes of GMCs in this way can contribute to sources of error elsewhere. The mean particle
density in GMCs, ny, ~ 50 — 100 cm ™3, is about two orders of magnitude higher than the
mean density in the ISM, ng ~ 1. Most of the mass in GMCs is contained in overdense
clumps, which may be considered the basic building blocks of molecular clouds. Williams
et al. (1995) found that in the Rosette molecular cloud, high-mass star formation seems to
occur only in the few, gravitationally bound clumps. Observations of OB associations in the
Milky Way show that most of these stars are embedded or have recently been embedded in
GMCs (e.g., Blitz 1978, 1979).1 In the Solar neighborhood, a number of molecular clouds
contain high-mass stars, including Orion, Perseus, and Lupus.

Surrounding GMCs are envelopes of atomic hydrogen (HI) with column densities of
around N(HI) ~ 2 x 10 cm™2 (McKee & Ostriker 2007). Such envelopes are inevitable
since ambient ultraviolet radiation dissociates H, at the surface of molecular clouds. But
GMCs are often associated with much more atomic hydrogen having large column densities
on the order of 1.4 x 10?! em™2, corresponding to a surface density of 10 My pc=2. This is
the saturation level of HI observed in the Milky Way and other spiral galaxies, above which
most of the gas turns molecular (Martin & Kennicutt 2001; Wong & Blitz 2002; Bigiel et
al. 2008). Engargiola et al. (2003) observed that GMCs in M33 are nearly always located
on high-density HI filaments, though high-density HI does not always contain GMCs. This
suggests that dense atomic gas is necessary but not sufficient for GMC formation.

1.1.2 Kinematic Structure

Molecular clouds generally share a set of three interrelated properties. As first pointed
out by Larson (1981):

(1) The internal motions of GMCs are chaotic, or turbulent, with their internal velocity
dispersions systematically increasing with cloud size. Various surveys have found that the
line-sizewidth relationship for Galactic GMCs is

Av oc RO (1.1)

where Aw is the velocity dispersion and R is the effective radius of a molecular cloud (e.g.,
Sanders et al. 1985; Dame et al. 1986; Solomon et al. 1987). This relationship exists on
wide range of size scales in the ISM and seems to have no preferred length-scale, which is a
signature of “turbulent” motion.

(2) GMCs are in approximate virial equilibrium; in other words, the gravitational po-
tential energy of GMCs is roughly in balance with twice the total kinetic energy,

GM?
R

LOB associations are groups of young, massive stars. They are named after O stars and B stars, which,
because of their high masses, burn out their store of hydrogen faster than low-mass stars.

~ MAv?, (1.2)
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Figure 1.1: The Orion A molecular cloud mapped in *CO emission. The scale ranges from
10 K km s™! (dark blue) to 100 K km s~ (red).
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where G is the gravitational constant and M is the cloud mass. This observation, that
molecular clouds tend to have masses that are much larger than their Jeans masses, has
traditionally been interpreted to mean that at least parts of GMCs are gravitationally bound
(e.g., Larson 1981; Blitz 1993). We will see later on in §1.3, however, that this is not a unique
interpretation. Moreover, this second “law” is not airtight in its own right; low-mass clouds
(< 10® M) have been observed to be non-self-gravitating (e.g., Maloney 1990; Heyer et al.
2001). Heyer et al. (2001) concluded that clouds having masses less than ~ 10> M, in the
outer Galaxy are not gravitationally bound. Furthermore, determining whether a GMC is
virialized requires assumptions about its size, R, as well as the morphology of the cloud that
may not always be accurate.

(3) Molecular clouds have roughly constant column densities. This result follows from
the first two laws: M ~ R2. In the Galaxy, GMCs have surface densities around 100
M, pc? (e.g., Blitz 1993). Rosolowsky et al. (2003) found that molecular clouds in M33
have a surface density of roughly 120 M pc—2.

An important implication of Larson’s laws is that because GMCs having comparable
masses share the same large-scale properties, Av, R, and N(Hs), they may be formed by a
common mechanism that is coupled primarily to their mass. Also significant is that Larson’s
laws are observed to hold in other Local Group galaxies, including the LMC (Mizuno et al.
2001) and M33 (Rosolowsky et al. 2003).

In addition to their internal chaotic motions, GMCs appear to have systematic, ordered
motions. Molecular line observations (see §1.1.3 below) have shown that the velocity fields of
GMCs are sometimes characterized by large-scale linear gradients. Since solid-body rotation
is characterized by v o« R, many authors have argued that the gradients in Galactic molecular
clouds may be caused by large-scale cloud rotation (e.g., Kutner et al. 1977; Blitz 1993;
Phillips 1999). For instance, the Orion A molecular cloud, which lies parallel to the the
Galactic plane, has a velocity gradient that decreases from about 12 km s=! to 3 km s~! with
increasing Galactic latitude (e.g., Kutner et al. 1977; Bally et al. 1987). The magnitude of
the gradient, ~ 0.2 km s~ pc™! (Imara & Blitz 2010), corresponds to a rotation period of
about 30 Myr. The typical gradient observed in most other Galactic GMCs is much smaller,
~ 0.05 km s7! pc™! (e.g., Blitz 1993; Phillips 1999; Imara & Blitz 2010), corresponding to
a rotation period of 130 Myr. It is not expected that rotation will have a large impact
on GMC evolution since, as we will see in §1.2, the typical rotation period is much longer
than the expected lifetimes of GMCs, about 20 — 40 Myr. Moreover, the rotational energy
of GMCs (if they are rotating) is just a small fraction of their gravitational energy and
turbulent energy. Therefore, cloud rotation is not able to inhibit GMCs from undergoing
self-gravitational collapse, for instance.

Although the energetics and dynamics of observed GMCs are not dominated by their
large-scale coherent motions, the velocity gradients in GMCs can reveal a great deal about
their evolution: understanding the origins of the gradients can give us insight into the origin
of GMCs themselves and/or about how star formation proceeds. If rotation is inherited dur-
ing the formation of GMCs, then Galactic differential rotation is one likely source of angular
momentum initially imparted to a cloud. But if gradients arise after GMCs are formed, this
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could have different implications for GMC and stellar evolution. For instance, gradients may
be produced by whatever mechanism causes star formation in molecular clouds. Kutner et
al. (1977) discussed how a large-scale disturbance, such as a density wave passing through
a GMC, might both produce a velocity gradient in the GMC and trigger star formation.
Alternatively, star formation activity itself may generate gradients. Bally et al. (1987) pro-
posed that the gradient in Orion A is the result of an expanding superbubble driven by the
Orion A OB association.

When 1 first discovered for myself the possibility that the gradients observed in GMCs
are due to rotation—that rotation may have been present since they formed—this interested
me because I thought conservation of angular momentum could be used to extrapolate to
the initial conditions required for GMC formation. I soon ran into the “angular momentum
problem,” however, a phenomenon that has challenged astronomers in many areas of astro-
physics. The problem is this: if GMCs inherit their rotation from the interstellar medium
during formation, they have much less angular momentum than is implied by Galactic rota-
tion. Therefore, the reasoning goes, a mechanism must exist which can “shed” or redistribute
angular momentum from GMCs into the surrounding ISM as they form (e.g., Mouschovias
& Paleologou; Mestel & Paris 1984; Blitz 1993; Rosolowsky et al. 2003).

The angular momentum problem also exists outside of the Milky Way. Rosolowsky et al.
(2003) did the first study of the angular momentum distribution of extragalactic GMCs in
M33 and found that they have linear velocity gradients consistent with rotation and having
magnitudes comparable to those of Milky Way GMCs. Rosolowsky et al. also found that
roughly 40% of the 45 GMCs in their catalog have gradients that differ from the direction
of galactic rotation by more than 90° (Figure 1.2). If the gradients are due to rotation, this
implies that 40% of the molecular clouds are counterrotating with respect to M33. This
phenomenon has also been observed in the Milky Way—in Orion A, for instance (Kutner
et al. 1977; Bally et al. 1987)—and will have to be explained by any reasonable theory of
GMC formation.

Magnetic braking is the mechanism that some astronomers have invoked as a solution
to the angular momentum problem. Given that that the ISM in general and molecular
clouds in particular are observed to be magnetized (e.g., Crutcher 1999; Heiles & Troland
2005), astronomers have long been trying to understand the influence of magnetic fields
in the various stages of GMC and stellar evolution. Mestel & Spitzer (1956) first suggested
magnetic braking as a viable way of slowing down cloud rotation. In this picture, the rotating
cloud is coupled to the ISM by a frozen-in magnetic field. The field lines twist as the cloud
rotates, and angular momentum is transported away from the cloud along the field lines.
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Figure 1.2: Gradient magnitudes of giant molecular clouds in M33. Gradients of GMCs with
gradient position angles differing from the galactic kinematic position angle by more than
90° are given negative values. If the gradients are due to rotation, then ~ 40% of GMCs are
counterrotating with respect to the galaxy. Image credit: Rosolowsky et al. (2003).
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Upon finding out about magnetic braking, I began researching the possible observational
consequences...and I soon became dissatisfied with what I found. Mouschovias & Paleologou
(1979) provided some of the only concrete expectations of magnetic braking that I found
in the literature. They predicted that (i) magnetic braking is efficient in that it may be
able to slow cloud rotation by at least an order of magnitude within a few million years;
(ii) magnetic braking should bring the surrounding ISM into corotation with a contracting,
rotating molecular cloud; and (iii) the energy released during magnetic braking may produce
high energy cosmic rays. I realized I could test the second of these predictions observationally
but that even this would not definitively rule in or rule out the existence of magnetic braking.
It turns out that the braking efficiency depends on a number of factors that are difficult to
confirm observationally; for instance, the magnetic field must be oriented at a large angle
with respect to the spin axis of the rotating cloud. I also learned that it may be very difficult
to determine if there exists an excess of cosmic rays toward molecular clouds that can be
attributed solely to braking. This is partly because most of the directional information that
could be used to determine the origin of cosmic rays is lost, since they travel along magnetic
field lines, and since they are affected by the solar magnetosphere.

1.1.3 Measuring GMC Properties

Most of what we know about molecular cloud properties has been deduced from radio
observations of their molecular emission. Since the dominant constituent of GMCs, molecular
hydrogen, is undetectable at the low temperatures (~ 10 K) of molecular clouds, other
tracers must be used to infer the quantity and distribution of molecular gas in GMCs.?
The most common molecular tracers are carbon monoxide (CO) and its isotopes. Though
there is only one CO molecule for every ~ 12,500 Hy molecules in a GMC, its strong
emission at a wavelength of 2.6-mm makes it easy to detect. Spectral line observations of CO
provide spatial and kinematic information from which we can infer fundamental properties of
molecular clouds, including column density, mass, area, and velocity. The rarer isotopes (e.g.,
13CO and 2C'80), because they are optically thin, are often used to observe the detailed
structure and internal dynamics of GMCs.

The X-Factor

To determine the amount of molecular gas from CO emission, an empirical scaling from
the CO integrated intensity, Ico, to the Hy column density is needed. This is the definition
of the X-factor:

2Molecules can make transitions into different energy states in three different ways: electronic, vibrational,
and rotational transitions. The temperatures of molecular clouds correspond to line radiation in the cm and
mm wavelength range of the electromagnetic spectrum; at these wavelengths (i.e., energies) only rotational
transitions are possible. However, rotational transitions only occur for molecules that have a permanent
dipole moment, which Hs, a homonuclear diatomic molecule, does not.
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N(Hy)/cm™2
[CO/K km s=!

One technique used to determine X is to assume a GMC is virialized and then infer
the Hy column density from its virial mass, M, and projected surface area. Solomon
et al. (1987) demonstrated that M,; is proportional to Lco, the CO luminosity over a
cloud’s surface. Once M, is calculated from Lco, it is possible to derive N(H,), which
is proportional to the mass integrated over the area of the cloud. This technique has its
drawbacks, however. First of all, it assumes that X is independent of metallicity. It also
assumes that virialization applies, though, as we have seen, only the more massive GMCs are
virialized. For low-mass molecular clouds, which may be pressure-bound but not virialized,
M., overestimates the clouds’ actual masses, leading to an overestimate of X. Furthermore,
astronomers have often approximated GMCs as spheres in order to estimate R, whereas
observations show that these structures are often filamentary.

In spite of these disadvantages, the method of assuming GMCs are virialized to infer X
is given some justification by the fact that most molecular mass in the Galaxy is locked up in
the most massive GMCs. Also, in the Milky Way, different techniques used to infer N (H,)
have consistently given Xyw ~ 2 — 3 x10* ecm™2 (K km s7!)7! (e.g., Strong & Mattox
1996; Dame et al. 2001; Blitz et. al 2007).®> Nevertheless, determining molecular cloud
masses independently of CO observations is desirable, especially in other galaxies where
X is expected to vary depending on the environment. Comparing the oxygen abundance
to the X-factor in five Local Group galaxies, Wilson (1995) found that X increases with
average metallicity of the galaxy.? These observations are in keeping with expectation.
The consequences of lower metallicity for GMCs are (1) less CO and (2) less dust, relative
to higher metallicity environments. Thus, in systems having low metallicity relative to the
Galaxy, the less abundant CO is expected to be more susceptible to photo-dissociation by UV
radiation (e.g., McKee 1989), which can penetrate more deeply into the less-dusty molecular
clouds. In such environments, molecular material will go untraced by CO observations in
locations—such as the boundaries of molecular clouds—where there is Hy but little CO.

We can see, therefore, why X in the Milky Way is not expected to be applicable to
low-metallicity dwarf galaxies like the Large and Small Magellanic Clouds. As we will see
in Chapter 4, these galaxies offer excellent opportunities to test how X varies with galactic

X =

(1.3)

3Two techniques that I will not detail here include the following: Observations of v-rays, which are
produced from collisions between cosmic rays and atomic nuclei, can be used to determine the total column
density of hydrogen toward a molecular cloud. Subtracting the contribution due to atomic hydrogen yields
N (Hz), which can then be compared to Ico in the same molecular cloud to measure X. Observations of
far-infrared dust emission, which is also proportional to the total gas column density, have also been used to
determine X.

4The metallicity of a galaxy refers to the amount of heavy elements (i.e., elements heavier than helium)
comprising its interstellar medium. Each generation of star formation is expected to increase the metallicity
of the ISM, since it is the high mass stars that expel most of the heavy elements (e.g., carbon, oxygen, nickel,
iron) into the ISM towards the end of their lifetimes on the main sequence. Metallicity, therefore, is also an
indicator of a galaxy’s evolutionary stage.
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environment, with the main goal being to measure GMC properties as accurately as possible
and learn how their properties may vary from environment to environment.

Extinction mapping is an alternative method for inferring the distribution of molecular
gas that exploits the fact that GMCs are dusty. GMCs are always associated with dust
because dust grains are catalysts for Hy formation. This is because Hy formation on the
surface of dust grains is far more efficient than other types of three-body collisions that occur
in GMCs.®> Also, dust associated with a GMC protects the molecules from the ambient UV
radiation field, which is capable of destroying molecules by photo-dissociation.

As starlight travels to us through a molecular cloud, it is dimmed (i.e., extincted)
and reddened by intervening dust. This phenomenon is wavelength-dependent; light having
longer wavelengths undergoes less extinction than does light having shorter wavelengths.
Figure 1.3 shows images taken at different wavelengths of the Bok globule Barnard 68 in
Ophiuchus.® At 0.44 um, (between violet and blue light), we see a dark patch because
practically all the light at this wavelength is extinguished by the dust in the globule. More
and more background light makes it through the globule at progressively longer wavelengths.
The last three images on the bottom, from left to right, are taken in the J, H, and K near-
infrared bands. In the Galaxy, light in the K-band undergoes about ten times less extinction
than does visible light.

Infrared detectors, such as the those used in the Two Micron All-Sky Survey (2MASS),
allow simultaneous observations of hundreds of sources in multiple wavelength bands. They
are ideal for probing deep into the structure of molecular clouds, since molecular clouds are
nearly transparent to infrared light.

A star’s color is the difference between its magnitudes at two different wavelengths.
Consider a star, situated behind a molecular cloud, with a known intrinsic color, which
is determined primarily by its temperature. By comparing its intrinsic color to the color
observed through the molecular cloud, one can measure the extinction that has occurred
along a line-of-sight toward the molecular cloud. This can be done for many lines-of-sight
through the cloud to create a map of the dust distribution, which is proportional to the total
hydrogen column density N(H) (see Figure 1.4). The gas-to-dust ratio in the Milky Way is

N(H)
Ay

= 1.87 x 10* mag™' cm~2, (1.4)

where Ay is the amount of extinction in visible light (Bohlin et al. 1978). This ratio is
found to be roughly constant in the Milky Way, though Ay does depend on the properties
of dust grains in clouds. The H, column density is finally determined by subtracting the
contribution due to atomic hydrogen from the total:

N(H) = N(HI) + 2N (H,). (1.5)

SAt the cold temperatures (~ 10 K) of GMCs, molecular hydrogen cannot form by two-body collisions.
6Bok globules are dense regions of gas and dust not embedded in molecular clouds.
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Figure 1.3: The Bok globule Barnard 68 imaged in optical (BV I) and near-infrared (JH Kj)
photometry obtained with the European Southern Observatory’s Very Large Telescope and
New Technology Telescope. The images demonstrate how dust becomes increasingly trans-
parent with increasing wavelength. Image credit: Alves et al. (2001).
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Figure 1.4: Barnard 68: Distribution of extinction due to dust as determined from near-
infrared measurements. The distribution of Hy can be derived from this map since extinction
is proportional to the total hydrogen column density and there is little associated atomic
gas. Image credit: Lada et al. (2007).
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The advantage of using extinction mapping to determine the quantity of Hs is that no
assumptions need to be made regarding the virialization or the shapes of molecular clouds—
direct comparisons of N(Hs) and /o can be made along each line-of-sight. More importantly,
extinction mapping is capable of detecting Hy in regions where CO is undetectable, either
because CO does not exist or because CO observations are not sensitive enough. One of
the main drawbacks of this method is that a constant gas-to-dust ratio must be assumed,
although Ay depends on the properties of interstellar dust grains. In Chapter 4 of my thesis,
I will describe this technique in further detail and describe the challenges I had to overcome
when applying it to an extragalactic system.

1.2 Ages of Giant Molecular Clouds

As T got deeper into my research, I was eventually led to the question: is there a way
to determine the ages of molecular clouds? I wanted to know if GMCs have any observable
markers indicating their evolutionary stage. Does a GMC’s age manifest itself in terms of the
level of star formation activity? Is age manifest in its morphology, its chemical composition,
or its dynamical state? These questions are very closely connected to the question of how
GMCs originate. Understanding how GMCs form and evolve is also fundamental to our
understanding of star formation.

I soon learned that astronomers have been tackling the issue of GMC ages for decades.
Early on, certain groups argued that GMCs are long-lived (> 10® years; Scoville & Hersh
1979; Solomon & Sanders 1979). This argument was mainly based on the seemingly high
ratio of molecular to atomic gas in the molecular ring of the Galaxy. However, Blitz &
Shu (1980), using a revised and lowered estimate of the X-factor to determine the Hy mass,
demonstrated that the Ho-to-HI ratio is much lower than previously estimated. Since the
seventies, much of the evidence that has built up seems to indicate that GMCs are relatively
short-lived structures:

e Blitz (1978, 1979) found that most OB stars are associated with GMCs. Processes asso-
ciated with massive star formation—such as stellar winds, the expansion of HII regions,
and supernova explosions—are are energetic enough to destroy GMCs. Blitz & Shu
(1980) estimated that HII regions could disperse a GMC in < 30 Myr. They noted that
if GMCs were long-lived, we might expect to observe them just as frequently between
spiral arms without high-mass stars, which we do not. GMCs are generally distributed
along the spiral arms and their positions are highly correlated with HII regions.

e Bash et al. (1977) observed that Galactic GMCs are usually found in the vicinity of
stellar clusters having ages no greater than 30 Myr. At the time, GMCs without star
formation had not been observed. So it was reasoned that GMCs must have ages at
least as old as the stars which formed from them.

e In an update of the Bash et al. (1977) study, Leisawitz et al. (1989) found that GMC
masses tend to decreases as the ages of open clusters with which they are associated
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increases. The maximum age of associated clusters, ~ 50 Myr, sets another upper
limit on GMC ages.

e The dense clumps in which most of a GMC’s mass is concentrated move at speeds of
several km s™!, faster than the sound speed within clumps (e.g., Blitz 1978; Williams
et al. 1994). This means that clumps will tend to merge as they undergo inelastic
collisions. Blitz & Shu (1980) deduced that the average timescale for collision between
clumps, ~ 10 Myr, and argued that GMCs could not maintain their clumpy structure
for more than a few collision times.

e For the LMC, Blitz et al. (2007) compared the locations of GMCs to clusters and
HII regions to estimate a typical GMC lifetime of roughly 27 Myr, with a phase devoid
of star formation lasting about 1/4 of their age. Applying the same method in M33,
Blitz et al. (2007) found that GMCs have an average age of 20 Myr, with a quiescent
phase lasting ~ 1/3 of their age.

1.3 Formation Theories

Giant molecular clouds may form by a “bottom-up” mechanism or from a large-scale
“top-down” instability. In the first case, it has been proposed that GMCs are built up by
the random coalescence of smaller clouds (e.g., Kwan 1979; Scoville & Hersh 1979; Norman
& Silk 1980). However, as shown by Blitz & Shu (1980), the 200 Myr or longer it would
take for GMCs to grow to their observed masses in this scenario is much longer than the
time it would take for GMCs to be dispersed by star formation activity. This is not to say
that agglomeration does not play a role in GMC formation, but that random agglomeration
is unlikely to be the principal way that a GMC accumulates mass. In the spiral arms of the
Galaxy, density waves may increase the collision rate of small clouds behind shocks (Bally
2001).

A number of formation mechanisms fall under the “top-down” category, in which atomic
or molecular gas collapses or condenses from a large region. The Parker instability has been
advanced as one such possible mechanism for GMC formation (e.g., Mouschovias et al. 1974;
Blitz & Shu 1980; Shibata & Matsumoto 1991). The instability arises when magnetic field
lines, unstable to long-wavelength perturbations, in an external gravitational field “buckle.”
Interstellar gas frozen to the field lines slides down the field lines into the valleys, accumulat-
ing until sufficiently high densities are attained for the formation of molecular clouds. This
magnetohydrodynamic (MHD) instability is attractive because is has time scales comparable
to the estimates of GMC lifetimes, and it also seems to explain the excess of atomic hydrogen
with which molecular clouds are associated (e.g., Shu & Blitz 1980).

However, Rosolowsky et al. (2003) found that the Parker instability overestimates the
magnitudes of GMC velocity gradients (Figure 1.5). Furthermore, MHD simulations have
shown that the Parker instability is stabilized at moderate densities by magnetic tension
forces (e.g., Kim et al. 1998; Santillan et al. 2000; Kim et al. 2002). Kim et al. (2002)
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point out that self-gravitating instabilities (i.e., Jeans instabilities) progress more rapidly
than other mechanisms and that the growth rates increase with surface density. They rule
out the Parker instability as the dominant mechanism responsible for GMC formation, in
favor of a magneto-Jeans instability (MJI).

Large-scale colliding flows have also been proposed as a way of forming GMCs (e.g.,
Chernin et al. 1995; Vazquez-Semadeni et al. 1995; Ballesteros-Paredes et al. 1999; Heitsch
et al. 2005). In this case, converging flows of atomic gas supersonically collide, and the
resulting shock waves isothermally compress the ISM into regions that become sufficiently
dense for molecular clouds to form. This model is motivated by interpretations of GMC
properties that differ from some of the traditionally held views. In particular, in this scheme,
GMCs are transient and are not necessarily in equilibrium. The observation that GMCs have
pressures in excess of the pressure of the surrounding ISM has traditionally been interpreted
to mean that GMCs must be self-gravitating (e.g., Blitz 1993). However, proponents of
GMC formation by converging flows argue that this excess pressure arises naturally at the
interface where the colliding material compresses (Vazquez-Semadeni et al. 1995; Ballesteros-
Paredes et al. 1999). One of the main shortcomings of this model is that the timescale for
Hy formation is somewhat long, ~ 30 Myr, compared to the upper limits of GMC ages
(Ballesteros-Paredes et al. 1999). Furthermore, though this scenario offers an explanation
for how turbulence is initiated in GMCs, it does not explain how turbulence is sustained over
the lifetimes of GMCs, and it tends to underestimate the surface densities typically observed
in Galactic GMCs (McKee & Ostriker 2007).

It has also been proposed that GMCs can be produced in the gravitational instabilities
that arise in supershells driven by OB associations (McCray & Kafatos; Elmegreen 1994;
Bally 2001). Yet another possibility is that GMCs condense out of the turbulent ISM. Wada
et al. (2000) investigated the the development of non-linear perturbations in LMC-like
conditions and found that turbulence could produce the filamentary structures similar to
those observed in the LMC.

The reality may be that a number of processes conspire to produce molecular clouds
and that different processes dominate depending on the galaxy and the environment. Yet,
there may be one factor, common to many galaxies, that regulates the amount of gas in
the molecular form. Many authors have argued that pressure is the main parameter that
determines the molecular fraction in galaxies (e.g., Spergel & Blitz 1992, Elmegreen 1993;
Wong & Blitz 2002). For seven molecule-rich galaxies, Wong & Blitz (2002) showed that
the molecular fraction and midplane hydrostatic pressure follow a power-law relationship
(X, /a1 o< PY®). Following this work, Blitz & Rosolowsky (2004) investigated the molecu-
lar fraction-pressure relationship in 28 additional galaxies and found that pressure appears to
be the most important parameter regulating the ratio of molecular to atomic gas at a given
location. Later, for 14 galaxies, including one low-metallicity dwarf, Blitz & Rosolowsky
(2006) found that X, /X oc P%92 for over two orders of magnitude in pressure. The signif-
icance of these studies is that they enable us to determine global star formation rates—which
depend on the rates of GMC formation and destruction—in galaxies without knowing the
specifics of how gas is collected into GMCs.
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Figure 1.5: The specific angular momentum (j) as a function of galactic radius in M33. The
measurements of the GMCs are indicated by +1-0 error bars. The dotted and solid lines
indicate j initially imparted to GMCs as predicted by the Toomre and Parker instabilities.
The circles indicate j initially imparted in a model which includes projection effects and
assumes that GMCs are solid-body rotators. In each of these simple “top-down” formation
theories, the initial j is systematically larger than that observed in GMCs. Image credit:
Rosolowsky et al. (2003).
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1.4 This Thesis

My research for the past several years has focused on the kinematic properties of GMCs
and on their characteristics in low-metallicity environments. When I encountered the angular
momentum problem discussed in §1.1.2, I saw this as an opening toward developing our
understanding of GMC evolution. As I researched this subject, I came to the idea that
perhaps we should make sure we have accounted for all of the angular momentum before
we invoke mechanisms to explain away the discrepancy between the predicted and observed
angular momenta in molecular clouds. I began to ask: How does the large-scale rotation
of GMCs compare with the motion of the atomic hydrogen with which they are associated
and from which they presumably form? How does GMC rotation compare to the motion of
the hundreds of clumps inside of them? And as I reviewed the literature to find out if and
how others had addressed these questions, I learned that a systematic study of the angular
momentum distribution amongst Galactic GMCs had never been done (Blitz 1993). These
were the main factors that led to the work I present in the next two chapters of this thesis.

In Chapter 2, I present a detailed analysis of the kinematic properties of Galactic molec-
ular clouds and the atomic gas with which they are associated.” The primary aim of this
study is to test whether the kinematic features observed in GMCs are in agreement with
current formation theories. Using high-resolution *CO observations of five molecular clouds
in the Milky Way, I created intensity-weighted velocity maps from which I then measured
gradient properties of the GMCs. Most previous studies estimated gradients in molecular
clouds by taking a single slice through the data cube and measuring the slope of a plot of
velocity versus distance in the map from the axis of constant velocity (e.g., Kutner et al.
1977; Bally et al. 1987; Williams et al. 1995). In my work, I applied the method of Goodman
et al. (1993), which enables one to evaluate all of the points in a data cube simultaneously
to determine a best fit to the gradient magnitude and direction.® For each GMC, I fit a
planar function to the velocity field using least-squares to solve for the coefficients, which
define the maximum gradient magnitude and direction of the cloud.

I used the same method to measure the kinematic properties of atomic gas associ-
ated with the molecular clouds. I created the HI velocity maps using data from the Lei-
den/Argentine/Bonn (LAB) Galactic HI survey (Kalberla et al. 2005) whose high sensitivity
is presently unsurpassed. In order to select the HI associated with the GMCs, I developed a
set of criteria based on the spatial and kinematic correspondence of the atomic and molec-
ular gas. The first chief result of this chapter is that if GMCs are rotating, their angular
momentum is always less than that in the local atomic gas. By itself, this result is consistent
with the picture of top-down formation, but one must necessarily introduce some mecha-
nism capable of redistributing angular momentum in order to explain the discrepancies in the
atomic and molecular gas. The second key result is that—with one exception—I observed
large differences in the gradient directions of the molecular and atomic gas. If the gradients

“Chapter 2 has been submitted for publication as Imara & Blitz 2010.
8Goodman et al. (1993) applied this technique to the cores within molecular clouds.
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are due to rotation, this suggests that the kinematic properties presently observed in GMCs
are not characteristic of those in the atomic gas from which they presumably formed. These
two results are difficult to explain in the framework in which GMCs form by a top-down
instability.

In Chapter 3, I present a continuation of the angular momentum study on a much
larger sample of GMCs in M33 cataloged by Rosolowsky et al. (2003).° Because M33 has a
moderate inclination (~ 51°; Corbelli & Salucci 2001), I was able to bypass the problem of
source confusion, a problem and source of error that arises when making observations through
the Galactic disk. The HI observations in this case came from the VLA archives (Thilker
et al. 2002). A main contribution of this study, as with the Milky Way study, is that the
comparisons between the velocity fields of the molecular and atomic gas were made directly
from observation. In previous analyses (e.g., Blitz 1993; Rosolowsky 2003), the gradients and
angular momenta of the molecular clouds were compared to the local values inferred from the
galactic rotation curve. Actual measured values typically have larger gradient magnitudes
than inferred from the rotation curve. The results of this chapter are consistent with those in
the Milky Way. Additional findings include the observation that the local surface density of
atomic gas slowly increases with GMC mass. Also, I measured the properties of a population
of overdense atomic hydrogen in which GMCs have not been observed and found that this
group generally has smaller gradients (~ 0.03 km s~ pc™!) than does the HI associated with
molecular clouds (~ 0.05 km s~ pc™!).

Chapter 4 investigates how GMC properties are influenced by their environment.'® The
Large Magellanic Cloud, one of the closest dwarf galaxies to us, has a low-metallicity en-
vironment with respect to the Milky Way in that it has a lower fraction of heavy elements
and a higher gas-to-dust ratio. Thus, it provides an excellent laboratory for exploring how
GMC evolution may have taken place in the early Universe. The quantity and distribution
of Hy are properties of fundamental importance for our understanding of star formation, and
the integrity of the conclusions we draw obviously depends on the accuracy of our measure-
ments. Cohen et al. (1988) completed the first complete survey of the LMC in 2CO and,
more recently, Mizuno et al. (2001) created the first complete catalog of extragalactic GMCs
in their high-resolution (~ 40 pc) CO survey of the same galaxy. Both groups estimated
the X-factor: Cohen et al., by comparing the luminosity of LMC molecular clouds with
the luminosity of Milky Way clouds; and Mizuno et al., by assuming that LMC GMCs are
virialized.

The research presented in Chapter 4 is motivated by the expectation that CO obser-
vations of GMCs in low-metallicity environments may not account for all the molecular
emission, and assuming GMCs are virialized to calculate the X-factor may not be appropri-
ate. Near-infrared photometry is used to create an extinction map of the LMC and to infer
the X-factor independent of assumptions about virialization. This map was the first pub-
lished extinction map of an extragalactic system created using the near-infrared color excess

9Chapter 3 has been submitted for publication as Imara, Bigiel & Blitz 2010.
10Chapter 4 has been publishedas Imara & Blitz 2007.
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method. Two of the biggest challenges of this work were foreground contamination and the
low signal-to-noise of individual measurements. I had to find creative ways of dealing with
a large foreground population of point sources—a problem which is not as much of an issue
when this method is applied to nearby Galactic sources. I found that the LMC has a mean
visual extinction of 0.38 mag and an X-factor that is nearly 5 times the Milky Way value.
I also observed extended Hy emission across the face of the galaxy that was not detected by
CO observations.

Chapter 5 provides a summary of my thesis. I make some concluding remarks and
provide suggestions for future work that may advance our understanding of GMC formation
and evolution.
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Chapter 2

Angular Momentum in Local Giant
Molecular Clouds

Abstract

We present a detailed analysis comparing the velocity fields in molecular clouds and
the atomic gas that surrounds them in order to address the origin of the gradients. To that
end, we present first-moment intensity-weighted velocity maps of the molecular clouds and
surrounding atomic gas. The maps are made from high-resolution 3CO observations and
21-cm observations from the Leiden/Argentine/Bonn Galactic HI Survey. We find that (i)
the atomic gas associated with each molecular cloud has a substantial velocity gradient—
ranging within 0.02 to 0.07 km s™! pc~!—whether or not the molecular cloud itself has a
substantial linear gradient. (ii) If the gradients in the molecular and atomic gas were due to
rotation, this would imply that the molecular clouds have less specific angular momentum
than the surrounding HI by a factor of 1 — 6. (iii) Most importantly, the velocity gradient
position angles in the molecular and atomic gas are generally widely separated—Dby as much
as 130° in the case of the Rosette Molecular Cloud. This result argues against the hypothesis
that molecular clouds formed by simple top-down collapse from atomic gas.

2.1 Introduction

Giant molecular clouds, both Galactic and extragalactic, are observed to have velocity
gradients that many authors have interpreted as being caused by rotation (e.g., Kutner et al.
1977, Phillips 1999; Rosolowsky et al. 2003). If we start with the premise that these clouds
are rotating because they have inherited the angular momentum of the rotating galactic
disk out of which they formed, conservation of angular momentum should provide clues that
give us insight to the origin of their formation. However, simple formation theories that
assume giant molecular clouds (GMCs) form by condensing out of the Galactic disk are at
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odds with some of the observations. For instance, they do not adequately explain why the
directions of GMC velocity gradients are not typically aligned with the direction of Galactic
rotation, counter to the expectation of conservation of angular momentum. Furthermore,
simple formation scenarios tend to overpredict the observed specific angular momentum of
GMCs (e.g., Blitz 1990; Rosolowsky et al. 2003). This is the so-called “angular momentum
problem.”

Provided there is no transfer of angular momentum, the angular momentum of a GMC
should be equal to that of the gas out of which it formed. But Blitz (1990), working under
the assumption that the velocity gradients in molecular clouds are due to rotation, showed
that the angular momentum due to Galactic differential rotation in the solar neighborhood
interstellar medium is consistently greater than that contained within molecular clouds.
Even molecular clouds with the largest observed velocity gradients—such as the Rosette and
Orion A molecular clouds—have less specific angular momentum compared to the ISM from
which they presumably formed. Blitz (1990) also pointed out that because the molecular
clouds in his sample are rotating in a sense opposite to that of Galactic rotation, they could
not have conserved angular momentum from the initial states he calculated, unless the local
Galactic rotation curve is falling, or unless the clouds always collapsed azimuthally.

The angular momentum problem also extends to extragalactic molecular clouds. Roso-
lowsky et al. (2003) showed that simple GMC formation theories consistently overestimate
the magnitude of the observed angular momentum of molecular clouds in the galaxy M33.
On average, they found that simple theory overpredicts the observed magnitudes of specific
angular momentum by more than a factor of 5. Furthermore, they found that 40% of the
GMCs in M33 are counterrotating with respect to the galactic plane.

In this paper, we shed light on the angular momentum problem by doing a detailed
analysis of the kinematics in GMCs and the surrounding ISM. Whereas previous studies
estimated the initial angular momentum imparted to GMCs from the Galactic rotation curve
(e.g., Blitz 1990; Blitz 1993), we compare the velocity fields of GMCs to those of the ISM
with which they are associated directly from observation. In light of the observation that
GMCs have a spatial and kinematic correlation with high-surface density atomic gas (§2.3),
we pose the question: Does the rotation of the large-scale HI associated with GMCs mirror
that of the GMCs themselves? Our primary goal is to determine whether or not rotation is
the cause of the velocity gradients in GMCs. To that end, we create first-moment maps of the
molecular clouds in our sample and of the atomic gas surrounding them are for comparison.
In the following section, we describe the 3CO and 21-cm data used to conduct this study.
In §3, we create intensity-weighted first moment ¥*CO and HI maps of five Galactic clouds:
Perseus, Orion A, NGC 2264, Monoceros R2 (MonR2), and the Rosette. The results from
these measurements are given in §4, and a summary is provided in §5.
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2.2 Data

To measure velocity gradients and other properties across the molecular clouds, we
use high-resolution, high-sensitivity published *CO observations. Because *CO emission is
nearly always optically thin in Galactic GMCs, we have the advantage of getting a detailed
view of the kinematic structure of the molecular clouds in our sample. And because *CO
has narrower line widths than the optically thick 2CO, the former permits finer separation
of velocity components than the latter. Nevertheless, the large scale velocity gradient of a
GMC measured using *CO is generally consistent with that measured using 2CO, since the
gradient is being measured across several parsecs and small scale variations in the velocity
field tend to get averaged out.

The data for Perseus, Orion A, NGC 2264, and the MonR2 molecular clouds were gen-
erously provided by J. Bally (see Bally et al. 1987). Observations of these clouds were taken
at the AT&T Bell Laboratories 7 m telescope and have a beam size of 100”. Perseus, Orion
A, and NGC 2264 data were resampled onto 60" grids. The MonR2 data were resampled
onto a 30” grid. The spectral resolution of 128 channels at 100 kHz corresponds to a veloc-
ity resolution of 0.27 km s™!. On the T scale, the cubes have rms noise levels of 0.17 K
(Perseus), 0.32 K (Orion A), 0.42 (NGC 2264) and 0.29 K (MonR2).

J. Williams and M. Heyer graciously provided the FCRAO data of the Rosette Molec-
ular Cloud (see Heyer, Williams, & Brunt 2006). The beam size is 47” and the data were
interpolated onto a 20” grid. The spectral resolution is 59 kHz per channel, and the velocity
resolution is 0.133 km s™!. The data have an rms noise of 0.21 K in 77, similar to that of
the Bell Labs data.

The HI data are obtained from the Leiden/Argentine/Bonn (LAB) Galactic HI Survey
(Kalberla et al. 2005), which spans velocities from —400 km s™! to +400 km s~'. (The LSR
velocities of the molecular clouds in our sample range from 6 to 14 km s=! with velocity
dispersions of a few km s7'.) The survey has a half power beam width of 0.6°, velocity
resolution of 1.3 km s~!, and an rms noise level of 0.07 K. The high sensitivity and resolution
of the LAB data set enables a detailed study of the atomic gas from which the GMCs formed.

2.3 Analysis

Observations in the Milky Way indicate the molecular clouds are typically associated
with high-density atomic gas with column densities around N(HI) ~ 2 x 102'em™2 (e.g.,
McKee & Ostriker 2007). The Rosette Molecular Cloud is a prototypical example: Williams
et al. (1995) measured the mean column of the HI associated with the GMC to be 1.3 x
102'em~2. Furthermore, in external galaxies, GMCs are often observed to be located on
or near bright HI peaks. In the Large Magellanic Cloud, Mizuno et al. (2001) observed
that most GMCs are associated with HI having column densities greater than 10*' cm™2.
Rosolowsky et al. (2003) found that every GMC they identified in M33 lies on an over-dense
HI filament, though every over-dense HI region does not contain a GMC. This seems to imply
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that high column density atomic gas is necessary but not sufficient for GMC formation.

It is our goal to do a detailed comparison of the velocity fields in the GMCs and local
atomic gas. To that end, we first describe how the physical properties—including column
densities, masses, and velocity gradients—in both the atomic and molecular gas are deter-
mined. We then provide our criteria for choosing spatial and kinematic regions of atomic
gas associated with the molecular clouds. Lastly, in this section, we discuss how we estimate
the specific angular momentum. These parameters are summarized in Tables 1 and 2.

2.3.1 Cloud Properties

The HI column density, N(HI), is calculated along each line of sight by integrating the
atomic hydrogen emission above a certain background value and over the selected velocity
range, (see §3.1 and Table 1),

VUmax T
N(HI) = 1.82 x 10'® / % dv cm™2, (2.1)

Umin

where T}, g1 is the brightness temperature of the HI observations and dv is the channel
velocity width. Assuming that the HI is optically thin, Equation ?? provides a lower limit
to measured column density, which we convert into units of surface density in Figures 2.1 —
2.5.

The total HI mass is then determined by summing over all pixels in the map where
emission is detected, that is, where the emission is at least three times the root-mean-square
(rms) noise level:

My = - my - N(Hixer - (*Aa/AG), (2.2)

pixels

where 1 = 1.36 is the correction for helium, d is the distance to a given molecular cloud, and
d? Aa/A§ is the area of one pixel, which corresponds to one resolution element.

The ¥CO column density, N(**CO), is derived assuming that the *CO emission is
optically thin and in local thermodynamic equilibrium. Following Frerking et al. (1982),

N(¥¥CO) = 2.13 x 10" [1 — ™ ?287/Tex) 1

tmax T oo dw 5
Abco 94U - 9
% / Kkms?® % (2:3)

Umin

where [T}, co dv is the integrated *CO intensity and T, is the excitation temperature.
Normally, T, is determined by measuring the 2CO radiation temperature toward 3CO
peaks. Since we lack >CO observations at the same resolution as the 3CO data, we use a
constant excitation temperature in the calculation of N(*¥CQO) for each of the five GMCs.
Based on the following arguments, we adopt a value of 20 K for each of the GMCs. If the
actual excitation temperature in a given region is between 10 and 30 K, the derived 3CO
column density will be in error by less than a factor of 2.
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Castets et al. (1990) showed that the *CO emission in Orion A mainly arises from
regions where Ty, ~ 20 — 25 K, and dense cloud cores have temperatures of T, ~ 15 — 20
K. Nagahama et al. (1998) showed that, with the exception of two peaks at | ~ 209° and
[ ~ 212.5° associated with embedded young stellar groups, T rises slowly and monotonically
in Galactic longitude, with an average ranging from 13 — 20 K. In his study of molecular
clouds, including Perseus, Orion A, and MonR2, Carpenter (2000) adopts a constant value
of T,, = 10 K, though the coefficient in his formula for N(**CO) yields slightly higher values
than ours in Equation 2.3. Thus, for Orion A, Perseus, NGC 2264, and Monoceros R2, we
use Tpx = 20 K in our calculation of N(**CO).

Williams et al. (1995) showed that Ty in the Rosette decreases slowly with increasing
distance from the Rosette Nebula (centered at [ = 206.2°, b = —2.1°) from ~ 20 to 5 K. In
our analysis, we adopt a uniform value of T,, = 20 K for the Rosette. Our estimate of the
cloud’s mass using this value is slightly lower than that estimated by Williams et al. (1995),
who measured the mass over a larger surface area (see below).

Next, the Hy column density is evaluated assuming a ratio of N(Hy)/N(!3CO) = 7 x 10°
(Frerking et al. 1982). Pixels having values at least three times the rms noise level are
counted as detected. Finally, the molecular mass M3 is calculated over the areas where
emission is detected (that is, higher than the 3-0,,, level) using

Miz=Y p-mi, - N(Hy)pie - (2AalAD), (2.4)

pixels

where my, is the mass of an Hy molecule. We note that the areas over which emission is
detected and, subsequently, the masses we calculate will be smaller than cited in previous
studies in which these quantities were measured using ?CO emission. This is because the
stronger 2CO line is observed over larger areas in GMCs than the *CO line. In the Rosette,
for instance, we measure a projected area of 1500 pc? and a mass of 6.0 x 10* M, while
Williams et al. (1995) measure 2200 pc? and 7.7 x 10* M. In Table 1, both the ¥CO
masses and previously measured >CO masses are listed for the GMCs.

2.3.2 Velocity Gradients

Velocity gradients are measured from first moment maps of the atomic and molecular
gas. First, the intensity-weighted average velocity along each line of sight is determined
using

;T
Vi = 2iv (2.5)

2T

where v; and T; are the velocity and temperature at location ¢. Following Goodman et al.
(1993), the uncertainty of a given measurement is

Trms
Olsr — 1.2 (d’U AUFWHM)I/z, (26)
Tpcak
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where T}y is the spectrum noise, Tpeax is the maximum temperature along the line of sight,
and Avpwpwm is the FWHM linewidth of the spectrum along the line of sight.

A plane is then fitted to the first moment map of velocity centroids, as in Goodman et
al. (1993), assuming a linear velocity gradient:

Ver = Vo + a(:c - ZL’(]) + b(y - yO)u (27)

where v is the mean cloud velocity, and (zg, yo) is an arbitrary reference position, which we
take to be the center of our maps, and the coefficients are
v _Ov

a=—, b

5 V=5, (2.8)

The gradient magnitude and direction, €2 and 6, are derived from the coefficients to the fit,

(a? + b2)1/2

Q= |V'Ulsr| = d s

(2.9)

= tan™* 2 (2.10)

where 6, measured in degrees East from North, points in the direction of increasing velocity.
Note that since we have no information regarding the inclination of a given cloud, 7, to our
line of sight, gradient measurements are underestimates of the actual values, e = €2/ sin .

The uncertainties in these values are calculated by propagating the errors in the coeffi-
cients. To check whether planes are good fits to the velocity centroid maps, we make plots
of the central velocity at a given location in the cloud versus the perpendicular offset from
the cloud’s rotation axis. This is done by taking the average velocity along lines parallel to
the rotation axis at various distances. In most cases, as will be discussed in §4.3, these plots
show that planes are good fits to the velocity centroid maps.

2.3.3 Selecting HI Regions

We select HI regions in the position-velocity LAB data cube that are centered, spatially
and kinematically, on the five GMCs in our sample. We do not know a priori the kinematic
or spatial extent of the HI regions that are associated with each GMC nor the extent of the
HI velocity gradients. Molecular clouds have well-defined boundaries at which the molecules
are dissociated by UV radiation and where there is a distinct transition from primarily
molecular to primarily atomic gas (e.g. Savage et al. 1977; Blitz & Thaddeus 1980). The
atomic gas associated with GMCs does not have such distinct boundaries, however, making
it difficult to distinguish HI that may be related to GMCs from background emission. Thus,
we begin by examining regions in position-velocity space that are far from the center of
the GMC. While we want to capture the full extent of any linear velocity gradient we may
measure in a given region of atomic gas, we do not want to make our aperture so large
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that we end up including in our measurements too much atomic gas that is unrelated to the
molecular clouds.

We start by varying the size of the region (that is, the subcube extracted from the
LAB data) and examine how the velocity gradient magnitude and direction change. We fix
the velocity range (see below) and vary the spatial size of the region centered on the GMC
from about 10 to several tens of parsecs, in increments of 10 pc. We find that the gradient
direction remains roughly constant until the radius of the region over which it is measured
reaches 40 £ 10 pc, independent of the size of the GMC. Beyond this, the measurements
start to fluctuate, as the gradient in the vicinity of the molecular cloud becomes washed out
by unrelated features.

Thus for each cloud, we end by selecting a spatial boundary of atomic gas which extends
roughly 30 — 50 pc from the center of the CO emission. Because the peaks of the HI regions
are included in the maps we generate, varying the size of the region within 40 + 10 pc does
not change the gradient direction by more than a few degrees. The 1-0 uncertainty level of
f ranges from 3 to 6 degrees for the clouds in our sample. Our criterion is supported by
previous studies such as that of Andersson et al. (1991) who found that the spatial extent
of high-intensity HI halos, measured from the edge of the molecular cloud, ranges 5 — 10
pc (see also §2.5). Figures 2.1 through 2.5 show the HI surface density maps derived from
the zeroth-moment intensity maps, with the outline of the molecular clouds overlaid. Also
overplotted in each figure is a dashed circle indicating the HI region selected for the analysis.
Keep in mind, we are showing the 3CO emission of the molecular clouds, and so the maps
in Figures 2.1 — 2.5 do not show the full extent of the molecular emission in the GMCs.

To choose relevant velocities of the atomic gas associated each GMC, we begin by ex-
amining the HI emission in the velocity range 20 km s~! centered about the mean LSR
velocity of the CO emission. Again, this is because we want to be sure that our mea-
surements include as much as possible of the associated atomic gas. In the direction of the
Rosette, for instance, the HI has been observed to extend several km s~! beyond the CO
emission (Williams et al. 1995). Studies of both Milky Way molecular clouds (e.g., Wannier
et al. 1983, Williams et al. 1995) and extragalactic clouds (e.g. Engargiola et al. 2003) have
shown that the HI emission line profile tends to peak in the direction of GMCs. In effect, we
are using the HI velocity as a proxy for distance in order to associate the atomic gas with
the GMCs. As Figures 2.1 — 2.5 show, although the HI emission line is broader than the
CO line, the velocity difference between the peaks in the respective lines never exceeds oy,
where oy is the velocity dispersion of the HI profile.

The bottom panel in Figures 2.1 through 2.5 show the average *CO spectrum through
each GMC with the HI spectrum in the same direction (within the dashed circle) overplotted.
Because the ¥*CO-HI peaks are nearly coincident in each case, this indicates that most of the
HI in the direction of a given cloud is associated with that cloud within the selected velocity
range. In the cases of Perseus, Orion A, and MonR2, the HI emission drops abruptly beyond
+15 km s7! of the 3CO emission. NGC 2264 and the Rosette have more complicated
HI spectra, each showing double peaks that may be indicative expansion or of a blended,
possibly unrelated component. The latter explanation would not be surprising since, of the
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five clouds in the sample, NGC 2246 and the Rosette are located closest to the Galactic
plane where line-of-sight blending is more of a problem.

Based on Figures 2.1 — 2.5, we determine the boundaries of the HI emission we will
use for the subsequent analysis. For Perseus, Orion A, and MonR2, the HI line profiles are
approximated as Gaussians and we assume that HI emission having velocities within +2oy;
is associated with a given molecular cloud. Since both NGC 2264 and the Rosette each
have a second peak in their HI temperature profiles (7} 1) at higher velocities and because
we want to be careful to exclude as much unrelated emission as possible, we set a slightly
more stringent criterion on the velocities we select. For each cloud, a maximum velocity
is identified at the local minimum in 73 gy where the Gaussians overlap. In the NGC 2264
spectrum, for instance, Tj, i1 drops to 29 K at 15 km s™' and then peaks again at around 20
km s7! (see Figure 2.3). Thus, we eliminate all emission having velocities above 15 km s™1,
the location of the local minimum. All of these selections are listed in the third to last
column of Table 1.

2.3.4 Specific Angular Momentum

Once the magnitudes of the velocity gradients in the molecular clouds and the surround-
ing HI are measured, we may calculate and compare their specific angular momenta, under
the assumption that the linear gradients are due to solid body rotation. The specific angular
momentum, 7, is simply the total angular momentum of a body divided by its mass,

j = BQR?, (2.11)

where R is the radius of the region, and the constant ( takes into account the moment of
inertia of a rotating body. For roughly spherical GMCs having constant surface mass density
distributions, # = 2/5. Unless otherwise stated, we take the size of a given molecular cloud
to be its effective radius, as defined by its projected area: Reg = \/A/7.

We would like to estimate the expected specific angular momentum initially imparted to
a GMC by the ISM from which it forms. This depends on the process of GMC formation, and
we assume here that GMCs form via a “top-down” formation mechanism. For instance, it has
been suggested that molecular cloud formation occurs when an instability triggers collapse
or condensation from the Galactic disk (e.g., Mouschovias et al. 1974; Blitz & Shu 1980;
Elmegreen 1982; Kim et al. 1998). Blitz & Shu (1980) show that “bottom-up” formation
of GMCs via the random agglomeration of pre-existing low-mass clouds is unlikely because
of the long timescales for this process. Gravitational instabilities and magneto-gravitational
instabilities, however, tend to proceed more quickly.

If the HI surrounding the GMCs is reflective of the ISM out of which the GMCs initially
formed, the quantity (1/2)Q2R?* provides an estimate of the initial specific angular momen-
tum of the GMCs, assuming they are rotating. Henceforth, we will often refer to this as the
expected specific angular momentum. Note that this disregards the possible effects of mag-
netic fields; that is, we are assuming that the magnetic field strength of the forming cloud
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is 0. The initial angular velocity imparted to a given GMC is the local value of €2, which
we calculate from the first-moment maps of the HI using Equation 2.9. In principle, the size
of the region from which a forming cloud gathers material, the “accumulation radius” R4,
could have a range of values because it depends on details of the formation mechanism, as
well as on assumptions regarding the initial surface density and geometry of the gas from
which a GMC formed. Nevertheless, we can set an effective lower limit on R4 by calculating
the size of the region from which a GMC must contract to obtain its present mass, Magumc.
Following Blitz (1993), let us assume that the initial geometry of the collapsing region
is a cylinder with a diameter equal to its height. The size of the cylinder is determined by
requiring that the mass contained within it is equal to the present mass of the GMC:

QﬁpHIRi == MGMC; (212)

where pyr is the mean volume density of the atomic gas from which the GMC formed.
Blitz (1993) estimated R4 using the mean value of Yy; in the Galactic plane near the
Sun, 5 My pc? (Henderson et al. 1982). This corresponds to a mass density of pg =
0.0125 Mg, pc=® (or a number density of 0.5 cm™3), using an effective scale height of atomic
gas of 200 pc in the solar vicinity (Falgarone & Lequeux 1973). However, using larger values
of Yy1 (leading to lower estimates of R4) might be more appropriate, given the observation
that GMCs tend to form in regions of HI with densities higher than global galactic values
(e.g., Engargiola et al. 2003; Imara et al. 2010). We estimate the accumulation radii using
Yur = 10 My pc2, a value more in keeping observations of the atomic gas associated with
GMCs. For instance, around the Rosette, Williams et al. (1995) measure an HI column
density of 1.3 x 10?* em™2, which corresponds to a Xy ~ 10 Mg pc~2, twice the mean
Galactic value. From the Sancisi (1974) study of atomic gas near Perseus, the inferred
surface density is 11 Mg pc™2. Our estimates of R, are listed in Table 2, as well as the
effective radii of the GMCs.

Finally, we note that the predicted specific angular momentum in the atomic gas has a
marked dependence on the GMC mass. Substituting R4 ~ (Mgmc/pm)'? from Equation
2.12 for the radius in Equation 2.11 yields jgr ~ Méﬁc The masses we calculate using the
13C0O observations underestimate the total molecular mass of the GMCs. For this reason,
we use the larger GMC masses, as previously measured using 2CO observations, to predict
the initial specific angular momentum imparted to forming molecular clouds. Typically,
R4 ~ 3Rcmc.

2.4 Results

Figures 2.6 through 2.11 show the HI velocity maps (grayscale) overlaid with velocity
maps of ¥CO (color) for each GMC. Overplotted on these maps are axes of rotation: the
lines perpendicular to the gradient directions, Ogye and Oy, as calculated from Equation
2.10. These lines are the position angles of the rotation axes, ¥, (where 1» = 6 +90°), of the
molecular and atomic gas if the gradients are in fact due to rotation.
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In order to check whether planes are good fits to the first-moment velocity maps, we
make position-velocity cuts parallel to the maximum gradient directions and plot the results
(bottom panels of Figures 2.6 — 2.11). We are essentially plotting the central velocity at
a given location in the cloud versus displacement along the gradient on a pixel by pixel
basis. Figures 2.6, 2.10, and 2.11 show that planes are good fits to the first-moment maps
of HI surrounding Orion A, MonR2, and the Rosette because there is a clear linear trend in
the gradient in the atomic hydrogen. The velocity fields of the HI associated with Perseus
and NGC 2264 appear to have more complex structure. In the case of the NGC 2264 and
MonR2 molecular clouds (Figures 2.9 and 2.10), however, the position-velocity plots do
not have monotonically increasing or decreasing slopes, indicating a more complex velocity
structure in the molecular gas (red points). In these two cases, we nevertheless overplot the
lines perpendicular to the gradient direction calculated from Equation 2.10.

The specific angular momenta in the atomic and molecular gas, listed in Table 3, are
compared in Figure 2.12. There appears to be a reasonable correlation—jg; and jovc
increasing together as jygr o jgﬁfgo'zo—although small number statistics prevent us from
making a firm conclusion. In each case, the initially expected specific angular momentum,
Ju1, is always greater than jguc. These measurements alone are consistent with a picture
whereby GMCs form via some top-down mechanism, such as a gravitational instability, and
somehow shed angular momentum in the process. But since angular momentum is a vector
quantity, this scenario is difficult to reconcile with the observation that the gradient position
angles in the molecular and atomic gas differ and appear to be uncorrelated (Figure 2.13).

The key finding of our analysis is that the regions of atomic gas associated with molecular
clouds have linear velocity gradients, yet the directions of these gradients are—with one
exception—unaligned with the direction of the gradients in the associated GMCs. Under
the hypothesis that the gradients are caused by solid body rotation, this would imply that
GMCs are not corotating with the surrounding ISM. The second key result is that the
magnitudes of the velocity gradients in the GMCs are larger than the gradient magnitudes
in the atomic gas. Thirdly, if the gradients in the molecular and atomic gas are from rotation,
the angular momenta in the molecular clouds is less than predicted from calculations of the
angular momenta in the associated atomic gas.

Below, we describe the results in detail for each GMC. The gradient directions, mag-
nitudes, and specific angular momenta of both the molecular and atomic gas are given in
Table 3.

Orion A

Figure 2.6 shows that the Orion A molecular cloud has a large-scale gradient whose velocity
decreases from about 12 km s~! to 3 km s~! with increasing Galactic longitude. Of the GMCs
in this study, observations of the kinematics and morphology of the Orion A molecular cloud
seem to make the best case for a top-down picture of GMC formation. The direction of
the gradient and the long axis of Orion A are parallel to each other and to the Galactic
plane. If the gradient were due to rotation, this would imply that Orion A is rotating
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in a sense nearly opposite to that of the Galactic disk. This result is in agreement with
previous studies (e.g., Kutner et al. 1977, Blitz 1993). The velocity gradient of the HI in
the immediate surroundings of Orion A points in nearly the same direction as that in the
molecular cloud. Figure 2.6 shows that the gradient in the atomic hydrogen, integrated over
the velocity range from about —7 to 22 km s™!, differs from the gradient in the molecular
cloud by only 9°.

The origin of the velocity gradient in Orion A has been debated; it has previously
been explained by cloud rotation (Kutner et al. 1977), expansion driven by the Orion OB
association (Bally et al. 1987), and expansion driven by stellar winds from newborn stars
(Heyer et al. 1992). If due to rotation, the 0.22 km s™! pc™! gradient in the molecular cloud
implies a specific angular momentum of 42.2 pc km s~!. However, considering that Orion A
is filamentary and much more closely resembles a cylinder rotating about its minor axis than
a sphere, this estimate of j is likely to be low limit, since the configuration of the former
has a higher moment of inertia than the latter. For a cylinder rotating about its minor axis,
Jeyt = 1/12Q(3R* + L?), where R is the radius of the cylinder and L is the length. The
cylindrical radius and length of Orion A are approximately 1.5° and 9°, corresponding to 11
pc and 65 pe. Consequently, jo,1 = 84 pc km s™', much closer to, but still a bit less than
the estimated angular momentum of the associated atomic gas (107 pc km s™').

These two results—that the gradients of the molecular and local atomic gas are in near
alignment, and the magnitudes of the specific angular momenta are within range of each
other—suggest that Orion A may be a case in which the molecular cloud and surrounding
HI are corotating and in which conservation of angular momentum is demonstrated. As we
will see below, it appears to be an exceptional case.

Perseus

Figure 2.7 shows that a strong linear gradient exists in the Perseus molecular cloud. The
velocities in the GMC range from about 1 to 11 km s~! with increasing Galactic latitude.
The gradient direction is tilted about 20° to the North-West. Of the molecular clouds in
the sample, Perseus has the largest velocity gradient at 0.23 km s~! pc~!. If the gradient
is caused by rotation, from Equation 3.3, the specific angular momentum in Perseus is 24.2
pc km s, as indicated in Table 3.

Examination of the black points in the position velocity-plot shown in Figure 2.7 in-
dicates that the velocity gradient of the HI region centered on Perseus is not linear. As
with each cloud in this study, we take the center of the HI field to be located at the posi-
tion centroid of the GMC in Galactic coordinates, (ly,by). This affects the appearance of
the position-velocity plot, which shows the velocity of points in the field as a function of
distance from the gradient judged from Iy, by. The HI surface density map in Figure 2.2
shows a high-surface density (~ 16 M) HI filament extending vertically near a Galactic
longitude of 157.5°. Whereas the other GMCs in this sample have some portion of their
molecular material laying directly on top of an HI peak, this is not strictly the case with
Perseus, which is tilted toward the East from the bright HI filament. Thus, we generate
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another first-moment map of the HI centered on the filament at [y, by = 157.5, —18, as well
as another position-velocity plot centered here. Figure 2.8 shows that a linear fit is a much
more suitable fit to the gradient in the HI when we shift the reference point. When measured
this way, the magnitude of the gradient measured using Equation 2.9 shifts from 0.038 to
0.067 km s~* pc™!, the value we cite in Table 3. The gradient direction is nearly 100°, very
close to the sense of Galactic rotation, in which velocities increase from West to East. But
the directions of the gradients in the molecular cloud and the atomic gas surrounding the
GMC differ by nearly 120°.

Of the clouds in this analysis, Perseus has the largest velocity gradients in the molecular
gas. The magnitude of the gradient in the molecular gas (0.23 km s~ pc™!) is 3.4 times that
in the HI (0.067 km s™! pc™!). The estimated specific angular momentum in the atomic gas
is jyr = 60 pc km s™!, 2.5 times j measured in the molecular cloud. Although this is
consistent with a scenario in which the Perseus molecular cloud formed by collapsing out of
the atomic gas, its angular momentum being redistributed somehow in the process, based
on the observation that there is such a large difference between the gradient directions in
the molecular and atomic gas, it is difficult to see how the GMC could have formed in such
a simple way:.

NGC 2264

The first-moment maps and position-velocity plot in Figure 2.9 show that the NGC 2264
molecular cloud and surrounding HI both have complex kinematic features. Though there is
no significant linear gradient across the entire GMC, there is a weak gradient in the atomic
gas. The gradient in the atomic gas is stronger to the South of the rotation axis, where the
velocity decreases from about 8 to 5 km s™! as the Galactic latitude increases from ~ —1.8°
to +1.5°. As seen in Figure 2.3, the NGC 2264 molecular cloud is composed of two main
structures. The structure in the North has a larger range of velocities, with v = 2 — 10
km s~!, than does the structure in the South, which averages around 6 km s~!, close to
the mean velocity of the molecular cloud as a whole. This is also the average velocity of
the HI peak located at near [ = 201.5°, b = 0.5° (Figure 2.3), which is associated with the
southern segment of the GMC.

The magnitude of the gradient in the atomic gas near NGC 2264 is 0.019 km s=! pct,
which is less than Q(= 0.025 km s~ pc™') in the solar vicinity assuming a flat rotation
curve. The magnitude of the gradient fitted across the entire GMC, using Equation 2.9, is
0.046 km s=* pc~!. But the northern segment of the cloud in isolation has a gradient closer
to 0.08 km s~ pc~t.

It seems unlikely that rotation is the origin of the velocity field in the NGC 2264 molec-
ular cloud. Table 3 records the velocity magnitude and direction calculated by fitting a plane
to the field, even though the gradient is not linear. Using these values, the specific angular
momentum of the GMC, 4 pc km s7!, is smaller than the expected value by at least a factor
of 6. The gradient direction in the GMC, pointing nearly 50° East from North, differs from
Our by 140°. An alternative explanation of the velocity field in NGC 2264 may be, at least in
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part, the internal stellar activity. It is noteworthy that the HII region associated with NGC
2264 (the Cone Nebula) is located in the north, near the part of the GMC that has a larger
velocity dispersion than the southern part. The nebula, at [ = 202.95, b = 2.20 (Kharchenko
et al. 2005) is located between two high velocity regions of the GMC that are receding at
speeds near 10 km s~!. This morphology is suggestive of an expanding ring seen from an
edge-on perspective. Taken all together, it appears that these features could be causally
connected: an HII region causes the high-speed expansion of the surrounding molecular gas,
which subsequently sweeps up atomic gas into a high-density ridge. It is perhaps significant
that we see a similar pattern in the Rosette.

Yet another explanation of the kinematics of NGC 2264 is put forth by Furész et al.
(2006), based on their finding that the stars and *CO emission in NGC 2264 are well-
correlated in position-velocity space. They suggest that the velocity field of the GMC is
explained by the models of Burkert & Hartmann (2004), in which molecular clouds form
from supersonic collisions of gas. This argument seems to be corroborated by the overall
pattern of the cloud’s velocity structure: higher velocities at the outskirts of the cloud and
lower velocities proceeding toward the center of the cloud. This pattern could be explained
by gravitationally driven infall at the interface of the colliding flows. In this scenario, star
formation occurs preferentially in the condensations that develop during the collapse of the
molecular cloud, thus explaining the position-velocity correlation observed between stars and
high-density molecular gas.

The colliding flows hypothesis may also explain the velocity structure of the atomic gas.
Figure 2.9 shows that the HI has slightly higher velocities at positions in the field far from
the gradient axis and lower velocities close to the axis—again, suggestive of infall accelerated
by gravity. If other molecular clouds form by this mechanism, however, it is unclear why we
do not see this pattern in the atomic gas surrounding the rest of the GMCs in our sample.
Possibly, the NGC 2264 system still retains signs of its early formation history due to the
relatively young age of the GMC (~ 1 — 3 Myr; Flaccomio et al. 2000; Ramirez et al. 2004).
It is difficult to make a definitive conclusion since we are observing HI so close to the Galactic
plane where the problem of line-of-sight blending is exacerbated.

MonR2

Figures 2.4 and 2.10 show that the MonR2 molecular cloud sits right on top of a high-
density cloud of HI that has a strong linear velocity gradient. The gradient, which extends
for over 80 pc, has a magnitude of 0.035 km s~! and increases from about 7 km s~ to 12
km s~! from South to North-West. If the gradient is due to rotation, j = 47 — 180 pc km s7!,
depending on the size of the region considered. From conservation of angular momentum, one
might expect MonR2 to have a gradient somewhere between 2 = 0.38 — 0.84 km s~ ! pc™!,
pointed about 11° West of North like the gradient in the atomic gas. This is not what we
see in Figure 2.10, however.

The velocity field of the MonR2 molecular cloud has a much more complex structure

than does the atomic gas. The outer northern, western, and southern edges of the cloud
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reach velocities up to 12 — 13 km s~!. The inner portion of the cloud is moving at slower

speeds around 9 — 11 km s~!, which is also the velocity range at which the HI peak located at
[ =213.5° b= —12.5° dominates. Considering the apparently random nature of the velocity
field, it is unlikely that the GMC is undergoing large-scale, coherent rotation. The position-
velocity plot for the molecular cloud in Figure 2.10 (red points) has a zero slope, as does
NGC 2264, indicating that it has no significant linear gradient. It is difficult to say whether
or not the present velocity field originated during the cloud’s formation or during some later
stage in its evolution. If the GMC originally had a more organized velocity field and did
not inherent its present field during formation, perhaps a series of interactions with external
forces or internal events—such as turbulence and star formation activity—have washed out
any signature of a systematic velocity gradient which was previously present in the molecular
cloud.

The Rosette

The separation between the gradient directions in the Rosette molecular cloud and the
surrounding atomic gas is approximately 130°. Figure 2.11 shows that in the velocities of
the molecular cloud tend to increase from roughly 7 — 14 km s~! in the North-East to as
high as ~ 17 km s~! in the South and South-West. The gradient in the HI is directed
perpendicular to the Galactic plane. We note that, of the clouds in our sample, the HI maps
near the Rosette probably suffer the greatest degree of line-of-sight blending. The cloud is
very close to the Galactic plane, and at the distance of the Rosette, 1600 pc, we have the
lowest spatial resolution (~ 17 pc) in the atomic gas. Therefore the surface density and
velocity maps displayed in Figures 2.5 and 2.11 almost certainly fail to capture many of the
local, small-scale variations in the structure of the atomic gas.

We measure a gradient in the molecular cloud of 0.09 km s~ pc™!, consistent with the
0.08 km s7! pc™! measured by Williams et al. (1995). If the gradient is due to rotation,
the specific angular momentum of the cloud is approximately 26 pc km s~!. Based on the
estimate of the minimum value of the accumulation radius, the specific angular momentum
in the surrounding ISM is nearly 3 times larger.

Figure 2.5 shows the outline of the molecular cloud overlaid on a surface density map
of the atomic gas, which is integrated over the range v = 4 — 27 km s~ '. A “shell” of
HI containing two high-density peaks is associated with the molecular cloud. The brightest
peak of the shell sits at the southern edge of the molecular cloud near a latitude of b = —3°,
and another peak in the surface density occurs near b = —1.5°. The southern portion of the
HI shell appears to mimic the ring-like structure in the molecular cloud sitting just to the
north of it. When the location of the structures in both the molecular and atomic gas are
compared with the first-moment map in Figure 2.11, we see that the southern portion of the
HI shell is moving near the same velocity, ~ 13 - 14 km s~!, as the south-east segment of the
ring in the GMC. The western half of the ring in the GMC is moving at higher velocities.
Also note how the HI peak located near b = —1.5° is moving slightly faster (~ 14 km s71)
than the molecular gas in that region (~ 13 km s™!). All of this suggests that both the

1
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HI shell and the ring-like structure in the GMC are expanding. Kuchar & Bania (1993)
demonstrated that the HII region NGC 2244 (the Rosette Nebula) could have given rise to
the expansion in the atomic gas. And Williams et al. (1995) found that certain properties
of clumps within the GMC vary with distance from the nebula, centered at | = 206.25°,
b= —2.11 (Celnik 1983).

Taken all together, the evidence leads us to suggest that the gradient in the Rosette
molecular cloud is not caused by rotation, but by the high-luminosity HII region, NGC 2244.
High-energy winds of stars in NGC 2244 may have excavated a hole in the GMC, causing
HI to be swept up into a high-density ridge by the expanding molecular gas (e.g., Kuchar
et al. 1991, Kuchar & Bania 1993). In this picture, because the nebula has had less of an
impact on distant regions of the cloud, these distant regions are moving at lower velocities
compared to molecular gas near the HII region.

2.5 Implications for GMC Formation

Our key findings are that the angular momentum in the GMCs is less than that in
the surrounding atomic gas, and the velocity gradient position angles in the molecular and
atomic gas are widely divergent—with Orion A being the one exception. This leads us to
suggest that rotation may not be the best explanation of the velocity fields observed in the
GMCs.

Traditionally, at least three possible solutions have been invoked to resolve the angular
momentum problem:

1. One or more of the assumptions in the theory are inappropriate. For instance, if the
average surface density of the precursor atomic gas is underestimated, this will lead to an
overestimate in the accumulation radius and, consequently, an overestimate of the angular
momentum initially imparted to a GMC. In our analysis, we used 10 My pc~2 for the mean
surface density of the precursor gas, twice the average value in the Solar vicinity. Assuming
that the initial gas had an even higher density, say 20 Mg pc2, this would not change
the main result, namely that jy; is consistently greater than jgye. This is because the
accumulation radius depends weakly on the initial surface density of the gas (R4 o Eﬁll / 3).
On the other hand, if collapsing molecular clouds do not gather material far from the Galactic
plane, using larger values of R4 might be appropriate. Yet this would only exacerbate the
discrepancy between the predicted and observed angular momenta. It might also be argued
that using the effective radius of a GMC leads to underestimates in joo if the GMC is
filamentary. In the previous section we took this into consideration with Orion A and
recalculated jco assuming a cylindrical morphology. This raised jco, which, nevertheless,
remained less than jg;. Moreover, varying the size of the GMC or the region from which it
gathers material does not solve the problem of the gradient directions in the molecular and
atomic gas being unaligned.

2. An alternative explanation of the angular momentum problem is that though the as-
sumptions regarding the initial conditions may be valid, there may be some kind of external
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braking force which rapidly reduces the angular momentum of a GMC during its initial con-
densation. Magnetic braking is often evoked as an angular momentum shedding mechanism
(e.g., Mouschovias 1977; Fleck & Clark 1981; Mestel & Paris 1984; Rosolowsky et al. 2003).
Zeeman splitting of the OH 18-cm line and the 21-cm line of neutral hydrogen have been
used to measure the magnetic field strengths of GMCs. Since GMCs are magnetized and
MHD effects are expected to play a significant role in their evolution, magnetic braking—in
which magnetic field lines anchoring a GMC to the ambient ISM provide the tension neces-
sary to slow down rotation—is a possible solution to the angular momentum problem. Heiles
& Troland (2005) measured the mean magnetic field strength in the cold neutral medium
of the Milky Way to be By = 6 £ 1.8 uGG. The braking time is set by the time it takes
for Alfvén waves to travel across a region of gas having a moment of inertia comparable to
the GMC (Mestel & Paris 1984). In order for magnetic braking to be efficient at slowing
down cloud rotation, it would have to occur on timescales no greater than the timescale for
cloud collapse. For gas having an initial density of 1 ecm™ (=0.025 My pc™3), the Alfvén
speed is By(4mp)~'/? ~ 9.5 km s~!. In a region having an accumulation radius of 70 pc, this
corresponds to a braking time of roughly 7.4 Myr. By comparison, the timescale for self-
gravitational cloud formation in a region having the same density, assuming that this process
occurs on a timescale close to the dynamical free-fall time (Mouschovias & Paleologou 1979;
Mestel & Paris 1984; Elmegreen 2007), is (37/4Gp)'/? ~ 44 Myr.

However, the effectiveness of magnetic braking largely depends on how the mass of
the forming cloud compares to its magnetic critical mass. Mestel & Paris (1984) argue
that braking will efficiently slow down rotation only if the mass, M, of the forming cloud
is much less than its magnetic critical mass, M. Using Crutcher’s (1999) magnetic field
strength measurements of molecular clouds, McKee & Ostriker (2007) infer that GMCs have
approximately M > 2M¢, that is, they are magnetically supercritical. Elmegreen (2007)
argues that the ISM out of which GMCs form has a magnetic field that is “near-critical,” i.e.,
M ~ Mg¢. Furthermore, magnetic braking slows rotation most efficiently when the cloud’s
angular momentum vector is perpendicular to the magnetic field (Mouschovias & Paleologou
1979). Due to the complexity of making precise measurements of the magnetic field in the
ISM, it is not established whether or not this is the case. Clearly, more observations are
needed in order to determine the importance of magnetic fields in GMC evolution.

3. Finally, perhaps GMCs are not rotating after all, and the “problem” is unfounded. As
some authors have pointed out, the interpretation that velocity gradients indicate rotation
is not unique. Expansion and shear, for instance, also produce velocity gradients. The
numerical simulations of Hennebelle et al. (2008) suggest that the converging flows of atomic
gas could produce GMCs. If shearing occurs at the interface of colliding flows, might this
result in an excess of shear, that is, values of €2 that are higher than the shear arising from
the local Galactic rotation curve? Assuming a flat rotation curve, the local value of € in the
solar neighborhood is 0.025 km s~ pc~!. This is slightly less than, but basically comparable
to the gradient magnitudes we measure in Perseus, Orion A, and MonR2 (Table 3). As
discussed previously, we are underestimating {2 in every case, since we have no information
regarding the inclination of clouds. Also, since blending of emission along the line-of-sight
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is most extreme in the cases of NGC 2264 and the Rosette, which are situated close to the
Galactic plane, it is likely that Qg is underestimated to an even greater degree in these
cases. Nevertheless, we cannot conclude whether or not shear is the cause of the velocity
gradients based on these observations. It is an issue we would like to further investigate with
a larger sample of clouds.

Burhert & Bodenheimer (2000) show that turbulence may also cause linear velocity
gradients. They demonstrated that the gradient magnitude of turbulent cores scales with
size as Q oc R7%. Figure 2.14 shows ) as a function of R for both the molecular clouds and
HI. Neither the GMCs nor the HI appear to follow the  oc R7%5 relationship, though we
do not have enough data points to make a definite conslusion.

Studying the properties of GMC kinematics in other galaxies will also help to develop our
picture of GMC formation. In their analysis of 45 GMCs in M33, Rosolowsky et al. (2003)
did the first systematic, extragalactic study of GMC angular momentum properties. They
showed that simple GMC formation theories consistently overestimate the magnitude of the
observed angular momentum. They measured the velocity gradients from high-resolution
2C0(J = 0 — 1) data, finding that the gradients of M33 clouds are similar in magnitude
to Galactic clouds. They then tested several formation models by calculating the accumula-
tion radii of the cataloged clouds which are predicted by the various models, including the
Toomre and Parker instabilities. On average, the theories, which do not include the effects of
magnetic fields on rotation, overpredict observed magnitudes of velocity gradients by more
than a factor of 5. And 40% of the GMCs in M33 are counterrotating with respect to the
sense of galactic rotation.

We extend this study by performing the analysis established here on a much larger sam-
ple of GMCs in M33 cataloged by Rosolowsky et al. (2003). Since M33 has a relatively low
inclination of ~ 51° (Corbelli & Salucci 2000), such a study has the advantage of bypass-
ing the problem of source confusion along lines of sight that arises when doing comparable
surveys of molecular clouds in the Milky Way.

2.6 Summary and Conclusions

We have presented a detailed comparison between the kinematics of five Galactic molec-
ular clouds and the atomic gas that surrounds them. We developed a method for selecting
regions of HI that are associated with the GMCs and found that each GMC was nearby high-
density HI which peaked above the mean Galactic value. First-moment maps were created
using the 3CO emission of the GMCs and the HI 21-cm emission, and then a plane was fit to
each map of velocity centroids. We determined the magnitudes and directions of the velocity
gradients from the coefficients to the fits. From these observations and measurements, we
arrived at the following conclusions:

1. Orion A, Perseus, and the Rosette each have a significant linear velocity gradient
across the face of the molecular clouds, while NGC 2264 and MonR2 have complex, non-
linear velocity fields. The Perseus molecular cloud has the strongest linear gradient in the
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sample, with a magnitude of 0.23 km s~! pc™1.

2. The atomic gas associated with Orion A, MonR2 and the Rosette has significant
linear velocity gradients, regardless of whether the molecular cloud has one. The HI gradients
range from 0.019 to 0.067 km s~! pc™!, or 0.76 to 2.7 times the shear in the solar vicinity as
measured by the Galactic rotation curve.

3. If the gradients in the molecular and atomic gas were due to rotation, the specific
angular momentum in the GMCs is less than that predicted by the formation scenario
in which a GMC preserves angular momentum while undergoing top-down collapse from
the surrounding ISM by a factor of 1 to 6. The discrepancy can be narrowed if different
assumptions are made regarding the initial density and geometry of the gas. But the direction
of the trend—that the observed angular momentum is less than the predicted—remains the
same.

4. We observe large differences between the velocity gradient directions in the GMCs
and the atomic gas, with Orion A being the one exception. At more than 130°, two of the
most extreme angle separations can be seen in the MonR2 and the Rosette systems (Figure
2.10 and 2.11). Furthermore, the gradient directions in neither the molecular nor the atomic
gas are in alignment with the overall direction of Galactic rotation. If the gradients were due
to rotation, this indicates that some GMCs are counterrotating with respect to the Galaxy.

5. That the velocity gradient position angles in the atomic and molecular gas are
divergent indicates that the GMCs in our sample probably did not inherit their present
velocity fields from the atomic gas from which they formed. Finally, in at least two cases,
NGC 2264 and the Rosette, a good explanation of the morphology and kinematics observed
in the gas is that they are caused by stellar winds from O stars in the HII regions located in
the GMCs, not rotation.



Table 2.1: GMC Properties

Coordinates Distance M3 Mgame  Projected Area ULSR(N’CO) v(HI) References
Cloud lo b [pe]  [10* My] [10* M) [pc?] [km s7']  [km s7!] Distance 2CO
Perseus....... 159 -20 320 1.4 1.2 825 7.5 -8, 14 1 6
Orion A....... 210 -19 414 2.4 6.9 1510 9.6 —7,22 2 7
NGC 2264... 202 1 800 2.5 2.2 674 6.6 —7,15 3 8
MonR2........ 213 -13 830 3.0 9.0 2940 10.8 —5,23 4 9
Rosette........ 207 -2 1600 4.0 7.7 2200 13.1 4,27 ) 10

Properties are determined using the methods outlined in §2.3 of the text. Masses calculated using *CO observations
are listed under M;3. The GMC masses calculated by previous authors are listed under Mgyic.
REFERENCES.—(1) de Zeeuw et al. 1999; (2) Genzel et al. 1981; (3) Sagar & Joshi ; (4) Racine 1968; (5) Blitz & Stark
1986; (6) Sargent 1979; (7) Menten et al. 2007; (8) Blitz 1978; (9) Maddalena et al. 1986; (10) Williams et al. 1995.
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Table 2.2: Accumulation Radii

Cloud RGMC RA
Perseus...... 16.2 424
Orion A....... 21.9 76.0
NGC 2264... 14.6 519
MonR2........ 30.6 83.6
Rosette........ 26.5 T78.8

The effective GMC radii, Rgmc, and the accumulation radii, R4, are listed in units of pc.
Lower limits of R4 are estimated using Equation 3.2, assuming that the GMCs initially

formed from HIhaving an average surface density of 10 M, pc=2.



Table 2.3: GMC Properties: Dynamics

Cloud Qamc Qi Oomc  Om Jamc JHI
[0.01 km s™! pc™!] [0.01 km s pc™!] [deg] [deg] [pckm s7'] [pckm s7!]
Perseus....... 23.1 6.70 -20.2 994 24.2 60.3
Orion A....... 22.0 3.71 -111 -102  42.2 [84.1] 107
NGC 2264... 4.60 1.87 47.8  -173 3.92 25.2
MonR2........ 6.68 3.48 -72.4  -11.2 25.5 120
Rosette........ 9.18 2.36 -132 1.12 25.8 73.4

The magnitude of the velocity gradient, €2, and the direction of rotation ¢ measured in degrees East of North are
determined using the methods outlined in the text. The specific angular momentum, j, is calculated for each GMC
and HIregion assuming that the gradients are due to rotation. Listed in brackets is 7 for Orion A, assuming that the

GMC has the morphology of a cylinder with a rotation axis perpendicular to its long axis. Typical errors are
59 = 0.001 — 0.005, §0(CO) = 0.5 — 2°, §0(HI) =5 — 10°, and §j = 0.5 — 2 pc km s~ L.
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Figure 2.1: Orion A. The bottom figure plots the average spectra of the *CO emission (solid
line) in the GMC and of the HI emission (dashed line) in the region of atomic gas. The top
figure shows a surface density map of HI overlaid with an outline of the molecular cloud.
The range of HI surface density, in units of Mg, pc~2, is marked in the top left-hand corner,

and the contour spacing is 1 My pc™=.

2

subsequent analysis described in the text.

Atomic gas within the dashed line is used for the
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Figure 2.2: Perseus. Same as Figure 2.1.
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Figure 2.3: NGC 2264. Same as Figure 2.1.
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Figure 2.5: The Rosette. Same as Figure 2.1.
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Figure 2.6: Orion A. The top figure shows the intensity-weighted first moment maps of
HI (grayscale) overlaid with '*CO (color). Both maps have contour spacings of 0.5 km s™!,
and the velocity ranges of the maps are indicated by the color bars. The bottom figure plots
the central velocity versus perpendicular offset from the rotation axis for pixels in the above

map located within the dashed line. The 3CO data are binned every 3 pc and the HI data,
every 6 pc. The error bars indicate the dispersion within the bins.
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Figure 2.7: Perseus. Same as Figure 2.6, except the HI data in the position-velocity plot are
binned every 4 pc. The non-linearity of the HI position-velocity plot indicates that there is
not a linear velocity gradient over the entire region within the dashed circle. In the following

figure, we see that by changing the reference position, there is a significant linear gradient
in the atomic gas.
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Figure 2.8: Perseus. Same as Figure 2.6, accept the Hldata in the position-velocity plot
are binned every 4 pc. The surface density map in Figure 2.2 shows that a high-density
HIpeak is located to the West of the molecular cloud. By changing the reference position

to lg, by = 157.5, —18, near the center of the peak, we find that there is a significant linear
gradient across the field centered on the peak.
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Figure 2.9: NGC 2264. Same as Figure 2.6, except the HI data in the position-velocity plot
are binned every 9 pc. Although there is no significant linear gradient across the face of the
GMC, we plot the “rotation axis” (red line) measured using Equation 2.10 as if there was.
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Figure 2.10: MonR2. Same as Figure 2.6, except the HI data in the position-velocity plot
are binned every 9 pc. Although there is no significant linear gradient across the face of the
GMC, we plot the “rotation axis” (red line) measured using Equation 2.10 as if there was.
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Chapter 3

Angular Momentum in the Molecular
and Atomic Gas of M33

Abstract

We present an analysis comparing the properties of 45 giant molecular clouds (GMCs)
in M33 and the atomic hydrogen (HI) with which they are associated. High-resolution VLA
observations are used to measure the properties of HI in the vicinity of GMCs and in regions
where GMCs have not been detected. The majority of molecular clouds coincide with a
local peak in the surface density of atomic gas, though 7% of GMCs in the sample are
not associated with high-surface density atomic gas. The mean HI surface density in the
vicinity of GMCs is 10 Mg pc™? and tends to increase with GMC mass as Yg; oc Mac-
Thirty-nine of the 45 HI regions surrounding GMCs have linear velocity gradients of ~ 0.05
km s~ pc~!. If the linear gradients previously observed in the GMCs result from rotation,
53% are counterrotating with respect to the local HI. And if the linear gradients in these
local HI regions are also from rotation, 62% are counterrotating with respect to the galaxy.
If magnetic braking reduced the angular momentum of GMCs early in their evolution, the
angular velocity of GMCs would be roughly one order of magnitude lower than what is
observed. Based on our observations, we consider the possibility that GMCs may not be
rotating. Atomic gas not associated with GMCs has gradients closer to 0.03 km s=! pc~1,
suggesting that events occur during the course of GMC evolution that may increase the shear
in the atomic gas.

3.1 Introduction

Observations of molecular clouds at millimeter wavelengths show that they often have
systematic velocity gradients. If, as many authors have argued, these velocity gradients
are indicative of cloud rotation (e.g., Kutner et al. 1977; Blitz 1993; Rosolowsky et al.
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2003), then angular momentum conservation should contribute to our understanding of the
formation and evolution of molecular clouds. Significant progress was made in this direction
when Rosolowsky et al. (2003) studied the angular momentum properties of giant molecular
clouds (GMCs) in M33. Their measurements, based on high-resolution ?CO(J = 0 — 1)
observations, showed that M33 molecular clouds have velocity gradient magnitudes that are
comparable to Milky Way GMCs (~ 0.1 km s~! pc™!). They found that typical gradients
of the GMCs are 5 to 10 times smaller than would be expected from simple formation
theories. Furthermore, just as Galactic GMCs are sometimes observed with gradients that
are not parallel to the sense of Galactic rotation (e.g., Blitz 1993; Phillips 1999; Imara &
Blitz 2010), Rosolowsky et al. (2003) found that the gradient directions of M33 GMCs are
often not in alignment with the galaxy rotation. This is the so-called “angular momentum
problem” of GMC formation.

It is our goal in this paper to address the question of the origin of velocity gradients in
GMCs by doing a detailed analysis of the gradients in the atomic gas associated with the M33
molecular clouds catalogued by Rosolowsky et al. (2003). This paper is an extension of our
study in the Milky Way in which we compared the velocity fields of GMCs to those of the local
atomic gas surrounding them. Our study is prompted, in part, by observations in external
galaxies showing that high-density HI appears to be a necesssary but not sufficient condition
of GMC formation (e.g., Mizuno et al. 2001; Engargiola et al. 2003). Furthermore, it has
been suggested that the discrepancy between observations and theoretical expectations in
GMC angular momentum arises because angular momentum has been redistributed or “shed”
during the course of GMC evolution (Mouschovias & Paleologou 1979; Mestel & Paris 1984;
Rosolowsky et al. 2003, Kim et al. 2003). It seems reasonable, then, to look for evidence
of this redistribution in the immediate environs of GMCs. And thus, we are motivated to
search for clues to the angular momentum problem by comparing the velocity fields in GMCs
to those of the atomic gas with which they are associated. Whereas Rosolowsky et al. (2003)
make inferences about the HI velocity field from the M33 rotation curve, in this study, we
take measurements of the gradients in the atomic gas associated with the GMCs directly
from observations.

In the next section, we describe the observations used to perform this analysis. In §3.3,
we provide the methodology and discuss the properties of atomic gas surrounding molecular
clouds in M33. Implications for GMC formation and evolution are discussed in §3.4, and the
results are summarized in §3.5.

3.2 Data

The data for the M33 molecular clouds are obtained from the Rosolowsky et al. (2003)
catalog. Their work was a high-resolution continuation to the Engargiola et al. (2003) survey
of 148 GMCs. Rosolowsky et al. observed 17 fields of the highest-mass clouds from their
previous study in 2CO(J = 0 — 1) using the C configuration of the BIMA array (Welch
et al. 1996) in the fall of 2000 and spring of 2001. The ~ 6” resolution of the observations,
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corresponding to a linear resolution of 20 pc, was sufficiently high to resolve most GMCs and
measure their sizes, which was done using the prescription of Rosolowsky & Leroy (2006).
The high spatial resolution, in combination with the velocity resolution of 2 km s™!, also
allowed them to determine velocity gradients as small as ~ 0.01 km s™! pc™! in the GMCs.
The magnitudes and directions of the gradients measured by Rosolowsky et al. are listed in
Table 1.

Observations of the 21-cm line in M33 were taken from VLA archives and reduced by
Schruba (A. Schruba & A. LeRoy, priv. comm.). The data, taken by Thilker et al. in 1997,
were first described by Thilker et al. (2002). We converted the data cube from units of flux
density (S,) to brightness temperature (7}) via the Rayleigh-Jeans relation,

S, A2 S
T, =1360———— K=6.055 x 10°———~2 K 3.1
’ bmaj X bmzn 8 bmaj X bmin ’ ( )

where S, is in Jy, A = 21.1 cm is the observing wavelength, and by,q; X by = 8.3" x 7.5”
is the synthesized beam size in arcseconds. The final map has 2” pixels. The LSR velocity
range covered was —321 to —65 km s~! with 1.3 km s~! channel spacing, which was sufficient
to include all of the gas in the disk of M33.

3.3 HI Properties

In order to compare the velocity gradients of molecular clouds with the gradients of
the material from which they formed, we develop a set of criteria for selecting regions of
atomic gas that are associated with the GMCs in our sample. The challenge is to determine
physically meaningful boundaries of atomic gas surrounding a given molecular cloud. Thus,
for each GMC, we begin by isolating subcubes in the VLA 21-cm data set that coincide with
the GMCs kinematically and spatially. Properties of the molecular clouds and the regions
surrounding them are listed in Table 1. We use a distance to M33 of 850 kpc for this analysis
(Kennicutt 1998).

3.3.1 Selecting HI

Molecular clouds have well-defined boundaries at which a phase transition occurs be-
tween the molecular and atomic gas and, thus, they generally have well-defined dimensions
and masses (e.g., Kutner et al. 1977; Blitz & Thaddeus 1980; Blitz 1993). The neutral gas
associated with GMCs, however, does not have such distinct edges but rather has slower,
more gradual transitions from high- to low-surface density material. In trying to determine
appropriate boundaries for HI associated with GMCs, therefore, our challenge is to define
regions that are large enough so that most of the HI belonging to a given system is included,
and yet the regions must be centered close enough to the GMCs so that the associations are
physically meaningful and we do not include too much unrelated material.
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There are a number of properties of HI and GMCs observed both in the Milky Way and
Ma33 that help us develop our selection criteria. First, an HI peak is typically found to have
a velocity distribution which may be approximated by a Gaussian and whose line center falls
near the CO line center of the affiliated molecular cloud (Andersson et al. 1991; Engargiola
et al. 2003). We assume that atomic gas whose emission peaks near the line center of a
given GMC is associated with that GMC. Since the velocity dispersion of the HI gas is
several times larger than that of the CO, we select velocities falling within £25 km s~ of
the CO line center, so that we include as much emission as possible from the atomic gas
associated with a given GMC. We decide to select from a wider range of velocities than the
previous study (i.e., Chapter 2) because the work of Engargiola et al. (2003) shows that
the HI associated with GMCs in M33 has emission extending as much as 435 km s~* from
the line center of the CO emission. And because M33 has a moderate inclination (~ 51°;
Corbelli & Salucci), the problem of source confusion is minimized, allowing us to select a
more generous range of velocities. Changing the range of velocities by a 5 — 10 km s~! does
not significantly change the results. This is because the velocity maps we create are weighted
by the intensity (see §3.3.3), so low-level emission occurring near the wings of the spectra does
not make significant contributions to the velocity maps nor, therefore, to the measurement
of the velocity gradients.

Identifying appropriate spatial boundaries is less clear-cut. Figure 3.1 shows that in
M33, there is a spatial correspondence between GMCs and over-dense HI filaments. The
radial accumulation length, R4, can give us an idea of the extent of the atomic gas associated
with GMCs. The size of an area which collapses to form a molecular cloud, R4, can be
estimated by requiring that the total HI mass in the region be equal to the observed mass of
the cloud. The minimum value of R4 is determined by assuming that the initial configuration
of atomic gas is a cylinder stretching to infinity in the direction perpendicular to the galactic
disk:

WRZEHI = MGMC7 (32)

where Yyy is the average local surface density of atomic hydrogen, measured from the 21-cm
data. We estimate Yy for different sized regions centered on the GMCs. The mean value
of ¥y1 spans a narrow range of values for regions having a size of < 200 pc. Within 150
pc of molecular clouds, Yyp is 8.8 My pc~2; within 50 pc the average surface density is
11.5 Mg pc~2. Figure 3.2 plots the mean HI surface density within 70 pc of GMCs versus
GMC mass. The figure shows that as GMC mass increases, the surface density of associated
HI (and therefore HI mass) slowly increases as Yp; oc M2Z. We find that the average
HI surface density in the vicinity of GMCs is roughly 10 M, pc=2. This is the saturation
level of atomic gas, observed in other spiral galaxies including the Milky Way, above which
gas becomes primarily molecular (Martin & Kennicutt 2001; Wong & Blitz 2002; Bigiel et
al. 2008). We calculate R4 for the slightly different estimates of Yy and find a mean value
of ~ 70 pc. Thus, we define HI regions in the 21-cm data cube as 140 pc x 140 pc X
50 km s™! connected regions that are centered on the locations of GMCs in position and
velocity space. Note that the area defined by the accumulation radius of a GMC contains
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gas which has filled in the space previously occupied by that which formed the GMC.

The top-right panels of Figures 3.3 — 3.8 show surface density maps of the HI surrounding
six of the 45 GMCs in this study. The bottom-right plot displays the average *CO and
HI spectra toward the clouds. (The left-hand panels are described in §3.3.3.) Based on the
spatial and kinematic proximity of GMCs to local maxima in the atomic gas, we observe
three rough “classes” of clouds. Most GMCs in the catalog are spatially and kinematically
coincident with local HI maxima. Clouds 1, 4, 39, and 45 are representative examples—at
least 1/3 of the area of the molecular cloud coincides with a local peak in the atomic gas.
Twenty-nine out of 45 the GMCs, 64%, fall into this class. The average GMC mass in this
class is 2 x 10°> My, with a dispersion of 80%. Another group of clouds is kinematically but
not quite spatially coincident with HI maxima. GMCs in this class, including Clouds 16, 24
(Figure 3.6), 35, and 44 are located near the edge of a bright HI peak or sit on a filament
between two peaks. The thirteen (29%) molecular clouds belonging to this class tend to have
their mean LSR velocities offset from the mean HI velocity by a few km s=!. The typical
GMC mass in this second class is nearly 3 times smaller than in the first: 7 x 10* M, with
a dispersion of 30%.

At least two GMCs in the catalog, Clouds 13 (Figure 3.5) and 38, are not associated
with any local HI maximum. For both of these clouds, the center of the GMC is roughly
60 pc from the nearest peak in HI surface density, and the central velocity of the molecular
and atomic clouds differ by at least 10 km s™!. At 1.0 x 105 M, the total mass (molecular
and atomic) in the region surrounding Cloud 13 is among the lowest in this study; only
four other regions have less total mass, including Clouds 7, 8, 9, and 43. Cloud 38 does
not appear to have any other characteristics, such as mass or size, that distinguishes it from
others in the catalog. The one other case in which the there are no HI peaks in the vicinity
of the molecular cloud may be Cloud 43. It has the lowest mass of the sample, and it is
one of three GMCs farthest from the galactic center. However, because of its anomalously
high LSR velocity of —74 km s™!, compared to a mean galactic value of —111 km s~! at
that location, this molecular cloud—which was not observed in the original Engargiola et al.
(2003) catalog—may be a false detection.

3.3.2 HI Without GMCs

Since over-dense regions of atomic hydrogen appear to be necessary but not sufficient
for molecular cloud formation, we would like to know what the distinguishing features are
between atomic gas harboring GMCs and regions of dense HI in which GMCs have not
been detected. One way to address this issue is to search for velocity gradients along “non-
GMC” HI filaments in M33 and then compare the properties to regions of HI containing
GMCs. We would like to know, for example, if we can find regions of HI having low angular
momentum—that is, angular momentum comparable to that which is observed in GMCs?

We select a random population of 45 over-dense HI regions—corresponding to the num-
ber of GMCs in the Rosolowsky et al. (2003) catalog—in the M33 map in which GMCs have
not been observed. The regions, displayed in Figure 3.9, must have a mean surface density
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of at least 10 M pc~2 within 140 pc x 140 pc, the same size as the regions of HI associated
with GMCs. Examples of the non-GMC surface density maps and HI spectra are shown in
the right-hand panels of Figures 3.10 — 3.12.

To choose a relevant range of velocities at each location, we begin by estimating the
mean velocity at which the emission peaks. The mean HI velocity, vy, at a given location
is derived from the intensity-weighted first moment of the entire velocity distribution. For
the HI associated with GMCs, we select velocities falling within £25 km s=! of the CO
line center. For the non-GMC HI, the surface density and velocity maps are created by
integrating over velocities within £25 km s™% of vy. Table 2 lists the coordinates, central
velocities, and other properties of the non-GMC HI regions.

3.3.3 Velocity Gradients

We create intensity-weighted first moment maps both of the 140 pc x 140 pc x 50
km s~ HI regions surrounding the molecular clouds and of the atomic gas not observed to
contain molecular clouds. Following Imara & Blitz (2010), we fit planes to the resulting
velocity maps and solve for the coefficients of the fit, which define the velocity gradient, gy,
and the gradient direction, fy;. The maps of regions containing GMCs are shown in the
upper-left panels of Figures 3.3 — 3.8 and, of non-GMC regions, in Figures 3.10 — 3.12. The
results of the fits are given in Tables 1 and 2.

We find that (1) approximately 41 out of 45 of the HI patches harboring GMCs have
significant linear velocity gradients; the mean for this group is 0.05040.004 km s~ pc™! (Fig-
ure 3.13); (2) the mean of the gradients in the non-GMC HI, 0.033 + 0.003 km s~ pc™!,
are generally smaller than those measured in atomic gas observed to contain GMCs; (3) the
position angles of the GMC rotation axes are generally not aligned with the axes of the sur-
rounding atomic gas, as seen in Figure 3.15; and (4) about 62% of the HI regions associated
with GMCs have position angles that differ from the axis of the galaxy by more than 90°;
42% of the non-GMC HI regions have positon angles that differ from the galaxy at least 90°
(Figure 3.16).

Gradient Magnitudes

The upper-left panels of Figures 3.3 — 3.8 show the first moment maps of the atomic gas
within 140 pc x 140 pc of six of the GMCs in this study.! The position-velocity plots on the
bottom-left indicate whether planes are good fits to the first moment maps. These plots show
the mean velocity at a given location in the velocity map as a function of perpendicular offset
from the rotation axis. When a position-velocity plot can be fitted with a non-zero slope, m,
this indicates that a plane is good fit to the first-moment map and that the velocity gradient
can be assumed to be linear. The slope of the position-velocity plot, m, and the uncertainty
in the least-squares fit of the slope, ,,, are calculated for each gradient individually and are
indicated in the figures; the ratio of these parameters is listed in Tables 1 and 2.

1See the Appendix for figures of the remaining HI regions.
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Based on examination of the first moment maps and the position-velocity plots, we set
the following criteria for degree of linearity in the gradients. Regions of HI having position-
velocity plots < 2 o, have non-linear, random velocity fields. Regions with m ~ 2-3 o,,
have “marginally” linear velocity gradients; Figure 3.7 is an example of such a borderline
case. Regions with m > 3 o, have unambiguously linear gradients. We find that 39 out of
45 HI regions associated with GMCs fall into this last category. Applying the same criteria
to the non-GMC atomic gas, 43 regions have m > 3 o0,,. Examples of the velocity fields in
these regions are displayed in Figures 3.10 — 3.12. We do not observe a significant correlation
between the gradient magnitudes of molecular and atomic gas (Figure 3.14). Tables 1 and 2
list the minimum linear extent of the gradients, as well as their magnitudes and directions.

Figure 3.13 displays the distribution of gradient magnitudes in the molecular and atomic
gas. The mean of the magnitudes in the atomic gas surrounding GMCs, 0.050 £+ 0.004
km s™! pc™!, are comparable to those measured in clouds in the Milky Way (Imara & Blitz
2010). On average, the magnitudes in the HI around GMCs are less than the typical 0.07
km s™! pc! observed in GMCs. The average gradient observed in non-GMC HI is 0.033 =
0.003 km s=* pc1.

Gradient Directions

Many authors have argued that the linear velocity gradients observed in molecular clouds
are caused by rotation (e.g., Kutner et al. 1977; Blitz 1993; Phillips 1999). If this is the case,
the velocity gradient magnitude of a cloud is a measure of its angular speed and the gradient
direction, 6, is perpendicular to its spin axis. Figure 3.15 demonstrates that 53% of GMCs
have position angles that differ from the those measured in the surrounding atomic gas by
more than 90°. Thus, if the molecular clouds are rotating, slightly more than half of the
clouds are counter-rotating with respect to the atomic gas with which they are surrounded.

Rosolowsky et al. (2003) show that with respect to galactic position angle, ¢g, (they
use a value of 21°), GMCs are preferentially aligned with the galaxy and approximately
40° are retrograde rotators. We find that localized regions of HI-—both with GMCs and
not observed to contain GMCs—have gradient directions that are generally unaligned with
respect to the galactic axis. Figure 3.16 shows that 62% of the HI regions with GMCs have
gradient position angles that differ by more than 90° from the sense of galactic rotation. The
median difference between HI position angles, ¢pr, and ¢g, is —90° for HI containing GMCs
and —60° for non-GMC HI.

Rosolowsky et al. (2003) demonstrate that GMCs lying close together tend to have their
gradients aligned. Similarly, we find that neighboring regions of HI containing GMCs have
comparable gradient directions, within 1° to 15° of each other. This is not surprising, since
for neighboring GMCs we are taking measurements in overlapping regions of atomic gas. In
fact, sixteen of the molecular clouds in this sample have accumulation radii which overlap
by at least (1/2)R4, raising the question of whether the distribution of ¢n; — ¢ga1, shown
in Figure 3.16, is biased due to over-counting. We consider this by taking the average ¢pr
for regions with accumulation radii overlapping by at least 1/2. We count such regions once
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and find that the distribution of ¢ur — ¢ga1 is not significantly altered. The median difference
between between ¢pr and ¢4y, in this case, is still —90°.

Figure 3.17 displays the velocity vector field of both groups of atomic gas. The arrows
point in the direction of increasing velocity and have sizes proportional to the gradient
magnitudes. Along the HI filament in the the North-East of M33, the non-GMC HI regions
tend to have gradient directions pointing toward the South and South-West. And a string
of non-GMC HI regions along the prominent filament in the South-West—Clouds 23A, 21A,
19A, 13A, 12A, 17A, and 15A—all have gradients pointing within 40° of due South. Gradient
alignment is not always observed along filaments, however. The non-GMC HI regions in the
nearly vertical filament at a right ascension of of ~ 01"33™30° have a seemingly random
distribution of gradient position angles. We also observe adjacent regions of HI associated
with GMCs having large differences in gradient directions—for instance, Clouds 20 and 23
located near ~ 01"34™, 30°39 have gradients pointing in nearly opposite directions. Overall,
neither population of HI appears to have a global, systematic pattern.

3.4 Implications for GMC Evolution

Assuming that molecular clouds are rotating, measurements of their angular momentum
may reveal information about their past. The angular momentum per unit mass, 7, is a useful
quantity for comparing the angular momenta in different regions having comparable mass.
For a rotating body with a power-law density profile, the specific angular momentum is

j = BOR, (3.3)

where (3 is a constant determined by the mass distribution, and R is the cloud radius.
The constant 3 ranges from 0.33 for oblong bodies to 0.5 for disks having a constant mass
distribution. We adopt the intermediate value, 5 = 0.4 (used for spherical structures having
constant surface density), for GMCs. Note that because we do not know the inclination, 1,
of a given cloud along our line of sight, our measurement of €2 underestimates the true value,
)/ sini and, hence, our measurement of j is also underestimated. The position angle of the
gradient is the direction of the total angular momentum vector.

Equation 3.3 may also be used to estimate the specific angular momentum initially
imparted to a GMC by the ISM from which it forms. This depends on the process of GMC
formation, and here, following Rosolowsky et al. (2003) and Imara & Blitz (2010)2, we
assume that GMCs collapse or condense from the surrounding atomic gas via a “top-down”
mechanism, such as a large-scale gravitational instability. In this case, ) is the velocity
gradient in measured in the galactic disk at the location of the GMC, the accumulation
radius R4 (Equation 3.2) is the size of the region that collapsed to form the GMC, and
f=053

2I.e., Chapter 2
3See Chapter § 2.3.4 for a more detailed discussion on the expected specific angular momentum initially
imparted to a GMC.
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Figure 3.18 displays the distribution of specific angular momenta for GMCs and the
predicted j for the two populations of HI regions. The histograms show that, if the gradi-
ents observed in the molecular clouds are due to rotation, and assuming simple top-down
formation, the specific angular momentum of the molecular clouds is less than that of the
atomic material from which they presumably formed. Rosolowsky et al. (2003) found that
the angular momentum expected from simple formation theories, including the Toomre and
Parker instabilities, was higher than the observed value by an average factor of 5 and by as
much as an order of magnitude. We measure an average factor of 27, with a ratio of more
than an order of magnitude for 11 clouds. Figure 3.19 shows that jg; > jomc is always the
case for the 36 resolved GMCs in the Rosolowsky et al. (2003) catalog. The reason that we
are measuring larger ratios between the expected and observed j is because we have taken
direct measurements of the HI velocity gradients, gy, whereas Rosolowsky et al. used a
galactic rotation curve (Corbelli & Schneider 1997) to estimate Qy;. In other words, we
have measured higher velocity gradients in the atomic gas surrounding GMCs than those
determined from the galactic rotation curve. Overplotted in Figure 3.19 are data points from
our study of five molecular clouds in the Milky Way (Imara & Blitz 2010). The Galactic
GMCs, including Perseus, Orion A, NGC 2264, MonR2, and the Rosette, follow the trend
of the M33 clouds in that the ratio of the specific angular momenta, jui/jomc, is always
greater than unity and decreases with increasing jomc as (jur/jomc) jéﬁ/igio'%. This
proportionality is driven by the equality between jamc and its inverse, as we do not observe
a significant correlation between jy; and joumc.

If GMCs inherit their rotation from the ambient HI from which they condense, one
might expect their gradients to be much larger than observed. By conservation of angular
momentum, in the absence of external forces, the ratio of the velocity gradient magnitudes
before and after contraction is proportional to the radii of the rotating bodies: Qagier/Qpefore =
(Rbefore/ Raftor)z. Thus, to conserve angular momentum, a cloud that contracts from an
accumulation length of 70 pc to a typical GMC radius of 25 pc would have to spin up by
a factor of ~ 8. Figures 3.13(a), 3.13(b), and 3.14 show, however, that the magnitudes of
GMC gradients are rarely much greater than those of the HI with which they are associated.
From Figure 3.14 and Table 1 we see that the average value of Qgyc/Qp is 1.8 and reaches
a maximum of 4.6. From conservation of angular momentum, we might also expect to find
molecular clouds rotating in the same sense as the surrounding ISM from which they formed.
As previously shown in Figure 3.15, however, the position angles in the GMCs and associated
HI differ by at least 90° in over half of the regions.

These key results may imply one of the following: (1) Since GMCs formed, external
torques, such as magnetic fields, may have caused the redistribution of angular momentum
in the molecular clouds; (2) the HI with which GMCs are presently associated is unrelated
to and unrepresentative of the atomic gas which originally formed the molecular clouds; or
(3) the HI and GMCs are to some extent associated, but the origin of the GMC velocity
gradients is not rotation. We consider each of these in turn below.

1. First, given that the interstellar media of galaxies are magnetized—the mean field
strength of M33 is ~ 6 +2 uG (Beck 2000)—magnetic fields potentially play dominant roles
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in the formation and evolution of GMCs. For instance, many authors have advanced the
Parker instability as a mechanism for GMC formation (e.g., Mouschovias et al. 1974; Blitz
& Shu 1980; Shibata & Matsumoto 1991). Parker (1966) showed that in a gravitational
field, a vertically layered gas coupled to a magnetic field is unstable to long-wavelength
perturbations. The attractiveness of this magnetohydrodynamic (MHD) instability is that
it has time and length scales that are comparable to the estimates of GMC lifetimes and to
the distance observed between GMCs. Thus, if MHD effects play a significant role in the
formation of GMCs, presumably they might also be responsible for redistributing angular
momentum during later stages of GMC evolution.

While Rosolowsky et al. (2003) ruled out the Parker instability as the dominant mecha-
nism for GMC formation because it over-predicts the amount of angular momentum observed
in GMCs, they suggested that magnetic braking could slow down the rotation of GMCs, since
the Alfvén speed in the ISM of M33 (~ 6 km s™!) is comparable to the timescales of cer-
tain instabilities they evaluated. Yet because only 10% of the GMCs in their catalog have
values of j approaching values expected from j(HI), they propose that magnetic braking
must occur early on in the lifetime of GMCs or else occurs in the atomic gas surrounding
GMCs. Mouschovias & Paleologou (1979) predicted a set of observational consequences
for a rotating cloud collapsing out of an ISM threaded by a magnetic field that is initially
perpendicular to the cloud’s axis of symmetry. As the cloud collapses, one expectation is
that the surrounding medium in the vicinity of the cloud will be set into corotation with
cloud, a phenomenon that we do not observe in our results. Mouschovias & Paleologou also
predicted that magnetic braking is highly efficient at slowing down rotation. According to
their simulations, a rotating cloud with mass 10® Mg and density 10® cm™ will have its
angular momentum reduced by at least 99% within 1 Myr, and the efficiency of magnetic
braking will increase as the cloud contracts and as the density contrast between it and the
surrounding medium increases. It would be worthwhile to find out what updated models
predict for the rate of angular momentum loss in clouds having the masses and densities
observed in GMCs.

2. If the atomic gas presently surrounding GMCs is unrelated to the past formation
history of GMCs, the comparisons we are making may be invalid. In order to resolve this
issue we need some sort of control field with which to compare the HI currently harboring
GMCs. It is for precisely this reason that we performed the analysis, outlined in §3.3.2, on
“non-GMC” HI regions. We found that the two populations of HI have distinctly different
distributions of gradient magnitudes and position angles. The atomic gas associated with
GMCs has a typical Q of 0.05 km s~ pc™! and the non-GMC HI has a typical value of 0.03
km s~ pc!. Also, the median difference between the position angle of the HI and that of
the galaxy is —90° for the former population and —60° for the latter. These differences in
Q) and ¢ between the two groups indicate that something unique has occurred in atomic gas
associated with GMCs—presumably, something that has either caused the formation of the
GMCs or has resulted from their formation.

We have already seen that the mean gradient magnitude in atomic gas associated with
GMCs is greater than the typical gradient in non-GMC HI (§3.3.3). This implies that
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HI containing GMCs has higher angular momentum (and/or shear) than non-GMC HI. We
can evaluate how significant the difference is between the two populations by investigating
the parameter (3., the ratio of a cloud’s rotational energy to its self-gravitational energy
(Goodman et al. 1993):

1 QO?R?
Brot = gGT/R

Figure 3.20 shows that non-GMC HI has a narrower distribution of 3., and a lower
mean, G = 0.10 & 0.02, than does atomic gas containing GMCs. Thirty-two of 45 of the
non-GMC HI regions have [(.,; < 0.1, whereas only 14 of the HI regions containing GMCs
have values of (., < 0.1. Note that for HI regions containing GMCs, we calculate ..
excluding the gravitational potential energy due to the GMCs within them (Figure 3.20 [a]).
This group has an average (o of 0.39+0.09, with 4 clouds having (.4 > 1 (Clouds 1, 2, 17,
and 43), implying that these regions may have a considerable amount of rotational energy.
Note that for HI regions containing GMCs, we calculate (3., excluding the gravitational
potential energy due to the GMC within it (Figure 3.20 [a]). If we calculate (. including
all of the gas within a given region, the average for HI containing GMCs goes down to
0.24+0.04. The regions listed above still appear to have a considerable amount of rotational
energy in comparison to their gravitational energy: (., = 0.90, 0.75, 0.88, and 1.1 for clouds
1, 2, 17, and 43, respectively. Clouds having large values of (., can potentially become
stable against gravitational instabilities. It is difficult to see how GMCs could have formed
under such conditions. These observations suggest that between the time prior to the onset
of GMC formation to the time after formation, processes occur that increase €2 observed in
the HI associated with GMCs. An alternative is that GMCs preferentially form from gas
having high €2, possibly in regions that are unstable to gravitational collapse.

It is also worth pointing out that HI regions falling into Classes 2 and 3 (see §3.3.1)—
regions where the GMCs are not quite spatially coincident with local HI maxima—tend
to have lower gradient magnitudes (€ ~ 0.04 km s pc™! with a dispersion of 40%) than
regions in Class 1 (0.06 km s™! pc™! with a dispersion of 50%). We apply a t-test and find
that the difference between the two classes is significant to the 95% confidence level. However,
molecular clouds belonging to either class do not appear to have different distributions of
Q; that is GMCs in both Class 1 and Class 2 have the same average gradient (~ 0.07
km s™! pc!). This suggests that activity within the GMCs may have more of an impact on
the surroundings than the surrounding environment has on the velocity fields of the GMCs.

3. Given that the gradient directions of the GMCs and associated atomic gas are gen-
erally not aligned, this raises the possibility that the linear velocity gradients observed in
molecular clouds may not be caused by rotation. Burkert & Bodenheimer (2000) demon-
strated that turbulent velocity fields can also cause linear gradients. They found that the
gradient magnitude of turbulent cores scales with size as Q o« R7%5. As shown in Figure
3.21, fitting a power-law relationship to the gradients observed in the HI surrounding GMCs
as a function of the accumulation radius, we find Qp; RA?O‘HEOQ. The relationship between
Qcmic and size for the 36 resolved GMCs is Qquc o R70392 Figure 3.21 also displays

(3.4)
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a combined fit for atomic gas and GMCs, which is in good agreement with the Burkert &
Bodenheimer (2000) result.

In a previous study, (Imara & Blitz 2010)*, we found that star formation activity pro-
vides a reasonable explanation of the gradients observed in a small sample of Milky Way
molecular clouds. In at least three out of five cases, including Orion A, NGC 2264, and the
Rosette, the velocity fields may have been produced by expansion driven by highly energetic
stellar winds. The location of HII regions corresponds to the highest velocities of the molec-
ular material in these clouds. Though the sample was too small to make a firm conclusion,
it appears that the HII regions within these molecular clouds may also be influencing the
morphology of the associated atomic gas. In NGC 2264 and the Rosette, for instance, there
are local peaks of HI that appear to have been swept up by expanding molecular gas. Fol-
lowing up this study of M33 with an analysis comparing the locations of HII regions to the
kinematic properties of GMCs could provide useful insight to how the velocity fields of the
latter evolve.

3.5 Summary

We have presented a detailed comparison of the velocity fields in 45 GMCs detected in
M33 by Rosolowsky et al. (2003) using BIMA observations and the atomic hydrogen with
which they are associated. Using high-resolution VLA 21-cm observations to create surface
density and intensity-weighted first-moment maps of the HI, we also compared the properties
of atomic gas containing molecular clouds with atomic gas in which molecular clouds have
not been detected. Based on our measurements, including the velocity gradient magnitudes
and directions of these regions, we make the following conclusions:

1. The average surface density of atomic hydrogen associated with the GMCs is ~ 10
M., pc=2, similar to the saturation level of HI above which gas becomes primarily molecular
in other galaxies, including the Milky Way (Martin & Kennicutt 2001; Wong & Blitz 2002;
Bigiel et al. 2008). A power-law relationship exists between the HI surface density and GMC
mass: 2y X Mgf{cio'%.

2. We observe three categories of GMCs, based on their proximity to local peaks in
the atomic gas. The majority of GMCs (64%) coincide spatially and kinematically with
local HI peaks. Twenty-nine percent of GMCs are located near the edge of an HI peak,
or sit between two peaks. Clouds in this category tend to have their mean LSR velocities
offset from the mean HI velocity by a few km s~!. The remaining three clouds (7%) are not
associated with HI maxima and the mean velocities of the molecular cloud and atomic gas
are offset by ~ 10 km s~!.

3. Thirty-nine out of 45 of the HI regions in the vicinity of GMCs have linear velocity
gradients of around 0.050 km s~! pc~! and spanning 0.013 to 0.13 km s~! pc~!. If GMCs are
rotating and initially inherited their angular velocity from the surrounding HI, conservation
of angular momentum would require that the angular speed of a typical GMC (R ~ 25 pc)

41.e., Chapter 2.
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speed up by a factor of 8. The average value of Qgnc/Qur, however, is only 1.8. Magnetic
braking has been used by some authors to explain how the slowing of GMC rotation may
have occurred.

4. Fifty-three percent of the molecular clouds have gradients whose directions differ
from the gradient direction in the local HI by more than 90°. If the gradients in the GMCs
were caused by rotation, this implies that over half of them are counter-rotating with respect
to the atomic gas with which they are surrounded. This measurement is difficult to reconcile
with the notion that gradients are due to rotation and that GMCs form in a simple top-down
matter.

5. Gradients in the atomic gas associated with GMCs generally have larger magnitudes
than expected from galactic differential rotation alone. Also, 62% of these regions have
gradient position angles that differ from the sense of galactic rotation by more than 90°.

6. We examined the properties of high-density HI regions in which molecular clouds
have not been detected and found that they have a lower range of velocity gradients, ~
0.03 km s~! pc!, than regions where GMCs are observed. This suggests that something
occurs during the course of GMC evolution that may increase the shear of the atomic gas.
Neither population of atomic gas has gradient directions that are preferentially aligned with
the kinematic position angle of the galaxy, nor did we find a correlation between gradient
magnitude and direction in either population.

7. A power-law relationship exists between gradient magnitude and size in both the
molecular clouds and the HI surrounding them. For GMCs, Qamc o< R7%3%02; for HI,
Qpr RZO‘HEOQ, where R, is the accumulation length. The combined relationship is 2 o
R705%01 "consistent with what Burkert & Bodenheimer (2000) found for the velocity fields
of turbulent molecular cores.

8. Our analysis raises considerable doubt to the hypothesis that the origin of GMC
velocity gradients is rotation. Alternative explanations worth exploring include turbulence,
shear, and star formation activity.
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Table 3.1: Cloud Properties in M33

Cloud R.A. Dec. QGMC QHI 9H1 91-11 — GGMC Extent ]wl—ﬂ \m|/0m
[J200] [0.01 km s7! pc!]  [deg] [deg] [pc]  [10° M)
1 13352 3039.3 8.38 12.51 -175 6 140 1.8 11.20
2 13353 3039.0 229 8.66 -178 -114 140 1.9 5.08
3 13344 3038.9 9.58 7.14 -159 =77 160 2.8 10.51
4 13356 3041.3 10.10 6.07 -134 -90 120 2.1 6.61
5 13355 3041.6 13.60 7.18 -166 -106 160 2.3 9.33
6 13357 3041.1 11.90 7.13 -151 -170 180 2.0 10.80
7 13350 30375 8.36 2.83 -133 83 170 1.1 3.45
8 13352 30377 349 7.24 177 -149 140 14 5.63
9 13352 30375 220 6.02 168 177 130 1.5 5.38
10 13359 30415 1.90 2.50 108 124 160 1.7 3.06
11 13400 30408 9.53 3.63 170 146 120 3.0 3.55
12 13354 30377 10.60  [3.66]  [103]  [135]  [...] 14 1.50
13 13359 30418 329  [1.31]  [121]  [167] L] 1.0 0.92
14 13352 30370 7.70 5.41 -108 -17 170 1.7 5.91
15 13340 3039.2 9.57 4.65 -151 -84 120 24 5.60
16 13340 30387 125  [3.88]  [93]  [147) [..] 1.5 2.57
17 13402 3038.6 14.00 13.10 -171 -167 160 3.8 19.09
18 13410 30420 4.70 8.31 149 -34 120 2.3 11.37
19 13350 30339 0.69 6.19 -169 138 160 2.9 16.25
20 13408 3039.2 874 5.81 -157 -140 170 2.5 17.93
21 13343 30332 440  [128)  [96]  [126] L. 3.1 0.46
22 13413 3042.0 6.75 4.29 116 23 140 2.3 4.59
23 13413 3039.1 7.77 2.98 -63 59 180 3.1 9.78
24 13407 30478 4.05 4.25 -128 -123 180 3.7 11.49
25 13406 30479 7.24 3.65 -137 -28 110 3.6 5.84
26 13340 3045.6 11.90 2.61 150 -69 60 3.2 3.52
27 13340 30459 1.54 5.21 135 23 130 3.8 6.09
28 13410 3036.3 3.49 2.22 -57 -33 150 3.1 4.54
29 13416 30393 891 3.08 146 -43 180 4.2 8.28
30 13340 3046.2 9.44 6.91 121 -81 190 3.7 21.49
31 13358 30487 358  [1.64  [67] [153] L] 2.7 2.17
32 13401 30489 476  [L72] (74 [111] L] 2.1 0.94
33 13411 30484 5.35 4.35 -10 44 100 4.2 7.42
34 13407 3049.0 13.80 4.58 43 -25 110 2.9 3.80
35 13357 3049.0 9.35 2.45 128 -96 170 2.7 8.03
36 13359 3049.3 3.96 2.02 156 -149 110 2.7 6.89
37 13409 3049.1 7.37 2.28 -6 -30 130 4.9 3.75
38 13407 3050.0 9.67 5.17 -111 132 160 1.7 5.02
39 13413 30337 747 8.72 -165 -55 150 4.8 14.86
40 13433 3046.5 7.93 5.82 150 -65 140 4.8 6.94
41 13433 3046.8 6.97 6.11 90 -84 120 4.8 5.87
42 13434 3046.3 8.22 4.37 100 -129 90 4.1 4.67
43 13322 30259 9.95 5.33 -109 -5 150 0.2 5.87
44 13438 30404 10.80 4.07 115 145 170 4.2 5.91
45 13439 3040.7 8.56 4.48 133 101 140 5.0 7.09

The cloud numbers correspond to those in the Rosolowsky et al. (2003) catalog. The gradient magnitudes
and directions are 2 and 6, respectively. The difference between the HI and GMC gradient directions is

Our — Ocmce- The extent of the gradient is listed for HI regions having linear gradients. The gradient
measurements of clouds in which linear gradients have not been detected (|m|/oym, < 3) are listed in

brackets.
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Table 3.2: Properties of Non-GMC HI in M33

Cloud R.A. Dec. Q]—H 91—11 A/IHI Vo m/O'm
[J2000] [0.01 km s7! pc™!] [deg] [10° My] [km s7!]
1A 13505 3045.1 [0462} [—78} 3.5 -211 3.98
2A 13506 30 50.2 1.76 -172 4.6 -231 13.82
3A 13505 30519 3.30 -96 4.0 -233 16.50
4A 13452 30 54.1 3.21 -173 4.1 -246 27.62
5A 13439 30559 241 -148 4.0 -260 26.35
6A 13431 3057.2 2.32 144 3.7 -267 17.39
TA 13424 30 56.8 1.25 -147 3.8 -267 20.41
8A 13416 3052.2 1.11 84 3.1 -263 8.01
9A 13404 3054.7 3.14 -82 3.3 -258 22.09
10A 13316 30314 0.67 168 4.0 -119 8.54
11A 13317 30 33.5 9.54 -127 3.4 -133 41.02
12A 13258 3031.0 3.67 -178 5.2 -128 22.84
13A 13251 3031.6 2.46 147 4.2 -135 21.41
14A 13235 30306 2.01 133 5.0 -126 25.62
15A 13257 30 27.6 2.61 -151 3.1 -116 31.86
16A 13255 30 26.1 0.91 -43 2.6 -109 14.65
17A 13249 30 28.6 2.08 -148 3.2 -118 19.45
18A 13229 3027.3 1.21 120 3.8 -115 6.07
19A 13250 30332 1.70 171 4.8 -140 13.11
20A 13231 30354 0.83 31 6.1 -140 8.85
21A 13244 30 35.1 3.49 140 5.3 -147 29.62
22A 13241 30 36.0 3.06 -93 4.9 -150 12.16
23A 13250 3035.2 7.96 -170 4.3 -147 61.35
24A 13350 3044.4 4.44 -178 4.0 -219 24.53
25A 13311 30484 6.11 -68 5.9 -201 49.19
26A 13312 30 49.6 5.22 -113 6.2 -202 39.74
27A 13313 30 50.7 3.19 78 5.4 -206 22.55
28A 13319 3051.8 2.82 -146 3.9 -216 18.78
29A 13314 30532 1.79 0 5.4 -213 6.82
30A 13317 3055.2 [0.82} [—101] 3.9 -212 2.24
31A 13317 30564 [0.35] [55] 5.1 -214 1.65
32A 13326 30484 5.07 -117 4.0 -206 45.15
33A 13336 3049.1 6.26 -169 3.5 -224 67.19
34A 13440 30304 3.58 -84 3.6 -162 23.48
35A 13414 30258 6.03 -176 3.8 -126 34.44
36A 13346 30 20.9 1.58 -1 3.5 -109 15.13
37A 13301 3024.0 5.15 8 3.6 -106 30.46
38A 13248 3023.6 2.67 9 34 -104 14.41
39A 13240 30 25.6 1.26 -127 3.0 -115 15.00
40A 13434 3044.7 8.61 -144 4.1 -220 81.84
41A 13436 30 38.3 4.25 -122 4.3 -189 51.84
42A 13425 3039.3 3.42 139 2.3 -202 25.70
43A 13408 3031.7 6.90 -111 2.5 -148 43.44
44A 13414 30 46.6 3.56 70 4.0 -243 46.75
45A 13313 3044.9 3.55 179 4.1 -187 19.76

Properties of HI regions in which GMCs have not been detected.
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Figure 3.1: M33: Grayscale image in units of My pc=2 of the 21-cm emission of the central
45" x 45 field. Molecular clouds are overlaid with area scaled to mass. All GMCs lay in
regions of high-density HI. The galactic mean of Xy is roughly 4 M, pc~2, while the mean

value in the vicinity of GMCs is 10 M, pc™2.
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Figure 3.2: Mean local ¥y versus GMC mass. The solid line is the least-squares fit for
the plotted points, which show the mean HI surface density within 70 pc of GMCs. The
dotted and dashed lines are the least-squares fits for Xy within R < 150 pc and Xy within
R < 50 pc, respectively. The average surface density of atomic gas surrounding GMCs is
10.2 4+ 0.4 M, pc=2. The HI surface density increases slowly with increasing GMC mass as
Yup o< MEZEYY, where the power-law is the mean of the three least-squares fits and the

uncertainty is the 1-o spread.
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Figure 3.3: Cloud 1: The top left figure shows the intensity-weighted first moment map of
the HI with the gradient axis overlaid. The velocity range of the map is indicated in the
top left corner in units of km s=!; red represents the maximum speed. Below this figure is a
plot of the central velocity at a given location in the first-moment map versus perpendicular
offset from the gradient axis; the linearity of the plot indicates that a plane is a good fit to
the first-moment map. The top right figure is a surface density map of the HI overlaid with
a circle proportional to the size of the associated GMC. The range of HI surface densities
displayed in the map are in the top right corner in units of M, pc~2, and the total HI mass
in the region is written in the bottom left corner. Below is a plot of the average spectra of
HI emission (black) and CO emission (red) toward the region.
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is close to zero, indicating that a plane is not a good fit to the first-moment map. Cloud
13 is an example of a region that does not exhibit a linear gradient and in which the GMC
does not coincide with a local maximum in the HI.
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Figure 3.7: Cloud 39: Same as Figure 3.3.
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Figure 3.13: Gradient magnitudes for (a) GMCs, (b) HI clouds containing GMCs, and (c)
HI clouds without observed GMCs in M33. Clouds having a position angle differing from the
galaxy by more than 90° are given negative values. The hatched portions of the histograms
in (b) and (c) represent regions having non-linear linear gradients.
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Figure 3.15: Comparison of HI and GMC position angles. If the velocity gradients indicate
rotation, then most GMCs (~ 53%) are not rotating in the same sense as the associated HI.
The hatched portions of the histograms in (b) and (c) represent regions having non-linear
gradients.
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Chapter 4

Extinction in the Large Magellanic

Cloud

This chapter has been published in the Astrophysical Journal. It appeared in v. 662
(June 2007) p. 969.

Abstract

We present an extinction map of the Large Magellanic Cloud (LMC), using 204,502 stars
from the Two Micron All Sky Survey point source catalog. We first use the NICE method
to determine the reddening distribution, E(H — K) and E(J — H), which we compare to the
HI distribution to find a near-infrared reddening law of E(J — H)/E(H — K) = 1.20 £ 0.04.
A visual extinction map (~ 6° x 6°) of the LMC is created using the NICER method;
at 4 arcmin resolution, a mean value of Ay = 0.38 mag is found. We derive the LMC
CO-to-Hy conversion factor, Xiyc, independent of assumptions about the virialization of
giant molecular clouds, by comparing the NICER extinction map with NANTEN !2CO
observations. In regions where Ay > 1 mag and 2CO emission is > 2 K km s™!, we measure
Xinve = 9.3+0.4 x 10 em™2 (K km s7!)~L. In the same regions, the LMC contains a total

molecular mass of (4.5 +0.2) x 107 My,

4.1 Introduction

Studying the properties of giant molecular clouds (GMCs), the sites of most star for-
mation, in a variety of extragalactic environments provides insight into stellar evolution as
a whole. The Large Magellanic Cloud (LMC) is a good laboratory for this type of study
because of its proximity (D ~ 50 kpc) and its nearly face-on orientation in the sky.

Determining the amount and distribution of molecular hydrogen (Hs), the dominant
molecule (~ 99.99% by number) in GMCs, is useful for the study of the initial conditions of
star formation. Yet due to the lack of a permanent electric dipole moment, Hs is undetectable



SECTION 4.1. INTRODUCTION 92

at the low temperatures (~ 10 K) of molecular clouds, and so a variety of other tracers have
been used to identify them and to study their density distribution. Two common methods are
star counts and color excess, which trace molecular gas by measuring the dust distribution
of GMCs. The spatial location of gas and dust are highly correlated, as the well-known
gas-to-dust relationship attests, because Hy forms most efficiently in dense gas where dust
grains provide surfaces onto which HI can collide and be converted into molecular form. The
star counts method measures extinction by comparing the number of stars seen behind a
dark cloud along a given light of sight with the number in a control field off the clouds and
assumed to be dust-free. The color excess method measures reddening by exploiting the
decrease in the extinction with increasing wavelength.

Since the 1960s, a number of authors have used the color excess method to map the
reddening and inferred dust distribution of the LMC, (e.g., Feast et al. 1960; Isserstedt 1975;
Grieve & Madore 1986). But a combination of questionable assumptions—for instance, as-
suming Galactic intrinsic colors, small data sets, limited spatial coverage, and not accounting
for the Galactic foreground contribution to reddening—resulted in significant uncertainties.

Advances in recent years have made it possible to possible to bypass most of these
problems. Namely, the advent of infrared (IR) array detectors, such as those used in the
Two Micron All-Sky Survey (2MASS), have made possible the simultaneous observations
of hundreds of sources in multiple wavelength bands. These detectors have the further
advantage that IR light suffers much less extinction than the visible and ultraviolet, so
molecular clouds can be probed more deeply. In the Galaxy, for instance, Ax ~ 0.1Ay. The
Near Infrared Color Excess (NICE) technique developed by Lada et al. (91) exploits the
advantages offered by these large-scale arrays and has proved to be a powerful way of mapping
extinction through molecular clouds. In this method, infrared color excess measurements are
made by inferring the intrinsic color, typically (H — K), of target stars from an unreddened
control field. The NICER (NICE Revised) method of Lombardi & Alves (2001) generalizes
the former by using information from all available independent colors—for instance, (J — H)
and (H — K)—to map extinction.

Radio observations of interstellar carbon monoxide (CO) have also been used to trace
H,. Cohen et al. (1988) were the first to fully survey the LMC in the J = 1 — 0 rotational
transition of CO. Yet, at their limited resolution (8.8), they were able to resolve only the
largest cloud complexes (~ 140 pc). More recently, Mizuno et al. (2001) completed a
comprehensive high-resolution (~ 40 pc) CO survey using the 4 m NANTEN telescope.
Both groups of authors made calculations of the CO-to-H, conversion factor, or the “X-
factor,” of the LMC.

An outstanding question concerning GMCs is how metallicity affects the X-factor. This
quantity is of particular interest in the LMC since the galaxy has a lower metallicity (~ 1/4;
Dufour 1984) and a higher gas-to-dust ratio (~ 1.7; Gordon et al. 2003) than the MW.
It is conjectured that the relatively less-abundant CO in the LMC is more susceptible to
photo-dissociation by UV radiation, which can penetrate more deeply into the less-dusty
clouds (e.g., McKee 1989). This argues for Xpymc > Xuw.

Yet there are a number of problems with determining the X-factor solely from CO
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observations. Potentially unrealistic assumptions regarding the physical properties of the
molecular clouds—for instance, that they are virialized—must be made, since there is not
an independent measure of N(Hy).

It is the main goal of this paper to provide such an independent measure of the molecular
content in the LMC, one that makes no assumption about the structure, dynamics, or
virialization of GMCs. We do this by first creating an extinction map from 2MASS data,
in one of the first applications of the NICE(R) techniques to an extragalactic system. A
number of other useful results are obtained in the process, including the NIR extinction law,
the extinction distribution, and the X-factor of the LMC. In § 2 we describe data selection
and the other considerations that go into determining extragalactic reddening. The results,
including the extinction map and X-factor, are presented in § 3. Conclusions are presented
in § 4.

4.2 Data Selection

4.2.1 2MASS Data

Our reddening maps of the LMC are derived using JH K near-IR photometry obtained
from the 2MASS Point Source Catalog.! For unconfused sources with Galactic latitude
|b| > 10°, the limiting magnitudes of the 2MASS catalog at the 10-o level are 15.8, 15.1,
and 14.3 mag in J (1.24 pym), H (1.66 pum), and Kg (2.16 pm), respectively. Possible
contaminants, such as image artifacts caused by bright stars, confused sources, solar system
objects, and other artifacts are eliminated. ? Only data having photometric uncertainty
< 0.10 mag, corresponding to S/N > 10, are selected. Our data cover the central 6° x 6°
region of the LMC, centered on (o, §) = (5"20™, —69°). This choice of range was based on
an examination of the Mizuno et al. (2001) CO map and the Staveley-Smith et al. (2003)
HI map, which reveals the extent of molecular and HI emission, respectively. This initial
sample contains 329,702 sources.

The 2MASS resolution, 2", corresponds to a physical size of ~ 0.5 pc at 50 kpc, and
so individual LMC stars should be well-resolved. Nikolaev & Weinberg (2000), treating a
similar set of LMC data drawn from 2MASS, show that confusion is not a problem at this
resolution.

Our preliminary data set contains not only LMC field stars but Galactic foreground
point sources. In order to get a quantitative estimate of the MW foreground stellar number
density, we obtain 2MASS data for a reference field in the same range of Galactic latitude
as the LMC field but removed in Galactic longitude by —30°. The angular number densities
of the LMC field (prior to data reduction) and MW field are 4.65 x 10* deg™2 and 1.68 x 10?
deg=2, respectively. Not accounting for the foreground would dilute the measured extinction

thttp://irsa.ipac.caltech.edu/applications/Gator/
2Explanatory Supplement to the 2MASS All-Sky Data Release at http://www.ipac.caltech.edu/
2mass/releases/allsky/doc/explsup.html
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(Av) and increase the uncertainty, especially in regions of high Ay. In what follows we use
the color-color diagram, in conjunction with Nikolaev & Weinberg’s (2000) analysis of the
LMC color-magnitude diagram, to correct for this.

4.2.2 Data Reduction

To derive the LMC gas-to-dust ratio (see § 4.3.1) and X-factor (§ 4.3.5), we generate
color excess and visual extinction maps for comparison with the galaxy’s N(HI) and CO
distributions, respectively. We use Lada et al.’s (1994) NICE method to generate the color
excess maps, F(J—H) and E(H—K). For the extinction maps, we use the NICER method of
Lombardi & Alves (2001), which generalizes Lada’s formulation for multi-band observations.
In these techniques, the intrinsic color of all stars observed toward a target clouds is taken
to be the mean color of a nearby, unreddened control field. An extinction map is generated
by averaging the irregularly sampled data into pixels, across each of which the extinction
is assumed to be uniform. Application of these techniques, originally applied to Galactic
clouds, assumes that all stars observed toward the cloud (i.e., the field stars) are background
stars; and the field and control stars are homogeneous (i.e., drawn from the same parent
population). Extending these techniques to extragalactic sources raises special concerns as
to how well these conditions can be fulfilled.

Before creating the extinction map, a number of reductions and corrections are per-
formed on the raw data, with particular care taken to address those assumptions just men-
tioned.

Completeness

The observed completeness limits toward the LMC are brighter than the nominal com-
pleteness limits stated in the 2MASS catalog (Figure 4.1). Towards regions of higher extinc-
tion, intrinsically fainter stars will escape detection before intrinsically brighter stars, so the
overall extinction would be underestimated if all stars were included in the measurements
(Oestreicher & Schmidt-Kaler 1996). Because only the minimally extincted faint stars would
be able to be measured, including them in our sample would drive down the overall mean
extinction. However, in dealing with apparent, not absolute, magnitudes, the relative faint-
ness of a given star may be due to extinction or its intrinsic brightness. But statistically, we
do not expect a particular population (intrinsically faint or bright) to be more likely to lie
behind molecular clouds. With our large data set, then, it is reasonable to assume that most
observed faint stars (i.e., those below the observed completeness limit) would bias measure-
ments to lower values of extinction if included. Thus, based on our completeness estimates,
we used only stars with brightness greater than J < 15.0, H < 14.4, and K < 14.3 mag for
subsequent analaysis. This and the following data selections are summarized in Table 4.1.

We tested these assumptions in several ways. First, we confirmed that the use of a
constant magnitude limit in each band is appropriate, i.e., that it does not depend on
column density. We calculated the limits for different reddening intervals and found that the
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Figure 4.1: Luminosity functions of our sample. The observed completeness limits for J,
H, and K, were estimated 15.0, 14.4, and 14.3 mag, respectively. The 2MASS completeness
limits (15.8, 15.1, and 14.3 mag) are indicated with vertical lines.



SECTION 4.2. DATA SELECTION 96

Table 4.1: 2MASS Data Selection Summary

Criteria Number of
remaining stars

2MASS selection 329,702

Completeness cutoff ¢ 258,621

Eliminate MW foreground * 204,502

@ Completeness limits (see Figure 4.1): J < 15.0 , H < 14.4, K < 14.3 mag.
b Based on Nikolaev & Weinberg (2000) regions.

values stated above remained the same. Second, we measured the extinction for those stars
falling outside our stated limits (i.e., those fainter than J > 15.0, H > 14.4, and K > 14.3
mag). Their measured mean reddening of -0.44 mag is unphysical and their distribution
is consistant with an error population. Indeed, when we went ahead and created a map
including these stars, (i.e., without having imposed a completeness limit), the global mean
extinction was lowered significantly (by nearly a factor of 2). Finally, after having created
the extinction map only using stars brighter than the completeness estimates, we found that
the remaining fainter stars have overall lower reddenings consistant with an error population
(i.e., a noise population with a Gaussian distribution centered around zero).

Foreground and non-interstellar reddening

The Galactic foreground contaminates the 2MASS LMC field in two ways: with HI gas
and point sources. Within the LMC itself there is foreground contamination, as well as red-
dening of non-interstellar origin, including that caused by protostars and obscured aymptotic
giant branch (AGB) stars.

Galactic HI foreground extinction is not negligible but previous authors, usually for lack
of data, adopted uniform foreground reddening in their derivation of LMC extinction maps.
In the Parkes multibeam HI survey of the LMC, Staveley-Smith et al. (2003) found a mean
Galactic reddening of (F(B —V)) = 0.06 mag over the LMC disk, varying from 0.01 to 0.14
mag. Staveley-Smith generously provided us with their HI data, which we used to correct
for Galactic reddening for stars in the LMC field. For every 2MASS source, foreground
extinction in each band was calculated at that position using the MW extinction law of
Schlegel et al. (1998; A;/Ay = 0.276, Ag/Ayv = 0.176, Ax/Ay = 0.112), and the MW
gas-to-dust ratio of Bohlin et al. (1978; 3 = N(HI)/Ay = 1.87 x 10*! mag™" cm~2). These
values were then subtracted from the observed 2MASS magnitudes:
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0.276

Jcorrected = Jobserved - TN(HI)foregrounda (41)
0.176

Hcorrcctod == Hobservcd - TN(HI)forogroundu (42)
0.112

Kcorrcctod = Kobsorvod — TN(HDforeground- (43)

While Galactic HI is easily identified given its distinct velocity compared to LMC gas,
the correction for Galactic point source contamination is more complicated. Furthermore,
we wish to eliminate from our sample objects in the LMC whose reddening is circumstellar
in origin. The color-magnitude diagram (CMD) is a useful tool to correct for both effects.
Analysis of the CMD allows us to eliminate sources, on a probabilistic basis, that are unlikely
to have undergone reddening from LMC interstellar dust.

One can use the CMD (K vs. J—K) to identify distinct stellar populations (Figure 4.2).
This is the main focus of Nikolaev & Weinberg (2000) who, by matching features of the
2MASS CMD to colors of known populations from the literature, discuss which populations
are the greatest contributors to the different regions. We use their regions E, F, G, H, J, K| L,
and part of D, to create the reddening maps. These areas correspond to LMC populations,
primarily of the giant branch, with insignificant Galactic foreground contamination. We
eliminate regions A, B, C, and I, which contain roughly 15, 80, 80, and 55 percent foreground,
respectively. Region K, which is free of foreground contamination, but consists of dusty
asymptotic giant branch stars whose large J — K colors are due to circumstellar reddening,
is also eliminated. We confirmed that these highly reddened stars are not preferentially
located in regions of high molecular gas by plotting their spatial locations. We also performed
the reverse operation. That is, based on the CO map of Mizuno et al. (2001), we located
points on the color-color diagram and CMD that fall within the contours of known molecular
clouds. In all, there are only 74 stars in the extended “finger” of the color-color diagram
corresponding to molecular clouds in the Mizuno et al. (2001) map (see Figure 4.3). After
these selections, we are left with 204,502 sources, corresponding to an average number density
of 4.76 x 10® deg=2. Figures 4.3 and 4.4 show the color-color diagrams of the LMC field before
and after the data reductions presented in this section.

A difficult problem is correcting for foreground contamination within the LMC. The
color excess method assumes that stars observed in the line-of-sight to a cloud are background
stars. Extinction measurements will be diluted wherever foreground stars are included in the
calculations. In addition, as discussed and modeled by Lada et al. (1994), the decrease in
measured extinctions due to foreground stars will have a particularly large impact in regions
of high extinction, resulting in an increase in dispersion with Ay. We tried to minimize the
effect of foreground in the extinction map by sigma-clipping—that is, by removing sources
in a given pixel with anomalous values of Ay. This was one of the motivations behind the
creation of the NICER technique (Lombardi & Alves 2001). Described comprehensively by
these authors, the sigma-clipping solution is justifiable when the scatter of intrinsic stellar
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Figure 4.2: Color-magnitude diagram of the LMC field. The contours are logarithmically
spaced, from 2 to 3.4, by 0.4. We selected data for the extinction maps from the enclosed
region, which corresponds to regions E, F, G, H, J, L and part of D of Nikolaev & Weinberg
(2000).
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Figure 4.3: Color-color diagram of the LMC field before data reduction. The contours are
logarithmically spaced, from 2 to 3.8, by 0.4. Overplotted are the color sequences for Galactic
dwarfs and giants from Koornneef (1983). The reddening vector, based on relations from
Koornneef (1982), is drawn for E(B — V) = 1.0 mag.
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Figure 4.4: Color-color diagram of the 204,502 stars in the LMC field after data reduction.
The contours and reddening vector are as in Figure 4.3.
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colors is small or when the column density of the GMCs in question is sufficiently high. As
we show in the following subsection, the first condition is not met in our case. Neither do
we have any a priori reason to sigma-clip based on the latter condition.

In any case, to explore the effects of this method on our data set, we did generate a
number of sigma-clipped maps. Ultimately, we found no advantages in doing so and used a
simple weighted mean for our final maps.

Homogeneity of control and field stars

Success with the NICE(R) technique relies on the mean color of the control group being
characteristic of the intrinsic color of the field stars. Recall, the reddening of a given star is
the difference between the observed color and the intrinsic color of a particular spectral type.
Thus, extending the NICE(R) method to an entire extragalactic field raises another concern
as to whether the fraction of stars of a particular spectral type varies significantly across
the field. In other words, we are concerned with the homogeneity of the field, especially
the control group. Based on the selection criteria in the previous section, we are confident
that our field consists primarily of giant branch stars, though a variety of stages in evolution
are represented (e.g., helium and hydrogen shell burning phases, oxygen- and carbon-rich
phases; Nikolaev & Weinberg 2000). As for the control group, we would like the dispersion
around the mean control color to be significantly less than the observed range of field star
colors, since the dispersion determines the 1-0 confidence level for extinction measurements
(Alves et al. 1998).

We examined the HI and CO maps of the LMC for minimally reddened regions and
inspected control groups in each of the four “corners” of the galaxy image (Figure 4.5). Not
surprisingly, the regions do not have narrow color distributions. The control groups are
well-behaved in that they are statistically equivalent—the (H — K) colors to two significant
figures and the (J — H) colors to one significant figure. Yet, as Figure 4.6 shows, the width
of the control distributions relative to that of the field stars forecasts low signal-to-noise in
extinction measurements. The nature of the uncertainties is explored in detail in § 4.3.2
where we derive the extinction maps. We are somewhat consoled, though, since the large
number of stars in our data set will act to minimize this problem and because our main
interests here are in global properties of the galaxy. We proceed by taking the average of
the mean control group colors as the intrinsic colors of the field:

(H — K)intrinsic = <(H — K))Control

= 0.16 £ 0.09 mag, (4.4)
(J - H)intrinsic = <(<] - H))control
0.74 +0.11 mag. (4.5)

By comparison, the mean colors of the entire data set are (H — K) = 0.175 + 0.0946 and
(J—H)=0.772+£0.110 mag (see Figure 4.6). Again, this and the previous selection criteria
are summarized in Table 4.1.
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Figure 4.5: Spatial distribution of the selected sources, in pixels of 4'x4’, with average surface
density of Yiame = 4.76 x 103 stars deg=2. Counterclockwise starting from the northeast,
the outlined control regions have an average of Yeon,. = 1.48, 1.57, 1.98, and 1.02 x 103 stars
deg2. The color levels cyan, green, yellow, orange, and red correspond to 0.90, 1.80, 3.60,

7.20, and 14.40 x 103 stars deg=2, respectively.
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Figure 4.6: The reddening distributions of the LMC field (heavy black line) and control
(colored lines) groups. The orange, red, green, and blue lines correspond to data from the
northeast, southeast, southwest, and northwest corners of the LMC, as shown in Figure 4.5.
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4.3 Results

4.3.1 NIR Extinction Law

The NICE(R) methods require knowledge of the NIR extinction law and assume that
this relationship is linear. The extinction law may be described by extinction coefficients,
k; = Av/E(my, —my,), which relate the extinction to the color excess. Knowing k; enables
us to convert color excess to Ay, which is proportional to N(Ha) and, hence, to N(Hs).
To determine the scaling we must assume a value of the LMC gas-to-dust ratio. Thus,
we plot E(my, —m,,) versus N(HI), and compare this relationship with the LMC gas-to-
dust ratio estimated by Gordon et al. (2003) (Figure 4.7). Their value of N(HI)/Ay =
(3.25 4 0.28) x 10*! mag™ cm™? is a weighted average of all 24 archival gas-to-dust ratio
measurements.

E(H—-K) and E(J— H) for individual stars were determined by subtracting the intrinsic
colors (Equations 4.4 and 4.5, respectively) from the observed 2MASS colors. Color excess
maps were generated by binning the data into 4’ pixel grids with 2’ spacing. The color excess
at a given location was then given by the average, weighted by the uncertainties, of stars
within that pixel. Next, these maps were compared to the N(HI) map on a pixel-by-pixel
basis.

In Figure 4.7, the data are averaged in bins of equal N(HI) and fitted for the linear
relation

E(m,\l — m>\2) = mZA\/(HI) + b, (46)

where m; = k; ' and Ay (HI) = N(HI)/(2 x 3.25 x 10?! mag™~! em~2) is the extinction due to
HI. The HI column is divided by 2 since, on average, extinction along a given line-of-sight
is caused by half the dust layer. In other words, only half the total column, on average,
contributes to the measured reddening. The data are plotted in bins of AAy(HI) = 0.05
mag, and weighted least-squared fits were done over the range Ay(HI) = [0.1,1] mag. So
as to get the best possible correlation between color excess and atomic hydrogen we masked
out regions with significant molecular gas, defined as areas with CO emission exceeding
Ico = 1 K km s7!. This value is based on an examination of the Mizuno et al. (2001) CO
map, in which they define GMC complexes as regions exceeding 3 K km s~!. The extinction
coefficients k;, which came from the inverse of the best fit slopes, were found to be 20.83+0.52
and 17.30 £+ 0.46 for E(H — K) and E(J — H), respectively. Dividing these results gives
a ratio of E(J — H)/E(H — K) = 1.20 & 0.04, which is consistent with the Koornneef
(1982) reddening law, which is F(J — H)/E(H — K) = 1.06 when converted to the 2MASS
photometric system (Carpenter 2001).

In principle, one should be able to determine the NIR reddening law by comparing
E(H — K) and E(J — H) directly. And if the color excesses are linearly dependent, the
ratio of extinctions in two different bands is constant, a key assumption of the NICE(R)
techniques. We found that this direct comparison was not a robust way of measuring the
reddening law, in part, because of the lack of a linear relation for low values of (H — K) and
(J — H)—a result of our data selection (see Figure 4.4). When we examined the reddening
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Figure 4.7: LMC reddening as a function of hydrogen column, measured in regions where

Ico < 1 K km s™!. Error bars represent the deviation around the mean of color excesses
inside the bin (AN(HI)/[2. x 3.25 x 10*'cm~2=0.05]).
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law in the same regions as the gas-to-dust ratio analysis (i.e., where Ico < 1 K km s71), we
found that the data could be fit by two different slopes. Figure 4.8 shows that the majority of
stars with little to no reddening are fit by a shallower slope than more highly reddened stars.
Below E(J— H) =~ 0.05 mag, the data are consistent with a noise population and there is no
robust linear fit. Above E(J — H) ~ 0.1 mag, however, the data are well approximated by
the linear relationship F(H — K) = (0.84 £0.06)E(J — H) — (0.037 £ 0.007). The reciprocal
of the slope, 1.19, is in good agreement with the E(J— H)/E(H — K) ratio of 1.20 we derive
via the gas-to-dust ratio measurements and with the Koornneef (1982) reddening law. We
also repeated this analysis for the entire reddening maps, i.e., not restricted to regions of
low molecular gas. The same result was observed: more highly reddened stars were fit by a
linear relationship in agreement with a reddening law with a slope of & 1.20.

Finally, we note that the lack of linearity in the reddening law over the entire range of
values is not due to poor photometry. When we repeated the above analysis using stars with
increasingly higher S/N ratios, we achieved similar results: stars reddened above E(J—H) ~
0.1 mag were well-fit by a reddening law of ~ 1.20, while stars with lower reddening were
consistent with noise.

4.3.2 NICER Extinction Map

Using the E(my, —m,,)-Ay ratios derived above, an extinction map, shown in Figure 4.9,
was constructed using the NICER method (see Lombardi & Alves 2001 for a detailed de-
scription). The intrinsic colors and color dispersions, used to calculate the color excess for
individual stars, were derived from the control fields (Equations 4.4 and 4.5). Visual extinc-
tions were then calculated for each star, and the data were binned onto 4’ pixel grids with 2’
spacing. At this resolution, we can resolve structure down to =~ 58 pc. Pixels were required
to contain at least three stars for subsequent calculations; those with N < 3 were given a
“not-a-number” value and interpolated over in the extinction map. Out of a total of 44,590
(245 x 182), there are only 6,089 such pixels, primarily in the periphery of the map where
the number density is low.

At our resolution, we found a mean extinction (Ay) of 0.38 mag and standard deviation
of 0.57 mag. The distribution of measured values is displayed by the histogram in Figure 4.10.
“Negative” extinction pixels in Figure 4.9 correspond to regions that are bluer than the
average intrinsic colors or are due to errors in the measurements. For clarity, a map showing
physical extinctions Ay > 0 is shown in Figure 4.11. The most conspicuous feature of the
map, which shows extinction due to both the atomic and molecular ISM of the LMC, is
30 Doradus at a ~ 5840™ and § ~ —69° to § ~ —71° (J2000.0). Other filamentary and
arc-like structures are seen, for instance, at o ~ 5"35™ and § ~ —68°20" to —69°20’. The
“CO arc” identified by Mizuno et al. (2001) is also present in our map, extending southeast
of 30 Doradus. Extending southwest from (a, §) ~ (5% —66°) to (4"40™, —68°30') is a loose
“string” of highly extincted clumps, some of which are associated with HI peaks. But there
are no peaks in either the HI or CO maps corresponding to the rather large (~ 175 x 90 pc)
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Figure 4.8: The reddening law measured in the same regions as Figure 4.7. The (H — K)
color excess is plotted as a function of (J—H) color excess. Error bars represent the deviation
around the mean of E(H — K) inside the bin AE(J — H) = 0.01 mag. The data are plotted
as a function of E(J — H), as opposed to E(H — K) as is often the case, because in this
circumstance F(J — H) has a higher overall signal-to-noise.
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Figure 4.9: Sigma-clipped NICER extinction map of the LMC at a resolution of 4 arcmin.
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Figure 4.10: The pixel extinction distributions of the the sigma-clipped map (Figure 4.9).
Indicating a population of zero-reddening stars is a Gaussian with o equal to the mean of
the propagated measurement errors of the data.
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Figure 4.11: Sigma-clipped NICER extinction map of the LMC at a resolution of 4 arcmin.
This map shows physically allowable extinctions, i.e., Ay > 0 mag.
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clump at (4"40™, —68°30). We do not find distinct, high- Ay features located toward the bar
at (o, 8) ~ (5820™, —70°).
4.3.3 Uncertainties and noise

The average extinction of a given pixel is estimated by the weighted mean of all stars
falling within it:

N
- WAy ;
(Av) = —Z“N L (4.7)
>im Wi
where the weight for the ith star is given by W; = 1/0?, and o7 is the variance due to the
uncertainties in photometry and intrinsic star colors, 07 = 02, ; + 0%y The error in the

mean, or the observed variance, for the pixel is given by

2 _ T Wi ((4v) — Avy)’
- (0, Wi)

The signal-to-noise ratio (SNR) of the final map is dependent upon the smoothing
technique used. In order to eliminate suspected foreground stars that are expected to increase
the uncertainty in Ay especially in highly extincted regions, we would have liked to smooth
the map using sigma-clipping. In this technique, the local uncertainty in (Ay), oa,, is
estimated, and then Equation 4.7 is recalculated using only stars that fall within +n-o4, of
the first estimate of Ay.

When the distribution of control field colors is sufficiently narrow, or when extinction
caused by the clouds is sufficiently high and the fraction of foreground stars low, sigma-
clipping is a practical solution to removing foreground stars that contribute to the noise
but not the signal. Otherwise, especially when the latter case is untrue, there is the risk of
underestimating the extinction. This is because sigma-clipping eliminates outliers with both
high and low extinction.

The trend of uncertainty increasing with extinction (see Figure 4.12) results from a
number of sources of error, including the uncertainty of the intrinsic colors, small-scale
structure within pixels, photometric errors in the individual bands, and foreground stars
within the LMC. The latter two uncertainties are expected to increase in highly extincted
regions. The stellar number density in high- Ay pixels is comparable to low-Ay areas of the
map (~ 15 stars per pixel and ~ 21 stars per pixel for Ay > 2 and Ay < 2 mag, respectively),
and so Poisson noise is not the main contributor to the increased dispersion.

In the NICER method, o7 is calculated for each star from the covariance matrices of the
intrinsic scatter in colors and photometric errors. The corresponding measurement error of a
pixel is given by 02, = 1/ 3.1, W2. The following analysis of 02, and the total dispersion
of a pixel, o2

(4.8)

2 ean (Equation 4.8), can help us determine which types of uncertainties dominate.
As shown in Figure 4.12; in low-extinction regions of our map, measurement (i.e., pho-
tometric and intrinsic color) errors contribute to a larger fraction of the overall uncertainty
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Figure 4.12: Dispersion of measured extinctions as a function of Ay in bins of 0.10 mag.
The black squares show oyean, as calculated by Equation 4.7, averaged in each bin, with
the relative scatters indicated by error bars. For comparison, we plot the mean error due
only to scatter in intrinsic color and that due only to photometry, indicated by red and blue
triangles, respectively.
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than in high-extinction regions. As the extinction increases, the dispersion due to small-scale
structure and foreground stars within the LMC increasingly dominate the uncertainty. As
discussed in previous studies (e.g. Lada et al. 1994; Alves et al. 1998; Lombardi et al.
2006), these two phenomena are difficult to disentangle since they result in similar statistics.
For instance, an un-reddened star appearing through a “hole” in a GMC is indistinguishable
from a foreground star in front of the same cloud.

We check the accuracy of our estimated uncertainties by examining the distribution of
pixels with Ay < 0, The appearance of a significant number (~ 1/5) of such pixels (see
Figure 4.10) is consistent with a noise population with a standard deviation characterized
by the mean measurement error. That is, stars with Ay < 0 are well-fit by a Gaussian with a
standard deviation equal to the propagated measurement uncertainties, (oyeas) = 0.39 mag.
Recall, the dispersion of the control group colors—the value that determines the significance
level of the extinction measurements—is not much less than the dispersion of the field star
colors (see Figure 4.6 in § 4.2.2). With deeper observations and better measurements of
the intrinsic colors of a well-defined population, these statistics could be improved upon.
Meanwhile, as indicated by Figure 4.10, we are unable to distinguish real signal from noise
below Ay &~ 1 mag. With an overall 1-o noise level of 0.57, the average SNR of the entire
extinction map is 0.66; it is 2.5 for those regions of the map where Ay > 1 mag.

We note that the column densities derived in this paper may be systematically lowered
if the extinction coefficients derived in § 4.3.1 are too large. This would be the case if we
assumed too low of a gas-to-dust-ratio, (see Equation 4.6).

However, the measured columns are more likely to be lower limits, for the following
reasons. (1) Foreground contamination results in the dilution of signal, and thus, lower
values of Ay. (2) The most highly extincted stars likely went undetected. In § 3.3 we show
that our measurements of Ay are relatively insensitive where Ico > 2 K km s™!; deeper
photometry in these regions would raise the measured extinction.

4.3.4 Comparison with previous studies

The mean internal extinction we derive here is in overall agreement with earlier mea-
surements. Table 4.2 summarizes the mean reddenings given by previous authors, each of
whom used some form of the color excess technique—subtracting intrinsic from observed
colors—to derive a reddening distribution. All used UBV photometry of early-type stars for
their reddening measurements. They were necessarily observing the most luminous stars,
which may have additional circumstellar reddening due to heavy mass-loss. This could lead
to overestimating the interstellar reddening, as Oestreicher & Schmidt-Kaler (1996) point
out.

Other common sources of error and inaccuracy in the results of previous authors included
(1) the assumption of Galactic intrinsic colors, (ii) not accounting for the Galactic foreground
contribution to reddening, (iii) not addressing selection effects related to completeness, (iv)
small data sets, and (v) limited spatial coverage. Adopting Galactic intrinsic colors (e.g.,
Feast et al. 1960, Isserstedt 1975, Isserstedt & Kohl 1984) leads to an underestimate of



SECTION 4.3. RESULTS 114

Table 4.2: Summary of LMC Reddenings.

E(B—-V) (mag)* Reference
0.12° This paper
0.10 1

0.07 ¢

0.02-0.20

0.10

0.15 (0.01-0.26) ©
0.13 ¢

0.16

0.13

0.13

© 00 O UL = W N

@ Except for the Isserstedt (1975) value, a maximum detection, values listed are means or ranges
of E(B-YV).
b In converting our derived (Ay) to (E(B —V)), we used R = Ay /E(B — V) = 3.1, as did the
authors listed here. The use of Gordon et al.’s more recent value calculated for the LMC,
R = 3.41, would result in (F(B — V)) = 0.11 mag.
¢ These authors did not correct for Galactic foreground reddening.

REFERENCES.—(1) Feast et al. (1960); (2) Isserstedt (1975); (3) Isserstedt & Kohl (1984); (4)
Grieve & Madore (1986); (5) Hill et al. (1994); (6) Massey et al. (1995); (7) Oestreicher &
Schmidt-Kaler (1996); (8) Harris, Zaritsky & Thompson (1997) ; (9) Zaritsky (1999)

the reddening since MW supergiants (the stellar types used by these authors) are intrin-
sically redder in color than their LMC counterparts, especially in UBV photometry. Not
accounting for the completeness limit (e.g., Massey et al. 1995) also biases the measurements
toward lower extinction, since highly reddened faint stars are underrepresented (see § 2.2.1).
The extinction will be overestimated, however, if the Galactic foreground contribution to
reddening isn’t corrected (e.g., Hill et al., Massey et al. 1995).

Inaccuracies in the overall spatial distribution of reddening may result from items (iv)
and (v). Feast et al. (1960) had a small data set (108 supergiants) sampled from across the
LMC. Hill et al. (1994) used 7 OB associations, 3 of which are associated with 30 Doradus,
one of the most highly reddened regions of the galaxy. Harris et al. (1997) and Zaritsky
(1999), as part of connected studies, produced maps of variable spatial resolution which
covered areas of ~ 2° x 2° and ~ 4° x 2.7°, respectively. The most comparable map to ours
is that created by Oestreicher & Schmidt-Kaler (1996) from 1,507 O-A stars throughout
the LMC. They did not grid their map, but rather analyzed the distribution of reddened
stars. Like us, they found reddening throughout the LMC, including in peripheral areas not
associated with HI or CO peaks. They also did not find much reddening in the bar.
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4.3.5 The X-Factor
The X-factor is defined as

N(Hj) [em™2]

X = .
Ico [K km S_l]

(4.9)

To determine Xy \ic, both the CO data and NICER extinction map were convolved to
maps of the same pixel size (4") and grid spacing (2’) and then compared on a pixel-by-pixel
basis. These maps are displayed in Figure 4.13. For the reasons discussed in the previous
section, only pixels in which Ay > 1 mag (or, SNR> 2.5) are used. A linear relationship
between Ay and Ico would allow us to derive X by fitting the data. However, above about
2 K km s7!, as shown in Figure 4.14, there does not appear to be any linear dependence
between Ico and Ay. This lack of a linear correlation at high column densities most likely
results from insufficient sensitivity in our extinction measurements. The global mean SNR
of the Ay map (0.66) surpasses that of the Ico map (0.23). But the comparative sensitivities
of the two measurements appear to depend on the molecular content in a given area. In high
column density regions, above Icg = 2 K km s™!, these SNRs are 1.60 for Ay and 6.5 for
Ico. In low column density regions, Ico < 2 K km s™!, the trend is reversed and the ratios
are 0.82 and 0.18, respectively.

In order to take full advantage of the data in the regions of most concern to us, i.e.,
regions of highest extinction, we proceed by deriving the X-factor statistically. Of the 4,396
pixels with Ay > 1 mag, there are 271 remaining corresponding to positions where Ico > 2
K km st

The total contribution of hydrogen gas to the column density, N(Hy) = N(HI) +
2N (Hy), may be obtained from Ay. Statistically, along any given line-of-sight toward the

LMC, half the total column contributes to the measured extinction. That is, N (H,SS}V)) =
N(Hgot)/2. In terms of the average gas-to-dust ratio calculated by Gordon et al. (63), the
column density of molecular hydrogen is

N (Hy)[em 2] = 3.25 x 10* Ay [mag] — %N(HI)[cm*]. (4.10)

Figure 4.13 displays the map of visual extinction due to Hy, created using this equation. Fi-
nally, the mean of Equation 4.9 is calculated for pixels where Ay > 1 mag and Ico > 2
K km s7!. We note that the suitability of this method relies on 2N (H,) being signifi-
cantly larger than N(HI) since, otherwise, large errors would result from the subtraction
in Equation 4.10. For our measurements towards regions of the LMC where Ay > 1 mag,
2N (Hz)/N(Hiot) = 73%+£17%, indicating that it is reasonable to proceed with Equation 4.10.

In units of 102 em™2 (K km s7')™!| we found that Xpyc = 9.3 + 0.4, where the error
around the mean (i.e., the random error) was adopted as the uncertainty. Values range from
0.10 to 47.1, and the 1-0 scatter is 6.9. Figure 4.15 displays this distribution. In the same
regions, we measure a total Hy mass of (4.540.2) x 107 M, assuming a distance to the LMC
of 50 kpc.
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Figure 4.13: This map shows extinction due to Hs. It is created by applying Equation 4.10 to

the NICER extinction map (Figure 4.9), using only pixels with total Ay > 1 mag. Overlaid
are the CO contours of molecular clouds identified by Mizuno et al. (2001).
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Figure 4.14: Plotted is the Ico-Ayrelation for the analyzed regions (see the text for details).

Data are binned along the Ico axis in bins of Alco = 1.0 K km s7.
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Figure 4.15: The distribution of Xy for the analyzed regions. The error bars are the
deviation in the mean number of counts for each bin.
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4.3.6 Comparison with previous studies

Our value of Xy ¢, ~ 4.7Xuw, falls in between that of Mizuno et al. (2001; ~ 4.5 Xyw),
who calculated it from high resolution (2.6) CO observations, and that of Israel (1997;
~ 6.5X\w; see Table 4.3). The former group assumed that CO clouds in the LMC are
virialized and calculated the X-factor using X = My;,/Lco, where My, is the virial mass
of a cloud and L¢o is the CO luminosity. Application of the virial theorem to complex
molecular structures, known to exist in the LMC, may be inappropriate. There is no a
priori reason why the elongated structures associated with 30 Doradus and the supershell
regions, for instance, should be virialized. Our value is also significantly larger than the Blitz
et al. (2006), who did a revised calculation based on the Mizuno et al. (2001) observations,
of ~ 2.7Xyw. If the GMCs were not virialized, we would have expected in our calculations
a smaller value of Xpyc than that obtained by Blitz et al. (2006). Still, their definition of
what constitutes a molecular cloud may have led to an underestimate in the total molecular
mass.

However, the molecular mass may be overestimated when, at limited resolution, unre-
lated clouds at different velocities are blended within a beam. At their resolution (8.'8),
Cohen et al. (1988) were able to resolve only the largest cloud complexes (~ 140 pc). They
derived a value of Xy\i¢ nearly 2 times our own, though their results did not assume virial-
ization. Finding that LMC clouds are roughly 6 times fainter in CO than Galactic clouds,
Cohen et al. (1988) reasoned that Xpyc =~ 6Xuw, where they adopted Bloemen et al.’s
(1986) value of Xyw = 2.8. But using the updated value of Xynw = 2.0 (Bloemen 1989),
would result in a value (Xpyc = 12.1) a bit closer to ours.

Garay et al. (1993), using the same logic and value of Xynw as Cohen, found that
Xime =~ 39 in the region of 30 Doradus. Israel(1997) found an even greater value (84),
while Mizuno et al. (2001) observed no significant difference in the X-factor there com-
pared to other regions. The highest value we measure in this region is 33.7, located at
(a,6) = (5"43m51%, —69°26™). Our relatively low values in this region may result from un-
derestimating N(Hs) (see § 4.3.5). The largest value we find overall, 47.1, is located at
(5"35™05°%, —67938™) and is associated with a cloud identified by Mizuno et al. (2001) as
having an integrated intensity of 4.2 K km s

Deriving the X-factor independently of virialization assumptions by calculating N (Hs)
from a comparison of far-IR surface brightness and N(HI), Israel (1997) also measured a
larger value (~ 6.5Xyw) than our own. He gives a number of reasons for why his measure-
ments of N(Hsy), and therefore Xiyic, are lower limits. But it appears that his /oo measure-
ments, borrowed from Cohen et al. (1988), are the reason for his comparatively large value
of X1nc, since X oc 15 The mean integrated intensity of the 22 clouds Israel (1997) uses
to determine Xpc is 1.40 K km s™!; the mean Ico detected in corresponding positions by
Mizuno et al. (2001) is ~ 8.5 K km s™!. This diminution in measured CO flux by Israel
(1997) was likely a result of his convolving Cohen et al.’s (1988) original map to a coarser
resolution of 15’

Previous authors’ derivations of X1y, whether over- or underestimated, necessarily tie
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Table 4.3: Summary of LMC X-Factors.

Xime/10% em™ (K km s71)~!  Reference

9.3+£04 This paper
17 1
39 ¢ 2
13+£2 3
9+4 4
5.44+0.5 d

@ This value was calculated for the 30 Doradus region. All others are global LMC averages.

REFERENCES.—(1) Cohen et al. (1988); (2) Garay et al. (1993); (3) Israel (1997); (4) Mizuno et
al. (2001); (5) Blitz et al. (2007)

to their measurements of total Hy mass. Cohen et al. (1988), Israel (1997), and Mizuno et al.
(2001) derive values of 1.4 x 108 M, (1.0 4+ 0.3) x 108 My, and 4-7x107 M), respectively.
Our value, (4.5 4 0.2) x 107 My, as well as our Hy-to-HI mass ratios are consistent with
Mizuno et al. (2001). Based on the HI data of Staveley-Smith et al. (2003), we measure a
global ratio of ~ 10%. In high-column density regions, where N(HI) > 1.5 x 10*! cm™2 as
defined by Mizuno et al. (2001), we find a ratio of ~ 50%. This consistency in mean global
measurements is probably due to our relative sensitivities: the CO observations are more
sensitive in high-column (i.e., high-mass) regions, whereas our NICER map is more sensitive
in the more numerous, low-column regions of the LMC.

Further in keeping with the relative sensitivities of the NICER technique versus CO
observations, discussed in § 3.3, is the appearance of our maps. With the exception of the
30 Doradus region, there are few coincidences between the peaks of our Hy extinction map
and GMCs identified by Mizuno et al. (2001), as shown in Figure 4.13. The group cataloged
a total of 107 molecular clouds, including 55 “large” molecular clouds. But throughout the
LMC, we measure many places where the Hy is not associated with CO. In a few regions,
exemplified by the areas (a,d) ~ (5"40™, —69°) and ~ (5"30™, —68°30’), Hy and CO over-
lap, with the former extending further than the latter. More commonly, CO and H, regions
appear adjacent to one another. This suggests that apparently discrete structures are some-
times part of larger complexes that, observed with either method alone, cannot be seen in
their entirety. For instance, the three clumps extending from ~ (5"25™, —66°)—an H, peak
bordered by two CO GMCs—may be part of one, elongated structure with varying column
density.

4.4 Conclusions

We have used the NICE (Lada et al. 1994) and NICER (Lombardi & Alves 2001)
techniques to derive, respectively, the NIR reddening law and Ay distribution of the LMC.
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Despite the large number of assumptions and uncertainties necessarily introduced in ap-
plying these methods to extragalactic sources, results were largely consistent with previous
studies. Moreover, with the unprecedentedly large data set from 2MASS, the measured
Ay distribution may indeed be an improvement. Our main results are as follows:

1. By comparing the HI and E(m,, — m,,) distributions (the latter derived with the
NICE method) on a pixel-by-pixel basis, we calculated the NIR extinction coefficients
for the LMC to be Ay/E(H — K) = 20.83 £ 0.52 and Ay /E(J — H) = 17.30 £ 0.46.
Dividing these results E(J — H)/E(H — K) = 1.204+0.04 gives a result consistent with
independently measured reddening laws.

2. Using the NICER technique, we created an Ay map whose spatial distribution showed
many areas of high column density gas across the face of the LMC that were traced
by little CO emission. The mean value of 0.38 mag is consistent with previous results.

3. We created an Ay (Hy) map and compared it to the Ico map provided by Mizuno et
al. (107). In regions of significant CO emission we found that X-factor of (9.3 4+0.4) x
102 em™2 (K km s7')™" and M (Hy) = (4.5 £ 0.2) x 10" M. Our value of Xpyc is
less than some authors who, using other methods, probably overestimated it. Since
our value is greater than that calculated by both Mizuno et al. (2001) and Blitz et al.
(20), this is consistent with their assumption the LMC GMCs are virialized.

We thank Lister Staveley-Smith for providing us with the HI maps of the Galactic
foreground and LMC. We also thank Norikazu Mizuno and Yasuo Fukui for providing the
CO data.
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Chapter 5

Summary and Conclusion

This thesis has provided detailed analyses of the kinematics of individual giant molecu-
lar clouds in the Milky Way and M33. The primary goal of this work was to discover what
the kinematic properties of GMCs reveal about their formation. A simple question moti-
vated the research presented in Chapters 2 and 3: does the velocity field of a GMC resemble
that of the atomic gas with which it is associated and from which it formed? A key result
of this work—that the velocity gradient directions of GMCs and of their associated HI are
generally unaligned—compels us to reevaluate the view that the linear gradients often ob-
served in GMCs are due to rotation inherited during their formation. In Chapter 4, research
was presented on the large-scale properties of molecular clouds in the low-metallicity galaxy
the Large Magellanic Cloud. The main goal of this work—to discover the distribution and
amount of molecular gas in the LMC that is not detected by CO observations—was achieved
and has implications for how GMC and stellar evolution proceed in “primordial” environ-
ments. In the remainder of this chapter, I summarize the outcomes of this thesis, put its
contributions in a broader context, and I offer recommendations for future work in this field.

5.1 Angular Momentum

In Chapters 2 and 3, I compared the velocity fields of molecular clouds and of the
associated atomic gas. I established a set of physically motivated criteria for selecting regions
of atomic gas associated with the molecular clouds. In the Milky Way, blending of emission
along lines of sight through the Galactic disk toward the GMCs is an unavoidable source of
error and can make interpretation of the results difficult. Nevertheless, the main results are
consistent with the findings in M33, where source confusion is less of a problem.

Previous studies have reported that the gradient directions of GMCs are occasionally
unaligned with the direction of galactic rotation (Kutner et al. 1977; Blitz 1993; Rosolowsky
et al. 2003). One of the new outcomes of my research is that local regions of atomic gas also
have gradient directions that differ from the sense of galactic rotation (Chapter 3.3.3). This
adds to the observational constraints we must take into account when developing theories of
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GMC evolution.

In Chapters 2 and 3, alternatives were suggested as the origin for GMC velocity gradi-
ents, including expansion driven by HII regions, turbulence, and excess shear in the vicinity
of GMCs. To further explore these possibilities, it would be worthwhile to extend the work
presented here to more Galactic GMCs. Repeating the analysis established in Chapter 2 on
Orion B molecular cloud, which does not have a linear velocity gradient (Kutner et al. 1977),
should be especially instructive. Presumably, both clouds in the Orion complex were formed
by the same mechanism at about the same time. Bally (2001) proposed that the complex
may have originated in the collision of Lindblad’s Ring and the Vela supershell discovered
by Heiles (1998). These observations are conducive to modeling and, at any rate, a tenable
formation theory must be able to explain the properties observed in both Orion A and B.

Two leading theories of GMC formation propose that GMCs originate either from “top-
down” gravitational instabilities in which magnetic fields potentially play a vital role (e.g.,
Mouschovias et al. 1974; Blitz & Shu 1980; Shibata & Matsumoto 1991; Kim et al. 1998),
or supersonically converging flows of gas (e.g., Chernin et al. 1995; Véazquez-Semadeni et
al. 1995; Ballesteros-Paredes et al. 1999; Hennebelle et al. 2008). Observations such as
the GMC mass spectrum and turbulence have traditionally been used as constraints for
GMC formation theories. The results presented in this thesis provide additional tests. For
instance, formation models can be checked by seeing how well they reproduce the velocity
gradient properties observed in the atomic gas surrounding GMCs. Secondly, any theory
proposing that the rotation rate of GMCs is slowed by external forces during the course of
their evolution should be able to quantify how much angular momentum is redistributed and
how this affects the dynamical state of the atomic gas in the vicinity of GMCs. Another
simple parameter for comparing observation and theory is (.o, the ratio of an HI region’s
rotational energy to its self-gravitational energy. Observations in M33 indicate that HI re-
gions associated with GMCs tend to have higher values of (.o, (~ 0.4) than do regions in
which GMCs have not been detected (~ 0.1; Chapter 3.4). Is a relatively high value of .o a
condition necessary for GMC formation, or is it a consequence of GMC evolution? Further
work in theory and numerical simulations may be able to provide a physically motivated
answer to this question.

High-resolution data will soon exist for a comparable analysis of the velocity fields of
GMCs and HI in the Large Magellanic Cloud (see §5.4). Such a study would contribute to
our understanding of how GMCs form in different environments. Questions that could be
addressed include: How do the properties of GMC and HI velocity gradients in the LMC
compare to those in M33 and the Milky Way; and what are physically motivated explanations
of the similarities or differences? How is molecular material collected into GMCs in galazies
that have relatively low molecular fractions or low metalicities (compared to spiral galaxies)?
What is the dominant mechanism of GMC' formation in “primordial” galazies that lack
prominent spiral arms, where GMCs are thought to form in spiral galaxies like the Milky
Way?
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5.2 GMCs in Primordial Environments

Though the primary goal of the research presented in Chapter 4 was to calculate the CO-
to-Hy conversion factor in the Large Magellanic Cloud independent of assumptions regarding
the virialization or morphology of GMCs, there were a number of other useful results. Using
JH K photometry of over 200,000 point sources from the 2MASS catalog, the Near Infrared
Color Excess Revised (NICER) method of Lombardi & Alves (2010) was used to create a
6° X 6° reddening map of the LMC, from which an average visual extinction of Ay = 0.38 mag
was measured. The map in Figure 4.13 demonstrates that there is extensive extinction due
to molecular hydrogen across the LMC that does not correspond to peaks in CO emission.
This extinction map was compared to the ?CO observations of Mizuno et al. (2001), and an
X-factor of 9.3 cm™2 (K km s™!)~! nearly 5 times X in the Milky Way, was derived. These
results are consistent with the expectation that CO is more susceptible to photodissociation
in the low-metallicity environment of the LMC. Thus, this map can be used to detect nascent
molecular clouds in regions where CO has yet to form, as well as GMCs that have all but
dispersed and in which the CO is mostly destroyed.

I used the method outlined in Chapter 4 to create an extinction map of the Small
Magellanic Cloud, which has an even lower average metallicity (0.1 Z,; Lequeux et al. 1979)
than the LMC. But low signal-to-noise proved to be a major obstacle. In fact, this was the
biggest challenge to overcome with the LMC work presented in Chapter 4, as well. Recall,
the color excess technique, originally applied to nearby molecular and dark clouds in the
Galaxy, assumes that stars observed along the line-of-sight to a cloud are background stars
(Chapter 4.2.2). Extinction measurements are diluted when foreground contamination is not
or cannot be taken into account. The color excess method also assumes that the background
stars and control group are homogeneous. If the control group is not homogenous and has a
large dispersion of intrinsic colors, this increases the noise in the extinction measurements.
With the LMC, these problems were mitigated due to the effectiveness of sigma-clipping and
because the large number of sources available made it possible to make reasonable conclusions
on a probabilistic basis.

Compared to the LMC, the SMC has a larger stellar scale height, which means that
foreground contamination within the galaxy is exacerbated. And because the SMC is at a
larger distance (~ 60 kpc) than the LMC (~ 50 kpc), photometry from the 2MASS catalog
does not penetrate as deeply into it. The combination of these two factors prevented me
from creating an extinction map of the SMC, using the 2MASS catalog, in which signal
could be distinguished from noise. There are, however, a few solutions to this problem:
First, deeper photometry would increase the signal-to-noise ratio. Obtaining more sensitive
near-infrared observations would also lead to an improvement in the LMC extinction map,
especially in regions of high extinction. Secondly, methods for identifying different stellar
populations based on their photometry can be exploited to minimize intragalactic foreground
contamination. In Chapter 4.2.2, T used the Nikolaev & Weinberg (2000) study of the LMC
color-magnitude diagram to eliminate point sources unlikely to have undergone interstellar
reddening. This general idea can be applied in even greater detail: by modeling or by cross-
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correlating the 2MASS catalog with other data sets, it is possible to identify distinct stellar
populations to an even greater degree of precision (e.g., Egan & van Dyk 2000; Demers et
al. 2002).

5.3 High-Resolution Observations

In recent years, much of the state-of-the-art research on GMCs has been driven by the
goal to study GMCs at increased resolution. Though much of the evidence to date seems
to point towards GMCs in different galaxies having uniform properties (e.g., Blitz et al.
2007; Bolatto et al. 2008), as Hughes et al. (2010) discuss, this does not rule out the
possibility that individual GMC properties are regulated by their local environment. The
Magellanic Cloud Mopra Assessment (MAGMA) project, a high angular resolution follow-
up to the NANTEN survey of LMC molecular clouds, is scheduled to have a data release in
2011 (Hughes et al. 2010). With a spatial resolution of ~ 10 pc—>5 times higher than the
NANTEN survey—MAGMA will be able to quantify the basic properties of GMCs in the
LMC to an even greater degree of accuracy and precision than previous surveys.

Numerical simulations, which have increased in particle resolution and complexity over
the years, provide another promising avenue for helping us to understand the key factors
that determine GMC properties. But in spite of advancements in computation and the great
wealth of data that are available for testing various numerical models, consensus on the
dominant mechanism(s) of GMC formation does not appear much closer to being achieved
than it was decades ago. Favored theories of GMC formation range from self gravity (e.g.,
Kim & Ostriker 2002, 2006; Glover & Mac Low 2007) to thermal instabilities (e.g., Kosiniski
& Hanasz 2007) to colliding flows (e.g., Vdzquez-Semadeni et al. 2006; Hennebelle et al.
2008). And recently, research teams led by Dobbs have revived the idea of GMC growth by
agglomeration (Dobbs et al. 2006; Dobbs 2008). Among other things, their work challenges
the notion that self gravity must play a dominant role at some stage in GMC evolution.

Far from feeling dismayed or overwhelmed by the many, at times conflicting, theories
and various interpretations of observations, I find it encouraging that there are scientists who
continue to think outside the box and challenge long standing hypotheses. Once the prob-
lem of GMC formation is solved—if the priorities and interests of the scientific community
continue to evolve—an equally compelling mystery will undoubtedly take its place.
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Appendix A
HI Regions in M33

The following figures display the velocity maps, position-velocity plots, surface density
maps, and spectra of the HI regions associated with the remaining molecular clouds not
displayed in Chapter 3. If for a given region the GMC was resolved in the Rosolosky et al.
(2003) catalog, a circle proportional to the size of the GMC is overlaid on the surface density
map.
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Figure A.1: Cloud 2: The top left figure shows the intensity-weighted first moment map of
the HI with the gradient axis overlaid. The velocity range of the map is indicated in the
top left corner in units of km s~!; red represents the maximum speed. Below this figure is a
plot of the central velocity at a given location in the first-moment map versus perpendicular
offset from the gradient axis; the linearity of the plot indicates that a plane is a good fit to
the first-moment map. The top right figure is a surface density map of the HI. The range
of HI surface densities displayed in the map are in the top right corner in units of My pc=2,
and the total HI mass in the region is written in the bottom left corner. Below is a plot of
the average spectra of HI emission (black) and CO emission (red) toward the region.
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Figure A.2: Cloud 3: Same as Figure A.1.
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Figure A.3: Cloud 5: Same as Figure A.1.
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Figure A.4: Cloud 6: Same as Figure A.1.
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Figure A.5: Cloud 7: Same as Figure A.1.
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Figure A.6: Cloud 8: Same as Figure A.1.
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Figure A.7: Cloud 9: Same as Figure A.1.
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Figure A.10: Cloud 12: Same as Figure A.1.
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Figure A.13: Cloud 16: Same as Figure A.1.
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Figure A.16: Cloud 19: Same as Figure A.1.
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Figure A.18: Cloud 21: Same as Figure A.1.
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Figure A.19: Cloud 22: Same as Figure A.1.
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Figure A.21: Cloud 25: Same as Figure A.1.
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Figure A.23: Cloud 27: Same as Figure A.1.
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Figure A.24: Cloud 28: Same as Figure A.1.
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Figure A.25: Cloud 29: Same as Figure A.1.
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Figure A.26: Cloud 30: Same as Figure A.1.
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Figure A.27: Cloud 31: Same as Figure A.1.
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Figure A.29: Cloud 33:

Surface Density

I W T

Map

41516 Mg,

330 325 320 315 310 305 300
RA (offsett in arcsec)

15 ]

Brightness temp. [K]
|_\
£
|

05 ]

0.0;\ “““““ [, Lovviii L [T Livviiniy \T’

-280 -270 -260 -250 -240 -230 -22
Velocity [km/s]

Same as Figure A.1.



161

Dec.(offset in arcsec)

Velocity [km/s]

Cloud 34

Velocity Map
- A

260 255 250 245 240 235
RA (offset in arcsec)

—2460

-248}
-250-

-252-

dv/ds = 4.904:1.29 |

-100 -50 0 50 100

Offset from axis [pc]

Figure A.30: Cloud 34:

Surface Density Map

575¢
57of
565:
560f
555/

550}

260 255 250 245 240 235
RA (offsett in arcsec)

2, BT T 8
2.00 .

15¢ .

1.0f .

Brightness temp. [K]

0.5/ .

00;\ “““““ [ Liviniiin Liviiiiin [ Liviinnn \T’
-280 -270 -260 -250 -240 -230 -22
Velocity [km/s]

Same as Figure A.1.



162

Dec.(offset in arcsec)

Velocity [km/s]

Cloud 35

Velocity Map Surface Density Map

120 115 110 105 100 95 120 115 110 105 100 95
RA (offset in arcsec) RA (offsett in arcsec)
—242F T L L B A B A | T S AN R AR A
f dv/ds = -2.23 0.27 - :
i — 4F .
-244- . X,
] g._ :
I 8 3¢ ]
-246- ] a ot
] ot
22 E
. =2
—-248- . ot
L 1F E
=250, e Oi’mmmﬁﬁ “““ (T Lo (N Too \’i
-150 -100 -50 0 50 100 -280 -270 -260 -250 -240 -230 -220
Offset from axis [pc] Velocity [km/s]

Figure A.31: Cloud 35: Same as Figure A.1.
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Figure A.32: Cloud 36: Same as Figure A.1.
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Figure A.35: Cloud 40: Same as Figure A.1.
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Figure A.36: Cloud 41: Same as Figure A.1.
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Same as Figure A.1.
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Figure A.38: Cloud 43: Same as Figure A.1.
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