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ABSTRACT

“Super star clusters” are the most massive extreme in the continuum of young star clus-
ters. In this thesis, | examine the properties of such super star clusters in a sample of starburst
galaxies with space and ground-based observations and in the optical, mid-infrared, and radio
regimes. Using optical photometry, | estimate the ages and masses, as well as construct luminos-
ity functions for the super star cluster systems. Additional Ho: observations allow me to place
tighter constraints on the burst ages and trace very recent star formation. The super star clusters
detected in these galaxies typically have estimated ages < 10 Myr, masses of ~ 103~% Mg, and
luminosity functions consistent with other super star cluster systems with a slope of a =~ —2
(¢(L) o< L9).

Next | discuss an even earlier stage of massive star cluster evolution, when super star
clusters are still embedded in their birth material. | overview the discovery of “ultra dense H |
regions” (UDH 11s) with radio and mid-infrared observations. From the radio observations, |
calculate the electron densities, radii, and number of ionizing photons (and therefore number
of embedded massive stars). The mid-infrared observations confirm the presence of hot dust
cocoons surrounding these objects. These embedded clusters account for at least ~ 60% of
the mid- to far-infrared flux of He 2-10. 1 also discuss the impact of UDH I1s on the radio to
far-infrared flux ratio.

Finally, | present a sample of 35 embedded star formation regions (ranging from the size
of small OB-associations to super star clusters) serendipitously detected in nearby galaxies.
This sample of objects begins to fill in the continuum of cluster masses between individual

UCH 11 regions and the embedded massive clusters.



Acknowledgements

Perhaps the greatest irony of a thesis text is that the pages most likely to be read are those
of the acknowledgments. The weight of these pages is all the heavier because it is precisely the
people most likely to read them who most deserve to acknowledged, and | will undoubtedly
realize as soon as this thesis has been printed that several important people have been inadver-
tently left out. My sincere apologies in advance — to everyone who has provided me with kind
words, a welcome ear, new ideas, useful criticism, or their invaluable time, I am truly indebted.

A long, and sometimes complicated, path of people and events winds back through the
years which have brought me to this academic rite of passage. Most of these events were out
of my control, and most of these people | met by chance. The importance of serendipity has
not been lost on me, and | must acknowledge that | have been fantastically lucky. Here I will
roughly outline, in forward chronological order, the people who come to mind as having a large
impact on my academic career.

As an undergraduate at Carleton College, | was surrounded by caring faculty who didn’t
let me fall through the cracks — most importantly Dr. Cindy Blaha and Dr. Bruce Thomas. My
summer job working with Cindy was my springboard into the coming years. This summer job
in turn enabled me to work with Dr. Phil Massey in Arizona the following summer — again, a
lucky chance which has had a profound impact on my life since that time. Indeed, | have looked
to Phil for his infallible advice on both academic issues and those related to real life since that
summer. | believe that this work with Phil played a significant role in Dr. Peter Conti recruiting

me as a graduate student for the University of Colorado (although | don’t think either of them



would admit to this).

Peter has provided me with unwavering support during my time as a graduate student,
and perhaps most importantly has allowed me room to grow and explore new ideas (many of
which never came to fruition). | only hope that someday | have a fraction of his intuition and
patience. Along with Peter, Dr. Katy Garmany also had a large role in my academic advising
and went significantly beyond the “job description” many times. The unofficial title she held at
the University of Colorado of “Graduate Student Godmother” was certainly well deserved.

Upon arriving in graduate school, | briefly overlapped with Peter’s previous graduate
student, Dr. Margaret Hanson. Margaret is one of the most dynamic women | have had the
pleasure to know in astrophysics, and she has served as my primary role model through the
years. My officemate, Tanya Ramond, has also been an important part of my graduate life.
We have commiserated on many occasions, but have also shared many happy times. My office
sometimes seems like a second home, which hasn’t been so bad because I’ve had such a great
officemate.

Throughout my graduate student years | have also received a great deal of guidance from
afar — Dr. Bill Vacca has generously offered his time as a scientific advisor. He has been
exceedingly patient and I count him as one of the few people | am comfortable asking “stupid”
questions. As a measure of his conscientious replies to my queries, my email folder entitled
“Bill” has more entries than any other.

My work with Peter also led me to meet another valued collaborator and friend, Dr. Chip
Kobulnicky. With another nod to serendipity, it was my first interaction with Chip (I needed to
use one of his published images in a talk) which led us to discover “ultradense HII regions”.
These objects form a major part of this thesis and have led to numerous other opportunities for
which | am grateful.

Throughout graduate school | have been fortunate to have wonderful support structure
among the graduate students. | often question whether | would have survived my first two

years in the program without my classmates Sebastian Heinz, Aaron Lewis, and Kevin McLin.



Vi

In particular, Kevin’s generosity stands out as | recall those years — on several occasions he
would do things like spontaneously bring me dinner when I didn’t have time to go home myself.
He also kept me from completely burying myself in work by coaxing me out for hikes in the
mountains. Along with my classmates, Marc DeRosa (DeRosa) and Marc Swisdak (Swisdak)
were a fundamental part of my support network. Because DeRosa had his office only a few
yards away from my own, he was often the recipient of random questions (both technical and
scientific). Swisdak was always willing to think through particularly vexing questions which |
wasn’t sure how to approach on my own. | greatly admire Swisdak’s character for his patience,
work ethic, fairness, and compassion, and hold his character up as a standard to which I aspire.

On a non-academic note, the Womprats and Nerfherders (the department’s intramural
ultimate teams), have provided an invaluable outlet for stress and a wonderful occasion to so-
cialize and get at least a little physical activity in my schedule. These teams even put up with
me as captain for several seasons, and it was a great pleasure to be a part of these teams as we
evolved from barely fielding a team of beginners to having over thirty players on two teams and
winning championships.

Finally, and most importantly, | come to my husband, Rémy Indebetouw. Somehow he
stands by me when | am at my worst as well as celebrating with me when | am at my best. He
has kept me going on many occasions when | was ready to give up and has diligently protested
my complaints of not being smart enough, strong enough, or good enough. Throughout the
years we have been together, his influence on my life has helped me grow into a better person,

and his presence in my life gives me a sense of peace.



vii

Contents

Chapter
1 Introduction 1
1.1 Interpreting the Light From Stars . . . . . . .. .. .. ... ... .. .... 2
1.2 Starburst Galaxies . . . . . . . ... 3
1.2.1 Relevance of Starburst Galaxies to the Early Universe . . ... .. .. 4
1.2.2 Wolf-Rayet Galaxies . . . . .. ... ... ... ... ... ... ... 6
1.2.3 What Causes a Starburst Episode? . . . . ... ... .. ........ 7
1.3 SuperStar CIUStErS . . . . . . . v 8
1.3.1  Where are Super Star Clusters Found? . . . ... ........... 9
1.3.2  The Initial Mass Function and Cluster Mass Estimates . . . . . . . .. 10
1.3.3  The Luminosity Function of Super Star Clusters . . . . ... ... .. 13
1.3.4 Formation of Super Star Clusters . . . . . ... ... .......... 14
1.4 The Birth Environment of Massive Star Clusters . . . . . . . .. ... .. ... 17
15 ThesisOutline . . . . . . . . .. . 18
2 The Case of Hickson Compact Group 31 20
2.1 Background . . . ... e 20
2.2 Observations and Data Reduction . . . . . . ... ... ... .......... 24
221 WFPC2Data . . . . . . . 24

222 WIYNData . . . . . . . 30



23 Results. . . . . . . 33
2.3.1 Optical Morphology . . . ... ... ... .. ... ... ... ..., 33
2.3.2  Properties of the Super Star Clusters Compared to Models . . . . . .. 36
2.3.3  Luminosity Functions of the Super Star Clusters . . . . ... ... .. 45
234 ClusterRadii . . .. ... ... . . .. 45
23,5 TheBurst Luminosity . . ... ... ... .. ... . . .. ..., 48

2.4 DISCUSSION . . . . o 52
2.4.1 The Star Formation History of HCG31 . .. ... ... ... ... .. 52
24.2 OntheYouthofGalaxy F .. ... ... ... ... ... ....... 55
2.4.3 Globular Cluster Formation? . . . . . .. .. ... .. ... ...... 56
2.4.4 Comparison to Other Starburst Systems . . . . ... .. ........ 58

3 The Case of Henize 2-10 60

3.1 Background . . . . ... e 60

3.2 Observations and Data Reduction . . . . . ... ... ............. 61

3.3 Interpretation of Optical Images . . . . . .. .. ... ... ... ....... 68
3.3.1 Optical Morphology . . . ... ... ... .. ... ... ... ..., 68
3.3.2 TheBurst Luminosity . . ... ... ... .. ... . . ... .. ... 72
3.3.3  Properties of the Super Star Clusters Compared to Models . . . . . .. 72
3.3.4 Luminosity Functions of the Super Star Clusters . . . . ... ... .. 78
335 Radii . ... ... 79

3.4 DISCUSSION . . . o o 79
3.4.1 On the Universality of SSC Luminosity Functions . . . ... ... .. 79
3.4.2 Comparison to Other Starburst Systems . . . . ... .. ... ..... 83
3.4.3 Implications of Large-Scale Outflow . . . . . ... ... ... ..... 85

344 ANoteof Caution . . . . . . . . . . . . 88



4 The Discovery of “Ultradense HIl Regions™:

The Early Stages of Massive Star Cluster Evolution 90
4.1 Background . . . . .. e 90
4.2 Observations and Data Reduction . . . . . . ... .. ... ... ........ 91
4.2.1 VLA Radio Continuum Observations . . . . .. ... ......... 91
4.2.2 Gemini Mid-Infrared Observations . . . . . ... .. ... ....... 92

4.3 Comparison of Optical, Radio, and Mid-IRImages . . . . . ... ... .... 96
4.4 The Nature of These Radio Sources . . . . . .. ... ... ... ....... 97
4.4.1 Could These Objects be Supernovae Remnants? . . . . . ... ... .. 98
442 Could These Objectsbe AGN? . . . . . . .. .. ... ... .. .... 99
4.4.3 Could These Objects be Enshrouded H 11 Regions? . . . ... ... .. 99

4.5 Physical Properties of the Dense HIl Regions . . . . ... ... ........ 101
451 Emission Measures . . . . . . ... 101
4.5.2 Comparison With Model HIl Regions . . . ... ... ........ 104
453 Limits on the Contribution FromSNe . . . . ... .. ... ... ... 104
454 lonizing Radiation . . . ... ... ... ... 105
455 StellarContent . . . . . .. ... .. 107

46 DISCUSSION . . . . . o 108
4.6.1 OntheLifetimesof UDHIIs . .. ... ... ... .. ........ 108

4.6.2 UDHIIsin Other Starburst Systems? . . . . ... ... ........ 110

4.6.3 Implications for the Infrared-Radio Correlation? . . . ... ... ... 113

5 A Sample of Clusters of Extragalactic Ultracompact H Il Regions 116
5.1 Background . . . . . . ... e 116
52 Galaxiesin ThisSample . . ... ... ... . . ... .. .. .. .. ..., 118
521 M33 . . e 118



523 NGCBYM6 . ... . . . e 120
53 Results . . . . . 121
5.3.1 Detection of UDHII Candidates . . . . . . ... ............ 121
5.3.2 Comparisonto Optical Images . . . . ... ... ... ... ...... 124
5.3.3 Modeled Properties . . . . . . . . .. ... 136
54 DISCUSSION . . . . . v e 142
541 StellarContent . . . . . ... ... . ... 142
54.2 Comparisonto W49A . . . . . . . . ... 143
54.3 Onthe Youthof UDHIIRegions . . . ... ... ... ......... 149
6 Future Work 150
6.1 Expand the Sample of Known UDH1IIs . . ... ... ... .......... 150
6.2 Determine the Properties of the Birth Environments of Massive Star Clusters . 151
6.3 Determine the Properties of Massive Star Clusters at Different Evolutionary
Stages . . . . e 153
6.4 ldentify an Evolutionary Sequence . . . . . . . . . . ... 154
6.5 Develop More Sophisticated Models . . . . ... .. ... ... ........ 156
6.6 Summary of Future Possibilities . . . . .. ... ... ... ... ..., . 156
Appendix

A UCH Il Candidates in the Magellanic Clouds 169



Tables

Table
1.1 Sample of Cluster Luminosity Functions . . . . . .. .. ... ......... 13
2.1 Completeness limits found in each of the four filters for NGC 1741 as described
inthetext. . . . . . . . 27
3.1 Completeness limits found in each of the three filters as described in the text. . 66
4.1 Properties of Individual RadioKnots . . . . . ... ... ... ......... 92
51 UDHIIcandidatesinM33 . . .. ... . ... .. . ... 122
52 UDHIIcandidates inNGC 253 . .. . ... .. ... .. . . ... 0.... 123
5.3 UDHIIcandidatesinNGC 6946 . . . . ... ... ... ... . ........ 125
5.4 Comparison with optical imagesof M33 . . . . . .. ... ... ........ 125
5.5 Comparison with optical imagesof NGC253 . . ... ... .......... 126
5.6 Comparison with optical imagesof NGC 6946 . . . . .. ... ......... 132
5.7 Estimated emission Measures . . . . . . . . . 137
A.l UCHIIcandidatesinthe LMC. . ... .. ... ... . ... . .. ...... 172
Al continued. . . . . . .. e 173

A.2 UCHII candidatesinthe SMC. . . . . . . . . . . . . . . . . 173



Figure

2.1

2.2

2.3

2.4

2.5

2.6

Figures

Color image of HCG 31 constructed using the narrow-band Ha and continuum
images from the WIYN telescope. A blue-green color is indicative of contin-
uum emission, while a red-orange color is representative of Ho: emission. North
and east are indicated on the image, with north having the arrowhead. . . . . .
Uncertainties as a function of magnitude for the F439W, F555W, F675W, and
F814W filters. (top) galaxies A and C; (bottom) galaxiesEandF. . .. .. ..
Color image of NGC 1741 constructed using the Bgr, Vsr, and Isr images
from HST. The color scales have been enhanced to illustrate the differences in
color throughout the galaxy, however if true color were used the entire galaxy
would appear blue-white. . . . .. ...
Vst images of (top) galaxy E and (bottom) galaxy F from HST. North and east
are indicated on the images, with north having the arrowhead. Both images are
shown at the same physical scale. . . . . . ... ... ... ... .......
Uncertainties as a function of W(He) (in A) for the WIYN data. . . . . . . . .
Color-color plot for NGC 1741 in the HST magnitude system with a Vega ze-
ropoint. The model including only stellar light are shown with open circles,
and the model including stellar and nebular line emission is shown with filled

circles. . . . e

Xii



2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

Vst vs Vgr — Igr plot for the SSCs in HCG 31 (galaxy AC top, galaxies E
and F bottom). The burst models for both stellar light and nebular emission
are shown for masses of 103, 10%, 10, and 10% M, with the models for only
stellar light being shown with a dotted line. The youngest and oldest ages of the

models shown are 1 Myr and 10 Myr, respectively, with the younger ages being

Model predictions from Leitherer et al. (1999) for W(Hc) vs. age are shown

(top) along with a histogram of the W(Hc) values for SSCs in HCG31 (bottom).

A histogram of the W(He) values for SSCs in each of the member galaxies of
HCG31. Higher W(He) values correspond to younger ages. . . . . . . .. ..
The V luminosity function of the SSCs in NGC 1741 in the Johnson-Cousins
system. Magnitudes fainter than the completeness limit are shown with a dotted
line. For My less than the completeness limit, the LF is well fit by a power law
oftheform ¢(L) oc L™%. . . . . . . . .
The Vs —Isr histogram in the Johnson-Cousins system. No internal reddening
correction has beenapplied. . . . . . . . ... .. ...
The relation between the Ag.5_3 magnitudes and the effective radii for the Vgr
filter. . .
The radii estimated for the super star clusters in NGC 1741 in the Vgr filters
using the method described in the text. Most of the sources are clearly unre-
solved. Although a few may be marginally resolved, they are consistent with
being point sources within the uncertainty. As shown in Figure 2.12, the method
used to estimate these radii is strongly degenerate for radii greater than approx-
imately 3pc. . . . . e e
The isophotal dependence of the Vg — Is and Bgr — Rgr colors for the
integrated light from NGC 1741. It is clear that the derived colors of the galaxy

are dependent on the boundary used. . . . . .. ... ... . L.

Xiii

43



3.1

3.2

3.3

3.4

3.5

A multi-color image of He 2-10 constructed using the F555W, F814W, and
F658N images. F658N is shown in red, and therefore a blue-green color in the
image should be interpreted as continuum. The scale of this image is approxi-
mately 1.3 kpconaside. . . . .. .. ... .. ... ..
Errors as a function of magnitude for the F555W and F814W filters. . . . . . .
A map of the W(He) in He 2-10, where the brighter colors correspond to larger
equivalent widths. North and east are indicated on the image, with north having
the arrowhead. This image is shown with the same scale and orientation as
Figure 3.1 — the length of the compass arms is approximately 100 pc.

A F555W image of He 2-10 with the GHRS apertures used in Johnson et al.
(2000) (1.74" x 1.74" or approximately 75 pc x 75 pc) overlaid on starburst
regions A (west) and B (east). North and east are indicated on the image, with
north having the arrowhead. Note that this image has the same scale and orien-
tation as Figure 3.1and Figure 3.3. . . . . . . . . . .. ... ..o
The nuclear region of He 2-10 shown in F555W (left) and W(Ha) (right) where
brighter colors correspond to SSCs and stellar background in (a) and larger
equivalent widths in (b). These images are registered to each other and shown

in the same orientation as Figures 3.3 and 3.4, and are approximately 250 pc on

Xiv

65

67



3.6

3.7

3.8

3.9

The Vgr magnitude and Vg - Igr colors of the SSCs brighter than Vgr
= —8.5 in He 2-10 along with the models including only stellar light (dashed
line) or including both stellar light and nebular line emission in blue (solid line).
(a) SSCs found in region A are shown as open circles, region B as triangles,
and the extension to the north-west of region A as filled circles. The ages are
labeled along the 10° Mg, only, but the lower mass track behaves similarly.
No correction for internal reddening in He 2-10 has been applied, but a de-
reddening vector of Ay = 1 is shown for reference. Typical uncertainties are
indicated in the upper right corner. (b) The SSCs detected in the F658N filter
are shown with W(Ha) > 100 as large circles and W(Ha) as small circles.

A histogram of the W(Hc) values for SSCs in He 2-10 is shown (bottom) along
with model predictions (top) from Leitherer et al. (1999) for W(Ha) vs. age.
The locations of the SSCs detected in the F658N filter are shown. The plot has
the same dimensions and orientation as Figures 3.1, 3.3 and 3.4. An optical
contour is also shown for reference. Because of their larger W(Hc), the central
SSCs in region A must be younger than those inregionB. . . . ... .. ...
The Vsr luminosity function of the SSCs in He 2-10 shown with a solid line
brightward of the completeness limit. The power law fit brighter than Vgr
= —8.5 is shown with a dashed line. No correction for internal reddening in

He 2-10 hasbeen applied. . . . . ... .. ... .. ... ... ........

3.10 The Vgt - Ist plot for the SSCs in He 2-10. No correction for internal redden-

ing in He 2-10 has been applied. . . . . . . ... .. ... ... ........

3.11 A histogram of the radii measured using the Ay 5_3 magnitudes for the sources

iINHe 2-10. . . . . . e

XV

74

76



4.1

4.2

4.3

4.4

4.5

5.1

HST WFPC2 F555W (V-band) image of He 2-10 in colorscale overlaid with
VLA B-array 2 cm radio continuum contours with a synthesized beam of 0.”782 x
0.”40 FWHM. This image is approximately 9.”4 x 9.”4, and shown at the same
scale and orientation as Figure 4.2. It is clear that the 2 cm radio sources do not
correspond to the optical SSCs. . . . . . . . .. . .. ... . .
Gemini N-band image of He 2-10 in colorscale overlaid with the same 2 cm
contours as Figure 4.1. At least three of the five radio sources are also strong

mid-IR sources. The mid-IR morphology is strongly correlated to the radio
morphology, but quite dissimilar from the optical morphology. . . . .. .. ..
VLA 6 cm and 2 cm fluxes for the five radio knots in He 2-10. Model spectral

energy distributions are shown for an ionized sphere of hydrogen with uniform

temperature and density. The radius and density used to model each source are
listed in the upper leftcorner. . . . . . . . .. ...
The spectral energy distribution of the UDH Iis in He 2-10. The 12 um, 25 um,
60 um, and 100 um have been estimated by multiplying the total IRAS flux of
He 2-10 by the fractional percentage of the total N-band flux for each UDH I1.

Best fit electron density and radius for the UDH 11 in NGC 5253 detected by
Turner et al. (2000). The models are the same as described in § 4.5.2 and use an

electron temperature of 11,000 K as derived by Kobulnicky et al. (1997).

Locations of the detected UDH I1s in M33 are shown (along with their number
in Table 5.1) with respect to the B-band images (shown in gray scale). The
identification circles are ~ 7" in diameter, reflecting the beam size of the radio
observations. North is up and East is left. These images are all approximately

Vsonaside. . . ...

XVi

103

. 112

127



5.2

5.3

5.4

5.5

5.6

5.7

Locations of the detected UDH I1s in NGC 253 are shown (along with their
number in Table 5.2) with respect to the Ho: image (top) and 1-band image (bot-
tom). The identification circles are ~ 2" in diameter, reflecting the astrometric
precision of HST. North is up and East is left. The Ha: image is approximately
12"7.7 x 12".7, and the I-band image is approximately 11”7.6 x 11”7.6. . . . .
Locations of the detected UDH IIs candidates #3-12 in NGC 6946 are shown
(along with their number in Table 5.3) with respect to the He (left) and R-band
(right) images of Larsen & Richtler (1999). The identification circles are ~ 3"
in radius, reflecting the relative astrometric uncertainty. North is up and East is
left. These images are approximately 1.6 x 1'.6. .. ... ... .......
Locations of the detected UDH Ils are shown (along with their number in Ta-
ble 5.3) with respect to the Digitized Sky Survey (sources 1-2 and 13-16). The
identification circles are ~ 3" in radius, reflecting the relative astrometric un-
certainty. North is up and East is left. These Digitized Sky Survey images are
approximately 3.6 x 3'.6. . ... .. ... .. ... ... .
The radio fluxes and luminosities for the UDH I1s candidates in M33 from Ta-
ble 5.1. The radio data are consistent with model H 11 regions having electron
densities n, = 1700 — 3000 cm™3 and radii ~ 1 —2pc. .. ... ... ....
The radio fluxes and luminosities for the UDH I1s candidates in NGC 253. The
data are consistent with model H 11 regions having electron densities n, =
11,000 — 22,000 cm—3 and radii ~ 0.3 —1pc. . ...............
The radio fluxes and luminosities for the UDH IIs candidates in NGC 6946
in Table 5.3. The data are consistent with model H Il regions having electron

densities n, ~ 1000 — 5000 cm3andradii R=1—4pc. . . ... ... ...

XVii

131

140



5.8

5.9

5.10

5.11

6.1

Al

A2

A comparison of the luminosity and spectral energy distribution of W49A from
Mezger et al. (1967) and the mean luminosity of UDH 11 regions from M 33,

NGC 253, and NGC 6946. The luminosity and spectral energy distribution of

XVili

WA49A is similar to the UDH 11 regions in each of the three galaxies in this study. 145

Histogram of luminosities for the UDH 11 candidates in M33. The arrow in the
plot marks the luminosity of W49A. The dotted line in illustrates the luminos-
ity function of optically selected H 11 regions in M33 from (Smith & Kennicutt
1989) that find N (L)dL o L=23dL. The completeness limit is not well deter-
mined, but the 5¢ noise level is~ 2 x 102 ergs~ ' Hz=t., . . ... ... ...
Histogram of luminosities for the UDH 11 candidates in NGC 6946. The arrow
in the plot marks the luminosity of W49A. . . . . . . ... .. ... ... ..
Histogram of luminosities for the UDH 11 candidates in NGC 253. The arrow

in the plot marks the luminosity of W49A. . . . . .. ... .. ... ... ..

Proposed schematic illustrating the formation of massive star clusters (right) in
parallel to the precepts of massive star formation (left) from Churchwell (1999).
The dashed box indicates of cluster formation which have not yet been obser-

vationally identified. . . . .. ... ... ... . ..

The values of the log(Feoum /Fi2um) and log(Fasum /Fiaum) color selection
for the UCH Il region candidates inthe LMC. . . . .. ... ... .......
The values of the log(Feoum /Fi2um) and log(Fasum /Fiaum) color selection

for the UCH Il region candidates inthe SMC. . . . ... ... ... ......

174

175



