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ABSTRACT

A visual examination of the images from the Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE)
has revealed 322 partial and closed rings that we propose represent partially or fully enclosed three-dimensional
bubbles. We argue that the bubbles are primarily formed by hot young stars in massive star formation regions. We have
found an average of about 1.5 bubbles per square degree. About 25% of the bubbles coincide with known radio H 11
regions, and about 13% enclose known star clusters. It appears that B4—B9 stars (too cool to produce detectable radio
H 1 regions) probably produce about three-quarters of the bubbles in our sample, and the remainder are produced by
young O—B3 stars that produce detectable radio H 11 regions. Some of the bubbles may be the outer edges of H nregions
where PAH spectral features are excited and may not be dynamically formed by stellar winds. Only three of the bubbles
are identified as known SNRs. No bubbles coincide with known planetary nebulae or W-R stars in the GLIMPSE survey
area. The bubbles are small. The distribution of angular diameters peaks between 1’ and 3’ with over 98% having
angular diameters less than 10" and 88% less than 4'. Almost 90% have shell thicknesses between 0.2 and 0.4 of their
outer radii. Bubble shell thickness increases approximately linearly with shell radius. The eccentricities are rather large,
peaking between 0.6 and 0.7; about 65% have eccentricities between 0.55 and 0.85.

Subject headings: H 1 regions — ISM: bubbles

Online material: extended color figure, machine-readable tables

1. INTRODUCTION

The Galactic Legacy Infrared Mid-Plane Survey Extraordi-
naire (GLIMPSE; Benjamin et al. 2003) provides a new, high
spatial resolution view of the inner two-thirds of the Galactic
plane at infrared wavelengths from 3.6 to 8.0 ym. A visual in-
spection of the GLIMPSE images reveals a large number of full
or partial ring structures. We postulate that the rings are projec-
tions of three-dimensional shells and henceforth refer to them as
bubbles. The prevalence of bubbles at mid-infrared wavelengths
is not unexpected. They were a common feature in the Midcourse
Space Experiment (MSX;, Price etal. 2001; Cohen & Green 2001).
Large bubbles (greater than 10" in diameter) have also been iden-
tified in the H 1 Southern Galactic Plane Survey (McClure-Griffiths
et al. 2002) and with the Wisconsin Hae Mapper (WHAM; Haffher
etal. 2003). The new GLIMPSE images provide ~10 times higher
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spatial resolution and ~100 times better sensitivity than MSX,
permitting detection of smaller and fainter bubbles than MSX or
any other Galactic plane survey to date.

Bubbles are important morphological features in the interstel-
lar medium (ISM). The study of bubbles gives information about
the stellar winds that produce them and the structure and physical
properties of the ambient ISM into which they are expanding. Ad-
ditional physical insights include the hydrodynamics of gas and
dust in expanding bubbles, the impact of expanding bubbles on
magnetic fields in the diffuse ISM, and mass-loss rates during the
evolution of stars. Dynamically formed bubbles that are bright at
mid-infrared wavelengths but not coincident with supernova rem-
nants (SNRs) or planetary nebulae require a star or cluster with
enough UV emission to excite the polycyclic aromatic hydrocar-
bon (PAH) features in the IRAC 5.8 and 8.0 yum bands and a
strong enough wind to evacuate a dust-free cavity. Some bubbles
exhibit morphologies suggestive of triggered or stimulated star
formation. Star formation could be triggered by the expansion of a
bubble when the leading shock front overruns and compresses a
preexisting molecular cloud core, resulting in gravitational collapse
of the core. Bubbles that exhibit this star formation mechanism
provide a crucial path for further understanding how triggered star
formation works.

We have identified candidate bubbles in the GLIMPSE survey
and have measured their general morphological properties. We
investigate the frequency distributions of morphological proper-
ties and their variations with position in the Galaxy. These statis-
tical data will provide a basis for understanding the physics of
bubble formation and the interactions of young stars with their
environments. We divide the GLIMPSE survey area by longi-
tude into northern (/ = 10°—65°) and southern (I = 295°—350°)
regions to facilitate comparison of possible morphological, posi-
tional, and size differences. Previous radio continuum, H 1, and
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CO surveys (see following sections) have shown some puzzling
systematic differences between the northern and southern plane.
We show in the following that some of the same asymmetries are
also found in the distribution of infrared bubbles. In § 2 we de-
scribe the data and the techniques used to determine morpho-
logical properties. In § 3 we report the apparent distribution of
bubbles in the inner Galaxy and bubble morphological proper-
ties, and we identify different types of known objects that pro-
duce the bubbles. We present distances and physical sizes of those
bubbles that have associated H n regions in § 4. We explore a
possible link between multiple bubble complexes and triggered
star formation in § 5. Finally, our results and conclusions are sum-
marized in § 6.

2. THE DATA

High-resolution (1”2 pixels) image mosaics (/ x b = 3° x 2°)
were used to search for bubbles over the entire GLIMPSE survey
area. The mosaics were created by the GLIMPSE pipeline after
image artifacts such as cosmic rays, stray light, column pulldown,
and banding were removed.'" The SSC Mopex package was used
to remove cosmic rays, and the [IPAC Montage package was used
to mosaic the images. The angular resolutions of the Infrared Ar-
ray Camera (IRAC; Fazio et al. 2004) on the Spitzer Space Tele-
scope (Werner et al. 2004) range from ~1”5 at 3.6 um to ~179
at 8.0 um. IRAC bands 2 (4.5 pm: blue), 3 (5.8 um: green), and
4 (8.0 um: red ) were viewed in false colors using the display pro-
gram ds9'? with color ratios adjusted such that the bubbles stood
out above the general background emission. These images were
then visually searched for partial and complete ring structures.
Because specification of morphology is subjective and prone to
individual biases, we have provided an online four-color (3.6 pm:
blue; 4.5 pm: green; 5.8 yim: orange; 8.0 um: red ) image archive '?
that contains images of each bubble in our catalog. We recom-
mend referring to this archive for bubbles of specific interest.

The “elliptical annulus™ feature in ds9 was used to estimate
the approximate center position and the semimajor and semiminor
axes of the inner and outer ellipses.

2.1. Bubble Selection Effects

The catalog of bubbles given here is incomplete due to several
selection effects that conspire to underestimate the true number
of bubbles in the GLIMPSE survey area. (1) Nearby bubbles are
favored because distant ones are masked by foreground emission
in the Galactic plane. This implies that bubbles at the near ki-
nematic distance are more likely to be detected than those at the
far kinematic distance. (2) Faint bubbles are masked by bright
background emission. (3) The ring morphology of small, bright
bubbles is often not apparent because bright diffuse emission fills
in the bubble cavities, making it difficult or impossible to recog-
nize the ring morphology. (4) Bubbles that subtend very small and
very large solid angles are easily missed in visual inspections.

Because we do not know the actual number of bubbles in the
GLIMPSE survey area, it is impossible to quantify the complete-
ness of the bubble catalog given here; however, it could easily be
on the order of 50% or even less. Neither can we give a meaning-
ful brightness limit at which the catalog can be declared com-
plete since this depends strongly on both the spatial structure and
brightness of the diffuse background emission.

' See http://www.astro.wisc.edu/glimpse/docs.html.
12 See http://hea-www.harvard.edu/RD/ds9/ref,
13 See http://www.astro.wisc.edu/glimpse/bubbles/.

TABLE 1
COMPARISON OF MEASURED BUBBLE PARAMETERS

ALL EXAMINERS

EXAMINER?
Standard
MEASUREMENT 1 2 3 4  Mean Deviation S/N
Diameter (arcmin)......... 2.85 285 293 2.63 282 0.13 22
Thickness (arcmin)........ 041 029 042 035 037 0.06 6
Eccentricity .......c.oeueucee 0.59 0.72 0.57 0.50 0.60 0.09 7
Thickness/radius............ 0.25 020 0.26 023 0.24 0.03 9

? The values given here represent the medians of the measurements of the
21 bubbles found by all four examiners.

2.2. Observer-dependent Selection and Measurement Biases

The bubbles in our sample were visually selected by one of the
authors. However, four of the authors independently examined
five 3° x 2° mosaic images selected to span the range of longi-
tudes from the innermost to outermost limits of the GLIMPSE
survey; this included regions of high, low, and intermediate spa-
tially variable background. The bubbles identified in these five
common regions by each individual were used to estimate selec-
tion biases and the dispersion of geometrical parameters measured
by multiple examiners.

In the five common regions, 21 bubbles were identified by all
four examiners. This represents 40% of the bubbles found in these
five 3° x 2° mosaic images. Clear selection biases set apart the
four examiners. One focused more on small bubbles, one selected
more large bubbles, and the other two were generally between the
two extremes. The median values of the distributions of geomet-
rical parameters (diameter, thickness, eccentricity, and thickness/
radius) measured by each examiner for the 21 bubbles identified
by all four examiners are given in Table 1. The values for geomet-
rical parameters given in the bubble catalog (Tables 2 and 3) are
those measured by examiner 1, who examined the entire survey.
The measurements of examiner 1 were found to lie near the aver-
age of the four examiners.

Identifying bubbles and measuring their parameters is an in-
herently subjective process. Table 1 shows that the dispersion of
geometrical parameters for the 21 bubbles measured by all four
examiners ranges from ~10% for the bubble diameters to ~35%
for the thicknesses and eccentricities. This suggests that the geo-
metrical parameters given in the catalog are likely to be reliable
at about these levels. One exception is the case of orientations of
the bubble major axes. Biases introduced by the procedure of fit-
ting elliptical annuli to images in ds9 make orientation measure-
ments unreliable; hence, values for bubble orientations are not
included in Tables 2 and 3.

In Figures la and 15 we show two bubble images that have
been fitted by all four examiners. The elliptical annuli drawn in
green are the fits by examiner 1, whose values are listed in Tables 2
and 3, while the white, cyan, and yellow lines and arrowheads in-
dicate the major and minor axes of the elliptical annuli fitted by the
other three examiners. Figure la shows a bubble where all four
examiners agree rather well on the size and thickness of the bub-
ble. There is some disagreement on orientation because the bubble
is roughly circular. Figure 15 shows a bubble where the dispersion
in bubble size and thickness is a bit larger than the typical disper-
sion between the four examiners, but not as large as the most
extreme dispersions. All four examiners found about the same
orientation, but the bright emission sources in the left half of
the image made it difficult to judge the full extent of the bubble.



TABLE 2
NORTHERN BUBBLE PARAMETERS

/ b Rin Vin Rout Vout <R> <T>
Catalog Number (deg) (deg) (arcmin) (arcmin) (arcmin) (arcmin) Eccentricity (arcmin) (arcmin) Morphology Flags®
M 2 3) ) %) (6) @ 3) ©) (10) 1n
10.231 —0.305 0.93 0.82 1.16 1.02 0.47 0.98 0.21 C
10.747 —0.468 6.96 5.76 8.31 6.89 0.56 6.95 1.23 B
11.570 0.395 0.99 0.48 1.45 0.70 0.87 0.85 0.32 C
11.892 0.748 1.95 1.65 2.42 2.05 0.53 2.01 0.44 C
12.465 —1.128 3.71 2.29 4.55 2.81 0.79 3.24 0.66 CcC
12.512 —0.609 5.94 4.58 7.33 5.65 0.64 5.83 1.22 B
12.787 —0.167 0.47 0.37 0.57 0.46 0.60 0.46 0.09 C
12.805 —0.312 0.17 0.17 0.26 0.26 0.00 0.21 0.08 C
12.890 —0.046 0.59 0.42 0.75 0.53 0.71 0.56 0.13 B
13.188 0.039 1.41 0.84 1.75 1.04 0.80 1.22 0.26 C, CC, BP
13.218 0.082 1.35 0.97 1.77 1.27 0.70 1.32 0.35 C, BP
13.727 —0.015 4.48 3.88 5.44 471 0.50 4.61 0.89 C
13.900 —-0.014 0.57 0.33 0.73 0.42 0.81 0.49 0.12 B
14.002 —0.135 1.30 0.82 1.77 1.12 0.77 1.22 0.38 C, CC
15.010 —0.611 1.57 1.03 2.13 1.40 0.75 1.50 0.46 C
15.017 0.056 242 1.95 3.12 2.51 0.59 2.48 0.63 B, MB
15.019 0.067 0.42 0.31 0.59 0.43 0.68 0.43 0.14 B, m(N16)
16.679 —0.366 6.61 6.20 8.36 7.84 0.35 7.25 1.70 C
17.077 0.946 391 3.56 5.42 4.94 0.41 445 1.44 C
17.917 —0.687 1.13 0.85 1.45 1.08 0.66 1.12 0.27 C
18.190 —0.396 2.30 1.59 2.89 2.00 0.72 2.16 0.50 B
18.254 —0.305 1.71 1.27 2.21 1.64 0.67 1.69 0.43 C
18.679 —0.237 0.39 0.36 0.54 0.50 0.39 0.45 0.14 B
19.000 —0.326 7.00 6.16 9.97 8.78 0.47 7.96 2.79
19.507 —0.191 0.83 0.54 1.04 0.67 0.76 0.75 0.17 B
19.587 —0.051 0.50 0.39 0.68 0.53 0.63 0.52 0.16 B
19.814 0.017 1.06 0.88 1.31 1.09 0.56 1.08 0.22 B
21.351 —0.137 0.48 0.42 0.67 0.60 0.45 0.54 0.18 C
23.055 0.559 2.82 1.90 3.80 2.56 0.74 2.72 0.81 C, m(N29)
23.115 0.564 0.99 0.82 1.37 1.13 0.57 1.07 0.34 C, MB
23.843 0.097 0.71 0.55 0.96 0.74 0.63 0.74 0.21 C
23.905 0.070 0.37 0.34 0.51 0.47 0.42 0.42 0.14 B
24.215 —0.044 0.39 0.34 0.51 0.45 0.45 0.42 0.12 B
24.295 —0.170 1.07 0.86 1.37 1.10 0.60 1.09 0.27 C
24.513 0.241 3.64 2.14 4.86 2.85 0.81 3.26 0.93 C
24.837 0.090 2.93 1.94 4.00 2.65 0.75 2.82 0.87 B
25.292 0.293 2.07 1.13 2.73 1.49 0.84 1.77 0.49 B
25.356 —0.145 0.58 0.50 0.78 0.67 0.52 0.63 0.19 B, m(N39)
25.364 —0.160 1.95 1.42 2.71 1.98 0.68 1.99 0.65 B, MB
25.369 —0.365 1.23 0.88 1.67 1.20 0.70 1.23 0.38 B
26.266 0.282 0.42 0.41 0.63 0.61 0.25 0.52 0.20 C
26.329 —0.071 0.67 0.44 0.84 0.55 0.76 0.61 0.14 C
26.597 0.098 0.61 0.50 0.83 0.68 0.58 0.65 0.21 C
26.821 0.382 1.10 0.92 1.36 1.14 0.55 1.13 0.24 C
26.991 —0.053 1.53 0.95 2.21 1.37 0.78 1.47 0.53 C
27.310 —0.110 1.19 1.10 1.69 1.56 0.38 1.38 0.48 B
28.025 —0.031 2.40 1.64 3.02 2.06 0.73 2.24 0.51 B
28.322 0.154 0.87 0.81 1.18 1.10 0.35 0.99 0.30 B
28.827 —0.229 1.32 1.02 1.68 1.30 0.63 1.32 0.32 C
29.001 0.097 1.59 1.41 2.03 1.80 0.46 1.70 0.41 B
29.158 —0.262 1.78 1.72 2.21 2.14 0.25 1.96 0.42 C
30.749 —0.019 2.22 1.35 3.01 1.84 0.79 2.04 0.62 C
31.157 —0.145 0.74 0.73 0.94 0.93 0.15 0.84 0.20 C
31.164 0.292 1.88 1.34 2.33 1.67 0.70 1.78 0.38 B
32.098 0.091 0.77 0.58 1.07 0.80 0.67 0.79 0.26 C
32.583 0.002 0.99 0.97 1.27 1.25 0.19 1.12 0.28 C
32.763 —0.150 0.31 0.25 0.39 0.32 0.57 0.32 0.07 B
32.990 0.040 0.17 0.13 0.29 0.23 0.62 0.20 0.11 C
33.071 —0.075 7.03 5.12 8.62 6.28 0.68 6.68 1.36 C
33.814 —0.150 0.64 0.48 0.87 0.65 0.66 0.65 0.20 C
34.157 0.140 3.28 3.13 3.86 3.68 0.30 3.49 0.57 B
34.334 0.216 1.41 1.31 1.75 1.62 0.38 1.52 0.33 B
34.652 —0.412 11.89 8.69 16.42 12.01 0.68 12.10 3.88 SNR

34.760 —0.669 5.08 3.65 6.25 4.49 0.69 4.80 0.99

v}



TABLE 2— Continued

/ b Rin Vin Roul Fout <R> <T>
Catalog Number (deg) (deg) (arcmin) (arcmin) (arcmin) (arcmin) Eccentricity (arcmin) (arcmin) Morphology Flags®
1) 2 (3) “ (5 (6) (7 ®) ) (10) €8))
35.000 0.332 2.02 1.76 2.59 2.26 0.49 2.15 0.54 C
35.259 0.119 0.46 0.37 0.60 0.47 0.62 0.47 0.12 C
35.543 0.011 0.75 0.69 1.02 0.94 0.38 0.85 0.26 C
35.654 —0.062 5.17 3.59 6.06 4.21 0.72 4.68 0.74 C, CC
36.187 0.648 8.42 8.42 10.18 10.18 0.00 9.30 1.76 B
37.751 —0.112 0.50 0.44 0.71 0.63 0.46 0.57 0.20 C
38.290 0.007 7.08 6.01 9.36 7.95 0.53 7.57 2.10 B
38.352 —0.133 0.92 0.86 1.14 1.06 0.36 1.00 0.21 B
38.739 —0.137 0.77 0.72 1.15 1.08 0.34 0.93 0.37 B
38.909 —0.437 1.27 1.02 1.79 1.44 0.59 1.37 0.47 C, CC
38.928 —0.387 0.62 0.51 0.93 0.77 0.57 0.70 0.29 B
38.955 —0.731 3.73 2.84 5.27 4.02 0.65 3.93 1.34 B
40.421 —0.056 1.16 1.10 1.49 1.41 0.33 1.29 0.32 B
41.229 0.170 0.31 0.23 0.45 0.33 0.68 0.33 0.12 C
41.514 0.030 1.27 0.98 1.60 1.23 0.64 1.26 0.29 C
41.930 0.031 1.90 1.38 2.38 1.73 0.69 1.82 0.41 C
42.003 —-0.512 9.24 6.57 11.98 8.52 0.70 8.95 2.31 C, MB
42.102 —0.623 1.47 1.46 1.91 1.90 0.13 1.68 0.44 C, CC, m(N81)
42.113 —0.442 0.31 0.24 0.44 0.33 0.65 0.33 0.11 C, m(N81)
42.831 —0.161 1.19 0.86 1.54 1.12 0.69 1.16 0.30 C
43.074 -0.017 0.46 0.38 0.59 0.49 0.57 0.48 0.12 C
43.097 —0.040 0.26 0.23 0.43 0.38 0.46 0.32 0.17 B
43.218 0.107 0.31 0.24 0.45 0.36 0.61 0.34 0.12 C
43.265 —0.186 1.37 1.30 1.90 1.81 0.30 1.59 0.52 SNR
43.739 0.114 0.92 0.81 1.24 1.10 0.47 1.02 0.31 C
43.774 0.059 1.53 1.52 1.96 1.94 0.13 1.74 0.42 C
44211 0.050 5.19 347 7.25 4.84 0.74 5.08 1.68 C
44.333 —0.839 2.03 1.38 2.67 1.81 0.73 1.94 0.53 C, CC
44,777 —0.550 0.73 0.53 1.00 0.73 0.68 0.74 0.23 C, m(N9%4)
44818 —0.500 3.85 2.60 5.26 3.56 0.74 3.75 1.16 B, MB
45.393 -0.717 2.13 1.70 2.39 1.91 0.60 2.02 0.23 C
46.947 0.368 0.40 0.33 0.53 0.43 0.59 0.42 0.12 B, MB
46.951 0.312 4.23 3.13 5.59 4.14 0.67 4.23 1.17 B, m(N96)
47.027 0.219 1.37 1.36 1.75 1.74 0.11 1.56 0.38 C
48.540 0.468 4.20 3.23 5.74 4.41 0.64 4.36 1.35 B
48.821 —0.557 4.85 3.78 6.23 4.86 0.63 4.89 1.22 C
49.197 —0.358 0.99 0.85 1.53 1.31 0.52 1.17 0.50 B
49.698 —0.162 1.82 1.81 2.20 2.18 0.12 2.00 0.38 C, MB
49.703 —0.168 0.63 0.49 0.87 0.68 0.63 0.67 0.21 B, m(N102)
50.041 —0.273 0.77 0.59 1.09 0.84 0.64 0.81 0.29 C
50.077 0.569 0.87 0.57 1.19 0.79 0.75 0.84 0.26 C
50.785 0.168 0.39 0.30 0.56 0.43 0.65 0.41 0.15 C, m(N107)
50.972 0.078 11.59 9.08 14.14 11.08 0.62 11.39 2.26 B, MB
51.766 0.471 4.39 2.39 6.35 3.46 0.84 3.96 1.45 C, m(N109)
51.982 0.562 14.57 11.59 18.67 14.86 0.61 14.83 3.66 B, MB
52.159 0.710 0.55 0.51 0.76 0.70 0.38 0.63 0.20 C, m(N109)
52.204 0.750 1.00 0.81 1.36 1.10 0.59 1.06 0.33 B, m(N109)
52.206 0.721 0.28 0.19 0.38 0.26 0.74 0.27 0.08 C, m(N109)
52.229 0.737 0.57 0.34 0.89 0.54 0.80 0.57 0.25 C, CC, m(N109)
52.250 0.703 1.35 1.32 1.82 1.78 0.20 1.57 0.47 C, m(N109)
53.556 —0.014 3.20 2.52 3.96 3.11 0.62 3.17 0.67 C
54.091 —0.088 0.79 0.63 1.05 0.83 0.61 0.82 0.23 B, BP
54.112 —0.064 1.41 1.40 1.92 1.90 0.14 1.66 0.50 C, BP
54.928 —0.477 0.32 0.26 0.54 0.44 0.58 0.39 0.20 C
55.157 0.130 431 3.79 5.41 4.76 0.48 4.56 1.03 C
55.266 0.249 1.26 1.19 1.57 1.48 0.33 1.37 0.30 C
55.445 0.886 0.49 0.41 0.69 0.58 0.55 0.54 0.19 C
56.077 —0.184 0.53 0.37 0.88 0.61 0.72 0.58 0.29 C
57.539 —0.284 1.47 1.01 1.85 1.27 0.73 1.38 0.31 C
58.605 0.638 1.60 1.50 2.00 1.87 0.35 1.74 0.39 B
58.764 0.655 0.74 0.67 0.95 0.85 0.44 0.80 0.20 C
59.606 0.330 1.82 1.45 2.38 1.89 0.61 1.87 0.50 B, Fl
60.648 —0.057 2.94 2.88 3.80 3.72 0.20 3.34 0.85 B
61.673 0.946 3.38 2.41 4.25 3.03 0.70 3.22 0.74 B
61.755 0.839 3.27 2.34 4.14 2.96 0.70 3.13 0.73 B
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TABLE 2— Continued

[ b Ri Vin Rout Tout <R> <T>
Catalog Number (deg) (deg) (arcmin) (arcmin) (arcmin) (arcmin) Eccentricity (arcmin) (arcmin) Morphology Flags®
) @ 3) @ ®) ©) ™ ®) © (10) (1)
62.370 —0.540 0.98 0.87 1.26 1.11 0.47 1.05 0.26 B
63.084 —0.395 6.18 5.46 7.75 6.84 0.47 6.55 1.48 C
63.121 0.386 0.21 0.19 0.39 0.36 0.36 0.28 0.17 C
63.159 0.451 1.83 1.14 2.33 1.45 0.78 1.64 0.39 C
64.134 —0.466 0.58 0.32 0.92 0.51 0.83 0.56 0.25 B, CC

Note.—Table 2 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.

? The abbreviations in col. (11) are defined as follows: C is a complete or closed ring. B is a broken or incomplete ring. CC stands for a probable enclosed central
star cluster, meaning that the stellar density inside the ring appears to be greater than the average stellar density outside the ring and/or the bubble contains a cluster
from a known catalog. MB stands for multiple bubbles, indicating a relatively large bubble having smaller secondary bubbles inside it or on its periphery. Subsidiary
multiple bubbles are labeled m(catalog number) according to the multiple bubble they appear to be associated with. BP indicates a bipolar bubble or a double bubble
whose lobes are in contact. TP indicates triple bubbles that appear to originate close to the same location. CS indicates that the central star(s) responsible for driving
the bubble is/are probably apparent. Fl indicates a flocculent or clumpy bubble structure. The three bubbles that are identified as known supernova remnants are

given the SNR flag.

Hence, Figure 15 provides an example of the difficulties asso-
ciated with measuring bubble geometrical parameters.

Every bubble in the catalog has been independently examined
and verified by three of the authors. We believe that this screen-
ing process has provided a nearly 100% reliable catalog of bub-
bles. We caution, however, that identification of three-dimensional
morphological features from two-dimensional images is subjective
and prone to individual biases.

2.3. The Catalog

The detected bubbles and their measured parameters are listed
in Tables 2 and 3 for the northern and southern regions, respec-
tively. The catalog entries are in order of increasing angular dis-
tance from the Galactic center. The columns in Tables 2 and 3 are
as follows: (1) the catalog number (preceded by N in Table 2, by
S in Table 3; the S prefix does not refer to a Sharpless catalog
number); (2) and (3) the center position in Galactic longitude and
latitude, respectively; (4) and (5) the semimajor (R;,) and semi-
minor (ry,) axes of the inner ellipse, respectively; (6) and (7) the
semimajor (R,y) and semiminor (r,y) axes of the outer ellipse,
respectively; (8) the eccentricity of the ellipses (the centers and
eccentricities of the inner and outer ellipses were constrained to
be the same); (9) the average radius (R) of the bubble; (10) the
average thickness (7T') of the shell; and (11) abbreviated com-
ments on morphological properties (see the footnote to Table 2
for a full description of the morphology flags). We estimate the
average radius of each bubble as the average of the geometric
mean radii of the inner and outer ellipses using

(Rou'rrout)&5 + (Rin’”in)o'5

(R) = . . (1)

The average projected thickness is the difference between the
geometric mean radii of the outer and inner ellipses and is cal-
culated using
<T> = (Routrout)(l5 - (Rinrin)oj- (2)
In Figures 2a—2h we show examples of bubbles that illustrate
the morphological flags referred to in column (11) of Tables 2
and 3. We refer to individual bubbles by catalog number. All of
the bubbles in these figures except S21 are located toward known
H 1 regions, and all except S21 and S97+S98 probably contain
star clusters previously detected in the near- to mid-IR (see § 3.1).
In Figure 2a, S133 is a good representative of a bubble with

smaller bubbles (S132, S134, and S135) within and on the rim
ofalarger bubble (multiple bubbles [ MB]). In Figure 25, RCW 79
(S145) is an example of a broken bubble (B) with a secondary
small bubble (S144) on its rim (MB). A compact star cluster is
also located within the large bubble (CC). In Figure 2¢, S44 is an
example of a complete (C) bubble. In Figure 24, S21 is an ex-
ample of a complete (C) bubble with a bright central star (CS) that
may be responsible for producing the bubble. In Figure 2e, S156
has a central star cluster (CC) within the bubble. The bubble ex-
hibits a predominantly filamentary structure. In Figure 2f, S97+
S98 together form a double or bipolar bubble (BP) with a cluster
of stars (CC) along the line of contact between the two bubble
lobes. In Figure 2g, S109, S110, and S111 form an example of a
triple or tripolar bubble (TP). Finally, S100, in Figure 24, is a good
example of an irregular bubble exhibiting flocculent (F1) structure.
We caution that perceived morphological properties are ob-
server and wavelength dependent. We have attempted to fit a wide
range of bubble morphologies using elliptical annuli. In some
cases an elliptical annulus is not a good representation of the mor-
phology. The morphological designations given in column (11) of
Tables 2 and 3 are abbreviated descriptions of complicated struc-
tures. We strongly recommend that the online image archive (see
footnote 13) be examined for particular bubbles of interest.

3. RESULTS AND DISCUSSION

In the following, we use the measured parameters tabulated in
Tables 2 and 3 to investigate statistical properties of the bubbles
in the inner Galaxy. In particular, we examine what types of ob-
jects produce the observed bubbles, the distribution of the bub-
bles in longitude and latitude, and the distributions of bubble size,
thickness, and eccentricity. The motivations for this are to show
the frequency and range of bubble properties in the GLIMPSE
sample and to provide constraints needed to model the process of
bubble formation.

3.1. Wavelength Dependence

The bubbles found in GLIMPSE are generally detectable in all
four IRAC bands but tend to be brighter at longer wavelengths.
Most bubbles are larger and brighter at 8.0 ym than the shorter
wavelength IRAC bands. In Figure 3 we show color images of
bubbles (¢) N107 and (b) N100—N113, in the 4.5 um (blue) and
8.0 um ( green) bands from GLIMPSE and the 24 pm (red) band
from the MIPSGAL (S. Carey, PI) survey. In this image, the
24 pm emission dominates inside of the bubbles and often, but
not always, seems to be confined to regions close to hot or bright



TABLE 3
SOUTHERN BUBBLE PARAMETERS

! b
Catalog Number (deg) (deg) Rin Fin Rout Tout (R) (T)

1) 2) 3) (arcmin) (arcmin) (arcmin) (arcmin) Eccentricity (arcmin) (arcmin) Morphology Flags®
349.811 —0.602 4.02 3.90 5.14 4.99 0.24 4.51 1.10 B, CC
349.215 0.142 0.55 0.44 0.73 0.59 0.58 0.57 0.16 C
349.091 0.080 0.80 0.68 1.01 0.86 0.53 0.83 0.20 B, CC
349.050 0.092 0.25 0.24 0.35 0.34 0.25 0.29 0.10 C
348.409 0.149 0.57 0.55 0.72 0.70 0.23 0.63 0.14 C
348.263 —0.976 1.27 0.69 1.89 1.02 0.84 1.16 0.46 C
348.258 0.483 4.14 3.99 4.94 4.76 0.27 4.45 0.79 B, CC
347.401 0.265 1.82 1.25 2.22 1.52 0.73 1.67 0.33 C
347.195 —0.094 0.42 0.29 0.57 0.39 0.73 0.41 0.13 B
345914 0.007 1.03 0.81 1.36 1.07 0.61 1.06 0.30 B, CS
345.480 0.399 2.33 2.14 2.74 2.52 0.40 243 0.39 C, CC
345373 1.063 0.70 0.52 1.13 0.85 0.66 0.79 0.38 C, CS
345.041 —0.737 8.96 7.03 11.68 9.16 0.62 9.14 2.41 C
344.756 —0.554 4.37 3.86 5.80 5.12 0.47 4.78 1.34 C
343914 —0.649 1.91 1.36 3.06 2.19 0.70 2.10 0.97 C
343.521 —0.004 0.32 0.25 0.48 0.38 0.62 0.35 0.15 C, m(S17)
343.482 —0.044 2.06 1.22 2.83 1.68 0.80 1.89 0.59 C, CC, MB
342.075 0.434 1.20 0.98 1.58 1.29 0.57 1.26 0.34 C, CC, TP
342.072 0.387 0.62 0.61 0.98 0.98 0.10 0.80 0.36 C, TP
342.045 0.396 1.35 0.80 1.92 1.13 0.81 1.25 0.44 B, TP
341.357 —0.288 0.75 0.51 1.06 0.72 0.74 0.74 0.25 C, CS
341.301 —0.300 1.08 0.75 1.36 0.94 0.72 1.02 0.23 B, CC, m(S23)
341.281 —0.349 1.80 1.68 2.23 2.08 0.37 1.94 0.42 C, MB
341.205 —-0.229 0.34 0.32 0.49 0.45 0.37 0.40 0.14 C
341.007 —1.018 2.21 1.62 2.67 1.96 0.68 2.09 0.39 B
340.306 —0.192 1.78 1.39 221 1.72 0.62 1.76 0.38 C
340.040 —0.147 2.02 1.15 2.58 1.47 0.82 1.74 0.42 B
339.844 0.307 0.67 0.59 0.88 0.77 0.48 0.72 0.20 C
338.901 0.609 2.53 2.26 3.04 2.72 0.45 2.63 0.48 B, CC
338.885 0.543 0.62 0.42 0.88 0.59 0.75 0.61 0.21 C
338.837 —0.315 0.92 0.83 1.13 1.03 0.43 0.97 0.21 C
338.578 0.018 1.19 0.70 1.69 0.99 0.81 1.10 0.38 C
338.362 —0.019 0.44 0.34 0.60 0.45 0.65 0.45 0.14 C
338.120 —0.189 0.46 0.37 0.59 0.47 0.59 0.47 0.12 C
337.986 —0.062 0.26 0.21 0.36 0.28 0.60 0.28 0.08 B
337.971 —0.474 2.76 2.06 3.56 2.66 0.66 2.73 0.69 C
337.692 —0.339 1.27 0.92 1.77 1.29 0.68 1.30 0.43 C
337.489 —0.535 0.69 0.53 0.97 0.75 0.64 0.73 0.25 C
336.879 0.000 0.23 0.23 0.30 0.30 0.00 0.27 0.07 C
336.514 0.121 1.79 1.16 2.49 1.62 0.76 1.72 0.57 C
336.483 —0.214 3.06 2.73 3.90 347 0.45 3.28 0.79 B
335.162 —0.242 0.83 0.71 1.15 0.98 0.52 091 0.30 B
334.643 0.440 0.73 0.59 0.97 0.79 0.58 0.77 0.22 B
334.523 0.823 2.47 1.79 3.07 222 0.69 2.36 0.51 C, CC
334.421 —0.249 0.44 0.31 0.60 0.42 0.71 0.43 0.14 C
333.500 —0.278 1.12 1.03 1.35 1.24 0.40 1.18 0.22 C
333.267 —0.439 0.59 0.46 0.80 0.63 0.62 0.61 0.19 B
332.998 —0.455 1.18 0.86 1.45 1.05 0.69 1.12 0.23 B, CC
332.864 —0.569 0.86 0.70 1.20 0.98 0.58 0.93 0.30 C, CC
332.680 —0.541 2.17 1.93 2.73 2.43 0.46 2.31 0.53 C
332.673 —0.618 1.74 1.00 2.15 1.24 0.82 1.48 0.32 C, CC
332412 0.048 2.56 2.29 3.25 2.90 0.45 2.75 0.65 C, MB
332.375 0.082 1.04 0.70 1.42 0.96 0.74 1.01 0.31 C, CC, m(S52)
332311 —0.565 1.16 1.00 1.43 1.24 0.50 1.20 0.25 C
332.292 —0.537 0.65 0.41 0.82 0.52 0.78 0.58 0.14 B
332.071 0.501 0.79 0.65 1.03 0.85 0.56 0.82 0.22 C
331.401 0.530 3.84 3.13 4.68 3.82 0.58 3.85 0.76 B, MB
331.397 —0.182 0.24 0.16 0.34 0.23 0.75 0.23 0.09 C
331.358 1.059 0.41 0.35 0.54 0.47 0.50 0.44 0.12 C, CC, m(S61)
331.343 0.572 0.97 0.85 1.35 1.19 0.47 1.09 0.36 C, m(S57)
331.327 1.017 3.73 2.60 4.99 3.48 0.72 3.64 1.05 C, CC, MB
331.316 —0.359 1.99 1.62 2.50 2.03 0.58 2.02 0.45 B
331.108 0.027 1.11 0.97 1.37 1.19 0.50 1.16 0.24 B
331.010 —0.156 2.53 242 3.31 3.16 0.29 2.86 0.76 B
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TABLE 3— Continued

/ b
Catalog Number (deg) (deg) Rin Fin Rout Fout (R) (T)

(1) 2) 3) (arcmin) (arcmin) (arcmin) (arcmin) Eccentricity (arcmin) (arcmin) Morphology Flags®
330.789 —0.454 0.56 0.34 0.75 0.45 0.80 0.51 0.14 C, m(S66)
330.781 —0.414 5.81 4.20 7.42 5.37 0.69 5.63 1.37 B, CC, MB
330.675 —0.389 0.99 0.65 1.38 0.91 0.76 0.96 0.32 C, CC, m(S66)
329.975 —0.003 1.02 0.74 1.45 1.05 0.69 1.05 0.36 B
329.657 —0.486 1.07 1.06 1.48 1.46 0.15 1.27 0.41 C, CcC
329.276 0.108 1.04 0.81 1.39 1.08 0.63 1.07 0.31 B
327.990 —0.103 1.03 0.82 1.37 1.09 0.60 1.07 0.30 C, CC
327.705 0.567 1.73 1.10 231 1.48 0.77 1.61 0.47 B
327.552 —0.807 3.71 2.26 5.16 3.14 0.79 3.46 1.13 B, CC, MB
327.525 —0.848 1.37 0.98 1.78 1.28 0.70 1.33 0.35 C, m(S73)
327.141 —0.264 0.43 0.41 0.59 0.56 0.28 0.50 0.15 C
326.924 —0.021 4.55 4.16 5.77 5.28 0.40 4.94 1.17 B
326918 —1.098 1.24 0.81 1.68 1.09 0.76 1.18 0.36 B, CC
326.783 —0.551 2.82 1.98 3.44 2.41 0.71 2.62 0.52 C
326.700 0.513 2.69 1.84 3.45 2.36 0.73 2.54 0.63 C, CC
325.014 —0.137 5.81 4.30 7.59 5.62 0.67 5.76 1.53 C
324.642 —0.311 1.20 0.88 1.58 1.17 0.67 1.19 0.33 B
324.057 —0.813 4.41 3.79 5.94 5.10 0.51 4.80 1.42 C
323.975 0.057 0.42 0.34 0.56 0.45 0.59 0.44 0.13 C
323.915 0.032 0.33 0.23 0.50 0.35 0.70 0.35 0.14 C
323.802 0.025 1.48 1.26 1.93 1.65 0.52 1.58 0.42 B, CC
323.538 —0.352 0.82 0.79 1.21 1.17 0.26 1.00 0.39 C
322.418 0.207 0.30 0.15 0.44 0.23 0.85 0.26 0.10 C
321.672 —0.041 0.46 0.41 0.63 0.56 0.46 0.51 0.16 B
321.394 —0.317 0.90 0.70 1.16 0.90 0.63 091 0.23 C, CC
320.947 —0.417 0.30 0.24 0.46 0.36 0.62 0.34 0.14 B
320.861 —0.422 231 1.77 291 223 0.64 2.29 0.53 B
320.578 0.203 6.18 5.08 7.90 6.49 0.57 6.38 1.55 B
320.438 0.251 247 1.94 3.18 2.50 0.62 2.50 0.63 C
320.227 —0.110 2.01 1.31 243 1.58 0.76 1.79 0.34 B
320.205 —0.346 0.49 0.42 0.72 0.62 0.50 0.56 0.21 B
320.164 0.793 1.35 1.11 1.80 1.49 0.56 1.43 0.41 C
319.890 0.763 1.51 1.05 2.14 1.50 0.72 1.52 0.53 B, CC, BP
319.884 0.808 0.82 0.62 1.28 0.97 0.65 0.91 0.40 C, CC, BP
319.224 0.229 232 1.71 3.00 221 0.68 2.28 0.58 B
319.145 —0.345 3.52 2.50 4.75 3.37 0.70 3.48 1.04 C, CC, MB
319.135 —0.413 0.62 0.49 0.88 0.70 0.61 0.67 0.24 C, m(S100)
318.064 —0.083 0.24 0.19 0.38 0.30 0.62 0.27 0.12 C
317.997 —0.611 321 2.82 4.49 3.95 0.48 3.61 1.20 C
317.988 —0.749 1.71 1.13 2.55 1.68 0.75 1.73 0.68 C
317.798 —0.770 0.25 0.21 0.37 0.31 0.56 0.28 0.11 B
317.462 —0.347 1.68 1.65 2.02 1.98 0.19 1.83 0.34 B, CC
317.212 0.103 0.25 0.21 0.42 0.35 0.57 0.31 0.15 B
316.866 0.030 2.84 2.59 4.04 3.68 0.41 3.28 1.14 C
316.812 —0.101 1.51 0.96 2.32 1.47 0.77 1.52 0.64 C, TP
316.809 —0.031 1.41 1.09 1.82 1.41 0.63 1.42 0.36 C, TP
316.772 —0.068 1.37 0.98 1.83 1.31 0.70 1.35 0.39 C, CC, TP
316.671 0.370 0.24 0.17 0.42 0.29 0.72 0.27 0.15 C
316.544 0.004 1.41 1.15 1.98 1.61 0.58 1.53 0.51 B
316.526 —0.601 1.28 1.09 1.81 1.54 0.52 1.43 0.49 B, CC
315.979 —0.182 0.83 0.83 1.06 1.06 0.00 0.94 0.23 C, CC
314.219 0.474 5.10 3.00 5.81 3.41 0.81 4.18 0.54 C, CC
314.215 0.340 1.04 0.69 1.50 1.00 0.74 1.04 0.38 C, CC
314.186 0.275 2.12 1.72 2.58 2.09 0.59 2.12 0.41 B
313.976 0.136 0.61 0.58 0.77 0.74 0.29 0.67 0.16 B, CS
313.810 0.133 2.01 1.62 2.49 2.00 0.59 2.02 0.42 C
313.792 0.701 1.14 0.85 1.52 1.14 0.67 1.15 0.33 C, CcC
313.418 0.128 7.03 441 8.69 5.45 0.78 6.22 1.31 C
312.975 —0.433 2.16 1.94 2.75 2.46 0.45 2.32 0.55 C, CC
312.888 —0.440 0.81 0.45 1.38 0.77 0.83 0.82 0.43 C
312.760 0.072 0.77 0.51 1.02 0.68 0.75 0.73 0.21 B
312.705 0.015 1.04 0.97 1.50 1.40 0.36 1.23 0.45 B, CC
312.698 —0.115 1.90 1.42 2.38 1.78 0.67 1.85 0.41 B, BP
312.675 0.047 1.40 1.28 1.78 1.63 0.40 1.52 0.37 C, CC, BP
312.537 0.061 0.32 0.18 0.50 0.28 0.83 0.30 0.13 B
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! b
Catalog Number (deg) (deg) Rin Fin Rout Tout (R) (T)

(@) 2) 3) (arcmin) (arcmin) (arcmin) (arcmin) Eccentricity (arcmin) (arcmin) Morphology Flags®
312.151 —0.313 0.40 0.34 0.57 0.49 0.51 0.45 0.16 B
311.524 —0.339 1.37 0.94 1.87 1.28 0.73 1.34 0.41 SNR
311.495 0.416 0.13 0.13 0.24 0.23 0.27 0.18 0.10 C, m(S133)
311.487 0.395 1.86 1.64 2.45 2.17 0.47 2.03 0.56 C, MB
311.484 0.363 0.57 0.47 0.74 0.61 0.55 0.60 0.15 B, CC, m(S133)
311.474 0.403 0.33 0.24 0.46 0.33 0.70 0.34 0.11 B, m(S133)
311.189 0.751 0.66 0.42 0.89 0.57 0.77 0.62 0.19 C
310.980 0.411 2.98 2.38 4.00 3.20 0.60 3.12 0.91 C, CC
310.909 —0.361 0.78 0.72 1.29 1.18 0.40 0.99 0.49 B
310.887 0.011 0.35 0.29 0.45 0.38 0.53 0.37 0.10 C
310.666 —0.449 0.88 0.72 1.13 0.92 0.58 0.91 0.22 B
309.552 —0.719 1.48 1.13 1.86 1.42 0.65 1.46 0.33 C, Fl
309.410 —0.369 1.83 1.39 2.29 1.74 0.65 1.80 0.40 B
309.052 0.172 5.09 3.57 6.08 427 0.71 4.68 0.83 C, CC
308.749 0.549 0.79 0.74 0.99 0.93 0.34 0.86 0.19 B, CC, m(S145)
308.709 0.627 577 4.78 6.93 5.73 0.56 5.78 1.05 B, CC, MB
307.795 —0.483 0.32 0.24 0.47 0.35 0.66 0.34 0.13 C
306.745 0.263 1.95 1.48 2.63 1.99 0.65 1.99 0.59 C
305.640 0.511 0.56 0.53 0.74 0.70 0.34 0.63 0.17 C
305.553 0.010 0.37 0.33 0.58 0.51 0.48 0.45 0.20 B, CC
305.533 0.357 1.08 0.76 1.43 1.01 0.71 1.06 0.29 C, CC
305.438 —0.230 0.26 0.20 0.44 0.33 0.66 0.31 0.15 C
305.385 —0.244 1.39 1.00 1.71 1.23 0.69 1.31 0.27 C, CC, Fl
305.353 0.197 0.29 0.17 0.46 0.26 0.82 0.28 0.13 C
305.316 0.063 0.37 0.29 0.60 0.47 0.63 0.43 0.21 B
305.263 —0.002 0.38 0.36 0.58 0.55 0.33 0.47 0.19 C, CC
305.263 0.214 1.63 1.62 2.16 2.15 0.13 1.89 0.53 C, CC
305.140 —0.134 1.06 1.05 1.36 1.35 0.11 1.21 0.30 C
304.660 —0.857 6.56 6.09 8.76 8.13 0.37 7.38 2.12 C, MB
304.545 —0.841 0.31 0.30 0.50 0.48 0.33 0.40 0.19 C, m(S158)
304.464 —0.018 0.60 0.60 0.81 0.81 0.00 0.71 0.22 B, BP
304.445 —0.023 0.55 0.37 0.94 0.63 0.74 0.61 0.32 C, BP
304.021 0.448 0.94 0.68 1.31 0.95 0.69 0.96 0.32 C
303.905 —0.732 3.65 2.14 5.07 2.97 0.81 3.34 1.09 B, MB
303.867 —0.785 1.04 0.83 1.28 1.03 0.60 1.04 0.22 B, m(S163)
303.341 —0.719 0.52 0.40 0.75 0.58 0.64 0.56 0.20 C
302.016 —0.112 0.59 0.52 0.81 0.72 0.47 0.66 0.21 C
301.625 —0.347 5.82 5.34 7.30 6.69 0.40 6.28 1.42 C
301.548 0.300 1.21 0.88 1.78 1.29 0.69 1.27 0.48 C
301.122 —0.152 2.95 2.78 4.06 3.82 0.34 3.40 1.07 B
300.799 —0.304 1.21 1.00 1.62 1.34 0.56 1.29 0.37 B
300.426 —0.181 0.40 0.33 0.58 0.48 0.57 0.44 0.16 B
299.878 —0.377 1.48 1.00 1.83 1.24 0.74 1.36 0.29 C
299.776 —0.286 0.67 0.38 0.89 0.50 0.83 0.59 0.16 B
299.694 0.009 2.73 2.36 3.38 2.92 0.50 2.84 0.60 C
299.281 —0.287 1.96 1.83 2.52 2.35 0.36 2.16 0.54 C
298.941 —0.687 1.23 0.93 1.94 1.46 0.66 1.38 0.62 C
298.731 —0.438 0.56 0.47 0.77 0.64 0.55 0.61 0.19 B
298.419 —0.746 1.50 1.00 1.90 1.26 0.75 1.38 0.33 B, MB
298.412 —0.531 0.80 0.70 1.03 0.89 0.50 0.85 0.21 B
298.411 —0.736 0.12 0.11 0.18 0.17 0.38 0.14 0.06 C, CS, m(S178)
298.210 —0.315 1.49 1.17 1.87 1.47 0.62 1.49 0.33 C
298.186 —0.220 0.93 0.74 1.13 0.89 0.61 0.92 0.17 B
297.649 —0.984 0.70 0.62 0.91 0.81 0.46 0.76 0.20 C, BP
297.646 —0.959 0.98 0.65 1.23 0.81 0.75 0.90 0.20 C, BP
296.563 —0.972 1.41 0.89 1.83 1.15 0.78 1.29 0.33 C
295.223 —0.665 5.36 4.36 6.93 5.64 0.58 5.54 1.42 B
295.189 0.122 0.65 0.52 0.96 0.77 0.60 0.72 0.28 C
295.030 —0.565 4.48 3.29 5.76 423 0.68 4.39 1.10 B

Note.—Table 3 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
# See footnote to Table 2.
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Fig. 1.—(a) Illustration of a bubble (N4) where all four examiners agree on the extent, thickness, and eccentricity. There was disagreement on the orientation of
the major axis, but this was because the bubble is almost circular. (b) Illustration of a bubble (S175) where the examiners had substantial disagreements on the size,
thickness, and eccentricity. The disagreement was caused mainly by the bright emission to the left of the bubble. In both panels, the annular ellipses fitted by
examiner | are shown in green. The white, cyan, and yellow arrows show the extent of the major and minor axes of the inner and outer ellipses as measured

independently by the other three examiners. The horizontal scale bars represent 2.

stars, whereas the 8.0 um emission is faint or absent inside the
bubbles, is bright along the shell that defines the bubbles, and
generally extends well beyond the bubble shell boundary. We
have examined numerous images constructed using this com-
bination of wavelengths and find that Figure 3 is representative
of the distribution of emission with wavelength in the bubbles so
far examined.

To explain the observed difference in distribution of the 8 and
24 pm emission, we postulate that the 24 pum band is probably
dominated by hot thermal dust emission plus perhaps a small
contribution from small grains that are transiently heated due to
their proximity to one or more hot stars. The 8 um band is prob-
ably dominated by the 7.7 and 8.6 ym features often attributed to
PAHSs. The 24 pm emission near the hot central star(s) is prob-
ably due to silicate grains since small PAHs do not seem to sur-
vive in these environments (see below). According to Li & Draine
(2001), no more than ~10% of interstellar Si can be contained in
very small silicate grains, implying an approximately correspond-
ing fraction of their contribution at 24 pm.

Within some of the bubbles, the 24 pum emission seems to
peak around a point near the center of the bubble, presumably the
central star or cluster responsible for producing the bubble. This
morphology is not expected if the 24 pm—emitting grains are
located in an optically thin shell along the inner boundary of the
8 pum bubble. This raises two important issues: (1) how the dust
is able to survive the intense radiation field produced by the cen-
tral star or cluster, and (2) why the dust has not been evacuated
by the wind(s) of the central star(s). It is difficult to imagine that
the bubbles are static. The strong winds of the central O and B
stars, along with overpressure from ionization and high temper-
ature, should cause the dust shells to expand.

The shell thickness of dynamically blown bubbles may have
a wide range of values depending on the type of central star, its
age, and the density of the ambient ISM. The Weaver et al. (1977,
hereafter W77) theory predicts that the ratio of shell thickness to
radius increases with both age and ambient interstellar density. At
a given age, this ratio increases as the stellar wind luminosity de-
creases. For example, at an age of 10° yr and an ambient ISM of
density 1 cm™3, the W77 theory predicts a thickness-to-radius ra-
tio for an O7 V star of ~0.07, but for a B3 V staritis ~0.29. Atan
age of 107 yr, these ratios increase to ~0.22 and ~0.33, respec-

tively. The W77 theory suggests that it may not be easy to distin-
guish between possible static versus expanding bubbles by shell
thickness alone. Some images suggest that the 24 ym emission is
mostly located in a thick shell along the inner boundary of the
8 pm shell (Fig. 3a), but not all. To determine if those bubbles
whose 24 ;m emission peaks at the center are static (not expand-
ing) will require high spatial and velocity resolution line images,
preferably of both the ionized and molecular gas associated with
the bubbles.

The fact that 8 ;zm emission appears to be essentially absent in
the central regions of the bubbles (the front and back sides of the
shell that defines the bubble contribute some emission) implies
that PAHs are either easily destroyed in the hard radiation field of
the central star(s) or blown out of the central regions by stellar
winds. Also, the images clearly show that the 8 ym emission ex-
tends well beyond the obvious dust shell into the photodissocia-
tion regions (PDRs) of the bubbles (Hollenbach & Tielens
1997 and references therein). This strongly supports the notion
that PAHs are destroyed in the vicinity of hot stars and instead
trace the PDR regions in the neighborhood of hot stars or
clusters.

3.2. Bubble Distribution with Galactic Longitude

Tables 2 and 3 contain a total of 322 partial or complete rings
(bubbles) found in the GLIMPSE survey. This represents an
average of about 1.5 bubbles per square degree in the survey
area. This is a lower limit due to the selection biases discussed in
§ 2.1, the true density could be substantially higher. The distribu-
tion of the number of bubbles in 2°5 bins with angular distance
(Al) from the Galactic center is shown in Figure 4. The distribu-
tion shows no significant dependence on angular distance from
the Galactic center in either the north or the south. One might
naively expect the surface density of bubbles to decrease with
increasing angular distance from the Galactic center because of
the decreasing line of sight through the Galaxy. However, there
are two selection effects that work against this: (1) more distant
bubbles are veiled by foreground diffuse emission, basically lim-
iting the number of bubbles to those at the near kinematic dis-
tance or <8 kpc (see Table 4); and (2) an increasingly brighter and
spatially variable background makes bubble detection increas-
ingly difficult closer to the Galactic center. In the inner Galaxy, the



Fic. 2.—Images presented in this montage illustrate all of the bubble morphologies discussed in the text and noted in col. (11) of Tables 2 and 3. The horizontal
bar in each panel represents an angular size of 2’. The bubbles shown (by catalog number) are (a) S133, a multiple bubble (MB); (b) S145 (RCW 79), a broken
bubble (B) and a multiple bubble (MB) apparently enclosing a star cluster (CC); (c) S44, a complete bubble (C); (d ) S21, a complete bubble (C) with a central star
(CS); (e) S156, which has a central star cluster (CC); (f) S97+S98, a bipolar bubble (BP); (g) S109+S110+S111, a tripolar bubble ( TP); and (%) S100, a flocculent
bubble (F1).
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Fic. 3.—These images of (a) large bubble N107 and () subsidiary multibubbles N110—N113 on the rim of large MB N109 illustrate the confinement of 24 ym
emission (red ) within the central regions of the bubbles. The 8 ym emission ( green) delineates the boundaries of the bubbles and generally extends far beyond the

bubbles. Blue represents 4.5 um emission. The horizontal scale bars are 2'.

difference between near and far kinematic distances is quite large,
making detection of bubbles at the far distance quite unlikely.
Thus, the number and surface density of bubbles are surely under-
estimated, especially for A/ < 30° from the Galactic center.

The southern half of the plane contains 59% of the bubbles.
The asymmetry in the number of bubbles in the northern versus
the southern halves of the plane appears to be real and probably
reflects the fact that massive star formation regions are more nu-
merous in the south. The asymmetry in the number of massive
star formation regions was established more than 30 years ago by
radio continuum and radio recombination line surveys (see ref-
erences in Paladini et al. 2004).

Asymmetries between the northern and southern plane in the
distribution of molecular clouds (Dame et al. 1987 and others)
and H 1 (Burton 1985; Kerr et al. 1986) have been known for at
least 20 years. Mercer et al. (2005) also found more than twice as
many clusters in the southern half of the plane than in the north-
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Fic. 4.—Distribution of mid-infrared bubbles as a function of angular
distance A/ from the Galactic center. There are no obvious trends.

ern half. Together, these results lend strong support to our hy-
pothesis that the bubbles in our sample are produced by young O
and B stars that are known to form in reservoirs of CO/H 1cloud
complexes. If the bubbles are primarily produced by young OB
stars, then the bubble distribution in the inner Galaxy predicts at
least 1.5 massive star formation regions per square degree within
a distance of <8 kpc.

3.3. Bubble Distribution with Galactic Latitude

The distribution of bubbles with latitude (all observed bubbles
within a given latitude bin have been summed over all observed
longitudes) is plotted in Figure 5. The distributions of those in the
southern and northern segments of the plane are also shown in
Figure 5. All three curves show that the bubbles are concentrated
toward the midplane, but the peak is located ath = —0208 & 003
for all bubbles, » = —0714 =+ 0°04 for the southern plane, and
b = —0°02 =+ 0204 for the northern plane, where the errors are 1 &
calculated from the quality of Gaussian fits to the data.

We find angular scale heights of 0263 & 0°03, 0267 £ 0704,
and 0°%61 + 0705 for all bubbles, southern plane bubbles, and
northern plane bubbles, respectively. This is equivalent to a scale
height of 44 pc at a distance of 4 kpc. For comparison, Becker
et al. (1990) found a scale height of 25 pc for small (angular diam-
eters between 3” and 20") radio sources at longitudes within 50°
of the Galactic center. They argued that the sources are compact
or ultracompact H m regions ionized by extreme Population I stars.
Wood & Churchwell (1989) found a scale height of 0260 + 0705
for a sample of 1717 far-infrared color-selected H 1 region candi-
dates from the Infrared Astronomical Satellite (IRAS) catalog di-
stributed over the entire range of Galactic longitudes and latitudes.
Gilmore & Zeilik (2000) give a scale height of 60 pc for extreme
Population I stars in the inner Galaxy. Because the bubble angular
scale height is similar to that of H i regions and substantially less
than that of planetary nebulae (~500 pc; Becker et al. 1990) and
SNRs (~130 pc; Becker et al. 1990), it strongly supports the iden-
tification of the bubbles in GLIMPSE with H 1 regions and a
young OB star population.
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TABLE 4
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84 35 16.9 30 ...
3209 19 04 134 09 78 1.7
42 0.6 40 08 124 06 117 24
49 05 1.7 04 11.7 05 41 09
37 06 1.3 04 128 0.6 45 14
39 05 8.3 19 123 05 260 6.1

4.9 07 06 03
4.9 1.1 27 038
4.0 0.0 1.7 04
39 00 09 02
3.6 00 58 15

37 06 23 0.5 124 0.6 78 1.8 ? When a bubble lies at the tangent point, no far kinematic distance is
41 05 20 05 121 05 59 15 given, and the near kinematic distance is the tangent point distance.
48 04 11.0 39 113 04 262 92 ® Distance determined from three H 1 regions found within the bubble.

¢ e . b S
25 07 08 02 131 07 41 13 Distance determined from two H 1 regions found within the bubble.

46 05 06 02 11.0 05 1.3 04
69 07 6.5 19 86 07 81 23
65 07 53 1.6 89 07 73 23
3.1 06 1.6 04 123 0.6 63 1.7
41 05 24 08 113 05 6.5 2.1

The offset of the bubble distribution below the midplane may
be a transient configuration of the early star population in the
inner Galaxy. The location of the midplane, as determined by the

50 05 50 08 101 05 43 16 distribution of a// stars in the GLIMPSE catalog, does not shift
62 08 40 09 88 08 57 13 from the canonical definition by more than 0205 (Benjamin et al.
57 06 22 05 92 06 35 09 2005), but the latitude distribution of OB stars could be different
59 1.0 35 1.1 87 10 52 16 from that of all stars in the GLIMPSE catalog, ~90% of which
66 08 129 26 76 08 148 3.0 are K giants. In fact, Figure 4a of Becker et al. (1990) shows that
3.6 06 50 1.0 104 06 145 3.0 the positions of compact radio sources with angular diameters >3"
36 06 49 08 102 06 139 22 in the longitude range —20° to +40° are skewed to negative lati-

53 1.2 14.4 2.7 8.4 12 227 43
40 07 0.7 02 94 07 1.5 05
1.3 07 0.5 0.1 114 07 42 1.0
53 1.1 2.6 07 73 1.1 3.6 09

tudes. Also, the H 11 region candidates in Figure 12a of Helfand
etal. (1992) are skewed to negative latitudes. Wood & Churchwell
(1989) found that their sample was centered at b = 0°, but this

49 11 73 24 73 11 107 36 sample includes the entire plane. We conclude that the OB stars in
34 09 37 12 86 09 94 29 the inner Galaxy are, on average, offset by ~0°1 below the mid-
47 08 155 31 60 08 199 3.9 plane. The mean CO distribution is also known to be offset below
02 21 00 00 102 21 1.7 0.7 the midplane (Cohen & Thaddeus 1977; Clemens et al. 1988).
50 1.0 2407 ... . L Merecer et al. (2005) also found ~40% fewer clusters above the
0.3 1.7 0.1 0.0 8.9 1.7 3.6 0.8 midplane than below lt

25 14 12 03 52 14 25 06 None of the bubble parameters (size, thickness, eccentricity,

3711 0.6 03 ... or orientation of the major axis) show any significant dependence
3609 47 LI13209 173 4.2 on latitude. Since the scale height of CO in the inner Galaxy is
<33 33 <43 <08 166 33 21.6 3.8
63 03 31 06 102 03 50 10 only 60—75 pc (Cohen & Thaddeus 1977; Dame & Thaddeus

31 07 19 09 132 07 81 37 1985), one might expect a possible correlation of both bubble size

1.0 3.1 04 01 152 3.1 55 19
33 06 25 05 126 0.6 9.6 1.8
40 05 32 08 11.7 05 93 24
46 05 32 0.7 108 05 74 1.6
51 05 5.7 1.1 99 05 11.0 22
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40 L4
44 05 2.6 0.6 105 0.5 62 14
® All bubbl:
38 05 32 08 110 05 92 24 o s 008
49 0.5 1.4 0.5 10.0 0.5 2.8 0.9 [ scaleheight: 0.63 +/- 0.03
L] O Southern bubbles

72 0.6 22 06 30

34 06 48 L1 109 06 156 3.7
26 07 L1 03 104 07 43 12
27 07 12 04 103 07 45 16
27 07 14 05 99 07 50 20
27 07 L1 03 97 07 40 1.0
5909 72009 ... .. .. .
39 14 26 06 77 14 52 12
56 03 3309 ... .. .. ..
56 03 10 03 ... .. . .. .

1 centralb: -0.14 +/- 0.04
! scaleheight: 0.67 +/- 0.04

< Northern bubbles
central b: -0.02 +/- 0.04
scaleheight: 0.61 +/- 0.05
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5.1 1.1 4.6 14 6.0 1.1 55 1.6

39 13 1.7 04 69 13 29 07 Fic. 5.— Distribution with latitude for the full sample of bubbles, as well as

53 1.1 7.2 1.3 ... the northern and southern samples separately. The errors are 1 o determined

53 09 8.9 1.6 ... . . .. from the quality of Gaussian fits to the distributions.
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Fic. 6.— Observed distribution of average bubble angular diameters (2(R)).

and orientation of the break in incomplete bubbles with distance
from the Galactic plane. The fact that we find no significant in-
crease in average bubble size with increasing latitude suggests that
the average gradient of ambient interstellar pressure within 1° of
the Galactic plane is less important than the variation of local pres-
sure in the natal cloud into which the bubbles are expanding. We
also examined the orientation of breaks (blowouts) in incomplete
bubbles and found no significant tendency for the breaks to be
oriented away from the Galactic plane. We conclude that bubble
size, orientation of breaks in bubbles, and orientation of the major
axes of bubbles are functions of stellar wind luminosities and ori-
entations and the local distribution of interstellar matter rather than
the average large-scale gradient of the ISM away from the Galactic
plane.

3.4. Bubble Size Distribution

The distribution of average bubble angular diameters in our
sample is shown in Figure 6. The distribution peaks between 1’
and 3’ and falls off sharply at greater and smaller angular diam-
eters. Within the statistical uncertainties, the distribution is the
same in the northern and southern segments of the Galactic plane.
This is true of all of the distributions discussed below unless other-
wise noted.

There are observational biases against bubbles smaller than
about 1’ and larger than about 25’. Bubbles smaller than about
30" are prone to be missed because they have to be substantially
brighter than the background to be identified as bubbles. Since the
background levels generally increase with decreasing angular dis-
tance from the Galactic center, the contrast between bubbles and
the background systematically decreases, making detection in-
creasingly difficult in the inner Galaxy. Also, one must zoom in
and change the color stretch to identify a small bright patch as a
bubble; this inevitable extra image manipulation means that
many small bubbles have probably been missed. This is also prob-
ably why no planetary nebulae are included in the sample: the
planetary nebulae identified in the GLIMPSE survey have small
angular sizes and are generally quite faint. Bubbles larger than
about 25’ generally have low surface brightness and can also eas-
ily be camouflaged by the Galactic background. We are not aware
of other biases that might distort the observed size distribution and
believe that in the range from ~1’ to ~25’ the observed distribu-
tion is likely to be representative of the actual angular size distri-
bution. In this size range, about 98% of the bubbles in our sample
have angular diameters <10" and 88% have angular diameters
<4.
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Fic. 7.—Average bubble angular diameters (2(R)) as a function of Galactic
longitude for both the northern and southern halves of the Galactic plane. Al-
though bubbles are more numerous in the southern plane, nearly all bubbles
with angular diameters greater than 15’ are in the northern plane.

Average bubble angular diameters (2(R)) as a function of Ga-
lactic longitude are plotted in Figure 7 for both the northern and
southern halves of the Galactic plane. Figure 7 shows that the
range of bubble angular diameters is larger in the northern than
in the southern plane. In fact, even though there are fewer bub-
bles in the northern than in the southern plane, bubbles occupy a
larger angular area in the northern than in the southern plane.

Figure 8 shows the average angular diameters of all bubbles as
a function of angular distance from the Galactic center (the north-
emn and southern bubbles at the same absolute angular distance
from the center are counted together). This figure shows that most
bubbles have angular diameters <5’ at all longitudes. The median
and average angular diameters are roughly constant with angular
distance from the Galactic center. The upper envelope of bubble
angular diameters appears to systematically increase with distance
from the Galactic center; however, this trend depends on a small
number of objects in the northern plane only, so it is probably not
statistically significant. The few largest bubbles are without ex-
ception faint and primarily found at large angular distances from
the Galactic center where the background becomes faint enough
for these bubbles to be detected above the background. Figures 7
and 8 support the hypothesis that the bubbles lie within ~8 kpc
and are therefore insensitive to longitude distribution effects.

The physical size of bubbles depends on several parameters:
luminosity of the central illuminating star or cluster, the strength
of the stellar wind(s) of the central star(s), the density of the am-
bient ISM, the relative motions of the ambient ISM and the il-
luminating star(s), the orientation and strength of the magnetic
field in the ambient ISM, and the age of the illuminating star(s).
Properties of spherical stellar wind—blown bubbles have been
investigated by Hollenbach et al. (1976), W77, and others.

3.5. Projected Bubble Thicknesses

The distribution of average projected bubble thickness, as de-
fined by equation (2), is plotted in Figure 9. The thickness of
87% of the sample is less than 1’, and 97.5% have thicknesses
less than 2'. The average distribution of thickness relative to av-
erage bubble radius ((7)/(Roy)) is shown in Figure 10. We see
that the ratio ranges from ~0.1 to ~0.65, but with nearly 89% of
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the sample having thicknesses between 0.2 and 0.4 of their outer
radii. Many of the bubble shells exhibit a filamentary structure
suggesting a low dust filling factor. The physical thickness of a
bubble is strongly dependent on the density of the ambient ISM
into which the bubble is expanding, the stellar wind luminosity,
and the age of the star or cluster (W77). The observed angular
thickness will depend on the distribution of optical depth through
the shell and the abundance of PAHs.

We plot shell thickness versus mean radius in angular units for
all sources in Tables 2 and 3 in Figure 114, and in Figure 115 the
sources in Table 4 are plotted using absolute units assuming near
or tangent point kinematic distances. Both plots show that bub-
ble thickness increases linearly with bubble size. This is approx-
imately in agreement with the W77 bubble evolution models
shown in Figure 12. The predicted thickness versus radius for a B3
V star for ambient ISM densities ranging from 0.1 to 10* cm™3 and
the same quantities for an O7 V star are plotted in Figures 12a and
12b, respectively. The luminosities are from Vacca et al. (1996)
and Cox (2000) for the O7 V and B3 V star, respectively. The
mass-loss rates were estimated using equation (11) of Abbot et al.
(1981). The W77 models predict that radius increases faster than
thickness in the earliest phases of evolution (small radii). This is
not obvious in the observed behavior shown in Figure 11. Our
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Fic. 9.— Distribution of average bubble thickness (angular measure (T')).

Ratio of average thickness to average outer radius

Fic. 10.—Distribution of bubble thickness relative to average outer radius
((T)/{Rout))- Nearly 89% of the members of the sample have ratios between
0.2 and 0.4.

sample may include too few very young bubbles in our sample to
exhibit this effect. It is also possible that the models require mod-
ification. The models assume a uniform ambient ISM density and
homogeneous shells, neither of which is true. The GLIMPSE im-
ages show quite clearly that the dust shells are filamentary and the
ISM is far from uniform. From this perspective, it is perhaps sur-
prising that observations and theory appear to agree reasonably
well.

In Figure 11a there are 12 bubbles with mean radii greater than
6!/5, and of these only 2 are in the southern plane, another illus-
tration that most of the largest bubbles are in the northern plane.

3.6. Bubble Eccentricities and Breaks

The distribution of bubble eccentricities is shown in Fig-
ure 13. This histogram shows a slow rise in eccentricity from
near circular to a peak at ~0.65 with a sharp drop-off at eccen-
tricities greater than 0.85 and less than 0.55. Eccentricity was
calculated as

(RZ _ r2)1/2

e (3)

where R is the semimajor axis and 7 is the semiminor axis of
either the inner or outer ellipse (both the inner and outer ellipses
are constrained to have the same eccentricity). The bubbles in
the GLIMPSE sample are quite eccentric.

Incomplete or “broken” bubbles, designated “B” in col-
umn (11) of Tables 2 and 3, represent 38% of the total sample.
These are bubbles that probably have met little or no resistance
by the ambient ISM in a given direction, although it is also pos-
sible that PAH destruction extends further or that UV radiation is
attenuated in the direction of a ““break.” There is no apparent dif-
ference between complete and broken bubbles in the distributions
discussed above. Broken bubbles, along with the high eccentric-
ities of the bubbles, probably imply that the ISM in the Galactic
plane is far from uniform and that the stellar winds and radiation
driving the bubbles are anisotropic.

3.7. Associations of Bubbles with Known Objects

There are several classes of objects that could produce the
bubbles in the GLIMPSE sample. Among these are supernovae,
OB stars, Wolf-Rayet (W-R) stars, planetary nebulae, and open
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clusters. In this section we examine spatial coincidences of these
objects with the bubbles in Tables 2 and 3 to determine what types
of objects are primarily responsible for producing the observed
bubbles.

The bubbles in the GLIMPSE sample are particularly bright in
IRAC bands that contain PAH spectral features (3.3 gmin band 1,
6.2 ym in band 3, and 7.7 and 8.6 pm in band 4). Since PAHs
are strongly excited in the neighborhood of young OB stars
(Churchwell et al. 2004 and references therein), it is likely that
many of the bubbles identified in the GLIMPSE survey will
have counterparts with radio-identified H 1 regions (Cohen &
Green 2001) and/or star clusters.

H 1t regions—We compared the Paladini et al. (2003) master
catalog of radio-detected Galactic H i regions with our bubble
catalog. Positions accurate to within a few arcseconds were gen-
erously provided by R. Paladini (2006, private communication).
Out of 188 bubbles in the southern half of the survey, 39 contain
the central position of an H 1 region within their angular radius.
Bubbles occupy a combined area of 0.83 deg? or 0.7% of the
southern plane survey area. Thus, out of the 313 radio H 1 regions

(a) B3V:Radius vs Shell Thickness
L LI R R Trrr T LI R
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in the Paladini catalog that lie within the southern GLIMPSE
survey area, we should find only 2 that are aligned by chance with
bubbles. Out of 134 bubbles in the northern plane, we found
44 bubbles that contain the central position of an H it region within
their radius. Bubbles occupy a total area of 1.29 deg? or 1.1% of
the northern survey area, implying that out of the 391 H u re-
gions that lie in the northern plane survey area in the Paladini
catalog, only 4 chance alignments are expected. Out of the total
sample of 322 bubbles in the entire survey area, 83 (just over
25%) have Huregion central positions lying within the radius of a
bubble. This represents a significant correlation between bubbles
and Galactic H 1 regions.

Clusters.—We checked for coincidences (cluster centers ly-
ing within the radius of a bubble) with several lists of known op-
tical, near-IR, and mid-IR star clusters. In the Mercer et al. (2005)
catalog of 92 new clusters discovered using the GLIMPSE sur-
vey data, 3 clusters out of 25 are coincident with bubbles in the
north and 17 out of 67 are coincident in the south. We also found
15 clusters out of 83 listed in the Dutra et al. (2003) near-IR cat-
alog of southern clusters detected in the Two Micron All Sky

Thickness (pc)

30 40

w
o
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Fig. 12.—Shell thickness vs. radius predicted by the W77 models. Different curves are plotted for a wide range of ambient ISM densities surrounding bubbles

blown by (a) a B3 V star and (b) an O7 V star.
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Fic. 13.—Distribution of bubble eccentricities. Note the large fraction of
bubbles with relatively high eccentricities.

Survey (2MASS) that are located within bubbles in our sample.
Six clusters out of 54 in the Bica et al. (2003) catalog of northern
clusters detected in 2MASS are located within bubbles in our
sample. The WEBDA'* catalog of nearby open clusters was also
searched for coincidences, but only one cluster, vdBH 151, was
found within a bubble (RCW 79; see Fig. 2b); this cluster was
also included in the Dutra et al. (2003) catalog. In summary, out
of a total of 229 known clusters lying in the GLIMPSE survey
area, 41 are located within bubbles in our sample. The bubbles
containing these 41 clusters are given the CC morphology flag in
Tables 2 and 3.'° Based on occupied areas, we expect to find less
than two chance overlaps of a cluster with a bubble in the entire
survey. The fact that 13% of the bubbles in our sample are co-
incident with open clusters demonstrates a significant correlation
between bubbles and open clusters.

SNRs.—Although SNRs have been detected in the GLIMPSE
survey, they tend to be faint and have a wide range of mid-infrared
colors. Of the 95 known SNRs within the GLIMPSE survey area,
only 18 were identified by Reach et al. (2006) in the GLIMPSE
survey. We also compared our bubble catalog with Green’s 2004
catalog'® of SNRs and found only three radio SNRs whose center
positions lie within the radius of a bubble. These are W44 (N63),
W49B (N88), and G311.53-0.3 (S131). The angular sizes of these
three SNRs are very similar to those of the bubbles with which
their centers coincide. All three show strong emission in IRAC
band 2 relative to the other IRAC bands, and this emission has
distinctive filamentary structure. We therefore conclude that only
these three SNRs correspond to bubbles in our sample.

Planetary nebulae—We also tried to identify known plane-
tary nebulae in the GLIMPSE survey with the bubbles in Tables
2 and 3. None of the planetary nebulae listed in the Kerber et al.
(2003) catalog that have counterparts in the GLIMPSE survey
are identified with any of the bubbles in Tables 2 and 3. Also,
none of the known W-R stars in the survey area have detected
circumstellar bubbles in GLIMPSE (R. Gruendl 2006, private
communication).

14 See http://www.univie.ac.at /webda/.

!5 Tables 2 and 3 also contain 15 bubbles with the CC flag that were not
found to correlate with known clusters. These designations were based solely on
visual interpretation of the GLIMPSE images and hence the inferred clusters
have not been included in our statistical analysis. If included, the correlation of
bubbles with clusters would be 17%.

16 See http://www.mrao.cam.ac.uk/surveys/snrs/snrs.data.html.
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The location and size of bubbles in the GLIMPSE survey are
plotted as solid circles in Figure 14, with the locations and sizes
of H n regions plotted as dotted circles with plus signs denoting
their central positions. The locations of open clusters in the Mercer
etal. (2005), Dutra et al. (2003), and Bica et al. (2003) catalogs are
indicated by crosses. Those bubbles that are SNRs are identified
by diamonds at their central positions. Only those H 11 regions and
clusters whose positions coincide with bubbles are plotted. As
Figure 14 shows, 25% of the bubbles overlap with known H 1 re-
gions and 13% overlap with cataloged star clusters. These are not
disjoint sets: the majority of bubbles enclosing star clusters also
contain H nregions, representing nearly 10% of the total sample of
bubbles.

Many of the small bubbles may be associated either with sol-
itary B4—B9 stars that are too cool to produce a detectable radio
H 1 region but have strong enough winds to produce detectable
dust shells or with compact clusters composed of low-mass stars
whose combined stellar winds or bipolar outflows are strong
enough to produce a detectable dust shell. In either case, the star
or cluster must also create enough UV flux to excite PAH emis-
sion. About three-quarters of the members of our sample are
probably produced by B4—B9 stars and about one-quarter are
produced by O—B3 stars. This is reasonably consistent with the
numbers of O—B3 relative to B4—B9 stars (Cox 2000).

For unresolved H 11 regions at the detection limit in IRAC
band 2 (~1 mly), we predict a flux density in the Ho line of
~26.4 mJy (~12.8 mag) for a temperature of 10* K and density
10?—10% cm™3. Thus, it should be possible to detect bubbles that
lie at the detection limit of IRAC band 2 or brighter with optical
observations of the Ha line, if the extinction A(Ha) < 3 mag or
Ay < 4 mag. Not all of the bubbles are necessarily dynamically
formed by stellar winds: some may simply be the illuminated
edges of Huregions where PAH features are excited by radiation
from the H n region.

4. BUBBLES WITH KNOWN DISTANCES

Seventy-four of the 83 H 11 regions whose centers lie within a
bubble have measured radio recombination line radial velocities
(Paladini et al. 2003). The Galactic rotation model of Brand &
Blitz (1993) with a distance of Ry = 8.5 kpc to the Galactic
center and a velocity © = 220 km s~ of the Sun around the Ga-
lactic center was used to determine kinematic distances to these
H 1 regions. Table 4 lists the subset of 66 bubbles for which
distances are determined from the radial velocities of the over-
lapping H 1 regions. As we have shown, the probability of chance
alignments of H 1 regions with bubbles is quite small (<1%), so
the assumption that the bubbles lie at the same distance as the
overlapping H 1 regions is a very good one. The near and far dis-
tances, with errors based on the assumption that departures from
circular orbits are typically ~10 km s—1, are given in columns (2)
and (3) and (6) and (7) of Table 4. Usually bubbles at the far dis-
tance would be so far way that only the near distance is a real-
istic choice, given the bias against very distant bubbles (see §§ 2.1
and 3.2). The average radii and thicknesses of the bubbles in par-
secs are given in columns (4) and (5) and (8) and (9) for bubbles
at the near and far distance, respectively. Of the 63 bubbles, 15
lie at the tangent point, and no far distance is given for them.
For the rest of the bubbles, we give both the near and far dis-
tances but emphasize that the near distances are most likely the
correct ones.

The distribution of near distances in Table 4 peaks at 4.2 kpc
with a range of 0.2—8.4 kpc. The average radius corresponding
to the near distances is 3.3 pc and ranges from <0.1 to 16.9 pc.
The corresponding average shell thickness is 0.8 pc and ranges
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Fic. 14.—Distribution of bubbles with circles representing their angular sizes in the Galactic longitude range 30°~50° (in two 10° segments) and 330°-310°
(also in two 10° segments). The four segments shown here represent about one-third of the full GLIMPSE survey area. Superimposed on the bubbles are the H 11 regions
( plus signs; surrounded by dotted circles representing the sizes of the H 11 regions) and stellar clusters (crosses). Those few bubbles that are actually SNRs are identified by
diamonds at their central positions. [See the electronic edition of the Journal for additional color panels of this figure.]

from <0.05 to 3.9 pc. The observed radii and shell thicknesses
are in reasonable agreement with the W77 predictions for a bub-
ble of age >10° yr expanding into molecular clouds of den-
sity >10° cm 3. The bubbles typically have thicknesses of about
25% of their radius. This is clearly much thicker than a simple
shock front. The filamentary structure seen in many of the shells
may indicate multiple shocks. There may also be a substantial
region of swept-up ISM in front of the expanding shells.

5. MULTIPLE BUBBLES

Bubbles with MB designations (multiple bubbles) in col-
umn (11) of Tables 2 and 3 account for 22 out of 322 bubbles
(7%). The morphologies of these bubbles suggest that the expand-
ing bubble surrounding an older star or star cluster has triggered
the formation of one or more younger stars around the periphery

of'the expanding bubble. According to this hypothesis, star forma-
tion is triggered at the interface of the expanding bubble and the
ambient ISM when preexisting, marginally stable molecular cores
are overtaken by the expanding bubble, which provides enough
external pressure to initiate collapse of the core. The second-
generation star (s) form their own smaller bubbles that expand into
the ISM, thereby producing the observed MB morphology.
Triggered star formation is an old idea that has been more fre-
quently confronted by observations in recent years (Cohen et al.
2002; Zavagno et al. 2005 and references therein). In order for
triggered star formation to be taken seriously, a parent bubble
must remain visible long enough for the daughter bubble(s) to
form and become visible. We see from Figure 115 and Table 4
that most bubbles with known distances have radii between 1 and
9 pc. According to the W77 prescription, bubbles expand very
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rapidly when the central star first turns on nuclear burning, but the
expansion decelerates rapidly as the bubble sweeps up surround-
ing material. After ~10° yr, an O7 V star with a mass-loss rate of
3x107% M, yr~! and a wind terminal velocity of 1500 km s~
will produce a bubble of radius <7.9 pc with an ambient ISM
density 210° cm™3, according to W77. A very young O star is
likely to be surrounded by a molecular cloud density =103 cm™3
(Cesaroni et al. 1991 and others). A B3 V star is expected to
produce a bubble of radius <1.6 pc after 10° yr using the W77
prescription. Thus, it is reasonable to assign ages older than
10° yr to the potential parent bubbles observed (those with MB
designations), the majority of which have radii greater than 3 pc
and less than 10 pc (consider, for example, bubbles S133 and
S145 in Figs. 2a and 2b and their entries in Table 4). The exact
age-radius relation depends on the spectral type of the central
star(s). The timescale for O star formation is on the order of a
few times 10* yr based on inferred accretion rates (see Stahler
& Palla 2004 and references therein). Thus, it is possible for
several episodes of triggered star formation to occur while the
parent bubble is still visible. Additional observational support
for triggered star formation can be obtained by measuring the
relative ages of the stars giving rise to the parent and daughter
bubbles in MB complexes by modeling their spectral energy
distributions. This is a project in progress. Relative expansion
velocities of all of the bubbles in a given MB complex also need
to be measured. The fact that only 7% of the bubbles are candi-
date sites for triggered star formation indicates that this star for-
mation mechanism is not a dominant one. However, it occurs
often enough that it merits further study.

6. SUMMARY

A search by visual inspection of the GLIMPSE survey has
revealed 322 full or partial rings that we propose represent com-
plete or partial three-dimensional bubbles. Only three of the bub-
bles are identified with SNRs, and none with planetary nebulae
or W-R stars. Eighty-three bubbles are associated with known
Huregions, and 30 of these also contain cataloged near- or mid-IR
stellar clusters. The 25% of bubbles that overlap known H 1 re-
gions appear to be produced by stellar winds and radiation pres-
sure from young OB stars in massive star formation regions.
Dynamically formed bubbles in our sample that are bright at
mid-infrared wavelengths but not coincident with SNRs, plan-
etary nebulae, or radio H 1 regions require a star or cluster with
enough UV to excite the PAH bands and a strong enough wind
to evacuate a dust-free cavity around the star or star cluster. Stars
that can do this and not produce detectable H 1 regions are B stars
later than B3. Three-quarters of the bubbles in our sample do not
coincide with known radio H i regions. We suggest that these are
produced by B stars cooler than about B3. Presumably the 11 cat-
aloged clusters lying within bubbles that are not associated with
any detected H 1 region do not contain any star of type B3 or
earlier.

We find that 24 m emission is systematically confined to the
central regions of the bubbles where 8 yum emission is absent.
The 8 pm emission is strong in the shells that define the bub-
bles and often extends outside the bubbles. We postulate that the
24 pm emission is produced by thermal emission from hot dust
with about a 10% contribution from small grains transiently
heated by nearby OB stars (Li & Draine 2001), whereas the
8 ym emission is dominated by PAH features excited by softer
radiation in the shell and beyond, in the PDRs of the bubbles.
The observed peaking of 24 pm emission at the centers of bub-
bles is puzzling. How can the dust survive in the near vicinity of
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OB stars? Why is the dust not evacuated from the central re-
gions by the winds and radiation pressure of the central OB
stars? Static bubbles might be consistent with the observations,
but this seems inconsistent with all that is known about OB star
winds and radiation. These are open questions that must be left
for further investigation.

Bubbles are strongly concentrated to the Galactic midplane
with an angular scale height of 0263 + 0°03. Because the num-
ber of detected bubbles drops sharply as a function of distance
for D 2 4.2 kpc, we can estimate a value of 44 pc corresponding
to 0% at 4.2 kpc for the physical scale height of bubbles in the
Galactic plane. The peak of the latitude distribution is located
about 0°08 + 003 below the midplane. Since the distribution of
all stars in the GLIMPSE survey is centered at b = 0° (Benjamin
et al. 2005), the distribution of stars that excite bubbles is slightly
offset from the rest of the stars in the GLIMPSE catalog, as are
radio H 1 regions and CO clouds.

The distribution of average bubble angular diameters peaks
between 1’ and 3’. Over 98% of the bubbles are smaller than 10/,
and almost 88% are smaller than 4'. The largest bubbles, almost
without exception, are rather faint and located at large angular
distances from the Galactic center where the background bright-
ness is low. The same bubbles in the inner part of the Galaxy
probably would not have been detected.

A large fraction of the bubbles are highly eccentric. About
65% have eccentricities 0.55 < e < 0.85. The distribution peaks
at e = 0.65. Only about 5% have e < 0.2, and only ~7% have
e>0.8.

The bubble shells tend to be filamentary with little or no dust
between the filaments, indicating that the filling factors of the
bubble shells may be quite low. The maximum projected angular
thickness of the bubbles is <4'. Over 85% of the bubbles have
thicknesses less than 1/, and over 97% have thicknesses less than
2'. About 90% of the bubbles have thicknesses between 0.2 and
0.4 of their outer radii.

Triggered star formation is suggested by the multiple bubble
morphology of 7% of our sample.

On average, about 1.5 bubbles are found per square degree in
the GLIMPSE survey with little dependence on longitude. The
apparent density does not increase noticeably closer to the Ga-
lactic center because the detection rate for bubbles in GLIMPSE
peaks at a distance of 4.2 kpc within a horizon of 8 kpc. In gen-
eral, it is difficult to identify very small and very large bubbles
against a bright and spatially variable infrared background. Hence,
the number of bubbles found in this study is almost certainly an
underestimate of the actual number of bubbles in the surveyed area
of the Galactic disk. The frequency of 1.5 bubbles per square de-
gree and a scale height of 44 pc at 4.2 kpc together imply that
bubbles blown by massive star formation regions (OB associa-
tions) occur with a minimum volume density of 200 kpc ™ in the
inner Galaxy.
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