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ABSTRACT

We report 269 mid-infrared bubbles within 10° of the Galactic center from
visual inspection of the Spitzer GLIMPSE II Legacy Science program images.
The main results of this study are as follows. The surface density of bubbles is
~5 per square degree or about three times that detected in longitudes |I| =10° to
65° because the inner 10° of longitude were more thoroughly searched for small
bubbles. There is a gradient in the number of bubbles with longitude with an
increase of about a factor of two from 2° to 10°; this is probably the result of
several factors including decreasing diffuse background brightness, confusion, and
opacity with longitude. Bubble eccentricities are large, typically between 0.6 to
0.8, and >50% show evidence for blow-outs, which we suggest result from local
density fluctuations of the ISM and/or anisotropic stellar winds and radiation
fields. The average shell thickness of the bubbles scales with the average radius
with a slope of ~0.24; this is shallower than the theoretically predicted asymptotic
slope of ~0.32 because most of the bubbles have not had time to reach the
asymptotic value. The fraction of bubbles identified with H II regions and clusters
is only about half that found at |[| > 10°. This is largely a result of the much



_9

smaller angular diameter of bubbles cataloged in the inner Galaxy than in the
outer Galaxy. Finally, at least 12% of the bubbles have morphologies suggestive
of triggered star formation. The main difference between the bubbles at || > 10°
and those at |I| < 10° is that those cataloged in the inner Galaxy are on average
smaller than those in the outer Galaxy; this is a selection effect not a physical
reality. Most of the bubbles that show evidence for triggered star formation in
the inner Galaxy have not formed secondary bubbles; it is postulated that this
may be because they are too young to have had time for this to occur. More than
10% of the bubbles have apparent YSOs in projection on their outer boundaries
indicative of, but not proof of, triggered star formation.

Subject headings: H 11 regions — ISM: bubbles — stars: formation

1. Introduction

Infrared dust bubbles surrounding OB clusters and individual O and B stars pervade
the disk of the Milky Way and, presumably, other spiral galaxies with active star formation.
Infrared dust bubbles first came to the attention of the astronomical community with the
infrared (IR) images produced by ISO (Infrared Space Observatory; Kessler et al. 1996) and
MSX (Midcourse Space Experiment: Price 1995; Egan et al. 1998; and Price et al. 2001). The
GLIMPSE survey (Galactic Legacy Infrared Mid-Plane Survey Extraordinaire; Benjamin et
al. 2003), with about 10 times the spatial resolution and 100 times the sensitivity of MSX,
has shown that the Galactic disk is teeming with dust bubbles (>1.5 per square degree). A
very incomplete catalog of over 320 dust bubbles (Churchwell et al. 2006; hereafter Paper
I) has been assembled from the GLIMPSE I (hereafter GI) survey (]I] = 10°-65°; |b] < 1°;
fully sampled twice at 3.6, 4.5, 5.8, and 8.0 um with resolutions from 1.5” to 1.9”). It was
argued in Paper I that most of the IR bubbles are produced by O and B stars because
the spatial distributions in longitude and latitude of the IR bubbles and O and B stars
are similar, more than 25% of the bubbles enclose radio H II regions, 13% or more of
the bubbles enclose stellar clusters, and about 60% of the IR bubbles have small angular
diameters (<1’) and appear to be produced by late B stars whose ultraviolet (UV) radiation
is below the threshold to ionize detectable H II regions. Thus, IR bubbles trace recent
and continuing star formation in the Galaxy. They provide informative examples of the
interaction of recently formed stars with their environments. The dependence of bubble size
on wavelength observed, morphology, and integrated infrared luminosity provides constraints
on the stellar luminosity, stellar wind strengths, ambient interstellar medium (ISM) densities,
dust emission properties as a function of environment, relative motion through the ambient
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ISM, and the physics of interfaces of hot, ionized gas with cooler, neutral UV illuminated
regions (i.e. Photo-Dissociation Regions; PDRs).

Mid-infrared (MIR) bubbles may be produced by possibly three types of central stars:
stars with strong winds, luminous O stars of all luminosity classes and B supergiants; ~09
to B3 dwarfs whose winds are too weak to make a significant impact on the structure of the
surrounding photo-ionized H II region; and ~B4 and cooler dwarfs that cannot produce a
detectable H II region but have a strong enough radiation field to blow a small dust bubble
via radiation pressure. The latter category appears to account for the largest number of
MIR dust bubbles, those that are small, have low MIR luminosity, and do not surround
a detectable H II region (Churchwell et al. 2006; 2007). Bubbles produced by ~09 to B3
dwarfs, in principle, enclose detectable radio H II regions. In the absence significant stellar
winds, these H II region will consist of ~10* K photo-ionized gas distributed throughout the
volume of the bubble. This is the classical picture of an H II region.

MIR bubbles that surround H II regions produced by stars with strong winds have
an entirely different interior structure. The velocity, density, and temperature structure
of a stellar wind-blown bubble is quite complicated, both in spatial structure and as a
function of age. All three parameters are expected to change by orders of magnitude (at a
given age) over small distances at several theoretically predicted boundaries within wind-
blown bubbles. Analytic evolution models by Castor, McCray, and Weaver (1975; Weaver
et al. 1977; Whitworth et al. 1994; and Capriotti & Kozminsky 2001) predict that wind-
blown bubbles around hot OB stars should have the following distinct regions that persist
over most of the stellar lifetime: a hypersonic stellar-wind-evacuated cavity immediately
around the central star where densities are very low; a hot, low-density, shocked stellar
wind region beyond the central cavity that occupies most of the volume of the bubble; a
narrow conduction zone where temperature rapidly decreases and density rapidly increases
(with radius); and a thin, dense, shell of shocked HT gas surrounded by a shell of nonshocked
ionized gas. The Weaver et al. (1977) analytic models permit arbitrary ambient densities, but
for the most part the analytic models do not anticipate the effects of a bubble expanding into
a cold, dense, cloud of molecular gas and dust. For example, Weaver et al. (1977) illustrate
their theory by modeling a 10° year old bubble expanding into a density of only 1 cm™3.
Numerical models by Mellema et al. (2006) have investigated the evolution of H II regions in
turbulent molecular clouds and Mizuta et al. (2006) have modeled the formation of pillars
at the inner boundaries of expanding H II regions and molecular clouds. Whitworth et al.
(1994) examined the properties of shocked gas layers when the layers begin to fragment and
trigger star formation.

Recent numerical models of wind blown bubbles around stars of mass 35, 60, and 80
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Mg by Freyer et al. (2003; 2006), Kroger et al. (2006); and Kroger et al. (2007) confirm
the general picture of wind-blown bubbles predicted by the analytic models noted above,
but show that the detailed structure can be considerably more complicated due to turbulent
interactions and instabilities that can develop at the boundary interfaces. For example,
turbulent entrainment causes the sharp boundaries between the hot (10° K) and cool (10
K) gas to become thicker and to have knots of 10% gas entrained in the 10° K shell, and the
outer shell boundaries can become quite jagged.

Watson et al. (2007) used GLIMPSE, MIPSGAL (24, 70, and 160 pum Spitzer/MIPS
images of the GLIMPSE survey area; Carey et al. 2005), and MAGPIS images (20 cm
VLA plus Effelsberg single dish data; Helfand et al. 2006), to show that: 24 pm and 20
cm continuum emission (which describes the extent of the H II region) are coincident; the
IRAC 8 pum band becomes very bright just outside the H II region ionization-front (I-front)
which defines the dust bubble inner radius; and 8 pum brightness slowly declines beyond
the bright shell but is clearly present throughout the PDR region of the bubble. The same
morphological properties were also observed by Povich et al. (2007) in M17. Based on these
observed systematic morphological properties, Paper I, Povich et al. (2007), and Watson et
al. (2007) concluded that: 1) dust exists inside H II regions as shown by 24 pum emission
lying well inside the H II I-front; 2) features generally attributed to PAHs are destroyed
inside bubbles ionized by O and early B stars; and 3) the bright 8 ym shells that define the
dust bubbles in the infrared are dominated by PAH emission features excited by soft UV
radiation just outside the H II region I-front.

The main goal of this contribution is to extend the bubble catalog of Paper I, which
covered only the GI survey area (10°< || < 65° and b < |1]°), to the GLIMPSE II (hereafter
GII) survey area (b < [1]° for |{| = 10° to 5°, |b] < 1.5° for |I] = 5° to 2°, and |b| < 2° for
lI| = 0° to 2°). The total GII survey area is 54 square degrees as opposed to 220 square
degrees in GI. In the following, we show the spatial distribution and frequency distributions
of bubble morphological properties and compare them with those in the GI area. Possible
associations with H II regions, planetary nebulae, Wolf-Rayet stars, and supernova remnants
are investigated. Evidence for triggered star formation toward ~20% of the bubbles is
discussed.

2. The Data

In addition to the GI and GII data, Dr. Susan Stolovy has given us permission to
include her Spitzer /IRAC survey of an area of 0.75° x 0.75° centered on the Galactic center
(PID 3677 GO program). The properties of the image mosaics from which bubbles were
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identified have been described in Paper 1. 3°x2° false color (3.6 pm blue, 5.8 ym green, and
8.0 um red) image mosaics were systematically and independently searched visually by two
of the authors, then a third author checked the two independently selected lists. We provide
an on-line, false-color, image archive! containing an example of every bubble included in
Table 1 (i.e. the extension to the original catalog). The color codes are as stated above. We
recommend referring to this archive for bubbles of specific interest. As with the catalog for
the GI region, we make no claims for completeness for the GII region. Emphasis has been
placed on reliability rather than completeness.

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. The selection
effects and measurement biases discussed in Paper I also apply to the bubbles listed in Table
1. The main difference is that two authors first independently identified potential bubbles,
then those two critically examined their selections together, discarding bubbles that were not
mutually agreed upon. Finally, a third author examined the combined list and only those
bubbles that all three agreed upon were included in the final list of bubbles.

The catalog entries in Tables 1 & 2 are arranged in order of increasing angular distance
from the Galactic center. The columns in Table 1 are as follows: (1) catalog number preceded
by CN if longitude is between 10° and 0° and CS if longitude is between 360° and 350°. The
C in the prefix indicates the central region of the Galaxy. Columns (2) & (3) give the center
position in Galactic longitude and latitude, respectively; (4) & (5) the semimajor (R;,) and
semiminor (ry,) axes of the inner ellipse, respectively; (6) & (7) the semimajor (Roy) and
semiminor (7., ) axes of the outer ellipse, respectively; (8) the eccentricities of the ellipses
(the centers and eccentricities of the inner and outer ellipses are constrained to be the same);
(9) the average radius (R) of the bubble; (10) the average thickness (T') of the shell; and, (11)
abbreviated morphological flags. We estimate the average radius and shell thickness using
equations (1) and (2) in Paper I, respectively. Also, examples of the various morphological
types defined by the morphological flags in column 11 of Table 1 are shown in Figure 2 of
Paper 1.

The morphological flags given in column 11 of Tables 1 & 2 are the same as those in
Tables 1 & 2 of Paper I, with the addition of two new flags. We have added the flag BC to
designate bubble complexes where several bubbles are located close together in projection
but do not overlap, and hence there is no evidence that any of the bubbles have been triggered
by one of the other bubbles. The new flag Y designates bubbles that appear to have one or

Thttp://www.astro.wisc.edu/glimpse/bubbles-2/
http://hea-www.harvard.edu/RD/sd9/ref.
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more young stellar objects (YSOs) projected within or on its periphery but are too young
to have formed detectable secondary bubbles. The MB (multiple bubbles) flag designates
bubbles that have smaller, overlapping, secondary bubbles, as defined in Paper I. Figure 1
shows examples of bubbles with Y, BC, and MB flags. We do not show examples of bubbles
with other morphological flags because they are well illustrated in Paper I. The dispersions
in determinations of morphological properties among the various examiners are about the
same as those found in Paper 1.

3. The Spatial Distribution of Bubbles
3.1. The Longitude Distribution and Average Surface Density of Bubbles

The distribution of bubbles with distance from the Galactic center is shown in Figure
2. The solid dots represent the sum of bubbles in the 1st and 4th quadrants with angular
distance from the Galactic center. Points beyond [ = 10° are from GI data but the selection
criteria used for GII have been applied to these data. The dashed line is a linear least
squares fit to the solid dots; its slope is 2.3. The open symbols show the number of bubbles
with distance from the Galactic center in the northern (1st quadrant) and the southern
(4th quadrant) halves of the GII survey area separately. For all practical purposes, the
distribution of bubbles in the 1st and 4th quadrants are about the same within 10° of the
Galactic center. Figure 2 illustrates two important results: 1) the total number of bubbles
(sum of the northern and southern halves of the GII survey) systematically increases with
distance from the center, amounting to about a factor of 2 increase from Al = 2° to 10°;
and, 2) the number of bubbles at 1=10° is almost a factor of 4 higher than found in Paper I
at this longitude. The latter is entirely because of the greater completeness of small angular
diameter bubbles in GII. This is clearly shown by the extension beyond [ = 10° to 13° using
GI data but with the selection criteria used for the GII region. When taking small bubbles
into account in the area |I| = 10°-13°~150 bubbles were found compared to ~30 recorded in
Paper I. In fact, when including the small bubbles in GI, the number of bubbles continues to
smoothly increase beyond | = 10° (see Figure 2). Another reason why one might expect the
total density of bubbles to be greater in GII than GI is that the lines of sight through the
Galaxy are longer than those through the GI region; however, this is likely to be a negligible
effect, as shown in Paper I, because distant bubbles are veiled by foreground emission and
the increasing gradient in background brightness toward the Galactic center makes detection
more difficult.

We have tabulated 269 bubbles within 10° of the Galactic center in an area of 54 square
degrees. This implies an average surface density of about 5 bubbles/square degree, a factor
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of slightly more than three greater than the average surface density reported in the GI area;
this disparity is entirely due to the incompleteness of small bubbles in GI as shown in Figure
2.

How can we understand the systematic increase in bubbles with angular distance from
the Galactic center in GII? This is probably due to a combination of factors that change
with increasing distance from the Galactic center, such as decreasing diffuse background
brightness, confusion, and opacity. If the circle interior to the central bar is deficient in
stars, except in the bar itself, then it is possible that there could be a real gradient in
massive stars with distance from the Galactic center. In this case, the trend should continue
out to [ ~ 30° (Benjamin et al. 2005). Referring to Figure 4 of Paper I, there is a weak
tendency for the the total number of bubbles to increase out to [ ~ 30°, but the dispersion is
too large and the number per bin too small to be convincing. Part of the dispersion reflects
the fact that stars are not smoothly distributed in the Galactic plane; there are regions where
the surface density is high and others where there are very few stars. The trend within 13°
of the Galactic center appears to be statistically significant.

3.2. The Latitude Distribution of Bubbles

The distribution of bubbles with Galactic latitude are plotted in Figure 3. All bubbles
within a given latitude bin have been summed over all longitudes within 10° of the Galactic
center. Note that within |[| < 5° the latitude coverage is greater than for GI (see §1). A
double Gaussian with a narrow component and a broad component produces a good fit to
the observed distribution as shown in Figure 3. The narrow component has a scale height
of 0.23° 4+ 0.04° and peaks at a latitude of —0.06° £ 0.02° and the broad component has
a scale height of 0.82° £ 0.013°. The narrow component suggests a population with scale
heights in the range of 20 to 32 pc for distances between 5 to 8 kpc, possibly indicative
of the distribution of O and the earliest B stars. This is similar to the scale height found
by Becker et al. (1990) for small radio sources at longitudes <50° from the Galactic center,
which they argued are probably compact H II regions ionized by extreme Pop I stars. The
broad component suggests a population with scale heights in latitude ranging from about 72
to 114 pc for distances between 5 to 8 kpc. This broad component appears to be too small
for the Galactic halo population, long-period variables, and RR Lyrae stars, but it does seem
to be consistent with old Population I stars or more likely spiral structure supergiants and
Cepheids whose scale heights range from ~100 to ~60 pc, respectively (Gilmore & Zeilik
1999).

An explanation for why the bubble distribution in both GI and GII peaks at slightly
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negative latitudes is probably because the Galactic coordinate system does not correspond
to the actual Galactic plane. Support for this hypothesis is provided by the location of SgrA*
whose latitude is -0.05° (Reid & Brunthaler 2004). SgrA* is believed to lie at the dynamical
center of the Galaxy and, in principle, should lie in the plane of the Galaxy. The discrepancy
between the Galactic coordinate system and the actual plane of the Galaxy is a result of
forcing the plane as determined by HI radio measurements to pass through the Sun, which
at that time was thought to lie in the Galactic plane. In the meantime, we now know that
the Sun lies about 10 pc above the plane.

3.3. Bubble Size Distribution

Figure 4 shows the distribution of bubble angular diameters defined as the average of
the geometric mean of the inner and outer ellipses (see Eq. 1 in Paper I). Almost 46% of the
bubbles in GII have diameters less than 1" and 74% have diameters less than 2’ compared
to 17% and 41%, respectively, in GI. The distribution of angular sizes is about the same
in GI and GII with the exception that there are more bubbles in the GI catalog than the
GII catalog with diameters >1’. This is a reflection of the larger GI survey area. The main
difference between the distributions of angular sizes between GI and GII is that for diameters
<1’ the distribution turns down in GI but in GII it sharply increases. This is a result of
searching the GII region more thoroughly for small, bright bubbles than was the case for the
GI area (see §3.1), and the increased difficulty of detecting faint larger bubbles against the
brighter diffuse background in GII than GI.

Figure 5 shows the distribution of bubble diameters with longitude. No statistically
significant trend in the angular diameters of bubbles is apparent. Only 6 bubbles have
angular diameters greater than 10’ in the longitude range |I| < 10°. The largest angular
diameters tend to be found >6° from the center, probably due to lower background levels in
these longitude ranges. The vast majority of bubbles are small at all longitudes in GII; only
14 bubbles out of 269 (~5%) have diameters >5" . The mean and median diameters are ~2’
+ 0.5 and ~1.2" £ 0.5 respectively, at all longitudes, basically unaffected by the few larger
bubbles at longitudes >6° from the Galactic center. As noted in Paper I, the main difficulty
with detecting large angular diameter bubbles is that they tend to be faint and therefore only
detectable in regions of low diffuse background emission. Within 10 degrees of the Galactic
center the average infrared background is substantially brighter than in the outer regions of
the GI survey area where the largest bubbles were detected. For example, a 10’ x 10" box
centered at (I,b) = (5°, 0°), in an average region of brightness for the longitude, is more
than twice as bright as the same area at (I,b) = (50°, 0°). It is therefore not surprising that
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the majority of the bubbles in GII are small (angular diameters typically <2') and bright
(especially at 5.8 and 8.0 ym). Although the number of bubbles per unit area in GII is about
3 times that in GI, the fraction of the area covered by bubbles (~0.9%) is about the same
as the GI survey which had an area four times that of GII. This could only be true if the
angular size of bubbles reported in GI are larger than those reported in GII.

4. Bubble Morphology
4.1. Shell Thickness

The distribution of bubble thickness to average radius is shown in Figure 6. The distri-
bution peaks between 0.25 and 0.30 with a slower decline for values greater than 0.3 than for
those less than 0.3. The distribution in GI peaks at about the same ratio but the width of
the distribution is narrower than that in GII. Bubble evolution models predict that the ratio
of swept-up ISM shell thickness to its radius should approach asymptotically to a ratio of
~0.32 (see Weaver et al. 1977; Whitworth et al. 1994; Capriotti & Kozminski 2001). So why
are some ratios greater than 0.327 One must remember that the models refer to the swept-up
gas shell, whereas in the MIR we measure the dust shell emission, which at 5.8 and 8.0 ym
is dominated by PAH emission bands and may be more extended than the compressed gas
shell. The determination of shell thickness is subjective and not easy to disentangle from
the PDR region that extends beyond the swept-up shell, so shell thickness to radius ratios
greater than the asymptotic value are not surprising.

The angular shell thickness and average absolute shell thickness are plotted against
radius, respectively, in Figure 7 for the GII survey. We do this because the thickness to radius
ratio can be modeled as a function of age, stellar luminosity, and density of the ambient ISM.
Models predict that (T') /(R) will reach an asymptotic value of ~0.32 as they age. They reach
this asymptote faster with greater ambient ISM density and with lower stellar luminosity
(see Weaver et al. 1977; Whitworth et al. 1994). Linear least-squares fits to the observations
are shown in Figure 7 as solid lines, and the theoretically predicted asymptotic slope is shown
as dashed lines. In Figure 8, the same plots are shown with both GI and GII data combined.
Comparison of Figure 8 with Figure 11 in Paper I shows that the average thickness to radius
ratio is essentially the same in both GI and GII even though the GII sample contains a
much larger percentage of small bubbles. This is interesting because it is harder to obtain
accurate thicknesses for the smaller bubbles, and the smaller bubbles are probably younger
on average than those in GI. The combination of all bubbles from GI and GII does not change
the slope significantly. For the subset of bubbles whose distance is known (right panel of
Figs. 7 & 8), the absolute slope is the same as the ratio using angular sizes. We see that
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the theoretically predicted asymptotic (T') /(R) ratio is steeper than the observed value. The
fact that the observed slope is flatter than the asymptotic value is probably because in the
ensemble of bubbles, many are either too young, too luminous, and/or are expanding into
an ambient ISM density that is too low to have reached the asymptotic value. Sorting out
which parameter(s) is(are) most important will require further more detailed observations
than are presently available.

4.2. Eccentricities

We derive bubble eccentricities using Equation (3) in Paper I. The distribution of bubble
eccentricities is shown in Figure 9. The distribution is similar to that for the GI region for
eccentricities <0.5. For eccentricities >0.5, the GI distribution increases more steeply to a
peak at ~0.65 and falls off more steeply at eccentricities >0.65 than the GII distribution.
Also, the GII distribution peaks at slightly higher eccentricities (0.70—0.75) than that of
the GI distribution. These differences are probably not significant given the inherently sub-
jective nature of assigning relatively small differences in morphological properties. Bubble
eccentricities and “broken” bubbles (i.e. blow-outs) may result from a non-uniform ambient
ISM into which the bubbles are expanding and/or from anisotropic stellar winds and radia-
tion fields (caused, for example, by obstructing circumstellar material such as a disk and/or
differences between polar vs equatorial winds). About 53% of the bubbles in GII are broken
(i.e. show evidence of blow-out), and 69% have eccentricities >0.5. We find no preference
for the orientation of the long axes of the bubbles or the direction of the blow-outs relative
to the Galactic plane; the directions are random. We conclude that the large-scale decline
of density away from the Galactic plane does not play a significant role in the determination
of bubble morphology. If the large eccentricities are primarily the result of confinement by
the ambient ISM, we would also conclude that the local density structure is more important
than any large scale density gradients away from the Galactic plane. As was noted in Paper
I, the large bubble eccentricities and large fraction of broken bubbles seem to imply that the
ISM in the Galactic plane is far from uniform and/or that the stellar winds and radiation
that drive the bubbles are anisotropic.

5. Association with known objects

Several classes of objects could produce the bubbles in the GII region. Among these are
supernova remnants (SNRs), OB stars, Wolf-Rayet (WR) stars, planetary nebulae (PNe),
and open clusters. A search of current catalogs of SNRs (Green 2004), PNe (Kerber et al.
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2003), WR stars (van der Hucht 2001, 2006), and open clusters (Dutra et al. 2003; Bica et al.
2003) found no positional coincidences with any of the bubbles in GII. However, two bubbles
(CS10 and CS14) have mid-IR morphologies very much like those of known PNe, and it is
highly probable that they are indeed PNe. Most of the bubbles in GII have small angular
diameters, so the fraction of the survey area covered by bubbles is small (~0.9%). Thus,
the probability of a chance alignment of a bubble with another particular class of object is
small.

5.1. Overlap with H IT Regions

The Paladini et al. (2003) master catalog of H II regions lists 167 H II regions in the GII
survey area. 15 H II regions were found that overlap with 14 bubbles in the southern survey
area, 13 of which have measured radial velocities from radio recombination lines. Eighteen
H II regions were found coincident with 18 bubbles in the northern survey area, 16 of which
have measured radial velocities from radio recombination lines. We expect only about one
of the 167 H II regions in the Paladini et al. (2003) catalog to align by chance with a bubble
in the entire GII survey.

The fraction of bubbles identified with H II regions in GII is only 32/269 ~ 12% or
about half the fraction found in GI. We suggest that this is a result of the larger angular
diameters of the bubbles in GI than in GII and the suspicion that many of the small, lower
luminosity H IT regions in GII have probably been missed due to beam dilution, sensitivity
limits, and high background brightness in the single-dish radio observations from which most
of the sources in the Paladini et al. (2003) catalog have been drawn. At least two-thirds of
the bubbles are probably produced by late B stars that do not produce a detectable H II
region, which we infer from the fraction of small MIR bubbles that have no corresponding
radio continuum counterpart. Of course, single-dish radio surveys may also be incomplete
in small diameter HII regions, so the true fraction of small MIR bubbles produced by late B
stars is uncertain.

5.2. Association with OB Clusters

Twelve star clusters have been identified in 2MASS data (Dutra et al. 2003) in the
northern survey area and 9 in the southern area, but none of these are coincident with GII
bubbles. In comparison, 13% of the bubbles in GI are associated with clusters; a sizeable
fraction of which were from the Mercer et al. (2005) mid-IR cluster survey. There is no such
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survey for the GII region. Clusters are particularly difficult to detect in regions of young
massive star formation regions due to bright, diffuse scattered starlight at visible and near
infrared wavelengths, and PAH and continuum emission at mid-infrared wavelengths. Ex-
tinction is usually high in such regions, especially at visible and near infrared wavelengths.
Also, because of the high stellar density within 10 degrees of the Galactic center, stellar clus-
ters are difficult to recognize. Finally, some of the 21 clusters identified by Dutra et al. (2003)
may not contain any stars hot enough to produce excess diffuse emission in Spitzer/IRAC
bands. Thus identification of compact clusters within the small, MIR-bright bubbles found
in GII is expected to be more incomplete than in GI, so it is probably not surprising to find
less than 1 in 21 clusters associated with a GII bubble.

6. Bubbles with Known Distances

Of the 32 bubbles that overlap with known H II regions, 29 have measured radial
velocities (from the compilation of Paladini et al. 2003) from which kinematic distances can
be estimated. The distance ambiguity to one of these, CS55 (H II region G353.41-0.36),
was resolved using H I 21 c¢cm absorption line measurements with the VLA (Fish et al.
2003). Near and far distances are given for those whose distance ambiguities have not been
resolved. Four bubbles lie near their tangent points and are listed as near distance only.
The Galactic rotation model of Brand and Blitz (1993) was used to estimate distances using
the IAU standards Ry = 8.5 kpc to the Galactic center and an orbital velocity at Ry of
6 = 220 km s~!. Kinematic distance estimates within 10° of the Galactic center are not very
reliable because the assumption of circular motion used to assign distances breaks down.
Departures from circular motion along the line of sight are not included in the rotation
model and therefore contribute to distance uncertainty. With these caveats, we will proceed
on the assumption that the distances derived from radial velocity measurements that are
not forbidden by the rotation model are correct and will derive properties based on both
the near and far distances when not resolved. Since the probability of chance alignments
of H 1I regions with bubbles is quite small (<1%), the assumption that the bubbles lie at
the same distance as the H II regions is a very good one. Table 3 lists the subset of 29
bubbles for which kinematic distances are reported. The column designations are: (1) the
bubble designation from Tables 1 or 2; (2) the H II region designation from the Paladini et
al. (2003) catalog; (3) the near kinematic distance; (4) the approximate error in distance
based on a departure of ~10 km s~! from circular motions; (5) and (6) the average radius
and shell thickness for the near distance in parsecs; (7) the far kinematic distance; (8) the
error in kinematic distance assuming ~10 km s™! departure from circular motion; and (9)
and (10) the average radius and shell thickness at the far distance in parsecs. Within 10°
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of the Galactic center, the far distance is so much greater than the near distance that only
the most luminous bubbles at the far distance are likely to stand out above the foreground
diffuse IR emission. So the odds are that most of the bubbles listed in Table 3 are at the
near distance. At the near distance, bubble distances range from ~ 0.6 kpc to ~8.5 kpc;
there is a slight clustering between 4 to 5 kpc, possibly reflecting citizenship in the molecular
ring, but this could also be a result of small number statistics. At the far distance, there is a
clustering between 12 to 13 kpc with numbers falling off at both larger and smaller distances.

Bubble radii range from ~0.1 pc to ~4.5 pc, with ~65% having radii less than 2 pc at
the near distance. At the far distance, radii range from ~1.4 to ~33 pc and peak between
2—4 pc; ~54% have radii <5 pc. In the GI survey, bubble radii range from <0.1 to 16.9 pc
with an average radius of 3.3 pc at the near distance

Bubble shell thicknesses range from <0.1 to 1 pc with an average of ~0.4 pc at the near
kinematic distance; ~70% have thicknesses of <0.5 pc. At the far kinematic distance, the
range of thicknesses is 0.6 to 7.6 pc with an average of ~1.9 pc; >85% of the bubbles have
thicknesses <3 pc.

7. Triggered Star Formation

As discussed in §2, we have added two morphological flags in column 11 of Tables 1 & 2
designated by Y and BC. Here we are interested in Y, which flags bubbles whose morphologies
suggest candidate protostars on the bubble rims that have not formed detectable secondary
bubbles. We also employ the designation MB, which flags bubbles with one or more secondary
bubbles located in projection within or on the periphery of the primary bubble. Both Y and
MB appear to imply possible triggered star formation by compression of swept-up ISM
material by the expansion of the bubble. The difference between Y and MB is that their
observed morphologies are different. Bubbles with the Y flag have no secondary bubbles,
but they do have MIR sources with morphologies and colors indicative of very young YSOs
located within or on the periphery of the projected bubble. The implication seems to be
that Y designates young bubbles that have produced YSOs that have not been around long
enough to produce their own detectable bubbles. MB, on the other hand, may identify larger
and older bubbles that have been around long enough for triggered star formation to have
produced secondary bubbles.

A test of the hypothesis that Y bubbles are younger than MB bubbles in principle
can be found by comparing their average sizes. In Table 3 we find 10 bubbles with the Y
designation in the GII area with known distances, the average radius of which is 2.2 pc at the
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near distance. In Table 4 of Paper I, we find 7 bubbles with an MB designation and known
distance, the average radius of which is 5.8 pc. Thus, the average radius of Y bubbles in GII
are <40% that of the MB bubbles in GI. But since the numbers of Y and MB bubbles with
known distances are too small to constitute a meaningful trend, we look to our entire sample
of GI and GII bubbles. We have argued that the bubbles are very likely to lie between us
and the tangent point. To the extent that angular size is an approximate measure of physical
size, and size is an approximate measure of age, it would appear that the average age of Y
bubbles is likely to be less than half the age of MB bubbles. The comparison of Y bubbles
in GII with MB bubbles in GI, however, could well be misleading because of systematic
differences in average ambient ISM densities and possible systematic differences in stellar
luminosities. When we compare only the 43 Y bubbles with the 6 MB bubbles in GII with
known distances from Table 3, we find average radii of ~1.3" and ~0.9" respectively, which
does not support the hypothesis that Y bubbles are smaller and younger than MB bubbles.
However, again, one has to be cautious because of small number statistics. It is also possible
that the YSOs in some Y bubbles are simply lower luminosity sources than the young stars
driving the secondary bubbles in the MB bubbles.

What are YSOs and what criteria do we use to identify them? YSOs are stars in the
process of forming. That is, they are still accreting matter through an accretion disk that
is being fed from an extended envelope of in-falling matter. Associated with accretion is a
bipolar outflow along the spin axis of the protostar, which provides a mechanism to carry
off angular momentum. At MIR wavelengths, protostars may have a range of colors that
depend on orientation of the accretion disk to the line of sight, the evolutionary state of
the protostar, the mass of the in-falling envelope, the temperature and luminosity of the
protostar, the mass and geometry of the accretion disk, and possibly other parameters.
Observations (Allen et al. 2004) and theory (Robitaille et al. 2006) predict that YSOs have
steeply rising spectral energy distributions from 8 um to 24 pm and hence 8-24 pmcolors
should be an effective discriminator of YSOs. In practice, however the diffuse 24 pm dust
emission filling the bubbles is often so bright, with such steep gradients toward the bubble
rims, that accurate 24 ym photometry or even detection of a YSO candidate on the bubble
rim is impossible. Very young protostars generally have steep spectral indices from 3.6—
8 pm, and hence can be identified on the basis of their IRAC colors alone. Given these
complications, we cannot presently produce a reliably complete catalog of all candidate Y
bubbles in GII, but in-depth studies of individual bubbles in the MIR can reliably identify
potentially triggered YSOs (Watson et al. 2007). Other observational sign posts of YSOs
are association with H,O and/or CH3OH masers, location in infrared dark clouds (IRDCs),
and coincidence with extended 4.5 pum excess sources (believed to be produced by shocked
Hy or possibly CO outflows from YSOs as inferred from the positional coincidence with a
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few independently known YSOs (Smith et al. 2006; Davis et al. 2007).

In the GII region we find 43 bubbles (15.5%) that have Y designations and only 6 (2.2%)
MB bubbles; three bubbles have both a Y and MB designations (CN55, CN88, and CN114).
Y and MB bubbles together account for nearly 18% of the bubbles in GII that appear to be
triggering star formation. This compares with only 6.8% of MB bubbles in the GI survey
that show possible evidence of triggering star formation. However, the ratio of ~7 Y bubbles
for each MB bubble in GII suggests, that we probably missed a similar ratio of Y bubbles in
GI if this designation had been searched for in GI. We have also probably underestimated
the number Y bubbles in GII, as our morphology-based criteria for selecting Y candidates
is likely to miss many YSOs that are unresolved. This suggests that a significant fraction of
bubbles, at least 18%, show evidence for possible triggered star formation. The implication
is that triggered star formation is an important star formation mechanism worthy of further
study. We also note that the expansion of bubbles around OB stars into the ambient ISM
is not the only mechanism that may trigger star formation. Expanding supernova shells,
cloud-cloud collisions, and the impact of star clusters on neighboring molecular clouds have
also been suggested as triggering mechanisms.

8. Summary

We have completed the survey for bubbles in the inner Galactic plane by filling in the
twenty degrees of longitude (|I] < 10 °) that were not covered by the GLIMPSE I survey. The
surface density of bubbles in GII (~5 bubbles per square degree) is about three times that in
GI (~1.5 bubbles per square degree), but the fraction of the area covered by bubbles (<1.0%)
is about the same in GII and GI. This is because a small fraction of the bubbles in GI are
fairly large (radii >8 to 10’) combined with the fact that the GII area was more thoroughly
examined for small bubbles than was the case for GI. The average angular diameter of GII
bubbles is only ~2' as compared with ~4’ in GI. The number of bubbles systematically
increases by a factor of ~2 from longitude 2° to 10°. It is suggested that this may be the
result of several factors that change with longitude such as decreasing diffuse background
brightness, confusion, and opacity with increasing longitude. Morphological properties such
as eccentricity and “broken” or discontinuous bubbles (blow-outs) are about the same in
GI and GII. Eccentricities are large, most having values between 0.6 and 0.8. More than
50% of the bubbles are discontinuous or show evidence for blow-outs. We suggest that
these properties result from local density fluctuations of the ISM and/or anisotropic stellar
winds and radiation fields. The average shell thickness scales with radius approximately as
(T) ~ 0.24(R). This is shallower than the theoretically predicted asymptotic slope of ~0.32,
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possibly because the MIR shells that we measure is may not be the same as the swept-up
gas shell predicted by the models.

The fraction of bubbles that overlap with H II regions and known clusters in GII is only
about half that found in GI. We suggest that this is a result of the larger angular diameters
of the bubbles in GI than in GII and the suspicion that many of the small, lower luminosity
H II regions in GII have probably been missed due to beam dilution, sensitivity limits, and
high background brightness in the single-dish radio observations from which most of the
sources in the Paladini et al. (2003) catalog have been drawn.

At least 18% of the bubbles in GII have morphologies suggestive of triggered star forma-
tion. This is a little more than twice the percentage found in GI. However, Paper I did not
include many small bubbles and did not look for bubbles with potentially triggered YSOs
that have not produced secondary bubbles. Such bubbles are given Y morphological flags in
this paper. We suggest that these putative YSOs are either too young or too low-luminosity
to produce a detectable secondary bubble. Future work will establish whether the suspected
YSOs really are YSOs and that they are at the same distance as the larger bubble with
which they coincide in projection. Watson et al. (2007) have carried out a detailed study of
three bubbles with known distances from the GI sample and found that two of them have
associated YSOs that are good candidates for triggering.

The GI and GII plus Stolovy surveys have highlighted the ubiquity of bubbles in the disk
of our Galaxy. The profusion of bubbles seen in the GLIMPSE surveys was only hinted at in
earlier IR surveys due to limited sensitivity and spatial resolution. The task for the future
will be to use other observational probes to determine the detailed excitation, ionization, and
velocity structure of the bubbles to guide determination of better models that can be used
to understand how bubbles are driven and interact with the ambient ISM. This will further

reveal the consequences of bubble evolution for star formation and injection of kinetic energy
into the ISM.
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6ndary. bubble
m(CN88) *,

Fig. 1.— Images of bubbles illustrating the three new morphological designations discussed
in the text and in col. (11) of Tables 1 and 2. (a) CS44+CS46 present an example of a
bubble complex (BC), and CS44 has YSO candidates on its rim (Y). (b) CN88 is a multiple
bubble (MB) with a secondary bubble, CN89, on its rim, Y bubble. The horizontal scalebar
represents an angular size of 2'.
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Fig. 2.— The distribution of bubbles with longitude. The sum of bubbles at all longitudes
lying within a give angular distance from the Galactic center is shown as solid dots. The
dashed line is a linear least squares fit to the solid dots; it has a slope of 2.3. The distribution
of bubbles in the north (1st quadrant) and in the south (4th quadrant) are shown separately.
The north and south distributions are similar and have about the same slope as the sum
(solid dots). This plot has been extended beyond I = 10° to [ = 13° using GI data, but
applying the same relation criteria used in GII. This shows that both GI and GII data
have about the same number of bubbles at [ = 10° and the number of bubbles continues to
increase at least to [ = 13°.
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Table 3. Sizes and Thicknesses of Bubbles with Known Kinematic Distances

Near Kinematic DistanceP Far Kinematic Distance

Catalogue # Hi #2 D 6D (R) (T) D oD (R) (T)
(kpc)  (kpc)  (pc)  (pc)  (kpc)  (kpc) (pc)  (pc)

CN15 10 7.5 0.9 1.6 0.6 9.5 0.9 2.0 0.8
CN43 33 1.9 2.1 0.4 0.1 15.1 2.1 3.4 1.2
CN63 43 4.8 1.1 2.5 0.5 12.1 1.1 6.2 1.2
CN64 50 0.8 2.6 0.2 0.0 16.2 2.6 3.4 0.8
CN65 60 5.0 0.8 0.6 0.3 12.0 0.8 1.4 0.6
CNT71 65 2.6 2.2 4.2 0.7 14.3 2.2 22.6 4.0
CN73 70 2.4 2.2 1.3 0.4 14.5 2.2 7.7 2.2
CN77 69 4.3 1.0 1.3 0.4 12.6 1.0 3.9 1.0
CN99 100 3.9 1.0 3.7 0.8 13.0 1.0 12.3 2.7
CN103 101 8.4 0.0 0.4 0.2
CN109 109 3.7 1.0 1.3 0.3 13.1 1.0 4.6 1.2
CN111 112 5.3 0.5 2.6 0.8 11.5 0.5 5.7 1.8
CN114 114 4.8 0.6 1.9 0.3 12.0 0.6 4.7 0.8
CN123 199 4.3 0.7 1.1 0.2 12.5 0.7 3.1 0.7
CN135 121 0.9 3.0 0.1 0.0 15.9 3.0 1.6 0.6
CN139 128 4.3 0.7 4.2 0.8 12.4 0.7 12.0 2.4
CS2 1440 8.5 0.0 4.6 1.0
CS4 1436 4.0 0.7 2.4 0.5 13.0 0.7 7.9 1.5
CS33 1424 8.5 0.0 2.9 0.5
CS40 1418 8.5 0.0 0.7 0.4
CS44 1417 4.9 0.9 1.9 0.6 12.1 0.9 4.8 1.4
CS51 1411 5.3 0.7 3.3 0.6 11.6 0.7 7.2 1.2
CSb55¢ e 3.8 2.4 0.9 0.2
CS619 13984140 1.2 2.7 2.6 0.6 15.7 2.7 33.0 7.6
CS63 1401 1.2 2.7 1.5 0.4 15.7 2.7 19.9 5.3
CS70 1391 6.7 0.2 1.8 0.5 10.2 0.2 2.8 0.7
CS71 1389 6.8 0.2 1.7 0.4 10.1 0.2 2.5 0.6
CS79 1386 0.6 3.0 0.6 0.1 16.2 3.0 15.8 3.2
CS84 1380 3.4 1.1 0.6 0.2 13.4 1.1 2.5 0.8

aCatalog number from the Paladini et al. (2003) catalog of Galactic H IT regions.

bWhen a bubble lies at the tangent point, no far kinematic distance is given, and the near kinematic
distance is the tangent point distance.

¢Distance determined from 21 cm absorption Fish et al. (2003).

dDistance determined from two H 11 regions found within the bubble.



