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ABSTRACT. A brief description is given of the GLIMPSE surveys, including the areas surveyed, sensitivity
limits, and products. The primary motivations for this review are to describe some of the main scientific results
enabled by the GLIMPSE surveys and to note potential future applications of the GLIMPSE catalogs and images. In
particular, we discuss contributions to our understanding of star formation and early evolution, the interstellar
medium, galactic structure, and evolved stars. Infrared dark clouds (IRDCs), young stellar objects (YSOs), and
infrared bubbles/H II regions are discussed in some detail. A probable triggered star formation associated with
expanding infrared bubbles is briefly mentioned. The distribution and morphologies of dust and polycyclic aromatic
hydrocarbons (PAHs) in the interstellar medium are discussed. Examples are shown from GLIMPSE images of bow
shocks, pillars (elephant trunks), and instabilities in massive star-formation regions. The infrared extinction law of
diffuse interstellar dust is discussed. The large-scale structure of the Galaxy has been traced by red-clump giants
using the GLIMPSE point-source catalog to reveal the radius and orientation of the central bar, the stellar radial scale
length, an obvious increase in star counts toward the tangency to the Scutum-Centaurus spiral arm, the lack of an
obvious tangency from star counts toward the Sagittarius spiral arm, and a sharp increase in star counts toward the
nuclear bulge. Recent results on evolved stars and some serendipitous discoveries are mentioned. More than 70
refereed papers have been published based on GLIMPSE data as of 2008 November.

Online material: color figures

1. THE SURVEYS

The Spitzer Space Telescope (Werner et al. 2004) Legacy
program Galactic Legacy Infrared Mid-Plane Survey Extraordi-
naire (GLIMPSE) has provided a new view of our Galaxy that is
leading to a deeper understanding of the physics of interstellar
dust, star formation, and the large-scale structure of the Milky
Way as traced by stars. Hallmarks of the Galactic disk at wave-
lengths from 3.6 to 24 μm are H II regions/IR bubbles, young
stellar objects (YSOs), massive star-formation regions, infrared
dark clouds (IRDCs), diffuse dust and polycyclic aromatic
hydrocarbon (PAH) emission, and tens of millions of stars.
Because of its large areal coverage, GLIMPSE has revealed
mid-infrared (MIR) features of large angular extent that have

not been recognized previously. An example is the large
MIR bubble on whose periphery M17 lies. Povich et al.
(2009) postulate that M17 may have been triggered by the
expansion of this bubble when it collided with the M17 SW
molecular cloud.

GLIMPSE consists of three separate surveys. GLIMPSE I
fully imaged the Galactic plane from longitudes jlj ¼ 10° to
65° and latitudes jbj ≤ 1°, an area of 220 deg2, with a spatial
resolution <200 at wavelengths 3.6, 4.5, 5.8, and 8.0 μm using
the Infrared Array Camera (IRAC; Fazio et al. 2004). Each
frame consisted of 256 × 256 pixels each subtending
1:200 × 1:200. Each direction in the survey area was observed
at least twice with an actual time per exposure of 1.2 s per
exposure, providing 3 σ point-source sensitivity limits of 15.5,
15.0, 13.0, and 13.0 mag at 3.6, 4.5, 5.8, and 8.0 μm, respec-
tively. The saturation limits were 7.0, 6.5, 4.0, and 4.0 mag at
3.6, 4.5, 5.8, and 8.0 μm, respectively. Both the detection limits
and saturation limits depend on the point-source spatial density
(i.e., confusion) and diffuse background brightness and spatial
variation in complex ways that defy specification by a single
parameter.7 The background level for the sensitivity limits given
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above is <10 MJy per star at 8 μm (the minimum background
level in the l ¼ 284° GLIMPSE validation area); for IRAC
bands 1 and 2, this implies background levels very near
0 MJy per star. As shown in Figures 1 and 2 of the GLIMPSE
Data Products v2.0 document,8 the completeness limits gradu-
ally shift to brighter magnitudes with decreasing distance from
the Galactic center due to increasing point-source surface den-
sity and average background brightness, but the detection limits
do not vary significantly with Galactic longitude. The
GLIMPSE I survey has cataloged 31,154,438 stars in its high
reliability (≥99:5%) Point Source Catalog (GLMC) and
49,133,194 stars in its slightly lower reliability but more com-
plete Point Source Archive (GLMA; ≥5 σ).

GLIMPSE II fully imaged the inner 20° of the Galactic plane
with the same resolution and sensitivity as that of GLIMPSE I.
From jlj ¼ 5° to 2° degrees the latitude coverage was increased
to b ¼ �1:5° and from jlj ¼ 2° to 0° the latitude coverage was
b ¼ �2°. The latitude coverage was increased to obtain more
coverage of the nuclear bulge. Each position on the sky was
observed at least 3 times, twice at one epoch and once at a sec-
ond epoch. A small region of about 0:75° × 0:75° centered on
the Galactic center observed by S. Stolovy was included in our
processing. The GLIMPSE II survey has cataloged 18,145,818
stars in its GLMC and 23,125,046 stars in its slightly lower re-
liability but more complete GLMA.

GLIMPSE 3D was designed to sample the latitude distribu-
tion of the central bar by extending the GLIMPSE I & II latitude
coverage to �3° at nine selected latitudes and to �4° within 2°
of the Galactic center. The GLIMPSE 3D survey has cataloged
20,403,915 stars in its GLMC and 32,214,210 stars in its
slightly lower reliability but more complete GLMA. Not all
GLIMPSE 3D source lists have been submitted to the Spitzer

Science Center (SSC) at this time; we expect all source lists to
be submitted by the middle of 2009.

Figure 1 shows the entire region imaged in all three
GLIMPSE surveys superimposed on the COBE/DIRBE
4.9 μm color image. More than 440,000 individual 50 × 50

frames were observed to produce all three GLIMPSE surveys.
Over a billion resolution elements were required to cover the
entire survey. The total number of stars cataloged from the com-
bined GLIMPSE surveys are 69,704,171 in the GLMC and
104,472,450 in the GLMA.9

In addition to the GLIMPSE data, the Spitzer Multiband
Imaging Photometer (MIPS; Rieke et al. 2004) Galactic plane
survey, referred to as MIPSGAL (Carey 2008) imaged the same
area as the GLIMPSE surveys and has played an important role
in interpreting the infrared properties of many of the objects
detected in the GLIMPSE surveys, especially the 24 μm data.
Generally, when we refer to 24 μm data, it should be understood
to be from the MIPSGAL survey unless otherwise noted. The
MIPSGAL images and catalogs are also archived at the Infrared
Science Archive (IRSA).10

In the following, we will review some of the main contribu-
tions and new insights provided by the GLIMPSE surveys in
combination with surveys at other wavelengths. The list of
topics covered here are not exhaustive and reflect our own
personal choices; other reviewers would likely make different
choices.

FIG. 1.—Area surveyed by the three GLIMPSE surveys superimposed on the COBE/DIRBE 4.9 μm image. The scale bar at top is the intensity scale. Dotted line: the
GLIMPSE I & II survey areas; Black solid line: the Galactic latitude extensions in the GLIMPSE 3D survey. See the electronic edition of the PASP for a color version of
this figure.

8 The GLIMPSE Data Products v2.0 document is available online at http://
www.astro.wisc.edu/sirtf/glimpse1_dataprod_v2.0.pdf.

9More details about the GLIMPSE surveys can be found at http://www.astro
.wisc.edu/sirtf/. The GLMC and GLMA can be found at the following sites:
http://ssc.spitzer.caltech.edu/legacy/glimpsehistory.html and the IRSA at
http://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE.

10 In addition, a web browser that permits a user to scan and zoom-in on any
object in the entire survey false color images of GLIMPSE bands alone and a
combined GLIMPSE plus MIPSGAL 24 μm image is located at http://www
.alienearths.org/glimpse/. This browser was developed by Dr. James Harold
of Space Science Institute.
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2. STAR-FORMATION REGIONS

In this section, we will discuss star-formation regions from
the earliest observed stages to advanced stages of evolution.

2.1. IRDCs and Star Formation

IRDCs are cold, dense, molecular or dust clouds seen at MIR
wavelengths in silhouette against the MIR background emis-
sion. They are the cradle of star formation and the repository
of molecular gas in the Galaxy. IRDCs represent the densest
condensations in giant molecular clouds and are the most likely
sites of future massive star formation. IRDCs were first identi-
fied in the Galactic plane by the Infrared Space Observatory
(ISO; Kessler et al. 1996) and the Midcourse Space Experiment
(MSX) satellite (Price et al. 2001) at mid-IR wavelengths. Carey
et al. (1998), Egan et al. (1998), Hennebelle et al. (2001), and
Redman et al. (2003) drew attention to the importance of these
objects fromMSX and ISO images. It was clear from the earliest
detection of these objects that they are dense (>105 cm�3), cold
(<20 K), and the site of star formation (Carey et al. 1998; Pillai
et al. 2006, 2007; and others). The GLIMPSE survey, because of
its greater sensitivity (∼100) and spatial resolution (∼10) than
MSX, has revealed a very large number of IRDCs and provided a
more detailed picture of their morphologies, especially those
with small angular sizes. IRDCs are most easily observed in
the 8 μm IRAC band because of the bright PAH emission that
permeates the Galactic plane. Because they are seen in silhou-
ette, we generally expect them to lie relatively close to us (i.e.,
their near kinematic distance); the contrast between background
and IRDCs will be diminished for more distant IRDCs, espe-
cially in the inner Galaxy, and would be obscured by bright
foreground PAH and thermal dust emission. No IRDCs so
far studied in the GLIMPSE survey have been found to lie at
the far distance (J. Jackson, private communication 2008).
IRDCs are of special interest because they provide the raw ma-
terial and conditions for initiation of star formation (Menten
et al. 2005). In fact, at mid-IR wavelengths, YSOs in the act
of forming are a common sight in IRDCs. See Bergin & Tafalla
(2007) for an information-rich review of dark clouds in general
including IRDCs.

2.1.1. IRDC Morphologies

Many IRDCs are elongated with length-to-width ratios well
in excess of 10:1. A typical example of a long filamentary IRDC
seen in silhouette against diffuse 8 μm background emission
is shown in Figure 2. One IRDC filament (referred to by
Jackson as “Nessie”) appears to extend over 2° in longitude
(l ∼ 336°–334°); spectroscopy is needed to determine if this
CO observations by J. Jackson and collaborators (private com-
munication 2008) show that this cloud is a single dynamical
structure. The elongated morphology of most IRDCs may be,
at least in part, the result of contraction from a larger, less-dense
state, which with conservation of angular momentum naturally

produces flattened structures. When viewed edge-on, these
structures appear to be highly elongated. This scenario,
however, cannot explain the nonplanar structures or wiggly
filaments that are prevalent among IRDC morphologies. Differ-
ential Galactic rotation also tends to stretch large molecular
clouds into linear structures, but this mechanism would only
distort in the plane of the Galaxy leaving the wiggly filamentary
structures unexplained. Perhaps the wiggles perpendicular to
the plane are the result of a turbulent interstellar medium. The
boundaries of IRDCs are generally not smooth. There are
clearly smaller more opaque clumps within IRDCs. Might this
possibly be an indication of gravitational fractionation? Further
study will be needed to address this question.

A particularly nice example of YSOs (the bright 24 μm
spots) located along a filamentary IRDC is shown in Figure 3,
but interestingly they seem to be isolated from each other and
most of the volume of the IRDC appears to be quiescent with no
star-formation activity. The high-resolution GLIMPSE images
show that the central cores of many IRDCs are quite opaque
at 8 μm, indicating at least 3 mag of extinction or AV ≥
70 mag (Indebetouw et al. 2005). Of course, a few IRDCs that
are less opaque at 8 μm have been detected (A8m ∼ 0:5 to
1 mag; Carey et al. 1998; Frieswijk et al. 2008). With typical
extinctions AV > 70 mag and temperatures <20 K (see § 3.3),
it is difficult to understand why the entire volume of IRDCs
does not collapse to produce stars. Clearly opaqueness at
8 μm is not a sufficient condition for star formation.

2.1.2. IRDC Radio Properties

IRDCs have been imaged in molecular lines of NH3 and/or
NH2D (Pillai et al. 2006, 2007; Sakai et al. 2008; Wang et al.
2008; and Devine et al. 2009); CO, 13CO, and/or C18O (Pillai

FIG. 2.—Example of a typical IRDC complex located at about l ∼ 18:56,
b ∼�0:15. This is a monochromatic image at 8 μm showing the morphology
of IRDCs seen in silhouette. See the electronic edition of the PASP for a color
version of this figure.
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et al. 2007; Ragan et al. 2006; Simon et al. 2006); H2CO (Carey
et al. 1998); CCS (Sakai et al. 2008; Devine et al. 2009); N2Hþ

(Ragan et al. 2006; Sakai et al. 2008); HC3N and isotopes (Pillai
et al. 2007; Sakai et al. 2008); CH3OH (Sakai et al. 2008); and
probably others. The molecular lines show in some cases that
more than one velocity component is present toward a given
IRDC. All observations indicate that densities are high ranging
from a few times 103 to 106 cm�3 or greater and that tempera-
tures are low, typically <20 K except toward a core in the pro-
cess of star formation. Low temperatures were initially inferred
by Carey et al. (1998) based on a deuterium fraction of 0.04 in
the IRDC G79:34þ 033 from the HDCO=H2CO intensities.
Pillai et al. (2007) found that 60% of 32 IRDCs were detected
in NH2D and that NH2D=NH3 ranged from 0.1 to 0.7; 0.7 is the
highest degree of deuteration reported to date in the interstellar
medium. Since deuteration only occurs in very cold environ-
ments, these data confirm that IRDCs are cold (typically
≤20 K). Rathborne et al. (2006) found from 1.2 mm continuum
emission that the 38 IRDCs they observed have core masses
ranging from 10 to 2100 M⊙ and IRDCs as a whole have
masses from 120 to 16; 000 M⊙ with a median of ∼940 M⊙;
they also report that the slope of the IRDC core mass spectrum
is ∼2:1� 0:4, similar to the stellar initial mass function (IMF).
The molecules that trace high densities show that all IRDCs
have dense cores that are probably forming or soon will form
a star(s). There is a close correlation of several dense molecular
tracers and 24 μm point sources (Sakai et al. 2008 and Devine
et al. 2009), especially NH3 and CH3OH. As expected, the
molecular distributions closely follow that of the 8 μm extinc-
tion boundaries, especially NH3 (Devine et al. 2009 and refer-
ences therein). The radio data have provided critical velocity,
column density, and excitation temperature distributions from

which volume densities, masses, and kinematic distances have
been derived and confirmed the high densities and low tempera-
tures inferred from IR images.

2.1.3. Extended Green Objects

In the early stages of producing the GLIMPSE image
mosaics, it was discovered that there were a large number of
extended objects that were especially bright in the 4.5 μm band
of the IRAC detectors. These objects have been referred to by
the GLIMPSE team as “green fuzzies” or extended green ob-
jects (EGOs) because the 4.5 μm band is commonly coded
as green in false color images consisting of IRAC 3.6 μm (blue),
4.5 μm (green), and 8.0 μm (red) bands. Enhanced emission at
4.5 μm is believed to be due to shocked H2ðv ¼ 0� 0Þ S(9, 10,
11) lines and/or COðv ¼ 1� 0Þ bandheads, all of which fall
within the IRAC 4.5 μm band. Soon after their detection, it
was hypothesized (Marston et al. 2004; Gutermuth et al.
2004; Noriega-Crespo et al. 2004; Rathborne et al. 2005;
and possibly others) that EGOs are probably bipolar outflows
from a central protostar; the outflows produce shocks when they
crash into the ambient interstellar medium and excite NIR line
emission. NIR H2 narrow-band images and ISO spectra show
that the extended 4.5 μm emission of the massive DR21 outflow
is due to shocked H2 (Davis et al. 2007; Smith et al. 2006, and
references therein); Smith et al. (2006) do not detect CO lines in
the ISO spectrum. While all IRAC bands contain H2 lines, mod-
eling of protostellar jets predicts that the integrated H2 line lu-
minosity is greatest in the 4.5 μm band (Smith & Rosen 2005).

Cyganowski et al. (2008) cataloged over 300 EGOs; an ex-
ample is shown in Figure 4 (the bright 24μm star [red] at the
bottom edge of the green shell). The majority of cataloged
EGOs are located toward IRDCs and, where the coverage of
Class II 6.7 GHz CH3OH maser surveys overlaps that of
GLIMPSE I, EGOs and 6.7 GHz CH3OH masers are strongly
correlated (Cyganowski et al. 2008). Class II methanol masers
are radiatively excited by IR photons from warm dust heated by
the central accreting YSO (e.g., Cragg et al. 2005). The vast
majority of EGOs have 24 μm counterparts in MIPs images.
The poorer spatial resolution of MIPS (6″ at 24 μm), however,
means that in many cases the 24 μm emission is confused,
making it difficult to identify outflow-driving protostars from
the MIR images alone (see Cyganowski et al. 2008). It is
now believed that EGOs represent an early stage of star forma-
tion (the rapid accretion phase) when the infalling envelope is
too opaque or the star too cool to excite large-scale PAH emis-
sion (which is bright at 8 μm), allowing 4.5 μm emission to
stand out. In Figure 5, the spectral energy distributions (SEDs)
of two typical EGOs are shown. The MIR colors of EGOs are
consistent with those of very young YSOs surrounded by sub-
stantial accreting envelopes (Cyganowski et al. 2008).

The catalog of Cyganowski et al. (2008) is not a complete
catalog. It contains the most obvious examples of EGOs that
show extended 4.5 μm excess emission and only those that

FIG. 3.—Example of an IRDC with a string of YSOs. The YSOs are shown
as white spots, which are a combination of 8 and 24μm emission. YSOs are
brighter at 24 μm than at shorter wavelengths. See the electronic edition of the
PASP for a color version of this figure.
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occur in the GLIMPSE I survey area (see also Yusef-Zadeh et al.
2007 for the Galactic Center region). The fact that EGOs stand
out so clearly at 4.5 μm in the IRAC bands provides an inde-
pendent way of visually identifying a very early stage of mas-
sive star formation in the Galactic plane. The IR brightness of
EGOs means that they can be detected at large distances in the
disk of the Milky Way because they are almost extinction free at
IRAC bands.

What is the evidence that EGOs trace massive star formation
as opposed to the entire mass range of YSOs? EGOs cataloged
in GLIMPSE are strongly correlated with 6.7 GHz Class II CH3

OH masers (Cyganowski et al. 2008), both tracers of early
stages of massive star formation. Class II 6.7 GHz CH3OH
masers are not seen toward low-mass YSOs (Minier et al.
2003) but are ubiquitous toward massive YSOs (Szymcazk et al.
2005; Ellingsen 2006, 2007). The close association of Class II
6.7 GHz CH3OH masers and EGOs—shown in Cyganowski
et al. (2008) using the high–angular-resolution maser surveys
of Ellingsen (2006), Walsh et al. (1998), and Caswell (1996)
—strongly implicate massive YSOs. The range of distances
to EGOs with kinematic distances from associated 6.7 GHz CH3

OH masers—2.6 to 5.3 kpc—is also typical of distances to

massive star-formation regions in the Galactic Plane (see Cyga-
nowski et al. 2008). In addition, while extended 4.5 μm emis-
sion can be associated with low-mass outflows (e.g., HH46=47,
Noriega-Crespo et al. 2004; Velusamy et al. 2007), GLIMPSE is
a shallow survey. The faintest EGOs cataloged by Cyganowski
et al. (2008) have surface brightnesses at 4.5 μm at least twice
those of the bright knots in the HH46=47 outflow (see Cyga-
nowski et al. 2008). It is unlikely that the relatively faint
extended 4.5 μm emission, seen in low-mass star-forming re-
gions would have been detected in the search for EGOs in
the GLIMPSE images.

2.2. YSOs in the GLIMPSE Survey

Examination of the GLIMPSE/MIPSGAL survey images
emphatically illustrates that in the neighborhood of YSOs
and hot stars (especially O and early B stars that ionize H II

regions) the associated dust becomes a bright beacon in the
infrared. One can easily pick out the massive star-formation re-
gions from their brightness at wavelengths ≥5:8 μm, especially
at 24 μm. These regions illuminate the young stellar population
in the Milky Way by extended emission from PAH bands, ther-
mal dust emission, and stochastic emission from very small
grains (VSGs) that are transiently heated by absorption of single
stellar UV photons and rapidly cool by radiating the excess heat
away at infrared wavelengths (Draine 2003). As mentioned in
§ 2.1.3, YSOs are quite apparent throughout the GLIMPSE sur-
vey, especially by their emission at 8 μm (due to thermal dust
and/or PAH emission) and 24 μm (a combination of thermal and
stochastic emission). A good example of YSOs is shown in
Figure 3, where a string of YSOs are seen against the darkness
of their natal IRDC.

A search of the GLIMPSE GLMC for very red stars ½K� �
½8:0� > 3 identified ∼45; 000 stars. It was found that these

FIG. 4.—Top: 24 μm (red), 8 μm (green), 4.5 μm (blue), and 20 cm (contours;
Helfand et al. 2006) image of the IR bubble N49. YSOs are apparent on the
bottom boundary of N49. The youngest ones are located in an IRDC; the IRDC
may be difficult to recognize in the reproduced image but is quite clear in the
original image. Bottom: slice in longitude through the center of N49. Dashed
line: 8 μm emission; Dotted line: 24 μm; Solid line: 20 cm. Note the central dip
at 24 μm and 20 cm that shows the wind evacuated by the central O5 star.

FIG. 5.—Example SEDs of two EGOs. Note the excess emission at 4.5 and
sometimes at 5.8 μm as well.
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generally tend to be concentrated toward IRDCs as illustrated
in Figure 6. What are these very red stars? There are several
possibilities: normal stars reddened by a foreground IRDC,
YSOs, asymptotic giant branch (AGB) stars, and background
galaxies. Because GLIMPSE was a shallow survey, it was
barely sensitive enough to detect only a few of the nearest
brightest galaxies, so we can safely exclude galaxies. In addi-
tion, galaxies detected in the GLIMPSE surveys are extended
and easily distinguished from stars. In fact, the SEDs of most
of the very red point sources were fit with reddened stellar
photospheres. Robitaille et al. (2008) have characterized more
than 19,000 IR emission sources in the GLMC using a selection
criteria of ½4:5�–½8:0� > 1 and strict brightness and quality cri-
teria. Since the mid-IR extinction law is relatively flat at [4.5]–
[8.0] (Indebetouw et al. 2005 and others; see § 3.3), a large
value of this color is due to infrared emission rather than dust
extinction. Using color selections that reasonably separate
YSOs from AGB stars (with some overlap, however), Robitaille
et al. (2008) found that ∼60% (>11; 000) of the red sources are
YSOs and ∼40% are AGB stars. This is certainly an underes-
timate of the total number of YSOs in the survey area because
the stringent selection criteria used for inclusion rules out many
probable YSOs, and the use of the GLMC rules out many YSOs

that are not point sources. The YSOs were found to have a
clumpy distribution in the Galaxy (Fig. 7, bottom), whereas
the AGB stars are smoothly distributed in the disk, as shown
in Figure 7 (top). They also found that over 70% of the
“extreme”AGB stars identified within 10° of the Galactic center
are variable (this region of the survey had two separate epochs
of observing, allowing the study of variability).

The GLIMPSE/MIPSGAL surveys provide the possibility to
identify a substantial fraction of the YSO population in the inner
Galaxy, especially those objects destined to become O and B
stars, and presents an opportunity to redetermine the current
global star-formation rate by directly counting YSOs. The dis-
tances at which YSOs can be detected in the GLIMPSE surveys
depends on background brightness, the evolutionary state of the
YSO, and other parameters. Robitaille et al. (2008) plot the
range of distances at which Stage I and II YSOs would be
detectable in the GLIMPSE surveys (see their Fig. 18). The
average distance at which a 1000 L⊙ (bolometeric) Stage I
YSO can be detected in the GLIMPSE survey is ≥2 kpc and
a Stage II 103 L⊙ YSO is ≥6 kpc. More luminous YSOs, of
course, can be detected at greater distances. One reason the
star-formation rate is of interest is that the Spitzer data has
shown that star formation appears to extend well beyond the
central cores of massive star-formation regions and young clus-
ters. In these extended regions distributed star formation appears
to be occurring (i.e., well outside the traditionally recognized
cores of young clusters; see Whitney et al. 2004b; Megeath et al.
2004; Gutermuth et al. 2004; Muzerolle et al. 2004; Gutermuth
et al. 2005; Indebetouw et al. 2007; Povich et al. 2009; Allen
et al. 2007; Gutermuth et al. 2008; and others). Efforts are
proceeding to reevaluate the global star-formation rate in the
Galaxy to determine if this newly recognized component of
star formation significantly contributes to the canonical star-
formation rate of 0:8–13 M⊙ yr�1 with a most likely value of
3 M⊙ yr�1 (Cox 2000).

To help analyze the large population of YSOs observed by
Spitzer in the GLIMPSE survey , Robitaille et al. (2006) com-
puted a grid of 200,000 SED models of YSOs using the 2D,
Monte Carlo radiation transfer code of Whitney et al.
(2003a, 2003b, 2004a). Robitaille et al. (2007) developed a
linear regression tool to select model SEDs that agree with ob-
servations to within a specified χ2, first demonstrated by
Indebetouw et al. (2007) in the M16 massive star-formation re-
gion. The range of model parameters corresponding to the well-
fit SEDs shows how well they are constrained. Some model
parameters are better constrained than others, depending on,
for example, the wavelength range of the data and the evolution-
ary stage of the source. SED-fitting, as opposed to color-color
analysis, allows physical properties such as stellar mass, tem-
perature, luminosity, envelope accretion rate, and disk mass
to be estimated for the YSOs, and shows if the properties are
well determined or not based on their ranges. Following the
spirit of the Legacy program concept, the transfer codes, grid

FIG. 6.—GLIMPSE image (red: 8 μm; green: 5.8 μm; blue: 3.6 μm) showing
the locations of very red stars (K� ½8� > 3) designated by green circles. Note
the clustering toward IRDCs of the green circled stars.
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FIG. 7.—Spatial distribution of all the AGB candidates identified in the GLIMPSE survey (top) and YSO candidates (bottom). Image from Robitaille et al.
(2008).
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of models, and fitting tool are publicly available.11 These tools
have been used to find evidence for ongoing massive star
formation in RCW 49 (Whitney et al. 2004b), the distribution
of stellar masses of YSOs in the G34 region (Shepherd et al.
2007), separate YSOs from AGBs, estimate the star-formation
rate in an extended region around M17 (Povich et al. 2007,
2009), and find YSOs in regions surrounding IR bubbles
(Watson et al. 2008). Watson et al. (2008) also developed a
method to identify the central ionizing sources by fitting their
SEDs (2MASSþ IRAC) with stellar photospheres. The SED-
fitting results are degenerate in T � andAV . If the star is assumed
to be at the distance of the bubble, its radius can be computed
and the T � � R dependence on spectral type can be
compared to those of established spectral types. The intersection
of the computed T � �R curvewith that for stellar spectral types
computed from model atmospheres can determine the spectral
type of the ionizing star. This method was confirmed by optical
spectroscopy of selected stars toward several IR bubbles
(Watson et al. 2008). Studies are continuing to determine prop-
erties of YSOs in several individual star-forming regions, and a
larger-scale model of YSOs distributed throughout the Galaxy is
planned for comparison with the infrared catalog of Robitaille
et al. (2008).

Uzpen et al. (2005, 2007) have made a concerted effort to
identify circumstellar matter around main-sequence stars from
an analysis of their MIR excess emission. Uzpen et al. (2005)
searched for β Pic analogs toward the RCW49 star-formation
region by identifying 8 μm excess emission. They identified
33 8 μm excess sources, 18 of which they concluded are con-
sistent with circumstellar debris disks. Uzpen et al. (2007)
extended their search for β Pic analogs toward 230 Tycho-2
Spectral Catalog stars. Of these 14 appear to have IR luminos-
ities and temperatures consistent with β Pic debris disk systems
or Class II pre–main-sequence systems.

2.3. IR Bubbles/H II Regions

IR bubbles are arguably the most spectacular objects in the
GLIMPSE/MIPSGAL images. Churchwell et al. (2006; 2007)
have cataloged almost 600 bubbles in the GLIMPSE I & II
areas. Most of the luminous ones coincide with radio H II re-
gions, indicating that they are produced by radiation and winds
of O and early B stars. They represent O and B stars at ages
typically ∼106 yr. The Churchwell et al. catalogs make no claim
for completeness; they are simply a list of the most prominent
ones. The GLIMPSE I survey area is known to be especially
incomplete for bubbles with very small (≤10) and very large
(>300) angular diameters. Figure 4 shows a typical IR bubble
produced primarily by a single O5 star; this is N49 in the
Churchwell et al. (2006) catalog. Figure 8 (RCW 49) is an ex-
ample of a very different IR bubble; it is produced by a luminous

star cluster (Westerlund 2) plus two WR stars that lie outside the
central cluster. Figures 4 and 8 show bubbles with very different
morphologies and physical properties.

2.3.1. Statistical Properties

About 38% of the MIR bubbles in the Churchwell et al.
(2006, 2007) catalogs do not have complete rings; that is, it ap-
pears that the swept-up shells have been blown out presumably
in the direction where the confining shell is least dense; the
bubbles shown in Figure 8 is an example of this phenomenon.
The bubbles are fairly eccentric; ∼65% have eccentricities be-
tween 0.55 and 0.85 with a peak in the distribution at ∼0:65.
Departure from sphericity is probably produced by the ambient
density distribution of the ISM; possible focusing mechanisms
of the stellar wind and radiation, such as an accretion disk, may
also play a role, especially in the earliest period of expansion.
Winds from O stars, as opposed to bipolar outflows, are ex-
pected to be basically spherical (Lamers & Cassinelli 1999).
We have not been able to relate bubble shape with the presence
or absence of a circumstellar disk. Most bubbles have small
angular diameters; almost 90% are smaller than 4′. Over 85%
of the bubbles have shell thicknesses <10, and the average shell
thickness increases linearly with shell radius in agreement with
predictions for windblown bubbles (Weaver et al. 1977). The
bubbles are tightly concentrated to the Galactic plane; their an-
gular scale height is ∼0:63°� 0:03°. The projected distribution
of MIR bubbles is similar to that of O and B stars in the Galaxy.
The surface density of bubbles is ∼5 deg�2 in the GLIMPSE II
survey area and reduces to ≥1:5 deg�2 in the GLIMPSE I sur-
vey area. Their distribution in the projected Galactic plane is
essentially identical to that of O and B stars.

FIG. 8.—Image of the bubble blown by the luminous star cluster Westerlund
2. This image combines 8, 5.8, and 3.6 μm IRAC bands. The labels are galactic
coordinates in degrees. The central cavity, multiple pillars (elephant trunks), the
Wes2 cluster, and a bow shock (lower right) are easily identifiable in this image.
See the electronic edition of the PASP for a color version of this figure.

11 See http://www.astro.wisc.edu/protostars.
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2.3.2. MIR Radiation Properties

One of the key new insights revealed by the Spitzer
GLIMPSE/MIPSGAL images is the role of dust in H II regions
and their photodissociation regions (PDRs). The combination of
IRAC, MIPS, and high-resolution radio continuum data show
that H II regions are surrounded by a bright 8 μm shell that
traces the PDR associated with each H II region. Inside the
8 μm shell, thermal dust emission dominates (especially at
24 μm). Radio continuum and 24 μm emission are essentially
coincident with each other, proving that dust is present within
H II regions. In addition, the radio continuum clearly terminates
very close to the inner face of the 8 μm shell, indicating that H II

regions are confined by their PDRs (see Watson et al. 2008).
Figures 4 and 9 are good examples of this morphology. In
H II regions blown by stellar winds, the immediate volume

around the star is basically evacuated of both gas and dust pro-
ducing a “dip” in 24 μm and radio continuum brightness toward
N49 (Fig. 4); neither is there any evidence for 8 μm (PAH) emis-
sion inside the 8 μm shell because PAHs are destroyed by the
stellar UV radiation (see Watson et al. 2008; Povich et al. 2007).
In H II regions ionized by late O stars or cooler, 8 μm, 24 μm,
and radio continuum all peak at the location of the ionizing star
(s) (Fig. 9). This situation is different from bubbles dominated
by stellar winds where all tracers either have a dip at the central
star or are absent altogether at the center. The IR emission at the
center of N010 is due to thermal dust and stochastic dust emis-
sion produced by absorption of single UV photons that briefly
heat VSGs, which subsequently cool by emitting IR radiation.
There are no strong nebular lines in the MIPS 24 μm band;
Spitzer/IRS spectra currently being prepared for publication
confirm this. The PAH destruction radius coincides rather pre-
cisely with the H II region ionization front.

The above morphology has some important implications.
The fact that dust seems to be well mixed within the Hþ gas
implies that: (1) H II regions are older than their dynamical ages
would imply (i.e., their radii are smaller at a given age than they
would be in the absence of dust); (2) the lifetimes of dust in the
hostile environments of hot stars must either be ≥106 yr (the
minimum age of several well-studied H II regions) or the dust
must be continuously replenished; and (3) because dust in these
environments is highly positively charged, the dust becomes the
dominant coolant. Churchwell and Everett (2008) have studied
these effects in some detail in N49, shown in Figure 4.

2.3.3. Triggered Star Formation

Triggered star formation is another topic that has come to the
fore with the GLIMPSE/MIPSGAL images. Churchwell et al.
(2006, 2007) identified YSOs on the periphery of or superim-
posed on expanding H II regions or dust bubbles. In a catalog of
almost 600 bubbles, YSOs were found toward about 13%.
Although positional coincidences are not a proof of triggering,
it is certainly suggestive that these YSOs have been triggered by
compression of swept-up or preexisting molecular clumps due
to expansion of the H II regions. Deharveng et al. (2005) and
Watson et al. (2008) have studied several H II regions and
reinforced that triggered star formation indeed appears to be oc-
curring toward some expanding H II regions, although Watson
et al. (2008) do not find a significant increase of YSOs toward
the PDRs of H II regions, indicating that this mechanism of star
formation is not a major formation mechanism. Figure 4 (N49)
is an H II region and/or IR bubble that appears to have triggered
three YSOs each in somewhat different stages of evolution. The
one at bottom right is a bright 24 μm source but does not have
the 4.5 μm bow tie characteristic of EGOs; the one to the left of
the 24 μm source is bright at both 24 and 4.5 μm and is a classic
example of an EGO; and, the bright source(s) to the left of
the EGO is bright at all wavelengths including 20 cm radio
continuum. We hypothesize that the rightmost source is either

FIG. 9.—Top: GLIMPSE image of the IR bubble N010 (Churchwell et al.
2006). The color coding is the same as in Fig. 4 and the contours are 20 cm
continuum (Helfand et al. 2006). The dark green at the center represents satu-
rated 24 μm emission. Bottom: A slice through the approximate center of the
bubble in longitude. Solid line: 20 cm continuummagnified by 106; dashed line:
8 μm emission magnified by a factor of 5; dotted line: 24 μm emission with no
magnification. At the center, 24 μm emission is saturated (not plotted) and both
8 μm and 20 cm emission peak. This peak is in contrast to the relative distribu-
tions in N49 (Fig. 4) where none of the tracers peak at the center.
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a lower-mass YSO that does not produce excess emission at
4.5 μm, or it is too obscured by an opaque envelope, or the out-
flow is too small to be detectable by Spitzer. At the distance of
N49 (5.7 kpc), an outflow with a velocity of 50–100 km s�1

would require 540 to 270 yr to achieve a radial distance from
the central protostar of 2 pixels (2.4″). The middle source clearly
has the extended 4.5 μm emission believed to trace the bipolar
outflow from a YSO. The leftmost source(s) have had time to
produce both a detectable H II region and a small IR bubble,
both of which indicate a more advanced age than the other
two sources to its right. If this hypothesis is correct, it indicates
that the time between these early stages of evolution must be
very short because all of this must have occurred within a
few times 105 yr. This is consistent with predicted timescales
for the evolution of massive stars.

2.3.4. Star Clusters

Mercer et al. (2005) developed an automated algorithm to
identify star clusters based on increased stellar surface density
relative to the local average surface density. They detected 59
new stellar clusters using this search algorithm. An additional
33 were found by visual inspection. The automated search
algorithm did not work as well as hoped mostly due to the bright
variable background.

3. THE INTERSTELLAR MEDIUM

In addition to IRDCs and H II regions, the GLIMPSE surveys
have highlighted the wide distribution of interstellar dust along
with PAHs and VSGs in the ISM, as well as bow shocks, pillars
(elephant trunks), and instabilities in massive star-formation
regions.

3.1. Dust and PAHs in the ISM

The GLIMPSE images of the Galactic disk vividly demon-
strate that interstellar dust and PAHs are not distributed
smoothly or uniformly. At resolutions <200 arc, interstellar dust
is clearly distributed in fine, wispy filaments. Even in the dense
bright PDR shells surrounding H II regions, PAHs are filamen-
tary with little or nothing between the filaments, indicating that
the ISM, and even dense PDR shells, are mostly empty. This has
important implications for the propagation of radiation from
stars, especially O and B stars, and the ISM because in a clumpy
or filamentary or sheetlike medium, the mean free path length of
photons is substantially greater than that in a uniform medium.
Most soft UV photons (λ > 912 Å) that can pass through the
ionization fronts of H II regions, and planetary nebulae can
travel substantially farther into the ISM and excite PAHs and
raise the ionization fractions of metals over a large fraction
of the ISM, thus explaining the wide distribution of 8 μm
(PAH) and warm dust emission at 24 μm in the Galactic plane.
In a filamentary medium, the concept of an ionization “front”
also is likely to be rather porous resulting in boundaries between

Hþ, H0, and H2 that are less sharp (i.e. thicker) than predicted by
models that assume uniform density distributions. At distances
well away from bubbles, the IR colors of the diffuse ISM
are relatively uniform, providing independent support for a
porous ISM.

Heitsch et al. (2007) produced model images of molecular
clouds bathed in the radiation field of a nearby O star to help
answer the question of whether the GLIMPSE diffuse emission
structures can be interpreted as density enhancements. They
found that as the density of material (and therefore optical
depths) increased, shadowing and irradiation effects can com-
pletely alter the appearance of an object. However, in the more
diffuse regime [nðH IÞ≲ 100 cm�3], flux density maps may be
used to trace the 3D density structure of the cloud via density
gradients. Thus, while caution is in order, GLIMPSE can pro-
vide quantitative insight into the turbulent structure of the inter-
stellar medium. Bethell et al. (2007) have modeled radiative
transfer of UV radiation through a clumpy molecular cloud
and shown that UV radiation can penetrate, and therefore alter
ionization conditions, 2–3 times deeper into a clumpy cloud
than into a uniform density cloud.

Even at MIR wavelengths, some large molecular clouds have
high enough opacities that background stars are attenuated. In
Figure 10, the number of stars in the GLMC per 0:1 deg2 is
plotted as a function of galactic position. In the inner part of
the Galaxy where the number of stars is high, one can easily
see the outline of major molecular clouds and massive star-
formation regions by the decrease in the number of stars at these
locations (indicated in Fig. 10). Some of the well-known clouds
are noted in Figure 10, among which are M16, M17, W31,
W33, and W43. By modeling the spectral energy distributions
of the stars seen toward these clouds, it is possible to estimate
their optical depths from which masses can be inferred (Whittet
1992), providing an important independent check on radio
determinations.

3.2. Bow Shocks, Pillars, and Instabilities

In massive star-formation regions (MSFRs) where numer-
ous, still accreting YSOs are in close proximity with each other,
one should expect to find bow shocks produced by YSO out-
flows and hot star winds crashing into each other and into the
ambient ISM. Indeed, in the GLIMPSE images of MSFRs,
several bow shocks have been reported by Povich et al. (2008).
In Figure 11, a montage of six proposed bow shocks are shown
in M17 and RCW49. The bow shocks stand out at MIR wave-
lengths due to higher densities produced by shock compression
and to high dust temperatures due to heating mostly by stellar
radiation. See Povich et al. (2008) for further details and the
electronic edition for a color version where the bow shocks
are more apparent.

Pillars and instabilities are ubiquitous at the inner faces of
and within PDR regions around H II regions and massive star
clusters. Good examples of both are seen in M16 (the “fingers
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FIG. 10.—Log of the number of sources per deg2 from the GLMC at 4.5 μm in the magnitude range 6.5–12.5. The Galactic longitude is labeled below each strip and
each pair of strips represent equal segments of the plane on opposite sides of the Galactic center. Note the systematic decrease in the number of sources with distance
from the center, the asymmetry in the number of sources in the first quadrant vs. that in the fourth quadrant at jlj < 30°, the decrease in star counts at locations of known
major molecular clouds, and the very small deviations in latitude of the stellar midplane indicated by the horizontal solid line (see Benjamin et al. 2005).
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of creation” made famous by the HST images are also seen in
emission in GLIMPSE; see Indebetouw et al. 2005) and in
RCW49 (Fig. 8). The inner face of the outer shell around
the Westerlund 2 (a luminous, massive star cluster) has been
badly eroded by the action of stellar radiation and stellar winds.
Here, pillars of higher-density gas and dust protrude inward to-
ward the star cluster with obvious bright, shocked surfaces at the
head or tip of the pillars. In this MSFR, we are seeing the pro-
cess of mass clearing of the natal cloud by the action of stellar
winds and radiation from Westerlund 2 and the two WR stars
(WR20a, b) located within the RCW49 complex. Churchwell
et al. (2004) and Whitney et al. (2004b) have discussed the dif-
fuse emission and stellar populations, respectively, in this re-

gion. Churchwell et al. (2004) pointed out in their Figure 1 a
bright, thin, wiggly feature that they suggested might be an
example of a “Vishniac” instability. This is an instability that
occurs when a sheet of gas is compressed from both sides
and with time develops instabilities that cause the sheet to be-
come wrinkled—when seen edge-on these instabilities will look
like a thin wiggly feature. It has not been proven that this feature
is, in fact, a Vishniac instability, but it might be well worth the
time of a dynamicist to attempt a hydrodynamic model of this
feature.

3.3. Infrared Extinction Law

Lutz et al. (1996) used ISO spectral line observations to de-
rive the diffuse interstellar infrared extinction law. They used H-
recombination lines that lie in the wavelength range 2.5–9 μm
and found that Aλ=AV is essentially constant from about 4 μm
to about 8 μm toward the Galactic Center. This result was con-
firmed by Indebetouw et al. (2005) using an entirely different
technique based on GLIMPSE stellar photometry. Indebetouw
et al. (2005) were able to identify along three different lines of
sight red-clump giants (RCGs), which have a narrow range of
intrinsic luminosities and colors. Using RCGs, they also found
that the diffuse interstellar medium differential reddening and
extinction from ∼4 to 8 μm is constant in contrast to theoretical
expectations. Roman-Zúñiga et al. (2007) investigated the 1.25–
7.76 μm extinction law in the star-forming dark cloud B59 and
found that it deviates only slightly from that of Indebetouw et al.
(2005), but RV ¼ 5:5 and larger grains were more consistent
for B59 grains than for ISM grains. Ganesh et al. (2008) used
red-clump giants at l ¼ �45°, b ¼ 0:0°, using data from ISO,
GLIMPSE, and 2MASS to examine the MIR extinction law
and found a relation consistent with Indebetouw et al. (2005).
Jiang et al. (2003) examined an ∼0:1 deg2 area centered at
l ¼ �18:63°, b ¼ 0:35°, using ISOGAL and DENIS data to
derive A7μm=AV ∼ 0:03, which when translated to A7μm=AK

lies about 0.1 above the interpolated value of Indebetouw et al.
(2005). Flaherty et al. (2007) examined the MIR extinction law
toward five nearby star-forming regions using IRAC bands and
MIPS 24 μm. They found that from ∼4 μm to 8 μm the extinc-
tion is also constant but Aλ=AKs lies systematically above those
of Indebetouw et al. (2005) by ∼0:05 to>0:1. They suggest that
the differences may be due to variation in the diffuse ISM versus
molecular cloud extinction laws.

All determinations of the MIR extinction law suffer uncer-
tainties due to uncertain assumptions, location along the line of
sight (i.e., different environments), and selection effects intro-
duced by techniques that use different tracers . Even so, there
seems to be general agreement that from ∼4 μm to 8μm extinc-
tion seems to be approximately constant in all environments.
There are apparent disagreements about the 2–4 μm slope
and absolute values of Aλ=AK . These may be indicative of
uncertainties introduced by different techniques or different

FIG. 11.—Top panel: GLIMPSE image of M17 (3.6 μm, 4.5 μm, 5.8 μm,
8 μm). Zoomed images of three proposed bow shocks are shown in the insets.
The scalebar is 3000 ¼ 0:23 pc at a distance of 1.6 kpc (see Povich et al. 2008).
Bottom panel: image of RCW49 (same scheme as top panel) showing zoomed
image insets of three proposed bow shocks in this massive star-formation region
(Povich et al. 2008). See the electronic edition of the PASP for a color version of
this figure.
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environmental conditions. Future studies will be needed to re-
fine the current status of the MIR extinction law.

4. GALACTIC STRUCTURE

As mentioned in § 1, the GLIMPSE surveys have archived
over 100 million stars that can be accessed at the Spitzer Science
Center archive12 and eventually at NASA/IPAC Infrared Science
Archive (IRSA).13 The fact that a large number of stars would be
detected in the GLIMPSE surveys was understood when the
project was proposed, but it was not appreciated how important
they would be in tracing large-scale Galactic structure. About
90% of all the stars cataloged are red giants, a good fraction
of which appear to be red-clump giants. This is very fortunate
because these stars have a small range of intrinsic luminosities,
making them good standard candles detectable at MIR wave-
lengths to large distances.

Let us begin this section with a comparison of the GLIMPSE
survey with 2MASS and SDSS. The 3.6 μm and 4.5 μm IRAC
bands, with sensitivity limits 14.2 and 14.1 mag, respectively
(Benjamin et al.2005), provide the optimum wavelengths for
studying Galactic stellar structure. Observations at shorter
wavelengths, like the 2.2 μmK band, are more strongly affected
by extinction, A3:6 ∼ 0:6 AK ∼ 0:06 AV ; observations at
longer wavelengths are comprised of higher levels of diffuse
emission from dust and PAH emission, and stellar photospheric
fluxes decrease with increasing MIR wavelengths. The 2MASS
sensitivity limits in the J, H, K bands are 15.8, 15.1, 14.3 mag,
respectively (Skrutskie et al.2006), slightly fainter than the
GLIMPSE sensitivity limits. The distance probed by the two
surveys depends on the direction. In low-extinction regions
at large Galactic longitudes, 2MASS probes slightly deeper than
GLIMPSE; in the inner Galaxy (jlj < ∼40°), GLIMPSE probes
deeper than 2MASS because of the lower extinction at
GLIMPSE bands. In these regions, however, GLIMPSE is
confusion-limited at 13.3–13.6 mag, rather than sensitivity-
limited. The SDSS survey, which typically goes to ∼20 mag,
only crosses the Galactic plane in selected directions. Also, be-
cause of severe extinction in the optical bands, the SDSS sur-
veys only sample a fairly local volume (radius of a few kpc)
toward the region of the inner Galaxy imaged by GLIMPSE.

4.1. The Central Bar

The first indication from GLIMPSE of the Galaxy’s central
bar is apparent in Figure 10, which clearly shows a strong asym-
metry in the number of stars between the first and fourth quad-
rants of the Galactic plane. There are about 25% more stars per
unit area at longitudes from 0° to about 30° than the same

angular interval in the fourth quadrant (360° to 330°). An alter-
native way to show this is to plot the log of the number of stars
(per magnitude per square degree) versus magnitude at 4.5 μm;
such a plot is shown in Figure 12 (from Benjamin et al. 2005).
This plot shows that the stellar count at magnitudes from ∼14 to
∼6:5 is about the same for lines of sight greater than 30° from
the Galactic center, but at l ¼ 15:5° the number of stars is
systematically greater than that at the same distance from the
Galactic center at l ¼ 344:5°. The average slope is about the
same for all lines of sight. However, there is a bump at ∼12th
mag in the curve at 15.5° that does not appear in the line of
sight at l ¼ 344:5°. To investigate the origin of this bump,
Benjamin et al. (2005) plotted the power-law exponent of counts
as a function of apparent magnitude at 4.5 μm and Galactic
longitude; this plot is shown in Figure 13.

Figure 13 illustrates several important features: (1) along the
top at the faintest magnitudes, the confusion limits are
apparent; (2) along the lower part of the figure, randomly large
departures from the average number count index (slope) occur
because of the small number of the brightest stars; (3) from
about l ¼ 30° to 0°, there is a systematic increase in the number
count index (this is the steepest part of the bump seen in Fig. 12),
and at slightly fainter magnitudes the slope passes through the
average slope (green color), and then at still fainter magnitudes
the slope levels off (blue to purple colors); (4) the width of the
bump feature in brightness indicates that it traces a stellar
population with an intrinsic range of brightness of about
1 mag (i.e., a fairly good standard candle); and (5) the fact that

FIG. 12.—Number of sources from the GLMC as a function of magnitude for
three pairs of sight lines with members of each pair equidistant from the Galactic
center. This is another way of illustrating that the number of sources is the same
in the north and south at jlj > ∼30° but at jlj < ∼30° the number is system-
atically ∼25% higher in the north than the south at all magnitudes. In addition,
there is a hump at ∼12 mag in the north that is absent in the south; this
turns out to be a signature of the northern arm of the central bar (see Benjamin
et al. 2005). See the electronic edition of the PASP for a color version of this
figure.

12 Find this archive online at http://ssc.spitzer.caltech.edu/legacy/
glimpsehistory.html.

13 The NASA/IPAC IRSA is online at http://irsa.ipac.caltech.edu/data/
SPITZER/GLIMPSE.
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the bump feature becomes systematically fainter toward the
center of the Galaxy implies that the average distance of the
tracer increases toward the Galactic center. Benjamin et al.
(2005) interpreted Figures 10, 12, and 13 as evidence for a cen-
tral bar in our Galaxy of radius 4:4� 0:5 kpc and oriented
about 44°� 10° to the Sun-Galactic center line. The central
bar is a major feature of our Galaxy. Although not the first
to suggest a central bar in our Galaxy, the GLIMPSE data
are possibly the strongest evidence for it and certainly the clear-
est evidence for its extent and orientation.

4.2. The Stellar Radial Scale Length

A plot of the number of stars at 4:5 μm deg�2 with longitude
shows that the number of stars decrease by a factor of ∼12 from
jlj ¼ 10° to ∼65° and the number versus longitude can be well
fit by a first-order modified Bessel function of the second kind
(see Fig. 14 and Benjamin et al. 2005), which is expected for an
exponential disk. The best-fit curve found by Benjamin et al.
(2005) yields an angular radial scale length of 24:2°� 0:3°.
Assuming the stellar tracers are dominated by red-clump
giants, Benjamin et al. (2005) infer that the angular scale length
would translate to a linear scale length of 3:9� 0:6 kpc. Red-
clump giants have a well-established magnitude of MK ¼
�1:62� 0:03 mag with an intrinsic color of ðJ� KsÞo ¼
0:7 mag; these values depend weakly on metallicity (Cab-
rera-Lavers et al.2007). They also found that the source-count
weighted stellar midplane varies by no more than�0:05° within
jlj < 65° of the Galactic center.

4.3. Spiral Arms

Imagine sweeping our line of sight along the Galactic mid-
plane and integrating the number of stars seen along each direc-
tion. In this case, at each tangency to a spiral arm, one would
expect to see an enhancement of stars because of the increased
line of sight path length through the arm and the increased num-
ber of stars in the arm. This is, in fact, what one sees with the
expected profile of number versus longitude toward the Scutum-

FIG. 13.—Power-law exponent of star counts as a function of apparent mag-
nitude at 4.5 μm and Galactic longitude; this is basically the slope of the curves
in Figure 11. The orange-yellow strip at ∼12th mag and longitudes <30° in the
upper panel represents the increase in slope of the hump in Fig. 11; the blue strip
is where the slope levels out. This has been modeled by Benjamin et al. (2005) to
determine the radius (4:4� 0:5 kpc) and orientation (44°� 10°) of the bar to the
Sun-Galactic center line. The bin size is 0:1° × 0:1 mag.

FIG. 14.—Number of sources per deg2 as a function of Galactic longitude at
4.5 μm, K, H, and J bands. Many more sources are detected from J to H to K to
4.5 μm due to decreasing extinction. The solid line fit to the 4.5 μm counts is a
first-order modified Bessel function of the second kind, which is a good fit at
longitudes l > 30° and�20° to�65° (except for the excess at about�50°, which
is the tangency to the Centaurus arm). The large excess at longitudes within
about 5°—6° of the Galactic center is due to the nuclear bulge. Note the absence
of any indication of a stellar excess at the tangency of the Sagittarius arm.
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Centaurus arm tangency at 306° < l < 313° (see Fig. 14). At
about the same angular distance from the Galactic center, but
on the opposite side (∼45° < l < ∼51°), there is no detectable
increase in the star count where the Sagittarius arm is expected
to lie (see Fig. 14). Although extinction is significantly reduced
in the mid-infrared, it is clearly important for selected regions
(Benjamin et al.2005). Combined models of infrared stellar
emission and interstellar absorption have been carried out at
K band to examine the effect of extinction on the contrast of
stellar spiral arm tangencies (Drimmel & Spergel 2001). Models
of the effect of lower mid-infrared star counts are currently
being developed.

At the 212th American Astronomical Society Meeting in St.
Louis, MO, a special two-day meeting on Galactic Spiral Arms
took place. At this meeting an attempt was made to visualize the
most accurate picture of the Milky Way seen face-on using all
available observational data including the stellar data from
GLIMPSE, the H I 21 cm Galactic Plane Surveys, and CO
surveys. Dame & Thaddeus (2008) reported detection of the
counter part of the expanding 3 kpc arm lying on the far side
of the Galactic center, a feature predicted by Oort (1964) but
only established in 2008. The best visualization of the face-
on Milky Way constrained by the currently available data,
shown in Figures 15 and 16, was constructed by R. Hurt of
the Spitzer Space Science Center in consultation with R. Ben-
jamin of the University of Wisconsin-Whitewater. Figure 16 is
an annotated version of Figure 15.

Figures 15 and 16 are an attempt to synthesize over a half-
century of work on Galactic structure by many authors. Some of
the key elements taken into account in constructing Figures 15
and 16 are briefly discussed in the following.

Distance to the Galactic center.—All results have been
scaled to a fiducial distance to the Galactic center of RGC ¼ 8
kpc (Reid 1993), somewhat less than the standard IAU distance
of RGC ¼ 8:5 kpc (Kerr & Lynden-Bell 1986). Analysis of the
S2 stellar orbit around Sag A* (Eisenhauer et al.2005), indicates
an even shorter distance of RGC ¼ 7:62 kpc with a statistical
uncertainty of �0:32 kpc and a systematic uncertainty of
�0:16 kpc, a result that has yet to be confirmed by an indepen-
dent analysis.

Galactic Bar.—The parameters of the Galactic stellar bar,
also referred to as the COBE/DIRBE bar, the triaxial bulge,
or the bulgey-bar, have principally been constrained by analysis
of near- and mid-IR low-resolution images and also micro-
lensing studies toward low-extinction windows, and has been
reviewed by Gerhard (2002) and Merrifeld (2004). Gerhard
adopts an aspect ratio of 10:4:3 (length:width:height), a half-
length of ∼3:1–3:5 kpc, and an angle of Φ ¼ 20° with respect
to the Galactic Center-Sun line, where Φ ¼ 0� 90° puts the
near end of the bar in the first quadrant l ¼ 0� 90° of the
Galactic plane. This structure is much more vertically extended
than the thin stellar disk.

Long Bar.—Several studies of near-infrared selected red-
clump giants in the midplane have indicated a second non-ax-
isymmetric structure in the inner Galaxy, which is vertically
thinner than the COBE/DIRBE bar. First claimed by Hammers-
ley et al. (2000), this “Long Bar” was confirmed independently
with GLIMPSE data. The dynamical relation between the two
bars is still unclear.

Near and Far 3-kpc Arms.—Neutral hydrogen 21-cm sur-
veys discovered the “Expanding 3-kpc Arm,” named for its an-
gular size and approaching Doppler shift for gas in the direction
l ¼ 0° (van Woerden 1957). It is now generally thought to be
associated with gas flow roughly parallel to the bar. The far-side
counterpart was recently discovered by Dame & Thaddeus
(2008). Placement of this gas on an image requires combining
CO and H I position-velocity data with a dynamical model of
gas flow in a barred potential. The model of Fux (1999) was
used. This model was also used to assign a position to the dust-
lanes of the bar and the Central Molecular Zone (Morris &
Serabyn 1996).

Outer Spiral Arms.—Outside the zone of influence of the bar,
it is generally, but provisionally, assumed that the Galaxy has
four principal spiral arms: Norma, Sagittarius, Perseus, and

FIG. 15.—Sketch of approximately how the Galaxy is likely to appear viewed
face-on. This sketch was made by Robert Hurt of the Spitzer Science Center in
consultation with Robert Benjamin at the University of Wisconsin-Whitewater.
The image is based on data obtained from the literature at radio, infrared, and
visible wavelengths. As viewed from a great distance our Galaxy would appear
to be a grand-design two-armed barred spiral with several secondary arms: the
main arms being the Scutum-Centaurus and Perseus arms and the secondary
arms being Sagittarius, the outer arm, and the 3 kpc expanding arm (see Fig. 14).
See the electronic edition of the PASP for a color version of this figure.
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Scutum-Centaurus. (The final arm is also referred to as Scutum-
Crux, but the tangency direction of this arm is clearly in the
constellation Centaurus.) The most commonly adopted model
originates with the H II region study of Georgelin & Georgelin
(1976). There have been many other models proposed (Liszt
1985); numerous variations persist to this day. The image shown
continues the tradition of using the Georgelin & Georgelin
model as the template, with (1) tweaks in positions to incorpo-
rate the results of Very Long Baseline Array (VLBA) parallax
distances to masers in selected star-formation regions, c.f. Xu
et al. (2006), (2) refined spiral arm tangency directions from
CO surveys (Dame et al. 2001), and (3) revised “amplitudes”
of the arms to reflect evidence that the Scutum-Centaurus
and Perseus arms are associated with overdensities in the old
stellar disk, but the Norma and Sagittarus arms are not. This
final modification is based on GLIMPSE results as well as work
by Drimmel (2000) and Drimmel & Spergel (2001). Of all the
elements of Figure 15 and 16, the spiral structure is still the most
problematic and deserves much more attention from the com-
munity. The image also shows the placement of the “Outer” and
“Distant” spiral arm(s), which have been placed kinematically
as in McClure-Griffiths et al. (2004).

5. EVOLVED STARS

Robitaille et al. (2008) have identified ∼7500 IR-selected
AGB stars in the GLIMPSE survey. Due to the red color selec-
tions, most of the AGB stars are extreme AGBs. Prior to this,

most known AGB stars in our Galaxy were nearby (<1 kpc),
optically selected sources, most of which saturate in the
GLIMPSE survey. The Robitaille et al. selection represents a
newly discovered population of AGB stars distributed through-
out the Galaxy. By comparing GLIMPSE and MSX catalogs,
taken nearly a decade apart, Robitaille et al. (2007) identified
over 500 highly variable sources, most of which are likely to
be evolved (AGB) stars. Together, these catalogs provide a rich
data set for follow-up by the evolved star community. A few of
the PNe identified by Kwok et al. (2008) appear to be compact
H II regions (Y.-H. Chu private communication, 2009).

Cohen et al. (2005) reported on the Planetary nebula,
G313:3þ 00:3, discovered from radio and GLIMPSE observa-
tions. Cohen et al. (2007) analyzed 58 PNe, comparing optical
and MIR (3.6–8.0 μm) morphologies and MIR and radio fluxes
to discriminate between thermal and nonthermal emission.
Kwok et al. (2008) located 30 PNe in the GLIMPSE survey
and analyzed their IR SEDs. They were able to separate photo-
spheric, nebular, and dust emission components.

Reach et al. (2006) searched 99 known super nova remnants
(SNRs) and detected 18 in the GLIMPSE I survey area. The
bright diffuse background emission in the Galactic plane
coupled with the faintness of IR emission in IRAC bands by
SNRs probably limited the number of detections.

6. SERENDIPITY

The GLIMPSE surveys have been a rich source of serendip-
itous discoveries. In a sense the discovery of EGOs, large-scale
Galactic structure traced by the old population of K and ME
giant stars, triggered star formation associated with expanding
bubbles, the prevalence of bow shocks in massive star-formation
regions, and dust emission properties are serendipitous.
Although not a serendipitous discovery, Kobulnicky et al.
(2005) reported a globular cluster located in the Galactic plane
(i.e. the “zone of avoidance”) at l ¼ 31°, b ¼ �0:1°, which at its
estimated distance would be the brightest cluster as observed
from the Earth except for the fact that it is attenuated by
AV ∼ 15 mag. This cluster was just barely detected in 2MASS
(Simpson & Cotera 2004), but in the IRAC bands it is very ob-
vious. Close to a dozen galaxies in the Great Attractor cluster
were detected through the foreground Galactic haze (two of
which have been confirmed spectroscopically by Jarrett et al.
2007). Mercer et al. (2007) reported detection of a curious ob-
ject that they call the “Southern Jellyfish Nebula.” This object
has mid-IR filaments or “ropes of nebular emission” with
length-to-width ratios >20:1, the nature of which is not known.
They suggest the following possible explanations for the ap-
pearance of the rope pattern: (1) confinement of matter by mag-
netic fields; (2) formation via instabilities; (3) illumination of
scattering surfaces; (4) excitation of spectral line emission fea-
tures; and (5) projection effects. They mention that this object
does not appear to be unique and reference several other similar
objects. Finally, the discovery that YSOs are distributed

FIG.16.—This is the same image as Fig. 15 with Galactic coordinates overlaid
and the locations of spiral arms and the Sun indicated. See the electronic edition
of the PASP for a color version of this figure.
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throughout molecular clouds, not just toward the centers of
H II regions, was unanticipated by many in the star-formation
community.

7. SUMMARY

A brief summary is given of some of the main contributions
enabled by the GLIMPSE surveys. This includes contributions
to star formation and early stages of evolution, in particular the
morphologies and properties of IRDCs, EGOs and other YSOs,
and mid-infrared bubbles and H II regions. Over 30 new β Pic
candidates have been identified via their MIR excess emission.
Large-scale Galactic structure as traced by the distribution of
red giants has clearly revealed the radius and orientation of
the central bar, the tangency to the Scutum-Centaurus arm,
no such tangency toward the Sagittarius arm, and the stellar ra-
dial scale length. It now appears that the Milky Way is a barred,
grand-design two-armed spiral with at least two secondary arms
(the Sagittarius and Norma arms). The distribution and ubiquity
of dust and PAHs in the interstellar medium are highlighted by
the GLIMPSE images, as are the prevalence of bow shocks,
pillars, and instabilities in massive star-formation regions.

As of 2008 November, we are aware of at least 70 publica-
tions that have used GLIMPSE data. This is undoubtedly a low-
er limit because we do not survey all journals. The GLIMPSE
images and point-source lists GLMC and GLMA provide a rich
scientific database whose potential has only begun to be tapped.

Future systematic analyses of the GLIMPSE data are likely to be
its greatest value to the community. We also expect strong
synergies with upcoming surveys of the Galactic plane. It is
highly likely that the GLIMPSE images and point-source
archive will be used for investigations well beyond any imag-
ined by those of us involved with planning and executing the
program. We wish them good hunting.
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Bracker for Fig. 6, Thomas Robitaille for Fig. 7, Christer
Watson for Fig. 9, Matt Povich for Fig. 11, Bob Benjamin for
Figs. 10, 12, 13, and 14, and Robert Hurt of the Spitzer Science
Center for Figs. 15 and 16. We acknowledge support from the
following NASA/JPL contracts: 1224653, 1275394, 1282620,
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