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Abstract: As infrared surveys have reached optical-quality angular resolution, they have
revealed new information on the stellar, interstellar, and star-formation components of the
Galaxy.The distance to theGalactic center appears to be known towithin 5%: Ro = .±. kpc.
Measurements of the stellar scalelength of the disk,Rd = 2–4 kpc, continue to showa large range;
the origin of this scatter needs to be understood. The exponential disk does not continue into
the center of the Galaxy, with an inner radius of Rh ∼  kpc. Claims exist for a truncation, or
change in scalelength, in the outer disk, but are not yet confirmed. The stellar disk is warped,
with a similar nonsymmetric azimuthal dependence as the HI disk, but a lower amplitude and
uncertain radial extent.There is extensive evidence for two non-axisymmetric structures in the
inner galaxy: the Galactic bar (or triaxial bulge) and the Long Bar, which differ in angle by
∼20○. The existence of an inner (nuclear) bar seems likely, but studies have not converged on its
parameters. There is no compelling evidence for a ring in stellar mass, but a case can be made
for a star-forming ring.

These surveys have also revealed the projected Galactic distribution of interstellar dust and
shed light on the extinction and radiation properties of dust in differentGalactic environments.
We review the spatial distribution and wavelength dependence of extinction, the distribution
andmagnitude of PAH emission and stochastic and thermal dust emission, and different stages
of massive star formation, e.g., infrared dust clouds (IRDCs), IR bubbles around HII regions,
extended green objects (EGOs), andmassive star formation regions, including evidence for trig-
gered star formation. We briefly discuss what infrared observations tell us about evolved stars,
including variable stars, asymptotic giant stars (AGB), planetary nebulae (PNe), Luminous Blue
Variables (LBVs) and Wolf-Rayet stars, and supernova remnants. We end with a comparison
of the limitations of optical, infrared, and radio surveys of the Galaxy that should be borne
in mind.

Keywords: Galaxy:stellar content, Galaxy:structure, Infrared:general, Infrared:ISM, Infrared:
stars, ISM: general, Stars:general, Survey

1 The Infrared Era of Galactic Astronomy

Among the most strikingly beautiful features of an optical panorama of the Milky Way
(> Fig. 9-1) are the prominent dust lanes running along the Galactic plane. But in terms of
making progress in understanding the structure of theMilky Way, particularly the stellar struc-
ture, dust has been the enemy. Because of the dust and the vast spread in distance of objects in a
given direction, less is known about the large-scale structure and kinematics of our Galaxy, the
Milky Way, than many nearby spiral galaxies. Determination of the extent and morphology of
the Galaxy presentsmuch the same problem faced by a hiker lost in a foggy forest. To determine
the extent and shape of the forest, somehow the hiker has to find a way to see all the way to the
edge of the forest and estimate distances along the line of sight.

Until the mid-1980s, our knowledge of the extent and structure of the Milky Way was
almost exclusively from large-scale radio surveys of HI and CO gas tracers. However, cer-
tain fundamental limitations frustrated one of the ultimate goals of these surveys: the creation
of a reliable map of the distribution of interstellar gas in the Milky Way. The recent discov-
ery of the Far Three-Kiloparsec Arm (Dame and Thaddeus 2008) provides a striking example
of these limitations. This structure is comparable in kinematics, atomic and molecular mass
to the Near Three-Kiloparsec Arm (van Woerden et al. 1957). Its existence was predicted by
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⊡ Fig. 9-1
Optical panoramaof the innerMilkyWay (Mellinger 2009). Thepatchyoptical emission canbe com-
pared with the relatively smoothmid-infrared light observations of COBE/DIRBE 4.9 μm, shown in
contours of logarithmic intensity (MJy/sr). The area covered by the original GLIMPSE survey, with
∣b∣ < 1○ except for certain longitude ranges, is shown inwhite.At adistanceof 8 kpc, 1○ corresponds
to 140 pc. The “historical” longitude ranges for spiral arm tangencies are taken fromEnglmaier and
Gerhard (1999). The main bar (or triaxial bulge) of the Galaxy extends from l ∼ 12○ to about −8○.
The Long Bar extends from l = 30○ to about −15○

Oort (1977) and more recent models of gas flow in a barred potential, c.f. Merrifield (2004).
Yet it eluded detection for more than half a century! Why? Ultimately, the limitations in
the angular resolution of even the most recent surveys, as well as the difficulties of convert-
ing longitude-velocity diagrams into longitude-distance diagrams, obscured this structure for
many years.

It should also be noted that these pioneering surveys ofHI andCOmaponly one component
of the Galaxy: the interstellar gas. Observations of extragalactic systems show that the distri-
bution of interstellar gas, of star formation, and of the stellar mass of a single spiral galaxy can
be strikingly different (Block andWainscoat 1991); their interrelationship contains information
on how galaxies work as star formation factories.

In the last three decades, infrared surveys of the Galaxy have begun to shed new light
on the global distribution, and differences in the distributions, of these three components of
the Galaxy. In this review, we divide the infrared regime into the near-infrared (NIR) bands
(1–2.5 μm), the mid-infrared (MIR) bands (2.5–50 μm), and the far-infrared (FIR) bands
(50–500 μm). The near-infrared bands contain information about the distribution of stars
throughout the galaxy as well as the physical nature and spatial distribution of dust extinction.
The far-infrared bands provide constraints on the distribution and physical state of dust emis-
sion throughout the Galaxy. The mid-infrared bands have the optimum combination of low
extinction and low diffuse emission needed to study the stellar content of the Galaxy, but are
also ideal for studying the emission of polycyclic aromatic hydrocarbons (PAHs) and thermal
emission from very small dust grains.

1.1 A Survey of Surveys

Since the 1980s, our knowledge of the Galaxy’s structure and content has vastly expanded as
a result of the opening of the infrared frontier. Much of this progress has come as a result of
numerous surveys. >Table 9-1 contains basic information on these surveys. >Figure 9-2 com-
pares their point source sensitivities.The conversion fromflux units (Janskys=Jy) tomagnitudes
for different near- and mid-infrared surveys is given in >Table 9-2.
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A comparison of point source sensitivities and wavelength bands of past and current ground and
space-based infrared surveys. More details on these surveys are given in >Table 9-1. The curves
showmodel spectra ofWhitney et al. (2004) for a 1 Lo T Tauri star at a distance of 0.7 kpc (solid) and
a deeply embedded 1 Lo protostar at a distance of 0.6 kpc (dotted)

Among the most influential surveys were the IRAS, Infrared Astronomical Satellite, sur-
vey (Beichman et al. 1988; Neugebauer et al. 1984), the ISOGAL survey of the Infrared Space
Observatory (Kessler et al. 1996; Omont et al. 2003), MSX, the Midcourse Space Experiment
(Price et al. 2001), the all-sky COBE/DIRBE, Cosmic Background Explorer/Diffuse Infrared
Background Experiment, survey (Boggess et al. 1992), 2MASS, Two Micron All Sky Survey
(Skrutskie et al. 2006), DENIS, Deep Near Infrared Survey of the Southern Sky (Fouqué et al.
2000), Spitzer/GLIMPSE, Galactic Legacy InfraredMid-Plane Survey Extraordinaire, (Benjamin
et al. 2003; Churchwell et al. 2009), the Spitzer/MIPSGAL Multiband Imaging Photometer
Galactic Plane Survey (Carey et al. 2009), and the AKARI all-sky survey (Ishihara et al.
2010).

Surveys in progress include the near-infrared surveys UKIDSS-GPS, United Kingdom
Infrared Telescope Deep Sky Survey–Galactic Plane Survey (Lucas et al. 2008) and VVV, Vista
Variables in the Via Lactea (Minniti et al. 2010), the mid-infrared all-sky survey WISE, Wide-
field Infrared Survey Explorer (Wright et al. 2010) and outerGalactic plane surveyGLIMPSE 360
(Whitney 2009), and the far-infrared Galactic plane survey,Herschel/Hi-GAL,Hershel Infrared
Galactic Plane Survey (Molinari et al. 2010).
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⊡ Table 9-2
Effective wavelengths, zero point magnitudes, and extinction in the near- andmid-infrareda

Band Wavelength(μm) S0 Aλ/AK

2MASS J 1.235 1594.0 2.50 ± 0.15

2MASS H 1.662 1024.0 1.55 ± 0.08

2MASS Ks 2.159 667.0 1.0

WISE [3.4] 3.353 306.681 . . .
IRAC [3.6] 3.550 280.9 0.56 ± 0.06

IRAC [4.5] 4.493 179.7 0.43 ± 0.08

WISE [4.6] 4.603 170.663 . . .
IRAC [5.8] 5.731 115.0 0.43 ± 0.10

IRAC [8.0] 7.872 64.13 0.43 ± 0.10

MSX A 8.276 58.5 . . .
WISE [12] 11.561 29.0448 . . .
MSX C 12.126 26.5 . . .
MSX D 14.649 18.3 . . .
MSX E 21.336 8.8 . . .
WISE [22] 22.088 8.2839 . . .
MIPS [24] 23.68 7.14 . . .
MIPS [70] 71.42 0.775 . . .
MIPS [160] 155.9 0.159 . . .

a2MASS, IRAC, and MIPS calibration, effective wavelengths, and zero magnitude fluxes are discussed in Rieke et al.
(1995) and references therein. MSX values are from Cohen et al. (2001); WISE values are from Wright et al. (2010).
Typical extinctions from Indebetouw et al. (2005); see >Sect. 3 information on variationwith Galactic direction. For
reference, A

[4.5] = 0.43AK ≅ 0.05AV

Starting with 2MASS (near-infrared) and GLIMPSE (mid-infrared), these surveys have
reached optical-quality angular resolutions and sensitivities, making it possible to detect indi-
vidual stars, as well as better resolve diffuse emission and stellar clusters. This advance in
resolution and sensitivity has made it possible to begin a study of the large-scale distribution
of stars in the Galaxy, as opposed to the integrated light from multiple stars and diffuse dust
emission. The improved angular resolution also allows for a great improvement in our under-
standing of massive star formation, allowing for the separation of the stars, embedded YSOs,
and the complex structure of diffuse emission from PAHs and dust grains.

In this review, we discuss some of themajor hallmarks of theGalaxy at infraredwavelengths.
In >Sect. 2, we collect and compare infrared-based results on the overall stellar structure of the
Galaxy, including results from star counts and the use of standard candles. >Section 3 covers
the spatial distribution, extinction, and emission of interstellar dust and PAHs. In >Sect. 4, we
outline how infrared studies have improved our understanding of the stages and distribution
of massive star formation throughout the Galaxy, leading to new methods of estimating the
global star formation of the Milky Way Galaxy. In >Sect. 5, we summarize some of the results
of infrared investigations of evolved stars and the return of their gas and dust to the interstellar
medium. We close our review in > Sect. 6 with some final thoughts about the strengths and
limitations of infrared investigations of the Galaxy.
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The topic covered here is sufficiently vast that this reviewwill inevitably be incomplete. Some
discoveries, possibly important, will have been overlooked. Some readers may also find this
review somewhat tilted to the results of the large-scale surveys, particularly in the mid-infrared
(where the authors have had the most experience), as opposed to smaller area photometric and
spectroscopic investigations. Finally, this review is principally focused on the Galactic thin disk
and bar(s).This reviewwill not cover infrared emission at high latitudes, e.g., the infrared cirrus
or the stellar thick disk, and will only briefly touch on infrared investigations of the Galactic
center region.

2 Stellar Content and Structure of the Galaxy

In the midplane of the Galaxy, recent infrared surveys have been detecting tens of millions of
objects never before catalogued.This dramatic increase is due to three factors: greater sensitivity,
improved angular resolution, and the decreased extinction at longer wavelengths (>Fig. 9-3).
Depending on these limitations, as well as sky coverage, different observational programs are
sensitive to different “components” of the Galaxy, i.e., bulge, disk, bar, etc. Understanding the
observational limitations of these different programs, and the models used to interpret them,
is vital to make sense of the disparate measurements of Galactic parameters.The section below
discusses some general considerations in sorting through the zoo of available surveys, and then
a review of some of the recent work in characterizing the Galactic structure.

2.1 An Overview of Infrared Galactic Stellar Surveys

Optical surveys of the Galaxy, c.f. SEGUE, Sloan Extension for Galactic Understanding and
Exploration (Yanny et al. 2009), typically detect sources to much fainter magnitudes than
current infrared surveys. However, because of the fundamental limit imposed by extinction,
optical studies principally constrain the structure of the stellar halo, satellites, and the thick disk.
The stellar structure of the thin disk can only be probed in the solar neighborhood, D <  kpc
(Jurić et al. 2008), and optical studies of the bulge or bar are limited to a few low extinction
windows a few degrees off the midplane. Surprisingly, where deep optical studies cross the
midplane, they can detect many nearby dwarf stars that are not seen in infrared surveys. Since
infrared surveys have much lower extinction, these faint nearby dwarf stars can be lost against
the brighter glare of all the more distant giant stars made detectable by lowered extinction. The
effective depth (faint magnitude limit) of infrared surveys can be determined by this confusion
limit, not just the survey sensitivity limit.The confusion limit dependson the angular resolution,
extinction, and source density, and is a particular concern in the inner galactic plane, bar, and
stellar clusters.

Current infrared surveys of theGalacticmidplane are principally surveys of different classes
of red giants. This can be seen in >Fig. 9-4, which shows a TRILEGAL, TRIdimensional modeL
of thE GALaxy,1 simulation (Girardi et al. 2005) in the inner galaxy. One sees a decrease in
the luminosity function at an absolute magnitude of MK ∼ −, the break between giant and

1Girardi et al. (2005) note this word also means “very nice” in southern Brazil. And you thought the acronym
GLIMPSE was contrived!
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Sources per square degree in the magnitude range m = 6 − 12 averaged over the latitude strip
∣b∣ < 1○ binned with a resolution of Δl = 6 arcminutes. The near infrared data for the J (1.2 μm), H
(1.6 μm), and K (2.2 μm) bands are from the 2MASS point source catalog; the mid-infrared [4.5]
band data comes from the GLIMPSE point source catalog. Note that star counts increase with
increasing wavelength, and the local dips, due to clouds of absorption, become less pronounced.
The fit to the mid-infrared star-count data (for ∣l∣=30–65○ only) is a first-order modified Bessel
function of the second kind, N = N0(l/l0)K1(l/l0), expected for an edge-on exponential disk, and
yields l0 = 24 ± 4○. Things to note include (1) the relative symmetry between positive and neg-
ative longitudes, (2) the enhancement in source counts interior to ∣l∣ = 30○ due to the bar(s), (3)
the presence of a “hole” (compared to the expectation of a filled exponential disk) from l = −8○ to
∼ −20○, and (4) abroadexcess centeredat l = −52○.6 in theexpectedCentaurus spiral armtangency
direction

dwarf stars. The confusion/sensitivity limits of m ∼  mag for recent near- and mid-infrared
surveys (2MASS, GLIMPSE) mean thatmost of the sources detected in these surveys are giants.
Current deeper surveys (UKIDSS-GPS, GLIMPSE360) should also be detecting large numbers
of dwarfs in regions that are not confusion-limited.

There are twoways to convert point source catalogs into constraints onGalactic parameters:
star-countmodels and standard candles. Surveyswithout sufficient angular resolution to resolve
stars, e.g., COBE/DIRBE, must necessarily use the first method, convolved with the detector
beam-size.The chief advantage of star-countmodels is that one uses all of the sources, providing
excellent statistics. The chief disadvantage, discussed at length in Mihalas and Binney (1981),



456 9 The Infrared Galaxy

10 8 6 4121416

10

8

6

4

12

14

16

K magnitude

D
is

ta
nc

e 
m

od
ul

us
 (

m
ag

)

D
is

ta
nc

e 
(k

pc
)

l = 12° b = 0° (K Band, No extinction)

0.1

1.0

10.0

RGB bu
m

p

AGB bu
m

p

TRGB (d
isk

)TRGB (b
ar

)

RC

M K
=+8

M K
=+6

M K
=+4

M K
=+2

M K
=+0

M K
=–2

M K
=–4

M K
=–6

M K
=–8

⊡ Fig. 9-4
TRILEGAL prediction for the number of sources as a function of distance modulus and predicted K
band magnitude for 1 deg2, zero-extinction area centered on (l,b) = (12○, 0○) using the default
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by summing vertically along this diagram

is that extraction of Galactic parameters requires specifying (1) a model for both the stellar
density as a function of position in the Galaxy and (2) the luminosity function of sources. Since
the luminosity function is broad, sources at a given apparent magnitude come from a range of
distances. This degrades one’s ability to converge on a unique density model for the Galaxy. In
addition, the resulting best-fit parameters provide a useful shorthand for summarizing results,
but may be misleading in the case of unanticipated structures or degeneracies between model
parameters.

There are characteristic features in the giant luminosity function (> Fig. 9-4) that can be
used as standard candles to map stellar density along a line of sight. Chief among these features
are the tip of the red giant branch (TRGB,MK ∼ −.), red clump (RC) starswith a local absolute
magnitude ofMK = −.±. (Groenewegen 2008), red giant branch bump stars (RGB bump,
MK ∼ −.), and asymptotic giant branch bump stars (AGB bump, MK ∼ −.). These features
have beendetected in globular clusters, old open clusters, and LocalGroup galaxies. It is thought
that the red clump star luminosity is (relatively) insensitive tometallicity or population age, with
a maximum spread of about 0.4 magnitudes (Girardi and Salaris 2001).This will affect absolute
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distance estimates.Relative distances when mapping galactic structures should be more secure
unless there are large metallicity or population gradients. Other features are probably more
dependent on metallicity and age effects. This can be seen in >Fig. 9-4 where the TRGB for
disk stars is nearly two magnitudes brighter than the TRGB for older, metal-poor bulge stars.

Other, less common, infrared bright sources have also been used to map the inner Galaxy
(principally the bars), including carbon stars (Cole andWeinberg 2002), OH/IR stars (Sevenster
1999), AGB star (Weinberg 1992), and Mira variables (Groenewegen and Blommaert 2005).
A useful table describing different classes of stars can be found in Chapter 3 of Binney and
Merrifield (1998). Since these sources are comparatively rare, the statistics are poorer. However,
they provide important constraints on population age andmetallicity that might be washed out
in samples of ordinary giants. In addition, since they have a much tighter range of magnitudes,
theymore tightly constrain the density function of the component of the Galaxy beingmapped.
However, it is very important to remember that sources which trace young populations are
essentially mapping the star-forming structure of the Galaxy, not the mass density.

Given the large number of potential classes of sources that can be used, one approach is to
develop models that match all the features of an infrared color-magnitude diagram simultane-
ously (van Loon et al. 2003). This approach has been used with great success for Local Group
dwarf galaxies. In the Galaxy, the additional free parameters needed to characterize stellar den-
sity and extinction vs position, plus the sheer volume of data to be analyzed,make this approach
quite challenging.

Of the four features in the giant luminosity function discussed above, red clump stars have
been put to the most use in mapping Galactic structure. This is because they have the high-
est space density, the tightest luminosity function, and have been absolutely calibrated using
a sample with Hipparcos parallaxes (Alves 2000; Groenewegen 2008). Identifying red clump
stars in the field is more challenging than in clusters or Local Group galaxies because of the
effects of extinction and distance spreads along the line of sight. If one wants to obtain a
“pure” sample of red clump giants at a given apparent magnitude, one needs color information
to separate them out from brighter and fainter red giants (and dwarfs) at the same apparent
magnitude.

With mid-infrared data alone, this separation is not possible. Mid-infrared wavelengths
sample the Rayleigh-Jeans tail of the spectra of ordinary dwarfs and giants. As a result, the
mid-infrared colors of non-dusty dwarfs and giants is near zero. However, the near-infrared
colors of red clump giants is slightly bluer, (J − Ks) = . ± . (Alves 2000; Grocholski
and Sarajedini 2002), than most red giants, and much redder than dwarfs. They can therefore
be color selected provided one can make adequate extinction corrections. The number of red
clump stars per bin of apparent magnitude can be converted to mass density as a function of
distance, assuming the number of red clump stars is proportional to the total mass.

There is one situation in which the distance to red clump stars can be obtained without
color selection. Whenever there are relative overdensities in the Galaxy, a histogram of sources
as a function of magnitude will have a “bump” at a magnitude related to the distance of the
overdensity. > Figure 9-5 shows an example of mid-infrared histograms showing a bump at
m
[.] ∼ . due to red clump stars in the galactic “Long Bar” (Benjamin et al. 2005). If the

apparent magnitude of the bump shifts smoothly with longitude, the bump is probably due a
standard candle tracing a region of stellar overdensity in the Galaxy. Red clump stars are the
most likely class of source to produce such a bump; near-infrared color magnitudes can be
used to confirm this. > Figure 9-6 shows the slope of point source histograms as a function
of longitude and magnitude for GLIMPSE 4.5 μm data. Several slope changes associated with
different Galactic structures are noted and discussed below.
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Number of sources from the GLIMPSE Point Source Catalog as a function of magnitude for three
pairs of directions. The outer galaxy (l = 55.5○/l = 304.5○) and middle galaxy (l = 35.5○/l = 324.5○)
curves have approximately the same amplitude and slopes. The inner galaxy (l = 15.5○/l = 324.5○)
shows a significant north/south asymmetry; the northern direction also shows a bump in source
counts at amagnitude ofm ∼ 12.2. The number of sources has been averaged over a 1○ (longitude)
× 1○.8 (latitude) region. Figure from Benjamin et al. (2005)

With the rapid improvement in sensitivity and resolution, researchers are still identifying
new classes of sources and developing new analysis techniques to estimate different Galac-
tic parameters. The diversity of approaches and results can be bewildering. Which results are
right? Which are suspect? This review will not make those choices. In general, the results that
should carry the most weight should be those that are (1) based on all-sky (or all-plane) sur-
veys, (2) have resolved stellar populations, (3) have the lowest intrinsic extinction, and (4) use
well-calibrated standard candles.

2.2 The Stellar Disk

2.2.1 Distance to the Galactic Center

The distance to the Galactic center, R, is a key parameter for galactic structure. Although the
official IAU value remains 8.5 kpc (Kerr and Lynden-Bell 1986), the bulk ofmeasurements since
then have favored somewhat lower values (Reid 1993). The distance to red clump stars in the
bulge indicate an even smaller distance of .±.(sys)

±.(stat) kpc (Nishiyama et al. 2006). The two
most reliable methods to get the distance to the Galactic center are infrared observations to
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determine the orbital parameters of the S2 star around Sgr A*, R = . ± . kpc (Ghez et al.
2008) or R = .± . kpc (Gillessen et al. 2009), and measurements of the radio parallax of
the nearby Sgr B2, R = .+.

−. kpc (Reid et al. 2009). As observations continue for these two
objects, the statistical errors will decrease. In the following sections, we have not attempted to
correct reported measurements to put them on the same R scale.

2.2.2 Scalelength(s)

A definitive determination of the scalelength of the Galactic stellar thin disk has yet to bemade,
and we are not aware of a recent critical review of the various measurements. Older studies,
summarized by Robin et al. (1992b), yielded values in the range Rd = 3.5–4.5 kpc. Subsequent
investigations, summarized by Sackett (1997), have usually yielded smaller values, Rd = 2.5–
3.0 kpc. Since this summary, six additional optical studies have measured values ranging from
2.25 to 4.0 kpc, c.f. Jurić et al. (2008) and references therein.
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Infrared studies should, in principle, give a more reliable measure of the thin disk scale-
length as they canprobe further through the disk in themidplane. In the inner galaxy (∣l ∣ < ○),
one key test of the reliability of the results is that they should be symmetric on either side of
Galactic center outside the longitude range affected by the bar. In the outer galaxy, measure-
ment of the scalelength is complicated by the presence of flaring (increase in scaleheight with
radius) and warping. Results based on full-sky COBE/DRIBE low angular resolution observa-
tions of infrared light range from . to . kpc (Freudenreich 1998) and . kpc (Drimmel and
Spergel 2001).

Near-infrared data from DENIS or 2MASS have also been used to constrain the scale-
length, although most of these attempts have excluded the inner Galaxy. This includes analysis
of DENIS data for l = ○ and l = ○, Rd = . ± . kpc (Ruphy et al. 1996) and anal-
ysis of 2MASS data from l = –○, Rd =  kpc (Reylé et al. 2009). López-Corredoira
et al. (2002) used both star-count models and red clump giants for selected 2MASS fields in
the longitude range ○ < l < ○ to estimate the scalelength, finding agreement between
the two methods. Because the scaleheight was found to change with radius, the scalelength
of the midplane density, Rd , = . kpc, and the scalelength of the surface stellar mass density,
Rd ,tot = . kpc, differ. Finally, because of the reduced extinction in themid-infrared, GLIMPSE
star-count data, combined with the luminosity function of Wainscoat et al. (1992), constrained
the scalelength in the innerGalaxy, ∣l ∣ = − ○, yielding Rd , = .± . kpc (Benjamin et al.
2005).

Making sense of all of these results would be a valuable project. As Binney and Tremaine
(2008) note, given other constraints on the Galactic potential, the difference between a scale-
length of 2 kpc and 3.2 kpc is the difference between a stellar mass dominated gravitational
potential, and one dominated by dark matter. Some of the difficulties in comparing the results
of different authors include the following: (1) observations of other disk galaxies show the radial
scalelength to be wavelength dependent; (2) radial variation in the scaleheight of the thin disk
and the presence of the thick disk, with a separate scalelength and scaleheight, produces poten-
tial degeneracies; (3) other galaxies show evidence of two separate scalelengths for the outer
disk, depending onHubble type (Erwin et al. 2008); and (4) surveys using photometric distances
to sources need to account for binary stars (Jurić et al. 2008).

2.2.3 Spiral Structure

Spiral structure in disk galaxies is seen most prominently as a pattern of gas density and star
formation. This pattern can be well organized in grand-design spirals or patchy in flocculent
spirals. But disk galaxies also show spiral structure in the stellar mass, traced by infrared light.
Themorphology and amplitudes of the mass spiral and the star-formation spiral can be notably
different (Schweizer 1976; Zwicky 1955), although they bear some similarities. The difference
in arm morphology as a function of tracer is discussed at length in Chapter 6 of Binney and
Tremaine (2008), who suggest the namesmass arm, potential arm, gas arm, and bright-star arm
to distinguish the organization of different tracers. (In this review, we refer to star formation
arm as opposed to bright-star arm.) In general, the mass distribution, which is traced by the
near- and mid-infrared light, is smoother and less structured than the distribution of gas or
star formation, which is traced by blue light. It is even possible for the number of spiral arms
seen in mass to differ from the number of arms seen in star formation (Block et al. 2004; Block
and Wainscoat 1991). The idea that a two-armed mass spiral could drive more than two star
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formation arms was first suggested by Shu et al. (1973); recent models intended to be applicable
to the Milky Way are presented in Martos et al. (2004).

Determining the spiral structure of the Galaxy using tracers of gas and star formation has
been a challenging problem (Liszt 1985) due to uncertainties in kinematic distances to gas
clouds and HII regions and the uncertainties in photometric distances to the bright stars in
the arms. One would expect that the spiral arm tangency directions would be more secure,
but unambiguous identification of even these directions has been problematic (> Fig. 9-7).
The common picture of four primary arms, Norma, Sagittarius-Carina, Scutum-Crux,2 and
Perseus, characterized by HII regions (Georgelin and Georgelin 1976), has come to dominate
the literature, with other structures relegated to secondary status. These secondary features
include the NearThree Kiloparsec arm (vanWoerden et al. 1957), the FarThree Kiloparsec Arm
(Dame and Thaddeus 2008), the Orion Spur3 (Morgan et al. 1953), the Outer Arm4 (West-
erhout 1957), and the Distant Arm (McClure-Griffiths et al. 2004). The distinction between
primary and secondary features is based on the number of bright HII regions thought to lie in
each structure; a reexamination of this with modern data would be very informative. There is,
unfortunately, no recent critical review of spiral structure in the Milky Way; we feel the cur-
rent picture should still be considered provisional. >Figure 9-8 shows an artist’s schematic of
the Galaxy which contains most of these features at approximately the correct longitudes and
estimated distances.

The spiral structure of the mass distribution of the Galaxy may be simpler. Based on near-
infrared studies, mass arms are enhanced by 0.2–0.6 with respect to the azimuthal average (Rix
and Zaritsky 1995) and typical cross sections (width at a given circular radius) of 20–40○ (Seigar
and James 1998). These widths are narrower than would be expected for a simple sinusoidal
density variation,whichwould predict a FWHMof ○ for a two-armed spiral.This discrepancy
may indicate either (1) a deficiency in the single-mode model of spiral structure or (2) indicate
that the near-infrared light distribution maybe affected by star formation (Rhoads 1998) as well
as mass distribution.

An analysis of the K band light distribution of COBE/DIRBE suggests that Galactic spiral
structure stellarmass is qualitatively different from the gas and star formation picture described
above (Drimmel 2000; Drimmel and Spergel 2001).The principal evidence for this is the detec-
tion of an enhancement in near-infrared light in the direction of the Centaurus tangency, but
no corresponding enhancement in the l ∼ ○ direction of the Sagittarius Arm tangency. This
observational result is confirmed with mid-infrared star counts (Benjamin et al. 2005), which
show an ∼30% enhancement in star counts (of all magnitudes) centered at l = ○ with
a full-width at half-max of ○. Models by Drimmel and Spergel (2001) using COBE/DIRBE
near-infrared light to constrain the stellar mass distribution and the far-infrared light to con-
strain the dust distribution found that the data were consistent with two principal mass arms
(Perseus and Scutum-Crux) and four arms in gas/star formation. The newest infrared surveys
may allow for the direct mapping of the mass arms using red clump giants or other standard
candles. >Figure 9-6 shows evidence of an enhancement inmid-infrared star counts at l= 316–
326○ and m

[.] ∼ .; this longitude range is in a gap in the CO distribution (Dame et al.
2001). If this is due to red clump giants, the feature would be (approximately) consistent with
the expected distance to the Scutum-Crux arm.

2Also called Scutum-Centaurus
3Also called the Orion Arm, Local Arm, or Cygnus Arm
4Also called the Cygnus Arm, or in a speculative leap, the Norma-Cygnus arm
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⊡ Fig. 9-7
A comparison of different tracers that might be expected to show spiral arm tangencies. From
the bottom up, this includes high-density molecular clouds detected in CS (Jackson et al. 2008),
Faraday rotation of extragalactic sources (Brown et al. 2007), radio synchrotron emission with dif-
ferent latitude cuts (Haslam et al. 1982), variations in the tangent point velocity measured in HI
(Fich et al. 1989; McClure-Griffiths and Dickey 2007), mid- and near-infrared star counts (Benjamin
et al. 2005), total CO intensity with different latitude cuts (Dame et al. 2001), and the integrated CO
intensity within 15 km/s of the tangent point velocity. The longitude ranges for the expected tan-
gency directions are shown and paired together for each spiral arm. Except for the top plot, there
does not appear to be a compelling correlation between the data and expected tangency direc-
tions. However, the Centaurus tangency direction does appear to contain an enhancement in CO,
stars, a reversal in Faraday rotationmeasure, andmarks a significant drop in the numberof infrared
dark clouds that contain CS

2.2.4 The StellarWarp, Flare, and Cutoff

An interesting and unsolved question is how to measure (or even define) the edge of galactic
disks. In the Galaxy, it is not yet clear which component of the galactic disk extends to the
greatest distance, the interstellar gas or the stars.What is clear, however, is that both components
of the Galaxy flare (increasing vertical scaleheight with radius) and warp (changing midplane
with azimuth). Evidence of the stellar warp from COBE/DIRBE data (Freudenreich et al. 1994;
Freudenreich 1998; Drimmel and Spergel 2001) showed that the parameters characterizing the
stellar warp were similar in phase to the gaseous (neutral hydrogen) warp (Burton et al. 1992),
but smaller in amplitude. More recent attempts based on near- and mid-infrared star counts
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An artist’s conception of the MilkyWay Galaxy based on the data summarized here. Details on the
construction of this image can be found in Churchwell et al. (2009). These features show most of
the main structures of the Galaxy with approximately correct longitudes and distances. Circles,
centered on the Sun, are located every two kiloparsecs, and Galactic longitude is marked every
10o, with l = 0○ oriented upward and l = 90○ to the left. Much of the structure beyond the distance
of Galactic center is extremely speculative and assumes bi-symmetry

(López-Corredoira et al. 2002; Reylé et al. 2009; Vig et al. 2005) or using red clump stars as
standard candles (Momany et al. 2006) have confirmed this general behavior, although there
are pronounced asymmetries in the amplitude of the warp with azimuth.

The overall agreement of the gaseous and stellar warp show that the warp is due principally
to gravitational as opposed to gas dynamical effects. However, the reason behind the difference
in the overall amplitudes, aswell as the asymmetries, is as yet unclear. Clearly, the different radial
distributions of gas and stars will play a role. Extragalactic studies, e.g., Erwin et al. (2008),
have found exponential outer disk profiles that are steeper or shallower than the inner disk
profiles, depending on the Hubble type, although this may be a result of changes in color rather
than surface density (Bakos et al. 2008). The transition point occurs around four inner-disk
scalelengths, and historically had been thought to mark a disk truncation (van der Kruit and
Searle 1981). Evidence for such a truncation at R =  kpc was reported by Robin et al. (1992a),
but some of the references above detect disk stars to even greater radius.
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2.3 The Galactic Bar(s)

Although gas kinematics in the inner galaxy have long been pointed to as evidence that the
Galaxy has a central non-axisymmetric structure, it was not until the advent of infrared astron-
omy that it became possible to characterize the stellar structure of the inner Galaxy (Kent et al.
1991). Early results (Blitz and Spergel 1991) provided solid evidence of a stellar Galactic bar.
COBE/DIRBE maps were then analyzed by several groups to derive constraints on the Galac-
tic bar. The results are reviewed by Gerhard (2002) and Merrifield (2004). Most of these works
tended to find a bar half-length of Rb = 3.1–3.5 kpc oriented in the Galactic plane at ϕb ∼ ○ in
the first quadrant with respect to the Galactic center direction. Published values for this angle
range from ○ to ○; a partial table of values from the literature is given by Vanhollebeke
et al. (2009). The bar axis ratios is 10:4:3 (length:width:height), with ranges from 10:7:4 to
10:3:3. The total stellar mass of this structure is Mb ∼  M⊙, with estimates ranging from
. −  ×  M⊙. The variations in these estimates are due to differences in the density fitting
function used, the difference in luminosity functions, decisions onwhich other parameters (like
the disk component) were held fixed or allowed to float, and incomplete sampling of the sky.
The characterization of this long suspected structure, sometimes also referred to as the triaxial
bulge, was one of the early highlights of Galactic infrared astronomy.

However, these studies had two disadvantages. First, the relatively poor resolution required
assumptions about the unresolved stellar populations to interpret the light distribution (Dwek
et al. 1995). It also made bar/bulge decomposition problematic, and meant that thin struc-
tures were poorly resolved. Second, although extinction is much lower than optical in the near
infrared, it is not negligible, particularly in the midplane. As higher angular resolution infrared
surveys started to yield a wealth of information about the distribution of individual types of
stars across the Galaxy, the picture has becomemore complex. Many of these studies traced the
same structure as described above. But as near- and mid-infrared surveys allowed the charac-
terization of the stellar populations directly in the midplane, an additional structure became
apparent.

2.3.1 The Long Bar

This structure, now referred to as the Long Bar, was first identified as distinct from the bulge
by Hammersley et al. (2000). The dawning realization of its existence is detailed in López-
Corredoira et al. (2007). Initially characterized in selected low-extinction windows in the
near-infrared, the mid-infrared GLIMPSE survey showed that it could be traced continuously
with red clump giants out to a longitude of l ∼ ○. (Benjamin et al. 2005). As compared to
the triaxial bulge, this structure is not only longer, Rlb = . kpc, but thinner, both in ver-
tical scaleheight, ∼200 pc, and depth along the line of sight, ∼1,170 pc. The estimated mass
of this component, assuming it is symmetric and independent of the central triaxial bulge, is
Mlb = .×  M⊙ (López-Corredoira et al. 2007). Independent estimates of these parameters
would be valuable.

One mystery of this structure is the distinct difference in angle for the Long Bar and the
(other) Bar.This difference is not due to differentmeasurementmethods.Using red clump giant
stars and UKIDSS-GPS data (also see >Fig. 9-6), the same technique shows that the measured
bar angle changes from ϕlb =  ± ○ in the longitude range l =  − ○ to ϕb =  ± ○

for l =  − ○. At the transition point, the star counts and number of red clump giants jump
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sharply; as a result, it is not entirely clear whether the Long Bar continues to exist as a discrete
structure inside l = ○. Although other galaxies show evidence of multiple misaligned bars, it
is not known how many of these cases are similar to that inferred for the Galaxy.

The significance of the Long Bar is in the realization that a non-axisymmetric mass distribu-
tion of theGalaxy extends further from theGalactic center than generally realized. In particular,
the near end of the Long Bar coincides with the Scutum spiral arm tangency, a fact first noted by
Weinberg (1992). In CO longitude-velocity plots, this direction also marks the first-quadrant
tangency point of the Molecular Ring (Dame et al. 2001; Jackson et al. 2006). This intersec-
tion appears to be the site of prodigious amounts of star formation, including three large-scale
height, b =  − ○, superbubbles, c.f. Pidopryhora et al. (2007). Follow-up spectroscopy of
the brightest member of GLIMPSE-identified clusters (Mercer et al. 2005) have revealed sev-
eral clusters of red supergiants, c.f. Clark et al. (2009), one of which is estimated to have a total
mass of 20,000M⊙ (Alexander et al. 2009). There is also tentative evidence for star formation
at the far end of the Long Bar at l ∼ ○ (López-Corredoira et al. 2001; Sevenster 1999). This
deserves further scrutiny.

The discovery of the Long Bar also points out a fundamental weakness of parametric
modeling of Galactic structure. As numerical simulations of bars show, bars are not mono-
lithic structures, but complex families of stellar orbits whose properties evolve over time. By
forcing Galactic models to fit a single parameterized model (based on observations of bars
in distant galaxies), we destroy information on the structural complexity of bars. Numerical
simulations that start with bars as vertically thin structures eventually produce a thick inner
distribution, similar to what is observed in the Galaxy (Athanassoula 2007; Debattista and
Shen 2007). It is not clear whether these models can also reproduce the apparent mismatch
in angles.

One way to separate the different bar components as well as test for the presence, and star
formation history, of a classical or pseudobulge (Kormendy and Kennicutt 2004) is to obtain
information on the kinematics and metallicity of individual stars. We do not review the status
of these efforts due to lack of space and expertise on the part of the reviewers. A good starting
point would be the papers by Zoccali (2010) and Babusiaux et al. (2010).We note, however, that
much of this work has been in optical wavelengths, which may give misleading or incomplete
results due to the limitations of extinction.

2.3.2 Inner Bar?

Observations of other galaxies show up to three nested bars (Erwin et al. 2008), so apparently
there is room for one more bar in the Galaxy. Evidence for an inner (sometimes called nuclear)
bar, or at least an inner non-axisymmetric structure, has been suggested by the noncircular
orbits of gas in the inner few degrees of the Galaxy (Binney et al. 1991), extinction-corrected
2MASS star counts (Alard 2001), and a combination of both of the above (Rodriguez-Fernandez
and Combes 2008).This final work suggests a bar mass ofMnb = .×  M⊙ and a bar angle,
based on the kinematicmodeling, of ϕnb = −○ relative to the Sun-Galactic center direction.
This angle is marginally consistent with their independent estimate based on star counts. Other
relevant studies that constrain this structure are Launhardt et al. (2002), van Loon et al. (2003),
and Sawada et al. (2004). In addition, red clump giantmapping byNishiyama et al. (2005) shows
a flattening of themagnitude vs longitude track of red clump giants for l = −○ to+○. Based on
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the evidence so far, it seems that an inner, ∣l ∣ < ○, mass asymmetry is likely, but its parameters
have yet to be firmly established.

2.3.3 The Inner Hole (and Ring?)

The Milky Way is a barred spiral galaxy, but is it a ringed barred spiral? Many of the same ref-
erences that characterized the stellar distribution of the disk and bar (and >Fig. 9-3) require
the presence of a central “hole.” Strictly speaking, this is a deficit in stellar density compared to
an extrapolation of the exponential disk into the center of the Galaxy. The hole radius is typi-
cally 2.7–3.3 kpc with an ellipticity of 0.8–0.9, e.g., Freudenreich (1998). Many barred galaxies
are found to have central holes (Ohta et al. 1990); such galaxies are also referred to as Freeman
Type II disks (Freeman 1970). A depression in the stellar density inside the radius of the bar is a
natural consequence of bar formation, but so far as we know, there has been no detailed compar-
ison between the current dynamical models and the Galactic data constraining the properties
of the bar and “hole.”

Whether the Galaxy contains a stellar ring, i.e., an overdensity of stars surrounding the bar,
is considerably more uncertain. There is no compelling evidence for a stellar ring in the mass
distribution, althoughobtaining constraints on the ring is complicated by the presence of the bar
in the same longitude range. However, there are two structures that could arguably be identified
as an interstellar, star-forming ring.Thefirst is the “Molecular Ring” (Burton et al. 1975; Jackson
et al. 2006; Scoville and Solomon 1975). First discovered in the first quadrant of the Galaxy, it is
clear that a significant fraction of the molecular gas and star formation of the Galaxy is located
in an annulus of radius 3–5 kpc. However, it is very difficult to distinguish between a spiral and
ring. Several authors have expressed doubts about whether this feature should be interpreted as
a ring, c.f. Binney and Merrifield (1998) or Jackson et al. (2008).

Another structure that might plausibly be visible as a star-forming ring to an outside
observer is the Near/Far Three-Kiloparsec Arm (Dame and Thaddeus 2008). Simulations of
gas flow in a gravitational potential consistent with the Galactic bar (Bissantz et al. 2003;
Englmaier and Gerhard 1999; Fux 1999) predict that these two structures should form an oval
around the bar. Although early searches of this structure showed no evidence for star formation
(Lockman 1980), recent surveys of class II methanol masers show approximately 20 sources in
each arm (Green et al. 2009), indicating the presence of massive star formation. An excess of
OH/IR stars (Sevenster 1999) and enhanced near-infrared star counts of bright stars, mK < 
(López-Corredoira et al. 2001), have been noted at l = ○. Both authors noted the coincidence
of this direction with the tangency direction of the Near Three-Kiloparsec Arm and suggested
that this might be part of a ring, even before the discovery of the Far 3 kpc Arm! A compre-
hensive model combining the constraints on the mass and star formation distribution of this
structure, in comparisonwith the variety of rings seen in other barred spirals (Buta andCombes
1996), would be a worthy endeavor.

3 Interstellar Dust

The distribution and physical state of dust grains with Galactic environment is a vast topic.
The most complete review can be obtained in the review by Draine (2003), the monograph by
Whittet (2003), or the dust-related chapters in the textbooks of Tielens (2005) or Kwok (2007).
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Here we limit our review to recent results in the near- and mid-infrared. The coming deluge of
information on longer wavelength dust emission from the Hershel and Planckmissions means
that this will be a rapidly advancing field in the next several years.

3.1 Spatial Distribution of Extinction

Thedistribution of dust throughout theGalaxy, like the distribution of gas, is clumpy.Gas clouds
have been traditionally mapped using kinematic distances. But given their relatively smooth
distribution, stars could also serve as good tracers of the dust distribution, provided that the
extinctiontothestarscanbereliablyestimated.Asuccinct reviewof thehistoryandcurrentstatus
of this approach can be found in Robin (2009). The goal is to obtain a three-dimensional map
of dust clouds with the highest possible angular and distance resolution, since the extinction is
known tobe verypatchy, and somedust cloudsmaybequitedistant (and therefore appear small).

Drimmel et al. (2003) proposed a three-dimensional extinction model based on their para-
metric model of the stellar and interstellar distribution constrained by COBE/DIRBE studies.
Marshall et al. (2006) assumed a smooth stellar distribution taken from the Besançon model
(Robin et al. 2003) and then adjusted extinction vs distance to match the observed 2MASS
color magnitude diagrams, obtaining an angular resolution of 15 arcminutes and ∼100 pc in
distance. López-Corredoira et al. (2002) used the distribution of color magnitude selected red
clump giants to map extinction along the line of sight, a technique that was also adopted
by Durant and van Kerkwijk (2006) and Stead and Hoare (2010). Each of these approaches
has different assumptions regarding the background distribution of stars, and therefore can
be expected to have different systematic biases. However, because of the patchy nature of the
distribution, and different angular and distance resolutions, it is not straightforward to com-
pare the different model predictions. Both Marshall et al. (2009) and Stead and Hoare (2010)
compare their extinction distances to the kinematic distances, finding the two distances are
correlated. However, Marshall et al. (2009) find that extinction distances in the fourth quadrant
were systematically ∼2 kpc more distant than kinematic distances.

In principle, extinction distances can provide a much needed check on kinematic distances,
particularly for gas in the spiral arms and bars, where onemight suspect that circular rotation is
a poor assumption. Marshall et al. (2006) shows evidence of spiral structure in the distribution
of dust clouds. Within three kiloparecs of Galactic center, Marshall et al. (2008) compare this
technique with the results obtained using noncircular kinematic models of gas flow in a barred
potential, showing that both techniques give the same distance to clouds that they interpret as
dust lanes in the Galactic bar.

3.2 Wavelength Dependence of Extinction (Mid-infrared)

A good overview of wavelength dependence of extinction may be found in Draine (2003).
Here we will only update the results obtained in the mid-infrared since that review. Lutz et al.
(1996) used ISO spectral line observations to derive the diffuse interstellar extinction law using
infrared hydrogen recombination lines toward the Galactic center. They found that Aλ/AV is
essentially constant from ∼4 to 8 μm. Jiang et al. (2006, 2003) used ISOGAL and DENIS data
toward an 0.1 deg area centered at l = ○., b = ○. and found a similar flattening of extinc-
tion as Lutz et al. (1996). Indebetouw et al. (2005) confirmed these early results using GLIMPSE
stellar photometry of red clump giants toward three other lines of sight.
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Recently, both Gao et al. (2009) and Zasowski et al. (2009) have conducted a systematic
study of the MIR extinction law from 1.2 to 8 μm over a large range of Galactic longitudes,
and compare their results to the single-direction extinction measurements made by several
groups, including those works mentioned above.The study of Zasowski et al. (2009) used about
150○ of contiguous longitude at the Galactic midplane using data from 2MASS and Spitzer sur-
veys (GLIMPSE, Vela-Carina, and Argo). They isolated a sample of red clump giants in J vs
(J-Ks ) color-magnitude diagrams, and determined the color excess ratios (CER) of this sam-
ple in (H-λ) vs (H-Ks ) for the Spitzer/IRAC and 2MASS bands. The extinction law, Aλ/AKs ,
in their formulation depends only on AH/AKs and CERλ. They used AH/AKs = . for all
longitudes, noting this quantity is likely to be a function of Galactocentric radius. The average
change in extinction with longitude from 5.8 to 8.0 μm is shown in >Fig. 9-9. They interpret
the increase of A

[.]/A[.] with longitude as evidence for a decrease in mean dust grain size
toward the outer Galaxy, noting the Galactic abundance gradient may play a role as well. The
grain size dependence is motivated by the theoretical dust models of Weingartner and Draine
(2001), which are reproduced in >Fig. 9-9 along with the observed/derived values as a function
of longitude.

In contrast, using the same data and a slightly different selection criterion for red clump
giants Gao et al. (2009) found an approximately constant value of Aλ/AKs with galactic longi-
tude, with possible deviations from this constant value in the direction of spiral arm tangencies.
When they used red giants, rather than red clump giants, tomeasure the extinction,Aλ/AKs was
systematically higher, by about ∼0.05.This is presumably because red giants span a larger range
of distances. Although both works find that Aλ/AKs decreases with increasing wavelength, the
values found by Gao et al. (2009) are systematically higher than those found by Zasowski et al.
(2009). It is not clear why one group finds a longitude dependence for the extinction law while
the other group does not.

3.3 PAHs Emission

One of the most notable features of mid-infrared images of the Galactic plane is the highly
structured diffuse emission. In the GLIMPSE/MIPSGAL surveys, the structure of the diffuse
emission changes notably with wavelength, as the relative contributions from unresolved stel-
lar emission, scattered starlight, atomic and molecular emission, and thermal dust emission
changes. In the [3.6] and [4.5] Spitzer/IRAC bands (where the number is the central wave-
length), much of the diffuse emission is due to unresolved point sources (particularly in the
inner Galaxy), scattered starlight, and thermal dust emission (particularly in the vicinity of hot
stars and regions of massive star formation). The [3.6] band also contains a polycyclic aromatic
hydrocarbon (PAH) emission feature at 3.3 μm.

The diffuse emission in the [5.8] and [8.0] bands primarily traces the distribution of PAHs
with minor contributions from thermal dust emission near hot stars and stochastic emission
from very small dust grains (VSGs) transiently heated by UV photons. Examination of the
GLIMPSE/MIPSGAL mosaic images shows that the PAH emission in these bands is widely
distributed in the Galactic disk.This emission is brightest at the midplane and declines rapidly
with latitude. There are also bright spikes centered on massive star formation regions, many of
which are off the plane. Superimposed on the overall variation, the PAH diffuse emission is also
characterized by numerous bubbles (Churchwell et al. 2007, 2006) and filamentary structures
that may be the result of interstellar turbulence (Heitsch et al. 2007).
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⊡ Fig. 9-9
[Top] Mid-IR reddening as a function of wavelength along different lines of sight through the disk
of the Galaxy from different groups noted in the figure. This figure illustrates both the differences
between thedifferent groups and the general similarity between them, in particular, the flattening
from ∼4.5 to 8.0 μm. [Bottom] The observed reddening with wavelength as a function of Galactic
longitude for 10○ < ∣l∣ < 90○. Several models fromWeingartner and Draine (2001) are also plotted
showing a change in dust properties thatmight explain the observed change in the reddening law
with longitude. Both figures are from Zasowski et al. (2009)
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>Figure 9-10 (top) shows the diffuse emission along the Galactic midplane in a residual,
i.e., point-source subtracted, [8.0] band image for different latitude cuts. With the exception
of the bright spike at the Galactic center and many massive star formation region spikes, the
PAH diffuse emission is almost constant, with an average value of ∼  MJy/ster, within ∼ ○

of the Galactic center, falling off rapidly for ∣l ∣ > ○. The [8.0] diffuse emission peaks at b = ○

and is tightly confined to the plane. This distribution implies that the inner Galactic plane is
permeated by PAHs, whether the decline in emission with longitude traces a decrease in the
PAH abundance or a change in the soft (far-ultraviolet) radiation or both is unclear. A detailed
characterization of this diffuse emission has been done by Robitaille et al. (2012). A comparison
of the Galactic emission with the results of PAH distribution in other galaxies (Draine et al.
2007) could be very informative.
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⊡ Fig. 9-10
A profile along the Galactic plane of diffuse emission in the Spitzer/IRAC [8.0] band from l = 65○ to
−65○ averaged over five different latitude cuts. The diffuse emission is taken from a point-source
subtracted image of the Galactic plane, smoothed to a resolution of 3

′

. Horizontal lines at 25, 50,
and 75MJy ster−1 are added to compare the drop in intensity with latitude. The lower envelope of
diffuse emission interior to ∣l∣<

∼
30○ is approximately constant, but drops much more rapidly with

latitude than the diffuse emission in the longitude range ∣l∣>
∼
30○
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⊡ Fig. 9-11a
TheGLIMPSE/MIPSGAL surveys with 4.5 μm(blue), 8.0 μm(green), andMIPS 24 μm(red). Hallmarks
of the mid-infrared view of the Galaxy include PAH bubbles, IRDCs, YSOs, diffuse dust/PAH emis-
sion, and millions of stars. Each strip spans 10○ of the Galactic plane, centered on l = 60○ (top
panel) down to l = 10○ (bottom strip). Many of the HII regions seen in this image, characterized by
(red) 24 μm dust emission in the inner part of the HII region and surrounded by (green) 8 μm PAH
emission in a photodissociation region, have yet to be catalogued and classified
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⊡ Fig. 9-11b
Same as >Fig. 9-11a but for l = 295 − 355○. Each strip spans 10○ of the Galactic plane, centered
on l = 350○ (top panel) down to l = 300○ (bottom strip)

3.4 Stochastic and Thermal Dust Emission

The longer wavelength emission characterized by emission in the Spitzer/MIPSGAL [24] band
is primarily due to dust heated by starlight (Draine 2003). As shown by Draine and Li (2001),
the temperature of grains smaller than about 50Å in a given interstellar radiation field (ISRF)
strongly fluctuates with the absorption of single photons (which occurs on timescales ≳ 1.7 h).
In contrast, grains larger than about 200Å have essentially a constant temperature.The former
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⊡ Fig. 9-11c
Same as >Fig. 9-11a but for l = −5○ to 5○

process has been referred to as stochastic heating and the latter to thermal heating because it is
in equilibrium with the radiation temperature of the ISRF.Thus, the 24 μm emission measured
by the MIPSGAL survey is expected to track the integrated intensity (over all wavelengths)
of the ISRF convolved with the size distribution of dust grains and their spatial distribution
throughout the Galaxy.

> Figure 9-11a–c show false color images of the entire GLIMPSE/MIPSGAL survey,
showing the distribution of starlight in the [4.5] band (blue), PAH emission in the [8.0] band
(green), and dust emission in the [24] band. The brightest 24 μm emission shows a strikingly
different morphology than the 8 μm emission. The longer wavelength emission appears to be
much patchier, brightest in the regions around hot stars (young star clusters,HII regions, young
stellar objects) and AGB stars. The difference in the sky distribution of the emission from PAH
and small dust grains sampled by the two bands indicate spatial variations in the ISRF, the
PAH-to-dust grain ratios, or both. For example, Draine (2003) estimates that between 3 and
50 μm, 40% of the integrated dust emission is emitted in the wavelength range 12–50 μmwhile
60% falls in the 3–12 μm range, due to PAH emission. Both the hard component (E > . eV)
and the soft component (E < . eV) of the ISRF are primarily produced by hot stars (O and
early B stars), but since the soft UV photons can pass through HII region ionization fronts and
propagate further into the ISM from hot stars than the hard UV photons, the wider diffuse
distribution of 8 μm vs the patchy 24 μm emission is a logical consequence.

4 Star Formation

Since stars form in dense and dusty environments, it had always been anticipated that the advent
of infrared astronomy would lead to a major advance in our understanding of the nature and
distribution of star formation throughout the Milky Way, particularly massive star formation.
What may be less appreciated is how the rapidly improving angular resolution of these surveys
has led to an explosion in the number of known star formation regions at greater and greater
distances from the Sun. For example, a recent Green Bank Telescope hydrogen recombination
line survey of the Galactic plane (l = −○ to ○) that targeted 24 μm and 20 cm bright diffuse
sources had a 95% success rate (Bania et al. 2010).This single effort has doubled (!) the number
of confirmed Galactic HII regions in this section of the Galaxy. When these new objects are
plotted on a position-velocity diagram, clear evidence is seen for structure in the star-forming
component of our Galaxy, including the enhanced star formation at the near end of the Long
Bar, a multi-peaked radial distribution, and star formation in the Outer Arm at a distance of
over 20 kpc from the Sun.
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It is not just the study of classical HII regions that is currently undergoing a renaissance.
In a review of the stages of massive star formation, Churchwell (2002) noted that “the evolu-
tionary stages preceding the ultra-compact HII region state are not well understood, and future
efforts are likely to concentrate on these.” Infrared surveys have fulfilled this promise, yielding
catalogues of entirely new classes of objects associated with star formation, e.g., infrared dark
clouds, high mass stellar outflows, massive young stellar objects, and PAH bubbles. The phys-
ical properties of these objects are now being studied; their Galactic distribution has yet to be
investigated.

4.1 Infrared Dark Clouds

Infrared dark clouds (IRDCs) are the densest condensations in giantmolecular clouds, themost
likely sites of future star and cluster formation, and the repository of theGalaxy’s densestmolec-
ular constituents. IRDCs also inform us of the conditions necessary for star formation. IRDCs
were first identified in the Galactic plane from Infrared Space Observatory/ISOCAM images,
followed closely by the detection of ∼2,000 IRDCs from Midcourse Space Experiment images.
A review of much of the work done on these clouds, both in infrared and molecular emission,
can be found in the review by Churchwell et al. (2009). IRDCs are typically opaque at 8 μm,
implying extinctions A

[.] >  mag (AV >  mag). These objects are a striking feature of
infrared surveys and can be mapped at very high angular resolution. However, the requirement
of a bright diffuse mid-infrared background imposes a strong selection bias. In directions with
low diffusemid-infrared emission, i.e., increasing galactic latitude or longitude, clouds with the
same physical properties as IRDCs would have to be identified by molecular line emission.

Studies with MSX and ISO first drew attention to the importance of these objects. The
GLIMPSE survey, because of its greater sensitivity and spatial resolution thanMSX, has revealed
an even larger number of IRDCs and provided a more detailed picture of their morphologies,
especially those clouds with small angular sizes. Peretto and Fuller (2009) released a catalog of
11,202 Spitzer/GLIMPSE IRDCs, 80% of which were not in the previous MSX-based infrared
dark cloud catalogue (Simon et al. 2006).

Many studies of IRDC properties have been undertaken using various radio molecu-
lar probes and radio continuum observations. These investigations indicate typical densities
>  cm−, temperatures ≲ K, and masses ranging from a few M⊙ to > M⊙. IRDCs are
generally, but not exclusively, filamentary (see >Fig. 9-12)with length-to-width ratios oftenwell
in excess of 10:1.They consist of dense condensations embedded in a lower density diffuse enve-
lope. Ragan et al. (2009) report substructures ranging from . M⊙ cores to ≤  M⊙ clouds,5

with an IRDC clump mass function whose slope becomes flatter than the slope of the Salpeter
initial mass function (Salpeter 1955) for Mclump <  M⊙. They suggest that this turnover may
be the transition between IRDCs that produce clustered star formation and those that produce
distributed star formation; further study is needed to confirm this. The same study also yielded
a clump mass-radius relation M ∝ R., similar to that of Williams et al. (1994).

The internal density structure of IRDC clumps and cores can be determined using mid-
infrared (MIR) absorption, in addition to the standard analyses of molecular line emission
or submillimeter continuum images. Abergel et al. (1998, 1996) and Bacmann et al. (1998)
were the first to use extinction profiles of isolated starless cores (low-mass IRDC cores) at

5Bergin and Tafalla (2007) define cores as objects with masses 0.1–10 M⊙ and sizes 0.01–0.1 pc, clumps with
10–10 M⊙ and 0.1–1 pc, and clouds with – M⊙ and 1–10 pc.
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⊡ Fig. 9-12
Example of an IRDC complex in the neighborhood ofM17. This illustrates how clearly IRDCs stand-
out in silhouette at 8 μm in the inner Galaxy. It also illustrates the intricate filamentry structure of
IRDCs. A closer look at this complex in a three-color image shows many probable YSOs currently
forming in this region. Figure fromDevine (2009)

MIR wavelengths to estimate the H column density profiles and total masses. They found
approximately flat column density profiles out to a radius of several thousand astronomical
units. Beyond this radius, the column densities sharply decrease, confirming the earlier analy-
ses based on molecular line and submillimeter data (Andre et al. 1996; Ward-Thompson 1994).
The rapidly decreasing densities beyond the central flat region indicate that pre-stellar cores
are basically decoupled from their larger parent clouds, limiting the mass available to the core.
The significance of this is that the clumpmass function, which seems to parallel the stellar mass
function but at larger masses,may depend on clump density profiles as a function of mass.This,
of course, needs further independent confirmation. Additional determinations of IRDC den-
sity profiles have been obtained for several other clouds (Andre et al. 2000; Ragan et al. 2009;
Ward-Thompson 1994).

Because IRDCs are dense, cold, and massive, one might expect them to be globally gravi-
tationally unstable, but examination of many IRDCs shows that at any given time only a small
fraction of the volume of a typical IRDC is involved in forming stars. Devine (2009) used the
VLA to obtain high resolution, sensitive images of four IRDCs in the lines of NH(1,1 and 2,2)
and CCS (−). These images show that the NH emission is generally optically thick (τ > )
and closely traces [8.0] band PAH emission, with significant velocity substructures within all
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⊡ Fig. 9-13
A NH3 (1, 1) VLA image (contours) of the IRDC G19.30+ 0.07 (colored image from
GLIMPSE/MIPSGAL (4.5 μm-blue, 8.0 μm-green, 24 μm-red)). The blue overlapping circles show the
primary half-power beam of the VLA. The NH3 emission closely follows the outline of the MIR dark
cloud. Four dense and warm cores are indicated by labels C1-C4 from NH3 emission, two of which
are also bright 24 μm sources. The location of water masers (S1 and in C3) are shown with blue
stars. C4 and S1 NH3 sources do not stand out at MIR wavelengths, perhaps because they are too
young to have heated dust such that it is bright at MIR wavelengths. Figure fromDevine (2009)

four clouds.They also confirmed the general gas properties found by other investigators: densi-
ties of ∼  cm−, integratedmasses ranging from 1,100 to 20,000M⊙, gas kinetic temperatures
of 15–25K.

These observations also identifiedmultiple hotmolecular clumps in all IRDCs observed. An
example of one IRDC with four hot NH clumps and two HO masers is shown in >Fig. 9-13.
The NH clumps, labeled C1-C4, appear to be in hydrostatic equilibrium. The clumps found
in the other three IRDCs are thought to be collapsing because the mass of the NH clumps is
substantially larger than their virial mass inferred from line dispersions.The correspondence of
some NH clumps with bright MIR compact sources in IRDCs convincingly shows that these
clumps are probably sites of current star formation in IRDCs.

4.2 Extended Green Objects

Anew class of objects, discovered in theGLIMPSE survey, are now referred to as extended green
objects (EGOs). These are diffuse sources that are bright in the [4.5] band (which is usually
chosen as green in three- or four-color images using the Spitzer/IRAC bands). Cyganowski
et al. (2008) visually identified and cataloged more than 300 EGOs in the GLIMPSE I survey.
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These EGOs are found toward IRDCs and are frequently associated with bright 24 μm sources,
indicating that they are associated with an early stage of star formation.

These sources are also strongly correlated with CHOH (methanol) masers. Class I
methanol masers (44 and 95GHz) are collisionally excited and observationally well correlated
with molecular outflows in massive star formation regions (Cragg et al. 1992; Johnston et al.
1992; Kurtz et al. 2004; Plambeck andMenten 1990), while Class II methanol masers (6.7 GHz)
are radiatively pumped by IR emission from warm dust, c.f. Cragg et al. (2005) and references
therein, and are exclusively associated with massive young stellar objects (Minier et al. 2003).
Cyganowski et al. (2009) examined the association of EGOs with methanol masers at high
spatial resolution using the VLA, finding that ≥ 64% of the EGOs targeted were detected as
Class II 6.7GHz methanol masers. This maser transition is spatially concentrated (≤ ′′) in
compact groups coincident with the center of the EGOs and 24 μm emission.

In addition, ∼ 90% of the observed EGOs were also detected as Class I 44GHz methanol
masers. This emission, unlike the 6.7GHz transition, is widely distributed over tens of arcsecs
and coincides with the extended [4.5] band emission, which would be expected if this emission
traces molecular outflows. The methanol emission lines are broad (typically ≥  km s−), also
consistent with outflows. The James Clerk Maxwell Telescope was also used to survey these
sources in emission lines of HCO+ (3-2) and SiO (5-4). The detection of SiO (5-4) in 90% of
surveyedEGOs is consistentwith ages∼  years or less since SiOpersists for only this long after
the passage of a shock. Finally, the detection of 83%of surveyedEGOs in thermalCHOH (,−
,) emission indicates the presence of warm, dense gas. Some of these results are illustrated
in >Fig. 9-14 taken from Cyganowski et al. (2009).

This work indicates that EGOs are rapidly accreting massive protostars in an early stage
of formation prior to the development of hypercompact HII regions. Spectra of a few of these
sources (De Buizer and Vacca 2010) indicate that the emission seen in the [4.5] band is shocked
molecular hydrogen, presumably created when bipolar outflows crash into the ambient ISM. If
this is generally true, mid-infrared surveys provide a very easy and quick way to identify a very
early and rare stage of massive star evolution.

4.3 Massive Young Stellar Objects and the Galactic Star Formation
Rate

Thecurrent census ofmassive stars in theGalaxy is woefully incomplete. Foreground extinction
obscures many of these stars in optical and near-infrared surveys, and the youngest of these
sources are still surrounded by their natal molecular and dust cocoons. Happily, mid-infrared
surveys have reached the sensitivity and angular resolution that the most massive stars in the
Galactic disk have mostly been detected. The new challenge is in identifyingwhich sources, out
of the hundreds of millions of objects, are the massive stars and protostars.

Since the mid-IR colors of naked OB stars are indistinguished, the identification of these
sources relies on the proximity of nearby dust. For massive stars that have had time to create
HII regions, diffuse 24 μm emission from the dusty HII regions provides a reliable signpost
(Bania et al. 2010). But mid-infrared surveys are also making it possible to find massive stars
at an even earlier stage of evolution. Since these massive young stellar objects (MYSOs) are still
deeply embedded in their parent clouds, the large dust envelope surrounding these protostars
reemits the stellar radiation atMIRwavelengths.Thismakes themespecially bright in the 24 μm
and [8.0] bands observed by Spitzer.
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⊡ Fig. 9-14
(a) A GLIMPSE/MIPSGAL image ([3.6]-blue, [4.5]-green, [8.0]-red, yellow contours-24 μm) toward
the EGO G19.01-0.03. The pink and black pluses and diamond symbols represent the locations of
CH3OH 44GHz and 6.7GHz masers, respectively. Note the extended 4.5 μmemission and the spa-
tial distribution of the 44GHz CH3OH as opposed to the central location of the 6.7GHz maser and
24 μm dust emission. (b) The corresponding velocity range and line profiles of the CH3OHmasers
(6.7 and 44GHz), HCO+, and H13CO+ toward the EGO G19.01-0.03. Note the broad, self-absorbed
HCO+ profile, themultiple, broad-velocity components of the 6.7 and 44GHz masers. Both images
are from Cyganowski et al. (2009)
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A search for these objects was undertaken by Robitaille et al. (2008) who identified over
22,000 sources in the GLIMPSE I and II surveys with red mid-infrared colors, [.] − [.] ≥ .
Further checks on the quality of the flux densities led to a final sample of 18,949 sources. This
sample is incomplete as it does not include saturated sources, sources below the sensitivity and
confusion limits, and (presumably nearby) extended sources which are not included in the
GLIMPSE point source catalogs. Using a combination of color-magnitude, color-color, SED,
and Galactic distribution analyses of the sample of almost 19,000 intrinsically red sources, it
was found that about 40% were AGB star candidates (see > Sect. 5.2) and about 60% were
MYSO candidates. Planetary nebulae and background galaxies together represented ≤2–3% of
the sample. Since the GLIMPSE II sample was obtained at two different epochs separated by
at least 6 months, it was also possible to analyze these data for variability. About 22% of the
sample was found to be variable by ≥0.3 mag in the [4.5] or [8.0] bands; these are likely AGB
long period variables.

The identification of thesemassive stars in the process of formation allows for an estimate of
the current star formation rate of the Galaxy. The global star formation rate (SFR) of a galaxy is
ameasure of its reservoir of cold, neutral gas. As a galaxy ages and its reservoir of gas is presum-
ably depleted by trapping mass in burned out stars, its ability to create new stars also declines.
The global SFR of a galaxy has implications for all the properties that determine the observed
properties of a galaxy such as its integrated colors, stellar population, radiation field, and possi-
bly even its dynamics. Robitaille andWhitney (2010) used an ensemble of YSO spectral energy
distributions (Robitaille et al. 2007b) combinedwith amodel of their spatial distribution to sim-
ulate theMYSO population detectable byGLIMPSE until it was in agreementwith the observed
MYSOs in the GLIMPSE catalog.They derived a global Galactic star formation rate in the range
0.7–1.5 M⊙ yr−.

This value is significantly lower than most previous estimates of the Galactic star formation
rate, which are based on indirect measures of O and B stars in conjunction with an initial mass
function (IMF) to extrapolate to all masses. Smith et al. (1978) found M⊙ yr− based on radio
free-free emission from the Galactic disk. Diehl et al. (2006) found M⊙ yr− from the amount
of Al in the Galaxy from γ-ray flux. Misiriotis et al. (2006) found .M⊙ yr− using the IRAS
100 μmflux and a conversion factor used for other galaxies. Murray and Rahman (2010) found
. M⊙ yr− from the total free-free emission observed by WMAP. Surprisingly, there is no
review of the global star formation rate of the Galaxy that critically evaluates and compares
these results.

4.3.1 PAH Bubbles and Triggered Star Formation

Bubbles are produced in the interstellar medium by the momentum and energy input from
stars and stellar clusters. They are produced by asymptotic giant branch stars, planetary neb-
ulae, supernova remnants, HII regions, and massive young stellar objects. The high angular
resolution and sensitivity afforded by Spitzer has led to the discovery of thousands of such bub-
bles. Bubbles associated with stars near the end of their lifetime are discussed in >Sect. 5; here
we summarize bubbles associated with star formation.

The most spectacular objects in the Galaxy at mid-infrared wavelengths are bubbles of dif-
fuse emission, particularly in the [5.8] and [8.0] bands (Churchwell et al. 2007, 2006).Themost
luminous bubbles surround radio HII regions, presumably powered by radiation and winds
from O and early B stars. About 38% of the MIR bubbles catalogued are incomplete rings and
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appear to be “blown out” where the confining shell is thinnest. The bubbles have eccentricities
between 0.55 and 0.85 with a peak at ∼0.65 and are thin relative to the bubble radii. They are
tightly confined to the Galactic plane with a scale height of .○ ± .○ (similar to that of
O and B stars) and have average surface densities of ∼  deg− for ∣l ∣ < ○ and ≥ . deg− for
∣l ∣ > ○.

Multiwavelength observations of these bubbles have led to new insights on the role of dust
and PAHs in HII regions (Povich et al. 2007; Watson et al. 2008). The 8 μm (PAH) emission is
confined to a shell that traces the photodissociation region (PDR) surrounding the HII region.
The lack of 8 μm emission interior to this shell indicates that PAHs are destroyed by the stellar
UV radiation. Inside the shell, the mid-infrared bubble is characterized by thermal dust emis-
sion, especially at 24 μm. In some cases, there is also an 8 μm emission peak at the location of
the central star, although this is probably thermal dust emission and not PAHs. Radio contin-
uum and 24 μm emission are coincident with each other, proving that dust is present within
HII regions. Both the radio continuum and 24 μm emission terminate close to the inner face of
the 8 μm shell.

InHII regions dominated by stellarwinds, typically those ionized by stars hotter than a spec-
tral classO6, the immediate volume around the star is evacuatedof both gas and dust producing
a dip in 24 μm and radio continuum brightness, otherwise the 24 μm and radio continuum all
peak at the location of the ionizing star(s). A detailed analysis of the infrared emission from the
bubble N10 indicates the mid-infrared emission is due to stochastic heating, and subsequent
cooling, of very small dust grains by the absorption of single UV photons (Watson et al. 2008).
Everett and Churchwell (2010) have shown that the mass of dust in the N49 H2 region is very
small, ∼. M⊙, and absorbs <4% of the stellar UV photons within the hot wind-shocked
region of the nebula.

The fact that dust appears to be well mixed within the hot, wind-shockedH+ gas has several
implications (Everett and Churchwell 2010). First, HII regions are somewhat 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. Second, the lifetime of dust in the hostile environment around hot stars must
either be ≥  years, the minimum age of several well-studied HII regions, or else the dust
must be continuously replenished. One source of dust replenishment may be the slow photo-
evaporation of small dense neutral globules that were overrun by the HII region I-front and/or
the release of dust from debris disks around low-mass stars in the HII region as suggested by
Koenig et al. (2008). Finally, because dust in these environments is highly positively charged,
dust becomes the dominant coolant. For HII regions with X-ray emitting gas, dust cooling may
lead to weaker X-ray emission and lower temperatures than would be the case in the absence
of dust.

Although the observedmid-infrared “bubbles” have generally been interpreted as projected
three-dimensional shells, c.f. Watson et al. (2008), CO observations of a sample of these objects
provide a new puzzle (Beaumont and Williams 2010). These observations show a ring of CO
coincident with the the mid-infrared rings, but no evidence of CO in the center of the bubble,
suggesting that these objects are true rings or tori observed face on. Beaumont and Williams
(2010) infer from this that the parent molecular clouds are more sheet-like, i.e., thin in one
dimension and extended in two dimensions. If this is the case, ionized gas should have a bipo-
lar distribution with extended emission perpendicular to the thin dimension of the molecular
sheet. MAGPIS 20 cm images (Helfand et al. 2006) do not indicate bipolar morphologies, but
this could be because extended emission has been filtered out by the VLA. Cazzolato and
Pineault (2005) also showed that expanding shells typically do not show line emission toward
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their centers, even if they are surrounded by an exterior shell, due to turbulent and thermal gas
motions in the shell. Further multiwavelength observations of these bubbles will be needed to
resolve the question of the true bubble morphology.

A final interesting point is the relationship of these bubbles tomultiple generations, or “trig-
gered” star formation. Numerous YSOs and small secondary bubbles (presumably produced by
second-generation triggered star formation) are apparent on the periphery of larger primary
bubbles (presumably produced by first-generation O and B stars). > Figure 9-15 shows an
example of this phenomenon. YSOs were detected toward about 13% of the Spitzer/GLIMPSE
sample of bubbles (Churchwell et al. 2007, 2006). Two mechanisms have been hypothesized
for triggered star formation: (1) the Collect and Collapse (CC) model of Elmegreen and Lada
(1977), and (2) the RadiationDriven Implosion (RDI)model of Bertoldi (1989). Deharveng and
coworkers (see Deharveng et al. (2009) and references therein) have all identified YSOs toward
numerous MIR bubbles. They find evidence for both CC and RDI formation mechanisms in
compressed PDR envelopes around HII regions.

The coincidence of the PAH bubbles and these YSOs, in addition to the presence of sec-
ondary bubbles super-imposed on larger bubbles seem compelling evidence for triggered star
formation. However, it is essentially impossible to prove that the YSOs would not have spon-
taneously formed in the absence of the HII region. Even if the YSOs on the peripheries of HII

⊡ Fig. 9-15
An image of the MIR wind-dominated bubble N49 composed of GLIMPSE/MIPSGAL images from
Churchwell et al. (2006) with 4.5 μm (blue), 8.0 μm (green), and 24 μm (red). An O5V star is located
in a dip at the center. A bright 24 μmshell of thermal dust emission surrounds the central dipwhich
is within the hot wind-shocked, ionized gas. A PDR shell traced by 8 μmemission surrounds the H2
region. Along the bottom of the PDR shell there are three YSOs; the right most is bright at 24 μm,
themiddleone isanEGOwithextendedemissionat4.5 μmand isalsobright at 24 μm, the leftmost
with the yellow color is a compact H2 region and is bright at 24 and 8 μm. These suggest triggered
star formation
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regions were triggered by the HII region, only 10–15% of bubbles show probable evidence of
triggering (Churchwell et al. 2006) suggesting that this mechanism, although important for
astrophysical reasons, may not be the dominant star formation mechanism.

4.4 Massive Star Formation Regions: A Case Study

Massive star formation regions (MSFRs) are rare but important. They produce the bulk of the
radiant energy in the Galaxy, are responsible for heavy element enrichment of the ISM, impact
the dynamics of the ISM in their neighborhoods via stellar winds and radiation pressure, heat
their natal molecular clouds, and drive complex exothermic chemical reactions. They are also
very prominent atmid-infrared wavelengths. Due to their intenseUV photon fluxes and strong
stellar winds, MSFRs generally have a central wind-evacuated region surrounded by a shocked,
very hot plasma outside of which is a photodissociated (PDR) shell.These are the stars respon-
sible for producing the bubbles discussed in the previous section and for ultimately dispersing
their natal molecular cloud.

For many years, our understanding of massive star formation regions relied on detailed
investigation of the Orion nebula which is close enough that extinction (in the optical), or lim-
ited angular resolution, and sensitivity (in the infrared) were not insurmountable obstacles.
With current instrumentation, detailed investigations of the stellar and interstellar content of
hundreds ofMSFRs are now possible.Here we summarizewhat has been learned for one nearby
example, M17.

M17 is among the most massive and youngest star formation regions within 2 kpc of the
Sun. Povich et al. (2007) present a recent analysis of the spectral energy distribution of M17
as a function of wavelength from ∼1 μm to 90 cm. In particular, they identified changes in the
SEDs corresponding to additional emission in the Spitzer/IRAC [3.6], [5.8], and [8.0] bands
beyond what would be expected from thermal dust emission.This excess emission is produced
by PAHs. This work also presented evidence that PAHs are destroyed in the M17 HII region
by characterizing the spatial variation of the Spitzer/IRAC [4.5] band (which contains no PAH
feature) to the other bands (> Fig. 9-16). The destruction of PAHs in the region of ionized
gas was confirmed with Spitzer/IRS spectra taken at four locations (>Fig. 9-17). These spectra
showed a rapid drop in PAH emission as one moves from the PDR region across the M17 SW
arm into the HII region.

This study also showed the presence of hot, diffuse, soft X-ray emitting gas in the central
cavity between the SW and N arms of M17 (>Fig. 9-18).The hot X-ray emitting gas appears to
be flowing unopposed from the central cavity where the two arms of M17 open outward. This
illustrates the expected general morphology of MSFRs (and wind-shocked HII regions) that
contain multiple massive stars with strong winds, namely, a hot, wind-shocked X-ray emitting
central cavity, surrounded by a shell of warm thermally emitting dust that is bright at 20–30 μm
and lies inside the cooler ∼  K ionized hydrogen traced by radio continuum emission. The
PDR traced by PAH emission (IRAC bands [5.8] and especially [8.0]) forms an envelope around
both the north and southwest arms of M17.

The more recent study of Povich et al. (2009) puts M17 into an even larger context
(> Fig. 9-19), finding a mid-infrared bubble, M17EB, with a diameter of ∼ .○ (17.5 pc at a
distance of 2 kpc).This bubble is bounded on one side by theM17HII region and the other side
by the molecular cloud, MC G15.9-0.7. Star formation is also present where the M17EB bubble
impinges on this molecular cloud. M17EB and MC G15.9-0.7 are seen in CO (2-1) emission
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⊡ Fig. 9-16
M17 in IRAC bands [3.6]-blue, [4.5]-green, and [5.8]-red. O stars are indiced by cyan circles, wind-
blownbowshocksare indicatedbygreenarrows, and theboxes labeledP1-P4 showthe locationsof
IRS spectra, using the same color coding as the spectra in the right figure. P1 probes the H2 region;
P2&P3 probe the PDR region along the M17 SW arm, and P4 probes the M17SW molecular cloud.
Thewhite contours showthe region insideofwhichPAHshavebeendestroyed, asdetermined from
the ratio of [5.8]/[4.5]. Figure from Povich et al. (2007)
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⊡ Fig. 9-17
Spitzer/IRS spectra at locations P1-P4 shown in >Fig. 9-16. The spectra have been vertically shifted
for clarity. Note the spectral change from nebular fine structure lines at P1, to increasing intensity
of PAHs at P2 and P3, to an increasing intensity of H2 lines from P2 to P4. Figure from Povich et al.
(2007)
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⊡ Fig. 9-18
A composite color image ofM17 showing soft X-ray diffuse emission (0.5–2.0keV) in blue, thermal
dust emissionat 21.3 μmMSXemission in red, andPAHemission from IRAC [5.8] ingreen. Thewhite
contours show 20 cm continuumemission indicating the distribution of∼ 104 K ionized gas. Image
from Povich et al. (2007)

(> Fig. 9-20) at the same velocity as M17 (∼  km s−). The CO data indicate a gas mass of
∼ . ×  M⊙ in the velocity range 12–26 km s− .

YSO candidates were identified throughout the entire M17 complex using both MIR color-
color analyses and the spectral energy distribution (SED) analyses using the Monte Carlo
radiative transfer models of massive YSOs developed by Whitney et al. (2004) combined with
the model-fitting routine of Robitaille et al. (2007b). A control field was used to estimate the
fraction of contamination by unassociated YSOs, which in this part of the Galactic plane is
about 50%! Five candidate ionizing stars of M17EB were identified near the center of M17EB
with an estimated age of 2–5Myr, compared to ∼0.5Myr for stars with mass ≥ M⊙ in the ion-
izing cluster of M17 (NGC6618). The YSO populations are concentrated in M17 itself, along
the periphery of M17EB, near the center of M17EB, and in MC G15.9-0.7. Based on relative
ages and locations, it seems plausible that NGC6618, the ionizing cluster of M17, may have
been triggered by the older cluster responsible for the creation and ionization of M17EB. The
expansion ofM17EBmay also be triggering current star formation inMCG15.9-0.7. It was also
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⊡ Fig. 9-19
A schematic diagram showing the approximate locations and boundaries of several large-scale
features associatedwith theM17 H2 region superimposed on a GLIMPSE [5.8]-red, [4.5]-green, and
[3.6]-blue image (Povich et al. 2009). Labeled features are discussed in the text

noted that essentially all the O stars in NGC6618 are likely to be binary systems for consistency
with the inferred UV photon flux and current distance estimates to M17.

5 Evolved Stars

In the course of their evolution nearly all stars will lose mass, some of which will condense
into dust. Infrared observations are thus important for determining the effect of this mass
loss on stellar evolution and constraining the return of processed material to the interstellar
medium. We review some of the results working our way upward in mass, but starting with a
brief summary of stellar variability in the infrared.

5.1 Variable Stars

At some level all stars are variable, but stars with periodic variability ormassive stars with signif-
icant mass loss have been important in the history of astronomy. Cepheid variables are among
the key standard candles in setting the extragalactic distance scale. RR Lyrae stars were used
for one of the first determinations of the distance to the center of the Galaxy. Evolved massive
stars are frequently large amplitude and long period variables; study of these sources are key
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⊡ Fig. 9-20
[Top]. A 13CO(1 − 0) image of M17 and part of theM17EB shell (color with TAΔv(12 − 26 km s−1) in
K km s−1 shown in thescalebarat right)obtainedwith theHeinrichHertz Telescope (HHT). The con-
tours are 90 cmVLA observations at intervals of 5, 10, 20, 30, 40, 60, and 80%of peak, which traces
H+ emission. [Bottom] The HHT 12CO(1 − 0) emission at 19 km s−1 superimposed on the GLIMPSE
[8.0] image. The large M17EB molecular shell is clearly apparent in CO as well as at 8 μm emission.
Figure from Povich et al. (2009)
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for understanding the role of mass loss in stellar evolution as well as constraining the return of
chemically enrichedmaterial into the interstellarmedium.The variability associated with mass
transfer and eclipses in binary systems provides important constraints onmodels of stellar evo-
lution. Several programs are dedicated to searching for microlensing, but have also turned up
large numbers of other variable sources in abundance.

With the exception of the work on evolved stars, most of the study of variable stars has
been the domain of optical astronomy. Large-scale deep surveys, e.g., the Optical Gravitational
Lensing Experiment (OGLE), have produced a catalog of 200,000 potentially variable sources
(Wozniak et al. 2002) in selected low-extinction directions, like Baades window. But it is often
noted that the two principal difficulties using optical surveys of variable stars to probe the
structure of the Galaxy have been extinction and lack of uniform coverage (Paczynski 1997).

Surprisingly, only the ongoing near-infrared VVV survey (Minniti et al. 2010) has been
designed to produce the light curves needed to identify different classes of variable sources.
Most previous surveys, with only a few epochs of observation, only allow for variable sources
to be flagged. These studies tend to preferentially select large-amplitude or long-period vari-
ables. For example, Robitaille et al. (2007a) used the MSX and GLIMPSE/MIPSGAL surveys
to identify candidate mid-infrared variables by comparing flux densities at 8.0 vs 8.28 μm and
secondarily at 24 vs 21.3 μm. By requiring that the amplitude of variation exceed a factor of
two, the number of candidate-variable sources was winnowed from almost 52,000 sources to
592, most of which are expected to be asymptotic giant branch stars.

5.2 Asymptotic Giant Stars

During the asymptotic giant branch (AGB) phase of low and intermediate mass stars, stars
develop dusty circumstellar shells. These stars provide a significant source of carbon and oxy-
gen and dust to the interstellar medium; an extensive review can be found in Habing (1996).
A survey of the LMC (Srinivasan et al. 2009), which has the advantage that the sources are
at a common distance and extinction, used infrared SEDs to identify different classes of AGB
stars, finding that the dustmass returned to the LMC from these sources is 6- × − M⊙ yr− .
Using a catalog of red GLIMPSE objects, Robitaille et al. (2008) compared the observedGalactic
distribution to a synthetic distribution, assuming that Galactic AGB stars have similar infrared
colors to those in the LMC.They estimate that 30–50% of the 22,000 red sources are AGB stars.
Much more work characterizing the galactic population of AGB stars remains to be done.

5.3 Planetary Nebulae

Themid-infrared colors of planetary nebulae strongly overlap with HII regions and young stel-
lar objects (YSOs). The identification of PN in the mid-infrared therefore requires confirming
images or spectra. In > Fig. 9-21, a montage of PNe images from the GLIMPSE survey are
shown to illustrate some of the morphologies seen in the IRAC bands. Kwok et al. (2008)
analyzed the SEDs for 30 previously identified PNe in the GLIMPSE survey. Phillips and
Ramos-Larios (2008b) used 2MASS and GLIMPSE, finding that although their colors are very
similar to HII regions for identification purposes, their intensity profiles have broad wings that
increase withwavelengthwhich they attribute to a photodissociation region (PDR) around PNe.
Using this, they identified a set of candidate PNe (Phillips and Ramos-Larios 2008a) that await
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01021+043 02473+069 04037–047 30641–069

31316–097 31335+031 31424+098 32102–070

33393+069 33411+038 33472–054 33606+060

⊡ Fig. 9-21
A montage of several planetary nebulae seen in the GLIMPSE survey. Colors are [8.0]-red, [4.5]-
green, and [3.6]-blue

spectroscopic confirmation. Hora et al. (2006, 2004) report Spitzer/IRAC observations of sev-
eral PNe, including the Helix nebula.They found these objects are quite red, [.] − [.] > .
and [.] − [.] > ., whereas the central stars are ∼0 in both colors. They also suggest that
the [8.0] band may have significant contributions from H and [ArIII] line emission.

PNe have also been imaged with Spitzer/MIPS. Observations of NGC2346 (Su et al. 2004)
show an edge-on toroid at 70 μm, the tips of the bipolar outflow at 24 μm, and indicate that dust
resides in the ionized nebula.TheHelix nebula (Su et al. 2007) shows a debris disk of dust mass
∼.M⊙ around the central star based on the observed SED.The 24 μm images also show very
bright emission surrounding the central star, indicating dust close to the star.This they interpret
as further evidence for a debris disk. Their IRS spectrum also shows a bright [OIV] 25.9 μm
emission line contribution to the 24 μm band. NGC 650 also appears to have a nearly edge-on
torus (Ueta 2006) as well as 24 μm emission around the central star. As more far-infrared data
become available, more new insights on the nature of PNe are expected.

5.4 Luminous Blue Variables andWolf-Rayet Stars

One of the surprises of the MIPSGAL survey was the presence of (at least) 416 disk and ring
sources seen in 24 μm (Mizuno et al. 2010), which break into 54 objects with central sources,
112 rings, 226 disks, 24 two-lobed objects, two filamentary, and 10 miscellaneous objects.
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Approximately 80% of these objects have no 8 μm counterpart indicating that most of them
are probably not PAH bubbles or standard HII regions. Further work (Gvaramadze et al. 2010;
Mizuno et al. 2010; Wachter et al. 2010) has shown that these sources are a heterogenous set,
including some planetary nebulae and circumstellar envelopes around giant and supergiant
stars.

However, a significant fraction of these sources are associated with various stages of mas-
sive star evolution. Near- and mid-infrared studies, c.f. Mauerhan et al. (2009) and references
therein, have increased the sample of knownWolf-Rayet stars by 30%.When surveys and spec-
troscopic follow-up are complete, the sample is likely to more than double. Some of the sources
associated with the 24 μm shells have been found to be Be stars and Wolf-Rayet stars. Most
significantly, several shells are associated with Luminous Blue Variables (LBVs). These stars are
thought to be a short-lived stage of massive star evolution, preceding the Wolf-Rayet phase,
during which the star loses a significant fraction of its mass. Studies of these phases of massive
star evolution have always been dogged by small sample sizes.With these new infrared-selected
candidates, that may soon change.

5.5 Supernova Remnants

Supernova remnants (SNRs) generally do not stand out in the mid-infrared, unless they occur
in the vicinity of molecular gas. Reach et al. (2006) visually searched the GLIMPSE images for
all 95 known SNRs that lie in the survey area. Only 18 (19%) of the SNRs were unambiguously
detected. The low detection rate may have several causes: confusion with HII regions, shock
velocities that do not produce emission lines in the Spitzer/IRAC bands, and the contamination
of mid-infrared diffuse emission with SNR shell emission. Some, but not all, of the 18 SNRs
are traced by excess emission in the [4.5] band due to lines of shocked molecular hydrogen.
This includes W44 (> Fig. 9-22), G311.5-0.3, and RCW103. This work also shows how SNRs
can produce a wide range of mid-infrared molecular and atomic line emission. The variation
in these emission lines from object to object, and even within a single object, mean that SNRs
cannot be isolated to a small color-color space at mid-infrared wavelengths.

6 Limitations and Lessons Learned

Before the opening of the infrared frontier, the study of stars, star formation, and interstellar
medium was the domain of the optical and radio astronomers. Looking back on what infrared
investigations have revealed so far, it is instructive to reflect on where these previous eras were
limited, and where new opportunities may lie.

The unbreachable limitation on optical investigations of the Galaxy is the patchy extinction
principally, but not exclusively, found along the plane of theGalaxy. As a result,most of the inner
MilkyWaywill forever be off-limits to the optical astronomer.This limitation affectsmuchof the
triaxial bulge and also means that all of the Galactic disk more distant than a few kiloparsecs is
unreachable. As new optical surveys come on line to probe the time-variation, parallax, proper
motions, radial velocities, and metallicities of stellar sources, it will be important to remember
this limitation.
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⊡ Fig. 9-22
GLIMPSE image of W44, one of the few supernova remnants to show clear mid-infrared emission,
due to emission from shocked molecular hydrogen. See Reach et al. (2006) for more details

In contrast, radio surveys of the Galaxy, which suffer no extinction, have been limited prin-
cipally by angular resolution. Until very recently with VLA 6 cm CORNISH Galactic Plane
Survey (Purcell et al. 2008), there have been no radio surveys of the Galactic plane that
come close to matching the ∼ arcsec resolution available to optical and infrared surveys. This
limitation also produces a distance bias in Galactic investigations, since distant clouds and star
formation regions are unresolved. As a result, most of the focus has been on the more nearby
resolved structures.

The combination of these two selection effects, extinction at optical wavelengths and angu-
lar size for radio wavelength surveys, means that beyond a few kiloparsecs from the Sun our
knowledge of the Galaxy is grossly incomplete. In his introduction to the two-volume, 1,900-
page handbook of star formation regions in the Galaxy, Reipurth (2008) notes that all of the star
formation regions described in the volumes lie within ∼2 kpc of the Sun. Students looking to
get into Galactic astronomy should take heart. Most of the Galaxy yet remains to be explored!

Although infrared studies of theGalaxy have the advantage of low extinction andhigh angu-
lar resolution (and sensitivity), they too have limitations that must be borne in mind. The flip
side of low extinction and a large number of sources is source confusion. Confusion imposes a
brightness limitation on stellar catalogues that will vary with direction. Moreover, the current
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generation of infrared surveys are all photometric. Very few velocity-resolved infrared spectral
surveys, either for the stellar component or the diffuse emission, are on the horizon.Thismeans
that velocities, and therefore kinematic distances, require follow-up at other wavelengths.

Finally, a limitation that has dogged all Galactic investigations is the issue of sky coverage. In
order to draw conclusions about the structure of the whole Galaxy it is wise to survey the entire
Galaxy (or at the very least the full Galactic plane). This is particularly challenging for ground-
based studies as it requires two observing sites. In this respect, infrared Galactic astronomy
has been fortunate as it has come of age at the same time that data acquisition and analysis
software are up to the task. But synthesis of all of this data into useful knowledge will remain
a challenge for us all. Galactic astronomy has a lot of trees to distract us. But we are definitely
making progress on understanding the forest.
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