
The Astronomical Journal, 136:2413–2440, 2008 December doi:10.1088/0004-6256/136/6/2413
c© 2008. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

INTRINSICALLY RED SOURCES OBSERVED BY SPITZER IN THE GALACTIC MIDPLANE

Thomas P. Robitaille1, Marilyn R. Meade2, Brian L. Babler2, Barbara A. Whitney3, Katharine G. Johnston1,
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ABSTRACT

We present a highly reliable flux-limited census of 18,949 point sources in the Galactic midplane that have
intrinsically red mid-infrared colors. These sources were selected from the Spitzer Space Telescope Galactic
Legacy Infrared Midplane Survey Extraordinaire (GLIMPSE) I and II surveys of 274 deg2 of the Galactic
midplane, and consist mostly of high- and intermediate-mass young stellar objects (YSOs) and asymptotic
giant branch (AGB) stars. The selection criteria were carefully chosen to minimize the effects of position-
dependent sensitivity, saturation, and confusion. The distribution of sources on the sky and their location in
the Infrared Array Camera and the Multiband Image Photometer for Spitzer 24 μm color–magnitude and color–
color space are presented. Using this large sample, we find that YSOs and AGB stars can be mostly separated by
simple color–magnitude selection criteria into approximately 50%–70% of YSOs and 30%–50% of AGB stars.
Planetary nebulae and background galaxies together represent at most 2%–3% of all the red sources. 1004 red
sources in the GLIMPSE II region, mostly AGB stars with high mass-loss rates, show significant (�0.3 mag)
variability at 4.5 and/or 8.0 μm. With over 11,000 likely YSOs and over 7000 likely AGB stars, this is to date
the largest uniform census of AGB stars and high- and intermediate-mass YSOs in the Milky Way Galaxy.

Key words: catalogs – infrared: stars – Galaxy: stellar content – planetary nebulae: general – stars: AGB and
post-AGB – stars: formation
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1. INTRODUCTION

The Spitzer Space Telescope has recently completed a number
of surveys of the Galactic midplane using the Infrared Array
Camera (IRAC; Fazio et al. 2004) at 3.6, 4.5, 5.8, and 8.0 μm,
and the Multiband Imaging Photometer for Spitzer (MIPS; Rieke
et al. 2004) at 24 and 70 μm. In the context of star formation,
the Galactic Legacy Infrared Midplane Survey Extraordinaire
(GLIMPSE; Benjamin et al. 2003) surveys—which to date
includes GLIMPSE I, GLIMPSE II, and GLIMPSE 3D—and
the MIPS Galaxy (MIPSGAL) surveys—which include the
MIPSGAL I and II surveys—have so far been used for studies
of individual star-formation regions (e.g., Whitney et al. 2004;
Indebetouw et al. 2007; Mercer et al. 2007; Shepherd et al. 2007;
Povich et al. 2008). However, the full potential of these surveys is
that they provide a uniform view of the Galactic midplane—they
not only cover large and well-studied star-formation regions, but
also show the distributed star formation between these regions.
Therefore, in addition to focusing on specific regions, a whole
continuum of star-formation environments can now be studied.
When seen in this light, these observations have the potential to
revolutionize our view of Galactic star formation.

These surveys are not the first of their kind at mid- and
far-infrared wavelengths. Previous major surveys covering the
Galactic plane include the Infrared Astronomical Satellite
(IRAS; Neugebauer et al. 1984) all-sky survey in 1983 at 12, 25,
60, and 100 μm, the Infrared Space Observatory (ISO) Galac-
tic plane survey (Omont et al. 2003) at 7 and 15 μm, and the

Midcourse Space Experiment (MSX) survey of the Galactic
plane (Price et al. 2001) at 8.28, 12.13, 14.65, and 21.3 μm.
However, the combination of coverage, sensitivity, and resolu-
tion of the Spitzer observations is unprecedented: the full width
at half-maximum (FWHM) of the point-spread function (PSF) is
2′′ at 8 μm, and 6′′ at 24 μm, compared to the detector resolution
of 18.′′3 for MSX 8.28 and 21.3 μm and an FWHM of approxi-
mately 3′–5′ for IRAS 12 and 25 μm. The point source sensitivity
at 8 μm is 100 and 1000 times better than MSX 8.28 μm and
IRAS 12 μm respectively, and the sensitivity at 24 μm is also
approximately 100 and 1000 times more sensitive than MSX
21.3 μm and IRAS 25 μm, respectively. At 7 μm, the sensitiv-
ity and resolution of the ISOGAL observations (9 mJy and 6′′,
respectively) approach those of the Spitzer GLIMPSE survey,
but the coverage of the ISOGAL survey is only 6% of that of
the GLIMPSE and MIPSGAL surveys (16 deg2 for ISOGAL
versus 274 deg2 for GLIMPSE).

These three previous surveys have been used to search for
young stellar objects (YSOs), which are brighter and redder at
infrared wavelengths than field stars due to thermal emission
from circumstellar dust. Wood & Churchwell (1989) selected
1717 candidate embedded massive stars with UCHII regions
from the IRAS data, 1646 of which are associated with the
Galactic plane; Felli et al. (2002) used the ISOGAL survey in
conjunction with radio observations to compile a list of 715 YSO
candidates; and the MSX survey was used to compile a Galaxy-
wide sample of candidate massive YSOs which were followed
up to eliminate contaminants via the Red MSX Source (RMS)
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survey (Hoare et al. 2004). However, the increased sensitivity
of the recent Spitzer observations of the Galactic midplane will
allow many intermediate-mass YSOs and more distant massive
YSOs to be seen.

In this and future papers, our aim is to construct a photo-
metrically reliable catalog of sources that is likely to contain
many YSOs, and to use it to study the distribution of star-
formation regions in the Galaxy, the environments in which
stars form, and to estimate the present rate of star formation in
the Galaxy. The current paper describes the initial compilation
of a red source catalog which is photometrically very reliable,
and is affected as little as possible by any biases due for ex-
ample to position-dependent sensitivity or saturation limits. In
addition to YSOs, a number of asymptotic giant branch (AGB)
stars, which are also red at mid-infrared wavelengths due to the
dust that surrounds them, are present in the red source catalog
presented here. Because interstellar extinction is low at mid-
infrared wavelengths, and because of the selection criteria used
for this catalog, these are amongst the reddest and most distant
AGB stars in the Galaxy.

In Section 2, we describe the GLIMPSE observations that
are used to compile the red source catalog, the various issues
that affect the completeness of the GLIMPSE Catalogs, and
the complementary surveys that are used to construct spectral
energy distributions (SEDs) from 1.25 to 24 μm. In Section 3,
we describe the selection of the red sources from the GLIMPSE
Catalog, including the procedure used to increase the reliability
and improve the uniformity of the selection across the Galaxy.
In Section 4, we show the angular distribution and colors of
the red sources, we identify over 1000 red variable sources, and
we study the composition of the red source catalog. Finally, in
Section 5, we summarize our findings.

2. OBSERVATIONS

2.1. Description of the IRAC Observations

In this paper, we make use of observations taken with the
Spitzer IRAC to select intrinsically red sources. The IRAC
data used are from the GLIMPSE I survey (PI: Churchwell;
PIDs 146, 186, 187, 188, 189, 190, 191, 192, and 195), the
GLIMPSE II survey of the inner region of the Galactic plane
(PI: Churchwell; PID 20201), and observations of the Galactic
center (PI: Stolovy; PID 3677; Stolovy et al. 2006; S. Stolovy
et al. 2009, in preparation). GLIMPSE I covers 10◦ � |ℓ| � 65◦

and |b| � 1◦. GLIMPSE II fills in the region for |ℓ| < 10◦, with
|b| � 1◦ for |ℓ| > 5◦, |b| � 1◦.5 for 2◦ < |ℓ| � 5◦, and |b| � 2◦

for |ℓ| � 2◦. The total area surveyed is thus 274 deg2. In reality,
due to the observing strategy, the surveys extend slightly beyond
these limits; however, throughout the remainder of this paper
only sources inside this “official” survey area are considered, as
this makes calculations of surface densities of sources and the
analysis of clustering more straightforward. The coverage of all
of the IRAC observations is shown in the top panel of Figure 1.

All IRAC observations consist of frames with 1.2 s effective
exposure times. In principle, GLIMPSE I has one epoch of ob-
servations, with two exposures at each position, GLIMPSE II
has two epochs of observations (separated by six months), with
three exposures at each position (two during the first epoch,
and one during the second), and the Galactic center data have
a single epoch of observations, with five exposures at each po-
sition. In practice, a given position can be covered more often
than this because of reobserved missing or bad frames, and
overlap between the individual frames, between the observing

campaigns, and between the different surveys. This can be seen
in Figure 1.

The GLIMPSE I and II v2.0 all-epoch enhanced data products
consist of highly reliable Point Source Catalogs, more complete
Point Source Archives, and mosaic images with both 0.′′6 and
1.′′2 pixel resolutions. This processing of the all-epoch
GLIMPSE II data includes all GLIMPSE I basic calibrated data
(BCD) frames for |ℓ| < 11◦, and includes all of the Galactic
center data, and therefore supersedes the GLIMPSE I v2.0 data
products for 9◦ < |ℓ| < 11◦. Since the GLIMPSE II survey is
two epoch, single-epoch data products are also available for the
whole GLIMPSE II area. For example, the enhanced first-epoch
data products include only GLIMPSE II basic calibrated data
(BCD) frames from the first epoch (and exclude GLIMPSE II
second-epoch, GLIMPSE I, or Galactic center data).

For this work, the Point Source Catalogs were used, as they
have a higher reliability than the Point Source Archives. The
Catalogs are high-quality subsets of the Archives: for example,
one of the main differences between the Catalogs and the
Archives is that a source can be included in the Archives if
it is detected only in one IRAC band, whereas it is required
to be detected in at least two neighboring bands in order to be
included in the Catalogs. In addition, some fluxes present for
a given source in the Archives may be nulled in the Catalogs,
for example if the fluxes approach the saturation levels. More
details on the GLIMPSE data products, such as the selection
criteria for the Archives and Catalogs, are provided in the
GLIMPSE I and II Science Data Products Document7,8 and the
GLIMPSE Quality Assurance Document.9 As will be described
in Section 2.2.3, highly variable sources will be missing from the
all-epoch Catalogs in the GLIMPSE II survey area in particular,
so the first-epoch Catalogs were used instead of the all-epoch
Catalogs to select sources from the GLIMPSE II region.

2.2. Completeness of the IRAC Observations

In this section, we review the effects of position-dependent
saturation and sensitivity, variability, and confusion on the
completeness of the GLIMPSE I and II surveys. As will be
discussed in Section 3.1, only IRAC 4.5 and 8.0 μm fluxes
were used for the source selection. Therefore, the following
discussions refer mostly to these two bands.

2.2.1. Saturation

Since all IRAC observations used the same effective exposure
time of 1.2 s, the pixel saturation level is independent of position
across the whole survey. However, the maximum flux a point
source can have without being saturated will depend on the
background emission. For instance, if the background is very
bright, and close to saturation, only faint point sources will avoid
saturation. Since the level of diffuse emission is a strong function
of position in the survey area, the point source flux saturation
level will be position dependent. Using the equation for point
source saturation from the Spitzer Observer’s Manual,10 the
equation for the saturation flux at 4.5 μm is

Fsat

mJy
=

1

11.09

(

3621 −
B

MJy/sr

)

, (1)

7 http://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE/doc/
glimpse1_dataprod_v2.0.pdf
8 http://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE/doc/
glimpse2_dataprod_v2.0.pdf
9 http://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE/doc/glimpse_quality_
assurance_v1.0.pdf
10 http://ssc.spitzer.caltech.edu/documents/som/
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Figure 1. Coverage of the GLIMPSE I and II surveys, and the Galactic center data. The top panel shows the coverage using all available GLIMPSE observations,
while the bottom panel shows the coverage if only the first epoch data are used inside the GLIMPSE II region. This region is enclosed by the thick lines at ℓ = 10◦

and ℓ = 350◦, and excludes the Galactic center region, also enclosed by a thick line. The scale used is shown on the right in each case: darker shades of gray indicate
areas that have been observed a larger number of times.

and for 8.0 μm, the equation is

Fsat

mJy
=

1

4.79

(

5878 −
B

MJy/sr

)

, (2)

where Fsat is the point source saturation flux and B is the
background level. In the ideal case of a zero background level,

the point source saturation levels in these two bands are therefore
327 and 1228 mJy, respectively. These are conservative “worst-
case” values, which assume for example that the sources are
perfectly aligned with the center of pixels. In reality, it was found
in the GLIMPSE processing that fluxes up to 450 and 1590 mJy
could be extracted reliably at 4.5 and 8.0 μm respectively,
i.e., 30%–40% higher than the Spitzer Science Center (SSC)
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Figure 2. The dependence of sensitivity on the diffuse emission brightness. From left to right: 8.0 μm diffuse emission intensity for a 1.◦5 × 1.◦5 field centered on
(ℓ, b) = (305.◦5, 0.◦1) (where a darker shade of gray indicates brighter diffuse emission); point sources (shown as black points) extracted with 8.0 μm flux densities
less than 10 mJy; point sources (shown as black points) extracted with 8.0 μm flux densities more than 10 mJy; flux density vs. diffuse emission brightness for all the
sources in this field (shown on a gray scale where darker shades of gray indicate more sources). The horizontal dashed line corresponds to Fν = 10 mJy. Only point
sources satisfying the quality selection criteria from Equation (4) are used in this figure.

“worst case” values. However, the dependence of the point
source saturation limit is essentially correct: as the background
level increases, the point source saturation flux decreases.

At 4.5 μm, the diffuse emission (excluding the zodiacal
light) almost never exceeds 25 MJy sr−1, which means that
in practice, the point source saturation flux will change by less
than 1% as a function of position. The only notable exceptions
where the diffuse emission is brighter than this (and exceeds
100 MJy sr−1) are the Galactic center and the Omega Nebula
(M17) star-formation region.

At 8.0 μm, in regions where the diffuse emission is as high
as 1000 MJy sr−1, all sources fainter than ∼1000 mJy should
still be detectable. In practice, such a high background value
is very rare: the fraction of the survey for which the diffuse
emission brightness is above 1000 MJy sr−1 is approximately
0.015% (approximately 0.04 deg2). Furthermore, only very
few sources (135) in the final red source catalog (0.7%) are
brighter than 1000 mJy at 8.0 μm. Therefore, the probability
of a bright (>1000 mJy) source being in a region of bright
(>1000 MJy sr−1) diffuse emission is very low. This means that
the dependence of the saturation limit on the diffuse emission
brightness is likely to remain unnoticed for this work. The
exception to this is the M17 star-formation region, which is
so bright at 8 μm that the diffuse emission saturates in places;
thus, the point source saturation flux in this region decreases
substantially, and reaches zero where the diffuse emission
saturates.

2.2.2. Sensitivity

Although different regions of the survey were observed a
different number of times, the photometry for the GLIMPSE I
and II catalogs was always done on 1.2 s BCD frames, meaning
that the number of observations at a given position should not
in principle affect the sensitivity limit (this would be different
if the source detection and photometry were both carried out on
mosaics). In practice, the more a source is observed, the more
likely it is to be detected enough times to satisfy the Catalog
selection criteria, but this effect is not found to be dominant: for
example, there is no jump in the number of sources at ℓ = 10◦

or ℓ = 350◦ between the all-epoch GLIMPSE I and II Catalogs,
despite the fact that the all-epoch GLIMPSE II Catalogs use
three observations at each position instead of two.

The main factor that determines the sensitivity limit, in
particular at 8.0 μm, is the brightness of the diffuse emission.

The brighter the background emission, the larger the Poisson
noise, and therefore the poorer the sensitivity. This has a strong
effect on the detectability of sources, mainly for sources fainter
than 10 mJy at 8 μm. To illustrate this, the distribution of sources
around the ℓ = 305◦ region is shown in Figure 2, distinguishing
between sources brighter and sources fainter than 10 mJy (only
sources satisfying the data quality criteria outlined in Section 3.2
are shown). The right-hand panel clearly shows the dependence
of the faintest source detected as a function of the background
flux. To ensure that the angular distribution of sources in our
red source catalog is not affected by the variations in the sky
background, lower limits on the 4.5 and 8.0 μm fluxes of 0.5
and 10 mJy respectively ([4.5] = 13.89 and [8.0] = 9.52) will
be imposed in Section 3.2.

2.2.3. Variability

The issue of variability between the various epochs of
observations is important, as the entire survey area is constructed
from BCD frames taken at different epochs, separated in some
cases by over a year. The band merger in the GLIMPSE
pipeline, a modified version of the SSC bandmerger,11 makes
uses of the positions, fluxes, and flux uncertainties of detections
within the same band, but in different BCD frames, in order
to determine whether to combine the detections. The larger the
positional offset between two detections, the more the fluxes
have to agree for the detections to be combined, and vice versa.
Thus, two detections with differing fluxes are most likely to
be matched if they are positionally coincident. In this case, to
be combined, the fluxes can differ by up to 4.5σtotal, where
σ 2

total = σ 2
1 + σ 2

2 , and σ1 and σ2 are the flux uncertainties of
the two detections, respectively. The threshold of 4.5σtotal was
determined empirically by running the GLIMPSE band merger
with various combinations of nearby detections and a range
of different fluxes. Therefore, detections with fluxes differing
by more than 4.5σtotal are never combined regardless of their
positional offset. Not combining two detections results in the
detections being treated as two separate sources, which in turn
decreases the chance of either of these sources making it to
the final Archive or Catalog. No constraints are placed on the
fluxes when deciding to consider detections in different bands
as belonging to the same source (that decision is based on close
positional coincidence only).

11 http://ssc.spitzer.caltech.edu/postbcd/bandmerge.html
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For the work presented here, sources are only selected from
the Catalogs if the standard deviation of the fluxes from the
different BCD frames is less than 15% of the mean flux, as
will be described in Section 3.2. Therefore, although it is not
straightforward to know whether a given variable source will
be included in the GLIMPSE Catalogs due to the merging of
detections in the GLIMPSE pipeline, the requirement for the
standard deviation to be less than 15% does remove any sources
that are significantly variable from regions covered at several
epochs in the all-epoch Catalogs. We note that no variable stars
are removed in regions covered only at a single epoch (i.e., most
of GLIMPSE I and the Galactic center).

In Figure 3, the maximum difference in epochs between
BCD frames is shown as a function of position. The top
panel shows this using all BCD frames available, and is there-
fore a map of where variable sources are likely to be miss-
ing when using the all-epoch v2.0 Catalogs. The GLIMPSE I
area is mostly single epoch, as the two exposures at each
position were taken 20 s apart. GLIMPSE I was observed
in segments of 15◦ of longitude, separated by intervals of
weeks to months, so the regions of overlap between these
segments are effectively multiepoch (the epoch difference
is 15–20 days at ℓ = 55◦ and 322◦, and is 130–170
days at ℓ = 40◦, 25◦, 337◦, and 307◦). A small fraction of
the survey was reobserved to fill in gaps in the coverage, result-
ing in small multiepoch patches. The largest reobserved region
is the region between ℓ = 302◦ and 306◦, which was reobserved
611 days after the original survey. The Galactic center obser-
vations are single epoch, as the entire set of observations was
completed within 16 hr. Finally, the GLIMPSE II area is two
epoch by design, with the two epochs separated by 215–225
days. Since the two GLIMPSE II epochs were observed after
GLIMPSE I and after the Galactic center observations, the re-
gions of overlap between GLIMPSE II, GLIMPSE I, and the
Galactic center data were observed at three different epochs,
with a maximum epoch difference of 597 days at the overlap
region between GLIMPSE I and II (at |ℓ| = 10◦), and 396 days
at the overlap region between GLIMPSE II and the Galactic
center observations (at |ℓ| = 1◦ and |b| < 0.◦75, and at
|b| = 0.◦75 and |ℓ| < 1◦). The bottom panel of Figure 3 shows
the same as the top panel with the exception that wherever first-
epoch GLIMPSE II BCD frames are available, only those are
used; this region is outlined in the bottom panel of Figure 1. This
dramatically reduces the area in which variable sources will be
missing.

To summarize, a large fraction of significantly variable stars
is likely to be absent from the GLIMPSE all-epoch Catalogs
in regions covered at several epochs (for epochs sufficiently far
apart). These regions occur (1) within each individual survey,
in regions of overlap between different observing campaigns,
or where reobservations have been carried out, (2) in the
entire GLIMPSE II survey region, since this survey was two
epoch by design, and (3) in the regions of overlap between
GLIMPSE I and II, and between GLIMPSE II and the Galactic
center data. However, by using the GLIMPSE II first-epoch
Catalogs instead of the all-epoch Catalogs wherever possible,
the number of excluded variables sources can be minimized.

2.2.4. Confusion

As described in the GLIMPSE Quality Assurance docu-
ment (see footnote 8), photometry can become unreliable when
two sources are separated by less than 2.′′4. In this situa-
tion, “flux stealing”—splitting the flux incorrectly between

two sources—becomes important. This is most likely to hap-
pen in dense clusters and in the GLIMPSE II survey area
as one approaches the Galactic center. All sources in the
GLIMPSE Catalog are assigned a close source flag that indicates
whether another source is closer than 2.′′5 (flag set to 2), closer
than 3.′′0 (flag set to 1), or whether there is no other
source within 3.′′0 (flag set to 0). Since photometric accuracy
is very important for this work, only sources that have no
neighbor closer than 3.′′0 are kept (as described further in
Section 3.2). However, this means that the red source catalog
will be incomplete in regions of very high stellar densities such
as dense clusters or toward the Galactic center.

2.3. Description of the Complementary Observations

For this work, complementary observations were used to
construct SEDs from 1.25 to 24 μm for the sources selected
as intrinsically red. These complementary observations are the
following:

1. The Two Micron All Sky Survey (2MASS) Point Source
Catalog (Skrutskie et al. 2006), which includes photometry
in JHKs filters for the whole area covered by the GLIMPSE
surveys. The 2MASS photometry is merged with the
IRAC data in the GLIMPSE pipeline, and is listed in the
GLIMPSE I and GLIMPSE II catalogs. The 10σ sensitivity
limits are typically 15.8, 15.1, and 14.3 mag for J,H , and
Ks, respectively.

2. Spitzer MIPS data from the MIPSGAL I survey of the
GLIMPSE I area (PI: Carey; PID 20597), the MIPSGAL
II survey of the GLIMPSE II area (PI: Carey; PID 30594),
and observations of the Galactic center (PI: Yusef-Zadeh;
PID 20414). Since Point Source Catalogs are not available
at the time of publication, the post-basic calibrated data
(PBCD) mosaics were used to perform the photometry.

3. MSX band E (21.3 μm) data for sources saturated at MIPS
24 μm.

3. SOURCE SELECTION AND CATALOG COMPILATION

3.1. Definition of an Intrinsically Red Source

Due to the difficulty in separating YSOs, AGB stars, plane-
tary nebulae (PNe), and other red sources at mid-infrared wave-
lengths, we decided to first create a catalog of all intrinsically red
sources, and to leave the separation of the various populations
until after compiling the catalog. The definition of an intrinsi-
cally red source that we adopt is one that is intrinsically redder
at IRAC wavelengths than field stars (such as main-sequence or
red giant stars), and would therefore still be red in the absence
of interstellar extinction.

One option to select red sources would be to remove sources
that could be well fitted by reddened stellar photosphere mod-
els, allowing interstellar extinction to be a free parameter, and
considering the remaining sources to be intrinsically red (e.g.,
Indebetouw et al. 2007; Poulton et al. 2008). However, while
spectral energy distribution (SED) modeling can usually provide
unique insights into the properties of objects by making the best
use of multiwavelength data, such a procedure would not be suit-
able for generating a red source catalog for several reasons. First,
the goodness of fit is quantified by a χ2 value, which not only
depends on the fluxes of a source, but also the flux errors, mean-
ing that the number of sources selected is very sensitive to the
χ2 threshold and the choice of flux errors. In addition, the num-
ber of sources badly fitted by reddened photospheres strongly
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Figure 3. Maximum epoch difference between BCD frames as a function of position. The top panel shows the epoch difference in the BCD frames used for the
all-epoch data products, while the bottom panel uses exclusively the GLIMPSE II first-epoch BCD frames where available, and all BCD frames elsewhere. The scale
used is shown on the right in each case: darker shades of gray correspond to larger epoch differences, with differences of a year and above shown in black. Therefore,
white corresponds to areas covered effectively at a single epoch.

depends on the specific stellar photosphere models used.
For example, using Castelli & Kurucz (2004) models resulted in
approximately twice as many remaining red sources as the Brott
& Hauschildt (2005) models for a same χ2 cutoff. Finally, such
a selection is not easily reproducible. Undoubtedly, the models
will improve in the future, and might result in yet a differ-
ent number of red sources given the same selection criterion.

Reproducing the selection criterion would require using the
same version of the models as was used in this paper.

Instead, we decided to extract intrinsically red sources using
a color selection. A multicolor-selection criterion—combined
with different sensitivity and saturation limits at different
wavelengths—would make it difficult to understand selection
biases. Therefore, a very simple single-color-selection criterion
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was chosen, namely that the color between IRAC 4.5 μm and
IRAC 8.0 μm be above a certain threshold for a source to be
considered as red. While this selection may appear simplistic at
first, it allows a much better understanding of selection biases,
and is easily reproducible. A cutoff value of [4.5]–[8.0] � 1
was used to select red sources, and this choice is justified in
Section 3.3.

The choice of IRAC 4.5 μm (rather than 3.6 μm) as the lower
wavelength was motivated by recent results which suggest that
the interstellar extinction law is approximately flat between
4.5 μm and 8.0 μm (Lutz 1999; Indebetouw et al. 2005; Flaherty
et al. 2007). Using the selective extinction values from Indebe-
touw et al. and Flaherty et al., we derive E([4.5]–[8.0])/AK =
0.000 ± 0.040 and E([4.5]–[8.0])/AK = 0.041 ± 0.020 re-
spectively, where the uncertainties are the standard deviations
of the values for the different lines of sight, and effectively rep-
resent the region to region variations. Therefore, a star with an
intrinsic color of [4.5]–[8.0] = 0 would need to be seen through
an extinction of at least AK = 25 to have [4.5]–[8.0] � 1,
that is AV ≈ 190–220 assuming AV /AK ≈ 7.5–8.8 (Cardelli
et al. 1989). Even if the intrinsic color of a source was [4.5]–
[8.0] = 0.5 (for example due to an absorption line or band at
4.5 μm), this would still require AV ≈ 100 to obtain [4.5]–
[8.0] � 1. While such high extinctions can occur through dark
clouds for example, the vast majority of GLIMPSE sources will
not be subjected to such high interstellar extinctions.

3.2. Initial Selection Criteria

As described in Section 2.2.2, the variations in the diffuse
emission throughout the survey translate into a different point
source sensitivity as a function of position. Since the aim was
to produce a complete catalog within color and magnitude
selection criteria, only sources that had 4.5 μm fluxes equal
to or larger than 0.5 mJy, and 8.0 μm fluxes equal to or larger
than 10 mJy were selected.

The issue of contamination by bad photometry and erroneous
detections required the most attention when compiling the
catalog. The source detection reliability for the GLIMPSE
Catalogs is required to be at least 99.5%, and the overall
accuracy of the photometry is also very high. However, applying
a color selection can lead to a bias toward selecting sources with
erroneous fluxes: for example, if a given source has either its
4.5 or the 8.0 μm flux erroneously estimated, this source will
have nonstellar colors; in particular, sources with overestimated
8.0 μm fluxes or underestimated 4.5 μm fluxes have a higher
likelihood of being selected by a criterion such as [4.5]–
[8.0] � 1 than sources with accurate photometry. Therefore,
it is important for this work to ensure that the photometry is as
accurate as possible.

There are a number of reasons why fluxes might be wrongly
estimated for a given source, one of which—“flux stealing” by
close neighbors—was already mentioned in Section 2.2.4. Since
close neighbors can lead to uncertain photometry, only sources
with a close source flag set to zero were selected (no Archive
source within 3′′).

Another possible source of unreliable photometry is low
signal-to-noise (S/N) detections. One common cause of overes-
timation of fluxes occurs when a spurious local peak in the
background emission (due to noise or cosmic rays) is mis-
taken for a point source, or when a source that should not have
been detected becomes bright enough to be detected due to
Poisson fluctuations in the number of photons from that source
(Malmquist bias). In addition, genuine sources with low signal

to noise may also have their fluxes wrongly estimated. Assuming
that the photometric errors are correctly computed, the reliabil-
ity of the Catalogs can be increased by applying S/N cuts. For
the purposes of the work, only sources with fractional flux errors
below 15% were selected.

For a small fraction of sources, photometric uncertainties
may be underestimated, and unreliable photometry may remain.
Spurious detections are not likely to happen twice at the same
position in two different observations, and can therefore be
identified by looking for sources detected only in one BCD
frame, in regions covered by multiple BCD frames. In order to
eliminate such sources, only sources detected at least twice at
4.5 and 8.0 μm were selected. For genuine faint sources with
low signal to noise, one can use the standard deviation of the
fluxes from the multiple detections to check whether the flux
is reliable. For this reason, the standard deviation of detections
was required to be less than 15% of the fluxes.

As discussed in Section 2.2.3, in order to eliminate as few
variable stars as possible, the GLIMPSE II first-epoch Catalogs
were used for the GLIMPSE II first epoch survey area, and
the GLIMPSE I and II all-epoch Catalogs were used for the
remaining area, i.e., most of the GLIMPSE I and Galactic center
regions. The initial selection criterion applied to these Catalogs
can be summarized into two criteria: brightness criteria and
quality criteria. The brightness criteria are

{

0.5 mJy � F4.5 μm � 450 mJy, i.e., 13.89 � [4.5] � 6.50

10 mJy � F8.0 μm � 1590 mJy, i.e., 9.52 � [8.0] � 4.01
(3)

and the quality criteria are

⎧

⎪

⎨

⎪

⎩

csf = 0
dFi/Fi � 15% i = 2, 4
Mi � 2 i = 2, 4
Fi rms/Fi � 15% i = 2, 4

(4)

using the notation from the GLIMPSE Science Data Products
Documents1,2: csf is the close source flag, Fi and dFi are the
fluxes and 1σ errors, Mi is the number of detections, Fi rms is
the rms or standard deviation of individual detections from Fi,
and i is the IRAC band number, where i = 2 corresponds to
4.5 μm, and i = 4 corresponds to 8.0 μm.

The number of sources selected from the GLIMPSE I and II
all-epoch Catalogs (excluding the GLIMPSE II first epoch
area) and from the GLIMPSE II first-epoch Catalogs after each
requirement are listed in Table 1. The distribution of the sources
after applying the brightness and quality selection criteria is
shown in Figure 4. A few regions show a decrease in the
surface density of sources due to the diffuse emission (e.g.,
M17 at ℓ = 15◦, and the regions at ℓ = 333◦, 351◦, and
353◦) despite removing all 8.0 μm fluxes below 10 mJy, but the
distribution of sources seems otherwise unaffected by diffuse
emission.

3.3. Selection of Red Sources

In this section, only the sources that satisfy Equations (3)
and (4), i.e., the brightness and quality selection criteria, are
used. Figure 5 shows a [8.0] versus [4.5]–[8.0] color–magnitude
diagram for all these sources (on a linear and logarithmic
gray scale, respectively). The large majority of sources lie
close to, but not at [4.5]–[8.0] = 0. This is likely due to the
CO fundamental absorption feature in the spectrum of giants
and dwarfs which decreases the 4.5 μm flux. Also shown are
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Figure 4. Angular distribution of the GLIMPSE I and II Catalog sources satisfying Equations (3) and (4). The scale used is shown on the right: lighter shades of gray
correspond to a higher stellar density.

Table 1
Numbers of Sources in the GLIMPSE Catalogs after Selection Criteria

Selection Criteria GLIMPSE I + GCa GLIMPSE II Total

All-Epoch First Epoch

Equation (3) 908,748 591,772 1,500,520

Equations (3) and (4) 828,795 526,587 1,355,382

Equations (3), (4), and (5) 17,104 4995 22,099

Notes. Only sources inside the “official” survey area are included, as described

in Section 2.1.
a Excluding sources that lie in the GLIMPSE II first epoch survey area.

the distribution of sources in a [3.6]–[4.5] versus [4.5]–[8.0]
and a [3.6]–[4.5] versus [5.8]–[8.0] color–color diagram. Most
sources fall around [3.6]–[4.5] ≈ −0.1, [4.5]–[8.0] ≈ +0.2,
and [5.8]–[8.0] = 0. The slightly negative values for the [3.6]–
[4.5] color, the slightly positive value for [4.5]–[8.0], and the
zero value for [5.8]–[8.0] are all consistent with the presence of
an absorption feature at 4.5 μm.

The top panel of Figure 6 shows the sources selected if
the selection criterion for red sources is chosen to be [4.5]–
[8.0] � 0.75. Two populations of sources are seen, the bluest
of which contains the tail of the distribution of bright stars.
The bottom two panels of Figure 6 show sources with 0.75 �
[4.5]–[8.0] < 1 and [4.5]–[8.0] � 1, respectively. The two
populations separate well in color–color space. The [3.6]–[4.5]
versus [4.5]–[8.0] also clearly shows that one of the populations
is in fact outliers from the main concentration of sources in
color–color space. For this reason, the final color selection
criterion for intrinsically red sources was chosen to be

[4.5] − [8.0] � 1. (5)

This selection criterion corresponds to selecting all sources with
a spectral index α � −1.2 (as originally defined by Lada 1987).

Adopting the “Class” definition of Greene et al. (1994), this
means that all Class I sources (α � 0.3), all “flat spectrum”
sources (−0.3 � α < 0.3), and a large number of Class II
sources (−1.6 � α < −0.3) will be included in the red source
catalog. However, it should be stressed that the spectral index
values discussed here are only calculated over a very small
wavelength range. The numbers of sources selected using this
criterion are listed in Table 1. In total 22,099 sources were
selected.

3.4. Validation of the GLIMPSE Photometry

The quality selection criteria in Equation (4) removed a large
fraction of, but not all false red sources. For example, 8.0 μm
fluxes can be overestimated because of the spatially complex
nature of the strong diffuse polycyclic aromatic hydrocarbon
(PAH) emission—if a source lies on a sharp peak of diffuse
emission, the background level can be underestimated, and the
flux overestimated. Therefore, a foreground or background star
superimposed on clumpy PAH emission can produce a false red
star in the Catalogs. In order to achieve close to 100% reliability,
the following procedure was carried out:

1. For each red source from Section 3.3, the 4.5 and 8.0 μm
fluxes were calculated independently using a custom writ-
ten aperture and PSF photometry program, and using the
final v2.0 mosaics rather than the BCD frames. For the
sources extracted from the GLIMPSE II first-epoch Cata-
logs, first-epoch only v2.0 mosaics were used. The point
response functions (PRFs) were computed for the mosaics,
as these differ slightly from BCD PRFs, and these were
used to determine the appropriate IRAC aperture correc-
tions, which were found to be in good agreement with the
official SSC aperture corrections.

2. The mosaic images were examined by eye for every source,
to determine whether the aperture photometry could be
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Figure 5. All GLIMPSE I and II Catalog sources satisfying Equations (3) and (4) shown on a linear gray scale (top), and the same sources shown on a logarithmic
gray scale (bottom). The gray lines in the left panels show (as labelled in the top left panel): (a) a [4.5]–[8.0] > 0.75 color selection, (b) the [8.0] sensitivity limit,
(c) the [8.0] saturation limit, (d) the [4.5] saturation limit, and (e) the [4.5] sensitivity limit (where the terms “sensitivity” and “saturation” are used to refer to the lower
and upper limits, respectively, imposed in Equation (3)). The black lines show the boundaries of the resulting completeness region.

trusted, based on the radial profile of the source, by
determining whether the sky background was correctly
estimated, and whether there was any contamination inside
the source aperture.

3. If the aperture photometry flux could not be trusted, a
flux was determined by fitting the appropriate PSF to the
source, and a residual image made by subtracting the scaled
PSF from the mosaic. The residual image was inspected
to determine whether this automated PSF photometry was
reliable.

4. If the automated PSF photometry did not provide a clean
residual, the position and flux of the scaled PSF were
adjusted until the source was correctly subtracted.

5. In cases where this could not be achieved, the source was
marked as unreliable. This includes extended sources,
slightly diffuse sources, blended sources, and sources with
low signal-to-noise detections.

Figure 7 shows examples of the independent flux determina-
tions for three sources—the first is one for which aperture pho-
tometry was reliable based on the radial profile of the source, the
second is one for which the independent automated PSF photom-
etry was reliable, and the third is one for which the GLIMPSE
and the independent automated photometry were not reliable,
but for which a reliable independent flux was obtained after man-
ual adjustments. The independent photometry is likely to be on
average more reliable than the GLIMPSE Catalog fluxes, not
because of the flux determination algorithms, but because each
source was visually inspected to decide which method produced
the most reliable flux, and in some cases manual adjustments

were made to improve the PSF fit. In addition, using the mosaics
rather than the original BCD frames means that outlying pixels
such as cosmic rays do not affect the photometry as they were
removed in the mosaicking process.

For sources that had either a reliable independent aperture or
PSF (automated or adjusted) flux, these fluxes were compared
with the original GLIMPSE fluxes, and all GLIMPSE fluxes
that differed from the independent value by less than 15%
of the GLIMPSE flux were considered to be trustworthy. For
sources with fluxes disagreeing by a larger fraction, such as
the source shown in the right-hand panel of Figure 7, it was
found that the independently determined fluxes were always
the most reliable, which is expected since their photometry
was verified, and in some cases improved, manually. In total,
only 1098 and 302 sources (5.0% and 1.4% of all red sources
respectively) had 4.5 μm and 8.0 μm fluxes respectively for
which the GLIMPSE flux differed from the independent mosaic
flux by more than 15%. In these cases, the independent flux was
used instead of the original GLIMPSE flux. The brightness and
color-selection criteria from Equations (3) and (5) were then
reapplied.

Of the 22,099 red sources selected in Section 3.3, 3055
(13.8%) were rejected because reliable independent photometry
could not be performed in one or both of the bands (1050 at
4.5 μm only, 1171 at 8.0 μm only, and 834 at both 4.5 and
8.0 μm). Of those with reliable photometry, 58 were rejected as
no longer red, and 59 were rejected as no longer bright enough
or too bright (including 22 both no longer red and no longer
bright enough or too bright). The source shown in the right-
hand panel of Figure 7 is an example of a source that was only
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Figure 6. As for Figure 5, but showing only sources with [4.5]–[8.0] > 0.75 (top), only sources with 0.75 < [4.5]–[8.0] < 1 (center), and only sources with
[4.5]–[8.0] � 1 (bottom). All panels show the density of sources on a linear gray scale. The gray vertical lines in the central panels show the color-selection criterion
used in each case.

present in the original red source list because the 8.0 μm flux
was overestimated. After computing reliable fluxes, it was
found to have [4.5]–[8.0] = 0.38 instead of 1.41. Finally,
18,949 sources (85.7%) had reliable photometry, and satisfied
the brightness and color-selection criteria from Equations (3)
and (5), and these are the sources that constitute our final red
source catalog; these sources are listed in Table 2.

3.5. Constructing SEDs

By default, the red source catalog contains JHKs, 3.6, and
5.8 μm data when available, since these are all in the GLIMPSE
Catalogs, although none of these were required for the selection.
Of the 18,949 sources in the red source catalog, 13,011 have a
Ks-band flux available, 9740 have an H-band flux available,
and 6817 have a J-band flux available. Therefore, any JHKs

diagrams in subsequent sections will be incomplete as they only
contain approximately one third of all sources. The JHKs, 3.6,

and 5.8 μm photometry was not manually checked, but to ensure
the high reliability of these fluxes, 3.6 and 5.8 μm fluxes were
rejected if they did not satisfy the stringent quality criteria from
Equation (4), and 2MASS fluxes were rejected if the quality
flags in the 2MASS catalog were set to E, F, or X (indicating
unreliable fluxes).

To determine MIPS 24 μm fluxes, PSF photometry was
performed at the positions of the 18,949 red sources on the
MIPSGAL 24 μm PBCD mosaics. Similarly to the independent
IRAC fluxes, a custom-written PSF photometry program that
allows adjustments in flux and position was used to manually
improve the PSF fit for each source. Therefore, the MIPS
photometry should also be reliable, modulo the uncertainties
resulting from carrying out photometry on PBCD frames.

For sources saturated in the MIPS 24 μm observations, the
MIPS 24 μm images were used to assess whether the MSX
21.3 μm flux would suffer from contamination from other
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Figure 7. Examples of methods used to derive independent mosaic photometry fluxes. Left: a source for which a flux could be reliably measured using aperture
photometry. The source aperture and the annulus for the sky determination are overplotted on the image. The radial profile shows that the sky background (indicated
by a horizontal solid line) is accurately determined, and the source aperture (indicated by the left vertical dashed line) contains no contamination. Center: a source for
which automated PSF photometry provided a reliable mosaic flux. Right: a source for which both the GLIMPSE and the independently determined flux overestimated
the flux of the source, but where the flux was reliably determined after adjusting it to obtain a clean residual.

Table 2
Final Red Source Catalog

Source Name Celestial Coordinatesa 2MASS GLIMPSE Catalog This Paper

ℓ b α (J2000) δ (J2000) J H Ks [3.6] [4.5] [5.8] [8.0] [4.5] [8.0] MSX E [24.0] Flagb

SSTGLMC G000.0000+00.1611 0.0000 0.1611 266.2480 −28.8521 . . . . . . . . . 9.78 9.19 8.64 8.05 9.13 8.17 . . . . . . AA

SSTGLMC G000.0000−00.4342 0.0000 −0.4342 266.8295 −29.1617 . . . . . . 11.73 8.29 6.67 5.37 4.30 6.89 4.31 . . . 0.89 IA

SSTGLMC G000.0031−00.5072 0.0031 −0.5072 266.9029 −29.1969 . . . . . . . . . 12.62 10.09 7.60 5.68 10.37 5.69 . . . 1.41 IA

SSTGLMC G000.0046+01.1431 0.0046 1.1432 265.2992 −28.3321 10.64 9.87 9.40 7.63 6.67 5.78 5.04 6.64 5.03 . . . 4.50 AA

SSTGLMC G000.0058+00.1527 0.0058 0.1528 266.2596 −28.8516 13.62 11.98 10.73 9.10 8.53 7.85 6.78 8.56 6.76 . . . 3.59 AA

SSTGLMC G000.0083−00.4818 0.0084 −0.4817 266.8810 −29.1792 . . . . . . . . . 9.74 8.79 7.85 7.19 8.88 7.18 . . . 3.97 AA

SSTGLMC G000.0085+00.1542 0.0085 0.1543 266.2597 −28.8484 . . . . . . 12.57 8.31 6.86 5.78 5.31 6.87 5.29 . . . 2.94 AA

SSTGLMC G000.0098+00.1625 0.0098 0.1626 266.2525 −28.8430 . . . 13.39 . . . 8.34 7.59 7.07 6.32 7.50 6.26 . . . 2.54 AA

SSTGLMC G000.0106−00.7315 0.0106 −0.7314 267.1274 −29.3063 11.31 8.97 7.77 . . . 7.18 . . . 6.07 7.21 6.01 . . . 2.60 AA

SSTGLMC G000.0110−01.0237 0.0110 −1.0236 267.4151 −29.4564 . . . . . . . . . 9.25 8.32 7.27 6.30 8.44 6.24 . . . 2.15 AA

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Notes. The zero-magnitude fluxes assumed throughout this paper are: Fν (J ) = 1594 Jy, Fν (H ) = 1024 Jy, Fν (Ks) = 666.7 Jy, Fν (3.6 μm) = 280.9 Jy,

Fν (4.5 μm) = 179.7 Jy, Fν (5.8 μm) = 115.0 Jy, Fν (8.0 μm) = 64.13 Jy, Fν (MSX E) = 8.75 Jy, Fν (24.0 μm) = 7.14 Jy.
a These coordinates are set to the average position of the source at 4.5 and at 8.0 μm. This position may differ slightly from the “official” GLIMPSE position in cases

where PSF fitting was used to determine the flux of the source if the position of the source was adjusted to obtain a better residual.
b This column lists two characters, which are flags for 4.5 and 8.0 μm respectively. A = GLIMPSE Catalog magnitudes are in agreement with the independent

magnitudes calculated in this paper. I = the independent magnitudes calculated in this paper should be trusted over the GLIMPSE Catalog magnitudes.

(This table is available in its entirety in machine-readable and Virtual Observatory (VO) forms in the online journal. A portion is shown here for guidance regarding

its form and content.)

sources. In cases where the MSX 21.3 μm emission originated
solely from a single source, we list the MSX 21.3 μm flux
in Table 2 instead of the MIPS 24 μm flux. We inspected
the MSX images to remove any unreliable MSX 21.3 μm
fluxes. For sources saturated at MIPS 24 μm where a reliable
MSX 21.3 μm flux could not be used, we performed PSF
photometry on the MIPS 24 μm data by fitting the unsaturated
wings of the PSF whenever possible. In total, MIPS 24 μm
fluxes were measured for 16,480 sources, MSX 21.3 μm fluxes
were used for 112 sources, and 2181 sources were either not
covered by MIPS observations, not detected, were saturated,
or could not have fluxes reliably measured (e.g., low signal to
noise, artifacts, blending), and the MSX 21.3 μm flux could not
be used.

In the remainder of this paper, sources with MSX 21.3 μm
data points instead of MIPS 24 μm are shown in color–color and
color–magnitude plots as if they were MIPS 24 μm data points.
As shown in Robitaille et al. (2007, right panel of Figure 2),
the MIPS 24 μm to MSX 21.3 μm flux ratio is most likely to be
between 0.7 and 3 for YSOs, meaning that by using the MSX
21.3 μm instead of MIPS 24 μm data in color–color or color–
magnitude diagrams, the MIPS 24 μm magnitude is likely to
be at most overestimated by 0.3 mag and underestimated by

1.2 mag. Compared to the range in [8.0]–[24.0] shown in color–
color diagrams in the remainder of this paper, and considering
the small fraction of sources for which MSX 21.3 μm was used
in place of MIPS 24 μm (< 1%), this substitution is unlikely to
be noticeable.

3.6. Extended Sources

While the red source catalog presented in this paper aims to
be as complete as possible within the color and magnitude/flux
selection criteria imposed, it can only be complete for point
sources, as it does not include YSOs that may be extended.
While these are clearly of great importance, the GLIMPSE
point source Catalog fluxes are measured using PSF photometry,
and therefore are only reliable for point sources. Furthermore,
extended sources have a lower probability of being found by the
point source detection algorithm. For this reason, only a fraction
of extended sources are likely to make it to the point source
Catalogs, and in cases where they do, their fluxes are not likely
to be reliable. Therefore, all extended sources were removed
from the red source catalog for consistency, as described in
Section 3.4.

In particular, massive YSOs that appear extended at 4.5 μm
due to H2 and CO band head emission from outflows are likely
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to be excluded; however, a number of these are identified in the
recent work by Cyganowski et al. (2008) who found over 300
such objects in the GLIMPSE I survey. In addition, the brightest
extended YSOs at IRAC wavelengths may be detected as point
sources in the MIPSGAL or MSX surveys, and may therefore be
present in the MIPSGAL or MSX point source catalogs (such as
the massive YSO candidates identified by the RMS survey).

3.7. Completeness and Reliability

In this section, we present estimates of the completeness and
reliability of our red source catalog. The completeness—i.e.,
the fraction of red point sources in the survey area that are
present in the final catalog—is not straightforward to estimate,
as it depends on several factors, such as the initial complete-
ness of the GLIMPSE Catalogs and the fraction of genuine
sources rejected by the quality selection criteria in Equation (4).
Rather than estimate the change in completeness at each step
in the selection process, the completeness was estimated us-
ing sources from the GLIMPSE point source Archives, which
are more complete (albeit less reliable) than the point source
Catalogs used in this paper. In total, 39,505 sources from the
point source Archives satisfied Equations (3) and (5). These
were selected in the same way as the Catalog sources, i.e., using
the GLIMPSE II first epoch data where available. By exam-
ining a random sample of 400 of these sources and perform-
ing independent mosaic photometry, it was found that 27.0%
were unambiguously not present in the mosaics, extended, not
red enough, or too faint or bright. The remaining 73.0% in-
cluded well-defined point sources, and sources for which no
reliable photometry could be performed (e.g., blended sources
or sources in areas of complex diffuse emission). Therefore, a
conservative upper limit on the number of genuine red point
sources was determined to be 39,505 × 73.0% = 28,839, as-
suming that the Archives themselves are complete. In compar-
ison, 18,949 sources are present in our final red source cata-
log, suggesting a conservative lower limit on the completeness
of 65.7%.

The reliability of the red source catalog, i.e., the fraction
of sources that are genuine red point sources, should be
virtually 100%, as all red sources in the catalog were examined
individually to reject any sources that could not be confirmed
as red. The 4.5 μm, 8.0 μm, and 24.0 μm photometry of all
the red sources in the final catalog should be accurate to better
than 15%, since all fluxes were verified independently through
mosaic photometry, and erroneous fluxes were corrected. For
sources close to [4.5]–[8.0] = 1, the photometric and calibration
uncertainties mean that some sources may in fact have an
intrinsic [4.5]–[8.0] color slightly below 1. However, a fraction
of sources with a measured [4.5]–[8.0] color slightly below 1
are likely to have an intrinsic [4.5]–[8.0] color slightly above 1.
The effect is likely to be similar in both directions, so that the
total number of sources in our red source catalog should not be
significantly affected by this.

The most stringent criterion in the selection procedure used
in this paper was the requirement that the 8.0 μm fluxes should
be larger than 10 mJy. Although this was done in part to obtain
a homogeneously sensitive sample of sources over the whole
survey area, it also removed a large fraction of erroneous fluxes
from faint and spurious sources, meaning that the subsequent
quality selection criteria from Equation (4) only removed a
further 10% of sources. However, the quality selection criteria
would have been much more critical for fainter sources. As
an example, approximately 40,000 of the sources in the entire

GLIMPSE Catalog that have [4.5]–[8.0] � 0.75 only have a
single detection at 8.0 μm. The SEDs of these sources typically
resemble “transition disk” SEDs, with photospheric fluxes for
the first three IRAC bands, and an excess at 8.0 μm. However,
upon closer inspection, it was clear that for the large majority
of these sources, the color excess was not real, and in some
cases the source was not present in the mosaic image at
8 μm. Most of these sources had 8.0 μm fluxes below 10 mJy,
meaning that below this flux level, requiring two detections
in each band would have been much more important. In this
light, we strongly recommend that when searching for red
sources fainter than 10 mJy at 8 μm in the GLIMPSE I or
II Catalogs, one should make a careful assessment of the
quality of the data and of the photometry. In particular, any
source in the GLIMPSE Catalog with an SED resembling
that of “debris” or “transition disks,” i.e., with only an excess
at 8 μm should not be trusted unless at least two detections
are present at 8 μm, and the images are inspected visually to
confirm the source. As previously mentioned in Section 3.2,
erroneous photometry is only an issue here because our red
color selection preferentially selects sources with unreliable
photometry from the catalogs, due to their unusual colors;
but we emphasize that the GLIMPSE catalogs are overall very
reliable.

4. ANALYSIS

4.1. Observable Properties of the Red Sources

4.1.1. Angular Distribution of Sources

Figure 8 shows the angular distribution of all intrinsically red
sources in the final catalog. The distribution of sources shows
a large number of clusters, and a more diffuse component that
can be seen for example at latitudes |b| > 1◦ in the GLIMPSE II
region. The strong clustering of sources suggests that a signif-
icant fraction of the red sources are YSOs, as clustering is not
expected for AGB stars or PNe, and galaxies are shown to con-
tribute less than 0.5% of the sources in the red source catalog
(Section 4.2.2). The red sources do not show a strong increase
in source density for |ℓ| < 2◦ as was visible in the distribution
of Catalog sources in Figure 4.

4.1.2. Color and Magnitude Distribution

Figure 9 shows the color–color and color–magnitude distribu-
tion of the red sources. It is clear from these diagrams that the red
sources span a large region of color–color and color–magnitude
space. In the color–magnitude diagrams, the red sources ap-
pear to separate into two populations: one redder and fainter,
peaking at [8.0] > 8 and 1 < [4.5]–[8.0] < 2, and one bluer
and brighter, peaking at [8.0] < 6.5 and [4.5]–[8.0] < 1.4.
The latter appears to be an extension of the sources removed in
Section 3.3. These two populations are identified in Section 4.2
and separated in Section 4.3.

4.1.3. Variability

As shown in Table 1, 4987 of the initially selected red
sources were extracted from the GLIMPSE II first epoch catalog.
Of these, 4472 are present in the final red source catalog
after removal of unreliable sources, and 4455 also fall in the
GLIMPSE II second epoch observations. The GLIMPSE II
second epoch point source Archives were used to assign second
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Figure 8. Angular distribution of all the sources in the final red source catalog.

Figure 9. Color/magnitude distribution of all the sources in the final red source catalog. The solid lines outline the selection criteria from Equations (3) and (5). The
horizontal dashed line in the top-right panel shows the [24.0] magnitude limit above which MSX photometry is used if possible.
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Table 3
Red Sources from the GLIMPSE II Region with Photometry at Two Epochs

GLIMPSE Source Name Celestial Coordinatesa Epoch 1 Epoch 2 Variableb

ℓ b α (J2000) δ (J2000) [4.5] [8.0] [4.5] [8.0]

SSTGLMC G000.0046+01.1431 0.0046 1.1432 265.2992 −28.3321 6.67 5.04 6.89 5.22 N

SSTGLMC G000.0106−00.7315 0.0106 −0.7314 267.1274 −29.3063 7.18 6.07 . . . 5.17 Y

SSTGLMC G000.0110−01.0237 0.0110 −1.0236 267.4151 −29.4564 8.32 6.30 8.34 6.32 N

SSTGLMC G000.0115−01.2781 0.0115 −1.2780 267.6664 −29.5864 8.25 6.84 8.30 6.87 N

SSTGLMC G000.0127−01.2146 0.0127 −1.2146 267.6045 −29.5529 6.66 5.53 6.58 5.51 N

SSTGLMC G000.0177−01.8424 0.0177 −1.8423 268.2291 −29.8687 10.13 8.04 10.10 8.04 N

SSTGLMC G000.0371+01.6473 0.0371 1.6475 264.8339 −28.0370 6.79 5.20 . . . 4.70 Y

SSTGLMC G000.0408−00.7197 0.0408 −0.7196 267.1336 −29.2744 10.80 6.00 10.77 5.99 N

SSTGLMC G000.0540−00.7328 0.0540 −0.7327 267.1543 −29.2698 7.93 6.91 8.09 6.90 N

SSTGLMC G000.0566−00.7363 0.0567 −0.7363 267.1593 −29.2693 9.42 7.90 9.40 7.83 N

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Notes.
a These coordinates are set to the average position of the source at 4.5 and at 8.0 μm, as in Table 2.
b Whether the magnitudes for the two epochs differ by at least 0.3 mag at either (or both) 4.5 μm or 8.0 μm.

(This table is available in its entirety in machine-readable and Virtual Observatory (VO) forms in the online journal. A portion is shown here for

guidance regarding its form and content.)

epoch fluxes.12 The same procedure as described in Section 3.4
was carried out to ensure that these fluxes were reliable, namely
computing independent mosaic fluxes and visually inspecting
all sources to determine whether the second epoch fluxes were
reliable. Reliable second epoch fluxes were available for 3980
sources at 4.5 μm and for 4331 sources at 8.0 μm. Most of the
sources flagged as unreliable at 4.5 μm were above the saturation
limit. The 4455 sources with two-epoch photometry are listed
in Table 3.

The top panels in Figure 10 show the change in [4.5] between
the two epochs, the change in [8.0], and the correlation between
the change in [4.5] and [8.0]. In total, 1004 sources (22.5% of
GLIMPSE II sources with photometry at both epochs) show
a change of at least 0.3 mag at either (or both) 4.5 μm and
8.0 μm. At 4.5 μm, 308 become fainter, 298 brighter, and 398
do not have a reliable second epoch flux; at 8.0 μm, 242 sources
become fainter, 586 brighter, and 176 do not have a reliable
second epoch flux. The large number of unreliable fluxes at
4.5 μm is due to sources that brighten above the saturation limit
in the second epoch. For sources that do have reliable fluxes at
both wavelengths and epochs, the top-right panel of Figure 10
shows that in most cases the change in magnitude between the
two bands is equal, and that the [4.5]–[8.0] color does not change
in most cases—although there are a few outliers.

Thus, it appears that approximately 2/3 of the variable
sources increase in brightness between the first and second
epochs, of which half saturate at 4.5 μm in the second epoch,
while only 1/3 of sources become fainter. This clear asymmetry
is a selection artifact rather than a physical effect: the variable
sources tend to be close to the 4.5 μm saturation limit—therefore
sources that would have become fainter in the second epoch are
more likely to have been saturated during the first epoch, and
therefore are less likely to be present in the red source catalog.

The colors and magnitudes of the variables and nonvariables
are shown in the middle and bottom panels of Figure 10.
The variable sources are clearly not simply a random subset
of all the red sources. Instead, it appears that the variable

12 No second epoch point source Catalogs exist at the time of writing, because
the current GLIMPSE Catalogs rely on the fact that each position is observed
at least twice to increase the point source detection reliability, but GLIMPSE II
second epoch observations only consist of one observation for each position.

sources represent an important fraction of the population of
bluer and brighter sources seen previously in Figure 9. As will
be discussed further in Section 4.2, these sources are likely
to be AGB stars that are Long Period Variables (LPVs). As
shown by Marengo et al. (2008), AGB stars with semi-regular-
type variability do not have IRAC amplitudes as large as AGB
stars with Mira variability, and therefore the variable sources
presented here are most likely to be Mira variables. We note
that a fraction of variable stars may be mistakenly classified as
nonvariable if they happen to be at a similar light-curve phase
at the two epochs, and therefore the fraction of variable sources
should be considered a lower limit.

4.2. Populations

In this section, we attempt to qualitatively and quantitatively
determine the composition of the red source catalog, which is
expected to contain YSOs, AGB stars, PNe, and background
galaxies.

4.2.1. Planetary Nebulae

The colors of PNe—that is, including both the central source
and the diffuse emission—are known to be very red at IRAC
and MIPS wavelengths, mainly due to varying contributions
from H2, PAH, dust, and ionized gas line emission, at 8 μm
(Hora et al. 2004, 2008). Therefore, distant PNe are expected to
be present in the red source catalog. Resolved PNe will not be
present, as extended sources are excluded.

The red source catalog was cross correlated with the
Strasbourg-ESO Catalogue of Galactic PNe (Acker et al. 1992),
the sample of southern PNe from Kimeswenger (2001), and
the sources in the RMS survey confirmed as PNe (Hoare
et al. 2004), which contain 1143, 995, and 76 sources, respec-
tively. Of these, only two, five, and six are present in the final
red source catalog, respectively. Figure 11 shows the location
of these PNe in color–magnitude and color–color space rela-
tive to all the sources in the red source catalog. The PNe are
clearly amongst the reddest sources in [4.5]–[8.0], [5.8]–[8.0]
and [8.0]–[24.0]. The colors in [3.6]–[4.5] versus [5.8]–[8.0]
are in good agreement with the colors of PNe reported by Hora
et al. (2004), Cohen et al. (2007), and Hora et al. (2008).
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Figure 10. Top: magnitude changes between the GLIMPSE II epoch 1 and 2 data for the red sources where observations were available at both epochs. The solid
and dashed lines in the top-left and top-center panels show the [4.5] and [8.0] sensitivity and saturation limits, and the solid diagonal line in the top-right panel shows
where the change in magnitude is equal in [4.5] and [8.0]. Most sources do not appear to change color significantly, i.e., the magnitude change is approximately equal
in both bands. However, there are exceptions to this: for example for three extreme outliers from the distribution indicated by the arrows, the color change is so strong
that it is clearly visible in three-color GLIMPSE images. The cause of this is not clear, but this could simply be due to blending of a variable source with a foreground
or background source. Center: color/magnitude distribution of the sources which show variability by at least 0.3 mag in one or both bands. The lines are as in Figure 9.
Bottom: color/magnitude distribution of the sources which vary by less than 0.3 mag in both bands between the two epochs.

It is likely that previously unknown distant PNe are
missing from the three catalogs used for the cross cor-
relation. An upper limit on the number of PNe in the
red source catalog can be estimated by counting all red
sources that fall within the same region of color–color
space as the known PNe. To do this, we select all sources
satisfying:

⎧

⎪

⎨

⎪

⎩

[3.6] − [4.5] < 1.9
[4.5] − [8.0] > 2.2
[5.8] − [8.0] > 1.3
[8.0] − [24.0] > 4.4.

(6)

For any given source, only the selection criteria that could be
applied based on the data available were used: for example, for
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Figure 11. IRAC and MIPS 24 μm color–color diagrams of all the red sources (gray scale), those that are known PNe (filled circles), and those that have similar
colors to known PNe (dark gray points). The hatched rectangle shows the location of the Galactic PNe from Cohen et al. (2007), and the solid lines show the selection
criteria to select sources with colors similar to those of the known PNe.

sources with no [3.6] magnitude, only the last three criteria were
used. In total, 458 sources were selected. These selection criteria
will also include objects which are not PNe (such as YSOs), but
provide an upper limit of 2.4% on the fraction of PNe in the red
source catalog.

4.2.2. Galaxies and AGNs

In order to estimate the fraction of galaxies and dusty
AGNs present in the red source catalog, data from the Spitzer
Wide-Area Infrared Extragalactic Survey (SWIRE; Lonsdale
et al. 2003) were used. These data consist of IRAC and MIPS
observations of six patches of sky covering in total 63.2 deg2 (at
IRAC wavelengths). The Spring’05 Catalogs for the Lockman,
ELAIS N1, ELAIS N2, and XMM_LSS fields, and the Fall’05
Catalogs for the CDFS and ELAIS S1 fields were used.

Sources detected at both 4.5 and 8.0 μm were selected from
the SWIRE Catalogs. Since our red source catalog only includes
point sources, only sources with an extended source flag of
−1, 0, or 1 at both these wavelengths (i.e., pointlike, indetermi-
nate, or slightly extended) were selected, and the IRAC aperture
fluxes were used. Foreground stars were removed by selecting
only sources with [5.8]–[8.0] > 0.5. The [8.0] distribution of
the sources satisfying these criteria is shown in Figure 12 along
with the approximate saturation limit for SWIRE and the bright-
ness criteria from Equation (3). Only 13 sources would have
been bright enough to be selected, in the absence of interstel-
lar extinction, of which six are known “normal” galaxies with
PAH-dominated mid-infrared colors, and the remaining seven
are known active galaxies (specifically QSOs and Seyfert II
galaxies), with dust-dominated mid-infrared colors. The IRAC
colors of these sources are shown in Figure 12.

Extrapolating the distribution of sources above the SWIRE
saturation level (as shown in Figure 12) suggests that approxi-
mately 16 ± 4 sources might have been “detected” in total in the
absence of saturation. The GLIMPSE survey area is 274 deg2,
so the number of “detected” galaxies should be scaled accord-
ingly, assuming that the density of extragalactic sources in the
six SWIRE patches is similar to that in the GLIMPSE survey
area (in the absence of interstellar extinction). This results in
an estimated 70 ± 17 galaxies in the red source catalog. This
number is an upper limit, as for a large fraction of the GLIMPSE
area, the extinction through the Galaxy is likely to make these
sources too faint to be included in our red source catalog. There-
fore, at most, 0.4% of sources in the red source catalog are likely
to be background extragalactic sources. We note that this upper

limit applies only to the red source catalog presented in this
paper. The upper limit on the number or fraction of galaxies
in the entire GLIMPSE Catalogs is likely to be different if for
example the 8 μm flux is not required to be larger than 10 mJy.

4.2.3. AGB Stars

In order to understand where various types of AGB stars
should lie in IRAC and MIPS 24 μm color–color and color–
magnitude space, the red source catalog was initially cross
correlated with catalogs of known C- and O-rich AGB stars
(e.g., Lindqvist et al. 1992; Chengalur et al. 1993; Sjouwerman
et al. 1998; Alksnis et al. 2001). However, no previously known
C-rich, and only 16 previously known O-rich AGB stars were
found. Instead, the colors and magnitudes of AGB stars were
analyzed using known AGB stars in the Surveying the Agents of
a Galaxy’s Evolution (SAGE) survey of the Large Magellanic
Cloud (LMC; Meixner et al. 2006; PID 20203).

We used the SAGE IRAC and MIPS magnitudes for AGB
stars from S. Srinivasan et. al (2008, in preparation). These
include “standard” C- and O-rich AGB stars as well as “extreme”
AGB stars.13 The latter, sometimes referred to as “obscured”
AGB stars, are also C- and O-rich AGB stars, but with very high
mass-loss rates, and therefore large amounts of circumstellar
dust. In the remainder of this paper, “Extreme” AGB stars will
be referred to as “xAGB stars,” and “Standard” AGB stars as
“sAGB stars.” We will use the term “AGB stars” when referring
to both xAGB and sAGB stars.

The LMC AGB stars were assumed to be situated at a
distance of 50.1 kpc (Alves 2004, and references therein).
Using GLIMPSE data, Benjamin et al. (2005) showed that red
giant stars in the Milky Way are distributed in an exponential
disk with a scale length of 3.9 kpc. We made the assumption
that the AGB stars are similarly distributed, and randomly
sampled positions in such a disk, with an exponential vertical
distribution that had a scale height of 300 pc. Using this
three-dimensional distribution, 41% of AGB stars fell inside
the GLIMPSE survey area (as defined in Section 2.1). The
magnitudes were scaled appropriately, and interstellar extinction
was applied using an approximate extinction-distance relation
of 1.9 mag kpc−1 (Allen 1973), using the extinction law derived
by Indebetouw et al. (2005) for JHKs and IRAC wavelengths,

13 We have included red sources that were excluded in their analysis
(S. Srinivasan, 2008 private communication), and have removed 29 “extreme”
AGB stars that were likely LMC YSOs following a visual inspection.
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Figure 12. Left: the gray histogram shows the number density of SWIRE galaxies as a function of [8.0] magnitude. The vertical solid lines show the range of
magnitudes used to select the red sources in this paper, and the vertical dashed line shows the approximate SWIRE saturation level. The solid gray line shows the best
fit to the source counts below the SWIRE saturation level. This line is used to extrapolate the expected number of galaxies above the saturation level. Right: IRAC
color–color diagram of all red sources (gray scale), and the SWIRE galaxies which would have satisfied the brightness criterion in the absence of interstellar extinction.
The empty circles show AGN, which have dust-dominated SEDs at IRAC wavelengths, and the filled circles show “normal” galaxies, which have PAH-dominated
SEDs in the same wavelength range.

and assuming A24μm/AV ∼ 0.04, by extrapolation of the mid-
infrared interstellar extinction law found by Lutz (1999). We
then selected only sources that matched the selection criteria
described in Section 3.2.

The SAGE sensitivity limits (17.47 and 14.23 at 4.5 and
8.0 μm, respectively) are 3–4 mag lower than the flux require-
ments from Section 3.2, so that the faintest SAGE sources were
still fainter than our sensitivity requirements after placing the
synthetic AGB stars at positions in the Milky Way and apply-
ing extinction, except for the few sources that were placed at
distances very close to the Sun. Therefore, this method should
be sensitive to AGB stars in all of the color–magnitude space
covered by the red source catalog. For the remainder of this
section, these rescaled and reddened LMC AGB stars will be
referred to as the synthetic AGB stars. The main caveat of this
approach is that it is not clear whether the intrinsic IRAC and
MIPS 24 μm colors of AGB stars are identical in the LMC and
the Milky Way. However, any differences between the intrinsic
colors between the LMC and Milky Way are likely to be much
less important than the uncertainty in the extinction-distance
relation and in the extinction law assumed.

The location of the synthetic AGB stars that fall in the survey
area in color–magnitude and color–color space is shown in
Figure 13: just under half (46%) satisfy the brightness selection
criteria in Equation (3), of which 72% are O-rich sAGB stars,
24% are C-rich sAGB stars, and 4% are xAGB stars. Under 1%
of all AGB stars that fall in the survey area and that satisfy the
brightness selection criteria further satisfy the color-selection
criterion from Equation (5). Of these, 83% are xAGB stars,
10% are O-rich sAGB stars, and 7% are C-rich sAGB stars.
These account for 24%, 0.1%, and 0.4% of all xAGB, O-rich
sAGB, and C-rich sAGB stars that fall inside the survey area
respectively. Therefore, xAGB stars are likely to represent the
majority of AGB stars in our red source catalog, as they are
much redder on average than sAGB stars. The xAGB stars that
are present in the catalog likely represent a quarter of all xAGB
stars that fall in the survey area, while the sAGB stars only
represent a very small fraction (< 0.5%) of those in the survey
area, because most are bluer than [4.5]–[8.0] = 1.

Since xAGB stars are luminous, they are more likely to be
present at the bright end of the red source sample. In fact, a large
fraction of xAGB stars appear to share the same region of [4.5]
and [8.0] color–magnitude space as the variable stars shown in

Figure 10, which can be explained if the variable stars in this
region are AGB stars with Mira variability. Evidence that this
is the case is shown in the central panel of Figure 13, which
shows the location of 274 GLIMPSE Mira variables, identified
amongst the GLIMPSE sources satisfying Equations (3) and (4)
using the Combined General Catalog of Variable Stars v4.2
(Samus et al. 2004) and the OGLE catalog of Mira variables
in the Galactic Bulge (Groenewegen & Blommaert 2005). Of
these, 25 also satisfy the color selection from Equation (5) and
therefore are in the red source catalog. Only three of the 25 fall in
the region covered by the two-epoch GLIMPSE II observations,
but all three are classified as variable at 4.5 and 8.0 μm based
on the analysis in Section 4.1.3.

In J − H versus H−Ks color–color space, the synthetic sAGB
stars tend to occupy bluer colors of H − Ks. The xAGB stars
tend to have large J − H values, suggesting very high values of
the interstellar extinction. In IRAC color–color space, the AGB
stars are not easily distinguishable from the whole population
of red sources. However, once MIPS 24 μm data are included,
the AGB stars tend to have bluer [8.0]–[24.0] colors on average
than the overall red population (e.g., only very few synthetic
AGB stars are seen to have [8.0]–[24.0] > 3).

In order to roughly estimate the fraction of AGB stars in the
red source catalog, it is necessary to know the ratio of the total
number of AGB stars in the Milky Way to the total number of
AGB stars in the LMC. Assuming that the ratio of AGB to all
stars is approximately the same for both galaxies, and that both
have similar star-formation histories, this ratio can be derived
from the ratio of the total stellar mass in each galaxy (excluding
the gas and dark matter mass). The total stellar mass of the Milky
Way is of the order of 4.8–5.5 × 1010 M⊙ (Flynn et al. 2006),
and that of the LMC is of the order of 2.7 × 109 M⊙

(van der Marel et al. 2002), implying a ratio in stellar masses
and therefore in the number of AGB stars of approximately 20.
Since 177 synthetic AGB stars are “selected” according to the
brightness and color-selection criteria in Equations (3) and (5),
this suggests that approximately 177 × 20 = 3540 AGB stars
may be present in the red source catalog (i.e., 19% of all red
sources).

4.2.4. Young Stellar Objects

In order to understand where YSOs lie in near- and mid-
infrared color and magnitude space, sources that are highly
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Figure 13. Location of AGB stars and likely YSOs in IRAC and MIPS color–magnitude and color–color space. In all plots, the background gray scale shows all red
sources, and the solid lines are as in Figure 9. Top: location of the SAGE LMC AGB stars, scaled to random locations in the Milky Way, that satisfy the brightness and
color-selection criteria from Equations (3) and (5). C-rich sAGB stars are shown in red, O-rich sAGB stars in blue, and xAGB stars in green. The smaller points in the
[4.5] vs. [4.5]–[8.0] and the [3.6]–[4.5] vs. [5.8]–[8.0] diagrams are the sources that do not satisfy the color-selection criterion. Center: Mira variables from the GCVS
(red) and OGLE (blue), identified amongst the GLIMPSE sources that satisfy the brightness, quality, and color-selection criteria. The smaller points in the [4.5] vs.
[4.5]–[8.0] diagram are the sources that do not satisfy the color-selection criterion. Bottom: highly clustered red sources (blue). In all of the JHKs plots, sources that
are not detected in J,H , or Ks are not shown.

likely to be YSOs need to be identified in the red source
catalog. However, catalogs of well-known Galactic YSOs, such
as confirmed massive YSOs from the RMS survey, cannot be
used, as these surveys are not as deep as GLIMPSE and would
appear to show that YSOs are more likely to be present at the
bright end of the red source catalog.

Instead, a method involving only the red sources presented
in this paper was used. As described in Section 4.1.1, a large
number of clusters are present in the red source catalog.
However, AGB stars and PNe are not expected to be clustered
in this way, and galaxies represent less than 0.5% of the
sources (Section 4.2.2). Therefore clustered objects have a high
probability of being YSOs. By requiring the second closest
neighbor of a source to be less than 2′, only sources in the
regions of highest source density were selected. These include
for example a number of sources in the NGC 6611 cluster in the
Eagle Nebula (M16; e.g., Indebetouw et al. 2007).

The distribution of these sources in color–color and color–
magnitude diagrams is shown in the bottom panel of Figure 13.

In the J − H versus H −Ks diagram, the probable YSOs appear
to occupy preferentially redder values of H − Ks. In the [4.5]
versus [4.5]–[8.0] color magnitude diagram, the distribution of
probable YSOs matches that of the overall distribution of red
sources, with the exception of the bright blue peak where AGB
stars are expected to lie. In [3.6]–[4.5] versus [5.8]–[8.0] color–
color space, the clustered sources are virtually indistinguishable
from the overall red source sample. Finally, in [3.6]–[5.8] versus
[8.0]–[24.0] color–color space, the clustered sources do not
match the distribution of all the red sources, as there is a deficit
of clustered sources for [8.0]–[24.0] � 2.5.

4.3. Separation of YSOs and AGB Stars

In this section, we present an estimate of the relative fraction
of AGB stars and YSOs in the red source catalog, using
simple color–magnitude selection criteria to separate the two
populations as much as possible. We emphasize that the purpose
of this analysis is not to provide reliable selection criteria
for the two populations, but simply to estimate the relative
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Figure 14. Angular distribution of the color-selected populations consisting mostly of xAGB stars (top), and sAGB stars (bottom).

importance of each population. Therefore, the separation is only
approximate, and there is likely to be contamination in both
directions. A reliable separation of the two populations would
require additional data, such as spectroscopic observations,
which are not available here.

As shown in Figure 13, xAGB stars account for the brighter
and bluer peak seen in [8.0] or [4.5] versus [4.5]–[8.0] color–
magnitude diagrams. Therefore, we classify all sources with
[4.5] � 7.8 as xAGB star candidates, although we note that this
criterion will inevitably include a fraction of luminous YSOs.



2432 ROBITAILLE ET AL. Vol. 136

Figure 15. Angular distribution of the color-selected populations consisting mostly of YSOs (top), and the sources with no MIPS 24 μm photometry (bottom), which
also consist mostly of YSOs.

The angular distribution of these sources is shown in the top
panel of Figure 14, and does not show any clustering, suggesting
that the fraction of YSOs with [4.5] � 7.8 is small. The number
density of sources increases toward the Galactic center, and a
clear peak is seen at the Galactic center itself, suggesting that
this population of sources is intrinsically very luminous, and is

seen out to at least 8.5 kpc. In the GLIMPSE II region, 52% of
sources selected as xAGB stars are variable, and 68% of variable
stars are xAGB stars.

Sources with [4.5] > 7.8 are likely to consist mostly
of sAGB stars and YSOs. After removal of most of the
xAGB stars as described above, both distributed and clustered
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Figure 16. Color–magnitude and color–color diagrams for the populations consisting mostly of xAGB stars (top), sAGB stars (center), and YSOs (bottom). The solid
lines are as in Figure 9. The dashed lines show the selection criteria used to separate the populations.

sources remain. A small sample of the distributed sources was
extracted by selecting sources seen at high latitudes (|b| > 1.◦5)
in the GLIMPSE II region, where there is no indication of
ongoing star formation. These are most likely to be sAGB stars.
After examining the colors of these sources, it was apparent
that a number of these had IRAC and MIPS colors consistent
with the peak of sources seen in Figure 13 for [8.0]–[24.0] <
2.5, where there was also a deficit of YSO candidates (see
Section 4.2.4). Since the red sources were all required to have
[4.5]–[8.0] � 1 (Equation (5)), sources with [8.0]–[24.0] < 1.9
have SEDs with spectral indices that are lower between 8 and
24 μm than between 4.5 and 8 μm. This behavior is not typical
of YSO SEDs, and it indicates that the majority of the dust
lies very close to the photosphere of the central source, as is
more likely to be the case for AGB stars. A number of the high
latitude stars also appeared to have 1.9 < [8.0]–[24.0] < 2.5.
Therefore, a cutoff value of [8.0]–[24.0] = 2.5 was chosen
to separate candidate sAGB stars from candidate YSOs. The
angular distribution of red sources detected at 24 μm and with
[8.0]–[24.0] < 2.5 is shown in the bottom panel of Figure 14.
These sources appear to be uniformly distributed in the Galactic

plane, confirming that these are likely to be mostly sAGB
stars. The number density of these sources falls of somewhat
slower with Galactic longitude than the xAGB star candidates,
consistent with their lower luminosity and consequently closer
distance. In contrast, the distribution of red sources with [8.0]–
[24.0] � 2.5, shown in the top panel of Figure 15, shows more
clustering, in agreement with their classification as candidate
YSOs. The absence of a peak at the Galactic center for sAGB
stars can be explained if these are not seen as far out as
the Galactic center. However, while they are indeed fainter
than xAGB stars, the analysis in Section 4.5 shows that they
should still be detectable beyond 8.5 kpc, so it is likely that
this is instead an artifact due to the requirement for a valid
MIPS 24 μm magnitude to carry out the [8.0]–[24.0] color
selection (see below).

This criterion used to separate sAGB stars from YSOs is sim-
ilar to the [8.0]–[24.0] > 2.2 criterion suggested by Whitney
et al. (2008, Equation 3) for a stringent removal of AGB stars.
We note that this simple color selection only approximately
separates AGB stars and YSOs, so that there is likely to be
contamination in both directions. For example, an examination
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Figure 17. Angular distribution of all the AGB candidates (top) and YSO candidates (bottom).

of the IRAC and MIPS colors of spectroscopically confirmed
AGB stars in Serpens suggests that the [8.0]–[24.0] < 2.5
criterion does appear to be successful in selecting a large
fraction of AGB stars, but inevitably also selects a small frac-
tion of YSOs (P. Harvey & N. Evans 2008, private communi-
cation). Nevertheless, as the angular distributions of the various

populations show, this separation is likely to be sufficient for
the purpose of estimating the relative fraction of AGB stars and
YSOs in the red source catalog.

Sources with [4.5] > 7.8 and with no fluxes at MIPS 24 μm
cannot be separated into sAGB stars and YSOs as suggested
above. These sources show very strong clustering, as shown in
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Figure 18. Surface density of the candidate AGB stars as a function of Galactic longitude and latitude (histogram) with the best-fit analytical distribution shown (solid
line). The error bars are Poisson uncertainties. The analytical form of the best fit as well as the best-fit parameters are given in Section 4.4.

the bottom panel of Figure 15. The two main reasons that some
red sources do not have fluxes at 24 μm are either that they
lie on top of very bright (and in some cases saturated) diffuse
emission, which lowers the point source sensitivity, or that the
photometry could not be carried out due to blending of multiple
sources, since MIPS 24 μm has a lower angular resolution than
IRAC. High stellar densities and bright 24 μm diffuse emission
are most likely to occur in massive star-formation regions and

toward the Galactic center. Thus, it seems likely that most of
the clustered sources that do not have MIPS 24 μm fluxes are
YSOs, with the exception of the concentration of sources at the
Galactic center, which may be the missing peak of sAGB stars
mentioned previously.

To summarize, sources with

[4.5] � 7.8 (7)
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Figure 19. Top: the region surrounded by the solid line is the distance range in
which an AGB star with average [4.5] and [8.0] magnitudes would need to be
in order to be present in our red source catalog. The average magnitudes were
derived for LMC AGB stars with [4.5]–[8.0] � 1. X indicates xAGB stars, C in-
dicates C-rich sAGB stars, and O indicates O-rich sAGB stars. The lighter region
outside this corresponds to the 1σ standard deviation in the average magnitudes.
Bottom: the luminosity limit as a function of distance for embedded YSOs
(Stage I), and for non-embedded YSOs with protoplanetary disks (Stage II).
The solid lines enclose the distance ranges corresponding to the average [4.5]
and [8.0] magnitudes, and the lighter region outside this corresponds to the 1σ

standard deviation in the average magnitudes. The distance ranges in which a
few known objects would be detectable are also shown.

(A color version of this figure is available in the online journal.)

are classified as candidate xAGB stars, sources with

[4.5] > 7.8 and [8.0] − [24.0] < 2.5 (8)

are classified as candidate sAGB stars, and sources with

[4.5] > 7.8 and [8.0] − [24.0] � 2.5. (9)

are classified as candidate YSOs. Sources with [4.5] > 7.8 and
no MIPS 24 μm detections cannot be separated using the above
criteria, but are likely to be dominated by highly clustered YSOs
in massive star-formation regions. Therefore, for the remainder
of this section, these are classified as candidate YSOs.

Figure 16 shows the color–color and color–magnitude distri-
butions of the candidate xAGB stars, the candidate sAGB stars,
and the candidate YSOs. The J − H versus H − Ks diagrams

show that the majority of sources in the three populations ap-
pear to have different near-infrared colors. The candidate xAGB
stars have a larger extinction, consistent with the fact that these
sources are on average more luminous than sAGB stars and
are therefore seen out to larger distances. The candidate sAGB
stars have a bluer H − Ks color than the candidate YSOs. In
fact, the JHKs colors of these three populations are in good
agreement with those of the synthetic xAGB stars, sAGB stars,
and the clustered YSOs shown in Figure 13. The [4.5] mag-
nitude distribution of the sAGB stars and YSOs also differs:
these show a quasiuniform distribution of sources as a function
of [4.5], while the candidate YSOs show a clear increase in
the number of sources toward fainter values of [4.5]. Finally,
the distributions of the three populations in IRAC color–color
space overlap, but are nevertheless distinctly different.

Both the angular distribution and the colors of the various
populations suggest that these are indeed mostly composed of
xAGB stars, sAGB stars, and YSOs. In total, 7300 and 11,649
sources are classified as candidate AGB stars and YSOs re-
spectively, although we stress that the above separation is very
approximate, and there is likely to be contamination in both
samples. Taking into account that the separation is uncertain,
especially for sources with no MIPS 24 μm fluxes, we estimate
that approximately 30%–50% in the red source catalog are likely
to be AGB stars, and 50%–70% are likely to be YSOs. Figure 17
shows the angular distribution of all the AGB and YSO candi-
dates, and shows that the two populations are reasonably well
separated by the simple criteria provided in this section.

4.4. Angular Distribution of AGB Stars

While the angular distribution of candidate YSOs appears
highly clustered, the distribution of candidate AGB stars appears
to be fairly smooth. In fact, the longitude and latitude distribution
can be well approximated by a simple function of the form:

Σ(ℓ, b) = Σ0 exp(−|ℓ|/ℓ0) exp (−|b|/b0). (10)

To fit this function to the distribution of sources, the surface
density of all candidate AGB stars was estimated in 130
longitude bins (1◦ wide) and nine latitude bins (0◦.33 high),
and Poisson uncertainties were calculated for each bin. The
distribution of AGB stars is shown in Figure 18, with the
best fit overplotted. The best-fit parameters were found to be
Σ0 = 100 ± 3 deg−2, ℓ0 = 14.1 ± 0.◦3, and b0 = 0.418 ± 0.◦014,
and the reduced χ2 of the fit was found to be 1.479. This fit is
therefore a good statistical description of the surface density
of the AGB stars inside the GLIMPSE area. However, we note
that the fit tends to underestimate the surface density of AGB
stars for |b| > 1.◦33. In addition, the central peak in the density
of AGB stars seen in Figure 17 cannot be explained by such a
simple function. Finally, we emphasize that this function is only
an approximation to the surface density of AGB stars that are
present in the red source catalog presented in this paper, rather
the surface density of all AGB stars in the GLIMPSE Catalogs,
which is likely to be much higher due to the large number of
sAGB stars that are likely to have [4.5]–[8.0] < 1.

4.5. Distance-Luminosity Sensitivity

In order to determine the distance range in which the different
types of AGB stars in our red source catalog might lie, the
average [4.5] and [8.0] magnitudes of xAGB and sAGB stars
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Figure 20. Left: stacked SEDs for all sources in the red source catalog. Center: stacked SEDs for all AGB candidates. Right: stacked SEDs for all YSO candidates.

in the LMC with [4.5]–[8.0] � 1 were computed, as well
as their standard deviation. The distance range where these
“average” AGB stars would satisfy the brightness criteria
for inclusion in the red source catalog (Equation 3) was
then determined, assuming an approximate extinction-distance
relation of 1.9 mag kpc−1 (Allen 1973) and the visual to mid-
infrared extinction conversion described in Section 4.2.3. The
resulting distance ranges are shown in dark gray in Figure 19,
while the light gray ranges show the variation in the distance
ranges corresponding to the standard deviations on the average
magnitudes.

For YSOs, the models from Robitaille et al. (2006) were used.
Average [4.5] and [8.0] magnitudes and standard deviations on
these were determined as a function of bolometric luminosity
for two evolutionary stages: the embedded phase and the
protoplanetary disk phase, or typical Stage I and II models
using the “Stage” definition from Robitaille et al. (2006).
The typical Stage I models were taken to be those with
Ṁenv/M⋆ = 5×10−5 → 2×10−4 yr−1, and the typical Stage II
models were taken to be those with no infalling envelope and
Mdisk/M⋆ = 0.005 → 0.02. Only models with viewing angles
between 30◦ and 60◦ were used, and the fluxes were taken to
be those inside a ∼ 15000 AU aperture. The resulting distance
ranges are shown encompassed by the solid lines in Figure 19.

For the Stage I models, the standard deviations in the [4.5] and
[8.0] magnitudes were typically less than 2.5 mag (or a factor
of 10 in flux). These standard deviations are large because mid-
infrared wavelengths are very sensitive to geometrical effects,
such as viewing angle (Whitney et al. 2003). For Stage II
models, the standard deviations are less than 1 mag. In Figure 19,
the scatter in the distance range corresponding to the standard
deviations on the average [4.5] and [8.0] magnitudes is shown
in lighter color outside the solid lines.

This analysis shows that the faintest AGB stars should be
detectable no closer than 3 kpc (closer AGB stars would exceed
the saturation level), while the brightest AGB stars should be
visible even at the far side of the Galaxy. xAGB stars should be
visible further away on average than sAGB stars. YSOs should
also be visible throughout the Galaxy: for example, 1L⊙ YSOs
should be visible up to ∼0.8–1 kpc; 100 L⊙ Stage I YSOs
should be visible from 200 pc to nearly 10 kpc, while Stage II
YSOs of the same luminosity (such as AB Aur) should be visible
from 0.5 to 5 kpc; and 104L⊙ YSOs should be visible at the far
side of the Galaxy.

4.6. Spectral Energy Distributions

Figure 20 shows the stacked SEDs of all sources in the red
source catalog. A higher density of sources is present both at the
bright and the faint ends, consistent with the color–magnitude
diagrams in Figure 9. Also shown are the stacked SEDs of
only the AGB star candidates, and only the YSO candidates.
Figure 21 shows typical SEDs for sources in the xAGB, sAGB,
and YSO categories. The YSO SEDs show a much larger
variation in SED shape than the AGB stars.

5. SUMMARY

We have compiled a flux-limited catalog of nearly 19,000
sources in the Galactic plane that are intrinsically red at mid-
infrared wavelengths, using data from the Spitzer GLIMPSE I
and II surveys and IRAC observations of the Galactic center.
The sources were required to satisfy the brightness and quality
selection criteria from Equations (3) and (4) to improve the
reliability of the red source catalog (Section 3.2), and were
required to have [4.5]–[8.0] � 1 to be considered “red”
(Section 3.3). The latter criterion was determined to be the most
straightforward and reproducible way of selecting red sources
(Section 3.1). In particular, the interstellar extinction law is
mostly flat between 4.5 and 8.0 μm, meaning that any red color
between the two bands is likely to be intrinsic rather than due
to interstellar extinction.

Independent mosaic photometry was performed on all sources
selected by these criteria to validate the GLIMPSE 4.5 and
8.0 μm photometry, and each source was visually examined to
ensure that the independent flux could be trusted. Sources for
which reliable independent photometry could not be performed
were rejected from the red source catalog. In addition, sources
for which the independent flux was more reliable than the
original GLIMPSE flux and for which the new fluxes no
longer satisfied the brightness and color-selection criteria from
Equations (3) and (5) were rejected from the red source catalog.
In total, 18,949 red sources satisfied all the selection criteria and
were determined to have reliable photometry. The final catalog
is given in Table 2, and includes JHKs, IRAC, and MIPS 24 μm
magnitudes. It is at least 65% complete (for point sources) and
close to 100% reliable, meaning that every source in the catalog
is a genuine red source.

The near- and mid-infrared color–magnitude and color–color
distribution of the red sources was presented (Section 4.1.1).
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Figure 21. Example SEDs of sources selected randomly from the xAGB, sAGB, and YSO candidates.

One particular feature of the IRAC color–magnitude distribution
of the red sources was the presence of two distinct populations,
one peaking at bright [4.5] and [8.0] magnitudes ([8.0] < 6.5
and [4.5] < 8.0), and one peaking at faint [4.5] and [8.0]

magnitudes ([8.0] > 8 and [4.5] > 8.5). The bright peak
consists mostly of bright AGB stars, while the remaining
sources consist mostly of fainter AGB stars and YSOs. Using
simple color and magnitude selection criteria, the red sources
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were separated into three distinct populations (Section 4.3):
“extreme” or “obscured” C- and O-rich AGB stars (xAGB
stars), “standard” C- and O-rich AGB stars (sAGB stars), and
YSOs.

The angular distribution, near- and mid-infrared colors, and
magnitudes of these three populations were found to differ. The
xAGB stars appear to be seen at least as far as the Galactic
center, show a rapid drop-off with Galactic longitude, and as
expected for distant sources, their near-infrared colors there-
fore suggest higher values of interstellar extinction than the
other populations. The sAGB stars show a somewhat shallower
dropoff with Galactic longitude, and show less reddening than
the xAGB stars, consistent with their closer distance. While they
are also expected to be seen at least as far as the Galactic center
(Section 4.5), no concentration of sources is seen at the Galactic
center itself, but this could be an artifact due to the requirement
for a valid MIPS 24 μm flux for the classification (Section 4.3).
Finally, the YSOs show a shallow dropoff with Galactic longi-
tude, and their distribution is highly clustered, unlike the two
populations of AGB stars. The approximate separation of the
three populations suggests that approximately 30%–50% of
sources in the red source catalog are likely to be AGB stars,
and approximately 50%–70% are likely to be YSOs. The frac-
tion of red sources that are galaxies and PNe was found to be
very small, on the order of a few percent at most (Section 4.2.1
and Section 4.2.2).

The AGB stars in the red source catalog are likely to form
one of the largest samples of mid-infrared selected AGB stars
in the Galaxy to date, with over 7000 AGB star candidates.
In particular, the coverage of the GLIMPSE II region at two
epochs has allowed us to uncover over a thousand sources with
significant variability (> 0.3 mag) at 4.5 and/or 8.0 μm, which
we identify as xAGB stars with Mira variability. These represent
one fifth of all red sources in the GLIMPSE II region. Of all
the AGB stars in the Galaxy that fall in the GLIMPSE survey
area (but are not necessarily detected by Spitzer), the red source
catalog is likely to only contain a small fraction (∼1%) of all
sAGB stars, but may contain up to a quarter of all xAGB stars.

In parallel, over 11,000 YSO candidates have been uncovered.
These do not provide a complete picture of Galactic star
formation as seen by Spitzer. For example, the red source
catalog does not include blended sources, extended sources,
point source YSOs for which excess emission at 4.5 μm due
to H2 and CO band head emission from outflows makes the
[4.5]–[8.0] too blue for the selection criterion used in this paper,
and sources that are so embedded that they are not detected
at IRAC wavelengths. Nevertheless, it is a first step toward
a study of star formation—as seen by Spitzer—on a Galactic
scale, and is to date the largest consistently selected sample of
YSOs in the Milky Way. These thousands of YSOs trace many
previously known and some previously unknown sites of star
formation, including large star-formation complexes, smaller
star-formation regions, and dark clouds. From this perspective,
the red source catalog can be thought of not only as a large
sample of AGB stars and YSOs, but as the most detailed map
to date of the birth sites of intermediate and massive stars in the
Galactic plane.
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