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ABSTRACT

We present a list of 552 sources with suspected variability, based on a comparison of mid-infrared photometry
from the GLIMPSE I andMidcourse Space Experiment (MSX ) surveys, whichwere carried out nearly a decade apart.
We were careful to address issues such as the difference in resolution and sensitivity between the two surveys, as well
as the differences in the spectral responses of the instruments. We selected only sources where the IRAC 8.0 �m and
MSX 8.28 �mfluxes differ by more than a factor of 2, in order to minimize contamination from sources where the dif-
ference in fluxes at 8�m is due to a strong 10�m silicate feature.We present a subset of 40 sources for which additional
evidence suggests variability, using 2MASS andMIPSGALdata. Based on a comparisonwith the variability flags in the
IRAS andMSX point-source catalogswe estimate that at least a quarter of the 552 sources and at least half of the 40 sources
in the subset are truly variable. In addition,we tentatively confirm the variability of one source usingmultiepoch IRASLRS
spectra. We suggest that most of the sources in our list are likely to be asymptotic giant branch stars.
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1. INTRODUCTION

The Combined General Catalog of Variable Stars (GCVS 4.2)6

lists 38,624 confirmed variable sources,most of which are located
in the Milky Way. The types of variable sources are numerous,
ranging from eruptive (e.g., FUOrionis objects) or pulsating (e.g.,
Cepheid, Mira, or RR Lyrae) variables to eclipsing binaries or
cataclysmic variables.Most of these have been found through op-
tical surveys, which are limited in depth by dust extinction in our
own Galaxy. Thus, looking in the direction of the Galactic plane,
these sources are likely to be within a kiloparsec from the Sun.

Searching for variability at mid-IR wavelengths has two ad-
vantages. First, themuch-reduced extinction atmid-IRwavelengths
means that bright stars can be seen out to much larger distances.
Second, dust emission is much brighter at mid-IR wavelengths
than at shorter wavelengths, and therefore we can search for var-
iability in dusty objects such as asymptotic giant branch (AGB)
stars or young stellar objects (YSOs).

Data from IRAS were used to assign variability likelihoods to
sources in the IRAS Point-Source Catalog (the Var index). This
was made possible by the fact that most areas of the sky were
observed at least twice, with observations typically separated by
weeks to months. Thousands of new variable stars were discov-
ered, most of which lie in the Galactic plane or in the Galactic
bulge (Spear et al. 1993). However, the low sensitivity and res-

olution of the IRAS observations along with source confusion
meant that only the brightest sources were found in the Galactic
midplane (most sources in the IRAS Point-Source Catalog with
jbj < 1

�
and a Var index larger than 98%, indicating very likely

variability, have F12 �m > 1 Jy).
The Midcourse Space Experiment (MSX ) satellite, launched

in 1996, completed a survey of theGalactic plane (Price et al. 2001)
from 8 to 21 �m, with improved sensitivity and spatial resolution
over IRAS.Most areas of theGalactic planewere observedmultiple
times (typically four times) within a fewmonths. Each source in the
MSX Point-Source Catalog was then assigned a variability flag in
each band (i.e., vara, varc, vard, and vare).

More recently, the Galactic plane was surveyed in the mid-IR
by the Spitzer Space Telescope (Werner et al. 2004), launched in
2003. Spitzer carried out the Galactic Legacy InfraredMid-Plane
Survey Extraordinaire (GLIMPSE I; Benjamin et al. 2003) and
theMIPS Inner Galactic Plane Survey (MIPSGAL; PI: S. Carey)
using the Infrared Array Camera (IRAC; 3.6Y8.0 �m; Fazio et al.
2004) and theMultiband Imaging Photometer for Spitzer (MIPS;
24Y160 �m; Rieke et al. 2004), respectively.

Both the MSX and GLIMPSE I surveys include observations
around 8 �m and were taken �8 yr apart. In this paper we make
use of this similarity in wavelengths to search for sources with
mid-IR variability between theMSX and the Spitzer surveys. Our
analysis is most sensitive to variability arising from dusty objects
such as AGB stars or YSOs and should be sensitive to sources
with a wide range of variability timescales, extending up to a
decade.

In x 2, we give a summary of the various data sets used for this
study. In x 3, we give an overview of the procedure used to select
the sample of candidate variable stars. In particular, we discuss
the possible sources of contamination, i.e., sources that look, but
are not, variable (x 3.1); the issue of apparent variability due to
strong spectral features and the differences in spectral responses
(x 3.2); and the details of the merging of theMSX and GLIMPSE
I catalogs (x 3.3). In x 3.4 we compile a final list of candidate
variable stars.We then attempt to refine this sample to a subset of
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sources that present additional evidence for potential variability
(x 4.1), and present spectral energy distributions (SEDs) of the
40 sources in this subset, as well as images for three typical sources
(x 4.2). Finally, we discuss the possible nature of these sources (x 5)
and summarize our results (x 6).

2. OBSERVATIONS

In order to search for point-source variability, we made use of
the following data:

1. The MSX survey of the Galactic plane (Price et al. 2001),
which was carried out between 1996 and 1997 and consisted of
imaging in four bands: A (8.28 �m),C (12.13 �m),D (14.65 �m),
and E (21.3 �m).

2. The TwoMicron All Sky Survey (2MASS; Skrutskie et al.
2006), which was carried out between 1997 and 2001. The ob-
servations consist of imaging in three bands: J (1.25 �m), H
(1.65 �m), and Ks (2.15 �m).
3. The GLIMPSE I survey of the Galactic midplane (Benjamin

et al. 2003), which was carried out in 2004 at 3.6, 4.5, 5.8, and
8.0 �m using the IRAC instrument on board Spitzer.
4. The MIPSGAL survey of the same region as GLIMPSE I,

carried out in 2005 and 2006 at 24, 70, and 160 �musing theMIPS
instrument on board Spitzer. We make use only of the data taken at
24 �m.

The resolution of 2MASS and IRAC is �200, that of MIPS is
�1000, and the resolution of the MSX observations is �1800.
The approximate sensitivity and saturation levels for the

various data sets are listed in Table 1. The values most critical for
this work are the saturation level of IRAC 8.0 �m (1590 mJy)
and the sensitivity level of MSX 8.28 �m (100Y200 mJy). The
absolute calibrations of the observations are described in detail
in Cohen et al. (2003), Reach et al. (2005), Engelbracht et al. (2007),
and Price et al. (2004) for 2MASS, IRAC, MIPS 24.0 �m, and
MSX, respectively.
The spectral response curves of the instruments used for the

various data sets are shown in Figure 1. In this paper we make
use of the similarity between the wavelength range covered by
IRAC 8.0 �m and MSX 8.28 �m (as well as the similarity be-
tween MIPS 24.0 �m and MSX 21.3 �m in x 4.1).
We used the GLIMPSE Version 2.0 Point-Source Catalog,7

which includes IRAC fluxes for all the point sources in the
survey, as well as 2MASS fluxes when available. We chose the
Point-Source Catalog over the Point-Source Archive as it has a
higher reliability and does not include saturated sources (for a
more detailed description of the catalogs and archives, we
refer the reader to the GLIMPSE Version 2 Data Release docu-
ment).8 For MSX data, we used the MSX6C Point Source Cat-
alog.9 We restricted our analysis to the (l, b) ranges covered by

TABLE 1

Sensitivity and Saturation Levels

Band

Sensitivity

(mJy)

Saturation

(mJy)

J................................................. 0.4 16000

H................................................ 0.6 16000

Ks............................................... 0.8 16000

IRAC 3.6 �m............................ 0.5 439

IRAC 4.5 �m............................ 0.5 450

IRAC 5.8 �m............................ 2.0 2930

IRAC 8.0 �m............................ 5.0 1590

MSX A....................................... 160 n /aa

MSX C....................................... 1200 n /aa

MSX D....................................... 1000 n /aa

MSX E ....................................... 3000 n /aa

MIPS 24 �m ............................. 2.6 1400

Notes.—The above values are approximate, since they depend in
some cases on factors such as confusion or background emission, and
they only apply to the surveys used in this paper. The 2MASS values
are from the 2MASS All-Sky Data Release Explanatory Supplement
(x I.6), the IRAC values are from the GLIMPSE data products de-
scription, and the MSX sensitivity values are from the Midcourse
Space Experiment Point-Source Catalog Version 2.3 Explanatory
Guide (from its Figs. 23Y29). The MIPS 24.0 �m values are from
unpublished work by R. I.

a This saturation limit has not been published, but it is likely to
be above 106 mJy.

Fig. 1.—Spectral response curves for 2MASS JHKs, Spitzer IRAC andMIPS 24.0�m, andMSX filters. Note that there is significant overlap between the IRAC8.0 �m
and MSX 8.28 �m filters, and between the MSX 21.3 �m and MIPS 24.0 �m filters. [See the electronic edition of the Journal for a color version of this figure.]

7 See http://data.spitzer.caltech.edu/popular /glimpse/20070416_enhanced_v2/.
8 Available at http://data.spitzer.caltech.edu /popular /glimpse /20070416_

enhanced_v2/Documents /glimpse1_dataprod_v2.0.pdf.
9 VizieR Online Data Catalog, 5114, 0 (M. P. Egan et al., 2003).
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GLIMPSE I; i.e., 10� < jlj < 65� and jbj < 1�. The total area
covered is 220 deg2.

3. THE SELECTION
OF THE VARIABLE-STAR CANDIDATES

3.1. Contaminants

In order to search for variable stars in the mid-infrared, we
would ideally use observations of the Galactic plane at two dif-
ferent epochs taken with the same telescope and with the same
filters. However, in this case we have data for two surveys using
similar but not identical spectral responses, namely, IRAC8.0�m
and MSX 8.28 �m, at spatial resolutions differing by almost a
factor of 10 and sensitivity and saturation limits overlapping by
only an order of magnitude. Therefore, great care has to be taken
when comparing the two data sets.

There are three main sources of possible contamination, i.e.,
sources that could look variable between IRAC 8.0 �m andMSX
8.28 �m based on a comparison of the images or catalogs:

Confusion.—The difference in the resolutions between MSX
and IRACobservations (1800 and 200, respectively)means thatmul-
tiple sources in IRAC 8.0 �m can appear as one source in MSX
8.28 �m. Therefore, if one were to merge anMSX source with the
closest IRAC source, one might find that the fluxes appear to
differ, when in fact this is because other nearby sources in IRAC
also contribute to the flux of the MSX source.
Saturation.—If a source is mildly saturated in IRAC 8.0 �m.

the response of the detector becomes nonlinear, and the source
will appear fainter than it really is. SinceMSX has amuch lower sen-
sitivity, many sources detected inMSX are saturated inGLIMPSE,
so this effect could be common. Therefore, we choose to use the
GLIMPSE catalog, which does not include saturated sources.
More generally, since we can use only very bright (nonsaturated)
sources in GLIMPSE and faint sources in MSX, it is essential in
this analysis to perform a rigorous quality check of all fluxes by
inspecting the images to ensure there are no ‘‘false sources’’ or
other technical problems linked to saturation or noise that could
affect flux measurements.
Spectral features.—Since IRAC 8.0 �m andMSX 8.28 �m do

not cover exactly the samewavelength range (as shown in Fig. 1),
the two fluxes for a same source may differ if the spectrum con-
tains strong spectral features in the wavelength range covered by
the instruments. For example, YSOs with a strong silicate feature
at 10 �m in absorption (e.g., embedded protostars), or in emission
(e.g., young stars with disks), are likely to be affected by this. This
effectwill also be present in starswith large amounts of interstellar

extinction, which produces a silicate absorption feature at 10 �m.
In addition, the presence of strong emission or absorption fea-
tures in the wavelength ranges covered by only one or the other
of the instruments would also lead to differences in the fluxes. For
example, the 6Y6.5�m region is covered only byMSX 8.28�m,
and cool giants and supergiants are known to show absorption at
6.3 �m due to the H2O absorption bands (Cohen et al. 1995; Tsuji
2001, 2003).

These issues mean that it would be extremely difficult to pro-
duce a statistically complete sample of variable-star candidates.
Instead, for this work we choose to prioritize reliability over
completeness.

3.2. Strong Spectral Features and Apparent Variability

Asmentioned in x 3.1, strong spectral features in the wavelength
range covered by the IRAC 8.0 �m andMSX 8.28 �m bandpasses
could cause the two fluxes to differ. In order to assess how im-
portant this effect is for YSOs, we use the publicly available grid
of 200,000 YSO model SEDs from Robitaille et al. (2006). We
use the convolved IRAC and MSX fluxes for each model for a
�18,000 AU aperture, which corresponds to 1800 (the resolution
of theMSX observations) at 1 kpc (a typical distance to objects in
the GLIMPSE survey). We note that the choice of aperture has
very little effect for the analysis presented here.

The left panel in Figure 2 shows a histogram of the number of
models as a function of the ratio of the IRAC 8.0 �m flux to the
MSX 8.28 �m flux for all the models. Only for very few models
(0.15%) do the two fluxes differ by more than a factor of 2. We
note that although we use only YSO models for this analysis,
results for AGB models are likely to be similar, since both types
of objects show similar SEDs, i.e., thermal dust emission with a
silicate feature.

We then investigated how much the ratio of IRAC 8.0 �m to
MSX 8.28 �m for a normal star would be affected by interstellar
extinction. To do this we used a 4000 K model atmosphere from
Castelli & Kurucz (2004) with log g ¼ þ2:0 and log ½Z/H � ¼
�2:0, to which we applied extinctions of AV ¼ 0, 20, 40, 60, 80,
and 100 using the extinction law discussed in Robitaille et al.
(2007). We do not expect the interstellar extinction toward most
sources to exceed this value, since AV values of 100 or more are
only seen through infrared dark clouds (IRDCs). Such sources
would be easy to identify, since IRDCs are clearly visible against
the background diffuse polycyclic aromatic hydrocarbon (PAH)
emission: indeed, assumingA½8:0�/AKs

� 0:5 (Flaherty et al. 2007)
andAKs

/AV � 0:1 (Cardelli et al. 1989),AV ¼ 100 corresponds to

Fig. 2.—Calculated ratios of the IRAC 8.0 �mfluxes to theMSX 8.28 �mfluxes (left) and of theMIPS 24.0 �mfluxes to theMSX 21.3 �mfluxes (right) for the grid of
YSOmodel SEDs presented in Robitaille et al. (2006). The vertical lines delimit in each case the regionwithin which the two fluxes agree to within a factor of 2. The peaks
in both distributions are artifacts due to the sampling of parameter space for the model grid (see Robitaille et al. for more details on the sampling of the parameters).
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A½8:0� � 5, i.e., a drop in brightness by a factor of 100. Only a
small fraction of sources in the Galacticmidplane appear to be be-
hind IRDCs, and most of the sources in our final sample of can-
didate variable stars do not appear to be situated close to any IRDCs.
After applying the extinction, we convolved the synthetic spectra
with the IRAC8.0�mandMSX 8.28�m spectral response curves
(see Appendix A of Robitaille et al. 2007 for details of the con-
volution equations).

Figure 3 shows the six synthetic spectra along with the con-
volved fluxes. The convolvedMSX 8.28 �mflux does not decrease
as fast with increasing AV as the monochromatic flux at 8.28 �m.
This is because, as shown in Figure 1, the spectral response curve
forMSX 8.28 �m actually extends down to 6 �m (as does IRAC
8.0 �m), and therefore a large fraction of the flux contributing to
the in-bandMSX 8.28 �mflux does not originate fromwithin the
region affected by the silicate absorption feature. Even with AV ¼
100, the ratio of IRAC 8.0 �m toMSX 8.28 �m only reaches 1.3.

3.3. Combining GLIMPSE I and MSX

We extracted all the MSX point sources from the MSX6C
catalog for which an 8.28 �m flux was available. We kept only
sources for which the uncertainty in the flux values at 8.28 �m
was less than 10% of the flux, and for which the reliability and
confusion flags were set to 0 (indicating reliable data). The total
number of sources satisfying these criteria and with coordinates
in the GLIMPSE I area is 107,091.

In order to avoid the problem of confusion described in the
previous section, we decided to use only MSX sources corre-

sponding to a single GLIMPSE source. Specifically, we kept only
MSX sources that had exactly one GLIMPSE source within 400,
and we further required the sum of the IRAC 8.0 �m flux of
neighboring sources within 1800 to not exceed 20% of the flux of
the central GLIMPSE source. In this way, we ensured that we only
usedMSX sources that corresponded to oneGLIMPSE source, with
a maximum confusion level of 20%. This reduced the number of
sources to consider from 107,091 to 62,013. Note that since the
GLIMPSE I catalog does not include saturated sources as men-
tioned previously, we are not affected by the apparent variability
arising from saturation.
Before looking for true variability, a further criterion was ap-

plied. It is possible for sources in IRAC 8.0 �m to not make it into
theGLIMPSE I catalog, such as, for example, saturated or extended
sources, or even diffuse PAH emission. Therefore, even though
there may not be bright neighbors in the catalog around a given
source, we still need to check that the contamination level is low.
In order to do this, we modified the GLIMPSE I mosaics to

match the diffraction-limited and pixel resolutions of MSX. We
first smoothed the images using a Gaussian filter so that stars had
a half width at half-maximum of 1800; we then rebinned the mo-
saics by a factor of 5 tomatch the pixel resolution of 600 pixel�1 of
MSX mosaics. TheMSX 8.28 �m mosaics and the IRAC 8.0 �m
mosaics then look very similar. In fact, most stars are seen to have
the same relative fluxes in both observations. We then performed
point-spread function (PSF) fitting photometry on these resam-
pled GLIMPSE I mosaics at the positions of the MSX sources
selected above, and compared these fluxes to the fluxes of the
matched GLIMPSE point sources found previously. If there was
no contamination, one would expect the two fluxes to be very
similar. This is the case for many, albeit not all, sources. For this
study, we keep only sources for which the original and resampled
IRAC 8.0 �m fluxes do not differ by more than 20%.
Once these criteria were applied, we obtained a list of

50,744 sources. In summary, this list contains sources detected in
MSX 8.28 �m, corresponding to a single unsaturated GLIMPSE
source, with very little contamination (<20%) due to confusion,
whether from neighboring point sources or other sources of emis-
sion. We now use this sample of sources to search for variability.

3.4. A List of Variable-Star Candidates

In light of the results in x 3.2, we decided to require the IRAC
8.0 �m flux from the smoothed GLIMPSE I mosaics and the
MSX 8.28 �mflux to differ bymore than a factor of 2 in order for
a source to be considered as potentially variable. This cutoff is

Fig. 3.—Spectrum of a 4000 K star for values of the visual extinctionAV rang-
ing from 0 to 100 (top to bottom spectra). The region indicated by the gray area in
the left panel is shown in more detail in the right panel. The points show the
synthetic fluxes for IRAC 8.0�mandMSX 8.28�m. The ratio of the IRAC 8.0�m
to the MSX 8.28 �m flux for each spectrum is given in the right panel.

Fig. 4.—Left: Ratio of the IRAC 8.0 �m to theMSX 8.28 �mfluxes for all sources for which the IRAC 8.0 �mflux from the GLIMPSE catalog and from the smoothed
mosaics agree to within 20%. The dashed lines indicate where the ratios are equal to 0.5 and 2, and the gray areas show the regionswithinwhichwe flag sources as variable.
Right: Ratio of theMIPS 24.0�m to theMSX 21.3�mfluxes for all sources from the sample of 552 sources for which both fluxes were available. Similarly to the left panel,
the dashed line indicates where the ratios are equal to 0.5, and the gray area shows the region within which we flag sources as variable.
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TABLE 2

The Sample of 552 Sources with Apparent Variability at 8 �m

Coordinates 2MASS IRAC MSX MIPS

MSX Source Name GLIMPSE Source Name � (J2000.0) � (J2000.0)

FJ

(mJy)

FH

(mJy)

FKs

(mJy)

F3.6

(mJy)

F4.5

(mJy)

F5.8

(mJy)

F8.0

(mJy)

F8.28

(mJy)

F12.13

(mJy)

F14.65

(mJy)

F21.3

(mJy)

F24

(mJy) MSX
P

vara
IRAS Var

(%)

G010.1167+00.1543........ SSTGLMC G010.1162+00.1539 271.85730 �20.11289 . . . . . . 2.8 191.6 . . . 938.2 976.6 340.9 . . . . . . . . . 683.3 0 29

G010.3957�00.9373....... SSTGLMC G010.3955�00.9365 273.01970 �20.39660 14.3 109.4 297.0 . . . . . . 447.3 402.9 187.6 . . . . . . . . . 339.5 0 . . .

G010.4174+00.9357 ....... SSTGLMC G010.4167+00.9355 271.28840 �19.46910 2.2 3.2 5.1 5.5 7.8 7.2 55.6 149.8 . . . 690.0 2139.9 2466.1 0 �1

G010.4355+00.2827 ....... SSTGLMC G010.4351+00.2830 271.90300 �19.77190 0.5 13.9 100.6 . . . . . . 647.1 537.6 215.7 . . . . . . . . . 564.3 1 . . .

G010.6179�00.0560....... SSTGLMC G010.6180�00.0559 272.31180 �19.77690 . . . . . . 6.1 309.8 . . . 1290.0 1149.0 291.3 . . . . . . . . . 378.0 1 13

G010.6616�00.1658....... SSTGLMC G010.6622�00.1653 272.43640 �19.79180 . . . 5.7 147.1 . . . . . . 1189.0 591.5 222.1 . . . . . . . . . 142.4 1 . . .

G010.7026+00.0569 ....... SSTGLMC G010.7020+00.0568 272.25040 �19.64800 . . . 7.1 96.0 410.4 . . . 590.1 448.5 178.6 . . . . . . . . . 160.4 0 . . .
G010.7615+00.5088 ....... SSTGLMC G010.7611+00.5091 271.86160 �19.37710 10.3 94.0 293.2 416.6 414.2 469.1 497.7 1216.3 1665.2 1156.4 . . . 895.5 1 . . .

G010.8254�00.0874....... SSTGLMC G010.8249�00.0873 272.44760 �19.61050 . . . 4.2 45.7 281.4 379.0 454.1 356.3 185.0 . . . . . . . . . 159.4 0 �1

G010.9867+00.1010 ....... SSTGLMC G010.9866+00.1011 272.35540 �19.37810 . . . 9.8 55.1 74.7 99.3 135.7 139.5 329.3 . . . . . . . . . 165.4 0 . . .

Notes.—Right ascension and declination are shown in decimal degrees. The uncertainties are not shown for clarity. However, these are bright sources at mid-IR wavelengths in the Spitzer data, and therefore the uncertainties
are very low in IRAC andMIPS 24.0�m. In fact, themain source of uncertainty at IRAC andMIPS 24.0�mwavelengths is likely to be the calibration uncertainties. ForMSX data, one of the requirements used in x 3.3was that the
uncertainty at 8.28 �m should be less than 10%. For the JHK andMSX errors we refer the reader to the original catalogs. The IRAC 8.0 �mflux calculated from the smoothed mosaics is not shown, but for sources to be in this list
we required the original IRAC 8.0 �mflux to agree with our calculated IRAC 8.0 �mflux from smoothedmosaics by less than 20%. Finally, we note that this table does not show all fluxes present in the originalMSX catalog (i.e.,
fluxes have been removed when a source was not seen, or seen with a very low signal-to-noise ratio, in the images). Table 2 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here
for guidance regarding its form and content.

a As defined in Table 4.



conservative since we are aiming for reliability rather than com-
pleteness. This reduces the number of sources in the sample from
50,744 to 592. Figure 4 shows the IRAC 8.0 �m toMSX 8.28 �m
ratio of all 50,744 sources, with the variable-star candidates high-
lighted. We visually inspected the IRAC 8.0 �m (both original
and smoothed) images and residuals, as well as theMSX 8.28 �m
images, in order to check that the photometry was performed cor-
rectly in all cases.We eliminated 40 sourceswhere the photometry
at 8�mon the smoothedmosaicswas not reliable (due to confusion
or extended emission), further reducing the sample to 552 sources.

These sources are listed in Table 2, along with their respective
2MASS, IRAC and MSX fluxes. In addition to inspecting the
IRAC 8.0 �m andMSX 8.28 �m images as mentioned above, we
examined all the remainingMSX data (bands C, D, and E) using
the standard (CB02) and high-sensitivity (CB03)MSX mosaics.
We eliminated any unreliable fluxes where the corresponding
source was very noisy or absent from the images, since we use
the data in these bands for further source selection (x 4.1) and
when plotting the SEDs. Therefore, we can rule out bad data and
unreliable photometry as a cause of apparent variability. We have
also included MIPS 24.0 �m fluxes when data were available, as
described in the next section.

Although we cannot rule out that strong spectral features around
10 �mor at 6Y6.5 �mare causing offsets bymore than a factor of
2 between IRAC 8.0 �m and MSX 8.28 �m, we see from the
results in x 3.2 that such spectral variations cannot be explained
by thermal dust spectrum with a silicate feature or a standard ex-
tinction law. Therefore, even if the sources in this sample are not
all intrinsically variable, they remain very interesting objects for
future follow-up studies.

4. HIGHLY LIKELY VARIABLE-STAR CANDIDATES

4.1. Source Selection

In this section, we use the sample of 552 sources to search for
a subset that present secondary indicators of variability. To do
this, we use several criteria:

Very high variability.—We flag a source as highly likely to be
variable if the fluxes at IRAC 8.0 �m andMSX 8.28 �m differ by
more than a factor of 4. It is extremely difficult to explain how
such a flux could be due to strong spectral features, and we can rule
out problems associated with the data, as we have visually quality-
checked all the IRAC and MSX data used. Using this selection
criterion, we find 11 sources.
JHKs/IRAC mismatch.—If a star is truly variable and presents

a large difference (e.g., a factor of 2 difference) in flux at 8�m, it is
reasonable to assume that, in some cases at least, the source should
also be variable at shorter wavelengths. Since the 2MASS and

Fig. 5.—Model SED fits to the broadband photometry of three example sources to find offsets between JHKs and IRAC data. The data are shown as points and the
models as solid lines. The error bars are smaller than the points. Left: Source whose data are consistent with a reddened stellar photosphere.Middle: Source whose data are
consistent with amodel SED for an embedded protostar.Right: Source that is not well fit bymodel SEDs for stars or YSOs. The cause of the bad fit is themismatch between
the JHKs and IRAC points. The model shown is the best fit obtained with YSO models.

TABLE 3

The 40 Sources with Secondary Indicators of Variability

MSX Source Name GLIMPSE Source Name

Large 8 �m Variability

G010.6179�00.0560.................... SSTGLMC G010.6180�00.0559

G019.6672�00.7858.................... SSTGLMC G019.6675�00.7870

G301.0439+00.0582 .................... SSTGLMC G301.0440+00.0576

G328.3644+00.3438 .................... SSTGLMC G328.3647+00.3434

G334.9467�00.4008.................... SSTGLMC G334.9466�00.4005

G337.0848�00.5550.................... SSTGLMC G337.0848�00.5550

G339.2514�00.3656.................... SSTGLMC G339.2511�00.3650

G342.7817�00.6938.................... SSTGLMC G342.7819�00.6937

G346.3216�00.0967.................... SSTGLMC G346.3208�00.0971

G349.3072+00.3698 .................... SSTGLMC G349.3072+00.3702

G349.6145�00.5339.................... SSTGLMC G349.6142�00.5341

MSX 21.3 �m and MIPS 24.0 �m Mismatch

G012.8758+00.8954 .................... SSTGLMC G012.8754+00.8952

G018.1666+00.7366 .................... SSTGLMC G018.1665+00.7365

G026.8076�00.3922.................... SSTGLMC G026.8077�00.3920

G031.6975�00.3260.................... SSTGLMC G031.6973�00.3259

G033.4658+00.8407 .................... SSTGLMC G033.4657+00.8406

G036.2908�00.0402.................... SSTGLMC G036.2906�00.0404

G064.9674+00.4695 .................... SSTGLMC G064.9676+00.4696

G296.6843+00.4515 .................... SSTGLMC G296.6844+00.4513

G319.8400+00.0308 .................... SSTGLMC G319.8394+00.0312

G336.8569+00.6024 .................... SSTGLMC G336.8563+00.6026

G338.2051�00.3526.................... SSTGLMC G338.2049�00.3525

G338.7552+00.6664 .................... SSTGLMC G338.7552+00.6663

G343.7460�00.5851.................... SSTGLMC G343.7460�00.5851

G346.1049�00.4608.................... SSTGLMC G346.1045�00.4611

Mismatch between JHKs and IRAC

G010.9867+00.1010 .................... SSTGLMC G010.9866+00.1011

G017.5692�00.0692.................... SSTGLMC G017.5696�00.0693

G017.6991�00.1976.................... SSTGLMC G017.6993�00.1978

G017.9268+00.4932 .................... SSTGLMC G017.9269+00.4933

G020.3407+00.4617 .................... SSTGLMC G020.3405+00.4618

G020.4301�00.1046.................... SSTGLMC G020.4305�00.1044

G034.8787�00.5619.................... SSTGLMC G034.8785�00.5622

G035.8416+00.5887 .................... SSTGLMC G035.8411+00.5890

G318.9134+00.7526 .................... SSTGLMC G318.9131+00.7530

G322.4192�00.0746.................... SSTGLMC G322.4196�00.0744

G325.5458�00.3432.................... SSTGLMC G325.5463�00.3436

G329.9308�00.2980.................... SSTGLMC G329.9310�00.2982

G330.5727�00.6220.................... SSTGLMC G330.5728�00.6218

G334.8128�00.1059.................... SSTGLMC G334.8125�00.1053

G335.4507+00.0785 .................... SSTGLMC G335.4500+00.0789

ROBITAILLE ET AL.2104 Vol. 134



IRAC data were taken a few years apart, we can therefore search
for an apparent mismatch between JHKs and IRAC fluxes. How-
ever, since these two wavelength ranges do not overlap, it is not
straightforward to do this, andwe restrict ourselves to cases where
the mismatch is the most obvious.
We decided to remove sources with JHKs and IRAC data con-

sistent with the colors of stars or YSOs with no variability. This
includes sources with colors consistent with those of AGB stars
with no variability, since AGB stars are known to have IRAC
colors similar to those of YSOs (as can be seen by comparing the
color-color diagrams in Robitaille et al. [2006] andMarengo et al.
[2007]).
In order to do this, we use the SED fitting tool described in

Robitaille et al. (2007), to whichwe have added the grid of stellar
photosphere models from Castelli & Kurucz (2004). The fitting
tool uses linear regression to fit model stellar and YSO SEDs to
observed SEDs, allowing the interstellar extinction and the dis-
tance to be free parameters.
We first fit all the sources, using only JHKs and IRACdata, with

the stellar photosphere models, and allowing a range of AV from 0
to 30. We then consider all sources fit with a �2 per data point of
less than 2 as being consistent with no mismatch. The cutoff
value is arbitrary, but visual inspection shows that all fits with a

smaller �2 per data point are very good. We then fit the remain-
ing sources with YSOmodels, again considering all sources with
a �2 per data point of less than 2 as being consistent with nomis-
match.We assumed that the objects could lie anywhere from300 pc
to 10 kpc,with an interstellarAV of up to 40.Out of the 552 sources
in our list of variable-star candidates, 496 had enough data to be
used in the SEDfitting tool (we required data for at least four wave-
lengths from JHKs and IRAC); 78 were well fit by stellar photo-
sphere models, and 391 were well fit by YSO models, leaving
27 sources. These sources were in some cases badly fit for reasons
other than a JHKs/IRAC mismatch, so after visual inspection of
the SEDswe selected a sample of 15 sources for which an offset in
the SEDbetween JHKs and IRACwas clearly the cause of the bad
fit.
A mismatch between JHKs and IRAC could be due to a high

Ks-band flux which can in turn be due to the confusion in the Ks

band (this would occur more frequently at longitudes toward the
inner galaxy). Therefore, we visually inspected the JHKs and
IRAC images for this subset of sources in order to ensure that this
was not the case, and ruled this out for the 15 sources.
We can, of course, not rule out that the offset between 2MASS

and IRAC is simply due to intrinsically exotic SEDs for these
sources (e.g., due to near-IR spectral lines or multiple sources),

Fig. 6.—SEDs for the sources where IRAC 8.0 �m and MSX 8.28 �m differ by more than a factor of 4. The filled circles show (when available), from left to right,
2MASS, IRAC, andMIPS 24.0�mdata points. The open circles show (when available) theMSX data points. [See the electronic edition of the Journal for a color version of
this figure.]
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but it seems likely that inmost cases, variability is the main cause
of offset, especially when considered alongside the fact that the
IRAC 8.0 �m andMSX 8.28 �m fluxes are also offset from each
other by at least a factor of 2.
In order to illustrate the above procedure, we show the SEDs

of three sources in Figure 5 with the best model SED fit in each
case. These include a sourcewell explained by a stellar photosphere
model, a source well explained by a YSO model, and a source for
which we could not fit any models well due to the offset between
JHKs and IRAC.
MSX 21.3 �m and MIPS 24.0 �m mismatch.—Finally, we flag

sources as being likely variables if there is a clear offset between
the MIPS 24.0 �m and theMSX 21.3 �m flux. We measured the
MIPS 24.0 �m fluxes using PSF photometry on data available
in the Spitzer Science Center Archive (MIPSGAL; PI: S. Carey)
for the 552 sources in the sample using a custom-written PSF-

fitting program. Since we can ignore saturated pixels in the fit-
ting, we are able to extract fluxes up to 2Y3 Jy for mildly saturated
sources. As for MSX 8.28 �m and IRAC 8.0 �m, we have to be
careful when looking for offsets between MIPS 24.0 �m and
MSX 21.3 �mfluxes because of the difference in wavelength and
spectral response (see Fig. 1). We performed an analysis similar
to that described in x 3.2 forMSX 21.3�mandMIPS 24.0�mand
found that although ratios of MIPS 24.0 �m/MSX 21.3 �m larger
than 2 are possible, due to steeply rising dust spectra at those
wavelengths, ratios less than 0.5 cannot be reproduced by the
models (see Fig. 2, right). Therefore, we select only sourceswhere
MIPS 24.0�m/MSX 21.3�m<0.5.Asmentioned previously, the
MSX images for all bands were checked visually, and the E-band
fluxes for the sources in our sample are reliable. Using this cri-
terion, we find 14 sources. These are highlighted in the right
panel of Figure 4.

Fig. 7.—SEDs for the sources where, in addition to the IRAC8.0�mandMSX 8.28�mfluxes differing bymore than a factor of 2, theMSX 21.3�mandMIPS 24.0�m
fluxes also differ by more than a factor of 2. The data points follow the same style as in Fig. 6. [See the electronic edition of the Journal for a color version of this figure.]
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Table 3 lists the 40 sources in our sample of 552 that satisfy at
least one of the above three criteria. The SEDs for all 40 sources
are presented in Figures 6, 7, and 8.

4.2. Typical Examples

In Figure 9, we show a selection of images for three sources,
one from each of the above subsamples in turn, as well as the
SED for these sources. The sources are:

G337.0848�00.5550.—This source (Fig. 9, left panels) has a
ratio of IRAC 8.0 �m toMSX 8.28 �m of 0.23, and therefore is
flagged as an ‘‘extreme variable.’’ The large variability is clearly
seen by comparing the IRAC 8.0 �m andMSX 8.28 �m images.
This source also shows a possible JHKs mismatch, but the offset
was not large enough to make it through our selection process.
However, in the light of the extreme variability in IRAC 8.0 �m,

it seems likely that the offset between JHKs and IRACwavelengths
is real. There is no possible source of confusion atKs and 3.6�m, as
shown in the images.
G346.1049�00.4608.—TheMIPS 24.0 �m andMSX 21.3 �m

fluxes for this source (Fig. 9, middle panels) differ by more than
a factor of 2. The top two panels show the difference between the
source brightness in IRAC 8.0 �m and MSX 8.28 �m, whereas
the two panels below show the difference betweenMIPS 24.0 �m
and MSX 21.3 �m. The difference is more difficult to see in the
latter due to the high noise in theMSX 21.3 �mmosaic. However,
whereas the central source is slightly brighter than the source
shown in the top right in MSX 21.3 �m, the two sources have a
more similar flux in MIPS 24.0 �m. Avery interesting source is
present to the bottom right, G346.0803�00.4808. It is brighter
than G346.1049�00.4608 inMIPS 24.0 �m, yet is undetected in

Fig. 8.—SEDs for the sources where, in addition to the IRAC 8.0 �m andMSX 8.28 �mfluxes differing bymore than a factor of 2, the JHKs and IRAC data seem to be
offset. The data points follow the same style as in Fig. 6. [See the electronic edition of the Journal for a color version of this figure.]
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MSX 21.3 �m! Unfortunately it is not present in our sample of
552 sources, because its IRAC flux lies less than 5% above the
‘‘mild saturation’’ limit.
G318.9134+00.7526.—This source (Fig. 9, right panels) shows

avery largeoffset between JHKs and IRAC, and this is clearly not due
to any issues with the matching of the 2MASS to the GLIMPSE
source after inspection of the images. In fact, the offset in the
SED is so large that the slope from Ks to 3.6 �m is actually bluer
than for a normal star. This can be seen in the two top panels; the
central star actually becomes fainter relative to all the surrounding
stars from Ks to 3.6 �m. As shown in the two panels below, the
brightness of the source then increases significantly between

IRAC 8.0 �m andMSX 8.28 �m. This source is probably our best
candidate in the overall sample.

5. ANALYSIS AND DISCUSSION

5.1. Possible Mechanisms of Mid-IR Variability

We now discuss the main mechanisms for variability in the
mid-IR. The types of sources that are likely to show such variability
are the following:

AGB stars.—Long-period variables (LPVs; classified into Mira,
semiregular, and slow irregular variables), which are known to be
AGB stars, show variability by factors of hundreds or thousands

Fig. 9.—Images for three sources. For each source, four images are shown, and the bottom panel shows the SED. The IRAC 3.6�m images are slightly smoothed tomatch
the 2MASS resolution. The circles in each plot are 2700 in radius (the K and IRAC 3.6 �m images are shown on a smaller scale). The arrow indicates G346.0803�00.4808,
which did not make it to our sample of variable stars (as it is very mildly saturated in IRAC), but appears to be highly variable inMSX 21.3 �m and MIPS 24.0 �m (the flux
differs by a factor of at least�2.5). TheKs and IRAC 3.6 �mplots for G318.9134+00.7526 are shown on a different stretch to show that the slope of the SED is bluer between
Ks and IRAC 3.6 �m than the surrounding stars. The three SEDs are presented in the same way as in Figs. 6, 7, and 8.
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in the optical over timescales of months to years. These low- to
intermediate-mass stars, which are undergoing shell helium fu-
sion, suffer largemass losses through stellar winds and are thought
to be one of the main dust production sites in the Galaxy. The dust
chemistry can either be carbon or oxygen dominated, which leads
to the two types of AGB stars being referred to as carbon- or
oxygen-rich. A third type of AGB stars has been observed, with
very red near-IR colors; these are referred to as ‘‘extreme’’ AGB
stars (e.g., Blum et al. 2006), the brightest of which were previ-
ously identified as ‘‘obscured’’ AGB stars (e.g., Loup et al. 1997).
These are mostly C-rich AGB stars with large amounts of circum-
stellar dust.
Optical to mid-IR studies of Mira variables have shown that

the amplitude of the variability generally decreases with wave-
length (Lockwood &Wing 1971; Le Bertre 1992, 1993; Barthes
et al. 1996; Smith et al. 2002), with the exception of the silicate fea-
ture around 10�m,where the amplitude of the variations is higher
than at immediately smaller and larger wavelengths (Le Bertre
1993). Little-Marenin et al. (1996) also showed that the strength of
the silicate feature in AU Cygni (an O-rich AGB star) varies with
time. Key signatures of variability due to AGB stars are therefore
the presence of a thermal IR excess, a decrease in the amplitude of
the variations with wavelength, and a silicate feature with varying
strength.
Pre-main-sequence stars.—Optical and UV variability is com-

mon in pre-main-sequence stars. T Tauri stars, for example, are

variable by definition (Joy 1945); the variability in these objects
has been attributed to hot and cool spots on the stellar surface, the
former due tomagnetospheric accretion, and the latter (also referred
to as starspots) due to inhibition of the convection by a strongmag-
netic field. At longer wavelengths, where the bulk of the flux is due
to thermal emission from the dust, variability is somewhat less
common. However, various types of pre-main-sequence stars
show infrared variability, including Herbig Ae/Be stars (Prusti &
Mitskevich 1994), FUOriYtype objects (Ábrahám et al. 2004),
and UX OriYtype objects (Juhász et al. 2007).
Key signatures of pre-main-sequence stars include the pres-

ence of a thermal IR excess and the presence of a silicate feature
at 10 �m (whether in absorption or emission). These are a priori
indistinguishable from the signatures expected for AGB stars.
However, an additional signature that is specific to YSOs would
be the large-scale spatial correlation of variables in our sample
with known star formation regions.
Active galactic nuclei (AGNs).—Variability has been observed

in AGNs on timescales of hours to years, and at X-ray, UV, op-
tical, infrared, and radio wavelengths. In themid- and far-infrared,
evidence suggests that blazars, including BL Lac objects, are the
most variable AGNs, while Seyfert 1 and 2 galaxies and quasars
are less variable (e.g., Edelson & Malkan 1987; Sembay et al.
1987). A key signature of AGNswould be a relatively uniform dis-
tribution in the plane of the sky, with no correlation with the dis-
tribution of Galactic sources.

Fig. 10.—Top: Galactic longitude and latitude distribution of the 552 candidate variable stars. The dashed line shows the expected level for a uniform distribution. The
error barswere calculated using Poisson statistics.Bottom: Spatial distribution of the candidate variable stars (sourceswhere IRAC8.0�mandMSX 8.28�mdiffer bymore
than a factor of 2). The dots represent sources in the whole sample of 552 sources. The stars show the location of the subset of sources where IRAC 8.0 �m andMSX 8.28�m
differ by more than a factor of 4, the circles show the sources whereMSX 21.3 �m andMIPS 24.0 �m differ by more than a factor of 2, and the squares show the sources
where a mismatch between JHKs and IRAC is present. [See the electronic edition of the Journal for a color version of this figure.]
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5.2. Physical Nature of the Variable-Star Candidates

In order to determine whether the sources are most likely to be
Galactic (e.g., AGB stars or YSOs) or extragalactic (e.g., AGNs),
we examine the spatial distribution of the sources in our list of
variable-star candidates. Figure 10 shows the Galactic longitude
and latitude distribution of the 552 variable-star candidates, as
well as their spatial distribution. The number of variable sources
clearly peaks toward the Galactic center (�6 deg�2 at jlj ¼ 10

�
),

and tends to very low values (<1 deg�2 at jlj ¼ 65�) further away
from the center. This indicates that the large majority of the sources
are Galactic. If the sources were extragalactic, one should not ob-
serve any increase in source density toward the Galactic center. In
fact, one would expect a decrease toward the Galactic center due to
the increased line-of-sight extinction through the Galaxy. The lat-
itude distribution is consistent with a flat distribution, but we note
that this may simply be because we only extend out to b ¼ �1�

The Galactic distribution of the variable-star candidates does
not correlate strongly with the location of massive star forma-
tion regions [e.g., M16 at (l; b) � (15�;�0:7�), M17 at (l; b) �
(17�; 0:8�), or the G305 complex at (l; b) � (305:2�; 0:1�)], sug-
gesting that the majority of sources are likely to be AGB stars
rather than YSOs. Based purely on the Galactic longitude dis-
tribution of the sources, we can rule out extragalactic sources of
variability such asAGNs for the vastmajority of sources, and based
on the spatial distribution, we favor the AGB interpretation.

In Figure 11 we show the JHKs colors of all the sources in the
sample of 552 for which fluxes in J,H, and Ks bands were avail-
able, as well as the IRAC colors for all sources for which fluxes
in all IRAC bands were available. The sources shown are clearly
much redder than unobscured stars. We show the locus for red-
dened photospheres in the JHK color-color plot and the range of
expected colors for YSOs in the IRAC color-color plot (adapted
from Robitaille et al. 2006). Both the red H � K color and the
IRAC colors of these sources suggests the presence of thermal
dust emission, in agreement with both the YSO and the AGB
interpretation.

Finally, wemention that a few sources in Figure 8 show awave-
length dependence for the variability. For example, G318.9134+
00.7526 (also shown in Fig. 9) and G035.8416+00.5887 both dis-
play a very large offset between Ks and IRAC 3.6 �m (at least an
order of magnitude), whereas the offset at 8 �m is somewhat
smaller (half an order of magnitude). This is what one would ex-
pect if these were AGB stars/Mira variables.

5.3. Comparison to Known Sources

We searched for the 552 sources from our list of variable-star
candidates in the Combined General Catalogue of Variable Stars
(GCVS 4.2),10 which lists 430 sources in the GLIMPSE I survey
area, and found that none are listed as known or suspected var-
iable stars. This is expected, as most of these are likely to be too ex-
tinguished to be seen at optical wavelengths. One of the sources
in the subsample of 40, G338.2051�00.3526, was found to
match with a source in the ISOGAL survey classified as a YSO
( ISOGAL-P J164144.9�465006; Felli et al. 2002).

We then compared our list of sources, before and after selec-
tion, to the IRAS Point-Source Catalog in order to verify whether
our selection procedure increased the fraction of sources with
high variability probability (the Var index). We searched for the
50,744 sources used for the initial selection of variable sources
in the IRAS Point-Source Catalog and found 3292 with an IRAS

source within 1500. Of the 552 variable candidates, 95 have a
corresponding IRAS source, and of the 40 highly likely variable
sources, 15 have a corresponding IRAS source. In Table 4 we list
in each case the fraction of IRAS sources with a Var index of at
least 95%. We found that the initial selection of variable stars
increased the fraction of IRAS sources with Var > 95% from
7.7% to 27.4%, and the further selection of candidates with a
secondary indicator of variability increased the fraction further
to 46.6%.

Fig. 11.—JHK (top) and IRAC (bottom) color-color plots of the variable-star
candidates. Only sourceswith all three 2MASS fluxeswere used for the JHK color-
color plot, and only sources with all four IRAC bands were used for the IRAC
color-color plot. The crossmarks the approximate location of unreddened stars, and
the reddening vectors show an extinction of AV ¼ 20. The dashed lines in the top
panel show where reddened stars would lie for a range of stellar temperatures. The
filled and hashed areas in light gray in the bottom panel are adapted from Robitaille
et al. (2006) and show where YSOs are expected to lie in IRAC color-color space.

10 VizieR Online Data Catalog, 2250, 0 (N. N. Samus & O. V. Durlevich,
2004).
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We repeated this analysis by using the var flags from theMSX
Point-Source Catalog (available for all sources, since all the sources
in our lists originate from the MSX Point-Source Catalog). The
results are also shown in Table 4. The initial selection of variable
sources increases the number of sources with the variability flag
set in at least one band from 17.3% to 42.8%. When considering
sources with at least two variability flags set, the fraction in-
creases from 1.0% to 6.3%when selecting the 552 variable stars,
and the refinement of the sample to 40 sources increases this to
12.5%.

The above results indicate that one-quarter to half of the sources
in the list of 552 variable-star candidates, and at least 40% of the
subsample of 40 are likely to be variable on timescales of months,
i.e., the time between the multiple IRAS or MSX observations. If
the remaining sources in our sample of 552 are truly variable, this
suggests that the timescales of their variability has to be larger
than the lifetime of theMSX and IRASmissions, and therefore has
to be on the order of years. We have included both the Var index
and

P
var (the sum of the variability flags) for each source in

Table 2.
Finally, we searched the original Dutch LowResolution Spec-

trograph (LRS) database in order to find mid-IR spectra for the
subsample of 40 sources. Three sources were found to have LRS
spectra, two of whichwere extremely noisy. The third, G296.6843+
00.4515 (IRAS 11557�6129), shows a dominant broad 10 �m
emission feature. Its width, peak, and shape all suggest the pres-
ence of O-rich dust in the form of amorphous silicates. This is

shown in Figure 12 (right). The data shown are in fact the ‘‘av-
erage’’11 of three LRS spectra taken at different epochs, ranging
over 43 days (1983 July 27, August 5, and September 9). We
extracted the individual spectra for the three epochs and show
these in Figure 12. Despite the noise in the data, it does appear
that (1) the strength of the silicate feature changes over the three
epochs, and (2) the continuum level also changes (as seen from
the monochromatic flux at 8 �m). These signatures suggest that
this source is indeed an O-rich AGB star displaying variability.

6. CONCLUSION

We have selected a sample of 552 sources for which the IRAC
8.0 �m andMSX 8.28 �m flux differ by more than a factor of 2.
We have checked that the data are of sufficient quality through
selection criteria and visual inspection of the data for all these
sources. We have ruled out that differences of more than a factor
of 2 can be due to the silicate feature in a standard interstellar ex-
tinction law or silicates seen in absorption or emission in YSOs
using standard models. Therefore, this sample contains objects
that are all potentially interesting for follow-up observations,
even if not variable, as they may show a deviation from standard
extinction, different emission processes in YSOs (such as PAH
emission), or other strong spectral features in YSOs and AGB
stars. If most of these sources are confirmed as variable, they will
significantly expand the number of known variable stars in the

TABLE 4

Comparison to Previously Suspected Variables

MSX Sources IRAS Sources (Matched)

Sample All
P

var � 1a
P

var � 2a All Var > 95%

Initial source list .................................................. 50744 8783 (17.3%) 504 (1.0%) 2695 207 (7.7%)

Variable candidates .............................................. 552 236 (42.8%) 35 (6.3%) 95 26 (27.4%)

Highly likely candidates ...................................... 40 17 (42.5%) 5 (12.5%) 15 7 (46.7%)

a We define
P

var=vara+varc+vard+vare, i.e., the sum of the variability flags for bands A, C, D, and E from theMSX Point-Source Catalog.

Fig. 12.—LRS Spectrum for G296.6843+00.4515 ( IRAS 11557�6129) for three epochs, and the ‘‘average’’ LRS spectrum (as defined in the IRAS Explanatory
Supplement, chap. IX.C.3). The points and error bars show the original calibrated spectra (with negative fluxes removed), and the solid lines show the data after smoothing
by performing a ‘‘box optimal average’’ at each point (the total width of the box was set to 1.5 �m). The larger open and filled circles show the MSX and IRAC data,
respectively, and the dashed lines are equivalent to the solid lines in Fig. 7. [See the electronic edition of the Journal for a color version of this figure.]

11 As defined in the IRAS Explanatory Supplement, chapter IX.C.3.
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Galactic plane; as mentioned in x 5.3, the GCVS 4.2 only lists
430 sources in the GLIMPSE I survey area.

We further refined this sample to a subset of sources for which
a secondary indicator of variability was available. We selected
sources for which the variability at 8 �m is very strong, with
IRAC 8.0 �m andMSX 8.28 �m differing by more than a factor
of 4.We also selected sources for which theMIPS 24.0�m toMSX
21.3 �m ratio was less than half, and, finally, we selected sources
for which the JHKs and IRAC data appear to be offset. The number
of sources in each category is 11, 14, and 15, respectively.

By comparing the lists of sources before and after selection
with the Var index in the IRAS Point-Source Catalog and the var
flags in the MSX Point-Source Catalog, we estimate that at least
one-quarter to half of sources in the sample of 552 sources are
truly variable, on timescales up to months. The remaining sources
are either truly variable, albeit on longer timescales (years), or
contain strong spectral features that cause the offset between the
IRAC 8.0 �mand theMSX 8.28 �mflux.We have also presented
multiepoch IRAS LRS spectra that tentatively confirm variability
in one of the sources (G296.6843+00.4515) and show a silicate
feature varying in strength over time, suggesting that this source
is an O-rich AGB star.

The analysis we have performed is a preliminary selection of
the most prominent candidate variables, and is by no means a
complete census of mid-IR variability in the Galaxy.We are biased
toward bright sources inGLIMPSEand faint sources inMSX. Since
we require sources to be unsaturated in GLIMPSE and detected
inMSX, we are biased toward objects with redder spectral slopes.
In addition, when searching forMSX 21.3�mandMIPS 24.0�m
mismatches, or JHKs and IRAC offsets, we are biasing the sam-

ple further toward objects with redder slopes, because the sen-
sitivity in MSX 21.3 �m is even lower than MSX 8.28 �m. De-
spite all these restrictions, we find 552 sources with IRAC 8.0 �m
and MSX 8.28 �m fluxes differing by at least a factor of 2 and
40 sources with secondary evidence for variability.
While we were restricted to using �50,000 sources that were

in common betweenGLIMPSE I andMSX and not affected by con-
fusion, the total number of catalog sources in the GLIMPSE I
survey is around 31,000,000. This suggests that our sample is
really just a very small tip of the Galactic iceberg, and that the
true number of variable sources is very likely to be of the order
of tens of thousands.
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