TheWarm Spitzer Mission: Opportunitiesto
Study Galactic Structure and the Interstellar
Medium

R. A. Benjamini, B. T. Drain€, R. Indebetouw, C. J. Lad3, S. R.
Majewski*, I. N. Reic? and M. F. Skrutskig

*Dept. of Physics, University of Wisconsin-Whitewater, Whitewater, WI 53190, USA
TPrinceton University Observatory, Peyton Hall, Princeton, NJ 08544, USA
**Department of Astronomy, University of Virginia, Charlottesville, VA 22903, USA
*Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA
S$Space Telescope Science I nstitute, Baltimore, MD 21218, USA

Abstract. The Spitzer Space Telescope Warm Mission capability, fipaty broadband IRAC
imaging at 3.6 and 4/am, provides a unique opportunity to probe the content anatttre of the
Milky Way's disk, particularly along lines of sight that $ef significant interstellar obscuration.
This white paper examines the factors that favor and cdndtne application of a warm Spitzer
to Galactic structure and interstellar medium sciencen@lgh the paper briefly discusses some
specific survey choices, its primary purpose is to highltgbtvalue of an extended Spitzer mission
and outline the factors that might influence the construatioa large proposal focused on Galactic
science in the future.
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1. INTRODUCTION

There is only one galaxy in the sky for which we can truly obtaithree dimensional
view of its internal structure: the Milky Way. Our view fromitiin the Galaxy removes
many of the factors that limit the study of distant galax\#&th the high spatial reso-
lution resulting from proximity one can resolve differeteltar populations and spatial
components of the Milky Way that appear only in the integidight of other galaxies.

Historically, the two principal difficulties in making progss in Galactic stellar struc-
ture have been the large area of the sky that must be covelfedaly and the presence
of significant interstellar obscuration. The Spitzer/IRA@rm Mission offers a unique
solution to these issues.

Making the case, however, for extending Spitzer's Galagtame coverage to the
entire Galactic disk with warm mission observations is ntbffecult than it might seem.
This difficultly does not arise from the shortcomings of 3eits warm capabilities, but
instead arises from considering theique contributions possible with Spitzer in the
context of the wealth of existing, and soon to be availalj@ce and ground-based
survey data. For example:

« Visible and near-infrared wavelengths — SDSS and 2MASS hkeady provided



detailed star count and population statistics. 2MASS, nti@aar, delivers diag-
nostics deep in the Galactic plane. Unlike Spitzer IRAC Bah@nd 2, visual and
near-infrared broadband colors are sensitive to stelleotsgl and luminosity class,
so these surveys support both star counts studies and wuaedsional recon-
struction using selected populations as crude standadlesar?MASS, for exam-
ple, can detect and classify red clump stars at distancesl®kpc. On the other
hand, Spitzer's IRAC Bands 1 and 2 fall in the Rayleigh-Jgarson of most stel-
lar spectral energy distributions, thus most stars havenitistinguishable IRAC
colors and population analysis is not possible. Spitzareribeless has a unique
advantage over these “short” wavelength surveys in itstaltd penetrate inter-
stellar extinction. Combined with the available nearanéd data, Spitzer's warm
capabilities provide a means of establishing the extinctiindividual stars, and
thus can be leveraged to inform a near-infrared view of thi&yiVay largely free
of Galactic extinction.

« Mid-infrared wavelengths — The Wide Field Infrared SurveypiBrer (WISE) will
launch in late 2009 and provide full-sky coverage at 3.3, 127 and 23um during
a 7-month primary mission. The two short-wavelength WISEdsaeffectively
duplicate the available IRAC warm mission spectral bansipasvith 120 and
160 uJy (50) sensitivity in unconfused regions - essentially the saeresisivity
as for GLIMPSE-style coverage. WISE, however, will have adcecond FWHM
PSF at 3.3 and 4.m compared with 2 arcseconds for IRAC bands 1 and 2, giving
Spitzer a substantial advantage in source confused regions

In the context of these existing and future capabilities, 3pitzer warm mission still
provides unique scientific opportunity to extend our knalgie of the structure of the
Milky Way. Two significant examples are:

« Although WISE will survey the entire sky, Spitzer enjoysajes spatial resolution
and can surpass WISE’s sensitivity in modest integratigetiSource confusion
then defines the regions in which Spitzer will be most effecand, conversely,
those in which WISE coverage alone may be sufficient for ilhating Galactic
structure.

« Many regions of the Galactic plane suffer substantial etitom even at near-
infrared wavelengths. At low Galactic latitude some of thesmnteresting features
of the Milky Way'’s disk (e.g. bars, interacting dwarf satel, and spiral arms)
lie hidden behind the dust and are inaccessible or pooriyne@fin near-infrared
surveys. With its ability to penetrate extinction, and tdam higher sensitivity at
higher spatial resolution than WISE, Spitzer has a uniqukento ally with near-
infrared surveys such as 2MASS and UKIDSS to lift the veibdfrection in regions
where extinction impairs the near-infrared surveys.

2. COMPARISONS OF PAST, PRESENT, AND FUTURE SURVEYS

Figure 1 shows the point source sensitivities and wavebaadsred by several gen-
erations of infrared surveys. Since the ground-breakingSRurvey, infrared surveys
have delivered ever increasing sensitivity and improvegli&ar resolution. Included in
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FIGURE 1. A comparison of GLIMPSE and GLIMPSE360 sensitivity limitttte sensitivity of other
ground and space-based infrared surveys. This compatisavssthe good match in sensitivity between
GLIMPSE and 2MASS, and GLIMPSE360 and UKIDSS. The curvesvsinodel spectra of Whitney et
al. [1] for a 1L, T Tauri star at a distance of 0.7 kpc (solid) and a deeply enhed L, protostar at a
distance of 0.6 kpc(dotted).

this plot are the point source sensitivity of GLIMPSE, a &l but large area sur-
vey which consisted of (at least) two 2 second integratiomes the galactic longitude
range|l| < 65° and|b| < 1°, with some selected vertical extensions at selected longi-
tudes (See Figure 2). The depth of the four-band GLIMPSEesuis’rwell matched to
the three-band near-infrared sensitivity of 2MASS. Thimmbined seven-band data set
is especially powerful for analyzing Galactic stellar sture and identifying different
classes of sources, such as carbon stars, AGB stars, red giants, Wolf-Rayet stars,
etc.

Figure 1 also shows the point source sensitivity of a poaéMarm Spitzer program,
hereafter GLIMPSE360. This survey would be deeper than G3H, consisting of 12
second dithered HDR mode observations with two epochs ofrege, similar to the
strategy used for the SAGE legacy project. This style of caye takes approximately
twice as long as GLIMPSEput goes significantly deeper. Like the GLIMPSE/2MASS
combination, the combination of GLIMPSE360 data with daterfthe Northern hemi-
sphere UKIDSS-GPS (UKIRT Infrared Deep Sky Survey-GataBtane Survey), will
provide a five band combination to fainter than 17.5 mag ibalds It should also be
noted that most of the UKIDSS-GPS survey region (see Tabitad yet to be compre-
hensively covered by Spitzer in any wavelength range.

1 The GLIMPSE style observing strategy covers 0.55 squareegefhour, while GLIMPSE360 style
averages 0.227 square degrees/hour.

2 The GLIMPSE360 & limits would be 18.4 and 17.5 magnitude in the 3.6 and % IRAC bands.
The limiting magnitudes for UKIDSS-GPS are 20, 19.1, and 16r J, H, and K bands respectively. See
www. uki dss. or g for more information.



TABLE 1. Summary of Infrared Galactic Plane and All-Sky Surveys

Wavebands Resolution

(um) (ar csec) Sensitivity*
DENIS 0.97,1.22,2.16 1-3 0.2,0.8,2.8 mJy
2MASS 1.22,1.65,2.16 2 0.4,0.5,0.6 mJy
UKIDSS-GPS  1.2,1.6,2.2 0.5 0.016,0.023,0.017 mJy
GLIMPSE 3.6,4.5,5.8,8.0 <2 0.2,0.2,0.4,0.4 mJy
GLIMPSE360 3.6,4.5 <2 0.012, 0.018 mJy
WISE 3.3,4.7,12, 24 6-10 0.12, 0.16, 0.65, 2.6 mJy
MSX 4.1,8.3,12,14,21 18.3 10000,100,1100,900,200 mJy
ISOGALT 7,15 6 15,10 mJy
Akari** 9.1,18.3,62.5,80,155,175 5-44 20-100 mJy
IRAS 12,24,60,100 25-100 350,650,850 3000 mJy
Hershel/Hi-Gat 60-600 4-40 ~100mdy
COBE/DIRBE®  1.25-240 or° 0.01-1.0 MJy srt

* B5g point source sensitivity

T Survey covered non-continuous regions of Galactic plane
** Formerly Astro-F

* Galactic plane survey still being formulated

8 DIRBE photometric bands are 1.25, 2.2, 3.5, 4.9, 12, 25, 60, 140, and 24Qum. We report the
diffuse flux sensitivity rather than point source sendiidue to the large beam size.

Also important to a Warm Spitzer Galactic plane survey isciaing deluge of com-
plementary longer wavelength data from MIPSGAL, WISE, Akand Herschel (for
which a galactic survey, Hi-Gal, is currently being develdpMolinari et al. [2]). While
shorter wavelengths characterize stars and embeddedesopthiese longer wavelength
bands are vital for the detection of circumstellar or iniiar dust. For YSOs, for exam-
ple, data at all near- and mid-infrared bandpasses are s@gea® provide meaningful
constraints on the viewing geometry, stellar mass, acorette and disk geometries of
these objects (Robitaille et al. [3]).

Angular resolution, and the related issue of source coafydiurther distinguish
existing and future surveys. Table 2 shows that the latiandgaged confusion limit
for GLIMPSE is approximately 0.5 to 1.0 magnitudes brighlem the sensitivity limit
even for this shallow survey. Toward the Galactic centerfesion abates rapidly with
increasing Galactic latitude, and slowly (13.3 to 13.6 magh increasing longitude.
Confusion estimates based on source counts from 2MASS, BE&l&nd previous IRAC
observations will help inform the design of any large-areanw Spitzer survey.

For reference, if 6000 hours of warm mission time were deldtea large-area
Galactic plane survey, that allocation could enable:

+ a GLIMPSE-style (two 2-second exposures for each sky looasurvey of 3300
square degrees. Spread uniformly in longitude (resurgelyia 388 square degrees
already covered by GLIMPSE, GLIMPSEZ2, and GLIMPSE 3D), thisrey would
cover a latitude range db| < 4.6°.

+ a GLIMPSE360-style (two 12-second exposures for each statilan) survey of
1360 square degrees, equivalent to a full-plane survey|hjith 1.9°.



TABLE 2. GLIMPSE Catalog Information

IRAChand  S*  AV/AT Mens Mw Moonf ™
(pm) y) (mag) (mag)  (mag)
3.55 2775 (®6+0.06 14.2 7.0 13.313.6
4.49 179.5 ®»3+0.08 14.1 6.5 13.313.6
5.66 116.5 ®»3+0.10 11.9 4.0 11.#12.3
7.84 63.13 (3+0.10 9.5 4.0 11.612.4
* Vega isophotal wavelengths and IRAC zero magnitude flux fReach et

al. (2005)
T Extinction from Indebetouw et al. [4]
** Confusion limit varies over the longitude range= 10° to ||| = 65°.
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FIGURE 2. COBE/DIRBE 4.9 micron map of the Galactic plane. Irregulantours show regions of
Ak > 1 (Av ~ 10) as inferred from Dame CO maps. Straight lines show the eweered by GLIMPSE
(dotted) and GLIMPSE-3D (solid) survey.

3. LIMITATIONSIMPOSED BY GALACTIC PLANE CONFUSION

Confusion plays a significant role in defining the charast&s and priorities for a warm
Spitzer galactic structure campaign, especially when ntaklirect comparisons with
the capabilities of the upcoming WISE mission. In particullae higest priority lines of
sight for a Spitzer warm survey are those in which Spitzarfsesior source confusion
limit (2" FWHM vs. 8" FWHM for WISE) yields significant advantage for Spitzer. Qne
however, must also account for directions in which confasioise will thwart Spitzer’s
advantage of being able to improve sensitivity with longeegrations.

Estimating confusion noise for any direction requiresaitbbservations that extend
to or below the flux limits under consideration or extrapolatof source counts at

brighter flux limits with some knowledge of the power law da@ént, a, of the'l‘fjigg

relation. Lacking the former for most lines of sight in thel&g, we have used the
MSX 8 um source counts as the normalization for the confusion restienate. Since
stars have Rayleigh-Jeans spectral energy distributiomsdainfrared wavelengths we
extend these confusion predictions to wavelengths ottzer §am by scaling byA 2.

The distribution of Galactic stars is non-Euclidean. In teer Milky Way, counts



FIGURE 3. A plot of Galactic plane source confusion vs. longitudemated from MSX §m source
counts for a 2 FWHM beam (lower jagged curve) and for 4 BWHM beam (upper jagged curve). The
curve has been scaled to be representative of IRAC Band inasgthe primary source of confusion has
a Rayleigh-Jeans spectral energy distribution. The smogatre represents a K3lll star at a galactocentric
distance of 20 kpc - a red clump star in the outer Galactic.disk

increase less rapidly with decreasing flux compared withfatm distribution of targets
due to the decline in disk surface density with distance. @stimates (T. Jarrett,
personal communication)) and empirical measurement&¢as 2MASS) of thé‘%
power law coefficient yield a slope of ~ —0.88 - shallower than the Euclidian case. We
have used this coefficient for our estimate of source coofusoise at the Spitzer/WISE
flux density levels. In fact, at these flux density levels agédactic populations begin to
dominate over stars while at the same time Galactic startsdaggin to decline in the
outer disk leading to some uncertainty in the proper value dor estimates of the
confusion limit. The confusion analysis that follows shbbk considered uncertain to
about a factor of two pending direct measurement of in-plam&usion in the outer
Milky Way.

In the inner Milky Way confusion dominates and is well estiethby GLIMPSE at
the flux levels of interest. Overall the plots suggest thatdlare two distinct confusion
regimes of interest:

« The inner Milky Way (1| < 9C°): Spitzer and WISE are both confused near the
plane over this range of longitudes. Spitzer enjoys nearlpraler of magnitude
better sensitivity relative to WISE owing to its better FWHKt the same time,
Spitzer achieves sensitivity better than the confusiontlimthe two 2-second
exposures characteristic of the original GLIMPSE surveginG from increasing
the base exposure time to 12-seconds will be limited (exe¢ptigh galactic
latitude).

« The outer disk |{| > 90°): WISE remains source confused at these longitudes.
Spitzer again reaps significant gains over WISE in GLIMPIBE-&xposure times,
but more importantly Spitzer can take full advantage ofgafrl2-second frames.



4. GALACTIC SCIENCE IN THE WARM SPITZER MISSION

Three principal scientific goals motivated the GLIMPSE syrWuch of the science that
will be accomplished with a Warm Spitzer mission will be exd®ns of these results
to cover the whole plane to deeper magnitudes and highéurdas. As of June 2007,
data from the GLIMPSE project has been used in a total of 2engdpy members of
the GLIMPSE team and 41 papers by the community at large. Tiheipal goals of
GLIMPSE were:

1. To provide a uniform stellar census of the Galakypalysis of the GLIMPSE point
source catalog (Benjamin et al. [5], Benjamin et al. in préps provided convinc-
ing confirmation of two previously under-appreciated feasuof Galactic struc-
ture: (1) the presence of a lonB € 4.5 kpc), thin, stellar bar oriented at 4&ith
respect to the Sun-Galactic center lineaddition to the shorter, thicker bar ori-
ented at~ 20° characterized by COBE and microlensing studies (Nishiyatrad.
[6], Cabrera-Lavers et al. [7]), (2) the lack of stellar cterpart for the Sagittar-
ius arm (Drimmel [8]) together with a convincing detectidrilee Centaurus spiral
arm tangency, supporting the hypothesis that the Milky Véag two-armed spiral
in mass density (traced by mid-infrared light) and a founed spiral in star for-
mation. GLIMPSE data are also being used to characterizedhlelength of the
stellar disk, the structure the Galactic bulge, and (to d@dichextent) the vertical
structure of the disk, bar, and bulge.

2. To provide a unbiased survey of star formation in the innéaxgaThe original
GLIMPSE survey includes a uniform sample of thousands offstenation regions
and stellar clusters, a large fraction of which were presipwncharacterized
(Mercer et al. [9, 10], Churchwell et al. [11, 12]). Many ofete star formation
regions are close enough that the stellar clusters can bé/eésinto individual
stars and protostars. The spatial and mass distributioovedrl mass stars can be
studied in the more nearby star formation regions (Churdreval. [13], Povich et
al. [14], Indebetouw et al. in prep.), and the 4 band has allowed the detection
of a few dozen new outflows/jets in star forming regions (\0atst al. [15]). This
unbiased sample of star formation allows a study in the rfanan star formation
properties, i.e., cluster density, initial mass functigas content, in a wide range
of Galactic environments.

3. To discover new objects hidden behind the dust and new dassebjects that
are bright in mid-infrared wavelengthst the outset of the GLIMPSE survey,
it was realized that there was likely to be a large componérdgecendipitous
discoveries since high angular resolution mid-infraredeastsations would allow
one to see through regions of the Galaxy that were obscumdawnear-infrared
wavelengths. Some of the surprises of GLIMPSE so far inc{@wla new globular
cluster (Kobulnicky et al. [16]), (2) an overdensity of dmg(> 3L.) galaxies
associated with the Great Attractor (Jarrett et al. [1B]) jdentification of infrared
counterparts for X-ray bright sources (Reynolds et al.)[1&}d (4) mid-IR bright
bowshocks surrounding single stars both in star formategions and the field
(Benjamin and GLIMPSE [19]).
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FIGURE 4. Infrared color-color plot showing the near-infrared cslass a function offles+ and log g
for two different stellar atmosphere models. Note the degary between temperature and extinction for
near-infrared colors.

4.1. ldentifying Stellar Sourceswith Near/Mid-Infrared Data

The Galactic stellar structure goals of a Warm Spitzer mfdared Galactic plane
survey are similar to the goals of near-infrared investagest. However, the combination
of Spitzer and 2MASSUKIDSS-GPS data allows for two key improvements over near-
infrared data alone:

» More sources. SinceA. = 0.06Ay = 0.6Ak, for resolution/sensitivity matched
Galactic plane surveys, mid-infrared data will yield a geeaumber of sources and
any investigation using star counts with be far less limidggatchy extinction. For
example, the 99.5% reliable GLIMPSE point source cataletfgi approximately
50% more sources than the full 2MASS catalog over the samerreg§ince this
ratio changes as a function of Galactic longitude, uncteceoear-IR and mid-IR
star counts would give significantly different estimateshaf radial scalelength of
the Galactic exponential disk.

« Accurate extinction corrections. Figure 4 shows that, in theory, near-infrared
colors (e.g J-K) are a strong diagnostic of spectral typgserature. In practice,
application of near-infrared colors for this purpose istg@ffective in directions
where interstellar extinction is low (A< 2 and thus 4 < 0.2). However, within
the Galactic plane, even in the J, H, and K bands, extinctemoimes significant
and skews the ability to distinguish stellar temperaturgufe 5).

The addition of mid-infrared to near-infrared data allows &ccurate extinction
correction of near-infrared data. Estimation of extinataorrection is extremely
difficult at visible wavelengths because the wavelengtheddpnce strongly de-
pends on the dust density/composition. In the near/midciatt this wavelength
dependence is much reduced (Indebetouw et al. [4], but sdeeRY et al. [20]).

With near-infrared data alone, however, the reddeningamgbérature loci are par-
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FIGURE 5. A comparison of 2MASS colors in an relatively low extinctioggion near the Galactic
plane (Baade’s Window - left) and a region at 10 where extinction is high (right). In Baade’s Window
stellar populations are evident, particularly the giargnoh and asymptotic giant branch (with the red
clump at the base of the giant branch - just above the 2MASS$usimm limit). In the plot at right
interstellar extinction skews the stellar populationslidgde dereddening can restore stellar colors to
enable population analysis.

allel in color-color space (see Fig. 4). The addition of thstfiwo IRAC bands,
however, provides measurement on the Rayleigh-Jeand the astellar blackbody
curve, so that (to first order) all near-mid IR colors shoutdziero. By picking an
infrared color that remains fixed for a large range of stebanperatures expected
in the sample, e.g., H-[4.5] (see Fig. 6), one can accuratetyect stellar fluxes
for extinction (Nidever et al., in prep) and recover the tenapure/spectral type
information inherent in the near-infrared fluxes.

A Spitzer warm galactic plane survey would provide a powedfal for deredden-
ing surveys such as 2MASS and UKIDSS at low galactic latsyeéaabling pop-
ulation based (i.e. standard candle) reconstruction oé&ial structure and thus
permitting the construction of a three-dimensional viewha Milky Way. Such a
survey would be directly applicable to 2MASS and UKIDSS, ahiinately would
serve as a legacy for application to any low-latitude nefrared survey with over-
lapping sensitivity.

4.2. Galactic Stellar Structure Goals

Given the availability of near-infrared surveys, the higfiariority focus for a Spitzer
Warm Mission galactic plane survey should be those diradfiat suffer the greatest
extinction. Given the utility of mid-infrared data for deeldening and luminosity clas-
sification, coverage beyond the highest extinction regisngarranted as well, but of
lower priority. A list of goals for Galactic stellar structuare as follows:
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FIGURE 7. The Galactic Plane showing the areas covered by GLIMPSEMBSE?2, Vela- Carina
Survey (PIl: Majewski), and Cygnus-X survey (PI: Hora). 8dlircles indicate the GLIMPSE detection
distances for objects with absolute magnitude M, assumingxtinction. The approximate positions of
Galactic spiral arms (Taylor and Cordes [21]) are indicateted. The central oval and bar represents
the approximate extent of the central triaxial bulge/baerf@rd [22], Cole and Weinberg [23]) and the
“Long” bar (Hammersley et al. [24], Benjamin et al. [5]). Teepected truncation radius for the Galactic
stellar disk is also shown with a dashed red line.



1. The vertical structure of the stellar bar and didkir own Galaxy is thenly edge-
on spiral galaxy in the universe in which we currently canéntipstudy the vertical
distribution of stellar populations as a function of pasitiwithin the Galaxy.
The inner disk, bar, and bulge lie in the directions whererstellar extinction
is at a maximum, complicating our ability to constrain sbaights of the stellar
components tracing these structures. To this end, GLIMBSHEPI: Benjamin)
was approved to add vertical coverage at selected longitiitievever, constraints
on observing time precluded uniformly covering the latéudnge Xk |b| < 3° (see
Figure 2).Experience shows that in the presence of patchy extinction, even in the
mid-infrared, uniform coverageisvital to constrain galactic structure parameters.
To probe the thin disk, vertical coverage should extend tdeast two scale
heights at the distance of Galactic center which is appratety |b| = 3°. Using
COBE/DIRBE data, Binney et al. [25], for example, found @nde for the stellar
disk scale height increasing fromg = 97 to 220 pc (69— 1.57° at a distance of
R=8 kpc). Assuming the thick disk maintains a constant théds ofz;, =1060 pc
(Cabrera-Lavers et al. [26]), latitude coverage of is@uld be needed to cover a
single scaleheight. Finally, models of stellar bars atewstder rapid development,
but models of Debattista et al. [27], for example, predict@eheight of~ 500 pc
(3.6°).

2. The edge of the stellar disk of the GalaxXhe stellar disk o~ 80% of galaxies
exhibit an outer truncation radius at approximately foualsiengths (van der
Kruit and Searle [28]). Using stellar disk scalelength dedifrom GLIMPSE data
(Benjamin et al. [5]), this result predicts that the Milky Watruncation should lie
at a galactocentric radius of bt 2.4 kpc, putting our Sun about halfway between
the center and edge of the Galaxy. If the thin disk does nat #atarge radii (due
to lower surface gravity), the edge of the thin disk wouldénélve same angular
height (157°) as at the Galactic center. A search for a deficit of red giaandh
and red clump stars towards the outer galaxy could be useshtgtrain this outer
truncation. Note, in Fig. 7, however, that the entire outala®y is obscured by the
Perseus arm; an accurate determination of the stellar ddipe Galaxy requires
the combination of near/mid IR data to provide a reliablénetton correction.

3. A survey of low latitude star clusterStar clusters are a particularly valuable com-
modity in stellar populations research because they arenhedisk tracer for
which reliable ages can be derived. This feature not onlyandakpossible to ex-
plore such attributes of the disk as the age-metallicitgtreh, age-velocity disper-
sion relation (where velocity dispersion is intimately redated to the scaleheight
of a stellar population through Poisson’s equation), areddisk star formation
history, but also to explore the dynamical evolution of thesters themselves. Un-
fortunately, proper age-dating (via isochrone fitting)uiegs accurate distances to
the clusters. For the typical globular cluster, a 10% uradety in the distance cor-
responds to about a 20% error in the age. A similarly smaletamty in the ex-
tinction translates to a similar error in the ages, and ond@frimary problems
with studying low latitude clusters is the degeneracy of, aigance, and redden-
ing/extinction in the isochrone fitting. The use of SpitZAWASS data can break
this degeneracy and lead to unambiguous isochrone agegdati
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FIGURE 8. Location of open clusters within five degrees of the Galagkime with the approximate
GLIMPSE boundaries shown. Symbol type indicates the digtdn the cluster: 0-5 kpc (open triangle),
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While a large fraction of star formation is tightly constrad to the inner Galac-
tic plane, the majority of known open clusters are more ithigted in both longi-
tude and latitude, but generally still highly extinguishedaddition, the disk and
bulge globular cluster population is broadly dispersed atgp lies behind signifi-
cant dust. Only 2 globular clusters fall within the GLIMPSH\&y, whereas a full
quarter of known~ 150 Galactic globular clusters lie withjb| < 5, and more than
half of the known clusters lie behind more tha&p = 1 magnitude of dust, includ-
ing the bulk of the disk and bulge clusters. Out of the 1100nkmopen clusters
(taken from the WEBDA database), only 101 lie within the azeaently covered
by GLIMPSE data. A full plane galactic survey coverijiy < 2°,3° or 4° would
increase this sample size to 529, 679, and 783 open clusesgzectively. Fur-
ther strategic IRAC pointing, particularly on all highlyd@ened globular clusters,
would provide substantial, definitive leverage on the aggribution of open and
globular clusters. It is also likely that with a deep, geh&alactic plane survey,
where star-by-star dereddening would be enabled, new dpsters and stellar
associations will be identified.

4. The stellar spiral structure of the Galax@ne of the pleasant surprises of the
GLIMPSE survey has been the detection of an enhancementincstnts in
the direction expected for the Centaurus (or Crux) spinal tangency, combined
with the lack of detection of the first quadrant tangency for Sagittarius arm
(Benjamin et al. [5]). This supports the Drimmel and Spefg8] hypothesis that
the Galaxy is a two-armed spiral galaxy in masaiven the positive identification

3 In this hypothesis, the Perseus and Scutum-Crux spiral aretsaced by the old stellar mass, while the
Sagittarius-Carina and Norma arms, while still star foiiorastructures, are not associated with significant
overdensities of mass.



of the stellar spiral structure of the Galaxy, it would berexiely desirable to map
the vertical and azimuthal structure using stellar poparat that trace both the
mass (such as red clump giants), and the star formatione Sipcal arms are
intrinsically regions of high gas density, the reducedrectton available at mid-
infrared wavelengths is essential for such work.

. Galactic Satellites and Tidal Streantsom high latitude, large-area photometric
surveys like 2MASS and the Sloan Digital Sky Survey, it is red@ar that the halo
of our Galaxy is highly substructured, including networlstigeams of tidal debris
from disrupting satellites (e.g., Majewski et al. [30], Blelirov et al. [31], Grillmair
[32]). A number of the newly identified, diffuse substruetsir— such as the
Monoceros Stream (Newberg et al. [33], Yanny et al. [34],iRePinto et al. [35]),
the Triangulum-Andromeda star cloud (Rocha-Pinto et @], [Blajewski et al.
[37]), the Anticenter Stream(s) (Grillmair [32]), and theetdules-Aquila cloud
(Belokurov et al. [38]) — lie at low Galactic latitudes, andiynbe part of a vast
complex of tidal debris accumulating around the disk of thHkyWay.

The tidal disruption of satellites aligned with the disk Hmesen used to explain
a similar, diffuse set of features seen wrapping around tBé& Misk (Ibata et al.
[39]), and this may be a manifestation of the predictionsiftbe prevailing\CDM
models that Galactic disks grow inside out from the contthagglomeration
of subhalos. Several “nuclei” for such accreted structin@ge been identified,
including Canis Major (Martin et al. [40]) and Argo (Roch&t® et al. [41]),
but whether these nuclei as well as the “streams” identifleava may actually
be a misinterpretation of the heavily reddened, low lagtwdarcounts, further
complicated by the presence of a stellar counterpart of thedtp has been hotly
debated (see below; Rocha-Pinto et al. [41], Momany et 2|, Bellazzini et al.
[43, 43], Martin et al. [44], Lopez-Corredoira [45], Momaayal. [46]).

What is known is that satellites on inclined, prograde aniill dyamically couple
to disks, suffer orbital decay and orbital plane tiltingdagventually lead to the
accretion of these systems along the edge of the disk (Quain[é7]). Eventually
these systems will dynamically heat the outer disk as tredlgatcontinues to spiral
inward. Theoretically, then, it appears that the dust-otest, outer disk is perhaps
the most interesting place to look for the ongoing procesdisi building and
subhalo accretion. One key way to probe such structuresaisatyze near-infrared
CMDs of the stellar overdensities. In regions where exiimas significant, Spitzer
data is necessary to provide reliable extinction correstito the near-infrared
fluxes.

Even satellite systems that are on more polar orbits can laaye critical patches
obscured by the Zone of Avoidance. For example, a largeidractf the Sagittarius
dSph core and its tidal stream lies behind the bulge of ouafyalin highly
reddened regions, and this has made it difficult to followhvéitcuracy the shape
of the tidal stream (e.g., Majewski et al. [30]), leading tepérate models of the
system (e.g., Law et al. [48], Fellhauer et al. [49]). Indebé very distance of the
Sgr core is still uncertain at about the 20% level in part bseaof the uncertainty
on the reddening.

Finally, itis estimated that if the distribution of sat&d is uniform by latitude, then



approximately 1/3 of all dwarf satellites of the Milky Way lbe unaccounted for
if we do not accurately probe the Zone of Avoidance (Willmamle [50]). With
the doubling of the known satellite population of the Milkyawijust in the past
year or two of study of the SDSS footprint (which covers 1/%h# sky), one can
estimate that at least another 40-50 satellites remain fourel around the Galaxy,
and more than about 20 probably lie in highly reddened regiperhaps some very
close, according to the Quinn et al. mechanism. Thus, a tigbrprobe of the low
latitude Galaxy with a warm mission IRAC survey may teach ustabout the
structure and continued evolution of the Milky Way and itblsalo system.

6. The Stellar WarpThe neutral hydrogen warp of the Galaxy has been well studied
but the relation of this to the stellar warp remains far froeac (Momany et al.
2006). Part of the difficulty in tracing the stellar warp wilfferent stellar pop-
ulations is the difficulty of identifying stellar populatie in near-infrared CMDs
that have been smeared out by extinction. In addition, them@ngoing debate
on the connection between the warp and tidal streams knowe &ncircling the
disk (e.g., Lépez-Corredoira [45], Bellazzini et al. [4Blpmany et al. [46]). Once
again, the reddening estimates provided by mid-infrarestolations are essential
to reconstructing the extinction-free near-infrared CMIDf the outer Galaxy and
disentangling the structure(s) there.

In addition to these global stellar structure goals, a flding survey will allow
for a global characterization of whole classes of stellgpyations, including AGB
stars, Wolf-Rayet stars, and carbon stars. Multi-epoclemasions could allow for the
identification of several classes of variable stars. Fnalhe of the unanticipated uses
of GLIMPSE data that will also hold true for a full-plane sayis the use of this data
for the identification of infrared counterparts or compasidor X-ray and gamma-ray
sources resolved by Chandra or XMM; this has already added a&durces to the list
of ~ 100 known high mass X-ray binaries.

4.3. Star Formation

The dependence of star formation on physical conditionsailaxges is critically
important to understanding the evolution of those galaXi®s must search for any
dependencies of the star formation process on large-stgiggal conditions in our
Galaxy, where star formation regions can be resolved arttiestin detail. The average
metallicity (measured in ionized gas) drops by at leastt@fauf 4 from the inner to outer
Galaxy (Afflerbach et al. [51]). Theoretically, low metaltly should reduce the ability
of molecular clouds to cool and collapse into stars. The aosay flux (which should
also heat molecular clouds and affect their collapse) sr@duced away from the inner
Galaxy (Bloemen et al. [52]). The average interstellaratdn field is observed to be
more intense in the outer Galaxy (Cox and Mezger [53]) , arditterstellar phase
balance shifts significantly in favor of atomic over moleguhydrogen. The radiation
field produced near a given mass star which does form will benger and harder
if the star has lower metallicity, hindering the formatioflower-mass stars in the
proximity. The structure and temperature of the HIl regisnsrounding these more
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FIGURE 9. Simulated mass functions as “observed” by Spitzer and WiBEWo different apparent
source densities.

intensely radiating protostars should differ from thatusr@ high-metallicity protostars.
The different physical conditions in outer Galaxy moleculauds should also affect the
spatial and luminosity distribution and stellar contenstr forming regions, the IMF,
and the radiation transfer in a nascent cluster, all of whanthbe studied with Spitzer’s
warm mission.

A full Galactic plane survey would extend an unbiased stufdgtar formation to
the entire plane, providing coverage of the Carina spinmal &ngency and most of the
Perseus arm. Using the HII region compilation of Paladiralef54], 850 of the 1442
HIl regions are in the current GLIMPSE coverage. Full cogerap to|b| < 2°,3° or 4°
would increase this sample size to 1250, 1344, and 1393gatdHI| regions. However,
Churchwell et al. [12] have shown many of the star formingaoeg seen in GLIMPSE
are not included in this catalog, so these numbers are |lomés|

Owing to local confusion in clustered regions, Spitzer hadear advantage over
WISE for clustered star formation studies. Figure 9 showsutted mass functions
(with the Kroupa and Weidner [55] functional form) for Gatiacclusters, and the
mass functions that would be observed with the existingz8piGLIMPSE survey
(2.4s exposure time), with IRAC for 20 minutes in a warm naasobservation, and
with WISE. The observed mass functions are derived from tBgr8 observed flux
density distribution and a polynomial fit to the spectraleyffux density relation (e.g.
Bessell and Brett [56]). Poisson noise from the stars and fxauniform background of
200MJyl/sr is included — the latter is a best case, since masvik from GLIMPSE that
the diffuse background is highly structured, and in practie faintest sources must be
discarded to maintain reliability and exclude false sosireetracted from knots in the
background. It is clear that in the inner Galaxy and in evenl@sty crowded clusters
(tens of stars per cubic parsec), that Spitzer will improverdVISE. It is less clear
that significant improvement can be gained over GLIMPSE @ itiner Galaxy and
in clusters with significant diffuse background. The greaimpact of a warm mission
survey will be in clusters, star formation regions, and eagiof high extinction in the



FIGURE 10. Three color composite of outer Galaxy star forming regio2&ftom a 72 sec integration
with IRAC bands 1, 2, and 4.

20

-20

—60

-80

—100

—120

FIGURE 11. Longitudevs. V| s for IRAC/CO associations in the outer Milky Way from Kertonda
Brunt [57]. The diamonds highlight the most distant regiorthe outer disk.

outer Galaxy that have not yet been observed by Spitzer.

Figure 10 shows an example of an outer Galaxy star formaégion, IRAC bands
1,2, and 4, with contours d£CO at the velocity range of the outer Galaxy cloud. The
region was selected from Kerton and Brunt [57] and obsereed? seconds. These
observations are not yet confusion limited — clearly deegeolations of outer Galaxy
clusters will be useful for measuring the mass function waitlarge dynamic range in
mass, and characterizing the stellar and protostellariptpn.

One can outline a type of project that would be worth pursugter Galaxy star
formation regions have been identified by correlation of G@uds with IRAS point
sources by Kerton and Brunt [57] among others. Figure 11 steovegion in the outer



galaxy with CO/IRAS associations, and the most distantroggéaxy regions marked
with diamonds. The Sagittarius spiral arm is clearly visibt lower velocities. Their
catalog has 6700 associations, each which could probabbpberved with 1-2 IRAC
pointings. If one wanted to observe all such regions for twiautes, a~300 hour
program would ensue. Only observing the most distant regjtb63 regions with -
65) for 5 minutes each would requir€l5 hours.

4.4. Extragalactic Science

A deep Galactic plane survey may be of great interest tor@tners working outside
the field of Galactic astronomy. In particular, a mid-in&drsurvey will serve to nearly
eliminate the “Zone of Avoidance” found in surveys of extagtic clusters. Several
galaxies withL ~ 3L, have been found in the GLIMPSE survey, with many more
appearing in the first analysis of GLIMPSE-3D galaxy. Refishiave been obtained
for some of these galaxies and it appears that these galaamsa part of the Great
Attractor, a major overdensity of galaxies in the local Wmse (Jarrett et al. [17]).
The 2MASS extended source distribution indicates that abmurof filaments, as well
as some large voids, cross the outer plane, including th@lL$gpercluster and the
Perseus-Pisces Supercluster.

5. THEINTERSTELLAR MEDIUM

5.1. DiffuselInterstellar Emission

PAH 3.3um emission (from the C-H stretching mode) makes aifgignt diffuse
contribution in band 1. Emission from PAHs or other ultralirgaains is thought to
also contribute in IRAC band 2. If PAHs are heavily deutettates has been suggested
(Peeters et al. [58], Draine [59, 60]) then the C-D stretghimode falls in the center of
band 2. The 0-0 S(9) 4.695um, 0-0 S(10) 4.410um, and 0-0 F(18)Lum lines oH>
also fall within IRAC band 2; these lines may be excited byflouts from protostars
in molecular clouds (Noriega-Crespo et al. [61, 62]). Aweyni molecular clouds, the
H, rotational emission should be insignificant, and PAH/gltnall grain emission is
expected to be the principal source of diffuse emission.

In observations of the emission from other galaxies usirgdm®ands 1 and 2, it is
nearly impossible to separate the diffuse emission fromaug gas from the (generally
much stronger) stellar continuum. However, in observatiohthe Milky Way, a large
fraction of the stellar contribution can be removed by saditng point sources from
Spitzer images of the Milky Way. This has been done by Flagey. §63]), who were
able to determine the emission in bands 1 and 2 that corselatl diffuse emission
(due to PAHS) in IRAC band 4.

During a warm Spitzer mission, deeper observations of Milkgy fields may allow
improved subtraction of point sources, due to higher sigo&ée and perhaps also
improved understanding of the instrumental p.s.f. If thgiols in question have been
previously imaged with IRAC bands 3 and 4, it may be possibleriprove upon the



results of Flagey et al. [63] concerning PAH+dust emissiin iRAC bands 1 and 2,
and how this correlates with diffuse emission in bands 3 arfdné can also correlate
diffuse emission in bands 1 and 2 with other interstellardrs, such as 21 cm emission.
Itis not clear at this time how much of an improvement caniséablly be expected in
terms of our ability to measure diffuse emission in bandsdlzmmnd this is perhaps best
viewed as "added value" for imaging at moderate and highcgelititudes that will be
carried out for other reasons (e.g., deep imaging to detgbtredshift objects). Such
data can be "mined" to extract the diffuse emission from thikyMVay, which can then
be compared to other tracers of the ISM, such as FIR emissign perhaps comparing
with Akari sky maps at 80um , 140um, or 160um), 21cm emis0O 1-0 emission.
Indeed, it might be of interest to select regions for obs@uaor which imaging data
from Akari will be available. [Note that Akari bands N3 and Nave overlap with IRAC
bands 1 and 2.] Prior ISO and MSX imaging would also providgext for IRAC band
1 and band 2 observations.

5.2. Infrared Extinction in Dense Cores

A specific interstellar medium topic that exploits Spitzeriid-infrared capability to
work at wavelengths that minimize interstellar extinctiomolves the ability to map the
extinction profile of dense cores in molecular clouds. Everear-infrared wavelengths
these cores are sufficiently opaque that stars are noteigibbugh the densest regions
in deep exposures.

Quantitative knowledge of the detailed structure of dermesis critical for both
setting the initial conditions for star formation theorydadirectly testing predictions
of protostellar collapse models. Extinction measurementsrd background field stars
are a very powerful, robust and quantitative probe of clowdcture. Deep ground-
based near-infrared (JHK) observations obtained on lagpgetiare telescopes enables
extinction mapping of nearby dense cores to depths of tiipidg ~ 30 magnitudes and
in very favorable circumstances extinctions as high as 4@niades can be measured.
This depth is often sufficient to probe the structure of s&lcores with small or modest
density contrasts. However, to penetrate more evolvedestacores on the verge of
forming a star and typical protostellar cores requires thbtyto reach depths of 75 -
100 magnitudes. Deep Spitzer observations in Bands 1 & 2agabde of probing such
depths.

A Spitzer Warm Mission survey of dense cores could obtaimetion maps of the
inner regions of some of a comprehensive list of the most opatpnse cores known
in molecular clouds in order to provide robust measuremeitfseir structure which in
turn will provide the initial conditions for, and direct tesof, star formation theories. It
is in such regions that the early star formation processexitibit its most significant
structural evolution. An observational campaign to obw@éep, pointed band 1 & 2
images of a sample of nearby dense cores of different masdds different stages of
development would provide a quantitative empirical dggin of core evolution and
yield direct tests of collapse calculations.

Because of the much longer integration times required, sushirvey would be



independent of the shallow Galactic plane surveys destribethis point. Typical
observations would require integration times of at leald minutes. Cores need to be of
order~ 2 arcminutes in angular size to produce meaningful morgjicéd conclusions.
The number of such nearby cores limits such a survey to a fesrdtargets. A more
extensive survey could be conducted on more distant corewikiu limited angular
resolution.

5.3. Extinction mapping of Infrared Dark Clouds

Infrared Dark Clouds (IRDCs) are distant, massive and demdecular clouds that
appear dark at mid-infrared wavelengths indicating reddyilarge opacities (> 40
magnitudes). These objects are not typically sites of Bggmit star formation and are
consequently thought to be the future sites of cluster ftionalittle is known about
their physical conditions and infrared extinction mappiogld provide robust estimates
of some of their most fundamental properties, namely magstauacture.

A warm mission survey would obtain deep Spitzer observatinrorder to construct
extinction maps of Infrared Dark Clouds to measure theurcstire and determine their
masses and thus specify the initial conditions in objecs #ne likely the future for-
mation sites of rich embedded stellar clusters. Such a guveeld require deep IRAC
pointed observations of a sample of IRDCs coupled with deeprgl-based JHK ob-
servations necessary to mitigate strong foreground stamngnation (IRDCs are suf-
ficiently distant that foreground star contamination isffigant and may be a serious
impediment to extinction measurements). There al®0 objects known to be very
dark with mean extinctions of tens of magnitudes. The marinsizes of these clouds
is ~10 arcminutes. Integration times of 24@180 seconds per field would be required
to penetrate the highest extinction regions within the dtowith a sufficient number
of background stars detected to provide reasonable angadalution. Typical clouds
could be covered with a few spatial pointings.

6. SUMMARY

Spitzer's Warm Mission capabilities enable legacy survefys substantially larger
portion of the Galactic plane than was observed during tigeganic mission. IRAC
Bands 1 & 2 fluxes, with their relative immunity to interstgllextinction, can be
combined with near-infrared surveys to exploit knowled@andividual stellar spectral
types to construct a three dimensional view of the Milky Waen the existing and
anticipated coverage of the Galactic plane during the @gegportion of the mission
(Figure 7), and given knowledge of confusion as a functioGafactic longitude and
latitude, the most natural focus of such programs are likelyMPSE-like (two 2s
integrations per sky position) at latitudes extending up-® < b < 5° that extend
on the GLIMPSE coverage for longitude9(® < | < 90° and deeper (e.g. two 12s
integrations per sky position) coverage for the outer Mgy to —1.5° < b < 1.5°
with limited extensions to higher latitude to sample veatistructure as was done for
GLIMPSE-3D.
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