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Abstract. We consider the impact on the study of normal stars of laogéegpointed and mapping
observations at 316m and 4.5um with the Spitzer IRAC imager. Deep observations at thesewa
lengths are particularly sensitive to very cool stellar anlistellar objects, both as companions to
other stars and in the field. A wide-angle survey can be erpdotdetect 50 — 100 cool T dwarfs
and up to 5 “Y” dwarfs in the field, and AGB stars throughout @&actic halo. Pointed observa-
tions of white dwarfs at these wavelengths will be senstiivanresolved cool companions and to
circumstellar dust disk remnants of planetary system ¢dj@the cumulative photometry of normal
stars in the imaging fields will be invaluable for undersiagdtellar colors and atmospheres.
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1. INTRODUCTION AND OVERVIEW

This paper discusses science from IRACBr6and 4.5um photometry of stars in the
Galaxy and Local Group made possible by large surveys uSiAglon Spitzer in the
post-cryogen era. As a strawman we consider that the “Waitae3pobservations, and
the post-cryogen mission, may fall into three broad catego(l) One or two very large
surveys, perhaps consisting of a shallow survey over a wiele accompanied by em-
bedded deeper surveys over smaller areas, to acquire datpgort a very wide range of
science investigations of interest to the entire astronahtommunity. What strategies
would be optimal for stellar science, i.e. depth, caderegipn(s) of sky covered, exis-
tence of data sets at other wavelengths? (2) Moderate-gfz¢elam) pointed surveys of
individual classes of rare objects. (3) Reduction of thegimg data from the accumu-
lated Spitzer mission, to provide photometric catalogdesecendipitous objects (stars
in particular of course) found in the fields of the observeddts.

We consider four main science topics: (1) searches for brdwarfs, in particular
those cooler than any found to date, (2) a survey of white thtadetect low luminosity
companions and circumstellar dust and to provide infrad ¢b extend the spectral
energy distribution coverage and investigate atmospmmeadels, (3) studies of AGB
stars in the Galactic halo, and (4) stellar photometry fr&@AC imaging to extend the
available broad-band photometry for normal stars and tmri&r to measures of gravity,



metallicity and effective temperature.

2. WIDE AREA SURVEYS: CONSIDERATIONS FOR STELLAR
ASTRONOMY

With the exception of studies of the stellar content of &@uststreams etc., we could
think of no particular rationale for a largd initiofilled area as far as stellar science goes
- in principle a wide-area survey designed for stellar asiroy could consist of a large
number of individual 5x 5’ patches of sky. Of greater importance is a uniform sensijtivi
limit, very accurate photometric calibration, a large ta@teea, and wide coverage in
Galactic latitude. Thus in principle the areas to be obskoaild be driven by ease of
scheduling. However, there are two strong arguments fonagumous area: calibration,
and the existence of data at other wavelengths.

2.1. Calibration

Accurate photometric calibration is probably the singledieat problem facing obser-
vational astronomy. As Worthey and Lee [1] put it: “Perhapesrieason no-one has done
this exercise (stellar effective temperatures from mldtiroad-band colors) before is
that photometric systems are such a mess”. The problem csgplagated into two parts:
accurateinternal calibration, in which the relative measurements of all searwith a
given instrument through a given filter are accurate witipeesto each other across the
entire survey area, and accurateernal calibration, in which the instrumental quantities
are accurately converted to physical units, so that theybeamsed with observations at
other wavelengths to construct broad-band spectral ertsggybutions (SEDs). There
has been enormous progress in this area of late, with both&8/@nd SDSS employ-
ing multiple dithered or overlap observations to ensureteneind internal calibration of
their surveys to better than 2% (Skrutskiel. [2], Padmanabhaet al. [3]). Therefore,
the Spitzer 3.6/4.Amwide area survey needs to be done in such a way as to ensure con-
sistent calibration across its area. One way or the othisrwtitl be done with multiple
exposures, thereby enabling a second type of science, fthiatevariability. The ap-
propriate observing pattern is to spread the observatioaistbe entire six years of the
warm mission, with a consistent flux limit across the whole/ey area at all times (in
case the warm mission were to terminate early), sensitiuitif up by multiple passes
of the entire survey area, and an observing cadence anaogthat proposed for LSST
(Ivezic [4]), i.e. with a roughly logarithmic distribution dft, the time interval between
any pair of observations. This would optimize the abilityfitad photometric variabil-
ity on a wide range of time scales, and to find secular positetability (i.e. proper
motions).



2.2. Observations at Other Wavelengths

Since Spitzer will not observe the whole sky during the warission, all science will
be optimized if the Spitzer surveys cover areas with datas atany other wavelengths
as possible. USNO-B, 2MASS, IRAS, Akari, GALEX and ROSAT epthe whole sky,
and large-area surveys covering part of the sky include LI8SDFIRST and SDSS. We
highlight two surveys here: the SDSS southern equatorigaesuand a planned Subaru
very deep optical and near-infrared survey over severaditaghsquare degrees.

The SDSS southern stripe is &2 wide stripe along the celestial equator between
right ascensions 20to 4", about 300 square degrees in all, which has been observed
multiple times by the SDSS mosaic telescope inulg r, i, andzbands over almost ten
years. Co-added, the survey depth is abot @B), and there is a wealth of variability
and proper motion information. There are about 500 speetraguare degree and deep
surveys available in the near-infrared (UKIDSS), the witsket (GALEX), and the radio
(FIRST). The Atacama Cosmology Telescope (ACT) will imalis region at 1 mm
wavelength in 2007-2009 at a resolution of about 1 arcminitkile Spitzer is not
affected by limits on sky coverage, regions near the celestjuator can be observed
by most ground-based telescopes and naturally cover a @n@alactic and Ecliptic
latitudes.

The second complementary survey is only at present in thnlg stages. A group
including the National Astronomical Observatory of Japad &rinceton University is
planning a multiband optical survey with Subaru over severadred square degrees in
the g(27.3), r(26.8), i(26.4), z(25.8) and y(25.3) filtethe numbers in parentheses are
the 5o limiting (point source) magnitudes. The region to be sueeki not yet decided,
but since its primary driver is extragalactic science it at high latitudes. This region
will also be surveyed by ACT, and is the only current surveysésensitivity to very
cool substellar objects will approach that of Spitzer.

2.3. Catalogues

We consider a most important aspect of the warm mission tohbeptoduction
of catalogues from all Spitzer imaging, including that aceg during the cryogenic
mission, exploiting the measurement of objects in the IAREC field of view. This
archive should be searchable both for objects of partiquiaperties and for objects
matched with those discovered at other wavelengths. A ipasquery of this data
base would then return the Spitzer flux densities and unoggs plus the epoch of
observation, or upper limits and the epoch of observatipa,rwtation that this position
had not been observed by Spitzer. This facility would hauwti@dar use in several of
the stellar programs discussed below. As examples: (1)uldvorovide a large archive
of the colors of normal stars. These would be useful for ifi@ng infrared excesses,
for defining colors which could help identify chemically péiar stars, and for input to
determinations of temperature, metallicity, and gravagdd on multiband observations
and model atmospheres; (2) it could provide earlier epodmsorements to help identify
proper motion pairs, including very low temperature widegand companions; (3) it



could help verify the existence of single-band sourcesgkample possible very cool
dwarfs found only at 4.6m by WISE (Mainzeret al. [5]), as pointed out by Stauffer
et al. [6]; and (4) there may be rare objects in these fields.

The general usefulness of the Spitzer “Point Source Catalcand “Extended Source
Catalogue” would be greatly enhanced if the data base westitm not only the IRAC
and MIPS photometry and Spitzer spectroscopy, but alsoheastgositions and pho-
tometric data from other catalogues. This effort will integ into the National Virtual
Observatory to provide a comprehensive UV to mid-infraredtpmetric catalogue for
all of the sky observed by Spitzer during the cryogenic andhwmissions.

3. TAND Y DWARFS

3.1. Expected Flux Densities, Colors, Numbers

The Warm Spitzer Mission has the potential of finding seviemas of brown dwarfs
with temperatures less than 1000 K, i.e. cool T dwarfs ané#aget-undiscovered “Y”
dwarfs.

Recent deep large-area surveys at optical and near-idfr@agelengths, primarily
2MASS and SDSS, have led to the discovery of many field L and artbyallowing
the definition of these two spectral types and the measureshdreir effective tempera-
tures (Kirkpatricket al. [7, 8], Burgasseet al. [9], Geballeet al. [10], Golimowskiet al.
[11]). The stellar- substellar boundary appears to occspeattral type about L5,cf ~
1700 K), and the spectral transition between L and Taat ¥ 1300 K, although exactly
what happens at this transition is still uncertain becadigeeocomplicating effects of
close binaries on the observations (Liu, Leggett, and CHa})] Spectroscopically, the
L/T transition is defined by the onset of Gldbsorption in théd andK bands, although
absorption in the methane fundamental a@is seen as early as spectral type L5
(Noll et al. [13]).

T dwarfs as cool as 700 K have been observed (Golimoetski [11], Warrenet al.
[14]). The next spectral type cooler than T9, dubbed “Y”, a#ms to be discovered
(unless you count Jupiter and recently directly detectéchsalar planets). These objects
will have effective temperatures less than 600 K andsNiBsorption bands. Their
discovery in the field, should this prove to happen, will beainable for their study
uncontaminated by the light of a nearby/primary star.

Finding the very faint T dwarfs has proved challenging bath$DSS (where the
objects are often detected only in tadand) and in 2MASS, where thHHK colors
are degenerate with those of main sequence stars over mtioh Dfdwarf temperature
range. The discovery of very cool T and Y dwarfs in the field weljuire a sensitive,
wide area survey in at least two bands where they can be epdbe detected. Further,
the two bands should be selected to produce a T/Y dwarf cdhichwis very different
from that of any other astronomical objects. In additionh® tipcoming WISE mission
(see below) there are two surveys which will meet theseraitdeep mapping in the
near-infrared, and a Spitzer survey in IRAC bands 1 and 2.

UKIDSS is a set of surveys idHK which is reaching several magnitudes deeper than
2MASS (Lawrencet al. [15]) and has already led to the discovery of very cool T dearf
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FIGURE 1. [3.6] - [4.5] color vs spectral type for L and T dwarfs, fromdgettet al. [16]. The
horizontal axis is spectral type between LO and T9.

(Kendallet al. [17], Warrenet al. [14], Lodieuet al. [18]). The proposed Subaru survey
described in the previous section will reach 25.&iand 25.3 iny (AB magnitudes).
A medium sensitivity Spitzer survey would be orders of magie more sensitive than
UKIDSS for very cool T dwarfs.

The Spitzer instrumentation is almost ideal for this worlanBs 1 and 2 cover the
sky at different times, so that asteroids can be eliminayegrbper motion. The [3.6] -
[4.5] colors of M and L dwarfs are close to zero, while towdatsr spectral types the
colors rapidly become redder, with values of about 2 for #iedt T dwarfs observed
(Patteret al. [19], Leggettet al. [16], Sternet al. [20]); see Fig. 1. The reasons for this
behavior are twofold. First, the emission peak moves thnahgse bands for objects
cooler than about 3000 K. Second, the 8% band contains the CHundamental at
3.3um, which greatly suppresses the @rb flux towards lower temperatures. Although
the CO fundamental is at 4uén and therefore affects the &b band, it becomes
increasingly weak with decreasing temperature and doelsavat a strong effect on the
colors. (CO is weakly present in very cool objects with matidominated atmospheres
due to vertical mixing and non-equilibrium chemistry, whnican be probed with larger
samples (Mainzeset al. [21]).



The colors measured by IRAC (Pattenal. [19], Leggettet al. [16]) are in qual-
itative agreement with those predicted by models (Burr@hal. [22], Joneset al.
[23], Burrowset al. [24], Marley et al. [25], Saumoret al. [26]). Figure 2 shows a plot
of the predicted 3.8m flux density at 10 pc vs. [3.6] - [4.5] for dwarfs of effectitem-
perature below 1200 K (the 3u6n flux is selected because the objects are far fainter
at 3.6um, so it is the sensitivity of this band, fortunately the meeasitive of the two
because of lower backgrounds, that limits our ability teedetind characterize T and Y
dwarfs). Comparison with the data of Patetral. [19] shows that present observations
have probed only the bluest objects, to [3.6] - [4-5R. While the quantities plotted
in Fig. 2 are somewhat schematic (gravity, metallicity arehther all affect the colors,
(Leggettet al. [27]) the important point from Fig. 2 is that the dwarfs conie to get
redder in the [3.5] - [4.5] color with decreasing temperatand therefore if they are
detected at both bands, they will not be confused with faamiss Neither will they be
confused with highly redshifted galaxies, whose spectrataining roughly equal con-
tributions from the almost single age turnoff, red giant &@B stars are basically flat
at the Spitzer wavelengths over a wide range of redshift.

Also plotted in Fig. 2 are thed depths for the “shallow” and “moderate” surveys
(Staufferet al. [6]), showing that the shallow survey can detect almost adwirfs in
the survey area in the presently-known effective tempegatange.

3.2. Serendipity and Confirmation

As pointed out by Stauffest al. [6] T and Y dwarfs are much brighter at 4t61 and
will therefore produce a lot of 4/5n single-band detections by both Spitzer and WISE.
Since WISE is an all sky survey, any such object found by WI&klme compared with
Spitzer 4.5um data. For this and many other reasons, it will be very ugefalve an
archive of all fully-reduced Spitzer data, i.e. catalogdesved from all images ever
observed. Spitzer will also be able to confirm faint singéed 4.5um detections by
ISE.

Of the data sets at other wavelengths; the existing 2MASSD3IS and deep SDSS
surveys, and the upcoming or proposed VISTA and Subaru gsirealy the last will
rival Spitzer in sensitivity. Its magnitude limits of 25.8&25.3 inzandy will allow the
detection of dwarfs to essentially the same depth as wiliribderate Spitzer survey, as
illustrated in Fig. 2, i.e. down to objects as cool as 400 K distance of 10 pc. Thus
inasmuch as possible, the Spitzer survey should be carteohahe same part of the
sky as the proposed Subaru survey.

How many T and Y dwarfs can Spitzer be expected to detect®Shese objects
cool with time, the answer depends on both the initial masstfan and its possible
variations with time, and on the star formation history. Mitsdby Burrowset al. [28,
22, 24], together with mass-function fits to the existing r@suof cool dwarfs (Allen
[29] ) indicates that the “wide” survey (Table 1 of Staufgral. [6]) will find up to
100 T dwarfs, many of them very cool, and 1-5 Y dwarfs. If theg detected in
both IRAC bands, these objects will have unique colors, batgelection efficiency
for follow-up can be greatly enhanced by the inclusion of d Knphotometry using
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FIGURE 2. Model flux density in IRAC band 1 at a distance of 10 pc versu€][3[4.5], from the
models of Burrowst al. [22, 24]. The points are labelled by the effective temperati the model. The
horizontal lines show thed sensitivities of the “shallow” and “moderate” surveys fr@taufferet al.

(6].

methods developed by Marengial. [30] and, as mentioned above, by very deep optical
imaging.

3.3. Resolved Companion Searches

Spitzer has already led to the discovery of resolved T dwamniganions to nearby
stars, most notably of the T7.5 companion to HD 3651, whichdalanetary system
(Luhmanet al. [31]). Spitzer is unsurpassed by any current project fos gort of
discovery because of its great sensitivity to very cool digjgts good spatial resolution,
and the fact that the parent stars are so much fainter at titeeSpgvavelengths than
at shorter wavelengths (Marengbal. [32]). A survey of the 1000 nearest stars would
sample stars within about 20 pc to separations of about 60Gawdl greater for the
most distant stars (this estimate is based on an assumdg abikeliably detect a cool
companion as close as’2@o the primary star) and could detect companions as cool
as about 400 K in modest amounts of observing time (about one total observing



time per star). ldeally, the exposure would be built up over six-year timescale of
the warm mission, to allow the identification of faint compars by common proper
motion. The above estimate of 1000 stars mostly comprisesvistfd, so the star list
could be modified to more uniformly sample the spectral tygege, the metallicity
range, the present or absence of massive planetary systms,

3.4. Unresolved Companion Searches: White Dwarfs

Cool companions can also be detected when they are too dakeit primary to be
spatially resolved by searching for color excesses at loagplengths. Given the huge
luminosity contrast between main sequence stars (eveMlatars) and T dwarfs, plus
the fact that the long-wavelength colors of normal starsnatenell characterized (see
below) such searches are too difficult for current technpldbe exception is the search
for cool companions to white dwarfs, whose low luminosidesd blue colors ensure that
cool companions are brighter then the star in the infrarelccan be found as measurable
infrared excesses. Indeed, the first known object of spdgpa L was discovered as
a companion to the nearby white dwarf GD 165 (Zuckerman areklBe[33]), and
large numbers of dM/WD pairs are known (Silvestral. [34]). Currently, only a small
handful of L/T dwarf companions is known (Zuckerman and Biec}33], Farihi et al.
[35, 36], Maxtedet al. [37]).

A search for cool companions to white dwarfs offers, as welthee opportunity to
discover more ultracool dwarfs, the opportunity to measbeemass function at the
bottom of the main sequence and, perhaps, to identify theespdowest mass main
sequence star. This transpires because white dwarfs gramadsubstellar companions
may have faded below detectability (Burroetsal. [28]). There are some 20,000 white
dwarfs known at present, and the number is rising rapidiiusting the discovery of
many new nearby white dwarfs (Bergereral. [38], McCook and Sion [39], Eisenstein
et al. [40], Subasavaget al. [41]). Several searches for cool companions have recently
been made by matching known white dwarfs with infrared sysym particular 2MASS
(Wachteret al. [42]), but unfortunately 2MASS is not quite sensitive enloug de-
tect substellar companions around most known white dwarfiargeted search with
well-controlled exposure times of a sample of 100-200 cdisetelected white dwarfs
- nearby, with decent photometric or trigonometric disecwith well-determined
masses, ages and temperatures, and known from optical aAd23Ndhotometry not
to have companions of spectral type M8 or earlier could anglis question, while
a sample twice as large would also allow the investigatiometallicity effects. The
search could also possibly find extremely cool brown dwaléée T and perhaps even
Y, may yield resolved ultracool companions, and would alsotenormous interest for
studies of fossil planetary systems around WDs (see below).



3.5. Unresolved Companion Searches: Cataclysmic Varialde

Cataclysmic variables (CVs) are interacting binaries velm$mary is a white dwarf
and secondary a low mass donor star. Mass accretion onto hite dwarf causes
sporadic huge increases in luminosity due to a short-livesp of nuclear burning of
material accreted to the white dwarf from the circumstellak produced by Roche-lobe
overflow from the secondary. Until recently, most known CVerevdiscovered while
in their high state, but recent surveys, especially the SI@%e discovered hundreds
of CVs in their low state, where the spectroscopic signatiirdhe low-mass M stars
companion can almost always be discerned (Szlebdl. [43]).

Quite apart from their interest as variable stars, as plessibva and supernova pre-
cursors, and as laboratories for studying accretion unxteerae conditions, including
very high magnetic fields, CVs can also be used to study theepties of their low-
mass secondaries. Star formation and stellar evoluticryh@redict that a fair number
of CV secondaries should be substellar, so that obsernsatib@Vs allow the measure-
ment of masses (via measures of the orbital parameters &4 thiraries), luminosities
(via measurements of the infrared excess), and radii ($ivecgecondary is experiencing
Roche lobe overflow) for low-mass stars and substellar tdhjéedeed, recent Spitzer-
IRAC observations have discovered infrared excesses fewaral short-period CVs,
and substellar masses are inferred for some companionsréiad velocity measure-
ments (Harrisomt al. [44], Howell et al. [45, 46], Littlefairet al. [47], Brinkworthet al.
[48]). There is some question (Howetlal. [45]) as to whether the infrared excesses are
due to dust or to a substellar companion, but this can be aedvwg deeper near-infrared
photometry and spectroscopy, with Spitzer observatioogiging the candidates.

4. WHITE DWARFS

As well as the search for unresolved companions describedeal3.um and 4.5um
observations of large samples of white dwarfs will allow tinestigation of two other
important areas: a search for circumstellar dust disksKggee3), and the investigation
of model atmospheres.

4.1. Circumstellar Dust

White dwarfs come in two main flavors, DA and DB (the analogeferain sequence
A and B stars, with H and He lines respectively). Some DA stage long been
known to have in addition absorption lines of heavy elemesdpecially Ca. This has
been hard to explain, since the heavy-element settlingstimne much shorter than the
evolutionary timescales (Fontaine and Michaud [49]). Wiletals can be radiatively
levitated in the atmospheres of hot white dwarfs (Chayat. [50]), metal lines are also
seen in cooler white dwarfs. Recent accretion is therefoggested, but the interstellar
medium is, over almost all of its volume, of too low density sufficient accretion. A
natural possibility is then the accretion of left-over mtary system objects - comets
or asteroids (Alcoclet al. [51], Jura [52]). This phenomenon can give new and quite
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FIGURE 3. Spectral energy distribution of the white dwarf GD 362, slmgithe excess due to circum-
stellar dust (Beckliret al. [53]). The Spitzer spectrum of this feature shows strorigag emission (Jura
et al. [54]).

different insights into planetary systems. These white resvenust have an asteroid
system not dissimilar to that of the Solar System - well @l@ghe radius of an AGB
star and well within the orbits of the giant planets. Thisgesgion, that these DAZ
stars might be temporary phenomena, in that they are aogretmets from a left-
over planetary system, has very likely been confirmed by theoslery of dust disks
around a small number of cool white dwarfs (Zuckerman andkBe¢55], Becklin
etal. [53], Juraet al. [54], Mullally et al. [56], von Hippeletal. [57]). At the same
time, Gansicket al. [58] have found several hotter white dwarfs showing doyigeked
emission lines of Ca, showing the presence of metal rich g&s édround these stars.
These exciting discoveries provide new information on etary systems, the type of
stars they form around, and how they survive the rigors dibstevolution. The currently
known number of white dwarfs with circumstellar disks is #iptaut judicious observing
campaigns will likely discover many more — about 25% of DA tehdwarfs have Call
absorption (Zuckermaet al. [59]), and about 14% of DAZ white dwarfs have detectable
circumstellar disks (Kilic and Redfield [60]).

A large 3.5um and 4.5um search for dusty disks around nearby white dwarfs



is clearly called for, focussing for this purpose on DAZ and @hite dwarfs. The
spectroscopic data set for white dwarfs has improved enasiyan recent years, with
some 10,000 good spectra extant, the discovery of hundifedfs with metal lines,
the characterization of some 150 DZ white dwarfs (Dufeual. [61, 62]), and the
development of white dwarf models to the point of derivinliatde masses and surface
temperatures. The two short IRAC bands are especially wigdd to this work. Unlike
the situation for debris disks around main-sequence staese the bulk of the dustis far
enough from the stars to be too cool for detection at thesgively short wavelengths
(see Marengat al. [32] for a discussion of sensitivity limits), the dust disksound
white dwarfs are close enough to the star to have tempesatlose to 1000 K and
therefore emit strongly in the near-infrared suggestirag the dust is produced by the
tidal destruction of asteroids or comets (Jeral. [54], Zuckermaret al. [63]).

4.2. White Dwarf Atmospheres

The Spitzer observations which have led to the above disss/bave also shown
that the observed WD colors at IRAC wavelengths often do goeewell with the
predictions of model atmospheres, with, in particular, fileficits observed for cool
(< 7000 K) white dwarfs (Kilicet al. [64], Mullally et al. [56]). It is well known that
ultracool « 4000 K) white dwarfs (Gatest al. [65], Harriset al. [66]) have flux deficits
in the optical red and near infrared bands due to collisignatiuced B absorption, and
presumably similar molecular processes are producingtigelr-wavelength deficits in
somewhat warmer stars. Understanding this is importanoniytfor searches for flux
enhancements due to cool companions or dusty disks, buhéomibdeling of white
dwarf cooling, age-dating of white dwarfs, and the chrogglof star formation in the
local Galactic disk and halo (Harres al. [67]).

4.3. A Strawman Observing Project on White Dwarfs

All of the above discoveries (ultracool companions, dusksliand flux deficits) are
based on observations of fewer than 200 white dwarfs, imetuthe Spitzer survey of
124 white dwarfs at 4/m and 8um of Mullally et al. [56]. For a sample of white
dwarfs and cataclysmic variables within 30 pc, the requseaisitivity to detect a 500
K companion is about 1.8Jy, which can be achieved in both bands for 200 objects
in 400 hours, and will also find very low mass disks. A furth@rHeurs of observing
will reach 4uJy for 500 stars. All observations should be repeats, tdywtre reality of
the detections. The white dwarfs can be selected from thergiseopic surveys which
include ultracool white dwarfs (Gatesal. [65], Harriset al. [66]), about 150 DZ WDs
(Dufour et al. [62]) about 200 DQ WDs (Halforét al. [68]), as well as large samples
of magnetic WDs, normal DA and DB WDs, and cataclysmic vdesbUsing 2ZMASS
and the SDS2band data, where available, white dwarfs with M dwarf coniqas can
be rejected.



During the discussions at this meeting, it was apparentthi®ae is a lot of interest
in this search for infrared excess emission due to circutastdust disks around white
dwarfs (see e.g. the paper by M. Jura, this volume). The axachent at which the
cryogen will run out is not known, and there needs to be anrghtenal program ready
to go when that event happens and the system verificatiorkslewe been carried out.
A program to begin imaging white dwarfs is ideal — there argdanumbers of them
all over the sky and therefore targets available at any tthme pbserving priority and
strategy are reasonably easy to work out for each star, theredtions are simple, and
the science is exciting and of interest to many areas of suastronomical research.
We encourage the development of this survey to provide the far the initial Warm
Spitzer observations.

5. AGB STARS

Spitzer’s sensitivity is sufficient to detect AGB stars tigbout the Galaxy and the
Local Group in all the IRAC bands. In particular, the sengiiis enough to detect
the color excesses (with respect to flux densities at shedeelengths from 2MASS,
for example) due to mass loss rates as low as axfé®@ 8 M., yr—1.

Spitzer Galactic plane surveys (GLIMPSE, Benjardial. [69] and surveys of the
Magellanic Clouds (Meixneet al. [70], Groenewegert al. [71]) will discover very
large numbers of AGB stars. In addition, we believe it to bettwevhile to carry out
searches for mass-losing AGB stars in loose halo structswel as the Sagittarius
stream and in the distant halo.

Any star which leaves the red clump/horizontal branch witirerthan about 0.6 M
can become an AGB star, but as the mass decreases the amdume spent on the
AGB, and the amount of fuel burned there, decreases, so tABtgtars are extremely
rare in old populations, in Galactic globular clusters feample. Nevertheless, there
are some hundred distant carbon AGB stars found at high Galatitudes, some
with significant infrared excesses indicating mass losshiertet al. [72], Ibataet al.
[73], Mauron, Gigoyan and Kendall [74], Downes et al., inpre

The halo AGB stars can be found in two ways, via their largeamsfd excesses,
and via variability (typical periods are 1-3 years), in wigegle surveys. In addition,
the chemistry, i.e. whether the star has “normal” abundamdgéh more oxygen than
carbon, or is a carbon star, with carbon more abundant thggeox can be determined
from the infrared colors. Figures 4-6 show a series of cotor diagrams combining
JHK and IRAC photometry. The JHK photometry is from 2ZMASSJ éime IRAC colors
are derived by convolving ISO SWS spectra with the IRAC fdtéor a sample of
AGB stars and supergiants (Margengal. [75]). Some scatter will be present because
of variability (Smith, Price and Moffett [76]), since thesbservations were taken at
different times. Also shown in Figs. 4-6 are data from thet&yiFirst Look Survey,
containing both Galactic stars and extragalactic objects.

AGB stars of all types are redder than main sequence stateindar-IR colors in
all diagrams, especially in J-K, even for AGB stars withidittircumstellar dust ([3.6]
- [4.5] < 0.5). AGB stars with thick circumstellar envelopes are lgasparated from
galaxies by color. In addition, the oxygen and carbon-rignsspartly separate, in that
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FIGURE 4. J-K versus [3.6] - [4.5] color for a sample of AGB stars. Oxygieh stars are red circles,
Carbon stars are green squares, S stars are blue triandlssip@rgiants are shown by brown asterisks.
The data are from 2MASS and synthesized for the IRAC bands fR0O SWS spectra. The black dots
show sources from the IRAC First Look Survey.

dust-poor carbon stars have slightly redder near-infraadrs than do oxygen stars,
while for stars with larger infrared excesses the oxygeh-stars have redder near-IR
colors than do the carbon stars.

Any wide-angle survey at high latitudes, such as the shadlewey over 400 square
degrees, will detect 100-200 distant halo AGB stars, andemall be found in the
fields around targeted sources. These objects are inval@i@bprobing the structure
and formation history of the very distant Milky Way.

6. THE COLORS OF NORMAL STARS

The GALEX, SDSS and 2MASS surveys provide precision photoyra millions of
stars. The 2MASS limit of 1% at K¢ together with an assumed Rayleigh-Jeans spectral
index gives a desiredd depth of 0.61 mJy at 3i6n and 0.39 Jy at 4.fum. This

is achievable with the “shallow” survey in Table 1 of Stauféeal. [6]. The expected
stellar density to this limit is about 5000 per square degteleigh Galactic latitudes,

so that data added by Spitzer during its warm mission wilbpce precision 12-band
photometry between 0.14 and 4 for 50,000 - 100,000 stars as a byproduct, and
these can reliably be separated from galaxies and quasarsitnyand image size at
optical wavelengths.



[(3.6]-[4.5]

FIGURE 5. H-K versus [3.6] - [4.5] color for a sample of AGB stars. Oxygéh stars are red circles,
Carbon stars are green squares, S stars are blue triandlssip@rgiants are shown by brown asterisks.
The data are from 2MASS and synthesized for the IRAC bands fR0O SWS spectra. The black dots
show sources from the IRAC First Look Survey.

While data from each of these four surveys are expected totoeneely well cal-
ibrated internally, some of the challenge in exploiting ttega will be on consistency
between surveys. Here, the stellar data play a vital r6lewaifidikely provide fun-
damental broad-band calibration across this wavelengtberdor all other classes of
object as well. A huge effort is underway at present to makédibaund stellar pho-
tometry internally consistent using synthetic magnitucldsulated from stellar spectral
libraries, both observed and synthesized (Coéteat. [77], Coelhoet al. [78], Martins
and Coelho [79], Worthey and Lee [1], Davenport et al. in prepe et al. in prep., and
many others), and this work is driven by the need to undedskanth stellar popula-
tions and galaxy colors. These efforts use compilationsatd €rom the literature, and
demonstrate that different stellar colors have senséwio stellar effective temperature,
metallicity, gravity, chemical peculiarity and evenelement enhancement. For exam-
ple, V-l is weakly sensitive tar element abundance, V-K is an excellent indicator of
effective temperature, J-K is degenerate with temperditurld! dwarfs but depends on
metallicity while H-K does not, and so on. These findings aseol on small samples of
bright stars for which high-dispersion spectroscopy \seldcurate element abundances
but whose photometry is heterogeneous. Major efforts areurmlerway to use moder-
ate resolution spectroscopy to derive stellar parameterthése very large numbers of
stars with well calibrated photometry (Re Fiorerdtral. [80]).

What will Spitzer add to this effort? It extends the longestvelength by almost a
factor of two, into a spectral region sensitive to spectraéd of common molecules,
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FIGURE 6. J-H versus [3.6] - [4.5] color for a sample of AGB stars. Oxiygieh stars are red circles,
Carbon stars are green squares, S stars are blue triandlssip@rgiants are shown by brown asterisks.
The data are from 2MASS and synthesized for the IRAC bands fR0O SWS spectra. The black dots
show sources from the IRAC First Look Survey.

especially those containing carbon. At present only vendermetallicity values are
available for the cooler stars (spectral types K, M and )afEinese stars are so cool
that their flux densities are negligible at UV and blue wangtles, and the Spitzer
observations will thus provide wavelength coverage eqgoahat available for bluer
stars. This effort can extend reliable measures of badlarsparameters to much cooler
stars than are accessible by optical photometry aloneydimad) the most numerous stars,
the M dwarfs. The likely science outcomes include: morelsé effective temperatures
for cool stars, photometric identification of chemicallycpBar cool stars (giant and
especially dwarf carbon stars, cool subdwarfs, extrenwiyrhetallicity stars etc.) and
the characterization of the broad-band colors of normas sthall spectral types which
will greatly aid in the identification of excess emission awslengths from 2- hkmdue
to cool companions and circumstellar dust.

7. SUMMARY

The advances in stellar astronomy that can be achieved bwénm Spitzer Mission
include:

(a) The discovery of 50-100 very cool T dwarts (000 K) and possibly upto5Y
dwarfs from large, wide angle surveys. The location in theisko first order irrelevant,
since these objects are nearby enough to be isotropic, spribjiect can piggy back on



any general purpose survey that is sensitive enough.

(b) The discovery of tens of resolved companions to neawdrg stvhich will provide
important ancillary information: distance, metallicitychage, as well as information on
the relative frequencies of planetary and substellar conopa, the dependence of the
presence of companions on stellar age and metallicity,@rtiaps, indirect information
on the formation of brown dwarfs and planets.

(c) Three important areas can be investigated with the sanméegal survey of white
dwarfs: the detection of unresolved L, T and Y companionghedr infrared excesses,
and the determination of the luminosity function and lowkeshinosity star at the
bottom of the main sequence: the detection of dust diskslgggsoduced by remaining
planetary system members: and the characterization ofrdaelkband SEDs to 416n,
useful for white dwarf models atmospheres and for white da@smochronology.

(d) The combination of Spitzer and near-infrared colord igiéntify several tens of
distant, high-latitude AGB stares in the Galactic halo dfahetheir mass loss rates and,
with some uncertainty, chemical composition, to be deteeuhi

(e) Accurate broad-band photometry of tens of thousandsooial stars of all
spectral types between 05 and 4.5%m and the relation of these colors to metallicity,
effective temperature, gravity and other chemical progeficarbon excess;-element
variation, etc.) These spectra will form a calibration setdse in all multi-wavelength
astronomy surveys.
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