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Abstract.

IRAC excels at detecting distant objects. Due to a combinatif the shapes of the spectral
energy distributions of galaxies and the low backgroundeseltl from space, IRAC reaches greater
depth in comparable exposure time at 3.6 and 4% than any ground- or space-based facility
currently can at 2.241m. Furthermore, the longer wavelengths probed by IRAC enstidies of
the rest-frame optical and near-infrared light of galaxdesl AGN to much higher redshift than
is possible from the ground. This white paper explores thetmef different survey strategies
for studying the distant universe during the warm missionthee-tiered approach serves a wide
range of science goals and uses the spacecraft effectiedyr ultra-deep survey e 0.04 square
degrees to a depth of 250 hrs (in conjunction with an HST/Wp@gram), to study the Universe at
7 < z< 14; 2) a survey ofe 2 square degrees to the GOODS depth of 20 hrs, to identifynons
galaxies az > 6 and characterize the relation between the build-up of deatter halos and their
constituent galaxies at2 z < 6, and 3) a 500 square degree survey to the SWIRE depth of 120,
to systematically study large scale structure at 2< 2 and characterize high redshift AGN. One
or more of these programs could conceivably be implemengatido SSC, following the example
of the Hubble Deep Field campaigns. As priorities in thisdfiebntinuously shift it is also crucial
that a fraction of the exposure time remains unassigned,ehabling science that will reflect the
frontiers of 2010 and beyond rather than those of 2007.
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guasars, distances, redshifts
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1. INTRODUCTION

Infrared observations are crucial for the study of distaéxjes. While blue star form-
ing galaxies can be routinely identified2e- 6 and beyond using optical selection tech-
niques and follow-up spectroscopy (e.g., Steadal. [1, 2, 3], Kodairaet al. [4], Ouchi

et al. [5], Starket al. [6], Dow-Hygelundet al. [7]), measuring their masses and star for-
mation histories requires access to their rest-frame aldtght (see, e.g., Shapley al.

[8], Papovichet al. [9]). Furthermore, it has become clear that optical sampiss a
substantial fraction of the high redshift galaxy populatidlear-infrared surveys have
discovered substantial numbers of UV-faint red galaxiesd@et al. [10], McCarthy

et al. [11], Labbéet al. [12], Franxet al. [13]) and it appears that these objects domi-
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FIGURE 1. ExpectedK — [3.6] color of galaxies versus redshift from Bruzual and Charl® [stellar
population synthesis models. The bluest dust-free gadexéwe observel — [3.6] colors> 0 at most
redshifts> 1 (blue solid line). Dusty galaxies at> 1 (blue dotted line) and galaxies with old stellar
populations akz > 4.5 (red solid and dash-dotted line) have much redder coleeshingk — [3.6] ~ 2,
which implies that they arenuch easier to detect with IRAC than with ground-based neaahef
cameras.

nate thez = 2 — 3 cosmic stellar mass density at the high-mass end (van Dokkal.
[14], Marchesiniet al. [15]). In addition, surveys at mid-infrared, sub-mm, andioa
wavelengths have found highly obscured galaxies, which #mibulk of their lumi-
nosity at IR wavelengths (e.g., Bargatral. [17], Blain et al. [18]) and may contribute
substantially to the global cosmic star formation rate.

The infrared capabilities of the Spitzer Space Telescope heeatly enhanced our
understanding of the high redshift Universe. MIPS and IRS rapidly advancing
our knowledge of IR luminous galaxies, such as obscuredvAdBalactic Nuclei
(AGN) and starburst galaxies harboring large amounts of (be®, e.9., Marleaet al.
[19], Dole et al. [20], Yan et al. [21], Houck et al. [22], Le Floc’h et al. [23], Frayer
et al. [24], Papovichet al. [25]). However, MIPS is not able to study “normal” galaxies
out to very high redshift: at redshifts as lowas 3 a galaxy has to have a star forma-
tion rate exceeding 200M., yr—! to be detectable at 24m even in the deepest (10 hr)
images, and many times higher to be detected at higher fedstonger wavelengths.

IRAC, by contrast, excels at detecting distant galaxieswflkand, due to a combina-
tion of the shape of their spectral energy distributionslISEand the low background
achieved from space. As illustrated in Fig. 1 the bluestgataatz > 1 have &K — 3.6
color of ~ 0 in AB units. As IRAC can reach the same AB depth as a groursédba
4m telescope about 20 times faster, Fig. 1 implies thatzanyl object detected with
a 4m telescope in thk band can be detected with IRAC in 5% of the exposure time.
For intrinsically red sources this difference is, of couymseen larger: dusty galaxies at



any redshift and old galaxies beyornd- 4.5 typically haveK — [4.5] ~ 2, and for these
objects IRAC is a factor of 800 faster than a ground-basedelescope! The differ-
ence in depth achievable from the ground and from spaceugridited in Fig. 2, which
compares a region of the CDF-South fielddro the corresponding 3/8m image. The

(VLT) near-IR data in CDF-South are among the best availabjgvhere in the sky, and
yet they are obviously not well matched in depth to the IRA@da
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FIGURE 2. Comparison of ground-baséd (left) with Spitzer 3.qum (right), for a 15’ x 1.5’ patch
in the GOODS CDF-South field. ThHe band data were taken with ISAAC on the VLT and are of very
high quality. Per-pixel exposure times were 7 hr&iand 20 hrs in the 3.6m band. Despite a very large
investment of VLT time in this field (double that of IRAC duettee smaller field of view, for a total of
288 hrs as of writing) thdHK depths in GOODS South are poorly matched to the IRAC depth.

For studies of the distant Universe, the key advance alldweldRAC is not simply
survey speed, but the abilitiy to study the rest-frame ap@nd near-infrared light of
galaxies and AGN to much higher redshift than is possiblenftbe ground. As an
example, az = 7 the K band samples the rest-frame UV light of galaxies, which is
dominated by short-lived O and B stars, whereas the IRAQufmSand samples the
rest-frameV band, which provides information on Solar type stars andtrams the
age and mass of the bulk of the stellar population.

Major achievements with IRAC include: measurements of thaendance of obscured
QSOs (Lacyet al. [26], Treisteret al. [27], Sternet al. [28], Cool et al. [29]); identi-
fication of galaxy clusters and groups in the redshift rangezl< 2 (Brodwin et al.
[30)]); identification of massive galaxies with very low starmation rates at=2—3
(Yanet al. [31], Labbéet al. [32]); determination of stellar ages and masses of galaxies
outtoz~ 6 (Eyleset al. [33], Yanet al. [34], Starket al. [6]); confirmation and char-
acterization of galaxies a~ 7.5 (Egamiet al. [35], Labbéet al. [36]); and possibly
the detection of fluctuations induced by first-light gal&tentaining a large fraction of
population Il stars (Kashlinskst al. [37]).

Nearly all these results were driven by the short wavelectdnnels of IRAC, as
they are the most sensitive. In the warm mission, it will begiole to extend these
initial studies to wider areas and larger samples, as wdlb &ginter luminosities and



higher redshifts. Furthermore, very large programs willlda entirely new science, in
particular when combined with planned extensive publia{ie@ared imaging surveys
in the next five years.

Here we describe a three-tiered survey program which coeldomducted over the
course of the warm mission. The surveys comprise ultra-dbservations in a relatively
small area, a deep (20 hr per pixel) program over a 2 squareeegea, and a shallow
(120s per pixel) program over a 500 square degree area. Tintegeams serve as
examples of science that can be done during the warm miss@ne other options
are briefly discussed in a separate Section.

2. AN ULTRA-DEEP SURVEY

At redshifts above ~ 5 the Balmer break shifts beyond the obser¢daand, and IRAC

is the only instrument until JWST which can provide reliabtges and masses of very
high redshift galaxies. As an illustration of the power oARat very high redshifts, Fig.

3 shows 3.6 and 4. 6m imaging ofz= 7 — 8 objects identified in the Hubble Ultra Deep
Field. The integration time of 46 hrs per pixel was sufficient to robustly detect two
of the four objects, providing first estimates of the masstsdlar ages, star formation
rates, and dust content of these early objects (LabbE [36]). Similarly, Egamiet al.
[35] used IRAC to constrain the stellar population of a lelse 7 galaxy.

Higs 3.6um 4.5um

FIGURE 3. IRAC imaging ofz-dropouts in the Hubble Ultra Deep Field, from Labdiéal. [36]. In

~ 46 hrs two of these faint z-dropouts are detected with IRA@] &wo are marginally detected. To
characterize the ~ 7+ galaxy population with IRAC longer integration times andvays over larger
fields are needed.



The galaxy population a ~ 7 may be responsible for reionizing the universe and
is of vital importance for understanding feedback and metatluction in the earliest
stages of galaxy formation. Much deeper IRAC observatiores @ much wider area
than the Hubble Ultra Deep Field are needed to systematmaivey the Universe at this
important juncture in its history. Extrapolating from theuvenset al. [38], Bouwens
and lllingworth [39] and Labbé&t al. [36] results, and taking the reduced area due to
source confusion into account (see below), a survey ev&60 arcmig with a per-
pixel integration time ot~ 250 hrs is needed to obtain a sample~ofl00 galaxies at
6.5 < z < 7.5.with > 50 IRAC photometry. The total time required for this survey is
~ 2500 hrs!

An ultra-deep survey would also offer the exciting prospc first exploration of
the z ~ 10 Universe, well in advance of JWST. The depth achieved &04uJy at
3.6um (~ 27.4 AB), or Mg ~ —22.6 atz= 10. The expected number bf- 10 objects
is obviously very uncertain, but based on resultsa t07 one may conservatively expect
to detect a handful of galaxies ak9z < 11 (J-dropouts), and- 1 objectat 1% z< 14
(H-dropouts, selected on the basis of their b]Ja®| — [4.5] color and non-detection
in HST/WFC3H).? IRAC photometry of galaxies in this redshift range providesy
strong constraints on the formation of the first starg~f10 galaxies experienced their
first star formation at this redshift, thefr through 4.5um SEDs would be power laws
(with the power law index an indication of dust and metal eon, if, on the other hand,
these objects show a pronounced break between the 3.6 apdhdband their spectra
have a significant contribution of A stars and star formatiaurst have started several
100 Myr earlier, az ~ 20.

An ultra-deep campaign also offers the possibility of ptgdimits on the frequency
and nature of pair-creation SNe. These SNe are thought théberid states of very
massive (150 — 200l ), metal poor stars which may have existed in the early Us&ver
(Abel et al. [40], Bromm et al. [41]). The peak brightnesses of such SNe are very
uncertain, and could range fronDQ— 1 uJy atz= 10 (Scannapieco [42]). The rates are
also very uncertain, with estimates ranging from 1 — 100 dgg L. With an optimized
observing cadence the proposed survey probes the low pigéltriss, high rate regime,
whereas a wide, shallower survey probes the high peak beght low rate regime.

As illustrated in Fig. 3 it is crucial to have supporting nadrared data that is well
matched to the Spitzer depth — in fact, the IRAC data in ismtahave very limited
value. The near-IR data are needed to identify the high rtdgtlaxies (by pinpointing
their redshifted Lyman break at 1216 A) and to obtain aceupabtometry in the IRAC
images (by iteratively modeling the source distributiddiptaining sufficiently deejK
band data is extremely difficult, even if one focuses on thestigalaxies only. Using the
“factor of 20" rule of thumb a 250 hr IRAC depth implies a pexgd integration time of
5000 hrs on a4m, or 1000 hrs on a 8-10m class telescope. Btetyit will be possible
to reach the required depth ihandH with HST/WFC3. Based on existing NICMOS
data in the Hubble Ultra Deep Field and the expected seitgitit WFC3, ~ 9 orbits are
needed to match the depth of a 250 hr IRAC observation. Tar@ovarea of 150 arcmin

1 A 3 x 3 pointing mosaic; total survey times in this document ideloverheads.
2 These numbers are somewhat conservative as they assumsue8EDs redward ofrest~ 1400 A.



in J andH would require about 700 orbits. Given the importance of sufipg near-IR
data an ultra-deep IRAC program should probably only be takien in coordination
with an investment of HST time of this order.

A drawback to an ultra-deep field is the limited efficiency &AC at faint flux
levels due to crowding. At the GOODS depth orly80 % of pixels are uncontaminated
background, that is, not affected by the wings of the PSFdaftified sources. Source
confusion is not a hard limit, and can be greatly reduced thi¢huse of a prior image
with better resolution (typically &-band image). However, confusion reduces the
efficiency of IRAC observations in two ways: the fraction bétfield in which good
photometry can be done steadily diminishes when going deapé the S/N increases
slower thany/t due to the steadily rising “background” of PSF wirigat the time of
writing, no results are yet available from the deepest — X(Qiehpixel — region that has
been obtained with IRAC so far (GOODS HDF-N); when theseltesuwe in it will be
easier to quantify the effects of crowding with integrationes> 50 hrs per pixel.

Another drawback is that this type of science in particuam be done with much
greater efficiency with JWST. There is little doubt that JW&IT image GOODS-sized
fields (and larger), and that the depth of IRAC data can beasggd very rapidly indeed:
quite apart from its vastly superior PSE10—0.2” at 3— 5 um) the required exposure
time to reach a given point-source depth is about three sroEmagnitude shorter.
Assuming a typical high redshift galaxy size 060(1.0”) FWHM and factoring in the
respective detector sizes, JWST/NIRCam can cover smalsaabout 200 (40) times
faster than Spitzer/IRAC. Although this may limit the legaalue of an ultra-deep
Spitzer survey, such considerations have to be weigheastghie long lead time for
JWST and the uncertainties associated with any space missio

3. A DEEP SURVEY OVER 2 DEG?

Although much larger than the original Hubble Deep Fields,10 x 15 GOODS fields
(Dickinson et al. [43]) are too small to provide a fully representative sampig¢he
distant Universe: the correlation lengthof massive galaxies is 8hI010Mpc (roughly
independent of redshift), which is 8 atz= 2 (e.g., Daddgt al. [10], Somervilleet al.
[44], Adelbergeset al. [45], Quadriet al. [46]). The GOODS fields are also too small for
clustering studies (except for populations with smgl] and for studies of the relation
between galaxy properties and density. The importance apkag large volumes at
high redshift is dramatically illustrated by the identitica of structures of several tens
of Mpc up toz~ 6 (e.g., Ouchgt al. [5]).

Furthermore, the relatively small size of GOODS does notpdartie bright end of
the luminosity function well, which means that the brightgsaxies at high redshift are
missed even if the depth is sufficient to detect them. As ameika, the Bouwenst al.
[38] z= 6 luminosity function implies that only 5 L > 3L, galaxies at 5 < z< 6.5

3 For example, data in the Hubble Ultra Deep Fietd46 hrs) suggests that the depth increase compared
to 1 hris only 1.7 mag instead of the 2.1 mag expected fydeven after reducing the source confusion
using available NICMOS near-IR data (Labdiél. [36]).



are expected in a 150 arcriiarea. Although these bright examples may not contribute
greatly to the total luminosity density at these early ego(dee, e.g., Bouwere al.
[38]), they may be accessible for morphological studietyWMFC3 and spectroscopic
follow-up with 20m — 30m telescopes and JWST.

Motivated by similar concerns, several programs are unagne extend the area
covered by deep ground- and space-based observations.piesaare the 30x 30
Extended CDF-South (E-CDFS, aka the GEMS field); the<#lY UKIDSS Ultra Deep
Survey (aka the Subaru/XMM deep field); the X860 Extended Groth Strip; and the
1.4° x 1.4° COSMOS field. All these fields have excellent supporting dalfough
different fields have different strengths. Current IRAC eage of these fields varies.
The E-CDFS and the Groth Strip have both been covered witlCIRA~ 3 hr depth.
The UDS will be done with IRAC te- 0.7 hr depth in Cycle 4, and the COSMOS field
has relatively shallow~ 0.3 hr) IRAC coverage over the entire field.

Given the large investments of ground- and space-basedvaltasees in these fields
it seems likely that they will continue to play importanteslin studies of the distant
Universe. New instrumentation on existing telescopes,(englti-object near-IR spec-
trographs on 10m class telescopes and WFC3 on HST) wilplikel utilized in these
fields, as well as future telescopes (Herschel, ALMA, 20-38lescopes, JWST). There
is therefore a strong legacy argument to be made for coveengral or all of these
fields with substantially deeper 3.6 and 48 imaging than is currently available.

The availability of near-IR imaging that is well matched e tRAC depth is crucial
for correctly measuring the IRAC fluxes and for determinifgiometric redshifts.
Interestingly,none of the fields mentioned currently has near-IR coverage auhiog
the depth achieved in a few hours (per pixel) with IRAC. Hoerethis situation will
change in the near future thanks to ambitious public survegsnew large field near-
IR imagers on 4m class telescopes. WFCAM on UKIRT will covex Subaru/XMM
deep field to a & AB depth ofK = 25 (with additionall andH) in the context of the
UKIDSS Ultra Deep Survey (Dyet al. [47]). UltraVISTA (an approved public survey
on the soon to be commissioned VISTA telescope) aims to ctideof the COSMOS
field to a depth ofK = 24.5 and 1/3 to a depth dk = 25.6 (with additionalY, J,
andH). An IRAC depth of 20 hrs per pixel is well matched to tkeband depths of
UKIDSS/UDS and UltraVISTA, in the sense that evéfydetected source will have a
3.6um > 50 counterpart.

Covering the other two fields should also be a high priorityeif areas are small
compared to the UKIDSS/UDS and COSMOS UltraVISTA fields —aebhimplies that
the investment with Spitzer would be relatively modest — #ral offer qualitatively
different legacy value. Covering only the 0.7 dddDS field and the 0.8 dégCOS-
MOS/UltraVISTA field to the GOODS depth would cost6,000 hrs, whereas covering
all four fields would require- 7,500 hrs?

The area and depth of sucka2 ded survey should be sufficient to detect 1000s of
galaxies at 5< z < 8. At these redshifts IRAC uniquely samples the rest-fraptecal
emission beyond the Balmer break, allowing measuremergtaoformation histories
and stellar masses (see, e.g., Labtbd. [36], Starket al. [6]). The intrinsic brightness

4 In practice, it may be beneficial to vary the exposure timéinia field or between fields somewhat.



of these objects implies that they can be observed speopmsdly, either with existing
telescopes or with future 20m-30m telescopes and/or JW&doinbination with the
ultra-deep survey discussed above, which samples the dsityriunction at_ < L., the
evolution of the rest-frame optical luminosity functiondaihie stellar mass function can
be accurately measured atfz < 8.

Furthermore, the survey will characterize the relatiomieein galaxies and the emerg-
ing large scale structure over the redshift rangez< 6. GOODS-depth IRAC observa-
tions over 2 de§would allow characterization of the stellar populationseferal tens
of thousands of red and blue galaxies in this redshift ran¢m stellar mass limits (e.qg.,
~ 10'%M,, atz= 3) and accurately determine their density and evolutioreiation to
their environment. The combination of clustering and atgblopulation measurements
is an extremely powerful tool to determine the propertied evolution of galaxies as
a function of halo mass (e.g., Adelbergl. [45], Leeet al. [48], Quadriet al. [46]),
thus linking the hierarchical build-up of dark matter hailoshe formation and evolution
of their constituent galaxies.

Deep IRAC observations over such a large area also offeigunitlg possibilities
for studies of faint galaxies below the detection threshifltirst-light galaxies during
reionization were to contain a substantial fraction of mespopulation Il stars then
their redshifted rest-frame UV emission will be presentrRatdavelengths. While none
of these sources will be individually detected even in theaudleep survey described
earlier, the unresolved emission will be clustered (asdlsesirces are expected to trace
the large-scale structure at- 7) and this clustering component can be extracted to the
extent that any correlated systematics and noise soureesderstood. A first detection
of such a clustered component in the unresolved IRAC pixetlsa first-look survey was
interpreted as evidence for massive population Il staes{iinskyet al. [37]), although
this result is somewhat controversial (Coogtyl. [49]). A deep survey over 2 déayill
make it possible to accurately measure the clusteringginasf the undetected sources,
allowing a direct comparison to model predictions for thestéring of first-light objects.

4. A SHALLOW SURVEY OVER 500 DEG?

Areas of several square degrees are sufficient to obtaiegseptative samples of the
Universe atz < 1, but they are not large enough for studies of extreme abgath as
luminous quasars or high-redshift galaxy clusters. Altfiothe instantaneous field-of-
view of IRAC is small, it can do very efficient mapping overdarareas of sky; as an
example, the SWIRE survey covered 49 #iega depth of 120 s. An order of magnitude
larger survey than SWIRE would take 4000 hrs and serve a wide range of science
goals.

High redshift quasars can be efficiently identified by thelatively flat mid-IR SEDs
and their extremely red optical — mid-IR colors (Cebhl. [29], Sternet al. [50]). The
clustering strength of these objects will constrain thesaa®f their dark matter halos,
and spectroscopic follow-up will provide information orethuild-up of supermassive
black holes and the interplay of star formation and nucletvigy in the earliest phases
of galaxy formation. Quasars also provide useful probesefimtervening universe;
indeed, the most distant quasars provide some of our mosgnhavtools for probing



the epoch of reionization (Beckeral. [51]).

Galaxy clusters can easily be identified outzte 2 with IRAC in integration times
as short as a few minutes (see Eisenharrdt. [52] and Fig. 4). Based on the WMAP3
cosmology, a 500 dégsurvey to the SWIRE depth would provide 1500 clusters at
1< z< 2 with masses> 10**M., and a handful of extremely massive objects with
masses> 5 x 101*M.,. The evolution of galaxies in these clusters provides mir
tion on the fate of the earliest objects that formed in theverse, and the observed
mass-dependent evolution of the abundance of clusterslover < 2 provides strong
constraints on cosmological parameters (particubajly

FIGURE 4. Color composite 0B, |, and IRAC 4.6um images of a galaxy cluster at= 1.41, from
Stanfordet al. [53]. The ground-basel and| images required several hours of exposure time on a 4m
telescope, but the integration time for the IRAC grd image was only 90 seconds!

IRAC 3.6 and 4.5um data alone can provide a crude redshift estimate, as the
[3.6] — [4.5] color fairly cleanly separates galaxies with redshiftobebr above 1 (see
Fig. 5). However, the returns from this survey will be greahhanced when it is per-
formed in an area, or areas, of sky with existing or plannedllary data. Examples
of such areas are the South Pole Telescope’s SZ survey, arfeblitis imaged by the
near-IR VISTA Kilo Degree Survey (KIDS). The combinationtbése data will not just
allow detection of the clusters, but also enable redshdtraass estimates.
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FIGURES. The observe(B.6] —[4.5] colors of galaxies versus redshift in the GOODS-south fiEhe:
points show a sample &f-selected galaxies (Wuygtal. in prep). The tracks show the envelope of colors
spanned by stellar population models with a range of dusha#tions. A simple cut only if8.6] — [4.5]
can efficiently isolate galaxies at> 1 regardless of SED shape.

We note that wide-area, shallow surveys in high latitude$ielbuld also prove useful
for Galactic programs, most notably for detecting and attar&zing the coldest brown
dwarfs (e.g., Steret al. [50]). Objects cooler than about 700 K, so-called “Y dwayfs”
must exist. Objects with inferred masses downt6M;,, have been identified in star-
forming regions and, according to theoretical models, fsvass massive than Bp
with ages> 4 Gyr should hav& < 600 K. However, none have been found to date. This
is primarily because their SEDs peak=at4.5um (e.g., Burrowst al. [54]), making
them very faint at ground-based optical through near-IRelengths. For instance, a
600 K brown dwarf could only be detected in the 2MASS PSC taialhgc. In contrast,
it would be detectable in a 120 sec IRA€4.5 um image out to about 50 pc.

5. OTHER PROGRAMS

We consider the three-tiered approach outlined above aellert starting point for
designing observational programs for studies of the didtkniverse in the warm era.
Many other survey programs could, of course, be considened,we briefly discuss
several alternatives here.



5.1. A Medium Deep Survey Over Several 10s of deg?

There is a conspicuous gap in the three surveys discusséisiddcument, as we
jumped from a 20 hr depth over several 8iég a 120s depth over 100s of degh
survey over several 10s of dep a~ 1 hr depth would require a similar investment as
each of the surveys discussed in more detail in the precg&sations. This territory is
out of reach of JWST and a unique niche for Spitzer in the waam e

This committee failed to come up with a broadly defined, higipact science case
for this type of survey, but that may simply reflect the biased preconceptions of its
members. A survey of this type would map large scale stractz= 2 — 4 over a very
wide area, which could lead to new constraints on the growttadk matter halos and
perhaps cosmology. Thanks to the large number of galax&satbuld be observed it
would also be possible to split the sample into many bins sandly galaxy evolution as
a function of luminosity, mass, color, AGN-activity, andesi

5.2. An Extremely Wide Survey of 1000s of deg?

It may seem odd to consider using’a&®’ imager to cover areas requiring hundreds
of thousands of pointings. Nevertheless, the unique wagéheregime and sensitivity of
IRAC, combined with the large amount of time that is potdhtiavailable in the warm
era, warrant a discussion of this question.

An ultra-wide survey will identify the most extreme objedatsthe Universe, such
as very luminous quasars and galaxy clusters with mass&8'°M.,. However, the
high overheads associated with very short integrationsensaich a program either
very inefficient or extremely costly. The spacecraft ovadseare such that they start
to dominate over the on-sky time for integration times pentiog significantly shorter
than~ 100 s. As an example, a survey of 125 square degrees with aek@@sure time
(comprising 4 dithered 30 s exposures) takes about 100Arsarvey of 2500 square
degrees with a 6 s exposure time (comprising 3 dithered 2agsexps) would have the
same total on-sky integration time, but cost more than 608@te to greatly increased
overheads.

Taking 120 s exposure time as a minimum, covering 2000 sqilegeees would be
extremely costly as it would require 16,000 hours. Suchgelaxpenditure may be dif-
ficult to justify given the somewhat limited additional sooe that can be accomplished
above and beyond the 500 desrenario discussed earlier.

5.3. Gravitationally L ensed Galaxies

Gravitational lensing by foreground clusters allows thuelgtof high redshift galaxies
fainter than the limits achievable in unmagnified fields (e=jis et al. [55], Starket al.
[56]), and detailed analysis of intrinsically more lumisogialaxies (e.g., Pettim al.
[57]). The gainin S/N is substantial: the exposure time eéddd reach a given lensing-
corrected limiting magnitude decreases/as (for point sources), with the lensing



amplificationA reaching values of 20 in extreme cases.

This technique has great potential, although there are stmagbacks: the small
volume that is sampled at high redshift (as the relevantoregg limited to a~ 1/
diameter annulus whose lensing-corrected area decredtbe8)wthe requirement that
the mass distribution in the inner parts of the cluster camadeguately modeled (to
correct the measured properties for the effects of lensiag) crowding. The latter
aspect is particularly problematic for IRAC, due to its BrBSF compared to the
distances between galaxies in the central parts of clusters

IRAC has already yielded interesting results in this aregarfiet al. [35] report the
detection of a significant Balmer break in a previously idfet lensedz ~ 6.7 galaxy,
based on 3.6 and 4/5n IRAC data of the well-studied cluster Abell 2218. A program
is currently underway to systematically image 30 lensingtdrs with IRAC, and it may
be very interesting to extend this type of work in the warm era

5.4. The Stellar Populations of z= 10 Galaxies

Although these things are difficult to predict, it seems lijjkdhat WFC3 on HST,
VISTA, HAWKEYE on the VLT, or some other new capability williéntify a robust
sample of] band dropouts in the near future (see Bouweird. [58]). IRAC imaging
of these objects will both confirm them (by establishing \kleetthey have a blue
continuum redward of Lgr) and constrain their stellar populations by measuring the
strength of the redshifted Balmer break (which falls betwée 3.6 and 4.5m bands
at this redshift). We note that extremely deep IRAC imagirayralready be available if
the objects are found in a combined WFC3/IRAC survey, as @ated above.

5.5. FuturePriorities

The program described in the preceeding paragraph is anpeafrscience that can-
not currently be planned (although anticipated), and itisogt certain that many other
exciting possibilities will emerge during the remaininfgtime of Spitzer. Such future
programs can be large surveys, but could also be small, vghyilmpact observations
of special objects, special sky areas, or time-variableabj(e.g., & = 10 gamma-ray
burst).

It is crucial that a fraction of the time available in the wapariod will remain
unassigned, to accomodate the shifting frontiers in thel.fidlowever, there will be
limitations imposed by the anticipated reduction in usgypsut. It may be possible
to have a TAC process twice during the 5 year warm missiomdrathan yearly) to
assign remaining survey time and to accomodate a limitedoenf small, high-impact
programs which do not require a large support effort on thieqddhe SSC.



6. CONCLUSIONS

The end of Spitzer’s cryogenic lifetime will leave its mosnhsitive and versatile capa-
bility for studying the distant Universe intact, enablingry ambitious survey programs
addressing a wide range of science. Nearly anything thabne ¢h the warm mission

will explore unique parameter space, as there is no conygeitiistrument in this wave-

length regime until JWST. Among the various possibilities, feel that the three-tiered
approach outlined in this document would extend currentylable samples by at least
an order of magnitude, enable qualitatively new sciencd,senve a wide community.

The survey parameters are summarized in Table 1.

TABLE 1
Recommended Surveys

Area Depth Totaltime Fields Main science drivers

150arcd  250hr ~2500hr TBD galaxies at=7— 14
2 ded 20hr ~7500hr COSMOS, UDS, bright galaxieszat 6
EGS, E-CDFS AGNat=1—-7+
clusteringaz=2—-6
500ded 120s ~4000hr TBD guasars to~ 7
galaxy clustersat ¥ z< 2

Chosing survey fields is a charged subject, as several laogggin the high redshift
community have invested significant effort and resourcgsanticular areas of the sky.
This document leaves this issue open for the ultra-deep laaitbs/ surveys, as there
are no fields that can be easily identified as superior to Akrst Distributing these
surveys may also be an option, e.g., covering two widely se¢ed 75 arcmififields in
the ultra-deep survey rather than a single 150 arémiaa.

However, we are explicit about the fields that can be covenethé deep 2 deg
survey. Despite the large investment of IRAC time that wdaddequired, we believe a
case can be made for covering all four well-studie®.25 ded fields. Each of these
fields offers qualitatively different legacy value: the UR8d COSMOS fields will
have the best near-IR coverage, the EGS has the best sgegypa lower mid-IR
background than the equatorial fields, and is well placetlothern telescopes, and the
E-CDFS has very low mid-IR background and is ideally placadGhilean telescopes
(including ALMA). These four fields have been vetted for tHegacy value by many
time allocation committees for ground- and space-baseities, and one may question
whether it is sensible to do that yet again.

An important consideration in this context is not just thalgy of the supporting
data, but their access. The survey programs that are coedigethis document require
such a large investment of Spitzer time that a level playielgl iis absolutely crucial. A
field should therefore only be observed if access to crugpsrting data (e.g., near-IR
imaging) is completely unrestricted. This would be an esit@m of the usual process,
where proposers use their (often partially proprietaryada argue for a certain survey
strategy or sky area, and then promise to make the spacd-thatepublicly available
in reduced form.



The TAC process is also unusual, in the sense that the sibe efivisioned proposals
will exceed even the largest programs that have been extoutspace observatories
to date. It is unlikely that proposers will have a chance tase their proposals for
a future round, as a large fraction of the available time dkerentire warm mission
may be reserved in a single proposal round. TACs inevitaaty in their composition,
priorities, and expertise, and special care needs to ba talensure that the best science
is selected for this unique opportunity.

In practice it may be desirable to have the SSC implement oneooe of the TAC-
approved surveys, following the example of the various Helloleep field campaigns.
This will capitalize on the experience and expertise of tB& Staff, ensure a timely
distribution of reduced data, and allow the community toufot¢heir efforts on the
science enabled by these surveys rather than their exacutio
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