The Dark Energy Survey Science Program

Abstract

The Dark Energy Survey (DES) will enable measurements of the darigyeand dark matter densities
and the dark energy equation of state through four independent metbaldsy clusters, weak gravita-
tional lensing, galaxy angular clustering (baryon acoustic oscillatioms),sapernovae. These methods,
highlighted by the Dark Energy Task Force Report (DETF) as the mostiping, are doubly complemen-
tary: they constrain different combinations of cosmological model paramatel are subject to different
systematic errors. By exploiting this multiplicity, the DES will make a substantial ahdst advance in
the precision of dark energy measurements at the level envisioned f&T& Btage Il {.e., near-term,
intermediate-scale) experiment. It will also explore and develop methods to t@itlgasystematic errors
for the different dark energy methods.

This description of the Dark Energy Science Program, originally writtenaaisgé the DES proposal
to NSF and DOE in December 2006, is organized as follows. We first mréise forecast constraints
on dark energy parameters; we then summarize each of the four pdotmdmiques for probing dark
energy, describe how they will be implemented in DES, detail the primary systeaneors and how we
plan to control them, list the assumptions underlying the parameter foregadtbriefly mention ancillary
science that can be done with each method. After describing other dandygurobes that DES will enable,
we describe an extensive program of numerical simulations that will ki toseail down key theoretical
undecertainties and that will serve as a testbed for developing DES @ralyls. We end by summarizing
the photometric redshift (photo-z) estimates that are central to the entirs€@&®e program.
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1. Survey Parameters & Forecast Dark Energy Constraints

The DES comprises two multi-band imaging surveys, a wide-field survey aradraw time-domain
survey. The wide-field survey covers 5000 sq. deg. in the south t&atap, completely encompassing
the 4000 sq. deg. area of the South Pole Telescope (SPT) Sunyiabwich effect (SZE) survey (Ruhl et
al. 2004), reaching- 24th magnitude in SDS§r i z filters. The depth and filter coverage of the wide-field
survey are chosen primarily to achieve accurate galaxy and clusterphotasurements to redshits, 1
(88.). The wide-field survey will detect over 100,000 galaxy clustedsrth measure shapes, photo-z’s, and
positions for~ 300 million galaxies. Upon formal approval by ESO of the near-infraristBMHemisphere
Survey covering the DES area ) H, andK filters, we plan to add -band to the fiducial filter set for the
wide-field DES (theY-band filter for DECam will be purchased by the DES consortium). The aoedb
grizY JHK data will extend the range of precise galaxy photo-z's to 2. However, all our forecasts rely
on photo-z error estimates based on simulations of DEZ data alone.

The DES Supernova (SN) Survey involves frequent, repeat imagiagnodich smaller area of sky to
discover and measure large numbers of supernova light curves;rtieatdoaseline SN survey (84.) features
deep imaging imi z filters over 9 sq. deg. with a cadence of 5 visits per lunation, yielding gpedity light
curves for over 1000 type la supernovae to redshift 1. The SN survey is expected to use up~td.0%
of the available photometric time for DES, plus a larger fraction of the useadatephotometric time.

In forecasting dark energy parameter constraints for DES, we follovapipeoach of the DETF. We
parametrize the redshift evolution of the dark energy equation of statg&y= wo + wa(1 — a), where
a(t) = 1/(1 + z) is the cosmic scale factor. In order to compare dark energy methods ajedtpr the
DETF defined a figure of merit (FOM) that is proportional to the reciprotthe area in thevy — w, plane
that encloses the 95% CL region. Defining a pivot epaghat which the uncertainty im(a) is minimized
for a given experiment, the DETF FoM is (wp)o (wa)] 7.

The DETF provided an estimate for the Stage Il FoM, where Stage |l inglpdgections from on-
going surveys as well as the forecast statistical precision of Planck @gsurements on cosmological
parameters. The DETF also provided optimistic and pessimistic forecastefboM for ‘generic’ Stage
Il and Stage IV projects exploiting the four dark energy techniquegravbptimistic (pessimistic) means
the assumed systematic errors are small (not small) compared to the statistical &hey found that a
Stage Il imaging experiment combining the four techniques and modeledyctws®ES, in combination
with SZE cluster detections modeled closely on SPT, should achieve ansadrethe FoM of a factor of



3 to 5 relative to Stage Il, depending on the level of optimism. Our own fetesmmnstraints for DES are
given below in Table 1 and correspond to an increase by a factor of thé tombined FoM over the DETF
Stage Il value. Our projections for the FoM for each method lie toward ttientgtic ends of the DETF
projections for Stage Ill; we justify the assumptions underlying these gifofes in §82.-5..

We note that considerable uncertainties in the systematic error levels remaiacto of the methods.
Some of those will be pinned down by further theoretical werg,, via N-body simulations, while others
will likely only be determined once we have the large DES data set in handang @ut internal and
external cross checks of each method. On the other hand, we findeHfatélcast combined FoM for DES
appears to be robust to changing the level of systematic uncertainty imarof the dark energy probes.
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Figure 1: 68% CL forecast DES constraints in the-w, plane from the four probes: BAO (black), clusters
(magenta), weak lensing (blue), and SNe (green), each combined wiiahek CMB prior; the filled,
red region shows the constraints from combining the four methods. All otgsnological parameters and
the nuisance parameters for each method have been marginalized. Telhetd¢he degeneracies for each
method, in this plot we hawveot included the DETF stage Il constraints, unlike in Table 1.

Our forecasts are based on Fisher matrix calculations. For the fidusiaotogical model, we take
the matter densitf2,h?> = 0.14, dark energy densit@pe = 0.73, wg = —1, wa, = 0, matter power
spectrum amplitudeg = 0.75, baryon densit@2,h? = 0.024, spectral inders = 1, and spatial curvature
Q, = 0, consistent with current WMAP constraints. We allow each of thesenmeas, including the spatial
curvature, to vary, but we impose massless neutrinos, no tensor ctiotribo the CMB, and no running
of the scalar spectral index. We assume that the primordial perturbatiersslebatic and Gaussian, as
expected in the simplest classes of inflation models. The forecasts assuamelaptior for the CMB, as
adopted by the DETF. For each dark energy probe, we derive mhrgih®8% CL constraints omg and
w4 Using the Planck prior and the survey parameters and assumptions outlihedatiowing sections. We
then combine the Fisher matrices for all four probes to derive the combineginalized constraints. The
results are shown in Fig. 1 and displayed in Table 1.

In addition to measuring the effective dark energy equation of state aedmring whether it is consis-
tent with Einstein’s cosmological constant, we plan to address the funddmeaastion of whether cosmic
acceleration is caused by dark energy or by a modification of GendathiRg (GR) on large scales. Such a
modification is expected to alter the growth rate of large-scale structure inmemaot captured by a single
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Method 0 (Qoe) | 0(wo) | 0(wa) | Zp | o(wp) | [0(wa)o (wp)] ™"
BAO 0.010 | 0.097 | 0.408 | 0.29| 0.034 72.8
Clusters 0.006 | 0.083 | 0.287 | 0.38 | 0.023 152.4
Weak Lensing 0.007 | 0.077| 0.252 | 0.40| 0.025 155.8
Supernovae 0.008 | 0.094 | 0.401 | 0.29| 0.023 107.5
Combined DES 0.004 | 0.061 | 0.217 | 0.37 | 0.018 263.7
DETF Stage Il Combined 0.012 | 0.112 | 0.498 | 0.27 | 0.035 57.9

Table 1: 68% CL marginalized forecast errorbars for the 4 DES prohethe dark energy density and
equation of state parameters, in each case including Planck pndithe DETF Stage Il constraints. The

last column is the DETF FoMg, is the pivot redshift. Stage Il constraints used here agree with those in the
DETF report to better than 10%.

equation of state functiom(a). The four techniques in DES employ different combinations of geometric

and structure-growth based probes, so that comparisons of the reifidisable us to constrain departures
from GR.

2. Galaxy Clusters

Massive structures observed in the Universe today bear the markeefitfiluences: the spectrum of
initial density perturbations, the physics of gravitational collapse, andythamlically evolving underlying
metric. Galaxy clusters, the largest virialized objects in the mass distributea,@articularly tractable tar-
get for observations of structure and its evolution over cosmic time. Fosetrof cosmological parameters,
the growth of cluster-sized dark matter haloes as a function of redsuiftnass can be precisely predicted
from N-body simulations. Comparing these predictions to observations oé#heiniverse provides con-
straints on cosmology (Allen et al. 2003; Bahcall et al. 2003; Gladdeak 8007). Large cluster surveys
that extend to intermediate or high redshift can in principle provide vegiggeneasurements of the cosmic
expansion history, thereby revealing the nature of dark energy (euwg\& Steinhardt 1998; Haiman et al.
2001).

A basic example of one such comparison is the redshift distribution of chustex survey that finds
systems of mashk! with efficiency f (M, z) at redshiftz:

d*N@Z ¢ ., 5 [ dn(z)
20 = H(Z)DA(1+z)/o f(M,z)d—MdM, (1)

wheredn(z)/dM is the space density of clusters of madsn comoving coordinated () is the Hubble
parameter as a function of redshift, add(z) is the angular diameter distance. In anideal case, the detection
probability f (M, z) is approximately a step function withza-dependent mass threshdlin(2).

The cosmological sensitivity of cluster counts arises from two factors:

e Geometry: The volume per unit solid angle and redshift depends selysd@iveosmological param-
eters.

e Abundance Evolution: The evolution of the number density of clusthr&)/dM, depends on the
growth rate of density perturbations, which is determined by the expareti®hl (z) and thereby the
cosmological parameters.

The cluster counting method depends critically on understanding the mapgtingdn confidently pre-
dicted properties such as halo mass and the observed properties afsglsgtd as galaxy content, X-ray
emission, Sunyaev-Zeldovich flux decrement, or weak lensing shetactinrcosmological sensitivity also
arises here, because the observed flux of a cluster at a particudaiftedaps into a luminosity and mass
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that depends on the distance to that redshift. In Eqn. 1, this mapping isxappted by a mass dependent
selection function,f (M, 2). In fact, the selection is more directly dependent on some cluster obkgrvab
0O, and the observed number function can be rewritten:

¢*N@ _ ¢ 2 [ * dn(2)
dzda ~ H@ Att? /Ommf(O,Z)do/0 g(OIM, )~ -=dM . )

This mapping includes both a selection function more precisely expressdisénvable spacef, (O, z),
and a probabilistic mass-observable relatigfQ|M, z). The selection functiorf (O, z) is largely deter-
mined by observational issues, while the intrinsic mass-observable retfi®M, z) contains important
information about cluster physics.

2.1 Galaxy Clustersin DES

The Dark Energy Survey will provide a superb data set for clustemoligyy, a substantial advance
beyond the largest on-going optical imaging surveys such as the SOBEBG@®-II. The DES will cover
over half the sky area of the SDSS (York et al. 2000) but with abouettinees the redshift reach. It will
cover four times the area of the RCS-II with four optical passbands thstehree. Based on current survey
results and on numerical simulations populated with galaxies with observpdrfies (see 8§87.3), for the
fiducial cosmology we expect to optically deteetl 70, 000 clusters with- 10 bright red-sequence galaxies
and with masses greater than5 x 10'*M, out toz ~ 1.5; the number of lower-richness groups detected
will be even larger. The predicted redshift distribution for optically se&ES clusters above this limit is
shown as the upper curve in the right panel of Figure 2.
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Figure 2:Left panel: Predicted SPT-SZEAcluster mass detection threshold as a function of redshift (see
§2.3); for optical cluster detection by DES, the mass limit is typically a facter dflower over most of this
redshift rangeRight panel: Expected cluster number counts (for= —1) as a function of redshift for the
approximate mass limits for DES optical cluster detection (purple) and forSZETdetection fosg = 0.75
(black) and @ (red); for comparison the SPT SZE cluster countsdo —0.8 andog = 0.75 are shown

in blue, showing the sensitivity to.



The red-sequence optical cluster detection method is now mature, with manyf tliousands of clus-
ters already detected and characterized (Koester et al. 2007). #ireasly been applied across the full
DES redshift range (Gladders et al. 2007), albeit over much smallearsiy and the red-sequence galaxies
on which the method relies have been shown to be ubiquitous in clusters tlordue redshift range of
interest for DES. The number of bright galaxies in a cluster (the rich@egktheir total luminosity can be
determined using statistical background subtraction and used as dilegmwaxies for cluster mass (e.g.
Lin, Mohr, & Stanford 2003; Yee & Ellingson 2003). The spectral gyedistributions of red-sequence
cluster galaxies are simple and homogeneous, enabling demonstratedemeagof cluster photometric
redshifts withAz < 0.02 and oftens< 0.01, consistent with the predicted precision for DES (see §8.2).

A critical feature of the DES is its ability tdirectly calibrate the mean mass-observable relation and its
evolution using weak lensing (see 82.2). This direct mass calibration istedder achieving precise and
robust cluster dark energy constraints. We note that it cannot beegediwith a narrow-field imager that
just targets the cores of clusters discovered, e.g., by the Sunyaeleveh effect, in order to estimate their
photometric redshifts.

A unique feature of the DES cluster survey is its complete overlap with the SalghTelescope (SPT)
survey region. The SPT (Ruhl et al. 2004) will identify clusters basdtieir integrated Sunyaev-Zel'dovich
(SZE) (SZE Sunyaev & Zel'dovich 1970) flux decrement, which is eigutto be tightly (at about the 10
% level) and robustly correlated with cluster mass (see 87.2). ¥h®ZE threshold for SPT corresponds
to a nearly redshift-independent cluster mass threshoM ef 2 x 10'“M, (see Fig. 2 and §2.3). Because
clusters of this mass contain 30 luminous red galaxies in the central Mpc, DES will independently detect
and provide accurate photometric redshift estimates for essentially eRargl8ster out taw ~ 1.3 (and
beyond, in combination with VHS; see 8§8.) and provide independent wealtg calibration of the SZE
flux-mass relation. Together, the DES and SPT offer unique advartagescision cluster cosmology; the
interested DES and SPT scientists will form a joint working group to camydad this analysis.

2.2 Cluster Systematic Uncertainties

To probe dark energy with clusters, we must have precise theoretiedicions for the halo mass
function,dn(z)/dM, as well as controlled understanding of the mass-observable relg{ionM, z), and
the selection functionf (O, z). The theoretical uncertainty in the mass function is currently attH€%
level (e.g. Warren et al. 2006); the program of simulations described.imifs to bring that down by
a factor of several, ensuring that it will be a negligible part of the clustemology error budget. The
main systematic concern for cluster cosmology is therefore determining thealnsesivable relations and,
to a lesser extent, the observable selection functions. Inferring cosicallpgrameters from the observed
distributions of cluster properties, either SZE or optical, requires knayelefithe form, scatter, and redshift
evolution of these distributions. Here we describe three interlocking sieattat we will pursue to obtain
them.

Direct Theoretical Prediction:

The first approach involves refining theoretical predictions, in cangith information gleaned from
precursor surveys. 87.2 describes a program of N-body+hyanaations aimed at improved modeling of
the relation between SZE flux and cluster mass, the scatter therein, andeitsldape on cluster gas physics,
including redshift-dependent feedback from SNe, AGN, etc. PsecBZE surveys now in progress, such
as SZA, AMI, and APEX, will provide high-resolution SZE maps to test th@eelictions. An important
goal of the simulation program will be to test and refine the parameterizetsfof the mass-observable
and survey selection functions assumed in cluster dark energy fta€g8as3). In addition, the simulations
will be used to examine the relationships between the scatter in the massatibseelation and variations
in the amount of unvirialized cluster substructure (O’Hara et al. 200@Jus$ters can be partitioned based
on some morphological structure measure, then we may be able to deviseéchpralysis techniques that
capitalize on the smaller-scatter subsamples.



This approach may be particularly fruitful for the optically identified DES t&ts because the sample
is very large and the scatter in the optical richness-mass relation is largethtitabetween SZE flux and
mass (Gladders et al. 2007; Benson et al. 2004). Direct theoretiediction of the optical properties of
clusters is the subject of intense effort (see §7.); the complexity of gdtaryation physics makes this
a challenge, but real progress is being made. For example, Conrdy(80@6) provide a method for
connecting detailed spectroscopic observations of galaxies with N-liodyegions in order to predict, e.g.,
the optical observables of clusters. The DES simulation group is prodacsegjuence of increasingly
realistic mock catalogs that are being subject to red-sequence clustegfmuhlyses. These will help
determine the DES optical selection functibfiO, z) and enable realistic assessment of the impact of line-
of-sight blending on optical richness estimation. These methods are atgp ddensively tested using
precursor surveys such as the SDSS, RCS-II, and the Blanco Cagn&laovey.

Salf Calibration:

A powerful technique for handling the cluster mass scaling relations takestage of the additional in-
formation and therefore the cross checks that cluster samples protbdreque known as self-calibration
(Majumdar & Mohr 2003, 2004; Hu 2003; Lima & Hu 2004, 2005). Themhand amplitude of the cluster
abundance functionn/dOdz (as opposed to its integral above a threshold), and the cluster spat&lbeor
tions as a function of observable and redshift are additional measeigadmtities that must all simultane-
ously match the theoretical predictions. These quantities depend on thiosefenction f (O, z) and the
mass-observable relatigO|M, 2) in different ways. Demanding consistency among the various measure-
ments provides internal constraints on the mass-observable relation aseddbigon function, substantially
tightening the cosmological constraints from clusters. Moreover, this igedrallows for external mass
calibration information such as that from weak lensing, galaxy velocity tsgpes, or hydrostatic masses
to be folded into the analysis self-consistently. In particular, by paramegrihinmass—observable relation
the residual uncertainties in the cluster masses are directly reflected thr@adened cosmological con-
straints. Recent work using the RCS-1 optical cluster sample (Gladdalt2€07) demonstrates that such
self-calibration approaches are viable in practice.

Direct Calibration with Weak Lensing:

DES data will allow direct measurement of the mean mass-observable relatidrnheir evolution,
(M)(0, 2), through statistical weak gravitational lensing (e.g. Metzler et al. 200@gBon 2004; Sealfon
et al. 2006). Johnston et al. (2007a) have shown via direct analfydisbody simulations that statistical
weak lensing measures of the cluster-shear correlation function candrehin a model-independent way
to provide unbiased estimates of the average 3D mass profile and virial onassdmple of clusters, with
an accuracy of a few %. As shown in Fig. 3, application of this techniqu®®SSdata has shown that both
the mean cluster virial radiusgg and the virial mass can be inferred directly. DES cluster samples will be
large enough to allow measurement of the mean cluster mass profile in a ndrimagspendent bins in both
cluster observable, e.g., optical richness or SZE decrement, andfrettspractice, the accuracy of these
lensing-derived mean mass profiles depends upon the quality of the phiotmendshifts for source galaxies
(88.), and the ability to precisely determine the shear (83.); application to aisdoie SDSS clusters have
shown that these do not appear to be major limiting factors (Sheldon et &l)..200

Because the lensing mass calibration derives from measurement of tteg-slusar correlation function,
it is not biased by the projection ahcorrelated mass along the line of sight, a significant systematic effect
for individual cluster weak lensing mass estimates or for shear-selected cluster sammiesvéd, as Fig. 3
shows, the effect aforrelated mass along the line of sight appears to be quite small within the virial radius,
for the rich clusters of primary interest for DES. Because the clustartogudark energy probe depends
critically on accurate statistical mass estimation, we emphasize how powerftd i@ve this independent
cross check.

Finally, we expect to develop a program of spectroscopic follow-uppsobgample of DES-SPT clusters.
Multi-fiber spectroscopy should enable us to determine velocity disperiottsese clusters, thereby pro-



viding dynamical mass estimates and possible additional constraints on the iscdteemass-observable
relation.
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Figure 3: Mean measured properties of SDSS clustesfs panel: mean radius at which the galaxy density

is 666 (diamonds) or 200 (bars) times the mean galaxy density, as a funfotiptioal cluster richnes\ga s
(Hansen et al. 2005)Right panel: mean cluster 3d mass profile inferred from weak lensing cluster-shear
measurements for clusters identified optically and containing I¥;,s < 17 galaxies brighter thah*/2
along the red cluster sequence (Sheldon et al 2007, Johnston €7&l)28ashed red lines denote the virial
radius and virial mass, green curve shows the best-fit NFW profile éoptints inside the virial radius,
blue line indicates expected contribution from projected mass correlated withuster (the two-halo term

in halo model parlance), and purple curve shows the model sum; innebmasiows contribution from the
central galaxy.

In addition to these multiple approaches to constraining the mass-obseelakitay, we will also pursue
multiple methods for testing the cluster selection functib(Q, z), which we outline briefly here.

The Optical Selection Function:

As noted above, massive clusters contain large numbers of luminouslagdkegavithin their cores and
are therefore straightforward to detect with red-sequence methodsabateen developed for on-going
surveys. While we are working to further optimize such methods, we not¢heaurity and completeness
for red-sequence cluster-selected catalogs, estimated from realisticatatilgs and from intercomparison
of detection methods, are both greater than 90% for masses ab&M1th the SDSS (Koester et al.
2007); analysis of simulated catalogs for DES indicates a similar level oteghperformance. The effects
of line-of-sight projection become more important at high redshift, alteriegntass-observable relation
g(O|M, 2), but this effect can be quantified with simulations (§87.) and in any case hasfftilet on the
ability to detect a cluster which contains 10 or more red-sequence galaxies.

SZE Selection Function:

Cluster SZE selection using multiple mm-wave frequencies with arcminute angstzlotion such as
that delivered by the SPT is expected to be quite clean, because the sigetdrdiffers from the primary
CMB anisotropy both in angular scale and spectrum. Complications in the salettlusters from the SPT
SZE survey are expected primarily from line-of-sight projection anthfradio point source contamination



of SZE flux measurements (Vale & White 2006). Much work is currently wweg to understand these
issues in greater detail (e.g., Schulz and White 2003; White and Majumddr R0€lin, Bartlett, and
Delabrouille 2005). The two most uncertain effects are radio-loud AGiterially associated with the
clusters themselves, and sub-mm bright galaxies, high-redshift gakitiees undergoing bursts of star
formation or harboring an AGN but in either case enshrouded by dusité\and Majumdar 2004). Multi-
frequency observations such as those planned for SPT can allevigpedbiem. These contaminants will
also be better understood by a program of optical identification of clustensall-area, high-resolution
precursor SZE surveys that are underway, e.g., with the SZA and AdMlyell as through study of the
relationship between existing radio surveys (e.g., FIRST, NVSS) and tugter catalogs selected in the
optical or X-ray (Lin & Mohr 2007).

Cross-checks of Selection Functions:

While mock catalogs derived from simulations will tell us much about the clusiectson function,
crucial tests of completeness will come from comparison of the optical aidderived cluster catalogs
from DES, SPT, and other SZE experiments such as APEX and ACT thaumiy within the DES survey
footprint. Since DES optical cluster selection extends well below the SPT tim&shold over this redshift
range (Fig. 2), it will provide an important cross-check on the SPT SfEcton function, offering a way to
mitigate the effects of radio galaxies in SZE selection. By the same token, S&Erdlietection can provide
a check on the effects of projected large-scale structure on opticé&iciedection noted above. Additional
tests of cluster selection that we will explore include shear selection of BUstBES (Hennawi & Spergel
2005; Wittman et al. 2006) and X-ray selection through existing XMM andh@freobservations within the
DES and SPT survey regions. Although shear selection suffers foomplex projection effects, a relatively
high mass threshold, and relatively narrow range of redshift sensitv#tybset of high-mass, shear-selected
clusters will provide a unique test of the completeness of cluster samplesesefeom stellar or gaseous
baryon content. X-ray cluster selection has been employed for overdeadds and is still responsible
for the bulk of the confirmed clusters at redshifts> 0.2. In coordination with the 10@eg? Blanco
Cosmology Survey, a dedicated XMM survey program (P1 Boehririggust beginning and, together with
serendipitous XMM and Chandra pointings within the DES and SPT regionpreMide the data required
for a detailed comparison of X-ray, SZE, optical, and shear clusterteledResults from these ongoing
precursor surveys will inform the analysis of the DES cluster surveynotogy program.

2.3 Cluster Forecasts

While dark energy constraints can in principle be obtained from opticallgt®elelusters in the DES
alone, as noted above inclusion of the SPT data allows cross-checlgggtematic uncertainties, use of an
observable—the Sunyaev-Zel'dovich effect flux decrement—thaelades tightly with cluster mass, and
investigation of relations among the gas, galaxy, and dark matter contentstefrs. Therefore, in 81., we
present only dark energy constraints expected from the combined EEEEsamples.

We predict the SPT SZE mass threshold and detected cluster populatiorcassgyvative estimates
of SPT performance. These includ@aynm = 1 beam, one channel at 150 GHz, andsa detection
threshold corresponding to a limiting flux & = 1.52 mJy. To account for clusters larger than the beam
size, we allow beam degradation (combining pixels) up to 20 arcmin (Battye EeM2903); we neglect
CMB and point source confusion noise. The cluster SZE mass-olemelation is parametrized as a
power-law relation that evolves & (1 + 2)”. This relation is assumed to have an unknown log-normal
scatter, and the redshift evolution of the variance is taken to be lingat. \,(2) = o0& + oZz. Together
this yields a 4-parameter model for the SZE mass—observable retgtidyM, z). The mass-observable
relation is constrained by employing three mass bins within redshift bidszof 0.1 and assuming 30%
accurate weak lensing cluster mass calibration for individual clustergint#a. A more accurate treatment
of weak lensing mass reconstruction assuming NFW mass profiles and #etexkpedshift distribution of
DES source galaxies yields fractional lensing mass errors as a fun€otuster mass and redshift that are



somewhat larger but within a factor of two of this approximation. Galaxy dwdtestering was used only
through the variance of cluster counts within 10 deglls, which provides a constraint on the cluster bias
and therefore the cluster masses. The lensing and clustering informatiodeppriors on the parameters in
g(O|M, 2); these ‘nuisance’ parameters are marginalized over, along with othewotagical parameters,
in deriving the cluster constraints shown in Fig. 1.

For the fiducialACDM (w = —1) cosmology, the assumptions above give the cluster SZE mass limit
and abundance function shown in Fig. 2. For the constraints shown irlFige use a maximum cluster
redshiftznax = 1.5. Forog = 0.75, 0.8, and 0.9, we findv 5, 600, 9 200, and 21000 SPT SZE clusters
at 4o respectively over this redshift range, showing a very strong seibgiti¥ the cluster counts to the
power spectrum normalization. However, Fig. 2 shows that the depead#rihe cluster abundance on
redshift allows one to separate the effectegofand the dark energy equation of state For the forecast
shown in Fig. 1, we conservatively use the low value of the power speatarmalizationgg = 0.75,
recently reported by WMAP (Spergel et al. 2007), although reanahgssraised that value to 0.78 (Kuo
et al. 2007). We note that the value &f is still quite uncertain, and that recent measurements of cosmic
shear (e.g., Semboloni et al. (2006); Hoekstra et al. (2006)) , th&yghispectrum (Scoccimarro, private
communication), and the small-scale angular power spectrum of the CMBReryl, et al. (2005); Kuo et
al. (2007)) all suggest a higher value than we have adopted. As arhigleuld result in more detected
clusters, the dark energy constraints would be correspondingly tightgr;forog = 0.9, the DES-SPT
cluster dark energy figure of merit increases by about 60%.

Finally, we note that, in deriving the constraints in Fig. 1, we have not imposeddtical priors on the
parameters in the SZE mass-observable relation. Improved theoreticdimgarfeclusters (see 8§7.) should
enable us to remove some of the freedom currently encoded by theseaausaameters, thus reducing the
errors on derived cosmological parameters.

2.4 Ancillary Science

As the largest virialized systems in the Universe, clusters provide integestirironments for studying
the interplay between gas, galaxies, and dark matter. Understandingtiatiton of clusters, including
the effects of non-gravitational feedback on the cluster gas, is a togieat general interest. Turning the
question around, understanding the impact of cluster environment oorthation and evolution of galaxies
will add significantly to our understanding of galaxy formation in generaladdition, the strong lensing
cores of massive clusters (86.) will provide windows of high magnificatiatiéohigh-redshift Universe,
enabling pathfinder studies for future extremely large telescopes.

3. Weak Lensing

The gravitational bending of light by massive structures in the Univeisterts the images of distant
galaxies. Weak lensing measurements are sensitive to the evolution of thepomassspectrum and to
the distance-redshift relation, which enables them to probe the natum@lotdergy (e.g. Linder 2003;
Song 2005). Near a massive galaxy cluster, the tangential stretchirgkdgiound galaxy images is strong
enough to reconstruct its mass distribution. Here we are concerned withutie weaker but ubiquitous
signal due to gravitational lensing by the large-scale distribution of mass idrikverse, termed “cosmic
shear”. Since this signal was first detected (Bacon et al. 2000; Vambé&ke et al. 2000; Wittman et al.
2000; Kaiser et al. 2000), larger areas of sky have been sunayanalysed using more sophisticated
techniques (e.g., Semboloni et al. (2006); Hoekstra et al. (2006)s ral. (2006)).

The primary statistical measure of the cosmic shear is the shear-shedatonrfunction or its Fourier
transform, the shear power spectrum, measured in source-galakifrbass. The weak lensing dark energy
constraints given in 81. rely solely on the shear power spectrum (H8)1%nce the foreground lensing
dark matter is associated to a large degree with foreground galaxiesaimatso measure the angular cross-
correlation between foreground galaxy positions and source galaeay §galaxy-shear correlations). The
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shear, galaxy-shear, and galaxy angular power spectra can tesgeg as projections of the corresponding
three-dimensional power spectra (e.g., Hu & Jain 2004),

G = [ a2 2 W @Wh@ Pk =1/Dy: 2, @)
A

where¢ denotes the angular multipole, b € {1, 2}, x; andx, denote the two-dimensional angular galaxy
(g) and sheary) fields, ands; ands, respectively denote the three-dimensional galaxy (g) and mass (m)
density fluctuation fields at redshift The weight function¥V; andW, encode information about the galaxy
redshift distribution and about the lensing efficiency. The dark engeggity and equation of state affect
these angular power spectra through geometric fadgtersthe Hubble parameter, the angular diameter dis-
tance, and the weight factors, and through the growth of strudterethe redshift- and scale-dependence
of the three-dimensional power specB&, P™, andP9™. It is also possible to extract a purely geometric
probe of dark energy from the redshift dependence of galaxgrstmerelations (Jain & Taylor 2003; Bern-
stein & Jain 2003; Zhang et al. 2005; Hu & Jain 2004). For a given ehofaccosmological parameters,
the shape of the mass power spect®f{" is well constrained on large scales by CMB anisotropy data; on
scales below~ 10 Mpc it must be computed using-body simulations (87.). The power spectra involving
galaxies,P9 andP9™, require in addition a model for how luminous galaxies are distributed witleot$p
the dark matter, i.e., for the galaxy bias, which we model either with the halgation distribution (e.g.,
Yoo et al. 2006) or with some other phenomenological bias model with paresvibtg are marginalized
over.

For the measurement of the shear power spectrum, the statistical uncaséifdiser 1992)

« 2 a2(y)
AC) = [————(c7 4
t (25 + 1) fsky ( ‘ + Neff ) ( )

where fyy is the fraction of sky area covered by the survey (0.12 for DEJ);) is the variance in a single
component of the (two-component) shear, aggis the effective number density per steradian of galaxies
with well-measured shapes. The first term in brackets, which dominategyersieales, comes from cosmic
variance, and the second, shot-noise term results from both the \aiegalaxy ellipticities (“shape noise”)
and from shape-measurement errors due to noise in the images. Thassmprassumes the shear field is
Gaussian; for the forecasts in 81., we only use informati@n<atL000, where this approximation should be
reasonable. At even smaller angular scales (lafgghe measurement uncertainties in the power spectrum
can be smaller than the theoretical uncertainties due to baryonic effectaréhahmodelled irN-body
simulations that contain only dark matter (White 2004; Zhan & Knox 2004; Lialet2006); we will
address this issue through the simulation program described in 87..

In addition to shear-shear and galaxy-shear two-point functionsawelso measure the shear three-
point function or bispectrum as well as various galaxy-shear thragg-porrelations. Three-point corre-
lations are induced by nonlinear gravitational evolution, and their depeeden cosmological parameters
differs from that of the power spectrum. Inclusion of three-point imfation therefore improves dark energy
constraints and, more importantly, makes them more robust to systematic etimis generally affect the
bispectrum differently than the power spectrum (Takada & Jain 200t&rEluet al 2005); we quantify this
statement below in at the end of §3.2.

3.1 Weak Lensingin DES

The DES will survey an area 30 times larger than any on-going weak lesigingy and measure shapes
for approximately 300 million galaxies. While this greatly reduces statisticalrtaioges, we must ensure
that systematic errors in shear measurement, photo-z determination, aralagisal theory do not come to
dominate the dark energy error budget (see §3.2). Because DES wilureeshapes for moderately bright
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source galaxied, < 24, we can use existing survey data to quantify many of the characteriticese
galaxies that are relevant for weak lensing.

We base all of our cosmological forecasts on the current delivered image quality of the Blanco telescope
and Mosaic |l imager. Based on recent and long-term CTIO weather records, 0.9” is the mediiatrspread
function (PSF) for the Mosaic Il imager during the DES observing seasuhwe adopt this as the fiducial
value for DES. The DEcam instrument and upgrades to the telescopesigned to improve the image
quality performance, taking better advantage of the excellent site, whglediamated median seeing of
0.65". As described in the Science Requirements and Technical Speciie&imcument of the DECam
and DES Data Management projects, the as-designed DECam system idegstondeliver 0.8” PSF for
these median seeing conditions.

The size of the PSF, along with the depth of exposures, determines tlogveffeky densityngs of
galaxies that are useful for cosmic shear measurement. The empiripal isbige for large, well-measured
galaxy images in exposures of comparable depth to the DEEj$ = 0.16 (Sheldon et al 2004, Jarvis et
al 2003); we use this value to defingy in Eqn. 4. To estimateg; for the DES, we study images taken
by the HST GOODS (Dickinson et al 2004), artificially degrading them to thiety PSF and noise values
expected for DES. As a check on this estimate, we perform the same preced a 900 sec CFH12K
| -band exposure taken with median PSF of 0.63”, with depth similar to that of iEd. Adopting a
median DES PSF of 0.9” (see above), we infigi = 12 arcmim? when using combined measurements
from ther, i, andz bands; we use this number for forecasts of the DES weak lensing penfice. Note
that thiseffective source density is smaller by about a factor of two thantdted density of galaxy sources
above the DES 10 photometric detection limit, because it includes down-weighting due to measuremen
error, blurring by the PSF, and other effects.

3
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Figure 4: Angular power spectrum of cosmic shear for fiducial cosnydlag= —1, black) and for a dark
energy model witho = —0.9 (red) in 3 photo-z bins of widtlhz = 0.5, with binned statistical errors from
Eqgn.4. Not shown are the cross power spectra between differetd-phns.

Fig. 4 shows the resulting predicted DES shear angular power spectiine@photo-z bins of width
0.5 out toz = 1.5. The binned statistical errors from Eqn. 4 are also shown.

We find thatneg increases by approximately 17% per 0.1” reduction in PSF around owidldeSF
value, so the expected improvement in Blanco image quality upon installation BEBeoptics and feed-
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back systems should improve the signal to noise of the shear power spesgasurement on small angular
scales.

3.2 Weak Lensing Systematic Uncertainties

Systematic errors in weak lensing measurements can arise from a numioeiradss incorrect shear
measurements, uncertainties in the variance and bias of galaxy photomestiftrestimates, intrinsic
correlations of galaxy shapes, and inaccuracies in predictions of anstructure growth. We discuss our
modeling of these effects below and summarize our findings on how much thegtially degrade dark
energy parameter constraints in the summary at the end of this subsection.

PSF and Distortion Variation

The dominant galaxy shape measurement error in current lensingysusvdue to theanisotropy of
the PSF caused by optical and CCD distortions, tracking errors, wirlde shémospheric refraction, etc.
In a given exposure, the PSF anisotropy as a function of angular pogtimeasured using the stars in
the field and interpolated to the positions of the galaxies. Because the denstitysois much lower than
that of galaxies, interpolation errors can lead to coherent errors in tasurexl shapes of galaxies that are
difficult to distinguish from the lensing shear. This leads to additive eirotise shear that must either be
eliminated or marginalized over. Thgtic part of the PSF pattern is easily controlled by combining different
exposures to reach much higher stellar density across the field of vietiridavarying component of the
PSF anisotropy can be more problematic, depending upon the angulanguaéscales of the variability.

Recently the error in interpolating the PSF shape has been substantialtedduaua Principal Compo-
nent Analysis (PCA) technique that optimally uses information on the PSFriroltiple exposures (Jarvis
& Jain 2004), thereby enabling interpolation with much finer effective Emgasolution. This is especially
promising for the DES, since the technique has already been applied toldatavith the BTC and Mosaic
Il imagers on the Blanco telescope. Furthermore, Jain, Jarvis & Berr{&@d6) show that PSF patterns
with variations on short time scales, such as due to instrumental effecisgarith wind, gravity, and
pointing, can be removed by cross correlating shears measured fri@nedifexposures (4-5 exposures are
sufficient to apply this technique).

We have estimated how well the PSF patterns frometiging Blanco optics can be corrected using the
PCA and cross-correlation technique for the survey parameters ofEse The current level of raw PSF
anisotropy in Mosaic Il data is typically several %, and we estimate that we evdhite to reduce it by over
a factor of 100 for DES. This estimate is based on the analysis of Jairs d3aBernstein (2006), scaled
conservatively to the number of exposures for DES (the correction irapnwith the number of exposures).
The estimated residuals due to additive shear errors are well below thécsthigors expected for DES.
Moreover, as noted below, ray tracing through the as-designed DEGa®rctor optics indicates that the
level of raw PSF anisotropy will be around 1% percent over the DECeliah dif view, significantly below
the current level in Mosaic Il camera data.

Although PSF anisotropy systematics will be well under control for DESguia methods above, in
order to physically understand and improve the optical quality and stabilitecitftem we have carried out
a detailed analysis of the optical distortions of the Blanco, using ray trasmgations to model imaging
data taken with the Mosaic Il and BTC cameras. We can reproduce the dur®8& distortion patterns
empirically measured by Jarvis & Jain (2004) with (i) focusing errors i astigmatism in the primary
mirror, (i) misalignments or tilts between the primary mirror and the optical axis eldfay the camera and
corrector, at a level consistent with measured misalignments, inducing ¢@iinguiiding errors, and (iv)
trefoil distortions of the primary mirror associated with its support system.

DECam is being designed and the Blanco telescope upgraded to substamdiatly these systematic ef-
fects. The DECam optical corrector design does not include an atmasgdtspersion compensator (ADC),
eliminating one source of coma. Its design achieves small and smoothly v&$iglistortions across the
field of view, with an amplitude and angular dependence that meets our weakdaequirements. After
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convolution with atmospheric seeing of 0.6, the PSF ellipticity is everywhel@b&% in thei band at
zenith and below 1.2% at 25 degrees from zenith. DECam will also be esfliwjih dedicated CCDs,
absent from the Mosaic I, to provide continuous active control of tieei$. In addition, wave front sensor
chips in the focal plane will be used to continuously monitor collimation of the prinad cage with the
primary mirror, and the hexapod system will enable active recollimation. Tasctepe has been instru-
mented with position monitors to better understand the performance of the primiaoy support system
and flexure of the telescope truss. Broken radial supports on thedaimsary mirror have been identified
as a primary source of misalignment; four newly designed supports weadlédsn October 2005, and the
remaining 20 old supports will be replaced before DECam is installed.

Finally, our image simulations indicate that the DECam pixel scale of 0.27” smmilde an issue for
galaxy shape measurements, even if the DECam image quality is improved edntpahat of Mosaic
. If the ratio of the pixel scale to PSF FWHM is below 0.36, then the objeapshmeasurement is not
degraded from optimal (Nakajima & Bernstein 2006); for multiple ditheredses, this criterion can
be further relaxed. For the very best conditions, say, atmospheiitgse0.3”, the delivered PSF from
telescope+instrument+site is expected tc308.56"; while only a factor of two larger than the pixel scale,
simulations indicate that shape measurements in these conditions, thoughwwmiky,be unbiased (E.
Sheldon, unpublished, 2005); again, in these conditions we will be sucartg out multiple dithered
exposures to effectively improve the image sampling.

Shear calibration

A second kind of shear measurement error arises due to miscalibraticaretdtion between measured
galaxy shape and inferred shear and contributes a multiplicative errar théar; it can arise, for example,
from inaccurate correction for the circular blurring of galaxy imagestdugeeing. The finite size of the
PSF and the distribution of intrinsic shapes of galaxies need to be accuregaured to calibrate the shear.

We have estimated the impact of shear calibration errors in the DES Fisher foegdasts by modeling
in each redshift bin an independent shear calibration factor that isommkand must be marginalized over
when deriving dark-energy parameters. The prior knowledge o&thakbration factors is given ams
uncertainty of 0.01 per bin, based on tests by Nakajima & Bernstein (20@6)émonstrate a shear recovery
technique that reaches accuracy of 1% or better over a range ofamas®solution levels that span those
to be expected in the DES data (see also Heymans et al 2006 and Mast@p@t). Fig. 5 shows that
this degrades the lensing constraintsg@randw, (see 81.) by~ 30 and 20 % respectively. Moreover, it is
reassuring that calibration errors appear to be the least dangertessyic for cosmological measurements
(Huterer et al 2005). Unlike additive errors, with calibration errorsetig less freedom in mimicking the
redshift dependence of the shear signal. Hence even if the calibratians are four times larger than
expected (0.04 instead of 0.01), Figure 5 shows that the resulting dotstraw degrade by 46- 70%.

Photometric redshifts

The impact of systematic photometric redshift errors on shear powdrgpemeasurements have been
studied by Huterer et al. (2005) and by Ma, Hu, & Huterer (2006). pheto-z error distribution as a
function of redshift can be characterized to lowest order by its scatigth() and bias. Using a representative
subsample of galaxies with measured spectroscopic redshifts, thedaigsi@an be inferred empirically,
with uncertainties depending on the size of the spectroscopic sample. €urpiwer spectrum forecasts
(81.) assume an uncertainty in the photo-z scatter,] and bias Az,,5) of 0.002 per redshift bin and
marginalize over these quantities. As Fig. 11 shows, this leads 16% degradation in the errors an
andw, compared to the ideal case. As discussed in 88., this level of uncertaouiddle amply achieved
with the spectroscopic samples that will be in hand prior to DES. Even if thesatainties are substantially
larger than expected, say 0.005, then the resulting degradation is le20#tan wq and less than 50% in
Wa.

Intrinsic alignments

Any tendency of galaxies to align with their neighbors—or to align with the locakdéstribution—can
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Figure 5: Degradation in forecast error on cosmological parametersDES shear power spectrum, due to
marginalizing over uncorrected multiplicative shear systematic errors in multgigéifebins, from Huterer
et al. (2005). Remaining cosmological parameters are marginalized dweevblution of the dark energy
equation of statey,, appears more robust than other parameters mainly because it is statistesailele
constrained. The red curve markedindicates a model with constant (i.e., with w, set to zero); it is
equivalent to the degradation im,.

be confused with alignments caused by foreground gravitational lertbimgpiasing dark energy determi-
nations (Hirata & Seljak 2003). It is, however, possible to distinguish intrimggnments from true lensing
once photometric redshift information is available for all source galaxexsuse these effects have distinct
redshift dependencies. There is some uncertainty about the size ofrthsiinalignment effect, and there
are indications that excising a subsample of the red source galaxies \ailygmeduce it (Mandelbaum et al
2006; Heymans et al 2006). For DES-quality data, we find that oneate® for lensing and intrinsic align-
ments simultaneously with only modest degradation of dark energy consifaliftsrent lensing statistics
(shear, shear-galaxy, and shear bispectrum) are combined.

Theory uncertainty

At sufficiently large angular scales, the matter distribution and there®i® evolves according to
linear perturbation theory, and the lensing signal is calculable to high @amclior a given dark energy
model. At smaller scaled\N-body simulations of gravitational growth are required to predict the signal.
The DES project will carry out numerical simulations of sufficient accyta exploit its weak lensing data
(2% accuracy in the predicted matter power spectrum on the scales thdbanto{ ~ 1000 lensing
measurements), as described in §7.. At still smaller scales, baryonitsefiecome important and will
also be simulated. We have tested our weak lensing forecasts by includstgfteind scale-dependent
uncertainties in the 3-dimensional mass power spectrum due to baryattsgfivhite 2004, Zhan & Knox
2004, Jing et al. 2006) and marginalizing over them; we find that theirteftecthe forecast DES lensing
dark energy constraints are negligible, even if they are significantlyridihge expected. On the other
hand, this suggests that those forecasts could be strengthened bynigahddrmation from higher angular
multipoles than we do in §1..

Systematic errors summary

We have estimated the effect of the four sources of systematic erroussestabove on weak lensing
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Fisher matrix forecasts. Considering only the shear power spectrumndehtat shear calibration and
uncertainties in photo-z errors and bias do not individually degrade tiseng dark energy figure of merit
(FoM) given in Table 1 by more than 30-50% if the systematic errors ared¢viels expected (see above);
the effects of theory uncertainty remain negligible even if they are signifjcanrse than we have assumed
(Huterer et al 2005; Huterer & White 2005; Huterer & Takada 200&lyirisic alignments between galaxy
shape and the local mass distribution could substantially increase the cograbérgors from the shear
power spectrum alone, in the pessimistic limit that we have no prior informatidcheoamplitude of the
effect.

When we add in information from galaxy-shear correlations and the bieg@rctrum, however, then we
see two effects: (i) for the same level of systematics, the dark energyraons are significantly stronger
than if we only consider the shear power spectrum; (ii) the dark enermgtreints are much less sensitive to
systematics than the power sepctrum alone. As an example of (i), if we inallyglploto-z systematics at
the expected level, inclusion of galaxy-shear and the bispectrum iesrdasDES lensing FoM beyond that
in Table 1 by about 70%. As an example of (i), if we combine all four systeneatars at more pessimistic
levels than we expect, the lensing FoM degrades by at most a factor obtwoared to that in Table 1.

3.3 Weak Lensing Forecasts

The primary lensing statistic for cosmological constraints is the shear pgweetram measured in
multiple redshift bins; Fisher matrix forecasts for dark energy parameserg this statistic alone are shown
in Table 1in 81.. These forecasts assume an analytic fit to the source gadakyft distribution with median
Zmeg = 0.68, as expected from the photometric limits of the survey, an effectivees@alaxy density
Nga = 12 arcminr?, and 7 equally spaced photometric redshift bins between0 and 2. We marginalize
over the resulting 82 parameters used to characterize the photo-zistritautions (half of them describing
redshift bias, half of them photo-z scatter); a prior of 0.002 is appliechth ®f the photo-z parameters,
consistent with expectations from the spectroscopic training set (see B&)the shear power spectra,
we use a maximum spherical harmonic numfigy, = 1000 to avoid the uncertain effects of baryons on
small scales. As noted above, this is a conservative choice, and wet éxaethere will in fact be useful
information at highet.

4. Supernovae

Type la supernovae (SNe) provided the first direct evidence famapacceleration (Riess et al. 1998;
Perlmutter et al. 1999). In order to improve upon that evidence, a nunfilz@nlzitious cosmological Su-
pernova (SN) surveys, including the CFHT SNLS, ESSENCE, and SDSH, as well as several nearby
searches and follow-up efforts, including the SNFactory, CSP, KADBE, and CfA program are under-
way. By the end of the decade, these ground-based surveys will joatitheda Hubble diagram constructed
from ~ 1000 SN la light curves out te ~ 1. Furthermore, searches using the Hubble Space Telescope
(HST) are extending the SN Hubble diagram beyand 1 (Riess et al. 2007).

In combination with constraints from the CMB or from baryon acoustic osciltatio large-scale struc-
ture, supernovae currently provide some of the tightest constraintsreredargy parameters, and they
remain the most mature observational technique for investigating darkyef@egg, Astier et al. 2006). By
the time of DES “first light,” we anticipate that the limiting factor in cosmological ¢@ists from SNe will
not be statistical precision but rather systematic uncertainties associatetievithservations (e.g., photo-
metric calibration, survey completeness and Malmquist bias), with the analythiedasde.g., K-corrections,
light—curve fitting), and with the SNe themselves (e.g., dust extinction, progéiéi®, and evolution).

4.1 Supernovaein DES

The combination of the Blanco telescope aperture, wide field of view, andiragrsensitivity of DE-
Cam is ideally suited to a new, high-redshift SN survey. The DES SuparBorvey is designed with the
aims of improving both the statistical precision of SN cosmology and the corftsylsbematic errors in
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using SNe to measure distances, the dual goals recommended with high joio8tsge 111 projects by the
Dark Energy Task Force.

While the wide-field DES strategy is fixed by the area, depth, and waveleagghage requirements of
the other three dark energy probes, there is more flexibility in designind\ise&ey. The SN survey design
is constrained by the limited observing time available, given the requirements wfide-field survey and
the 30% per year time allocation expected for the combined (wide-field plu©&S) Using simulations
of the DES wide-field survey that employ 30-year historical weatherrdscat CTIO, we have adopted
a baseline time allocation of 750 hours over 5 years for the SN survey. t®weather, the number of
useable hours will be smaller, an effect included in the simulations below; eowttier hand, we will
be able to effectively ‘queue-schedule’ the SN observations within th® DiEServing runs, minimizing
weather losses and ensuring relatively complete sampling of SN light ciReegihly 40% of the SN time
allocation includes non-photometric conditions that are not optimal for the-figttesurvey; since the SN
survey involves numerous repeat observations of the same fields,m@g out relative photometry in
useable non-photometric conditions. If the SN survey were to make futiftbe useable non-photometric
time, the total SN allocation could in principle be increased by about 30% frsrbéseline, based on
median historical conditions, which could be used to improve SN data qualityamtidy.

We are currently engaged in detailed Monte Carlo simulations of the DES $Bysuising the Blanco
plus DECam parameters to simulate realistic photometric errors, generating endtiSiN la light curves
from low-redshift templates, sampling from historical weather conditiol&STa®, fitting the resulting light
curves to infer distances, and varying the area, depth, cadenddtemnchoice of the survey within the time
allocation constraint above. These trade studies will be used to help optirei&\tilsurvey strategy, also
taking into account the progress of the field expected over the nexasgears. Based on the design work
to date, we present below a baseline SN survey which goes deep aatizety narrow area of sky; for
comparison, we also discuss an alternative strategy that is wider in ateshalfower in depth.

4.1.1 Baseline SN Survey Strategy The baseline SN survey is optimized for high-redshift SNe,
taking advantage of the enhanced red sensitivity of the fully depleted BEG2Ds to enable multi-band
light curve measurements of substantially more SNe ouatto1 with higher signal-to-noise than current
ground-based surveys can achieve with reasonable exposure tim@ssWne 10, 30, & 50 min cumulative
exposures per night in thre i, andz passbands respectively, with a cadence of 5 visits per lunation. These
exposure times correspond tosl@oint source limits of 24.8, 24.9, and 24.6 respectively in these three
bands. For comparison, SNLS adopts a similar cadencami and lower sampling rate in, with typical
exposure times of 25 minutesiin 60 or 30 ini, and 60 minutes iz. However, given the larger telescope
aperture of the Blanco vs. CFHT and the substantially higher CCD Q.E. iethigands of DECam relative
to Megacam (by factors of 1.6 and~ 4 ini andz), the effective DES SN depth is essentially identical
to that of SNLS ini and substantially deeper m As a result, DES SN will have higher efficiency for
detecting and accurately measuring light curves for SNe la out to réishif 1. Its greater effective depth
will reduce the effects of Malmquist bias, and the greater S/K limnd exploits its correspondence with
rest-frameg atz ~ 1.

Given the time allocation noted above and including overheads for CCBogiaahd telescope slewing,
the baseline DES SN survey can cover 3 DES fields, i.e., 9 sg. deg., fonthsnaf each year for 5 years;
by comparison, SNLS covers 4 sq. deg. at an average of 5 month&ldepdr year and the same 5-year
survey duration. Thus, DES SN will cover about 260 sqg.deg.-monthie WMNLS will cover about 100
sg.deg.-months at somewhat shallower effective depth. As SNLS expe@ach~ 520 la light curves
when completed, we expeet 1400 la light curves from DES SN, in agreement with the predictions of
our Monte Carlo simulation. The predicted redshift distribution for the supsaof ~ 1100 la’s with
high-quality light curves is shown in Fig. 6 by the red histogram. For comparitbe approximate redshift
distribution for the confirmed SNe la expected from the completed SNLS grshe the black points.

Based on experience in fitting multi-band SN photometry in SDSS and SNLS tacligie templates
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and comparing with follow-up spectroscopy, we expect the photometricahtifted SN la sample to be
= 95% pure la’s even without spectroscopic follow-up. That is useftahse ‘real time’ spectroscopic
follow-up of the full DES SN la sample is likely to be infeasible, given limited timeueses on 6 to 10-m
class telescopes. Nevertheless, to control the SN type-purity of the santpte identify spectroscopically
peculiar la’s, we plan to pursue a campaign of spectroscopic followrug subsample of- 250 of the
photometrically identified SNe, applying for public and private time on the VId@mC (through European
DES collaborators), Gemini, Magellan, Keck, and the LBT. Assuming am$exposure per SN, this is a
practical number to target for follow-up over 5 six-month seasons. ditiad, we will aim to obtain host-
galaxy spectra for the majority of the sample~ofL000 photometric SNe la in the later years of the survey
or after it is completed. This could be done efficiently using a combination of robjget spectrographs
such as FMOS, VIMOS, or AAOmega. In addition to providing accuratshi, this will enable us to
probe SN systematics by searching for correlations between the metallicitfostaation history, etc, of
the hosts and SN properties. Using host galaxy spectroscopic redstiifisprove the SN light-curve
fits and therefore the inferred SN distances; in addition, outliers betwestnshectroscopic redshift and
SN photometric redshift provide an additional check on the la type-pufitheosample. Spectroscopic
host redshifts for a large sample will also allow us to test the feasibility of d8iNgcosmology without
spectroscopic information, as envisioned for LSST; simulations indicateitHatsample-purity can be
controlled at the level above, then SN photo-z's should be sufficientiyrate for this purpose.

One option for achieving improved control of SN systematics is to focusiress on the- 270 well-
measured SNe la expected in elliptical hosts. Uncertainties in correctirgpsbrgalaxy dust extinction
appear to be the dominant source of systematic error in inferring SN lancéstan current surveys. El-
lipticals are relatively dust-free environments, so that the uncertain extinobizection can essentially be
eliminated. Also, since they are dominated by old stellar populations, the pragefor elliptical Ia’s
should form a homogeneous class, compared to la’s in star-formingealakich can come from both old
and young stellar populations (see, e.g., Filippenko & Sargent 1989; yahal. 1996; Riess et al. 1999;
Hamuy et al. 2000). To the degree that the progenitors are more honmagermme expects elliptically-
hosted SNe to have smaller dispersion in peak luminosity; based on a relativallysample, there is some
evidence that this is the case (Sullivan et al. 2003). Finally, core colfagsnovae have not been found in
ellipticals, so the efficiency for selecting la’s in elliptical hosts should byg kagh.

There is some flexibility in positioning the SN fields on the sky. To minimize loss dfieffty due to
survey duration ‘edge effects’ one could position the 3 SN fields to allowmeabexposure time at low air
mass over the six-month SN season, Sept.-Feb., with minimal Galactic dust extifidiie strategy would
bunch the 3 SN fields into a relatively narrow range of right ascensian-RB — 5 hr. An alternative would
be to split the six-month season into two halves, and to spread the resultihdstofrer a broader range in
RA. This would incur some fractional efficiency loss due to edge effectisit would allow more efficient
spectroscopic follow-up on large, non-queue scheduled telesddpesover, we can boost the yield of SNe
lain ellipticals by pointing the DES SN fields at previously detected, very @ty clusters in the redshift
rangez ~ 0.6 — 1.

Finally, while the baseline SN survey ugag filters, we will use simulations to explore the trade-offs
of including theY-band in the SN fields, since such a filter is already planned for DECamwiditittely be
used in the DES wide-field survey (see §8.4).

4.1.2 Wide SN Survey An alternative to the baseline deep SN survey would be to carry out a wide
survey, as described in the DES white paper for the Dark Energy Tasle KDES collaboration 2005).
With the same time allocation as above, the wide SN survey could cover, e.ceg7ihd, i, andz with
the same cadence and with exposure times of 200s400s ini, and 400s ire. This survey would have
a SN redshift distribution similar to that of the ESSENCE survey, with mediashitd- 0.5, but it would
obtain~ 2500 well-measured la light curves ro< 0.8, more than an order of magnitude larger than
the expected final ESSENCE sample. The wide SN survey would discaudficient number of low-z
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Figure 6: The distribution of expected redshifts for the 1100 SNe la in &lseline deep DES SN survey
(red) and for the subsample of 270 la’s in ellipticals (blue). For compayit® expected distribution for
the 520 la’s from the anticipated complete 5 year SNLS is also shown (black)

SNe la (atz < 0.15) for both “re-training” the light-curve fitting templates and for anchotimg Hubble
diagram and would therefore enable robust SN dark energy constusiimg asingle, uniformly calibrated
dataset without the need for external calibrations. This strategy would elienine systematic uncertainty
in photometric calibrations when combining different datasets as a functiogdshift. This SN sample
will also be large enough that it can be sliced into a large number of subsato@®idy systematic effects.
An additional~ 2000 SNe la with lower-quality light curves will be detected according to tbat®l Carlo
simulation; these will be primarily at higher than the median redshift.

4.2 Supernova Systematic Uncertainties

While increasing statistical precision compared to on-going SN surveysigydicant factor, the DES
SN survey also aims directly at reducing the primary systematic errorsiaesbwith SNe. By focusing
follow-up resources on ellipticals, we will substantially reduce the largeentiuncertainties due to dust
extinction. Since ellipticals comprise a homogeneous, old stellar population attléastz ~ 1, this
SN sample will also be relatively free of evolutionary effects caused byhiamging mix of progenitor
populations with redshift. The survey strategy is focused on obtainingsaeipled, high-quality light
curves ini-band and, more importantly, inrband, out to redshiftg ~ 1; the latter is not feasible with
currently deployed mosaic CCD detectors. ZAt- 1, observer-frame-band corresponds to rest-frarge
while observed andr correspond to rest-frameand UV. Since nearby SN la light-curves and spectra are
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still relatively poorly characterized in and show larger peak luminosity gdattest-frameu and bluer (Jha
et al. 2006), the enhanced signal to noise-lmand for DES SN will be important for determining accurate
SN distances at these highest redshifts available to ground-basedngtigto

Another major source of systematic uncertainty is the ability to obtain accurlates af SNe, as this
directly translates into a luminosity correction factor. A new laser calibratistesy built by C. Stubbs,
which has been prototyped on the Blanco, is being considered for lomgdigployment. It should provide
a filter-to-filter zero-point uncertainty of 0.01 mag, which translates inta# pegnitude uncertainty below
0.02 mag. Furthermore, if needed, the self-calibration technique prdfpogem & Miguel (2006) can be
used to reduce the sensitivity of the cosmological results to the color calibraiaertainty by a factor of a
few. The price to pay is the loss of a cross-check on color evolution asctién of redshift.

An additional systematic noted above is photometric zero-point offset batlogv- and high-redshift
SN samples measured with different instruments on different telescopisscan be removed directly with
the wide SN strategy. For the baseline deep survey, we will aim forae01 mag photometric zero-point
offset between our sample and the low-z anchor sample, most notablfp 8f&-B SN Survey, by calibrating
off the same standard stars (e.g., by placing one or more of our SN field®36 Stripe 82), and by using
accurate measurements of the DES and SDSS filters and SN spectra taiggnthiative color terms. Our
simulations show that marginalizing over an uncertainty at this level translatea iregligible increase of
the overall uncertainty omg andw,. Even doubling this residual zero-point offset produces only a malrgin
increase in the dark energy uncertainties. K-correction uncertaintiebavithinimized by using a library
of spectra tied to the same low-z photometric sample (e.g., SDSS-II), by exgltignlarge samples of
la spectra that a variety of groups have been accumulating in recast(geg, the CfA group), as well as
improved multi-epoch spectrophotometric templates that the SNFactory is aimiragiacerin the next few
years. We will control Malmquist bias by acquiring high S/N measurementslé@ast two filters, ensuring
that we sample the bulk of the instrinsic SN luminosity distribution ozt to 1.

For the fraction of SN events that will not be followed up spectroscopidhkySN type will be inferred
from the photometric data alone and from host redshift information. Byrergs that we acquire high-
quality light curves in 2 to 3 bands at all redshifts, we should be able tovachigh la sample purity. A
small fraction (perhaps up te 5%, depending on light-curve quality and color cuts) of our photometric
sample, however, may be contaminated by core-collapse SNe, primarilyedfitygnd a very small number
of luminous type Ibc’s. We will use simulations and data from on-going ssrie select quality cuts to
minimize sample contamination while maintaining high completeness. Light curve fi pegt-survey
host-galaxy redshifts will enable more robust expulsion of non-la conints.

4.3 Supernova Forecasts

For the SN dark energy forecast shown in 81., we use the parametbs lzdseline deep survey, aug-
mented with the local anchor sample of 44 nearby SNe used in the recel® &NLESSENCE analyses,
and with an intermediate-redshift sample of 200 SNe centered=at0.2 from the SDSS. These num-
bers for the low-redshift samples are conservative, since they dimelatle on-going contributions from
KAIT-LOSS, CSP, CfA, and SNFactory. For the DES SN sample, we usédkeline redshift distribution
shown in Fig. 6. For the statistical errors in SN distances, we assume arsimsoatter of 0.12 mag
in peak luminosity after correction for the brightness-decline relation (Phill§23); we add in quadra-
ture a redshift-dependent scatter that reflects the increasing photoeratrie with depth, which we model
approximately by doubling the total scatterzat 0.8.

In order to approximately account for systematic uncertainties, in thedstrege have assumed an
irreducible error floor of 0.02 mag in each redshift bin of width 0.1 for S&leletected in non-elliptical
hosts, for which extinction corrections are the primary concern. Thatd)2 mag uncertainty is added in
guadrature to each SN peak magnitude, fully correlated for all SNe in e s&dshift bin, and uncorrelated
otherwise (e.g., Frieman et al. (2003)). This systematics model motivatesysuwith broader redshift

20



coverage, as opposed to just increasing the raw number of SNe, asuteete improved cosmological
constraints.

4.4 Ancillary Science

Although cosmology with SNe la (and possibly SNe II-P) is the primary gb#hi@ DES SN survey,
there is other time-domain science that can be pursued with this data. Sineadoaitrtime for DECam
is small, the SN exposures within a given night can be broken into a numbela@fely short exposures,
allowing us to search for fast transients that vary on timescales less tlagnlsldreover, a carefully chosen
exposure strategy will also allow us to distinguish SN candidates from motijegts (asteroids and Kuiper
belt objects), which are typically the main source of contamination (along witR)AGSN searches.

This rolling time-domain survey will also discover and measure light curvesnmy other variable
objects including active galactic nuclei and QSOs, core-collapse Skéglafvs of cosmic gamma-ray
bursts, and possibly rare events like tidal disruption flares from sugsiveablack holes. We will plan
to disseminate these detections to the astronomical community on the same timesctie twah are
processed, to enable rapid follow-up observations.

5. Baryon Acoustic Oscillations

Oscillations of the coupled photon-baryon fluid in the early Universe impritgtandard ruler” scale
on the pattern of matter clustering. This baryon acoustic oscillation (BA®®,seet by the sound horizon
scale at the epoch of recombination, can be calculated from straighttbphgsics and calibrated by its
projection in the CMB. In the galaxy correlation functiafyg(r), the BAO signature is a sharp local peak
atr = 150 Mpc. In the galaxy power spectrum, the Fourier transform of thik pppears as a series of
oscillations, analogous to but more subtle than the acoustic oscillations in thepOM& spectrum. Mea-
suring the BAO scale from galaxy clustering in the transverse and lirsggbt-directions yields estimates
of the angular diameter distan@&,(z) and Hubble parametét (z), respectively (Seo & Eisenstein 2003;
Blake & Glazebrook 2003). While determining these quantities with high precisiguires enormous sur-
vey volumes, current theory suggests that the systematic uncertaintesatss with BAO distance scale
measurements are smaller than those of other observational probek endegy.

BAO features have been detected at high statistical significance in tredatimn function (Eisenstein
et al. 2005) and power spectrum (Percival et al. 2006ab; Tegnalk 2006) of Luminous Red Galaxies
(LRGs) from the SDSS, and in the power spectrum of galaxies in the 28HGRle et al. 2005). The
cosmological constraints from the SDSS are substantially sharpened Bgx@hmeasurement (Tegmark et
al. 2006), which effectively determines the comoving distance to redshif0.35. Most directly relevant
to the prospects for DES, recent studies of the angular clustering tirpketrically selected LRGs from the
SDSS provide precise measurements of the galaxy power spectrum andetiection of BAO features in
photometric redshift bins out to~ 0.6 (Blake et al. 2006; Padmanabhan et al. 2006).

In addition to the relatively sharp BAO features, the matter power spectasm gradual break that de-
pends on the horizon scale at matter—radiation equality. The broadhape sf the galaxy power spectrum
thus provides an additional standard ruler.

51 BAOInDES

The sample of~ 300 million galaxies with accurate photo-zis(z) ~ 0.08, toz ~ 1.4 (see 88.) pro-
vided by DES is extremely well suited for measurement of BAO to study dagkggn The survey volume
is 20 times that of SDSS photometric LRGs (Blake et al. 2006; Padmanabhir2606), enabling much
higher precision measurements over a much wider redshift range. Stagstara in BAO measurements
arise from the finite survey volume (sample variance) and shot noise ghthry tracers. Out ta = 1.4,
sample variance dominates the errors for DES BAO on the scales of intesies};VISTA-IR data to push
DES photo-z measurements to higher redshift (§88.), shot noise wouttnegecomparable to sample vari-
ance atz = 1.55. If one chooses to analyze clustering of LRGs only, shot noise wimddme comparable
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Figure 7: Top panel shows the angular baryonic acoustic oscillatiorssreaishift slice of thicknesaz =

0.1 atz = 1, calculated by dividing the non-linear angular power spect@rfor w = —1 (black) and

w = —0.8 (blue) by a linear theory model with no BAO. For this plot, we used halofitifet al. 2003)

to model the non-linear clustering. The red curve shows the effect ddAfesignal in thew = —1 case
when using photo-z’s with standard deviatiorsef= 0.05 per galaxy. Bottom panel shows statistical errors
for DES in multipole bins ofAl = 30 (dashed lines), compared to the percentage differences of the blue
and red curves of the top panel from the fiducial (black) model.

to sample variance at= 1.4, so this approach could extend the redshift range, but with steadilgaisog
precision.

The simplest approach to BAO in a multi-band imaging survey is to divide the santpl@hoto-z
bins and measure the angular power spectrum in each. It is possible“tiiabal” method that does not
divide the sample into photo-z bins would be better; however, since the typbicto-z error corresponds to
a distance not much smaller than the BAO scale, we expect most of the infanmrafES to come from
transverse clustering, with little additional information from the galaxy distribuilong the line of sight.
The angular power spectrum within a redshift shell can be written as

Chalh = [ Kok = 120,10 Pralk. ©

where fi (I, k) is the Bessel transform of the radial selection function for redshifi sh@egmark et al.
2002, Dodelson et al. 2002).

As an example, the predicted angular power spectrum in a redshift slisgthf Az = 0.1 centered
atz = 1 is shown for two dark energy models in the upper panel of Fig. 7; to nmeeelg display the
BAO signature, a linear perturbation theory power spectrum with —1 and no baryons has been divided
out. A change in the dark energy equation of state induces a shift in tlteope<f the BAO peaks and
troughs. The bottom panel shows the binned statistical errors (dashgzsycompared to the percentage
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difference between the constant= —1 andw = —0.8 models as a function of angular multipole. As the
plot suggests, for this single redshift slice, the statistical error on aanstés éw = 0.2; combining data
from multiple redshift slices leads to the constraints shown in §1..

In addition to sample variance and shot noise, the statistical significanc&@ftiBtection depends on
the precision of photo-z estimates. Fig. 7 (red curve) illustrates the @ffettte angular power spectrum
of including a photo-z error of, = 0.05 per galaxy, slightly better than we expect to achieve with DES
(88.). The amplitude and therefore the statistical significance of the BAQ@Isgreduced as photo-z errors
increase, but the angular position of the feature is essentially unchahhisdeduction of BAO signal-to-
noise is included, using realistic photo-z precision for DES, in the fote@d<g1.. The bottom panel of
Fig. 7 indicates that it results in a modest increase in the cosmological #our8AO.

As with weak lensing, DES angular clustering measurements can be extenigtier orders, i.e., to
the bispectrum and beyond. The bispectrum carries additional inforntsiand that in two-point statistics
that can be used to constrain galaxy bias, to control systematic errde, @4id to increase the cosmological
precision of angular clustering constraints (Dolney et al. 2006; Siifesal. 2006).

While our cosmological parameter forecasts use onlstiape of the galaxy power spectrum, we will
also explore using the fulmplitude information contained in the power spectrum. Unlike the power spec-
trum shape, which provides a purely geometric probe of dark endrgijaisto supernovae—the redshift
dependence of the amplitude depends on and thereby constrains thb gatevof large-scale structure,
yielding complementary information on the nature of dark energy. The staltistroas on the power spec-
trum amplitude are smaller than the corresponding errors on the shapke lsystematic uncertainties are
quite different. This approach requires more detailed modeling of galasydanid more accurate control
over the galaxy selection function than the power spectrum shape me&sureOn large scales, galaxy
bias can be self-calibrated to a few percent accuracy using the cbdigmectrum (see, e.g, Sefusatti &
Scoccimarro 2005). Marginalizing over the shape information, the amplitlidege—scale clustering con-
strains the linear growth function in a way that is independent of the moddlthg primordial spectrum or
the matter transfer function. Given the wide range of redshifts cover¢ldebDES, there is great potential
in this approach.

5.2 BAO Systematic uncertainties

The primary systematic errors in applying the BAO technique naturally fall intodiasses, (i) limita-
tions in cosmological and astrophysical theory, and (ii) biases in the measuts themselves. We discuss
these in turn.

The main theoretical uncertainties in the interpretation of BAO measurementiseaedfects of non-
linear gravitational evolution and of scale-dependent bias betweenigmlamd dark matter. Non-linear
evolution erases the acoustic oscillations on small scales, while both non+lioele coupling and scale-
dependent bias can shift the positions of the BAO features. Severadriual studies to date suggest that
the resulting shifts of the BAO peak in the correlation function are at mes2% (Seo & Eisenstein 2005;
Springel et al. 2005; Guzik, Bernstein, & Smith 2007), although Smith eR808) find potentially larger
shifts, depending on halo mass. In any event, the simulation programbaesan 87., as well as other
simulations that will become available over the next few years, will enable oaltolate the corrections
due to non-linearity and scale-dependent bias to sufficient accurdpremaining systematic uncertainty
will be small compared to the DES statistical errors on large scales; indesd,ghmulations will determine
how large the scale must be for the above statement to be robust. Thegs stilidalso investigate the
dependence of the observable oscillation scale on the cosmological medfelsitsce the non-linear and
galaxy bias effects could vary with the dark energy parameters that tiyéig to extract (see §7. for more
details). In addition, since the bispectrum responds to non-linearity asddiffarently from the power
spectrum, measurement of the angular bispectrum shape in DES will pegidss-check on these effects.

Scale-dependent bias on large scales is potentially more of a conceanteiqreting the broad-band
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power spectrum shape than for the BAO signal. Again, the simulationsioeddan §7., as well as measure-
ment of the bispectrum, will help constrain this scale-dependence andhiteehe efficacy and robustness
of including the broad-band shape in constraining dark energy.

Beyond these two effects, redshift-space distortions have a secdededfect on the angular clustering
measurements, as they move galaxies between redshift slices. (By tdotragectroscopic BAO surveys,
redshift distortions have a first order impact on radial clustering.) Tla@ge in power spectrum amplitude
due to this effect will vary smoothly with scale and consequently will not sicgnifily affect BAO scale
measurements, but it will have to be modelled when fitting the broad-bandr mpe&etrum shape. This
issue will be addressed by the planned simulations as well.

In addition to these theoretical uncertainties, there are sources of syistemar associated with the
measurements themselves: uncertainties in photometric redshift errore@odetric redshift biases, and
photometric zero-point drifts over the survey.

The dependence of the BAO signal amplitude on the fiducial value of thi{zherrors, was noted
above in Fig. 7 (red curve). In addition, BAO are in principle sensitive &outitertainty in the variance,
Aao,, and in the biasAz, 45, Of the photo-z estimates in redshift bins. Fig. 11 shows the degradation in
BAO constraints ono as a function of these quantities, which are treated as nuisance parathatense
marginalized in deriving cosmological parameter constraints. To ensur¢hthaark energy parameter
constraints are degraded (i.e., the errors increased) by no more tathE3e uncertainties i}, andzyas
per redshift bin of AL must be kept below- 0.01 (for wp) and~ 0.005 (forw,). As noted in §8., these
performance levels should be comfortably exceeded in DES; based simthiated photo-z errors and the
size of the spectroscopic training sets that will be in hand, we have salisticerequirement of @02 on
these uncertainties. The BAO constraints are therefore expected tatbengensitive tauncertainties in
photo-z parameters.

Photometric zero-point drift affects the number density of galaxies in sadghift bin that lie above
the detection threshold. We estimate tha@ng, ~ 0.01 shift results in a fractional change in the number
densityon/n of detected galaxies that scales roughly linearly with redshift and red:fi&6 atz = 1. To
assess the impact this will have on the BAO measurement, one must model thar gnagver spectrum of
the photometric zero-point drift. Assuming there are no preferred stadlse zero-point drift, a drift at
the level of the DES science requiremedit),, = 0.01 over the scale of the survey area, would introduce
an irreducible, fractional noise contribution in the angular power sp@aij/C, ~ (dn/n)?> = 1.4%. The
DES survey strategy, with its multiply overlapping tiles, is designed to minimize phatendeifts and to
make them negligible on the scale of the DECam field of view; any such résidfia should appear only
at much larger angular scales,« 100, so the impact on the BAO constraint should be negligible. The
extra power on large scales could potentially impact the broad-band pogasurement and the inference
of the horizon scale at matter-radiation equality with greater significanden{aiseffect could arise from
large-scale systematic errors in the correction for Milky Way dust extingtemgain, the survey strategy is
designed to keep such effects at very lovso they should be small compared to the statistical errors from
sample variance.

In addition to direct control from the tiling strategy, we will have a number térimal cross-checks
on such drifts, including the redshift evolution of the BAO and matter-radiaiales, cross-correlations
between different photo-z bins, consistency with the angular bispecanorcomparison of the power spec-
trum shape and features for different galaxy-type subsamples. Biectatistical errors are not dominated
by shot noise, comparison of results from different subsamplessatfery to check for consistency without
compromising statistical precision.

5.3 BAO Forecasts

DES power spectrum shape measurements (BAO and broad-band slespdorecast using the same
galaxy redshift distribution, photometric redshift binning, and photoraranodel as used above for the
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weak lensing forecasts (83.3). We use one galaxy bias parameteckoresishift bin and marginalize over
these seven parameters as well. We use the halo model to calculate the aogdilagy power spectrum,
and we conservatively use only information up to angular multipbles300, where the clustering is close
to the linear regime and the halo model of bias is most robust. We do not ugetbisp information in our
forecasts; their inclusion could either be used to strengthen the statistitsitaiats or provide a cushion
against systematic errors.

As noted above, the broad-band power spectrum shape is more setisitiv BAO to subtle scale-
dependent galaxy bias on scate400h~! Mpc. While §5.2 describes a multi-pronged strategy for control-
ling this effect, in a worst-case scenario one could carry out the analyisig only the BAO and excluding
information from the overall shape; in this case, the constacbnstraints weaken by approximately a fac-
tor of two. On the other hand, we expect that, with improved theoretical mogé€8in.), we are likely to
be able to robustly extend the BAO analysis to smaller angular scales tharveragsumed; extension to
¢ = 700 would strengthen the BAO constraints by a similar factor.

Also note that the BAO forecasts have not included the improved photdarpmnce az > 1 that will
come from combining DES with VISTA-IR data, and they have not includetsiraints that would come
from analysis of the more strongly clustered LRGs.

5.4 Ancillary science

In addition to setting constraints on dark energy, precise measurements gdlxy power spectrum
also constrain the primordial power spectrum, the physics of inflation, @ehtbrgy densities of neutrinos,
baryons, and dark matter. Of these, perhaps the most interesting is Hililjgf setting a constraint on
the sum of the neutrino masses using the shape of the power spectrung, t@vitrained the background
cosmological model with the BAO.

DES will provide an enormous, deep galaxy sample with multi-band data and-plso We will use
this sample to trace the evolution of the relation between galaxies and dark nsatigthalo occupation
modeling for both two-point statistics and measures of higher order ctioreda The high galaxy density
means that this modeling can be constrained as a function of galaxy luminodityofor. Higher order
correlations can also be used to constrain the initial conditions and the gomateclustering paradigm
(e.g., Bernardeau et al 2002).

6. Other Dark Energy Probes

The Dark Energy Task Force Report stressed the importance of employittiple dark energy probes
to achieve robust cosmological constraints and focused on the fourrgriechniques we have described
above. Here we note that DES will enable other dark energy methodaddyese four, and we highlight
two of them. These additional probes are not currently expected to prevédistical precision on dark
energy at the level of the four primary techniques, but they do helpigeayualitative and, being subject
to different systematic errors, robust evidence for dark energyeMer, it is possible that theoretical or
near-term observational developments will enable one of these techrimeenerge from DES as a more
powerful quantitative rival of the four methods in probing dark enefgwell-designed survey such as DES
will be positioned to take advantage of such potential developments.

6.1 Integrated Sachs-Wolfe: Cross-correlating DES galaxieswith CMB

The decay of the gravitational potential when the Universe becomesedargy dominated leaves a
signature in the CMB anisotropy in the form of the integrated Sachs-Wdé/)leffect. This signature
can be extracted by cross-correlating the CMB temperature with the galaxi2SS (Crittenden et al.
1996). Cross-correlating with WMAP, a non-zero ISW signal has lm®erved in the Luminous Red
Galaxy sample and photometrically detected quasars in SDSS (Scranto(2€08|); Cabre et al. (2006);
Fosalba et al. (2003); Giannantonio et al. (2006); for a review, se#a@aga et al. (2006)). DES, which
goes deeper over a similar area of sky that has been analyzed in SDIS®rtainly see this effect even
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more prominently (Cabre et al. 2007). Recent work (LoVerde et al7P80ggests that the effect will be
enhanced by gravitational magnification. Extracting robust constrairttseqoroperties of dark energy will
require an understanding of large-scale bias, which we will pursuaghra range of simulations (§7.). The
cosmological constraints that result are likely to be only slightly tighter tharetirosn CMB experiments
alone (Pogosian et al. 2005), but the success of the cross-comgbatigram could help inform the Stage
IV dark energy experiments to follow.

6.2 Strong Gravitational Lensing

The frequency and nature of strong gravitational lensing events degsm the dark energy. Expec-
tations are (Kuhlen et al. 2004) that DES will discover of order 100Mgtyolensed QSOs and an even
larger number of strongly lensed galaxies. The large sample of multiply imdgects offers an important
arena in which to apply various tests of dark energy (e.g., Chae (2088)s & Ibata (2002); Kuhlen et al.
(2004)); strong lensing can provide constraints inilyew, plane that are complementary to the techniques
above (Linder 2004). Strongly lensed arcs in clusters are being fouimtreasing numbers using auto-
mated search techniques (e.g., Hennawi et al. (2006)); clusters exfhiititiple arcs at different redshifts
offer the possibility of a new geometric probe of dark energy (Link & Riet898; Golse et al. 2002).

7. Large-Scale Structure Simulations

Testing the nature of dark energy through large-scale structure sigaatguires the ability to accu-
rately predict sky survey expectations for a given world model. Thelamgle structure (LSS) team within
DES will employ a variety of simulation methods to address cluster (CL), weangrfWL) and baryon
acoustic oscillation (BAO) survey signals.

Because the power spectrum of matter fluctuations at recombination is tatctddnigh accuracy from
linear theory (Seljalet al. 2003), the problem of realizing the emergence of non-linear structur@an-a
ticular world model is well posed as an initial value problem. At a basic level, lation support for
DES science involves realizing multiple simulations of Hubble Length dimension withichvthe princi-
pal clustered matter components — dark matter and multiple phases of banauding stars and cold
gas in galaxies, warm/hot gas surrounding galaxies and in groups/slustare represented by multiple,
coupled fluids. Two fundamental barriers stand in the way of a completémsolo this problem: i) the
wide dynamic range of non-linear structures and ii) the complexity of astgiqadyprocesses that control
the baryonic phases. While the first issue is not strongly limiting for DES (whiobes galactic and larger
scales at late cosmic times), the second is currently a limiting issue for galaxyjueter studies,

We will employ complementary approaches in three key areas of the full&mage structure formation
problem. A halo model description of the density field, which posits that all mattentained in a spectrum
of bound halos characterized primarily by their miksties these approaches together (Berlind & Weinberg
2002; Cooray & Sheth 2002).

7.1 Precision measurementsof dark matter clustering

We will use large simulations of collisionless clustering of dark matter to adtliesson-linear evolu-
tion of the matter power spectruf(k) and to improve the characterization of the space density, clustering
bias, and internal structure of the dark matter halo population as a fun¢toass.

Currently, matter power spectra are known into the mildly nonlinear regkne (1/Mpc) to 1-2%
(Heitmannet al. 2005). At higher wavenumbers, the uncertainty grows to 5-10 % at gwdutéon lim-
its of the codes. We have embarked on production of large-volNriimdy simulations, with the aim of
lowering uncertainties irP (k) to the 2% level ak ~ 5/Mpc. With a 1§ processor-hour allocation on
a 1Q 240-processor IBM supercomputer (Marenostrum) at Barcelonar8oimputer Center (BSC), Gaz-
tanaga’s group have produced a nested set &padticle simulations in volumes of length 750, 1500 and
300th~* Mpc in a concordancA CDM cosmology. After a recent Marenostrum upgrade, we have begun
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10 particle simulations of the same-sized volumes. We plan to run a similar set of ntodelsmologies
with w # —1 andw’ # 0, using BSC and NCSA resources.

These runs will produce largd(> 10%) samples of halos that will be used to test the universality of
similarity solutions for the halo space density (Jenkira. 2001, Warreret al. 2006, Reedt al. 2006) and
spatial clustering (Seljak & Warren 2004) at the few percent levelsadite mass range ¥6- 10'°h~1 M.

The overlapping dynamic range of the nested simulations will allow us to adslystsmatic uncertainties

in galaxy assignment schemes discussed below. These models will alsech&oysroduce sky surveys
extending to redshiftg ~ 1.5 with at least an order of magnitude better mass resolution than the Hubble
Volume simulation (Evraret al. 2002).
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Figure 8:Left: Correlation between integrated Sunyaev-Zeldovich (SZ) flux decre¥hant total cluster
massM in ART simulations with (blue points) and without (red points) radiative coolingyva different
redshifts. Both quantities are measured within the radius that encloses antezam mass density of 500
times the critical density, a scale that captures most of the expected clussegriaZand that is accessible
to SPT. Points at = 1 (upper) andz = 0O (lower) are displaced by a factor of 10 for clarity. The relation
remains tight in simulations that include cooling and galaxy formatiight: Evolution of the slope and
normalization of the power-law meafi— M relation. Models with or without star formation closely follow
self-similar expectations (dashed line). Adopted from Nagai (2006).

7.2 Astrophysical modeling of baryon components

We are pursuing an aggressive progranNebody+gas dynamic simulations, using multiple codes and
modeling approaches, to probe the detailed form of intrinsic halo scalingpreda Specifically, we plan
to: i) measure the covariance among optical and hot gas properties astiariuof halo mass and redshift,
ii) place bounds on extreme behavior and investigate the nature of outliecslingsrelations, and iii)
determine the forms of redshift evolution that arise for specific astragddymodels. By exploring a range
of such models, we will identify parameter degeneracies and searclgfa@tgres that would minimize
astrophysical uncertainties on the DE figure of merit.

One line of investigation is employing gas dynamic resimulations of the Millennium SiimuSpringel
et al. 2005) to generate samples of thousands of high-mass halos. The fulbM®e has been evolved
twice with gas under GADGET, with different treatments for gas evolutiod,aathird is under production.
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In addition, we will evolve a sub-sample of MS clusters with the AMR code RHABryxell et al. 2000),
which follows the dynamics of dark matter, gas, and stars and includesivadiaoling and feedback from
supernovae. The system state of each simulation is stored at 160 ealtmhing sky survey production
and the detailed investigation of dynamical evolution behavior of outliersq@&kisarazin, & Ricker 2002).
The large ensemble of MS halos will be used to investigate the form of theiaoga in mass-observable
relations and its sensitivity to the assumed physical model. Knowledge afi@oea will lead to improve-
ments in the DE figure of merit from clusters through improved modeling of theegselection function.

This approach will be complemented with high-resolution, multi-component madeding the parallel
ART N-body+gas dynamics code (Kravtsov 1999, Kravtebal. 2002). Fig. 8 shows results from a pilot
sample of 16 high-mass clusters simulated at high spatial resolutioBh(! kpc) with a non-radiative
treatment and with gas dissipation and star formation feedback (Nagai R@@aiet al. 2006, Kravtsov
et al. 2006). The models exhibit a tight relation between miglsand the integrated electron pressite
the signal probed by SPT observations of the thermal SZ decrementudgegalaxy formation in cluster
environments is inefficient and peaks at high redshift, 2, the evolution in th&¢y — M relation atz < 1.5
departs only weakly from the self-similar case expectation of purely gteritd clustering. Early galaxy
formation also means that a well-defined ridgeline of red galaxies emergesgivebhalos at these epochs
(DeLuciaet al. 2006). We are extending this analysis to a factor ten larger ensemble of simsildesigned
as a complete, mass-selected sample Wit 2 x 10'*h~ M, in a ACDM cosmology.

7.3 Mock Sky Surveys of Galaxies and Clusters of Galaxies

For the large-volume N-Body and MS gas simulations, we will map the numeotaians along the
past light-cone of synthetic observers to produce sky survey realisadiodark matter, hot gas signatures
and galaxies. These surveys will be used within the collaboration to caljprajection effects and astro-
physical systematics, to tune cluster finding algorithms and weak lensingemalgd to provide a testbed
for cluster self-calibration exercises.

We will use multiple complementary methods to include galaxies. One is a semi-empietiabd,
ADDGALS (Adding Density Determined Galaxies to Lightcone Simulations, Wecles al 2007) designed
to get maximum benefit from large, low resolution simulations. This approaphlates the dark matter
density field with galaxies brighter than the DES magnitude limit in a manner coretréonmatch the
observed color, magnitude and scale dependence of the two-poiny galaglation function. The technique
has been used to populate sky survey octants of the Hubble Volume simuléticgevaxies down to @L,
and extending ta~ 1.4. We will apply the same method to the lightcone simulations from Barcelona, using
the range of sizes to explore sensitivity to mass resolution and to creagystinat push to dimmer galactic
magnitudes.

A second approach will populate halos using an occupation funéidh M) that specifies the prob-
ability that a halo of mas#! containsN galaxies in a specified range of luminosity and color (Berlind
and Weinberg 2002). The occupation function can be predicted byytloeaterived empirically through
clustering data. A third approach uses halo substructure in high resodittiotations as a basis for galaxy
assignment. Conrost al. (2006) show that a model mapping luminosity to the sub-halo circular velocity at
its time of accretion provides an accurate match to the luminosity and scale-depemd-point clustering
of galaxies fromz ~ 5 to the present. With available simulations, this method can model galaxies in the
range—18 < M, < —22 within a(40ch~*Mpc)? volume. In addition to these, the direct ART simulations
and semi-analytic models applied to the MS simulation offer first-principle chaumogalaxy formation
predictions.

As the DES data come in, we will refine our models based on the measured®laiaveen luminosity,
color and spatial density. Pursuing the above combination of first-priscgrld empirical approaches will
allow us to make combined assessments for systematic uncertainties in weak,|&8& and cluster
signatures.
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Members of the LSS simulation group bring extensive, varied, and mutuathpleonentary exper-
tise in core areas needed to address the science areas above. Ehis@xpcludes designing simulation
algorithms and executing large-body+ gas dynamic simulations, statistical methods and analysis, and
extensive approaches to phenomenological application, particularlylsnofdgalaxy populations and con-
struction of mock galaxy and cluster catalogs.

8. Photometric Redshifts

In order to achieve its scientific goals, the Dark Energy Survey will neeabtain accurate galaxy
photometric redshifts (photo-z's). Detailed understanding of the phetwez distributions, as functions
of galaxy magnitude, redshift, and type, will be important for obtaining mteucosmological parameter
constraints. There are two basic approaches to measuring galaxy phitaedshifts. The first relies on
fitting model galaxy spectral energy distributions (SEDs) to the imaging daexrathe models span a range
of expected galaxy redshifts and spectral types (e.g., Sawicki et@r)19he second approach depends
on using an existing spectroscopic redshift sample as a training set v d@riempirical photo-z fitting
relation (e.g., Connolly et al. 1995; Collister & Lahav 2004). There asamaihges and disadvantages to
each approach, as well as a good number of variants and hybridseflilsic techniques (e.g., Csabai et al.
2003). However, photo-z methods ultimately rely on measuring the signal imdging data arising from
prominent “break” features in galaxy spectra, most often the Aagieak or the 914 Lyman break. The
key is to have photometric bands which cover such break features ttooutpe redshift range of interest,
in order to readily detect the primary redshift signal.

8.1 Spectroscopic Training Sets

Training sets of 5x 10* — 10° spectroscopic redshifts will be required in order for systematic photo-z
uncertainties to not significantly degrade cosmological parameter cons{{fdia, Hu, & Huterer 2006), and
we will rely on a number of ongoing or completed redshift surveys to peothe large samples needed for
accurate DES photo-z calibrations. At bright magnitudes, the DES will rethe Sloan Digital Sky Survey
(SDSS) and the 2dF Galaxy Redshift Survey (2dFGRS). The DESimtegdionally covers SDSS Stripe
82, which not only includes standard SDSS main galaxy and luminous rexygalRG) spectroscopic
redshifts, but also various deeper special SDSS samples dowrt®0. In total, some 70,000 SDSS
spectroscopic redshifts lie within the DES area; this includes the 2SLAQ leRiple (Cannon et al. 2006;
Collister et al. 2007), with redshifts of red galaxies out te 0.8 that will be very useful for training cluster
galaxy photo-z's. Likewise, the DES will overlap significantly with the 2dRBG&ea, making another
90,000 spectroscopic redshifts available to DES at bright magnitydes19.45.

At intermediate magnitudes, down to= 23, U. Michigan DES collaborators are currently obtaining
a large training set using the new, ultra-low dispersion prism, PRIMUS, tadlwith the IMACS multi-
object spectrograph on the Magellan | telescope. This PRIMUS/IMAC&gLcan measure up to 15,000
redshifts per clear night, and a total sample of about 100,000 redshiftsendlbtained to = 23, selected
from the deeper coadded imaging data available on SDSS Stripe 82. Airttestanagnitudes, down to the
DES limit ofi ~ 24, we will use two ongoing deep redshift surveys: the VIMOS VLT D8aprey (VVDS;
Le Fevre et al. 2005) and the Keck DEEP2 Survey (Davis et al. 200049.DES overlap areas with these
surveys will provide about 60,000 VVDS redshifts downltg = 24 and about 30,000 DEEP2 redshifts
down toRag = 24.1. In addition, we will repeatedly image these redshift survey fields aoptre DES
supernova survey, so that we will have very deep, well-calibratetbpteiric data for these faint training
set galaxies.

We will carefully examine issues of sample completeness and fairness $er tifaning sets, in order
to identify any potential regions of redshift or galaxy parameter spacel@gthcertain photo-z's, so that
we can use only well-understood photo-z galaxy samples in our sciealysas. If necessary, we will also
pursue additional spectroscopic programs to remedy any training setpheteness at faint magnitudes, by
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using the access of DES collaboration institutions to multi-object spectroseajities available on large
telescopes, including VLT, Magellan (as above), Gemini, and eventually OBerall, the availability of
some 350,000 spectroscopic redshifts before the start of DES otieaswaill provide us with the necessary
training sets to optimize our photo-z techniques, accurately charactemte-plerror distributions, and
control our photo-z systematic errors so as not to compromise our cosgalpgrameter constraints.

8.2 Photo-z'sfor Clusters

The DES cluster key project requires accurate photo-z measuremertdigter galaxies, and such
photo-z’s are greatly facilitated by the strength of the 4000eak feature prominently seen in the spectra
of red cluster galaxies. Here use Monte Carlo simulations to assess the qtiBIEg cluster photo-z's. We
adopt the local cluster luminosity function and luminosity-mass and numbernelasens of Lin, Mohr,

& Stanford (2004), and use a passively evolving elliptical galaxy madeh fthe Pegase-2 library (Fioc &
Rocca-Volmerang 1997), for a flat cosmology wédh, = 0.3 andh = 0.7. The cluster luminosity function
faint-end slope is fixed at = —1.1, and we take the halo occupation number to evolve with redshift as
(1+ 2)?, with y = 1 (Lin, Mohr, & Stanford 2004; Kravtsov et al. 2004). We use the DB& driz galaxy
magnitude limits and add a 2% photometric calibration error in quadrature. A tenfipiiag method is
used to determine photo-z’s for clusters with magsx 10** and 25 x 10“M,, and in each case 20,000
mock clusters are generated and distributed uniformly over the redsigza= 0 — 2. Fig. 9 (left panel)
shows our results and demonstrates that the DES will provide robust-psdtr such clusters ta ~ 1.3.

For these clusters, we find a small photo-z scattaj ~ 0.02 (68% limit), with the tails of the photo-z error
distribution extending no more than about 0.05 in redshift. At higher redshif- 1.3, color degeneracies
become important, and the tails of the error distribution become larger, thougB¥hdimit scatter is still
typically 6 (2) < 0.1. (Note that ouw (z) values are calculated from either the distribution or the rms of
Zphotometric — Zrue, and we danot divide by a factor H- z, e as some other authors do.)

In addition, we have checked our cluster photo-z results using a samgal afusters derived from the
deeper coadded imaging data for the SDSS Stripe 82 area. In particitay,auset of nearly 5500 of these
clusters which have spectroscopic redshifts for their brightest cluataxigs, we find that we do indeed
obtain photo-z errors (z) = 0.01— 0.02 per cluster (68% limit), out te ~ 0.6, by averaging the photo-z's
of individual cluster members; see Fig. 9 (right panel).

8.3 Photo-z'sfor Field Galaxies

The DES weak lensing, BAO/LSS, and supernova projects will also reghioto-z measurements for
the general field galaxy population. Such photo-z’s are necessaslgdesirate than those for cluster galax-
ies, as we must consider a much broader distribution of galaxy types.tiddess, our simulations show
that the DES will obtain well-behaved photo-z’s, with overall scaitér) < 0.1 (68% limit) for redshifts
Z < 2 (Cunha et al. 2007). For our Monte Carlo simulations, we adopt the alagnitude-redshift dis-
tribution derived from the luminosity functions of Lin et al. (1999) and Polale (2003), combined with
the galaxy type distribution derived using data in the GOODS/HDF-N fieldgKapal. 2004; Wirth et al.
2004; Cowie et al. 2004). We simulate a flux-limited sample of 100,000 galaxigstedshifts 0< z < 2,
magnitudes 20< i < 24, and compute photometric errors according to the DESdr@z magnitude lim-
its. To optimize our photo-z’s, we tested several different technigpegifically polynomial fitting (e.g.,
Connolly et al. 1995), neural networks (e.g., Collister & Lahav 2004yl template fitting (Bolzonella et
al. 2000; Benitez 2000). As shown in Fig. 10 (left), we find that our beslts are derived from empirical
training set methods, using either a neural network or a “nearest-regigioynomial” fitting technique,
both of which give a photo-z scatte(z) = 0.08 (68% limit). We also find that we can derive well-behaved,
nearly Gaussian-distributed photo-z errors using a “nearest-ngightos” (NNE) estimator (Oyaizu et al.
2007), derived from the empirically measured photo-z error distributi@untraining set galaxies.

We are testing our photo-z simulation results for their sensitivity to a varietysbématic effects. We are
in the process of checking our results against details of the input mockygad#alogs, by using improved
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Figure 9: Left: Photo-z results for simulations ofGlx 10 and 25 x 10“M galaxy clusters; see text
for details. The red lines show the median difference between photomedriciemredshift, the blue lines
show the 68% limits, and the green lines are s&fat= +0.02 and+0.1 to guide the eyeRight: Photo-z
results for a sample of real clusters derived from the coadded imagia@d&DSS Stripe 82. The nearest-
neighbor polynomial (NNP) method was used, and cluster photo-z'sfaenel by averaging the individual
photo-z’s of cluster members, demonstrating that we can obtain er(eys= 0.01 (68% limit) per cluster
out to redshiftz ~ 0.6 for real galaxy clusters.

catalogs drawn from large N-body simulations, as well as by varying tbptad input luminosity, redshift,
type and reddening distributions to test for potential effects on the resylhintp-z errors. Moreover,
we have also used real galaxy redshift survey samples with depths simd 3o from which we find
comparable photo-z errors as for our simulations. In addition, we atieipating in the Blanco Cosmology
Survey (Pl: DES Collaborator J. Mohr), which is using the CTIO Moshiamera to obtain 100 dégf
grizimaging of similar depths as DES, including many of the same deep redshigysiiglds that will be
used for DES photo-z training. Finally, we have also verified that ouci&ghoice of SDSS filter bandpass
parameters is close to optimal, as demonstrated via a Markov Chain Monte @asiavhich optimized the
photo-z scatter with respect to filter parameters, including central waytbkeand widths.

8.4 VISTA Near-IR Data

DES collaborators and others have submitted to ESO a proposal, the VI&ihsphere Survey (VHS;
Pl: DES collaborator R. McMahon), which will image 20,000 #ied the southern celestial hemisphere
using the VISTA telescope and near-IR camera. In particular, VHS willyaaut deeper imaging over the
5000 ded DES area in the), H andK filters, with total exposure times of 120 sec per filter by the end of
the first year of DES, and 240 sec per band by the end of the full DEf. Mcently, the VHS proposal
has been recommended for implementation by the VISTA Observing Progra@onamittee. If the VHS
proceeds as expected, we will enhance the synergy between DESI@MA by using DECam to obtain
Y-band imaging data over the DES area. Our current plan would be to olf@isetY-band exposures,
while reducing the baseline 2000 seband exposure time to 1600 sec, so that the enhagrded survey
will take the same time as the baseligre z survey. Note that thgrizY survey still meets the DES galaxy
photometric depth requirements, and we have verified that it has the sameniietduster galaxy photo-z
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Figure 10:Left: griz photo-z results for DES field galaxy simulations; see text for detailss the rms
photo-z scatter, andlg indicates the 68% limits (blue lines). The panels show the results using differen
photo-z techniques; the nearest-neighbor polynomial and neural tketweihods perform the bedRight:

o Vvs. redshift for the baselingriz-only photo-z's and for thgrizYJHK photo-z's made possible by the
addition of VISTA near-IR data (see text), which result in a factor of 2 mapment ino over thegri z-only
photo-z’s for the redshift range 4 z < 2.

quality as thegriz survey. TheY-band data will be combined with the VISTAHK data to enhance DES
science reach by enabling selection of cool stars and high-redshgaeg and very importantly, we will
use the resulting 8-bargt i zZYJHK optical plus near-IR data to improve DES galaxy photo-z’s, in particular
at redshiftz 2 1. Using the same field galaxy simulations described earlier, we show in Figureght)
that we do in fact obtain significant photo-z improvement at high redshoftspared to usingyriz data
only, specifically a factor of two reduction in the overall photo-z scatter tve redshift range = 1 — 2.
Moreover, the addition of near-IR data will also significantly improve cluptesto-z's above a redshift

z ~ 1.3, arange which is difficult using opticgtiz data alone (cf. Fig. 9 left panel).

8.5 CrossTalk with Science Key Projects

The limiting systematic error in degrading the cosmological parameter consiisatgfscally not the
absolute size of any photo-z bias or scatter, but rather the uncertaintpwirkg what that bias or scatter is
(although BAO is an exception to this). Cosmology results could also suffierthe fraction of catastrophic
outliers. We can divide the DES galaxy sample into photo-z bins and examieéf¢lseon the cosmology
constraints due to uncertainties in the photo-z bias and scatter in those andH(M & Huterer 2006;
Huterer et al. 2004). This is illustrated in Fig. 11 (Z. Ma, unpublished}tierweak lensing shear power
spectrum (left panels) and for BAO (right panels). For example, tarens 10% degradation in theq
constraint from lensing tomography, we need to keep the photo-z biastaimty < 0.002 and the photo-
z scatter uncertainty: 0.003 per redshift bin. Note that the same 10% degradation omghenstraint
from BAO requires only photo-z bias and scatter uncertainties at-tlded1 level. A similar analysis for
the cluster method indicates that we need an accuracy of atiaii th the cluster photo-z bias in bins of
width Az = 0.1. From Ma, Hu, & Huterer (2006), the photo-z bias uncertainty peshiédbin is given
by o/,/Nspeo Where Ngpecis the number of spectroscopic training set galaxies in that bin. Thus a bias
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uncertainty requirement of 0.002 per bin, with a typical photo-z scatter0.1 per galaxy and 10 redshift
bins, implies a required total training set size & 8 10* objects. The more detailed analysis of Ma, Hu, &
Huterer (2006) shows that training sets of 1010 objects are needed in order to meet these requirements
on the bias and scatter uncertainties. As indicated earlier, DES will satisfa$iassample of about 350,000
training set galaxies will be available.

Several ideas have been proposed recently to improve the perforroftie weak lensing analysis.
Jain, Connolly, & Takada (2007) suggested “color tomography” to big#taxy data in color space and to
use the training sets accordingly, rather than to generate a photo-z camaldalgen bin. Newman (2006)
suggested that cross-correlation of a spectroscopic sample with a phliatosaenple could constrain the
redshift distribution of the photometric samplgz). Our team is actively testing these ideas and their
extensions.
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Figure 11: Contours of degradation in dark energy equation of stattraonts derived from the WL shear
power spectrum (left 2 panels) and from BAO (right 2 panels) astioms of the uncertainty (prior) in the
photo-z bias (x-axis) and in the photo-z scatter (y-axis) in each redshifSeven photo-z bins are used in
the redshift range = 0 — 2. The contour levels indicate the amount of degradation of the parameter co
straints:wg in the left-hand panels of each pair, in the right-hand panels. Note the constraint degradations
are fairly modest£ 1.5) for photo-z bias and scatter uncertaintie$.01.
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