2.
The Science Program of the Dark Energy Survey

What is the nature of the Dark Energy? To address this question, the dark energy must be probed by multiple, complementary methods with independent systematic errors and different cosmological parameter degeneracies. The Dark Energy Survey is designed to pursue several of the most promising of these methods in the context of a single experiment and thereby achieve a substantial advance in dark energy precision. In this chapter, we describe the science goals and drivers of the Dark Energy Survey. In the following chapters, these goals are translated into science requirements, hardware design, and survey strategy.

The Dark Energy Survey is designed to provide data that will yield accurate multi-band fluxes and shapes of galaxies to i = 24 over an area of 5000 square degrees (see chapters 3 and 4). The fluxes, and the resulting colors, will yield galaxy photometric redshift estimates (described in Section 2.7), a linchpin of several dark energy probes. The survey area is chosen to encompass the Sunyaev-Zel’dovich effect (SZE) cluster survey that will be carried out with the South Pole Telescope (SPT); the DES will obtain photometric redshifts for the vast majority of clusters detected by the SPT (all those out to z=1.3). Together, the SPT and DES data will enable measurement of the cluster redshift distribution and the cluster power spectrum, both powerful dark energy probes. In particular, the DES flux limit requirements are chosen so that we can optically identify and measure accurate photometric redshifts of all clusters and even some groups in the survey area to a redshift z ~ 1.0 and of a fraction of the clusters extending to z ~ 1.5. The DES will also measure the shapes of distant galaxies to infer the shear caused by weak gravitational lensing. The weak lensing measurements will independently calibrate the masses for massive clusters out to redshift z ~ 0.7, enabling a purely optical cluster abundance measurement of dark energy parameters in addition to that provided by the SZE. The survey depth and breadth, in combination with good atmospheric seeing, will also enable high signal-to-noise measurements of the weak lensing shear caused by large-scale structure and of the galaxy-shear cross-correlation, each of which provides new constraints on the dark energy. In addition, measurement of the evolution of the angular clustering of galaxies will provide an independent probe of dark energy, using features in the clustering power spectrum as standard rod distance estimators. Finally, through repeat scanning of selected areas of the survey, the DES will obtain densely sampled light-curves for ~1900 Type Ia supernovae and constrain the dark energy through the classical redshift-magnitude relation.

Together, these powerful, complementary techniques will probe the dark energy with unprecedented precision: individually they will probe the dark energy equation of state parameter w (see Sec. 2.1) at the 5-15% level; collectively they can in principle reach the few percent level. It is important to emphasize that these are estimates of statistical errors, assuming constant w, and do not yet include full accounting for systematic errors. Moreover, parameter constraint forecasts generally depend upon priors assumed for marginalized parameters as well as on assumptions about whether and how w evolves. As a result, extreme caution must be exercised in comparing the projected cosmological parameter sensitivity of different experiments and methods, and we will attempt to be explicit about the priors used in the projections below. In all cases, we assume massless neutrinos, no running of the primordial spectral index of the mass power spectrum, and a fiducial model with non-evolving w = (1. More important than the expected statistical precision is the fact that the different methods the DES will use to probe dark energy are subject to different systematic errors and cosmological parameter degeneracies (see, e.g., Fig. 2.3-2), so their inter-comparison should provide a gauge of the systematic errors and a more robust final result. 

As described in this chapter, these science goals can be achieved with a moderately deep (~24th magnitude) survey in four optical passbands, g, r, i, and z. The following chapters show that such a survey can be completed using 30% of the telescope time over five years with a new 520 megapixel camera with a 3 deg2 field of view on the existing Blanco 4-meter telescope at CTIO. To achieve the requisite depth in the redder passbands within the available survey time, we plan to use thick CCDs with much greater quantum efficiency at long wavelengths than conventional thinned devices.

In the following, we highlight the importance of dark energy for fundamental physics and briefly describe the current state of dark energy measurements. We then describe how each of the four methods—cluster surveys, weak lensing, galaxy clustering, and supernovae—will constrain the dark energy in the context of our survey. The last section of this chapter describes the expected accuracy of our photometric redshift measurements, a primary factor in determining the science reach of these dark energy methods. An Appendix describes the measurement of the cosmic shear sensitivity of the Survey.

2.1
Evidence for Dark Energy

In 1998, two research groups studying distant Type Ia supernovae independently found direct evidence that the expansion of the Universe is accelerating (Riess et al, 1998, Perlmutter et al 1999), arguably the most important discovery in cosmology since the serendipitous detection of the cosmic microwave background (CMB) radiation by Penzias & Wilson in 1965. According to General Relativity, if the Universe is filled with ordinary matter, the expansion should be slowing down due to gravity.  Since the expansion is speeding up, we are faced with two logical possibilities, either of which would have profound implications for our understanding of the fundamental laws of physics: (i) the Universe is filled with a completely new kind of stress-energy with bizarre properties (in particular, negative effective pressure), or (ii) General Relativity breaks down on cosmological scales and must be replaced with a new theory, perhaps associated with extra dimensions.  For simplicity, we will subsume both of these possibilities under the general rubric of  ‘Dark Energy’, since in both cases the effects on the expansion of the Universe can generally be described by that of an effective fluid with equation of state parameter w = p/ < (1/3 (we use units in which the speed of light c = 1 throughout).  For example, the dark energy could be the energy of the quantum vacuum, that is, Einstein’s cosmological constant (in which case, w = (1), or it could signal the existence of a new ultra-light particle with mass of order 10-33 GeV or less; in either case, particle physics currently provides no understanding of why the dark energy density should have the value that would explain the current acceleration of the Universe.

Since 1998, independent but indirect evidence for dark energy has come from several sources, most notably the combination of the CMB temperature anisotropy pattern—which points to a spatially flat Universe—and the evidence from large-scale structure and galaxy clusters that the density of ordinary matter (mostly dark matter) is about 30% that of a flat Universe.  These studies indicate that the dark energy comprises the remaining 70% of the energy density of the Universe, (DE ( 0.7, and that its equation of state parameter w < (0.75 at 95% confidence (this upper bound comes from combining supernova, galaxy clustering, and CMB data, assumes w is constant, and depends upon priors on other cosmological parameters, cf. Fig.2.1-1).  In order to pin down the nature of the dark energy and decide between the theoretical alternatives, we need to measure w with greater precision and determine whether and how it evolves with cosmic time. The Dark Energy Survey, in combination with the SPT Survey, is designed to determine w with a statistical (1() precision of order 5% (constant w) and the dark energy density (DE to within ( 0.01. In combination with CMB data, the DES should also provide interesting constraints on the evolution of the dark energy equation of state.

Figure 2.1-1 illustrates the complementarity of the current constraints on dark energy arising from the CMB (WMAP), large-scale structure (SDSS), and supernovae. While Figs. 2.1-1b and 2.3-2a show that the CMB anisotropy itself does not strongly probe the dark energy equation of state, it does accurately constrain the shape of the matter (mass) power spectrum, considerably strengthening the dark energy reach of galaxy clustering and weak lensing measurements. As Fig. 2.3-2a also shows, the CMB constraints on dark energy are nearly orthogonal to those from supernovae. The timing and scientific leverage of the Dark Energy Survey make it complementary to two next-generation CMB mapping experiments that will begin in 2007.  The Planck Surveyor, a satellite that will measure the CMB temperature and polarization anisotropy, will provide constraints at the roughly 1% level on a range of cosmological parameters that determine the matter power spectrum. The South Pole Telescope, a ground-based, high angular resolution CMB mapping experiment, will carry out an SZE survey of galaxy clusters over 4000 square degrees. The combination of the Dark Energy Survey with these CMB experiments—especially the SPT—will provide even more precise information about the dark energy.  
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Figure 2.1-1 Current 95% CL constraints from joint analysis of WMAP, SDSS, and supernova surveys: (a) dark energy vs. dark matter density (assuming w = (1); (b) dark energy equation of state vs. dark matter density, assuming constant w and a flat Universe (Tegmark et al 2003). 

2.2
New Probes of Dark Energy

Dark energy affects the history of the cosmic expansion rate, H(z), over the last 10 billion years or so; this history determines the observables upon which all dark energy probes are based. While supernovae have provided the first direct evidence for dark energy (the observable is the peak apparent brightness as a function of redshift), in the last few years other techniques that complement the supernova method have been undergoing rapid development.  The Dark Energy Survey is designed to exploit several of the most promising of these techniques, including supernovae. 

The first new method involves measuring the redshift distribution and the evolution of clustering of massive clusters of galaxies.  Galaxy clusters are the largest collapsed structures in the Universe, containing up to hundreds or thousands of individual galaxies.  Because the expansion rate of the Universe determines the cosmic volume as a function of redshift as well as the growth rate of density perturbations, the redshift distribution of clusters and its cosmic evolution provide a sensitive probe of the dark energy equation of state. Realizing this technique is the primary science driver for the Dark Energy Survey.

A major project aimed at the cluster counting technique is now being planned for the South Pole. The South Pole Telescope (SPT, John Carlstrom, U. Chicago, PI), funded by the National Science Foundation, is an $18 million project that will start survey operations in 2007.  This project will use the SZE to detect galaxy clusters out to large distances. The SZE is caused by inverse Compton interactions of CMB photons and the hot gas (free electrons) that permeates clusters.  These interactions introduce a spectral distortion into the perfect blackbody of the CMB.  By precisely mapping the background radiation, the SPT will provide a census of tens of thousands of clusters over a 4000 square degree region south of declination = (30o.  Because the SZE signal from a cluster is a measure of the vast thermal energy in the electron population, it is expected to be a robust indicator of cluster mass.

One advantage of the SZE is that it is a change in the spectral distribution of the CMB rather than a source of emission, so it is unaffected by the cosmological dimming that plagues studies of high-redshift objects. This makes it a cluster selection tool that works extremely well over a wide range of redshifts. However, once clusters are detected in the SZE, one needs another method to determine their redshifts, which are required to measure the redshift distribution and clustering evolution. The most efficient way to obtain cluster redshifts to the desired accuracy is by measuring the magnitudes and colors of the galaxies they contain: all clusters contain a population of luminous red galaxies, and the farther the cluster the redder the galaxies appear.  Thus, the SPT survey must be combined, over the same area of sky, with an optical survey in several filters that can measure such color-derived photometric redshifts.  Currently, no telescope in the Southern Hemisphere (which can survey the region of sky observable from the South Pole) has an instrument capable of carrying out such a photometric redshift survey with the requisite area and depth on a timescale of a few years.

In addition to providing redshift estimates for the SPT clusters, the Dark Energy Survey will provide an independent cluster counting probe of the dark energy.  The cluster counting method depends on having a good estimate of the mass of each cluster.  The SZE technique provides one estimate of cluster mass, but optical observations of clusters provide others: the more massive a cluster, the more luminous galaxies it contains and the stronger its gravitational lensing effects on background galaxy images.  Current observations indicate that gas-based probes of clusters (i.e., SZE or X-ray signatures) provide more accurate estimates of cluster masses than optical techniques alone.  Projection effects are a major issue for lensing (e.g., White, etal 2002, Dodelson 2003) and, to a much lesser extent, for optical mass estimators (e.g., Lin et al 2003);  projection is less problematic in SZE surveys.  On the other hand, radio emission from the nuclei of galaxies can interfere with SZE cluster selection but does not affect optical cluster finding; moreover, optical and lensing mass estimates do not depend on assumptions about the state of the intracluster gas. Thus, SZE and optical cluster finding and mass estimation are complementary; by coordinating the Dark Energy Survey with the SPT survey, we can cross-check mass estimates and control systematic errors.

A second new technique for probing the dark energy involves weak gravitational lensing: by precisely measuring the shapes of distant galaxies, we can infer how those shapes have been distorted due to their light bending around foreground mass concentrations. The evolution of the statistical pattern of these distortions—for example, of its angular power spectrum—as well as of the cross-correlation between foreground lensing galaxies and background galaxy shear, is sensitive to the cosmic expansion history and thus to the dark energy (Hu 2002, Huterer 2002).  Weak lensing studies of dark energy require surveys that cover a large area of sky from sites where atmospheric turbulence does not cause excessive blurring of the galaxy images.  The site at CTIO is known to have excellent image quality. 

The third technique exploits the dark energy leverage available in the power spectra of the spatial distribution of galaxies. The matter power spectrum as a function of wavenumber shows characteristic features, a broad peak as well as baryon wiggles arising from the same acoustic oscillations that give rise to the Doppler peaks in the CMB power spectrum. With the Dark Energy Survey, we will be able to explore the angular galaxy power spectrum in redshift shells out to z~1.1.  This approach will provide cosmological information from the shape of the power spectrum transfer function and physically calibrated distance measurements to each redshift shell (Eisenstein, Hu, & Tegmark 1998, Cooray et al 2001, Hu & Haiman 2003, Seo & Eisenstein 2003, Blake & Glazebrook 2003).

The fourth approach to dark energy will be to revisit 40 deg2 of the sky every third night, enabling the discovery of and providing light-curves for a sample of approximately 1900 Type Ia supernovae at redshifts 0.3<z<0.8.  These SNe will provide relative distance estimates that can be used to constrain the properties of the dark energy—especially when combined with the other three approaches and the CMB.  

These four techniques have very different sources of systematic error from one another. Because we do not yet know the fundamental limitations of these different techniques, and because the problems raised by dark energy are so profound, it is necessary to pursue all of the most promising probes.  The Dark Energy Survey does so within a single project.  Note that the three new techniques rely on an underlying paradigm for the formation of large-scale structure, based on gravitational instability of cold dark matter in the Universe, although weak lensing measurements also yield a purely geometric dark energy test with reduced sensitivity (Jain & Taylor 2003, Zhang, Stebbins, & Hui 2003, Hu & Jain 2003). Despite the on-going theoretical challenges in fully understanding the formation and evolution of galaxies, recent CMB and large-scale structure data have repeatedly shown that this paradigm is robust, indicating that cosmological parameters can be confidently probed in these new ways.

Below we describe each science component of the Dark Energy Survey in greater detail.

2.3
Galaxy Cluster Studies of the Dark Energy

In recent years, it was recognized that large cluster surveys to redshifts z~1 can be used to study the galaxy cluster abundance and its evolution and thereby deliver precise constraints on the amount and nature of the dark energy (Wang & Steinhardt 1999, Haiman et al 2001).  A cluster survey carried out over large solid angle also constrains cosmology through the spatial clustering of the galaxy clusters.  The correlated positions of galaxy clusters (encoded in the cluster power spectrum Pcl(k,z)) reflect the underlying correlations in the dark matter; these correlations contain a wealth of cosmological information, much like the information contained in the CMB anisotropy power spectrum.  We plan to use the cluster redshift distribution and the cluster power spectrum as powerful cosmological probes to study the density and nature of the dark energy. 

The observed cluster redshift distribution in a survey is the product of the comoving volume per unit redshift and solid angle, d2V/dzd, and the comoving density of detected clusters ncom, 
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(2.3:1)

where dn/dM is the cluster mass function, H(z) is the Hubble parameter as a function of redshift, DA(z) is the angular diameter distance, and f(M,z) is the redshift-dependent mass selection function of the survey.  Figure 2.3-1 shows a characteristic redshift distribution for the SPT+DES cluster survey.  The cosmological sensitivity comes from three basic elements:

· Volume:  the volume per unit solid angle and redshift depends sensitively on cosmological parameters and has much in common with a simple distance measurement (such as that given by supernovae).

· Abundance Evolution: the evolution of the number density of clusters, (dn/dM)(z), depends sensitively on the growth rate of density perturbations, which is determined by the expansion rate H(z) and therefore highly sensitive to cosmological parameters.  For example, the higher the matter density, the more rapidly perturbations grow at recent epochs, implying lower perturbation amplitude and therefore fewer clusters at high redshift. The number density also depends on the initial mass power spectrum.

· Mass selection function: clusters are selected using some observable such as the integrated SZE flux (a measure of the thermal energy in the intracluster medium), galaxy number or light (a measure of the stellar mass in the cluster), or weak lensing shear (a measure of the projected mass density of the cluster).  In general, all these observables are correlated with cluster mass.  A flux-limited survey will pick out all clusters massive or luminous enough to lie just above the flux limit.  Thus, the cluster selection function depends on the luminosity distance to that redshift, which depends on cosmology.  The form of the selection function encodes the scatter about the characteristic mass—observable relation and at any redshift will vary from 0 for low-mass, undetectable clusters to 1 for very high-mass, easily detected systems.
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Figure 2.3-1  The redshift distribution (blue) for the SPT+DES cluster survey for a fiducial cosmological model with (DE = 0.7, w = (1, and power spectrum amplitude (8 = 0.9.  A particular realization of the model appears with red points and error bars.  The green model with slightly different cosmological parameters can be excluded with 3σ confidence using a likelihood analysis of this data.  The lower panel shows the deviations between the 3 model and the fiducial model as a function of redshift in units of =/.

The cosmological sensitivity of the cluster power spectrum arises primarily because there are features—including a break—in the power spectrum that depend on the matter and baryon densities.  These features provide a standard ruler, calibrated by the CMB power spectrum.  By measuring the cluster angular power spectrum in a redshift bin, one measures the angular scale of these features.  Comparing the angular and physical scale of these features provides direct angular diameter distance information to that redshift (Cooray et al 2001).  The cosmological constraints from the cluster power spectrum are independent of those from the cluster redshift distribution; taken together, they constrain cosmology in a very robust manner (Majumdar & Mohr 2003b, Lima & Hu 2004). 

Several crucial components make possible precision studies of dark energy using galaxy cluster surveys.  First, the formation and evolution of dark matter halos must be precisely modeled; fortunately, this is well-understood theoretically and well-tested using N-body simulations of structure formation (Jenkins et al 2001, Hu & Kravtsov 2002, Linder & Jenkins 2003). Second, special-purpose surveys must be designed to cleanly select clusters over a large range of mass and redshift—survey completeness and contamination must be well understood when analyzing the cluster redshift distribution. Third, photometric redshift estimates must be available for large numbers of clusters—this drives the synergy between the SPT and DES surveys.  Finally, a mass—observable relation must exist that can tie observable cluster properties (such as the SZE flux or the galaxy light) to the underlying halo mass.  The combination of the DES and SPT surveys bring all these ingredients together, making it possible to deliver robust constraints on the dark energy from a sample of ~20,000 clusters.
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Figure 2.3-2 Forecast 68% CL constraints on the dark energy equation of state parameter w, the dark energy density parameter (DE, and the matter density parameter (m for the SPT+DES galaxy cluster survey (blue). For comparison, forecasts for SNAP supernovae (green; Perlmutter & Schmidt 2003), current constraints from WMAPext (black dashed; Spergel et al 2003), and forecasts for Planck polarization (red) are shown.  The cluster constraints in the left panel either assume a flat universe (solid blue) or solve for geometry and w simultaneously (dashed blue); the solid black contour shows approximate constraints from two years of DES data, using photometric redshifts to z = 0.8. The constraints arise from the cluster power spectrum, the cluster redshift distribution (assumed distributed uniformly out to z =1 for this figure), and 100 cluster mass measurements each accurate at the 30% level (1). Note that only the SNAP constraint includes a full estimate of systematic error.

Figure 2.3-2 shows forecasts for the dark energy constraints from the SPT+DES cluster survey, compared with projected SNAP supernovae and existing and projected CMB constraints, and assuming Gaussian initial density perturbations as expected from inflation. The marginalized error on the dark energy equation of state from SPT+DES clusters is (w ( 0.05 for a flat Universe. The complementary parameter degeneracies underscore the gains one can achieve by carrying out both cluster surveys and supernova distance measurements, as we plan to do in the Dark Energy Survey.  The 30% cluster mass measurements will come from a combination of weak lensing constraints directly from the Dark Energy Survey, deep pointed X-ray observations with Chandra or XMM-Newton, and perhaps through dynamical mass estimates arising from spectroscopic studies of a subset of the clusters.  We emphasize that these forecasts include survey self-calibration: the mass—observable relation and its evolution are extracted from the survey directly (Majumdar & Mohr 2003a,b; Hu 2003, Lima & Hu 2004).  The precision of cosmological constraints suffers when one requires self-calibration, but the accuracy is improved by eliminating biases introduced by theoretically driven assumptions about the expected form and evolution of the mass—observable relations. Put another way, the constraints with self-calibration do incorporate an estimate of the effects of a major source of systematic error in the cluster measurements.

In calculating the forecasts shown above we have reserved considerable cosmological information for cross-checking our constraints.  As shown in Equation 2.3:1, the redshift distribution involves an integral over the mass function.  Using in addition the shape of the mass function directly would improve the cosmological constraints (Hu 2003), but with the approach outlined here we can, at the end of the analysis of the redshift distribution and cluster power spectrum, predict the cluster mass function as a function of redshift.  A direct comparison of the theoretical mass functions for the best-fit cosmology and the observed mass functions derived from the survey (in essence, the observed luminosity functions, which can be converted to a mass function using the parameters of the mass—observable relation) will indicate the level of self-consistency—and effectively the level of accuracy—of our analysis.  These multiple, independent sources of information from a cluster survey make it a particularly powerful probe of the dark energy. 

Finally, we note that the constraints shown here and below (except as noted) assume that the dark energy equation of state parameter w is constant in time; if w evolves, then the corresponding constraints on its present value, w0, are generally less stringent. On the other hand, the SPT+DES cluster abundance, in conjunction with determination of the mass power spectrum normalization, can provide constraints on the evolution of w that complement those that will come from SNAP (Battye & Weller 2003, Hu 2004). We discuss constraints on the time evolution of w expected from the DES further below.

2.3.1 Optical Cluster Finding and Mass Estimates

The classical method of identifying clusters is to search for large aggregations of galaxies. Empirically, this method is justified by the strong observed correlation between the distribution of mass and the distribution of luminous galaxies on large scales. In the Dark Energy Survey, finding clusters optically and measuring the number of luminous galaxies they contain will provide estimates of the cluster abundance and cluster masses that are independent of those from the SZE. 
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Figure 2.3-3: Optical image of a galaxy cluster at z = 0.15 (SDSS collaboration).
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Figure 2.3-4 Galaxies in the red sequence from a cluster at z =1.27 (van Dokkum etal(2001).

Clusters of galaxies can be identified optically by searching for concentrations of galaxies with the same color: clusters exhibit a population of red (elliptical or S0) galaxies that have remarkably uniform colors (Gladders and Yee 2000). With increasing redshift, cluster galaxies appear progressively redder, providing a basis for a color or photometric estimate of cluster  redshifts.  A version  of  this  red-sequence  technique  for  identifying clusters, called the maxBcg algorithm, has been used in the SDSS out to redshifts z ~0.3(0.5 (Annis et al 1999, Sheldon et al 2001, Bahcall et al 2003; see Fig.2.3-5). The maxBCG algorithm has been tested on N-body simulation-based mock catalogs, populated with realistic galaxy populations, out to these redshifts (Wechsler et al, in preparation).  The use of a color-based selection technique reduces projection effects significantly: virtually all massive clusters are found with the method, and for M>1014 Msun, the scatter between mass and Nred is less than about 30%.
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Figure 2.3-5 An example of the maxBcg algorithm used to identify clusters in SDSS imaging data. For galaxies in a small area of sky, g-r color is plotted against apparent i-band magnitude. The dotted curve shows the expected locus of the most luminous galaxies found in clusters, with redshift increasing along the curve. This cluster is at z =0.1. Ellipses indicate the 1, 2, 3( expectation values for the most luminous galaxy in a cluster at z =0.11, while the vertical dotted line shows the luminosity limit used for the count of red cluster galaxies, Nred.

We expect this method to work well out to higher redshift: cluster galaxies have been found to have homogeneous colors up to and beyond z = 1 (Ellis et al 1997, Stanford et al 1998; van Dokkum et al 2000, van Dokkum et al 2001; Lidman et al 2003), and  the  red-sequence technique has been applied  to find clusters in this regime (Gladders et al 2003). A variety of observational studies of galaxy evolution indicate that the population of red galaxies as a whole, not just those in clusters, is quite stable out to redshifts of z ~ 1, indicating that this technique for cluster identification should be robust.

For the SPT survey, the observable used to statistically estimate cluster mass is the SZE flux. For optically selected clusters, one can use, e.g., total galaxy luminosity (e.g., Bahcall et al 2003, Lin et al 2004); for the remainder of this discussion, we will instead adopt the number of red galaxies above a limiting luminosity, Nred, as the optical mass estimator, since it is straightforward to measure with the maxBcg cluster finding technique (see Fig. 2.3-5).  

Weak lensing measurements provide an additional method for calibrating the relation between Nred  and cluster mass (see, e.g., Fig. 2.4-2). To obtain high signal to noise, one stacks many clusters of a given Nred and photometric redshift interval and determines the mean tangential shear profile, a technique used on a sample of early SDSS data by Sheldon et al (2001). The mass scalings derived from this method agree very well with those derived from spectroscopic velocity dispersions (McKay et al 2004), an important cross-check on the method. The Dark Energy Survey will allow us to build weak lensing vs. Nred scaling relations out to z = 0.7.  All three mass indicators derived from optically-selected clusters (optical luminosity or number of red galaxies, weak lensing mass, and cluster velocity dispersion) are being extensively tested and cross-checked with clusters identified with maxBCG in realistic simulation-based mock catalogs.  This has allowed both tuning of the algorithm to get the most robust cluster selection and direct comparison to dark matter halo masses, which allows us to understand the systematic uncertainties inherent in each method.  
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Figure 2.3-6  A realization of the DES cluster redshift distribution from the Hubble Volume N-body simulation. The three curves show the distribution for different mass bins, where M is the cluster mass in units of solar mass. The red curve corresponds roughly to the detection mass threshold for SPT clusters (1014 Msun), while optical imaging can detect clusters down to lower masses, similar to that indicated by the black curve (1013.5 Msun or Nred = 10). 

2.4
Weak Gravitational Lensing and Dark Energy

The bending of light by foreground mass concentrations shears the images of distant source galaxies. Dense mass concentrations such as galaxy clusters induce a coherent tangential shear pattern that can be used to reconstruct their surface mass densities. Larger scale structures with lower density contrast also generate correlated shear, but with lower amplitude—in this case one studies the shear pattern statistically, a method known as cosmic shear or shear-shear correlations. Since the foreground dark matter is associated to large degree with foreground galaxies, one can also measure the angular correlation between foreground galaxy positions and source galaxy shear, a technique known as galaxy-shear correlations or galaxy-galaxy lensing. 

These weak lensing techniques provide powerful probes of the dark energy in the context of the Dark Energy Survey: the shear-shear and galaxy-shear correlations depend on and therefore constrain the dark energy density and equation of state. In addition, as noted above, lensing provides statistical cluster mass estimates that can cross-check SZE, X-ray, and galaxy-number-based mass estimators. Although shear-shear and galaxy-shear correlations were detected for the first time several years ago, the Dark Energy Survey, with its wide area coverage, depth, and photometric redshift information, will exploit the dark energy sensitivity of these techniques. 

The shear-shear, galaxy-shear, and galaxy angular power spectra can be expressed as projections of the corresponding three-dimensional power spectra (e.g., Hu & Jain 2003),                               
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where  denotes the angular multipole, a, b = (1, 2),  x1  and x2  denote the  two-dimensional

angular galaxy (g) and shear (() fields, and s1 and s2 respectively denote the three-dimensional galaxy (g) and mass (m) density fluctuation fields at redshift z. The weight functions W1 and W2 encode information about the galaxy redshift distribution and about the efficiency with which foreground masses shear background galaxies as a function of their respective distances. 

The dark energy density and equation of state affect these angular power spectra through the distance and weight factors and through the redshift- and scale-dependence of the three-dimensional power spectra  EQ P\s\up5(gg),  EQ P\s\up5(mm), and  EQ P\s\up5(gm). For a given set of cosmological parameters, the mass power spectrum  EQ P\s\up5(mm) can be accurately predicted from N-body cosmological simulations; the shape (scale-dependence) of  EQ P\s\up5(mm) is also well constrained on large scales by WMAP data on the CMB anisotropy, and we include this as a prior in the forecasts shown below. In addition to cosmology, the power spectra involving galaxies,  EQ P\s\up5(gg) and  EQ P\s\up5(gm), require a model for the bias, that is, for how luminous galaxies are distributed with respect to the dark matter. We describe the bias in terms of the ‘halo model’, with 5 parameters that determine how galaxies occupy dark matter halos; this model is physically motivated and accurately reproduces the results of N-body simulations that include gas dynamics.

To forecast constraints, we estimate the statistical errors on the angular power spectra; for illustration, we focus on the shear-shear spectrum, for which the uncertainty is (Kaiser 1992) 
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where  EQ f\s\do5(sky) is the fraction of sky area covered by the survey, (2((i) is the variance in a single component of the (two-component) shear, and 
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 is the source galaxy angular number density per sr. The first term in brackets comes from cosmic variance, and the second, shot-noise term results from both the variance in galaxy ellipticities (‘shape noise’) and random error in measuring galaxy shapes. Eqn.(2.4:2) assumes the shear field is Gaussian; although this assumption breaks down at large , the non-Gaussian variance is generally masked by the shape noise term. In what follows, we only use information from multipoles <3000. 

Eqn. (2.4:2) indicates that weak lensing places a premium on maximizing the survey sky coverage and the surface density of source galaxies with measurable shapes. We choose to rewrite the shot-noise term in Eqn.(2.4:2) as (0.32)2/neff, where the numerator is the empirical shape noise for large, well-measured galaxy images, and   EQ n\s\do5(eff)  is the source galaxy density including noise weighting. In estimating the shear, the ellipticity measurement of each source galaxy is relatively weighted by the inverse noise, which has contributions from shape noise and shape measurement error. In addition, the ellipticity of each galaxy is corrected for PSF dilution by a factor that depends on the square of the ratio of the galaxy size to the PSF—for small galaxies the correction is large, and uncertainty in the correction factor means these galaxies are further downweighted in the shear estimate. These effects are incorporated into the noise-weighted galaxy density  EQ n\s\do5(eff)..
This effective or weighted number density is convenient because it can be used with power spectrum noise estimates that assume the usual shape noise amplitude. 

To estimate  EQ n\s\do5(eff) for the DES, we studied a 900 sec CFH12K I band exposure taken in median seeing of 0.63'' and artificially degraded the image to different seeing values. Note that this is the same exposure time to reach the DES i band survey requirement (chapter 3) and that the CFHT mirror aperture is close to that of the Blanco. We measured the ellipticities and sizes of the detected objects using an adaptive weighting scheme that is nearly optimal for lensing measurements (Bernstein and Jarvis 2002). . In the CFH12K image, the mean relative galaxy weight per magnitude bin is essentially unity out to IAB = 21.5 and drops to about 0.5 at  EQ I\s\do5(AB)=24.1, which is the nominal 10 magnitude limit for galaxies. The effective source density for the DES i band images is shown in the bottom panel of Fig.2.7-1 as a function of seeing. An increase in seeing has two effects: (i) the PSF is a larger fraction of the size of the faint source galaxies, so they receive less weight due to the larger PSF dilution factor; (ii) the effective number of CCD pixels per object is larger, increasing the sky background per object and therefore the shape measurement error. Fig.2.7-1 shows that for 0.9'' seeing, which is the assumed median for the DES, we expect an effective source galaxy density of   EQ n\s\do5(eff) =10 arcmin EQ \s\up5(-2), and we have adopted this value in the analysis below. Note that this is smaller by about a factor of two than the actual source density above the 10( detection limit of the Survey, because it includes weighting due to measurement error, PSF dilution, and shear polarizability. The upper panel of Fig.2.7-1 shows the shear sensitivity per component, which is just  EQ ág\s\up5(2)\(q\)ñ\s\up(1/2,N)/ \R(,2)evaluated at  EQ q= \R(,5000) degrees. In comparison to the CFHT Legacy Survey, which goes deeper over a smaller area of sky, the signal to noise on the shear variance for the Dark Energy Survey should be larger by a factor of three.
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The survey depth also determines the redshift distribution of the source galaxies. In the estimates below, we used a distribution with median redshift  EQ z\s\do5(s)=0.7. This is consistent with the distribution inferred from redshift surveys to  EQ I\s\do5(AB)=24, the expected depth of the DES, and with models of galaxy counts. The actual source redshift distribution for lensing will differ from that for a survey with this flux limit because (a) we include source galaxies beyond the 10 detection limit, and (b) fainter galaxies contribute less weight. These correction effects go in opposite directions, and we expect this adopted median source redshift to be reasonably accurate.

Figure 2.4-1  Upper panel: shear sensitivity for the Dark Energy Survey as a function of seeing, for 900 sec i band exposure. Lower panel: effective source galaxy density for lensing as function of seeing, for same exposure.

The three angular power spectra provide constraints on the multi-dimensional parameter space that includes the halo and cosmological parameters, and we forecast constraints on w and  EQ W\s\do5(DE) by marginalizing over the others, assuming spatial flatness. We include approximate WMAP CMB priors, specifically, 10% errors on (mh2, (bh2, the primordial spectral index n, and the power spectrum amplitude A1/2, but no CMB priors on any dark energy parameters. We assume the source galaxies can be separated into 4 photometric redshift bins of width (z = 0.28 out to z = 1.1, plus a fifth bin for all higher-redshift galaxies. The lens galaxies are placed in bins of (z = 0.1 out to z = 1 and are included if they reside in halos of mass greater than 1013.5 h(1 Msun. Although the shear-shear (cosmic shear) spectrum is proportional to  EQ P\s\up5(mm) and thus independent of the halo model parameters, it has the lowest signal to noise and is the most sensitive to systematic errors in measuring galaxy shapes. At the other extreme, the galaxy auto-power spectrum is most sensitive to uncertainties in the bias model, but it has the highest signal to noise. Fig. 2.4-2 shows the expected constraints from the Dark Energy Survey: all 3 power spectra jointly determine w with a statistical uncertainty of less than 4% and  EQ W\s\do5(DE) to better than 1%; more conservatively, cosmic shear alone yields a 1-( error on (constant) w of 6%. These numbers will decrease with improved priors from Planck. 

For comparison, Fig. 2.4-2 also shows approximate constraints expected after two years of DES data. Using the survey strategy described in chapter 4, the expected effective source galaxy density from two years of data is 6.6 per square arcmin (as opposed to 10 for five years of data). The noise in the shear measurements has been scaled up accordingly; in addition, the source galaxy redshift distribution after two years will be modestly shallower than for the full survey; this effect has not been incorporated in the figure, leading to a small underestimate of the two-year parameter errors. 

[image: image8.png]L e e B I

"

r \

r v

r \
-0.85 | \ galaxy shear

F "~ (w. halo priors)

-0.9

I !cosmic shear

-095

| —— Syr
ro 2| yr | joint power
0.65 0.7 0.75 0.8




Figure 2.4-2 Forecast 68% CL constraints on w and  EQ W\s\do5(DE) from weak lensing in the DES. Red: shear-shear correlations; green: galaxy-shear correlations, with halo model parameters constrained by foreground galaxy auto-correlations; blue: joint constraints from all three power spectra. Dotted curves indicate approximate constraints expected after 2 years of data, according to the survey strategy described in Chapter 4.
The statistical accuracy of these parameter measurements, while impressive, can only be reached if systematic errors are kept under control. For shear measurements, the dominant systematic error comes from residuals in correcting galaxy shapes for the effects of an anisotropic point spread function (PSF), caused by optical and CCD distortions, tracking errors, wind shake, atmospheric refraction, etc. One uses the shapes of stars to measure, interpolate, and correct the PSF, but the finite angular density of well-measured stars yields a sparse sampling of the spatially and temporally varying PSF field. Our experience with weak lensing measurements using the wide-field Mosaic II camera on the Blanco 4-m telescope demonstrates that the PSF can be accurately mapped and corrected to be circular across the field to less than 0.5%. For the wider-field Dark Energy Camera and associated corrector, an optical design with low, stable, and smoothly varying distortion across the field of view is required. The galaxy-shear correlations are less sensitive to these systematics than shear-shear correlations, because PSF anisotropy tends to cancel out of the azimuthally averaged tangential shear field measured around foreground galaxies. Moreover, since the foreground galaxy auto-spectrum is independent of the shear measurements, it provides an independent cross-check on the shear systematics. 

In addition to statistical measurements, weak lensing in the Dark Energy Survey will yield low-resolution projected mass maps and mass profiles for galaxy clusters, especially in the redshift range z 0.1-0.5. In addition, the shear fields for clusters of given redshift and galaxy number or SZE flux can be ‘stacked’ to yield a mean mass profile, useful for calibrating cluster mass estimates based on optical galaxy counts or the SZE. An example of a low-redshift cluster mass reconstruction using the Blanco 4-m (with cumulative exposure time longer than for the DES) is shown in Fig. 2.4-3 (from Joffre et al. 1999); the shear in the inner regions, of order a few percent, is detected at 7(. 
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Figure 2.4-3  Reconstructed projected mass map for the z =0.05 cluster Abell 3266 superposed on an R-band image with the BTC from the Blanco 4-m telescope. Contours are significance levels, and the image is 44 arcmin on a side; the galaxy source density used to reconstruct the mass map was 15 per arcmin EQ \s\up5(2).

2.4.1 Constraining Dark Energy Evolution with Clusters and Weak Lensing

The forecast constraints from the cluster survey and from weak lensing shown so far have assumed the dark energy equation of state w is constant in time. In fact, if w ( (1, then it is likely to evolve as well; current constraints on the evolution of w are very weak, and determining it will be an important goal of future dark energy projects. It is convenient to parametrize the evolution by writing w(a) = w0 + (1(a)wa , where wa = ( dw/da|0 , subscript 0 denotes the present epoch, and the cosmic scale factor a = 1/(1+z). Fig.2.4-3 shows forecast constraints on wa  vs. w0 from weak lensing and from the cluster survey (Hu 2004). Note that, for illustrative purposes, the assumptions and priors used here differ somewhat from those used above. In partcular, here the CMB priors on parameters (now including dark energy parameters) are more aggressive, coming from expected statistical errors from the Planck satellite. For cosmic shear, we use the same range of angular scales for the analysis as above; however, for the galaxy-shear measurement, here we include lens galaxies in halos down to 1012.5 h(1 Msun, i.e., we push the halo model down to lower masses, but we only include constraints from angular multipoles <1000, a more restrictive range than above. For the cluster redshift distribution and mass function, here we include all clusters more massive than 1014.2 h(1 Msun in 10 redshift bins to z = 1. To show the effects of uncertainty in the mass-observable relation, we show constraints for (i) perfect calibration of the relation, (ii) allowance for uncalibrated power-law evolution of the relation with redshift, and (iii) inclusion of self-calibration using the cluster power spectrum (variance in counts in cells). For both weak lensing and the cluster survey, the forecast (purely statistical) constraint on the evolution of w is at the level of (wa ~ 0.5.
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Figure 2.4-3 68% CL constraints on evolution of the dark energy equation of state wa  vs. w0 for (a) cosmic shear (`shear-shear’) and galaxy-shear (`galaxy-lensing’) correlations and (b) the cluster abundance. In these plots we marginalize over dark energy density (DE, assuming a flat Universe, and assume Planck CMB priors on cosmological parameters.

2.5
Galaxy Angular Clustering 

The Dark Energy Survey (DES) will deliver a sample of over 300 million galaxies extending beyond a redshift of one. On large scales, galaxy clustering and its evolution should reflect the gravitational dynamics of the underlying dark matter distribution. The ratio of the galaxy and dark matter power spectra can be described by a redshift-dependent bias factor, b2(z), that is theoretically expected to be scale-independent on large scales, although its amplitude does depend on the type (e.g., luminosity, color) of galaxy being studied. In the linear regime, we can write the galaxy power spectrum as 
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where the initial dark matter power spectrum from the early Universe [image: image12.wmf]n
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 is the scale-independent perturbation growth function, and the pi remind us that these functions depend explicitly on cosmological parameters. In practice, we replace this simple bias model with the more physically motivated and numerically justified halo model mentioned above. 

As with lensing, we will measure the galaxy angular power spectrum within photometric redshift bins to probe the dark energy. The angular power spectrum within a redshift shell can be written as 
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 is the Bessel transform of the radial selection function for redshift shell i (Tegmark et al. 2002, Dodelson et al. 2002).  

The transfer function has a characteristic break on a physical scale corresponding to the horizon size at matter-radiation equality, determined by the mean dark matter density, as well as small wiggles associated with the effects of baryon acoustic oscillations on the dark matter distribution.  Within each redshift shell, the angular power spectrum will reflect this characteristic break at some characteristic angle.  Thus, the angular power spectrum constrains a redshift-dependent combination of the matter density and the angular diameter distance (Cooray et al 2001). An estimate of the resulting dark energy constraints, marginalized over the 5 halo parameters in each redshift shell, assuming spatial flatness, and restricting information to angular multipoles 50 < l < 300 where the halo model of bias should be robust, is shown in Fig. 2.5-1. Here we have included statistical Planck CMB priors on the power spectrum, employed 10 photometric redshift shells to z = 1, and included galaxies in halos with mass greater than 1012.5 h(1 Msun. 

[image: image17.png]WDE

0.85

0.95

(@)
[ 4
£
[8)
£
0.01
100 1000
!
T ! T T .
(b) (©)
05
0
-0.5
L L n
0.68 07 072 074 076 -0.9 -0.8 0.7
Qpp wo





Figure 2.5-1 (a) Galaxy angular power spectrum at z = 1 in a bin of width (z = 0.1; (b) 68% CL dark energy constraints for constant w, using the shaded band in (a) and 10 angular spectra; (c) constraints on dark energy evolution, marginalized over dark energy density (DE. Here, Planck CMB priors on cosmological parameters are assumed.

2.6
Supernovae and Dark Energy

Using supernova (SN) light curves to measure the expansion history of the universe has rapidly become a foundational standard of cosmological studies.  Studies of nearby SNe (e.g., Hamuy et al. 1996a) provided the basis for the development of methods using Type Ia SNe as precision distance indicators (e.g., Hamuy et al. 1996b, Riess, Press, & Kirshner 1996, Perlmutter et al. 1997), and the application of these methods to studies of high redshift SNe provided the first direct evidence for the accelerating expansion of the Universe (Riess et al. 1998, Perlmutter et al. 1999).  Moreover, the dark energy constraints from supernovae are complementary to those derived from the CMB, large-scale structure, and, in the future, from lensing and cluster surveys. 

The methods used to extract information from SN light curves are now undergoing rapid refinement and improvement. The sources of systematic uncertainty are being addressed and either minimized or eliminated by new measurement capabilities and larger samples.  As this control of systematic uncertainties improves, new supernova surveys successively take advantage of this knowledge by performing more detailed and controlled measurements on both the supernovae and the supernova samples, lowering the statistical uncertainty to the improved systematic limit.

With the Dark Energy Survey, we have the opportunity to make the next step forward in this progression.  Compared to the current generation of supernova surveys (e.g., ESSENCE on the Blanco telescope and the CFHT SN Legacy Survey), we will have new measurement capabilities and a wider field to collect larger numbers of supernovae over a wide range of redshifts.  The proposed instrument design will allow much better control over the wavelength response of the entire photometric system. In addition, the proposed detectors will allow much better throughput in the redder wavelengths that are crucial both to measuring SNe at high redshift and to controlling and quantifying the systematics related to dust and intrinsic SN dispersion at lower redshifts. 

Based on these new capabilities, we have designed a baseline supernova experiment which uses approximately 10% of the time dedicated to the Dark Energy Survey operations, assumed to be 30% of the telescope time over a five-year period.  The requirements of this design include the production of a large number of well-sampled SN light curves in three bands in an observing strategy that fits within the 5000 deg2 DES survey area and survey strategy. Balancing spatial coverage with depth to cover a wide range of redshifts (0.25 < z < 0.75 ), we have selected nominal exposure times of 200s in r, 400s in i, and 400s in z.  These exposure times should give us reasonable signal to noise SN light curves in these bands out to z ~ 0.75.  We would use roughly one hour per night over four months each year for five years.  Each night we would cover roughly one third of our total survey area, returning to the same fields every third night.  Each observation of a given field would be taken in r and alternately in i and z; with this cadence, we would obtain r band SN light curves sampled every third night, with i and z band light curves sampled every sixth night.  In total we would cover 13 Dark Energy Camera fields or 40 square degrees of sky, a much larger area than that covered by any current intermediate to high redshift SN survey.  

With this baseline design, we have run Monte Carlo simulations of the SN survey, assuming that the Dark Energy Camera has roughly similar r and i band response to that of the existing CTIO Mosaic II camera (a conservative assumption) and with the improved z band response described in Chapter 5.  Folding these sensitivities in with the historical weather, seeing, and other observational factors, we estimate that we will identify more than 1900 Type Ia SNe (along with many SNe of other types) over the course of the five-year program. 

Using this large sample of well-characterized SNe, we can constrain dark energy parameters such as w.  Figure 2.6-1 shows the results of propagating the simulated light curves through a sample analysis to determine the resulting cosmological parameters.  The panel shows the SN results alone and combined with the existing large-scale structure results of the 2dF survey. In combination with other DES dark energy probes, these constraints will be significantly tighter than those hoped for from the set of SN surveys currently underway.

These simulations have many assumptions folded in, most of them based on the experiences of past and current SN surveys, some of which may not be directly applicable to the DES SN survey.  Most important among these is the implicit assumption that we will know the types and redshifts for all of the SNe in our sample through spectroscopic observations of the SNe and/or their host galaxies.  We will discover more than 3000 SNe of all types in the planned DES SN survey, and immediate spectroscopic follow-up of all of these SNe is likely to be impossible.  We can, however, rely on the host galaxy photometric redshifts generated by the Dark Energy Survey itself, as well as complementary photometric redshift measurements provided by other surveys which overlap the area covered in the DES SN survey, such as the SDSS, the VIMOS-VLT Deep Survey (VVDS), and the NOAO Deep Wide Field Survey (NDWFS).  We estimate that we should have photometric redshift estimates for more than 80% of the host galaxies of the SNe we discover.  In addition, host galaxy spectroscopic redshifts can be obtained over a longer timescale.  Our preliminary studies indicate that the errors in photometric redshift are anti-correlated with both the K-correction errors and the uncertainties in the decline rate or width versus brightness relations.  Based on these estimates, we predict that the rms of our SN distance determinations may increase from the ~0.15 magnitudes typical of well-studied samples with follow-up spectroscopy to ~0.25 magnitudes with photometric redshifts only.

We are nevertheless planning to propose for extensive spectroscopic follow-up with instruments on 4m to 10m telescopes worldwide; given the breadth of our collaboration, we will almost certainly be able to obtain spectra of a significant fraction (>25%) of the SNe in our sample and a much higher fraction of host galaxy spectra.  Existing spectroscopic measurements of host galaxies from SDSS, VVDS, and NDWFS will of course complement the spectroscopy we are able to obtain.  This subsample of spectroscopically observed SNe will not only provide lower uncertainties for some fraction of our SN sample, it will also provide a control sample against which we can compare the results of our analysis of the SNe which lack spectroscopic observations.  In particular, these studies will allow us to gauge the level of contamination of the color-selected Ia sample by other supernova types.  Together, these efforts will decrease the uncertainties in our derivation of cosmological parameters from the “worst case” scenario relying on only the available photometric redshifts.  In the simulations portrayed in Figure 2.6-1, we have used an rms value of 0.20 magnitudes to demonstrate the results which may be possible from detailed analysis of a sample of SNe with a mixture of photometric and spectroscopic redshifts.
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Figure 2.6-1. Projected constraints on M and w from the five-year DES SN survey.  A flat cosmology has been assumed.  Red: the SN survey alone; blue: joint constraints from SNe + 2dF (M  = 0.278 ± 0.042).  Contours represent 1, 2, and 3 ( confidence levels. The curves at right represent the constraints on w after marginalization over M.

It is important to note that our Survey Instrument would be one of the primary instruments in the world for this type of supernova survey during its years of operation.  We expect that the current generation of surveys will yield suggestive results and puzzles that will be addressed by the DES SN work, so the baseline plan described above is very likely to be updated with a significantly more sophisticated plan that builds on what we know at the time we begin this effort.  It is also significant that many of the challenges we face in the DES SN survey, such as the lack of spectroscopic information on the majority of SNe, are the same as those which will be faced in the following decade when we attempt to use the incredible samples of SNe which the LSST will identify continuously throughout its operational lifetime.  Just as the results of the current generation of SN surveys will guide us in updating and refining the strategies we will employ for the DES SN survey, so will this survey provide crucial experience and guidance for deriving scientific results from the plethora of SNe discovered by LSST.

2.7
Photometric Redshifts

In order to achieve the dark energy scientific goals described above, the Dark Energy Survey will need to obtain accurate galaxy photometric redshifts to z ~ 1. This requirement is therefore a prime driver of the design and strategy of the Dark Energy Survey discussed in subsequent chapters. In the absence of spectroscopic data, redshifts of galaxies may be estimated using multi-band photometry, which may be thought of as very low-resolution spectroscopy. Though such photometric redshifts (or photo-z’s) are necessarily less accurate than true spectroscopic redshifts, they nonetheless are sufficient for the science applications we envision. Photo-z’s may be obtained less expensively and for much larger samples than is possible with spectroscopy. 

There are two basic approaches to measuring galaxy photometric redshifts. The first relies on fitting model galaxy spectral energy distributions (SEDs) to the photometric data, where the models span a range of expected galaxy redshifts and spectral types (e.g., Sawicki et al. 1997). The second approach depends on using an existing spectroscopic redshift sample as a training set to derive an empirical photometric redshift fitting relation (Connolly et al. 1995). There are advantages and disadvantages to each approach, as well as a number of variants and hybrids of these basic techniques (e.g., Csabai 2003). However, photometric redshift methods ultimately rely on measuring the signal in the photometric data arising from prominent “break” features present in galaxy spectra, e.g., the 4000Å break in red, early-type galaxies, or the Lyman break at 912Å in blue, star-forming galaxies. The key is to have photometric bands which cover such break features throughout the redshift range of interest, so that the primary redshift signal may be readily detected. Additional refinements in the photometric redshift measurement then come from the strength of the break features and the gross shape of the galaxy SED, as determined by the photometric data on either side of the spectral break. 

2.7.1 Photometric Redshift Simulations for Cluster Galaxies

Cluster photometric redshift measurements are greatly facilitated by the strength of the 4000Å break feature prominently seen in the spectra of red cluster galaxies. This is illustrated in Figure 2.7-1, which shows a red, elliptical galaxy spectrum at redshifts 0, 0.5, and 1, superimposed on the griz filter bandpasses. The 4000Å break moves through the different filters as the galaxy redshift increases.  Measurements of the relative galaxy fluxes through the different filters provide an estimate of the observed wavelength of the 4000Å break and hence of the galaxy redshift. This is demonstrated in Figure 2.7-2, where we compare photometric and spectroscopic redshifts for a sample of SDSS red galaxies, for which we are able to obtain photometric redshifts with a scatter (z =0.03 out to redshifts z (0.6. However, at higher redshifts we do not have such large samples of red galaxies available, and so we need to rely on Monte Carlo simulations to assess the quality of cluster galaxy photometric redshifts for the Dark Energy Survey.
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Figure 2.7-1  The spectrum of a red, elliptical galaxy is shown at redshifts z =0, 0.5, and 1, with the location of the prominent 4000Å break feature marked.  The spectra have been vertically offset for clarity. Also shown are the griz filter bandpasses, arbitrarily normalized to the same peak value.  Photometric redshift information for red galaxies comes primarily from changes in the relative galaxy fluxes in the different filters as the 4000Å break moves to longer observed wavelengths at higher redshift.

In our cluster Monte Carlo simulations, we adopt the local cluster luminosity function, and luminosity-mass and number-mass relations (within the virial region set by R200), found by Lin, Mohr, & Stanford (2004). We take the cluster galaxies to evolve with redshift according to a passively evolving elliptical galaxy model from the Pegase-2 SED library (Fioc & Rocca-Volmerange 1997). The Pegase-2 model is designed to match the colors of SDSS red galaxies at low redshifts and is a 13 Gyr model that incorporates self-consistent star formation until the onset of galactic winds at z=3.  A flat cosmology, with  EQ W\s\do6(M)=0.3,  EQ W\s\do6(L)=0.7, and h=0.7 is used.  The cluster luminosity function faint-end slope is fixed at α=(1.1, but we take the halo occupation number to evolve with redshift as (1+z)γ, where γ=1 (Lin et al. 2004; Kravtsov et al. 2004).  Using these assumptions, we can  simulate the griz magnitudes of cluster galaxies as a function of redshift.  Expected photometric errors are calculated by appropriately scaling the S/N relative to the 10 magnitude limits griz = 24.6, 24.1, 24.0, 23.65, and by adding in quadrature a 2% error due to photometric calibration uncertainty (although these flux limits go beyond the survey requirements in g and r given in Chapter 3, the survey plan in Chapter 4 indicates they should be achievable; the enhanced depth in these bluer filters does not have a large effect on cluster galaxy photometric redshift errors).  For the purposes of photometric redshift estimation for an entire cluster, it suffices to calculate the total light in each filter contributed by all cluster galaxies down to the 10(  limit in the z band, which maximizes the number of detected cluster galaxies.  Here, we are considering the case in which we know a cluster exists along a particular line of sight based on the SZE detection from the SPT survey, so we are not concerned with the optical cluster detection significance, as we would be for a purely optical cluster finding technique.  We will, however, scale our total light estimates by a conservative “loss” fraction of 0.5 to account for various effects, such as contaminating field galaxies, cluster blue fractions, and the like.  

We use a simple least-squares template fitting method to determine photometric redshifts for clusters of mass 1.0x1014 and 2.5x1014 Msun.  For each case, 20,000 mock clusters are generated and distributed uniformly over the redshift range z = 0(2.   Fig. 2.7-3 shows the results and demonstrates that the Dark Energy Survey should provide robust photometric redshifts for such clusters to z(1.3.  For these clusters, we find a small photo-z scatter (68% limit) (z ( 0.02, with the tails of the photo-z error distribution extending no more than about 0.05 in redshift.  At higher redshifts, z > 1.3, color degeneracies become important, and the tails of the error distribution become larger, though the 68% limit scatter is still typically (z<0.1. Note also that removing our assumed halo occupation number evolution gives a change in photo-z quality comparable to that seen in reducing the cluster mass by the factor of 2.5 shown in Fig. 2.7-3.  In practice, we will need to acquire a spectroscopic redshift training set (see below) in order to empirically measure the correct cluster galaxy SED to use for our final photo-z calibration, especially at redshifts z >0.7 where existing galaxy cluster data are very sparse.  However, our current simulation results do show that the expected Dark Energy Survey flux limits are sufficient to provide robust photometric redshifts for our cluster-based dark energy science goals.
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Figure 2.7-2   Photometric and spectroscopic redshifts are shown for a sample of SDSS red galaxies, for which a photometric redshift scatter (z=0.03 is obtained. 
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Figure 2.7-3   Photometric redshift results for the 1.0x1014 and 2.5x1014 Msun galaxy cluster Monte Carlo simulations; see text for the details.  The red lines show the median difference between photometric and true redshift, the blue lines show the 1 scatter (68% limits), and the green dashed lines are set at z = 0.02 and 0.1 to guide the eye.

2.7.2 Photometric Redshifts for the General Galaxy Population

We also aim to obtain photometric redshifts for the general galaxy population, beyond red cluster galaxies, in particular to facilitate dark energy measurements using weak lensing, galaxy clustering, and supernovae. Such photo-z’s are necessarily less accurate than those possible for cluster galaxies, as we must consider a much broader distribution of galaxy SEDs. Nonetheless, as we shall show, good photometric redshift measurements out to z (1.3 can be achieved for the general galaxy population in the Dark Energy Survey.

We demonstrate this with a Monte Carlo simulation, using galaxy SEDs from the Coleman, Wu, & Weedman (CWW; Coleman et al. 1980) sample. We use 20,000 mock galaxies, uniformly distributed in redshift (z = 0(1.5), magnitude (i = 23-24), and SED type (E to Im), and noise is added as appropriate for the Dark Energy Survey griz flux limits given in Chapter 4. Note that this simulation is only intended to estimate the photo-z uncertainty (averaged over galaxy types) as a function of redshift, rather than to approximate a realistic galaxy redshift distribution. In particular, we apply a simple least-squares template fitting method that only uses color information; hence no flux-redshift correlations are used, as would be the case for polynomial photo-z fitting. 

Our results are shown in Figure 2.7-4, where we find that the photometric redshift scatter (68% limits) is typically (z=0.1-0.2 for these galaxies with i = 23(24 (note that i =24.0 is the required survey 10( limit). Though not shown in the figure, the photo-z scatter does of course improve at brighter magnitudes, where we find (z(0.05 at i = 22. Note that the photo-z trends vs. spectroscopic redshift in Figure 2.7-4 are in general well behaved, except at the lowest redshifts, z<0.3, where the photometric redshift is scattered systematically high. This is likely a consequence of the lack of a constraining filter blueward of the 4000Å break at these low redshifts.  

We have also checked our photo-z results using an empirical, deep galaxy sample, the publicly available ground-based VRIz photometric data obtained by Capak et al. (2004) in the GOODS/HDF-N area, combined with a training set of 1800 spectroscopic redshifts (down to the DES depths) from the compilations of Wirth et al. (2004) and Cowie et al. (2004). The VRIz photometry serves as a best-effort approximation to griz, and we add noise to the original VRIz photometry in order to match the Dark Energy Survey depths. We derive photo-z’s using polynomial fitting and find similar photo-z results as for our simulated galaxies.  In general, it will be important to understand in detail the scatter and biases in our photometric redshifts by carefully measuring the photo-z error distribution using a large spectroscopic redshift training set. Two such large redshift surveys, the VIMOS VLT Deep Survey (VVDS; Le Fevre et al. 2003) and the Keck DEEP2 Survey (Davis et al. 2002), are both currently in progress. These surveys should provide spectroscopic redshifts sufficient to calibrate general galaxy population photo-z’s down to the Dark Energy Survey requirement limit of i =24. In particular, the VVDS will obtain about 100,000 redshifts, and it is also being carried out from Chile. All the VVDS fields will be accessible to griz imaging using the Blanco 4-m, enabling us to derive detailed photometric redshift calibrations for the Dark Energy Survey.

[image: image19.png]z(photometric)-z(input)

medion

az

+0.1, 0.2

2(input)





Figure 2.7-4  Photometric redshift results for the general galaxy population Monte Carlo simulations, for the magnitude range i = 23-24; see text for details.  The red lines show the median difference between photometric and true redshift, the blue lines show the 1 scatter (68% limits), and the green dashed lines are set at z = 0.1 and 0.2 to guide the

eye.
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