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 Abstract
 DESI (Dark Energy Spectroscopic Instrument) is a Stage IV ground-based dark energyexperiment that will study baryon acoustic oscillations (BAO) and the growth of structurethrough redshift-space distortions with a wide-area galaxy and quasar redshift survey. To tracethe underlying dark matter distribution, spectroscopic targets will be selected in four classesfrom imaging data. We will measure luminous red galaxies up to z = 1.0. To probe the Universeout to even higher redshift, DESI will target bright [O II] emission line galaxies up to z = 1.7.Quasars will be targeted both as direct tracers of the underlying dark matter distribution and,at higher redshifts (2.1 < z < 3.5), for the Ly-α forest absorption features in their spectra, whichwill be used to trace the distribution of neutral hydrogen. When moonlight prevents efficientobservations of the faint targets of the baseline survey, DESI will conduct a magnitude-limitedBright Galaxy Survey comprising approximately 10 million galaxies with a median z ≈ 0.2. Intotal, more than 30 million galaxy and quasar redshifts will be obtained to measure the BAOfeature and determine the matter power spectrum, including redshift space distortions.
 2
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1 OVERVIEW 1
 1 Overview
 DESI is a Stage IV ground-based dark energy experiment that will study baryon acoustic oscillations(BAO) and the growth of structure through redshift-space distortions (RSD) with a wide-areagalaxy and quasar redshift survey. DESI is the successor to the successful Stage-III BOSS redshiftsurvey and complements imaging surveys such as the Stage-III Dark Energy Survey (DES, operating2013–2018) and the Stage-IV Large Synoptic Survey Telescope (LSST, planned start early in thenext decade). DESI is an important component of the DOE Cosmic Frontier program, meeting theneed for a wide-field spectroscopic survey identified in the 2011 “Rocky-III” dark energy communityplanning report. In addition to providing Stage IV constraints on dark energy, DESI will providenew measurements that can constrain theories of modified gravity and inflation, and that willmeasure the sum of neutrino masses.
 The DESI instrument is a robotically-actuated, fiber-fed spectrograph capable of taking upto 5,000 simultaneous spectra over a wavelength range from 360 nm to 980 nm. The fibers feedten three-arm spectrographs with resolution R = λ/∆λ between 2000 and 5500, depending onwavelength. This powerful instrument will be installed at prime focus on the 4-m Mayall telescopein Kitt Peak, Arizona, along with a new optical corrector, which will provide a three-degree diameterfield of view. The DESI collaboration will also deliver a spectroscopic pipeline and data managementsystem to reduce and archive all data for eventual public use.
 The DESI instrument will be used to conduct a five-year survey designed to cover 14,000 deg2.To trace the underlying dark matter distribution, spectroscopic targets will be selected in fourclasses from imaging data. We will measure luminous red galaxies (LRGs) up to z = 1.0, extendingthe BOSS LRG survey in both redshift and survey area. To probe the Universe out to even higherredshift, DESI will target bright [O II] emission line galaxies (ELGs) up to z = 1.7. Quasars will betargeted both as direct tracers of the underlying dark matter distribution and, at higher redshifts(2.1 < z < 3.5), for the Ly-α forest absorption features in their spectra, which will be used totrace the distribution of neutral hydrogen. When moonlight prevents efficient observations of thefaint targets of the baseline survey, DESI will conduct a magnitude-limited Bright Galaxy Survey(BGS) comprising approximately 10 million galaxies with a median z ≈ 0.2. In total, more than30 million galaxy and quasar redshifts will be obtained to measure the BAO feature and determinethe matter power spectrum, including redshift space distortions.
 In the following document, we primarily refer to this baseline survey, which would span 14,000deg2. We also calculate numbers for a minimum survey spanning 9,000 deg2, which is still sufficientto meet the requirements of a Stage-IV project.
 DESI provides at least an order of magnitude improvement over BOSS both in the comovingvolume it probes and the number of galaxies it will map. This will significantly advance ourunderstanding of the expansion history of the Universe, providing more than thirty sub-percent-accuracy distance measurements. Precision on the expansion history of the Universe is a powerfulprobe of the nature of dark energy. This can be quantified with the Dark Energy Task Force figureof merit (DETF FoM), which measures the combined precision on the dark energy equation of statetoday, w0, and its evolution with redshift wa. DESI galaxy BAO measurements achieve a DETFFoM of 133, more than a factor of three better than the DETF FoM of all Stage-III galaxy BAOmeasurements combined. The FoM increases to 169 with the inclusion of Ly-α forest BAO, and 332including galaxy broadband power spectrum to k = 0.1 hMpc−1. DESI clearly satisfies the DETFcriteria for a Stage-IV experiment. Moreover, the FoM grows to 704 when the galaxy broadbandpower spectrum data out to k < 0.2 hMpc−1 are included.
 In addition, DESI will measure the sum of neutrino masses with an uncertainty of 0.020 eV (forkmax < 0.2 hMpc−1), sufficient to make the first direct detection of the sum of the neutrino masses
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1 OVERVIEW 2
 at 3-σ significance and rule out the the inverted mass hierarchy at 99% CL, if the hierarchy is normaland the masses are minimal. DESI will also place significant constraints on theories of modifiedgravity and of inflation by measuring the spectral index ns and its running with wavenumber, αs.The BGS will enable the best ever measurements of low redshift BAO and RSD, including the useof multiple-tracer methods that exploit galaxy populations with different clustering properties, andit will yield novel tests of modified gravity theories using the velocity fields of cluster infall regions.Because the nearby galaxies of the BGS are too clustered to fill all of the targets, in parallel withthe BGS, DESI will conduct a survey of Milky Way stars, that can be used to trace the dark matterhalo of the Milky Way and probe the small-scale structure of ΛCDM.
 DESI will provide an unprecedented multi-object spectroscopic capability for the U.S. throughan existing NSF telescope facility. Many other science objectives can be addressed with the DESIwide field survey dataset and through bright time and piggy-back observation programs. Much aswith SDSS, a rich variety of projects will flow from the legacy data from the DESI survey.
 DESI will overlap with the DES and LSST survey areas, which are primarily in the Southernhemisphere but which will have equatorial and northern ecliptic regions. DESI will be a pathfinderinstrument for the massive spectroscopic follow-up required for future large area imaging surveyssuch as LSST.
 This portion of the Final Design Report summarizes the DESI scientific goals, the target selec-tion, and survey design. The accompanying instrument portion of the FDR describes the instrumentand optical design, integration and test plan, and the data management system. The companionScience Requirements Document provides information that guides the design. The DESI construc-tion management plan is presented in the accompanying Project Execution Plan. Likewise, projectcost and schedule are available in appropriate Project Office documents.
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 2 Science Motivation and Requirements
 2.1 Introduction
 DESI will explore some of the most fundamental questions in physical science: what is the compo-sition of the Universe at large and what is the nature of space-time? These questions are now opento exploration because of recent discoveries. We summarize here the framework used to expressthese questions and the parameters used to quantify our understanding.
 There are several pillars of the cosmological model that are now well established: 1) a periodof rapid acceleration — inflation or a similar process — occurred in the early Universe, generatingthe primordial fluctuations, which seeded large scale structures, galaxies and galaxy clusters, whichgrew during the decelerating, matter dominated era 2) gravitational instabilities produced acousticoscillations in the plasma, which were imprinted about 400,000 years after this inflation period,when photons decoupled from atoms and produced the Cosmic Microwave Background 3) this wasfollowed by a period of matter domination, when small density fluctuations grew into large-scalestructure, 4) comparatively recently, there was a transition to accelerated expansion driven byeither a modification to General Relativity or a new form of energy – dark energy – not due to anyparticles known or unknown, and which contributes about 68% of the Universe’s energy density, and5) about 27% of the energy density today is due to matter outside the Standard Model of particlephysics – dark matter – which is responsible for large-scale structure formation and accounts forgalaxy rotation curves and the motions of galaxies in clusters.
 That the Universe is expanding more and more rapidly was first revealed through measurementsof Type Ia supernovae [1, 2], and subsequently confirmed using other techniques. Within GeneralRelativity, accelerated expansion requires ρ + 3p < 0, where ρ is the total energy density and pis the total pressure of the matter, radiation, and other ingredients. The total equation of statew = p/ρ must be less than −1/3 for accelerated expansion. The equation of state need not be aconstant; in general it depends on time, or equivalently the scale size of the universe a = 1/(1 + z).From now on, we let w denote the equation of state of the dark energy component alone.
 For ordinary non-relativistic matter, the pressure is negligible compared to the energy due tothe rest mass and thus w = 0. For photons and other massless particles, w = 1/3. The cosmologicalconstant term is equivalent to dark energy with w = −1. Generally, energy with an equation ofstate w(a) evolves as ρ(a) = ρ(a = 1)F (a), where F (a) = 1 for a cosmological constant and for ageneral equation of state w(a) is
 F (a) ≡ exp
 [3
 ∫ 1
 a
 da′
 a′(1 + w(a′))
 ]. (2.1)
 It is standard to parameterize the equation of state as
 w(a) = w0 + (1− a)wa, (2.2)
 which accurately reproduces distances for a wide range of models.The contributions to the energy density of the Universe are conventionally expressed relative
 to the critical density
 ρcrit =3H2
 0
 8πG, (2.3)
 which would be just sufficient to slow the expansion ultimately to zero in the absence of a darkenergy component ΩΛ. We write
 Ωm =ρmρcrit
 . (2.4)
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 Figure 2.1: The expansion history of the Universe for different models of dark energy, holding thepresent-day Hubble constant fixed. The inset shows the spacing between five models with constant wranging from −0.97 to −1.03, showing the exquisite precision required to distinguish these. Overlaidare measurements of the distance-redshift relation, translated into errors on lookback time at eachredshift. Measurements from current supernovae, binned in redshift, are shown in blue; currentBAO measurements from BOSS DR9, WiggleZ, and 6dF are shown in red; projections for DESI areshown in black. DESI measurements have the ability to make very tight constraints on dark energy,although we caution that this figure shows variations in only one cosmological parameter. Fullforecasts, such as those presented in § 2.4.3, must marginalize over other cosmological parameterssuch as Ωm and H0.
 We define Ωr for radiation and ΩDE for dark energy analogously. The curvature term Ωk = −k/H20
 is defined so that General Relativity requires
 Ωr + Ωm + Ωk + ΩDE = 1 (2.5)
 for a Universe with spatial curvature k. The expansion rate of the Universe is given by
 H(a) ≡ a
 a= H0
 [Ωra
 −4 + Ωma−3 + Ωka
 −2 + ΩDEF (a)]1/2
 . (2.6)
 The contribution from radiation, Ωr is negligible today and inflation predicts that the curvature iszero. The Hubble constant today is H0 = h× 100 km/s/Mpc≈ 70 km/s/Mpc.
 We have three possible explanations for the accelerating expansion of the Universe: a cosmo-logical constant, equivalent to static dark energy with w = −1; a dynamical dark energy withw(a) 6= −1; or a failure of General Relativity. DESI is designed to address this fundamental ques-tion about the nature of the Universe. The challenge of distinguishing the cosmological constantsolution from dark energy with w near −1 is displayed in Figure 2.1.
 The Dark Energy Spectroscopic Instrument (DESI) [3] will provide precise spectroscopic red-shifts of more than thirty million objects. From these will come three-dimensional maps of the
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2 SCIENCE MOTIVATION AND REQUIREMENTS 5
 distribution of matter covering unprecedented volume. DESI will survey an enormous volume at0.4 < z < 3.5 using luminous red galaxies, emission line galaxies, and quasars, producing tightconstraints on the large-scale clustering of the Universe. In addition, DESI will perform a BrightGalaxy Survey (BGS) of the z < 0.4 Universe, allowing the study of cosmic structure in the dark-energy-dominated epoch with much denser sampling. These data will help establish whether cosmicacceleration is due to a mysterious component of the Universe or a cosmic-scale modification ofGR, and will constrain models of primordial inflation.
 DESI will have a dramatic impact on our understanding of dark energy through its primarymeasurement, that of baryon acoustic oscillations. Waves that propagated in the electron-photon-baryon plasma before recombination imprint a feature at a known comoving physical scale (150Mpc or 4.6 × 1024 m) in the distribution of separations between pairs of galaxies. Localizing thisbaryon acoustic oscillation (BAO) feature and comparing its apparent size to the known physicalscale provides a measurement of the distance to the galaxy sample and thus the expansion historyof the Universe. The BAO measurement was singled out by the Dark Energy Task Force [4] ashaving the fewest experimental uncertainties among the techniques for measuring dark energy; itsimply depends on the galaxy locations, rather than their shapes or brightnesses. DESI’s two-pointcorrelation measurements will also detect the anisotropies in galaxy clustering — redshift spacedistortions (RSD) — due to the peculiar velocities of galaxies generated by density perturbations.This gives a direct measurement of the properties of gravity at each redshift, through its effect ongalaxies’ motions.
 In addition to the constraints on dark energy, the galaxy and Ly-α flux power spectra will reflectsignatures of neutrino mass, scale dependence of the primordial density fluctuations from inflation,and possible indications of modified gravity. To realize the potential of these techniques requiresan enormous number of redshifts over a deep, wide volume and thus a substantial investment ina new instrument with capabilities well beyond existing facilities and for which we can utilize asubstantial portion of the observing time.
 The DESI survey will have considerable impact beyond these cosmological highlights on thestudy of galaxies, quasars, and stars. Spectroscopy is a core tool of astrophysics, and the abilityto combine many millions of spectra with modern wide-field, multi-wavelength imaging surveyswill yield rich opportunities. While the DESI collaboration includes members planning to work onthese topics, we do not discuss these in this design report, as they are not driving requirements. Wemake one brief exception for the Milky Way Survey (§ 2.6), as it will involve a substantial numberof targets that piggyback on the Bright Galaxy Survey, using fibers that have no suitable galaxyavailable within their patrol radius.
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 2.2 Measuring Distances with Baryon Acoustic Oscillations
 DESI will measure the expansion of the Universe by observing the imprint of baryon acousticoscillations set down in the first 380,000 years of its existence. This pattern has the same source asthe pattern seen in the cosmic microwave background, but DESI will map it as a function of cosmictime, while the CMB can see it only at one instant. The pattern is imprinted on all matter at largescales and can be viewed by observing galaxies of various kinds or by observing the distributionof neutral hydrogen across the cosmos, and shows up as excess correlations at the characteristicdistance of the sound horizon at decoupling.
 2.2.1 Theory
 Initial fluctuations in density and pressure provided sources for sound waves that propagated inthe photon-electron-baryon plasma of the early Universe (see, for example, [5]). These sound wavespropagated with a speed approximately c/
 √3 until the Universe cooled sufficiently for electrons
 and ions to recombine to neutral atoms, causing the sound speed to drop dramatically. An excessof matter was left both at the source of the wave and at the surface where these waves terminated.The matter excesses at these locations left their imprint on the large-scale structure of galaxies andhydrogen gas. Before a wave stopped, it traveled a co-moving distance s ≈ 150 Mpc, which can becomputed to precision 0.3% from cosmological parameters extremely well measured in CMB.
 Viewed transversely, the 150-Mpc ruler subtends an angle θ such that
 s = (1 + z)DA(z)θ = θ
 ∫ z
 0
 c dz′
 H(z′)(2.7)
 where DA(z) is the angular-diameter distance to an object at redshift z. The final equality holdsonly if the curvature is zero.
 While the CMB gives us a purely angular correlation function, the characteristic scale is presentin the three-dimensional distribution of large-scale structure. Viewed along the line of sight, corre-lations are enhanced for galaxy pairs separated by ∆z such that
 c∆z
 H(z)≈ s (2.8)
 This latter measurement requires a spectroscopic survey to resolve the full three-dimensional densitydistribution of galaxies.
 The observation of the peak in the two-point correlation function thus provides a means ofmeasuring both the angular diameter distance, DA(z) and the Hubble expansion rate, H(z). Theability of the BAO method to directly probe H(z) is unique among dark energy probes. Thisbecomes progressively more important at higher redshifts since H measures the instantaneousexpansion rate (and through it, the total energy density of the Universe) while DA measures theintegrated expansion history. Measuring both improves our ability to distinguish between differentcosmological models.
 2.2.2 BAO in Galaxies
 The best developed application of the BAO technique uses galaxies as tracers of the matter distribu-tion; the BAO feature appears in the two-point correlation function of galaxies, the probability, inexcess of random, that two galaxies are separated by a distance r. This has been achieved with highstatistical significance in several measurements spanning the redshift range from z = 0 to z = 1.
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 Figure 2.2: The angle-averaged correlation functions [left] and power spectra [right], before [top]and after [bottom] reconstruction measured using the BOSS DR11 CMASS galaxy sample [6]. TheBAO feature is clearly detected at over 7σ as a peak in the correlation function and a correspondingset of oscillations in the power spectrum.
 The highest significance detection (> 7σ) is currently that of the Baryon Oscillation SpectroscopicSurvey (BOSS) using the z > 0.45 sample [6, 7]. We show representative data in Figure 2.2. Thesedata measured the distance-like quantity DV (z) ≡ ((1 + z)DA)2/3(cz/H(z))1/3 to a redshift of 0.57to 1.0%, the most precise measurement using the BAO technique. The lower redshift z < 0.45sample in BOSS constrained the same combination of distances to 2%. At still lower redshifts, the6-Degree Field Galaxy Redshift Survey [8] measured the distance to z = 0.106 with 4.5% accuracyAt a somewhat higher redshift, the WiggleZ galaxy survey measured the distance to a redshift of0.7 to 4% [9]. This combination of these measurements has for the first time enabled mapping thedistance-redshift relation purely from BAO measurements.
 Most of these measurements used the galaxy correlation function averaged over the orientationof the pair to the line of sight to measure DV , a combination of DA and H. More recent work hasalso measured the correlation functions transverse and parallel to the line of sight, allowing one tobreak the degeneracy between DA and H that exists in purely angle averaged measurements.
 The current generation of surveys is an excellent proving ground for analysis techniques. Forinstance, the BOSS experiment compared analyses done in Fourier and in configuration spaceand used different algorithms for estimating distances from the resulting two-point functions. Allthese yielded consistent distance measurements, given the statistical precision of the measurements.While the level of consistency is not at the level required by DESI, ongoing surveys provide a clearroadmap for developing and validating improvements to these analysis techniques. The currentmeasurements provide an important validation of our forecasts for DESI presented below.
 The non-linear evolution of the matter density field broadens the acoustic peak, potentiallydecreasing the precision on the distance measurement, and causes a small shift in the peak location,thereby biasing the distance. Ref. [10] pointed out that because this broadening is caused by thelarge-scale velocity flows resulting from gravitational forces, the effect may be substantially reversedby estimating the velocity fields from the large-scale structure map and moving the galaxies back
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 to their initial positions. In addition to a notable improvement in the recovered statistical errors,this reconstruction also mitigates the shifts in the distance scale due to nonlinear evolution, withnumerical tests showing suppression to below 0.1%. Reconstruction was first applied to the SDSS-II galaxy survey [11], improving the statistical precision by a factor of 1.7. Galaxy samples frommore recent SDSS results, DR11, yield similar improvements after reconstruction. See Figure 2.2.As with the other analysis methods, we expect improvements to reconstruction algorithms beforethe DESI measurements become available. We however choose to be conservative and assume areconstruction performance similar to what has already been demonstrated with current data.
 Observational Systematics
 The BAO method is simple in principle — all one requires are the three-dimensional positionsof galaxies. The need to preserve the BAO feature along the line of sight sets the requirementon redshift precision. This precision, as stated in the Level 2 Survey Data Set Requirements isσz/(1 + z) ∼ 0.0005 per galaxy, which is easily within the state-of-the-art and achieved throughoutour wavelength range in the spectrograph design.
 The angular and radial selection functions of the survey can induce systematic uncertainties.The angular selection function is determined by the imaging survey used for targeting, and maybe spuriously modulated by photometric calibrations, seeing and extinction variations, and imagedeblending. All of these effects are intrinsically angular effects and therefore may be separatedfrom the BAO feature, which is a feature in three-dimensional physical space (not isolated to theangular degrees of freedom). A similar separation is possible for systematics in the radial selectionfunction of the survey. The impact of these is therefore expected to be small. In addition, therehas been considerable work [12, 13] developing techniques to further mitigate these effects.
 The ongoing BAO surveys provide the opportunity to identify and quantify observational sys-tematics. DESI will benefit greatly from this work, but it also faces some unique challenges. Themost important of these arise from the fiber positioning system and from the forest of sky lines,which impinge on the radial selection function. The limited patrol radius of the fiber positionerscauses the highest density regions to be sampled less completely than lower density regions. Thisparticularly affects the observer’s line of sight and can skew the anisotropic correlation pattern.High sky brightness at certain wavelengths makes it difficult to find [O II] emission lines, therebyreducing the spectroscopic completeness at specific redshifts. Initial studies have shown that thesesurvey artifacts can influence the measured clustering, but we expect both to be correctable togood accuracy, as the source of the variations can be tracked with high fidelity. Finding the op-timal method to achieve the full statistical precision inherent in the data is an ongoing project ofthe science team.
 Theoretical Systematics
 The robustness and accuracy of the BAO method derive from the simplicity of the early Universeand the precision with which we know the speed and time of propagation of sound waves in theprimordial plasma. The evolution of density fluctuations in the Universe is very well described bylinear perturbation theory and is now exquisitely tested by the recent measurements of temperaturefluctuations in the Cosmic Microwave Background radiation by the Planck satellite [14, 15, 16]. Thecurrent CMB measurements constrain the size of the BAO standard ruler to 0.3%. This uncertaintyis folded into our forecasts for DESI. Furthermore, any miscalibrations in the acoustic scale wouldaffect principally the determination of the Hubble constant, not the dark energy constraints [17].
 The sound waves travel a comoving distance of 150 Mpc, setting the BAO scale to be much larger
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 than the scale of gravitational collapse even in the present Universe (about 10 Mpc). Analyticalcalculations, verified by direct numerical simulations, have found the nonlinear evolution of thedensity field alters the BAO scale by 0.3% at the present epoch, and even less at the higherredshifts probed by DESI.
 Galaxy formation may result in an additional shift in the BAO scale due to mismatched weight-ing of high and low density regions. Initial perturbative and numerical studies [18, 19, 20, 21, 22,23, 24] also find these shifts to be small, with the most extreme shifts of order 0.5%. As men-tioned above, density-field reconstruction applied to simulations reduces these shifts to the 0.1%level without the need for further modeling. We expect that further modeling from theory andsimulations will allow us to robustly limit these uncertainties to well below the DESI statisticallimits. In addition, the DESI target samples are designed to overlap in multiple redshift ranges,allowing empirical tests of the robustness of the BAO measurements to different tracer populations.
 A recently discovered astrophysical effect that could affect the BAO feature arises from therelative velocities of the baryons and the dark matter at the recombination epoch [25, 26]. Thismodulates the formation of the earliest protogalaxies and potentially could persist to their descen-dants (some of which would be measured by DESI). This modulation is due to the same pressureforces that create the BAO, and the impact could shift the measured acoustic scale. While thiseffect is expected to be negligible for the galaxies probed by DESI, the possibility of a systematicbias in the inferred distance scale can not be ruled out on theoretical grounds. Fortunately, [27]demonstrate that this effect would also create a distinctive three-point function signal measurablein DESI that would diagnose any contamination from this effect (also [28]).
 All of the above strongly argue that the theoretical systematic effects associated with the BAO-scale measurements are either intrinsically or correctable to below the 0.1% level required by DESI.
 2.2.3 BAO in the Ly-α Forest
 Measuring BAO with galaxies as tracers is a mature method [29, 9]. Such measurements becomemuch more difficult for z & 2.0 where galaxy redshifts are harder to get. However, measuringdark energy properties at this high redshift allows us to probe the Universe well before the adventof accelerated expansion. An interesting possibility is that dark energy density does not becomecompletely negligible at high redshift, as predicted by the cosmological constant or other modelswith w ' −1, but rather remains at a level predicted by some particle-physics models and detectableby future surveys [30, 31, 32, 33, 34, 35]. Such a component can only be measured or excluded bya technique sensitive to the expansion history at high redshift.
 The Ly-α forest provides the means to measure BAO at redshifts larger than 2. The forest is acollection of absorption features in the spectra of distant quasars blue-ward of the Ly-α emissionline [36]. These features arise because the light from a quasar is absorbed by neutral hydrogen inthe intergalactic medium. Since the quasar light is constantly red-shifting, hydrogen at differentredshifts absorbs at different observed wavelengths in the quasar spectrum. The amount of ab-sorption reflects the local density of neutral hydrogen, which in turn traces the dark matter fieldon sufficiently large scales. Numerical simulations and analytical work show that for plausible sce-narios, the Ly-α forest is well within the linear biasing regime of scales relevant for BAO [37, 38,39]. Therefore, measuring three-dimensional correlations in the flux fluctuations of the Ly-α forestprovides an accurate method for detecting BAO correlations [37, 40, 41, 42]
 Using the Ly-α forest to measure the three-dimensional structure of the Universe became pos-sible with the advent of BOSS, which was the first survey to have a sufficiently high density ofquasars to measure correlations on truly cosmological scales. This was done in 2011 [43]. At thebeginning of 2013, the first detection of BAO in the Ly-α forest was published in a series of papers
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 Figure 2.3: Correlation functions of Ly-α forest flux fluctuations based on the BOSS DR11 quasars[47], binned in the cosine of the angle to the line of sight, µ (µ = 1 is along the line of sight, µ = 0is perpendicular to the line of sight). From left to right, the bins are µ > 0.8, 0.5 < µ < 0.8 andµ < 0.5. The points are the measured correlation function, the solid line is the best fit model, whilethe dashed line is the best fit assuming a fiducial cosmology. These results measure the optimalcombination D0.3
 A H−0.7 to 2%.
 [44, 45, 46]. These were recently updated to the almost complete BOSS sample in [47] (Figure 2.3)yielding a 5σ detection of the BAO feature.
 The redshift-space distortions in the Ly-α forest are larger than in galaxy-based measurements[43, 37]. Thus the signal-to-noise for the radial modes is considerably higher than for transversemodes. Consequently, in contrast to the galaxy measurements, the Ly-α forest BAO measurementsmeasure the Hubble parameter H(z) with greater precision than the angular diameter distanceDA(z). For instance, [47] find that the combination D0.3
 A H−0.7 is optimally constrained to ∼ 2%.
 Systematics
 Inevitably, there will be systematic effects that could distort the Ly-α measurements, but theseshould produce broadband contamination and would not affect our ability to measure an isolatedfeature in the data, such as the BAO peak. However, unless carefully accounted for, these system-atics could contaminate secondary science, such as Ly-α broadband power measurements, neutrinomasses and warm dark matter constraints.
 Astrophysical contaminants include sources of non-gravitational large scale fluctuations, such asHe II reionization and fluctuations in the photo-ionization background [48, 49, 50, 51, 52]. There arealso targeting systematics – quasars with significant absorption in the forest region are considerablyeasier to target, since they are easier to distinguish from stars. As a result, observed Ly-α forestregions are not sampling the Universe randomly, but prefer overdense lines of sight. Back-of-the-envelope calculations show that this effect is small, although more work should be done to confirmthis1. Finally, there are metal contaminations. For example, Si III that tracks the hydrogenfluctuations produces a line that contaminates the Ly-α forest flux measurements at separationof 2271 km/s. The cross-correlation between Ly-α forest absorption and Si III absorption, ifmisinterpreted as Ly-α-to-Ly-α correlations could bias the BAO measurements [43, 47]. Furthercontamination arises where the metal absorption traces large scale structures at a significantlydifferent redshift. For example C IV traces structure at z = 1.7 at wavelengths which probe theLy-α forest at z = 2.4 [53]. For BAO measurements these can be reliably corrected by includingthem as a part of the model. For other uses, such as broadband power spectrum measurements, acombination of nuisance modeling, accurate mock spectra and numerical simulations should remove
 1There is an additional effect because Ly-α quasar lines of sight terminate in quasars, which are themselves tracersof the underlying structure, but this can be explicitly shown to be a small effect.
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 any potential biases associated with these complications.Perhaps the most important systematic effects will come from imperfections in the instrument
 and data reduction. For example, artificial features in the mean transmission at the position ofgalactic Balmer transitions were noticed in BOSS data [44]. These were tracked down to the im-perfect interpolation in calibration vectors when these features were masked in calibration stars.Although such effects are on average calibrated out, they can in principle produce sharp features incorrelation at certain pairs of wavelengths that could potentially contaminate the BAO measure-ments. Other effects include noise calibration and its Poisson nature, imperfect sky subtraction,etc. Fortunately, there are no fundamental obstacles to modeling the listed systematics with acarefully executed pipeline. The sheer amount of data that will be available and the relatively highsignal-to-noise of true small scale fluctuations in the forest will allow us to check the data in manydifferent ways and validate the data reduction pipeline.
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 2.3 Measuring Growth of Structure with Redshift Space Distortions
 DESI will observe redshifts, which reflect the velocities due to expansion, but also the peculiarvelocities due to gravitational attraction by large scale structure. Peculiar velocities are observablein redshift surveys because they alter the correlations between galaxies along the line of sight,resulting in an anisotropy in the observed clustering. Comparing the expansion history and thegrowth of large scale structure from redshift space distortions will allow DESI to test GeneralRelativity.
 2.3.1 Theory
 Galaxies and quasars are point tracers of the underlying cosmic structure. The physics of how theytrace the dark matter fluctuations is well understood based on arguments about locality of galaxyformation [54, 55, 56]. On very large scales bias is scale independent and redshift-space distortionsare described by linear perturbation theory. Beyond-linear perturbative corrections can be used onintermediate scales before perturbation theory breaks down entirely on small scales [57, 58, 59].
 The measurement of the growth of structure relies on redshift-space distortions seen in galaxysurveys. Even though we expect the clustering of galaxies in real space to have no preferreddirection, galaxy maps produced by estimating distances from redshifts obtained in spectroscopicsurveys reveal an anisotropic galaxy distribution. The anisotropies arise because galaxy redshifts,from which distances are inferred, include components from both the Hubble flow and peculiarvelocities driven by the clustering of matter. Measurements of the anisotropies allow constraintsto be placed on the rate of growth of clustering [60, 61].
 On large scales, the observed large-scale structure is basically described by a small fractionalperturbation δ(x) = δρ(x)/ρ = (ρ(x) − ρ)/ρ to the uniform density. Ignoring the higher-ordercontributions, the perturbation in redshift space (δs) is related to the real space perturbation atdirectional cosine µ between line-of-sight direction and the wave-number k, by the Kaiser relation[62],
 δs(k) = δ(k)(1 + βµ2) (2.9)
 Here β = f/b, where b is the galaxy bias and f is related to the linear growth function D(a) by
 f =d lnD(a)
 d ln a. (2.10)
 In the linear regime, density perturbations grow proportional to D(z) which increases with decreas-ing z.
 In GR, D(z) is completely specified by the expansion history even in the presence of darkenergy; this is no longer generically true in alternative theories of gravity. The behavior of f in GRis given, to a good approximation, by
 f ' Ωm(z)γ , (2.11)
 where γ is the growth index, approximately 0.55 in GR, and where Ωm(z) is the fraction of the totalenergy density in the form of matter at redshift z. In alternative gravity theories, a common simpleparameterization of the modified growth rate is to alter the growth index γ. [63] demonstratedthat a DESI-like survey could constrain γ to 0.04 (7%). More general modifications might involvemodifying (in a time- and scale-dependent manner) the potentials that enter the metric. Precisegrowth measurements over a wide range of redshifts and scales, combined with constraints fromoverlapping CMB and weak lensing surveys, make large galaxy surveys like DESI excellent probesof gravity (see [64] for a recent review). Here, we focus on scale-independent growth rates forlarge-scale structure, but the DESI data set will allow more complicated investigations.
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 As an important example of extensions, we highlight the Bright Galaxy Survey, where we willbe mapping a smaller volume (z < 0.4) at substantially higher number density and with morediversity of galaxies. This redshift range is crucial because it is when dark energy dominatesand any associated modifications of gravity would be expected to be strongest. Getting the bestprecision out of this limited volume requires spectroscopy to produce a 3-D map of the densityfield. The BGS will test for modifications of gravity directly via the redshift-distortion method,including the novel methods of using multiple tracers in order to suppress sample variance [65]. Butthe search can be extended via spectroscopic detection of clusters and groups, along with galaxyhalo occupation modeling, to measure the amplitude of clustering by halo abundances [66, 67]. Themaps can also be correlated with weak lensing maps (e.g., from DES, LSST, Euclid, or CMB-S4) tomeasure the amplitude of clustering [68, 69]. Comparing the observed velocity field to the expectedvelocity field sourced from the lensing matter overdensities enables further tests of modified gravitymodels of cosmic acceleration [60]. Finally, the more detailed map will allow tests of screeningtheories on smaller scales [70, 71], in which one considers the response of individual galaxies to thepredicted gravitational field.
 In the Kaiser approximation, the redshift space power spectrum, Ps, is given by
 Ps(k) = (b+ fµ2)2Pm(k) (2.12)
 where Pm is the linear theory mass power spectrum. In principle, this prescribed anisotropy providesa means of measuring f , and through it the growth of gravitational structures. However, in theabove, the measurements of f are degenerate with the amplitude of the matter power spectrum.Therefore the combination f(z)σ8(z) is the actual observable, where the normalization of the powerspectrum P (k) is proportional to σ2
 8(z) 2.
 2.3.2 Systematics
 Galaxies are expected to follow the same gravitational potential as the dark matter and hencehave the same velocities. The main theoretical systematic uncertainty in RSD is that nonlinearvelocity effects extend to rather large scales and give rise to a scale-dependent and angle-dependentclustering signal. It is easy to see these effects in any real redshift survey: one sees elongatedfeatures along the line of sight, called the Fingers of God (FoG). The FoG are caused by randomvelocities inside virialized objects such as clusters, which scatter galaxies along the radial directionin redshift space, even if they have a localized spatial position in real space. This is just an extremeexample and other related effects, such as nonlinear infall streaming motions, also cause nonlinearcorrections. In addition, RSD measure velocities as sampled at the galaxy positions. One is thusprobing not the velocity field, but rather the momentum density field. Galaxies are a biased tracerof the dark matter and this introduces scale dependent effects into RSD statistics even if galaxiesare simply a linear tracer of the dark matter.
 There are a plethora of approaches [72, 73, 74, 57, 58, 59] to modeling redshift space distortionsin the literature, and the analyses in Table 2.1 make use of many of them. It has been firmlyestablished that the Kaiser formula is inadequate to recover information faithfully on the quasilinearscales of interest, and so most analyses now adopt some form of perturbative corrections. However,because these corrections depend strongly on the halo bias [75, 76], methods calibrated on purelythe dark matter power spectrum are of limited utility. Moreover, the details of the mapping betweengalaxies and dark matter halos also strongly modify the correlation function, mostly through FoG
 2σ28 is defined to be the variance of the matter density field averaged in spheres of 8 h−1Mpc and traditionally
 used to parametrize the amplitude of the power spectrum.
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 Table 2.1: Compilation of RSD-based fσ8 measurements from [89]. For the BOSS DR11 galaxysample we cite the measurement of [85]. Other analyses of DR11 find consistent results [87, 84]
 z fσ8 survey reference
 0.067 0.42± 0.06 6dFGRS [80]0.17 0.51± 0.06 2dFGRS [90]0.22 0.42± 0.07 WiggleZ [82]0.25 0.35± 0.06 SDSS LRG [77]0.37 0.46± 0.04 SDSS LRG [77]0.41 0.45± 0.04 WiggleZ [82]0.57 0.45± 0.03 BOSS CMASS [85]0.6 0.43± 0.04 WiggleZ [82]0.77 0.49± 0.18 VVDS [91]0.78 0.38± 0.04 WiggleZ [82]0.80 0.47± 0.08 VIPERS [92]1.4 0.48± 0.12 FastSound [93]
 effects. All of these effects can induce 10% effects on RSD at k ∼ 0.1 h/Mpc. Current modelsof RSD are able to reproduce these nonlinear effects at the percent level for k < 0.05–0.1 h/Mpc.Extending this to smaller scales would increase the power of the DESI RSD survey. This willrequire us to improve our bias models and the realism of our simulations.
 Most of the observational systematics examined in detail in the SDSS-III BOSS [see 12] primarilyaffect clustering on the largest scales; currently these are of little concern for RSD measurements,for which the signal comes primarily from the smallest scales included in the measurements. Themost important systematic effect is the estimate of a survey’s radial selection function [77, 12].Since the redshift distribution of targets cannot be predicted precisely a priori, it must be measureddirectly from the observed galaxies’ redshift distribution. Doing so removes some cosmological radialmodes from the observed galaxy overdensity field, resulting in a bias in the monopole-quadrupoleamplitudes at the < 0.2σ level. The ratio of systematic to statistical uncertainty should remainrelatively constant with survey area for a given redshift distribution, since the statistical errors onthe correlation function and n(z) shrink at the same rate.
 2.3.3 Current Status of RSD Measurements
 Redshift-space-distortion measurements have now been performed on a host of surveys, which wesummarize in Table 2.1 and show in the left panel of Figure 2.4; taken together, these surveysprovide a measure of the growth rate of cosmic structure good to about 3% in the low redshiftUniverse. Almost all of these measurements of fσ8 are derived from the anisotropy in the two-point correlations of the observed galaxy density field. The anisotropic correlation from SDSS-IIIBOSS DR11 CMASS sample is shown in Figure 2.5. While there have been some analyses directlyon the two-dimensional correlation function ξ(rp, rπ) [e.g., 78, 79, 80, 81], most authors furthercompress the data into multipoles [e.g., 82, 77, 83, 84, 85] or wedges [86, 87]. Efficient informationcompression is necessary when the covariance matrix of the observables are estimated from a finitenumber of mock surveys [88].
 Most of these measurements assume a flat ΛCDM cosmology to model the redshift-distancerelation (see [81] for an exception); dropping this assumption degrades the measurement of fσ8.However, the combination of geometric and dynamical constraints available from the analysis of
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 Figure 2.4: Left: The data points show the CMASS DR11 measurement of fσ8 (gold pentagon;[85]) along with similar, low redshift, measurements and 1σ error bars as presented in Table 2.1.The three stripes show theoretical predictions for different gravity models allowing for uncertaintyin the background cosmological parameters, constrained using only the WMAP 7 data [94]. Figureadapted from [89]. Right: Joint constraints in the Ωm-γ plane from BOSS DR11, where γ is thegrowth index of structure, as defined in Eq. (2.11). Figure taken from [85].
 Figure 2.5: The two-dimensional correlation function of the BOSS DR11 CMASS galaxies, mea-sured perpendicular (x-axis) and parallel (y-axis) to the line of sight. The BAO ring, distortedby redshift space distortions is clearly visible, as is the characteristic squashing of the correlationfunction on large scales.
 anisotropic galaxy clustering is quite complementary to isotropic BAO measurements for constrain-ing dark energy. For instance, in the case of SDSS-III BOSS DR11 for a flat wCDM cosmology, thecombination of Planck and the BOSS BAO measurements constrain w = −1.01 ± 0.08 [6], whileincluding the geometric and dynamical information in the quadrupole correlation function (termproportional to µ2) yields w = −0.993± 0.056 [85].
 Considering instead tests of gravity given a “known” expansion history, Figure 2.4 shows thatfor a flat ΛCDM cosmology in general relativity, the predicted redshift evolution of the observable
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 fσ8 is quite mild in the redshift range that has been studied observationally. These observationscan begin to distinguish between gravity models (f(R) and DGP are shown), though there isstill substantial uncertainty in the theoretical predictions simply due to uncertainties in both thematter density Ωm and overall matter power spectrum normalization, σ8. The right-hand side ofFigure 2.4 shows constraints in the Ωm-γ plane from BOSS DR11 [85]. These data yield a 16%constraint on the growth index. DESI will improve on the precision of the growth constraintfrom all previous measurements by a factor of ∼4–10 [95], depending on advances in analysis andtheoretical modeling. In addition, it will provide measurements to significantly higher redshifts.
 Two surveys in particular are pathfinders for DESI targets: WiggleZ [96] analyzed emissionline galaxies with bias b near 1, while SDSS-II and SDSS-III BOSS study luminous red galaxies(LRGs) with a bias near 2. WiggleZ included much smaller scales in their RSD analysis, which ledto impressive constraints given the number of galaxies in the survey. However, they were not ableto generate easily a large N -body simulation volume capable of resolving the halos expected to hostemission line galaxies, and so their theoretical modeling is necessarily less well-tested. By com-parison, LRGs are hosted by massive halos that can easily be simulated. The perturbation-basedmodel of [83] was carefully calibrated against N -body-based mock-galaxy catalog and included re-alistic effects like the “Fingers-of-God” (the elongated structure in the right panel of Figure 2.5).However, because these effects are so strong, their analysis was restricted to relatively large scales.
 Ongoing progress in combining the perturbative analytic results with those of N-body simula-tions should pave way for the increased theoretical prediction accuracy necessary to extract RSDinformation at small spatial scales
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 2.4 Distance, Growth, Dark Energy, and Curvature Constraint Forecasts
 DESI’s observational program defined in the Requirements Document and described in this Re-port specifies the numbers of galaxies and Ly-α forest sources and their distribution that will bemeasured. Using the specified quality of those observations, we can predict the precision withwhich cosmological parameters will be determined by DESI. Thanks to the unprecedented scopeof DESI’s spectroscopic measurements, these measurements will take us to a new level — Stage-IV— in cosmological exploration.
 2.4.1 Forecasting Overview
 We use the Fisher matrix formalism to estimate the parameter constraining power of the finishedsurvey, largely following [95]. Our baseline cosmological model is flat ΛCDM. This model is specifiedby seven parameters, which are listed together with their fiducial values in Table 2.2. Parametersymbols have their conventional meanings. Our standard fiducial parameter values follow the Planck2013 results, specifically the P+WP+highL+BAO (P from Planck, WP from WMAP, highL fromhigh resolution CMB experiments like ACT and SPT) column of Table 5 of [14]. The difference fromthe Planck 2015 is negligible for these purposes. In addition to the conventional six parameters ofthe minimal cosmological model, we also always vary the amount of tensor modes; however this islargely irrelevant because the T/S measurement is completely dominated by Planck and essentiallyuncorrelated with other parameters.
 Isolating the BAO feature gives the most robust, but also most pessimistic, view of the infor-mation that one can recover from galaxy clustering measurements, since BAO can be measuredeven in the presence of large unknown systematic effects (very generally, these will not change theBAO scale [22]). We quote errors on the transverse and radial BAO scales as errors on DA(z)/sand H(z)s, respectively, where s is the BAO length scale. For galaxy and quasar clustering, thesemeasurements are correlated at each redshift with a correlation coefficient of 0.4.
 We also quote errors on an isotropic dilation factor R/s, defined as the error one would measureon a single parameter that rescales radial and transverse directions by equal amounts. In this case,for a small change in R, the corresponding variations in the model values of DA and H are
 DA =
 (1 +
 δR
 Rfid
 )DA,fid (2.13)
 and
 H =
 (1 +
 δR
 Rfid
 )−1
 Hfid (2.14)
 where DA,fid(z) and Hfid(z) are the angular diameter distance and Hubble parameter in a fiducialUniverse. An explicit definition of R in terms of the measured H and DA is generally not neededand depends on the experimental scenario. The simplest cases are easy to understand: for a purelytransverse measurement (e.g., photometric survey) R = DA, while for a purely radial measurement(e.g., something closer to the Ly-α forest, although it is not purely radial) R = H−1 (or R =H−1HfidDA,fid, if one is concerned about inequivalent units). For intermediate cases like typicalgalaxy clustering, the appropriate combination of H and DA can always be determined giventhe covariance matrix between them. For example, it is approximately proportional to DV (z) ≡((1+z)DA)2/3(cz/H(z))1/3 in analyses of spherically averaged clustering, such as from 6dF, BOSS,and WiggleZ.
 Going beyond BAO, we use “broadband” galaxy power, i.e. measurements of the power spec-trum as a function of redshift, wavenumber and angle with respect to the line of sight. This
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 Table 2.2: Parameterization of the cosmological model and parameter values for the fiducial model.The seven parameters in the upper part of the table are always free. Parameters in the second halfof the table are extensions of the simplest model discussed below.
 Parameter Value Description
 ωb 0.02214 Physical baryon density ωb = Ωbh2
 h = H0/(100 km s−1Mpc−1))ωm 0.1414 Physical matter density ωm = Ωmh
 2 (including neutrinoswhich are non-relativistic at z = 0)
 θs 0.59680 degrees Angular size of sound horizon at the surface of last scat-tering acting as a proxy for Hubble’s constant
 As 2.198× 10−9 Amplitude of the primordial power spectrum at k =0.05 Mpc−1 (for the numerical Fisher matrix we actuallyuse log10As)
 ns 0.9608 Spectral index of primordial matter fluctuations withP (k) ∝ kns
 τ 0.092 Optical depth to the last scattering surface assuming in-stantaneous reionization.
 T/S 0 Ratio of tensor to scalar perturbations (we assume infla-tionary tensor fluctuation’s spectral index nt = −1
 8T/S)
 w0 −1 Equation of state of dark-energy p = wρwa 0 Variable equation of state of dark energy of the form w =
 w0 + (1− a)waΩk 0 Curvature of the homogeneous modelαs 0 Running of the spectral index αs = d log ns/d log k with
 pivot scale k = 0.05 Mpc−1
 Σmν 0.06 eV Sum of neutrino masses (we assume they are degenerate)Nν,eff 3.04 Effective number of neutrino species (Nν,eff > 3.04 →
 dark radiation).
 treatment automatically recovers all available information from the two-point clustering, i.e. notjust the shape of the isotropic power spectrum, but also redshift-space distortions, Alcock-Paczynski[97], and the BAO information.
 The broadband Fisher matrix is calculated by combining the inverse variance of the powerspectrum P (k) of each Fourier mode with the derivative of power in each mode with respect toset of cosmological parameters. We divide the survey into a set of redshift slices and coadd theresulting matrices. The model for the three-dimensional power spectrum of the galaxy or Ly-αdistribution is
 P (k, µ, z) = b(z)2(1 + β(z)µ2)2Pmass(k, z)D(k, µ, z) , (2.15)
 where µ is the angle of the wavevector to the line of sight, k is the wavenumber, b is the linearbias parameter, β the redshift space distortion parameter and D(k, µ, z) is a non-linear correctioncalibrated from simulations (for the Ly-α forest this is given by [98] and for galaxies it is based onthe information damping factors of [99]). The Fisher matrix calculation will integrate over all µ anda suitable range of k. The inverse variance of the power spectrum of each mode gets contributionsfrom both the intrinsic sample variance and the shot noise. This results in an effective volumeVeff(P ) of each redshift slice that is given by Veff(P ) = [1 + 1/(nP )]−2Vsurvey [100]. The value nPrepresents the ratio of true clustering power to that from shot noise. Alternatively, it can be seen
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 as the signal-to-noise ratio per mode (redshift, wavenumber, and orientation slice): if nP > 1 thenroughly the signal exceeds the sample variance uncertainty for that mode.
 For the galaxy survey, we use large-scale broadband power up to some quoted kmax. At smallscales, k > kmax, we continue to use BAO information. We use two simple choices of kmax:0.1 hMpc−1 and 0.2 hMpc−1. These cutoffs are intended to indicate sensitivity of results tothe effective scale where information is recovered after making corrections for non-linearity, aftermarginalization over suitable non-linear bias parameters. It will be a major program of the nextdecade to figure out exactly how to do this fitting in practice for a high precision survey likeDESI; how well we can do this will determine how well we can measure parameters. As discussedin [95], kmax ∼ 0.1 hMpc−1 corresponds roughly to the performance of current analyses, whilekmax ∼ 0.2 hMpc−1 is more of a stretch goal for the DESI era (some improvement over currentanalysis can be expected simply by going to higher redshift where the non-linear scale is smaller).
 The redshift-space distortions can effectively constrain two parameter combinations, b(z)σ(z)
 and f(z)σ(z), where σ(z) ∝ P 1/2mass(z, k) is the RMS normalization of the linear mass density fluctua-
 tions as a function of z. In Table 2.3, we quote projected constraints on fσ for different maximum kassumptions e.g., fσ0.1 means the error calculation included information up to kmax = 0.1 hMpc−1.These fractional errors are equivalent to what one usually sees quoted as an error on “fσ8”. Thefσk precision we project for DESI, aggregated over all redshifts, is ∼0.74% for kmax = 0.1hMpc−1,or ∼0.38% for kmax = 0.2hMpc−1.
 2.4.2 Baseline Survey
 Our baseline assumption for science projections is that DESI runs over an approximately five-yearperiod covering 14,000 deg2 in area. DESI will target four types of objects: Bright Galaxies (BGS),Luminous Red Galaxies (LRGs), Emission Line Galaxies (ELGs) [101], and quasars. Details onhow these objects are targeted can be found in Section 3. In what follows, most calculations aredone for this baseline survey. We additionally provide several relevant calculations for the requiredminimum survey with the same target number densities over 9,000 instead of 14,000 deg2 in area.
 The number densities used here, plotted in Figure 2.6, are based on the selection criteria foreach object type described in the following chapter.
 We assume fiducial biases follow constant b(z)D(z), where D(z) is the linear growth fac-tor normalized by D(z = 0) ≡ 1. For LRGs we use bLRG(z)D(z) = 1.7. For ELGs we usebELG(z)D(z) = 0.84 [101]. For quasars we use bQSO(z)D(z) = 1.2 (loosely based on [102]). For theBGS, we use bBGS(z)D(z) = 1.34, but the results are insensitive to this value because of the muchhigher number density in most of the BGS volume. Note that these forms keep the observed clus-tering amplitude of each individual tracer constant with redshift, in agreement with observations(more detailed references for bias evolution are given below, in sections 3.1, 3.2, 3.3.1, and 3.4.1 forBGS, LRGs, ELGs, and QSOs, respectively).
 The signal-to-noise for typical BAO-scale modes in redshift space is shown in Figure 2.7, alongwith the same quantity computed for several other experiments for comparison [95].
 We evaluate nP at k = 0.14 hMpc−1, µ = 0.6, an approximate center-of-weight point forBAO measurements. We chose these values by looking for the point where nP = 1 correspondedto the optimum in a trade-off between area and number density at fixed total number of objects(specifically, for the full range of parameters covered by DESI LRGs and ELGs). This definitionreflects the origin of the idea that nP = 1 is a special point, but it should be kept in mind thatachieving nP by this definition does leave a survey significantly farther away from the samplevariance limit than the traditional definition k = 0.2 hMpc−1, µ = 0.
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 Figure 2.6: DESI number densities, per unit z, per square degree, used in cosmology projections(Table 2.3 and 2.7).
 Figure 2.7: Signal to noise comparison of the DESI galaxy survey against other precursor (Stage IIand Stage III) and upcoming (Stage IV) spectroscopic surveys. Shown is nP (k = 0.14 hMpc−1, µ =0.6). The DESI forecasts do not include the Ly-α forest contribution. Including this would give aneffective nP ∼ 0.3 at z ∼ 2.5. Note that the large area covered by DESI provides an advantagereflected in Figure 2.9.
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 Figure 2.8: Signal-to-noise ratio per A used for DESI quasar spectra (detector noise, not absorptionnoise), for different g magnitudes, accounting for mean Ly-α forest absorption.
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 Figure 2.9: The fractional error on the dilation factor, R, as a function of redshift presented incomparable bins for DESI, BOSS, Euclid, WFIRST, HETDEX, and eBOSS. This gives an indicativeerror on distance measurements to each redshift. The forecasts for a 14,000 deg2 DESI Bright GalaxySurvey (BGS) are also shown. DESI will provide the best measurements over much of the region andis competitive with space-based missions, which will come later. We use 50 million total galaxies forEuclid, following their Definition Study Report [104], although it has been suggested that this maybe optimistic [105].
 The spectral signal-to-noise ratio that we use, computed using the bbspecsim code [103], isshown in Figure 2.8.
 2.4.3 Summary of Forecasts
 Table 2.3 lists the basic galaxy and quasar BAO distance measurement projections, and RSDf(z)σ8(z) error projections for two different kmax values for our baseline 14K survey. We providethe same set of calculations in Table 2.4 for our threshold 9K survey. Tables 2.5 and 2.6 shows theprojections for the Bright Galaxy Survey for 14K and 9K square degrees, respectively. Table 2.7 liststhe Ly-α forest BAO distance measurement projections, including cross-correlations with quasarsin the same redshift range for a z > 1.9 Ly-α forest survey; Table 2.8 presents the same calculationsfor the threshold 9K survey. The BAO errors are also shown in Figure 2.9, along with those fromother experiments for comparison (see [95] for a description of the other experiments).
 DESI will provide high precision measurements of the Universe’s expansion rate over billions ofyears. Using the Ly-α forest technique, coverage will include the early times when the expansionrate was decreasing (when the matter density, not the dark energy density, was controlling the rate).In Figure 2.10 we show how DESI will improve these measurements over those existing today.
 Table 2.9 shows Dark Energy Task Force (DETF) Figures of Merit (FoMs) [4]. For the common
 normalization convention that we follow, the FoM is simply(σwpσw′
 )−1where w(z) = wp+(ap−a)w′
 and ap is chosen to make the errors on wp and w′ independent. Because the DETF FoM model isdefined to include the possibility of curvature, we include curvature projections in Table 2.9. Thefigure of merit results are reflected in Figure 2.11.
 Importantly, Table 2.9 shows that these surveys exceed the Stage IV FoM threshold. We takethis to be a value of 110, based on a 10-fold improvement of the value of 11 from [109]. This
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 Table 2.3: Summary of forecasted constraints achievable by DESI, covering 14,000 deg2. Indicationsof signal to noise, nP , are given at two values of k, µ = 0.2 hMpc−1, 0 and 1.4 hMpc−1, 0.6.The fractional error on the normalization of f(z)P 1/2(k, z) is σfσk/fσk, assuming known shape ofthe power spectrum and known geometry, using kmax = k hMpc−1. The dilation factor R is definedto be a parameter rescaling the radial and transverse distances by equal factors.
 zσR/sR/s
 σDA/s
 DA/sσHsHs
 nP0.2,0 nP0.14,0.6 V dNELGdz ddeg2
 dNLRGdz ddeg2
 dNQSOdz ddeg2
 σfσ0.1fσ0.1
 σfσ0.2fσ0.2
 % % % [h−1Gpc3] % %
 0.65 0.57 0.82 1.50 2.59 6.23 2.63 309 832 47 3.31 1.570.75 0.48 0.69 1.27 3.63 9.25 3.15 2269 986 55 2.10 1.010.85 0.47 0.69 1.22 2.33 5.98 3.65 1923 662 61 2.12 1.010.95 0.49 0.73 1.22 1.45 3.88 4.10 2094 272 67 2.09 0.991.05 0.58 0.89 1.37 0.71 1.95 4.52 1441 51 72 2.23 1.111.15 0.60 0.94 1.39 0.58 1.59 4.89 1353 17 76 2.25 1.141.25 0.61 0.96 1.39 0.51 1.41 5.22 1337 0 80 2.25 1.161.35 0.92 1.50 2.02 0.22 0.61 5.50 523 0 83 2.90 1.731.45 0.98 1.59 2.13 0.20 0.53 5.75 466 0 85 3.06 1.871.55 1.16 1.90 2.52 0.15 0.40 5.97 329 0 87 3.53 2.271.65 1.76 2.88 3.80 0.09 0.22 6.15 126 0 87 5.10 3.611.75 2.88 4.64 6.30 0.05 0.12 6.30 0 0 87 8.91 6.811.85 2.92 4.71 6.39 0.05 0.12 6.43 0 0 86 9.25 7.07
 Table 2.4: Like Table 2.3, except with DESI covering only 9,000 deg2.
 zσR/sR/s
 σDA/s
 DA/sσHsHs
 nP0.2,0 nP0.14,0.6 V dNELGdz ddeg2
 dNLRGdz ddeg2
 dNQSOdz ddeg2
 σfσ0.1fσ0.1
 σfσ0.2fσ0.2
 % % % h−1Gpc3 % %
 0.65 0.71 1.02 1.87 2.59 6.23 1.69 309 832 47 4.12 1.960.75 0.59 0.86 1.58 3.63 9.25 2.03 2269 986 55 2.62 1.260.85 0.59 0.86 1.53 2.33 5.98 2.34 1923 662 61 2.64 1.260.95 0.61 0.91 1.52 1.45 3.88 2.64 2094 272 67 2.61 1.241.05 0.72 1.12 1.70 0.71 1.95 2.90 1441 51 72 2.79 1.391.15 0.75 1.17 1.74 0.58 1.59 3.14 1353 17 76 2.80 1.421.25 0.76 1.19 1.74 0.51 1.41 3.35 1337 0 80 2.81 1.441.35 1.15 1.87 2.52 0.22 0.61 3.54 523 0 83 3.62 2.161.45 1.22 1.99 2.66 0.20 0.53 3.70 466 0 85 3.82 2.341.55 1.45 2.37 3.14 0.15 0.40 3.84 329 0 87 4.40 2.841.65 2.20 3.59 4.74 0.09 0.22 3.95 126 0 87 6.36 4.501.75 3.59 5.79 7.86 0.05 0.12 4.05 0 0 87 11.11 8.491.85 3.64 5.87 7.97 0.05 0.12 4.13 0 0 86 11.53 8.82
 Table 2.5: Like Table 2.3, except for the DESI Bright Galaxy Survey, covering 14,000 deg2.
 zσR/sR/s
 σDA/s
 DA/sσHsHs
 nP0.2,0 nP0.14,0.6 V dNBGSdz ddeg2
 σfσ0.1fσ0.1
 σfσ0.2fσ0.2
 % % % [h−1Gpc3] % %
 0.05 4.33 6.12 12.10 146.60 352.91 0.04 1165 33.24 14.080.15 1.66 2.35 4.66 59.47 144.69 0.23 3074 12.47 5.250.25 1.07 1.51 2.97 14.84 36.43 0.58 1909 7.69 3.250.35 0.91 1.32 2.44 3.21 7.94 1.04 732 5.83 2.600.45 1.56 2.39 3.69 0.35 0.87 1.55 120 6.35 3.77
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 Table 2.6: Like Table 2.5, but for a 9,000 deg2 Bright Galaxy Survey.
 zσR/sR/s
 σDA/s
 DA/sσHsHs
 nP0.2,0 nP0.14,0.6 V dNBGSdz ddeg2
 σfσ0.1fσ0.1
 σfσ0.2fσ0.2
 % % % [h−1Gpc3] % %
 0.05 5.39 7.63 15.09 146.60 352.91 0.02 1165 41.46 17.560.15 2.07 2.93 5.81 59.47 144.69 0.15 3074 15.55 6.540.25 1.33 1.89 3.70 14.84 36.43 0.38 1909 9.59 4.050.35 1.14 1.64 3.04 3.21 7.94 0.67 732 7.27 3.240.45 1.94 2.98 4.60 0.35 0.87 1.00 120 7.92 4.71
 Table 2.7: z > 1.9 Ly-α forest quasar survey, over 14000 sq. deg. Parameter errors are in percentrelative to the BAO scale, s.
 zσR/sR/s
 (%)σDA/s
 DA/s(%) σHs
 Hs(%)
 dNQSOdz ddeg2
 1.96 1.43 2.69 2.74 822.12 1.02 1.95 1.99 692.28 1.09 2.18 2.11 532.43 1.20 2.46 2.26 432.59 1.34 2.86 2.47 372.75 1.53 3.40 2.76 312.91 1.81 4.21 3.18 263.07 2.16 5.29 3.70 213.23 2.75 7.10 4.57 163.39 3.86 10.46 6.19 133.55 5.72 15.91 8.89 93.70 - - - 73.86 - - - 54.02 - - - 3
 Table 2.8: Like Table 2.7, except with DESI covering only 9,000 deg2.
 zσR/sR/s
 (%)σDA/s
 DA/s(%) σHs
 Hs(%)
 dNQSOdz ddeg2
 1.96 1.78 3.35 3.42 822.12 1.27 2.43 2.48 692.28 1.37 2.72 2.63 532.43 1.49 3.07 2.82 432.59 1.67 3.57 3.08 372.75 1.91 4.24 3.44 312.91 2.25 5.26 3.96 263.07 2.69 6.60 4.62 213.23 3.43 8.86 5.70 163.39 4.81 13.05 7.72 133.55 7.14 19.85 11.09 93.70 - - - 73.86 - - - 54.02 - - - 3
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 Figure 2.10: Expansion rate of the Universe as a function of redshift. In the upper plot, the filledblue circle is the H0 measurement of [106], the solid black square shows the SDSS BAO measurementof [107], the red square shows the BOSS galaxy BAO measurement of [6], the red circle shows theBOSS Ly-α forest BAO measurement of [47], and the red x shows the BOSS Ly-α forest BAO-quasarcross-correlation measurement of [108]. The lower plot shows projected DESI points.
 Figure 2.11: The w0 − wa plane showing projected limits (68%) from DESI using just BAO andusing the broadband (BB) power spectrum. Also shown is the limit from BOSS BAO. Planck priorsare included in all cases, and DESI includes the BGS and non-redundant part of BOSS. The figureof merit of the surveys is inversely proportional to the areas of the error ellipses.
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 Table 2.9: DETF Figures of Merit and uncertainties σwp and σΩk . σwp is the error on w at thepivot redshift, which also equal to the error on a constant w holding wa = 0. σΩk is the erroron the curvature of the Universe, Ωk. All DESI lines contain the BGS, and BOSS in the range0.45 < z < 0.6 that does not substantially overlap with DESI. All cases include Planck CMBconstraints. The pivot point, where w(a) has minimal uncertainty is indicated by ap. We note thata FoM of 110 is 10 times the Stage II level of [109], which we take to be the definition of Stage IV.DESI BAO galaxy exceeds this threshold even with a 9,000 square degree survey.
 Surveys FoM ap σwp σΩk
 BOSS BAO 37 0.65 0.055 0.0026DESI 14k galaxy BAO 133 0.69 0.023 0.0013DESI 14k galaxy and Ly-α forest BAO 169 0.71 0.022 0.0011DESI 14k BAO + gal. broadband to k < 0.1 h Mpc−1 332 0.74 0.015 0.0009DESI 14k BAO + gal. broadband to k < 0.2 h Mpc−1 704 0.73 0.011 0.0007DESI 9k galaxy BAO 95 0.69 0.027 0.0015DESI 9k galaxy and Ly-α forest BAO 121 0.71 0.026 0.0012DESI 9k BAO + gal. broadband to k < 0.1 h Mpc−1 229 0.73 0.018 0.0011DESI 9k BAO + gal. broadband to k < 0.2 h Mpc−1 502 0.73 0.013 0.0009
 is the same Stage IV definition that LSST used in their Conceptual Design Report. The 9,000square degrees DESI survey achieves 121 with galaxies and Ly-α forest BAO. We note that thesecomputations include only BAO and CMB, without even the Stage II Supernovae Ia results from[109]. Including DESI galaxy broadband clustering or other dark energy probes boost the Figureof Merit well above 110.
 As this 9000 square degree survey forecast meets the Stage IV threshold and hence the MissionNeed, we have adopted it as the quantitative basis for the Level 1 Science Requirement for theDESI project. We aggregate the BAO performance into three redshift ranges, R in 0.0 < z < 1.1and 1.1 < z < 1.9 and H in 1.9 < z < 3.7, for the L1 requirements, so as to leave flexibility inthe exact redshift distribution of targets. An extensive discussion of how the FOM depends onvariation in survey parameters was presented in the DESI Conceptual Design Review.
 The measurements of fσ8 from redshift-space distortion provide the means for testing GeneralRelativity. Figure 2.12 shows the rate of growth of structure, f , as a function of the redshift.Forecasted DESI errors, assuming information at k < 0.2 hMpc−1, are shown on the ΛCDM curve.Alternative gravity models generically predict scale-dependent growth, and here we show theoreticalexpectations for the f(R) modified theory of gravity evaluated at two scales (two values of k), aswell as predictions for the DGP braneworld theory. DESI can clearly distinguish between thesemodels.
 2.4.4 Forecasting Details
 Galaxy and Quasar Clustering
 Our treatment of isolated galaxy BAO follows [99], assuming 50% reconstruction, i.e., reductionof the BAO damping scale of [99] by a factor 0.5, except at very low number density, where wedegrade reconstruction based on [110].
 Bias uncertainty is modeled by a free parameter in each redshift bin, generally of width ∆z = 0.1,for each type of galaxy. Our results are not sensitive to the redshift bin width [95]. For thebroadband signal, we use the same information damping factors from [99] as we use for BAO. Thisis well-motivated from a theoretical point of view as the non-linear clustering suppresses all linear
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 Figure 2.12: Growth of structure, f , as a function of redshift, showing projected DESI mea-surements and their ability to discriminate against alternative gravity models, f(R) (whose scale-dependent growth we show evaluated at two different scales) and DGP. The brown (light) errorbars at z < 0.5 correspond to DESI Bright Galaxy Survey; these are expected to improve wheninformation from the multiple tracers in the BGS is included. Adopted from the Snowmass reporton the growth of cosmic structure [64].
 theory information, not just BAO [19]. We also include the reconstruction factor (50% reductionin damping length), assuming that reconstruction will recover non-BAO information as well. See[95] for more discussion.
 Ly-α Forest
 DESI will also probe large-scale structure using the Ly-α forest [111, 43], i.e., the Ly-α absorptionby neutral gas in the intergalactic medium in the spectra of high redshift quasars (it may bepossible to do even better at faint magnitudes using Lyman-break galaxies [41]). The distributionof intergalactic gas can be used as a complementary tracer to galaxies of the underlying matterdistribution for BAO and broadband power spectrum characteristics.
 The constraints from the Ly-α forest are difficult to predict accurately, because they requirecareful simulation [112, 113]. The forecasts described below we believe are a conservative assessment.We limit the application of Ly-β forest data to BAO only (see below), and do not include cross-correlations with quasar density, nor statistics beyond the power spectrum, such as the bispectrum,which are known to be powerful for breaking IGM model degeneracies (e.g., [114]). Finally, we onlyuse the redshift range z = 2− 2.7.
 We model the three dimensional power spectrum of Ly-α using Eq. (2.15) and, except asotherwise noted, we use the method of [41] to estimate the errors obtainable by DESI. We useTable I of [37] to model the dependence of b, β, and fitting parameters of D. While these areprimarily valid near z ≈ 2.25, for BAO the model dependence is not significant. For broadbandspectra constraints the bias and damping parameters depend on the amplitude and slope of thelinear power spectrum, temperature-density relation [115], and mean level of absorption [116], all ofwhich are varied in our Fisher matrix calculations. To help constrain these parameters, we includethe one-dimensional power spectrum, which could be measured from the hundreds of existing highresolution spectra [116, 117].
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 While past projections used the rest wavelength range 1041 < λ < 1185 A (following [111]),for the BAO constraints only, we expand the range to include the Ly-β forest and move slightlycloser to the quasar, 985 < λ < 1200 A, reflecting our increasing confidence that we understandthe relevant issues well enough to measure BAO across this range [118]. (The Ly-β forest is thewavelength range ∼ 973 − 1026A where there is Ly-β absorption on top of the Ly-α absorption.This Ly-β absorption corresponds to the same gas we see in the standard Ly-α forest and shouldprovide some extra information, but we simply assume it can be mostly removed as a source of noiseand the underlying Ly-α used to measure BAO to shorter wavelengths in each quasar spectrum.)Gains from this enhancement of effective number density (and cross-correlations with quasars) aresubstantial because the measurement is quite sparse, i.e., in what for galaxies we would call theshot-noise limited regime.
 The cross-correlation of quasars with the Ly-α forest [119] provides a complementary mea-surement of BAO at high redshift. We combine the two probes of structure in the same volumeas described in [95]. The correlation of Ly-α absorption in quasar spectra can also provide othercosmological information, beyond BAO: cosmological parameter constraints from the line of sightpower spectrum [111, 120, 121, 122], and from the full shape of the three-dimensional clustering [37].In the projections below we distinguish between Ly-α forest BAO measurements and broadbandmeasurements that include the one-dimensional power spectrum measurement.
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 2.5 Cosmology Beyond Dark Energy
 While the fundamental goal of DESI is the measurement of the expansion rate of the Universethrough BAO and RSD, the enormous spectroscopic survey will measure the two-point correlationfunction and power-spectrum over a broad range of scales and redshifts. These data will open upbroader investigations into cosmology and particle physics.
 The broadband power spectrum will provide tests of inflation through its scale dependence.Inflation can also be tested through the scale dependence of the bias of dark matter halos, whichconstrains the primordial non-Gaussianity. The power spectrum will also reflect the damping ofstructure by free-streaming neutrinos and thereby give a measure of the sum of the neutrino masses,and possibly reveal previously unknown nearly massless species.
 2.5.1 Inflation
 The inflationary paradigm is the leading explanation for the origin of the fluctuations of primordialdensity, which in turn seeded the large-scale structure we observe today. In its simplest formulation,inflation predicts perturbations in the initial distribution that are very nearly scale-independentand Gaussian-distributed about the mean. Inflation has been tested primarily with the CMBobservations — starting with COBE measurements on large scales in the early 1990s and continuingwith the increasingly precise WMAP and Planck measurements in this millennium. However theCMB temperature measurements are not expected to improve greatly after Planck (though CMBpolarization has a lot to offer, in particular in testing for signatures of inflationary gravity waves).Large-scale structure measurements have become increasingly precise thanks to 2dF, SDSS, andWiggleZ. These complement the CMB measurements in temporal and spatial scales. The nextfrontier for tests of inflation is large-scale structure. DESI’s unparalleled three-dimensional pictureof the evolution of structure will contribute powerfully.
 Spectral Index and Its Running
 Inflation predicts that the primordial spectrum of density fluctuations is nearly a power law inwavenumber k. The power law is specified by the spectral index defined as
 ns(k0) =d lnP
 d ln k
 ∣∣∣∣k0
 (2.16)
 where k0 is some reference scale, typically chosen to be k0 = 0.05 Mpc−1. A perfect power law wouldcorrespond to a constant ns; in reality, inflation also predicts a small “running” with wavenumberparameterized with the parameter α = dns/d ln k, again defined at k0. The primordial powerspectrum can therefore be written as [123]
 P (k) = P (k0)(k/k0)nS(k0)+ 12α ln(k/k0). (2.17)
 The exact Harrison-Zel’dovich primordial spectrum has ns = 1, while inflation predicts slightdeviations from unity. Ruling out ns = 1 at a significant level of confidence would strengthen thecase for inflation [124]. Recent Planck data currently favor ns < 1 at 5σ; ns = 0.968± 0.006 [125].The current limit on running of the spectral index obtained by Planck is dns/d ln k = −0.003±0.007(95% CL). Because it is in the regime of linearity for a wide range of k, the Ly-α forest is an excellentcomplementary probe of αs.
 In Table. 2.10 we present forecasts on inflationary observables obtained with the Fisher-matrixformalism described in Section 2.4.1, applied to the power spectrum obtained from DESI galaxies,
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 Table 2.10: Projected constraints on inflationary observables obtained by DESI. In all cases, weinclude constraints from the Planck satellite and BAO information from DESI galaxies, quasars andthe Ly-α forest. We show the result of including information from the broadband galaxy powerspectrum (“Gal”) out to kmax = 0.1 and 0.2 hMpc−1, and from the Ly-α forest. The numbers inparentheses show the relative improvement over Planck. Broadband Ly-α forest constraints include∼ 100 existing high resolution spectra to constrain the IGM model. ns constraints assume fixed αs.Both constraints are marginalized over Σmν , and the fiducial values are ns = 0.963, αs = 0.
 Data σns σαs
 Gal (kmax = 0.1hMpc−1) 0.0025 (1.3) 0.005 (1)Gal (kmax = 0.2hMpc−1) 0.0022 (1.5) 0.004 (1.3)Ly-α forest 0.0029 (1.1) 0.0027 (1.9)Ly-α forest + Gal (kmax = 0.2) 0.0019 (1.7) 0.0019 (2.7)
 quasars, and Ly-α forest, combined with CMB data from the Planck satellite. The table showsstrong constraints on ns, and improvements up to a factor of three over Planck alone, under theassumption that there is no significant running in the spectral index. Achieving these constraintswill require excellent control of broad-band systematics in the Ly-α forest and galaxy analyses.But the effort is worthwhile, as these measurements can have far-reaching implications on ourunderstanding of the very early Universe, as we now describe.
 For the spectral index, the increased accuracy implies much better constraints on models ofinflation. With the DESI+Planck constraints, excellent constraints on the spectral index willeffectively reduce the allowed region in the plane of ns and r, the ratio of tensor to scalar modes, to avertical line pinned at the measured value of ns. Combining these results with better measurementsof the r from the small-scale CMB experiments will lead to much better constraints on inflationarymodels. Even without the accompanying r measurements, better determination of the spectralindex is important: for example, for inflationary potentials V (φ) ∝ φm, where φ is the inflaton field,the spectral index and the total number of e-folds of inflation N are related via 1−ns = (m+2)/(2N)[126]. Hence, for this class of models the duration of the inflationary phase would be determinedby DESI very precisely.
 Implications of the precise measurements of the running of the spectral index αs are even moreimpressive. In standard single-field slow-rolling inflationary models, the running of the spectralindex is of the order O((1 − ns)2) ∼ 1 × 10−3 if ns ∼ 0.96. This means that DESI will start toapproach the region of expected detection in minimal inflationary models. More importantly, adetection of running larger than the slow-roll prediction would imply either that inflation involvesmultiple fields, or a breakdown of the slow roll approximation [127], or else that a non-canonicalkinetic term is controlling inflationary dynamics [128]. Any detection of the running of the spectralindex would represent a significant advance in our understanding of the physics of inflation.
 Primordial non-Gaussianity
 One of the fundamental predictions of the simplest inflationary models is that the density fluc-tuations in the early Universe that seeded large-scale structure were nearly Gaussian distributed.A single field slow-roll inflation with canonical kinetic energy and adiabatic vacuum predicts verysmall amount of non-Gaussianity. A violation of any of these conditions, however, may lead to largenon-Gaussianity. A simple, frequently studied model is that of non-Gaussianity of the local type,Φ = φG + fNL(φ2
 G − 〈φ2G〉), where Φ is the primordial curvature fluctuation and φG is a Gaussian
 random field. A detection of nonzero fNL would rule out the simplest model of inflation, while a
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 non-detection at a level of fNL < O(1) would rule out many of its alternatives.The tightest existing upper limits on non-Gaussianity have been obtained from observations of
 the cosmic microwave background by the Planck experiment[129]. Recently, a number of inflationarymodels have been proposed which predict a potentially observable level of non-Gaussianity, theseinclude those from fast-roll inflation [130, 131, 132, 133, 134], quasi-single field inflation [135, 136],warm inflation [137, 138], and non-Bunch-Davies or excited initial states [130, 139, 140, 141].There are also hybrids of multi-field and non-slow-roll models [142, 143, 144], and the inclusionof isocurvature modes in the non-Gaussian correlations [145, 146, 147]. Improved limits on non-Gaussianity would rule out some of these models. Conversely, a robust detection of primordialnon-Gaussianity would dramatically overturn the simplest model of inflationary cosmology, andprovide information that would help us significantly improve our understanding of the nature ofphysical processes in the early Universe.
 Until recently, the most powerful methods to place limits on fNL were based on the bispectrumof the CMB. The constraints from CMB data have improved starting from σ(fNL) ' 3000 withCOBE [148] to σ(fNL) ' 20 with WMAP [149], to the tight constraint of σ(fNL) ' 5.8 withPlanck’s first year data [150] and finally to σ(fNL) ' 5.0 with the 2015 data from Planck [129]. Itis therefore impressive and maybe even surprising that a powerful LSS survey such as DESI canprovide comparable but highly complementary constraints to Planck. Moreover, as we now show,DESI and Planck in combination can provide very tight constraints on distinct classes of physicallymotivated inflationary models.
 Powerful constraints on non-Gaussianity can come from the effect that it has on the clusteringof dense regions on very large scales [151]. Essentially, the bias of dark matter halos assumes aunique, scale-dependent form at large spatial scales in the presence of primordial non-Gaussianityof local type
 b(k) ≡ b0 + ∆b(k) = b0 + fNL(b0 − 1)δc3ΩMH
 20
 a g(a)T (k)c2k2, (2.18)
 where b0 is the usual Gaussian bias (on large scales, where it is constant), fNL is the parameterthat indicates departures from Gaussianity (when fNL 6= 0), δc ≈ 1.686 is the collapse threshold,T (k) is the transfer function and g(a) is the growth suppression factor. Notice the unique k−2
 scale dependence in the presence of primordial non-Gaussianity. Since the bias b(k) is readilymeasured from the correlation function of galaxies or quasars, classes of inflationary models canbe tightly constrained. A first application of this method has been presented using the large-scaleclustering of quasar and luminous red galaxies (LRG) galaxy data from the Sloan Digital SkySurvey (SDSS) [152]. The result, a non-detection with one sigma error σ(fNL) ' 25, was (at thetime) comparable to the CMB constraints from WMAP. DESI will provide constraints competitive,and very complementary, to those from Planck, provided that we have systematics under control[153, 154, 155]
 Forecasts for DESI indicate that the 1σ error on the local model from DESI alone will beσ(fNL) ' 5, and about a factor of two better when combined with the final Planck temperatureand polarization data. From the fundamental physics point of view, these constraints are veryexciting, as they probe not only primordial non-Gaussianity but are likely to detect the additionalnon-Gaussian signal due to late-time nonlinear interactions of the photon-baryon fluid with gravity(with fNL
 late ' few [156, 157]), and thus provide an additional test of cosmology.More generally, inflationary models predict a range of possibilities for the scaling of the bias
 ∆b ∝ k−m. For example, m = 2 for the local model parameterized by fNL as in Eq. (2.18); multi-field inflationary models generically produce 0 < m . 2, and models with modifications to theinitial quantum state can produce an even stronger scaling with m = 3. Because many of these
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 WMAP
 DESI +
 Planck68%
 Figure 2.13: Constraints on the models of primordial non-Gaussianity with “running”, where theusual parameter fNL is promoted to a power-law function of wavenumber, fNL(k) = f∗NL(k/k∗)
 nfNL .The larger contours show constraints on f∗NL and nfNL
 from a first analysis that was applied toWMAP 7 data [158]. The size of the red dot shows the 68% C.L. forecast on the joint constraintexpected from the combination of the DESI and full Planck data sets, based on projections inRef. [159].
 models therefore leave a strong imprint in the clustering of galaxies and quasars, DESI will be ableto strongly constrain whole classes of inflationary models. We show an illustration in Figure 2.13,where we present constraints on the models with “running” of non-Gaussianity, where the usualparameter fNL now runs with wavenumber, fNL(k) = f∗NL(k/k∗)
 nfNL . The larger contours showconstraints on f∗NL and nfNL
 from a first analysis that was applied to WMAP 7 data [158], whilethe small, red contour shows the 68% C.L. forecast on the joint constraint expected from thecombination of the DESI and full Planck data sets, based on projections in Ref. [159]. The latterconstraint will shrink the area in the f∗NL − nfNL
 plane by about a factor of 100.To achieve such excellent constraints, the galaxies measured in DESI must have sufficiently
 large bias, since only for biased tracers is the non-Gaussian scale-dependent clustering revealed.One way to further improve the errors is by combining two tracers of LSS, one with a high biasand one with a low bias. In this case it may possible to cancel sampling variance, which is thedominant source of error on large scales [160, 161], but due to low number density this will have toinclude an additional tracer of structure, potentially combining with the LSST and DES data.
 More detailed studies of halo mass distribution of BOSS galaxies, combined with numericalsimulations of non-Gaussian models [162] as well as studies of how to mitigate the large-anglesystematic errors [163, 164, 155] are needed to provide a better definition of the ultimate reach ofDESI for non-Gaussianity studies. However it seems certain that DESI constraints will be at leastcomparable to the best limits from CMB and that they will provide an excellent temporal andspatial complement to the latter.
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 Table 2.11: Constraints on the sum of neutrino masses from DESI forecasts in combination withconstraints from the Planck satellite. The experiment combinations are identified as described inthe caption of Table 2.10. The last four cases include the information from Planck and DESI BAOmeasurements. Fiducial values are Σmν = 0.06 eV, Nν,eff = 3.04. Σmν constraints assume fixedNν , while Nν is marginalized over Σmν .
 Data σΣmν [eV] σNν,eff
 Planck 0.56 0.19Planck + BAO 0.087 0.18
 Gal (kmax = 0.1hMpc−1) 0.030 0.13Gal (kmax = 0.2hMpc−1) 0.021 0.083Ly-α forest 0.041 0.11Ly-α forest + Gal (kmax = 0.2) 0.020 0.062
 2.5.2 Neutrinos
 The effects of neutrinos in cosmology are well understood (for a review, see [165]). They decou-ple from the cosmic plasma when the temperature of the Universe is about 1 MeV, just beforeelectron-positron annihilation. While ultra-relativistic, they behave as extra radiation (albeit notelectromagnetically coupled) with a temperature equal to (4/11)1/3 of the temperature of the cos-mic microwave background. As the Universe expands and cools, they become non-relativistic andultimately behave as additional dark matter.
 Neutrino Mass
 The mass of neutrinos has two important effects in the Universe [165]. First, as the neutrinos becomenon-relativistic after the time of CMB decoupling they contribute to the background evolution inthe same way as baryons or dark matter, instead of becoming completely negligible as they wouldif massless (like photons). This affects anything sensitive to the background expansion rate, e.g.,BAO distance measurements. Second, the process of neutrinos becoming non-relativistic imprintsa characteristic scale in the power spectra of fluctuations. This is termed the ‘free-streamingscale’ and is roughly equal to the distance a typical neutrino has traveled while it is relativistic.Fluctuations on smaller scales are suppressed by a non-negligible amount, of the order of a fewpercent. This allows us to put limits on the neutrino masses.
 From neutrino mixing experiments we know the differences of the squares of masses of theneutrino mass eigenstates. The splitting between the two states with similar masses is ∆m2
 21 =(7.50 ± 0.20) × 10−5 eV2, while the splitting between the highest and lowest masses squared is∆m2
 32 = 2.32+0.120.08 × 10−3 eV2. Two things are not known: the absolute mass scale, and whether
 the two states close together are more or less massive than the third state. In what is called thenormal hierarchy, the close states are less massive. In this configuration, the lowest possible massesin eV are 0, 0.009, and 0.048, so the minimal sum of neutrino masses is 0.057 eV. In the invertedhierarchy, the minimal masses are 0, 0.048, and 0.049 eV, for a total of 0.097 eV. This is shown inFigure 2.14.
 Table 2.11 shows our projected Σmν constraints, obtained through Fisher matrix calculationsas discussed above and in [95].
 With a projected resolution of 0.020 eV, DESI will make a precision measurement of the sum ofthe neutrino masses independent of the hierarchy and therefore determine the absolute mass scalefor neutrinos, a measurement that is otherwise very challenging. Furthermore, if the masses were
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 Figure 2.14: The two possible neutrino mass hierarchies. Also shown is what fraction of eachmass eigenstate corresponds to a neutrino flavor eigenstate. DESI will be sensitive to the sum ofthe neutrino masses and possibly to the mass hierarchy.
 minimal and the hierarchy normal, DESI would be able to exclude the inverted hierarchy at 2σ.
 Dark Radiation (e.g., sterile neutrinos)
 The other parameter relevant for neutrino physics is the effective number of neutrino species Nν,eff ,which parameterizes the energy density attributed to any non-electromagnetically interacting ul-trarelativistic species (including e.g. axions) in units of the equivalent of one neutrino species thatfully decouples before electron-positron annihilation. Extra radiation shifts the redshift of matterradiation equality and changes the expansion rate during the CMB epoch, although it does not sig-nificantly affect the Universe at the epoch probed by DESI. The value for the standard cosmologicalmodel is Nν,eff = 3.043 [166]. The detection of any discrepancy from the expected value would be atruly major result, as it would indicate a sterile neutrino [167], a decaying particle [168], a nonstan-dard thermal history [169], or perhaps that dark energy does not fade away to ∼ 10−9 at the timeof recombination as expected for the cosmological-constant model [170]. All of these possibilitiesrepresent important extensions of the standard cosmological model, and uncovering them wouldpresent a major advance of our understanding of the Universe. Our forecasts for this parameterare also shown in Table 2.11. Again we see that the effective number of neutrino species will bemeasured to ∼ 10% or better, providing strong constraints on the alternative models involvingextra sterile neutrinos, axions or partly thermalized species.
 In Figure 2.15 we show the improvement in the measurement of several fundamental parametersfrom cosmology and neutrino physics. The standard is taken to be the results from BOSS togetherwith Planck. Displayed is the ratio of the uncertainty from BOSS over the uncertainty from DESI,with Planck always included.
 3The small increase with respect to Nν = 3 is due to the fact that some neutrinos are still coupled at the onset ofelectron-positron annihilation.
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 1 2 3 4 5 6 7rms error improvement over Planck + BOSS BAO
 wp
 w
 Ωk
 Σmν
 ns
 αs
 Nν,e
 σ = 0 .022σ = 0 .011
 σ = 0 .27σ = 0 .13
 σ = 0 .0011σ = 0 .00074
 σ = 0 .077σ = 0 .021
 σ = 0 .0032σ = 0 .0022
 σ = 0 .004σ = 0 .0019
 σ = 0 .083σ = 0 .062
 DESI galaxy and LyaF BAO+galaxy broadband k < 0.2 h/Mpc+LyaF broadband
 Figure 2.15: Improvement in the measurements of wp, w′ = wa, Ωk,
 ∑mν the sum of the
 neutrino masses, ns the spectral index, αs the running of the spectral index, and Nν,eff the numberof neutrino-like (relativistic) species.
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 2.6 The Milky Way Survey: Near-Field Cosmology from Stellar Spectroscopy
 During conditions unusable for faint galaxy work, DESI will pursue the Bright Galaxy Survey,mapping 10 million galaxies to z ∼ 0.4 in pursuit of the clustering analyses, such as from BAOand RSD, as described earlier in this chapter. As detailed in section 3.1, the areal density of thesebright galaxies is comparable to the fiber density of DESI. Achieving a high completeness in theface of clustering and Poisson fluctuations requires multiple visits, leading to an excess of fiberscompared to targets. Indeed, some fibers will be unable to reach a viable galaxy target even on thefirst pass, and this fraction increases on subsequent passes.
 Bright stars are the natural secondary target, and we expect that any bright galaxy survey withthe DESI fiber positioner will produce a very large sample of stars as a by-product. This sample isalso of high science interest, leading to the definition of the Milky Way Survey. At 17th magnitude,even a short (8-10 min) DESI exposure measures an excellent spectrum with S/N = 25 per pixel,which will yield the radial velocity to a few km/s precision and the metallicity. We expect theBGS to generate at least 10 million such spectra. Spectroscopy of individual stars provides radialvelocity, effective temperature, surface gravity, chemical abundance distribution, and approximateage. The assembly history of the Milky Way is encoded in the spatial distributions, kinematics,and chemical composition of the various distinct Galactic stellar populations. This information cantest cosmological predictions for how galaxies like the Milky Way form and evolve on small scalesthat are difficult or impossible to test elsewhere in the Universe, and provide a critical test of thesmall-scale predictions of the ΛCDM model.
 The European Space Agency GAIA satellite has been successfully launched and will providea catalog of parallaxes, proper motions, and spectrophotometry for a billion point sources downto V ∼ 20 over the whole sky. The satellite’s RVS spectrograph will supplement those data withradial velocities for millions of brighter stars, although the flux limit is still under investigation dueto higher than expected scattered light. DESI can substantially enhance the science return fromGAIA by providing radial velocities and metallicities for stars much fainter than what the GAIAspectrograph can provide. While other projects are planned for spectroscopic follow-up of GAIAstars, DESI’s higher multiplex, wide field of view, and extremely rapid reconfiguration give it aclear advantage.
 The stellar program will put exceptional new constraints on the distribution of dark matter inthe Milky Way, a vital measurement that links Galactic science, galaxy formation and cosmology.The Milky Way gravitational potential can be probed via the rotation of the Milky Way beyond15 kiloparsecs, the motions of newly discovered tidal streams, and the kinematics of bright starsin the distant stellar halo. The uncertainty in the Milky Way mass, density profile, and internalstructure currently are critically important systematics in the interpretation of direct and indirectdark matter searches, and the measurements possible with the stellar program will substantiallyreduce these uncertainties.
 Joint metallicity and velocity distribution functions for stars far beyond the solar neighborhoodwill reveal the recent assembly history of the outer disk and vastly improve our understanding ofthe structure and formation of the thick disk. The first-ever deep spectroscopic survey of halomain-sequence turn-off stars to 30 kiloparsecs can be used to reconstruct the history of the Galaxyin its first two billion years and its interaction with other galaxies, shedding new light on enigmatichalo substructures like the Virgo overdensity and Hercules–Aquila cloud. Moreover, a survey ofmillions of stars will have huge potential for the discovery of kinematically and chemically peculiarstars in as-yet unexplored regions of the Galaxy.
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 2.7 Complementarity with Other Surveys
 While DESI’s spectroscopic survey will by itself yield incisive results in cosmology, its power is in-creased when combined with other experiments. DESI’s BAO results are directly connected to CMBmeasurements via its dependence on the acoustic scale, but additional information can be obtainedby directly cross-correlating the CMB with the density distribution and redshift space distortionsfrom DESI. Large imaging surveys, including DES and LSST, will provide vast amounts of com-plementary data, allowing increased precision for both cosmological and neutrino measurements.This combination of imaging and spectroscopic surveys is particularly powerful for distinguishingdark energy from modified gravity models for cosmic acceleration.
 2.7.1 Synergies with Planck and Future CMB Experiments
 The cross-correlation of Planck and potential future CMB experiments, such as Advanced ACTPoland CMB-S4, with DESI enables cosmological measurements not possible with either individually,and opens up new opportunities to constrain fundamental physics, in the properties of dark energyand gravity discussed in 2.4 and the nature of neutrinos and inflation summarized in 2.5.
 On large scales, cross-correlating CMB temperature fluctuations with the galaxy density fieldmeasures the Integrated Sachs-Wolfe effect, probing the time evolution of the gravitational po-tential and independently constraining dark energy [171]. The combination of CMB lensing andthe foreground galaxies or quasars will also improve not only the signal-to-noise of CMB lensingleading to stronger cosmological constraints on the matter content, but also our understanding ofthe foreground tracers in large-scale structure, as lensing allows a clean measurement of the bias ofthe foreground sources.
 The combination of CMB lensing and the RSD measurements from DESI will allow a probe ofthe two relativistic gravitational potentials independently (see e.g. [60] for an application of thistest but for the case of gravitational lensing of background galaxies, not the CMB), testing the GRprediction of their equality over a wide redshift range [172]. CMB lensing and RSD measurementswill also provide complementary constraints on the sum and differences of the neutrino masses,that in combination could help infer the neutrino hierarchy.
 DESI will provide highly complementary constraints on inflation to those from Planck and anumber of upcoming CMB small scale temperature and polarization experiments. An exciting real-ization in inflationary theory is that discerning the scale-dependence, or ‘shape’, of the bispectrum(the 3-point function) could provide a direct insight into the inflationary mechanism, through hownon-Gaussianity is generated [173, 174]. CMB 3-point correlation measurements constrain a widerange of primordial bispectrum configurations, while DESI will provide more detailed informationabout the properties in the squeezed limit, a regime that could provide characteristic informationabout the underlying mechanism driving inflation e.g. whether it is multi-field, sourced from anon-Bunch Davies vacuum state, or includes non-trivial kinetic terms in the inflationary action.
 Cross correlating the galaxy velocity field (inferred from the 3D density distribution) withthe CMB will measure the kinetic Sunyaev-Zeldovich (kSZ) effect at the percent level. Thesemeasurements provide constraints on more exotic deviations from our standard cosmological models[175, 176, 177]. In addition, these measurements are astrophysically important since the kSZ effectis an unbiased probe of electrons and can be used to inventory the baryons in the Universe [178].
 2.7.2 Synergies of DESI with DES and LSST
 The massive spectroscopic survey provided by DESI will provide a unique and important com-plement to direct-imaging science projects currently being planned. We focus here on the Dark
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 Energy Survey (DES) and the Large Synoptic Survey Telescope (LSST), but DESI will complementother future imaging surveys in similar ways. Although both DES and LSST are located in theSouthern Hemisphere, their planned surveys have overlap of a few thousand square degrees withthe baseline DESI survey. In addition, only some of the cosmological tests described below rely onoverlap between the photometric and spectroscopic surveys.
 DESI can provide critical input into photometric redshifts which can help control the systematicuncertainty associated with cosmological measurements from photometric surveys like DES andLSST. For instance, cross correlation of photometric lensing sources with spectroscopic galaxysamples enable the reconstruction of the redshift distribution of the lensing sources [179, 171,180, 181] providing a critical consistency test on the photometric redshifts used for cosmic shearand/or calibrating the mass of galaxy clusters for cluster abundance tests. Likewise, magnification-based lensing measurements of spectroscopic sources [182] can provide a consistency test for shapesystematics and/or photometric redshift systematics in shear-based calibration of cluster masses.
 Just as importantly, the combination of photometric and spectroscopic surveys is significantlymore powerful than either set of surveys alone. An example is the utility of using galaxy-galaxylensing, in which one uses the lensing of background galaxies by galaxies from the spectroscopicsample to measure the galaxy-mass cross-correlation of the spectroscopic sample. On small scales,this measures the properties of the host dark matter halo, testing galaxy bias models; on largerscales, it can be used to measure the mass-mass auto-correlation and hence the amplitude ofstructure [68, 183]. Several studies have forecast cosmological constraints from a combination ofDES-like and DESI-like experiments [184, 185, 186, 187], and while the range of assumptions andforecasts varies from work to work, there is agreement that the combination of DES and DESI/LSSTgives substantial benefits in terms of measured cosmological and non-cosmological parameters. Thisis particularly true within the context of modified gravity models, where the combination of surveysenables entirely new types of measurements that are ideally suited for addressing such questions.For instance, recent theoretical work suggests that comparing the shear field generated by galaxyclusters to the corresponding galaxy velocity can significantly improve current modified gravityconstraints [188].
 As an example of improvement in another type of constraint that can be achieved throughthe combination of DESI with imaging surveys, Figure 2.16 shows the joint constraint on thesum of the neutrino masses in eV against the dark energy density ωDE = ΩDEh
 2 obtained bycombining anticipated results for DESI BAO with LSST weak lensing. Similarly, Figure 2.17 showsprospective constraints in the Ωm–ΩΛ plane obtained by combining anticipated results for DESIBAO with LSST weak lensing (these forecasts assume the surveys are not overlapping on the sky,although it makes practically no difference [95, 189]).
 Finally, DES and LSST will provide world-leading samples for supernova cosmology. The BAOand SNe Ia methods for measuring the cosmic distance scale are highly complementary: supernovaeexcel at low redshifts, where the SNe are brighter and where the BAO is more limited by cosmicvariance due to the small cosmic volume. The combination of DESI with ground-based supernovaesamples spanning from z = 0 to z ≈ 0.8 will be a powerful view of the distance-redshift relation andthe expansion history of the Universe. While we have focused on Figure of Merits drawn only fromBAO and the DESI clustering samples, the inclusion of low to intermediate-redshift supernovaeprovides a notable improvement to current BAO constraints, as highlighted in numerous papers,such as [6, 190]. Essentially one is using BAO to calibrate the relative distance scale provided bythe SNe. The redshift overlap of the two methods provides a further systematic cross-check. Theexquisite precision of DESI at z > 0.6 will find an excellent partner in the DES and LSST supernovasamples.
 DESI will directly support the coming decade of supernova cosmology by providing spectroscopic
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 Figure 2.16: Constraint on the sum of the neutrino masses in eV against the dark energy densityωDE = ΩDEh
 2 obtained by combining DESI BAO with LSST weak lensing, in each case includingPlanck CMB constraints. More powerful constraints are obtained when the full power spectrumfrom DESI is used. See Table 2.11.
 0.25 0.30 0.35Ωm
 0.65
 0.70
 0.75
 ΩΛ
 CMB
 DESI
 Weak Lensing
 Combined
 Figure 2.17: Prospective constraints in the Ωm–ΩΛ plane obtained by combining DESI BAO withLSST weak lensing. More powerful constraints are obtained when the full power spectrum fromDESI is used. See Table 2.9.
 redshifts for many tens of thousands of SNe host galaxies. This will happen both for the faint galaxysurvey out to z ∼ 1, but also with the BGS at z < 0.4. Over a 10-year period, a typical (L∗) galaxyhas at least a 1% probability of having a detectable SN Ia. This means that the BGS will containof order 105 supernova host galaxies, and the LRG sample of more massive galaxies could producea comparable number at higher redshift. While photometric redshifts are planned for the largeLSST and DES supernova samples, spectroscopic redshifts allow more precision, particularly at
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 low redshift where the uncertainty in the redshift and resulting luminosity distance overwhelm theintrinsic precision of the standard candle. Samples of many tens of thousands of hosts can only beachieved with multi-object wide-field surveys. We note that with DESI there is no need to wait toselect the host galaxies after the explosion: at z < 0.2, the BGS will include more than half of allSN Ia host galaxies in the survey footprint. Having a pre-existing redshift will also enable betterallocation of follow-up resources for rare transients from surveys such as LSST.
 2.7.3 Synergies of DESI with Euclid/WFIRST
 Euclid is a medium class European Space Agency survey mission designed to measure Dark Energy[104]. Recently, NASA has become a partner, enabling a group of 40 US astronomers to jointhe international consortium. Euclid will perform a 15,000 deg2 survey jointly undertaking visibleimaging to measure weak lensing and simultaneous near- infrared observations split into sequentialimaging (for photometric redshift measurement) and slitless spectroscopy. Two Deep Fields about2 magnitudes deeper than the wide survey and covering around 20 deg2 each will be also observed,primarily for calibrations of the wide survey data but also extending the scientific scope of themission to faint high redshift galaxies, quasars and AGNs. The spectroscopic survey is focused onHα emitting galaxies and is most powerful at high redshifts 1 < z < 2.
 The timeline for DESI is prior to Euclid (which is scheduled to launch in December 2020for 6 scheduled years of data collection), but even in the era of Euclid, at redshifts z < 1 thecombination of LRGs and ELGs that DESI will observe will remain the world-leading data setfor spectroscopically confirmed galaxies with good redshift measurements. At z > 2 the DESImeasurements from Ly-α will also remain unique. Euclid may surpass DESI in the redshift range1 < z < 2 provided the slitless spectroscopy is as effective as hoped. DESI could help Euclidclustering measurements by providing important information on the potential confusion of theEuclid slitless spectroscopy in this redshift range. The combination of Euclid space-based weaklensing with the large spectroscopic samples from DESI will be a strong opportunity for galaxy-galaxy weak lensing, similar to what was discussed in the DES/LSST context in the previoussubsection. DESI’s contribution of z < 1 lenses is particularly important in this regard.
 WFIRST-AFTA is an envisaged NASA mission using a 2.4 m diameter primary mirror satel-lite being designed to perform a 2000 deg2 near-infrared survey, including a slitless spectroscopiccomponent [105]. The current narrow/deep WFIRST-AFTA concept is highly complementary tothe wide/shallow Euclid strategy, and will provide deeper, denser galaxy samples. However, thesmaller area covered compared to either Euclid or DESI means that the direct expansion rate andgrowth rate measurements would be weaker.
 Comparisons of the precision of the BAO measurement projected for DESI, Euclid, andWFIRSTare shown in Figure 2.9.
 DESI will be highly complementary to the weak lensing surveys to be performed for Euclidand WFIRST-AFTA, providing spectroscopic galaxy samples at the same redshifts as the matterthat is causing the lensing, thus enabling many innovative analyses from these combined datasets.DESI will help in the calibration of photometric redshifts - which are essential for these lensingexperiments - and aid in investigating systematic issues such as intrinsic alignments. Likewise,Euclid and WFIRST-AFTA will greatly enhance the legacy value of DESI, providing high resolutionoptical and NIR imaging of all DESI targets, greatly improving the prospects for non-dark energyscience, e.g., the morphology–density relationship at z > 1.
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 3 Target Selection
 The DESI survey will measure with high precision the baryon acoustic feature imprinted on thelarge-scale structure of the Universe, as well as the distortions of galaxy clustering due to redshift-space effects. To achieve these goals, the survey will make spectroscopic observations of four distinctclasses of extragalactic sources – the bright galaxy sample (BGS), luminous red galaxies (LRGs),star-forming emission line galaxies (ELGs), and quasi-stellar objects (QSOs). Each of these cate-gories requires a different set of selection techniques to acquire sufficiently large samples of spec-troscopic targets from photometric data. To ensure high efficiency and spectroscopic completeness,we select objects with spectral features expected to produce a reliable redshift determination or aLy-α forest measurement within the DESI wavelength range.
 The characteristics of our baseline samples for each of these target classes are summarized inTable 3.1. This Table specifies the primary redshift range, the photometric bands for targeting,the projected areal density (in terms of number of targets, number of fibers allocated across allpointings accounting for multiple exposures, and the number of useful redshifts resulting per squaredegree), as well as the total number of objects in the desired class for which redshifts are expectedto be obtained for each of these samples. This table may be compared to Table 1 in the ScienceRequirements Document (SRD). The SRD considers both a threshold survey of 9,000 deg2 anda baseline survey of 14,000 deg2. Throughout this chapter, we consider only the latter scenario;simulations for reduced focal planes indicate that we would achieve essentially the same samplesurface densities as for the baseline scenario, so that sample sizes would simply scale with surveyarea. In the following sections, we will describe the basis of these numbers in more detail.
 Summary of Target Samples
 The lowest-redshift sample of DESI targets will be the Bright Galaxy Sample (BGS). Thesegalaxies will be observed during the time when the moon is significantly above the horizon, andthe sky is too bright to allow efficient observation of fainter targets. Approximately the 10 millionbrightest galaxies within the DESI footprint will be observed over the course of the survey, samplingthe redshift range 0.05 < z < 0.4 at high density. This sample alone will be ten times larger thanthe SDSS-I and SDSS-II “main sample” of 1 million bright galaxies observed from 1999-2008.
 Above redshift z = 0.4, DESI will observe luminous red galaxies (LRGs). These luminous,
 Table 3.1: Summary of the properties for each DESI target class. The bands listed are for thetarget selection, where g, r, and z are optical photometry and W1 and W2 denote are WISE infraredphotometry. The exposure densities are increased over the target densities due to some objects beingobserved on multiple passes. The number of good redshifts and baseline sample sizes (in millions)are for successful redshifts.
 Galaxy type Redshift Bands Targets Exposures Good z’s Baselinerange used per deg2 per deg2 per deg2 sample
 LRG 0.4–1.0 r,z,W1 350 580 285 4.0 MELG 0.6–1.6 g,r,z 2400 1870 1220 17.1 MQSO (tracers) < 2.1 g,r,z,W1,W2 170 170 120 1.7 MQSO (Ly-α) > 2.1 g,r,z,W1,W2 90 250 50 0.7 M
 Total in dark time 3010 2870 1675 23.6 M
 BGS 0.05–0.4 r 700 700 700 9.8 M
 Total in bright time 700 700 700 9.8 M
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 massive galaxies have long since ceased star formation and therefore exhibit evolved, red compositespectral energy distributions (SEDs). The BOSS survey targeted these objects to z ≈ 0.6 usingSDSS gri colors and measured spectroscopic redshifts using the prominent 4000 A break continuumfeature. While DESI will aim to achieve 350 LRGs/deg2 over 14,000 square degrees, the BOSSsample of 119 LRGs/deg2 will contribute significantly to our science analyses over the 10,000 deg2
 footprint in which it exists; DESI may extend this low-redshift sample over a larger footprint, butthis is not in the current baseline plan. DESI will target LRGs to z ≈ 1.0, where they may bemost efficiently selected using the prominent 1.6 µm (rest frame) “bump,” which causes a strongcorrelation between optical/near-infrared (NIR) color and redshift in this regime. We will use3.4 µm photometry from the space-based Wide-Field Infrared Survey Explorer (WISE) to selectLRGs efficiently in the redshift range of 0.6 < z < 1.0. DESI can exploit the 4000 A break toobtain secure redshifts for LRGs over this full redshift range.
 The majority of the spectroscopic redshift measurements for DESI will come from ELGs atredshifts 0.6 < z < 1.6. These galaxies possess high star formation rates, and therefore exhibitstrong emission lines from ionized H II regions around massive stars, as well as SEDs with arelatively blue continuum, which allows their selection from optical grz-band photometry. Theprominent [O II] λλ3726, 29 doublet in ELG spectra consists of a pair of emission lines separatedin rest-frame wavelength by 2.783 A. This wavelength separation of the doublet provides a uniquesignature, allowing definitive line identification and secure redshift measurements. The goal of theDESI ELG target selection will be to provide a large sample of ELGs with sufficient [O II] line fluxto obtain a detection and redshift measurement to z = 1.6.
 The highest-redshift target sample will consist of QSOs. We will measure large-scale structureusing QSOs as direct tracers of dark matter in the redshift range 0.9 < z < 2.1. At higherredshifts, we will utilize the foreground neutral-hydrogen absorption systems that make up theLy-α forest; DESI spectra cover the Ly-α transition at λ = 1216 A for objects at z > 2.1. Wewill use optical photometry combined withWISE infrared photometry in the W1 and W2 bandsto select our primary sample of QSOs. QSOs are ∼ 2 mag brighter in the near-infrared at allredshifts compared to stars of similar optical magnitude and color, providing a powerful methodfor discriminating against contaminating stars. QSOs at z > 2.1 used for Ly-α forest measurementsdo not require homogeneous selection on the sky for cosmological measurements, as we do not relyon the clustering of the QSOs themselves. As a result, DESI may exploit optical variability andadditional passbands where available to enhance this sample. Those z > 2.1 QSOs which areselected via uniform methods across the sky may also be used to enhance clustering measurements.DESI will obtain additional exposures on the confirmed z > 2.1 quasars to measure the Ly-α forestto the required S/N.
 Summary of Required Imaging
 All DESI target samples will be selected using optical grz-band photometry from ground-basedtelescopes and near-infrared photometry from the WISE satellite. The observations assumed inour baseline targeting plan are summarized in Table 3.2. This imaging plan has been developedthrough a detailed analysis of alternative telescope/instrument combinations. The imaging depthswill be at least 24.0, 23.4, 22.5 AB (5σ for an exponential profile r3 = 0.45′′) in g,r,z and 20.0, 19.3AB (5σ) in WISE W1,W2. All sample magnitude limits quoted in this section are total (model-like)magnitudes for the BGS and for LRGs and ELGs, or PSF magnitudes for QSOs.
 The optical imaging for the DESI targets will be provided from three telescopes at two sites,Cerro Tololo and Kitt Peak. The DECam camera on the Blanco 4-m telescope will provide grzimaging over 9000 deg2 in the DESI footprint at Dec ≤ +34 deg. The first 6700 deg2 of this
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 Table 3.2: Summary of telescopes being used for targeting.
 Telescope Bands Area Location Statusdeg2
 Blanco DECam g,r,z 9k NGC+SGC (Dec ≤ +34 deg) Begun 2014BBok 90Prime g,r 5k NGC (Dec ≥ +34 deg) Begun 2015AMayall MOSAIC-3 z 5k NGC (Dec ≥ +34 deg) To begin 2016AWISE-W1 3.4 µm all sky all-sky CompletedWISE-W2 4.6 µm all sky all-sky Completed
 footprint (DECaLS) has been approved as a 64-night NOAO “Large Survey” program during theperiod August 2014 through July 2017 and is 40% completed. An 8-night extension of this program(DECaLS+) has been approved for the 2016A semester to obtain another 800 deg2 in the NorthernGalactic Cap. A proposal to observer the remainder of the DESI footprint in the South GalacticSky will be submitted in future semesters. The Bok 2.3-m telescope is providing gr imaging overthe 5000 deg2 region of the North Galactic Cap (NGC) that lies at Dec ≥ +34 deg with the existing90Prime camera. The 220 nights necessary for these observations are guaranteed via an MOU withthe University of Arizona / Steward Observatory. Observations were taken in Spring 2015 whichidentified electronics problems in the camera that were corrected in September 2015. The Bokobservations re-started in January 2016 and are now 15% complete. The Mayall 4-m telescopewill provide z-band imaging over the same NGC footprint using the existing MOSAIC-2 cameraupgraded with 4 red-sensitive CCDs. Those observations will be conducted over 220 nights in2016 and 2017. The Mayall observations began in February 2016 and are now 15% complete. Allimaging data are planned to be completed by August 2017, where the Mayall observations must becomplete as that telescope will being taken off-line for DESI installation.
 The WISE satellite is obtaining infrared imaging to sufficient depths for DESI target selectionover the full sky. An initial 13-month survey is being supplemented with a 3-year extended missionknown as NEOWISE that began 1 December 2013 and will complete in December 2016. Theinitial WISE survey and first year of NEOWISE data are publicly available, with the final two datareleases scheduled for March 2016 and March 2017.
 The DESI analyses will be performed separately in each of the three regions of the DESIfootprint: the NGC at DEC > +34 deg, the NGC at DEC < +34 deg, and the South GalacticCap (SGC). Based on SDSS-III/BOSS experience with separately-calibrated regions, we expect toanalyze these separately and combine the cosmological constraints downstream. The DECam andBok/MOSAIC coverage will have some overlap (at the DEC ≈ +34 strip and by targeting specificcalibration fields like COSMOS, Bootes, and DEEP-2) in order to tie together calibrations andunderstand the subtle variations in target selection resulting from differences in filter+telescoperesponse between the two datasets.
 In the remainder of this Section, we demonstrate that our baseline optical/infrared color selec-tions can select the targets listed in Table 3.1, and summarize the key properties of each sample.The accompanying instrument volume of the FDR details the design of the DESI instrument, whichinforms a spectral simulator presented in that volume. The spectral simulator aids in the designof the targeting strategy (such as magnitude limits), calculates exposure times, and estimates red-shift measurement efficiencies. Given the expected target densities and exposure times, the overallsurvey strategy is developed in Section 4. Included in the survey strategy is an optimized methodto tile the sky that maximizes the area covered and number of target redshifts obtained, whileminimizing the overall time required for the survey. The outlines for a strategy for fiber allocation

Page 47
                        
                        

3 TARGET SELECTION 43
 Figure 3.1: Surface density of BGS targets as a function of r-band magnitude from a numericalsimulation. This mock is calibrated to match low-redshift data from SDSS.
 are given in the accompanying FDR. This strategy leads to the values given in Table 3.1.
 3.1 Targets: Bright Galaxy Sample
 3.1.1 Overview of the Sample
 The galaxy sample for the BGS will be a flux-limited, r-band selected sample of galaxies. Themagnitude limit is determined by the total amount of observing bright time and the exposuretimes required to achieve our desired redshift efficiency. This target selection is, in essence, adeeper version of the galaxy target selection for the SDSS main galaxy sample (MGS). We explorethe properties of the BGS target sample through mock catalogs created from numerical simulations.These mocks have identical properties to the MGS at low redshift, including the luminosity function,color distribution, and clustering properties. At higher redshifts, the mock BGS is calibrated usingdata from the much smaller areas of the GAMA (z ∼ 0.3) and DEEP2 (z . 1.0) surveys.
 3.1.2 Sample Properties
 Surface Density
 Figure 3.1 shows the surface density of targets as a function of limiting magnitude. We expect tohave a density of just over 800 deg−2 for an r-band limit of 19.5, somewhat higher than the goal of700 targets per deg−2.
 Redshift Distribution
 Figure 3.2 shows the estimated redshift distribution and space density of galaxies. The upper panelshows the redshift distribution dN/dz in units of 103 deg−2 per unit redshift. The area under thecurve is 800 targets/deg−2. The redshift distribution peaks at z ∼ 0.2, a factor of 2 higher than theMGS, with a tail out past z = 0.4. For comparison, results from GAMA at r < 19.45 are shownwith the filled circles. The lower panel shows the space density of galaxies in units of comoving
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 Figure 3.2: Upper panel: The redshift distribution of the mock BGS sample. The distributionpeaks at z = 0.18 with a median redshift of z = 0.204. Lower panel: The space density of BGSgalaxies as a function of redshift. For comparison, the space density of the MGS is shown with theblue curve, and the approximate space density of the full BOSS LRG sample (LOWZ+CMASS) isshown with the dotted line. The space density of the BGS sample is larger than the MGS+BOSSsamples up to z ∼ 0.4.
 (Mpc/h)−3. For reference, the space density of the MGS is shown, as well as the density of BOSSLOWZ+CMASS objects, which is roughly constant at 3×10−4 (Mpc/h)−3. The BGS sample has asignificantly higher density than either the MGS or BOSS out to a redshift of z = 0.4. At z = 0.3,the sampling of the density field is over an over of magnitude higher in the BGS than in the sumof all SDSS targets.
 Redshift measurement method
 As a simple flux-limited sample, the BGS will target both star-forming and quiescent galaxies.Redshifts will be obtained from template fits over the full DESI spectral range, with the significanceof the fits dominated by the emission lines for star-forming galaxies and by the 4000A break andMg absorption features for quiescent galaxies. Figure 3.3 shows the redshift efficiency as a functionof both exposure time and lunar phase for a test sample of galaxies. The test sample is constructedby taking random MGS galaxies and ‘moving’ them further away from the observer by a factorof 2 in redshift. Because the median redshift of the MGS is z ∼ 0.1, this process creates a testsample with the same median redshift as the BGS sample. We take into account the change in thefraction of light from the galaxy that enters the fiber aperture through redshifting, the change inthe angular diameter distance, the change in the point spread function from SDSS to DESI, andthe different fiber diameters. desi quicksim is used to create DESI spectra for each test galaxy
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 Figure 3.3: The redshift success rate for BGS-like targets. Test targets are created by ‘ob-serving’ MGS galaxies at twice the true redshift of the galaxies. Test spectra are created usingdesi quicksim, incorporating a lunar model that incorporates the phase, zenith angle of the moon,zenith of the target, and the angle between the target and the moon. Results are shown as a functionof exposure time and lunar phase. The green curves show the results for a 10-day lunar phase forpassive and star-forming galaxies.
 at a variety of exposure times and lunar phases. Redshifts are obtained using the BOSS redshiftcode zfind, and compared to the true redshift (2 × zSDSS). Phase, as indicated in the key, is inunits of days, with maximum illumination at 14 days and zero illumination at 0 days. Typical BGSobserving conditions will be at 10 days, on average. At this phase, the overall redshift success rateis 96% at texp = 6min, increasing to & 99% at 9 min. Success fraction decreases monotonicallywith increasing moon illumination. An additional factor in the degree to which the moon affectsobservations is the angular separation between the moon and the target. All results here are for aseparation of 60 degrees.
 The results for star-forming and passive galaxies for 10-day phase are shown as well. Galaxiesare classified as star forming or passive by their Dn(4000) value, with Dn(4000) > 1.5 being passive.At fixed observing conditions, the redshift success rate for star-forming galaxies is lower than for thepassive galaxies, indicating that the 4000A break is more efficient as a redshift indicator given thespectral noise imparted by the observing conditions. But the redshift success rate for star-forminggalaxies is still ∼ 98% for 9 minute exposure times.
 Large-scale-structure bias
 Estimating the bias of the BGS sample is straightforward due to its completeness in magnitude.We use the abundance matching technique (e.g., [191]) to match galaxies to halos as a function oftheir luminosity. The bias is then estimated by integrating over the halo mass function, weightedby the number of galaxies per halo. The upper panel in Figure 3.4 shows the bias as a functionof redshift obtained with this technique. At low redshift, where the magnitude-limited nature ofthe survey spans a wide range of absolute magnitudes, the bias is near unity. As redshift increases,the bias monotonically increases. This is for two reasons: for a flux-limited sample, the objects
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 Figure 3.4: Upper panel: The bias of the BGS sample as a function of redshift. The bias iscalculated using the abundance matching model and the space density from Figure 3.2. Lowerpanel: The halo mass scales probed in the BGS sample. Mavg is the mean halo mass of the sample.Mcut is a cutoff mass scale where halos have 50% probability of containing a galaxy in the sample.The scatter in halo mass at fixed luminosity increases with luminosity, thus increases with redshift.This causes the inversion between Mavg and Mcut when the number density drops below the BOSSvalue.
 at higher redshift are intrinsically brighter and therefore have higher clustering amplitude, and athigher redshift the bias increases because the amplitude of dark matter clustering is decreasing.
 The bottom panel shows the halo masses probed by the BGS target selection as a function ofredshift. Mcut is a cutoff mass scale: halos of this mass have a 50% probability of having galaxiesin the sample. Significantly above Mcut, this probability asymptotes to 100%, but the width ofthis transition is reflective of the scatter of halo mass at fixed luminosity. This scatter increaseswith luminosity, which causes the mean halo mass, Mavg, to vary more slowly than Mcut. For thebrightest galaxies, this scatter is so large that Mavg is actually below Mcut.
 Target selection efficiency
 The dominant loss of targets is due to fiber assignment inefficiencies. Low-redshift galaxies havehigher angular clustering on the sky, which can lead to more contention for fibers in high densityregions. However, as described in §4.5, the BGS is being observed in 3 layers to achieve fairly highcompleteness.
 A few percent of galaxies will be lost by deblending errors, superpositions with bright stars,and other artifacts that typically affect imaging catalogs.
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 Areas of risk
 Given the straightforward nature of the target selection, the BGS has minimal risks. There aretwo possible sources of low-level risk. As shown in Figure 3.3, the redshift efficiency for star-forming objects lags behind that of passive galaxies at fixed observing conditions. The majority ofthese redshift failures lie in the green valley, in between the main star-forming sequence and thered sequence. These objects have low star formation rates and thus weak emission lines, but donot have stellar populations evolved enough to have strong Dn(4000) values. Dependent on theintegration time and observing conditions, the BGS may be incomplete for green-valley objects.
 Another possible source of incompleteness is low surface brightness objects, which become moredifficult to observe under bright time conditions.
 3.2 Targets: Luminous Red Galaxies
 3.2.1 Overview of the Sample
 The lowest-redshift dark-time sample for DESI will come from targeting 350 candidate luminousred galaxies (LRGs) per square degree [192]. These objects are both high in luminosity and red inrest-frame optical wavelengths due to their high stellar mass and lack of ongoing star formation.They exhibit strong clustering and a relatively high large-scale-structure bias, which enhances theamplitude of their power spectrum, and hence the BAO signal ([193], [194], [195]). Because of theirstrong 4000 A breaks and their well-behaved red spectral energy distributions, low-redshift LRGsat z < 0.6 can be selected efficiently and their redshifts estimated based on SDSS-depth photometry[196]. The BOSS survey has targeted 119 LRGs per deg2 with z . 0.6 using SDSS imaging.
 DESI science analyses will incorporate existing BOSS spectroscopic samples (which cover 10,000deg2 of the DESI footprint) where available, as well as applying BOSS-like target selection algo-rithms (in regions not yet covered) to target LRGs at low z. Because the BOSS target selection iswell understood and documented in SDSS papers, we will not discuss it further here. Extendingthe LRG sample to redshifts z > 0.6, where the 4000 A break passes beyond the r band and theoptical colors of LRGs overlap with those of red stars, requires different selection techniques, takingadvantage of available near-infrared imaging from space. The remainder of this section will focuson the strategy we will use in that domain.
 3.2.2 Selection Technique for z > 0.6 LRGs
 The spectral energy distributions of cool stars exhibit a local maximum around a wavelength of1.6 µm, corresponding to a local minimum in the opacity of H− ions [197]. This feature, commonlyreferred to as the “1.6 µm bump”, represents the global peak in the flux density (fν) for stellarpopulations older than about 500 Myr [198], such as those in LRGs. In Figure 3.5 we plot anexample LRG template spectrum from [199], illustrating both the strength of this peak and thedepth of the 4000 A break. The lowest-wavelength channel in WISE, the W1 band centered at3.4 µm, is nearly optimal for selecting luminous red galaxies; it overlaps the bump at redshift nearz = 1, so that higher-redshift LRGs will be bright in WISE photometry but comparatively faintin the optical. As may be seen in Figure 3.6, a simple cut in r - W1 color can therefore selectLRGs effectively, while adding in information on r−z color can help in rejecting non-LRGs. WISEdata are particularly well suited for this application, as the survey depth was designed specificallyfor detection of L∗ red-sequence galaxies to z = 1; LRGs are generally significantly brighter thanthis limit. In addition, we currently apply an iSDSS > 19.9 cut to emulate rejection of previousBOSS-like targets.
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 Figure 3.5: A template spectrum based upon observations of the nearby elliptical galaxy NGC 4552,drawn from the work of [199]. The spectrum fν is plotted as a function of rest-frame wavelength; weoverplot the total (telescope + instrument + detector) response curves for DECam grz and WISEW1 and W2 imaging at the appropriate rest frame wavelengths for an LRG at z = 0.9. The 1.6micron bump, the key spectral feature that enables our LRG selection method, corresponds to thepeak in this spectrum. In the inset, we plot flux fλ over a limited wavelength range in order toillustrate clearly the 4000 A break and the abundance of spectral absorption features in this vicinity,which will be exploited by DESI to measure redshifts for LRGs.
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 Figure 3.6: An optical/near-infrared color-color diagram for galaxies observed by both DECamand WISE in the COSMOS field, where highly accurate 30-band photometric redshifts are availableand used to label points the points shown. In this and subsequent figures, r indicates DECam r-bandAB magnitude, z indicates DECam zAB , and W1 indicates WISE 3.4 µm AB magnitude. Galaxieswith LRG-like spectral energy distributions also having z > 0.6 are indicated by points color-codedaccording to their redshift, whereas small black points indicate blue galaxies at all redshifts. Thedashed lines indicate the borders of our LRG selection box; our baseline sample assumes that objectsabove and to the right of these lines that also have magnitude zAB < 20.46 will be targeted by DESIas high-redshift LRGs.
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 Figure 3.7: Surface densities of targeted candidate z > 0.6 LRGs as a function of limiting z-bandmagnitude. We plot here the surface density of objects that lie within the target selection box shownin Figure 3.6 as a function of their zAB magnitude, as determined from DECam data in the 35 squaredegree DECaLS Early Data Release region. We also indicate our goal density of 350 targets persquare degree via the magenta dashed line. Our baseline LRG sample size is attained at a depth ofzAB < 20.46. At this limit, an average of roughly two spectroscopic measurements per LRG will berequired to attain secure redshifts for > 98% of targets.
 We have tested selection techniques using optical grz catalogs derived from CFHT LegacySurvey [200], SDSS Stripe 82 data, or DECam grz imaging; NIR imaging from WISE; and redshiftsand rest-frame colors derived from DEEP2 spectra [201] or accurate 30-band COSMOS photometric[202] redshifts. A BOSS ancillary program has obtained roughly 10, 000 redshifts of magnitudezSDSS < 20 LRG candidates selected using SDSS and WISE photometry with somewhat broadercolor cuts than DESI will likely use, which provide additional tests of our basic techniques.
 3.2.3 Sample Properties
 The baseline LRG selection cuts for DESI are shown by the solid lines in Figure 3.6. This selection,applied to a sample with a total DECam z-band magnitude limit of zAB = 20.46, relies on opticalphotometry in the r and z bands and infrared photometry in the WISE W1 band. DESI targetLRGs will often not be detected in the anticipated g band imaging, but are well above the depthlimits in the r, z, and W1 bands, having r < 23 and W1 < 19.5.
 This selection is already sufficient to meet all DESI design requirements, though we anticipatefurther improvements in the future. The major properties of this sample are:
 Surface Density
 Figure 3.7 shows the effect of changing the limiting magnitude on the surface density of selectedtargets using the color cuts shown in Figure 3.6. Based upon tests with DECam grz data in theEarly Data Release field, we find that the baseline sample density of 350 LRG targets/deg2 isachieved when selecting objects down to a magnitude limit zAB = 20.46.
 Based on the results of the BOSS ancillary WISE LRG program, we can expect high (> 98%)
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 redshift completeness for zAB < 20 LRGs with one DESI visit, for zSDSS < 20.38 with two visits,or for zSDSS < 20.57 with three visits. For our baseline sample, a mean of two visits per objectwill thus be required (given the fractions of the sample with zSDSS < 20 or zSDSS > 20.38).We note, however, that redshift completeness has been somewhat lower than this for the eBOSSLRG sample, due to a combination of a bright i magnitude limit applied to exclude CMASSgalaxies, instrumental issues, and limitations of the BOSS data pipelines when handling low-S/Nobjects; improvements are underway to address the latter issues. A more conservative estimate ofanticipated completeness based on the eBOSS experience may be 90–95%; however, adopting theselower completeness numbers would have negligible effect on cosmological constraint forecasts.
 Redshift Distribution
 We have estimated the redshift distributions resulting from the DESI baseline target selection(see Figure 3.8) by using both COSMOS photometric redshifts and spectroscopic redshifts fromour SDSS-III/BOSS ancillary program. Specifically, for the latter we applied an SDSS-passband-optimized version of the DESI selection cuts to SDSS Stripe 82 + WISE photometry, and thenassigned the selected galaxies the spectroscopic redshift of the nearest-color object from our BOSSancillary program. The larger noise in the SDSS imaging over the ancillary program’s footprintcauses the redshift assignment to be contaminated by lower-redshift objects, while the high-redshifttail is suppressed by the lack of redshifts at 20 < zSDSS < 20.46, making the resulting redshiftdistribution somewhat more weighted toward low redshift than DESI’s should be. In contrast, inthe COSMOS field we can use DECam imaging for selection and photo-z’s are available to muchfainter than z = 20.46, but due to the small area of the field sample/cosmic variance yields strongfluctuations in the redshift distribution. Even given these limitations, we find that our sampleselection meets or exceeds all requirements for the DESI baseline LRG sample.
 As this figure shows, we have a particularly large density of objects at z < 0.8 and will likelydown-sample at those redshifts accordingly (e.g., by using a brighter magnitude limit for objectswith blue r− z colors). The apparent magnitude of LRGs is strongly correlated with their redshift,allowing us to sculpt the LRG redshift distribution efficiently.
 Redshift measurement method
 LRGs exhibit a prominent break in their spectral energy distribution around 4000 A (rest-frame),associated with multiple strong absorption-line features. This feature will be covered by the DESIspectrograph at redshifts up to z = 1.45. Our exposure times per target are set to achieve equivalentsignal-to-noise at the wavelengths of interest as our BOSS ancillary program targeting zSDSS < 20,z > 0.6 LRGs attained in one hour of SDSS exposure time. We therefore expect to obtain highly-secure redshifts for a comparable fraction of targets (> 98%) as in that ancillary program.
 Large-scale-structure bias
 In order to predict the strength of the BAO feature in galaxy clustering measurements, we mustassume a value for the ratio of galaxy clustering to dark matter clustering, commonly referred to asthe large-scale structure bias. On large scales this may be approximated as a function of redshiftthat is independent of scale, b(z). We can anticipate that the bias for z > 0.6 luminous red galaxiesshould be at least as large as that of BOSS LRGs, as only the most extreme objects will be ableto assemble a large amount of mass and cease star formation by this earlier epoch. We thereforeassume a bias of the form b(z) = 1.7/D(z), where D(z) is the growth factor; this matches the value
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 Figure 3.8: DESI LRG redshift distribution for our candidate sample from two studies: (black)Photometric redshift distribution for a sample selected using DECam imaging in the COSMOS field,which has full redshift coverage but suffers from high sample variance (as seen from the feature atz ≈ 0.77). (blue) Spectroscopic redshift distribution for galaxies selected using SDSS Stripe 82photometry and assigned the redshift of the object with the nearest color from a BOSS ancillaryprogram. The latter sample has low sample variance, but the high-redshift tail is suppressed by thelack of redshifts at 20 < zSDSS < 20.46. Shown in red is the redshift distribution of low-z LRGs,many of them already observed by SDSS-I/II and SDSS-III/BOSS, which will be included in theDESI analysis.
 measured by SDSS-I at z = 0.34 [193] and by SDSS-III at z = 0.57 [203]. We have extrapolatedthis trend to z = 1 for the DESI LRGs.
 Target selection efficiency
 Targets selected as LRGs could fall short in several ways: they could fail to yield redshifts entirely;they could prove to be stars rather than galaxies; they could be outside of the desired redshiftrange; or they could turn out to be blue (i.e., star forming and less highly biased). Based on resultsfrom the BOSS ancillary program, we expect to obtain redshifts for > 98% of LRGs targets, asdescribed above. Roughly 2% of the objects targeted via the baseline selection box (which could befurther optimized) are stars. 98% of the galaxies selected are at z > 0.6, while 98% of the galaxiesselected prove to have red-sequence rest frame colors. If we treat all failure modes as independent(the worst-case scenario), this yields a net target selection efficiency of 92%; i.e., more than 92%of all DESI LRG targets will be luminous red galaxies in the correct redshift range with a secureredshift measurements.
 Areas of risk
 There are few sources of risk in our LRG selection, the most important of which is the possibilitythat the COSMOS field is unrepresentative of the overall survey and instead contains (due toPoisson statistics or cosmic variance) an unusually large fraction of galaxies with red colors atz > 0.6. At worst, this would degrade the target selection efficiency to near 90%. The second
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 potential source of risk is that the redshift success rate for LRGs is not simply a function of thesignal-to-noise ratio, in which case we can not map our BOSS ancillary experience to DESI. Theserisks will be reduced with the continuation of the spectroscopic eBOSS program.
 To summarize, the luminous red galaxy selection methods used for our baseline plan will yielda high-bias sample of about 315 LRGs/deg2 (assuming 90% efficiency net) from a sample of 350targets/deg2; almost all will be galaxies at z > 0.6. To be conservative, our projections assumethat only 86% of the targeted LRGs (i.e., 300 per square degree) will in fact be z > 0.6 luminousred galaxies. Combined with BOSS LRGs and the Bright Galaxy Sample at lower redshift, thiswill allow us to measure the BAO scale from 0 < z < 1. This sample allows direct comparisons tocosmological results provided by the ELG sample in overlapping redshift ranges, providing a keytest for systematic effects.
 3.3 Targets: Emission Line Galaxies
 3.3.1 Overview of the sample
 Emission-line galaxies (ELGs) constitute the largest sample of objects that DESI will observe.The galaxies exhibit strong nebular emission lines originating in the ionized (“H II”) regionssurrounding short-lived but luminous, massive stars. ELGs are typically late-type spiral andirregular galaxies, although any galaxy actively forming new stars at a sufficiently high ratewill qualify as an ELG. Because of their vigorous ongoing star formation, the integratedrest-frame colors of ELGs are dominated by massive stars, and hence will typically be bluerthan galaxies with evolved stellar populations such as LRGs. The optical colors of ELGs ata given redshift will also span a larger range than LRGs due to the greater diversity of theirstar formation histories and dust properties.
 DESI leverages the fact that the cosmic star formation rate was roughly an order ofmagnitude higher at z ∼ 1 than today, which causes galaxies with strong line-emission to bevery common at that epoch [204, 205, 206]. Figure 3.9 shows an example rest-frame spectrumof an ELG, which is characterized by a blue stellar continuum dominated by massive stars,a Balmer break at ∼ 3700 A (whose strength depends on the age of the stellar population),and numerous nebular emission lines, the most prominent of which are Hα λ6563, Hβ λ4861,the higher-order Balmer lines, and the forbidden [O III] λλ4959, 5007 and [O II] λλ3726, 3729nebular emission-line doublets. The inset provides a zoomed-in view of the [O II] doublet(assuming an intrinsic line-width of 70 km s−1), which the DESI instrument is designed toresolve over the full redshift range, 0.6 < z < 1.6. By resolving the [O II] doublet, DESI willavoid the ambiguity of lower-resolution spectroscopic observations, which cannot differentiatebetween this doublet and other single emission lines [207].
 3.3.2 Selection Technique for z > 0.6 ELGs
 The DESI/ELG targeting strategy builds upon the success of the DEEP2 galaxy redshiftsurvey, which used cuts in optical color-color space to effectively isolate the population of z &0.7 galaxies for follow-up high-resolution spectroscopy using the Keck/DEIMOS spectrograph[209, 201]. More recently, several SDSS-III/BOSS and SDSS-IV/eBOSS ancillary programshave confirmed that optical color-selection techniques can be used to optimally select brightELGs at 0.6 < z < 1.7 [210, 211, 212].
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 Figure 3.9: Example rest-frame spectrum of an ELG showing the blue stellar continuum, theprominent Balmer break, and the numerous strong nebular emission lines. The inset shows a zoomed-in view of the [O II] doublet, which DESI is designed to resolve over the full redshift range of interest,0.6 < z < 1.6. The figure also shows the portion of the rest-frame spectrum the DECam grz opticalfilters would sample for such an object at redshift z = 1.
 In Figure 3.10 we plot the g − r vs r − z color-color diagram for those galaxies withboth highly-secure spectroscopic redshifts and well-measured [O II] emission-line strengthsfrom the DEEP2 survey of the Extended Groth Strip (EGS) [201]. The grz photometryof these objects is drawn from CFHTLS-Deep observations of this field [208], transformedand degraded to the anticipated depth of our DECam imaging (see §3.6.1). As discussedin the next section, we expect to achieve a very high redshift success rate for ELGs withintegrated [O II] emission-line strengths in excess of approximately 8 × 10−17 erg s−1 cm−2.This integrated [O II] flux corresponds to a limiting star-formation rate of approximately1.5, 5, and 15 M yr−1 at z ∼ 0.6, 1, and 1.6, respectively, which lies below the ‘knee’ of thestar formation rate function of galaxies at these redshifts [213, 214].
 Figure 3.10 shows that strong [O II]-emitting galaxies at z > 0.6 (blue points) are well-isolated from the population of lower-redshift galaxies (pink diamonds) and the stellar locus(grey contours). The separation between galaxies above and below z ' 0.6 occurs due tothe spectrum blueward of the Balmer break (λrest ∼ 3700 A; cf. Figure 3.9) shifting into ther-band filter, which rapidly reddens the r − z color. Similarly, at z & 1.2 the Balmer breakmoves into the z-band filter, causing both the g − r and r − z colors to be relatively blueat higher redshifts. The black polygon in Figure 3.10 delineates the target selection box toisolate the population of strong [O II]-emitting ELGs at 0.6 < z < 1.6. By targeting galaxiesin this box to a depth of rAB = 23.4, we strike a balance between maximizing the numberof z ∼ 1 ELGs with significant [O II] flux while simultaneously minimizing contaminationfrom stars and lower-redshift galaxies. ELGs galaxies with the very bluest colors are notincluded in the selection box, as their “flat” spectra exhibit similar colors at all redshifts andare therefore difficult to select in our redshift range.
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 Figure 3.10: Optical g − r vs. r − z color-color diagram based on spectroscopy from the DEEP2Galaxy Redshift Survey, illustrating our preliminary selection for ELGs at z > 0.6 with significant[O II] emission-line flux. Although the galaxy photometry is based on deep CFHTLS imaging [208],the colors have been transformed and degraded to the expected depth of the DECaLS imaging. Thisplot shows that strong [O II]-emitting galaxies at z > 0.6 (blue points) are in general well-separatedfrom both the population of lower-redshift galaxies (pink diamonds) and from the locus of stars inthis color space (grey contours). The selection box (thick black polygon) selects those galaxies withstrong [O II]-emission while minimizing contamination from stars and lower-redshift interlopers.
 3.3.3 Sample Properties
 The baseline ELG selection criteria for DESI are based on our analysis of the DEEP2/EGSsurvey data, which targeted galaxies more than half a magnitude fainter and with consid-erably higher spectroscopic signal-to-noise ratio than DESI. Because of this greater depth,we anticipate that any galaxies with sufficiently strong [O II] flux to yield a redshift withDESI also yielded a successful redshift measurement in DEEP2. We have also cross-verifiedour selection criteria and redshift distributions for ELGs using data from the 1.3 deg2 COS-MOS field [215] and from the 0.6 deg2 VVDS-Deep field [216]; both of these samples giveconsistent results, within the expected variation due to both sample variance and systematicdifferences between the samples. Our selection, when applied to imaging with magnitudelimits of gAB = 24, rAB = 23.4 and zAB = 22.5 (i.e., the anticipated depth of DECam Legacyimaging), is sufficient to meet all DESI science requirements (although we do anticipate torefine the sample selection even further). The major properties of this sample are as follows.
 Surface Density
 In Figure 3.11 we show the surface density of candidate ELGs in our grz selection box (seeFigure 3.10) as a function of the r-band magnitude limit. At a depth of rAB ≈ 23.4, weachieve our goal of 2400 targets per square degree. As we discuss below, we conservativelyestimate that at least 65% of these will be bona fide ELGs in the redshift range 0.6 < z < 1.6with a strong enough [O II] emission-line doublet (in tandem with other nebular emission
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 Figure 3.11: Surface density of ELGs as a function of limiting r-band magnitude. The solidblack line shows the surface density of objects which lie within the target selection box shown inFigure 3.10 as a function of rAB magnitude based on a 35 deg2 region of DECaLS observed to thefinal survey depth. For comparison, the dashed line is the set of objects selected from CFHTLS-Deepphotometry [200] which has been transformed and degraded to the anticipated depth of DECaLS.The horizontal dashed red line shows our goal density of 2400 targets deg−2, which is achieved at adepth of rAB . 23.4. We note that the differences in the two curves is most likely due to the scatterin the transformations between the CFHTLS and DECaLS photometric systems.
 lines available at z . 1) to yield a secure redshift. Out of this sample, at most 270,000 ELGsover 500-1,500 deg2 may be targeted by SDSS-IV/eBOSS, representing a sample that couldbe used for further validation of DESI targets.
 Redshift Distribution
 Figure 3.12 shows the anticipated redshift distribution of our candidate grz-selected sampleof ELGs, determined based on those DEEP2/EGS objects which are both selected by ourcandidate cuts (after transforming to the DECaLS photometric system and degrading to theexpected depth of the survey) and exhibit sufficient [O II] flux for DESI redshift measure-ments to succeed, reweighted to account for DEEP2 target selection rates.4
 The ELG sample is designed to have a product of the number density and the powerspectrum, nP , that exceeds 1 over some scales. This is shown as the dashed blue line inFigure 3.12, which is the surface density for which nP = 1 when evaluated at wave numberk = 0.14 hMpc−1 and orientation relative to the line-of-sight µ = 0.6). Below this limit,shot noise will dominate errors in measuring the BAO signal (cf. §2.4.2). Our candidateELG selection exceeds the nP = 1 curve to redshift z ∼ 1.3.
 4DEEP2 does not cover [O II] at z <∼ 0.8 or z >∼ 1.4. We handle this at low redshift by assigning [O II] fluxes togalaxies at slightly higher redshift which have comparable (rest-frame) color and luminosity. For z > 1.4, we plot apower-law extrapolation of the redshift distribution measured at lower redshift, as DEEP2 would in general not obtaina redshift at all for objects where [O II] is past the red end of the spectrum. An analysis of COSMOS photometricredshifts for objects meeting our selection cuts suggests that this extrapolation if anything underestimates the numberof objects at 1.4 < z < 1.6.
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 Figure 3.12: Expected redshift distribution of ELG targets based on our analysis of theDEEP2/EGS survey data (see Figure 3.10). The overall normalization of the distribution has beenfixed to 1280 ELGs deg−2 (from a targeted sample of 2400 targets deg−2) to reflect conservative esti-mates of the overall efficiencies of fiber assignment, target selection, and redshift measurement. TheELG redshift distribution drops to a level where shot noise dominates errors in BAO measurements(i.e., nP < 1) only at z & 1.3 (dashed blue line).
 Redshift measurement method
 The adopted grz color-cuts are designed to maximize the selection of galaxies at z ≈ 1 withsignificant [O II] emission-line flux. In Figure 3.13 we plot [O II] flux as a function of redshiftusing the DEEP2/EGS sample. The red curve shows the limiting [O II] flux above whichDESI simulations predict we will detect emission lines at > 7σ, resulting in secure redshifts.Galaxies at redshift z > 1.0 will have the [O II] doublet as the only strong spectroscopicfeature, while those at lower redshifts will show Hβ (at z < 0.5) and [O III] (at z < 1.0).
 Large-Scale Structure Bias
 We estimate the linear clustering bias of our sample of ELGs relative to their dark matterhalos using the DEEP2 data. Employing methods similar to those of [217] and [218], we havemeasured the clustering of ELGs at quasilinear scales of 1−10 h−1 Mpc in three overlappingredshift bins centered at z = 0.87, 1.0 and 1.2. The observed galaxy clustering is constantwithin errors at all redshifts, even as the amplitude of matter clustering increases at lowerredshift [219]. The observations can thus be described by a galaxy bias which is inverselyproportional to the growth factor of dark matter fluctuations. Based on our measurementswe adopt b(z) = 0.84/D(z), where D(z) is the growth factor at redshift z (D(z) = 1 today).This increase in the bias with redshift for star-forming galaxies is consistent with otherstudies of similar objects at z=0.5–2.2 [220, 221, 222].
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 Figure 3.13: [O II] flux as a function of redshift for DEEP2/EGS galaxies. The light blue squaresrepresent all galaxies in the sample, while the dark blue points are those objects targeted as DESIELGs (see Figure 3.10). DESI will detect emission lines at 7σ for the bulk of the targeted sample,corresponding to those objects above the 95% efficiency line in red.
 Target selection efficiency
 Targets selected as ELGs could fall short in several ways: they could entirely fail to yield aredshift (e.g., if the galaxy is at z & 1.63 then no strong emission lines will be detected byDESI); they could prove to be low-redshift galaxies, z < 0.6; they could be QSOs insteadof galaxies (and hence useful for higher-redshift clustering analyses but likely outside theredshift range of the ELGs); or they could be stars. Based on the DEEP2/EGS sample, weestimate that ∼ 10% of the objects targeted via the baseline selection criteria are expectedto be stars, ∼ 5% will be lower-redshift interlopers, and ∼ 5% will be at z & 1.6, while con-tamination from QSOs is expected to be negligible. Combining all these factors, the fractionof ELG targets which are in fact galaxies in the correct redshift range is approximately 80%.Among these objects, about 85% will have a high enough [O II] flux to securely measure aredshift more than 95% of the time (see Figure 3.13). Combining all these factors with the78% fiber assignment rate expected for an input target density of 2400 targets deg−2, weobtain an a final density of 1220 ELGs deg−2.
 Areas of risk
 The primary source of risk in our ELG selection is the limitations of the datasets availablefor developing and assessing selection algorithms. DEEP2 is the only large current surveywhich resolves the [O II] doublet critical for obtaining secure redshifts at z > 1; however,due to the z > 0.75 color cut applied by DEEP2 in three of four survey fields, it can beused to assess the low-redshift tail of the ELG selection in only a limited area, the ExtendedGroth Strip used for all analyses here. Because of the limited area, the number of DEEP2ELGs within our color box is relatively small, so both Poisson noise and sample/cosmicvariance have a significant effect on our predicted redshift distributions. Furthermore, the
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 lack of DEEP2 coverage of [O II] at z >∼ 1.4 means that our assessments of performancein that regime are subject to some amount of uncertainty. Despite these shortcomings, evenmore assumptions and extrapolations would be necessary with any other existing dataset.The consistency of VVDS and COSMOS results—together with the initial SDSS-IV/eBOSSobservations—with the DEEP2-based predictions builds confidence that these uncertaintiesare not substantial.
 The second potential source of risk which would cause performance to fall short of ourprojections is that the redshift success rate for DESI ELGs could not simply be a functionof signal-to-noise ratio, but may also depend in more subtle ways upon the instrumentalresolution and the intrinsic galaxy velocity dispersions. For example, it would be difficultto directly discriminate between [O II] or another single-line feature at lower redshift for apopulation of ELGs with unusually large velocity dispersions σv > 150 km s−1 (though therarity of low-luminosity objects with extremely high velocity dispersions, as would be impliedby a false identification, may allow such cases to be resolved).
 To conclude, the ELG selection methods used for our baseline plan will yield 2400 tar-gets deg−2. From these targets, DESI should securely measure redshifts for approximately1220 ELGs deg−2 in the redshift range 0.6 < z < 1.6 (see Table 3.1). This sample will enableconstraints on cosmological parameters over a broad redshift range centered on z ≈ 1, whichcan be directly compared to results from the independently observed samples of LRGs atz < 1 and quasars at z > 1.
 3.4 Targets: QSOs
 3.4.1 Overview of the sample
 The highest-redshift coverage of DESI will come from quasars (a.k.a. quasi-stellar objects,or QSOs), extremely luminous extragalactic sources associated with active galactic nuclei.QSOs are fueled by gravitational accretion onto supermassive black holes at the centers ofthese galaxies. The QSO emission can outshine that of the host galaxy by a large factor.Even in the nearest QSOs, the emitting regions are too small to be resolved, so QSOswill generally appear as point sources in images. These are the brightest population ofastrophysical targets with a useful target density at redshifts z > 1 where the populationpeaks [223, 224].
 DESI will use QSOs as point tracers of the matter clustering mostly at redshifts lowerthan 2.1, in addition to using QSOs at higher redshift as backlights for clustering in the Ly-α forest. This enlarges the role of QSOs relative to the BOSS project, which only selectedQSOs at z > 2.15 for use in the Ly-α forest, and enhances their role relative to eBOSSwhere QSOs are used in a similar fashion as in DESI although with lower densities. DESIwill select 170 QSOs per deg2 over its footprint, of which 50 per deg2 will be at z > 2.1 andsuitable for the Ly-α forest.
 DESI pilot programs, [224] updated in [225], have answered the long-standing uncertain-ties in the faint end of the QSO luminosity function. The surface density for z > 0.9 QSOsderived from these studies is shown in Figure 3.14, along with previous estimates from [226](25% lower) or from the LSST science book [227, 228] (40% higher). Brighter than magni-tude g = 23.0 (r = 23.0 respectively), we infer that a complete QSO sample would containabout 185 (200, resp.) QSOs per deg2 at z < 2.1 and about 75 (90, resp.) at z > 2.1. DESIwill target and obtain redshifts for 120 and 50 QSOs per deg2 in the redshift ranges z < 2.1
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 Figure 3.14: Cumulative surface density of quasars (objects per deg2) as a function of g magnitudefor z > 0.9, derived from different estimates of the QSO luminosity function.
 and z > 2.1, respectively.Because of their point-like morphologies and with photometric characteristics that mimic
 faint blue stars in optical wavelengths (Figure 3.16, middle plot), QSO selection is challeng-ing. The photometric selection used by BOSS to target Ly-α QSOs at z > 2.15 has attaineda 42% targeting efficiency (i.e., fraction of targets that prove to have the desired class andbe in the desired redshift range), yielding 17 z > 2.15 QSOs per deg2 down to the SDSSphotometric limit of g < 22.1 [12]. The selection technique for DESI needs to achieve a min-imum efficiency of about 65%; unlike for BOSS, however, QSOs at z < 2.15 are consideredsuccesses. A baseline scheme for QSO selection that achieves our goals for DESI is presentedbelow.
 3.4.2 Selection Technique
 QSOs commonly exhibit hard spectra in the X-ray wavelength regime, bright Ly-α emissionin the rest-frame UV, and a power-law spectrum behaving as Fν ∝ να with α < 0 in themid-infrared bands [229] (c.f. Figure 3.15). In the mid-optical colors, QSOs at most redshiftsare not easily distinguished from the much more numerous stars. Successful selection of ahighly-complete and pure QSO sample must make use of either UV or infrared photometry;DESI relies upon optical and infrared photometry for its baseline selection.
 The QSO target selection is a combination of optical-only and optical+IR selections. Thegreatest separation from the stellar locus in the optical comes from ugr colors where the “UVexcess” in u − g produces bluer colors than those of most stars (Figure 3.16 left). In theabsence of u band in the baseline imaging plan, the bulk of the QSO targets are identified inan optical+IR selection (Figure 3.16 right), where the excess infrared emission from QSOsresults in a clear segregation from stars with similar optical fluxes. Stellar SEDs indeedsample the rapidly declining tail of the blackbody spectrum at those wavelengths, whereQSOs have a much flatter SED. We defined a color selection to depths r = 23.0 with cuts ing−r vs. r−z and in r−W vs. g−z shown in Figure 3.16, using DECaLS+WISE photometryfrom the DR2 data release. We restrain the selection to objects with stellar morphology, toavoid an almost 10-fold contamination by galaxies that otherwise enter our selection region.
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 Figure 3.15: QSO spectrum exhibiting the main emission lines used in their identification.
 The WISE data are available on the whole sky, and are photometered deeper than the publicWISE catalogs using the Tractor-forced photometry (see section 3.8). Although WISE andoptical data are not synchronous, the color difference between QSOs and stars is so largethat QSO variability has minimal effect on the color selection. The WISE satellite has beenreactivated, and will improve by a factor of two in signal-to-noise prior to DESI.
 This baseline QSO target selection was tuned over the Stripe82 region where we led DESIpilot surveys (ancillary programs in BOSS and eBOSS, complemented by MMT observations)in order to build catalogs of spectroscopically identified QSOs at all redshift, which we use astruth tables. These pilot surveys selected highly complete samples of g < 23 or r < 23 QSOsfrom combined color and variability information (cf. section 3.4.5), using deep SDSS ugrizand WISE near-infrared data sets. Our baseline selection was then tested on an independentregion of Stripe82.
 Figure 3.16: Colors in the optical (ugrz) or near-infrared (W is a linear combination of WISE W1and W2 bands) of objects photometrically classified as stars (blue points) or spectroscopically clas-sified as QSOs. Orange contours indicate the locus of tracer QSOs at z < 2.1, red contours of Ly-αQSOs at z > 2.1, and red dots are for z > 3.5 QSOs. Left panel is based on SDSS photometry,middle and right panels on DECaLS-DR2. Black lines mark the boundaries of the selection regionsdescribed in the text.
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 We also investigated an alternative algorithm based on a machine-learning algorithmcalled Random Forest. We trained it on all 47000 identified QSOs over the DECaLS-DR2footprint, and used, for the star sample, a selection of 80000 unresolved objects in Stripe82,stripped of known QSOs and sources exhibiting QSO-like variations in their light curve. Asfor the previous selection, the algorithm relies solely on object colors and is restrained tounresolved sources with r < 23. It selects 97% of the known QSOs recovered by the moretraditional color selection, but exhibits a better performance than the latter, in particularat redshifts above 2.1 or faint magnitudes.
 Considering the completeness of the color cut or of the Random Forest approach as afunction of redshift and magnitude, measured over truth regions, and applying it to the QSOluminosity function of [225], both selections result in over 170 QSOs per deg2, among whichover 40 per deg2 (55 per deg2 for the Random Forest) are at z > 2.1. The non-QSO targetsare stellar contaminants (about 80 per deg2 in the color-cut selection, and 60 per deg2 in theRandom Forest selection).
 DESI may supplement its high-redshift QSOs with more sophisticated selection algo-rithms and other supplementary photometry as it becomes available. Time-domain data en-able variability selection methods (as described in Section 3.4.5). UV (u-band) data improveQSO selection, and allow discrimination between low-redshift and high-redshift QSOs. Al-gorithmically, neural-network based algorithms [230] and an extreme deconvolution methodthat models the distributions of stars and quasars at the flux limit [231] have been in useby BOSS where they allowed an increase of up to 20% in selection efficiency over traditionalselection algorithms [232]. They are also applied, and thus further tested, in eBOSS. A com-bination of these additional data and algorithms will allow DESI to target QSOs in excessto those currently planned, with a small impact on the overall fiber budget.
 The main contaminants to a grz+WISE QSO selection are very low-redshift star-forminggalaxies with strong PAH emission, currently excluded using a star-galaxy separation basedon ground-based optical imaging; a few high-redshift obscured galaxies, which are rare atbright optical magnitudes; and faint stars that artificially drift into the QSO locus becauseof poor optical photometry.
 3.4.3 Sample Properties
 Two selections using optical grz and near-infrared data achieved a performance at the levelof our goals for the DESI sample. Application of additional data and more sophisticatedselection algorithms may be used to boost, in particular, the high-redshift QSO densities.To be conservative, we consider below the color-cut selection as the baseline DESI QSOselection. The major properties of the baseline DESI QSO sample are :• Surface Density: The current grz+WISE color-box selection yields a total of 260 targets
 per deg2 to a limit r = 23, of which about 140 per deg2 are expected to be QSOs with z < 2.1and about 40 per deg2 are QSOs at z > 2.1, similar to the required densities of Table 3.1.Based on the QSO luminosity function of [225], this corresponds to about 60% of all QSOsin this magnitude range. The Random Forest selection increases this rate to 67%, with 55z > 2.1 QSOs per deg2. We anticipate that the deeper WISE data expected before thestart of DESI will allow us to further increase the completeness and decrease the stellarcontamination.• Redshift distribution: The expected redshift distribution of the QSO sample is illus-
 trated in Figure 3.17 as the thick red histogram, which is determined by assuming the QSO
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 Figure 3.17: Expected distribution of QSO redshifts from DESI (thick red histogram) using thetargeting efficiency measured for the baseline DECaLS-DR2 selection over truth regions. For com-parison, we also show the QSO luminosity function to r < 22.5 (blue dashed line) and r < 23.0 (reddotted line).
 completeness for QSOs brighter than r < 23 measured in the truth region for the color-cut selection. For comparison, we show on the same plot the QSO luminosity function tor < 22.5 (blue dashed line) and r < 23 (red dotted line).• Redshift measurement method: The key features contributing to the classification and
 redshifts of QSOs are the Ly-α, CIV, CIII] and MgII emissions (c.f. Figure 3.15). Fromour experience with BOSS, eBOSS and MMT pilot programs, we estimate that in a singleDESI visit we will fail to obtain redshifts for QSO targets about 10% of the time, mostlyfor objects at g > 22.5 [224, 225]. All QSO targets will be observed once early in the survey.Those confirmed to be QSOs at z > 2.1 will be re-observed in subsequent passes over thesky in order to obtain higher signal-to-noise spectra of the Ly-α.• Large-scale-structure bias: QSO bias has been measured in BOSS via QSO-Ly-α cross-
 correlation studies to be 3.6 at z = 2.4 [233], in agreement with previous measurements[234, 235]. For QSOs at lower redshifts, we project a bias of the form b(z) = 1.2/D(z),where D(z) is the growth factor. At z > 2.1, clustering information is computed from thetransmitted flux in the Ly-α forest and not directly from correlations between objects; theflux bias of Ly-α absorbers is estimated to be about -0.2 (it is negative because a largermatter density implies a higher absorption and thus a lesser transmitted flux) [236], and isstrongly enhanced along the line of sight by redshift-space distortions.• Target selection efficiency: From the first pass of targeting over the sky, we expect to
 identify 170 QSOs per deg2 from a sample of 260 targets per deg2, for a target selectionefficiency (including redshift failures) of 65%. For the subsequent passes, the target selectionefficiency will be near 100%, as only objects identified as z > 2.1 QSOs will be re-observed.After four passes, the average target selection efficiency is therefore of order 80%.
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 3.4.4 Recent and near-term developments for QSO target selection
 During 2015, we focused on building large truth tables of QSOs against which to test currentand improved selection algorithms. We developed comprehensive selections of quasars usingthe deep and multi-epoch SDSS photometry in the Southern Equatorial region called Stripe82, where variability selections are notably efficient (cf. Sec. 3.4.5 and [237, 224]). Thesepilot programs led, in particular, to a sample of 18,000 spectroscopically-confirmed QSOsover 120 deg2 to an extinction-corrected magnitude gc < 22.5, as well as to a smaller butdeep sample of 175 deg−2 QSOs to gc < 23 over ∼ 10 deg2. They also allowed us to updatethe QSO luminosity function and make it more robust at faint magnitudes [225]. We areplanning further dedicated programs to be run at MMT and AAT to extend the truth tablesto rc < 23 as required for DESI. We also applied for a program at MMT to test the currenttarget selection algorithms relying solely upon DECaLS+WISE data, in a field where theWISE data already have the depth of the final 4-year survey, with the aim of providing thefirst validation the QSO selection for DESI.
 In parallel, work has begun on machine-learning algorithms to take better advantage ofthe imaging data available for DESI. In BOSS, the XDQSO algorithm [231] led to nearly 20%improvement compared to color cuts and we can reasonably expect a similar increase in theyield of the QSO selection for DESI by the Random Forest algorithm that we are focusingon. These developments have started with DECaLS optical data and existing WISE infrareddata. They will be iterated as additional depth is acquired on WISE.
 3.4.5 Variability Data Improves Selection of High-Redshift QSOs
 Time-domain photometric measurements can enhance QSO selection. They allow us toexploit the intrinsic variability of QSOs [238] to distinguish them from stars of similar colors.They therefore complement the color-selection techniques presented in Sec. 3.4.2. We haveso far used variability information extensively to build truth tables against which to testQSO selection. In a second step, we will use variability to select additional high-redshiftLy-α QSOs, for which uniformity of selection across the sky is not required.
 Because the accretion region around a quasar is highly compact, its luminosity can varysubstantially on timescales ranging from days to years, with a pattern distinct from thatseen in variable stars. The time variability of astronomical sources can be described usinga measure of the amplitude of the observed magnitude variability ∆m as a function of thetime delay ∆t between two observations. This “structure function” is modeled as a powerlaw parameterized in terms of A, the mean variation amplitude on a one-year time scale (inthe observer’s reference frame) and γ, the logarithmic slope of the variation amplitude withrespect to time: ∆m = A(∆t)γ.
 We have tested variability techniques in DESI pilot surveys, both in Stripe 82 [237] thatwas the subject of repeated SDSS observations totaling about 50 epochs, and elsewhere onthe sky, where time-domain information was derived from 5-10 epochs of PTF R-band data.As illustrated in Figure 3.18, the segregation between QSOs and stars is much reduced withpoorer data, but variability remains competitive. This technique allowed us to identify 30%more QSOs in the Stripe 82 field than with time-averaged optical photometry only [237],and a combined color and variability selection from CFHT and PTF imaging data in theCFHTLS D3 field allowed us to achieve a record-high surface density of 207 QSOs per deg2
 to g = 23. The gain relative to the baseline QSO targeting with full WISE depth is likely
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 Figure 3.18: Left panel: Structure function parameters for 50-epoch gri light curves from SDSSin Stripe 82 (left), where the parameters are amplitude (A) and time duration exponent (Γ). Rightpanel: Structure function parameters for the 6-epoch R light curves from PTF, where the discrimi-nating power is diminished but still valuable with fewer epochs and filters.
 to be less dramatic, and will be evaluated as those data become available. Even with onlyfour epochs of WISE data (two stacks per year, two years of observations), preliminary testsindicate that variability information from WISE can be used to reduce the contaminationof the target sample by about 10%. The full 4-year survey WISE will allow 8-epoch lightcurves, and further gain over current estimates.
 Imaging surveys that could provide useful time-domain information for variability selec-tion include the PTF and follow-on iPTF surveys (in the deepest areas of their footprint),the DES survey or the WISE survey. Variability is not assumed in our baseline targetingplan, but it is expected to be valuable for selecting the Ly-α QSOs wherever coverage exists.
 3.5 Calibration Targets
 Target selection is also responsible for providing lists of standard stars for flux calibration,and lists of blank sky locations to be used for modeling the sky.
 Main-sequence F stars will be used as the primary spectrophotometric standard stars.These stars are well-described by stellar atmosphere models, making them ideal targets forspectrophotometric calibration at optical wavelengths. A stellar template of appropriatetemperature, surface gravity and metallicity will be derived for each star and used to derivethe spectral response including the time-varying atmospheric absorption bands.
 The selection will be similar to the color-magnitude selection of BOSS to identify low-metallicity targets through a selection in (u − g),(g − r), (r − i), and (i − z) colors. Therestrictive BOSS selection yields 10 stars per deg2; to obtain a larger number of potentialtargets using the new grz photometry, DESI will broaden this selection and include highermetallicity standard stars. With Gaia spectrophotometry of F stars that span a rangeof metallicity, and upcoming data from SDSS-IV/eBOSS in which a broader selection isapplied, we plan to evaluate the value of a mix of lower and higher metallicity F stars toserve as flux calibration standards for DESI. Finally, we will perform a cross-calibration oflow-metallicity and higher metallicity F-stars during the commissioning stages of DESI, thusproviding validation of the standard star selection.
 Blank sky locations will be determined as part of the object detection algorithms applied
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 Figure 3.19: The primary imaging surveys that will result in targeting data for the DESI project.The footprint at DEC ≤ +34 will be covered using the Dark Energy Camera (DECam) on theBlanco 4m telescope at Cerro Tololo Inter-American Observatory. The Dark Energy Camera LegacySurvey (DECaLS, in yellow), the Dark Energy Survey (DES, in orange), and the extended DECaLSin the North Galactic Cap (DECaLS+, in purple on left) are underway. A proposal for the remainingextended DECaLS in the South Galactic Cap (DECaLS+, in purple on right) will be submitted.Imaging of the North Galactic Cap region at DEC ≥ +34 (cyan) will be covered with the 90Primecamera at the Bok 2.3-m telescope in g− and r−bands (BASS: the Beijing-Arizona Sky Survey) andwith the upgraded MOSAIC-3 camera on the Mayall 4m telescope in z-band (MzLS: the MOSAICz-band Legacy Survey). Both the Bok and Mayall telescopes are located on Kitt Peak NationalObservatory.
 to the input imaging, ensuring that there are no detectable sources within the fiber diameterin any of the input bands. These will be provided at a density such that every fiber (whenpossible) will have the option of a blank sky if it isn’t otherwise assigned to a science target.
 3.6 Baseline Imaging Datasets
 The samples described above can be selected given highly-uniform optical imaging data inthe g, r, and z bands, as well as all-sky imaging from the WISE satellite. The same imagingdata for selected science targets will be used to identify calibration targets (standard starsand sky fibers). A combination of three telescopes will be used to provide the baselinetargeting data for DESI: the Blanco 4m telescope at Cerro Tololo, the Bok 90-inch andthe Mayall 4m telescope at Kitt Peak. The footprints of the primary surveys using thesetelescopes that will deliver the targeting data are shown in Figure 3.19 and the next threesubsections discuss these surveys and their current status in more detail. The status of theWISE data is presented in § 3.6.4.
 3.6.1 Blanco/DECam Surveys (DEC≤34)
 The Dark Energy Camera (DECam) on the Blanco 4m telescope, located at the Cerro TololoInter-American Observatory, will provide the optical imaging for targeting over 2/3 of the
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 DESI footprint, covering both the North and South Galactic Cap regions at Dec ≤ 34. Dueto the combination of large field of view and high sensitivity from 400-1000 nm, DECam isthe most efficient option for obtaining photometry in the g, r, and z bands.
 DECam can reach the required depths for DESI targets in modest total exposure timesof 100, 100 and 200 sec in g, r, z in median conditions. These data reach required 5σ depthsof g=24.0, r=23.4 and z=22.5 for an ELG galaxy with half-light radius of 0.45 arcsec. For a3-dither observing strategy, accounting for weather loss, DECam is capable of imaging 9000deg2 of the DESI footprint to this depth in 81 scheduled nights. These depth estimates havebeen vetted with grz photometry in the COSMOS field in Spring 2013 (Section 3.3.1).
 A public survey, “The DECam Legacy Survey of the SDSS Equatorial Sky” (DESI col-laborators D. Schlegel and A. Dey are PIs), has been approved to obtain optical imagingto the required depth over 6200 deg2. This “DECaLS” survey has been allocated 64 nightsspread out over 3 years (2014A to 2017B semesters) as part of the NOAO Large Surveysprogram. The survey began in August 2014 and has thus far had 30 scheduled nights and 6Director’s discretionary nights (near full moon), during which 23% of the g + r and 49% ofthe z imaging has been completed. The current coverage is shown in Figure 3.20.
 The DECaLS program is making use of other DECam data within the DESI footprintas those data become public. The most significant of these other data sets is from theDark Energy Survey, which includes a 500 deg2 contiguous area in the South Galactic Cap.
 Figure 3.20: Left panel: Coverage map of the DECaLS survey through February 2016. Thecoverage in the g, r and z filters is indicated by the color as blue (g-only), yellow (r-only), green(g+r), purple (g+z), orange (r+z) or black (g+r+z). Each panel represents one of the 3 passes,where pass 1 is observed in the best weather conditions.
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 DECaLS is explicitly not re-imaging that area, and making use of those raw data as theproprietary period expires 12 months after the date of observation.
 DECaLS will cover ≈2/3 of the planned DESI footprint at Dec ≤ 34. The DECaLSteam successfully applied for an 8-night extension (DECaLS+) that will obtain imaging forthe remaining 800 deg2 in the North Galactic Cap. An additional 500 deg2 in the SouthGalactic Cap is being observed by the Dark Energy Survey, with those raw data publiclyavailable 12 months after the date of observation. A proposal to observer the remainder ofthe DESI footprint in the South Galactic Sky will be submitted in future semesters. Datafrom these programs are treated the same and reprocessed uniformly to ensure consistencyfor DESI target selection.
 The DECam data have been reduced to calibrated images at NOAO and catalogs con-structed using the Tractor algorithm (see § 3.8). These catalogs have been used for the DESItarget selection tests described elsewhere in this chapter.
 3.6.2 Bok/90Prime Survey (DEC≥34)
 The NGC footprint at Dec ≥ +34 deg will be observed by the Bok 2.3-m telescope in twooptical bands (g and r) for DESI targeting. The Bok Telescope, owned and operated bythe University of Arizona, is located on Kitt Peak, adjacent to the Mayall Telescope. The90Prime instrument is a prime focus 8k×8k CCD imager, with four University of Arizona ITL4k×4k CCDs that have been thinned and UV optimized with peak QE of 95% at 4000A [239].These CCDs were installed in 2009 and have been operating routinely since then. 90Primedelivers a 1.12 deg field of view, with 0.45′′ pixels, and 94% filling factor. Typical deliveredimage quality at the telescope is 1.5′′. The g and r-band survey over 5000 deg2 is projectedto require 180 nights of scheduled telescope time for average weather. The throughput andperformance in these bands were demonstrated with data in September 2013.
 The BASS survey tiles the sky in three passes, similar to the DECaLS survey strategy.At least one of these passes will be observed in photometric conditions (P1) and seeingconditions better than 1.7 arcsec.
 The Bok survey (known as the Beijing-Arizona Sky Survey; Zhou Xu and Xiaohui Fan,PIs; see http://batc.bao.ac.cn/BASS) was awarded 56 nights in Spring 2015 and 100nights in each of Spring 2016 and 2017. The Bok survey will target 5500 deg2 in the NGC,including 500 deg2 of overlap with the region covered by the DECam surveys in order tounderstand and correct for any systematic biases in the target selection. The existing Bokg-band filter is well-matched to the DECam g-band filter. The existing Bok r-band filterhad a significantly different bandpass as compared to the DECam r-band filter, therefore weacquired a new r-band filter from Asahi that was delivered in April 2015.
 The BASS survey began observations in Spring 2015. A number of instrument controlsoftware updates, new flexure maps, and new observing tools were implemented that greatlyimprove the pointing accuracy, focusing of the telescope, and observing efficiency. 15% ofthe g-band and 2% of the r-band tiles were observed in that semester. It was discovered thatthose data suffered from defective electronics in the read-out system that introduced A/Derrors, gain variations and non-linearities. Those electronics were replaced in September2015 followed by a recommissioning of the system in Fall 2015.
 BASS has been scheduled for the 100 darkest nights in the 2016A semester (January-June), and expects to schedule a comparable number of nights in 2017A. Through February17, 2016, the survey has completed 10, 10 and 0% of the pass 1, 2, 3 tiles in g-band, and
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 14, 13, 5% of the tiles in r-band (see Figure 3.21). The raw and calibrated images willbe publicly served through the NOAO Science Archive. These data will be included in theLegacy Survey catalogs beginning with Data Release 3 in 2016.
 3.6.3 Mayall/MOSAIC Survey (DEC≥34)
 The Mayall z-band Legacy Survey (MzLS) will image the DEC ≥ +34 region of the DESINorth Galactic footprint. It will use the MOSAIC-3 camera at the prime focus of the 4-meter Mayall telescope at Kitt Peak National Observatory. MzLS will be scheduled for230 nights during semesters 2016A and 2017A through an agreement between the NationalScience Foundation and the Department of Energy. 116 of these nights have been scheduledin the 2016A semester, with a survey start on February 2, 2016. The imaging camerahas undergone a major upgrade in 2015 to improve its z-band efficiency. The KPNO 4mtelescope control system and the imaging camera software have been upgraded for improvedoperational efficiency. NOAO has purchased a new z-band filter to match the DECam filterbandpass and to thereby minimize any differences between the DECam and MOSAIC zsurveys.
 The MOSAIC-3 camera is a new version of the prime focus imaging system. This up-grade has made use of the dewar from the MOSAIC-2 camera at CTIO and the MOSAIC-1.1mechanical system and guider from KPNO. Yale University designed and built a new coldplate for the dewar which it populated with four super-thick (00µm-thick) fully-depleted40962 pixel CCDs with the same 15-micron pitch. The readout system consists of four DESIcontrollers, one for each CCD that simultaneously reads the four quadrants of each device.These controllers were modified to synchronize to a single clock. The dewar was deliveredto NOAO in September 2015 where it was integrated with the MOSAIC-1.1 mechanicalenclosure, shutter, filter wheel and acquisition and guider system. This upgraded camera,christened MOSAIC-3, saw first light in October 2015 and underwent further on-sky com-missioning runs in November and December 2015. The z-band efficiency has been measuredto be improved by 60% as compared to the MOSAIC-1.1 camera.
 The MzLS survey tiles the sky in three passes, similar to the DECaLS survey strategy.At least one of these passes will be observed in photometric conditions (P1) and seeingconditions better than 1.3 arcsec. Through March 8, 2016, the survey has completed 23, 19and 8% of its pass 1, 2 and 3 tiles (see Figure 3.21).
 The The MOSAIC z-band survey project will be run similarly to the DECaLS survey,with the initial processing being done using the NOAO pipeline and calibration and catalogconstruction being carried out at LBNL/NERSC. The raw and pipeline-processed imagesare public as they are available, typically at the end of each lunar cycle, through the NOAOScience Archive. These data will be included in the Legacy Survey catalogs beginning withData Release 3 in 2016.
 3.6.4 WISE All-Sky Survey
 Infrared imaging from the Wide-field Infrared Survey Explorer (WISE) satellite are criticalto the DESI targeting algorithm for LRGs and QSOs. During its primary 7-month missionfrom through August 2010, WISE conducted an all-sky survey in four bands centered at3.4, 4.6, 12 and 22 µm (known as W1, W2, W3 and W4) [240] 99.99% of the sky wasimaged at least 8 times, while regions near the ecliptic poles were observed more than 100
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 Figure 3.21: Left panel: Coverage map of the Bok/BASS survey based on data collected thoughMarch 6, 2016, and excluding data prior to the electronics fixes in September 2015. The coveragein the g and r filters is indicated by the color as blue (g-only), yellow (r-only) or green (g+r). Eachpanel represents one of the 3 passes, where pass 1 is observed in the best weather conditions. Rightpanel: Coverage map of the MzLS z-band survey based on data collected though March 6, 2016.The coverage is indicated in each of the three passes.
 times. Following the primary 4-band mission, WISE continued survey operations in thethree shortest bands for 2 months, then the two shortest bands for an additional 4 monthsfor a total of a 13-month mission that completed in September 2011. NASA re-activatedthe satellite in Fall 2013 and is continuing two-band survey observations for an additional3 years starting December 1, 2013, as the NEOWISE project. The first NEOWISE datarelease occurred on March 25, 2015, the second release will be March 23, 2016, and the finalrelease will be in March 2017.
 DESI target selection utilizes the two shortest-wavelength bands at 3.4 (W1) and 4.6 µm(W2). Photometry in these bands is measured using the the Tractor algorithm (see Sec-tion 3.8) measured on the re-stacked WISE and NEOWISE Level 1 imaging that retainsthe intrinsic resolution of the data and are appropriate for preserving the available signal-to-noise [241]. Data Release 1 of the Legacy Survey (DECaLS and WISE) made use of theinitial 13-month data set, reaching 5-σ limiting magnitudes of 20.0 and 19.3 AB mag in W1and W2. Data Release 2 made use of approximately twice as much WISE data with the firstyear of NEOWISE. The final Legacy Survey catalogs will use the full WISE and NEOWISEdata sets, reaching 0.7 mag fainter than the Legacy Survey Data Release 1 or the WISEAll-Sky Data Release.
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 3.7 Additional Imaging Data
 Additional imaging data, if available, can supplement the target selection data and may beused, in particular, to improve the selection of the high-redshift Ly-α forest QSO sample.This is because the Ly-α forest analysis is based on the clustering of absorption systems alongthe line of sight, and therefore does not require a spatially uniform QSO sample. As a result,the QSO target selection can utilize datasets that may not be uniform (in depth, bandpass,or time sampling) over the DESI footprint. In this section, we summarize the key datasetsthat may contribute to this effort, if they prove to be available. These data sets are notassumed to be available for our baseline target selection plans, but rather should improvethe efficiency of targeting higher-redshift (z > 2.1) QSOs beyond the baseline targetingstrategy presented above.
 3.7.1 SDSS
 The Sloan Digital Sky Survey [242] has obtained multi-band (ugriz) photometry (in pho-tometric conditions) over a 10,000 deg2 extragalactic footprint in the North Galactic andSouth Galactic Caps. The Northern Cap and four stripes in the Southern Cap were im-aged in 1998-2004. The bulk of the Southern Cap was imaged in 2008-2009, and the SDSScamera was then retired from service in December 2009. The median 5σ magnitude depthsfor the SDSS ugriz bands are 22.15, 23.13, 22.70, 22.20, and 20.71, respectively, but withsubstantial variation in depth from seeing. SDSS may provide a reference photometric pointfor variability selection of high-redshift QSOs, allowing variability over long time baselinesto be measured.
 3.7.2 PanSTARRS-1
 The PanSTARRS-1 (PS1) 3π survey [243] is a transient-sensitive survey designed to observe30,000 deg2 of sky over 12 epochs in each of the five grizy filters. The multi-band photometrygenerated from the co-added exposures reaches depths that are comparable to SDSS in grand potentially deeper in iz. These depths would potentially be adequate for the DESIBGS and LRG samples, but not the ELG or QSO samples. The PS1 survey completedobservations in 2013. The PS1 time-domain photometry may be useful for enhancing theselection of Ly-α QSOs at the brighter magnitudes. The DECaLS survey is currently usinga bright star catalog from PS1 to provide initial photometric and astrometric calibrationacross its footprint. The PS1 co-added imaging and catalogs are not available as of March2016.
 3.7.3 PTF, iPTF, and ZTF
 The Palomar Transient Factory (PTF) [244] was a photometric survey designed to findtransients via repeated imaging over 20,000 deg2 in the Northern Hemisphere. In February2013, the next phase of the program, iPTF (intermediate PTF) began. Both have used theCFH12K camera on the 1.2 m Oschin Telescope at Palomar Observatory, which covers 7.2deg2 of sky in a single pointing with a pixel scale of 1.01 arcsec.
 Four years of survey operations have so far yielded a total of 5,000 deg2 in R-band and1,000 deg2 in g-band to useful depths for QSO selection based on variability. LBNL is apartner in the PTF and iPTF collaborations, and DESI has access to these data.
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 An upgraded Zwicky Transient Factory (ZTF) has been funded through an NSF Mid-ScaleInnovations Program in Astronomical Sciences. ZTF will utilize the same telescope with anew 46 square-degree imager, beginning operations in 2017. The ZTF survey will cover theentire sky at declinations Dec > −20 deg, including the full DESI footprint. ZTF will operatewith a g-band similar to the DECam and Bok g-band, an R-band (Mould-R) that is broader,and potentially an i-band. These data, which will be available to DESI collaboration for thepurposes of target selection, are expected to eventually achieve the DESI targeting depths ing and R bands, but likely not before the start of DESI spectroscopic operations. The timesampling of ZTF is planned to be highly non-uniform over the DESI footprint, with differentareas of sky covered in different years. Therefore, ZTF is not viable for the baseline DESItarget selection, but PTF, iPTF and ZTF may be used to supplement the high-redshift QSOselection for DESI.
 3.7.4 CFHT
 The Canada-France-Hawaii Telescope (CFHT) is a 3.6–m meter telescope on Mauna Kea,Hawaii. CFHT is a joint facility of the National Research Council of Canada, the CentreNational de la Recherche Scientifique of France, and the University of Hawaii. The CFHTprime focus imager MegaCam, a very efficient instrument for imaging large areas of sky,consists of 36 2k×4k e2v CCDs, covering a field of view of 0.97 deg2 with a pixel scale of0.185 arcsec per pixel. MegaCam started operations in 2003 and has conducted a number oflarge imaging surveys, the largest being the CFHT Legacy Survey covering 155 deg2.
 The CFHT community is in discussions with the Euclid consortium and may play a rolein providing ugri imaging data over the northern Euclid footprint. However, no plan iscurrently in place. There is an ongoing u-band survey (“CFHT-Luau: The CFHT LegacySurvey for the u-band all-sky universe”; A. McConnachie and R. Ibata, PIs) aimed at pro-viding imaging over 4000 deg2 of the high-Galactic-latitude northern sky, approximatelysplit between the North and South Galactic caps. CFHT-Luau will complete in the 2016Bsemester (with data becoming public 1 year after observation). (u− g) color selection is anefficient discriminator between low-redshift and high-redshift QSOs. Hence, the CFHT datamay be used to supplement the high-redshift Ly-α forest QSO selection in DESI, especiallyin combination with variability data.
 3.7.5 SCUSS
 The South Galactic Cap U-band Sky Survey [245] is a survey of 4000 deg2 in the SouthGalactic Cap using the 90Prime instrument on the Bok 2.3-m telescope. The survey wasa joint project among the Chinese Academy of Sciences, its National Astronomical Obser-vatories unit, and Steward Observatory 5. The survey was conducted between September2010 and October 2014 with typical exposure times of 5 minutes per field. The limitingmagnitude reached by the data is u ∼ 23 mag (5σ point source), with some variation dueto varying seeing conditions. These data may be used to supplement the high-redshift Ly-αforest QSO selection in DESI, especially in combination with variability data.
 5SCUSS survey http://batc.bao.ac.cn/Uband/
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 3.8 The Tractor Photometry for Target Selection
 The DESI target selection combines photometry from optical imaging and from WISE. DESIImaging Scientist Dustin Lang has developed the Tractor forward-modeling approach toperform source extraction on pixel-level data [246]. 6 This is a statistically rigorous approachto fitting the differing PSF and pixel sampling of these data, which is particularly importantas the optical data have a typical PSF of ≈ 1 arcsec and the WISE PSF is ≈ 6 arcsec.
 The Tractor takes as input the individual images from multiple exposures in multiplebands, with different seeing in each. A simultaneous fit is performed for sources to thepixel-level data of all images. Thus, if a source is determined to be a point source, it isphotometered as a point source in every band and every exposure. If it is found to be amorphologically extended source, then the same light profile is consistently fit in all images.This produces object fluxes and colors that are consistently-measured across the wide-areaimaging surveys input to DESI target selection
 For bright objects that were cleanly detected by WISE alone, we find our pixel-levelmeasurements to be consistent with catalog-level measurements (see Figure 3.22). However,we are also able to measure the fluxes of significantly fainter objects, as well as to studycollections of objects that are blended in the WISE imaging but that are resolved in theoptical images. Figure 3.23 compares a traditional optical-infrared color-magnitude diagram,based on matching sources between catalogs at different wavelengths, to the results of ourWISE forced photometry, which requires no such matching. This demonstrates how TheTractor increases the color-space information available to DESI targeting.
 In general, The Tractor improves target selection for all DESI classes by allowing infor-mation from low signal-to-noise measurements to be utilized. The Tractor is particularlyimportant for QSO targeting. Up to 15% of QSO spectra exhibit broad absorption lines thatpotentially reduce the measured flux in broadband imaging. High-redshift (Ly-α) QSOs willdrop out of some imaging bands completely. Finally, the 5σ optical limit at the extremes ofDESI targeting corresponds to a < 5σ limit in WISE for QSOs (c.f. Sec. 3.4.2). The Trac-tor successfully differentiates between the QSOs that are detected in WISE, and the QSOsthat in general are not detected (c.f. Figure 3.16), whereas traditional “catalog-matching”approaches would not be successful.
 Target selection of LRGs and QSOs for the SDSS-IV/eBOSS, which began observationsin July 2014, utilized The Tractor. For eBOSS targets, the Tractor was applied to obtainforced photometry based upon galaxy profiles measured by the SDSS imaging pipeline. Thoseprofiles were convolved with the WISE point-spread function, and then a linear fit wasperformed on the full set of WISE imaging data. The result was a set of flux estimates forall SDSS objects, constructed so that the sum of flux-weighted profiles best matched theWISE images. DESI will make use of this same fitting approach, using optical images fromsurveys being conducted with the DECam, Bok and Mayall telescopes (c.f. Sec. 3.6) in placeof the SDSS images.
 The Tractor has already been applied to the DECam survey imaging that will be usedas part of DESI target selection. This survey, which is known as DECaLS, attained itssecond release (DR2) of imaging early in 2016. Tractor catalogs based on this DR2 dataare publicly available7. DECaLS DR2 comprises all grz imaging conducted with DECam
 6https://github.com/dstndstn/tractor7http://legacysurvey.org
 http://legacysurvey.org
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 Figure 3.22: Forced photometry results from the Tractor code, using information from SDSSdetections and light profiles to measure the flux from objects in the WISE images to below theWISE detection limit. Left panel: The results agree for bright objects that are detected in theWISE catalog. The widening locus below W1∼14 is due to our photometry treating larger objectsas truly extended, in contrast to the point-source-only assumptions in the public WISE catalog.Right panel: A demonstration of the increased depth made possible from using the Tractor. Byusing optical imaging from SDSS to detect objects, photometry is measured for objects that are wellbelow the WISE detection limit.
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 Figure 3.23: Forced photometry results from the Tractor code, contrasted with traditional“catalog-matching”. Left: Color-magnitude diagram from matching SDSS to WISE catalogs. Manyobjects below the WISE catalog detection limits are lost. Right: Results from forced photometry ofthe WISE images based on SDSS detections. No matching is required, and objects that would bedetected in WISE at only few-sigma significance can readily provide flux measurements.
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 Figure 3.24: An example “brick” covering 0.25× 0.25 deg2 from the DECaLS survey. From left toright, the panels show the actual grz imaging data, the rendered model based on the Tractor catalogof the region, and the residual map. The Tractor catalog represents an inference-based model of thesky that best fits the observed data.
 prior to June 2015 that lies within the DESI footprint. This includes both imaging conductedspecifically for DECaLS and public raw imaging re-extracted using the Tractor. The co-addedimages and Tractor catalogs are presented in “bricks” of approximate size 0.25× 0.25 (seeFigure 3.24) and DECaLS DR2 contains approximately 260 million unique sources spreadover 97,554 bricks.
 In total, DECaLS DR2 contains about 2000 deg2 of imaging in both g- and r-band androughly 5300 deg2 in z-band only. 1800 deg2 has been observed in all three optical filters.DECaLS is on schedule to observe its projected 6200 deg2 of imaging over 3 years (c.f. Sec.3.6.1). Based on formal errors from The Tractor, the median 5σ point source depths for areasin DECaLS DR2 with full coverage in each band are g = 24.65, r = 23.61, z = 22.84, meetingthe depth requirements for DESI target selection. WISE fluxes based on forced photometryusing the Tractor are available for all sources extracted as part of DECaLS DR2.
 Catalogs generated by the Tractor will be vetted for DESI target selection using a seriesof image validation tests. Catalogs of galaxies are expected to be generated in a mannerthat is model-independent across all bands and that should achieve a 5σ, extinction-correcteddepth of g=24.0, r=23.4 and z=22.5. 90% of the DESI footprint requires full-depth imaging,but 95% (98%) must be within 0.3 (0.6) magnitudes of full-depth. The photometric systemproduced by the Tractor must be uniform and stable, with < 1% systematic errors (RMS)in g- and r-band, < 2% in z-band, and < 2% from morphological mis-classifications. Thez-band image quality must exceed 1.3 ′′ in at least one pass everywhere in the DESI footprint.The systematic and random errors in astrometry must be less than 30 mas and 90 mas RMS,respectively. In order to facilitate these imaging tests, which are ongoing, The Tractorcatalogs will ultimately include source positions, fluxes, shape parameters, and morphologicalquantities that can be used to discriminate extended sources from point-sources, togetherwith errors on these quantities.
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 4 Survey Design
 4.1 Introduction
 The DESI instrument will make largest spectroscopic survey to date. The design of thesurvey is optimized by selecting a footprint that is as large as possible from the Mayalltelescope while staying clear of the Milky Way. The survey strategy will establish the order inwhich the observations will be made. The strategy will be modified in detail by atmosphericconditions, but the overall plan will be established to optimize the best science results forboth the complete survey and results from intermediate years.
 4.2 Survey Footprint
 The DESI survey footprint is defined to be 14,000 square degrees that can be observedspectroscopically from Kitt Peak. This footprint will be one contiguous region selected fromthe North Galactic Cap (NGC) and one contiguous region in the South Galactic Cap (SGC).The instrumented area of the focal plane is 7.50 square degrees. 14,000 square degrees can becovered nearly completely with little overlap using 2,000 tiles, where each tile represents oneDESI observation. We refer to the full 2000-tile coverage of the footprint as a “layer”. Fivelayers with altogether 10,000 tiles covers each coordinate of the footprint with an average of5.24 fibers. The DESI footprint is formally defined as any position on the sky within 1.605deg of any of these selected tile centers.
 The DESI spectroscopic survey will primarily select targets from catalogs derived fromimaging with the Blanco/DECam camera, the Bok/90Prime camera, the Mayall/MOSAIC-2 camera and the Wide-field Infrared Survey Explorer (WISE ). Although WISE imagingcovers the entire sky, the imaging from DECam, the Bok Telescope, and the Mayall telescopeimpose an external constraint on the DESI footprint, as targets must be selected from largecontiguous regions imaged with the same instruments. The Bok and Mayall will providetargeting in the NGC at Dec > +30 deg. The Blanco will provide targeting in both theNGC and SGC at Dec < +30 deg. An area of approximately 800 sq. deg. in the SGC at Dec> +30 (and −32 < b < −15) is “orphaned” and excluded from the DESI survey as it wouldbe a small area observed with a different camera.
 The footprint is constrained, as well, by the need to avoid regions that would require longexposures due to airmass or dust, by weather patterns at Kitt Peak, and by regions of highstellar density. The resulting footprint is shown in Figure 4.1.
 4.3 Field Centers
 We refer to “tiling” as the process by which field centers are assigned in a manner to coverthe footprint with optimal coverage of each coordinate on the sky. The single-layer tilingof the sky mentioned in Section 4.2 is a preliminary solution that is achieved using theicosahedral tiling [247] with 5762 tile centers distributed on the full sphere8. This tilingis very-well matched to the DESI focal plane size. The first layer rotates the above tilingsolution by 90 deg in RA. This rotation conveniently puts rows of tile centers along lines ofapproximately constant declination at the north and south boundaries of the DESI survey.Each of additional layers 2 through 5 have an additional rotation of the tile centers by 1.08
 8http://neilsloane.com/icosahedral.codes/
 http://neilsloane.com/icosahedral.codes/
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 Figure 4.1: Tile centers for the DESI footprint in an equal-area projection. Declination limitsare imposed at −8.2 < Dec in the NGC (left), and −18.4 < Dec < +30 in the SGC (right).Approximately 1% of tiles have exposure factors larger than 2.5 (shown in blue), but are included toavoid unwanted holes in the footprint. The five layers are shown in separate (but overlapping) colors.The spots indicate the centers of focal plane positions and overlap between layers. The symbols donot represent the size of the area in the sky subtended by the focal plane. Every location inside thefootprint is within reach of a fiber, on average, 5.24 times during the survey.
 deg in RA. This gives large dithers on most of the sky (except at the pole, which is not inthe DESI footprint), thus filling the gaps in the focal plane with subsequent visits. Non-uniformity in coverage could artificially introduce structure in the targeting of LSS-tracers;alternative tilings based on the same first layer but with subsequent layers obtained withmore disparate rotations will be further studied for possible improvements to the uniformity.
 A descoped instrument has been considered which would conduct the DESI survey over9000 square degrees rather than 14,000 square degrees. This descoped instrument wouldpopulate only six of the 10 wedges on the focal plane with 3000 instead of 5000 fibers. Thepopulated wedges are best arranged in a “Pacman” format. A different tiling solution isnecessary for covering a smaller survey area with the same mean coverage per survey area.First, 240 tile centers are placed on the celestial equator uniformly separated in RA. Stripesof tiles are then placed on lines of constant celestial latitude spaced every 2.765 deg. Ateach stripe, the number of tiles is reduced by the factor cos(Dec) from the 240 placed onthe celestial equator. This results in a tiling solution with similar uniformity and coveragestatistics as the baseline survey, with 4% more tiles than would be necessary under theassumption of a simple scaling with focal plane area.
 The pattern of fiber positioners in the focal plane is shown in Figure 4.2. Combining
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 this with the tiling gives a purely geometric measure of the coverage for each position withinthe DESI footprint. The distribution of this coverage is shown in Figure 4.3 and in Table4.1. The average coverage is about 5.1 fibers available per coordinate, with only 3.5% ofthe footprint having a coverage of less than 3 fibers. The mean relative to the value of 5.24reported earlier is slightly reduced due to increase of edge effects over the smaller area tested.The edges of the footprint have the least coverage. The results of a similar study for thereduced “Pacman” focal plane are shown in the right hand panel of Figure 4.3.
 Figure 4.2: Left: Fiber positioner locations for the full DESI instrument. Right: The locations forthe reduced instrument “pacman” configuration. “Missing” positioner locations are for the guide-focus arrays (square regions) and fiducial markers for the fiber view camera.
 Figure 4.3: Coverage pattern on the sky after five layers over a 4 degree by 4 degree patch. This isshown for a region away from the edges of the footprint. Left: The fully-populated focal plane with5000 fibers. Right: The reduced focal plane with 3000 fibers.
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 Table 4.1: The fraction of the footprint covered by 1, 2, 3, ... 8 fibers. The first row shows theresults using all five layers in the baseline survey. The second row shows the results using just thefour layers that include LRG and quasar targets. The mean is slightly decreased and the rms slightlyincreased by edge effects.
 Coverage 1 2 3 4 5 6 7 8 Mean RMS
 All five layers 0.016 0.019 0.040 0.155 0.424 0.279 0.055 0.009 5.06 1.175Four layers only 0.021 0.037 0.152 0.482 0.462 0.040 0.004 0.000 4.04 1.012
 4.4 Observation Strategy
 4.4.1 Sequence of Observations
 The placement of field centers presented in Section 4.3 is designed to cover the footprint infive independent tilings. Given the 1940 hours of scheduled time each year, roughly 20% (390hours) will occur under conditions when the moon is above the horizon and the remainderunder dark conditions. Each year, 20% of the fields in a full independent tiling of 2000 fieldcenters will be observed using the scheduled time in grey conditions. This layer is planned toinclude only ELG targets because their spectral features are predominantly found at redderwavelengths and redshift success rates are less susceptible to increased sky background fromthe moon. On the other hand, the darkest 80% of the scheduled time (1550 hours) will beused to observe the QSO and LRG targets at highest priority, leaving the remaining sciencefibers for ELG targets.
 There remains additional freedom to determine the order in which the tiles over the fourdark time layers are observed. Full simulations of the program will be used to determinethe optimal approach. The simulations will factor in seeing, transparency and weathervariations for each exposure via Monte Carlo simulations to predict the quality of spectraand the variations in final survey areal coverage. Each exposure will be tuned to a gridof targets parameterized by magnitude and redshift using an exposure time calculator thatapproximates the sensitivity of the instrument. Weather conditions will be mocked usingmonthly statistics at Kitt Peak and the results will be used to determine likely redshift successrates over all target classes. A description of these simulations is found in the documentDESI-1658. The approach that optimizes intermediate and final cosmology results will bechosen.
 We provide a baseline strategy in the accompanying document on long-term strategy.This program is assembled without consideration of weather and other variables. The surveyis designed to get an early complete sample over 10% of the footprint as early as possible.The survey also provides distinct milestones for data products and cosmological analysis atthe end of each year.
 Finally, we will investigate the target strategies, exposure depths, quality of data, andexpected spectroscopic completeness during a phase of survey validation. Survey validationwill occur during the end of commissioning before the full survey begins. The baselineprogram for this phase of the project is presented in the accompanying document on surveyvalidation.
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 4.4.2 Exposure Times and Margin
 Over five years, DESI is projected to observe 14,000 sq. deg. of the footprint presented inSection 4.2. The exact subset of this footprint to be observed will be contiguous regionsin each of the NGC and the SGC that best fit the expected allocation of time. We havesimulated the choice of final tile centers and the average exposure times according to anobserving schedule of 1940 hours of dark and grey time per year as defined in the Site Al-ternatives study (DESI-311). The simulation includes a two minute overhead between fieldsand variations in exposure time for each field due to airmass and Galactic dust extinction.All exposure times are split into two separate exposures (with one minute of read time).This split limits the number of cosmic rays in an individual exposure, and also effectivelymaximize the S/N in variable sky conditions. The split is not assumed in the baseline forspectroscopic depth and completeness, so the time per field is larger in these simulationsthan in the baseline design. The accumulated S/N will be measured by the exposure timecalculator (see the DESI Performance Studies in the Instrument FDR). We project that 57%of the scheduled time will deliver usable data, where “usable data” is assumed in conditionswhen the dome is open and seeing is better than 1.5 arcsec. Although DESI will observewhen the seeing is worse than 1.5 arcsec, those data have been ignored in these estimates ofsurvey duration.
 We simulate the full suite of observations accounting for airmass and Galactic dust ex-tinction by choosing an hour angle for each field that maximizes the overall survey depthwhile fitting into the allocated time. Exposure times are estimated for each field to produceuniform depth in dust-extinction and atmosphere-extinction corrected spectra. In prelimi-nary estimates, we assume the same dependence of S/N on airmass as was measured withBOSS, and degradation in S/N due to Galactic extinction for the sky-noise-limited case of thefaintest targets. In future iterations, we will include a more sophisticated interpretation ofredshift success rate for representative targets, thus accounting for the wavelength-dependentS/N estimates of each target class. For the 14,000 sq. deg. footprint observed with 10,000tiles, we find an average exposure time of 1800 seconds. Scaling this to an observation takenat zenith with no Galactic dust extinction (as shown in the figure in the DESI PerformanceStudies in the Instrument FDR) produces an equivalent exposure time of 1226 seconds. Inother words, each exposure will have a S/N equivalent to a 1226 second exposure taken atzenith, under photometric conditions, median sky brightness and median seeing. As ex-plained in Simulations Section of the Instrument FDR this fiducial exposure time of 1226seconds allows the 1000 second exposures that are predicted to produce the required redshiftsuccess rates for each DESI target class. This projection leaves a 22% margin in exposuretime for worse-than-projected weather, throughput performance, instrument downtime, orother factors that could slow the pace of the survey.
 Similarly, we have estimated the average and fiducial exposure times for the reducedfocal plane of the DESI KPP survey. The “Pacman” tiling of Section 4.2 leads to an averageexposure time of 1700 seconds for 10,600 tile centers covering 9,000 sq. deg. Even thoughthe average exposure time is somewhat lower than the 14,000 sq. deg. survey, the fiducialexposure time of 1270 seconds is actually larger because the average field in a 9,000 sq. deg.program lies at lower airmass and lower Galactic extinction than the average field in a 14,000sq. deg. program. The projected margin for the 9,000 sq. deg. KPP survey is 27%.
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 4.5 The Bright Galaxy and Milky Way Surveys
 4.5.1 Introduction
 A portion of DESI operations will be affected by increased sky brightness from the moon,so as to make conditions unsuitable for observing the targets above z = 0.6. DESI expectsto observe in the darkest 21 nights of the month, but some of those nights are affected inpart by moon, adding up to about 440 hours per year of time. Assuming the same averageweather statistics used in planning for dark time, we expect 250 hours per year on averageof open-dome bright time. During this time, the DESI collaboration will conduct a survey ofbright galaxies which will increase performance for the cosmology goals. This Bright GalaxySurvey (BGS) will be the primary bright-time survey program. In addition, the density offibers in the DESI focal plane will enable a simultaneous survey of Milky Way Stars (TheMilky Way Survey; MWS) during bright time. The MWS will target some of the oldest starsin the Galaxy with the goal of understanding the mass distribution, formation and evolutionof the Galaxy. We refer to these two combined programs as the Bright Time Survey (BTS).
 4.5.2 Survey Footprint
 The Bright Time Survey will use the same 14,000 square degree footprint as the dark timeproject. This will enable the BTS to benefit from the optimization of the dark time footprintfor observability. The BGS targets will be selected from the same imaging data as the darktime targets. The MWS will use Gaia photometry and proper motions for target selection.The Gaia survey is all-sky, and so covers the DESI 14,000 square degree footprint.
 4.5.3 Field Centers
 The BTS will use the same tiling pattern as the DESI Key Project, but with only 3 layerstotaling 6000 tiles. There are roughly 1400 galaxies per square degree to r = 20.0. With 4500science fibers per tile, the BTS will place about 27 million fibers, more than the ∼ 20 millionBGS targets. However, the presence of clustering and Poisson fluctuations of bright galaxiesimplies that we must incur these extra layers if we want to achieve a higher completeness. Forfiber assignment, BGS targets are divided into two priorities; brighter targets with r < 19.5(∼ 800 deg−2) receive high priority, while fainter 19.5 < r < 20.0 (∼ 600 deg−2) targetsreceive secondary priority. Preliminary simulations of DESI fiber assignments using thispriority scheme yields 3-layer completeness values of 92% for the bright sample and 77% forthe faint sample, for an overall fiber completeness of 86%, or roughly 17M targets.
 There are about 600 stars with effective temperatures higher than 4700 K per squaredegree to r = 18 at Galactic latitude greater than 40 degrees from the equator. The DESIfocal plane is 7.5 square degrees, so at each layer there will be many fibers available for theMWS.
 4.5.4 Observation Strategy
 Completing 6000 tiles in the 1250 hours of available open-dome time indicates an averagetime of 12.5 minutes per tile. Survey simulations accounting for the increased exposure timerequired as a function of airmass and extinction indicate that we would have 400 secondsavailable for a reference exposure at unit airmass and zero extinction. We are planning for
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 a 300 second reference exposure, therefore leaving a 33% margin. Our spectral simulations(§3.1 and Figure 3.3) indicate that a 5-minute exposure will yield a redshift success of 97%for galaxies down to r = 19.5, and 92% for the fainter 19.5 < r < 20.0 sample.
 For stars, 5 minute exposures will result in spectra with S/N per Angstrom of 14 atλ > 650 nm for stars of r magnitude 16.5-18, depending on their spectral energy distribu-tions. Spectra of that quality are sufficient to yield radial velocity and chemical abundanceinformation.
 Because the BTS needs only three layers, it will be possible to combine multiple exposuresfor fainter objects for higher S/N. For example, it would be possible to re-expose many of the5% of BGS targets that fail to achieve a redshift in the first two layers. We will perform fiberassignment simulations that combine the MWS and BGS samples to determine the optimalway to assign fibers that accounts for galaxy clustering and the variation in stellar densityacross the footprint, and which achieves maximum redshift and radial velocity completenessfor faint targets.
 With this basic strategy we expect to obtain spectra of roughly 10 million galaxies inthe BGS and 10 million stars in the MWS. More simulations of the BTS are required todetermine how to prioritize sky coverage versus completeness to enable early science. TheBTS simulations will use the same survey simulation code as the dark time program, adaptingit as required to account for scheduling around lunar phase and separation angle betweenthe field and the moon.
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