8.
The Relationship of the Dark Energy Survey to other Astrophysics Projects

In the course of preparing this proposal we gave considerable thought to the place that the DES has in relationship to ongoing projects and the more ambitious future projects with a longer time scale such as JDEM and LSST. We prepared section 8.1, a roadmap for a U.S. Dark Energy Program in order to place the DES in the context of the extended program that we believe must be carried in order to understand dark and dark matter.  We consulted the leaders of the more ambitious projects while we prepared the roadmap, and there is agreement that it would give the U.S. a superb program. However the dates that we used for each project are our estimates of how long it will take to secure the funds. We did this to make the assumptions for approval similar. Section 8.2 describes the current commitments of the collaboration members to other astrophysics projects and their temporal relationship to the Dark Energy Survey.

8.1 A roadmap for A U.S. Dark Energy Program

What is the nature of the Dark Energy? The National Research Council Report, Connecting Quarks With the Cosmos (2002), identified the dark energy as one of the most profound questions about the Universe that are ripe for critical progress in the coming years. The OSTP interagency Physics of the Universe report pegged dark energy as the highest priority area for research. More recently, the Director of the Office of Science and the Assistant Director for Mathematical Sciences of the NSF requested that HEPAP identify the key questions now faced by high energy physics, particle astrophysics and cosmology.  Their response, The Quantum Universe, stated that the answer to the question “How can we solve the mystery of dark energy” is crucial for progress in these fields.  

Dark Energy became a central issue, in 1998, when two independent groups studying distant supernovae discovered that the expansion of the Universe is accelerating.  Subsequent observations of the cosmic microwave background radiation and of the large-scale distribution of galaxies confirmed and amplified this finding. According to Einstein's General Relativity, if the Universe is filled with ordinary matter, gravity should be slowing down the expansion. Since the expansion is speeding up, we are faced with two possibilities, either of which would have profound implications for our understanding of the cosmos and of the fundamental laws of physics: either two thirds of the energy density of the Universe is in a bizarre new form called Dark Energy, or General Relativity breaks down on cosmological scales and must be replaced with a new theory of gravity, perhaps associated with extra spatial dimensions.  In both cases, the first-order effects on the expansion of the Universe can be described by an effective fluid with negative pressure, w = p/pc2 < -1/3; we will therefore follow common practice and subsume both possibilities under the general rubric of Dark Energy. For example, the dark energy could be the energy of the quantum vacuum, that is, Einstein's cosmological constant (in which case w = -1), or it could signal the existence of a new ultra-light particle with mass of order 10-33 GeV/c2 or less. In either case, particle physics theory currently provides no understanding of why the dark energy density should have the value that would explain the present acceleration of the Universe.

In order to pin down the nature of the dark energy and decide between the theoretical alternatives, we must probe the dark energy (and measure the parameter w) with greater precision and determine whether and how it evolves with cosmic time. Here we briefly lay out our vision for the elements of a coherent Dark Energy Program aimed at achieving those goals over the next decade. It consists of a sequence of logical, incremental steps of increasing scale, technical complexity, and scientific reach, culminating in what should be definitive measurements and, as we expect, a breakthrough to a new paradigm. Successful execution of the program will rely upon interagency cooperation, upon collaboration among national laboratories, agency-supported centers, and universities, and upon public-private partnerships. Connecting Quarks with the Cosmos offered a bold vision for addressing the mystery of the dark energy; the program described herein describes a plan for implementing that vision. Key elements of this vision have been endorsed and amplified in the Physics of the Universe report, the Beyond Einstein program at NASA, the HEPAP subpanel report, the Quantum Universe, the DOE Office of Science Facility Plan, and the Astronomy & Astrophysics Decadal Report.

From supernovae (Supernova Cosmology Project and High-z Supernova Search), the CMB (most recently WMAP), and large-scale galaxy clustering (the Sloan Digital Sky Survey (SDSS) and the 2 Degree Field Survey (2dF)), the dark energy parameter w is currently determined with approximately 15% uncertainty (1-sigma), and we have essentially no constraints on its time evolution. Note that this level of uncertainty is currently only achieved when combining these different probes together and when strong priors are assumed on other cosmological parameters: currently, any single method delivers at best 30% constraints on w. The Dark Energy Program is aimed at sequentially increasing the precision of w measurements to the few percent level and constraining its time evolution at the ~ 25% level, with little or no prior constraints on other parameters. It is important to emphasize that the level of uncertainty described here and below does not yet include full accounting for systematic errors in all cases. Moreover, forecast constraints for dark energy parameters generally depend on input assumptions about the time evolution of the dark energy (the numbers here and below assume constant w) and about how well the values of other cosmological parameters are determined. As a result, extreme caution must be exercised in comparing the projected dark energy sensitivity of different experiments and methods. 

Experimentally, we probe dark energy by studying the impact it has had on the history of the expansion rate of the Universe. Through the expansion rate, the dark energy affects observables such as the apparent brightnesses of standard candles (such as supernovae), the apparent sizes of standard rulers, the volume of space containing `standard structures' such as galaxies and clusters of galaxies, and the rate at which those structures form. In recent years, a number of very promising new methods for probing dark energy have been developed. Since each of them measures different combinations of these observables, with different systematic errors and with different dependences on the cosmological parameters, they are doubly complementary. Because the nature of the dark energy is such an important question, and the measurements technically challenging, the most promising complementary dark energy probes must be pursued in order to form a robust program. 

Four techniques hold great promise to us as probes of dark energy: (i) the luminosity distance (apparent brightness) of Type Ia supernovae, (ii) weak gravitational lensing of distant galaxies and its dependence on redshift, (iii) the redshift distribution and clustering evolution of galaxy clusters, and (iv) the evolution of the spatial clustering of galaxies, using features in the galaxy power spectrum as standard rulers. While this list does not exhaust the potentially powerful probes of dark energy (which include, e.g., the integrated Sachs-Wolfe effect, lensing of the cosmic microwave background, the Lyman-alpha forest cross-power spectrum, and strong gravitational lensing statistics), given our current knowledge it constitutes the minimal set that together has the best opportunity to achieve the aims of the program. Of the four techniques, supernovae are the furthest advanced as a dark energy probe and the method for which systematic errors have been most thoroughly characterized. All these techniques benefit from complementarity with cosmic microwave background (CMB) measurements: while the CMB anisotropy itself does not strongly probe the nature of the dark energy, it provides important constraints on other cosmological parameters that enhance the dark energy reach of these methods. The strongest CMB constraints currently come from the WMAP satellite; later in this decade, the Planck Surveyor and ground-based CMB polarization experiments will provide even more powerful complementary constraints. 

A number of surveys are underway with the aim of determining w with 10-15% statistical uncertainty (when combined with the CMB) by about 2008. The ESSENCE survey at Cerro Tololo Inter American Observatory (CTIO) in Chile and the CFHT Legacy Survey on Mauna Kea, both on-going 5-year projects, will measure distances to many hundreds of Type Ia supernovae to redshifts z ~ 0.8, vastly increasing the dataset over this range. The Hubble Space Telescope, using a small number of supernovae found at z > 1, is providing a first glimpse of the transition from an early decelerating phase of expansion to the present accelerating phase. The Nearby Supernova Factory, starting in 2004, will provide multi-epoch spectrophotometry for a few hundred low-redshift supernovae, increasing the cosmological precision of these high-redshift supernova measurements and probing systematics. The proposed extension of the SDSS will augment these surveys by measuring 200 supernovae in the redshift desert from z = 0.1 to 0.3.  Using weak lensing measurements covering on the order of 100 square degrees, the on-going DeepLens and CFHT Legacy Surveys, among others, will provide the first constraints on dark energy from this technique. 

While these projects are exploiting the supernova and weak lensing methods in the near term, these methods will be further developed in the intermediate term and augmented with the cluster counting approach to dark energy. Several projects, including APEX, the Atacama Cosmology Telescope, and the South Pole Telescope (SPT), will carry out increasingly large cluster surveys using the Sunyaev Zel'dovich effect. This effect is powerful because it can be used to find clusters at all redshifts and provides a robust estimate of the mass of each cluster. The South Pole Telescope, slated to begin operations in 2007, will find and measure ~ 30,000 galaxy clusters in a survey covering 4000 square degrees. The Dark Energy Survey (DES), a proposed five-year survey that could begin in 2009, will use a new wide-field camera to be built for the existing Blanco 4-meter telescope to cover the SPT survey area in four optical passbands, providing the needed photometric redshifts for these clusters. Together, SPT+DES will aim to deliver ~ 5-10% statistical accuracy on w using the cluster counting method (and no priors) and will develop this method as a precision cosmological probe. The Dark Energy Survey will also constrain the dark energy with similar statistical accuracy via weak lensing, the evolution of galaxy clustering, and supernovae. On a similar timescale, the DUO survey, a proposed NASA MIDEX mission, if approved, would carry out an X-ray census of clusters with substantial dark energy reach. These intermediate-term projects will take the next major step in probing dark energy and will begin to seriously constrain its time evolution. They will also help explore the limitations of the different techniques. This knowledge will be useful for and help ensure the success of the more ambitious and more challenging projects to follow. 

For the longer term, Connecting Quarks with the Cosmos and Physics of the Universe recommended that ground- and space-based wide-field telescopes with Gigapixel-scale cameras be pursued to address the dark energy question. They highlighted two major complementary projects that have been proposed with primary goals that include probing the dark energy.  The Large Synoptic Survey Telescope (LSST) is a proposed large ground-based telescope with a wide-field imager that will carry out multiple scans over roughly half of the sky; it will study a variety of transient astronomical phenomena and will probe dark energy via weak lensing cosmic shear, lensing cluster counts, and galaxy clustering. The Supernova/ Acceleration Probe (SNAP) is a satellite concept for the NASA-DOE Joint Dark Energy Mission that will include a large survey of ~ 3000 supernovae that reaches redshifts z ~ 1.7 and a wide-area survey to measure weak lensing, optical cluster counts, and galaxy clustering.  LSST is designed to make optimum use of the cosmological information that can be gleaned from ground-based imaging, while SNAP will be uniquely suited to measure high-redshift supernovae with optical and near-infrared detectors on a stable platform above the atmosphere. These projects aim to achieve exquisite precision on cosmological parameters using these complementary techniques, with statistical error of a few percent on w. Moreover, they have sufficient reach to offer the real possibility of determining the time evolution of the dark energy. Since they are being optimally designed ab initio to achieve these goals, these projects should have unprecedented control of systematic errors. Given the complementarities of the dark energy probes they will pursue and the systematic uncertainties associated particularly with the newer dark energy methods, both projects are required in order to achieve the goals of a robust dark energy program.  These projects aim to begin science operations about a decade from now.  In addition, a deep, wide-area spectroscopic survey, using a Wide Field Fiber-fed Multi Object Spectrograph, similar to the KAOS concept that was recently proposed for one of the Gemini telescopes, or a space-based instrument, could further exploit the galaxy clustering dark energy probe during this time period.

In sum, the Dark Energy program outlined above encompasses a coherent, graded approach to one of the great unsolved mysteries of science. The timeline of the program proceeds sequentially from the current surveys (covering roughly the period 2004-2008), aiming at 10-15% precision on the dark energy equation of state w, through the intermediate term (2009-2014), when SPT+DES should deliver 5-10% precision on w and begin to constrain its time evolution through SZ cluster counts and other probes, to the long term (after 2013), when LSST and SNAP begin to make the definitive measurements, reaching few percent precision on w and determining its time evolution. Proceeding along the timeline, the scientific goals of the program become increasingly ambitious, requiring an increasing scale of effort that builds upon the steps taken before. The ultimate aim of the program is to fully exploit these complementary dark energy probes and thereby unravel one of the great scientific mysteries of our time. 

8.2
The Relationship of the DES to other projects of the DES participants

Section 8.2 describes the current commitments of the collaboration members to other astrophysics projects and their temporal relationship to the Dark Energy Survey.
8.2.1
Fermilab Projects 

The Fermilab EAG has had a major involvement in the SDSS over the past fourteen years.  While the approved five-year observation phase of the SDSS will end July 1, 2005, the SDSS consortium has developed a plan for SDSS II, a three-year extension and is actively seeking funds for the extension.  The Fermilab Director has approved Fermilab’s continued participation in SDSS II at a reduced level of effort.  Since the SDSS has been in operation for five years its operation is mature, and the demands on the Fermilab staff can be reduced without hurting SDSS or SDSS II.  The Fermilab astrophysicists in the EAG who plan to participate in the DES have already reduced the level of their contributions to the SDSS infrastructure. Several Fermilab particle physicists have joined the SDSS supernova campaign, the element of SDSS II that is focused searching for type Ia SN in the red shift range between .10 and .30, a range in which the SDSS is uniquely qualified. They are already active participants in planning the campaign, which will begin in the fall of 2004.  They will also share the load of infrastructure work with the EAG astronomers who plan to continue to work actively on the SDSS extension.  Fermilab will support the data processing and archiving of the SDSS imaging and spectroscopic data, and it will continue to manage distribution of the full SDSS archive during the extension. The Fermilab participation in the SDSS will end in July 2008 if all of the funding for the extension is secured, and if the funding is not secured it will end earlier.  Whenever that happens, the computer professionals and the astrophysicists in the EAG will be in a position to contribute to the operations phase of the Dark Energy Survey as well as to carry out research with the DES archive.  After SDSS II ends the Fermilab scientists working on SDSS II plan to contribute to DES.  The EAG computer professionals have the experience to support simulations, observations, data processing, data analysis and archiving for the DES. The DES does not plan to make large demands on the EAG support team, because the data management and data distribution effort will be led by and primarily supported by the University of Illinois.  

The EAG astrophysicists and several Fermilab particle physicists have formed the Fermilab SNAP group. All are engaged in contributing to the SNAP collaboration development of the science case for JDEM/SNAP.  The wide area survey part of SNAP, which includes both weak lensing, and cluster counts, is of particular interest to the Fermilab DES participants, who are also engaged in SNAP.   They believe that this effort will speed the development of DES simulations and refine the DES observing strategy. Since the Joint Dark Energy Mission (SNAP) will probably not be launched until after 2014, the Dark Energy Survey will fit nicely in the temporal gap between the end of the SDSS and the start of JDEM.  

8.2.2
University of Illinois Projects

One of the University of Illinois astronomers (J. Mohr) is a member of the South Pole Telescope (SPT) Collaboration.  Mohr’s responsibilities in SPT are to secure the optical follow up of the SPT cluster survey region and to improve cluster finding and characterization methods in the SZE and optical.  These responsibilities are obviously well aligned with the DES.  In addition, Mohr is co-I on the Dark Universe Observable (DUO), a NASA Small Explorer mission in Phase A study.  If approved, that mission will carry out a large X-ray cluster survey to study the nature of the dark energy.  A portion of the DUO survey will overlap the SPT/DES region near the south galactic cap, and this overlap will enable additional science such as SZE+X-ray distances and more robust determination of the evolution of cluster mass-observable relations.  DUO will launch in 2008, if selected.  Mohr’s responsibilities include refining X-ray and optical cluster finding techniques, which is an activity that is complementary to his DES and SPT work.  In addition, Mohr will continue to work on refining techniques for studying the dark energy with galaxy clusters and the clustering of galaxies.  Mohr and collaborators introduced this technique, writing the first paper on how one can use large cluster surveys to study the dark energy, and he has continued to develop these ideas—introducing the concept of self-calibration into cluster surveys.  This work has led directly to cluster survey work with the Sunyaev-Zel’dovich effect Array (SZA, PI Carlstrom/U Chicago), the SPT (PI Carlstrom/U Chicago), DUO (PI Griffiths/CMU) and now the DES.

NCSA is supporting a series of astronomical archive and pipeline processing projects intended to develop the necessary infrastructure to handle the largest telescopes of the next decade, including LSST.  DES data management project manager Ray Plante (NCSA) continues his work on archiving and data management with the expansion of the Berkeley-Illinois-Maryland Array (BIMA; mm-wave astronomy array) into the Combined Array for Mm-wave Astronomy (CARMA).  The DES Data Management plan leverages off of the existing work done on BIMA/CARMA project, particularly in the area of grid processing.  Plante also leads the NCSA team in an emerging collaboration with NOAO to address distributed archiving and processing for NOAO data streams.  Plante is also currently leading the project planning for the NCSA LSST effort in advance of a new NCSA LSST lead to arrive by Fall 2004.  In addition to their participation in the LSST project, NCSA is also a collaborating institution in the Square Kilometer Array, a radio telescope on a similar data and time scale as LSST.  

All of the University of Illinois DES members plan to participate in LSST.  In particular, the University of Illinois, in partnership with the NCSA, plans to be a major data processing and archiving center for LSST.  In addition, the software for the LSST data acquisition will be developed by Thaler’s group in the Physics Department.  As noted earlier, this relationship will strengthen the Dark Energy Survey Collaboration.  The needs of the two projects and their schedules nicely match the availability and interests of the scientists and technical staff at the University of Illinois.

8.2.3 University of Chicago Projects

The University of Chicago members of the Dark Energy Collaboration are active in several astrophysical projects.  Josh Frieman, who is the DES liaison with the University of Chicago Astronomy and Astrophysics Department, is a member of the SDSS, and coordinated the development of its spectroscopic pipeline software.  He is co-chair of the SDSS Large Scale Structure Working Group and is active in the analysis of large-scale structure and weak lensing data. In addition, he serves on the SDSS Collaboration Council and is the Fermilab representative on the SNAP Institutional Board. He has also been engaged in unrelated observation projects at CTIO in the past.  John Carlstrom is the PI of the South Pole Telescope Project and the leader of the SPT collaboration, which includes the UC Berkeley /LBNL Cosmic Microwave Background Group.  He will be the primary contact between the SPT Collaboration and the Dark Energy Collaboration.  In this capacity, he will help to define the procedures for analyzing the relevant data sets created by the two surveys.

8.2.4 CTIO Projects

The CTIO participants are actively engaged in the ESSENCE Project, which will detect and follow up on ~200 supernovae that will be observed with the Blanco telescope. The ESSENCE Project is expected to be complete in the next 3 years. They are also pursuing the observation of nearby supernovae, because these observations will tie down the Hubble diagram at zero redshift.  They are also engaged in the use of the Monsoon system with the NEWFIRM Camera.  These efforts will help the Dark Energy Survey.

8.2.5 LBNL Projects

The LBNL Cosmology Group is engaged in three projects: the Supernova Cosmology Project (SCP), the Nearby Supernova Factory (SNF), and SNAP.  The Supernova teams are working with the CFHT Supernova Legacy Survey using Megacam. The goals of this observing campaign are similar to the ESSENCE Project.  The Nearby Supernova Factory will discover ~300 nearby supernovae with the NEAT telescopes and follow them up with new instruments on the Hawaii 2.2-meter telescope.  Both the SNF and the CFHT Supernova Legacy Survey are expected to be completed in the next 4 years. LBNL is the lead institution for the proposed SNAP mission.

