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Preface

The summary of the charge to the Committee for a Decadal Survey of Astronomy
and Astrophysics reads:

This decadal survey of astronomy and astrophysics is charged to survey the field of space-
and ground-based astronomy and astrophysics and to recommend priorities for the most
important scientific and technical activities of the decade 2010-2020. The principal goals
of the study are to carry out an assessment of activities in astronomy and astrophysics,
including both new and previously identified concepts, and to prepare a concise report that
will be addressed to the agencies supporting the field, the congressional committees with
jurisdiction over those agencies, the scientific community, and the public.

The complete statement of task is given in Appendix E.

Essentially, the committee was asked to consider (1) the acquisition, analysis,
and interpretation of observations of the cosmos, including technology develop-
ment and new facilities needed, as well as the computational and theoretical frame-
work for understanding the observations; (2) the extent of the common ground
between fundamental physics and cosmology as well as other areas of interface with
related scientific disciplines, as appropriate; and (3) the federal research programs
that support work in the field of astronomy and astrophysics, including programs
at the National Aeronautics and Space Administration (NASA), the National Sci-
ence Foundation (NSF), and selected aspects of the physics programs at the NSF
and the Department of Energy (DOE). Only physics topics with a strong overlap
with astronomy and astrophysics were within the study charge. In addition, only

XV
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xvi

PRrREFACE

ground- and not space-based solar astronomy was to be considered.! Direct de-
tection of dark matter was also excluded from prioritization. The survey was also
charged to assess the infrastructure of the field, broadly defined, and to consider the
importance of balance within and among the activities sponsored by the various
agencies that support research in astronomy and astrophysics.

The committee was asked to formulate a decadal research strategy with rec-
ommendations for initiatives in priority order within different categories (related
to the size of the activities and their home agencies). In addition to reviewing
individual initiatives, aspects of infrastructure, and so on, the committee also was
asked to make a judgment about how well the current program addresses the range
of scientific opportunities and how it might be optimized—all the time guided by
the principle that the priorities would be motivated by maximizing future scientific
progress.

An important characteristic of contemporary astronomy, and therefore of
this survey, is that most research is highly collaborative, involving international,
interagency, private, and state partnerships. This feature has expanded the scope of
what is possible but also makes assessment and prioritization more complicated.
Another important characteristic is that astronomy remains a discovery-oriented
science and that any strategy designed to optimize the science must leave room
for the unexpected.

In contrast to previous surveys of the field, the prioritization process for this
one included consideration of those unrealized projects that had been recom-
mended in previous decadal surveys but had not had a formal start, alongside new
research activities? that have emerged more recently from the research community.
The survey was asked to review the technical readiness of the projects being con-
sidered for prioritization, assess various sources of risk, and develop independent
estimates of the cost and schedule risks of the activity with help from an inde-
pendent contractor hired by the National Research Council (NRC), the Aerospace
Corporation. There were also instructions to consider and make recommendations
relating to the allocation of future budgets and to address choices that may be
faced, given a range of budget scenarios—including establishing criteria on which
the recommendations depend, and suggesting strategies for the agencies on how
to rebalance programs within budgetary scenarios upon failure of one or more of
the criteria.

! A newly initiated NRC decadal survey on heliophysics will consider space-based research
activities.

2 In this context, “activities” include any project, telescope, facility, mission, or research program of
sufficient scope to be identified separately in the committee’s report. The selection of subject matter
was guided by the content of these programs.
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STUDY PROCESS AND PARTICIPANTS

The committee began its work in the fall of 2008 with preparations for the
first plenary meeting of the Astro2010 Survey Committee in December 2008.
The first task was to define the work for the nine expert panels appointed in early
2009 by the NRC to assist the committee in the execution of its charge. The five
Science Frontier Panels (SFPs) defined and articulated the themes for the science
case that underpins the survey reccommendations. The four Program Prioritization
Panels (PPPs) conducted an in-depth study of the technical and programmatic
issues related to the 100 or so research activities—in total more than 10 times the
program that could be supported under any credible budget—that the community
presented to the survey in the months that followed.

The nine appointed panels comprised 123 members drawn from across all of
astronomy and astrophysics. In the first phase of the survey, the five SFPs worked to
identify science themes that define the research frontiers for the 2010-2020 decade
in five areas: Cosmology and Fundamental Physics, the Galactic Neighborhood,
Galaxies Across Cosmic Time, Planetary Systems and Star Formation, and Stars
and Stellar Evolution. Drawing on the 324 white papers on science opportuni-
ties submitted to the NRC in response to an open call from the committee to the
astronomy and astrophysics research community,” as well as on briefings received
from federal agencies that provide support for the field, the SFPs strove to identify
the scientific drivers of the field and the most promising opportunities for progress
in research in the next decade, taking into consideration those areas where the
technical means and the theoretical foundations are in place to enable major steps
forward. The SFPs were instructed to avoid advocacy for prioritization of specific
new missions, telescopes, and other research activities. They also worked ahead of
and therefore independent of the PPPs. The input of the SFPs to the committee was
organized around four science questions ripe for answering and general areas with
unusual discovery potential. The SFPs, and especially their chairs, dealt with the
considerable challenge of anticipating future scientific developments and making
tough choices with careful deliberation and collegiality.

In the second phase of the survey, the PPPs were charged to develop a ranked
program of research activities in four programmatic areas: Electromagnetic
Observations from Space; Optical and Infrared Astronomy from the Ground;
Particle Astrophysics and Gravitation; and Radio, Millimeter, and Submillimeter
Astronomy from the Ground. In addition to the draft science questions and dis-
covery areas received from the SFP chairs at a joint meeting held in May 2009, the
PPPs also reviewed the more than 100 proposals for research activities presented

3 The set of white papers submitted is available at http://sites.nationalacademies.org/BPA/BPA_
050603. Accessed May 2010.
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by the astronomy and astrophysics community for consideration by the survey. In
addition the PPPs received briefings from federal agencies, project proponents, and
other stakeholders at public sessions held in June 2009 at the summer meeting of
the American Astronomical Society in Pasadena, California. In their final assembly
of priorities, the PPPs also took into account assessments of cost and schedule risk,
and of the technical readiness of the research activities under consideration for pri-
oritization. Each PPP proposed a program of prioritized, balanced, and integrated
research activities, reflecting the results of its in-depth study of the technical and
programmatic issues and of its consideration of the results of the independent
technical evaluation and cost and schedule risk estimate. The committee received
draft reports of the PPPs’ input on proposed programs at its fourth committee
meeting in October 2009. All four PPPs and especially their chairs dealt with the
daunting task of choosing, with objectivity and on the basis of their broad exper-
tise, just a few of the many scientifically exciting and credible proposals in front
of them. The reports of the five SFPs and the four PPPs are collected in a separate
volume of this survey report.”

In addition to the nine panels, six Infrastructure Study Groups (ISGs) also
provided input for the committee’s consideration. Consisting of 71 volunteer con-
sultants drawn for the most part from the astronomy and astrophysics community,
the ISGs gathered and analyzed data on “infrastructural” issues in six areas—
Computation, Simulation, and Data Handling (including archiving of astronomical
data); Demographics (encompassing astronomers and astrophysicists working in
different environments and subfields); Facilities, Funding, and Programs (including
infrastructure issues such as support for laboratory astrophysics and technology
development and theory); International and Private Partnerships; Education and
Public Outreach; and Astronomy and Public Policy (focusing on benefits to the
nation that accrue from federal investment in astronomy and the potential con-
tributions that professional astronomers make to research of societal importance,
and mechanisms by which the astronomy community provides advice to the federal
government)—to describe recent trends and past quantifiable impacts on research
programs in astronomy and astrophysics. The ISGs provided preliminary factual
material to the committee and the PPPs at the May 2009 meeting, and their final
internal working papers were made available to the committee in the fall of 2009.
The members of the six ISGs are listed in the section that follows this preface.

* For more information see http://sites.nationalacademies.org/BPA/BPA_049855. Accessed May
2010.

> National Research Council, Panel Reports—New Worlds, New Horizons in Astronomy and
Astrophysics, The National Academies Press, Washington, D.C., 2011.
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The five SFPs, four PPPs, and six ISGs were crucial components of the survey,
not only for the content and critical analysis they supplied but also because of the
connections they provided to the astronomy and astrophysics community. More-
over the panels and study groups completed a Herculean set of tasks in an extraor-
dinarily short time. The results of their efforts were essential to the deliberations of
the committee, the success of whose work depended critically on the sequential and
orderly flow of information from the SFPs to the PPPs and then to the committee
as provided for in the survey plan and structure. The committee acknowledges with
heartfelt thanks the volunteers from the astronomy and astrophysics community
who served on the panels and study groups. Their reports stand testament to the
hard work done by the members, and especially their chairs, work whose full value
will be recognized through the decade to come.

In addition, the survey as a whole benefited immensely from the broader par-
ticipation of the astronomy and astrophysics community, which, over the course of
the study, and in particular in the first half of 2009, undertook a massive effort to
provide input to the survey process. Included were informal reports from 17 com-
munity town hall meetings, in addition to more than 450 white papers on topics
including science opportunities, the state of the profession and infrastructure, and
opportunities in technology development, theory, computation, and laboratory
astrophysics. Critical to the success of the nine panels’ and six study groups’ work,
these inputs were also an early product of the survey in that the white papers and
various reports were made available on NRC Web pages.® Far more important
than the quantity, however, is the quality of the input. As public documents, many
of these essays and proposals have already been widely cited in the professional
literature. Although it will be many years before the significance of the survey
can be assessed, the impact of the community input is already assured. On behalf
of the committee and the panels, sincere thanks are extended to the volunteers
from the research community who gave so much of their time to formulate this
backbone of information and data as input for the Astro2010 survey process.

In addition to the 27 panel meetings conducted over the course of this sur-
vey, the survey committee itself met in person six times and held more than 100
teleconferences between December 2008 and May 2010. There were also detailed
briefings from Jon Morse on behalf of NASA, Craig Foltz on behalf of NSF, and
Dennis Kovar on behalf of DOE. All three agencies are thanked for their generous
sponsorship of the survey and patient responses to requests for information that
provided policy and budgetary context. In addition, the committee was pleased to
receive critical perspectives from the U.S. Congress, the Office of Science and Tech-

® The set of white papers submitted is available at http://sites.nationalacademies.org/BPA/BPA_
050603. Accessed May 2010. For more information see http://sites.nationalacademies.org/BPA/BPA_
049855. Accessed May 2010.
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nology Policy, and the Office of Management and Budget. Kevin Marvel and Kate
Kirby, executive officers of the American Astronomical Society and the American
Physical Society, respectively, offered their insights and arranged important inter-
faces to the community. Members of the committee met regularly with the Board
on Physics and Astronomy and the Space Studies Board, whose members provided
wise feedback and advice.

The committee undertook the hard and painful task, necessitated by the rela-
tively severe financial constraints under which the agencies expect to have to
operate, of consolidating the rich science opportunities and selecting from the
many exciting and realizable activities presented to it. It established a set of criteria
and, through a deliberative process, developed the program that is proposed in
this report. The science objectives were first organized into three general themes
enhanced by discovery areas. These themes were then focused into three science
objectives for the decade, labeled “Cosmic Dawn,” “New Worlds,” and “Physics of
the Universe.” The activities reccommended to optimize addressing these objectives
were organized into large, medium, and small activities in space and on the ground.
The committee also took into account the organization of research programs in
astronomy within the current federal agency structure.

ADDITIONAL ACKNOWLEDGMENTS AND COMMENTS

The complexity of this process could have been overwhelming but for the
support of the NRC staff at the Board on Physics and Astronomy and the Space
Studies Board: Carmela Chamberlain, LaVita Coates-Fogle, Brian Dewhurst, Beth
Dolan, Catherine Gruber, Caryn Knutsen, James Lancaster, David Lang, Robert L.
Riemer, Richard Rowberg, Brant Sponberg, and Teri Thorowgood. These dedicated
supporters of the field undertook the formidable task of making all these meet-
ings work, receiving and organizing all the input, and providing the logistical and
tactical support that allowed the committee to remain on task, on schedule, and on
budget over the course of close to 2 years. In addition the committee benefited from
the inputs provided by three younger members of the community who served as
NRC Mirzayan Policy Fellows over the course of the survey—Baruch Feldman,
Michael McElwaine, and Leslie Chamberlain. Christine Aguilar provided logistical
support from Stanford.

On behalf of the committee, I express my personal gratitude to all of the above.
I also thank Ralph Cicerone, president of the National Academy of Sciences, for
his unfailing support and helpful guidance. Donald Shapero, director of the Board
on Physics and Astronomy, likewise kept watch over the process and used his ex-
perience to keep it on track. Michael Moloney directed the survey from the start
with remarkable efficiency, foresight, and tact and did not stint in his effort after
he also took on the directorship of the Space Studies Board. Lastly, I acknowledge
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every one of my 22 colleagues on the committee, who all worked extremely hard to
learn about and then represent the whole field of astronomy and astrophysics. [ am
grateful for all that they have taught me and for their generous and good-natured
support over the past 2 years. Among these must be singled out Martha Haynes,
John Huchra, and Marcia Rieke, who acted so ably as vice chairs, and, especially,
Lynne Hillenbrand, who served wisely, patiently, and tirelessly as executive officer.
Each of these contributions was essential to the completion of the survey.

The committee has been faced with making difficult choices in what is widely
agreed are sobering times. Our national finances are experiencing significant stress,
and although at the time of this report’s release the support of the current ad-
ministration and Congress for science is remarkable, this survey has had to act
responsibly in considering the scope of the program it can envision. This happens
in the context of reporting at a singular time in the history of astronomy, one of
remarkable ongoing discovery and unlimited possibility. All who have served on or
worked with the committee have been conscious of their personal good fortune to
be living at this time and the wonderful scientific opportunity that today’s astrono-
mers enjoy to seek new worlds and reach out to the new horizons of the universe.
With the aid of the facilities operational today, those that are already started and
will be completed during this decade, and those that are recommended to be started
soon, this promises to be another extraordinary decade of discovery.

Roger D. Blandford, Chair

Committee for a Decadal Survey of
Astronomy and Astrophysics
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Astronomy is in a golden age with spectacular discoveries such as the first extrasolar
planets, pinning down the age of the Universe, dark energy, galactic black holes, and
galaxies formed only a few hundred million years after the Big Bang as just some of the
drivers for new questions. . .. Whatever else happens, we are privileged to be a part of this
enterprise.

—TJohn Huchra (AAS Newsletter, Issue 152, May/June 2010)
The Committee for a Decadal Survey of Astronomy and Astrophysics dedicates

this report to a dear friend and valued colleague, John P. Huchra, who served as a
vice chair for the decadal survey.
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Executive Summary

Our view of the universe has changed dramatically. Hundreds of planets of
startling diversity have been discovered orbiting distant suns. Black holes, once
viewed as an exotic theoretical possibility, are now known to be present at the center
of most galaxies, including our own. Precision measurements of the primordial
radiation left by the big bang have enabled astronomers to determine the age, size,
and shape of the universe. Other astronomical observations have also revealed that
most of the matter in the universe is dark and invisible and that the expansion of the
universe is accelerating in an unexpected and unexplained way. Recent discoveries,
powerful new ways to observe the universe, and bold new ideas to understand it
have created scientific opportunities without precedent.

This report of the Committee for a Decadal Survey of Astronomy and Astrophysics
proposes a broad-based, integrated plan for space- and ground-based astronomy and
astrophysics for the decade 2012-2021. It also lays the foundations for advances in the
decade 2022-2031. It is the sixth in a sequence of National Research Council (NRC)
decadal studies in this field and builds on the recommendations of its predecessors.
However, unlike previous surveys, it reexamines unrealized priorities of preceding
surveys and reconsiders them along with new proposed research activities to achieve a
revitalized and timely scientific program. Another new feature of the current survey is
a detailed analysis of the technical readiness and the cost risk of activities considered
for prioritization. The committee has formulated a coherent program that fits within
plausible funding profiles considering several different budget scenarios based on
briefings by the sponsoring agencies—the National Aeronautics and Space Adminis-
tration, the National Science Foundation, and the Department of Energy. As a result,

Copyright © National Academy of Sciences. All rights reserved.



New Worlds, New Horizons in Astronomy and Astrophysics

2 New Worrtps, New Horizons 1N AsTRONOMY AND ASTROPHYSICS

recommended priorities reflect an executable balance of scientific promise against
cost, risk, and readiness. The international context also played an important role in
the committee’s deliberations, and many of the large projects involve international
collaboration as well as private donors and foundations.

The priority science objectives chosen by the survey committee for the decade
2012-2021 are searching for the first stars, galaxies, and black holes; seeking nearby
habitable planets; and advancing understanding of the fundamental physics of the
universe. These three objectives represent a much larger program of unprecedented
opportunities now becoming within our capability to explore. The discoveries
made will surely lead to new and sometimes surprising insights that will continue
to expand our understanding and sense of possibility, revealing new worlds and
presenting new horizons, the study of which will bring us closer to understanding
the cosmos and our place within it.

This report recommends a program that will set the astronomy and astro-
physics community firmly on the path to answering some of the most profound
questions about the cosmos. In the plan, new optical and infrared survey telescopes
on the ground and in space will employ a variety of novel techniques to investigate
the nature of dark energy. These same telescopes will determine the architectures
of thousands of planetary systems, observe the explosive demise of stars, and open
a new window on the time-variable universe. Spectroscopic and high-spatial-
resolution imaging capabilities on new large ground-based telescopes will enable
researchers to discern the physical nature of objects discovered at both shorter and
longer wavelengths by other facilities in the committee’s recommended program.
Innovative moderate-cost programs in space and on the ground will be enhanced
so as to enable the community to respond rapidly and flexibly to new scientific
discoveries. Construction will begin on a space-based observatory that employs the
new window of gravitational radiation to observe the merging of distant black holes
and other dense objects and to precisely test theories of gravity in new regimes that
we can never hope to study on Earth. The foundations will be laid for studies of the
hot universe with a future X-ray telescope that will search for the first massive black
holes, and that will follow the cycling of gas within and beyond galaxies. Scientists
will conduct new ground-based experiments to study the highest-energy photons
emitted by cosmic sources. At the opposite end of the electromagnetic spectrum,
radio techniques will become powerful enough to view the epoch when the very
first objects began to light up the universe, marking the transition from a protracted
dark age to one of self-luminous stars. The microwave background radiation will be
scrutinized for the telltale evidence that inflation actually occurred. Perhaps most
exciting of all, researchers will identify which nearby stars are orbited by planets
on which life could also have developed.

Realizing these and an array of other scientific opportunities is contingent on
maintaining and strengthening the foundations of the research enterprise that are
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essential in the cycle of discovery—including technology development, theory,
computation and data management, and laboratory experiments, as well as, and in
particular, human resources. At the same time, the greatest strides in understand-
ing often come from bold new projects that open the universe to new discoveries,
and such projects thus drive much of the strategy of the committee’s proposed
program. This program requires a balance of small, medium, and large initiatives
on the ground and in space. The large and medium elements within each size
category are as follows:

* In Space: (Large-scale, in priority order) Wide-Field Infrared Survey Tele-
scope (WFIRST)—an observatory designed to settle essential questions in
both exoplanet and dark energy research, and which will advance topics
ranging from galaxy evolution to the study of objects within our own galaxy.
The Explorer Program—augmenting a program that delivers a high level of
scientific return on relatively moderate investment and that provides the
capability to respond rapidly to new scientific and technical breakthroughs.
Laser Interferometer Space Antenna (LISA)—a low-frequency gravitational
wave observatory that will open an entirely new window on the cosmos
by measuring ripples in space-time caused by many new sources, includ-
ing nearby white dwarf stars, and will probe the nature of black holes.
International X-ray Observatory (1XO)—a powerful X-ray telescope that
will transform our understanding of hot gas associated with stars and
galaxies in all evolutionary stages. (Medium-scale, in rank order) New
Worlds Technology Development Program—a competed program to lay the
technical and scientific foundation for a future mission to study nearby
Earth-like planets. Inflation Probe Technology Development Program—a
competed program designed to prepare for a potential next-decade cosmic
microwave-background mission to study the epoch of inflation.

* On the Ground: (Large-scale, in priority order) Large Synoptic Survey
Telescope (LSST)—a wide-field optical survey telescope that will transform
observation of the variable universe and will address broad questions that
range from indicating the nature of dark energy to determining whether
there are objects that may collide with Earth. Mid-Scale Innovations Pro-
gram augmentation—a competed program that will provide the capability
to respond rapidly to scientific discovery and technical advances with new
telescopes and instruments. Giant Segmented Mirror Telescope (GSMT)—a
large optical and near-infrared telescope that will revolutionize astronomy
and provide a spectroscopic complement to the James Webb Space Tele-
scope (JWST), the Atacama Large Millimeter/submillimeter Array (ALMA),
and LSST. Atmospheric Cerenkov Telescope Array (ACTA)—participation in
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an international telescope to study very high energy gamma rays. (Medium-
scale) CCAT (formerly the Cornell-Caltech Atacama Telescope)—a 25-meter
wide-field submillimeter telescope that will complement ALMA by under-
taking large-scale surveys of dust-enshrouded objects.

These major new elements must be combined with ongoing support of the
core research program to ensure a balanced program that optimizes overall sci-
entific return. To achieve that return the committee balances the program with a
portfolio of unranked smaller projects and augmentations to the core research pro-
gram, funded by all three agencies. These elements include support of individual
investigators, instrumentation, laboratory astrophysics, public access to privately
operated telescopes, suborbital space missions, technology development, theoreti-
cal investigations, and collaboration on international projects.

This report also identifies unique ways that astronomers can contribute to
solving the nation’s challenges. In addition, the public will continue to be inspired
with images of the cosmos and descriptions of its contents, and students of all
ages will be engaged by vivid illustrations of the power of science and technol-
ogy. These investments will sustain and improve the broad scientific literacy vital
to a technologically advanced nation as well as providing spin-off technological
applications to society.

The committee notes with appreciation the striking level of effort and involve-
ment in this survey contributed by the astronomy and astrophysics community.
The vision detailed in this report is a shared vision.

RECOMMENDED PROGRAM

Maintaining a balanced program is an overriding priority for attaining the
overall science objectives that are at the core of the program recommended by the
survey committee. More detailed guidance is provided in the report, but optimal
implementation is the responsibility of agency managers. The small-scale projects
recommended in Table ES.1 are unranked and are listed in alphabetical order. The
highest-priority ground-based elements in the medium (Table ES.2) and large
(Table ES.3) categories are listed in priority order, and the highest-priority space-
based elements in the medium (Table ES.4) and large (Table ES.5) categories are
also listed in priority order. All cost appraisals are in FY2010 dollars.
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Execurive SUMMARY

TABLE ES.1 Space and Ground: Recommended Activities—Small Scale (Alphabetical Order)

Cross-
Budget,? Reference

Recommendation Agency  Science 2012-2021 in Chapter 7
(Augmentation NSF Broad; key opportunities in $5M/year additional Page 236
to) Advanced advanced instrumentation,
Technologies and especially adaptive optics and
Instrumentation radio instrumentation
(Augmentation NSF Broad realization of science $8M/year additional Page 236
to) Astronomy from observational, empirical,
and Astrophysics and theoretical investigations,
Research Grants including laboratory astrophysics
Program
(Augmentation NASA  Broad $35M additional Page 219
to) Astrophysics
Theory Program
(Definition of) a NASA  Technology development $40M Page 219
future ultraviolet- benefiting a future ultraviolet
optical space telescope to study hot gas
capability between galaxies, the interstellar

medium, and exoplanets
(Augmentation NSF Increased U.S. share of Gemini; $2M/year additional Page 236
to) the Gemini science opportunities include
international exoplanets, dark energy, and
partnership early-galaxy studies
(Augmentation NASA  Broad; targeted at advancing $2M/year additional, Page 220
to) Intermediate the readiness of technologies at increasing to $15M/
Technology technology readiness levels 3 year additional by
Development to 5 2021
(Augmentation NASA  Basic nuclear, ionic, atomic, and ~ $2M/year additional Page 220
to) Laboratory molecular physics to support
Astrophysics interpretation of data from JWST

and future missions
(U.S. contribution NASA  Understanding the birth of $150M Page 218
to JAXA-led) SPICA galaxies, stars, and planets;
mission cycling of matter through the

interstellar medium
(Augmentation NASA  Broad, but including especially $15M/year additional ~ Page 221
to) the Suborbital cosmic microwave background
Program and particle astrophysics
(Augmentation NSF Optical-infrared investments $2.5M/year additional  Page 236
to) the Telescope to leverage privately operated
System Instrument telescopes and provide
Program competitive access to U.S.

community
Theory and NASA  Broad; targeted at high-priority $5M/year NASA Page 222
Computation NSF science through key projects $2.5M/year NSF
Networks DOE $2M/year DOE

2Recommended budgets are in FY2010 dollars and are committee-generated and based on available community
input.
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TABLE ES.2 Ground: Recommended Activities—Medium Scale

Appraisal of Appraisal

Costs Through  of Annual

Construction?  Operations

(U.S. Federal Costs? Cross-

Technical ~ Share, (U.S. Federal Reference

Recommendation® Science Risk¢ 2012-2021) Share) in Chapter 7
CCAT Submillimeter Medium  $140M $11M Page 234
—Science early surveys enabling ($37M) ($7.5M)

2020s
—University-led,
33% federal share

broad extragalactic,
galactic, and
outer-solar-system
science

2 The survey’s construction-cos