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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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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,
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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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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-cost appraisal for CCAT is based on the survey’s cost, risk, and technical readi-
ness evaluation (i.e., the cost appraisal and technical evaluation, or CATE, analysis) and project input, in FY2010

dollars.

b The survey’s appraisal of the schedule to first science is based on CATE analysis and project input.
¢ The risk scale used was low, medium low, medium, medium high, and high.
4 The survey’s appraisal of operations costs, in FY2010 dollars, is based on project input.

TABLE ES.3 Ground: Recommended Activities—Large Scale (Priority Order)

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
1. LSST Dark energy, dark Medium  $465M $42M Page 223
—Science late matter, time-variable low ($421M) ($28M)
2010s phenomena,
—NSF/DOE supernovae, Kuiper
belt and near-Earth
objects
2. Mid-Scale Broad science; peer-  N/A $93M to Page 225
Innovations reviewed program $200M
Program for projects that fall
—Science mid-to- between the NSF
late 2010s MRI and MREFC
limits
3. GSMT Studies of the Medium  $1.1B to $36M to $55M  Page 228
—Science mid- earliest galaxies and  to $1.4B ($9M to
2020s galactic evolution; medium  ($257M to $14M)
—Immediate detection and high $350M)
partner choice for characterization of
~25% federal share  planetary systems
continued
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TABLE ES.3 Continued

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
4. ACTA Indirect detection Medium $400M Unknown Page 232
—Science early of dark matter; low ($100M)
2020s particle acceleration
—NSF/DOE; U.S. and active galactic
join European nucleus science
Cerenkov Telescope
Array

2The survey’s construction-cost appraisals for the Large Synoptic Survey Telescope (LSST), Giant Segmented
Mirror Telescope (GSMT), and Atmospheric Cerenkov Telescope Array (ACTA) are based on the survey’s cost, risk,
and technical readiness evaluation (i.e., the cost appraisal and technical evaluation, or CATE, analysis) and project
input, in FY2010 dollars; cost appraisals for the Mid-Scale Innovations Program augmentation are committee-
generated and based on available community input. For GSMT the cost appraisals are $1.1 billion for the Giant
Magellan Telescope (GMT) and $1.4 billion for the Thirty Meter Telescope (TMT). Construction costs for GSMT
could continue into the next decade, at levels of up to $95 million for the federal share. The share for the U.S.
government is shown in parentheses when it is different from the total.

bThe survey’s appraisals of the schedule to first science are based on CATE analysis and project input.

¢ The risk scale used was low, medium low, medium, medium high, and high.

dThe contractor had no independent basis for evaluating the operations cost estimates provided for any ground-
based project. The survey’s appraisals for operations costs, in FY2010 dollars, were constructed by the survey
committee on the basis of project input and the experience and expertise of its members. For GSMT the range
in operations costs is based on estimates from GMT ($36 million) and TMT ($55 million). The share for the U.S.
government is shown in parentheses when it is different from the total.

TABLE ES.4 Space: Recommended Activities—Medium-Scale (Priority Order)

Cross-
Reference
Recommendation Science Appraisal of Costs?  in Chapter 7
1. New Worlds Preparation for a planet-imaging mission ~ $100M to $200M Page 215
Technology beyond 2020, including precursor
Development Program science activities
2. Inflation Probe Cosmic microwave background (CMB)/ $60M to $200M Page 217
Technology inflation technology development and

Development Program preparation for a possible mission
beyond 2020

2The survey’s cost appraisals are in FY2010 dollars and are committee-generated and based on available com-
munity input.
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TABLE ES.5 Space: Recommended Activities—Large-Scale (Priority Order)

Appraisal of Costs?

Total Cross-
Launch Technical  (U.S. U.S. Share, Reference

Recommendation  Date® Science Risk¢ Share) 2012-2021 in Chapter 7
1. WFIRST 2020 Dark energy, Medium  $1.6B $1.6B Page 205
—NASA/DOE exoplanets, and low
collaboration infrared survey-

science
2. Augmentation  Ongoing  Enable rapid Low $463M $463M Page 208
to Explorer response to science
Program opportunities;

augments current

plan by 2 Medium-

scale Explorer

(MIDEX) missions,

2 Small Explorer

(SMEX) missions,

and 4 Missions of

Opportunity (MoOs)
3. LISA 2025 Open low-frequency  Medium¢  $2.4B $852M Page 209
—Requires ESA gravitational- ($1.5B)
partnership? wave window for

detection of black-

hole mergers and

compact binaries

and precision tests

of general relativity
4. 1X0 2020s Black-hole accretion  Medium $5.0B $200M Page 213
—~Partnership and neutron- high ($3.1B)
with ESA and star physics,
JAXAC matter/energy life

cycles, and stellar
astrophysics

2The survey’s cost appraisals for Wide-Field Infrared Survey Telescope (WFIRST), Laser Interferometer Space
Antenna (LISA), and International X-ray Observatory (IXO) are based on the survey’s cost, risk, and technical readi-
ness evaluation (i.e., the cost appraisal and technical evaluation, or CATE, analysis) and project input, in FY2010
dollars for phase A costs onward; cost appraisals for the Explorer augmentation and the medium elements of the
space program are committee-generated, based on available community input. The share for the U.S. government
is shown in parentheses when it is different from the total. The U.S. share is based on the United States assuming
a 50 percent share of costs and includes an allowance for extra costs incurred as a result of partnering.

b The survey’s appraisal of the schedule to launch is the earliest possible based on CATE analysis and project
input.

¢ The risk scale used was low, medium low, medium, medium high, and high.

9 Note that the LISA and IXO recommendations are linked—both are dependent on mission decisions by the
European Space Agency (ESA) and the Japan Aerospace Exploration Agency (JAXA).

¢ Technical risk assessment of “medium” is contingent on a successful LISA Pathfinder mission.
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The universe has always beckoned us. Over the course of human civilization,
the night sky has provided a calendar for the farmer, a guide for the sailor, and
a home for the gods. Astronomy led the scientific revolution, which continues to
this day and has revealed that the sky visible to the naked eye is really just a hint
of a vast and complex cosmos, within which our home planet is but a pale blue
dot. Astronomers continue to explore the universe, learning its amazing history,
discovering the richness of its contents, and understanding the physical processes
that take place in its astoundingly diverse environments. Today, astronomy expands
knowledge and understanding, inspiring new generations to ask, How did the
universe form and the stars first come into being? Is there life beyond Earth? What
natural forces control our universal destiny?

Because of the remarkable scientific progress in recent decades, in particular
the explosion over the last decade of interest in and urgency to understand several
key areas in astronomy and astrophysics, scientists are now poised to address these
and many other equally profound questions in substantive ways. These dramatic
discoveries came about through the application of modern technology and human
ingenuity to the ancient craft of observing the sky. We have explored the cosmos,
not just by observing through the tiny visible window used by our eyes, but also by
exploiting the entire electromagnetic spectrum, from radio waves with wavelengths
larger than a house to gamma rays with wavelengths 1,000 times smaller than a
proton. The universe has also been studied by using samples returned to Earth
from comets and meteorites, and by detecting and analyzing high-energy particles

9
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that permeate space. The opportunities for the future fill us with awe, enrich our
culture, and frame our view of the human condition.

This report is the result of the National Research Council’s (NRC’s) survey of
astronomy and astrophysics for the decade of the 2010s—Astro2010. The survey
covers what has been learned, what could be learned, and what it will take to sustain
the current revolution in understanding. As requested, the report outlines a plan to
realize the scientific promise of the decade to come. The recommended major new
elements must be combined with ongoing support for and augmentation of the
foundational core of the federally supported research program to ensure a balanced
program in astronomy and astrophysics that optimizes overall scientific return.

Below and in subsequent chapters of this report the Committee for a Decadal
Survey of Astronomy and Astrophysics presents a compelling science program
(Chapter 2), outlines the relationship of the federal program to the larger astronomy
and astrophysics enterprise (Chapters 3 and 4), discusses workforce development
and other core activities (Chapters 5 and 6), and describes in detail the integrated
program it recommends for the decade ahead (Chapter 7). The process that was
followed in carrying out Astro2010 is recounted in this report’s preface and reviewed
again in Chapter 7.

SCIENCE OBJECTIVES

The exciting program of activities proposed here will help to advance under-
standing of how the first galaxies formed and started to shine. It will direct the
discovery of the closest habitable planets beyond our solar system. It will use
astronomical measurements to try to unravel the mysteries of gravity and will
probe fundamental physics beyond the reach of Earth-based experiments. The
committee found that the way to optimize the science return for the decade 2012-
2021 within the anticipated resources was to focus on these three science objectives
while also considering the discovery potential of a much broader research program.
To achieve these objectives, a complementary effort of space-based, ground-based,
and foundational, core research is required.

Cosmic Dawn:
Searching for the First Stars, Galaxies, and Black Holes

We have learned much in recent years about the history of the universe, from
the big bang to the present day. A great mystery now confronts us: When and
how did the first galaxies form out of cold clumps of hydrogen gas and start to
shine—when was our “cosmic dawn”? Observations and calculations suggest that
this phenomenon occurred when the universe was roughly half a billion years old,
when light from the first stars was able to ionize the hydrogen gas in the universe
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from atoms into electrons and protons—a period known as the epoch of reioniza-
tion. Scientists think that the first stars were massive and short-lived. They quickly
exploded as supernovae, creating and dispersing the first elements with nuclei
heavier than those of hydrogen, helium, and lithium, and leaving behind the first
black holes. Astronomers must now search the sky for these infant galaxies and find
out how they behaved and interacted with their surroundings.

After the cosmic dawn, more and more galaxies formed, merged, and evolved as
their gas turned into stars and those stars aged. Many of the faintest images from cur-
rent telescopes are of these growing infant galaxies. Their properties are just starting
to be revealed. In particular, it is now known that such galaxies quickly grow black
holes in their nuclei with masses that can exceed a billion times the mass of the Sun
and become extraordinarily luminous quasars. How this happens is a mystery.

We also know that the giant galaxies we see around us today were built up
from the mergers of smaller galaxies and the accretion of cold gas. Not only do
the stars and gas commingle, but the central black holes also merge. Amazingly,
it should be possible to detect waves in the fabric of space-time—gravitational
waves—that result from the dramatic unions when galaxies and black holes are
young and relatively small.

Another approach to understanding our cosmic dawn is to carry out “cosmic
paleontology” by finding the rare stars that have the lowest concentrations of heavy
elements and were formed at the earliest times. Today, we can scrutinize only stars
in our galaxy; in the future, we will be able to explore other nearby galaxies to un-
cover stellar fossils and use them to reconstruct the assembly of young galaxies.

Exploring the first stars, galaxies, and quasars is a tremendous challenge, but
one astronomers and astrophysicists are ready to tackle and overcome, thereby
continuing the story of how our universe came to be.

New Worlds:
Seeking Nearby, Habitable Planets

On Christmas Eve, 1968, Apollo 8 astronaut William Anders took an iconic
photograph of the rising Earth from his vantage point orbiting the Moon. It high-
lighted, to more people than ever before, that we humans share a common home
that is both small and fragile. It also brought into focus the question, What does
Earth look like from much farther away? Remarkable discoveries over the past
15 years have led us to the point that we can ask and hope to answer the question,
Can we find another planet like Earth orbiting a nearby star? To find such a planet
would complete the revolution, started by Copernicus nearly 500 years ago, that
displaced Earth as the center of the universe.

Almost two decades ago, astronomers found evidence for planets around neu-
tron stars, and then, in 1995, a star just like the Sun in the constellation Pegasus
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was shown to vary regularly in its radial velocity—resulting from motion toward
or away from us here on Earth—in response to the gravitational pull of an orbiting
planet. This planet was roughly as massive as Jupiter but orbited its star every 4 days,
far more quickly than any of our Sun’s planets. So, in a single set of observations
we solved an age-old puzzle: yes, there are other planetary systems around stars
like our Sun. However, they do not necessarily look like our solar system. Today,
in mid-2010, we know of almost 500 extrasolar planets with masses ranging from
a few to a few thousand times the mass of Earth.

We have greatly expanded our discovery techniques since 1995. Radial velocity
detection of planets is much more sensitive, reaching down below 10 Earth masses.
We can detect tiny changes in the combined light of a star and planet as they tran-
sit in front of one other, a technique currently being exploited very successfully
by the Kepler space telescope. We can also probe planetary systems by measuring
microlensing as their gravitational fields bend rays of light from a more distant star.
Telescopes on the ground and in space have even directly imaged as distinct point
sources a few large planets. In other cases, we can learn about planetary systems by
measuring infrared and radio emission from giant disks of gas out of which planets
can form. Finally, in a most important development, the Hubble Space Telescope
and the Spitzer Space Telescope have found the spectral lines of carbon dioxide,
water, and the first organic molecule, methane, in the atmospheres of orbiting
planets. This is extraordinarily rapid progress.

Astronomers are now ready to embark on the next stage in the quest for life
beyond the solar system—to search for nearby, habitable, rocky or terrestrial
planets with liquid water and oxygen. The host star of such a planet may be one
like our Sun, or it could be one of the more plentiful but less hospitable cooler red
stars. Cooler red stars are attractive targets for planet searches because light from a
planet will be more easily detected above the stellar background. Making the search
harder, terrestrial planets are relatively small and dim, and are easily lost in the
exozodiacal light that is scattered by the dusty disks that typically orbit stars. The
observational challenge is great, but armed with new technologies and advances
in understanding of the architectures of nearby planetary systems, astronomers
are poised to rise to it.

Physics of the Universe:
Understanding Scientific Principles

Astronomy and physics have always been closely related. Observations of or-
biting planets furnished verifications of Newton’s law of gravitation and Einstein’s
theory of gravity—general relativity. In more recent years, observations of solar
system objects and radio pulsars have provided exquisitely sensitive proof that
general relativity is, indeed, correct when gravity is weak. The universe continues
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to be a laboratory that offers access to regimes not available on Earth, helping us
to both understand and discover new elements of the basic laws of nature.

Scientists can study the universe on the largest observable scales—more than
10 trillion, trillion times larger than the size of a person. The past decade has seen
the confirmation from measurements of the truly remarkable discovery that the
expansion of the universe is accelerating. In modern language, this acceleration
is attributed to the effect of a mysterious substance called dark energy that ac-
counts for 75 percent of the mass-energy of the universe today causing galaxies
to separate at ever faster speeds. The remainder of the mass-energy is 4.6 percent
regular matter and 20 percent a new type of matter, dubbed dark matter, that
is believed to comprise new types of elementary particles not yet found in ter-
restrial laboratories. The effects of dark energy are undetectable on the scale of
an experiment on Earth. The only way forward is to use the universe at large to
infer the properties of dark energy by measuring its effects on the expansion rate
and the growth of structure.

Amazingly, we can ask and hope to answer questions about the universe as it
was very soon after the big bang. Recent observations of the microwave background
are consistent with the theory that the universe underwent a burst of inflation when
the expansion also accelerated and the scale of the universe that we see today grew
from its infinitesimally small beginnings to about the size of a fist. Gravitational
waves created at the end of the epoch of inflation can propagate all the way to us and
carry information about the behavior of gravity and other forces during the first
moments after the big bang. These waves can be detected through the distinctive
polarization pattern! that they impose on the relic cosmic microwave background
radiation. Detection of this imprint would both probe fundamental physics at very
high energies and bear witness to the birth of the universe.

Yet another opportunity to study fundamental principles comes from precisely
observing the behavior of black holes. Black holes are commonly found in the nuclei
of normal galaxies and are born when very massive stars end their stellar lives.
Scientists have an exact theoretical description of space-time around black holes but
do not know if this description is correct. One way to find out is to observe X-ray-
emitting gas and stars as they spiral toward a black hole’s event horizon beyond which
nothing, not even light, can escape. Another is to observe the jets that escape black
holes with speeds close to that of light. However, the best test of all will come from
measuring the gravitational radiation that is observed when moderate-mass black
holes merge. We now have the software and the computing power to calculate the
signals that should be seen and the technology to test the theory.

! The cosmic microwave radiation signal can be decomposed into two components: an E-mode
and a B-mode. Patterns in these polarization modes allow determination of conditions when the
radiation was emitted.
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What excites astronomers and physicists alike is that the tools are now at hand
to greatly expand current understanding of fundamental physics in new and im-
portant ways.

OPTIMIZING THE SCIENCE PROGRAM

Astronomy is a rich and diverse science that encompasses much more than the
grand challenges described above. There are great opportunities to be seized over
a broad research program, as described in Chapter 2. Astronomy is still driven by
discovery, and when the programs described in past decadal surveys were success-
fully executed, many of the most important results were largely unanticipated. The
new facilities contained in this survey’s recommended program are highly versatile.
In addition to carrying out the observational program described, they will advance
the broad research program and are also able to both make and respond to fresh
breakthroughs.

This report is written at a time when the nation’s finances are severely stressed.
The committee was charged to consider alternative budget scenarios. It chose to
adopt for each agency the agency-projected budget and a second, optimistic budget
that reflects modest relative growth. In the case of the National Aeronautics and
Space Administration (NASA), the agency-projected budget is flat in real-year
dollars and allows very little new activity until the James Webb Space Telescope
(JWST) is launched, presumably in mid-decade. The optimistic budget used by the
committee is flat in FY2010 dollars. In the case of the National Science Foundation
(NSF), the agency-projected budget is flat in FY2010 dollars, which allows little
to no opportunity for new activity over the entire decade, given the obligations to
support existing facilities. The optimistic budget used by the committee supposes
growth in purchasing power at a rate of 4 percent per year, the so-called doubling
scenario that is being applied to the overall NSF budget. In the case of the Depart-
ment of Energy (DOE), the agency-projected budget is constant in FY2010 dollars,
and the optimistic budget used by the committee is also on a doubling track, consis-
tent with the current administration’s stated policy for the DOE Office of Science.
The committee’s recommended program that follows has been constrained to fit
under the optimistic budget envelopes. Reductions that would be needed under
less favorable budgets are also described.

A successful federal research program must also be balanced. There is a trade-
off between investing in the development and construction of ambitious new
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telescopes and supporting broad-ranging observational and theoretical research
that optimizes the return from operating facilities. The goal of the committee, con-
sistent with its charge, has been to maximize the science return for a given budget.
The committee found that in some cases the balance of resources is not optimal,
and this report contains a number of recommendations to augment or adjust the
foundations of the program.

The committee’s proposed program (Chapter 7) is recommended on the basis
of four general criteria—maximizing scientific contribution, building on the cur-
rent astronomy and astrophysics enterprise, balancing this decade’s programs
against investing in the next decade’s, and optimizing the science return given the
highly constrained budget. These criteria are discussed further below. The result-
ing program emphasizes certain capabilities for U.S. leadership, including all-sky
synoptic imaging on the ground and in space, large-aperture telescopes, exploration
of non-electromagnetic portals to the universe, technology and software, public-
private and international partnerships, frequent opportunities for new medium-
scale instrumentation on the ground and in space, and interdisciplinary work,
especially work involving connections between astrophysics and physics.

Finally, a key concern of the committee’s is the stewardship of the present
survey’s recommended program. Although a good-faith attempt has been made to
provide answers to all the questions raised by the charge, it is in the very nature of
research that unforeseen issues requiring community advice will arise. In addition,
there will be a need to monitor progress. Accordingly, implementation of the survey
will require stewardship over the coming decade in the form of strategic advice
requested by but generated independent of the agencies supporting the field.

RECOMMENDATION: NASA, NSF and DOE should on a regular basis
request advice from an independent standing committee constituted to
monitor progress toward reaching the goals recommended in the decadal
survey of astronomy and astrophysics, and to provide strategic advice to
the agencies over the decade of implementation. Such a decadal survey im-
plementation advisory committee (DSIAC) should be charged to produce
annual reports to the agencies, the Office of Management and Budget, and
the Office of Science and Technology Policy, as well as a mid-decade review
of the progress made. The implementation advisory committee should be
independent of the agencies and the agency advisory committees in its mem-
bership, management, and operation.
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PROPOSED PROGRAM OF ACTIVITIES

The committee’s recommended program is presented in terms of specific
space-based? and ground-based projects and opportunities. In space, large-scale ac-
tivities are those having a total appraised cost exceeding $1 billion, while medium-
scale activities have a total cost estimated to range from $300 million to $1 billion.
On the ground, large-scale activities are those whose total cost is appraised to
exceed $135 million, while medium-scale activities have a total cost in the range
of $4 million to $135 million. All values are in FY2010 dollars.?

Space Projects—Large—in Rank Order

Wide-Field Infrared Survey Telescope (WFIRST)

A 1.5-meter wide-field-of-view near-infrared-imaging and low-resolution-
spectroscopy telescope, WFIRST will settle fundamental questions about the nature
of dark energy, the discovery of which was one of the greatest achievements of U.S.
telescopes in recent years. It will employ three distinct techniques—measurements of
weak gravitational lensing, supernova distances, and baryon acoustic oscillations—
to determine the effect of dark energy on the evolution of the universe. An equally
important outcome will be to open up a new frontier of exoplanet studies by moni-
toring a large sample of stars in the central bulge of the Milky Way for changes in
brightness due to microlensing by intervening solar systems. This census, combined
with that made by the Kepler mission, will determine how common Earth-like
planets are over a wide range of orbital parameters. It will also, in guest investigator
mode, survey our galaxy and other nearby galaxies to answer key questions about
their formation and structure, and the data it obtains will provide fundamental
constraints on how galaxies grow. The telescope exploits the important work done

2 Two space missions recommended in the 2001 NRC decadal survey Astronomy and Astrophysics
in the New Millennium (AANM; National Academy Press, Washington, D.C.)—namely ARISE and
EXIST—and one recommended by the 1991 NRC survey The Decade of Discovery in Astronomy
and Astrophysics (National Academy Press, Washington, D.C.), SIM, do not appear in this survey’s
priorities. The goals of ARISE have been largely subsumed by JAXA’s VLBI Space Observatory
Programme (VSOP)-2 project and the SAMURAI (Science of AGNs and Masers with Unprec-
edented Resolution in Astronomical Imaging) proposal. EXIST and SIM (now SIMLite) are not
included in the recommended program for the decade, following the committee’s consideration of
the strengths of competing compelling scientific opportunities and the highly constrained budget
scenarios described in this report.

3 All costs are given in FY2010 dollars. A reccommendation of level funding is equivalent to a recom-
mendation of constant level of effort. Details on the methodology used to assess cost and schedule
risk and technical readiness are provided in Chapter 7 and Appendix C. Cost and schedule risk was
assessed relative to project estimates. Technical readiness was assessed independent of cost. The risk
scale used was low, medium low, medium, medium high, and high.
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by the joint DOE/NASA design team on the Joint Dark Energy Mission—specifically
the JDEM-Omega concept—and expands its scientific reach. WFIRST is based on
mature technologies with technical risk that is medium low and has medium cost
and schedule risk. The independent cost appraisal is $1.6 billion, not including the
guest investigator program. As a telescope capable of imaging a large area of the sky,
WFIRST will complement the targeted infrared observations of the James Webb
Space Telescope. The small field of view of JWST would render it incapable of carry-
ing out the prime WFIRST program of dark energy and exoplanet studies, even if
it were used exclusively for this task. The recommended schedule has a launch data
of 2020 with a 5-year baseline mission. An extended 10-year mission could improve
the statistical results and further broaden the science program. The European Space
Agency (ESA) is considering an M-class proposal, called Euclid, with related goals.
Collaboration on a combined mission with the United States playing a leading role
should be considered so long as the committee’s recommended science program is
preserved and overall cost savings result.

WFIRST addresses fundamental and pressing scientific questions and will
contribute to a broad range of astrophysics. It complements the committee’s pro-
posed ground-based program in two key science areas: dark energy science and the
study of exoplanets. It is a part of coordinated and synergistic programs in fields
in which the United States has pioneered the progress to date. It presents oppor-
tunities for interagency and perhaps international collaboration that would tap
complementary experience and skills. It also presents relatively low technical and
cost risk, making its completion feasible within the decade, even in a constrained
budgetary environment. For all these reasons it is the committee’s top-priority
recommendation for a space mission.

Explorer Program Augmentation

The Explorer program supports small and medium-size missions, selected
through competitive peer review, that are developed and launched on roughly
5-year timescales. The Explorer program enables rapid responses to new discoveries
and provides platforms for targeted investigations essential to the breadth of NASA’s
astrophysics program. Explorers have delivered a scientific return on investment
at the highest level over the past two decades. The three astrophysics Medium-
scale Explorer (MIDEX) missions launched to date—the Wilkinson Microwave
Anisotropy Probe (WMAP), Swift, and the Wide-Field Infrared Survey Explorer
(WISE)—have provided high-impact science for a combined cost significantly
less than that of a single flagship mission.* WMAP, launched just 5 years after the

* According to NASA the combined development cost (not including operations) for WMAP,
Swift, and WISE was $590 million (real year), about 50 percent the cost of a single past NASA Great
Observatory.
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Cosmic Background Explorer (COBE) discovered that the cosmic microwave back-
ground (CMB) has measurable fluctuations, demonstrated that these tiny varia-
tions imprint precise information about the early universe. WMAP is credited with
obtaining the best measurements of the age, geometry, and content of the universe.
The Swift mission has transformed understanding of explosive gamma-ray burst
events, and it holds the record for detecting the most distant object in the universe.
The WISE mid-infrared survey, extending over the entire sky, is studying the coolest
stars, the universe’s most luminous galaxies, and some of the dimmest near-Earth
asteroids and comets. Small Explorer (SMEX) missions, as well as Mission of Oppor-
tunity contributions to non-NASA missions, have made essential advances in
understanding of phenomena ranging from the explosive release of energy in flares
on the Sun (with the Reuven Ramaty High Energy Solar Spectroscopic Imager)
to the assembly of galaxies (with the Galaxy Evolution Explorer). The promise of
future Explorer missions is as great as ever, and this program will be essential to
enabling new opportunities, and to maintaining breadth and vibrancy in NASA’s
astrophysics portfolio in a time of budgetary stress. This survey recommends that
the annual budget of the astrophysics component of the Explorer program be
increased from $40 million to $100 million by 2015.

The categorization of the recommended Explorer program augmentation as
a large-category activity reflects the total cost of the augmentation for the decade
2012-2021, and its high ranking is motivated by the committee’s view that expand-
ing the Explorer program is a very effective way to maximize scientific progress
for a given outlay.

Laser Interferometer Space Antenna (LISA)

LISA employs three separated spacecraft to detect long-wavelength ripples in
the fabric of space-time, thereby opening a new window on the universe. LISA
will detect the mergers of black holes with masses ranging from 10,000 to 10 mil-
lion solar masses at cosmological distances, and will make a census of compact
binary systems throughout the Milky Way. LISA promises new discoveries as well
as progress on central questions such as understanding the growth of galaxies and
black holes. LISA will also test general relativity with exquisite precision in regimes
inaccessible on Earth. LISA complements the search for gravitational radiation
being made at shorter wavelengths by the ground-based Advanced LIGO. LISA
is a partnership with ESA, and so its schedule is dependent on ESA’s selection of
the next L-class mission opportunity—LISA is one of three contenders for this
opportunity. LISA’s key technologies will be demonstrated on the ESA-led LISA
Pathfinder mission, due for launch in 2012. With the success of Pathfinder and a
decision by ESA to move forward, LISA could launch by 2025. Independent re-
view found LISA’s technical risk, assuming Pathfinder success, to be medium, and

Copyright © National Academy of Sciences. All rights reserved.



New Worlds, New Horizons in Astronomy and Astrophysics
http://lwww.nap.edu/catalog/12951.html

2020 Vision

the NASA appraised cost, based on a 50 percent participation and including the
costs of partnering at such a level, to be $1.4 billion. The cost and schedule risk
classification is medium high. If Pathfinder is not a success or if a roughly equal
partnership is not possible, the committee recommends that NASA request advice
from a decadal survey implementation advisory committee (DSIAC) to review the
situation mid-decade. LISA presents a compelling scientific opportunity, and there
is readiness to address its remaining technical challenges.

Overall the recommendation and prioritization for LISA reflect its compelling
science case and the relative level of technical readiness.

International X-ray Observatory (IXO)

IXO is a versatile, large-area, high-spectral-resolution X-ray telescope that
will make great advances on broad fronts ranging from characterization of black
holes to elucidation of cosmology and the life cycles of matter and energy in the
cosmos. Central to many of the science questions identified by this survey, IXO
will revolutionize high-energy astrophysics with more than an-order-of-magnitude
improvement in capabilities. IXO is a partnership among NASA, ESA, and the Japan
Aerospace Exploration Agency (JAXA), and, like LISA, it is a candidate for the next
L-class ESA launch opportunity. On the basis of a 50 percent participation, it has
an appraised cost to NASA, including the cost of partnering, of $3.1 billion, and the
cost and schedule risk is medium high. The technical risk is also medium high. Cost
threats and uncertainties due to the immaturity of some of the required technolo-
gies have added considerably to the cost appraisal. The budget profiles used by the
committee to define an overall program are unlikely to permit a start before the end
of the decade—allowing time for the necessary technology maturation and risk
reduction. However, this situation does not diminish the committee’s assessment
of the importance of the discoveries that IXO would make. Because of IXO’s high
scientific importance, a technology development program is recommended for this
decade with sufficient resources—estimated to be on the order of $200 million—to
prepare IXO for favorable consideration in the next survey in 2020. The committee
thinks that allowing IXO, or indeed any major mission, to exceed $2 billion in total
cost to NASA would unacceptably imbalance NASA’s astrophysics program, given
the present budgetary constraints. If the technology development program is not
successful in bringing cost estimates below this level, descope options must be con-
sidered. Should ESA select IXO as the first L-class mission, NASA should proceed
immediately with a DSIAC review to determine an appropriate path forward to
realize IXO as soon as possible with acceptable cost and schedule risk.

The ranking of IXO as the fourth-priority large space mission reflects the
technical, cost, and programmatic uncertainties associated with the project
at the current time. Many high-priority science questions require an X-ray
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observatory on this scale that can continue the great advances made by Chandra
and XMM-Newton. Furthermore, the science of IXO is quite complementary
with that of LISA.

Space Projects—Medium—in Rank Order

New Worlds Technology Development Program

One of the fastest-growing and most exciting fields in astrophysics is the study
of planets beyond our solar system. The ultimate goal is to image rocky planets
that lie in the habitable zone—at a distance from their central star where water
can exist in liquid form—and to characterize their atmospheres. To prepare for
this endeavor, the committee recommends a program to lay the technical and
scientific foundations for a future space imaging and spectroscopy mission. NASA
and NSF should support an aggressive program of ground-based high-precision
radial velocity surveys of nearby stars to identify potential candidates. In the first
part of the decade NASA should support competed technology development to
advance multiple possible technologies for a next-decade planet imager, and should
accelerate measurements of exozodiacal light levels that will determine the size and
complexity of such missions. The committee recommends an initial NASA funding
level of $4 million per year so as to achieve a clear set of design requirements and
technology gateways to be passed. If, by mid-decade, a DSIAC review determines
that sufficient information has become or is becoming available on key issues such
as planet frequency and exozodiacal dust distribution, a technology down-select
should be made and the level of support increased to enable a mission capable
of studying nearby Earth-like planets to be mature for consideration by the 2020
decadal survey, with a view to a start early in the 2020 decade. The committee
estimates that an additional $100 million will be required for the mission-specific
development.

Inflation Probe Technology Development Program

Detecting the distinctive imprint on the cosmic microwave background caused
by gravitational waves produced during the first few moments of the universe
would provide evidence for the theory of inflation and open a new window on
exotic physics in the early universe. Progress in detecting this signal is rapid,
with advances from ground-based telescopes, suborbital flights, and the recently
launched Planck satellite. The committee recommends a technology program to
advance detection techniques at an annual funding level of $1 million to $2 million.
If the polarization pattern imprinted by gravitational waves from the epoch of
inflation is detected during this decade, the committee recommends a technology
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selection and mission development to design a mission to study the signal. The
resulting proposal would be considered by the 2020 decadal survey. The committee
estimates a budget requirement of $60 million for the development, to be triggered
in the event of a convincing detection.

Small Additions and Augmentations to Space Research Program (Unranked)

U.S. Contribution to the JAXA-ESA SPICA Mission

The Space Infrared telescope for Cosmology and Astrophysics (SPICA) is a
Japanese-led 3.5-meter infrared telescope that will operate from 5 to 210 microns.
SPICA will address many of this survey’s science priorities, including understanding
the birth of galaxies, stars, and planets as well as the motion of matter through our
own interstellar medium. A competed U.S. science and instrument contribution at
an estimated level of $150 million over the decade is recommended.

Core Research Program

NASA’s core research programs, from theoretical studies to innovative
technology development, are fundamental to mission development and essential
for scientific progress. They provide the long-term foundation for new ideas
that stretch the imagination, and they lay the groundwork for far-future vision
missions. They support the maturation of new technologies needed for nearer-
term Explorer and flagship missions. They provide the means to understand and
interpret scientific results. Maintaining these core activities has a high priority for
the survey committee, and the budget allocations should not be allowed to decrease
to address overruns in the costs of large and medium missions. In addition, the
following unranked specific augmentations are recommended.

Astrophysics Theory Program. To enhance the scientific return from operating
missions and inform the investment in new ones, an augmentation of $35 million
to the current funding level for the decade is recommended.

Definition of a Future Ultraviolet-Optical Space Capability. To prepare for a future
major ultraviolet mission to succeed the Hubble Space Telescope, it will be necessary
to carry out a mission-definition program. A budget of roughly $40 million over the
decade for mission studies and initial technology development is recommended.

Intermediate Technology Development. A gap has emerged within NASA between

long-term so-called “Blue Skies” investigations and shorter-term mission-specific
technology development. Formally this gap is associated with technology readiness
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levels 3 to 5. An augmentation beginning at $2 million per year and increasing to
$15 million per year by the end of the decade would address this imbalance.

Laboratory Astrophysics. Herschel, JWST, SPICA, and IXO, with their fine spec-
tral capabilities, will place new demands on basic nuclear, ionic, plasma, atomic,
and molecular astrophysics. Care should be taken to ensure that these needs are
met. An increase by $2 million per year in the funding of the present program is
recommended.

Suborbital Program. The balloon and sounding rocket programs provide fast
access to space for substantive scientific investigations and flight testing of new
technology. The balloon program in particular is important for advancing detec-
tion of the cosmic microwave background and particle detection. These programs
also provide a training ground for the principal investigators of tomorrow’s major
missions. A growth in the budget by $15 million per year is recommended.

Theory and Computation Networks. To enable the large-scale theoretical inves-
tigations identified as science priorities by this survey, the committee proposes a
new competed program to support coordinated theoretical and computational
research—particularly that of fundamental relevance to upcoming space obser-
vatories. For NASA an annual budget of $5 million is recommended. For DOE an
annual funding level of $1 million is recommended for activities related to space-
based research.

Ground Projects—Large—in Rank Order

Large Synoptic Survey Telescope (LSST)

LSST is a multipurpose observatory that will explore the nature of dark energy
and the behavior of dark matter, and will robustly explore aspects of the time-
variable universe that will certainly lead to new discoveries. LSST addresses a large
number of the science questions highlighted in this report. An 8.4-meter optical
telescope to be sited in Chile, LSST will image the entire available sky every 3 nights.
Over a 10-year lifetime, LSST will be a unique facility that, building on the suc-
cess of the Sloan Digital Sky Survey, will produce a 100-billion-megabyte publicly
accessible database. The project is relatively mature in its design. The appraised
construction cost is $465 million, two-thirds of which the committee recommends
be borne by NSF through its Major Research Equipment and Facilities Construc-
tion (MREFC) line and a quarter by DOE using Major Item of Equipment (MIE)
funds, with the remaining fraction coming from international and private partners.
The annual operations costs are estimated at $42 million, of which $28 million
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is reccommended to be split between NSF and DOE at two-thirds and one-third,
respectively. The committee recommends that LSST be submitted immediately for
NSF’s MREFC consideration with a view to achieving first light before the end of
the decade. Independent review judged the cost and schedule risk, as well as the
technical risk, to be medium low.

The top rank accorded to LSST is a result of (1) its compelling science case and
capacity to address so many of the science goals of this survey and (2) its readiness
for submission to the MREFC process. LSST was judged by its technical maturity,
the survey’s assessment of risk, and appraised construction and operations costs.
Having made considerable progress in terms of its readiness since the 2001 survey,
LSST was judged as the most “ready-to-go.”

Mid-Scale Innovations Program

New discoveries and technical advances enable small- to medium-scale experi-
ments and facilities that advance forefront science. A large number of compelling
proposed research activities submitted to this survey were highly recommended
by the Program Prioritization Panels, with costs ranging between the limits of
the NSF Major Research Instrumentation and MREFC programs, $4 million to
$135 million. The committee recommends a new competed program to signifi-
cantly augment the current levels of NSF support for mid-scale programs. An
annual funding level of $40 million per year is recommended—just over double
the amount currently spent on projects in this size category through a less formal
programmatic structure.

The principal rationale for the committee’s ranking of the Mid-Scale Innova-
tions Program is the many highly promising projects for achieving diverse and
timely science.

Giant Segmented Mirror Telescope (GSMT)

Transformative advances in optical and infrared (OIR) astronomy are now pos-
sible by building adaptive optics telescopes with roughly 10 times the collecting area
and up to 80 times the near-infrared sensitivity of current facilities. These obser-
vatories will have enormous impact across a large swath of science and will greatly
enhance the research that is possible with several other telescopes, especially JWST,
the Atacama Large Millimeter/submillimeter Array (ALMA), and LSST. A federal
investment to provide access for the entire U.S. astronomy and astrophysics com-
munity to an optical-infrared 30-meter-class adaptive optics telescope is strongly
recommended. Two U.S.-led projects, the Giant Magellan Telescope (GMT) and the
Thirty Meter Telescope (TMT), are being developed by international collaborations
led by U.S. private consortia. The committee recommends that a choice between
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the two projects be made as soon as possible for a federal partnership at a level of
about a 25 percent investment in one of them. A schedule and budget plan should
then be developed. The survey appraises a total GSMT construction cost in the
range of $1.1 billion (GMT appraisal) to $1.4 billion (TMT appraisal) and assumes
that the federal share of the capital cost will be borne by MREFC, while recogniz-
ing that the total share may be secured through whatever combination of capital
cost, operating funds, and instrumentation support is most favorable. The opera-
tions federal cost share is expected to carried by NSF-Astronomy. Both telescope
projects estimated their annual operations costs (including facility and instrument
upgrades) at around $50 million ($36 million, GMT; $55 million, TMT). Although
the committee did not analyze these estimates in detail, they are far below the usual
rule of thumb for large projects (10 percent of construction costs per year).

The committee believes that a GSMT will, as large telescopes have in the past,
transform U.S. astronomy because of the telescope’s broad and powerful scientific
reach, and that federal investment in a GSMT is vital to U.S. competitiveness in
ground-based optical astronomy over the next two decades. These are the main
reasons for the committee’s strong recommendation of GSMT.

The third-place ranking also results from the requirement in the committee’s
charge that the survey’s prioritization be informed not only by scientific potential
but also by the technical readiness of the components and the system, the sources
of risk, and the appraisal of costs. LSST and several of the concatenation of candi-
dates for the Mid-Scale Innovations Program were deemed to be ahead of GSMT
in these areas. The committee also took into account programmatic concerns such
as the time it will take to implement the committee’s recommendation for a choice
to be made on which one of the two U.S.-led GSMT concepts NSF will partner,
and the time it would take for any MREFC decision to be made and federal funds
awarded. The committee’s setting of the relative positions of its top three ranked
activities resulted from its consideration of all these various factors.

Atmospheric Cerenkov Telescope Array (ACTA)

The past decade has seen the coming of age of very high energy tera-electron-
volt (TeV) gamma-ray astronomy. Plans are underway to capitalize on recent sci-
entific advances by building a large facility that uses light created as gamma rays
interact with the atmosphere and that will achieve an order-of-magnitude greater
sensitivity compared to current telescopes. This new gamma-ray observatory will
detect a wide variety of high-energy astrophysical sources and seek indirect evidence
for dark matter annihilation. Two facilities, the European Cerenkov Telescope Array
(CTA) and the U.S. Advanced Gamma-ray Imaging System (AGIS), have been pro-
posed. The survey appraised the full AGIS project cost to be in the $400 million
range. The technical risk was judged to be medium low. The committee recommends
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that the U.S. AGIS team collaborate as a partner with the European CTA team and
that a U.S. budget for construction and operations of approximately $100 million
over the decade be shared between DOE, NSF-Physics, and NSF-Astronomy.

The recommendation for ongoing U.S. involvement in TeV astronomy is based
largely on the demonstrated recent accomplishments of this field and the prospect
of building fairly quickly a much more capable facility to address a broad range of
astronomy and physics questions over the next decade.

Ground Project—Medium

CCAT

CCAT (formerly the Cornell-Caltech Atacama Telescope ) is a powerful wide-
field-of-view 25-meter telescope to be constructed at a high site in Chile just above
the ALMA site. CCAT will perform sensitive millimeter and submillimeter imaging
surveys of large fields, enabling studies of galaxies, stars, planets, and interstellar
gas, as well as objects in the outer solar system. CCAT will complement ALMA by
finding many of the sources that ALMA will follow up. The committee appraises
the total development and construction cost at $140 million. The estimated start of
operations is 2020, and the survey judges the cost and schedule risk, and technical
risk, as medium. The committee recommends NSF support for the construction
costs, on the order of $37 million, and a $7.5 million share of the operations costs,
provided that the U.S. community has appropriate access to both the results of the
surveys and competed observing time.

CCAT is called out to progress promptly to the next step in development
because of its strong science case, its importance to ALMA, and its readiness.

Small Additions and Augmentations to Ground Research Program (Unranked)

Advanced Technologies and Instrumentation (ATI)

ATT supports instrumentation and technology development, including com-
puting at astronomical facilities in support of the research program. The current
level of funding is roughly $10 million per year, which the committee proposes
to increase to $15 million per year to accommodate key opportunities, including,
especially, adaptive optics development and radio instrumentation.

Astronomy and Astrophysics Research Grants Program (AAG)

Individual investigator grants provide critical support for astronomers to con-
duct the research for which the observatories and instruments are built. The current
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funding level has fluctuated, especially due to the welcome injection of ARRA®
funding, but the rough baseline is $46 million. An increase of $8 million to bring
the baseline to $54 million is recommended. This increase should include the sup-
port of new opportunities in Laboratory Astrophysics.

Gemini Augmentation

The imminent withdrawal of the United Kingdom (UK) from the Gemini
partnership will require that additional support come from the remaining partners.
Set against this need is a desire to operate the telescopes more efficiently and a
belief that cost savings are achievable. An augmentation of $2 million in the annual
budget is recommended subject to the results of negotiations between the Gemini
Board and NSE.

Telescope System Instrument Program (TSIP)

TSIP supports telescope instrumentation on privately operated telescopes in
exchange for observing time. It is a vital component of the OIR system that was
instituted following a recommendation of the 2001 decadal survey, AANM. It is
currently supporting research at a rate of $2 million to $3 million per year, and an
increment to $5 million per year is proposed.

Theory and Computation Networks

This is a new competed program coordinated between NSF and DOE to sup-
port coordinated theoretical and computational attacks on selected key projects
that are judged ripe for such attention. An NSF annual funding level of $2.5 million
is recommended. For DOE an annual funding level of $1 million is recommended.
A similar program is proposed for NASA and DOE above in the space-based pro-
gram recommendations.

OTHER CONCLUSIONS AND RECOMMENDATIONS

The field of astronomy is far more than telescopes and discoveries. It involves
people—students for whom it provides a gateway to all science and technology,
members of the public who share a fascination with learning about the universe,
and astronomers themselves. Within the United States, it involves three science
agencies, DOE, NASA, and NSF, and many individuals and private foundations that
have generously supported the field in the past and promise to do so in the future.

> American Recovery and Reinvestment Act of 2009, commonly referred to as the stimulus act.
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Beyond the U.S. astronomy community is a vast network of researchers, facilities,
and plans that interface in complex ways, sometime competitively, but increasingly
collaboratively. Each of these expressions of the field of astronomy raises policy
issues that are also encompassed by the charge to the committee and are mentioned
below and discussed in detail in Chapters 3 through 6. The major conclusions and
recommendations offered in those chapters are discussed below.

Partnership in Astronomy and Astrophysics Research

The opportunities described in the reports from the survey’s Program Pri-
oritization Panels on optical and infrared and on radio, millimeter, and submil-
limeter astronomy from the ground; on electromagnetic observations from space;
and on particle astrophysics and gravitation are compelling. Having reviewed so
many opportunities for building research facilities and instruments that would
be dependent on multiple approaches to collaborative science, the committee was
easily convinced of the value of a continued emphasis on forging new and strong
partnerships.

CONCLUSION: Complex and high-cost facilities are essential to major
progress in astronomy and astrophysics and typically involve collaboration
of multiple nations and/or collaboration of federal and non-federal institu-
tions. These partnerships bring great opportunities for pooling resources
and expertise to fulfill scientific goals that are beyond the reach of any single
country. However, they also present management challenges and require a
new level of strategic planning to bring them to fruition.

International Collaboration

Dramatic discoveries about the universe have stimulated a substantial growth
of interest in astronomy, in other countries and in allied disciplines like physics.
Although the federal investment in astronomy has increased, that of the rest of the
world has grown much faster. Astronomical research is becoming a more interna-
tional enterprise. Almost all new major facilities involve scientists and engineers
from all around the world and are built and operated with funds from diverse
sources. These changes necessitate new approaches to providing access and sharing
data that are both more flexible and more equitable.

RECOMMENDATION: U.S. investors in astronomy and astrophysics, both
public and private, should consider a wide range of approaches to realize
participation in international projects and to provide access for the U.S.
astronomy and astrophysics community to a larger suite of facilities than
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can be supported within the United States. The long-term goal should be to
maximize the scientific output from major astronomical facilities through-
out the world, a goal that is best achieved through opening access to all
astronomers.

International Strategic Planning

Another consequence of the globalization of astronomy is that it no longer
suffices to make national strategic plans. Indeed, much of the challenge of the
present survey derives from this realization. It is neither realistic nor advisable to
imagine creating a single international strategic plan that separates the science
from the funding authority. However, a regular comparison of national and, in the
case of Europe, continental plans can provide a forum for reviewing developments
in science and technology and can create a fertile environment where successful
collaborations can grow. One large international project for which such a forum
would be beneficial is the Square Kilometer Array (SKA). Despite the unqualified
enthusiasm for the science that this facility could deliver and the recognition that
it represents the long-term future of radio astronomy, the committee encountered
a major discrepancy between the schedule advertised by the international SKA
community and the timescale on which NSF could realistically make a significant
contribution to SKA’s construction and operations costs.

RECOMMENDATION: Approximately every 5 years the international
science community should come together in a forum to share scientific
directions and strategic plans, and to look for opportunities for further
collaboration and cooperation, especially on large projects.

Society, Astronomy, and Astronomers

Serving the Nation

The committee’s recommended ambitious program of research in astronomy
and astrophysics is driven in part by the benefits to society. Although the impetus
for public support for the astronomy and astrophysics research enterprise will
always be primarily the quest for an ever-deepening knowledge of our universe,
as discussed elsewhere in this report that public support also produces significant
additional benefits for the nation and its people.

CONCLUSION: Astronomy is a pure science, driven by human curiosity.
Nevertheless, the techniques and models developed in the process of conduct-
ing astronomical research often have broad utility. For example, advances in
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understanding of the Sun and of the climates of other planets help illuminate
critical issues and inform thinking about climate change here on Earth. The
impact of recent discoveries and the many new opportunities thus created
have led to great interest in astronomy.

The urgency for federal investment in science, technology, engineering, and
mathematics (STEM) education and research was highlighted in the influential
2007 National Academies report Rising Above the Gathering Storm: Energizing and
Employing America for a Brighter Economic Future.®

CONCLUSION: Astronomical research continues to offer significant ben-
efits to the nation beyond astronomical discoveries. These benefits include
its role in capturing the public’s attention and thereby promoting general
science literacy and proficiency, its service as a gateway to science, technol-
ogy, engineering, and mathematics careers, and a number of important and
often unexpected technological spin-offs. The field of astronomy and astro-
physics deserves inclusion in initiatives to enhance basic research, such as
the America COMPETES Act.

As further service to the nation, important roles in government can be played
by suitably skilled scientists. Not only are they able to inform the decision-making
process, but they also can develop a rare appreciation of the challenges of the politi-
cal process, which they are well-placed to communicate to other scientists.

RECOMMENDATION: The astronomical community should encourage and
support astronomers’ commitment to serve in science service/policy posi-
tions, on a rotator, fellowship, or permanent basis, at the relevant funding
agencies—NSF, NASA, DOE—in Congress, at the Office of Management and
Budget, or at the Office of Science and Technology Policy.

Career Planning

A consequence of the current excitement in the field of astronomy is that it
attracts many highly capable students who contribute substantially to the research
enterprise. Not all of these will take up long-term positions in astronomy, and so
it is fortunate that training in astronomical research appears to be well matched in
practice to much broader career opportunities. However, the situation also appears
to be changing rapidly, and there is a need for students and postdoctoral scholars
to be responsibly informed about their employment options on the basis of reliable

¢ National Academy of Sciences, National Academy of Engineering, and Institute of Medicine,
Rising Above the Gathering Storm: Energizing and Employing America for a Brighter Economic Future,
The National Academies Press, Washington, D.C., 2007.
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and current information. There is a particular need to educate and expose young
researchers to issues of public policy.

RECOMMENDATION: The American Astronomical Society and the Ameri-
can Physical Society, alongside the nation’s astronomy and astrophysics
departments, should make both undergraduate and graduate students aware
of the wide variety of rewarding career opportunities enabled by their edu-
cation, and be supportive of students’ career decisions that go beyond aca-
demia. These groups should work with the federal agencies to gather and
disseminate demographic data on astronomers in the workforce to inform
students’ career decisions.

Underrepresented Groups

By all measures minority Americans are seriously underrepresented among
professional astronomers, and women have not yet achieved parity. For many
reasons, improving the involvement of minority Americans and women is a matter
of the highest priority. As discussed in Chapter 4, the committee came to the follow-
ing two conclusions:

CONCLUSION: Little progress has been made in increasing the number of

minorities in astronomy. Agencies, astronomy departments, and the com-
munity as a whole need to refocus their efforts on attracting members of
underrepresented minorities to the field.

CONCLUSION: The gender gap in astronomy has diminished significantly,
although women still occupy only a small percentage of the most senior
positions. Astronomy departments and the community as a whole need to
continue work to promote gender equity at all levels.

Sustaining Core Capabilities

Theory

The role of theorists has changed greatly in recent times, and they have become
more engaged in the interpretation of current data as well as the planning of future
facilities and missions. In addition, computational approaches have expanded
greatly the range of problems that can be solved with confidence. The committee
concluded that a new approach to supporting theory is needed, a conclusion that
is reflected in its proposed program.
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RECOMMENDATION: A new program of Research Networks in Theoretical
and Computational Astrophysics should be funded by DOE, NASA, and NSE.
The program would support research in six to eight focus areas that cover
major theoretical questions raised by the survey’s Science Frontiers Panels.

Data Handling

A related issue is the increasing importance of data handling in astronomical
projects and the need to see data analysis as an integral part of any new project.
In the committee’s view the best proposals for new major ground-based facilities
and instruments include such planning.

RECOMMENDATION: Proposals for new major ground-based facilities and
instruments with significant federal funding should be required as a matter
of agency policy to include a plan and if necessary a budget for ensuring
appropriate data acquisition, processing, archiving, and public access after
a suitable proprietary period.

Data Curation

Many astronomical data sets have long-term value and benefits. The committee
concluded that there is a need for attention to data curation.

RECOMMENDATION: NSE, NASA, and DOE should plan for effective long-
term curation of, and access to, large astronomical data sets after completion
of the missions or projects that produced these data, given the likely future
scientific benefit of the data. NASA currently supports widely used curated
data archives, and similar data curation models could be adopted by NSF
and DOE.

Laboratory Astrophysics

Another important component of the astrophysical infrastructure is the ability
to carry out crucial measurements in the laboratory that are relevant to interpreting
observations from astronomical environments. The suite of recently launched and
proposed facilities will make the acquisition of laboratory data even more crucial
than it has been in the past.

CONCLUSION: DOE national laboratories, including those funded by the
Office of Science and the National Nuclear Security Administration, have
many unique facilities that can provide basic astrophysical data.
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The committee believes that NASA, NSF, and DOE will need to include funding
for laboratory astrophysics in support of new missions and facilities and supports
this conclusion in its proposed program. Other funding models should be consid-
ered if it is deemed necessary and cost-effective.

RECOMMENDATION: NASA and NSF support for laboratory astrophysics
under the Astronomy and Physics Research and Analysis and the Astronomy
and Astrophysics Research Grants programs, respectively, should continue at
current or higher levels over the coming decade because these programs are
vital for optimizing the scientific return from current and planned facilities.
Missions and facilities, including DOE projects, that will require significant
amounts of new laboratory data to reach their science goals should include
within their program budgets adequate funding for the necessary experi-
mental and theoretical investigations.

Preparing for Tomorrow

Senior Reviews

Ground-based astronomical observatories are often long-lived, and their inte-
grated operating costs frequently exceed their construction cost by a large factor. It
is therefore good stewardship to manage the NSF portfolio wisely and to balance
continued support of older facilities with the development and operation of newer
ones. To address this challenge, NSF-Astronomy completed its first senior review
exercise in 2006. The need for these reviews is ongoing.

CONCLUSION: Maintaining an appropriate balance in NSF’s astronomy
and astrophysics research portfolio and, by extension, balance in the health
and scientific effectiveness of the NSF facilities requires a vigorous periodic
senior review.

RECOMMENDATION: NSF-Astronomy should complete its next senior
review before the mid-decade independent review that is recommended
elsewhere in this report, so as to determine which, if any, facilities NSF-AST
should cease to support in order to release funds for (1) the construction
and ongoing operation of new telescopes and instruments and (2) the sci-
ence analysis needed to capitalize on the results from existing and future
facilities.
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Ground-Based Optical Astronomy

OIR astronomy in the United States historically has benefited from significant
private investment, with considerable progress made over the past decade in public-
private collaboration and partnerships. The OIR future is certain to include ever
more complex facilities.

CONCLUSION: Optimizing the long-term scientific return from the whole
of the U.S. optical and infrared system requires a readjusting of the balance
of the NSF-Astronomy program of support in three areas: (1) publicly op-
erated national observatories—the combined National Optical Astronomy
Observatories and Gemini facilities that currently dominate spending;
(2) private-public partnerships—such as support for instrumentation at
and upgrades of privately operated observatories; and (3) investment in
future facilities.

Gemini is an international partnership that constructed and now operates two
8-meter optical-infrared telescopes, one in the Northern Hemisphere, the other in
the Southern Hemisphere. The United Kingdom has recently announced an inten-
tion to leave the partnership in 2012, resulting in a need to replace the UK support.
This change presents an opportunity to revisit the management of Gemini as it
transitions to stable observatory operation.

RECOMMENDATION: To exploit the opportunity for an improved partner-
ship between federal, private, and international components of the optical
and infrared system, NSF should explore the feasibility of restructuring the
management and operations of Gemini and acquiring an increased share of
the observing time. It should consider consolidating the National Optical
Astronomy Observatory and Gemini under a single operational structure,
both to maximize cost-effectiveness and to be more responsive to the needs
of the U.S. astronomical community.

Ground-Based Radio Astronomy

With the commissioning of ALMA and the expectation for SKA in the future,
radio astronomy stands poised to continue to offer considerable promise in the
exploration of our universe.

CONCLUSION: The future opportunities, worldwide, in radio, millimeter,
and submillimeter astronomy are considerable, but U.S. participation in
projects such as the Square Kilometer Array is possible only if there is either
a significant increase in NSF-Astronomy funding or continuing closure of
additional unique and highly productive facilities.
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Ground-Based Solar Astronomy

U.S. solar astronomy is undergoing major changes with the commitment to
construct the Advanced Technology Solar Telescope and the associated plan to close
several existing facilities as well as to reorganize the National Solar Observatory.
There have been great advances in space-based solar astronomy, most recently with
the successful launch and deployment of the Solar Dynamics Observatory. In addi-
tion, there is a growing interest in the solar-terrestrial connection associated with
climate research. These changes imply that it is time to reevaluate the management
of the U.S. program.

RECOMMENDATION: NSF should work with the solar, heliospheric, stellar,
planetary, and geospace communities to determine the best route to an
effective and balanced ground-based solar astronomy program that main-
tains multidisciplinary ties. Such coordination will be essential in develop-
ing funding models for the long-term operation of major solar facilities
such as the Advanced Technology Solar Telescope and Frequency-Agile Solar
Radiotelescope, and in the development of next-generation instrumenta-
tion for them along with the funding of associated theory, modeling, and
simulation science.
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On the Threshold

A confluence of stunning discoveries, technological advances, and powerful
ideas has made this a remarkable time in astronomy and astrophysics. The dis-
covery of dark energy and exoplanets, the development of new digital detectors
across the electromagnetic spectrum, dramatic advances in computing power, and
big ideas from particle physics have us poised for major leaps in our comprehension
of the universe and our place within it.

Over the next decade we will be able to trace our origins, from the quantum
fluctuations that seeded galaxies in the infant universe, to the origin of atoms and
dark matter, to the first stars and galaxies, and to the formation of planetary systems
like ours. We are also primed to understand how the most exotic objects in the
universe work, including supermassive black holes and neutron stars, as well as to
figure out how planetary systems form, how common are planets in the habitable
zone around stars, and how to find evidence for life elsewhere.

During the decade we will push the frontiers of basic knowledge, using the
universe as a laboratory to identify the exotic dark matter and understand the even
more mysterious dark energy, probe the basic properties of neutrinos and deter-
mine how they shaped the universe, and test whether or not Einstein’s theory of
gravity fully describes black holes. Although astronomy is the oldest science, it is
constantly being reborn, and we can anticipate great surprises from all the new
tools that are becoming available such as opening up time-domain astronomy and
the exploration of the universe with gravitational waves.

In what follows the committee casts the compelling questions for the next
decade and beyond in four thematic areas: discovery, origins, understanding the

35
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cosmic order, and frontiers of knowledge. These questions resulted from the care-
ful surveying of the current state of research in astronomy and astrophysics done
by Astro2010’s five Science Frontiers Panels (SFPs), later synthesized by the com-
mittee.! An assessment of the readiness of the astronomy and astrophysics enter-
prise to answer these questions led directly to the science program described in
later chapters.

DISCOVERY

New technologies, observing strategies, theories, and computations open
vistas on the universe and provide opportunities for transformational com-
prehension, i.e., discovery.

Science frontier discovery areas:

» Identification and characterization of nearby habitable exoplanets,
*  Gravitational wave astronomy,

* Time-domain astronomy,

s Astrometry,’> and

* The epoch of reionization.

Scientific progress often follows predictable paths. Through keen insight and
diligent pursuit, questions are asked and answered, and knowledge is recorded. But
many of the most revolutionary discoveries in science are made when a new way
of perceiving or thinking about the universe evaporates the fog that had obscured
our view and reveals an unimagined cosmic landscape all around us. The history of
astronomy is replete with these revelatory moments. This capacity of the universe
to astonish us was certainly evident during the past decade. Here the committee
lists just a few of the most far-reaching examples.

The surprising discovery in 1998 that the expansion of the universe is acceler-
ating rather than slowing, due to the repulsive gravity of dark energy, has changed
the way we think about the evolution and destiny of the universe and has chal-
lenged our understanding of physics at the most fundamental level. In the coming
decade, an optimized and coordinated set of facilities on the ground and in space
will test whether the simplest hypothesis—dark energy is the quantum energy of

! The charge to the SFPs and their findings are summarized in Appendix A. Their reports are con-
tained in the present report’s companion volume, National Research Council, Panel Reports—New
Worlds, New Horizons in Astronomy and Astrophysics, The National Academies Press, Washington,
D.C,, 2011.

2 Astrometry is the measurement of the motions of stars.
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the vacuum—is the correct explanation or if something more exotic is needed, as
must be the case for the inflationary epoch, an earlier period of acceleration. It is
even possible that a modification of Einstein’s general relativity will be needed.
Either way, the implications for both astronomy and physics are profound.

Telescopes are time machines: because light travels across the cosmos at a finite
speed, the most distant objects probe the furthest back in time. The 13.7-billion-
year-old cosmic microwave background is seen in the millimeter band. The latest
record holder (early 2010) for the most distant object is a gamma-ray burst that
occurred 13.1 billion years ago when the universe was 0.6 billion years old. It was
detected by a NASA Explorer program satellite called Swift, and its distance
was measured by follow-up observations from telescopes on the ground. In the
coming decade, powerful new observatories on the ground and in space will allow
us to push back to still earlier times and glimpse the end of the cosmic dark ages
signaled by the formation of the first-ever luminous sources in the universe—the
first generation of stars.

Closer to home, the past decade has seen the discovery of well over 400 planets
orbiting nearby stars. Although the existence of extrasolar planets had long been
anticipated, the astonishing discovery is that the planets and their orbits seem to
be nothing like our own. In the coming decade, new facilities on the ground and
in space will enable us to detect potentially life-bearing planets similar to Earth.

Looking forward, the most promising areas for revolutionary discoveries are
highlighted in the following subsections. This is indeed a special time in history.
The unexpected can be expected with confidence.

The Discovery of Habitable Planets

We are rapidly building our knowledge of nearby analogs to our own solar
system’s planets, most recently with the launch of NASA’s Kepler mission. The
salient feature of the planetary menagerie of which we are currently aware is its
diversity—in every measureable sense—of the properties of the planets as well as
the properties of the stars around which they orbit. We are also improving our
understanding of the planet formation process, and ALMA is expected to unveil
the birthing of new worlds.

Until now detection methods have only been able to discover massive planets
rivaling the giants in our solar system (Figure 2.1 upper) or larger objects (Fig-
ure 2.1 lower). The most profound discovery in the coming decade may be the
detection of potentially habitable Earth-like planets orbiting other stars. To find
evidence that life exists beyond our Earth is a longstanding dream of humanity,
and it is now coming within our reach.

The search for life around other stars is a multi-stage process. Although JWST
may be able to take the first steps, more complex and specialized instrumentation
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FIGURE 2.1 Upper: Montage of some of the first extrasolar systems discovered using the radial
velocity technique, compared with our inner solar system. SOURCE: Geoff Marcy, University of
California, Berkeley, and Paul Butler, Carnegie Institution for Science. Lower: Adaptive optics image
obtained at the Gemini and Keck Observatories of three planetary-mass objects orbiting the nearby
A star HR 8799. The bright light from the star has been subtracted to enable the faint objects to
be seen. A dust disk lies just outside the orbits of the three planets, just as in our solar system
the Kuiper belt lies outside the orbit of Neptune at 30 AU. SOURCE: National Research Council of
Canada—Herzberg Institute of Astrophysics, C. Marois and Keck Observatory.
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is also needed, requiring a longer-term program. First, the frequency with which
Earth-size planets occur in zones around stars where liquids such as water are stable
on planetary surfaces must be measured (see Box 2.1). Stars will then be targeted
that are sufficiently close to Earth that the light of the companion planets can be
separated from the glare of the parent star and studied in great detail; this will
allow us to find signatures of molecules that indicate a potentially habitable envi-
ronment. Here, the opportunities are suddenly bountiful, as we have understood
over this past decade that, for example, stars much lower in mass than our Sun may
have orbiting habitable planets that are much easier to spot. Thus, the plan for the
coming decade is to perform the necessary target reconnaissance surveys to inform
next-generation mission designs while simultaneously completing the technology
development to bring the goals within reach. This decade of dedicated preparatory
work is needed so that, one day, parents and children can gaze at the sky and know
that a place somewhat like home exists around “THAT” star, where life might be
gaining a toehold somewhere along the long and precarious evolutionary process
that led, on Earth, to humankind. And perhaps it is staring back at us!

A Bold New Frontier: Gravitational Radiation

In the coming decade, a radically new window on the cosmos will open, with
the potential to reveal signals of phenomena ranging from the processes that shaped
the earliest era of the universe to the collisions and mergers of black holes in the
more recent history of the universe. Einstein’s theory of relativity tells us that space
and time are inextricably linked to form space-time (Figure 2.2). Space-time is
malleable: its shape is determined by the distribution of mass and energy in the uni-
verse. Massive bodies ripple space-time as they move, creating gravitational waves
that propagate through the cosmos at the speed of light, unimpeded by even the
densest material. The direct detection of gravitational waves requires measurements
at a level of exquisite precision and sensitivity that is just now within our reach.

The daunting challenges associated with building kilometer-size detectors
whose distortion by passing gravitational waves can be measured to less than one-
thousandth the radius of a single proton have been overcome. By mid-decade a
worldwide array of ground-based detectors such as Advanced LIGO will be operat-
ing. Like electromagnetic waves, gravitational waves span a spectrum, with more
massive objects typically radiating at longer wavelengths. These ground-based
experiments will probe the short-wavelength part of the spectrum, enabling us to
observe the mergers of neutron stars and possibly to see the collapse of a stellar
core in the fiery furnace of a supernova explosion.

However, even more promising are signals in a completely different part of
the gravitational wave spectrum, at longer wavelengths, predicted to result from
mergers of massive black holes during the build-up of galaxies. Detecting these
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BOX 2.1
Other Worlds Around Other Stars

The detection and study of exoplanets—planets orbiting other stars—is expanding into
the realm of Earth-like planets, less than 15 years after the discovery of the very first planet
orbiting a star like the Sun. More than 400 planets are known, most discovered by the ground-
based Doppler spectroscopic technique, in which telescopes look for a slight variation in radial
velocity in stars like the Sun, and in smaller stars. An operating “transit” telescope in space
today is capable of detecting planets the size of our own and smaller (Figure 2.1.1). NASA’s
Kepler mission, launched March 6, 2009, observes more than 100,000 stars in the “Orion arm”
of our Milky Way galaxy for a telltale dip in their light output which, if regular and repeatable,
represents the passage or transit of a planet in front of the star. A French and European Space
Agency precursor to Kepler, called COROT, has during its 2'2 years of observations already
detected planets as small as about 1.7 times the diameter of Earth. With these missions in
operation, we will know in the next 5 years just how common Earth-size planets located on
short orbits close to their stars might be in our galactic neighborhood.
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FIGURE 2.1.1 Kepler measurements of the light from HAT-P-7. The larger dip is that due to a
planet about 1.4 times the radius of Jupiter transiting in front of the star, reducing the light of
the star by about 0.7 percent. Such a drop has been observed from ground-based telescopes.
However, the smaller drop, about 0.013 percent of the light of the star, is seen by Kepler as the
planet itself passes behind the star—hence Kepler is directly detecting the light of the planet
itself. Such accuracy and precision are beyond ground-based telescopes and are sufficient
to detect an Earth-size planet in transit across Sun-like stars. SOURCE: NASA press release
and W.J. Borucki, D. Koch, J. Jenkins, D. Sasselov, R. Gilliland, N. Batalha, D.W. Latham, D.
Caldwell, G. Basri, T. Brown, J. Christensen-Dalsgaard, et al., Kepler’s optical phase curve of
the Exoplanet HAT-P-7b, Science 325:709, 2009.
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Meanwhile, exoplanets ranging in size from Jupiter to Neptune are being studied from
ground- and space-based observatories, revealing exotic weather systems and strange chemical
patterns that differ from those in our solar system (Figure 2.1.2). On HD189733b, in a close
circular orbit around its star, day-night temperatures are so extreme that supersonic winds may
flow around the Jupiter-size planet. The Spitzer infrared space telescope has measured the
light from a number of Jupiter-class exoplanets, hence determining atmospheric compositions.
HD80606b, a giant planet observed by Spitzer, has an elliptical orbit that brings it alternately
close to and far from its parent star so that its atmospheric temperatures change by many hun-
dreds of degrees Celsius over 6 hours. Data on planet sizes, when combined with ground-based
measurements of the planetary masses, yield densities. Many of these planets are less dense
than gaseous Jupiter, whereas others are much denser, indicating a range of interior composi-
tions and structures. Spitzer has the capability to see planets less than twice the diameter of
Earth transiting the smallest stars, or M dwarfs, and its successor the James Webb Space Tele-
scope will be even more sensitive when launched in 2015. The era of study of the properties
of rocky planets around other stars, cousins of Earth, is underway.

Starlight
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\ e

FIGURE 2.1.2 Spectrum (data points) of the exoplanet HD 189733b taken with the Hubble
Space Telescope NICMOS instrument, compared with two model atmospheric compositions.
The better fit with methane constitutes the first evidence for an organic molecule in an exo-
planet, in this case one about the size and mass of Jupiter orbiting very close to its parent star.
SOURCE: Inset adapted from M.R. Swain, G. Vasisht, and G. Tinetti, The presence of methane
in the atmosphere of an extrasolar planet, Nature 452:329-331, 2008.
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FIGURE 2.2 The source 3C 75, shown here in X-rays (blue) and radio waves (pink), is a rare example
of two galaxies caught in the act of merging. Not only do their stars merge, but their central black
holes—each producing a pair of jets containing gas moving outward at a speed close to that of
light—also will do likewise in perhaps a few hundred million years. Many similar mergers involving
smaller black holes in the nuclei of younger galaxies are thought to have taken place. When black holes
coalesce, they create intense bursts of gravitational radiation. SOURCE: X-ray—NASA/CXC/AIfA/D.
Hudson and T. Reiprich et al. Radio—NRAO/VLA/NRL.

signals will require deploying a space-based observatory with detectors separated by
millions of kilometers to achieve the required sensitivity. Detection of these mergers
would provide direct measurements of the masses and spins of supermassive black
holes and the geometry of the universe on its largest scales. Powerful tests of our
understanding of how black holes and galaxies form and evolve will be possible.
We are on the verge of a new era of discovery in gravitational wave astronomy.
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In addition, gravitational waves could have been created by exotic processes
occurring in the young universe and would have been propagating freely to us ever
since. Several speculative sources such as cosmic strings and abrupt changes in the
form that the contents of the universe assumed—phase changes, like the change
from water to ice—have been suggested, but the truth is that we do not quite know
what to expect. A possible way to see if there are any measurable signals with wave-
lengths of roughly light-years employs very precise radio measurements of naturally
occurring cosmic “clocks” called pulsars.® Spread across the sky, the separations
between these cosmic clocks will change as a long-wavelength gravitational wave
passes by, potentially measurably changing the arrival times of their radio pulses.

Opening the Time Domain: Making Cosmic Movies

By eye, the universe appears static apart from the twinkling of starlight caused
by Earth’s atmosphere. In fact, it is a place where dramatic things happen on time-
scales we can observe—from a tiny fraction of a second to days to centuries. Stars
in all stages of life rotate, pulsate, and undergo activity cycles while many flare,
accrete, lose mass, and erupt, and some die in violent explosions. Binary neutron
stars and black holes merge, emitting, in addition to bursts of radiation, gravity
waves. Supermassive black holes in the centers of galaxies swallow mass episodi-
cally and erupt in energetic outbursts. Some objects travel rapidly enough for us
to measure their motion across the sky.

Our targeted studies of variations in the brightness and position of different
objects indicate that we have only just begun to explore lively variations in the
cosmos. If we study the temporal behavior of the sky in systematic ways and over
wide ranges of the electromagnetic spectrum, we are sure to discover new and
unexpected phenomena. In the highest-energy portion of the electromagnetic
spectrum, where the universe shows its greatest variability, the value of viewing
large areas of the sky repeatedly on short timescales has been amply demonstrated
by the breakthrough capabilities of the Fermi Gamma-ray Space Telescope. The
impact of such surveys will be broad and deep, and the committee gives just a few
illustrative examples of what the future holds.

In our own solar system, new temporal surveys will discover and characterize
a vast population of relic objects in the outer reaches of the solar system. These
Kuiper belt objects, of which Pluto is the nearest large example, are the icy residue
left over from the formation of our solar system about 4.5 billion years ago. As such,
they are the fossil record of events that we can otherwise only theorize about.

3 The 1993 Nobel Prize in physics was awarded to two American astronomers, Russell A. Hulse and
Joseph H. Taylor, Jr., for their work on binary pulsars.
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Moving farther away, monitoring the apparent motions of large samples of
stars offers a three-dimensional view of the structure of the Milky Way that is
unobtainable by other means. In this decade, precision space-based measurements
with the European mission GAIA will map out the structure of the Milky Way in
exquisite detail, enabling us to complete our understanding of the formation of
our galactic neighborhood. Direct geometric measurements of distances to the
galactic center, to major regions of star formation in the Milky Way, to nearby
galaxies, and, most importantly, to galaxies at cosmological distances are possible
using precision radio astronomy.

Stars can end their lives with dramatic explosions of astounding observational
variety. A particular class, Type Ia supernovae, results from the sudden thermo-
nuclear conflagration of a white dwarf (a dense object with the mass of the Sun
and the radius of Earth) and produces a quantifiable amount of visible energy that
can be used to map out the geometry of the universe. It remains a theoretical chal-
lenge to explain the empirical relation between peak brightness and duration that
is used in these critical cosmological studies. Alternatively, supernova explosions
of the Type II variety, which are due to the collapse of a single massive star that
has exhausted its nuclear fuel, create many of the elements heavier than helium
and sometimes produce gamma-ray bursts—intense flashes of gamma rays last-
ing only seconds (Figure 2.3). Again, we do not understand the mechanisms at

Model 3P3, 8s

FIGURE 2.3 Numerical simulation of a gamma-ray burst showing a jet propagating out through a
collapsing, massive star. Many gamma-ray bursts are associated with the supernova explosions of
massive stars. The powerful bursts of gamma rays are produced by hot gas moving outward through
the collapsing star at close to the speed of light. The most distant discrete source that has been ob-
served thus far in the universe is a gamma-ray burst. SOURCE: W. Zhang, S.E. Woosley, and A. Heger,
The propagation and eruption of relativistic jets from the stellar progenitors of gamma-ray bursts,
Astrophysical Journal 608:365-377, 2004. Reproduced by permission of AAS.
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work. The correct answers are quite likely to surprise us. Time-domain surveys of
the sensitivity and scope envisioned in the coming decade will increase by orders
of magnitude the number and character of stellar explosions that we can study,
allowing us to connect variations in the host galaxies and progenitors to the energy
and characteristics of the explosions. Supernovae are critical markers both for
mapping out the cosmos and for understanding the formation of heavy elements
that are found in all of us, and so these studies are essential for understanding
our origins.

By surveying large areas of the sky repeatedly, once every few days, we anticipate
the discovery of the wholly unanticipated. Endpoints of stellar evolution we have
yet to imagine, and the behavior of ordinary stars outside our experience, could be
discoveries that cause us to dramatically revise our cosmic understanding. Exotic
objects and events never before anticipated may be revealed. The full realization of
time-domain studies is one of the most promising discovery areas of the decade.
Advanced gravitational wave detectors will open up a new window on the transient
universe, including the last stages of binary neutron star and black hole mergers.
Studying electromagnetic counterparts of gravity wave bursts will help illuminate
the nature of the sources.

Giving Meaning to the Data: Cyber-Discovery

The powerful surveys described above will produce about a petabyte (1 mil-
lion gigabytes) of data—roughly as much data as the total that astronomers have
ever handled—every week. The data must be quickly sifted so that interesting
phenomena can be identified rapidly for further study at other wavelengths. Inter-
esting phenomena could also be discovered by cross-correlating surveys at differ-
ent wavelengths. Vast numbers of images must be accurately calibrated and stored
so that they can be easily accessed to look for motion or unusual behavior on all
timescales. As daunting as it sounds, the technology and software that enable the
accessing and searching of these enormous databases are improving all the time and
will enable astronomers to search the sky systematically for rare and unexpected
phenomena. This is a new window on the universe that is opening thanks to the
computer revolution.

Another way in which computers will enable discovery in the coming decade is
through increasingly sophisticated numerical simulations of the complex physical
systems that are at the heart of much of astrophysics. The merging of two black
holes, the growth of disks and the planets that form within them, the origin of
large-scale structures that span the cosmos, and the formation of galaxies from
the cosmic web are examples. Such simulations have great potential for discovery
because they can illuminate the unanticipated behavior that can emerge from the
interactions of matter and radiation based on the known physical laws. Through
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computer modeling, we understand the deep implications of our very detailed
observational data and formulate new theories to stimulate further observations.

Discovery Through the Power of Mathematics, Physics, and the Imagination

Finally, it is important to remember that many of the most far-reaching and
revolutionary discoveries in astronomy were not solely the direct result of observa-
tions with telescopes or numerical simulations with computers. Rather, they also
sprang from the imagination of inspired theorists thinking in deep and original
ways about how to understand the data, and making testable predictions about
new ideas. Examples range from the prediction that the chemical elements heavier
than hydrogen and helium must have been created inside nuclear furnaces in the
cores of stars, to the idea that the infant universe underwent a period of extremely
rapid expansion called inflation, to the prediction of exotic objects like black holes,
neutron stars, and white dwarfs, and the prediction that planets are a typical by-
product of normal star formation.

In the coming decade, major challenges loom that require the development of
fundamental new theories. Observations and computer simulations are necessary
components, but to complete the path from discovery to understanding, theorists
will need to freely exercise their imaginations.

ORIGINS

Study of the origin and evolution of astronomical objects including planets,
stars, galaxies, and the universe itself can elucidate our origins.

Science frontier questions related to origins:

* How did the universe begin?

*  What were the first objects to light up the universe, and when did they
do it?

* How do cosmic structures form and evolve?

*  What are the connections between dark and luminous matter?

*  What is the fossil record of galaxy assembly from the first stars to the
present?

* How do stars form?

* How do circumstellar disks evolve and form planetary systems?

Astronomical science is the study of origins. Where did we come from as an

intelligent species on a single planet in a vast cosmos? How did the cosmos itself
begin, and how did the first stars and the structures of star clusters, galaxies,
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FIGURE 2.4 Left: Image of the tiny fluctuations in temperature—roughly 10 parts per million—of the
cosmic microwave background as observed by the WMAP satellite. The radiation that is observed
was emitted when the universe was roughly 400,000 years old. The red regions are warmer and the
blue regions colder. A careful analysis of these data shows that there is a preferred angular scale
of 1 degree—about the size of the Moon—called the first acoustic peak in the dark matter density
containing roughly 100,000 galaxies like our Milky Way galaxy. SOURCE: NASA/Wilkinson Microwave
Anisotropy Probe Science Team. Right: The same feature can be seen in the distribution of galaxies
around us today as exhibited by the Sloan Digital Sky Survey in a 2.5-degree-thick slice of the north-
ern equatorial sky where color corresponds to galaxy luminosity. Here it is called a baryon acoustic
oscillation. The expansion of the universe by a factor of 1,000 makes the size of the feature about
400 million light-years. Monitoring the growth of this feature as the universe expands is one of the
best approaches to understanding the behavior of dark energy. SOURCE: Michael Blanton and Sloan
Digital Sky Survey (SDSS) Collaboration, http://www.sdss.org.

and clusters of galaxies arise? Is our universe just one of an infinite number of
others—one with properties allowing for life—or is it instead an extraordinarily
remarkable and singular thing? How did our galaxy, Sun, and planet Earth form?
These questions, expressed in different ways, have profoundly affected human
beings across cultures for as long as human thought has been written down or
propagated through oral tradition. The remarkable findings of the 20th century
were that the universe had a single explosive origin and that the galaxies, stars,
and planets we observe not only are common, but also are the evolved expression
of structure embedded within the universe since its very beginning (Figure 2.4).
These realizations have both scientific and philosophical implications, and they
have spawned a multitude of fascinating questions about our origins that we are
racing toward answering in the 21st century.

The Origin of the Universe: The Earliest Moments

We know, from observations over the last decade of the microwave background
and the early constituents of the universe, that the universe—all matter, space, and
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time itself—began 13.7 billion years ago in the big bang, and we are now telling the
story of the universe with a confidence that has grown considerably over the last
10 years. We think that, just after the big bang, the universe was totally different
from what it is today—none of the elementary particles that we know compose the
matter of today were present. The universe was an incredibly dense knot of highly
curved space-time. Then came an era of cosmic inflation, during which the universe
rapidly expanded by a truly enormous factor (at least a factor of 100 trillion trillion
in growth). The laws of quantum mechanics suggest that random fluctuations at
the time of inflation would have produced microscopic density variations from
place to place, which expanded with the universe to became macroscopic variations
today. Remarkably, astrophysicists are able to connect the giant filaments and voids
in the great cosmic web of galaxies to the seeds from which they grew. However,
just as the cause of the current acceleration is unknown, so also is the underlying
detailed physics of inflation still a complete mystery.

About 400,000 years after the big bang, the continued expansion and cooling of
the universe had dropped the temperature to about 3,000 degrees, which was cool
enough for the first hydrogen atoms to form. This is the epoch of recombination.
A fundamental change in the universe occurred at that time when the cosmos went
from being filled with a plasma that was opaque to light to being filled with an
atomic gas through which light could freely pass. It is this freely streaming radia-
tion that we observe at radio wavelengths as the faint glow known as the cosmic
microwave background (CMB). The near uniformity of the CMB observed across
the sky and the nature of the minute brightness fluctuations we measure in the
CMB are just what is expected if inflation occurred. The CMB is therefore a fan-
tastic signal telling us about the early universe.*

The First Sources of Light and the End of the Cosmic Dark Ages

Following the recombination and the formation of the first atoms, the early
universe was a nearly formless primordial soup of dark matter and gas: there were
no galaxies, stars, or planets. The background radiation had a temperature that
quickly cooled to a temperature below that of the coolest stars and brown dwarfs
known today. This was truly the dark ages. However, things began to change when
the slightly denser regions left over from inflation began to contract under the
relentless pull of gravity. It took a few hundred million years, but eventually these
dense regions gave birth to a variety of objects—the first stars, and black holes
that glowed through accretion of matter—so that the universe became filled with
light (Figure 2.5).

4 The 1978 and 2006 Nobel Prizes in physics were awarded to Americans, Arno A. Penzias, Robert
W. Wilson, John C. Mather, and George F. Smoot, for CMB research.
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FIGURE 2.5 The cosmic timeline, from inflation to the first stars and galaxies to the current universe.
The change in the vertical width represents the change in the rate of the expansion of the universe,
from exponential expansion during the epoch of inflation followed by a long period of slowing expan-
sion during which the galaxies and large-scale structures formed through the force of gravity, to a
recent acceleration of the expansion over the last roughly billion years due to the mysterious dark
energy. SOURCE: NASA Wilkinson Microwave Anisotropy Probe Science Team.

This event signaled the end of the dark ages and the dawn of the universe as
we know it today. This first generation of stars—made purely from the big bang’s
residue of hydrogen and helium—may have been unusually massive and hot com-
pared to today’s stars like the Sun. Their intense ultraviolet light traveled out into
the surrounding universe and struck the atoms there, breaking many of them apart
into nuclei and electrons. This key moment in cosmic history is therefore called
the epoch of reionization. The characterization of this transition and its spatial
structure is being attempted by ground-based radio antennas.

These events lie largely in the realm of theory today, and existing telescopes
can barely probe this mysterious era. Over the next decade, we expect this to
change. A new window on the cosmos is being opened in several wavelengths:
radio astronomers are constructing telescopes that will tell us when and where
the first stars in the universe formed by mapping their effect on the primordial
hydrogen at the end of the dark ages, and are planning those that will be able to
directly observe the primordial hydrogen atoms that permeated the dark ages of
the universe (Figure 2.6). Large X-ray telescopes can detect the first massive black

Copyright © National Academy of Sciences. All rights reserved.



New Worlds, New Horizons in Astronomy and Astrophysics
http://lwww.nap.edu/catalog/12951.html

50 New Worrtps, New Horizons 1N AsTRONOMY AND ASTROPHYSICS

FIGURE 2.6 Top. Schematic of the evolution from left to right of an inflationary universe to recombina-
tion to reionization and first star/galaxy formation to today’s Earth-bound telescopes. Overlaid in tiles
are predicted 21-cm signals from the Murchison Widefield Array. SOURCE: S. Furlanetto, University
of California, Los Angeles; J. Lazio, JPL; and C. Lonsdale, MIT-Haystack. Bottom: The same signals
detected at 150 MHz in an all-sky map from the Precision Array to Probe the Epoch of Reionization.
SOURCE: A.R. Parsons, D.C. Backer, R.F. Bradley, J.E. Aguirre, E.E. Benoit, C.L. Carilli, G.S. Foster,
N.E. Gugliucci, D. Herne, D.C. Jacobs, M.J. Lynch, et al., The precision array for probing the epoch of
re-ionization: Eight station results, Astronomical Journal 139(4):1468-1480, 2010.

holes and quasars at very great distances. Although the “first stars” are most likely
too faint to observe individually, they should form in the collapsing clumps of gas
that are the small building blocks of future galaxies like our Milky Way. ALMA and
the EVLA will detect and conduct studies of many of these protogalaxies. JWST
should be able to image them as well, while the proposed next generation of giant
ground-based optical-infrared telescopes would investigate these first objects in
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detail (measure their mass, chemical composition, and ages). There is also grow-
ing evidence that many gamma-ray bursts are the explosive deaths of very massive
stars and sometimes resulting in the formation of the first generation of black holes
with the unusual chemical compositions expected for the first stars (nearly devoid
of elements heavier than hydrogen and helium). The study of the coolant deaths
of these stars offers another way to learn about the first stars.

The Origin of Galaxies and Large-Scale Structure

The small protogalactic fragments containing the first stars were embedded
in halos of dark matter, which formed first and provided most of the total mass.
Through their mutual gravitational attraction, these small fragments of gas and
dark matter would have fallen slowly toward other such objects, collided, and
then merged into larger objects. This process continued over the entire history of
the universe: in the densest regions, small objects merged to form medium-size
objects that later merged to form large objects (Figure 2.7). Over time even larger

FIGURE 2.7 This enlargement of part of the Hubble Ultra Deep Field shows distant young galaxies in
the process of forming; several galaxy mergers and unusual structures are evident. SOURCE: NASA,
ESA, S. Beckwith, and the Hubble Ultra Deep Field team.
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structures formed: groups and clusters of galaxies, and the filaments that connect
these clusters to one another in the vast cosmic web.

Thanks to major surveys of the last decade, we now have a precision map of the
cosmic cartography of the present-day local universe that is the result of this process
of merging. Over the next decade it will be a high priority to extend such precision
mapping over cosmic time: to have, in effect, a 13-billion-year-long movie that
traces the buildup of structure since the universe first became transparent to light.
This can be done by using radio telescopes to provide more detailed maps of the
cosmic microwave background and to detect the atomic hydrogen gas all the way
back into the dark ages; large spectroscopic surveys in the visible and near-infrared
to trace the distribution of galaxies; gravitational lensing to trace the distribution
of the dark matter halos; ultraviolet spectroscopic surveys to map out the warm
tenuous gas lying in the vast cosmic filaments; and radio Sunyaev-Zel’dovich effect
and X-ray surveys that reveal the distribution of the hot gas found in groups and
clusters of galaxies.

Most stars with masses smaller than that of the Sun will live even longer than
the current age of the universe. This means that low-mass stars that formed at
any time over the history of the universe are still present in galaxies today. Thus,
detailed studies of the populations of stars within a galaxy provide a fossil record
that traces the history of star formation over the whole course of the galaxy’s evo-
lution. Such studies also trace the buildup of the heavy elements in the galaxy as
successive generations of stars formed, converted their light elements into heavier
ones, and then exploded, contributing their newly formed heavier elements to
their surroundings. This observational approach is currently practical only in the
Milky Way and its nearest neighbors. Future generations of optical telescopes in
space and large ground-based telescopes will enable us to extend this technique
farther afield and study the histories of the full range of galaxies by imaging their
stellar populations.

The Origin of Black Holes

In the past decade we have discovered two remarkable things about black
holes. The first is that supermassive black holes—objects with masses of a million
to billions of times the mass of the Sun—are found in the centers of all galaxies at
least as massive as our Milky Way. This means that the formation of black holes is
strongly related to the formation of galaxies. The second is that supermassive black
holes were already present, and growing rapidly, at a time less than a billion years
after the big bang, when the first galaxies were being assembled. This strains our
understanding of the early universe: How could such dense and massive objects
have formed so rapidly? Which formed first, the black hole or the galaxy around
it? Radio observations of star-forming molecular gas in some of the most distant
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galaxies suggest that a black hole is present before the formation of a massive ga-
lactic halo. ALMA and the EVLA may provide more such examples.

But we cannot answer these questions definitively yet, because we do not have
a robust theory for how supermassive black holes form. In the coming decade we
expect a major breakthrough in our understanding. A space-based observatory to
detect gravitational radiation will allow us to measure the rate at which mergers
between less-massive black holes contributed to the formation process. Are the
supermassive black holes we can now detect only the tip of the iceberg (the biggest
members of a vast unseen population)? Deep imaging surveys in the near-infrared
and X-ray, with follow-up spectroscopy with JWST and ground-based extremely
large telescopes, will detect and study the growth of the less massive objects through
the capture of gas and accompanying emission of electromagnetic radiation. These
surveys will also allow us to search for such black holes at even earlier eras: back
to the end of the dark ages.

The Origin of Stars and Planets

Looking up on a clear night from a dark location, we see that the sky is full of
stars. Telescopic observations by Galileo revealed that the Milky Way’s white band
traversing high across the summer and fall sky can be resolved into countless stars.
Gazing upon the winter constellation of Orion, the sharp eye will note the fuzzy
Orion Nebula (see in Box 2.4 Figure 2.4.3) with its nursery of stars born “yester-
day” in cosmic time—not long after the first humans walked. Nearby is the famed
Pleiades star cluster—formed when dinosaurs still roamed Earth. In contrast, some
stars of our galaxy are nearly as old as the universe itself. The story of how succes-
sive generations of stars form out of the gas and dust in the interstellar medium
in both benign and exotic environments is fundamental to our understanding of,
on the larger scale, the galaxies in which stars reside and, on the smaller scale, the
planetary systems they might host.

What was it about the Sun’s birth environment or its star formation process
that determined the final properties of our solar system versus that of other
planetary systems? (See Box 2.2.) How and on what timescale did the solar mass
build up, and how much gas and dust were left over for planet formation? How
rapidly did the high-energy radiation of young stars disperse their gas disks, end-
ing the phase of major planet formation? Do all environments yield the same
mass distribution of stars, and what determines the lower and upper mass limits
in the distribution (Figure 2.8)? What is the star formation history of our galaxy
in particular, and of galaxies in general? Does star formation regulate itself, or are
there external factors at work?

A key aim of studies in the next decade is to understand, through both obser-
vations and theory, the process of star formation over cosmic time. Beginning near
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BOX 2.2
The Origin of Planets

After literally centuries of speculation as to how our own planetary system formed, the
past two decades of ground- and space-based astronomy have resolved the general question
of planetary origin: planets form in the disks of gas, dust, and ice that commonly surround
newly born stars (Figure 2.2.1).

That such disks are seen around more than 80 percent of the youngest stars in nearby
stellar nurseries strongly implies that planets are a frequent outcome of star formation. But
the details of how planets form within disks are still being revealed by current astronomical
techniques including imaging from Hubble, Spitzer, and the largest ground-based telescopes,
plus theoretical studies including computer modeling. Disks start out being dominated by
gas—the hydrogen and helium of the primordial cosmos salted with the heavy elements out of
which planets and life are composed—and evolve with time into thinner dust-only structures.
Although most if not all stars like our Sun may possess disks early in their histories, how many
of these turn into planetary systems is not known.

Over the past decade facilities such as NASA’s Spitzer Space Telescope and the feder-
ally supported CARMA, SMA, and VLA telescopes, and various space- and ground-based
coronographic instruments, have advanced our understanding of disk properties and evolution
considerably. The next decade of astronomical facilities should have the capability to see the
effects of young planets embedded within the disks from whence they arose.

Is the typical outcome of planet formation gas-giant worlds with panoplies of satellites,
like Jupiter and Saturn, or rocky worlds like Earth with atmospheres and surface liquids stabi-
lized by being suitably near to stable parent stars like the Sun, or some completely different kind
of object that is not represented in our solar system? The answer to this question will require
a complete census of planetary systems in the nearby portion of our galaxy. By compiling the
statistics of planetary sizes, masses, and orbits for a range of planetary systems around stars
of different masses, compositions, and ages, it will be possible to gain deep insight into the
processes by which worlds such as our own come into being.

FIGURE 2.2.1 Images of dust disks around young stars. Top: Image taken with the Hubble
Space Telescope of disk around the young, 5-million-year-old star HD141569. SOURCE: NASA,
M. Clampin (STScl), H. Ford JHU), G. Illingworth (UCO/Lick), J. Krist (STScl), D. Ardila JHU),
D. Golimowski (JHU), the ACS Science Team, and ESA. Bottom: Edge-on view of disk around
AU Mic, a nearby 10- to 20-million-year-old star. SOURCE: M.P. Fitzgerald, P.G. Kalas, G.
Duchéne, C. Pinte, and J.R. Graham, The Au microscopic debris disk: Multiwavelength imaging
and modeling, Astrophysical Journal 670:536, 2007. Reproduced by permission of AAS.
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FIGURE 2.8 This Hubble image shows a young (5 million years old) cluster of massive stars eroding
the dusty material around them in a region in our neighboring galaxy, the Small Magellanic Cloud.
SOURCE: NASA, ESA, and the Hubble Heritage team (STScl/AURA).

home, detailed spectroscopic measurements at short radio wavelengths will track
the internal dynamics of the dust-enshrouded molecular clouds that fragment
and seed the star-forming cores within a few hundred light-years of our Sun (see
Figure 2.2.1 in Box 2.2). Given the importance of high-mass stars to the produc-
tion and dispersal of heavy elements, understanding their proportion in both the
benign and the more extreme star-forming environments is critical to tracking the
heavy-element history of the universe.
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UNDERSTANDING THE COSMIC ORDER

The combination of basic physical processes can often lead to surprisingly
complex results and produce much of the intriguing cosmic order.

Science frontier questions related to understanding the cosmic order:

* How do baryons cycle in and out of galaxies, and what do they do while
they are there?

*  What are the flows of matter and energy in the circumgalactic medium?

*  What controls the mass-energy-chemical cycles within galaxies?

* How do black holes grow, radiate, and influence their surroundings?

* How do rotation and magnetic fields affect stars?

* How do the lives of massive stars end?

*  What are the progenitors of Type Ia supernovae and how do they explode?

* How diverse are planetary systems?

* Do habitable worlds exist around other stars, and can we identify the
telltale signs of life on an exoplanet?

One of the biggest challenges in the next decade is to understand how the basic
building blocks of matter and energy, governed by known physical laws, are respon-
sible for the dazzling array of astronomical phenomena that intrigue and inspire
us. Meeting this challenge will require a synthesis of a broad range of evidence and
insights drawn from traditionally disparate scientific disciplines.

None of the baryonic components of the cosmos (gas, galaxies, stars, planets,
life) exist in isolation. Galaxies grow by cannibalizing smaller neighboring galaxies
and by capturing primordial gas clouds flowing in from the vast spaces beyond.
This gas, once inside a galaxy, is the raw material for forming new stars. The big
bang produced only the simplest and lightest chemical elements, hydrogen and
helium. Heavier elements like oxygen and iron have been forged within the nuclear
furnaces of stars and violently expelled in supernova explosions, thereby seeding
the environment with the material necessary to form planets and support life.

Our goal is to use all the applicable scientific laws to understand the properties
and behavior of the cosmos—in short, to find order in complexity.

Galaxies and Black Holes

The observable universe contains more than 100 billion galaxies, including our
own Milky Way. Although we commonly think of galaxies as being made of stars
and clouds of gas and dust, in fact more than 90 percent of the mass of galaxies
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is dark matter, whose nature we do not understand. And at the center of most or
all galaxies lies a supermassive black hole. Thus something as common as a galaxy
is both exotic and mysterious. The stars in spiral galaxies like ours are arrayed in
two main components: a nearly spherical and slowly rotating “bulge” and a thin
and rapidly rotating “disk” (which also contains the gas clouds that can be used
to form new stars). Galaxies exhibit a bewildering array of shapes and sizes that
are determined largely by the mass of the halo of dark matter surrounding them.
Besides spirals, there are ellipticals, three-dimensional balls that formed most of
their stars early on, and so have no gas/star disks and little star formation today;
and irregulars, tiny galaxies with an abundance of gas and plenty of star forma-
tion today.

The lives of galaxies are determined by both nature and nurture, that is, by
processes internal to the galaxies as well as through the influence of the surrounding
environment. The most massive galaxies today would have begun forming in the
early universe in the regions of the highest density of dark matter and gas. They
later merged with other galaxies of comparable mass (major mergers), scrambling
the disks of the merging galaxies into a single nearly spherical bulge component.
The collision would also send material raining into the center of the bulge where
it could be used to form and grow a supermassive black hole. In contrast, the life
story of low-mass galaxies is more sedate. Originating in regions of lower density,
they were only slowly supplied with gas, formed their stars gradually over the his-
tory of the universe, suffered fewer major mergers, and retained their disk-like form
to the present day. These different life stories explain the strong dichotomy in the
observed properties of the high- and low-mass galaxies.

Internal processes in galaxies are complex and affect their ability to make new
stars. Supernovae from the explosive deaths of short-lived massive stars violently
heat the surrounding gas (see Box 2.3). If the rate of such supernova explosions is
high enough, they can act together to expel much of the galaxy’s gas supply (see in
Box 2.4 Figure 2.4.4). This will have a more severe impact on low-mass galaxies:
their gravity is so weak that material can be easily ejected from them. This may
explain why dark matter halos with low mass contain so few stars and so little gas
today. The role played by the supermassive black hole is instead important for the
lives of the most massive galaxies (which contain the most massive black holes).
The energy released by the black hole during periods of intense eruptions can pre-
vent new gas from being captured by the galaxy, explaining why the most massive
galaxies are no longer forming stars.

Understanding the details of galaxies and their interstellar gas, dust, and stars
requires a community of astronomers to study stellar populations, the dynamics
of galaxies and clusters, interstellar and intergalactic gas, stars with a range of
properties such as high and low metallicities, and stellar streams resulting from
tidal interactions of galaxies, as well as studies of the wide range of galaxies around
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us, from the smallest dwarf galaxies to the largest spirals and ellipticals. From the
analysis of stellar populations, we can study how the Milky Way assembled.

While we have a rather good description of the properties of galaxies in the
present-day universe, we have far less information about how these properties
have changed over the 13.7-billion-year history of the universe. The galaxies we
can observe in detail teach us of the complex interplay among the components of
normal and dark matter, constrained by the physical laws of the cosmos. A high
priority in the coming decade will be to undertake large and detailed surveys of
galaxies as they evolve across the wide interval of cosmic time—to have a movie
of the lives of galaxies rather than a snapshot. See Box 2.4.

As described above, the lives of galaxies and the supermassive black holes at
their centers seem to be inextricably linked. Two of the major goals of the com-
ing decade are to understand the cosmic evolution of black hole ecosystems—the
intense interplay between the black holes and their environments—and to figure
out how these extremely powerful “engines” function. Black hole masses will be
measured by JWST and ground-based optical and radio telescopes. Observations of
black holes in the X-ray and gamma-ray regimes offer uniquely powerful insights.
For example, the Fermi Gamma-ray Space Telescope as well as the ground-based
atmospheric Cerenkov telescopes such as VERITAS are constantly reporting new
and powerful variations of emission, in both the energy and the time domains, from
large numbers of these systems over the whole sky and from cosmological distances.
The Chandra and XMM-Newton X-ray observatories are being used to measure the
environmental impact of energy injection from the black hole and also to give us
a glimpse of matter as it swirls inexorably inward toward the event horizon at the
very edge of the black hole. Future more powerful X-ray observatories will provide
detailed maps of these processes, so that we can directly witness the accretion of
matter (by which black holes grow) and can also understand the impact they have
on the lives of their “host” galaxy.

Stars

Stars are the most observable form of normal matter in the cosmos. They have
produced about 90 percent of all the radiant energy emitted since the big bang (with
black holes accounting for most of the balance). Through the nuclear reactions that
power them, they have taken the primordial hydrogen and helium produced during
the big bang, converted this into heavier elements like carbon, oxygen, and iron, and
then dispersed this material so that it can be incorporated in subsequent generations
of stars and of the planets that accompany them (see in Box 2.4 Figure 2.4.3). Such
recycling is proceeding continuously within galaxies like our own.

We now have a mature theory for the structure and evolution of stars. This
theory is based on a synthesis of known physical processes (nuclear reactions; the
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BOX 2.3
Understanding Supernova Explosions

About once every few hundred years in a galaxy like ours, a white dwarf in a binary
star system explodes in a sudden thermonuclear flash as material is transferred from the com-
panion star. The billion-degree ashes of the now incinerated white dwarf expand away from
the explosion at speeds in excess of 10,000 km/s, providing a light show that can be seen
halfway across the universe. It was the observation of such events, supernovae of Type la, that
yielded the dramatic evidence of the acceleration of the universe. We still do not know what
combination of stellar properties causes these rare, unstable thermonuclear ignitions, nor do
we fully understand how the burning propagates throughout the star. Observational progress
in this decade will come from a large increase in the number of well-observed nearby super-
novae, while theoretical progress will come in two modes: an enhancement of computational
power needed to understand the flame propagation and the radiative transfer processes, and a
growing theoretical understanding of the ignition process and its dependence on the age and
material composition of the white dwarf.

FIGURE 2.3.1 Host galaxies of distant supernovae, visible as bright point sources in the top
row of images. SOURCE: NASA, ESA, and Adam Riess (STScl).

outward flow of matter, radiation, and energy). We now know that the overall
life story of a star depends primarily on its mass and, secondarily, on its chemical
composition. The mass of a star has a pronounced effect on the rate at which it
consumes its nuclear fuel: the more mass the star contains, the shorter its life will
be (it lives fast and dies young), and the more violent and spectacular its death,
with explosive heating of the surrounding gas and production of a legacy corpse
in the form of a neutron star or black hole.

Yet challenges remain. We know that as stars like the Sun age they lose mass
in the form of a relatively steady wind, or more episodically during violent pulsa-
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FIGURE 2.3.2 Left: Composite image incorporating X-ray (blue), optical (yellow), and radio
(red) observations of the expanding debris from a Type la (accreting, then exploding, white
dwarf star) supernova that was observed by humans in the year 1006. The outer rim of this
supernova “remnant” traces a shock wave where cosmic-ray electrons and protons are ac-
celerated and the magnetic field is amplified. SOURCE: NASA/CXC/Rutgers/J. Warren and J.P.
Hughes et al. Right: The explosive death of a massive star involves the collapse of the star
under its own weight followed by a violent explosion. A famous example of the aftermath
of this type of supernova is the Crab Nebula, shown here in an image made by the Chandra
X-ray Observatory. At the center of the image is the Crab pulsar, a neutron star that spins on its
axis 30 times a second and creates two jets of relativistic particles. In death, the star seeds the
surrounding gas with the chemical elements it forged during its lifespan in its nuclear furnace.
These elements (like oxygen, iron, and silicon) are the raw material out of which future stars
form planets like Earth. SOURCE: NASA/CXC/SAO/F. Seward et al.

tions and explosive eruptions in the late stages of the star’s life. Indeed, the final
end stage of a star’s life depends quite sensitively on the amount of mass it retains
following its evolution beyond the hydrogen-burning stage. It will also depend
strongly on how rapidly the star is rotating and on the strength and nature of the
magnetic fields that it has built.

This has far-reaching implications because the end states of massive stars
(supernovae) determine the chemical composition of a galaxy and hence the prop-
erties of the subsequent generations of stars and planets. To understand the lives
of stars and the role they play in cosmic evolution we must understand the roles of

Copyright © National Academy of Sciences. All rights reserved.



New Worlds, New Horizons in Astronomy and Astrophysics
http://lwww.nap.edu/catalog/12951.html

62

New Worrtps, New Horizons 1N AsTRONOMY AND ASTROPHYSICS

BOX 2.4
Life Cycles in Galaxies

One of the greatest astronomical discoveries of the last century was that our own Milky

Way is but 1 of 100 billion galaxies sprinkled throughout an almost inconceivably vast extent
of the observable universe. Each galaxy like the Milky Way consists of billions of stars, myriad
clouds of gas, and—Ilurking in the very center—a supermassive black hole. These components
are surrounded by a large halo of dark matter particles that provide the gravitationa
bind the galaxy together, but which are otherwise invisible.

| “

glue” to

When first discovered, galaxies were called “island universes” and were thought to reside

in majestic isolation. Today we know that galaxies are part of a complex network of interactions
with the cosmos that has governed their lives over billions of years. Most gas clouds inside
a galaxy eventually collapse to form new stars, but some clouds near the galaxy center are
instead captured and eaten by the massive black hole. The life-sustaining nuclear reactions
inside stars create new chemical elements like oxygen, carbon, and iron. As they die, stars
expel these chemical elements back to the galaxy, providing the raw material to form new
stars, planets, and even life. As the gas inside a galaxy is used up in this way, it is replenished
by gas flowing in through the halo of the galaxy from a primordial repository of gas in the vast
spaces between the galaxies themselves.

However, this flow of gas is not one-way. When massive stars die, they explode violently

and heat the surrounding gas to temperatures of millions of degrees. Some galaxies go through
episodes in which the rate of such explosions is so high that the galaxy’s gas supply may be
blasted completely away. Intermittent powerful eruptions of the massive black hole may do the
same. It is these cycles of matter and energy in and out of galaxies that determine how they
were born and how they have grown. Understanding stars, black holes, and gas inside and out
is a central goal in astrophysics for the next decade.

Center of the Milky Way Galaxy
Chandra X-ray Observatory
Hubble Space Telescope

Spitzer Space Telescope

ArcHEs
Cluster™®

50 light-years
153 parsecs 3

FIGURE 2.4.1 Left: The center of the Milky Way galaxy observed at X-ray wavelengths using
the Chandra X-ray Observatory, at optical wavelengths using the Hubble Space Telescope, and
at infrared wavelengths using the Spitzer Space Telescope. The 4-million-solar-mass black hole
in the galactic nucleus is located in the bright region to the lower right. Right: Composite with
the three images on the left, and annotated. SOURCE: NASA, ESA, Spitzer Science Center,
Chandra X-ray Center, and Space Telescope Science Institute.
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FIGURE 2.4.2 The nearby spiral galaxy Messier 81 imaged with the Spitzer Space Telescope
in the infrared (left) and the Galaxy Evolution Explorer (GALEX) in the ultraviolet (right). This
galaxy is very similar to our Milky Way. New stars are forming out of gas clouds concentrated
in the spiral arms. A dormant supermassive black hole lurks in the bright central region.
SOURCE: Left—NASA/JPL-Caltech/K. Gordon (University of Arizona), S. Willner (Harvard-
Smithsonian Center for Astrophysics), and N.A. Sharp (NOAO/AURA/NSF). Right—NASA/JPL-

Caltech/). Huchra (CfA).

FIGURE 2.4.3 Hubble Space Telescope
image of the Orion Nebula. This is a nearby
region in the Milky Way galaxy where new
stars are forming out of a surrounding gas
cloud. Intense radiation from these young
stars is causing the natal gas clouds to
glow in a swirl of vibrant colors. SOURCE:
NASA, ESA, M. Robberto (STScl/ESA), and
the Hubble Space Telescope Orion Treasury
Project Team.

FIGURE 2.4.4 An image of the nearby galaxy
Messier 82 produced using the Hubble Space
Telescope, the Chandra X-ray Observatory,
and the Spitzer Space Telescope. The galaxy
(as seen in green) has such a large number of
supernova explosions that they are blasting out
much of the galaxy’s gas supply (as seen in red
and blue). Such events play a critical role in
the life cycles of galaxies. SOURCE: X-ray—
NASA/CXC/JHU/D. Strickland; Optical—
NASA/ESA/STScl/AURA/The Hubble Heritage
Team; IR—NASA/JPL-Caltech/University of
Arizona/C. Engelbracht.
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mass loss, rotation, and magnetic fields in stellar evolution. Prospects are bright for
the coming decade. All three phenomena can be assessed through high-dispersion
spectroscopy. Rotational studies are possible with detailed long-term photometric
monitoring. It is now becoming possible to study the structure and strength of
magnetic fields on the surfaces of nearby stars, and changes in the magnetic fields
can be diagnosed with X rays. At the same time, the major advance provided by
the Advanced Technology Solar Telescope (ATST) will be an improved ability to
observe and understand the rich array of magnetic activity exhibited by our nearest
star, the Sun. Solar radio emission will be observed at high time and wavelength
resolution on a continuous basis, providing unique data to combine with that
of ATST.

Indeed, following the successful launch and commissioning of the Solar
Dynamics Observatory (SDO; Figure 2.9), we are poised to understand the origin
of the 11-year solar cycle, which underlies “space climate,” by relating the surface
behavior of the Sun to its interior properties, in particular at the tachocline located
at 70 percent of the solar radius where the hot gas begins to undergo convective
motion. In addition, the high-resolution, all-disk imaging combined with the
ability to map the surface magnetic field in three dimensions as it erupts i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>