N AT I O N A L Sciences

Engineering

/\C/\D EM I ES Medicine

This PDF is available at http://nap

Pathways n
Astronomy and Astrophysics
for the 20205

BUY THIS BOOK

FIND RELATED TITLES

NATIONAL
ACADEMIES
PRESS
Washington, DC

.nationalacademies.org/26141 9 O @ 9

Pathways to Discovery in Astronomy and
Astrophysics for the 2020s (2021)

DETAILS

615 pages | 8.5 x 11 | PAPERBACK
ISBN 978-0-309-46734-6 | DOI110.17226/26141

CONTRIBUTORS

Decadal Survey on Astronomy and Astrophysics 2020 (Astro2020); Space Studies
Board; Board on Physics and Astronomy; Division on Engineering and Physical
Sciences; National Academies of Sciences, Engineering, and Medicine

SUGGESTED CITATION

National Academies of Sciences, Engineering, and Medicine 2021. Pathways to
Discovery in Astronomy and Astrophysics for the 2020s. Washington, DC: The
National Academies Press. https://doi.org/10.17226/26141.

Visit the National Academies Press at nap.edu and login or register to get:

- Access to free PDF downloads of thousands of publications
- 10% off the price of print publications
- Email or social media notifications of new titles related to your interests

- Special offers and discounts

All downloadable National Academies titles are free to be used for personal and/or non-commercial
academic use. Users may also freely post links to our titles on this website; non-commercial academic
users are encouraged to link to the version on this website rather than distribute a downloaded PDF

to ensure that all users are accessing the latest authoritative version of the work. All other uses require
written permission. (Request Permission)

This PDF is protected by copyright and owned by the National Academy of Sciences; unless otherwise
indicated, the National Academy of Sciences retains copyright to all materials in this PDF with all rights

reserved.


https://nap.nationalacademies.org/cart/cart.cgi?list=fs&action=buy%20it&record_id=26141&isbn=978-0-309-46734-6&quantity=1
http://nap.nationalacademies.org/26141
https://nap.nationalacademies.org/related.php?record_id=26141
https://nap.nationalacademies.org/reprint_permission.html
http://nap.edu
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http://www.nap.edu/26141&pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=26141&title=Pathways+to+Discovery+in+Astronomy+and+Astrophysics+for+the+2020s
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http://www.nap.edu/26141&pubid=napdigops
mailto:?subject=null&body=http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

Prepublication Copy — Subject to Further Editorial Correction

Pathways to Discovery in Astronomy and
Astrophysics for the 2020s

Committee for a Decadal Survey on Astronomy and Astrophysics 2020 (Astro2020)
Space Studies Board
Board on Physics and Astronomy
Division on Engineering and Physical Sciences

A Consensus Study Report of

The National Academies of
SCIENCES - ENGINEERING + MEDICINE

THE NATIONAL ACADEMIES PRESS
Washington, DC

www.nap.edu

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

THE NATIONAL ACADEMIES PRESS 500 Fifth Street, NW Washington, DC 20001

This study is based on work supported by Contract NNH17CB02B with the National Aeronautics and
Space Administration, Grant AST-1852611 with the National Science Foundation, Grant DE-SC0019513
with the Department of Energy, and Grant FA9550-19-1-0330 with the Air Force Office of Scientific
Research. Any opinions, findings, conclusions, or recommendations expressed in this publication do not
necessarily reflect the views of any agency or organization that provided support for the project.

International Standard Book Number-13: XXX-X-XXX-XXXXX-X
International Standard Book Number-10: X-XXX-XXXXX-X
Digital Object Identifier: https://doi.org/10.17226/26141

Cover design

Copies of this publication are available free of charge from

Space Studies Board

National Academies of Sciences, Engineering, and Medicine

Keck Center of the National Academies

500 Fifth Street, NW

Washington, DC 20001

Additional copies of this publication are available from the National Academies Press, 500 Fifth Street,
NW, Keck 360, Washington, DC 20001; (800) 624-6242 or (202) 334-3313; http://www.nap.edu.

Copyright 2021 by the National Academy of Sciences. All rights reserved.
Printed in the United States of America
Suggested citation: National Academies of Sciences, Engineering, and Medicine. 2021. Pathways to

Discovery in Astronomy and Astrophysics for the 2020s. Washington, DC: The National Academies
Press. https://doi.org/10.17226/26141.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

The National Academies of
SCIENCES * ENGINEERING + MEDICINE

The National Academy of Sciences was established in 1863 by an Act of Congress, signed by
President Lincoln, as a private, nongovernmental institution to advise the nation on issues
related to science and technology. Members are elected by their peers for outstanding
contributions to research. Dr. Marcia McNutt is president.

The National Academy of Engineering was established in 1964 under the charter of the
National Academy of Sciences to bring the practices of engineering to advising the nation.
Members are elected by their peers for extraordinary contributions to engineering. Dr. John L.
Anderson is president.

The National Academy of Medicine (formerly the Institute of Medicine) was established in 1970
under the charter of the National Academy of Sciences to advise the nation on medical and
health issues. Members are elected by their peers for distinguished contributions to medicine
and health. Dr. Victor J. Dzau is president.

The three Academies work together as the National Academies of Sciences, Engineering, and
Medicine to provide independent, objective analysis and advice to the nation and conduct other
activities to solve complex problems and inform public policy decisions. The National Academies
also encourage education and research, recognize outstanding contributions to knowledge, and
increase public understanding in matters of science, engineering, and medicine.

Learn more about the National Academies of Sciences, Engineering, and Medicine at
www.nationalacademies.org.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

The National Academies of
SCIENCES * ENGINEERING + MEDICINE

Consensus Study Reports published by the National Academies of Sciences, Engineering, and
Medicine document the evidence-based consensus on the study’s statement of task by an
authoring committee of experts. Reports typically include findings, conclusions, and
recommendations based on information gathered by the committee and the committee’s
deliberations. Each report has been subjected to a rigorous and independent peer-review
process and it represents the position of the National Academies on the statement of task.

Proceedings published by the National Academies of Sciences, Engineering, and
Medicine chronicle the presentations and discussions at a workshop, symposium, or
other event convened by the National Academies. The statements and opinions contained in
proceedings are those of the participants and are not endorsed by other participants, the
planning committee, or the National Academies.

For information about other products and activities of the National Academies, please
visit www.nationalacademies.org/about/whatwedo.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

COMMITTEE FOR A DECADAL SURVEY ON ASTRONOMY AND ASTROPHYSICS 2020
(AsTR02020): STEERING COMMITTEE

FIONA A. HARRISON, NAS,* California Institute of Technology, Co-Chair
ROBERT C. KENNICUTT JR., NAS, University of Arizona and Texas A&M University, Co-Chair
JULIANNE DALCANTON, University of Washington

TIM DE ZEEUW, Leiden University

ANDREW S. DRIESMAN, Johns Hopkins University Applied Physics Laboratory
JONATHAN J. FORTNEY, University of California, Santa Cruz

GABRIELA GONZALEZ, NAS, Louisiana State University

JORDAN A. GOODMAN, University of Maryland

MARC P. KAMIONKOWSKI, NAS, Johns Hopkins University

BRUCE MACINTOSH, Stanford University

JACOBUS M. OSCHMANN, Independent Consultant

RACHEL A. OSTEN, Space Telescope Science Institute, Executive Officer
LYMAN A. PAGE, JR., NAS, Princeton University

ELIOT QUATAERT, NAS, Princeton University

WANDA A. SIGUR, NAE,? Independent Consultant

RACHEL SOMERVILLE, Flatiron Institute

KEIVAN G. STASSUN, Vanderbilt University

JEAN L. TURNER, University of California, Los Angeles

PIETER VAN DOKKUM, Yale University

ELLEN G. ZWEIBEL, NAS, University of Wisconsin, Madison

SCIENCE PANELS
PANEL ON COMPACT OBJECTS AND ENERGETIC PHENOMENA

DEEPTO CHAKRABARTY, Massachusetts Institute of Technology, Chair
LAURA B. CHOMIUK, Michigan State University

DANIEL E. HOLZ, University of Chicago

RAFFAELLA MARGUTTI, Northwestern University

JULIE McENERY, NASA Goddard Space Flight Center

PETER I. MESZAROS, Pennsylvania State University

RAMESH NARAYAN, NAS,? Center for Astrophysics, Harvard and Smithsonian
ELIOT QUATAERT, NAS, Princeton University, Steering Committee Liaison
SCOTT M. RANSOM, National Radio Astronomy Observatory

TODD A. THOMPSON, Ohio State University

PANEL ON COSMOLOGY

DANIEL EISENSTEIN, NAS, Harvard University and Sloan Digital Sky Survey 11, Chair
LINDSEY E. BLEEM, Argonne National Laboratory

MARC P. KAMIONKOWSKI, NAS, Johns Hopkins University, Steering Committee Liaison
RACHEL MANDELBAUM, Carnegie Mellon University

! Member, National Academy of Sciences.
2 Member, National Academy of Engineering.
3 Member, National Academy of Sciences.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
\'

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

MIGUEL F. MORALES, University of Washington

DANIEL M. SCOLNIC, Duke University

MATIAS ZALDARRIAGA, NAS, Institute for Advanced Study
KATHRYN M. ZUREK, California Institute of Technology

PANEL ON GALAXIES

DANIELA CALZETTI, NAS, University of Massachusetts, Amherst, Chair
MICHAEL BOYLAN-KOLCHIN, University of Texas, Austin
HSIAO-WEN CHEN, University of Chicago

ANN E. HORNSCHEMEIER, NASA Goddard Space Flight Center
SUSAN A. KASSIN, Space Telescope Science Institute

AMANDA A. KEPLEY, National Radio Astronomy Observatory
CHARLES C. STEIDEL, NAS, California Institute of Technology
DANIEL K. STERN, NASA Jet Propulsion Laboratory

TOMMASO TREU, University of California, Los Angeles

PIETER VAN DOKKUM, Yale University, Steering Committee Liaison
DAVID H. WEINBERG, Ohio State University

PANEL ON EXOPLANETS, ASTROBIOLOGY, AND THE SOLAR SYSTEM

VICTORIA S. MEADOWS, University of Washington, Chair

DAVID A. BRAIN, University of Colorado, Boulder

IAN J.M. CROSSFIELD, Massachusetts Institute of Technology

COURTNEY D. DRESSING, University of California, Berkeley

JONATHAN J. FORTNEY, University of California, Santa Cruz, Steering Committee Liaison
TIFFANY KATARIA, Jet Propulsion Laboratory

KATHLEEN E. MANDT, Johns Hopkins University Applied Physics Laboratory

MARK S. MARLEY, NASA Ames Research Center

BRITNEY E. SCHMIDT, Georgia Institute of Technology

CHRISTOPHER C. STARK, Space Telescope Science Institute

PANEL ON THE INTERSTELLAR MEDIUM AND STAR PLANET FORMATION

LEE W. HARTMANN, University of Michigan, Chair

SEAN M. ANDREWS, Smithsonian Astrophysical Observatory

PHILIP J. ARMITAGE, Stony Brook University

BRUCE T. DRAINE, NAS, Princeton University

KAITLIN M. KRATTER, University of Arizona

KARIN M. SANDSTROM, University of California, San Diego

SNEZANA STANIMIROVIC, University of Wisconsin, Madison

ELLEN G. ZWEIBEL, NAS, University of Wisconsin, Madison, Steering Committee Liaison

PANEL ON STARS, THE SUN, AND STELLAR POPULATIONS

SARBANI BASU, Yale University, Chair

NANCY S. BRICKHOUSE, Center for Astrophysics, Harvard and Smithsonian
ADAM BURGASSER, University of California, San Diego

JULIANNE DALCANTON, University of Washington, Steering Committee Liaison
JENNIFER A. JOHNSON, Ohio State University

R.T. JAMES MCATEER, New Mexico State University

PREPUBLICATION COPY -SUBJECT TO FURTHER EDITORIAL CORRECTION
Vi

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

ELISA V. QUINTANA, NASA Goddard Space Flight Center
LOUIS-GREGORY STROLGER, Space Telescope Science Institute

PROGRAM PANELS
PANEL ON AN ENABLING FOUNDATION FOR RESEARCH

DAVID N. SPERGEL, NAS, Princeton University, Chair

MICHAEL BLANTON, New York University

KELLE L. CRUZ, Hunter College

MARK J. DEVLIN, University of Pennsylvania

MEGAN E. DONAHUE, Michigan State University

KEITH A. HAWKINS, University of Texas, Austin

ALINA A. KIESSLING, Jet Propulsion Laboratory

KARIN OBERG, Harvard University

ANGELA V. OLINTO, NAS, University of Chicago

BERNARD J. RAUSCHER, NASA Goddard Space Flight Center

RACHEL SOMERVILLE, Center for Computational Astrophysics, Flatiron Institute, Steering Committee
Liaison

JAMES M. STONE, Institute for Advanced Study

PANEL ON ELECTROMAGNETIC OBSERVATIONS FROM SPACE 1

MARCIA J. RIEKE, NAS, University of Arizona, Chair

RUSLAN BELIKOV, NASA Ames Research

REBECCA A. BERNSTEIN, Carnegie Institution for Science

LESTER M. COHEN, Center for Astrophysics | Harvard & Smithsonian
NIKOLE K. LEWIS, Cornell University

BRUCE MACINTOSH, Stanford University, Steering Committee Liaison
AMY MAINZER, University of Arizona

MARK P. SAUNDERS, Independent Consultant

EVGENYA L. SHKOLNIK, Arizona State University

GEORGE SONNEBORN, NASA Goddard Space Flight Center

C. MEGAN URRY, NAS, Yale University

PANEL ON ELECTROMAGNETIC OBSERVATIONS FROM SPACE 2

STEVEN M. KAHN, Stanford University, Chair

LISA BARSOTTI, Massachusetts Institute of Technology
ALLISON BARTO, Ball Aerospace and Technologies Corporation
MICHAEL BAY, Bay Engineering Innovations

MARTIN ELVIS, Center for Astrophysics | Harvard & Smithsonian
CHARLES J. HAILEY, Columbia University

CHRYSSA KOUVELIOTOU, NAS, George Washington University
CHARLES R. LAWRENCE, Jet Propulsion Laboratory

S. HARVEY MOSELEY, JR., Quantum Circuits, Inc.

RESHMI MUKHERJEE, Barnard College

LYMAN A. PAGE, JR., NAS, Princeton University, Steering Committee Liaison
GORDON J. STACEY, Cornell University

PREPUBLICATION COPY -SUBJECT TO FURTHER EDITORIAL CORRECTION
vii

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

PANEL ON OPTICAL AND INFRARED OBSERVATIONS FROM THE GROUND

TIMOTHY M. HECKMAN, NAS, Johns Hopkins University, Chair

DAVID A. BEARDEN, Jet Propulsion Laboratory

DAVID CHARBONNEAU, NAS, Harvard University

SUVI GEZARI, University of Maryland

ANDREA M. GHEZ, NAS, University of California, Los Angeles

JENNY E. GREENE, Princeton University

J. TODD HOEKSEMA, Stanford University

JACOBUS M. OSCHMANN, Independent Consultant, Steering Committee Liaison
RICHARD W. POGGE, Ohio State University

MASSIMO ROBBERTO, Space Telescope Science Institute

NATASCHA M. FORSTER SCHREIBER, Max Planck Institute for Extraterrestrial Physics
DAVID R. SILVA, University of Texas, San Antonio

PANEL ON PARTICLE ASTROPHYSICS AND GRAVITATION

JOHN F. BEACOM, Ohio State University, Co-Chair

LAURA CADONATI, Georgia Institute of Technology, Co-Chair

DAVID Z. BESSON, University of Kansas

GABRIELA GONZALEZ, NAS, Louisiana State University, Steering Committee Liaison
JORDAN A. GOODMAN, University of Maryland, Steering Committee Liaison
ELIZABETH A. HAYS, NASA Goddard Space Flight Center

N. JEREMY KASDIN, University of San Francisco

DAVID B. KIEDA, University of Utah

ANDREA N. LOMMEN, Haverford College

BRIAN D. METZGER, Columbia University

JAMES H. YECK, University of Wisconsin, Madison

NICOLAS YUNES, University of Illinois, Urbana-Champaign

PANEL ON RADIO, MILLIMETER, AND SUBMILLIMETER OBSERVATIONS FROM THE GROUND

ANDREW J. BAKER, Rutgers, The State University of New Jersey, Chair
JACQUELINE N. HEWITT,* Massachusetts Institute of Technology, Vice Chair
HECTOR G. ARCE, Yale University

RAVINDER S. BHATIA, Thirty Meter Telescope

TRACY E. CLARKE, Naval Research Laboratory

MATT A. DOBBS, McGill University

DAVID L. KAPLAN, University of Wisconsin, Milwaukee

DANIEL P. MARRONE, University of Arizona

LYNN D. MATTHEWS, Massachusetts Institute of Technology Haystack Observatory
JOAN R. NAJITA, NSF National Optical-Infrared Astronomy Research Laboratory (NOIRLab)
RICHARD L. PLAMBECK, University of California, Berkeley

JEAN TURNER, University of California, Los Angeles, Steering Committee Liaison

4 Resigned from the panel on April 16, 2020, and did not participate in the panel’s deliberations or the writing
of its report.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
viii

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

PANEL ON STATE OF THE PROFESSION AND SOCIETAL IMPACTS

MARGARET M. HANSON, University of Cincinnati, Co-Chair

ENRICO RAMIREZ-RUIZ, University of California, Santa Cruz, Co-Chair
GURTINA BESLA, University of Arizona

PATRICIA T. BOYD, NASA Goddard Space Flight Center

KATHRYNE J. DANIEL, Bryn Mawr College

MARTHA P. HAYNES, NAS, Cornell University

JEDIDAH C. ISLER, Dartmouth University

RACHEL L. IVIE, American Institute of Physics

KATHRYN V. JOHNSTON, Columbia University

CASEY W. MILLER, Rochester Institute of Technology

JESUS PANDO, DePaul University

JULIE R. POSSELT, University of Southern California

JANE R. RIGBY, NASA Goddard Space Flight Center

WILLIE S. ROCKWARD, Morgan State University

KEIVAN G. STASSUN, Vanderbilt University, Steering Committee Liaison

PREPUBLICATION COPY -SUBJECT TO FURTHER EDITORIAL CORRECTION
iX

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

DECADAL SURVEY ON ASTRONOMY AND ASTROPHYSICS 2020
(ASTR02020) STAFF

COLLEEN N. HARTMAN, Director, Space Studies Board and Board on Physics and Astronomy*

JAMES LANCASTER,? Director, Board on Physics and Astronomy

GREGORY MACK, Senior Program Officer, Board on Physics and Astronomy, Steering Committee Co-
Study Director and Panel on Compact Objects and Energetic Phenomena

ABIGAIL A. SHEFFER, Senior Program Officer, Space Studies Board, Steering Committee Co-Study
Director and Panel on Electromagnetic Observations from Space 2

DIONNA WISE, Program Coordinator, Space Studies Board, Steering Committee and Panel on State of
the Profession and Societal Impacts

MIA BROWN, Research Associate, Space Studies Board, Steering Committee

ALAN ANGLEMAN, Senior Program Officer, Aeronautics and Space Engineering Board, Panel on
Particle Astrophysics and Gravitation

SHENAE BRADLEY, Administrative Assistant, Computer Science and Telecommunications Board,
Panel on Galaxies

MEGAN CHAMBERLAIN, Senior Program Assistant, Space Studies Board, Panel on Electromagnetic
Observations from Space 2, Panel on Optical and Infrared Observations from the Ground, and Panel
on Particle Astrophysics and Gravitation

ARTHUR CHARQO, Senior Program Officer, Space Studies Board, Panel on Radio, Millimeter, and
Submillimeter Observations from the Ground

DWAYNE DAY, Senior Program Officer, Aeronautics and Space Engineering Board, Panel on
Electromagnetic Observations from Space 1

GREG EYRING, Senior Program Officer, National Materials and Manufacturing Board, Panel on the
Interstellar Medium and Star Planet Formation, Panel on an Enabling Foundation for Research, and
Panel on State of the Profession and Societal Impacts

SANDRA GRAHAM, Senior Program Officer, Space Studies Board, Panel on Stars, the Sun, and Stellar
Populations

GAYBRIELLE HOLBERT, Program Assistant, Space Studies Board, Panel on Stars, the Sun, and Stellar
Populations

AMISHA JINANDRA, Associate Program Officer, Board on Physics and Astronomy Panel on
Exoplanets, Astrobiology, and the Solar System

CHRISTOPHER JONES, Program Officer, Board on Physics and Astronomy, Panel on Exoplanets,
Astrobiology, and the Solar System

JAMES MY SKA, Program Officer, National Materials and Manufacturing Board, Panel on Cosmology

DANIEL NAGASAWA, Program Officer, Space Studies Board, Panel on State of the Profession and
Societal Impacts

ERIK SAARI, Administrative Assistant, Board on Army Research Development (until November 30,
2019), Panel on Compact Objects and Energetic Phenomena, and Panel on Exoplanets, Astrobiology,
and the Solar System

ERIK SVEDBERG, Senior Program Officer, National Materials and Manufacturing Board, Panel on
Galaxies, and Panel on Optical and Infrared Observations from the Ground

LINDA WALKER, Program Coordinator, Board on Physics and Astronomy Panel on Cosmology, Panel
On The Interstellar Medium And Star Planet Formation, Panel on an Enabling Foundation for
Research, Panel on Electromagnetic Observations from Space 1, and Panel on Radio, Millimeter,
and Submillimeter Observations from the Ground

! Since May 2021.
2 Retired May 2021.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
X

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

*We want to thank the following—Senior Scholar and former BPA Board Director, Donald C. Shapero;
Christine Mirzayan Science and Technology Policy Fellows Sara Crandall and Emily Moravec; and
Lloyd V. Berkner Space Policy Interns Robert Bullard, Benjamin Cassese, Katherine Dzurilla, Tarini
Konchady, Sarah Moran, Osase Omoruyi, Genevieve Payne, Cindy Vo.

PREPUBLICATION COPY -SUBJECT TO FURTHER EDITORIAL CORRECTION
Xi

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

BOARD ON PHYSICS AND ASTRONOMY

ANDREW J. LANKFORD, University of California, Irvine, Chair
MEIGAN ARONSON, University of British Columbia
WILLIAM BIALEK, NAS, Princeton University

JILL DAHLBURG, Naval Research Laboratory, ret.
SALLY DAWSON, Brookhaven National Laboratory
LOUIS F. DIMAURO, The Ohio State University
WENDELL T. HILL I, University of Maryland

ALAN J. HURD, Los Alamos National Laboratory
CHUNG-PEI MA, University of California, Berkeley
ANGELA VILLELA OLINTO, The University of Chicago
DAVID H. REITZE, California Institute of Technology
SUNIL SINHA, University of California, San Diego

RISA H. WECHSLER, Stanford University

WILLIAM A. ZAJC, Columbia University

STAFF

JAMES C. LANCASTER,® Director

COLLEEN N. HARTMAN,* Director

NEERAJ P. GORKHALY, Associate Program Officer
AMISHA JINANDRA, Associate Program Officer
CHRISTOPHER J. JONES, Program Officer
RADAKA LIGHTFOOT, Finance Business Partner
GREGORY MACK, Senior Program Officer

LINDA WALKER, Program Coordinator

3 Retired May 2021.
4 Since May 2021.

PREPUBLICATION COPY -SUBJECT TO FURTHER EDITORIAL CORRECTION
Xii

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

SPACE STUDIES BOARD

MARGARET G. KIVELSON, NAS, University of California, Los Angeles, Chair
GREGORY P. ASNER, NAS, Carnegie Institution for Science

ADAM S. BURROWS, NAS, Princeton University

JAMES H. CROCKER, NAE, Lockheed Martin Space Systems Company
MARY LYNNE DITTMAR, Coalition for Deep Space Exploration

JEFF DOZIER, University of California, Santa Barbara

MELINDA DARBY DYAR, Mount Holyoke College

ANTONIO L. ELIAS, NAE, Orbital ATK, Inc.

VICTORIA E. HAMILTON, Southwest Research Institute

CHRYSSA KOUVELIOTOU, NAS, George Washington University
DENNIS P. LETTENMAIER, NAE, University of California, Los Angeles
ROSALY M. LOPES, Jet Propulsion Laboratory

STEPHEN J. MACKWELL, American Institute of Physics

DAVID J. MCCOMAS, Princeton University

LARRY J. PAXTON, The Johns Hopkins University

ELIOT QUATAERT, NAS, Princeton University

MARK SAUNDERS, Independent Consultant

BARBARA SHERWOOD LOLLAR, University of Toronto

HOWARD SINGER, National Oceanographic and Atmospheric Administration
HARLAN E. SPENCE, University of New Hampshire

ERIKA B WAGNER, Blue Origin, LLC

PAUL D. WOOSTER, Space Exploration Technologies

EDWARD L. WRIGHT, NAS, University of California, Los Angeles

STAFF

COLLEEN N. HARTMAN, Director

ALAN ANGLEMAN, Associate Director

ALEXIS BHADHA, Financial Assistant

MIA BROWN, Research Associate

MEGAN CHAMBERLAIN, Senior Program Assistant
ARTHUR CHARO, Senior Program Officer
DWAYNE DAY, Senior Program Officer

SANDRA GRAHAM, Senior Program Officer
GAYBRIELLE HOLBERT, Senior Program Assistant
MEG KNEMEYER, Senior Finance Business Partner
DANIEL NAGASAWA, Program Officer

CELESTE A. NAYLOR, Information Management Associate
TANJA PILZAK, Manager, Program Operations
ANDREA REBHOLZ, Program Coordinator
ABIGAIL SHEFFER, Senior Program Officer
DAVID SMITH, Senior Program Officer

DIONNA WISE, Program Coordinator

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
Xiii

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

Preface

The summary charge for the Committee for a Decadal Survey of Astronomy and Astrophysics
(Astro2020; hereafter the “steering committee™) reads as follows:

The National Academies of Sciences, Engineering, and Medicine shall convene an ad hoc survey
committee and supporting study panels to carry out a decadal survey in astronomy and
astrophysics. The study will generate consensus recommendations to implement a comprehensive
strategy and vision for a decade of transformative science at the frontiers of astronomy and
astrophysics.

The complete statement of task and its scope is provided in Appendix A of this report. The
steering committee, with inputs from 13 expert panels encompassing the breadth of astronomy and
astrophysics, was specifically asked to (1) provide an overview of the current state of astronomy and
astrophysics science, and technology research in support of that science, with connections to other
scientific areas where appropriate; (2) identify the most compelling science challenges and frontiers in
astronomy and astrophysics, which shall motivate the committee’s strategy for the future; (3) develop a
comprehensive research strategy to advance the frontiers of astronomy and astrophysics for the period
2022-2032 that will include identifying, recommending, and ranking the highest-priority research
activities; (4) utilize and recommend decision rules, where appropriate, that can accommodate significant
but reasonable deviations in the projected budget or changes in urgency precipitated by new discoveries
or unanticipated competitive activities; (5) assess the state of the profession, including workforce and
demographic issues in the field, identify areas of concern and importance to the community, and where
possible, provide specific, actionable, and practical recommendations to the agencies and community to
address these areas.

Astro2020 was sponsored by the National Aeronautics and Space Administration (NASA), the
National Science Foundation (NSF), the Department of Energy (DOE) Office of High Energy Physics,
and the Air Force Office of Space Research (AFOSR). These federal agencies all participate in different
aspects of the U.S. space- and ground-based astronomy and astrophysics program. Internally, the decadal
survey effort at the National Academies was a joint project of the Board on Physics and Astronomy and
the Space Studies Board. This is the seventh decadal plan for astronomy and astrophysics conducted over
the history of the National Academies.

The scope of the science assessed by the decadal survey is broad, encompassing all aspects of
observational, theoretical, and computational astronomy including ground-based solar observations, but
specific activity recommendations were limited to those administered by NSF Division of Astronomical
Sciences and the NASA Astrophysics Division. Scientific areas in astronomy and astrophysics pursued by
the DOE Office of High Energy Physics were also included in the study, but activity recommendations
were limited to NSF and NASA as described above.

The committee was also tasked with assessing three space projects, WFIRST (since renamed the
Nancy Grace Roman Space Telescope), Athena (Advanced Telescope for High-Energy Astrophysics),
and LISA (Laser Interferometer Space Antenna)—the latter two being European-led missions with
significant NASA participation. These three projects were highly ranked priorities for the 2010 New
Worlds New Horizons (NWNH) decadal survey, also called Astro2010, and are under development but
not yet launched.! The committee was invited to comment on the status and future direction of NASA

! National Research Council, 2010, New Worlds, New Horizons in Astronomy and Astrophysics, The National
Academies Press, Washington, D.C., https://doi.org/10.17226/12951.
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support for these projects, but they were not considered together with nor ranked against new projects
proposed for the coming decade. Likewise the survey was invited to consider the status and evolution of
ongoing programs within NASA’s program of record.

STUDY PROCESS AND PARTICIPANTS

Organization of the Astro2020 decadal survey, including the steering committee and 13 expert
panels, began with the appointment of the co-chairs in late 2018. The steering committee consisted of 20
members, including the co-chairs. Members were selected to cover as fully as possible the scientific scope
of the survey, the range of observational (ground, space, and particle/gravitational astrophysics) and
theoretical disciplines, as well as technical and managerial background in space and/or ground-based
facilities, and to comprise as representative a group of experts as possible in terms of individual,
institutional, and geographical demographics. National Academies policies governing potential conflicts
of interest by steering committee and panel members were strictly enforced. In particular, broad and
open-minded thinkers were sought out as opposed to advocates for individual missions or subfields. The
role of the Executive Officer was also redefined for this survey, to that of a full voting member of the
steering committee, with additional administrative and coordination responsibilities as part of the
leadership team.

All meetings and deliberations for the survey operated under a code of conduct to guide
discussions. This code of conduct was developed in addition to the National Academies policy on sexual
harassment and bullying for committee members, panelists, and meeting attendees, and in addition to a
code of conduct for National Academy of Sciences members. The statement includes a recognition of
strongly held, possibly differing opinions; a dedication to open dialogue and open exchange of ideas; and
professional, civil, and collegial treatment of colleagues so that an open exchange of ideas can occur.

During the course of the panel and steering committee meetings, a number of public information-
gathering sessions were held. These included briefings by the agencies (NASA, NSF, DOE), invited
presentations by selected projects to the program panels, and other informational sessions sponsored by
the other panels or the steering committee. Throughout the survey, the representatives of all three
agencies urged the committee to be “ambitious” and “aspirational,” and the committee hopes that it has
risen to this challenge.

The charges of the expert panels were similar to that of the Astro2010 survey, but with a few
important changes. The number of science panels was increased from five to six panels, to accommodate
the very rapid growth over the previous decade of exoplanetary astronomy and multi-messenger
astrophysics, while preserving balance across all subject areas. The basic programmatic panel structure
from Astro2010 was also retained, except that the Panel on Electromagnetic Observations from Space
was divided into two panels, in order to accommodate the very large number of project proposals and
community white papers in that area. Finally, two new panels for Astro2020 were appointed—the Panel
on an Enabling Foundation for Research (program panel) was charged with evaluating cross-cutting
supporting programs (e.g., grants programs, laboratory astrophysics, data archiving and data science,
computation, theory), and the Panel on State of the Profession and Societal Impacts (SoPSI) was charged
to advise the steering committee on this specific area in its statement of task. These 13 appointed panels
(six science, six program, and one state of the profession) comprised 127 members. In addition, a steering
committee “liaison” member was appointed to each panel to facilitate the flow of information and
communication between panels and the main survey committee. The liaisons participated in the panel
discussions but did not hold formal voting rights. In all, 141 individuals participated in the panel
deliberations with a purpose of providing input to the steering committee. Each panel drafted its own
report, with suggestions for the steering committee to consider, as it held its own deliberations to reach its

2 Presentation to Astro2020 committee by Paul Hertz, NASA Astrophysics Division, July 2019.
3 Presentation to Astro2020 committee by Ralph Gaume, NSF Division of Astronomical Sciences, July 2019.
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recommendations for the main report. To underscore the importance of the panel reports, they have been
published together with this main report as appendixes.

The science panels were asked to provide a brief review of the current state of the science in their
topic areas and determine four important science guestions to be addressed in the next decade and one
area that shows great promise for discovery. The program panels were charged to assess the ability of
current and proposed projects under consideration to address the science panels’ questions and discovery
areas, to comment on the Technical, Risk, and Cost Evaluations (TRACE) of the proposed projects, to
identify key areas of technical development or precursor research activities, and to discuss the balance of
small, competitively selected activities versus larger strategic investments needed to address the science
questions. The program panels were not asked to prioritize or rank projects, but rather to suggest to the
steering committee the projects with the best potential to realize the capabilities needed to address the
science panels’ questions and discovery areas. The Panel on the State of the Profession and Societal
Impacts was asked to gather information on the health and demographics of the astronomy and
astrophysics community and make actionable suggestions to the steering committee on the topics of
demographics, diversity and inclusion, workplace climate, workforce development, education, public
outreach, and relevant areas of astronomy and public policy. Further information about the charges to the
panels is found in Appendix A.

The information-gathering and deliberative phases of Astro2020 were carefully coordinated.
Members of the astronomical community were invited to submit white papers to the survey, and these
papers formed the foundation and starting point for all of the panel deliberations. In the first phase, 572
science white papers were received in early 2019. A second call for “activity, project, and state of
profession consideration” (APC) white papers in July 2019 elicited 294 responses. Every white paper was
assigned to and read by one or more of the panels.

The panel meetings themselves were phased. The science panels each held two formal meetings,
the program panels each held three formal meetings, and all held several additional teleconferences.
Meetings of the science panels took place during the second half of 2019, so that the priorities emerging
from the reports of those panels could be incorporated into the program panel deliberations. The science
panel chairs presented their findings to the steering committee and the program panels at a face-to-face
meeting in December 2019 and delivered their written reports in early 2020. The program panels’
meetings began in November 2019, and they presented their results to the steering committee in May
2020 and delivered initial written reports in June 2020. The SoPSI panel met and deliberated on an
independent schedule, including holding a public listening session at the American Astronomical Society
meeting on January 6, 2020. The SoPSI report was fully incorporated into the overall deliberations and
prioritization phases of the steering committee activities.

During the course of the panel deliberations, a number of other inputs were received, and these
were especially important for the program panels. After an initial review of all projects proposed for a
given panel area, the panels issued requests for information (RFIs) from selected projects to obtain more
detailed information that was initially provided in the respective APCs. These included all of the large
space and ground “flagship” proposals and selected examples of smaller projects. Selected projects were
also invited to present summaries to their respective program panels in public sessions. Many of these
projects then underwent a detailed TRACE study, conducted by an independent contractor (The
Aerospace Corporation). This independent analysis was mandated by the 2008 NASA Authorization Act,
which “directs the Administrator to enter into agreements periodically with the National Academies for
decadal surveys to take stock of the status and opportunities for Earth and space science discipline fields
and aeronautics research and to recommend priorities for research and programmatic areas over the next
decade.” Additionally, the act “requires that such agreements include independent estimates of life cycle
costs and technical readiness of missions assessed in the surveys whenever possible.” In-house analyses
of technology readiness, risk, and cost estimates provided by the project teams themselves supplemented

4 National Aeronautics and Space Administration Authorization Act of 2008, P.L. 110-422, Section 1104
(October 15, 2008).
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this analysis. Details of the TRACE process are provided in Appendix O of this report. This process was
formerly labeled “Cost and Technical Evaluation” (CATE) and was conducted for recent National
Academies surveys in planetary science and solar and space physics, as well as Astro2010.

The schedule for this review was impacted by two outside events—a 35-day government
shutdown from December 2018 to January 2019, and the COVID-19 pandemic of 2020 to 2021. The
shutdown happened just as science white papers were being solicited, so the deadline for submissions was
delayed by a month. The impacts of the COVID-19 pandemic were much more severe. The initial
disruptions in March and April 2020 occurred when the program panels were completing their final
meetings. Final panel deliberations were held virtually, and delivery of the panel reports to the steering
committee were delayed by up to 2 months as everyone adjusted to the new reality of working, caring for
children, teaching, and performing service to the community, all while under a stay-at-home order. The
greatest impact was on the deliberations of the steering committee, which needed to replace its remaining
schedule of four 3- to 4-day face-to-face meetings (out of six total) with more than 20 all-day Zoom
meetings. Early into the pandemic, the survey co-chairs and National Academies’ staff decided not to
allow the disruptions to compromise the quality or integrity of the survey, and the inevitable result was a
several month delay from the original schedule. Included in these virtual meetings were presentations of
preliminary results by the program and SoPSI panels during the summer of 2020.

After the panel reports were received and assembled, the steering committee proceeded with the
main prioritization discussions, fully informed by the panel reports. The steering committee addressed a
few additional topics that were not taken up in full by a program panel (e.g., satellite constellations and
radio frequency interference). In such cases, working groups were appointed within the steering
committee or by committee and cross-panel working groups. The steering committee’s deliberations were
aided by the introduction of innovative strategies to assist in reaching consensus in the virtual
environment necessitated by COVID-19, such as online voting tools, collaborative online document
editing, the utilization of various videoconferencing features, and asynchronous deliberations (Figure
P.1).
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FIGURE P.1 Steering committee members and staff met virtually on May 27, 2021.
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The scientific vision and recommended strategic program arising from this process are presented
in the remainder of this report and will not be summarized here. As with all of the preceding astronomy
and astrophysics surveys, difficult choices were necessary, but that is the main reason for conducting

these decadal reviews.
We hope that we have provided not only an ambitious, inspirational, and aspirational vision and

roadmap for the coming decade, but also a pathway towards realizing even greater objectives in the
future.

Fiona Harrison and Robert Kennicutt, Co-Chairs
Committee for a Decadal Survey on Astronomy and
Astrophysics 2020
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Summary

We live in an extraordinary period of discovery in astronomy and astrophysics. Six Nobel Prizes
have been awarded over the past decade alone for discoveries based on astronomical data (dark energy,
gravitational waves, neutrino oscillations, the discovery of exoplanets, cosmology, supermassive black
holes). Many of the ambitious scientific visions of the 2010 New Worlds New Horizons' (NWNH)
decadal survey are being fulfilled, but momentum has only grown. We stand on the threshold of new
endeavors that will transform not only our understanding of the universe and the processes and physical
paradigms that govern it, but also humanity’s place in it.

This report of the Committee for a Decadal Survey on Astronomy and Astrophysics 2020
(Astro2020) proposes a broad, integrated plan for space- and ground-based astronomy and astrophysics
for the decade 2023-2032.% It also lays the foundations for further advances in the following decade. This
is the seventh in a sequence of decadal survey studies in this field from the National Academies of
Sciences, Engineering, and Medicine. This survey examines the program of record, providing advice on
the major projects from prior surveys that are yet to be completed. It also lays out priorities for future
investments driven by scientific opportunities. The recommendations in this report advance foundational
activities that support the people who drive innovation and discovery, and that promote the technologies
and tools needed to carry out the science. The report also recommends sustaining activities on a broad
range of cost and timescales, as well as activities that enable future visionary projects by maturing them
scientifically and technically. Finally, the recommendations set in motion the construction of frontier
facilities that will change the view and understanding of the cosmos. The survey is bounded by plausible
budget scenarios based on briefings from the sponsoring agencies—the National Aeronautics and Space
Administration (NASA), the National Science Foundation (NSF), and the Department of Energy (DOE).
Within these bounds, the survey aims high, reflecting this time of great scientific promise and progress,
with opportunities to pursue some of the most compelling scientific quests of our times.

THE SCIENTIFIC OPPORTUNITIES

The survey’s scientific vision is framed around three broad themes that embrace some of the most
exciting new discoveries and progress since the start of the millennium, and that promise to address some
of the most fundamental and profound questions in our exploration of the cosmos. The first theme,
Worlds and Suns in Context builds on revolutionary advances in our observations of exoplanets and stars
and aims to understand their formation, evolution, and interconnected nature, and to characterize other
solar systems, including potentially habitable analogs to our own. New Messengers and New Physics will
exploit the new observational tools of gravitational waves and particles, along with temporal monitoring
of the sky across the electromagnetic spectrum and wide-area surveys from the ultraviolet and visible to
microwave and radio to probe some of the most energetic processes in the universe and also address the
nature of dark matter, dark energy, and cosmological inflation. Research in the third theme, Cosmic

! National Research Council, 2010, New Worlds, New Horizons in Astronomy and Astrophysics, The National
Academies Press, Washington, D.C., https://doi.org/10.17226/12951.

2 The statement of task specified a date range of 2022-2032. This has been adjusted to more accurately reflect
the range that the Survey will affect.
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Ecosystems, will link observations and modeling of the stars, galaxies, and the gas and energetic
processes that couple their formation, evolution, and destinies.

Within each of these broad and rich scientific themes, three priority areas motivate recommended
investments over the coming decade. “Pathways to Habitable Worlds” is a step-by-step program to
identify and characterize Earth-like extrasolar planets, with the ultimate goal of obtaining imaging and
spectroscopy of potentially habitable worlds. “New Windows on the Dynamic Universe” is aimed at
combining time-resolved multi-wavelength electromagnetic observations from space and the ground with
non-electromagnetic signals to probe the nature of black holes, neutron stars, the explosive events and
mergers that give rise to them, and to use signatures imprinted by gravitational waves to understand what
happened in the earliest moments in the birth of the universe. “Unveiling the Drivers of Galaxy Growth”
is aimed at revolutionizing our understanding of the origins and evolution of galaxies, from the nature of
the tenuous cosmic webs of gas that feed them, to the nature of how this gas condenses and drives the
formation of stars.

THE RECOMMENDED PROGRAM

Major leaps in observational capabilities will be realized in the coming decade when new large
telescopes and missions commence science operations (Table 7.1). Recommended by previous surveys,
with some undertaken with international partners, these projects and programs are an essential base upon
which the survey’s scientific vision is built. It is essential that these initiatives be completed, and the
scientific programs be supported at levels that ensure full exploitation of their potential by the U.S.
scientific community.

Going forward, this survey lays out a strategy for federal investments aimed at paving a pathway
from the foundations of the profession to the bold scientific frontiers.

Large Programs that Forge the Frontiers

These scientific visions—Pathways to Habitable Worlds, New Windows on the Dynamic
Universe, and Unveiling the Drivers of Galaxy Growth— require the major recommended investments in
large projects to begin design and construction in the coming 10 years (Tables S.5 and S.6; Figure S.1).2
In space, achieving the community’s most ambitious and visionary ideas in a sustainable way, and
realizing the broad capabilities demanded by the richness of the science, requires a re-imagining of the
ways in which large missions are planned, developed, and implemented. The Great Observatories
Mission and Technology Maturation Program (Table S.5) would provide significant early investments
in the co-maturation of mission concepts and technologies, with appropriate decadal survey input on
scope, and with checks and course corrections along the way. Inspired by the vision of searching for
signatures of life on planets outside of the solar system, and by the transformative capability such a
telescope would have for a wide range of astrophysics, the survey recommends that the first mission to
enter this program is a large (~6 m aperture) infrared/optical/ultraviolet (IR/O/UV) space telescope.
The scientific goals of this mission, when achieved, have the potential to profoundly change the way that
human beings view our place in the universe. With sufficient ambition, we are poised scientifically and
technically to make this transformational step. This endeavor represents a quest that is on the technical
forefront, is of an ambitious scale that only NASA can undertake, and it is one where the United States is
uniquely situated to lead the world. If maturation proceeds as expected, the survey recommends that
formulation and implementation begin by the end of the 2020 decade. To prepare for future large,
strategic missions, 5 years after beginning the maturation program for the IR/O/UV mission, the survey

3 For space, large projects are defined as those with costs exceeding $1.5 billion. For ground-based initiatives,
large projects are defined as those exceeding $130 million for the total program investment.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
S-2

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

recommends commencing mission and technology maturation of both a far-IR and an X-ray large
strategic mission, both scoped to have implementation costs in the $3 billion to $5 billion range.

Because of the powerful potential that large (20-40 m) telescopes with diffraction-limited
adaptive optics have for astronomy, and because of the readiness of the projects, the survey’s priority for
a frontier ground-based observatory is a significant U.S. investment in the Giant Magellan Telescope
(GMT) and Thirty Meter Telescope (TMT) projects, ideally as components of a coordinated U.S.
Extremely Large Telescope Program (ELT) program. These observatories will create enormous
opportunities for scientific progress over the coming decades and well beyond, and they will address
nearly every important science question across all three priority science areas. After this, given technical
and scientific progress over the last decades, ground-based cosmic microwave background (CMB) studies
are poised in the next decade to make a major step forward, and the CMB Stage 4 (CMB-S4)
observatory (with support from NSF and DOE) will have broad impact on cosmology and astrophysics.
It is also essential to astronomy that the Karl Jansky Very Large Array (JVLA) and Very Long Baseline
Array (VLBA), which have been the world-leading radio observatories, be replaced by an observatory
that can achieve roughly an order of magnitude improvement in sensitivity compared to those facilities.
The Next Generation Very Large Array (ngVLA) will achieve this, with a phased approach where
design, prototyping, and cost studies are completed and reviewed in advance of commencing
construction. Finally, neutrino observations are important to understanding some of the most energetic
processes in the universe, and the Ice Cube-Generation 2 (IceCube-Gen2) observatory will make
advances in important astrophysics questions, although it is beyond the charge of this survey to
recommend it.*

Programs that Sustain and Balance the Science

Turning to medium-scale missions and projects, the scientific richness of a broader set of
themes—exploring New Messengers and New Physics, understanding Cosmic Ecosystems, and placing
Worlds and Suns in Context—as well as the need to capitalize on major existing investments and those
coming online in the next decades drive the essential sustaining projects (Tables S.5 and S.6). In space,
the highest-priority sustaining activity is a space-based time-domain and multi-messenger program of
small and medium-scale missions. In addition, the survey recommends a new line of probe missions to be
competed in broad areas identified as important to accomplish the survey’s scientific goals. For the
coming decade, a far-IR mission, or an X-ray mission designed to complement the European Space
Agency (ESA’s) Athena mission, would provide powerful capabilities not possible at the Explorer scale.
With science objectives that are more focused compared to a large strategic mission, and a cost cap of
$1.5 billion, a cadence of one probe mission per decade is realistic. The selection of a probe mission in
either area would not replace the need for a future large, strategic mission. For ground-based projects, the
highest-priority sustaining activity is a significant augmentation and expansion of mid-scale
programs, including the addition of strategic calls to support key survey priorities. The survey also
strongly endorses investments in technology development for advanced gravitational wave
interferometers, both to upgrade NSF’s Laser Interferometer Gravitational-Wave Observatory (LIGO),
and to prepare for the next large facility.’

4 IceCube is supported and managed by the NSF Division of Physics, rather than the Division of Astronomical
Sciences.

> Technology development for gravitational wave detection is funded out of the NSF Division of Physics. The
survey strongly endorses the importance of the science to astronomy and astrophysics.
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Foundational Activities

A successful decadal survey strategy requires serious attention to the smaller but vital
investments in the foundations of the research. The people who make up the profession are the most
fundamental component of the research enterprise, without whom the ambitious facilities, instruments,
and experiments, as well as the promised transformative discoveries, would lie unfulfilled. Recognizing
that diversity is a driver of innovation, and that the astronomy and astrophysics enterprise can be at its
most innovative only when it maximizes and fully utilizes the broadest range of human talent, the survey
forwards several crucial programs (Table S.1) to support early-career entrants, with a strong emphasis on
broadening access, removing barriers to participation, and creating an environment that eschews
harassment and discrimination of all kinds. The future of the field also requires that greater attention be
paid to issues of sustainability and accountability, and several recommendations address these issues.
Among the recommendations regarding the state of the profession, the most urgent need is maintenance
of accurate data on funding outcomes, because it is sufficiently critical to the other recommendations.
(Table S.1).

Science cannot progress without the essential support to individual investigators who take the
data and transform them into scientific understanding and discovery. Accordingly, augmenting the NSF
Astronomy and Astrophysics Grants program is the highest priority among the foundational
recommendations. Science also cannot progress without the necessary tools, such as archives, data
pipelines, laboratory work, and theoretical tools that provide the essential, cross-cutting foundations. The
computational revolution continues to transform the conduct and culture of astronomy through the
growing roles of large surveys and shared public data sets, big-team research, applications of machine
learning, and numerical simulations, among others, and research investments will need to evolve to adapt
to this changing landscape. Several critical areas require a healthier balance in order to optimize the
scientific returns on past and future major investments (Table S.2).

The currently operating facilities on the ground and in space, along with the scientists who use
them, are the primary engines of scientific discovery and progress in astronomy and astrophysics. In this
regard, it is essential to adequately support the costs of operating facilities in space and on the ground,
review them regularly during their productive lives, and for ground-based observatories, maintain them as
premier facilities with modern, state-of-the-art instrumentation. Table S.3 summarizes this report’s
recommendations relative to the agencies’ operational portfolios.

A balanced portfolio that includes a healthy investment in small- and medium-scale projects that
are competed, draws from the ingenuity and breadth of the community, and enables science on a broad
range of costs and timescales is essential for sustaining a vibrant astronomy and astrophysics program.
These activities sustain scientific progress, amplify and enhance return from operating missions and
observatories, and respond nimbly to new discovery. The survey recognizes the foundational need for
supporting basic technology development and the crucial role small- and medium-scale projects play in
broadening science and as a means of developing the next generation of technologists and
instrumentalists. Table S.4 summarizes recommendations aimed at strengthening these.

Enabling Future Visions

The community’s most ambitious and visionary ideas now require timelines that are pan-decadal
and even multi-generational. This is particularly true for NASA'’s large strategic missions and NSF’s
premier observatories that are driven by transformative scientific visions but are technically challenging.
They also represent large investments of resources. Optimizing the cadence of major facilities and
developing them in a sustainable way that ensures the appropriate level of maturity prior to a decadal or
agency commitment and tighter control on ultimate project costs requires new, enabling programs and
approaches. The Great Observatories Mission and Technology Maturation Program would provide a new
approach for developing large space strategic missions. In addition, for all large projects, the survey
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provides decision rules and recommends reviews, where required, to ensure technical, scientific, and cost-
readiness prior to commitment of major resources. The survey also identifies a few future projects that are
targets for significant investment in maturation for consideration by future decadal surveys, as
summarized in Tables S.5 and S.6, column 2.

A very large fraction of the astronomical community contributed to this survey through the
almost 900 excellent science, activity, program, and state of the profession white papers and through
active engagement in town hall meetings. The program laid out in this report represents a collective vision
for the future and will require the engagement of a broad community to advance.

Worlds and Suns
in Context

L | |
A~
zo Great Observatories Mission and Technology Maturation Program o
A
@ IR/O/UV Flagship
% Possible Far-IR Probe
‘ \
8 Possible X-Ray Probe

7N
[ @ Time domain/multi-messenger program
\

New Messengers
and New Physics

ngVLA

L~
L Midscale competed and strategic projects
N

| |

?@ Gravitational Wave Detector Technology Development
W

‘ Cosmic Ecosystems
@ IceCube gen-2

2022 2030 2040 2050

TIME

FIGURE S.1 Timeline for the recommended medium and large programs and projects. The starting
point of each, indicated by the logos, shows the projected start of science operations for missions and
observatories, or the start date of the program. The boxes on the right show the survey’s three broad
science themes, and the placement of the logos to the left of the boxes indicate which activities address
the indicated theme.

Tables S.1 to S.6 below summarize the survey’s recommended program, divided into tables that
follow the chapter structure of the report. These tables are only intended to provide a capsule summary of
the recommendations. The survey’s report provides detailed guidance on the implementation of major
programs and emphasizes the range of scales and capabilities necessary for a healthy, balanced, and
visionary program. The ordering of projects in the tables below does not indicate priority ranking. The
body of the report provides guidance on which programs or projects are the most urgent and have highest
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priority within their programmatic category, emphasizing that even within a given cost scale, a balance of
programmatic function is required.

TABLE S.1 Foundations of the Profession

Per Year Budget Increases Cross-
Relative to FY2019 Agency Reference in

Recommendation Topic Agency Budget Allocations (FY2020$%)  Chapter 3
Faculty diversity, and early-career NSF (augmentation of) $2.5M: p. 3-14
faculty awards NASA $1M NSF; $1M NASA,; $0.5M

DOE DOE
Workforce development/diversity, NSF (augmentation of) $4.5M: p. 3-22
bridge programs and minority serving NASA $1.5M NSF; $3M NASA
institutions partnerships
Undergraduate and graduate NSF (augmentation of) $3M: p. 3-23
“traineeship” funding NASA $1M NSF; $1M NASA; $1M

DOE DOE
Independent postdoc fellowships NSF (augmentation of) $1M: p. 3-23

NASA $0.5M NSF; $0.5M NASA
Treat discrimination and harassmentas  NSF N/A p. 3-27
professional misconduct NASA

DOE
Collecting, evaluating, and reporting NSF (augmentation of) $1M p. 3-29
demographic data and indicators NASA Split NSF/NASA
pertaining to equitable outcomes
Include diversity in evaluation of NSF N/A p. 3-30
funding awards NASA

DOE
Establish community astronomy model ~ Community  N/A p. 3-35
for observatory sites
Mitigation of radio-frequency and NSF TBD after evaluation pp. 3-38 and
optical interference from sources NASA 3-40
including satellite constellations
Climate change mitigation actions Community  N/A p. 3-42
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Per Year Budget Increases
Relative to FY2019 Agency
Budget Allocations

Cross-Reference
Page Number,

Recommendation Topic Agency (FY20203) Ch.4
Compile and regularly report data on NSF N/A 4-3
proposal submissions and success rates  NASA
DOE

Augmentation to NSF Astronomy and  NSF (augmentation) ramps up to 4-8
Astrophysics Grants program additional $16.5M/yr (FY20)

by 2028
Augmentation and restoration of annual NASA (augmentation) ramps up to 4-10
proposal calls for Astrophysics Theory additional $2.5M/yr (FY20)
Program by 2028
Support for large key projects on NSF N/A 4-11
MREFC facilities
Improve coordination among U.S. data  NSF TBD depending on outcome  4-20
centers supported by NSF and NASA NASA of study
Data pipeline development, archiving NSF TBD depending on plan 4-21
for ground-based telescopes
Augmentation and improved NSF (augmentation of) ~$2 M/yr,  4-28
coordination of laboratory astrophysics NASA TBD after plan is developed

funding

TABLE S.3 Sustaining the Operating Portfolio

Cross-Reference

Budget Page Number,
Recommendation Topic Agency (FY20209%) Ch.5
New MREFC facilities contingenton ~ NSF N/A 5-5
development of plan for supporting
operations and maintenance costs
NSF to establish regular cadence of NSF N/A 5-6
portfolio reviews of operating
facilities
End SOFIA operations by 2023, NASA No impact if adopted 5-12

consistent with current NASA plan
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TABLE S.4 The Technological Foundations

Per Year Budget Increases
Relative to FY2019 Agency Cross-Reference Page

Budget Allocations Number,
Recommendation Topic Agency (FY20203) Ch.6
Augmentation to NASA Astrophysics  NASA (augmentation of) $4M/yr 6-4
Research and Analysis program
Continue NASA Strategic NASA N/A 6-5
Astrophysics Technology (SAT)
program, expand eligibility to
Explorer and Probe mission
development
Augmentation to NSF Advanced NSF (augmentation of) $8M/yr 6-6
Technologies and Instrumentation starting 2023, ramp up to
(ATI) program $14M additional by 2028

(assumes current budget is

$6M/yr)
Review NASA'’s balloon program for  NASA TBD depending on outcome  6-8-
optimal balance of review

TABLE S.5 New Medium and Large Initiatives: Space

Cross-Reference

Programmatic Cost Appraisal Page Number
Recommendation Topic Function (FY20209%) Ch.7
Great Observatories Mission Enabling future $1.2B this decade 7-11

and Technology Maturation frontier projects
Program for IR/O/UV (first

half of decade), far-IR and X-

ray (second half of decade)

missions
Near- Frontier project, to $11B (estimated) 7-17
Infrared/Optical/Ultraviolet begin after maturation

telescope with high-contrast program
imaging capability

Time Domain and Multi- Sustaining scientific  TBD ($500-800M 7-19
messenger Follow-Up balance and scale this decade est.)

Program

Astrophysics Probe Mission Sustaining scientific ~ $1.5B cost cap 7-20
Program balance and scale
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TABLE S.6 New Medium and Large Initiatives: Ground

Capital Cost Cross-
Recommendation Programmatic (FY20203) Operations Cost  Reference Page
Topic Function (TRACE) (FY2020%) Number Ch.7
Extremely Large Frontier Project $1.6B (NSF share of $32M/yr 7-24,7-25
Telescope Program $5.1B total project  (NSF share of the
(ELT) cost) $98M total)
Stage 4 Cosmic Frontier Project $660M DOE+NSF; $17M/yr (NSF 7-26
Microwave NSF share $273M  share of $40M/yr)
Background
Observatory (CMB-
S4; joint NSF/DOE)
Next Generation Enabling $2.5B (NSF share of $98M/yr; NSF 7-28
Very Large Array development $3.2B project cost)  Share $73M/yr
(ngVLA) program,
followed by
construction if
possible
Augmentation of Sustaining Ramps up to Operations in total  7-29, 7-30
Mid-scale Program: $50M/yr total for program funding
open and strategic Mid-scale
calls Innovations Program
and Mid-scale
Research
Infrastructure
Technology Enabling N/A N/A (not NSF 7-31
development for development AST)
gravitational wave program for
LIGO upgrades and future frontier
for future GW
observatories observatories
IceCube-Gen2 Frontier project N/A N/A (not NSF 7-32
AST)
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Pathways to Discovery: From Foundations to Frontiers

We live in a time of extraordinary discovery and progress in astronomy and astrophysics. Since
the dawn of the millennium, breakthroughs have come at an astounding rate, with highlights that include
the first direct detection of gravitational radiation from astronomical sources; the discovery of thousands
of extrasolar planets, including potential Earth-like analogs and the first characterizations of the physical
properties and atmospheres for gaseous giant planets; mapping of the nascent disks of other solar systems
as they are forming; a unified paradigm for the formation and evolution of galaxies, including deep
insights gained from the fossil record of the Milky Way Galaxy; precision measurements of the
supermassive black hole in the Milky Way’s center; the first direct image of the shadow of a
supermassive black hole; and precision measurements of the dark contents of the universe itself. Six
Nobel Prizes for discoveries made using astronomical data have been awarded over the past decade alone
(dark energy, gravitational waves, neutrino oscillations, the discovery of exoplanets, cosmology,
supermassive black holes). Many ambitious scientific visions have been fulfilled in the past 10 years, but,
if anything, momentum has only grown.

Every decade, the agencies that provide primary federal funding for astronomy and
astrophysics—the National Aeronautics and Space Administration (NASA), the National Science
Foundation (NSF), and the Department of Energy (DOE) Office of Science—request a decadal survey to
assess the status of, and opportunities for the nation’s efforts to forward our understanding of the cosmos.
The National Academies of Sciences, Engineering, and Medicine responds by convening a body of
experts with diverse interests and expertise to undertake this task, with a resulting report that advises the
agencies about how to best deploy resources to advance knowledge in these areas. This survey’s key
objective is to map the national and international scientific landscape and to chart a path for investment,
identifying programs with transformational scientific potential and new observational capabilities. Also
central to the survey’s charge is to assess the health of the profession and the balance of investments in
the people and scientific infrastructure crucial to advancing the understanding of the cosmos. This report
lays out a strategy for federal investments aimed at paving a pathway from the foundations of the
profession to the bold scientific frontiers.

This chapter provides an integrated view of the strategy, analysis, and advice contained in
Chapters 2-7. It is not a comprehensive summary of the report, but rather describes the recommended
program in the broader context and framework in which this decadal survey was conducted, articulating
the approach for building a scientifically broad, balanced, sustainable program that seizes the
opportunities before us.

1.1 THE SCIENTIFIC OPPORTUNITIES
We stand on the threshold of new endeavors that will transform not only our understanding of the
universe and the processes and physical paradigms that govern it, but also humanity’s place in it. The

tremendous richness of 21st century astrophysics is evident in the 573 science white papers authored by
more than 4,500 individuals that lay out a wide array of questions we are now poised to answer. Six
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expert science panels formulated these into key science gquestions and discovery areas ripe for rapid
progress in the coming decade.

Three broad themes, described in Chapter 2, encompass these opportunities—Worlds and Suns in
Context, New Messengers and New Physics, and Cosmic Ecosystems. The diversity of the science and
observational techniques used to advance the associated goals is striking. Because of the balanced and
varied programs put forward by prior decadal surveys, small telescopes, inventive experiments, and
competed missions operating across the spectrum have harnessed the creativity and technical ingenuity of
the community, resulting in an intensely dynamic and rapidly evolving enterprise. As a result, many of
the questions at the forefront of the survey’s themes could not have been framed even a decade ago. The
richness of these three themes demands that a broad and varied suite of capabilities be sustained over the
full electromagnetic spectrum and in the new windows of gravitational waves and high-energy neutrinos.
Within each overarching theme, with its multiple science objectives, the survey identifies a priority
science area that captures the most transformative and far-reaching goal, where, given new, ambitious
facilities, we are poised to take giant strides forward.

1.1.1 Worlds and Suns in Context

The science theme of Worlds and Suns in Context captures the quest to understand the
interconnected systems of stars and the worlds orbiting them, tracing them from the nascent disks of dust
and gas from which they form, through the formation and evolution of the vast array of extrasolar
planetary systems so wildly different than the one in which Earth resides. This is an area where advances
over the past decade have been stunning, and progress in the next decade will be similarly rapid. By 2020,
just 25 years after the discovery of the first exoplanet, the inventory of known exoplanets had exceeded
4,000, with more being identified nearly every week, thanks to ground-based radial velocity
measurements and surveys of systems where the exoplanet partially eclipses its star (transit surveys), as
well as dedicated space missions. The Kepler Discovery-class mission,* launched in 2009, revolutionized
exoplanet studies by monitoring more than 150,000 stars to detect thousands of transiting planets,
enabling astronomers to explore the structure and vast diversity of planetary systems for the first time.
Combining Kepler’s data with ground-based radial velocity measurements is providing essential
information on exoplanet masses and densities. The Transiting Exoplanet Survey Satellite (TESS)
Explorer-class mission,? launched in 2018, is surveying the entire sky to find nearby exoplanets, thereby
providing the best sample for detailed follow-up studies using current and future ground- and space-based
facilities. These same missions, along with the European Space Agency (ESA) Gaia astrometric and
photometric observatory, launched in 2013, and large ground-based spectroscopic surveys have also
enabled great leaps in the understanding of the physics of stars, the stellar populations of stars of the
Milky Way, and the Milky Way’s formation history.

The astronomical community and the public alike have been galvanized by the extraordinary
progress in detecting and studying exoplanets. The 2018 National Academies report Exoplanet Science
Strategy® captures this progress in rich detail. For the coming decade, key goals include applying
spectroscopic and photometric observations to characterize exoplanet surfaces and atmospheres, and fully
characterizing not only individual planets but also the properties of entire extrasolar planetary systems.
The past decade has revealed how diverse and often different these are from our own solar system. But far
more is needed to reliably assess the relative numbers of different system architectures. The upcoming
Nancy Grace Roman Space Telescope, with launch expected in 2026, will conduct a microlensing survey

! The Discovery Program is a series of small to medium-sized competed solar system exploration missions
funded by NASA Planetary Science Division.

2 The Astrophysics Explorer Program is a series of small to medium-sized competed missions.

3 National Academies of Sciences, Engineering, and Medicine, 2018, Exoplanet Science Strategy, Washington,
DC: The National Academies Press, https://doi.org/10.17226/25187.
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of the Milky Way’s galactic bulge, filling out the census by finding exoplanets in the outer reaches of
planetary systems that are inaccessible by other detection techniques. Ground-based 6-10 m optical and
infrared telescopes with custom instrumentation will continue to broaden demographic samples and
diagnose their properties. For the study of atmospheres of exoplanets in close-in orbits, as were found in
abundance by Kepler and TESS, spectroscopy with the James Webb Space Telescope (JWST), to be
launched by the end of 2021, will be transformational. Millimeter, radio, and infrared observations of the
gas and dust disks of forming protoplanetary systems are providing complementary clues to the factors
shaping the extent and architectures of solar systems, and this is an area of great discovery potential.

A rich agenda of discovery and scientific opportunity also lies ahead for stellar astrophysics. Over
the coming decade, attention will focus on the most important unanswered questions, including
understanding the effects of stellar multiplicity on the evolution of the stars in the system, the nature of
stellar activity and activity cycles, and reconstructing the formation and assembly of the Milky Way as
derived from its ancient stars. Precise distances, until recently only available for ~100,000 stars, are now
available for hundreds of millions of stars, along with high-precision photometry, thanks to the ESA Gaia
mission. With such a large sample, even rare types of stars and short-lived stellar evolutionary stages are
well represented. At the same time, precision time-domain measurements of thousands of stars from
Kepler, TESS, and the National Centre for Space Studies (CNES)/ESA Convection, Rotation and
planetary Transits mission (CoRoT) have provided detailed asteroseismological measurements of their
oscillations, which, like seismic measurements on Earth, unveil the internal structures and motions of
material. Ground-based spectroscopy of the stars measured by the space missions will be crucial to obtain
orbital velocities, chemical compositions, surface gravities, masses, rotation rates, and other fundamental
properties. Spectroscopic survey telescopes in the 4-10 m class capable of observing thousands of stars
simultaneously promise major advances. Finally, the Daniel K. Inouye Solar Telescope (DKIST) will
revolutionize observations of the Sun’s atmosphere.

Priority Area: Pathways to Habitable Worlds

Over the past two decades, thousands of extrasolar planets have been discovered, almost all of
them extremely different from any world in our own solar system. This decadal survey’s science theme of
Worlds and Suns in Context encompasses the interlinked studies of stars, planetary systems, and the solar
system. Within this broader science theme, the survey has identified the priority science area of Pathways
to Habitable Worlds with the goal of trying to discover worlds that could resemble Earth and answer the
fundamental question: “Are we alone?” Such planets will be found in the “habitable zone” of their parent
stars—not too close and hot and not too distant and cold. Measurements indicate that around 30 percent of
stars possess such a planet. The task for the next decades will be finding the easiest of such planets to
characterize, and then studying them in detail, searching for signatures of life.

Life on Earth has profoundly altered the planet’s atmosphere (Figure 1.1). Interpreting such
“biosignatures” is not simple, but the interplay of atmospheric components such as water, oxygen,
methane, and carbon dioxide can be modeled to search for evidence of life on other planets. Astronomers
have already demonstrated the ability to use spectroscopy to study the atmospheres of large, hot worlds;
with future facilities, the same techniques will measure the composition of small, habitable planets.
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FIGURE 1.1 Evolution of the reflectivity spectrum of Earth. Simulated spectra of Earth before life had
significantly altered its atmosphere (top, Archean era 2.5 to 5 Gyr ago), before the development of complex life
(middle, Proterozoic era from 0.54 to 2.5 Gyr ago), and the modern oxygen-bearing Earth (bottom). SOURCE:
LUVOIR Report; G. Arney, S. Domagal-Goldman, T. B. Griswold (NASA GSFC).

The pathway to searching for biosignatures on habitable worlds depends strongly on the
properties of their parent stars. The most common stars in the Milky Way Galaxy are dim, red “M
dwarfs.” Their habitable zone will be very close to the star, making the systems accessible with the transit
technique. JWST will observe a few of the very best target systems. To expand that sample will require
the spectroscopic sensitivity of ground-based 25-40 m extremely large telescopes (ELTS).

However, M dwarf stars may not be the best harbor for life—they have massive super-flares and
intense, potentially life-destroying energetic emissions. The planets around more placid Sun-like stars are
essentially inaccessible to the transit technique and beyond the reach of ELTs, which must observe
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through Earth’s atmosphere. Only an ultra-stable, space-based telescope equipped to block the star’s light
and directly image the planet can reach this level of sensitivity. The larger the telescope, the larger the
number of stars whose planets can be searched for signatures of life.

Properly interpreting these observations will also require a scientific context—understanding the
formation and history of these planetary systems to see how life-enabling chemicals flow onto worlds,
laboratory studies and simulations of planetary atmospheres, and deeper knowledge of the stars
themselves—driving a large part of the overall Worlds and Suns in Context theme.

Key capabilities required on the pathway to habitable worlds include the following:

e Ground-based extremely large telescopes equipped with high-resolution spectroscopy, high-
performance adaptive optics, and high-contrast imaging;

e Alarge, stable, space-based infrared/optical/ultraviolet (IR/O/UV) telescope with high-
contrast imaging capable of observing planets 10 billion times fainter than their star, and UV,
visible, and near-1R exoplanet spectroscopic capabilities;

e A high spatial and spectral resolution X-ray space observatory to probe stellar activity across
the entire range of stellar types, including host stars of potentially life-sustaining exoplanets;
and

e Laboratory and theoretical studies of planetary formation, evolution, and atmospheres.

Life on Earth may be the result of a common process, or it may require such an unusual set of
circumstances that we are the only living beings within our part of the galaxy, or even in the universe.
Either answer is profound. If planets like Earth are rare, our own world becomes even more precious. If
we do discover the signature of life in another planetary system, it will change our place in the universe in
a way not seen since the days of Copernicus—placing Earth among a community and continuum of
worlds. The coming decades will set humanity down a path to determine whether we are alone.

1.1.2 New Messengers and New Physics

Our understanding of the universe has been repeatedly transformed by looking at the sky in new
ways, from exploiting the full range of electromagnetic phenomena, to making large-scale, high-cadence
astronomical movies, to exploring the universe in non-electromagnetic messengers. This has led to
remarkable progress in astronomy over the past century, including the ever-growing impact of astronomy
on basic physics. The New Messengers and New Physics theme captures the key scientific questions
associated with a broad range of inquiries, from astronomical constraints on the nature of dark matter and
dark energy, to the new astrophysics enabled by combined observations with particles, neutrinos,
gravitational waves, and light.

The unknown physical natures of dark matter and dark energy, both discovered through
astronomical measurements, remain outstanding grand challenges in both physics and astronomy, and
great observational progress will be made in the coming decade. Addressing these profound mysteries
were prime motivations for the Roman Space Telescope, with a field of view 100 times that of the Hubble
Space Telescope (HST); the NSF/DOE Vera C. Rubin Observatory, a wide-field 8.4 m telescope devoted
to a decade-long mapping of the entire southern sky; as well as ESA’s Euclid mission, with a planned
launch in 2022. These telescopes are all poised to address the nature of dark energy through large optical
and infrared surveys aimed at measuring the distribution of galaxies on large scales, and by detecting
distant supernovae. These measurements will also provide a lasting astronomical legacy, with data that
can be mined to answer a variety of foundational astronomical questions. High-sensitivity and wide-angle
mapping of the cosmic microwave background (CMB) has the potential to create virtual 3D tomographic
maps of the matter distribution between the young universe—when there were free electrons that could
readily scatter CMB photons—and Earth. These measurements can also be used to map the cosmic
structure by mass (rather than by light, which is the structure traced by Roman, Rubin, and Euclid through

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
1-5

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

the starlight of galaxies). Comparing the two will reveal vital information about the structure itself, its
evolution, and the evolution of differences between the distribution of light and mass.

In the past decade, a new, perplexing inconsistency between the expansion rates of the universe
(Hubble constant) measured from nearby stellar distance ladders versus the CMB and other cosmological
yardsticks has also emerged. The latter could be an observational issue, but it could also conceivably
point to a missing element of physics in the current cosmological model. New measurements of the
Hubble constant made by combining gravitational wave signals with associated redshift measurements
will be an entirely independent way to resolve (or confirm) this tension.

The power of near-continuous monitoring of large regions of the sky in the X-ray, gamma-ray,
optical, infrared, and radio bands has been dramatically demonstrated over the past two decades. Time-
domain astronomy is now a mature field central to many astrophysical inquiries, from diagnosing the
wide array of stellar explosions, to exoplanet detection, probing stellar structure, and measuring dramatic
and unexplained changes in the appearance of active galactic nuclei—the regions closely surrounding
supermassive black holes. New phenomena such as fast radio bursts, besides being events of mysterious
origin, can provide a means of probing the tenuous gas in and in between galaxies. Progress in this
subject will accelerate dramatically with the commissioning of the Rubin Observatory and later in the
decade with the launch of the Roman Space Telescope. In particular, Rubin’s unique time domain
mapping of the southern sky is expected to detect roughly 10 million variable events per night, providing
optical color information necessary for rapid characterization and unique scientific inquiries.

The ground-based Laser Interferometer Gravitational Wave Observatory’s (LIGO) discovery in
2015 of gravitational waves from a pair of merging 30 solar mass black holes is certainly one of the
watershed moments in physics and astronomy of the last decades. Future upgrades of LIGO, the European
Virgo interferometer, and the Japanese Kagra, together with the launch of the Laser Interferometer Space
Antenna (LISA) low-frequency gravitational wave observatory in the early 2030s have tremendous
promise to answer fundamental questions in physics and astronomy and to open vast new discovery
space. Upgrades of NSF’s IceCube high-energy neutrino detector will enable these nearly massless
subatomic particles to be associated with individual astrophysical objects, probing extreme environments
where particles are accelerated to near-light speeds. The recent addition of the entirely new messengers—
gravitational waves and high-energy neutrinos—to time domain astrophysics provides the motivation for
the survey’s priority science theme within New Messengers and New Physics.

Priority Area: New Windows on the Dynamic Universe

This report’s science theme of New Messengers and New Physics captures the broad array of
science made possible by observing the sky in new ways. Within this theme, the decadal survey has
identified the priority science area of “New Windows on the Dynamic Universe”—the study of neutron
stars, white dwarfs, collisions of black holes, and stellar explosions using the complementary perspectives
provided by the wide range of messengers from light in all its forms from radio to gamma rays,
gravitational waves, neutrinos, and high-energy particles. In parallel to remarkable advances in
observations with multiple messengers from the LIGO/Virgo/Kagra gravitational wave and the IceCube
high-energy neutrino observatories, the combination of large detectors, big data, and software advances
for handling that data continues to transform the previously static view of the sky to one with nearly daily
movies. Future upgrades of ground-based gravitational wave facilities, together with the launch of LISA
make this a high priority for discovering new physics, and making astronomical measurements that will
change paradigms.

Just like our everyday experience benefits from combining the information provided by sight,
sound, taste, and smell, so too observations with these complementary messengers open new ways of
doing astronomy and new ways of testing the laws of physics. This will reshape the understanding of
topics as diverse as the origin of the carbon in bones and the metal in phones, the history of the expansion
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of the universe since the Big Bang, the life and death of stars, and the physics of black hole event
horizons.

New, coordinated advances in several areas are required to unlock the workings of the dynamic
universe. These include the following:

e A suite of small and medium-scale ground and space-based observational facilities across the
electromagnetic spectrum to discover and characterize the brightness and spectra of transient
sources as they appear and fade away.

e Ground-based 20-40 m optical-infrared telescopes and an IR/O/UV space telescope
significantly larger than HST to see the light coincident with colliding neutron stars detected
in gravitational waves—most of these are sufficiently distant to be undetectable with current
facilities. These same telescopes will diagnose in exquisite detail the elements produced in
stellar explosions.

e A sensitive next-generation radio observatory more powerful than the Very Large Array
(VLA) to detect the jets of relativistic gas produced by neutron stars and black holes,
including those in mergers observed by ground and space-based gravitational wave facilities.

e Next-generation CMB telescopes to search for the polarization signatures of gravitational
waves produced in the infant universe.

e Upgrades to improve the sensitivity of current ground-based gravitational wave detectors, and
development of technologies to enable next-generation facilities.

¢ Improvements in the sensitivity and angular resolution of high energy neutrino observatories.

e Strong software and theoretical foundations to numerically interpret the gravitational wave
signals from merging compact objects to extract new physics in the extremes of density and
gravity, and ensure easy user access to the wealth of data on the dynamic universe and to
model and interpret astronomical sources whose physical conditions cannot be replicated in
laboratories on Earth.

1.1.3 Cosmic Ecosystems

The universe is characterized by an enormous range of physical scales and hierarchy in structure,
from stars and planetary systems to galaxies and a cosmological web of complex filaments connecting
them. A major advance in recent years has been the realization that the physical processes taking place on
all scales are intimately interconnected, and that the universe and all its constituent systems are part of a
constantly evolving ecosystem. The seeds of galaxies were planted during the first moments of the Big
Bang, and modern numerical simulations trace the gravitational growth of cosmic structure from 300,000
years after the Big Bang to the structures and galaxies seen today. The galaxies are ecosystems of their
own, with further condensation of matter to form stars and planets balanced by “feedback” from stellar
winds, outflows, and supernovae that return mass and energy to the gaseous environment. The
supermassive black holes that form and grow within nearly all massive galaxies also play a key role in
this feedback process. Unraveling the nature of this connection is one of the key science goals of the
decade.

The time is ripe for major breakthroughs. JWST will provide definitive observations of the
earliest stages of galaxy formation and evolution, and the histories of star formation, chemical
enrichment, and feedback processes over cosmic time. The combination of wide-area observations of
distant galaxies by the Rubin Observatory, Roman, and Euclid will provide imaging and spectral energy
information for millions of galaxies, complementing the in-depth observations from JWST and HST.

The upcoming observations with JWST, the Rubin Observatory, and Roman will be profound but
will not on their own be able to address the central problem of understanding how galaxies grow. Probing
the heart of the galactic feedback process requires detecting and measuring the tenuous gases at the
boundaries of galaxies and their intergalactic surroundings, the circumgalactic medium (CGM), where the
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accretion and recycling of gas and metals from feedback processes take place. This goal motivates the
priority area within Cosmic Ecosystems.

Priority Area: Unveiling the Drivers of Galaxy Growth

Processes on a wide range of time and length scales shape the behavior of most astronomical
objects, from the scales of planet formation in disks around young stars to galaxies and clusters of
galaxies. The science theme of Cosmic Ecosystems captures the interconnectedness of these astronomical
systems across cosmic scales. Within this theme, the decadal survey has identified the priority science
area of Unveiling the Drivers of Galaxy Growth. The allure of galaxies—to scientists and the public
alike—stems from their diversity and complexity. Their rich internal structures and tremendous variety
make understanding the origin of galaxies one of the most continuously compelling stories in
astronomy. The past decades have seen a growing understanding of the origin of this complexity: gas
flows into galaxies, fueling new generations of stars and the buildup of central black holes, but these same
stars and black holes send matter back out, potentially shutting down any chance for new material to
stream in. These processes must have profound effects on galaxies, but astronomers have only a tenuous
grasp on the full coupling between the larger galaxy environment that holds the gas transiting in and out
of a galaxy, and the properties of the galaxy itself.

This profoundly multiscale problem requires connecting galaxies from their central black holes,
in a region no larger than the solar system, to their outermost reaches millions of light years from the
center. Technologically, these demanding requirements drive investments in reaching high resolution—to
uncover the parsec-scale astrophysics powering feedback—and towards high sensitivity—to both detect
the most tenuous and diffuse emission and to allow spectroscopy against faint background light sources
with sufficient density to sample a dozen or more lines of sight in a single galaxy. Furthermore, the range
of gas temperatures (from more than a million degrees kelvin down to temperatures approaching absolute
zero) and redshifts naturally motivates a multiwavelength approach.

New observational capabilities across the electromagnetic spectrum along with computation and
theory are needed to resolve the rich workings of galaxies on all scales. These include the following:

e Large 20-40 m ground-based O/IR telescopes to observe the transition-rich rest-frame UV, in
both emission and absorption, for galaxies in the young universe. This will reveal the faint
networks of gas that surround galaxies and the gas’s chemistry, temperature, density, and
motions.

e A next-generation VLA radio telescope will, for the same early epochs, map emission lines of
molecular gas, tracing the cold gas associated with both the extended galactic environment
and fueling AGN and star formation within the galaxy itself.

e A next-generation IR/O/UV large space telescope to trace much of the same physics as the
ELTs but in the nearby, evolved universe, and in dramatic detail, revealing the full
multiphase complexity of the local ecosystem.

e To complement these capabilities a capable far-IR and/or X-ray mission will further
transform these views by peering into the dusty hearts of galaxies to reveal enshrouded
accreting black holes, or tracing the hottest phases of gas driven outward by this same
accretion, with the spatial and spectral resolution needed to isolate critical physical quantities
in massive galaxies.

e Investments in theory and in the community of scientific experts exploring these data are
essential for synthesizing a new scientific foundation for galaxy evolution from these
observational advances.
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1.2 BACKGROUND AND CONTEXT

The range and variety of compelling scientific opportunities illustrates the dynamic nature of
modern astrophysics, with future directions propelled both by steady evolution and by dramatic
revolution, powered by new discoveries, emerging capabilities, and an increasingly diverse set of ideas.
The survey’s recommended program is driven by the science, but it is also shaped by the global
landscape, and the scientific, technical, and human context of the times. Multifaceted considerations led
to the balance of science, the emphasis on sustainable investments in projects and people, and the wide-
ranging activities on all scales that are prioritized through recommendations in this report.

The major scientific progress in astronomy over the past decade has been mirrored by a continued
transformation in the national and international landscape in which this research is being conducted.
Astronomy continues to become more global and interconnected, and many of the major space missions
in recent decades (HST, JWST, Herschel Space Observatory, and Planck) have been carried out as
partnerships between NASA, ESA, and/or the Japan Aerospace Exploration Agency (JAXA). With the
XRISM and Athena X-ray observatories, Euclid, and LISA on the horizon, the survey’s scientific goals
are crucially dependent on such partnerships continuing and even strengthening going forward. On the
ground, the Gemini and ALMA ground-based observatories are international collaborations with NSF
participation. This trend is likely to continue; a majority of the large ground-based projects presented to
this survey have, or plan to have, significant international partners. Data produced by other European-led
observatories such as the ESA Gaia mission and the European Southern Observatory have also
contributed to major advances by U.S. researchers, either individually or as members of international
collaborations. This international context of current and planned facilities has been fully incorporated into
the survey’s science and strategy planning.

The imminent launch of JWST is a momentous occasion that will shape the course of astronomy
and astrophysics in the coming decades. Arguably the most ambitious robotic science mission that NASA
has ever undertaken, JWST will influence essentially every area of astronomy, from peering back in time
to view nascent galaxies as they begin to form in the early universe, to exploring the atmospheres of
exoplanets in exquisite detail. JWST, more than two decades in the making, reminds us of the
transformational nature of the ambitious, large strategic missions that NASA is uniquely capable of
undertaking.

While large strategic missions are transformative, 21st century astrophysics owes much of its
richness to NASA’s panchromatic suite of Great Observatories that spanned the spectrum from gamma
rays to infrared, and which were accomplished with a wide range of scales, from what today is referred to
as “Probe scale” up to the very ambitious HST and JWST missions. Diverse missions of all scales,
national and international, designed to view the universe in a multiplicity of complementary ways are now
essential to progress in modern astrophysics. The broad science laid out in this report requires a wide
variety of space-based techniques and capabilities spanning not just the electromagnetic spectrum, but,
with the launch of ESA’s LISA mission, in which the United States is a significant partner, the
gravitational wave spectrum as well. While, as noted above, sustaining broad observational capabilities is
crucially dependent on international partnerships and missions, essential capabilities, such as very high-
contrast imaging and spectroscopy in the IR/O/UV bands, far-IR imaging and spectroscopy, and high-
resolution X-ray imaging and spectroscopy, are not planned in ESA’s Voyage 2050 program,* or by other
international agencies. Because of the significant U.S. leadership in the development of the needed
technologies and capabilities, and the high priority these have for this survey, it is essential for NASA to
lead their development. However, without a major change in the approach to developing strategic
missions, combined with expanding the range of mission scales, it will take many decades to realize the
necessary range of observational capabilities.

4 See
https://www.esa.int/Science_Exploration/Space_Science/\VVoyage 2050 _sets_sail_ESA_chooses_future_science_mis
sion_themes.
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On the ground, the astronomical community eagerly awaits the commissioning of the Rubin
Observatory, which will be devoted to a decade-long mapping of the entire southern sky in multiple
colors and with multiple time-domain cadences. By harnessing the power of the digital revolution, and
building on past large surveys, large public data sets, data science, and computational astrophysics, Rubin
will leave a legacy of data that will be mined far into the future by a diversity of astronomers. The
challenge going forward is to ensure that the vast range of variable and transient phenomena that Rubin
will uncover can be quickly discovered and studied by facilities spanning the wavelength spectrum.

Concerning new ground-based activities, NSF and DOE strongly urged the survey to be
ambitious and challenged it to consider bold, transformative initiatives. At the same time, NSF Division
of Astronomical Sciences (NSF AST) is faced with an historic underinvestment in smaller scale,
foundational activities such as the general investigator grants that ensure high scientific return from
projects of all scales. Together with the lack of a sustainable model for operating new facilities, the
agency faces structural issues it must address to capitalize on the opportunities. Nationally, attention is
growing on the country’s urgent need to build its infrastructure, technological base, and scientific
foundations, and this movement aligns well with NSF AST’s needs. Being a field that captures the
imagination of the public, pushes technology, and is a gateway to science, technology, engineering, and
mathematics (STEM) education, astronomy is in a good position to argue for addressing these
foundational issues through increased basic investments.

The activities and deliberations of this decadal survey took place in a time of tremendous national
and international upheaval. The global COVID-19 pandemic has disrupted every aspect of life, from
seemingly mundane issues of how to conduct the survey’s business, to health, childcare, elder care, and
education. The impacts have not been equally felt by women and men, and they also depend on
socioeconomic status and race. The careers of many young people, including scientists, have been paused,
and this will have a lasting impact on the profession. The pandemic also strongly underscored the
important role of science, and scientific reasoning in combatting the epidemic, from the rapid
development of MNRNA vaccines, to the factual, analytic presentation of the data necessary to design
protective measures. The ultimate economic and social impacts of the pandemic remain unclear, adding to
the uncertainty of the future landscape.

As a final, important backdrop, this survey was strongly influenced by the urgent need to advance
diversity, equality, and inclusion in all aspects of society. This need came into sharp focus with the Black
Lives Matter movement, sexual harassment and the inequalities highlighted by the #MeToo movement,
the inequitable impacts of COVID-19, and the shocking increase in hate crimes against Asian Americans.
These harsh realities have invigorated the nation into a renewed conviction to tackle systemic issues of
race, gender bias, and privilege at a local and global scale. There is momentum to effect change, and the
time is overdue to actively focus on these activities. Changing the defaults under which astronomy is
practiced will only happen with energetic engagement and a diversity-, equity-, and inclusion-focused
lens.

1.3 FRAMEWORK FOR THE SURVEY’S RECOMMENDATIONS

In the context described above, the decadal survey committee weighed many considerations in
designing its recommended program (Figure 1.2). Primary among these is that the portfolio must be
scientifically balanced, broad, and sustainable. Also, the program must be structured to draw from the
widest range of human talent. The first consideration drives the need for a balance of investments among
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