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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.
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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
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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
activities that lay the foundations of the science and the profession, and that advance a variety of projects
on all scales. The second consideration requires that the profession and the agencies nurture, structure,
and expand programs in such a way that they eliminate barriers, create inclusive environments, and
actively encourage broad participation.
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Realizing the Astro2020 Program:
Pathways From Foundations to Frontiers

Explore the Cosmos

« Worlds and Suns in Context + Pathways to Habitable Worlds

* New Messengers and New Physics + New Windows on the Dynamic

) Universe
« Cosmic Ecosystems

+ Unveiling the Drivers of Galaxy Growth

Build the Foundations Guiding Principles
» Expand grants to bring science and ideas to fruition » Balance the portfolio
» Develop and diversify the scientific workforce
» Support data archives and curation

« Broaden and optimize the science

« Bolster theory underpinnings * Advance diversity and equity

« Advance crucial laboratory measurements * Nurture sustainability
» Expand support for early-stage and basic technology development
» Promote scientific literacy and engage the public

FIGURE 1.2 The recommended program includes elements that pave the way to transformative science
by building a strong research and technology foundation, promoting programs on a range of scales that
balance and sustain observational capabilities, enabling future large projects, and advancing new frontier
observatories.

The survey’s organization of projects and activities into categories is a departure from past
practice. It emphasizes the function of the activity within the program rather than the cost, although there
is a rough equivalence. Prior surveys have divided programs strictly by budgetary requirements (small,
medium, and large) and have in general not prioritized projects in one cost category compared to those in
another as a means of emphasizing the need for balance. The approach taken by Astro2020 is to adopt
functional categories. Projects that build the foundations consist in large part of competed grants to
individual investigators and programs that support modest scale activities, and sustaining projects consist
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of competed mid-scale experiments and missions. Two categories capture the large, ambitious initiatives:
programs that enable future visions and those that realize frontier facilities. This survey, like its
predecessors, places strong emphasis on balance and the need for projects on a variety of scales and does
not prioritize one category over another. In most categories, the survey identifies the highest-priority
activity, and for others there is a natural time ordering based on scientific urgency and/or project
readiness.

Another consideration is the budget uncertainty associated both with agency guidance, and with
the landscape of federal funding discussed above. NASA and NSF strongly urged the survey to develop a
program that is aspirational and inspirational, but that also conforms to budgetary norms. Given the
uncertain landscape, the survey committee concluded that it is not possible to imagine and plan for the
many possible contingencies. Rather, the recommended program forwards the frontiers of science through
ambitious projects, and at the same time strongly advocates for balance. With this guidance in hand, the
agencies have the flexibility to seize opportunities that arise on all scales, and the strong motivation to do
so given the analysis of this report. For major projects that dominate budgetary requirements, the survey
establishes decision rules and off ramps that guide agencies in the event of technical issues, or changes in
the budgetary landscape. Interim advice from the mid-decadal survey, and from committees such as the
Space Studies Board, the Board on Physics and Astronomy, and the Committee on Astronomy and
Astrophysics, are an effective means for the agencies to request input on issues resulting from changing
circumstances. These corrections would of course be strongly guided by, and be based on, the full
analysis contained in this report. Additional prescriptions are unlikely to be helpful to the agencies given
the many constraints, fiscal, political, and organizational, that they are faced with.

The greatest challenge faced by the survey committee in developing new recommendations for
the nation’s space astrophysics program is how to realize large strategic missions, yet at the same time
achieve the wavelength balance, and the overlapping operational lifetimes that characterized NASA’s
Great Observatories, a model that so successfully propelled many, varied fields of astrophysics. While
international partnerships are essential, they are not sufficient to accomplish the broad and aspirational
science program laid out in Astro2020. Doing so will require a range of missions significantly larger than
Explorers, yet with a mix of cost and implementation time scales spanning from a less than a decade to
the multiple decades required to realize a mission of the ambition and complexity of JWST.

As evidenced by the four Large Mission Concept Studies prepared for this survey, the
community’s most ambitious and visionary ideas now require timelines that are pan-decadal, and even
multi-generational (Chapter 7, Table 7.4). We are poised to tackle some questions that are so grand that
the facilities and instruments needed to address them require vision and commitment beyond our
individual horizons. But to do this sustainably, and to realize the broad capabilities demanded by the
richness of the science requires a re-imagining of the ways in which large missions are developed and
implemented. The ambitious strategic missions demand much more significant early investments in co-
maturing mission concepts and technologies prior to adoption, with appropriate decadal input on scope,
and with checks and course corrections along the way. In addition, adding a competed probe mission line
that spans the large gap between Explorers and ambitious strategic missions, with science foci identified
by decadal surveys will be a further move toward a capable, panchromatic mission fleet.

The greatest challenge for NSF going forward is its need to develop the appropriate programmatic
balance of projects spanning the needed range of budgetary levels required to optimize the return on
federal investments. Seizing the compelling scientific opportunities, and retaining U.S. competitiveness in
astronomy requires capabilities that are uniquely provided by large, ambitious facilities. However, it also
requires supporting operations of NSF’s wide range of productive facilities, including upgrading
instrumentation, ensuring a balance of project scales, and most importantly supporting the community of
individual investigators to realize the scientific goals set out for the decade. The complex challenge
associated with achieving this balance has been an impediment to the field for multiple decades, and it
must be addressed if we are to reap the scientific rewards going forward.

For NASA, NSF, and DOE, overruns and delays in major projects have historically been a
significant threat to improving and maintaining program balance. The survey addresses this in two ways.
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First, the recommendations in this report emphasize more significant project and technology maturation
prior to a commitment to, and commencement of, implementation. This will enable requisite budgets to
be more firmly established when the project is adopted by the agency. In addition, for major projects, the
decision rules are intended to guide the agencies in how to manage changing circumstances, technical or
budgetary.

1.4 CRITERIA FOR ADVANCING NEW ACTIVITIES

The program of new activities in this report was conceived in the context of numerous exciting
large strategic projects and missions, including international partnerships, that have yet to begin scientific
operation (see Table 7.1 for a comprehensive list). This survey assumes that these compelling programs
will be all be completed and sustained through their scientifically productive lifetimes. Ambitious and
transformative large-scale efforts often take multiple decades to realize, and all of those scheduled for
completion in the coming decade will provide essential capabilities upon which the Survey’s scientific
goals rely. Further, programs resulting from decadal recommendations, such as NASA’s expanded
Explorer program and NSF’s Mid-Scale Innovations Program, play essential roles in sustaining scientific
breadth and ensuring timely response to new opportunities. These continued and future capabilities are
essential underpinnings upon which new recommendations are predicated.

For NSF, as noted above, the pressure imposed by operations costs of large NSF facilities on
grants and other programs has been a systemic issue plaguing astronomy. By the middle of the decade,
this will escalate to unsustainable levels unless changes are made to the way that large facilities are
supported. The survey’s recommendation is that new, large Major Research Equipment and Facilities
Construction (MREFC) recommendations described below be predicated on NSF developing a
sustainable plan for supporting the operations and maintenance costs of its astronomical facilities, while
preserving an appropriate balance with funding essential scientific foundations and the remainder of the
NSF AST portfolio.

1.5 RECOMMENDED PROGRAM OF NEW ACTIVITIES

The survey’s recommendations for new programs and program augmentations are organized into
steps that form the pathway from the foundations of the profession out to the scientific frontiers (Figure
1.2). The full text of the survey committee’s analyses and recommendations is found in Chapters 2-7,
while this chapter provides a broad overview. These recommendations advance transformative science in
the coming decade and set the stage for enabling the bold visions in the future (Figure 1.3).

1.5.1 Guiding Principles

Major investments must advance a bold and broad scientific vision, while at the same time
ensuring a balanced program that responds to scientific opportunity. Astronomy and astrophysics
advances in a global context, and the survey recognized and responded to the need for synergy with, and
complementarity to, activities worldwide. Especially for ground-based observatories, private institutions
and philanthropic entities have been, and continue to be central to some of the most ambitious endeavors.
The survey committee carefully considered how to best leverage these private-public partnerships in a
way that achieves ambitious science and advances the aspirations of the entire community. There is also
the challenging issue of balancing scientific ambition with feasibility and timeliness. All of these factors
shaped the recommended programs, and their phasing.
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FIGURE 1.3 Timeline for the medium and large programs and projects recommended by this Astro2020
decadal survey. 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. As evidenced in the figure, advancing each of the survey’s
broad science themes requires a range of facilities and programs.

The recommendations in this report are also guided by the precepts and principles of diversity,
equity, benefit to the nation and the world, and sustainability. Diversity is a driver of innovation, and the
astronomy and astrophysics enterprise can be at its most innovative only when it maximizes and fully
utilizes the diversity of its human talent, ensures equitable access to opportunities, removes barriers to
participation, and when it values diverse forms of expertise in its leadership. Equity demands that what is
pursued with the nation’s resources are done in a manner consistent with the principles of fairness and
equal opportunity that are core to society’s ideals. Anyone with the ability and the drive to contribute
through astronomical discovery should have a fair chance to do so, and be free of fear, harassment, or
discrimination. The benefits of astronomy and astrophysics extend beyond its fundamental discoveries.
They provide lifelong learning opportunities and science literacy to the public and contribute to the
development of the nation’s broader, technically trained STEM workforce. In terms of sustainability and
accountability, the substantial investments in people and the use of natural resources in astronomy require
responsible stewardship, transparency, and accountability for outcomes. This is a core responsibility of
the organizations, agencies, and stakeholders that benefit from the human labor and products of the field.
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1.5.2 Foundational Activities

The pathway begins with strong support for foundational activities that build the people and the
profession, (Chapter 3, The Foundations of the Profession), bolster the core activities necessary for a
vibrant research enterprise (Chapter 4, The Research Foundations), and lay the technological foundations
for the future (Chapter 6, The Technological Foundations and Small and Medium Programs that Balance
the Science). The key new programs with these aims are described below.

o Develop and diversify the scientific workforce. The diversity of the astronomy and
astrophysics profession remains an area where much improvement is needed. While there
have been some notable improvements, especially with regards to the representation of
women at the early career ranks of the profession, the overall demographics of the field
remain very far from parity with the larger population. Addressing this will require action on
many fronts: recommendations in this decadal survey report span the career stages from
undergraduate to faculty and beyond, with targeted programs to improve diversity at each
level; bridge critical transitions in the pipeline; and work to improve diversity of project
teams, participants, and beneficiaries. The ugly realization of continued discrimination in the
form of racism, bias, and harassment hampers progress towards building a fully diverse and
inclusive workforce, and a recommendation of the report in this area suggests adoption of
scientific integrity policies that address discrimination and harassment as forms of research or
scientific misconduct. At the core of a diversity-, equity-, and inclusivity-focused approach is
the need for data to evaluate equitable outcomes of proposal competitions; such data was
sorely lacking in the preparation of this report, and a recommendation to collect, evaluate,
and publicly report such data would enable future assessments.

o Promote scientific literacy and engage the public. By capturing the public’s attention with
discoveries, including the participation of citizen scientists in the research process, promoting
science literacy, and realizing advanced technologies that can then find real-world
applications, astronomy has a clear benefit to the nation. Astronomy education is effective as
a broad gateway to STEM careers. Considering the rapidly increasing need for advanced
computational skills in both the public and private sector for students to be competitive,
embedding computational training in the undergraduate curriculum is even more important to
integrate in the coming decade.

o Promote sustainability and accountability. The future of the field requires that greater
attention be paid to issues of sustainability and accountability, whether it is in the context of
the natural resources required for astronomy research activities at observing sites, or the
current crisis of a large number of low Earth—orbiting satellites that will impact wide-field
imaging at optical wavelengths and radio frequency observations. Adapting to the realities of
climate change requires a decrease of the field’s impact on carbon emissions. Recognizing
the need for active, up-front, and sustained engagement with local and Indigenous
communities, the survey committee recommends the implementation of a Community
Astronomy model of engagement, similar to community-based approaches in other scientific
disciplines. The goal for such an approach is to advance scientific research while also
respecting, empowering, and benefitting local communities.

e Expand the NSF grants program (highest-priority foundational recommendation). Robust
individual investigator grant funding is crucial to achieving the science goals of this decadal
survey and to ensure more equitable access to resources. The NSF Astronomy and
Astrophysics Grants (AAG) program is a cornerstone of the enabling foundation for research
in astronomy and astrophysics in the United States, supporting research projects across nearly
all subfields of the astrophysical sciences. This program is not currently at a healthy level,
and the recommendation for an augmentation over 5 years is designed to restore success rates
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to a healthy competitive environment. This is the highest-priority item amongst the many
recommendations for building the foundation of the nation’s research enterprise.

e Bolster theory underpinnings. Theoretical investigations, crucial as both a mechanism for
driving new discoveries and a framework for interpreting essentially all signals received from
space, are, like grants at NSF, lacking crucial funding at a level that can sustain the necessary
projects. A recommendation to increase the amount of funding for NASA’s Astrophysics
Theory Program (ATP), and restore its cadence to an annual call, reflects increases to recover
from past limited funding.

e Maximize science from large programs on ground-based facilities. Another survey
recommendation in the foundations category urges NSF to establish a mechanism of research
funding and production of high level data products for large principal-investigator programs
on MREFC-scale astronomical facilities. This would accelerate scientific output and
maximize the timeliness and community impact of large key projects.

e Support data archives and curation. Astronomy is evolving rapidly into a profession in which
archiving of individual observations can produce scientific impacts that rival the original
studies, and large-scale surveys are designed for science-ready archival manipulation from
the beginning. As demonstrated by space missions and some ground observatories (e.g.,
ALMA, the European Southern Observatory [ESQ]), readily-accessible archival data can
substantially increase the scientific impact of facilities for a relatively modest incremental
cost. The situation is less uniform for the large number of ground-based optical/infrared
(OIR) facilities managed by universities and other institutions. A survey recommendation to
NSF and stakeholders for enabling science-ready data across all general-purpose ground-
based observatories is an attempt to ensure that all pipelined observations are archived for
eventual public use.

» Advance crucial laboratory measurements. Laboratory astrophysics is a critical but often
hidden and underappreciated cornerstone of the enabling research foundation. It has been
chronically underfunded; concerns were raised in both the 2000 and 2010 decadal surveys,
but the problem persists. Research in this area needs to be regarded as a high priority, and the
existing approaches are not sufficiently advancing the field. A multi-step recommendation in
this area urges the agencies to identify the needs for supporting laboratory data to interpret
the results of new astronomical observatories, identify resources, and consider new
approaches or programs for building the requisite databases. The recommendation also points
out the need to include not only experts in laboratory astrophysics, but also users of the data
to identify the highest priority applications.

o Expand support for early-stage and basic technology development. Analyses of the needs for
basic technology funding to support future innovation, as well as to advance identified goals
for, for example, high-contrast imaging, adaptive optics, highly multiplexed detectors, and
technologies that will drive the next generation of instruments, observatories and missions,
identifies increased investments in basic technology as a priority. Another important factor is
that basic technology grants are too small to support infrastructure or significant involvement
by industrial partners. To be able to fuel innovative future projects on all scales, it is
important for the basic technology development portion of the Astrophysics Research and
Analysis Program (APRA) to be significantly increased, and for cuts to NSF’s Advanced
Technologies and Instrumentation (ATI) program over the last decade be rapidly reversed,
and additional funding be added to bring the program to the levels recommended by
Astro2010.
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1.5.3 Programs that Sustain and Balance the Science

Chapter 7 (The New Medium and Large Investments that Sustain Science and Forge Frontiers)
lays out an ambitious roadmap for high-priority, space- and ground-based, large and medium-scale
initiatives that are compelling and ready to begin implementation in the decade 2023-2033. This roadmap
has at its core recommendations are aimed at capitalizing on the upcoming Roman, Rubin, Athena, and
LISA observatories, and balancing scientific progress among the survey’s priorities, thereby addressing
the extraordinary richness of 21st century astrophysics.

Time Domain Astrophysics Program (Highest Priority Sustaining Activity for Space)

Exploring the cosmos in the multi-messenger and time domains is a key scientific priority for the
coming decade, with new capabilities for discovery on the horizon with the Rubin Observatory, Roman,
LIGO/Virgo and the Kamioka Gravitational Wave Detector (KAGRA), and IceCube. To advance this
science, it is essential to maintain and expand space-based time-domain and follow up facilities in space.
Many of the necessary observational capabilities can be realized on Explorer-scale platforms, or possibly
somewhat larger. As the international landscape and health of NASA assets change, it will be important
for NASA to seek regular advice over the coming decade on needed capabilities and to ensure their
development. The open Explorer program calls have reached a healthy funding level, and as noted in
Section 6.2.1.1.3, maintaining the current cadence of open calls is a condition for new initiatives. This
time-domain program is therefore recommended as an augmentation to those levels, and would be
executed through competed calls in broad, identified areas.

Astrophysics Probe Mission Program (Space)

The large gap in cost and capability between medium-class Explorer missions and the large
strategic missions presented to the survey is a significant impediment to achieving the broad set of
decadal scientific priorities. Institution of Probe-class line of missions with a cost cap of ~$1.5 billion per
mission, a cadence of ~one per decade, and competed within selected priority areas identified by this and
future decadal surveys, is a crucial addition to NASA’s astrophysics portfolio. The two priorities for the
first Probe-class mission competition are a far-IR probe or an X-ray probe to complement the Athena
mission. Both areas represent important observational needs where advances in technology and focused
objectives can yield transformative science on a moderate-sized platform.

Augmentation and Expansion of the NSF Astronomy Mid-Scale Program (Highest Priority
Sustaining Activity for Ground)

Mid-scale programs—across the entire range of ~$4 million to 120 million—enable new
transformative capabilities by incentivizing creative approaches from the community for cutting-edge
instruments and experiments. They also ensure robust capabilities for basic research through continually
refreshed instrumentation suites and can respond rapidly to strategic priorities. For these reasons it is
essential to expand funding levels for the astronomy funding available through mid-scale programs, MSIP
and Mid-scale Research Infrastructure (MSRI). It is also essential to add components to the astronomy
mid-scale program to target strategic areas through dedicated calls, and to sustain and advance
instrumentation on existing telescopes. For the next 10 years, time-domain astrophysics, highly
multiplexed spectroscopy, and radio instrumentation (including radio transient cameras and neutral
hydrogen mappers) are the priorities for strategic calls. Dedicated calls are also needed to ensure the
regular upgrading of instrumentation on existing facilities, with an emphasis on 4-10 m class

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
1-17

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

optical/infrared telescopes. These two new elements would be added, in addition to entirely open
competitions of new ideas, in a balanced way that responds to proposal pressure.

1.5.4 Programs that Enable Future Visions

Great Observatories Mission and Technology Maturation Program (Highest Priority for Enabling
Programs for Space)

NASA'’s flagship missions are driven by transformative scientific visions, and they advance a
broad range of scientific objectives. Overlapping or near-simultaneous wavelength coverage is
particularly impactful, as evidenced by the success of NASA’s Great Observatories. Given the large costs
and development timescales associated with the large missions presented to this survey, achieving this
will only be possible if a new approach is taken to mission maturation, and in particular phasing it with
decadal survey advice. The Great Observatories Mission and Technology Maturation Program is aimed at
increasing the cadence of large missions by designating appropriate scope at an early stage and making
significant investments in maturing missions to the appropriate level prior to ultimate recommendation
and implementation. This motivates the recommendation that a large IR/O/UV mission first enter the
maturation program, and only when that has been successful as defined by a review, would it proceed to
formulation. It is also important that additional missions enter the maturation program in the next 10 years
to ensure the needed cadence for panchromatic capabilities, and the priorities for this are a far-IR flagship
with some of the capabilities of the proposed Origins, and a high-resolution X-ray mission with some of
the capabilities of the proposed Lynx. An important aspect is that both the X-ray and far-IR missions are
to be matured with cost targets of $3 billion to $5 billion. Determining the range of capabilities for these
missions will be part of this maturation program, and will be informed by the first Probe mission
selection.

Technology Development for Future Gravitational Wave Observatories (Ground)

Gravitational wave astrophysics is one of the most exciting frontiers in science. One of the
survey’s key priorities is the opening of new windows on the dynamic universe, with gravitational wave
detection at the forefront. The continued growth in sensitivity of current-generation facilities, such as
LIGO, through phased upgrades and planning the next-generation observatory, such as Cosmic Explorer,
is essential. This will require investment in technology development now. The survey committee strongly
endorses gravitational wave observations as central to many crucial science objectives. Because the
technology development for future upgrades and observatories is funded by NSF Physics, it is beyond the
survey’s charge to formally recommend this investment.

1.5.5 Large Programs that Forge the Frontiers

A Future Large Infrared/Optical/Ultraviolet Telescope Optimized for Observing Habitable
Exoplanets and General Astrophysics (Highest Priority for Space Frontier Missions)

Inspired by the vision of searching for signatures of life on planets outside of our solar system,
and by the transformative capability such a telescope would have for a wide range of astrophysics, the
priority recommendation in the frontier category for space is a large (~6 m diameter) IR/O/UV telescope
with high-contrast (10™°) imaging and spectroscopy. This is an ambitious mission, of a scale comparable
to the HST and JWST space telescopes. It is also one that will be revolutionary, and that worldwide only
NASA is positioned to lead. A period of mission and technology maturation is required, however with
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sufficient investment this could be completed before the end of the decade, and the mission could
commence formulation prior to 2030. (Section 7.5.2)

Decision Rules: Prior to commencing mission formulation, a successful Great Observatories
Mission and Technology Maturation program must be completed, and a review held to assess plans in
light of mission budgetary needs and fiscal realities.

The U.S. Extremely Large Telescope Program (Highest Priority in the Ground-Based Frontier
Category)

Because of the transformative 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 committee’s
top recommendation for frontier ground-based observatories is investment in the U.S. ELT program. The
U.S. ELT program is made up of three elements: the Giant Magellan Telescope (GMT), the Thirty Meter
Telescope (TMT), and NSF’s National Optical-Infrared Astronomy Research Laboratory (NOIRLab).
The primary mirror of the GMT has a total diameter of 24.5 m and the telescope has a 25 arcmin field-of-
view (FOV). The GMT will be located at the Las Campanas Observatory in Chile. The TMT primary
mirror has a diameter of 30 m, and the telescope has a 20 arcmin FOV. The TMT will either be sited on
Maunakea in Hawaii, or at Roque de los Muchachos Observatory on La Palma in the Canary Islands.
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 themes. Both projects are essential for keeping the U.S. community’s global scientific leadership,
providing important synergistic capabilities that complement those planned for the European ELT.
However, both projects have significant remaining risks primarily associated with the need to raise
additional private or international contributions. The success of at least one of these projects is absolutely
essential if the United States is to maintain a position as a leader in ground-based astronomy. The
objective is to achieve a time share that is equivalent to 25 percent in each telescope. If only one project is
viable, then a larger fraction on that telescope is required to meet the survey’s scientific goals, with the
aim of achieving an NSF share up to 50 percent time in that project. (Section 7.6.1.1)

Decision Rules: Successful completion of an external review that will determine the financial
viability of both projects, final site selection (in the case of TMT), development of an appropriate
management plan and governance structure, and appropriate plans for public access and data archiving.

The Cosmic Microwave Background Stage 4 Observatory (CMB-S4)

Given technical and scientific progress over the last decades, ground-based studies of the CMB
are poised to take a major step forward in the coming decade. The Cosmic Microwave Background Stage
4 (CMB-S4) observatory will leverage this progress and will have broad impact on both cosmology and
astrophysics. Realizing the ultimate scientific potential of ground based CMB observations will take an
effort far beyond what can be achieved by independently scaling up existing experiments. CMB-S4
observatory, a joint effort of NSF and DOE, is the compelling and timely next leap for ground-based
observations. It will conduct a 7-year ultra-deep survey of a few percent of the sky from the South Pole
with a combination of large and multiple small aperture telescopes observing from 30-270 GHz. This will
be done in parallel with a 7-year deep/wide survey of roughly half the sky with additional telescopes sited
in the Atacama desert in Chile. The Survey is also excited by the breadth of science, including time-
domain and transient studies, and the potential engagement of a community well beyond traditional CMB
cosmologists. To maximize the science, transient alerts and well calibrated maps from all surveys will
need to be made available to the entire community in a timely fashion, even if it requires some extra
resources to do so. (Section 7.6.1.3)
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The Next Generation Very Large Array (ngVLA)

For the past four decades, the Karl Jansky Very Large Array (JVLA) and the Very Long Baseline
Array (VLBA) have been the premiere observatories worldwide for accessing the sky at centimeter
wavelengths. It is of essential importance to astronomy that the JVLA and VLBA be replaced by an
observatory that can achieve roughly an order of magnitude improvement in sensitivity compared to these
facilities, with the ability to image radio sources at centimeter to millimeter wavelengths on scales of
arcminutes to fractions of a milliarcsecond. The ngVLA is such a facility; however, it is immature in its
development, and considerable effort must be put into studies to understand and reduce the cost relative to
current estimates, secure international partnerships, and prototype the antennae. With such an effort
commencing soon, the ngVLA would be ready to commence construction by about 2030. It will be
important to begin implementation as soon as it is technically and fiscally possible. (Section 7.6.1.4)

Decision Rules: Implementation is contingent on a successful design, development and
prototyping program, cost studies, and commitments from any foreign partners. A review will determine
the project’s readiness and consistency with budgetary constraints prior to commencement of
construction.

The IceCube-Generation 2 (IceCube-Gen2) Neutrino Observatory

Observations of high-energy neutrinos enable astrophysical advances in the study of some of the
most energetic phenomena in the universe. The IceCube-Gen2 would greatly enhance the capabilities
relative to IceCube, would be able to resolve the bright, hard-spectrum TeV-PeV diffuse neutrino
background into discrete sources, and would make the first detections at higher neutrino energies. Multi-
messenger astrophysics is a major theme of this report, and the survey endorses the IceCube-Gen2
observatory as important to many key survey scientific objectives. Because it is funded by NSF Physics,
it is beyond the survey’s charge to recommend this investment. (Section 7.6.2.3)

1.6 ADDITIONAL ADVICE

In addition to the vision for new, recommended future endeavors, this decadal survey report
offers advice on aspects of the agencies’ programs aimed at optimizing returns for their existing
programs.

Data Archives. An important component of creating effective archives is coordinating with cross-agency
and international archiving services to develop best practices and interoperability. As a step toward this, it
is important for NASA and NSF to explore mechanisms to improve coordination among U.S. archive
centers and to create a centralized nexus for interacting with the international archive communities. The
goals of this effort are best defined by the broad scientific needs of the astronomical community.

Solar Physics. Solar physics is directly relevant to astronomy, as it is the study of our nearest star, and
interacts with stellar astrophysics; is input to studying the Earth-Sun connection and expanding to stellar-
planetary interactions; and is vital to understanding Earth’s climate and space weather. The survey
committee concluded that an appropriate role for astronomy and astrophysics decadal surveys is to
comment on the value of ground-based solar physics projects for astronomy and astrophysics priorities,
with the solar and space physics decadal survey being the more appropriate body to prioritize and rank
ground-based solar physics projects within the context of the full range of multi-agency activities in solar
physics.
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NSF Portfolio Reviews. Regular reviews of more mature observatories are essential to determine how to
optimize their scientific return and cost effectiveness, and to determine when a facility is at the end of its
operational life. While some aspects of ground-based facility reviews are considered as part of the review
of operating agreements for observatories, these are not an appropriate substitute for a review that
considers the entire portfolio on a self-consistent, holistic basis. It is essential that NSF AST establish a
regular cadence of reviews of its operational portfolio, at a frequency sufficient to respond to changes in
scientific and strategic priorities in the field. An appropriate target is two reviews per decade.

SOFIA. The survey committee has significant concerns about SOFIA, given its high cost and modest
scientific productivity. The NASA portion of SOFIA’s operating budget is out of balance with its
scientific output, which is a fraction of that of comparable cost missions (e.g., HST, Chandra) and often
less than those of Explorer missions. The survey committee finds no evidence that SOFIA could
transition to a significantly more productive future and notes the minimal mention of SOFIA science by
the science panels. The committee found no path by which SOFIA can significantly increase its scientific
output to a degree that is commensurate with its cost and endorses NASA’s current plan to discontinue
operations in 2023.

NASA'’s Balloon Program. NASA'’s balloon program plays an important role in offers access to a near-
space environment with a wide variety of options for duration and sky coverage, for developing
technologies, and training future generations of technologies and mission leaders. It is, however, clear that
the balloon program is not yet achieving the potential promised by the advent of ultra-long duration
balloon (ULDB) flight capabilities. It is important that the balloon program be critically reviewed to
evaluate how to optimally support innovative payload development and to increase the cadence and
reliability of LDB and ULDB flights.

NASA'’s Program of Record. NASA’s upcoming Roman Space Telescope, and ESA’s Athena X-ray
Observatory and LISA mission, in which NASA is a significant partner, are essential to the survey’s
science program. Advice on how to optimize the science return includes: holding a non-advocate review
of Roman Space Telescope’s science program to set the appropriate mix of survey time to guest
investigator-led observing programs; and at the appropriate time, establishing funding for LISA science at
a level that ensures U.S. scientists can fully participate in LISA analysis, interpretation, and theory.

1.7 CONCLUSION

The integrated program forwarded in this report advances a vision for discovery and progress for
the coming decades. The content of the remaining chapters, together with the panel reports, represent an
enormous effort that took years of preparation on the part of a large fraction of the astronomical
community, and more than 2 years for the survey and its committees to complete. The full context of the
recommendations and advice summarized in this chapter can only be appreciated by reading the report in
its entirety. Realizing the opportunities presented in these pages will only be possible with the continued
dedication and energy of the community, the agencies, and the excitement of the nation to explore the
cosmos and answer some of humanity’s most profound questions.
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2

A New Cosmic Perspective

The past decade has been one of extraordinary discoveries in astronomy and astrophysics, and a
realization of the scientific vision of the 2010 decadal survey, New Worlds, New Horizons in Astronomy
and Astrophysics.! Scientific advances range from the detection of gravitational waves from merging
black holes, to a direct image of a black hole in a nearby galaxy, to the production of heavy elements in
the merger of two neutron stars, long-hypothesized but observed in exquisite detail for the first time.
Increasingly sensitive instrumentation and powerful simulations are uncovering connections between the
complex gaseous surroundings of galaxies and the forces that shape them. An explosion in the number of
known exoplanetary systems has been accompanied by the detailed characterization of a subset of these
other worlds, with insights into their formation arising from imaging of the disks where young planets are
assembling. Newly discovered fossil structures from the formation of the Milky Way Galaxy open a
window on the Milky Way’s distant past, and observations take several steps closer to diagnosing the
conditions present shortly after the Big Bang.

The investments of previous decades bore fruit in this decade in the awarding of Nobel Prizes in
Physics for six discoveries derived from astronomical measurements: dark energy, neutrino oscillations,
gravitational waves, exoplanets, physical cosmology, and black holes (Figure 2.1). At the same time,
international collaborations greatly expanded. A salient example of this is the seminal paper detailing the
discovery of two merging neutron stars and their gravitational and electromagnetic signatures: it
encompassed nearly 4,000 authors from 900 institutions and 70 observatories, spanning all seven
continents and space-based facilities, or roughly one third of the professional astronomical community as
well as most of the gravitational wave community world-wide.

! 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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FIGURE 2.1 Physics Nobel Prizes derived from astrophysical measurements. The decade of 2011-2020 witness the
awarding of Nobel Prizes for six different astronomical discoveries. In 2011, Saul Perlmutter, Adam Riess, and
Brian Schmidt received the prize “for the discovery of the accelerating expansion of the universe through
observations of distant supernovae.” The citation to Takaaki Kajita and Arthur McDonald in 2015 was “for the
discovery of neutrino oscillations, which shows that neutrinos have mass.” In 2017, Kip Thorne, Rainer Weiss and
Barry Barish were awarded the prize “for decisive contributions to the LIGO detector and the observations of
gravitational waves.” The year 2019 saw the awarding of the Nobel Prize in Physics to James Peebles “for
theoretical discoveries in physical cosmology” and to Dider Queloz and Michael Mayor “for the discovery of an
exoplanet orbiting a solar-type star.” Most recently, in 2020, the topic of black holes received Nobel attention, with
recognition to Roger Penrose “for the discovery that black hole formation is a robust theory of general relativity”
and to Andrea Ghez and Reinhard Genzel “for the discovery of a supermassive compact object at the center of our
galaxy.” SOURCE: 2011: NASA/STScl/Ann Field; 2015: Kamioka Observatory, ICRR (Institute for Cosmic Ray
Research), The University of Tokyo; 2017: R. Hurt/Caltech-JPL; 2019-left: NASA/WMAP Science Team; 2019-
right: pending; 2020: ESO/L. Calcada/spaceengine.org.
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The New Worlds, New Horizons decadal survey identified three main science objectives for their
decade, while also enabling a wider discovery potential. The resulting scientific program is still bearing
fruit in this decade and will in the next. On the topic of Cosmic Dawn: Searching for the First Stars,
Galaxies, Black Holes, the James Webb Space Telescope (JWST) (launch expected in 2021) will directly
examine the youngest observable galaxies, the Vera Rubin Observatory (science first light expected in
2021) and Nancy Grace Roman Observatory (launch expected in 2025) will transform views of dwarf
galaxies at the extremes of galaxy formation and the record of ancient stars they left behind, and the
European Space Agency’s (ESA) Laser Interferometer Space Antenna (LISA) (launch expected in mid-
2030s) should identify mergers of black holes all the way back to their earliest formation. In the arena of
New Worlds: Seeking Nearby Habitable Planets, the Transiting Exoplanet Survey Satellite (TESS)
(launched 2018), JWST, and soon Roman will explore a widening array of exoplanet types. For the
Physics of the Universe: Understanding Scientific Principles objective, myriad ground- and space-based
telescopes will use the universe as a laboratory to probe the nature of dark matter and dark energy.
Roman, Rubin, ESA’s Euclid (launch expected in the latter half of 2022), the most recent Laser
Interferometer Gravitational-Wave Observatory (LIGO) upgrade to Advanced LIGO Plus (operations
expected to begin 2024), the Event Horizon Telescope, and ground cosmic microwave background
(CMB) experiments will advance understanding of the conditions present in the infant universe, the
properties of dark energy, and the fundamental physics associated with black holes.

The development of scientific priorities for this survey began with the receipt of 573 science
white papers (written by 4516 unigue authors and/or endorsers) in early 2019; 573 such papers were
received. These papers formed the starting point for deliberations by six expert science panels, organized
by subfield: Compact Objects and Energetic Phenomena; Cosmology; Galaxies; Exoplanets, Astrobiology
and the Solar System; The Interstellar Medium and Star and Planet Formation; and Stars, the Sun, and
Stellar Populations. Each panel reviewed recent progress in their fields and identified key challenges and
priorities for the coming decade and beyond. Their reports are included as an Appendix to this report.
From these wide array of opportunities each panel identified four key science questions regarded as being
especially ripe for investigation in the coming decade, along with a “discovery area” where emerging
capabilities or techniques offer great promise for major advances. Tables 2.1 and 2.2 at the end of this
chapter provide a summary list of these questions and discovery areas. These are not intended to
encompass all of the important science needed, but rather to highlight particularly important questions
and opportunities.

The panel reports were then integrated by the steering committee into the summary science case
which forms the remainder of this chapter. It soon became clear that most of the science questions and
discovery areas could be organized into three broad thematic areas: Worlds and Suns in Context
highlights the extraordinary advances over the past decade in the study of exoplanets, stars, and their
associated planetary systems, and the opportunities for transformational advances in these areas, including
the ultimate search and characterization of habitable planets, in the decades ahead. Cosmic Ecosystems
represents an integration and culmination of understanding the origins of galaxies, stars, planets, and
massive black holes, and the realization that the life cycles of the universe over this billionfold range of
scales are intimately connected, through feedback processes propagating through the gas within,
surrounding, and between galaxies. The New Messengers and New Physics theme embodies the dual
revolutions brought about by the marriage of observations of light with those from gravitational waves
and elementary particles (multi-messenger astrophysics) along with the expansion of measurements of the
sky over time (time-domain), as well as the opportunities for major advances answering some of the most
fundamental questions in astrophysics and physics, such as the nature of dark matter and dark energy.
Each of these three themes is summarized below, and Tables 2.1 and 2.2 list the thematic areas associated
with each of the science panel questions and discovery areas. All are represented in the themes and many
cross multiple themes.

Although the three overarching themes effectively distill the multitude of science goals and
priorities contained within the six panel reports, their encompassing nature do not provide clear scientific
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goals which can be easily grasps by the non-professional readers of this report. With that in mind we have
identified a key priority science question for each of the themes, which help to motivate the strategic
program later in this report: Pathways to Habitable Planets; New Windows on the Dynamic Universe; and
Unveiling the Drivers of Galaxy Growth. The priority areas for each theme are described at the end of
each respective section.

2.1 WORLDS AND SUNS IN CONTEXT

The planets in our solar system, and the Sun at the center of it, provide the most direct connection to the

myriad other stars and planets in our galaxy and the universe. With the flowering of capabilities expected

in the next decade, progress in both stellar astrophysics and planetary science will expand and provide a
broader context with which to understand and appreciate our cosmic perspective.

Within the last decade, progress in planetary demographics has achieved a reversal of sorts; new
knowledge that planets are common, along with multi-planet systems, translates to a new cosmic
understanding that there are likely more planets than stars in the universe. The Copernican revolution
continues, in the realization that amongst the incredible variety of exoplanetary systems, our own solar
system may prove to be an outlier rather than an exemplar. Along with pondering the cosmic order to
understand stars, their formation, evolution, and ultimate fate, there is a parallel track for planets—how
do they form and evolve?—and a merging of these tracks when considering questions related to
habitability. It is an exciting time in which to practice the astronomical craft, as humanity edges ever
closer to being able to answer the age-old question “Are we alone?” It is humbling and exciting to
contemplate that the question of whether life exists elsewhere could be answered with the technology
humanity now possesses.

The past decade has also witnessed a renaissance in stellar astronomy. Gaia, an ESA mission to
deliver fundamental stellar parameters such as distances and three-dimensional motions on the sky, has
proved revolutionary even with its initial data releases, to articulate the connections between and among
groups of stars. Other time-domain observatories primarily designed to detect exoplanets have returned a
wealth of asteroseismological observations allowing us to probe the interior structures of stars. Whereas
in the past only a few fundamental parameters of a star could be determined accurately, and most of these
in a relative sense, now mass, size, distance, age and chemical makeup for a wide swath of stars are
measurable. The coming decade will continue this trend: where Gaia enabled precision stellar parameters
of roughly a billion stars in the Milky Way, the Rubin Observatory promises to expand by a factor of 10
the number of main sequence stars for which distances can be determined.

2.1.1 Stellar Demographics

We are in the midst of a stellar renaissance, as astronomers come to know the individual journey
of each star, separating them from anonymous points of light in the heavens to having the equivalent of
detailed dossiers of physical characteristics and histories.
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FIGURE 2.2 Mosaic image of part of our neighboring galaxy, Andromeda, as viewed by the Hubble Space
Telescope as part of the Panchromatic Hubble Andromeda Treasury Project (PHAT). Roughly 100 million stars in
this galaxy’s pancake-shaped disk are resolved with this data. Precision characterization of the individual stellar
properties enables determination of factors affecting galactic structure and evolution. SOURCE:
https://hubblesite.org/image/3476/gallery/73-phat; NASA, ESA, J. Dalcanton, B.F. Williams, and L.C. Johnson
(University of Washington), the PHAT team, and R. Gendler

This increasing complexity of stellar astrophysics extends to exposing the internal states of stars
and the insights that come along with that revelation. Asteroseismology was a once-bespoke method of
sounding the internal state of a star via detections of oscillation modes. The technique is now an
established tool to determine precise stellar ages in large data sets, as well as returning masses and radii
which can be used to calibrate models. The emergence of ultra-precise, long-duration, and continuous
light curves from space (first with the European mission Convection Rotation and planetary Transits
[CoRoT], then with NASA’s Kepler and TESS as well as ESA’s Characterizing Exoplanets Satellite
[CHEOPS] and soon, ESA’s Planetary Transits and Oscillations of stars [PLATQO] mission) served both
the exoplanet community and the stellar astrophysics community by enabling planet detections via the
transit method and vastly expanding the number of stars for which asteroseismic oscillations (and
subsequent stellar astrophysics studies; see below) could be detected. Probes of the internal states of stars
via this method now return constraints on stellar structure previously only theorized. The cores of red
giant stars appear to rotate faster than the surface, and oscillation frequencies differentiate red giant stars
in which core helium burning is occurring, versus those only burning hydrogen in a shell. Latitudinal
differential rotation in the convection zones of Sun-like stars, revealed through asteroseismic
observations, indicate a shear much larger than predicted from numerical simulations. The mass
distribution of red giant stars probed by asteroseismology does not match predictions from stellar
population models. Asteroseismology detects strong magnetic fields in the cores of red giant stars.
Indeed, high-precision, high-cadence light curve observations now join traditional methods of photometry
and spectroscopy as essential tools of observational stellar astrophysics.

The next decade will continue to provide precision tests of stellar evolutionary models, and
ultimately advance our understanding of the structure, dynamics, and evolution of galaxies as a whole
(Figure 2.2). The elements present in a star’s atmosphere reveals its origins and refines the understanding
not just of that star, but when applied to large samples of stars, reveals how the assemblage of stars in our
galaxy came to have its form, structure and content. Identifying and studying particular stellar subsamples
such as cool subdwarfs provide the fossil record of the early history of star formation in the Milky Way
Galaxy, as their elemental compositions are unchanged from that at their birth. Necessary links in this
chain of chemical tagging are improvement in the laboratory and numerical calculations of atomic and
molecular transitions and opacities, together with inclusion of more realistic geometries beyond assuming
stars are spherical, and non-equilibrium effects in stellar model atmospheres. In the coming decades,
high-resolution spectroscopy with extremely large telescopes will expand these abundance measurements
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throughout the Local Group. Connecting this chemical record of the galaxy with the dynamical record
from Gaia and spectroscopy should produce a definitive fossil record of the assembly and life history of
our galaxy. Progress in the next decade will require advances in industrial-scale spectroscopy (e.g., SDSS
V and future even larger surveys) along with computational methods to harness the large data sets of
photometric, spectroscopic and astrometric surveys.

Whether a star has one or more partners, and the nature of those partners, influences its life
history because of mass exchange, particularly for massive stars. This is especially true for the end state
of stellar evolution, as the formation of compact objects provides connection points to probes of extreme
gravity and extreme particle acceleration. The detection of gravitational waves from astrophysical objects
this decade leads to invigorated research into the endpoints of stellar evolution for the next decade. Stars
in multiple systems can have very different evolutionary pathways compared to their single counterparts;
detailed photometric and spectroscopic electromagnetic observations spanning infrared through X-ray
wavelengths, coupled with gravitational wave measurements and attention from theory, will elucidate
these multiple routes and their consequences. Theoretical modelling of binary co-evolution is necessary to
understand the fate of close binaries that do interact. White dwarfs caught in the act of merging will be
studied by the Rubin Observatory, and can be linked to resolved gravitational wave signals detected by
LISA once it launches, as these systems will also likely contribute a major part of the stochastic
background expected from the Milky Way Galaxy. Further observational and theoretical research will
sharpen constraints on the mass threshold that separates an end state of a white dwarf from core-collapse
supernova formation. The effects of rotation, binary, and magnetic fields can be implemented in
population synthesis models, with wide applicability ranging from understanding the ionizing output of
massive stars to interpreting the spectra of distant galaxies. More generally, mapping out the myriad
evolutionary pathways by which stars come to populate every part of the Hertzsprung-Russell diagram
will require a robust observational and theoretical understanding of the formation, evolution, and
especially interaction of stars in multi-star systems.

The angular momentum of a star, typically measured by its surface rotation period, is a key
parameter to unlocking its current state and is a fundamental parameter in its own right. Determining
rotation periods for a few tens of stars would in years past have been the subject of a Ph.D. dissertation.
Now, with automated light curve analysis of stellar targets to search for transiting planets, a click of a
button is practically all that is needed to compute rotation periods of tens of thousands of stars within a
single research paper. This has proceeded in recent years largely as the stellar byproduct of exoplanet
studies (Figure 2.3), a fortuitous result but one biased by the particular target selection criteria used for
exoplanet searches. The next decade will see rotation rates of stars (and other time-domain stellar
astrophysics measures such as flaring) determined over nearly the entire galaxy, likely with the aid of
modern machine learning practices. Application of these rotation periods as clocks for stellar age dating
converts stellar time-domain astronomy into the industrial-scale extraction of stellar birth dates. This
furthers the personalization of stellar histories and adds precision to testing stellar models, as well as
providing ground-truth age dating to constrain models of the Milky Way’s formation and evolution
history.
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FIGURE 2.3 Evidence of stellar rotation appears from periodic surface features in the Kepler light curve of this K-
type dwarf studied by Roettenbacher et al. (2013). Long-term evolution in the number and distribution of starspots is
indicated by the changing patterns in the light curve, as well as short-term brightenings that indicate flares.
SOURCE: Adapted from “Imaging starspot evolution on Kepler target KIC 5110407 using light curve inversion,”
Rachael M. Roettenbacher et al 2013 The Astrophysical Journal 767 60, © AAS. Reproduced with permission.
d0i:10.1088/0004-637X/767/1/60.

Amongst all the detailed stellar knowledge, astronomy still discovers entirely new types of stars
and stellar phenomena. Progress in the next decade is expected to reveal more and different types of
stellar exotica, as testaments to the incompleteness of the knowledge about the many forms and varieties
of stellar behavior. The unprecedented dimming of Betelgeuse, one of the brightest stars in the sky and
the shoulder of the Orion constellation, from December 2019 through May 2020, proved that even well-
studied stars can throw an unexpected astronomical curveball. Multi-wavelength observational
capabilities which include ultraviolet and even X-ray wavelengths provide key diagnostics of
temperature, density, abundances, and kinematics, essential for the post-mortem understanding of these
events. The rare phenomena, such as the unusual dimmings of Boyajian’s star, sparsely erupting pre-main
sequence stars, or the elusive luminous blue variables, will become commonplace, and understanding will
hopefully follow discovery of stars and their environments in a virtuous cycle.

The Sun is a singular star amongst all the others, primarily for its proximity but also because of
our dependence on its behavior for our existence. Observations of the Sun are necessarily a touchstone
for virtually all of stellar theory, with ripples throughout the understanding of all of stellar astrophysics.
The anticipated first science to be done with the revolutionary Daniel K. Inouye Solar Telescope (DKIST)
facility promises more answers to fundamental questions of how magnetism controls our star. This four-
meter, solar-dedicated telescope on the ground (a “Hubble for the Sun”; see Figure 2.4) represents a large
leap in solar observing capabilities. The interplay between magnetic flux and mass flows is of universal
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astrophysical importance. This decade’s detailed observations will have the requisite spatial, temporal,
and spectral resolution as well as the dynamic range to provide a ground-truth for models of basic
magnetic structures. Advances originating from this zoomed-in view of solar magnetic structures require
complementary global measurements—particularly of the solar corona—to understand magnetic energy
storage and release. Complementary radio observations could generate three dimensional mapping of the
magnetic field in sunspots, and magnetic field measurements in the global corona provide context for the
more detailed, restricted field of view measurements.

€
Fr ,.v g |7 i S I
FIGURE 2.4 This is the first sunspot image taken on January 28, 2020, by the National Science Foundation’s
Daniel K. Inouye Solar Telescope’s (DKIST) Wave Front Correction Context Viewer. The image reveals striking
details of the sunspot’s structure as seen at the Sun’s surface. The sunspot is sculpted by a convergence of intense
magnetic fields and hot gas roiling up from below. This image uses a warm palette of red and orange, but the context
viewer took this sunspot image at the wavelength of 530 nanometers - in the greenish-yellow part of the visible
spectrum. SOURCE: NSO/AURA/NSF (see https://nso.edu/press-release/inouye-solar-telescope-releases-first-
image-of-a-sunspot/).

The singular nature of the Sun is both its blessing and its curse. Its ability to provide constraints
on astrophysical questions with unrivalled accuracy is in tension with its fitness as a prototype for all
things stellar. While it is a spectacularly well-studied star, it is a unique case study observed at one point
in its 4.6 billion year evolutionary history. Observations in the last decade provided tantalizing hints that
the Sun’s cycle of magnetic activity does not behave the same as other solar-like stars. Work in the next
decade will broaden the range to include a larger sample and provide the perspective of stars of different
ages and spectral types. While hints exist now of a disconnect in the relationship between fundamental
stellar parameters and magnetic properties—magnetically active stars can have larger radii than predicted
based on their temperatures; stellar twins identical in all other properties can have very differing levels
and amounts of magnetic field distribution and magnetic activity signatures—observations in the next
decade will further this discovery space and fill important gaps in the foundation of stellar structure
theory.

On a broader scale, it is clear that stars are not uniform discs of light. Time-domain astronomy
enables the characterization of surface structure using the changes in light seen either in broad wavelength
bands (Figure 2.3) or in narrow spectral features that reveal inhomogeneities. Optical and infrared
interferometric observations have begun to localize these regions. Observations spanning multiple regions
of the electromagnetic spectrum provide independent constraints on the properties of these features,
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characterizing the magnetic, chemical, or cloud-like nature of the features. Indeed, the ability to measure
rotation periods arises from the periodic brightening and dimming caused by blemishes passing across the
face of each star. On stars like the Sun those spots reveal the telltale existence of subsurface magnetism;
the multitude of long-duration high precision photometric light curves available from space missions
including CoRoT, Kepler, and TESS, reveal the ubiquity and variety of surface inhomogeneities of cool
stars. Future progress in interferometers, from optical to infrared to radio wavelengths, will advance
knowledge of the underlying physics causing spatial inhomogeneities on stellar surfaces.

The importance of magnetic fields in a stellar context was expected but is now unequivocal.
Magnetism in massive stars has been confirmed (but not entirely explained) in a minority of cases, and
stronger magnetic fields than initially expected have been found at the end of the main sequence, in the
ultracool dwarfs spanning stellar and substellar origins. A variety of observational tools enable these
discoveries: high-energy observations detail the magnetic shaping of stellar winds and unveil the
existence of heated plasma in an above-the-surface corona; optical and infrared spectra reveal the tell-tale
signature of magnetic splitting of atomic and molecular lines; and radio observations expose the action of
accelerated electrons thereby revealing the presence of magnetic fields in their atmospheres. Stellar
coronae are common in cool main-sequence stars, but the origin of this heated plasma is still unknown,
even on the Sun. Future sensitive high energy and radio measurements will probe the coronae of stars in
more detail and expand the number of objects amenable to study. Ultraviolet spectra probe the
chromosphere and above, regions in a cool star’s atmosphere where magnetic forces begin to dominate.
These observational advances also require associated advances in modelling the intricacies of stellar
structure for full understanding of the impact of convection, rotation, and magnetic field generation on the
complex and dynamic nature of stars.

2.1.2 Exploring Alien Worlds

Over the past two decades an incredible diversity of worlds and systems has been discovered,
from giant planets over 10 times the mass of Jupiter to the Trappist-1 system with seven Earth-sized
planets packed in an area smaller than the orbit of Mercury. This revolution is ongoing. New capabilities
led to an explosion of discoveries in the last decade (Figure 2.5), filling in demographics of planets,
expanding the ability to characterize the composition and nature of individual members, and advances in
new facilities adding to the depth of characterization possibilities.

These discoveries are helping us understand fundamental questions about ourselves. How did the
solar system form? Are systems like our own common or rare? Are planets like Earth common or rare?
And, ultimately, do any of those Earth-like planets harbor life? With current technology, the planets in
solar systems like our own are nearly undetectable; with new facilities over the next two decades, this will
change, and the picture of other worlds will start to become complete.

Finding exoplanets is challenging. Many exoplanet detection methods have been developed, and
each gives some important, but limited, information. The radial velocity (RV) technique measures orbits
and constrains the mass of a planet using the motion of its parent star. This technique has been used for a
number of exoplanet “firsts” over 25 years (including the Nobel Prize winning discovery of 51 Peg b),
and astronomers are pushing the technology to be able to detect Earth-mass planets on periods of months,
to perhaps a year, in search of objects similar to Earth. In the last decade, another technigue, exoplanet
transits, has transformed the view of exoplanetary systems, in particular when employed via high
precision space missions like NASA’s Kepler and TESS missions, and before them the European CoRoT
mission. A transit, when a planet passes directly in front of its parent star, allows for a measurement of a
planet’s radius and orbital period. Kepler showed that planets on close-in orbits (within 100 days) are
extremely common (Figure 2.5), which has revolutionized the understanding of planet formation, and is
one of many examples that show that architecture of planetary systems is exceedingly diverse.
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FIGURE 2.5 The population of known exoplanets in 2010 (top) and 2020 (bottom). Each symbol represents a
known extrasolar planet, colored by initial discovery method. Hollow symbols are planets that have been
discovered. Filled symbols are planets whose atmospheric composition have been characterized by measurements of
its spectrum or brightness. Over the past decade astronomers have begun to move from the era of planetary census-
taking to detailed characterization, and the next decades will both complete the missing parts of the census—planets
like our own solar system—and see an explosion in characterization. SOURCE: D. Savransky and B. Macintosh,
with data from the NASA Exoplanet Archive, which is operated by the California Institute of Technology, under
contract with the National Aeronautics and Space Administration under the Exoplanet Exploration Program.

The radial velocity and transit methods are best suited for finding planets on relatively close-in
orbits. A method prioritized by New Worlds, New Horizons, gravitational microlensing, will be used by
the Roman Space Telescope in this decade to complete the planetary census by finding planets from 1 to
100 AU, and even free-floating planets. Microlensing exploits the bending of light by the gravity of the
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star and planet to detect distant systems. This technique will be powerful for measuring how common
such planets are on these wider orbits. However, these planets cannot be followed up for future in-depth
observations, because this chance star-planet alignment does not repeat.

Another major technique of long-term importance to the field is direct imaging, where the light of
the parent star is blocked to make a faint planet directly visible. Currently this is only practical for young
giant planets in the outer parts of solar systems. However, with suitable technology development there is
now a clear path forward to use direct imaging techniques on ground-based extremely large telescopes
(ELTs) and optical interferometry with 8 m-class telescopes to study the atmospheres of temperate rocky
planets around low-mass stars, and to use future space missions to study potentially Earth-like planets
around Sun-like stars, as well as the enormous diversity of non-Earthlike planets.
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FIGURE 2.6 Plot of number of planets per star vs. planetary radius, for orbital periods less than 100 days, shown in
solid black. The dashed grey line is from planet detections before including the Kepler Mission completeness
corrections, which becomes more pronounced at smaller planet sizes. The analysis of data from the Kepler Mission
showed a pronounced gap between smaller, denser worlds (1-1.7 Earth radii) and larger more Neptune-like planets
(1.7-4 Earth radii) with thick hydrogen atmospheres. Detailed analysis of the gap as a function of orbital period and
system age suggests that the smaller planets are likely the “stripped cores” of formerly more Neptune-like worlds.
SOURCE: Adapted from B.J. Fulton and E.A. Petigura, 2018, “The California-Kepler Survey. VII. Precise Planet
Radii Leveraging Gaia DR2 Reveal the Stellar Mass Dependence of the Planet Radius Gap,” The Astronomical
Journal 156 264, © AAS. Reproduced with permission. doi:10.3847/1538-3881/aae828.

With these diverse techniques astronomers have produced a partial census of exoplanets. The
results have been extraordinary, showing that on the average there are at least two planets per star in the
Milky Way, and that many planetary systems are very different than our own, with crowded systems of
planets intermediate between Earth and Neptune in size. So far it appears that lower-mass M-dwarf stars
have more planets than Sun-like stars. Careful characterization of the stars themselves has been crucial to
interpreting Kepler results, and broader studies will reveal how these distinctions persist across different
regimes. The census remains incomplete; all current planet detection surveys would be essentially blind to
every planet in the solar system at their known orbital separations, except Jupiter.

The Kepler Mission has also shown that the changing nature of planets—their time evolution—is
also fundamental to understanding the planetary population. Figure 2.6 shows a recent discovery using
Kepler data, of a fundamental divide between rocky planets below about 1.7 times the radius of Earth, and
larger “sub-Neptunes” that have thick hydrogen-dominated envelopes that increase the planetary radius.
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The “gap” between these two populations is thought to be due to the gradual loss of hydrogen-envelopes
possibly due to a stellar wind that drives these atmospheres off the planet and into space. The detection of
this gap was made possible due to exquisite characterization of the host stars and shows the important
connection between stellar and planetary physics.

Approximately twenty Earth-sized (<1.7 R_Earth) planets have been discovered within the
habitable zone of low-mass stars—neither too close nor too far, but receiving enough energy to allow
liquid water on their surface. A key question that Kepler and other projects have tried to address is the
frequency of potentially habitable planets - the average number of Earth-sized planets within the habitable
zone of their star, particularly around Sun-like stars. A decade ago, this quantity—known as ngath—was
almost completely uncertain. These planets are very difficult to detect directly, so their exact occurrence
rate must be extrapolated from planets higher in mass, closer to their star, and/or from the frequency of
habitable zone planets orbiting lower-mass stars. Current constraints indicate that 18-28 percent of Sun-
like stars have an Earth-sized (80 to 140 percent of Earth’s radius) planet in their habitable zone, enough
to make their study with a future large mission practical. (The number is likely a factor of two higher for
cooler lower-mass stars.) The nature of these planets is of course almost completely unknown, whether
they have followed a path of planetary evolution amenable to life or something completely different than
Earth; but that very uncertainty is a compelling scientific reason to try and answer this most profound
guestion.

2.1.2.1 Planet Formation

The detailed process of planet formation is one of the great unknown frontiers in astrophysics.
The core concept of gas and tiny dust particles in a circumstellar disk assembling into planets is well
known. But the details of how particles assemble, how the process overcomes barriers to operate quickly
enough before the disk dissipates, how this leads to the incredible diversity of known planets, and
whether this process can frequently produce planets with Earth’s key characteristics, remain unknown.
Understanding this is crucial to placing potentially habitable planets in context, including questions as to
how water and atmospheric volatiles are delivered to Earth, whether giant planets affect the evolution of
terrestrial worlds, and whether “mini-Neptune” planets can evolve towards habitability. More sensitive
observations of planet-forming disks to understand the astrochemistry, dynamics, and role of water in the
formation of habitable planets through radio, mm, and far IR spectroscopy will help advance this field.

Planetary demographics and composition only reveal the endpoint of this process. Stunning
observational advances from ALMA show complex structures in planet-forming disks (see Figure 2.20),
and recent advances with large ground-based telescopes have even caught a protoplanet with its own
accretion disk (Figure 2.7). These structures, however, still correspond to large planets in the outer parts
of solar systems; in the habitable zone or the regime of the Kepler super-Earths the process itself remains
almost inaccessible. Current observations of continuum dust emission cannot probe the innermost regions
of the planet-forming disks where Earth-like planets may be located; sensitive radio interferometry at
longer wavelengths than those probed by ALMA is needed to see the optically thin emission originating
in these locations. Spectra at far infrared wavelengths would provide a unique and revolutionary census of
water within these disks, which is a key to understanding giant planet formation and the distribution of
water among terrestrial planets. New radio and far infrared surveys of planet forming disks would enable
leaps in understanding that would surpass this era’s ALMA-driven revolution.

There have been tremendous advances in the theory that underlies planet formation, as new ideas
such as the “streaming instability” and “pebble accretion” use gas and particle interplay and physical
changes in the disk to trap planet-forming material and rapidly form giant planets. The models incorporate
uncertainties such as turbulence and feedback between the forming planets and disks. Better observations
of gas and dust in disks (especially on smaller scales and across a range of ages) and of forming planets
(especially of lower masses) will advance this field, combined with larger-scale computational models
and laboratory experiments.
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FIGURE 2.7 ALMA image of the young planet-forming star PDS70 showing a outer ring of leftover debris, an
inner disk of planetesimals, and a potentially moon-forming disk orbiting a young Jupiter-like planet (at 3:00). The
outer ring is about 75 AU in radius, about twice the size of our own solar system. SOURCE: ALMA
(ESO/NAOJ/NRAO)/Benisty et al. See https://www.eso.org/public/images/eso2111b/.

2.1.2.2 Atmospheric Spectroscopy to Characterize Worlds

Only a small fraction of the thousands of known planets have been characterized beyond their
basic mass or radius, along with orbital properties, but those available observations further illustrate the
diversity of worlds. In addition to completing the planetary census, the other major frontier of the 2020s is
the spectroscopic observation of planetary atmospheres. A spectrum can yield the abundances of atoms
and molecules as well as the temperature of a planetary atmosphere (Figure 2.8). Already several dozen
planetary atmospheres have been characterized by the Spitzer and Hubble space telescopes and by large
ground-based telescopes. Observations of the transiting and directly imaged planets target the extreme
inner and outer reaches of planetary systems, respectively. So far this work has mostly focused on the
easier to observe giant planets, but already the diversity of planets beyond what is seen in the solar system
is on full display. Detections have been made of clouds of rock dust in the hottest planets, metal vapor
such as sodium, potassium, iron, and calcium, escaping hydrogen, and molecules including water vapor,
carbon monoxide, and methane. Abundance determinations show the current state of these atmospheres,
and—as in the solar system—the history of planetary formation and evolution is embedded in them.

NASA’s TESS mission, along with ground-based surveys, are finding planets around the nearby
bright stars, to further fuel this revolution in atmospheric spectroscopy. The premier tools for obtaining
exoplanet spectra in the 2020s will be JWST and extremely large ground-based telescopes. These
telescopes will revolutionize the understanding of the composition of exoplanets. Atmospheres are the
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window into many physical, chemical, and formation processes, and these platforms will deliver spectra
for a continuum of worlds, for Jupiter-size gas giants, to the Neptune-size planets, to the mysterious mini-
Neptunes that dominate the exoplanet census, and down to Earth-size rocky worlds. The lessons of
atmospheric physics and chemistry learned from one planetary class can readily inform the understanding
of other classes. As astronomers will be far outside of the realm of solar system expertise, and while
tentative predictions of what to expect have been made, the joy of discovery will be seeing the diversity
of these new worlds. In particular for terrestrial planets, significant progress in the 2020s will occur for
systems around low-mass M-dwarf stars. Nearly all of this science will focus on planets within a few
tenths of an astronomical unit (AU) of their parent stars, orbits tucked in far closer than Mercury is to the
Sun. Moving beyond this to characterization of systems that look more like the solar system will require
new capabilities. To understand potentially Earth-like planets around stars like the Sun, which is the only
example, so far, for life, will drive the field towards even loftier goals beyond the 2020s (Box 2.1). Are
such planets habitable? Do they show signs of life?

Transiting Hot Jupiters
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FIGURE 2.8 The 2020s and beyond will be an era of spectroscopy of exoplanet atmospheres. For giant planets
such as transiting “hot Jupiters” (top panel) the limited wavelength coverage and precision of Hubble will give way
to high-precision spectroscopy across JWST’s wide wavelength range, yielding the detection of many molecules,
and comprehensive atmospheric characterization including metallicities ([M/H]) and carbon-to-oxygen ratios. For
terrestrial exoplanets that transit small M dwarf stars (middle panel), where Hubble is only able to yield marginal
constraints, a significant allotment of JWST observing time will allow for the first reconnaissance of these
atmospheres, including the ability to determine the mixing ratios for a range of molecules important for life, like
water vapor and methane. Looking to the future (bottom panel), to examine the atmospheres of potentially Earth-like
planets around Sun-like stars will require further development of a specialized space telescope for high-contrast
imaging to measure a reflection spectrum that could show oxygen, methane, water vapor, and carbon dioxide.
SOURCE: Courtesy of Natasha Batalha and the PICASO project, http://natashabatalha.github.io/picaso.
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BOX 2.1 Detecting Life on Exoplanets

Earth’s current atmosphere is shaped in many ways by the presence of life—from the
abundance of oxygen, to the atmospheric and climate changes over the past century as humans burn
fossil fuels. Such biosignatures could be detected spectroscopically in exoplanets, if life is as prevalent
as it is on Earth. Astrobiologists and exoplanetary scientists have assembled lists of proposed
biosignatures. Large-scale atmospheric oxygen is one of the most powerful, particularly in combination
with the detection of other compounds such as methane. On Earth, atmospheric oxygen would be short-
lived if not replenished by photosynthesis. An Earth-like spectrum would be a strong indicator of life-
like processes. However, interpretation of such a detection must be extremely careful; abiotic processes
can also produce complex chemical signatures. Predicting all the possible chemical pathways in a
remote planetary environment, perhaps orbiting a star very different than the Sun, will be challenging.
Interpreting any observations as a sign of life must involve high-quality data detecting multiple
atmospheric constituents, an integrated view of the planet’s evolution and its interaction with its star
and solar system, and development of a comprehensive framework allowing a probability analysis. One
important component of this will be the study of exoplanets over a wide range of masses, ages, stellar
insolations, and compositions; even uninhabitable planets can provide clues to how atmospheres are
formed and evolve, as the atmosphere of Venus helped the understanding of the history of Earth.

The search for biosignatures in exoplanet systems is focused on the most Earth-like worlds,
particularly those that could have liquid water on their surface. This in turn concentrates attention on
planets in the habitable zone. The exact borders of this zone depend on the details of the planet’s
atmosphere, orbital and rotational motions, and the interactions with the star, but in the solar system at
the Sun’s current age it extends from just inside the orbit of Earth to somewhere around the orbit of
Mars. Since stars with lower mass than the Sun are much less luminous, the habitable zone moves
much closer to the star, well inside the equivalent of the orbit of Mercury for the lowest-mass stars.

This range of star/planet separations leads to a range of different pathways for searching for
life-bearing planets (Figure 2.1.1). For low-mass stars, the close-in habitable zone means those planets
are much more likely to transit their parent star, and the small star yields a larger relative transit
signature. These worlds are being identified by ground-based surveys and TESS, and will be studied in
transit spectroscopy by JWST and potentially by the ground-based ELTs. Exactly how many Earth-
sized habitable zone planets can be probed this way is unclear. It is likely a small number, and not all
key biosignatures (including oxygen) may be detectable, but the first glimpses of planets in the
habitable zone will come from transiting worlds orbiting the very lowest-mass stars. Directly imaging
non-transiting, potentially habitable planets of the nearest low-mass stars requires extreme angular
resolution but is only moderately demanding in terms of relative brightness, and hence is feasible from
the ground with high-performance adaptive optics. Achieving this is a key science goal of the proposed
ground-based extremely large telescopes.

Although the planets orbiting low-mass stars are the easiest to study, those stars are also very
different from the Sun, and yield habitable zone environments that may be quite different from the
solar system. Low mass stars’ high initial luminosities and their prolonged output of high-energy
radiation may make atmospheres difficult to keep for habitable zone planets. Potentially Earth-like
planets around Sun-like stars orbit at larger distances, and hence are easier to spatially separate from
their parent star even with moderately-sized (4 m+) telescopes equipped with coronagraphs or
starshades. However, the bright star still makes them hard to see; Earth seen from beyond our solar
system is more than 10 billion times fainter than the Sun at visible wavelengths. Reaching this level of
planet to star contrast requires extraordinarily precise control of the wavefronts of light and is only
practical with dedicated space-based telescopes. At longer wavelengths, the contrast ratio is more
favorable, but the thermal background and scattered light would still swamp the planet signal for any
but the few very closest sunlike stars.
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It will be necessary to study sufficiently large samples of planets both inside and outside the
habitable zone to find potentially rare Earth-like planets, so that connections between planetary
properties and environment can be explored. Comparative planetology between systems influenced by
very different stars and evolutionary pathways and examining multiple planets in a given system will
help make the interpretation of atmospheric signatures more certain.

Sun-like Stars

'

Cooler Stars

Accessible with transit

FIGURE 2.1.1 The location around a star where liquid water can exist—the habitable zone—changes with stellar
temperature. Different types of telescopes are needed to probe these locations, from space- and ground-based
coronagraphs which can return imaging observations of planets, to close-in planets only accessible through transit
measurements. SOURCE: NASA/Kepler Mission/Dana Berry, adapted from
https://www.nasa.gov/ames/kepler/habitable-zones-of-different-stars.

2.1.2.3 Connections to the Solar System

Studies of exoplanets and of the solar system are tightly intertwined and have enjoyed a profitable
give and take in contributing to the understanding of planet formation and atmospheres. Many aspects of
exoplanet atmosphere modeling use numerical techniques originally developed for the solar system’s own
giant and terrestrial planets. The solar system provides “ground truth” to validate spectroscopic
observations against in-situ measurements such as elemental abundances on Jupiter or Earth or hazes in
satellite atmospheres (Figure 2.9). On the other hand, the vast diversity of exoplanet types—many with no
analog in the solar system—and the opportunity to study systems over a range of ages provides insights
into formation mechanisms and evolutionary processes that improve the understanding of the solar
system’s own history.

The solar system contains asteroids and comets as remnants of its original formation. Analogues
around other stars take the form of debris disks, massive dust belts produced by collisions among these
small bodies. Measurements of the composition, orbital dynamics, and size distributions of small bodies
in the solar system provide crucial benchmarks for understanding solar system formation in one
spectacularly detailed instance. Time-domain surveys such as the Vera Rubin Observatory’s Legacy
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Survey of Space and Time will greatly expand the number of known small bodies in the outer solar
system, and provide information about its early evolution. Results from recent studies analyzing dynamics
of small bodies in the Kuiper Belt provide tantalizing hints, to be confirmed, about the possibility of
additional planets.
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FIGURE 2.9 Spectrum of the hazy satellite Titan during an occultation of the Sun as viewed by the Cassini mission
to the Saturn system. Recognizing the analogous geometries between such occultations and exoplanet transits of
their host star, Robinson et al. (2014) used these observations to inform how high altitude hazes influence transit
spectra of exoplanets. This cross-disciplinary approach will be key to interpreting exoplanet transit spectra taken by
the James Webb Space Telescope. SOURCE: Courtesy of T.D. Robinson, L. Maltagliati, M.S. Marley, and J.J.
Fortney, Proceedings of the National Academy of Sciences 2014, 111 (25) 9042-9047, doi:
10.1073/pnas.1403473111. Copyright 2014 National Academy of Sciences. Reproduced with permission.

While the detailed information available from solar system observations informs theories of
planetary system formation in general, such studies are also synergistic. Observations of young planet-
forming disks provide a window into the early conditions that led to the formation of the giant planets in
this solar system. New generations of radio interferometers will probe inner solar system scales of planet
formation, approaching scales of Earth’s orbit and super-Earth planet masses. High angular resolution
near- and mid-infrared observations of the innermost regions of planet formation around young stars
directly image thermal continuum emission of forming planets and provide kinematic constraints.
Increased capabilities to track circumplanetary disks and substructure add the possibility to measure
orbital motions of Earth-like planets as they are forming, and provide context for factors potentially
affecting our early Earth. Detection and study of complex organic molecules provide the chemical initial
conditions of forming solar systems. With these high angular resolution and high sensitivity techniques,
young planetary systems can be observed—analogs to the solar system—at their moment of formation,
validating models that explain the origin of the life-bearing conditions on Earth.

As the only place for which in situ and other detailed studies are possible, advances in knowledge
of the solar system are a crucial part of the astrobiological endeavor, and astronomical observations in
turn inform the understanding of the planets in direct reach. Future space coronagraphic observations of
young Venus or Mars analogs, for example, could help confirm whether those planets had more Earth-
like atmospheres in the past. Continued solar system space missions, complemented by long-term
monitoring from telescopes at Earth, provide essential details to broadly understand these planets.
Comprehensive theories of planet formation must be able to explain both the solar system and the diverse
array of known exoplanetary systems.
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One of the most exciting astronomical discoveries of the past few years are two interstellar
interlopers—the asteroid ‘Oumuamua and the comet 21/Borisov—that originated around another star and
passed through our solar system. Large-scale surveys such as the Rubin Observatory Legacy Survey of
Space and Time will discover many more such objects and will provide an increased understanding of
context and impact for these interstellar visitors.

2.1.2.4 The Star-Planet Connection

Stars and the planets that orbit them are inexorably connected to each other by their evolutionary
history. The star’s properties and evolution influence the evolution and habitability of the planets,
particularly of terrestrial planets. The end stages of star formation provide the initial conditions for planet
formation. The coming decade will see the implementation of a systems-level approach to understanding
the many factors that influence a planet’s habitability.

Most workhorse planet detection methods are a relative measurement, made with reference to the
properties of the host star. Stellar surface inhomogeneities pollute the planet measurements due to the
combined light of the system and the breakdown of simplistic assumptions about the stellar surface
characteristics. Starspots and other variations produce spurious Doppler shifts that can mask Earth-sized
planets. Precision planet characterization in the coming decade will motivate the need for better
knowledge about the star, particularly its magnetic properties. Conversely, close-in planets can be used as
test particles to reveal small-scale stellar inhomogeneities (Figure 2.10), and increase understanding of
stars.

A star can influence its near environment by a combination of its radiation, gravity, and particles.
The difference between “super-Earth” and “mini-Neptune” planets can potentially be explained by
processes driven by the star. A star’s magnetic field is responsible for the heating producing stellar
emissions above the photosphere, which manifests as enhanced ultraviolet through X-ray radiation. High
energy stellar radiation is a risk to, and potentially a catalyst for, life. The UV emission of a star
influences the planetary atmosphere photochemistry, and can create false positives for biosignatures. The
extent and amount of high energy radiation from the star determines how much of the atmosphere a close-
in planet keeps over evolutionary time. For planet-hosting stars which are cooler than the Sun in
temperature, the magnetic field is also complicit in the star losing mass, through a steady stellar wind and
potentially transient coronal mass ejections. Eruptive events, characterized as some combination of stellar
flaring, coronal mass ejections, and energetic particle events, produce space weather and in the extreme
events, influence habitability. Magnetic fields of low-mass stars may prevent some eruptive events from
ejecting mass, lending complexity to a blind application of the solar analog, and there are currently few
observational constraints on stellar winds or stellar coronal mass ejections. The next decade will see
progress in characterizing the habitability prospects, particularly of M dwarf planets. Due to their
proximity to the star, they are the most vulnerable to atmospheric loss, coronal mass ejections, tidal
heating, and orbital evolution.

Priority Science Area: Pathways to Habitable Worlds

Among the many exciting discoveries and opportunities ahead within the Worlds and Suns in
Context theme, one question stands out: “Are there habitable planets harboring life elsewhere in the
universe?” The answer to this question, and the questions which immediately follow—*Is the Earth
unique?” “Are humans alone?”—would have impacts reaching far beyond astronomy, within science and
humankind overall. Advances in the understanding of exoplanets and in astronomical instrumentation
now allow the planning of major steps towards identifying and studying candidate habitable planets, and
making the first tests for the signatures of habitability and life. Laying out the Pathways to Habitable
Worlds is the priority science area for this theme.
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FIGURE 2.10 Surface inhomogeneities on a star can be revealed by departures from the expected depth of
transiting planets, as in the case of a dark patch and a different light patch on the star as revealed in this example
from the transiting planet WASP-19b. SOURCE: Espinoza et al. (2019).

Meeting this ambitious goal will require progress on a variety of fronts, observationally,
theoretically, and in the laboratory. Potentially habitable planets are the exception rather than the rule
(roughly 20 out of the ~2,400 planets discovered by Kepler, Sec. 2.3.2), and those close enough to be
studied in detail by future facilities is smaller yet, so current and planned exoplanet surveys will play a
critical role in enlarging the candidate list. Ongoing efforts to characterize the surfaces and atmospheric
compositions of known exoplanets, from space and the ground, will be important for quantifying the
demographics of the overall planet population and refining the diagnostic tools which will eventually be
brought to bear on the candidate habitable worlds.

Observing and characterizing candidate habitable planets themselves, however, whether by direct
imaging or indirect observations in transiting systems, requires new telescopes on the ground and in
space. The first target systems are likely to be planets orbiting close to the lowest mass and faintest stars,
M-dwarfs. Their low luminosities (thousands of times less than the Sun) make it easier to detect an
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orbiting planet against the stellar glare, but the habitable planet zones will lie close to the stars
themselves. JWST may be able to measure a few such systems in transit, and spectroscopic observations
of larger samples form a keystone part of the science cases for the 24-40m ELTs (E-ELT, GMT, TMT).

A longstanding goal ever since the discovery of the first exoplanets is to image and characterize
planets orbiting Sun-like stars, including those in the habitable zone. Such stars have long been suspected
as offering the most likely sites not only for liquid water but also life, and space-based telescopes with
sufficient stability and high-contrast capabilities to image and spectroscopically measure planets around
the nearest such stars are now within our reach. A space telescope similar in wavelength coverage to the
Hubble Space Telescope, and with an aperture of at least 6m and coronagraphic imaging capability should
be capable of observing approximately 100 nearby stars, and successfully detect potentially habitable
planets around at least a quarter of the systems. Such an observatory would also provide valuable
information on other extrasolar planets, and be versatile enough to carry out groundbreaking observations
of stars, galaxies, black holes, and the gases and baryons within and between galaxies, with a scientific
impact rivaling that of previous “great observatories” such as HST.

The potentially habitable worlds ripe for discovery in this decade and the next represent only the
tip of a deep iceberg in exoplanetary exploration. Studies of Super-Earths and mini-Neptunes as well as
larger Jupiter-sized planets fill in critical areas; these measurements can be done with a range of facility
sizes and round out a comprehensive approach to the subject. Considering solar systems as a whole and
understanding how the individual components interact with each other is a crucial component of
understanding the processes at work to arrive at the observed state. While the ultimate quest is to find
potentially habitable planets, the perspective of a wide variety of planetary demographics, characteristics,
and evolutionary paths (including those that lead away from habitability) is needed to understand where
the multiple highway exits lead along the route to answering the question “Are humans alone?”

The path to habitability starts at the beginning of a planet’s journey and requires investigation of
the chemical and dynamical processes at work to determine conditions early on in a planet’s life that lead
both towards and away from habitability. Improvements in imaging and spectroscopy with future large
facilities at mm and sub-mm wavelengths will probe the rings and gaps caused by forming planets in the
disk of gas and dust around a young star, and create a census of the properties of these forming planets.
Spectroscopic probes of planet-forming gas reveal the chemical initial conditions that solar systems and
individual planets in formation experience; the study of complex prebiotic species paints the picture of
chemical evolution pathways needed at the beginning of this path. Measuring the water reservoirs in star-
and planet-forming disks is crucial for understanding the mechanisms by which terrestrial planets gain
their water.

Although this mapping of the Pathways to Habitable Worlds has emphasized the central roles to
be played by major existing and planned observatories, success will also require a wide array of enabling
and foundational projects and studies. These include observational and theoretical studies of the linking
between star and planet formation, the chemical processes—both inorganic and organic—critical for
planet formation, the evolution of planetary atmospheres, and the origins of life, laboratory measurements
of spectroscopic tracers and astrochemical processes, and detailed study of stellar activities, variability,
and surface structures, all of which can mimic observational signatures of transiting

2.2 NEW MESSENGERS AND NEW PHYSICS

Our understanding of the universe has been repeatedly transformed by observing across the entirety of

the electromagnetic spectrum, from the radio to the gamma-rays. These observations can test or reveal

physics in ways that are not possible on Earth. Now, nearly daily movies of the sky, as well as the new

messengers of neutrinos, particles, and gravitational waves, provide new ways of doing astronomy and
new methods for uncovering and testing new physics.
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Observing the universe in new ways has historically involved expanding our observations to
cover the full electromagnetic spectrum, not just the part accessible with our eyes. In doing so, X-ray
observations revealed the dynamic coronae of the Sun and other stars, accreting neutron stars and black
holes, and the hot plasma that pervades interstellar and circumgalactic environments. Radio observations
revealed the existence of neutron stars, whose remarkably stable rotation rates have since been used to
discover planets and confirm the theory of general relativity’s prediction of orbital decay via the emission
of gravitational waves. And telescopes observing in the infrared can peer into the enshrouded stellar
nurseries where stars and planets form.

New views of the universe also come from observing in new ways—for example, by making
observations with much higher sensitivity, angular resolution, or time resolution, or by obtaining higher
dynamic range views of previously hidden phenomena. The movies of stars orbiting the 4 million solar
mass black hole in the center of the Milky Way Galaxy would not have been possible without adaptive
optics and near-infrared interferometry to overcome the blurring effects of Earth’s atmosphere. More
recently, the Event Horizon Telescope’s unprecedented angular resolution at millimeter wavelengths (via
interferometry) provided the first direct image of the near-horizon environment of a black hole (see
Figure 2.11), captivating scientists and the public alike.

M87's Black Hole in Context

.

FIGURE 2.11 The galaxy M87 (left) harbors a 6.5 billion solar mass black hole at its center that produces a
spectacular jet (middle). The unprecedented angular resolution at millimeter wavelengths of the Event Horizon
Telescope produced the image of electromagnetic radiation from plasma near the horizon of the black hole (right).
The image shape is interpreted as being due to motion of the radiating plasma at near the speed of light (producing
the brighter lower half) and strong gravitational lensing by the black hole (producing the ‘shadow of the black hole,’
the deficit of light at the center). SOURCE: Left: Adapted from Chandra X-Ray Observatory, “M87: A Nearby
Galaxy Metropolis,” https://chandra.harvard.edu/photo/2008/m87; X-ray: NASA/CXC/CfA/W. Forman et al.;
Radio: NRAO/AUI/NSF/W. Cotton; Optical: NASA/ESA/Hubble Heritage Team (STScl/AURA), and R. Gendler;
Middle: Adapted from Hubblesite, “Black Hole-Powered Jet of Electrons and Sub-Atomic Particles Streams from
Center of Galaxy M87,” https://hubblesite.org/contents/media/images/2000/20/968-Image.html, NASA and The
Hubble Heritage Team (STScl/AURA). Right: Adapted from The Event Horizon Telescope Collaboration, “First-
ever Image of a Black Hole Published by the Event Horizon Telescope Collaboration,”
https://eventhorizontelescope.org/blog/first-ever-image-black-hole-published-event-horizon-telescope-collaboration.

By observing ever fainter sources across the electromagnetic spectrum, it is also possible to peer
back into the distant past when the universe and its constituents were young, and unravel the history of
the universe. Perhaps most spectacularly, observations of the cosmic microwave background radiation
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measured the geometry and mass-energy content of the universe and helped transform cosmology into a
precision science.

The most radically different views of the universe are provided by messengers other than
electromagnetic radiation in the form of photons or waves. Neutrino observations confirmed the
theoretical prediction that hydrogen fusion powers the luminosity of the Sun, and demonstrated that
neutrinos have mass, a key insight into physics beyond the standard model of particle physics. Cosmic-
ray measurements have found particles whose energies are enormous compared to those that can be
produced in the Large Hadron Collider (LHC) at CERN, but whose astrophysical origin remains a
mystery. In 2013, the south pole IceCube observatory detected a diffuse high energy neutrino flux of
astrophysical, but unknown, origin. Starting in 2015, LIGO opened up the gravitational wave view of the
universe by detecting merging binary black holes. The simultaneous detection of gravitational waves and
electromagnetic radiation from a binary neutron star merger in 2017 showed the power and
complementarity of multi-messenger observations (see Box 2.2).

As views of the universe have expanded so has astronomy’s impact on basic physics. Many
frontier science questions identified by the Survey’s science panels center on the intertwined themes of
using new techniques to see the universe in new ways (new messengers) and uncovering new physics
with advanced astronomical observations. In what follows the presentation of this science theme is
organized by first discussing cosmology and the dark sector and then turning to the new astronomy
enabled by observations with particles, neutrinos, gravitational waves, and light.

2.2.1 Cosmology and the Dark Sector

The fundamental paradigm of modern cosmology is the Hot Big Bang, in which an initially hot,
dense, and nearly smooth universe rapidly expands and cools. All evidence suggests an initially simple
universe, made of a nearly uniform collection of light nuclei and electrons, a sea of radiation, a similar sea
of cosmic neutrinos, and dark matter of an unknown nature. As time passed, small initial differences in
density grew under the action of gravity to form the rich structure described in the Cosmic Ecosystems
science theme of this report. The transition from a smooth universe to one with stars and galaxies
occurred less than 500 million years after the Big Bang. Finding innovative ways to probe cosmology in
the “dark ages” prior to any significant star formation is one of the discovery areas identified here. The
development of “LambdaCDM,” our current standard cosmological model is one of the major intellectual
triumphs of the past few years; the nature and origin of its key ingredients—dark matter, dark energy, and
a nearly scale-invariant spectrum of primeval mass fluctuations—remain, however, some of the biggest
mysteries in science.

Observations of the motions within galaxies and clusters to the large-scale distribution of
intergalactic gas and the CMB require more matter than can be explained by the observed baryons. In the
common interpretation, this is cold dark matter, an unseen gravitating material—nearly 10 times more
abundant than baryonic matter—that moves non-relativistically in the recent universe. Over the many
decades since dark matter was posited by Fritz Zwicky to explain galaxy motions in the Coma cluster and
by Vera Rubin to understand galaxy rotation, astronomers have learned primarily what it is not: not like
anything that has been seen on Earth. It could be a particle with the mass of a proton that does not
significantly interact with normal matter or, at another extreme, it could be a “particle” with a quantum-
mechanical wavelength the size of a small galaxy. While physicists attempt to identify dark matter
through ambitious and excruciatingly careful laboratory experiments, astronomers in the coming decade
will wield the threefold tools of theory, simulation, and observations to search in parallel. Dark matter
could leave detectable traces of its potentially more complex interactions through deviations from the
simplest version of the cold dark matter paradigm or through emission of unexpected particles (gamma-
rays, positrons, narrow radio frequency lines) produced by dark matter interactions. The signatures of
complexity in the properties of dark matter could come from the most distant sources (e.g., the CMB) or
some of the nearest (e.g., nearby wide stellar binaries or the internal kinematics of dwarf galaxies). Nearly
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all astronomical facilities—current, imminent, and aspirational—contribute to the study of dark matter.
New large ground-based optical-infrared telescopes would be particularly impactful, e.g., by studying the
internal motions of stars in dwarf galaxies and testing the nature of the dark matter that holds those
galaxies together.

Cosmic Microwave

Background Radiation

FIGURE 2.12 The cosmic microwave background (CMB) can be thought of as a backlight at the edge of the
observable universe as depicted above. Light from it traverses the universe on its way to us on the right.
Concentrations of mass, shown here as the brighter areas in the web of dark matter, deflect the light through the
process of gravitational lensing. The image of the CMB that finally reaches Earth is then a distorted view of the true
CMB, like the view through an imperfect piece of glass. Measuring these distortions determines the three-
dimensional mass distribution that the light has passed through, which is shaped by the distribution of dark matter
throughout the universe. The light of distant galaxies can be distorted in a similar manner. SOURCE: Left:
Copyright ESA and Planck Collaboration. Right: ALMA antenna, https://public.nrao.edu/telescopes/alma/, National
Radio Astronomy Observatory, Associated Universities, Inc., and the National Science Foundation.

Even with the current poor understanding of what dark matter is, there is broad consensus around
how it behaves gravitationally on large scales. This allows theoretical models to robustly connect the final
distribution of dark matter to the conditions in the very early universe. Astronomers are on the brink of
using this connection to make 3D maps of the dark matter distribution and use those maps as probes of
fundamental physics. The properties of the dark matter distribution can be traced by the ways it subtly
shifts light rays as they propagate through the universe, through the effect of gravitational lensing (Figure
2.12). Analyzing the fine details of maps of the CMB or of the shapes of distant galaxies, reveals the 2D
matter distribution, which can then be deprojected into the full 3-dimensional view. This is one of the
primary goals of Roman, Rubin, Euclid, and new more powerful CMB instruments. The statistical
properties of these maps will eventually be able to measure the sum of the masses of the neutrinos, which
will be yet another major contribution of astronomical observations to basic physics. In parallel with
lensing studies on large scales, more detailed, focused studies of individual lensed galaxies, supernovae,
and quasars (accreting black holes), and even lensed stars at cosmological distances, will test the
predictions of the cold dark matter paradigm on the smallest scales, where we expect deviations to be
most evident.
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Along with dark matter, the second great cosmological unknown is the nature of the “dark
energy.” Observations of the recent universe have shown that its expansion is accelerating. This
remarkable discovery is not explained by a model containing only matter (even dark matter), but instead
indicates a new feature, dubbed dark energy. Arguably the simplest explanation for dark energy is
Einstein’s cosmological constant—an energy and pressure characterizing empty space whose
gravitational effect drives the acceleration—Dbut the incredibly small value, compared to what is expected
from quantum theories, leads physicists to think that dark energy may be more complicated. The
cosmological constant predicts a specific form for the acceleration in the expansion of the universe as a
function of time. Observations in the coming decade using Rubin, Roman, Euclid and higher resolution,
higher sensitivity CMB facilities will test whether observations are, or are not, consistent with a
cosmological constant. These results will be a major legacy of the New Worlds, New Horizons decadal
survey. Any deviations from a cosmological constant model could touch off a second revolution as
powerful as the initial discovery of the accelerating universe itself.

While the next generation tests of dark energy are underway, astronomers are already finding
hints that the current cosmological model may be incomplete. An unexpected tension has developed
between two different ways of determining the present expansion rate of the universe. In one, based on
measuring distances and velocities in the local universe, the current expansion rate is roughly 5 percent
higher than inferred from the second method, which uses the standard cosmological model to extrapolate
from early universe CMB measurements to today. Continued measurements from satellites and the
ground, including those using gravitational waves, will be able to distinguish between a systematic effect
in one of the methods or the need for a previously unknown component of the universe.

The fluctuations seen in the CMB are believed to have been imprinted in the earliest phases of the
Big Bang during a period of cosmological inflation in which extraordinarily rapid expansion established
the large-scale homogeneity and flatness of the universe while also causing quantum fluctuations which
subsequently grew into the fluctuations we observe. One of the most exciting opportunities in the coming
decade is that CMB measurements may reveal remnant gravitational waves from this early epoch, as
depicted in Figure 2.16 below. The presence of gravitational waves would manifest as a distinctive
polarization pattern in the CMB, called “primordial B-modes,” at angular scales of 3 degrees and larger.
These scales are accessible from the ground and space. If primordial B-modes are found they will provide
critical constraints on the physics of inflation and give new insights into physical processes at energy
scales orders of magnitude larger that can be attained at the LHC. Efforts are already underway to detect
them, but higher angular resolution and sensitivity CMB observations from the ground and in space will
be needed given the difficulty of detecting the small B-mode signal amidst the polarized galactic
foreground.

In summary, the standard cosmological model is both a remarkable triumph and an astonishing
puzzle. With a relatively modest number of parameters, it continues to match observational results despite
orders of magnitude improvement in cosmological measurements over the past twenty years. However,
there is a mystery novel’s worth of hints that the same model is incomplete, as the most important
components are not yet understood. This represents one of the great contributions of astronomical
observations to basic physics, and a continued opportunity for breakthroughs and surprises in the coming
decades. Unraveling the many cosmological mysteries will require a particularly close interplay between
theory, simulation, observations, and laboratory experiments.

2.2.2 New Messenger

Astronomy has long been a science rooted in the observation of light (photons). The past decade,
however, has overturned this understanding of what astronomy is and could be, thanks to observations
with new messengers that carry new information about the workings of the universe. Gravitational waves,
neutrinos, and cosmic rays (Figure 2.13)—Ilong viewed as largely the province of physics—have all now
passed into the realm of astronomy. This is due to multiple breakthrough discoveries in the last decade,
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using facilities such as Auger, IceCube, and LIGO. At the same time, astronomy’s traditional pursuit of
photons is being transformed by new observational facilities that probe time variable and transient
phenomena. Characterizing the time-variable electromagnetic universe has become increasingly
sophisticated, thanks to pathfinding optical telescopes such as the All-Sky Automated Survey for
Supernovae (ASAS-SN) and the Zwicky Transient Facility (ZTF) that are setting the stage for the Rubin
in the coming decade. Outside the optical, dedicated radio surveys with the Karl Jansky Very Large Array
(JVLA) and the Canadian Hydrogen Intensity Mapping Experiment (CHIME), and other international
facilities are uncovering new and unexpected phenomena, such as fast radio bursts, while high energy
space telescopes sensitive to explosive events like gamma ray bursts become ever more central to
interpreting signals from new cosmic messengers. It is not an exaggeration to say that nearly daily movies
of the sky made across the electromagnetic spectrum are their own form of “new messenger,” with
information that is fundamentally distinct from a static view of the universe. This led to the identification
of time domain astronomy as a key discovery area in New Worlds, New Horizons.

These seemingly separate advances in observational techniques are in fact intimately related:
most of the known and anticipated sources of gravitational waves, neutrinos, and cosmic rays are also
time variable or transient electromagnetic sources (e.g., neutron star mergers, gamma-ray bursts, black
hole jets, and stellar explosions). Combining information from all messengers can unravel the physics at
the heart of these objects, as was demonstrated so spectacularly in the case of the binary neutron star
merger GW170817 (Box 2.2).

Cosmie

Neutrines

FIGURE 2.13 The combination of multiple messengers provides unique insights into astrophysical sources,
particularly those involving strong gravity or relativistic motion (see Box 2.2). SOURCE: Report of the Panel on
Particle Astrophysics and Gravitation.
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BOX 2.2 Multi-Messenger Astronomy

The binary neutron star merger GW170817, detected both in electromagnetic and gravitational
waves, was a watershed event that confirmed the long-anticipated promise of multi-messenger
astronomy. The confluence of decades of work in theory, numerical relativity, nuclear astrophysics,
gravitational wave detectors and analysis methods, combined with measurements across the
electromagnetic spectrum from space and ground, building on the international network for rapid
follow up originally developed for the study of gamma ray bursts, produced what has become the
archetype for multi-messenger astronomy, a field destined to blossom in the coming decade.

In GW170817, gravitational wave measurements determined the mass of the merging neutron
stars and an initial sky localization, while electromagnetic observations determined the host galaxy of
the merger and the mass, speed, energy, and composition of matter ejected from the system during the
merger (Figure 2.2.1). This ejecta consisted of both a jet of relativistic material that powered non-
thermal radiation from the radio to the gamma rays and slower more spherical ejecta that powered the
thermal optical and infrared light. The data indicated that the latter was a “kilonova,” optical/infrared
light powered by nuclear decays involved in the production of many of the heaviest elements in nature.
Indeed, the optical-infrared light provided strong evidence that neutron-star mergers are a significant
astrophysical site for the production of rapid neutron capture elements (including the rare Earth metals,
platinum, and gold), a long-standing mystery in our understanding of the origin of the elements traced
in the spectra of stars.

Permission Pending

FIGURE 2.2.1 Schematic of the binary neutron star merger GW170817 observed in gravitational waves and light
(radio to gamma-rays). SOURCE: Margutti and Chornock (2021), ARAA.
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The combination of a gravitational wave distance to the merger and a redshift in the spectrum
of the host galaxy also allowed a fully independent measurement of the Hubble constant, the value of
which is a source of uncomfortable cosmological tension and in need of new measurements (See
Section 2.2.1). Although the single measurement with GW170817 is not as precise as other techniques,
multi-messenger cosmology will increase in importance in the coming decade as we detect ever more
binary neutron star and black hole mergers.

Observations of SN 1987A and the Sun in light and neutrinos and GW170817 in light and
gravitational waves revealed the power of multi-messenger astronomy. This is but a taste of the feast
that is to come. Higher sensitivity high-energy neutrino experiments will detect individual
astrophysical sources. A supernova in the Milky Way Galaxy would be a multi-messenger, multi-
wavelength goldmine, detectable in light, neutrinos and possibly gravitational waves. A next
generation ground-based gravitational wave network could detect and localize every solar-mass binary
black hole merger in the universe, transforming astronomy and cosmology. Pulsar timing and the
space-based interferometer LISA will open up other parts of the gravitational wave spectrum, revealing
new sources and new surprises, much as the first X-ray and radio telescopes did. Capitalizing on these
opportunities will also require a new generation of theoretical and computational models that combine
general relativity, nuclear astrophysics and plasma physics. Likewise, new electromagnetic facilities
are needed, including those with transient capabilities, larger ground-based optical-infrared telescopes
for detailed spectroscopic follow-up, new cm-wavelength radio arrays for observing the non-thermal
radiation from jets, and new space-based satellites to provide critical pieces of the picture missing from
the ground (e.g., the ultraviolet and gamma rays).

2.2.3 Neutrinos and Cosmic Rays

Trillions of neutrinos stream through us from the Sun every second, with a similar number from
the cosmic neutrino background. This is an indication of just how difficult neutrinos are to detect relative
to how common they are, but in this difficulty lies their promise. Precisely because neutrinos interact so
little with matter, neutrinos carry information about the inner workings of some of nature’s most
important energy sources: the nuclear furnaces inside stars, the formation of neutron stars in stellar
explosions, and the conditions in the jets of relativistic particles that originate near the event horizons of
black holes in galaxy nuclei. Neutrinos that are detected also point directly to the celestial position of their
source. In the next few decades, astronomical observations will begin to routinely measure the cosmos
with these most elusive of particles. Here it is important to distinguish between cosmological neutrinos
(which, like the CMB, have redshifted to millielectronvolts), neutrinos emitted by fusion processes in
stars, which are in the megaelectronvolt range, and neutrinos in the gigaelectronvolt range and above,
which are produced by hadronic collisions between cosmic rays and ambient matter. We focus on the
lattermost here, as they are an unambiguous signature of ion acceleration, follow straight line orbits from
their source to our detectors (unlike cosmic rays themselves, which are scrambled by magnetic fields),
and unlike their photon counterparts, are immune from optical depth effects.

Theoretical models of the early phases of the Big Bang predict that there should be a nearly
uniform cosmic neutrino background similar to the CMB. There are laboratory experiments aimed at
detecting the cosmic neutrino background but it is an extremely challenging measurement. In contrast to
the sea of low energy neutrinos produced in the Big Bang, higher energy neutrinos are messengers from
some of Nature’s most dramatic events. When the relatively nearby supernova 1987A exploded, some 25
neutrinos were measured in the Kamiokande, IMB, and Baksan neutrino detectors, which were state of
the art for their times. Thirty-five years later, modern neutrino detectors would measure tens of thousands
of neutrinos from a supernova in the Milky Way. As similar supernovae explode throughout the universe,
they collectively produce a diffuse background of megaelectronvolt (MeV) neutrinos, one that should be
within reach of forthcoming experiments if current theories are correct. Detection of either a galactic
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supernova or the diffuse background would test models of the formation of neutron stars and black holes
and the core-collapse explosion mechanism. Only neutrinos and gravitational waves can peer into the
inner regions of these events where densities reach nuclear scales.

The skies are full of even more energetic sources that likely produce neutrinos, some continuous,
some episodic, and some transient. For example, relativistic jets—collimated beams of ejected material
moving at nearly light-speed—are known to emanate from supermassive spinning black holes in active
galactic nuclei (see Figure 2.11). These jets span up to millions of light years in extent. Similar relativistic
jets are also associated with gamma ray bursts (GRBs), extremely energetic events that emit in just
seconds the same amount of energy the Sun will emit over its lifetime. This rich population is likely to be
a significant source of neutrinos detectable with future facilities.

The prospects for future neutrino astrophysics are promising. Over this past decade, the IceCube
experiment at the South Pole detected an unresolved extragalactic background of 60 neutrinos with
energies in the teraelectronvolt to petaelectronvolt (TeV-PeV)? range. Their distribution on the sky
indicates that they are produced by distant sources well outside our galaxy, and thus are likely to be by
products of energetic events throughout the universe (much like diffuse X-ray and gamma ray
backgrounds). To date, only the Sun (Figure 2.14), SN1987A, and potentially one blazar have been
imaged in neutrinos of any energy, but with new facilities the excitement of identifying specific
individual sources is likely just beginning.

FIGURE 2.14 An image of the Sun taken with the Super-Kamiokande neutrino detector in Japan. These data were
collected from neutrinos emitted from the core of the Sun, which after traversing the Earth-Sun separation, travelled
through Earth to reach the detector. SOURCE: http://strangepaths.com/the-sun-seen-through-the-earth-in-neutrino-
light/2007/01/06/en/, Kamioka Observatory, ICRR (Institute for Cosmic Ray Research),The University of Tokyo.

2 A teraelectronvolt (TeV) is 10%2 eV, a petaelectronvolt (PeV) is 10%° eV, and an exaelectronvolt (EeV) is 1018
eV. The protons in the Large Hadron Collider in CERN have an energy of about 10 TeV, orders of magnitude below
those of the highest energy cosmic rays.
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Neutrinos are not the only messengers of relativistic and energetic astrophysical phenomena.
Quite independently, other experiments have detected ultra-high-energy cosmic rays (UHECRS, in the
~10'eV [EeV] range). What produces these remarkably energetic particles? Are the TeV-PeV neutrinos
and ultra-high-energy cosmic rays produced in the same sources? They are widely surmised to be
accelerated in the relativistic jets of accreting supermassive black holes or gamma-rays bursts, but this has
yet to be tested observationally. Unfortunately, direct identification of a cosmic-ray source is difficult,
since UHECRs are charged particles and are thus deflected as they travel through magnetic fields that
permeate the universe. However, a clear directional signature would be provided by the high-energy
neutrinos that the UHECRSs produce in the regions where they are accelerated. Higher sensitivity neutrino
observations with better sky localization are critical for unraveling how nature’s most extreme particle
accelerators work.

2.2.4 Gravitational Waves

Gravitational waves are the newest detectable messenger traveling through the astronomical
landscape. They provide a unique probe of regions with large amounts of mass moving at near the speed
of light: black hole and neutron star collisions, neutron star and black hole formation in stellar explosions,
and the first fractions of a second of the Big Bang (Figure 2.15). The importance of gravitational waves
lies in part with the central role that black holes and neutron stars play in many areas of astronomy, from
stellar evolution to galaxy formation. In just the five years since LIGQO’s first detections were announced,
gravitational wave measurements have already left astronomers in awe, with insights into the origin of
neutron-rich elements (Box 2.2), the detection of stellar-mass black holes much more massive than
previously known, and new tests of gravity in the strong field regime.

Big Bang
: Supermassive Black Hole Binary Merger
& e —

Compact Binary Inspiral & Merger

Extreme Mass- Pulsars,
Ratio Inspirals s Supernovae
p P Sup

FIGURE 2.15 The full spectrum of gravitational-wave emission. The diversity of objects and events at the top of
the image produce gravitational waves of different frequencies that need different detection instruments shown at the
bottom. SOURCE: NASA/J. |. Thorpe.
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Similar to the electromagnetic spectrum, a variety of astronomical phenomena produce a broad
frequency range of gravitational waves (see Figure 2.15). The kilometers-long ground-based detectors
LIGO and Virgo are sensitive to signals from relatively small systems: neutron stars and stellar mass
black holes with radii from 10 to a few hundred kilometers, and with masses up to several hundreds of
solar masses. Colliding massive black holes with millions of solar masses at the centers of galaxies and
inspiraling white dwarfs are thousands to millions of kilometers in extent, and need space-based detectors,
such as the LISA mission led by ESA with NASA contributions, scheduled to launch in the mid 2030’s.
To detect the gravitational waves from yet larger objects, like black holes weighing billions of solar
masses, requires galaxy-sized baselines. This is done with high precision timing of the arrival of radio
pulses from pulsars distributed throughout our galaxy. The loss of Arecibo is a setback for pulsar timing
experiments, and underscores the need for radio facilities that can continue this critical science.

The larger and more sensitive ground-based gravitational wave interferometer network
anticipated in the coming decade will detect a large number of stellar-mass black hole mergers and
determine their masses and spins. Careful comparison of the properties of these mergers with theoretical
models will inform which arise from binary or triple stellar evolution, which arise in dense stellar systems
like globular clusters, and which might have entirely different origins. The population of neutron star and
black hole mergers with masses of ~2-5 Mg, in the “mass gap’ between neutron stars and black holes will
provide key constraints on our understanding of massive stellar evolution, the maximum mass of neutron
stars, and core-collapse explosion physics.

Combined gravitational wave and electromagnetic observations have the potential to finally crack
the longstanding puzzle of the origin and growth of massive black holes, one that lies at the intersection
of the understanding of stars, galaxies, accretion disks, and cosmology. LISA and future ground-based
gravitational wave detectors will detect black hole mergers in the earliest phases of galaxy formation less
than a billion years after the Big Bang, while LISA, ground-based detectors, and pulsar timing arrays will
constrain the merger rate over cosmic time for a range of black hole masses. Combining this gravitational
wave data with deeper electromagnetic observations of accretion onto black holes, particularly in the
infrared (e.g., JWST) and X-ray, will inform whether massive black holes originate from the remnants of
massive stars. Are they built up by stellar and black hole collisions in dense star clusters, or perhaps they
formed from the direct collapse of gas clouds in some of the first galaxies? Gravitational wave
measurements will also be critical for disentangling the role of mergers and gas accretion in growing
black holes over cosmic time.

The simultaneous detection of gravitational waves and light from the binary neutron star merger
GW170817 was a transformative event (Box 2.2). More sensitive ground-based gravitational wave
interferometers will provide a much larger sample of binary neutron star and neutron star-black hole
mergers. The light from GW170817 was powered by material ejected during the merger and from the
accretion disk left behind after the merger. Theoretical models predict that there will be considerable
diversity in the electromagnetic counterparts to such events depending on the total mass of the binary
neutron star system, the mass ratio, and the equation of state of dense nuclear matter, which sets the
maximum mass of a neutron star beyond which it collapses to a black hole. Characterizing this diversity
using observations of light and gravitational waves will be critical for unraveling the physics of accretion
and jet production in binary mergers and their role in the origin of the heavy elements. Given the larger
distance to gravitational wave sources as the facilities become more sensitive, this will require new
observational capabilities for electromagnetic follow up. Large ground-based optical-infrared telescopes
for spectroscopy to characterize heavy element production and sensitive ground based cm wavelength
interferometers and space-based high energy telescopes to characterize relativistic jets will be particularly
important. The science produced by joint gravitational wave and electromagnetic observations is likely to
extend to at least a subset of LISA sources, namely binary black hole mergers in gas-rich galaxies. This
will enable detailed studies of host galaxies, reveal the role of gas in facilitating massive black hole
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mergers in galactic nuclei, and provide a sample of black hole mergers at high redshift suitable for
cosmology.

Part of the power and promise of gravitational wave measurements is their ability to
simultaneously enable “new astronomy” and “new physics.” Tests of General Relativity using
gravitational wave measurements are in their infancy. In the coming decades these tests will become far
more stringent, with increasingly more precise measurements either cementing the quantitative
applicability of General Relativity in the strong field regime, or perhaps revealing new physics. Sensitive
ground-based gravitational wave detectors at higher frequencies and louder signals will constrain the radii
of neutron stars through their tidal deformation. This in turn will constrain the equation of state of nuclear
matter better than with current measurements, and in a way that is not possible in laboratories on Earth.
Gravitational wave constraints on the neutron star equation of state will complement ongoing
electromagnetic efforts using radio and X-ray timing and X-ray spectroscopy, likely leading to high
precision measurements of neutron star radii in the coming decade. Larger samples of binary black hole
and neutron star mergers will also significantly increase their utility for cosmology. Gravitational wave
detections determine the distances to sources. Simultaneous electromagnetic observations of host galaxies
to determine redshift can thus provide a measurement of the Hubble constant that is completely
independent of current techniques.

Gravitational wave astronomy started with a bang in 2015, opening a new window to the universe
with the detection of merging black holes by LIGO/Virgo. Over the few years since then, gravitational
wave observations have become an indispensable astronomical tool. The coming decade, with the
potential of detections in other parts of the gravitational wave spectrum, signals from new sources, and
large numbers of black hole and neutron star detections, will be the start of a new era of precision and
multi-wavelength gravitational wave astronomy.

2.2.5 Astronomical Transient Events

Although the night sky looks placid, millennia of observations have shown that it in fact varies
systematically on many timescales. There are secular changes in the positions and speeds of objects due
to their motion—nbe it interstellar interlopers in the solar system (see Section 2.1) or stars orbiting the 4
million solar mass black hole in the center of the Milky Way Galaxy. On top of this, there is a dizzying
variety of dynamic astrophysical events that emit large amounts of energy in anywhere from the blink of
an eye to timescales longer than human lifetimes. Some of these are cataclysmic events that herald the
formation of neutron stars and black holes in stellar core-collapse, the thermonuclear explosions of white
dwarfs, or the mergers of stars or compact objects. Others are repeating phenomena, such as stellar flares
or the explosions of the surface layers of white dwarfs. All of these phenomena involve astronomical
sources that produce light at many wavelengths, as well as in some cases gravitational waves and high
energy neutrinos and cosmic rays. Astronomical transients impact nearly every area of astronomy.
Supernovae and neutron star mergers disperse heavy elements into the interstellar medium, seeding gas
with the elements necessary for life. Thermonuclear explosions of white dwarfs are valuable “standard
candles” used to trace the acceleration of the universe. Fast radio bursts, millisecond bursts of radio
emission of uncertain origin, have the potential to become a powerful new probe of the distribution of
baryons throughout cosmic ecosystems (Section 2.3). Dedicated archives of brightness measurements
now spanning more than 100 years enable the study of transient phenomena that recur on decade
timescales or longer, such as stellar occultations by circumstellar material, the slow but dramatic
brightening of newly unveiled young stars and of old stars like Betelgeuse in their death throes (see
Section 2.1).

Rapid advances in detector technology and computing power have led to a revolution in
astronomical time-domain surveys, which in turn have led to the discovery of new classes of transients
(e.q., fast radio bursts and stellar mergers; Figure 2.16 depicts various classes of optical transients). The
Rubin Observatory will take this effort to the next stage. Just one night of observation is expected to
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detect 10 million transient events with sub-arcsecond positional accuracy, sending triggers to telescopes
around the globe and in space, to follow up with observations at other wavelengths and to correlate with
observations using other messengers. This revolution is extending to a broader range of wavelengths
outside the traditional optical and gamma ray bands. The Roman satellite will carry out a near-infrared
supernova survey that will also likely discover new classes of infrared transients. Roman’s microlensing
survey will allow characterization for the first time of the mass function of the majority of neutron stars
and black holes in the galaxy. The extended Roentgen Survey with an Imaging Telescope Array
(eROSITA) is carrying out the first all-sky X-ray survey since the Roentgen Satellite (ROSAT) in the
early 1990s. Additionally, there is a tremendous increase in the number of international radio facilities
searching for radio transients (e.g., CHIME, the Australian Square Kilometre Array Pathfinder (ASKAP),
MeerKat).
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FIGURE 2.16 Types of optical transients, distributed in peak brightness and characteristic timescale, adapted from
Cenko (2017). New wide-field optical surveys expected to come online this decade will surely populate this diagram
with other transient exotica. SOURCE: Adapted by E. Quataert, with permission from Springer Nature: S.B. Cenko,
20187, Astrophysics: The true nature of transients, Nature Astronomy 1:0008, https://doi.org/10.1038/s41550-016-
0008, copyright 2017.
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The next decade has the potential to realize the full capabilities of transient and multi-messenger
science, and very likely discover more surprises along the way. This work will ultimately provide a
mapping between transients, the energy sources and central objects (e.g., black holes, neutron stars, stars)
that power them, and their broader astronomical consequences (e.g., feedback and nucleosynthesis). Fully
realizing this vision will, however, require a wide range of observational, theoretical, and software
capabilities. The data required are obtained with simultaneous and coordinated operation of different
instruments on Earth and in space. Ensuring easy user access to this wealth of data and the ability to
cross-correlate multiple sources of data will maximize the science enabled by existing and planned
facilities (see Sections 4.4 and 7.4.1). In addition, NASA’s workhorse hard X-ray and gamma ray
transient facilities (Swift and Fermi, respectively) are aging and their longevity is uncertain. Higher
sensitivity all-sky monitoring of the high-energy sky, complemented by capabilities in the optical such as
from Kepler and TESS, is a critical part of our vision for the next decade in transient and multi-messenger
astronomy. Likewise, there are tremendous scientific opportunities for dedicated transient facilities at
other wavelengths (e.g., the ultraviolet from space and radio on the ground) and dedicated spectroscopic
follow up facilities, to complement the major U.S. investment in optical and near-infrared imaging
surveys.

Priority Science Area: New Windows on the Dynamic Universe

The combination of new multi-messenger probes of astronomical phenomena with the maturation
of time-domain observations opens up tremendous discovery spaces across nearly all areas of
astrophysics. Within this discovery landscape, driven by improvements in gravitational wave and neutrino
detection, and upcoming facilities such as the Rubin Observatory, one priority area stands out: the
application of these new tools to the formation, evolution, and nature of compact stellar remnants such as
white dwarfs, neutron stars, and black holes, as probed by the gravitational wave signatures of their
mergers, together with rare explosive events that can be explored by the unique cadence and multi-color
sensitivity of the Rubin Observatory. Sensitive observations of high-energy neutrinos and charged
particles add new elements of discovery space, which will probe the universe’s most extreme particle
accelerators—New Windows on the Dynamic Universe.

The formation and evolution of compact stellar remnants, signaled by their accompanying multi-
messenger transient phenomena are now serving to probe the range of neutron star and black hole masses
in entirely new ways. These measurements provide information about the nature of matter under the
extreme conditions that cannot be replicated in the laboratory, and about how the most extreme compact
stellar remnants are formed and evolve. The mergers of neutron stars, uniquely observable at very early
times through their gravitational wave signatures, can inform how elements such as gold and platinum are
produced, which has been a mystery for many decades. Physical conditions near the surfaces and event
horizons of neutron stars and black holes also represent extremes of matter, density, and gravitation, and
serve as unique probes of fundamental physics. The coming revolution in temporal observations of the
sky non-electromagnetic messengers, and through new observational cadences and spectroscopic follow-
up across the electromagnetic spectrum is at the frontier of modern astrophysics.

As with the other priority science areas, progress will require coordinated advances in
observations, experiments, and theory. The Vera Rubin Observatory and future large-area high cadence
radio facilities will increase the numbers of variable and transient objects by orders of magnitude, with
regular sampling over time. The Rubin Observatory will be unique for an optical time domain facility, as
it will provide multiple optical colors at uniform cadence with unprecedented sensitivity. Advanced
algorithms utilizing artificial intelligence algorithms to sift through Rubin Observatory’s massive
amounts of data will find the interesting outliers which will be heart of future progress and discovery.
Current facilities such as the Chandra, SWIFT, and Fermi space observatories and ground-based radio and
OIR observatories will play vital roles in such follow-up work. The full exploitation of this potential for
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multi-wavelength time-domain observations will require maintaining and expanding these observatories.
Such facilities need not be large or expensive but need to be optimized for the task, and this survey
recommends the establishment of such facilities both for space (including needed replacement of
capabilities currently handled by aging facilities) and on the ground. Since this science tends to be global
by its very nature, international cooperation both in complementary facilities and data sharing would
greatly enhance the scientific outputs from these investments.

The major new facilities recommended by this survey will all play important roles in extending
the power of these capabilities in the future. Many of the visible counterparts of these sources (often
originating at cosmological distances) are extremely faint, beyond the limits of present-day telescopes,
but should be within reach of the next generation of ELTs. The relativistic outflows produced by these
events often can be readily detected in the radio, and will be prime targets for next-generation facilities
such as the ngVLA (recommended for design studies by this survey). Design studies for a next generation
ground-based gravitational wave observatory will set the pathway towards a revolutionary new facility in
future decades. X-ray observations—critical to fully understanding the physics of these phenomena—
motivate the design and construction of new facilities ranging from the scale of Explorers to a future large
mission.

Foundational research is also essential for maximizing progress in this field. Chief among these
will be support for theoretical modeling and simulations of these highly relativistic and energetic
phenomena, including numerical relativity to determine the nature of the gravitational signatures, plasma
physics to understand the particle acceleration, and dynamical modeling to determine the populations that
could lead to compact object mergers. Efficiently assimilating the large flows of data from the surveys,
extracting the measurements, and interpreting the observations pose major challenges, but with benefits
that will expand our astrophysical knowledge in entirely new ways.

2.3 COSMIC ECOSYSTEMS

Processes on a wide range of time and length scales together drive the formation, evolution, and
interaction of the remarkable diversity of objects we observe, from exoplanets and stars to black
holes and galaxies. A confluence of advances in theory, computational modeling, and observational
capabilities expected in the next decade will transform our understanding by identifying the key
mechanisms shaping this web of interconnected systems.

2.3.1 Overview

Arguably the single most important lesson in the last ~30 years of understanding the origin of
structure in the universe is that it is not a one-way street, dictated solely by gravity from large scales to
small. The formation of some of the smallest and densest objects in the universe, stars and massive black
holes, dramatically alters how most other astronomical objects form, from planets and galaxies to stars
and black holes themselves. Stars and black holes impact their surroundings through a broad set of
energetic processes collectively known as feedback. These span an enormous range of time and length-
scales, from gas as close as the planet-forming disk around a young star to as distant as in another galaxy
millions of light years away.

Many aspects of star and galaxy formation can be viewed as a cosmic tug-of-war between
feedback and gravitational collapse, as illustrated schematically in Figure 2.17. It is now known that the
luminous bodies of galaxies, far from being disconnected from their surroundings, are part of a vast
system that includes their surrounding circumgalactic medium out to intergalactic scales. Theory predicts
that giant rivers of gas flow into galaxies, but most of the gas in galaxies is subsequently ejected back out
into the circumgalactic medium by powerful galaxy-scale outflows. The flow of matter and energy
throughout the entire system is likely responsible for the commonalities and differences among galaxies,
but the details of how have been elusive. Likewise, the flow of matter and energy within a galaxy—again
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due to the combined effects of gravity and feedback—determines the distribution of gas in the interstellar
medium and where and how stellar and planetary systems form. The same flows depicted in Figure 2.17
also disburse the heavy elements produced by stellar processes, from the carbon in our bones to the rare-
Earth metals in phones.

Understanding the interplay of gravitational and feedback-driven processes is challenging in part
because it involves such a wide range of length and time-scales. In addition, much like understanding
human health requires understanding how cells function, myriad small-scale physical processes regulate
the flow of mass and energy illustrated in Figure 2.17, because they determine how gas cools, sheds its
angular momentum, and mixes with other gas.

-
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FIGURE 2.17 lllustration of the flow of gas into and out of the interstellar medium and galaxies through the
combined effects of gravity and feedback. Heavy elements formed by fusion in massive stars are dispersed into the
interstellar medium by stellar winds and supernovae. Much of this gas is in turn ejected from galaxies into the
circumgalactic medium by galactic winds. Pristine gas accretes from the intergalactic medium to the circumgalactic
medium, and subsequently accretes into galaxies, replenishing the fuel for star formation and subsequent generations
of stars and supernovae. SOURCE: HABEX Report, The Habitable Exoplanet Observatory Study Team.

Small-scale physical processes at work in the cosmic ecosystem can thus have a surprisingly large
impact on the large-scale behavior of astrophysical systems. An example is ionizing radiation, which is
produced by massive stars and black hole accretion disks, and can regulate star formation and black hole
accretion on sub-parsec scales. Some of this radiation can escape from the dense gaseous environments in
which it was produced, and propagate out of galaxies into the intergalactic medium. In this way, the first
stars and black holes were able to cause a global phase transition over scales of hundreds of Megaparsecs,
in which most of the hydrogen in the universe was converted from a neutral to an ionized state, during
what is referred to as the “Epoch of Reionization”. Identifying the sources of cosmic reionization, and
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better understanding how photons escape from their gas-rich and dust-enshrouded sources, will be an
important science area over the coming decade. Numerical simulations of the propagation of radiation
through galaxies (radiative transport) are highly computationally intensive, but critical for gaining a full
picture of the role of this key process. Observational studies of gas kinematics, luminosity functions, and
chemical compositions of galaxies spanning the Epoch of Reionization are needed, as well as studies of
local galaxies that “leak” ionizing radiation, which may help shed light on the process of photon escape.

The symbiosis among cosmological phenomena on such different scales has been recognized for
decades. Now, however, a confluence of advances in theory, computational modeling, and new
observational capabilities will enable us to identify and understand the actual mechanisms at work in
regulating this cosmic ecosystem. New observational probes of these interconnected flows at two widely
separated spatial scales are highlighted in two of the discovery areas identified by the science panels:
mapping the circumgalactic and intergalactic medium in emission and detecting and characterizing
planets as they form.

2.3.2 Stellar and Black Hole Feedback

Stars have densities exceeding the mean density of the universe by more than 30 orders of
magnitude; for black holes, the conditions are even more extreme. Despite their small sizes, stars and
black holes are the most efficient sources of energy production yet discovered. This efficiency is a
consequence of nuclear fusion in stellar interiors and the deep gravitational potential wells produced in
stellar core-collapse and tapped by accretion onto black holes. Additional energy can be extracted at the
end of a star’s life. There is approximately one core-collapse supernova for every 100 Mgy, of stars
formed, and this single10° erg supernova explosion can in principle accelerate 1000 Mgy of gas to speeds
sufficient to unbind the gas from most galaxies. For accreting black holes the energy per unit mass is even
higher. Thus, objects occupying a small fraction of the total mass and volume of the universe are critical
to the evolution of much of the structure that is observed.

Many aspects of how stars live and die are currently uncertain enough that it limits the ability to
model and interpret the effects of stellar feedback, be it in the form of radiation, stellar winds, or
supernovae. Even in the local universe, for example, there are significant gaps in the understanding of
stellar winds. This leads to large uncertainties in which massive stars become neutron stars and which
become black holes. Stellar winds are also believed to play an important role in dispersing star-forming
molecular clouds and driving turbulence in the interstellar medium, but the efficiency of this feedback
again depends on the uncertain strength of winds from massive stars.

Even less is known about how the properties of stellar feedback vary with quantities like stellar
metallicity, which strongly affects the efficiency of driving stellar winds, but varies from galaxy to galaxy
and throughout cosmic time. Much of this uncertainty can be traced to the need for better theoretical
models and observational diagnostics of stellar mass loss. More sensitive space-based ultraviolet (UV)
spectroscopy is necessary to better characterize the spectra and winds of massive stars. Also, deep visible-
wavelength and near-infrared spectroscopy of large numbers of stars in the Milky Way and other nearby
galaxies from the ground—*industrial-scale” spectroscopy, one of the discovery areas identified by this
Survey—would significantly sharpen constraints on stellar models.

Similarly large unknowns about feedback stem from uncertainties in binary stellar evolution.
High mass binary stars evolve differently than single stars, which affects both their radiative output in life
and the supernova explosions in which they die. Understanding binary stellar evolution is thus critical for
understanding the global energetics of stellar feedback in galaxies. It is likewise important for
understanding the spectra of galaxies, in particular the UV radiation that photoionizes the interstellar
medium and likely reionized the universe during the initial epoch of galaxy and star formation.
Separately, the dramatic advances in directly seeing the outcomes of binary stellar evolution with
transient detection and gravitational wave facilities—for example, stellar mergers and compact object
mergers—will continue to provide critical new insights into the life cycle of binary stars (see Section 2.2).

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
2-36

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

In addition to understanding the energy, mass, and momentum that stars supply to their
surroundings, determining how these winds, radiation, and supernovae interact with the surrounding gas
on different scales in the interstellar medium is equally important to untangling their interplay. Newly
forming low-mass stars produce winds and jets that modify the structure of the clouds in which they form.
They also produce radiation that heats and evaporates their surrounding protostellar disks, influencing the
conditions for planet formation. Evaporation of planetary atmospheres by the same stellar radiation can
also explain a bimodal distribution of planetary radii seen in transit observations (see Section 2.1). The
higher energy radiation (UV and X ray) from low mass stars can also drastically alter the chemistry of
planetary atmospheres, and thus the habitability of planets, but more precise determinations are needed of
how the relevant radiation changes as a function of stellar mass or age.

In regions of high mass star formation, the radiation and stellar winds produced by massive stars
can dominate the dispersal of molecular clouds (Figure 2.18), but observationally diagnosing which
processes are the most important in different environments has proved challenging. There are tantalizing
observational and theoretical clues suggesting that star-forming clouds with sufficiently high densities are
difficult to disrupt by stellar feedback and may form super-star clusters and perhaps globular clusters at
high redshift. Studies of reionization era galaxies (e.g., with JWST) and local analogues in the coming
decade may finally resolve this long-standing puzzle. Regions of high mass star formation are often
buried behind huge layers of dusty gas so improved long wavelength observations (far infrared, sub-mm,
radio) are required to peer through the dust.

FIGURE 2.18 Multiwavelength image of the star-forming region 30 Doradus in the Large Magellanic Cloud
illustrating the complex physical processes responsible for the disruption of star-forming giant molecular clouds and
the production of hot, multiphase gas on the scale of 10’s of parsecs. Hot gas from stellar winds and supernovae
(blue, Chandra), radiation from massive stars (green, Hubble), and re-radiated infrared emission from dust (red,
Spitzer) all trace feedback into the interstellar medium on sub-kiloparsec scales. SOURCE: NASA,
https://chandra.si.edu/photo/2012/30dor/, X-ray: NASA/CXC/PSU/L.Townsley et al.; Optical: NASA/STScl;
Infrared: NASA/JPL/PSU/L.Townsley et al.

Supernovae generally explode too late after stars form to dominate the dynamics within most
molecular clouds, but they are a critical source of feedback on galactic scales. The Chandra X-ray
observatory led to major progress in the last two decades on understanding supernova feedback, but
higher resolution and higher sensitivity X-ray imaging and spectroscopy would enable much more
quantitative probes of supernova feedback and its role in powering galactic winds. Supernovae are
important for a second, less direct, reason, in that they produce the gigaelectronvolt (GeV) cosmic rays
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that dominate the energy of relativistic particles in many galaxies. The impact of cosmic rays is one of the
largest uncertainties in understanding feedback in galaxy formation. The primary uncertainty is how
cosmic rays are scattered by small-scale fluctuations in the magnetic field, which sets whether cosmic-
rays can escape a region or whether their pressure builds up to the point where it can drive an outflow. On
smaller scales, these cosmic rays can affect the thermal balance and chemistry of molecular clouds and
their ability to form stars. It is remarkable that tiny solar-system scale fluctuations in the galactic
magnetic field are a key ingredient in understanding how galaxies drive winds on scales of tens of
kiloparsecs, or that the large scale magnetic field properties or distant supernovae can affect the formation
of pre-stellar cores. This is an area where additional theoretical advances are particularly needed,
including advances in plasma simulation techniques.

FIGURE 2.19 Multiwavelength image of the Perseus galaxy cluster illustrating the impact of black hole feedback
in clusters and the coexistence of cool gas in the hot intracluster medium that provides fuel for ongoing star
formation and black hole accretion. Radio emission from jets (pinkish lobes, Karl Jansky Very Large Array (JVLA))
fill cavities in the X-ray emission (violet, Chandra). Optical emission shows cooler photoionized gas (red filaments,
HST). SOURCE: NASA and STScl, https://hubblesite.org/image/2376/gallery/135-multiwavelength, X-ray:
NASA/CXC/IoA/A.Fabian et al.; Radio: NRAO/VLA/G. Taylor; Optical: NASA, ESA, the Hubble Heritage
(STScl/AURA)-ESA/Hubble Collaboration, and A. Fabian (Institute of Astronomy, University of Cambridge, UK).

Feedback from supermassive black holes during galaxy formation and evolution is one of the
most dramatic examples of the small scales in the cosmic ecosystem impacting the large (Figure 2.19).
Accreting black holes can influence their surroundings through UV and X-ray radiation, collimated
relativistic jets, and wider-angle winds. However, the understanding of how active galactic nuclei (AGN)
spectra, jets and winds vary with luminosity, black hole mass, black hole spin, and perhaps other
properties is rudimentary. This currently is a major bottleneck in understanding the evolution of galaxies.
Theoretical progress in these areas is likely to continue to be rapid, with advances in general relativistic
simulations of black hole accretion predicting increasingly realistic jets and winds for comparison to
observations. These predictions push the frontiers of radiation theory, plasma theory (to determine how
and where the plasma is heated), and computational astrophysics. Observationally, a combination of high-
resolution millimeter (mm) imaging and multiwavelength, multi-messenger observations can reveal the
launching mechanism and particle content of relativistic jets (electron-proton vs. electron-positron) and
thus the energetics of jet feedback. More detailed studies of molecular gas emission will reveal how the
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densest star-forming components of the interstellar medium are impacted by AGN jets. And higher
sensitivity and spectral resolution optical-UV and X-ray spectroscopy of broad emission and absorption
line outflows from AGN are needed to better diagnose the physical properties of accretion disk winds and
determine how much mass and energy they actually carry. In addition to measuring the jet and wind
properties, better constraints on the masses and spins of the supermassive black holes themselves will
play in important role in understanding how these objects formed and how they grow, as well as their role
in the feedback processes described above. X-ray telescopes and next generation gravitational wave
experiments can constrain the black hole spins, and their masses will be better constrained by
measurements with next generation optical and radio telescopes.

Observations of galaxy clusters have revealed the critical role of black hole feedback by jets in
the intracluster medium (Figure 2.19), though exactly how the energy from the black hole couples to the
surrounding gas is still uncertain. This is a prime example of the need for multiwavelength observations:
the combination of radio, X-ray, and optical data reveals the interplay between the centimeter-wave-
emitting relativistic jets, mm-emitting molecular gas, X-ray emitting thermal intracluster plasma, and the
optical-emitting photoionized gas. Higher spectral resolution X-ray spectroscopy of clusters would
sharpen the understanding of AGN feedback in this critical environment that serves as a laboratory for
understanding AGN feedback more broadly. Another observational frontier lies in extending studies of
the hot intracluster medium to galaxies, probing the transition from galaxies that have largely ceased star
formation to actively star forming galaxies. This is likely to transform the understanding of the role of
feedback across a wide range of environments by directly observing the impact of feedback on the
gaseous halos that contain the fuel for galaxy growth (see Box 2.3). Multiwavelength studies will again be
key. UV and optical spectroscopy, and mm dust continuum observations probe the cooler multiphase gas.
Combining UV absorption and UV emission studies of the CGM would be particularly valuable, as would
deeper X-ray imaging and spectroscopy. The Sunyaev-Zel’dovich (SZ) effect is a direct probe of the
thermal pressure of ionized gas in galactic halos. Of all the observational diagnostics at our disposal, the
SZ effect most directly constrains the energy content of gas in galactic halos produced by the combined
effects of gravitational collapse and stellar and black hole feedback. Higher sensitivity and higher
resolution CMB observations motivated to a significant extent by cosmology (Section 2.2) will have a
large impact on the understanding of galaxy formation as well.

2.3.3 Multi-Scale Cosmic Flows of Gas

Feedback and gravity are the key ingredients that determine how gas flows across cosmic scales.
Directly observing these gas flows is challenging because of the diffuse nature of the gas in galaxy halos
and the high spatial resolution required to peer into regions of ongoing star, planet, and massive black
hole formation. New theoretical and observational capabilities are, however, allowing this critical aspect
of the tug-of-war between gravity and feedback to be tackled.

Within galaxies, star-forming clouds form and disperse on timescales of millions of years. The
structures are thus constantly being reshaped by cosmic flows of gas driven by the interplay between
gravity and stellar feedback. Within those clouds, a major puzzle is how turbulence and magnetic fields
determine the gas flows down to young stars and the planet-forming disks that surround them.
Theoretically, this subtle problem requires understanding the degree to which the mostly neutral gas is
coupled to the magnetic field—small-scale physics which dramatically impacts the large-scale problem of
how disks around young stars form. Observationally, higher resolution radio and infrared imaging of
protostars and their surrounding gaseous environments with ALMA and other instruments are required for
progress in this area (Figure 2.20). Images of dust emission from ESA’s Herschel Space Observatory
revealed that gaseous filaments are responsible for fueling star formation on the scale of star clusters, but
the role of filaments in determining cluster structure and stellar fragmentation is not yet clear. The
accretion disks around young stars fed by these gas flows in star-forming cores set the conditions under
which planets form.
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FIGURE 2.20 Montage of planet-forming disks around young stars as revealed by millimeter observations from the
Atacama Large Millimeter/submillimeter Array (ALMA) observatory. ALMA’s sensitivity and angular resolution
enable the discovery of substructure in the disks as revealed by continuum dust emission. There is a near-ubiquitous
geometry of gaps and rings which may point to the existence of forming planets, or possibly a signpost of
magnetohydrodynamical processes occurring in the disks. Spectral-line observations indicate velocity structures in
the gas and reveal flows similar to what has been predicted for the early stages of planet formation. In each image,
the lower left icon indicates the beam size and the lower right icon is a 10 au scalebar. SOURCE: From of S.M.
Andrews et al 2018, “The Disk Substructures at High Angular Resolution Project (DSHARP). I. Motivation,
Sample, Calibration, and Overview,” The Astrophysical Journal Letters, 869 L41. © AAS. Reproduced with
permission. doi:10.3847/2041-8213/aaf741.
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Studies with Spitzer, Herschel, and the Atacama Large Millimeter/submillimeter Array (ALMA)
of local star-forming regions have identified protostars down to low masses and have brought the
complex interactions with their surroundings to light. An area of particular focus is the relation between
protostars and the dynamics, chemical evolution abundances, and physical conditions in protostellar
disks. High resolution ALMA images of gas and dust have shown that many disks have small scale
substructures such as gaps and rings (Figure 2.20), which are either created by already formed planets or
by gas instabilities that could shape future planet formation. An unexpected result of these studies is that
the central regions of the disks are often dust-obscured even at submillimeter wavelengths. Imaging of
disks at high spatial resolution by ALMA or JWST can map the distribution within disks of a wide variety
of molecules, with lines sampling an extensive range of density and temperature. These molecules, as
interpreted by chemical models, are beginning to sketch out the early chemical evolution of planetary
systems as shaped by the young star, but many key molecules, such as water, remain to be observed. A
guestion for the coming decade is to understand the coupling between these small scale, solar system-
forming regions, the larger cloud environment, and the diffuse ISM. The challenge is that these different
scales harbor gas with a wide range of temperatures, phases, and chemical species, which require
panchromatic observations from the millimeter and far-infrared through UV. Ground-based spectroscopy
in the radio, optical, and near-infrared will be complemented by UV and far-IR spectroscopy from space
to map the full cascade of star formation from the diffuse ISM down to individual protostars.

Our understanding of the flow of gas on the much larger distance scales of galaxies is also
evolving rapidly. Despite the vast distances between observed galaxies, theoretical models predict that
they are connected via the cosmic web of dark matter that forms the backbone for gas flows on
cosmological scales (Figure 2.21). Theory predicts that gas flows into galaxies from the circumgalactic
medium that fills the dark matter halos surrounding galaxies (Box 2.3). The circumgalactic medium is in
turn fed by flows of gas from the more diffuse intergalactic medium and from gas ejected into the
circumgalactic medium in galaxy-scale outflows. Characterizing the structure, metallicity, and dynamics
of the circumgalactic and intergalactic medium with optical-UV and X-ray spectroscopy is a major
frontier highlighted by the science panels.

During the formation of galaxies a small fraction (~107®) of the gas somehow loses essentially all
of its angular momentum to end up in a massive black hole at the center of the galaxy. Exactly how this
happens remains a mystery, though theoretical models are beginning to connect the growth of black holes
to the properties of gas in the host galaxy on much larger scales (Figure 2.21). Given the energetic
importance of black hole feedback, we need to understand how and when black holes grow, to assess their
role in galaxy formation. High spatial and spectral resolution molecular gas observations are the key to
peering into galactic nuclei, and can reveal how gas accretes and the properties of the black hole itself.
One key problem highlighted by two of the science panels is whether massive black holes first form and
grow by accretion from seed black holes formed in stellar core-collapse, or whether under rare
circumstances it is possible for gas clouds to collapse directly to ~10%° Mg, black holes, perhaps via a
supermassive star intermediary. Or does an entirely different set of processes seed galactic nuclei with
massive black holes at high redshift? A combination of gravitational wave measurements of black hole
mergers across cosmic time (see Section 2.2), deep near-infrared (JWST), far-infrared, and X-ray imaging
and spectroscopy of high redshift accreting black holes would help piece together the origins story for
massive black holes.

The collective result of feedback from star formation and black hole accretion powers galactic
winds, galaxy-scale outflows of mass, energy, and heavy elements that have a major impact on the star
formation histories and chemical evolution of galaxies and on the gaseous medium surrounding galaxies.
The morphological and spectroscopic evidence for galactic winds is overwhelming (e.g., Figure 2.224), as
is the heavy element enrichment they produce hundreds of kiloparsecs from star forming galaxies and
even out into the diffuse intergalactic medium.
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100 kpc

FIGURE 2.21 Flows of gas in a cosmological simulation from scales of the cosmic web on millions of parsecs to
the central parsec of a galaxy, in order to study inflow of gas that fuels star formation and accretion onto the central
massive black hole (the + in the lower left image). Color shows gas mass surface density. SOURCE: From D.
Anglés-Alcézar et al 2021, “Cosmological Simulations of Quasar Fueling to Subparsec Scales Using Lagrangian
Hyper-refinement,” The Astrophysical Journal, 917 53. © AAS. Reproduced with permission. doi:10.3847/1538-
4357/ac09e8.

Massive stars and their supernovae are sources of mass, energy and momentum, which emerge in
the form of fast-moving shock-heated gas, and relativistic cosmic ray particles as well as photons.
Radiation, winds, and jets from accreting supermassive black holes are also likely important in powering
galaxy-scale outflows in galaxies. It is, however, an open question whether AGN are only important for
high mass galaxies or have a significant impact in low mass galaxies as well. There are major
uncertainties in how the ingredients of stellar and AGN feedback combine to produce the outflows that
we observe. Perhaps the biggest puzzle lies in understanding the subtle problem of the co-existence of gas
at very different temperatures and densities in the outflows. Galactic winds are observed to be multiphase,
with molecular, atomic, and warm and hot ionized gas apparently coexisting in the same outflow, but at
different velocities. This is revealed by multiwavelength images and spectra ranging from the mm to the
X-ray: the wide range of physical conditions requires a panchromatic observational approach. It is unclear
how much of the colder gas is launched from the galaxy and how much forms in situ in the outflow.
Recent far infrared dust polarization maps showing smooth vertical magnetic fields over large portions of
galaxy disks argue that the cold gas in which this field is embedded is influenced by the wind; future
infrared data will test these ideas and provide direct information on feedback processes in and around the
cold ISM. Theoretically, it is likely that small-scale physical processes such as instabilities and thermal
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conduction regulate the transfer of gas between different phases. Although they are small in scale, these
processes are in fact critical because they determine how the wind material cools and thus how much
mass and energy can actually be ejected from a galaxy. A better understanding of how mass moves
between phases is also necessary to quantitatively interpret the wealth of multi-wavelength data on
galactic winds, and connect those observations to the physical quantities of most interest such as the mass
and energy winds carry. Some of the most pressing questions, and greatest opportunities, are on the
largest scales, as outlined in Box 2.3.

FIGURE 2.22 (left) Multiwavelength image of the starburst M82 illustrating the H-alpha emission from the
galactic wind (pink) and the optical continuum from the galactic disk (BVI colors). (right) Numerical simulation of
a bi-conical galaxy-scale outflow driven by multiple supernovae in a disk galaxy. SOURCE: Left: International
Gemini Observatory/NOIRLab/NSF/AURA/M. Westmoquette (UCL)/J. Gallagher (Wisconsin-Madison)/ L. Smith
(STScl/UCL). Right: From E.E. Schneider et al 2020, “The Physical Nature of Starburst-driven Galactic Outflows,”
The Astrophysical Journal, 895 43. © AAS. Reproduced with permission. doi:10.3847/1538-4357/ab8ae8.

BOX 2.3 Connecting Galaxies to the Cosmic Web

Observations of star-forming galaxies show that entire gaseous galactic disks would typically be
converted into stars over less than a billion years, much less than the age of the universe at most
redshifts. A continuous supply of gas into galaxies is thus required to maintain the observed ongoing
star formation. This is believed to come from the circumgalactic medium (CGM) that fills the dark
matter halos surrounding galaxies. The circumgalactic medium is in turn fed by flows of gas accreted
from the more diffuse intergalactic medium and by material ejected from galaxies by galactic winds
(Figure 2.3.1): the CGM is thus where all the elements of the galactic ecosystem connect. Based on
constraints from current observations, about 10% of the baryons in the universe reside in stars and in
the cold, dense interstellar medium, about 10% resides in the CGM within virialized galactic halos, and
about 80% is in the diffuse medium. Within a virialized halo, the CGM may comprise 80% or more of
the baryons.
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Box 2.3 continued

All processes that drive galaxy evolution, from the evolution of individual stars and accretion onto
black holes to the galactic-scale winds that are powered by them, take place against the backdrop of the
large scale structure of the universe which feeds and sustains galaxies. This structure is gravitationally-
dominated by dark matter, and simulations have long predicted that the dark matter is arranged into
walls and filaments that are organized into the foam-like cosmic web. Gravitationally channeled by the
dark matter filaments, gas is predicted to follow broadly the same large scale structure. Galaxies and
the stars within them assemble at the nodes of the dark matter filaments, where gas accumulates, cools,
and ultimately reaches high enough densities to form stars (Figure 2.21).

The interface between galaxies and the cosmic web is the circumgalactic medium (CGM), the
complex and crucial immediate environment of galaxies. Giant rivers of pristine gas move inwards,
from multiple directions, delivering the fuel for future generations of stars. These inflows are impeded
as they encounter equally impressive galaxy-scale outflows, driven by star formation and black hole
accretion deep inside the galaxies. This encounter creates shocks and turbulence, and it is now thought
that the fate of galaxies—whether they continuously form stars at a low rate, like the Milky Way,
undergo a period of intense star formation like M82 (Figure 2.22), or become quiescent—rests on the
outcome of this interaction of competing gas flows. These interactions happen throughout cosmic
history: the most intense winds likely occurred at “cosmic noon” (z~2), with the CGM of today’s
galaxies providing a record of the past history of feedback. Furthermore, the flows are predicted to be
strongly dependent on galaxy mass: theoretical models predict a transition from gas that is primarily hot
and pressure-supported in massive galaxies to gas that is primarily cold in lower mass galaxies.

So far these spectacular interactions, which are among the largest causally-connected events in the
universe, have almost exclusively been studied in computer simulations. Direct observations are needed
to answer some of the most fundamental questions about galaxy formation, such as whether gas
actually accretes from the intergalactic medium, what the rate of accretion is, whether gas in outflows is
“recycled” back into the galaxies, and what the spatial distribution and physical conditions are of gas on
the largest scales. Such observations also constitute one of the most direct tests of the long-standing
idea that galaxies are connected with each other through a diffuse cosmic web of gas and dark matter.

The multiphase nature of the diffuse CGM/intracluster medium (ICM) and its complex dynamics,
where many physical processes are superposed, necessitate a multi-wavelength and multi-scale
approach. Improved theoretical studies of the key physical processes are needed, as are detailed
computational models of global CGM dynamics faithful to this physics. On the observational side,
major improvements are needed in imaging and spectroscopic studies of individual galaxy halos and
clusters over the full spectral range from X ray to radio, and spatial scales that span from 100 kpc scale
haloes down to 100 pc scale star-forming clouds. Very large optical telescopes with diameters of 20-30
m can probe the diffuse ionized gas directly with sensitive integral field units (IFUs) and other
components through absorption line studies of background sources. A large telescope in space would be
sensitive enough to allow ultraviolet absorption spectroscopy towards a dense network of faint
background quasars behind a single foreground galaxy, revealing the composition, temperature,
velocities, and density structure of the diffuse hot gas that is thought to contain most of the baryons.
Large samples of dispersion measures to localized fast radio bursts (see Section 2.2.5) offer a powerful
new probe of the ionized gas in galaxy halos. Together, these complementary observations would be
transformational for probing and understanding the CGM. These are all major frontiers highlighted by
the science panels.
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Box 2.3 continued

FIGURE 2.3.1 lllustration of the circumgalactic medium, where intense outflows from galaxies—driven by
supernovae and black holes—interact with inflowing pristine gas from intergalactic space. SOURCE:
Republished with permission of Annual Reviews, Inc., from Tumlinson, Peeples, and Werk, 2017, The
circumgalactic medium, Annual Review of Astronomy and Astrophysics 55: 389-432; permission conveyed
through Copyright Clearance Center, Inc.

Priority Science Area: Unveiling the Hidden Drivers of Galaxy Growth

By its very nature the Cosmic Ecosystems theme is very rich, exploring interconnected processes
ranging over a billionfold range of linear scales, from individual supernovae to the virial radii of galaxies
and beyond, Among this abundance of science objectives, the survey has chosen as its priority science
area Unveiling the Drivers of Galaxy Growth. The pathway towards achieving this goal is bracketed by
two sets of transformational observational opportunities: first the revolutionary measurements of the
comic history of galaxy growth to come very soon from JWST, and culminating with the revolutionary
capabilities for ground-based and space-based imaging and spectroscopy from the 24-40 m ELTs and a
large IR/optical/UV space observatory, respectively.

An essential milestone on the pathway to revealing these drivers is a complete understanding of
the formation and buildup of galaxies and their structures, stellar populations, metals, and central black
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holes over cosmic time. JWST is poised to revolutionize this subject, by imaging and identifying galaxies
out to some of the first generations during the epoch of reionization, and by obtaining deep redshifted
ultraviolet — visible spectra for thousands of a galaxies spanning the period from reionization to the
present. When combined with observations from ALMA, NOEMA, and the JVLA it should be possible to
trace the transformation of baryons from interstellar molecules to stars and metals within a self-consistent
framework. This information will be complemented by wide-field galaxy surveys from the Vera Rubin
Observatory, the SPHEREXx Explorer mission, the ESA Euclid mission, and the Roman Space Telescope,
which will provide large statistical inventories of galaxies and rich target lists for future massively
multiplexed spectroscopic surveys on the ground. Observations of nearby galaxies and our galaxy with
JWST and WFIRST will also provide new insights into the physical processes driving star formation and
the feedback processes powering the ecosystem.

Beyond that, the key missing link in unveiling the physics driving galaxy growth is to measure
the properties of the diffuse gas within, surrounding, and between galaxies. These are the sites where
baryons accrete on to galaxies, star formation is triggered, central black holes accrete and grow, and the
feedback processes regulating galaxy growth are manifested. The key observational probes of all of these
processes are emission and absorption-line spectroscopy of the diffuse gas, which contain a wealth of
diagnostic information on the physical conditions, compositions, and dynamics of the gas. Current
telescopes, whether located in space (HST) or on the ground (6-10 m apertures) are only capable of
probing the densest regions in emission and occasional single sightlines through rare galaxies which
happen to be superimposed in front of a bright quasar. These sporadic observations have been sufficient
to demonstrate the power of spectroscopy for probing the baryon cycle but far too little to build up a
robust physical picture of the processes at work. A large-aperture UV/optical space telescope, however,
also envisaged for addressing Pathways to Habitable Worlds, would transform this subject. The
combination of 6 m-class aperture and a high-efficiency spectrograph with modern detectors would
provide thousands of potential sightlines to nearby galaxies, enabling “tomographic” studies of their
circumgalactic and interstellar media, as well as rich new observations of the intergalactic gas clouds
along the same lines of sight. With a versatility comparable to that of HST but an aperture comparable to
JWST such an observatory would carry out groundbreaking observations of galaxy growth and address a
majority of the science questions identified in the survey overall.

Major inroads to addressing this problem can also be met by the next generation of ELTs. This
would include similar absorption-line spectroscopy (but targeted at the redshifted spectra of more distant
galaxies observed at earlier cosmic epochs), as well as studies of the evolution of active galactic nuclei
and the growth of the corresponding central black holes over cosmic time. The giant-aperture telescope
alone will be able to obtain spectra for the faintest galaxies imaged by JWST, including some of the first
generations of objects formed during reionization. The same spectroscopic capabilities, when trained on
ancient stars in the halos of the Milky Way and in its nearest companion galaxies, can provide a detailed
record of the assembly and chemical enrichment of these galaxies in their formative stages. More
generally, the vast majority of faint galaxies revealed by deep JWST images will be too faint for follow-
up spectroscopy either with the largest current ground-based telescopes or with JWST itself; the ELTs
will play major roles in carrying out deep spectroscopic observations of these targets, probably including
some of the most important “Rosetta stones” of the first generations of galaxies, to confirm their redshifts
and measure their physical properties. Imaging observations with the ELTs (with AO) and with a
IR/optical/UV space telescope of the resolved stellar populations of nearby galaxies out to the Virgo
cluster can extend these fossil records to the full demographic population of galaxies today.

As with our other two priority science areas, these large facilities, though transformational in their
potential impact, cannot address these critical scientific questions by themselves. Over the coming
decade, major contributions to these investigations will come from multi-wavelength observations with
the JVLA, ALMA, VRO, Euclid, Roman, 3.5-10 m OIR telescopes, Chandra, and toward the end of this
period by the ESA Athena mission. Athena’s emphasis on The Hot and Energetic Universe will provide
especially unique and powerful constraints on the cosmic feedback cycle, especially from AGNs, and it
underscores the critical importance of future X-ray and infrared missions if these scientific questions are
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to be fully addressed. Finally, perhaps as much as in any branch of astrophysics, progress in this field
critically rests on a vibrant program of theoretical modelling and numerical simulations of galaxies, over
the full dynamic range of scales over which the ecosystems operate.

2.4 SYNTHESIS AND CONNECTIONS

The science themes envisioned for the next decade and beyond reflect an interconnected cosmos.
The hierarchies of structure inherent in the universe are dependent on interactions across this wide range
of scales. Planet formation and evolution is influenced by the local stellar environment; star formation is
affected by galactic environments and strongly influences them through supernovae and other feedback
processes; and galaxy formation and evolution depends on the circumgalactic and intergalactic
environment and interactions therein as well as on the energy output produced by massive black hole
growth in galactic nuclei. Measurements of the positions and properties of individual stars in nearby
galaxies enables an extraction of their evolution and life history from the larger forces at play in the
galaxy’s structure, formation, and evolution. Disentangling this web requires understanding the complex
local interdependencies. The interconnectedness even extends to the power of applying multiple
wavelength observations, multiple messengers, and novel observational techniques being applied to vastly
different science areas.

The need for observations across the electromagnetic spectrum is common for all of these science
themes, as the complexity of these questions requires a multiplexed effort. The interconnected nature of
cosmic ecosystems necessitates an observational and theoretical program in which traditional boundaries
between disciplines (e.g., radio, X-ray, star formation theory, galaxy formation theory) give way to a
more comprehensive approach. Improved multi-wavelength observational capabilities are particularly
important for probing the full range of physical conditions, from cold, dusty gas and synchrotron emitting
cosmic-rays observed in the radio and infrared, to optical and UV observations of stellar and black hole
radiation, to the hot interstellar and circumgalactic medium observed in the UV and X-ray and by the
Sunyaev-Zeldovich effect on the CMB. The study of radio jets in galaxies informs the mechanical and
radiative inputs to galaxy structure and details the large scale consequence of supermassive black holes at
a galaxy’s center, itself amenable to study at high energies, ultraviolet, optical and infrared wavelengths.
Research into aspects of star formation requires a panchromatic approach: deeply embedded sources only
appear in the infrared, while magnetically active young stars emit copious high energy radiation, and
accretion processes appear at far infrared, optical, ultraviolet, and even high energy wavelengths.
Compact objects can emit at the longest and shortest wavelengths of the electromagnetic spectrum, as
well as potentially be a source of other particles like neutrinos or cosmic rays.

The universe is not static, and the time domain is important to many aspects of astrophysics.
Constraints on the local value of the expansion of the universe rely on the identification and use of
variable stars as one avenue for measurements, while a different route uses time delays in variability from
multiple gravitationally lensed images of quasars to provide the constraint. Most of the detection methods
for exoplanets use some means of detecting changes in stellar properties over time to infer the presence of
a planet. Many objects in the universe change their intensity with time, in a way that illuminates the
astrophysics of the object itself or makes it amenable to study some other phenomenon: witness the
monitoring of quasar spectra over time to illuminate the innermost regions near the center of a galaxy
around the central supermassive black hole, as well as studies of the lifetime and distribution of starspots
through long-term precision light curves. The time domain also encompasses eruptions and explosions,
from nova outbursts of episodic accretion to the merging of two neutron stars, which produce both
electromagnetic and gravitational wave signals during the final coalescence, to the high energy flares that
may prevent the development of life on otherwise Earth-like planets orbiting magnetically active stars.

In the same way that answering the science questions of the next decade requires a multi-
wavelength and multi-messenger approach, these objectives also require the synergy of space, ground,
and even underground facilities. In the gravitational wave arena, space-based detection of inspiralling

PREPUBLICATION COPY — SUBJECT TO FURTHER EDITORIAL CORRECTION
2-47

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

intermediate mass black hole mergers can signal the need for ground-based gravitational wave
observation of the final merger, with searches for possible electromagnetic counterparts. Transients in
electromagnetic emission will come by the millions per night from the Rubin Observatory once it is
operational, with follow-up in other ground- and space-based telescopes needed for further
characterization of the most interesting transient events. Neutrino observatories are opening an entirely
new window for probing the most energetic processes in the universe. Exoplanet atmosphere
characterization needs the combination of high precision spectro-photometric measurements obtainable
from space with the high spectral resolving power available from large aperture ground facilities, to probe
planets in the habitable zone around low-mass stars.

Theory, simulations, and laboratory measurements are just as crucial as new observations in
making headway on these important lines of inquiry. A core challenge is understanding how to model
systems in which processes on a wide range of time and length-scales interact to produce the universe that
we observe. This includes both the need to model how the smallest objects (stars, supernovae, and black
hole accretion disks) interact with their environment to understand the universe on large scales (e.g.,
galaxies and the circumgalactic medium), as well as the need to include small-scale physical processes
(e.g., dust-gas instabilities in protostellar disks) to understand astronomical systems (planet formation, in
this example). Theoretical mechanisms can explain the variety of transients observed and anticipated in
the coming decade. General relativistic simulations of black hole accretion advance state-of-the-art
predictions of the behavior of jets and winds from these compact objects, which can be compared with
observations. From theory and simulations, a more complete knowledge of stars, as far as their rotation,
binarity, and the impact of magnetic fields, improves the ability to model and interpret the expected
ionizing output from massive stars. These parameters are also critical for understanding the evolution of
massive stars and their feedback effects on galactic ecosystems. Likewise, simulations of convection,
rotation, and magnetic field generation illuminate the dynamic nature of stars. Computational models and
laboratory experiments, along with observations of gas and dust in planet-forming disks, are needed to
understand planet formation in a more holistic manner. Knowledge of atomic and molecular properties
gleaned from the laboratory can be essential for fully understanding the microscopic processes that have
macroscopic consequences for stars, galaxies, and the cosmos.
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TABLE 2.1 Science Panel Questions

Question

Theme(s)

Panel on Compact Objects and Energetic Phenomena

What are the mass and spin distributions of neutron stars and stellar mass
black holes?

What powers the diversity of explosive phenomena across the
electromagnetic spectrum?

What do some compact objects eject material at nearly-light-speed jets, and
what is that material made of?

What seeds supermassive black holes and how to they grow?

Panel on Cosmology
What set the hot Big Bang in motion?
What are the properties of dark matter and the dark sector?
What physics drives the cosmic expansion and the large-scale evolution of
the universe?
How will measurements of gravitational waves reshape our cosmological
view?

Panel on Galaxies

How did the intergalactic medium and the first sources of radiation evolve
from cosmic dawn through the epoch of reionization?

How do gas, metals, and dust flow into, through, and out of galaxies?

How do supermassive black holes form and how is their growth coupled to
the evolution of their host galaxies?

How do the histories of galaxies and their dark matter halos shape their
observable properties?

Panel on Exoplanets, Astrobiology, and the Solar System

What is the range of planetary system architectures, and is the configuration
of the solar system common?

What are the properties of individual planets, and which processes lead to
planetary diversity?

How do habitable environments arise and evolve within the context of their
planetary systems?

How can signs of habitable life be identified and interpreted in the context
of their planetary environments?

Panel on the Interstellar Medium and Star and Planet Formation
How to star-forming structures arise from, and interact with, the diffuse
ISM?
What regulates the structures and motions within molecular clouds?
How does gas flow from parsec scales down to protostars and disks?
Is planet formation fast or slow?

Panel on Stars, the Sun, and Stellar Populations
What are the most extreme stars and stellar populations?

How does multiplicity affect the way a star lives and dies?
What would stars look like if we view them like we do the Sun?
How do the Sun and other stars create space weather?

New Messengers and New Physics
New Messengers and New Physics
New Messengers and New Physics

New Messengers and New Physics,
Cosmic Ecosystem

New Messengers and New Physics
New Messengers and New Physics
New Messengers and New Physics

New Messengers and New Physics

Cosmic Ecosystem

Cosmic Ecosystem
Cosmic Ecosystem,
New Messengers and New Physics
Cosmic Ecosystem

Worlds and Suns in Context
Worlds and Suns in Context
Worlds and Suns in Context

Worlds and Suns in Context

Cosmic Ecosystem

Cosmic Ecosystem
Cosmic Ecosystem
Worlds and Suns in Context,
Cosmic Ecosystem

Worlds and Suns in Context,
Cosmic Ecosystem

Worlds and Suns in Context
Worlds and Suns in Context
Worlds and Suns in Context
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TABLE 2.2 Science Panel Discovery Areas

Discovery Area

Theme(s)

Panel on Compact Objects and Energetic Phenomena:
Transforming our View of the Universe by Combining New Information
from Light, Particles, and Gravitational Waves

Panel on Cosmology:

The Dark Ages as a Cosmological Probe

Panel on Galaxies:
Mapping the Circumgalactic Medium and Intergalactic Medium in
Emission

Panel on Exoplanets, Astrobiology, and the Solar System:

The Search for Life on Exoplanets

Panel on the Interstellar Medium and Star and Planet Formation:

Detecting and Characterizing Forming Planets

Panel on Stars, the Sun, and Stellar Populations:

“Industrial Scale” Spectroscopy

New Messengers and New Physics

New Messengers and New Physics

Cosmic Ecosystem

Worlds and Suns in Context

Worlds and Suns in Context

Worlds and Suns in Context,
Cosmic Ecosystem
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3

The Profession and Its Societal Impacts: Gateways to Science,
Pathways to Diversity, Equity, and Sustainability

“The pursuit of science, and scientific excellence, is inseparable from the humans who animate it.”
—Panel on the State of the Profession and Societal Impacts

Every previous decadal survey of astronomy and astrophysics has stressed the importance of
investing in people and has highlighted the value that astronomy and astrophysics brings to society, the
nation, and the world. These investments and impacts have never been more important than today. The
recent report The Perils of Complacency: America at a Tipping Point in Science and Engineering (2020)
from the American Academy of Arts and Sciences urges dramatically increased investments in the
preparation and diversity of future science, technology, engineering and mathematics (STEM)
professionals to sustain U.S. scientific and technological leadership. This may be particularly important
for the increasingly cyber future due to the need to understand and develop technology. These and other
influential reports, such as the landmark National Academies reports Rising Above the Gathering Storm:
Energizing and Employing America for a Brighter Economic Future (2007) and Expanding
Underrepresented Minority Participation: America’s Science and Technology Talent at the Crossroads
(2011), argue that increasing investment and diversity are needed more than ever to capitalize on multiple
trends, including: the increasingly ambitious scope and scale of scientific research projects that rely on the
creativity and capacity of the researchers and students who carry out the work; the increasingly global
nature of scientific research, which increases competition for talent and innovation that require more
attention to diversity and more expansive opportunity for participation; and the demands of policymakers
and the public, whose investments are the primary funding sources for astronomy and astrophysics.

The Astro2020 decadal survey reflects the increased importance and attention on human
investments and public impacts in multiple ways. First, the funding agency sponsors are increasingly
visible and vocal on the urgent need to develop the nation’s human capital, with a specific focus on what
the National Science Board (2020) has termed “the missing millions” of individuals from traditionally
underrepresented groups whose talent is needed for the success of the U.S. science and technology
enterprise.’ Second, the Astro2020 statement of task explicitly requires—as one of only five such explicit
mandates—an assessment of, and recommendations pertaining to, the astronomy and astrophysics
workforce and demographics. Finally, for the first time, the Astro2020 decadal process included a formal
Panel on the State of the Profession and Societal Impacts (SoPSI; See Appendix N for the panel’s full
report).

This chapter necessarily distills the extensive documentation of the SoPSI report, and also
considers some adjacent topics that were beyond the scope of the SoPSI statement of task; those
additional topics, which are mainly discussed in Section 3.4, were taken up by working groups within the
steering committee. Nonetheless, more than from any other single source, the contents of this chapter are
informed and inspired by the SoPSI report, and by the diversity of voices and perspectives that it
represents.

! National Science Board, 2020, Vision 2030, NSB-2020-15, Alexandria, VA,
https://www.nsf.gov/nsb/publications/2020/nsb202015.pdf.
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This chapter begins with a brief introduction of the key themes, including the precepts and
principles that guide the ensuing findings, conclusions, and recommendations. Section 3.2 reviews the
role that astronomy and astrophysics continues to play in creating novel technologies and providing
crucial educational gateways to science, and discusses opportunities for increasing astronomy’s impact on
nurturing vital talent for the nation’s global leadership in science and technology. Section 3.3 examines
the factors that shape the current and future landscape of the astronomy and astrophysics profession,
including the nature of the academic pipeline and the demographic makeup of the profession. Critical
attention is paid to the ongoing need for efforts to make the profession more welcoming and inclusive,
and more representative of the society to whom it is accountable. Then, Section 3.4 spotlights ways in
which the future of astronomy and astrophysics necessarily depends on more sustainable practices in the
utilization of and interactions with the world’s natural resources, its cultures, and its human communities,
including a major recommendation for the development of a new model for respectful, collaborative
decision-making in partnership with Indigenous and other local communities. Finally, Section 3.5
summarizes the budgetary implications of our recommendations, and Section 3.6 concludes with closing
thoughts. The central theme of people as a vital foundation will continue in the remaining chapters as
well.

3.1 PRECEPTS AND PRINCIPLES FOR THE PROFESSION AND ITS SOCIETAL IMPACTS

The successful execution of the vision in this report will depend on the skill, creativity, and
dedication of the community of scientists, engineers, educators, and aspirants who make up the astronomy
and astrophysics profession. The ambitious facilities, instruments, and experiments envisaged by the
Survey, and the transformative discoveries that they promise will not make themselves; the people who
comprise the astronomy and astrophysics profession do these things. Because diversity of thought and
perspectives fuels innovation, the astronomy and astrophysics enterprise can be at its most innovative
only when it includes and embraces the diversity of its human talent, by ensuring equitable access to
opportunities, eliminating barriers to participation, and valuing diverse forms of expertise in its
leadership.

The societal benefits of investment in astronomy extend far beyond astronomy itself. As physical
sciences, astronomy and astrophysics contribute to developing the nation’s technically trained STEM
workforce. Students with college-level training in astronomy and physics can access an extraordinarily
broad range of technical careers—from education to national security to commercial R&D and beyond—
that help fuel and sustain the nation’s global leadership and well-being. Astronomical discoveries inspire
people to pursue STEM careers generally, not only in astronomy. Impacting society even more broadly
still, schoolchildren, teachers, parents, and the growing ranks of citizen-scientists benefit from
opportunities for lifelong learning, analytical reasoning, and scientific literacy. Education has long been
one of the great engines of social mobility. It is also a driver that transcends barriers, demolishes
stereotypes, and unites those who offer or partake of it in a common purpose. In short, the astronomy and
astrophysics enterprise adds substantial, real, and lasting value to the human knowledge infrastructure for
the nation and the world.

Beyond these important tangible benefits, astronomy’s quest to understand the universe and
humanity’s place within it resonates deeply with the public. Indeed, astronomy as a field is made possible
because of taxpayers’ and philanthropists’ enthusiasm for the wonder and awe that astronomical
discovery and achievement routinely delivers. The returns on national investment transcend the practical
gains of STEM technology and workforce development by offering everyone the opportunity to
experience the cosmos and to bear witness as astronomers unlock the answers to cosmic mysteries.

For these reasons, the nation’s investment in astronomy and astrophysics as a science necessarily
involves a substantial investment in people, both for the functioning of the field itself and for the many
societal benefits that it produces. As with any investment, these investments in people require responsible
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stewardship, and they demand transparency and accountability for outcomes, importantly through the
collecting, evaluating, and acting upon reliable demographic and organizational data.

There is also the public’s expectation that what is pursued with the nation’s resources should be
for the common good, which includes the principles of fairness and equal opportunity that are core to
society’s ideals. Not everyone can become a professional astronomer; but anyone with the ability and the
drive to contribute to the nation through astronomical discovery should have a fair chance to do so.
Astronomical activities also involve interactions among many peoples and countries of the world, and
with Earth’s climate and sky that all share; all would more greatly benefit from an engagement with
astronomy that has sustainability as a core ideal. And everyone—regardless of identity or background—
deserves the opportunity to bring their full true self to this enterprise free of fear, harassment, or
discrimination.

The need to invest in people, and the potential outcomes for science and for the nation, have been
called out by NSF and NASA as well. For example, the National Science Board’s Vision 2030 states that
“the U.S. must offer individuals, from skilled technical workers to Ph.D.’s, on-ramps into STEM-capable
jobs...In order to lead in 2030, the U.S. also must be aggressive about cultivating the fullness of the
nation’s domestic talent.” Similarly, NASA’s Science Plan 2020 states, “As research has shown,
diversity is a key driver of innovation and more diverse organizations are more innovative . . . We will
increase support by actively encouraging students and early career researchers. . . . We will also increase
partnerships across institutions to provide additional opportunities for engagement and increasing
diversity of thought. NASA believes in the importance of diverse and inclusive teams to tackle strategic
problems and maximize scientific return.”

The precepts and principles articulated above—diversity, equity, benefit to the nation and the
world, and sustainability and accountability—guide the recommendations that follow throughout this
chapter.

3.2 ASTRONOMY’S ROLE IN SOCIETY: A GATEWAY TO STEM CAREERS, A BRIDGE
BETWEEN SCIENCE AND THE PUBLIC

Astronomy, perhaps more than any science, has the power not only to educate but also to awe and
inspire. Near-daily coverage of space science discoveries—images of the event horizon of a black hole,
descriptions of exotic exoplanets—reveals the public’s engagement with the field. For example, the
August 21, 2017, solar eclipse was watched by an estimated 215 million Americans (two of every three
people) either live or via videostream.* The Event Horizon Telescope image of the ring of light from
plasma near the horizon of the black hole in the galaxy M87 posted on the NSF public website in 2019
was downloaded more times than any other image on a federal government server. The announcement of
the detection of gravitational waves from a massive black hole binary by the LIGO-Virgo team in 2016
was the third highest-impact research story that year appearing in more than 900 news media outlets
worldwide within one day of the announcement (Figure 3.1).5°

2 National Science Board, 2020, Vision 2030, NSB-2020-15, Alexandria, VA,
https://www.nsf.gov/nsb/publications/2020/nsb202015.pdf.

3 NASA, 2020, Science 2020-2024: A Vision for Scientific Excellence, NASA Headquarters, Washington, D.C.,
https://science.nasa.gov/science-red/s3fs-public/atoms/files/2020-2024_Science.pdf.

4 J. D. Miller, https://isr.umich.edu/wp-content//2018/08/Final-Eclipse-Viewing-Report.pdf.

> See https://www.altmetric.com/top100/2016/.

6 See https://www.aps.org/publications/apsnews/201608/backpage.cfm.
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FIGURE 3.1 Black holes featured prominently in notable discoveries of the past decade that captivated the public’s
imagination. Artist’s depiction of LIGO’s first detection of gravitational waves from a black-hole merger event.’
SOURCE: NASA/Dana Berry, Sky Works Digital.

Astronomical discoveries reach vast national and international audiences, and are often the first
exposure that young people have to science and the scientific process. A small fraction of this audience
will someday be inspired to take up a career in astronomy or space science, but for every one of those
there are hundreds for whom the spark of an astronomical event or discovery will lead to a career in other
areas of science, engineering, medicine, mathematics, computing, or technology. The term “gateway” is
often used to describe this subject’s ability to draw curious students to STEM. As counterpoint to a period
when some have challenged the legitimacy of science and the integrity of scientists, the broad public
appeal of astronomy can serve as a force for good far beyond the boundaries of its own discipline.

Conclusion: Astronomy research continues to offer significant benefits to the nation beyond
astronomical discoveries. These discoveries capture the public’s attention, foster general science
literacy and proficiency, promote public perception of the value, legitimacy, and integrity of
science, and serve as an inspirational gateway to science, technology, engineering, and
mathematics careers.

NASA, NSF, and the Astronomical Society of the Pacific have developed abundant K-12 and
introductory college-level materials that are ready to bring astronomy into classrooms. These resources
can impact the science literacy of millions of students across the country yearly. Indeed, a recent National
Academies study examining the NASA Science Activation program for education and public outreach
recommended that this high quality material should be made even more widely available and made
readily accessible by K-12 teachers and college instructors.® The COVID-19 pandemic brought online
education and digital learning resources into virtually every school and to every learner in the U.S.,
extending further still the opportunities for spreading astronomy educational materials across the country.

Astronomy is also a pioneer in developing “Citizen Science” projects such as the American

7 See https://phys.org/news/2016-02-gravitational-discoveredtop-scientistsrespond.html.
8 National Academies of Sciences, Engineering, and Medicine, 2020, NASA’s Science Activation Program:
Achievements and Opportunities, The National Academies Press, Washington, D.C:, https://doi.org/10.17226/25569.
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Association of Variable Star Observers (AAVSO) and Galaxy Zoo,® which enable students and other
members of the public to participate in scientific research, projects which have led to important new
discoveries. Over the past decade more than 63,000 public volunteers from around the world have
participated in programs run by the Zooniverse (Figure 3.2),*° and the model has since spread to hundreds
of other projects in the sciences, medicine, climate, arts, humanities, and social sciences.

Conclusion: Astronomy is a leader in developing online citizen science projects, which enable
students and other members of the public to participate in scientific research.
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FIGURE 3.2 Astronomy has been at the forefront of citizen science, which has elevated traditional education and
public outreach to true amateur-professional scientific collaboration. These images are from Galaxy Zoo 3D, a spin-
off of the original successful Galaxy Zoo citizen science project. The image on the left shows a barred spiral galaxy
with foreground stars; citizen science enables identification of substructures (as seen on the right), indicating where
spiral arms, bars, and foreground stars are present in every galaxy observed by the SDSS IV MaNGA project.
SOURCE: See https://blog.galaxyzoo.org/?_ga=2.141442354.1490305938.1619555147-768643056.1619555147.
Adapted from Karen Masters (Haverford College), Coleman Krawczyk (University of Portsmouth). Galaxy image
from SDSS. With thanks to Galaxy Zoo: 3D volunteers and the Zooniverse.org platform.

As a field that is driven by, and in turn drives, technological innovation, astronomy has always
benefited the nation by invention and innovation of advanced technologies. In its essence, observational
astronomy is remote sensing in the extreme. Its telescopes and instruments constantly push the limits of
technology for precision and sensitivity, as they detect faint objects and extract delicate signals from a sea
of noise. Its spectroscopy consists of detecting minute traces of chemical elements and molecules. Its
reach extends from meter-length radio waves through the terahertz, infrared, visible, ultraviolet, X-rays,
and gamma-ray parts of the electromagnetic spectrum, and has now extended even further to detecting

% See https://www.zooniverse.org/projects/zookeeper/galaxy-zoo/.

10 “Astro 2020 State of the Profession White Paper: EPO Vision, Needs, and Opportunities through Citizen
Science” and “Astro 2020 Infrastructure Activity White Paper: Citizen Science as a Core Component of Research
Infrastructure” by Laura Trouille (2020).
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energetic cosmic rays, neutrinos, and gravitational radiation from sources billions or trillions of
kilometers away. Many of these technologies, whether they be innovations in detectors, wireless
communication, information technology, algorithms, or even in public engagement and communication,
have propagated as “spin-offs” to other sectors of STEM and the commercial sector. What follows are
just a few examples from the past two decades.

The technical demands of NASA space missions have been especially productive incubators
for spinoffs. (NASA has documented more than 1900 spinoffs since 1976.!) Some most
closely tied to astronomical applications include complementary metal oxide semiconductor
(CMOS) imaging sensors (used in most smartphone cameras today), infrared thermometers,
and image enhancement and analysis systems. Technology sent to Mars for the first time on
the Perseverance Rover is already detecting trace contaminants in pharmaceutical
manufacturing, wastewater treatment, and other important operations on Earth.

The demands of ground-based astronomy have provided a similarly rich harvest of
technologies that have found widespread application in society, though the time for their
adoption sometimes is measured in decades. These include early prototypes of WIFI, atomic
clocks, cryogenic cooling systems (also developed by NASA for space missions), and the
underlying technologies making possible precision location of 911 calls and (with significant
additional investment from the military) GPS navigation.'? The latter requires corrections for
the influence of Earth’s gravitational field on GPS signals, an unanticipated application of
Einstein’s theory of general relativity developed more than a century ago. GPS in its modern
precision form would not function without these corrections. (Figure 3.3)

Recent years have seen major improvements in the sensitivity of mm-wave and TeraHertz
detectors. At the mm wavelengths, arrays of thousands of ultra-sensitive bolometric detectors
have been developed to study the cosmic microwave background (CMB). In parallel, there
has been steady improvement in radio-like receivers, but at a much shorter wavelength. These
are exemplified by ALMA’s Band 10 at 0.9 THz (roughly 0.3 mm wavelength) and, above
1.2 THz, by receivers based on hot electron bolometers. THz radiation can penetrate objects
such as plastic and clothes, but not metals, and are not harmful to human tissues, and thus
existing and in-progress sensitive detectors of THz signals have wide application in airport
security and medicine. These developments parallel the history of X-ray technology, another
spin-off from astronomy in the 1960s.

Software and information technology are other areas where the footprints of astronomy have
left clear marks. Grid computing is a prime example. The open source infrastructure
“BOINC” developed in the Space Sciences Laboratory at the University of California at
Berkeley for volunteer and grid computing was developed to search data obtained with radio-
telescopes for signals from extraterrestrial life (SETI@home). It has since been used in many
other areas in astrophysics (LIGO (+Virgo) application of BOINC is looking for evidence of
continuous, monochromatic gravitational waves from non-axisymmetric, unknown single
neutron stars in the Milky Way galaxy and LIGO noise diagnostics, for example) but also in
many non-astronomical contexts including medical, environmental and humanitarian research
sponsored by IBM Corporate Citizenship in the non-profit “world community grid”, and even
has been used for COVID-19 research. Extending upon this, training and collaboration with
computing and data science researchers could be an additional area of broad benefit in the
context of the cyber future.

11 See https://spinoff.nasa.gov/.
12 Radio Astronomy Contributing to American Competitiveness, NRAO/AUI report, 2006,
https://www.nrao.edu/news/Technology_doc_final.pdf.
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FIGURE 3.3 Astrophysical corrections accounting for the effects of general relativity on satellite timings are
essential for high-precision GPS location and navigation services on Earth. SOURCE: NASA.

Conclusion: Astronomy continues to benefit the nation by invention and innovation of advanced
technologies.

For all of these reasons, training in astronomy and astrophysics continues to pay dividends,
whether individuals transition into long-term professional astronomy positions, STEM workforce roles in
the private or public sector, or non-STEM related jobs. The 2017 NSF biennial survey of earned
doctorates shows a less than 2 percent unemployment rate of individuals with an astronomy master’s or
Ph.D. degree.®® Those joining the private sector with a bachelor’s or Ph.D. earn a median starting income
of $60,000 and $120,000, respectively.'* A significant driver of these employment outcomes may be the
increasing importance of computational skills and data science that are increasingly included in
astronomy training and research. Indeed, these skills position individuals for opportunities in a variety of
in-demand sectors, such as defense, health care, or commerce, as well as teaching in the education sector.

Finding: Education in astronomy research provides valuable training for a broad array of careers
in STEM.

One key indicator of the value of astronomy research training beyond astronomy itself is the
fraction of astronomy Ph.D. recipients who forgo postdoctoral positions -- traditionally the next step
toward a permanent position in astronomy research -- in favor of non-academic STEM workforce jobs. As
of the most recent survey in 2015-16, nearly half of new astronomy Ph.D. recipients were moving directly

13 See https://www.nsf.gov/statistics/srvydoctoratework/. Similarly, the Bureau of Labor Statistics reports
unemployment for life, physical, and social science occupations was about 2% in 2019-2020:
https://www.bls.gov/cps/cpsaat25.pdf.

14 Mulvey, P. and Pold, J., 2019, Astronomy Degree Recipients One Year After Degree,
https://www.aip.org/statistics/reports/astronomy-degree-recipients-one-year-after-degree.
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into private sector jobs.™ This is a significant shift in career pathways for Ph.D.-trained astronomers in
just over a decade; at the time of the previous decadal survey fewer than 30% of astronomy Ph.D.
recipients were taking the straight-to-industry career pathway.*

These shifting patterns in career interests and outcomes may signal a healthy shift in attitudes and
expectations about what constitutes a “successful” career for those with astronomy research training.
Going back a decade further still to Astro2000 and prior decadal surveys,'’ the fact that a significant
fraction of Ph.D. trained astronomers were not obtaining or choosing permanent positions in astronomy
research was seen as a cause for consternation. The question was: did the “mismatch” between the
number of astronomy Ph.D. recipients and the number of permanent astronomy research jobs imply a
need for policies to limit the number of students admitted to Ph.D. programs? No such policies were
implemented, and as noted above the number of students interested in astronomy has only continued to
grow even though the number of permanent astronomy research positions has not grown apace. The net
result is the significant increase noted above in the number of individuals successfully and lucratively
taking their astronomy research training into a broad range of STEM careers. Astronomy is now
contributing more broadly to the nation’s technically skilled workforce, and there is no evidence of any
mismatch at all (see, e.g., the income and unemployment statistics noted above) between the number of
trained astronomers and the number of desirable career routes for which those with technical training in
astronomy find themselves in high demand.

Conclusion: There is no evidence of mismatch between the number of Ph.D.- or postdoc-trained
astronomers and the broad array of desirable career pathways into the STEM workforce.

At the same time, this technical and career landscape is changing rapidly. To keep astronomers
current and competitive for jobs in the public and private sectors, even more deliberate professional
development will be needed, specifically with regards to the ever-growing importance of advanced
computational skills.'® The recent report from the Joint Task Force on Undergraduate Physics Programs
recommends embedding computational training explicitly as part of the undergraduate curriculum, with at
least one first-year computer course and one upper-level methods/statistics course, with an applied focus
to physics and astronomy.® Early career data scientists, as well as early career instrumentalists, must also
be nurtured and incentivized, as these skills represent evolving capabilities key to the future of astronomy
and astrophysics.

Conclusion: One way to further enhance the competitiveness of physics and astronomy students
for the broadest range of careers is to embed computational training in the undergraduate
curriculum, with at least one course on programming, with a focus on applications to physics and
astronomy.

Despite the strong career outcomes for students who have pursued education and research
training in astronomy, the discipline underperforms relative to its potential for training an even larger
number of college students for STEM careers. Of the ~70,000 new college freshmen each year in the U.S.
who express an intent to major in physical sciences, only 10 percent overall—and only 4 percent of
underrepresented minorities—ultimately complete a Physics/Astronomy degree (see Table 3.2, Section
3.3), choosing instead degrees in the life sciences or social sciences or in non-STEM fields altogether

15 Heron, P and McNeil, L. 2016, A report by the Joint Task Force on Undergraduate Physics Programs,
http://www.compadre.org/JTUPP/docs/J-Tupp_Report.pdf.

16 See https://www.nap.edu/catalog/12951/new-worlds-new-horizons-in-astronomy-and-astrophysics.

17 See https://www.nap.edu/read/9839/chapter/1.

18 Huppenkothen, D. et al. 2018 PNAS September 4, 2018 115 (36) 8872-8877.

19 Heron, P & McNeil, L. 2016, A report by the Joint Task Force on Undergraduate Physics Programs,
http://ww.compadre.org/JTUPP/docs/J-Tupp_Report.pdf.
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(Figure 3.4).% In contrast, in the life sciences the retention rate is substantially higher, at ~50 percent.*
When interpreting such statistics it is important to recognize that the undergraduate curriculum for
astronomers, whether they pursue degrees in astronomy, physics, or both, is dominated by coursework in
physics, As a result statistics for physics and astronomy undergraduate education are often aggregated. It
also implies that improvements in the undergraduate component of the career pipeline for astronomers
needs to be closely coordinated with like efforts in physics education.

CHARTING A PATH

Visualizing students’ educational journeys has informed recruitment and retention efforts at the University
of California Davis (UCD). The tool was developed by the IAMSTEM HUB in Undergraduate Education.

Students starting Student outcomes
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FIGURE 3.4 Results from a case study of undergraduate degree outcomes versus incoming student interests, by
field, at the University of California Davis. In contrast to other STEM disciplines like biology or social sciences,
physical sciences lose the vast majority of students arriving at college with an interest in those fields. SOURCE:
Reprinted by permission from Springer Nature: S. Bradforth, E. Miller, W. Dichtel,, A.K. Leibovich, A.L. Feig, J.D.
Martin, K.S. Bjorkman, Z.D. Schultz, and T.L. Smith, 2015, University learning: Improve undergraduate science
education, Nature 523: 282-284, https://doi.org/10.1038/523282a, copyright 2015.

20 https://www.nature.com/news/university-learning-improve-undergraduate-science-education-1.17954.
2L |bid.
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Why do astronomy and physics capture such a relatively small market share of interested
students? The answer, at least in part, could be that the (physics-dominated) curricula are aimed primarily
at producing future academic leaders, often prizing the most basic and fundamental over the practical. As
a result, students whose intellectual interests are in astronomy or physics, but whose practical career
ambitions may lie outside of pure academic research, realize quickly that the curriculum and technical
training opportunities are not intended for them. Indeed, quantitative and qualitative research of
educational outcomes and student experiences consistently paint a very clear picture in which otherwise
smart, capable students who could leverage their passion for astronomy and physics into meaningful
STEM workforce careers not only choose to leave but feel “encouraged to leave.”?* This is in contrast to
the messaging in many other disciplines, such as social sciences and biomedical sciences, which not only
welcome and actively recruit interested students but intentionally structure the undergraduate curriculum
and research training experiences at the undergraduate and graduate levels with the purpose of preparing
the vast majority of students for successful careers outside of basic academic research.?

Finding: The vast majority (>80 percent) of college students desiring technical careers and
having an interest specifically in physics or astronomy, currently switch out of physics/astronomy
and either obtain their technical training through another STEM field or else abandon STEM
altogether, in contrast to the ~50 percent retention rate in the life sciences.

All of this suggests that astronomy and physics have a large opportunity to much more fully
retain talented students and to much more fully contribute to the nation’s technically trained STEM
workforce, simply by shifting from a “weed out” mentality in the undergraduate curriculum, and from a
“pure scientists only” mentality in research opportunities, toward approaches that much more
intentionally attract and prepare—and value—students for the broad array of good career outcomes that
astronomy and physics training provides anyway. The exclusive focus on academic careers, when options
and positions are very limited, is overly constraining on trainees who might otherwise see industry as an
interesting and lucrative career path through which they can continue to add value to the nation’s
technically skilled workforce. Indeed, the potential for advisors to guide students exclusively into
academic careers and thereby discourage other good career outcomes, which may not serve the best
interests of the students while simultaneously diminishing the overall STEM waorkforce pipeline.

Conclusion: While astronomy and astrophysics has prepared students for a broad variety of
technical careers in the public and private sectors, in practice advanced technical training in
astronomy and astrophysics continues to largely select for those students most likely to seek
academic research careers, representing a missed opportunity to welcome students interested in
other applications and disciplines enabling astronomy and astrophysics to contribute more fully to
the nation’s broader STEM workforce pipeline.

3.3 FACTORS SHAPING ASTRONOMY’S CURRENT AND FUTURE PROFESSIONAL
LANDSCAPE

As noted above, the astronomy and astrophysics profession is vital to the success of the Survey’s
vision specifically and of the astronomy and astrophysics enterprise more generally. A core principle and
goal is to create an equitable field that allows full participation by all, and to achieve that goal requires
identifying and addressing potential problems at every stage of training and practice. The SoPSI panel
report provides extensive documentation and background references on the broad array of issues,
challenges, opportunities, and potential solutions, the latter of which involve a combination of cultural
change, removing structural barriers, and promoting accountability. This section briefly summarizes some

22 https://www.springer.com/gp/book/9783030253035.
23 https://www.nature.com/news/university-learning-improve-undergraduate-science-education-1.17954.
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of the key issues and challenges, and distills the most pressing opportunities and solutions in order to
provide guidance to the agency sponsors, policymakers, and the community. The focus here is primarily
on areas that can be affected by agency funding, while acknowledging that this is only part of the larger
work that needs to be done, and referring the reader to the full SoPSI report for details on additional areas
of opportunity.

3.3.1 Where Astronomers Work

Almost everything about the way astronomers conduct their work—including the structure and
size of research teams and the skill sets for which students are trained—has undergone massive shifts in
the past two decades. The field is becoming dominated by large collaborations and survey-scale missions,
an explosion of data, and a workforce that is more digitally connected and more geographically
distributed than ever before. Indeed, occupationally speaking, astronomy research today bears little
resemblance to the old stereotype of a lone scientist cloistered in a remote observatory. Rather, most
astrophysicists” work has evolved to an “office job” over the decades, resembling in its rhythms,
structures, and interactions the activities of most other modern-day white-collar professions. This includes
an ever-growing recognition of the importance of—and expectation for—professional conduct (e.g.,
workplaces free of sexual harassment), professional development (e.g., intentional training for important
technical, management, and leadership skills), professional work-life balance (e.g., accommodating the
realities of childcare, eldercare, and other personal obligations), and other features that continue to make
the astronomy profession, simply put, more professional.

According to a survey of American Astronomical Society (AAS) members (Table 3.1), more than
half of full-time employed members of the profession with astronomy and astrophysics Ph.D.’s work at
institutions of higher education; 33 percent work at government labs, research institutes, or observatories;
and a few percent work in industry.?* This pattern of employment and funding has held relatively stable
over the past decade.

One consequence of this pattern of employment is that a large fraction of professional
astronomers depend to varying degrees—in some cases to a large degree—on federal grant resources for
their own support and/or for that of their research teams (Table 3.1). Another consequence is that, since
the vast majority of astronomers’ employers are divided between universities/colleges on the one hand
versus large research centers/facilities on the other hand, the organizational approaches to workforce
development may differ depending on organizational mission, structures, and mechanisms for
accountability. For example, higher education institutions generally have teaching and training as core
parts of their organizational mission, with accountability to parents, alumni, state legislatures in some
cases, and university boards and leadership. And because they depend on federal funding for much of
their research activities, the policies and priorities of these organizations can be influenced by the
expectations and requirements of the funding agencies. In contrast, nearly all of the major facilities
supported by NSF and NASA are operated through cooperative agreements, contracts, or other
instruments with managing organizations (AURA, AUI, and others). It is not clear what accountability
mechanisms the funding agencies have implemented with these organizations specifically with regards to
training and employment outcomes.

These differences in employment contexts have implications as well for approaches to diversity
and inclusion efforts. Many, though certainly not all institutions of higher education have implemented
efforts toward greater diversity and inclusion as core elements of the organizational mission, and
university-based investigators applying for federal grants are now routinely expected to address
requirements for broader impact in their funding proposals, including with regards to broadening
participation of underrepresented groups. Again, it is not clear what accountability mechanisms the
funding agencies have implemented for the facility-managing organizations with regards to diversity and

24 See https://aas.org/sites/default/files/2019-10/AAS-Members-Workforce-Survey-final.pdf.
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inclusion expectations. However, the managing organizations have communicated a positive stance
toward diversity and inclusion, with official policies, and with officials assigned to provide oversight,
internal diversity and inclusion training, and promote community values. Most of NASA’s research
centers are managed by the agency directly, and thus NASA could in principle directly implement
targeted procedures and accountability for outcomes. In addition, the increasing complexity of new
observatories and observational methods can and has been attracting people from other engineering and
science fields into important roles in astronomy; the excitement of astronomy can potentially draw in a
wider and eventually diverse pool of engineers and other scientists.

TABLE 3.1 American Astronomical Society 2018 Survey of Employment and Salaries of AAS Members

Current Employer Funding Sources for Salaries of US AAS
of US AAS Members with PhDs, 2018 Members 2018
Employer or Sector % N % Average
University or 4-year college 54 514 Receiving % of
Govt. lab or research facility 14 135 Funding F::zti?rl\
Research institute 10 94 College/University 24 %0 €
Observatory 9 86 NASA 39 74
Industry 4 39 NSF 16 57
Other govt. 2 20 DOE 4 70
2-year college 2 15 DOD 4 71
Self-employed 1 7 Foundation/Grant/Donors 3 74
Planetarium or museum - | 7 Other 12 83
Secondary school - 4 Total N 1410 |
Other 3 27 Categories with <3% are not included
Total 948

Includes full-time employed respondents with PhDs excluding
current postdocs.

NOTE: These data represent only those individuals with active AAS membership; not reflected in these statistics are
the large number of individuals who obtain academic degrees in astronomy and astrophysics but who “leave the
profession” for jobs in the private or public sectors, and for whom the data suggest their training has enabled gainful
employment in the STEM workforce (see Section 3.2). In the table at right, the rightmost column gives the
percentage of a typical individual’s salary that derives from a given source; for example, 44% of AAS members
receive salary support through their college/university employer, and those individuals typically receive 90% of their
salary support from that source. The “Total N” indicates the total number of people included in the survey; it is not
the sum of the rightmost column as the formatting might suggest. SOURCE: https://aas.org/sites/default/files/2019-
10/AAS-Members-Workforce-Survey-final.pdf.

3.3.2 Demographics of the Astronomy and Astrophysics Profession

The current demographics of the field, and trends in these demographics over the past decades,
tell a mixed story. For example, with regards to gender Figure 3.5 indicates that the field still has a ways
to go to achieve the higher levels of gender parity that are now the case in other physical science
disciplines such as chemistry. At the same time, astronomy has now reached an important milestone in
terms of gender representation, with the rate of PhD attainment among women now matching the rate
with which women earn baccalaureate degrees (Figure 3.5). Indeed, as a discipline that is respected and
influential in public opinion, astronomy’s ability to model growth toward equitable participation and
inclusive practices may influence other sciences and professions.
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Percent of Bachelor's Degrees and Doctorates in Astronomy
Eamed by Women, Classes 1989 through 2019

AlP Statistics aip.org/statistics
FIGURE 3.5 The percent of bachelor’s and doctoral degrees earned by women in astronomy. The figure is
intended to indicate the trend, keeping in mind that astronomy Ph.D.s also come from other undergraduate majors
(e.g. physics). SOURCE: https://www.aip.org/statistics/reports/women-physics-and-astronomy-2019. Courtesy of
Nicholson, S., and Mulvey, P.J., 2021, “Roster of Astronomy Departments with Enrollment and Degree Data, 2020:
Results from the 2020 Survey of Enrollments and Degrees” © Statistical Research Center at the American Institute
of Physics.

In addition, according to statistics from the American Institute of Physics (AIP),* the
representation of women among the astronomy faculties of colleges and universities has shown clear
improvement over the past decade, particularly among the recently hired assistant professors and recently
tenured associate professors, for whom women now comprise about 30 percent, up from about 20 percent
in 2003. There is a marked drop-off by roughly a factor of 2 in representation from the associate to the
full professor ranks, though the absolute percentage of female full professors has increased to 15 percent
(from roughly 10 percent) over the same period. At the senior ranks, the lower percentage of female
faculty is in part shaped by lower fractions of women in Ph.D. programs in the past. In addition, AIP
surveys show that women remain systematically disadvantaged by gender-associated differences in the
distribution of family work and in career-advancing opportunities and resources® that may have become
exacerbated by the COVID-19 pandemic.

Conclusion: Ensuring the movement of women into the top leadership ranks (full professor and
beyond) continues to be an important area needing attention.

Racial/ethnic diversity among astronomy faculty remains, in a word, abysmal. African Americans
and Hispanics comprise 1 and 3 percent of the faculty, respectively.?” This collective representation of 4
percent is about an order of magnitude below these groups’ joint representation in the U.S. population.
This underrepresentation was identified as a problem as far back as the 1980 Decadal survey.?® As of

% pold, J. & lvie, R., Workforce Survey of 2018 U.S. AAS Members Summary of Results,
https://aas.org/sites/default/files/2019-10/AAS-Members-Workforce-Survey-final.pdf.

% porter, A.M., & lvie, R. (2019) Women in Physics and Astronomy,
https://www.aip.org/statistics/reports/women-physics-and-astronomy-2019.

27 AIP Academic Workforce Survey, 2016, unpublished results.

281980 Decadal Survey (Field et al), v1 Appendix B (p172), and Vol. 2 starting on p. 334.
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2012 there was not a single astronomy department that had representation of both African American and
Hispanic faculty, and roughly two-thirds of astronomy departments had representation of neither. Funding
agencies have traditionally invested in early-career faculty through dedicated programs such as the NSF
CAREER awards and programs that support intentional transitions of postdoctoral researchers into faculty
positions such as NSF Alliances for Graduate Education and the Professoriate (AGEP);?**° these can be
valuable levers for incentivizing faculty hiring in general and, to the extent that such programs include
diversity efforts in their selection criteria, can help to incentivize faculty diversity as well.*

Conclusion: Racial/ethnic diversity among astronomy faculty remains abysmal. African
Americans comprise a mere one percent of the faculty, over all ranks, among astronomy
departments; Hispanics comprise three percent. This collective representation of four percent is
roughly an order of magnitude below these groups’ joint representation in the U.S. population.

Recommendation: Funding agencies should increase funding incentives for improving
diversity among the college/university astronomy and astrophysics faculty—for example, by
increasing the number of awards that invest in the development and retention of early-
career faculty and other activities for members of underrepresented groups.

3.3.3 The Academic Pipeline into the Profession

The past decade saw a substantial growth in the desire of Americans to participate in the
excitement of astronomical discovery. The number of astronomy B.S. and Ph.D. degrees shows continued
growth (Figure 3.6). There has been a steady increase in the number of women and Hispanic Americans
earning astronomy degrees (Figures 3.6 and 3.7), though the number of African-Americans earning
Ph.D.’s remains low and unchanged over three decades. Encouragingly, the number of African-
Americans earning B.S. degrees has increased in recent years (Figure 3.7), making it all the more
important to redouble efforts to recruit and support these students as they move into doctoral programs.
Research suggests at least two key innovations in graduate STEM training, discussed below, that can help
to address the persistent challenge of underrepresentation: (1) graduate training that is more explicitly
motivated by pro-social concerns (i.e., work that is seen as positively impacting one’s own
communities),® and (2) more holistic approaches to evaluating individuals for entry to graduate
programs.*

Finding: The number of students pursuing undergraduate and graduate degrees in physics and
astronomy continues to grow, and the field is becoming more representative of American
demographics, with steady increases in the number of women and Hispanic Americans.
Representation of African-American students, however, remains nearly steady and alarmingly
low.

2 https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=503214.

30 https:/fwww.nsf.gov/funding/pgm_summ.jsp?pims_id=5474.

31 Brown-Glaude, W. (Ed.). (2009). Doing Diversity in Higher Education: Faculty Leaders Share Challenges
and Strategies. New Brunswick, New Jersey: Rutgers University Press.

32 Jackson MC, Galvez G, Landa I, Buonora P, Thoman DB. Science That Matters: The Importance of a
Cultural Connection in Underrepresented Students’ Science Pursuit. Gibbs K, ed. CBE Life Sciences Education.
2016;15(3):ar42. doi:10.1187/cbe.16-01-0067.

33 Innovation in Graduate Admissions through Holistic Review. Holistic Review in Graduate Admissions: A
Report from the Council of Graduate Schools. CGS Webinar: Holistic Review in Graduate Admissions (February
2016).
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FIGURE 3.6 (left) Number of bachelor’s degrees earned in Astronomy from 1972-2017. (right) Number of
doctorates earned in Astronomy from 1972-2017. SOURCE: Left: Courtesy of Porter, A., and lvie, R., 2019,
“Women in Physics and Astronomy, 2019” © Statistical Research Center at the American Institute of Physics.
Right: Courtesy of Porter, A., and lvie, R., 2019, “Women in Physics and Astronomy, 2019” © Statistical Research
Center at the American Institute of Physics.

Average Number of Astronomy Doctorates Earned by African Americans

Number of Astronomy Bachelors Earned by African Americans
and Hispanic Americans, Academic Years 1998 through 2019

and Hispanic Americans, Classes 1997 through 2019
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FIGURE 3.7 The numbers of astronomy degrees earned by African Americans and Hispanics. (left) Bachelors.
(right) Doctorates. SOURCE: Courtesy of the Statistical Research Center at the American Institute of Physics.

A broader snapshot view of the academic pipeline into astronomy and astrophysics (see Table 3.2
for statistics and sources) reveals important patterns of ongoing disparities in the profession. Only about 2
percent of all first-year college students in the U.S. expressed an interest to major in the physical sciences.
Of these, about 11 percent of White students complete a physics or astronomy bachelor’s degree, whereas
only 4 percent of students from underrepresented groups with similar interests do so, a disparity of about
a factor of 3. While there is no longer a significant ethnic/racial disparity between the baccalaureate and
Ph.D. stages (the combination of ~30 percent graduate admission rate and ~60 percent Ph.D. completion
rate for those admitted are similar for all groups (see Table 3.2 and discussion below), the very large
disparity at the source (undergraduate) level nonetheless culminates in a very low number of Black,
Hispanic, and Indigenous Ph.D.s in physics and astronomy, with obvious long-term consequences for the
diversity of the profession at the postdoctoral level and beyond. These data signify a systemic failure to
fully tap the available talent pool generally, and diverse talent in particular.
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Finding: Only four percent of college freshmen who are underrepresented minorities intending to
major in physical sciences complete a Physics/Astronomy degree, compared to 11 percent
overall. Of those, only ~16 percent continue to a Ph.D., comparable to 18 percent for all U.S.
citizens.

Conclusion: There exists an enormous opportunity to tap into the nation’s diverse talent already
in the higher-education pipeline.

TABLE 3.2 Physics and Astronomy Synthetic Cohort from College First Year to Ph.D.

U.S. Citizens White AHN?
First year, first-time undergraduates, all majors (2007)® 2,764,690 1,655,714 766,844
Estimated number intending physical sci major (2007)¢ 66,000 41,000 11,500
... of whom, _ % complete physics or astronomy degrees. 10% 11% 4%
Bachelor’s degrees in physics and astronomy (2012)¢ 6,664 4,596 473
... of whom, _ % are admitted to graduate programs 29% NA NA
Entering grad programe in physics or astronomy (2012)¢ 1,937 NA NA
... of whom, __ % complete the Ph.D. in 6 years 59% NA NA
Ph.D. degrees in physics and astronomy (2018)¢ 1,151 805 76
Overall retention from bachelor’s to Ph.D. 17% 18% 16%

@ AHN = African Americans/Blacks, Hispanic/Latinx, and American Indian/Alaska Natives/Native Hawaiians.
These were the names of the categories used by NSF at the time these data were collected.

® Enrollment of first-time, first-year undergraduate students at all institutions, by citizenship, ethnicity, race, sex, and
enrollment status, Table 2-2, 2004-14 (2013 Women, Minorities, and Persons with Disabilities in Science and
Engineering: 2017. Special Report NSF 17-310. Arlington, VA., WMPD) available at
www.nsf.gov/statistics/wmpd/.

¢ Based on numbers in Appendix table 2-16 Freshmen intending S&E major by, by field, sex, and race or ethnicity,
1998-2012, [NSF Science and Engineering Indicators, 2016]. Unfortunately, the number of entering first-year
students who intend to major specifically in physics or astronomy is not known.

4 AIP Enrollments and Degrees Survey.

¢ Includes M.S. and Ph.D. students.

Table 3.2 is a snapshot representation of a cohort of American students in physics and astronomy,
from entering first-year students in 2007 to Ph.D. in 2018. This is a synthetic cohort in that it does not
represent a literal longitudinal tracking of the same individuals over time; rather, the experience of the
cohort is inferred by comparing national demographics data at time points separated by the typical
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duration of various academic stages. There are also limitations to a simple, linear “pipeline” progression
model; however, it does provide a convenient basis for useful comparisons. For example, the progression
depicted in Table 3.2 does not disaggregate students who begin their undergraduate education at 2-year
community colleges, where roughly half of all underrepresented minority students begin their post-
secondary education.® In addition, physics and astronomy are linked by the fact that students who
eventually earn Ph.D.’s in astronomy and astrophysics often begin as physics majors. While data captured
by AIP on Asian Americans who earn Ph.D.s in physics (5 percent Ph.D.s among a total population of 6
percent of Asian Americans in the overall population)®, the numbers do not directly reveal the challenges
or make-up of this uniquely diverse group, defined by the Office of Management and Budget (OMB) as
“a person having origins in any of the original peoples of the Far East, Southeast Asia, or the Indian
subcontinent” in the U.S. Census.* Inclusive recommendations that benefit all underrepresented groups
while focusing on the extremes will allow for broad reaching benefit.

The data also show that past and current efforts to engage with local and indigenous communities
have not been effective enough, specifically in the context of education and training opportunities (See
Section 3.4 for more general discussion and recommendations around improved engagement). For
example, astronomical first light on at Hawai’i’s Maunakea Observatories—a site of great cultural
significance to the Kanaka Maoli—was almost exactly 50 years ago, yet in that time Ph.D.s in astronomy
or astrophysics have been awarded to a total of three Native Hawaiians,*” one of whom is currently on the
faculty of a U.S. college/university astronomy program; Native Hawaiians thus comprise ~0.05 percent of
astronomy faculty, compared to ~0.2 percent of the U.S. population.® Indigenous people in the U.S. more
generally represent ~0.25 percent of Ph.D. astronomers, compared to ~2.0 percent of the population in
2019.%%40 |n addition, engagement of Native Hawaiians and Native Americans in astronomy at the
undergraduate level is among the lowest of all physical sciences, averaging ~two individuals per year.
Relative to overall field size, the underrepresentation in astronomy is worse than in most other physical
sciences, including chemistry, Earth sciences, and physics (Table 3.3). The importance of engagement
with local and indigenous communities in the context of sites where ground-based research facilities are
built and operated is discussed in Section 3.4 below, including a major recommendation for the
development of a new model for respectful, collaborative decision-making in partnership with Indigenous
and other local communities.

There have been efforts in the past decade to increase the economic, cultural, and educational
benefits of astronomy facilities for local and Indigenous communities. Examples include the “Imiloa
Center in Hilo, Hawai’i and the Indigenous Education Institute.**? Another example is the program in
place at the Kitt Peak National Observatory that coordinates with the Tohono O’odham Nation’s tribal
employment office on preferential hiring of Native Americans at Kitt Peak, as well as opportunities for
technical training. The Akamai Workforce Initiative, supported in part by funding from NSF, the Keck
and TMT Observatories, and others, has helped hundreds of Native Hawaiians attain employment within

34 Stassun (2003), “CSMA to Host Special Session in Seattle on Role of Minority Serving Institutions” in AAS
Spectrum newsletter, January 2003. https://aas.org/sites/default/files/2019-09/spectrum_Jan03.pdf.

3 AIP Statistical Research. “Race and Ethnicity of Physics PhDs, Classes of 2018 and 2019 Combined.” Race
and Ethnicity of Physics PhDs, Classes of 2018 and 2019 Combined, American Institute of Physics (aip.org)

36 https://www.census.gov/topics/population/race/about.html.

37 The first astronomy Ph.D. to a Native Hawaiian was awarded nearly three decades ago; the second was
awarded in 2015, becoming the first Native Hawaiian to receive a Ph.D. in astronomy from the State of Hawaii’s
own university system; and the third was the very next year through the NSF PAARE supported program at
Vanderbilt and Fisk Universities, which that same year also awarded the first astrophysics degree to a member of the
Sioux Nation. See Section 3.3.4.

3 See report of the Panel on the State of the Profession and Societal Impacts.

39 “The Nelson Diversity Surveys” Nelson, D. J.: http://cheminfo.chem.ou.edu/faculty/djn/diversity/top50.html.

40 See https://www.census.gov/newsroom/facts-for-features/2019/aian-month.html.

41 See http://www.imiloahawaii.org.

42 See http://indigenousedu.org/.
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the broader STEM workforce (Figure 3.8).%® There are also examples from other countries, such as the
ALMA observatory in the Atacama region in Chile, which involves the Likan Antai people in many of its
activities, including efforts to preserve the Indigenous language and cosmic worldview.

TABLE 3.3 Bachelor Degrees Earned by Indigenous People per 1,000 Degrees in the United States

Degrees per 1000 (2003) Degrees per 1000 (2013) Change
Chemistry 8.1 6.4 Loss
Physics 1.8 2.3 Gain
Earth Sciences 1.9 2.3 Gain
Atmospheric Science 0.4 0.4 No change
Ocean Sciences 0.2 0.2 No change
Astronomy 0.15 0.15 No change
Other Physical Sciences 0.2 0.4 Gain

SOURCE: AIP.
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GURE 3.8 Participants in the Akamai Workforce Initiative in 2019. The Akamai Internship Program offers
STEM college students from Hawai’i a summer work experience at an observatory, company or scientific/technical
facility in Hawai’i. SOURCE: https://www.akamaihawaii.org/akamai-photo-gallery/, Courtesy of the Institute for
Scientist & Engineer Educators, photo by David Harrington.
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Conclusion: Fewer Native Americans are receiving baccalaureate degrees in astronomy than for
any other physical science. Astronomy has not fully engaged with communities with a cultural
stake in the places where astronomers build facilities. Funding to Pls at tribal colleges, from

43 See https://www.akamaihawaii.org/.
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Indigenous communities, or at institutions that predominantly serve Indigenous populations,
would enable long-term research partnerships and culturally supported pathways for full
participation of Indigenous people in science careers.

3.3.4 The Role of Federal Agencies and Professional Societies for Diversity and Inclusion in the
Profession

There have been positive and negative trends in the diversity of the Ph.D. pipeline over the past
25 years (see Figure 3.9). While the factors driving these trends are no doubt complex, a simple
comparison of the timing of recent gains and losses in the diversity of the academic pipeline at the
baccalaureate and especially the Ph.D. levels suggests that at least some, and perhaps much, can be
attributed to funding initiatives by NASA and NSF that, starting about 20 years ago, began to invest
specifically in workforce diversity, and in particular through partnerships with minority-serving
institutions (MSls).* Taking one of the first of these programs as a specific example, the Fisk-Vanderbilt
Bridge Program began in 2004 with NASA support until 2007 and subsequent NSF support with a final
award in 2013.* The program’s first cohort began to complete their Ph.D.s in 2009, and by 2015 the
program was responsible for an average of six Ph.D.s per year to underrepresented minority students, by
itself representing an increase of ~30 percent over the number that was being awarded nationally when
the program began. By that time, the cumulative impact of additional programs (see below) was
becoming evident (see Figure 3.9).

These programs served to engage underrepresented students in research experiences while
enhancing the astronomy and astrophysics research capacity of the MSIs. The choice to specifically form
partnerships with MSIs was in recognition of the outsized role that these institutions play in the
recruitment, support, and preparation of underrepresented minorities for science and engineering careers.
For example, all 10 of the top 10 producers of African American baccalaureate degrees in physics are
Historically Black Colleges and Universities (HBCUs).*®

Finding: Minority Serving Institutions—including Historically Black Colleges and Universities,
Hispanic Serving Institutions, and Tribal Colleges and Universities—are a large and diverse
talent pool for the field. For example, all 10 of the top 10 producers of African American
baccalaureates in physics are HBCUSs.

Importantly, these funding initiatives were operated at the relevant division levels of the agencies
with purview over astronomy and astrophysics, not centralized at the top agency levels where their impact
specifically on the astronomy and astrophysics workforce at the undergraduate and graduate levels might
be diffused. The NASA Science Mission Directorate (SMD) program was called MUCERPI (Minority
University and College Education and Research Partnership Initiative),*” and the NSF AST program was
called PAARE (Partnerships for Astronomy and Astrophysics Research and Education).*® Although not
fully comparable to PAARE or MUCERPI, the DOE Office of Science does run a Visiting Faculty
Program (VFP, formerly Faculty and Student Teams [FaST]) that supports individual MSI faculty or
small faculty-student teams.*® Some of the most well-known programs of the past 20 years—such as the

4 MSls include Historically Black Colleges and Universities (HBCUSs), Hispanic Serving Institutions (HSIs),
and Tribal Colleges and Universities (TCUSs).

45 Stassun (2017) https://pubs.acs.org/doi/full/10.1021/bk-2017-1248.ch006

4 K.G. Stassun, Congressional Testimony, 16 March 2010.
http://astro.phy.vanderbilt.edu/~stassuk/KGStassun_CongressionalTestimony _30Jul2010_revised.pdf

47 Sakimoto, P. J. and Rosenthal J. D., 2005, Physics Today, September, p. 49-53.

8 See https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=501046.

49 See https://science.osti.gov/wdts/vip.
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Fisk-Vanderbilt Masters-to-Ph.D. Bridge Program (see above),* the Columbia Bridge to the Doctorate
Program,®* the CalBridge Program,®® and others—have been “bridge” type programs through which
underrepresented students at the undergraduate level are trained and supported specifically across the
transition into graduate-level training (Figure 3.10). As noted above (see also Table 3.2), ethnic/racial
disparities from the baccalaureate to the Ph.D. stages of education and training in physics and astronomy
are no longer significant, which is a significant accomplishment in itself. All of these programs got their
funding start through MUCERPI, PAARE, FaST, or some combination of these and institutional
resources.

Number of Physics Doctorates Earned by African-Americans and
Hispanic-Americans, Classes 1996 through 2017.

MUCERPI recommends more

| NASA l NSF portfolio review, ,
funding for PAARE 4
defunded unding torf

BV AN Ak

NA'SA MUCERPI and NSF
| NSF PAARE | | PAARE

Programs start defunded

FIGURE 3.9 The numbers of doctoral degrees earned by African-Americans and Hispanic-Americans, with key
dates pertaining to NASA and NSF funding programs dedicated to workforce diversity. Note that, due to the amount
of time required for any individual to complete a Ph.D. and for any one program to reach steady state, the
rise/decline in the number of Ph.D.s earned lags the initiation/termination of programmatic interventions by 5-10
years. SOURCE: https://www.aip.org/statistics/reports/trends-physics-phds-171819. Adapted from the Statistical
Research Center at the American Institute of Physics.

%0 Stassun, K.G. 2011 American Journal of Physics 79, 374.
51 See https://bridgetophd.facultydiversity.columbia.edu/.
52 See https://physicstoday.scitation.org/doi/10.1063/PT.3.4319.
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FIGURE 3.10 Training programs that provide a “bridge” for students from undergraduate to doctoral studies—
such as the Fisk-Vanderbilt Masters-to-Ph.D. Bridge Program (upper left), the CAMPARE program in California
(upper right), and the Columbia Bridge to the Doctorate Program (bottom)—have emerged over the past two
decades as a promising mechanism for advancing inclusive excellence in astronomy and astrophysics Ph.D.
programs. SOURCE: https://www.nsf.gov/mps/ast/broadening_participation/index.jsp. Courtesy of Donald
Pickert/Vanderbilt University; Cal-Bridge Summer (CAMPARE) Program; Columbia University.

In recognition of the early successes of these programs,® the American Physical Society (APS)
launched a program to emulate these efforts and incentivize similar programs in physics departments
nationally.>* NSF AST’s 2013 portfolio review specifically recommended line-item funding for
“workforce diversity” as part of its broader recommendation for augmenting the small+midscale budget
for NSF AST.® Unfortunately, all of these division-level workforce diversity funding programs have
since been defunded, as a result of budget pressures, top-level agency programmatic consolidation, or
both. Reinvesting in these programs could yet yield significant benefits for the diversity of the field. As
noted above, the amount of time required for individuals to complete Ph.D. training and for programs to
ramp up implies that programs likely need to be supported for at least 5-10 years to enable reaching
steady state impact.

%3 Rudolph, A., Holley-Bockelman, K., Posselt, J. 2019. Nature Astronomy, 3, 1080.
https://www.nature.com/articles/s41550-019-0962-1.

54 See https://physicstoday.scitation.org/doi/10.1063/PT.3.3464.

%5 See https://www.nsf.gov/mps/ast/ast_portfolio_review.jsp.
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Finding: Previous NASA, NSF, and DOE funding programs (e.g., NSF PAARE, NASA
MUCERPI, DOE FaST) focused on training in state-of-the-art research methods and preparation
for future leadership in research including computation, instrumentation, etc., especially through
partnerships with minority-serving institutions, have been defunded. Importantly, these funding
initiatives were not centralized at the top agency levels where their impact specifically on the
astronomy and astrophysics workforce at the undergraduate and graduate levels might be
diffused; rather, they were initiated and operated at the relevant division levels of the agencies
with purview over astronomy and astrophysics.

Recommendation: NASA, NSF, and DOE should reinvest in professional workforce
diversity programs at the division/directorate levels with purview over astronomy and
astrophysics. Because academic pipeline transitions are loss points in general, supporting
the creation and continued operation of “bridge” type programs across junctures in the
higher-education pipeline and into the professional ranks appear especially promising.

One outcome of efforts to accelerate the participation of underrepresented groups in graduate
education is that many departments have modified their graduate program application requirements to
more effectively attract talented, high-achieving students from an increasingly diverse pool of candidates.
Indeed, there is an emerging sensibility around the imperative of equity-based holistic review—a practice
that has applicability not only for admissions, but also hiring, awards, grants, and leadership positions.
The AAS task force on diversity and inclusion in graduate education compiled lessons learned from the
movement to improve graduate admissions, recruitment, and mentoring, as well as program climate and
data use. Their recommendations were endorsed by the AAS in January 2019,%® amplifying
recommendations and toolkits from the first Inclusive Astronomy meeting that was convened in 2015 and
endorsed by the AAS (Figure 3.11).5"°® Importantly, one core recommendation from Inclusive Astronomy
in the “Power, Policy, and Leadership” category was that the Astro2020 decadal survey should “include
recommendations (i.e., not merely findings as in previous decadal surveys).” More generally, the
Inclusive Astronomy recommendations included a roadmap for establishing a “community of inclusive
practice,” engaging the astronomy community as a whole (including AAS committees such as SGMA,
CSMA, CSWA, and WGAD, among others)* in ongoing two-way engagement between professional
societies and the members that comprise them to create a much more powerful voice for the decadal
goals, as well as create a more engaged, diverse, and inclusive community of scientists working toward
COmMMmOon purposes.

Finding: Leadership by the astronomy community in the past decade has produced exemplary
efforts for inclusive excellence in graduate education, including the promotion and
implementation of equity-based holistic review practices for admission, evidence-based practices
for mentoring, and data-driven approaches to improved program climate.

% See https://aas.org/sites/default/files/2019-09/aas_diversity_inclusion_tf final_report_baas.pdf.

57 See https://tiki.aas.org/tiki-index.php?page=Inclusive_Astronomy_The_Nashville_Recommendations.

%8 See https://aas.org/posts/news/2017/02/inclusive-astronomy-nashville-recommendations.

%9 Committee for Sexual-Orientation & Gender Minorities in Astronomy (SGMA), Committee on the Status of
Minorities in Astronomy (CSMA), Committee on the Status of Women in Astronomy (CSWA), Working Group on
Accessibility and Disability (WGAD). https://aas.org/committees-and-working-groups.
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FIGURE 3.11 Following the example of three Women in Astronomy meetings over the past 20 years, the first
Inclusive Astronomy meeting, held at Vanderbilt University in 2015, produced the “Nashville Recommendations”
for making the astronomy and astrophysics community more diverse and inclusive from the undergraduate to
leadership levels. SOURCE: https://www.planetary.org/articles/0625-inclusive-astronomy; Courtesy of Donald
Pickert/Vanderbilt University.

In addition, an important principle to emerge from multiple National Academies reports
addressing discrimination and harassment (see below and Box 3.1), is that early-career scientists from
undergraduates to graduate students to postdocs need greater access than is currently the norm for funding
support that provides independence and flexibility (so as to lessen over-reliance on individual advisors
and/or hierarchical training relationships), while at the same time increasing access to more structured
opportunities for mentoring networks, evidence-based pedagogy, training for different career paths, etc.
Exemplar approaches suggested by, e.g., the National Academies report on the Science of Effective
Mentoring (2018) and the AIP National Task Force to Elevate African American Representation in
Undergraduate Physics & Astronomy (TEAM-UP) report (2019) includes connecting students to
structured cohort-based research training programs, such as the National Institutes of Health (NIH)
Maximizing Access to Research Careers (MARC) awards (undergraduate) and “T” training grant
programs (graduate), as well as independent fellowship funding at the postdoctoral level, and ensuring
that such funding is awarded to a broadly diverse set of institutions to ensure equitable access.*

Recommendation: NSF, NASA, and DOE should implement undergraduate and graduate
“traineeship” funding, akin to the NIH MARC and NIH “T” training grant programs, to
incentivize department/institution-level commitment to professional workforce
development, and prioritize interdisciplinary training, diversity, and preparation for a
variety of career outcomes.

Recommendation: NASA and NSF should continue and increase support for postdoctoral
fellowships that provide independence while encouraging development of scientific leaders
who advance diversity and inclusive excellence (e.g., NASA Hubble Fellows program, NSF
Astronomy and Astrophysics Postdoc program).

% For example, the NASA Hubble Fellows Program (NHFP) is conducting an independent, outside review of its
policies and procedures to improve equitable access and diversity in fellowship recipients and host institutions.
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3.3.5 Addressing Racism, Bias, Harassment, and Discrimination

No discussion of the factors shaping the profession would be complete without addressing the
uncomfortable but all-too-real challenges of racism, bias, harassment, and discrimination in the field.
Building toward a fully diverse and inclusive workforce is unequivocally a long-term priority for the
profession, and the persistence of discrimination in the field in any form—including in the forms of
racism, bias, and harassment—will continue to fundamentally hamper progress toward that important
goal. As noted by the SoPSI report, “discrimination in the profession (be it structural or between
individuals, overt or implicit) impacts (i) professional well-being by producing stress and other negative
health outcomes; (ii) equitable participation and advancement by not accounting for these differences in
experience and mental/emotional load when evaluating performance and outcomes; and (iii) economic
prosperity and innovation by limiting the degree to which minoritized populations can obtain and
maintain jobs in the profession and further a deeper understanding of the universe.”

These challenges extend beyond astronomy and have been addressed in numerous reports over
the past five years, including several National Academies studies highlighted in the Box 3.1, the 2019
report of the AAS Task Force on Diversity and Inclusion in Graduate Education,®* and an extensive report
from the AIP’s TEAM-UP (see Figure 3.12). The report’s recommendations® are grouped into five key
“factors” that include a sense of belonging, physics identity, academic support, personal support, and
leadership and structures. The principles here can also be applied to diversity efforts beyond the
undergraduate experience, including staff hiring such as engineers, administrators, and those from other
scientific backgrounds as well. The TEAM-UP report is an especially important and timely one for the
field, at a time when growing awareness of the effects of systemic racism continue to have significant,
substantive, and negative effects on the African American community specifically and communities of
color generally, and how these societal and structural problems present real barriers to inclusion for the
physics and astronomy community in particular.

Progress is also being made in implementing many of the recommendations from these various
reports. At the STEM-wide level the American Association for the Advancement of Science (AAAS)
STEM Equity Achievement (SEA) Change program® is a comprehensive initiative aimed at advancing
inclusion and persistence of scientists from historically underrepresented groups, and incorporates proven
self-assessment elements to establish goals and measure progress towards reaching them. In physics the
APS has initiated an Effective Practices for Physics Programs (EP3) program® that is aimed to implement
many of the TEAM-UP recommendations (including physics and astronomy departments). These
examples serve as models for the types of follow-up activities needed within astronomy itself.

Up to now this discussion has mainly focused on diversity and inclusion efforts in professional
education and academic departments, but improvements are needed in the research sector as well. The
funding agencies have also taken some proactive steps to mitigate bias in the awarding of resources for
research. Proposals for observations with NASA’s Hubble Space Telescope were the first to employ a
dual anonymous proposal review process in 2018, after analysis of gender-based proposal successes over
10 years demonstrated a small but consistent pattern of male Pl success exceeding that of women’s
success.® The effect on women’s success rates after implementing the dual anonymous review process
varies with proposal category and observing cycle. One large and noticeable effect of the implementation
of proposal review focused on the science and not on the scientists was a large increase in the percentages
of new principal investigators on a mature facility (Figure 3.13). NASA SMD is following with a trial
implementation of dual-anonymous proposal review procedures for selected programs in astrophysics and
beyond, and some NSF supported observatories are following suit as well. As a respected field influential

61 See https://aas.org/sites/default/files/2019-09/aas_diversity_inclusion_tf final_report_baas.pd.

62 See https://www.aip.org/diversity-initiatives/team-up-task-force.

83 See https://seachange.aaas.org/.

54 See https://ep3guide.org/.

% Reid, I. N. et al. 2014 PASP 126, 923 https://ui.adsabs.harvard.edu/abs/2014PASP..126..923R/abstract.
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in public opinion, astronomy’s move toward such equitable and inclusive practices may influence other
professions. It is encouraging to see NASA and NSF piloting and assessing the impact of this approach.

TH E TI M E Systemic Changes to Increase African

Americans with Bachelor’s Degrees in

Is Now Physics and Astronomy

Student quote excerpt from the AIP TEAM-UP Report:

“I've had two professors ask me why I’m in physics. They see
how much I’'m struggling. Like, “‘Why are you still a physics major? Why
do you want to do this?’ Multiple times. It’s like, ‘Well, I'm here because
this is what | want to do.” They’re like, ‘You’re making your life difficult
doing all this.” It’s very discouraging when you hear [this].”

FIGURE 3.12 AIP’s TEAM-UP (Task Force to Elevate African American Representation in Undergraduate
Physics & Astronomy) report explores the ongoing effects of racism in society and in physics and astronomy. The
report offers concrete recommendations to make the physics and astronomy community more inclusive and to
increase the representation of African Americans in the field. SOURCE: Courtesy of the American Institute of
Physics. bit.ly/TEAMUPReport.
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FIGURE 3.13 Percentage of first time principal investigators with successful proposals to use the Hubble Space
Telescope, as a function of observing cycle. Observing cycles 26, 27, and 28 utilized a dual-anonymous peer review
process, which has had a significant impact on bringing in new investigators, even two and a half decades after the
launch of the observatory. SOURCE: https://www:.stsci.edu/contents/newsletters/2020-volume-37-issue-02/hst-stsci-
update?Volume=7c634b8f-a80c-496b-b5c7-5aaee88610f4&filterUUID=7b401d2c-07¢c2-4980-b769-
77bc6ebf33ae&filterPage=newsletters&filterName=filter-articles; Courtesy of R.A. Osten/STScl.
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Finding: NASA and some NSF supported observatories have implemented a trial of dual-
anonymous procedures as part of its proposal merit review process, in a proactive effort to
mitigate bias in proposal evaluation and selection.

Even so, much more remains to be done. As indicated by a number of widely reported cases in
astronomy and astrophysics in the past decade, the astronomy and astrophysics profession cannot yet
claim to have eliminated the scourges of sexual harassment and discrimination that continue to afflict
many professions. Indeed, as powerfully illustrated in the recent National Academies (2018) report on
Sexual Harassment of Women: Climate, Culture, and Consequences in Academic Sciences, Engineering,
and Medicine, the “obvious” or most blatant cases often represent only the tip of the proverbial iceberg,
and the data reveal that experiences of sexual harassment and discrimination remain much more
widespread than many scientists imagine or would like to admit.®® For example, the (2018) report reveals
that, “the academic workplace (i.e., employees of academic institutions) has the second highest rate of
sexual harassment at 58 percent (the military has the highest rate at 69 percent).” Academic science is,
evidently, a high-risk workplace for a certain type of occupational safety hazard.

To be sure, the situation today is certainly better in many ways compared to a time when
harassment was more pervasive and blatant, and some types of discrimination were even legally
permitted. But such a comparison is small comfort given how prevalent harassment and discrimination
remain, and it certainly does not represent a high bar for fairness, let alone excellence.

Conclusion: The persistence of harassment and discrimination in astronomy and astrophysics is

intolerable, and must not be tolerated if the astronomy and astrophysics profession is to retain and
successfully draw from the full diversity of talent available, not to mention avoiding the toxic and
corrosive effects that such behaviors have on individuals, organizations, and the entire profession.

What needs to be done to fully address this issue once and for all is not a mystery; there are well-
established best practices, documented solutions, and veritable how-to guides that can be implemented at
the individual, organizational, and profession-wide levels (see Box 3.1) that the astronomy and
astrophysics community could endorse, adopt, and most importantly, work deliberately to implement.
These include an especially important role for the federal funding agencies that, backed by existing
federal laws, can use the power of the purse as a forcing function to help drive needed change.

Finding: There are best practices to eradicate and prevent harassment and discrimination, and to
promote healthy and inclusive work cultures across the astronomy and astrophysics profession,
described in detail in previous National Academies and other reports.

That the solutions sit before us, yet harassment and discrimination persist, is a disgrace. That
perpetrators of harassment and discrimination are not decisively and consistently stopped—indeed, that
they are sometimes tolerated or even professionally rewarded despite their shameful behavior—is a
profound injustice to people who have been harmed and is morally wrong. And it is ultimately, as
multiple recent reports argue, a failure of leadership to muster the courage to break free of organizational
blame-avoidance: “Too often, interpretation of Title IX and Title VII has incentivized institutions to
create policies and training on sexual harassment that focus on symbolic compliance with current law and
avoiding liability, and not on preventing sexual harassment” (see Box 3.1). Just as hazardous workplaces
such as factories and construction sites carefully track and publicly report the number of work-days
without injuries, let astronomy strive as a profession for nothing less than a 100 percent safety record (i.e.,
no tolerance for those who abuse their position and their colleagues) with regards to harassment and

% See the widely circulated iceberg infographic from National Academies report Sexual Harassment of Women:
Climate Culture, and Consequences in Academic Sciences, Engineering, and Medicine (2018).
https://www.nap.edu/visualizations/sexual-harassment-iceberg/.
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discrimination in our classrooms, laboratories, observatories, research centers, and everywhere that
members of the profession—and those who aspire to it—do their work.

Recommendation: NASA, NSF, DOE, and professional societies should ensure that their
scientific integrity policies address harassment and discrimination by individuals as forms
of research/scientific misconduct.

BOX 3.1 Harassment and Discrimination

Since 2018, the National Academies of Sciences, Engineering, and Medicine have released
multiple consensus reports that have taken a systemic look at addressing harassment and discrimination as
key issues in higher education and academic research: Sexual Harassment of Women: Climate, Culture,
and Consequences in Academic Sciences, Engineering, and Medicine; Graduate STEM Education for the
21st Century; The Science of Effective Mentorship in STEMM; and Minority Serving Institutions:
America’s Underutilized Resource for Strengthening the STEM Workforce; as well as the Exoplanet
Science Strategy report.*

A common theme in these reports is to situate the issue of sexual harassment and discrimination
within the broader cultures of academia and scientific work environments. As described in the National
Academies report on Sexual Harassment of Women: “Four aspects of the science, engineering, and
medicine academic workplace tend to silence targets of harassment as well as limit career opportunities
for both targets and bystanders: (1) the dependence on advisors and mentors for career advancement; (2)
the system of meritocracy that does not account for the declines in productivity and morale as a result of
sexual harassment; (3) the “macho’ culture in some fields; and (4) the informal communications network,
through which rumors and accusations are spread within and across specialized programs and fields.”?

The reports furthermore identify the incentive and reward systems of academic science as critical
drivers of individual and organizational behavior. Five features in particular, especially in combination,
are found to be most predictive of toxic workplace environments: (1) a perceived tolerance for harassment
or discrimination, which is the most potent predictor of these occurring in an organization; (2) male-
dominated work settings in which men are in positions of authority—as deans, department chairs,
principal investigators, and dissertation advisors—and women are in subordinate positions as early-career
faculty, graduate students, and postdocs; (3) environments in which the power structure of an organization
is hierarchical with strong dependencies on those at higher levels; (4) a focus on “symbolic compliance”
with federal laws that should have teeth if properly implemented—especially Title IX and Title VII—
resulting in policies and procedures that protect the liability of the institution but are not effective in
preventing harassment and discrimination; and (5) leadership that lacks the intentionality and focus to
take the bold and aggressive measures needed to reduce and eliminate harassment and discrimination.

In addition, the reports reach broad consensus that the federal legal framework alone is essential,
but is by itself not adequate for reducing or preventing sexual harassment and discrimination. Indeed, one
of the major recommendations of the 2018 report is that “academic institutions, research and training
sites, and federal agencies should move beyond interventions or policies that represent basic legal
compliance and that rely solely on formal reports made by targets.”® The report argues that there must be
proactive, not reactive, efforts to create “diverse, inclusive, and respectful work environments,” to
improve transparency and accountability through appropriate statistical reporting regarding incidence
numbers and rates, to diffuse hierarchical and dependent relationships, to provide support for victims and
targets, and importantly to strive for strong and diverse leadership.

These reports further highlight the role that federal agencies, which control research funding, can
play in enacting long-lasting change. Indeed, some significant steps are already underway, at least with
respect to holding grantee institutions more accountable. Finally, discussions in the literature and in the

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
3-27

Copyright National Academy of Sciences. All rights reserved.



http://www.nap.edu/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

community have in recent years begun to broaden the view of harassment and discrimination to be more
inclusive of all identity categories, toward the more all-encompassing notion of “identity-based
discrimination” (see, e.g., National Academies workshop report on The Impacts of Racism and Bias on
Black People Pursuing Careers in Science, Engineering, and Medicine: Proceedings of a Workshop,
2020%). ldentity-based discrimination includes both differential treatment (including harassment) on the
basis of identities and ostensibly neutral practices that produce differential impacts owing to identity (see,
e.g., National Academies Promising Practices for Addressing the Underrepresentation of Women in
Science, Engineering, and Medicine: Opening Doors, 2020°). More such studies are needed, as well as a
more complete development of identity-based discrimination within the larger legal and regulatory
framework. As noted by the SoPSI report, “cultural shifts around identity-based harassment require
second-order theories of change (i.e., addressing underlying priorities and norms, not just reforming
policy and practice) and an intersectional lens (i.e., attending to experiences of people with multiple
marginalized identities).”

! National Academies of Sciences, Engineering, and Medicine (NASEM). 2018. Sexual Harassment of Women:
Climate, Culture, and Consequences in Academic Sciences, Engineering, and Medicine. Washington, DC: The
National Academies Press. https://doi.org/10.17226/24994. NASEM. 2018. Graduate STEM Education for the 21st
Century. Washington, DC: The National Academies Press. https://doi.org/10.17226/25038. NASEM. 2019. The
Science of Effective Mentorship in STEMM. Washington, DC: The National Academies Press.
https://doi.org/10.17226/25568. NASEM. 2019. Minority Serving Institutions: America’s Underutilized Resource
for Strengthening the STEM Workforce. Washington, DC: The National Academies Press.
https://doi.org/10.17226/25257. NASEM. 2018. Exoplanet Science Strategy. Washington, DC: The National
Academies Press. https://doi.org/10.17226/25187.

2 NASEM. 2018. Sexual Harassment of Women, p. 3.

% 1bid., p. 181.

4 NASEM. 2020. The Impacts of Racism and Bias on Black People Pursuing Careers in Science, Engineering, and
Medicine: Proceedings of a Workshop. Washington, DC: The National Academies Press.
https://doi.org/10.17226/25849.

> NASEM. 2020. Promising Practices for Addressing the Underrepresentation of Women in Science, Engineering,
and Medicine: Opening Doors. Washington, DC: The National Academies Press. https://doi.org/10.17226/25585.

3.3.6 Demographics Data, Outcomes, and Accountability

Across astronomy and astrophysics, there is a growing emphasis on making the field a place
where everyone can thrive. However, while ideas abound for improving inclusion and access, it is not
possible to assess whether any strategy is working without the associated data to measure what is
happening. Obtaining these critically needed data remains a challenge. For example, the SoPSI panel
requested data on astronomy-related programs from NASA, NSF, and DOE as well as management
organizations for major astronomical facilities. Requested data included demographics of staff,
contractors, review panels, proposers, and awardees of grants and fellowships, along with data on agency
programs and funding that promote broader access to opportunities and reduce barriers to achieving
success in the field for underrepresented groups. Unfortunately, the data produced by the federal agencies
were minimal.

While all three agencies collect some demographic data (usually binary gender, race, and
ethnicity) on staff and applicants for funding, several issues are clear. First, the agencies do not collect
and track the same quantity or categories of demographic data. NSF has gathered demographic
information for many years but only publishes it in aggregated form.®”®® In response to a 2015 critique by

57 NSF’s National Center for Science Engineering Statistics www.nsf.gov/statistics/about-ncses.cfm#service
% Report on Merit Review, 2019 www.nsf.gov/statistics/about-ncses.cfmé#service.
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the Government Accountability Office,® NASA began collecting additional demographic data through its
proposal submission website, the NASA Solicitation and Proposal Integrated Review and Evaluation
System (NSPIRES),” but the data are not yet publicly available. The DOE Portfolio Analysis and
Management System (PAMS) collects demographic data on applicants,” but is not designed for data
analysis, and separate program offices within the Office of Science maintain their own databases.
Individual laboratories within the Office of Science do collect and report demographic data on employees,
though not on facility users (e.g., Argonne National Laboratory’?).

Second, the policies of the agencies differ concerning public release of the information. NASA
shared some information on the inferred binary gender of awardees (based on given names). By contrast,
NSF declined to share specific information of this type, reserving the specific data it gathers for use in
internal reviews and assessments. Third, even when the requested data was collected, it was not made
readily available or the committee would have had to aggregate the information itself. Finally, none of the
agencies appear to track programs and funding aimed at promoting diversity and inclusion.

There is an excellent precedent from the NIH, which has for decades collected demographic
information from researchers in its external grants program (currently about 80,000 applications/year,
larger than NASA’s, NSF’s, and DOE’s grants programs combined). This process is managed by the
Office of Extramural Research through their electronics grant system, the Electronic Research
Administration (eRA). The funding agencies for astronomy and astrophysics are in the best position to
collect, evaluate, and make available demographic data to provide a comprehensive picture of the
workplaces of the Profession and the experiences of its people in it, and track funding specifically aimed
at promoting community values. The NIH provides an example for the agencies to emulate.

Recommendation: NASA, NSF, and DOE should implement a cross-agency committee or
working group tasked with establishing a consistent format and policy for regularly
collecting, evaluating, and publicly reporting demographic data and indicators pertaining
at a minimum to outcomes of proposal competitions.

For any system of accountability to be meaningful, there must be clear expectations and guidelines that
specify the basis for evaluation. To the extent that the profession expects improved outcomes with regards
to workforce development, equity, diversity, and inclusive excellence, there must be alignment between
these values and the criteria by which success and excellence are measured and evaluated. As the saying
goes, “measure what you value, instead of valuing only what you happen to measure.” This is especially
important in the context of funding awards, since these are arguably the most effective levers for
communicating expectations and for incentivizing the outcomes that the community values. NSF
currently incorporates proposal evaluation criteria for outcomes related to workforce development,
training, diversity, etc., in the form of its “broader impacts criterion”, which explicitly values “broadening
participation of underrepresented groups”, among other criteria. NASA and DOE do not in general
include similar evaluation criteria for funding awards at either the individual investigator or mission
levels. Such criteria need to be adapted to the scale of the projects; expectations for documenting
diversity, training, and workforce development efforts for a NASA Explorer or Probe project, for
example, would clearly be greater than for an individual investigator grant. However, this need for
flexibility does not disqualify agencies from establishing such guidelines. The SoPSI Panel report
provides examples of criteria that might be established, for example describing plans for achieving
diversity; participation in agency-sponsored demographic and climate assessments; mentoring and
advising plans for project students and postdocs, and others. In this context we interpret diversity to

8 “\Women in STEM Research: Better Data and Information Sharing Could Improve Oversight of Federal
Grant-making and Title IX Compliance”, https://www.gao.gov/products/GAO-16-14.

70 See nspires.nasaprs.com/external/.

1 See www.energy.gov/science/office-science-funding/sc-portfolio-analysis-and-management-system-pams.

2 See www.anl.gov/hr/argonne-employee-demographics.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
3-29

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

encompass not only demographic diversity but also possibly institutional and/or geographic diversity,
depending again on the appropriateness of such criteria for the nature and scale of the projects being
proposed. For small and individual investigator projects, approaches similar to the NSF “broader impacts”
requirements may be more appropriate, but the same principles of commitment to and accountability for
addressing diversity and inclusion apply.

Recommendation: NASA, DOE, and NSF should consider including diversity—of project
teams and participants—in the evaluation of funding awards to individual investigators,
project and mission teams, and third-party organizations that manage facilities.
Approaches would be agency specific, and appropriate to the scale of the projects.

Agencies may need to provide resources, including access to appropriate experts, to support the
community in responding positively and successfully to enhanced criteria and accountability mechanisms,
especially for proposers working at institutions where such support is not provided locally.

3.4 ASTRONOMY’S SUSTAINABLE FUTURE: CLIMATE, LIGHT, LAND AND
COMMUNITIES

Astronomical activities do not occur in vacuum, disconnected from other global concerns. To the
contrary, how and where astronomers conduct their work can both endanger, and be endangered by, the
rights and activities and concerns of others. Indeed, some of these concerns rank among the most pressing
global challenges of our time, from climate change to human rights. Consequently, the future of
astronomy, like the future of so much of the world to which it is bound, will depend on the development
and implementation of more sustainable practices and partnerships with the global community,
commercial ventures, and Earth.

For example, astronomical data collection from the ground suffers from increasing levels of
electromagnetic encroachment (e.g. “light pollution”) by telecommunications and navigation systems,
systems that otherwise represent high-value commercial interests and that are highly valued by billions of
people around the world. And like all people, astronomers, in their individual and collective choices and
actions, contribute to the carbon footprint that literally imperils life as we know it. At the same time,
astronomical facilities on the ground are constructed on lands that are in some cases regarded as hallowed
or revered with human, cultural significance by local and/or indigenous peoples. A renewed focus on
sustainability is therefore also intertwined with the need for the development of a new model for
respectful, collaborative decision-making in partnership with Indigenous and other local communities.

3.4.1 Engagement with Local and Indigenous Communities: The Model of Community Based
Science

Much of astronomy is conducted on the ground—ground that is governed by laws, regulated by
governmental entities, and in many cases regarded as hallowed or revered with cultural significance.”
Nowhere do these overlapping concerns manifest themselves more poignantly and pointedly than in the
case of lands that have significance for Indigenous communities. Engaging with Indigenous communities
requires deliberate, respectful efforts to consider the many, complex factors both intrinsic and extrinsic to

3 The Survey drew heavily for this section from a set of white papers submitted by the community, including
especially those entitled “Ka Kia’i Mauna: Historical and Ongoing Resistance to Industrial Astronomy Development
on Mauna Kea, Hawai’i”, “Impacts of Astronomy on Indigenous Customary and Traditional Practices As Evident at
Mauna Kea”, “A collective insight into the cultural and academic journeys of Native Hawaiians while pursuing
careers in physics and astronomy”, “Collaboration with Integrity: Indigenous Knowledge in 21st Century
Astronomy”, and others cited in the SoPSI panel report.
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astronomy, legal and extralegal, as well as societal histories, that span decades or even centuries. The
specific case of Maunakea is an example that recently has involved tensions and has a long history
wrapped up in the formation, history, and future plans for the Mauna Kea Science Reserve. See Box 3.2
“Mauna Kea Science Reserve.””

At the same time, strides have been taken within other scientific disciplines to create even broader
“community based” models of active, up-front, and sustained engagement with local and Indigenous
communities (See Figure 3.14). While there have been efforts in the past decade to increase the economic,
cultural, and educational benefits of astronomy facilities for local and Indigenous communities (See
Section 3.3.3), astronomy is not the only scientific discipline to have found itself at odds with the values
and needs of local communities impacted by research activities. In the ways that astronomy and
astrophysics research often involves literally “breaking ground” on sacred land and involves paradigms
for authoritative knowledge that may differ from those of Indigenous cultures, astronomy is in many ways
similar to the field of archaeology. Archaeology has evolved over time from a harmful past toward
professional norms and ethical practices that are more respectful of local cultures, more reflective of the
needs of local people, and more empowering of communities.” See Box 3.3 “The Model of Community
Based Science.”

Finding: There have been strides within other scientific disciplines to create “community based”
models of active, up-front, and sustained engagement with local and Indigenous communities
based on partnership.

BOX 3.2 50 Years of Astronomy on Maunakea: the Mauna Kea Science Reserve’®

Maunakea is part of land that was taken from the Hawaiian Kingdom during its colonization in
the late 1800s. These lands were converted to the status of “public lands™ when Hawaii became a U.S.
state in 1959. Maunakea has great cultural and religious significance for Native Hawaiians (Kanaka
Maoli); many view the development of astronomical observatories on Maunakea to be part of a larger
threat to their cultural heritage. Some are concerned about environmental impacts of large facilities on the
site, as well as other issues.

For the past 50+ years, the summit of Maunakea has provided conditions for astronomical
observations that are nearly unrivalled compared to any other site on Earth’s surface, with exceptionally
dark skies and dry air, median seeing of 0.65 arcsec at 0.6 micron, and good photometric conditions about
70 percent of the time.”” As a result, this site has attracted enormous investments in astronomical facilities
by multiple countries, including the U.S. These include some of the largest and most powerful ground
based visible-light and near-infrared telescopes on Earth, as well as facilities that observe at submillimeter
wavelengths. Furthermore, the topography of the smooth volcano combined with the prevailing wind
flows lead to the atmospheric turbulence being largely confined within about 100 m of the surface,
making this site one of the most promising for future ambitious telescope projects that will utilize ground
layer adaptive optics, such as the Thirty Meter Telescope (TMT).

4 “Maunakea” is the proper name of the mountain. “Mauna Kea” is used in published or legal documents, such
as in “Mauna Kea Science Reserve.” http://www.malamamaunakea.org/articles/9/Maunakea.

5 Acknowledging that the term “empower” could imply an imbalance in which one group has the right to grant
power to another; the intent here is to recognize the power and autonomy that is a right of all people.

76 See Appendix N, Section N.6.7.1 for further discussion of tensions regarding current construction on
Maunakea.

7 D. Simons, et al., The Future of Mauna Kea Astronomy, white paper.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
3-31

Copyright National Academy of Sciences. All rights reserved.



http://www.nap.edu/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

The combined scientific impact of the Maunakea Observatories is world leading.’”® Moreover, the
collective capital value of these facilities, considering construction costs alone, is in excess of $1 billion,
and much more than that considering upgrades and instrument suites; this essentially represents a lower
limit to the replacement cost would it become necessary to “move” all current operations elsewhere.
Decommissioning these facilities is also nontrivial—the estimated cost of site restoration can be as much
as $10 million or more per facility.

Ongoing improvements of capabilities of existing platforms on Maunakea, and the potential
addition of TMT as a major new platform, are expected to revolutionize ground-based astronomy. In
addition, activities on Maunakea are major sources of revenue for the State of Hawaii.” Furthermore,
access to the site by the State of Hawaii’s university system is a significant opportunity for increasing the
engagement of Native Hawaiian students with astronomy and for training of students for entry into the
astronomy profession specifically or into the STEM workforce more generally.®

In 1968, the University of Hawaii received a Master Lease from the State of Hawaii to manage
the Mauna Kea Science Reserve (MKSR), a ~13,000 acre region surrounding the summit of Maunakea.®*
This lease will expire in 2033. It is anticipated that a proposal to negotiate continued land authorization
will be brought before the Board of Land and Natural Resources in 2021 (this may have occurred by the
time this report is published). Recently, an internal restructuring of the management of Maunakea has
been approved by the Board of Regents of the University of Hawaii. Established in August 2020, the
Center for Maunakea Stewardship is drafting a new master plan for the Mauna Kea Science Reserve to,
“outline a vision for Maunakea that balances cultural practice, recreation, the unique educational and
researchsgpportunities and scientific discovery offered on Maunakea, with minimal disturbance to the
mauna.”

In 2020, the National Science Foundation issued a statement that “potential construction of TMT
on Maunakea is a sensitive issue and plans to engage in early and informal outreach efforts with
stakeholders, including Native Hawaiians, to listen to and seek an understanding of their viewpoints.”® In
addition, the Governor of the State of Hawaii has issued a 10-point plan to guide future activities on the
mountain, including plans for restricting the duration of future leases and for limiting the number of
telescopes through decommissioning of some existing facilities, as also determined by the State of Hawaii
Board of Land and Natural Resources.?*858

78 See https://www.eso.org/sci/libraries/edocs/ESO/ESOstats.pdf.

79 See https://uhero.hawaii.edu/wp-content/uploads/2019/08/UHERO_Astronomy_Final.pdf

80 Current programs include https://maunakeascholars.com/ for high school students and
https://www.akamaihawaii.org/ for undergraduates and professionals.

81 See http://www.malamamaunakea.org/management/comprehensive-management-plan.

82 See https://hilo.hawaii.edu/maunakea/.

8 See https://www.nsf.gov/news/news_summ.jsp?cntn_id=301034&0rg=AST.

84 See https://governor.hawaii.gov/newsroom/news-release-governor-david-ige-announces-major-changes-in-
the-stewardship-of-mauna-kea/.

8 See http://www.malamamaunakea.org/management/comprehensive-management-plan/decommissioning.

8 See https://dInr.nawaii.gov/occl/files/2019/08/3568-TMT-Final-Decision-and-Order.pdf.
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BOX 3.3 The Model of Community Based Science

Community Archaeology is the practice of archaeological research in which “at every step in a
project at least partial control remains with the community”®’ with an emphasis on continually and
meaningfully addressing the questions, “Who has access to [the] research? Who benefits? In what
ways?”® The goal is to engage in genuine, two-way dialogue between researchers and the affected public
from the outset, thereby to understand the types of investment—political, social, and/or material—that
will best empower involved communities and lead to research activities that are “engaged, relevant,
ethical, and, as a result, sustainable.”® It is important to note that “involved communities” here are not
necessarily limited to legally sovereign entities. Indeed, the sense of “at least partial control” is best
understood in precisely these situations; it is intended to be an empowering notion. Whereas recognizing
and respecting sovereignty where it exists (such as with many Native American tribes) is mandatory, the
model of community-based science calls for researchers not to insist on exclusive control even in
situations where it would be legally permitted to do so.

There are now a number of successful case studies of Community Archaeology in practice that
can serve as exemplars for what we might regard as a Community Astronomy approach. For example, the
excavation at Cancuén, Guatemala, nearly 20 years ago worked with the local community to develop a
shared governance model that sought to maximize both the intellectual and financial contributions that a
major research project can make to the communities around the site.*® Together with representatives of
the local communities, the project created a research and community development plan that recognized
the local people “as custodians of their own heritage.” Recognizing that Indigenous people often have an
interest in learning more about their own heritage and traditional ways of knowing, the community
representatives were included in the selection of research projects at the site, were empowered to choose
revenue generating projects of interest to them (e.g., ecotourism), and remained integrally involved in
planning and stewardship of site preservation and restoration.

Additional examples of community-based approaches have been documented in other National
Academies reports. For example, a recent report discusses ethical considerations for forestry research,
finding that “some spiritual traditions understand entire forests, or individual trees within forests, as being
sacred, inspirited, or of moral significance, and therefore as requiring respect or imposing duties,” and
that “depending on how biotechnology is understood by these indigenous communities, its use could be
interpreted as violating the right to manifest, practice, develop and teach their spiritual and religious
traditions, customs and ceremonies; the right to maintain, protect, and have access in privacy to their
religious and cultural sites.”®* A report on Earth science research finds that “incorporating concepts like
ethnogeology (how geological features are interpreted by cultures) into lessons can increase the
accessibility of the Earth sciences. Presenting Earth sciences in a way that is commensurate with, rather
than in opposition to, native perspectives of Earth systems has had some success and is worthy of
[funding agency] education resources.”%

An especially apt example for astronomy is from a polar research report on the development of an
Arctic Observing Network (AON): An “inclusive vision of the AON is desired by many arctic residents
who view their environment in a holistic way.* This committee respects that desire and acknowledges the
importance and value” of “involv[ing] arctic communities in true partnership from the outset and

87 Yvonne Marshall (2002) What is community archaeology?, World Archaeology,

34:2,211-219, DOI: 10.1080/0043824022000007062.

8 See https://www.ucpress.edu/book/9780520273368/community-based-archaeology, p. 12.

8 Ibid.

% See https://science.sciencemag.org/content/309/5739/1317.

91 See https://www.nap.edu/catalog/25221/forest-health-and-biotechnology-possibilities-and-considerations.
92 See https://www.nap.edu/catalog/13236/new-research-opportunities-in-the-earth-sciences.

9 See https://www.nap.edu/catalog/11607/toward-an-integrated-arctic-observing-network.
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recognizes that the inclusion of local and traditional knowledge and community-based monitoring will
require a significant new investment and appreciation of local language, multiple literacies, and
intellectual property rights.” The report further argues for “collaboration with local communities and
incorporation of local and traditional knowledge (LTK)” but that this “will take significant investment of
time and resources and careful consideration of proper communication, data collection methods, and
access and control of information.” The report concludes with the following recommendation: “Arctic
residents must be meaningfully involved in the design and development of all stages of the Arctic
Observing Network. From the outset, the system design assessment should cultivate, incorporate, and
build on the perspectives of human dimensions research and arctic residents. The Arctic Observing
Network must learn what is needed to facilitate the involvement of local communities and create an
observing network that is useful to them as well as to scientists and other users.”

SONYA ATALAY

COMMUNITY-BASED
ARCHAEOLOGY

Research with, by, and for Indigenous and Local Communities

FIGURE 3.14 Community-based science—a model for research in which at every step in a project at least partial
control remains with the community—is an approach that has been implemented to various degrees in archaeology,
forestry, arctic science, and others. It can serve as an example for a Community Astronomy approach to active, up-
front, and sustained engagement with local and Indigenous communities. SOURCE: Cover art by Daphne Odjig
from S. Atalay, 2012, Community-Based Archaeology: Research with, by, and for Indigenous and Local
Communities, University of California Press; reproduced with permission.

Astronomy can follow the example of archaeology, forestry, arctic science, and others to develop

a Community Astronomy approach toward a more sustainable model of engagement with local and
Indigenous communities. Such a community-based model requires first that the astronomy community
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adopt and communicate a shared set of values and principles that guide it. These values for how to
conduct ourselves and engage with one another include: Respect, Reciprocity, Trust, and Integrity.

To be sure, these are not the only shared values, and they are not unique to this matter. At a
minimum these values speak specifically to both the failures of past engagements and to the healing
required for positive sustained engagement going forward. To ensure alignment of current and future
engagements with these shared values, the astronomy community could commit to the following
principles specifically as part of a Community Astronomy model:

e Listen and empower. Make every effort to ensure all stakeholders are heard; while it may not
be possible for all to have a formal say or vote in every matter, all can have a voice, and all
stakeholder voices deserve to feel listened to. At the same time, a true community-based
approach empowers the local community with at least partial control, even if power-sharing
is not legally required (see Box 3.3); actively listening to the community means giving the
community a seat at the table where decisions are made and where governance occurs.

e Aimto do good for all. The astronomy community adopts a higher standard than the bare
minimum of legal compliance. Beyond the scientific benefits, astronomical activities would
ideally add human value—educational, cultural, economic—respecting that different
communities and cultures may ascribe value in different amounts or kinds, and may judge
worth and worthiness through different lenses. A corollary is that the astronomy community
must be willing to sometimes make difficult choices, and to be open to alternative solutions
that optimize more than the science alone.

e Invest in the future, together. We cannot change the past, but we can make effort—
extraordinary effort, if necessary—to work in partnership with communities and stakeholders
to create a future defined by positive, long-lasting mutual benefit and respect for diverse ways
of knowing. Communities and stakeholders are defined not by legal status alone but also by
history, by potential impacts, and by opportunities. Regardless of the ground we stand on, we
share a wonderment of one sky, and the quest for human understanding and connection with
the cosmos can only be realized through full engagement of our diverse human talents.

Recommendation: The astronomy community should, through the American Astronomical
Society in partnership with other major professional societies (e.g., American Physical
Society, American Geophysical Union, International Astronomical Union), work with
experts from other experienced disciplines (such as archaeology and social sciences) and
representatives from local communities to define a Community Astronomy model of
engagement that advances scientific research while respecting, empowering and benefiting
local communities.

In support of this important goal, the astronomy community will need to seek to affirm,
communicate, and continually reaffirm the astronomy community’s framework of values and principles
above for engagement with all stakeholders. The astronomy community could, as a sign of mutual
respect, implement new journal citation standards, developed in partnership with Indigenous
communities, that can be used in journal articles and talks in order to appropriately and respectfully credit
Indigenous Traditional knowledge, oral histories, and protocols, and acknowledge the use of historically
Indigenous lands. In addition, in alignment with other recommendations in this report toward increased
transparency and accountability, facilities could engage in proactive efforts to assess local, societal, and
cultural impacts—through a Community Astronomy approach that goes beyond mere regulatory
compliance—including all stakeholders; as recommended in a previous National Academies report,
“facility design should cultivate, incorporate, and build on the perspectives of human dimensions
research.”® Facilities could also report openly and regularly on these assessments, and make plans for

% See https://www.nap.edu/catalog/11607/toward-an-integrated-arctic-observing-network.
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ongoing improvements, throughout the full life cycle of a project, that reflect the perspectives of all
stakeholders. Finally, they would ensure that local stakeholders have meaningful influence—including
through decision-making and governance structures at every stage—and involve local stakeholders in
periodic assessments of when to decommission facilities.

In conclusion, there is the example of Arecibo Observatory, which at the time of this writing
experienced an unexpected and catastrophic loss due to a support cable failing and leaving a 100-foot
gash in the dish below and collapse of the platform and towers. In November, 2020, NSF announced the
beginning of its plans to fully decommission the facility.*® The observatory has, over the course of its
nearly 60-year history, become very highly regarded by many of Puerto Rico’s citizens, as a source of
pride and local economic benefit, as well as of access to training and employment for many local people.
Already, there is a groundswell of local support for efforts to preserve the site for educational and cultural
activities even if not for research; recognizing the challenges of maintaining the visitor’s center while the
future is being planned, Astro2020 supports its continuation as an important nexus for education,
community, and developing a diversified STEM workforce. The future of the Arecibo site for scientific
research is discussed further in Section 5.1.5. As in the case of Maunakea and other sites, a Community
Astronomy approach could fruitfully guide NSF, the local community, and the astronomy community in
making plans for the disposition and future manifestation of Arecibo in a manner that is consistent with
the scientific and programmatic priorities of this decadal report and that reflects the values and principles
articulated above.

Conclusion: NSF, NASA, DOE, facility managing organizations, project consortia, individual
institutions, and other stakeholders can work to build partnerships with Indigenous and local
communities that are more functional and sustained through a Community Astronomy approach,
and by increasing the modes of engagement and funding for: (i) meaningful, mutually beneficial
partnerships with Indigenous and local communities, (ii) culturally supported pathways for the
inclusion of Indigenous members within the profession, and (iii) true sustainability, preservation,
and restoration of sites.

3.4.2 Light Pollution and Radio Frequency Interference

The sensitivity of ground-based optical telescopes has been impacted by human-made light
pollution for more than a century. The search for darkness has driven new observatories to remote sites,
while pursuing local regulations to mitigate light pollution and interference. Nonetheless, increasing
human population density and new technologies such as light-emitting diode (LED) fixtures continue to
encroach on major observatory facilities (including the Vera Rubin Observatory). The collection of radio
frequency data for astronomical use has had impacts from sources of radio frequency interference almost
from the origins of radio astronomy. Recent developments in technology designed to improve quality of
life such as car radar and radio frequency identification tags among others, increase the amount of radio
frequency interference experienced by radio astronomers. Satellite constellations pose a parallel threat to
the radio sky as to ground-based optical telescopes.

3.4.2.1 Light Pollution from Satellite Constellations

In the coming decade a new technological advancement threatens ground-based optical
observatories. Earth-orbiting satellites have always been visible to astronomical telescopes (and human
eyes), but their numbers were small enough they had minimal scientific impact. The situation is rapidly
changing. Vastly reduced satellite launch costs, effective networking technologies, and ambitions for

% See Section 5.1.5 for a detailed discussion of the Arecibo Observatory.
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global low-latency data-transmission have advanced plans for so-called “megaconstellations.” Since mid-
2019 when the Astro2020 Decadal Survey process began, the number of large (>100 kg) satellites in low
Earth orbit has increased by an order of magnitude, and this extremely rapid growth is likely to accelerate.
At the time this report was being prepared, three major constellations (SpaceX Starlink 1% and 2"
generation, OneWeb Phase 2, and Amazon Kuiper) were being proposed with a total of tens of thousands
of satellites in low Earth orbit.®® This landscape is evolving very rapidly, but the threats to nighttime
astronomy as well as radio astronomy (Section 3.4.1.2 below) are clear.

Finding: Under current proposals the number of large low Earth orbit satellites will increase by
orders of magnitude compared to 2018 levels, owing to reductions in launch costs, expected
increasing demand for internet connectivity, and increasing effectiveness of networked satellites.

Spacecraft in low-Earth orbit also experience contamination from these satellites crossing their
field of view,*” and this is an important consideration for space assets in this region in the present and
future. The topic of space debris is one that has long had the attention of NASA, and the increased
number of satellites in these megaconstellations will almost certainly affect collision frequency. While
these are still of concern, the new threat to the dark skies of ground-based optical astronomy is the one
that requires assessment due to the new and changing environment.

Thousands of these satellites will be easily detected by modern telescopes, with their brightness
depending on the time of night, position above the horizon, and on the phase of the satellite’s life cycle.
The satellites are only visible at visual wavelengths when sunlit, and thus are most visible during twilight,
or at low elevations looking in the sunset or sunrise direction. Higher-altitude satellites may be somewhat
fainter but will remain in sunlight longer and at higher elevations, and hence have larger impacts; during
summer, some satellites at 1000 km altitude may be visible through the entire night.

A satellite’s brightness varies both with distance and the satellite’s orientation. The visually-
striking Starlink “trains” occur only for the early phase of a satellite’s life-cycle, after a group of satellites
has been deployed and while they are being raised to operational altitude. During this phase, large
surfaces such as solar panels are visible from Earth and the satellites may be comparable in brightness to
naked eye stars seen in twilight. In the operational phase, the satellites are no longer concentrated in a
single train, and their solar panels are oriented towards the Sun; reflections off the satellite lower surface
are fainter (but often still visible to the naked eye), with a prospect of reducing that further. Other
satellites will likely show similar behavior depending on their design details.

Wide-field imaging survey telescopes such as the Vera Rubin Observatory suffer the most severe
impacts from megaconstellations. Its large field of view increases the probability of a satellite being present,
particularly for science programs that are executed in twilight and at low elevation such as near-Earth object
(NEO) searches for asteroids. Impacts may also be significant for programs that rely on extreme control of
systematics such as large cosmological weak-lensing surveys. The large aperture of Rubin Observatory
means that the satellite will approach or exceed the saturation level of the detector. Cross-talk between
different detectors in the camera will result in multiple ghost trails whose brightness is a nonlinear function
of the main satellite trail. Modeling by the Rubin Observatory project indicates that some of these effects
might be mitigated by data processing, particularly if satellite brightnesses are reduced,® but overall may
have a significant impact on many science programs.

Conclusion: The impact of megaconstellations is noticeable for wide-field imaging at optical
wavelengths, will become more significant in the future, and will be potentially severe for some

% Venkatesan (2020) https://www.nature.com/articles/s41550-020-01238-3.
97

https://indico.esa.int/event/370/contributions/5925/attachments/4238/6337/Sandor_Kruk_The_impact_of satellite_tr
ails_on_Hubble_observations_compressed.pdf.
% Tyson (2020) https://ui.adsabs.harvard.edu/abs/2020AJ....160..226 T/abstract.
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programs (especially from satellites in orbits above 600km), unless their effects are mitigated.
Facilities especially impacted include the Vera Rubin Observatory. Scientifically the greatest
impact is on searches for Near Earth Objects.

Assessing impacts and possible regulatory frameworks are now being addressed on a number of
fronts by government agencies and the international astronomical community. This is a dynamic situation
with complicated regulatory aspects; even in the last year, the situation has changed dramatically. JASON
(an independent group of academic leaders that interfaces with the security community) was asked by
NSF and DOE to assess the impact of current and planned large satellite constellations on astronomical
observations, and issued reports in September and November 2020.% The AAS has formed a Working
Group on Satellite Constellations, and co-sponsored workshops with the NSF NOIRLab (SATCONZ1) in
the summers of 2020 and 2021; even more recent efforts (SATCONZ2) took place towards the end of the
period of this decadal study. Since this is a global threat, the AAS has also coordinated closely with the
International Astronomical Union (IAU) in addressing the issue. In May 2021, the IAU presented a
Conference Working Paper to the Scientific and Technical Sub Committee of the United Nations
Committee on the Peaceful Uses of Outer Space. The approach of these groups has largely been to
facilitate dialogue between the astronomical community, the relevant aerospace companies, and national
and international stakeholders. A public fact-finding workshop was held by this decadal survey on the
issue, and it was attended by representatives of one such company, SpaceX.'® SpaceX has been
responsive and has been exploring methods for reducing the impacts of their constellations.

Addressing this growing challenge will require the same levels of coordination and ongoing
attention by the astronomical community and agencies that has served the radio astronomy so well over
the past decades. This need includes providing accurate models of satellite visibility and impacts,
coordinating between astronomers and satellite operators, developing mitigation approaches, and
advocating for astronomy. The entry of the NOIRLab to this arena is especially welcome, and the survey
committee envisages it playing a similar coordinating role to the one that NRAO has fulfilled so
effectively in radio spectrum protection. It is crucial that this framework be developed soon, so that
mitigations can be built in during the early stages of constellation design and deployment. It is beyond the
scope of this survey to recommend specific actors and actions, particularly due to the dynamic evolving
nature, but it is clearly an issue that requires broad participation.

Recommendation: The National Science Foundation should work with the appropriate
federal regulatory agencies to develop and implement a regulatory framework to control
the impacts of satellite constellations on astronomy and on the human experience of the
night sky. All stakeholders (U.S. astronomers, federal agencies, Congress, satellite
manufacturers/operators, and citizens who care about the night sky) should be involved in
this process. This is an international issue; therefore, international coordination is also vital.

3.4.2.2 Radio Frequency Interference

Threats to the radio sky differ from those in optical and infrared astronomy. Radio frequency
interference (RFI) is multidirectional, and radio services, including commercial, military, and scientific
operators, share the same spectrum. The system is managed by spectrum allocations to the various
interests. There is increasing pressure on the radio spectrum from commercial interests, particularly at
high frequencies that were previously of interest only to radio astronomers.

% Impacts of Large Satellite Constellations on Optical Astronomy, JSR-20-2H-L2, September 10, 2020.
Space Domain Awareness: Impacts of Large Constellations of Satellites, JSR-20-2H, November 2020.
100 April 27, 2020.
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The radio spectrum, defined as electromagnetic radiation up to 3 THz, is coordinated
internationally by the International Telecommunications Union (ITU), an agency within the U.N., which
proposes intergovernmental treaties on the coordination of spectrum. Allocations for radio astronomy
form a small portion of the available spectrum: only ~1.5 percent at frequencies less than 5 GHz (6 cm),
29 percent for frequencies less than 94 GHz (3 mm), and 65 percent in the range 95-275 GHz.'* For the
most part, radio astronomy is a passive user of the spectrum, with the exception of radar astronomy,
which is primarily used for solar system observations. Modern, sensitive receivers seeking to detect faint
sources use large bandwidths that are broader than the allocations specific to radio astronomy. Extensive
observations of highly Doppler shifted radiation, such as galaxies in the early universe, means that
frequencies are often shifted from their laboratory values, and lines can be at many locations in the
spectrum. Frequencies of 90-240 GHz are used by projects such as CMB-s4, since they are near the peak
of the cosmic microwave background spectrum. Modern, sensitive receivers working at these frequencies,
particularly those employing broadband bolometric detectors, are vulnerable to RFI and cannot easily
avoid or excise it.

Within the United States, the spectrum is managed jointly by the Office of Spectrum
Management of the National Telecommunications and Information Administration (NTIA), within the
Commerce Department, for federal interests, and by the Federal Communications Commission (FCC), for
commercial interests. NSF is responsible for spectrum management for scientific purposes, through its
Electromagnetic Spectrum Management Group (NSF ESM). This intra-agency group coordinates with the
NTIA, the FCC on all aspects of spectrum management. The ESM also represents the U.S. internationally
at meetings of the World Radiocommunication Conference (WRC). The National Academies Committee
on Radio Frequencies (CORF) considers the needs for radio frequency requirements and interference
protection for scientific and engineering research, coordinates the views of the U.S. scientists, and acts as
a channel for representing the interests of U.S. scientists.

These regulatory and advisory structures have served the radio astronomy community relatively
well. This section highlights two recent developments which will require close attention and management
over the coming decade, namely the rapid expansion of the commercial broadband spectrum and RFI
from satellite constellations.

Commercial services such as the mobile broadband standard 4G/LTE previously operated at
frequencies below 1 GHz, and the resulting RFI issues were in the centimeter wavelengths. In spring,
2020, the FCC held an auction for allocations in 5 bands between 24 and 47 GHz, prime observing bands
for the Very Large Array; these are likely frequencies for 5G technology. In addition, the FCC has
recently stated that “The agency is creating new opportunities for the next generation of Wi-Fi in the 6
GHz and above 95 GHz band.”'* Mobile devices and smart vehicles will become widespread, moving
sources of RFI. The higher radio frequencies, 20 GHz and above, are extremely valuable to astronomers.
This frequency range figures prominently in the science case for the next generation Very Large Array,
and is needed to accomplish science objectives like exploring the formation of solar system analogs on
terrestrial scales, and using pulsars in the center of the Milky Way Galaxy for fundamental tests of
gravity. At present, frequencies above 275 GHz are not controlled, and these are prime observing bands
for the Atacama Large Millimeter/submillimeter Array (ALMA). Further encroachment into this band
could impact ALMA science.

The new existential threats to radio astronomy observatories are satellite constellations. Instead of
a limited number of satellites in relatively predictable orbits in the geostationary orbit, which can be
avoided, the new trend is for constellations of low Earth orbit satellites. In addition to downlink radio
signals, there are also inter-satellite radio signals for station-keeping. The proliferation of these satellites
will render spatial avoidance of RFI extremely difficult. To give one example, the constellations of
satellites from Space X’s Starlink and OneWeb pose a significant risk to measurement of the CMB in the
20 and 40 GHz bands if steps are not taken to turn off transmission when the transmission beam and its

101 van Zee presentation to the steering committee, 9 June, 2020.
102 https://www.fcc.gov/5G.
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sidelobes overlap observing sites. Planned CMB experiments have fields of view between 9 deg and 35
deg wide, and they achieve their sensitivity by measuring all the power that lands on them in roughly a 30
percent bandwidth. At any time, there will be multiple satellites in their field of view, and the satellite’s
RF power at peak transmission will blind the detectors. Even when they are in the sidelobes, their
emission will be significant. An additional concern is the frequency purity of the signal. Second, third,
and fourth harmonics are in other key observing bands from 85-105 and 140-170 GHz. Without action,
RF emission from these satellites may well eliminate bolometric measurements of the CMB, both in
temperature and polarization from the ground in these critical frequency windows in the not-too-distant
future.

Conclusion: The impact of commercial services and satellite constellations on radio frequency
interference is becoming severe, and threatens the scientific study of cosmic microwave
background radiation, as well as detections of faint continuum sources necessitating wide
bandwidths. Future large facilities especially impacted are the CMB-S4 and ngVVLA; in particular,
the lower frequency bands of the CMB-S4 project will be compromised and may become
unusable unless action is taken.

To protect access to the radio sky, sources of RFI need to be eliminated to the greatest extent
possible (see Figure 3.15). Mitigation through post-observation software analysis is not always possible,
since very bright sources of RFI, unplanned out-of-band emissions, or RFI that is broadband or slowly
varying in time are difficult or impossible to excise with software. Direct and early coordination between
commercial, federal, and radio astronomy interests is critical, preferably with primary allocations for
radio astronomy in key frequency bands. NSF is a key player in this process but DOE and NASA projects
are also impacted. CORF has stressed the importance of spectrum management to radio astronomers and
for the protection of radio observatories. “[D]eveloping coordination agreements between commercial
applications (including satellites) and radio observatories is a critical step toward protecting radio
astronomy receivers from direct transmissions that not only corrupt observations but could also damage
equipment.”%3

In addition to ensuring allocations to critical bands for radio astronomy at frequencies of 95 GHz
and above, passive use of the remaining spectrum by radio astronomers may be maximized through a
multifaceted approach of careful spectrum monitoring and effective RFI mitigation. Strategies for
mitigation include geographical separation, spectral separation, and temporal separation, and/or the
establishment of a radio quiet zone. It is important that new facilities take account of the changing RFI
environment, and the necessary RFI excision methods, when selecting a site and budgeting for hardware
and software needs.

Finding: The radio frequency spectrum is a resource facing rapidly growing demands from
commercial users such as satellite constellations and increased commercial use of higher
frequencies, while at the same time new scientific instruments and capabilities increase the
portions of the spectrum radio astronomers are using. Increasingly sensitive detectors can pick up
on additional sources of interference.

Recommendation: To ensure that the skies remain open to radio astronomy, the National
Science Foundation (NSF), in partnership with other agencies as appropriate, should
support and fund a multi-faceted approach to the avoidance and mitigation of radio-
frequency interference. It is critical that the astronomical community formally monitor
commercial and federal uses of the spectrum managed by the Federal Communications
Commission and the National Telecommunications and Information Administration and
actively participate in the spectrum management process by seeking critical primary

103 Astro2020 WP, Van Zee et al.
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allocations to radio astronomy in the high-frequency bands above 95 GHz, by providing
comments to filings for spectrum allocations, and by supporting the efforts of the
Committee on Radio Frequencies, the National Radio Astronomy Observatory, and the
Electromagnetic Spectrum Management division of NSF. To be most effective, international
coordination is required.
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FIGURE 3.15 Effects of radio frequency interference on imaging at radio wavelengths with the VLA. Both images
contain a faint radio star in a spectral window at 1612.22 MHz, a band in which radio astronomy has the primary
frequency allocation; the satellite is producing spurious radiation in this band. There is no interference on the left,
while the image at right was obtained when an Iridium satellite was 22 degrees from the star. The emission from the
satellite swamps the extraterrestrial signal, rendering the data useless. SOURCE: G.B. Taylor, from National
Research Council 2010. Spectrum Management for Science in the 21st Century. Washington, DC: The National
Academies Press. https://doi.org/10.17226/12800. Courtesy of G.B. Taylor, NRAO/AUI/NSF.

3.4.3 Climate Change

As the twenty-first century progresses, human-induced climate change will be one of the greatest
challenges. As with every other part of our society, astronomy and astrophysics must engage with this
through several challenges: educating and informing people about this, understanding and minimizing our
impacts on the climate, and recognizing and adapting to inevitable changes.

As noted in Section 3.2, individuals with training in astronomy and astrophysics are generally
very strongly positioned for careers and leadership roles in science and technology beyond astronomy,
and this includes specifically efforts toward climate change solutions. Indeed, astrophysics provides a
natural home to discuss the greenhouse effect and global climate change. Greenhouse trapping of heat by
increased mid-infrared opacity is a consequence of the same physics that determines the structure of
stellar atmospheres. Our own solar system provides a natural laboratory to explore this concept, through
the comparative temperatures of planets with varying abundances of CO; and other atmospheric heat
traps; showing that Earth must be significantly warmed by greenhouse effects is an easy calculation for an
introductory astronomy class. Studies of the solar cycle have helped confirm that external effects are not
driving the warming observed over past decades. As exoplanetary systems are characterized, the
greenhouse effect will be similarly important in their habitability.
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Finding: Introductory astronomy classes could allow students to quantitatively understand the
basics of global warming, and astrophysicists everywhere can be part of the public conversation
reinforcing the reality of climate change.

As with other people and activities, astrophysicists also contribute to climate change. Two recent
studies have shown that the professional activities of a typical astrophysicist generate ~20 - 35 tons of
CO; per year excluding personal consumption such as food or home energy use.** This compares to
approximately 20 tons per year for an average American including all sources. A significant contributor to
the difference is air travel, along with emissions associated with electricity consumption from
computation resources, particularly supercomputing facilities. Reducing this impact is an achievable goal
for astronomy (as for all other fields).

Recommendation: The astronomy community should increase the use of remote observing,
hybrid conferences, and remote conferences, to decrease travel impact on carbon emissions
and climate change.

3.5 BUDGETARY IMPLICATIONS

The preceding sections of this chapter argue for a sustained recommitment to the future of the
field, through significant re-investment in the profession and with an increased focus on matters of equity,
diversity, and sustainability. For the astronomy and astrophysics profession, the benefits of these
investments include: a workforce that, through its diversity, is more creative and innovative and reflective
of society’s full human potential; a professional community that, through equity and fairness, delivers on
the promise of equal opportunity for all who would contribute their talent; and a set of policies and
practices that, through their sustainability and accountability, ensure good stewardship of the natural and
human resources necessary to achieve the field’s ambitious science goals. For the broader society, the
benefits of these investments include: expanded gateways to a very broad array of STEM careers;
engagement in the excitement of astronomical discoveries for learners of all ages; expansion of the
societal imperative of STEM literacy; and technological innovations with applications to remote sensing,
navigation, and national security, among others. Together, these benefits contribute significantly to the
nation’s global leadership in science and technology beyond the obvious contributions to astronomical
discovery.

The necessary investments span a range of types and costs. Indeed, a number of urgent
recommendations can be implemented at little-to-no cost, such as policies and procedures aimed at
combating racism, bias, harassment, and discrimination, or reducing the carbon footprint of professional
activities. Some needs may already be addressed by current programs at the agencies. For example,
NASA'’s Pl Launchpad Workshop, held at U. Arizona in 2019, targeted diverse potential new NASA
mission PIs. Still others will require non-trivial levels of funding, some new, some of it a restoration of
previous investments. In Table 3.4 we provide budgetary guidance on those recommendations that carry
funding implications for the agencies, drawing principally from the analysis and guidance provided by the
SoPSI panel report. They are intended to provide rough guidance on the funding implications for
meaningful action on our recommendations, and as a reminder to the community as a whole that such
action requires investments. In keeping with the general approach of this survey we have refrained from
dictating explicit programmatic priorities in general, in order to afford the agencies flexibility in obtaining
and allocating the relevant funding. However the maintenance of accurate data on funding outcomes is
sufficiently critical to the other recommendations that it is the most urgent need. The committee
appreciates that stewardship of these important areas resides at various levels within the agencies, and
may require coordination across them.

104 Stevens et al 2020, Janke et al 2020.
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TABLE 3.4 Budgetary Guidance Pertaining to the Profession and Its Societal Impacts

Recommendation

Funding Guidance!®
(annual)

Assumptions
(see also SoPSI panel report)

Collecting, evaluating, and regularly $0.5M - NSF Modeled on effort at NIH.
reporting demographic data and $0.5M - NASA
indicators pertaining to equitable
outcomes
Faculty diversity, early-career faculty | $1M - NSF Typical early-career faculty award of $1M
awards $1M - NASA over 5 years.
$0.5M - DOE
Workforce development/diversity, $1.5M - NSF Typical NSF PAARE site award of $2.5M
“bridge” type programs and MSI $3M - NASA over 5 years; NASA MUCERRPI site award of
partnerships $3M over 3 years.
Undergraduate and graduate $1M - NSF Typical NIH T32 site award of $1M over 3
“traineeship” funding $1M - NASA years.
$1M - DOE
Independent postdoc fellowships $0.5M - NSF Typical NASA Hubble and NSF AAPF
$0.5M - NASA awards of ~$100Kk per year.
Mitigation of radiofrequency and TBD - NSF
optical interference from sources
including satellite constellations
Totals $4.5M - NSF
$6M - NASA
$1.5M - DOE

3.6 CONCLUDING REMARKS

This chapter ends where it began, quoting from the SoPSI panel’s report: “The pursuit of science,
and scientific excellence, is inseparable from the humans who animate it.” Indeed, the ability of
astronomy and astrophysics to inspire and to awe is not only because of the grandeur of the Cosmos and
the grandness of our wonderment about it; it is also, perhaps even more so, because it is people—
seemingly so small and insignificant in relation to that vastness—who dream the questions and who dare
to try to answer them. Our ability to grasp the universe is as great as it is because it is driven by the
boundlessness and breadth of human curiosity, creativity, ingenuity, and diversity. The profession of
astronomy and astrophysics understandably takes considerable pride in its many contributions to the
nation and the world, not only to scientific knowledge but also as a shining example of how science can
enrich, inspire and stir the imaginations of people everywhere, of all ages and walks of life.

At the same time, because it is a human endeavor, astronomy and astrophysics is not immune
from human foibles and failings, nor wholly separable from larger societal forces—for better and for

105 Amounts listed represent new funding, reinstated funding, or augmentations over current funding, as

appropriate.
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worse. This Astro2020 decadal exercise has been no exception. As aptly noted by the SoPSI panel
(paraphrasing): As this report was written in mid-2020, the United States was in the midst of profound
self-examination of social and economic inequalities resulting from historic and systemic racism,
highlighted by the Black Lives Matter movement, sexual harassment and inequalities highlighted by the
#MeToo movement, and the starkly inequitable and severe health and economic impacts of the COVID-
19 pandemic on people of color, including a shocking and disturbing rise in violent crimes of hate against
Asian Americans. For these reasons, the time during which this report was written was a dark time indeed
for many in the astronomy community and around the world. Unfairly, it was an even darker time for
those to whom fairness has too often been a thing denied.

Over the past decade our profession has made strides, individually and collectively, to address its
longstanding structural inequities, borne of the historic barriers of race, gender, class, background, and
identity inherited over decades across all of academia and society. As documented in this chapter and in
the SoPSI report, slow progress is being made on many fronts, and through the leadership of the
American Astronomical Society, the American Physical Society, and the American Institute of Physics,
efforts are ongoing to build on the successes. Many of the major federally-funded institutes and NASA
and NSF themselves are recognizing the needs and opportunities for leveling the playing field and
removing the vestiges of bias and barriers to access in the awarding of resources. And the makeup of the
field has become measurably more diverse, at least in some ways. These important steps are a beginning,
and they are to be celebrated.

Against that backdrop it can be unsettling to many to be reminded that astronomy and
astrophysics, like nearly all of the other sciences, still has a very long way to go before we can claim any
semblance of victory over the inequities remaining within the system we oversee, regardless of how they
came about, and the inordinate pressures that we often impose upon ourselves, especially among students,
early-career scientists, and individuals from the many marginalized communities we represent and must
encourage—including those discussed in detail above, as well as the disabled community, LGBTQ
community, Muslim American community, and others—through the structure of our career pipeline and
the environments we create in departments and workplaces. If we truly aspire to serve as a beacon and
gateway to science for all people then our composition ought to reflect our people, all of them. If we
aspire to create and nurture a professional family of individuals, we need to treat each other as family,
with mutual respect, empathy, and support regardless of career stage, personal identity, or scientific
identity within our diverse profession, and with no tolerance for those who abuse their position and their
colleagues. And if we hope to continue to benefit from the resources of our planetary home and of the
global communities that inhabit it, we must conduct ourselves with sustainability as a greater priority than
ever before.

Much of the challenging task of exploring this complex landscape was taken up by the Panel on
State of the Profession and Societal Impacts, and the report they produced was candid, and critical where
it needed to be. Some will find passages to be provocative reading, whether the topic is racial and ethnic
representation and discrimination, sexual harassment and discrimination, stewardship of observatory sites,
or the many other issues and areas addressed in the report. Facing such truths by listening, reflecting, and
facilitating ongoing dialog will uplift and empower not only those who face barriers to entering and
advancing in the profession but also to enhance the entire astronomy and astrophysics community. It also
requires the will to act, and a commitment to devote the resources necessary to ensure that our values are
reflected not only in where we direct our labor but in how we spend the dollars entrusted to us.

Together, the SoPSI report and this one strive for a common goal: to address our charge and provide
constructive findings and conclusions—and to make actionable, resourceable recommendations—for
making our profession more representative of our society, more inclusive, and a more collaborative

partner with the communities within which we work. Which is to say, to make our profession better.
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4

Optimizing the Science: Foundations

Building on Chapter 3, which describes the human investments and public impacts of the decadal
survey’s program, and how to enhance and diversify them, this chapter focuses on the essential scientific
foundations, specifically the resource infrastructure and the underpinnings of how scientists turn ideas and
data into discovery. This chapter draws from the Enabling Foundations panel report and identifies
challenges and opportunities for progress over the next decade.

Astronomy and astrophysics have achieved breathtaking accomplishments over recent decades.
Much of the credit for this sustained record of success can be attributed to diversified portfolios of
investment by NASA, the National Science Foundation (NSF), and the Department of Energy (DOE),
ranging from cutting-edge flagship observatories in space and on the ground to investments in mid-scale
and smaller supporting facilities, and a foundation of support for the calibration, analysis, interpretation,
and theoretical modeling of the rich data sets produced by these facilities. Although the decadal process
primarily focuses on recommendations to the federal agencies that sponsor it, astronomy in the United
States has also historically benefited from major investment by state universities, private universities,
philanthropic foundations, and individual donors, in addition to the federal government. Private
foundations and philanthropy play many roles in astronomy, from supporting observational facilities and
large projects, to individual principal investigator (PI) support and postdoctoral fellowships (e.g. the
Heising-Simons 51 Peg postdoctoral fellowships), and key seed funding for future projects. Over the last
two decades private foundations are increasingly playing a key role supporting individual researchers,
either directly through grants programs or through institutional support (e.g. the Kavli centers, Carnegie
Observatories, or the Simons Center for Computational Astrophysics). For example, the Brinson,
Guggenheim, Heising-Simons, Kavli, Moore, Packard, Research Corp., Simons, Sloan, and Templeton
Foundations all provide significant funding to individual astrophysics researchers, including early career
postdocs. This is critical support for U.S. astrophysics research in theory, computation, and support for
archives in a time of increasing competition for federal funding.

This foundation of smaller-scale investments often receives less attention in decadal planning
exercises, but its importance cannot be overstated. The most complex and precise measurements would
mean nothing without pipelines to calibrate and process the raw data, algorithms to analyze and interpret
the data, theoretical calculations to provide a context for the results and help understand their
implications, and support for people who do the science. Laboratory astrophysics measurements, data
science and computational methods, and data archiving all play critical roles in turning photons, particles,
or waves into scientific insights. These foundational programs have the potential to bring more people
into the field through reducing barriers to participation by anyone through supporting their success, and
through offering access to state-of-the-art tools, training, and facilities. Such programs provide the seed
corn for the future innovators and leaders in the profession.

4.1 THE IMPORTANCE OF A BALANCED PROGRAM

Federal astronomical research investments in the United States today can be subdivided into a
few critical components. The largest federal investments are in major flagship observatories and facilities,
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such as the original NASA Great Observatories (the Hubble Space Telescope, Chandra X-ray
Observatory, Spitzer Space Telescope, Compton Gamma-Ray Observatory), and now the James Webb
Space Telescope (JWST) and the Nancy Grace Roman Space Telescope, or, in ground-based facilities
funded through the NSF Major Research Equipment and Facilities Construction (MREFC) line (e.g.,
Gemini, the Atacama Large Millimeter/submillimeter Array [ALMA], the Daniel K. Inouye Solar
Telescope [DKIST], Vera Rubin Observatory, Laser Interferometer Gravitational-Wave Observatory
[LIGO], and IceCube). A second critical component of the nation’s observational capabilities is the suite
of smaller-scale facilities and dedicated survey instruments, with examples of the former including NASA
Explorer-class missions and examples of the latter including the Sloan Digital Sky Survey (SDSS). Many
of these mid-scale facilities are funded and operated by partnerships between public agencies, private
institutions, and foundations. Both classes of facilities have delivered breakthrough discoveries including
Nobel Prizes, along with thousands of smaller individual and team-led investigations that collectively
have fueled the extraordinary success and growth of the field in recent decades.

The other essential components of the national investment portfolio are the people who carry out
and drive the science (addressed separately in Chapter 3), and the enabling foundation or infrastructure
that supports research. The data produced by the aforementioned facilities would be lost without
investment in this foundation: support for processing and archiving these data, analyzing and interpreting
the data, theoretical modeling and simulations, and in many cases carrying out the laboratory and
computational analysis of the atomic, molecular, and chemical signatures and diagnostics of the emitting
processes. The aggregate investment in this foundational support comprises a small fraction of the overall
agency portfolios, but it multiplies by several-fold the scientific yield from the facilities.

The need for balance across this broad portfolio has long been recognized by the agencies
themselves. A prime example is the wide range of mission size classes supported by NASA through its
Astrophysics Science Mission Directorate, ranging from flagships to small and medium Explorers, and
extending down to small satellites, CubeSats, and support for balloon and rocket payloads. This healthy
mix enhances scientific balance, and cost effectiveness. It also provides pathways for new and early-
career investigators to build scientific, technical, and leadership experience with progressively larger
mission classes. Another commendable example is the provision in NASA mission lines for the costs of
data processing, analysis, and archiving, and in the case of flagship missions, support for guest observer
grants, which encourage the timely analysis, publication, and dissemination of the data and science
resulting from the missions, including theoretical studies needed to interpret the data.

The funding portfolio of the NSF Division of Astronomical Sciences (AST) is unlike that of most
other NSF divisions, including those in the NSF Mathematical and Physical Sciences Directorate (MPS).
Astronomy has a long history of capitalizing on shared, communal infrastructure that far exceeds the
capability of any one individual institution, and that, for NSF facilities, is accessible by anyone. Under
this model, a considerable fraction of the AST budget supports national observatories and facilities
including the National Optical-Infrared Astronomy Research Laboratory (NOIRLab) and the National
Radio Astronomy Observatory (NRAO), including U.S. participation in ALMA. These facilities support
comprises about 75 percent of the total AST budget, with the remainder available to support individual
investigator research, mid-scale infrastructure programs, and division-specific education activities. The
fraction of research funding (<25 percent) is far lower than those of other MPS divisions (45-95 percent),
but reflects in part the disproportionate number of shared national facilities in ground-based astronomy.*
The current model through which MREFC projects are funded for operation by divisions has resulted in
an unbalanced program in NSF’s AST division that is not sustainable. The structural problem is addressed
in Chapter 5 while this chapter focuses on balance in specific programs.

Although the primary role for advising agencies on their funding portfolios on an ongoing basis
rests with the various agency and National Academies-administered standing committees, it is appropriate
that the decadal surveys assess in broad terms the impacts of the current balances, and where appropriate,

! National Science Board, 2018, Study of Operations and Maintenance Costs for NSF Facilities, NSB-2018-17,
Alexandria, VA, https://nsf.gov/pubs/2018/nsb201817/nsb201817.pdf.
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to identify areas where a more healthy balance could be achieved. Here “healthy” is regarded as a balance
of program investments that optimize the overall scientific productivity and future sustainability of the
enterprise. This follows the practice of recent decadal surveys, and some of the findings and
recommendations here will echo those already noted in the 2000 and 2010 surveys.

When addressing the question of balance, the Panel on an Enabling Foundation for Research and
the steering committee identified a few critical areas where evolution in the funding balances within NSF
AST and NASA Astrophysics has drifted into unhealthy territory, or, where the evolution of the research
landscape itself has led to the need for enhanced investment in emerging disciplines. Chief among these
are support for investigator grants for research and data analysis, and in the infrastructure support for data
archiving, processing, and analysis as well as the related needs in computation, software, and data
science. Previously identified under-investments in laboratory astrophysics and theory remain as critical
needs. Each of these areas is addressed in the remainder of this chapter.

4.2 ENABLING SCIENCE THROUGH A HEALTHY INDIVIDUAL INVESTIGATOR GRANTS
PROGRAM

It is people who are the source of American scientific and technical prowess, and supporting
those scientists is the way to realize the scientific visions that are put forward in Chapter 2, A New
Cosmic Perspective. Access to world-leading facilities is not enough to produce science. Individual
scientists need access to the financial resources that allow them to collect, analyze, and interpret data from
those facilities. That funding unlocks the effort of scientists and trainees to explore new ideas or to
execute the hard but important projects that drive the field forward. Without resources, however,
scientists’ insights and talent lie unrealized and discoveries unmade.

Chapter 3 emphasized the need to collect demographic information from researchers in external
grant programs to assess indicators pertaining to outcomes of proposal competitions. A lack of data is
apparent here as well; proposal success rates for only a few programs were available, and not always the
most recent data. NSF noted that it is against their policy to release any information about proposals that
have not resulted in awards; moreover, a recent policy prohibits the public release of proposal selection
rates, so the number of submitted proposals and total request amounts were not made available to the
survey. While NASA collects some data on proposers, the agency has only started to assess and evaluate
it in a systematic way. Having these data would have better informed this report.

Conclusion: The lack of publicly available data on proposal success rates by program and on
aggregated metrics for who and what type of research is being supported (theory, facilities,
laboratory investigations, investigator demographics, student vs. postdoc funding for example)
hampers analysis, evaluation, and oversight.

Recommendation: The National Science Foundation, NASA, and the Department of Energy
should release data on proposal success rates on an annual basis, and should track metrics
that allow them to analyze statistically what is being supported.

4.2.1 Bolstering the Individual Investigator Grants Program

Funding for the majority of astronomy research flows through “individual investigator grants,”
where the lead scientist proposes a specific project and asks for the needed resources (salary for trainees,
summer salary for senior personnel in academic positions, computing, travel, etc.) to bring the project to
fruition. These proposals take a variety of forms. Ground-based astronomy research and theory is funded
through the NSF Division of Astronomical Sciences, with research for “individual investigators” provided
through its Astronomy and Astrophysics Research Grants (AAG) program. NASA funds research that is
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relevant to space-based astrophysics missions, primarily through the Astrophysics Research and Analysis
Program (APRA), Astrophysics Theory Program (ATP), Astrophysics Data Analysis Program (ADAP),
and the Exoplanet Research Program (XRP). NASA also provides support for data analysis for U.S.
investigators who have successful Guest Observer (GO) proposals on some of its active missions, as well
as funding preparatory work for some future missions. There are also funding opportunities for theory and
archival work connected to specific missions (currently Hubble, Fermi, Swift, and Chandra). In this
NASA GO funding model, a successful research proposal for observing time is considered sufficient to
unlock funding when the observing proposal is approved and executed. For ground-based NSF funded
research, however, the funding is unconnected to awards of observation time, even on NSF-funded
facilities.

The NSF AAG program is a cornerstone of the enabling foundation for research in astronomy and
astrophysics in the United States. It supports research projects across nearly all subfields of the
astrophysical sciences, and most of its funding supports individual investigators and their groups.
Proposals are rigorously reviewed and the short funding durations for grants (typically 3 years) ensures
that funding priorities reflect the most important scientific priorities in the field. The grants have led to
discoveries that have transformed astronomy. For example, the work tracking stars in the immediate
environment of the Milky Way Galaxy’s black hole (Figure 4.1) began receiving NSF funding in the early
part of the 2000s, and was recognized with a Nobel Prize in Physics in 2020.

Permission Pending

FIGURE 4.1 The change in position of two stars at the galactic center around what is now confirmed to be a
supermassive black hole at the center of the Milky Way galaxy. This data was taken with the Keck telescope over a
time period of 1995-2014, combining two decades of speckle imaging and adaptive optics data. This work was
supported by NSF AST individual investigator grants. These improved mass and distance estimates were crucial for
cementing the black hole explanation for Sgr A*, the subject of the 2020 Nobel Prize in Physics. SOURCE: Boehle
et al. (2016), http://www.astroexplorer.org/details/apjaa2b70f5.

Preparing proposals for individual investigator grants is extremely time consuming, and—given
the large impact a successful proposal has a large impact on a scientist’s output and career—the stakes are
typically high. NSF AAG proposal success rates averaged 30-50 percent in the early 1990’s through the
early 2000’s (Figure 4.2), during which time most scientists had an expectation that their work could be
funded within a reasonable time frame, perhaps after one or two resubmissions. However, funding rates
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began to decline to below 30 percent beginning in the mid-2000’s, and then even further to around 15
percent in the early part of the past decade. While funding rates have recovered somewhat, from 2010-
2018 the average AAG success rate has remained around 18 percent, far below the 30 percent success rate
target recently identified by NSF as a goal for the foundation overall.?
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FIGURE 4.2 Plots of NSF AST Astronomy and Astrophysics Grant Budget and proposal funding rate versus time,
from 1990-2018 in real-year dollars. The increase in funding in 2009 originated from the American Recovery and
Reinvestment Act. SOURCE: Based on data from R. Gaume, National Science Foundation, presentation to the
steering committee on July 15, 2019.
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In 2015, a study group of the Astronomy and Astrophysics Advisory Committee (AAAC)
investigated the impact of declining success rates at both NASA and NSF astrophysics programs on
scientific productivity (Figure 4.3).® They concluded that the decline in success rates was not related to
changes in the average proposal quality or to the fraction of proposals judged to be highly deserving of
funding. Reviewers are instructed to grade proposals on an absolute scale from E (excellent), V (very
good), G (good), F (fair), P (poor), where an Excellent proposal is an “Outstanding proposal in all
respects; deserves highest priority for support” and a Very Good proposal is a “high quality proposal in
nearly all respects; should be supported if at all possible.” The fraction of proposals judged to be highly
deserving of funding (VG, VG/E, E) has remained stable from year to year. However, the success rate of
proposals ranked VG dropped from 45 percent in 2007-2008 to 25 percent in 2012. In other words, three
out of four proposals that were judged as nearly certain to result in high quality science are rejected each
year.

The AAAC group’s quantitative analysis revealed that the major factor driving the increase in
proposal oversubscription was that the budgets for these programs have not kept up with the increase in
the number of (unique) proposers. This increase in the number of investigators tracks the overall addition

2 https://www.aip.org/fyi/2021/panchanathan-makes-case-nsf-expansion-appropriators
% Cushman et al., 2015, “Impact of Declining Proposal Success Rates on Scientific Productivity,” AAAC
Proposal Pressures Study Group, https://arxiv.org/abs/1510.01647.
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of researchers to the field, with no significant change to the mix of career stages over time. Individual
budget items (typically dominated by salaries and tuition) have also increased in cost due to inflation,
increasing the cost of funding a constant level of proposed effort.

NSF/AST Awards and Success Rate by Fiscal Year
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FIGURE 4.3 Historical NSF AST individual investigator grant statistics, from 2000-2015. There is a rise in the
number of proposals submitted over this decade and a half, while the number of awards has not increased
concomitantly. SOURCE: Cushman et al. (2015), Figure 1, https://arxiv.org/abs/1510.01647. Reproduced with
permission.

The decrease in AAG proposal success rate is attributed by a 2018 National Science Board (NSB)
report in roughly equal measure to the increase in the number of submitted proposals and the decrease in
available funds because of the increase in facilities operations costs with a nearly flat AST budget. * AST
stands out in the MPS directorate for having both a low proposal success rate and spending the least
amount of its budget on individual grants programs.

Finding: There is a systematic tension between funding facilities’ operations and maintenance,
and supporting the work of scientists able to turn data into discovery. The imbalance in AST has
worsened over the last decade and will impact the ability to adequately support new facilities and
new science going forward.

This issue is developed in more detail in Chapter 5.

* National Science Board, 2018, Study of Operations and Maintenance Costs for NSF Facilities, NSB-2018-17,
Alexandria, VA, https://www.nsf.gov/pubs/2018/nsb201817/nsb201817.pdf.
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FIGURE 4.4 Money spent on grants to investigators as a function of the total NSF Division budget, for divisions
within the Geosciences (GEO) and Math and Physical Sciences (MPS) directorates, for FY2018. The color coding
indicates into which directorate the division falls, while the size of the symbol is proportional to the proposal success
rate (in FY2020). Dashed lines indicate the fraction of the division budget devoted to research. The AST division
stands out both for the low fraction of the division’s budget used for research, as well as the low proposal success
rate (24%). NOTE: AST=Astronomical Sciences; PHY=Physics; CHE=Chemistry; DMR=Materials Research;
DMS=Division of Mathematical Sciences; OCE=0cean Sciences, AGS=Atmospheric and Geospace Sciences;
EAR=Division of Earth Sciences. SOURCE: R. Osten, NSF. based on data from
https://www.nsf.gov/about/budget/fy2020/pdf/27_fy2020.pdf,
https://www.nsf.gov/about/budget/fy2020/pdf/26_fy2020.pdf, https://mww.nsf.gov/funding/funding-
rates.jsp?org=MPS, https://www.nsf.gov/funding/funding-rates.jsp?org=GEO.

The AAAC report noted that the historical proposal success rates of 30-35 percent achieved for
NSF AAG funding prior to and including FY 2003 was a healthy competitive environment, where the
average proposer faced a manageable level of risk (~30 percent) of no funding after three attempts. Over
the entire foundation, roughly 30 percent of proposals are ranked highly meritorious, and recent initiatives
by the NSF Director are focused on achieving a grant proposal success rate of 30 percent.’

Other NSF divisions that share common features with astronomy, such as physics and
oceanography both being heavy users of the MREFC line, have higher proposal success rates than the
astronomy division and devote a larger fraction of their budget to supporting individual investigator
grants (Figure 4.4). Differences in culture between different scientific fields may also contribute to this
disparity, as some fields deprecate multiple proposal submission by a particular research group
responding to a proposal call. Success rate alone is not the only factor to consider, as grants need to be of
sufficient size to carry out the proposed science project.

> https://www.aip.org/fyi/2021/panchanathan-makes-case-nsf-expansion-appropriators

PREPUBLICATION COPY — SUBJECT TO FURTHER EDITORIAL CORRECTION
4-7

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

As pointed out in the Enabling Foundations for Research report, many programs within the NSF
Physics Division (PHY) have success rates higher than 30 percent. Such levels also offer opportunities for
early-career researchers proposing for the first time to have a realistic chance of success. The same
AAAC study showed that when success rates dropped to lower levels first-time proposers fared even less
well, with success rates as low as 7 percent. Chronic underfunding carries the additional risk of stagnation
of the field.

The analysis above has focused on NSF grants, which are the sole way of publicly funding peer-
reviewed science with ground-based telescopes. As noted in the Enabling Foundation report, while
oversubscription rates for some NASA programs are healthier (e.g., APRA), support for other programs
(e.g., ATP for theory) also appears to suffer from similar high proposal pressure and underfunding. The
Enabling Foundation report suggested a 20 percent increase in funding above inflation for all individual
investigator grants programs to restore success rates to a healthy competitive environment.

This underfunding has also impacted equity within the field. Ensuring adequate funding enables
the whole community to reap the benefits from federally funded facilities. In the absence of public funding,
scientists at wealthy institutions may still be able to tap into other sources of funds to support their research
(while benefiting from institutional support for graduate students or endowed postdocs), or to carry out
preparatory work to ensure successful proposals. However, these paths are largely out of reach for those at
less affluent institutions, shutting them out of using the facilities the nation has invested in. This wastes
decades of investment in, training of, and effort by flourishing scientists—by not providing the conditions
in which they can execute their plans for science.

Conclusion: Robust individual investigator grant funding is crucial to meet the science
challenges described in the Cosmic Ecosystems; New Messengers, New Physics; and Worlds and
Suns in Context science themes. The historical proposal success rate for individual investigator
grants within the NSF AST division of around 30 percent, realized at the start of the millennium
for astrophysics programs, strikes an appropriate balance between a healthy competitive
environment and a good chance of eventual success with resubmission. By any of several metrics
which can be used to judge a healthy level of competition for individual research grants—dollar
amounts spent on research, percentage success rates, fraction of high-quality proposals being
rejected—the current state of individual investigator grants within the NSF AST division is not at
a healthy level. Increasing grant funding is also required to ensure more equitable access to
resources.

Recommendation: The National Science Foundation should increase funding for the
individual investigator Astronomy and Astrophysics Research Grants by 30 percent in real
dollars (i.e., above the rate of inflation) over 5 years from 2023-2028 starting with the fiscal
year 2019 budget inflated appropriately. This will have the effect of restoring success rates
to a healthy competitive level.

This funding augmentation is needed to reach the 30 percent proposal success rate goal, justified
both from analysis of other programs and areas at NSF as well as being consistent with NSF’s stated goal.

4.2.2 The Importance of a Healthy Theory Foundation

Theory is crucial in astrophysics, as both a mechanism for driving new discoveries and a
framework for interpreting essentially all signals received from space. The focus of modern theoretical
research has increasingly expanded from traditional pencil-and-paper calculations to complex computer
simulations and sophisticated statistical analyses. Understanding prize-winning discoveries such as the
Cosmic Microwave Background anisotropy and gravitational waves from merging black holes would not
have been possible without the conceptual framework provided by theory. Indeed, breakthroughs in
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theoretical predictions of the characteristics of the gravitational wave signal produced by black hole
mergers were critical to the Nobel Prize-winning discovery based on LIGO detections (Figure 4.5). The
science themes presented in Chapter 2 demonstrate that theory and observation are intertwined,
necessitating a multi-pronged approach to addressing these important topics: a theoretical understanding
of how gas of different temperatures and densities can co-exist in galactic outflows of differing velocities,
for example, is essential to examining the processes that link matter inside of galaxies with its outside
environs. As another example that relates to the priority science area of Pathways to Habitable Planets,
theoretical calculations of planetary atmosphere chemistry and evolution will be needed to interpret
biosignature gases detected in exoplanet spectra. This theoretical research lays the groundwork for
designing new observational programs and planning for new facilities.
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FIGURE 4.5 LIGO gravitational wave data from its two observatories at Livingston, Louisiana, and Hanford,
Washington, from the first gravitational wave detection of merging black holes. The lower panels shows the LIGO
gravitational wave signal from its two observatories at Livingston, Louisiana (in blue) and Hanford, Washington (in
orange, shifted by 7 milliseconds), from the first gravitational wave detection of merging black holes. In the top
panel, the signal from the Livingston Observatory is shown with a numerical theoretical model for two merging
black holes, each about 30 times the mass of the Sun, lying 1.3 billion light-years away. SOURCE:
Caltech/MIT/LIGO Laboratory, https://www.ligo.org/detections/GW150914.php.
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Low funding rates at both NASA and NSF have affected the ability to carry out theoretical
investigations. For NASA’s ATP program, which funds theory relevant to NASA’s missions, proposal
funding rates dropped from 17 percent in 2010 to 14 percent by 2013.° Since 2015, the program has
moved to a 2-year proposal cadence, but proposal success rates still remain low (22 percent in FY 2019).”
When the longer cadence is coupled with low success rates, scientists have little realistic expectation that
their research will be funded while it is most relevant, if it is ever to be funded. The NSF AAG program
discussed in the section above is a crucial vehicle for funding new independent and novel investigations
in all fields of astronomy and astrophysics, but especially in theory. Lack of data on success rates of
different proposal types prevents an assessment of how well this program supports theoretical
investigations.

Recommendations for augmenting support for theoretical investigations have appeared in
multiple previous astronomy decadal surveys, signaling a perennial under-commitment to supporting this
mode of scientific inquiry. Most recently, the Astro2010 recommended that funding for NASA’s
Astrophysics Theory Program be increased by 25 percent, but instead the budget remained flat, and the
calls for proposals slowed to a 2-year cadence. When coupled with current extremely low proposal
success rates, these changes have particularly hurt the career development of pre-tenure theorists. The
Panel on an Enabling Foundation for Research took up the earlier suggestion of a 25 percent increase in
funding, and additionally suggested that the ATP be returned to an annual cadence.

New Worlds, New Horizons also recommended the creation of a new inter-agency funding
opportunity called Theory and Computation Astrophysics Networks (TCAN). This program was intended
to respond to the facts that (1) theoretical and computational problems have reached a scale and
complexity that requires more sustained funding of larger teams than a standard NSF AAG or NASA
ATP grant; and (2) that many of the most important theoretical problems transcend the artificial
boundaries of the three agencies (NSF, NASA, and DOE). The resulting TCAN concept would have
supported 5-year programs that would be jointly supported by all three agencies. However, after one
funding cycle only NASA has continued to participate in the program.

Finding: A strong foundation of theoretical research remains critical for interpreting
astrophysical observations and planning new facilities, but past decadal survey recommendations
for supporting theory have not been implemented.

Conclusion: Theoretical investigations are necessary to extract the full scientific intent of new
and existing facilities, and funding for such studies must increases to recover from limited
funding in the past.

Recommendation: Given the foundational importance of theory to the astronomical
enterprise, NASA’s Astrophysics Theory Program should resume an annual cadence, and
receive a 30 percent funding augmentation in real(inflation-adjusted) dollars over 5 years
from 2023-2028 starting with the fiscal year 2019 budget inflated appropriately.

4.2.3 Maximizing the Science through Large Programs Utilizing Ground-Based Facilities.

The method of funding data analysis for NSF-supported projects is significantly different, and at
times more problematic, than the funding for NASA projects. Observing time on a NASA facility is
accompanied by funding to support data analysis and the creation of high-level data products. This
ensures that observers have the resources they need to accomplish the proposed science. For example, the

® E. Scannapieco, NASA, presentation to EF panel, and NASA written communication to the steering
committee on February 3, 2020.
" Ibid.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
4-10

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

Hubble Space Telescope mission allocates nearly a third of its annual operations budget to associated
research funding; this in turn supports a robust rate of published papers, which peaked in 2019 at 1014
refereed papers that year. The lack of equivalent funding for time awarded on NSF-supported ground-
based facilities means that researchers must apply for funding through the AAG proposal process,
typically after the observing time is approved. This multi-step process regularly produces delays of two or
more years between when observations are approved and when funded scientific personnel can formally
join the analysis. The process is also highly inefficient, requiring at minimum two separate rounds of
proposals and reviews, once for a telescope time allocation committee and once for a grants panel. Even
with higher AAG proposal funding rates, the time delay and gauntlet of multiple proposal reviews add
significant inefficiencies that hamper the scientific output of the most powerful facilities.

Finding: Associating research funding for data analysis and production of high level data products
with awarding of observing time ensures that observers have the resources they need to accomplish
the proposed science.

The NASA model does not translate easily to the ground, however, where weather and observing
conditions add significant uncertainty to program completion rates, particularly for smaller observing
programs. It would, however, be appropriate for and significantly increase the scientific impact of the
subcategory of large projects that exist for current and future MREFC-class astronomical facilities. These
MREFC-funded facilities are a significant investment of federal dollars and are motivated by a few major
scientific objectives. Large or key projects are the programs that have been established by peer review to
be the most important science priorities for a given telescope. They require a large investment in
observing time and there is often an expectation of dissemination of results through paper publishing, and
catalogs or data releases. These programs are typically given the observing resources to reach a high
degree of completion.

There are only a small number of these large programs for MREFC-class astronomical facilities,
with typically three to five large programs approved per year on each, with not all programs having
significant U.S. participation. Large programs are sufficiently competitive that funding panels are
naturally reluctant to award funding to an ambitious proposal that has not yet actually been approved.
Thus, projects are not likely to have their challenging processing and analysis funded in a timely manner,
which delays the science deemed to be especially important. The net result is that enormous barriers exist
for producing the most compelling, legacy science, particularly in the early stages of large projects, when
data collection and reduction is most intensive, but funding is 2 or more years out of reach.

Allowing these large programs to immediately submit supporting budgets to the NSF AAG would
give U.S. investigators a way to quickly ramp up reduction and analysis, and to focus their energy on
producing science rather than yet another proposal to the AAG program. This approach would also help to
attract a larger, more diverse user base to NSF facilities, given that lack of funding is a larger barrier for
scientists from under-resourced institutions, who are not well-positioned to tackle ambitious projects that
would need years of up-front effort before NSF funding can be secured.

Recommendation: The National Science Foundation Division of Astronomical Sciences
should establish a mechanism of associated research funding for data analysis and
production of high level data products for large principal investigator-led programs on
MREFC-scale astronomical facilities in order to accelerate the scientific output and
maximize the timeliness and community impact of these key large projects.

Given the small number of large MREFC-scale programs, this recommendation could be
accommodated within the AAG increase.
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4.3 BREAKING DOWN CROSS-AGENCY BARRIERS

Astrophysical questions increasingly transcend traditional wavelength, division, and agency
boundaries. This richness in scientific perspective unfortunately is accompanied by logistical
complications in funding and project management. Historical boundaries between organizations can raise
a particularly high barrier to fundamentally interdisciplinary efforts, such as solar physics. Within the last
decade or so, the emergence of new subject areas has magnified these inconsistencies: the study of
exoplanet atmospheres requires knowledge not only of temperatures and pressures appropriate there, but
also knowledge gleaned from studies of planets in the Solar System, and indeed detailed understanding of
processes at work on Earth; within the framework of NASA’s Science Mission Directorate, this endeavor
potentially spans three distinct directorates. The rise of multi-messenger astronomy unites information
gathered across the electromagnetic spectrum, from ground and space, as well as new carriers like
gravitational waves (Figure 4.6) and neutrinos, requiring a breakdown of traditional funding silos to fully
realize the science return. These new ways of approaching science can potentially be funded by multiple
entities, but simultaneously risk not being funded by any if no group feels they “own” the science. These
barriers can be transcended through dedicated programs like the Windows on the Universe (WoU)
Initiative (which jointly reviews proposals between NSF’s physics and astronomy divisions), or like the
TCAN theory program recommended in the 2010 decadal survey (Section 4.2.2). These programs need
thoughtful guidelines and execution to be successful in practice. NASA has started taking steps to identify
disciplines needing interdivisional research and/or interagency partnerships and coordinating technology
development across multiple disciplines.

Foundational cross-agency issues affect fields with new and exciting results like neutrino
astrophysics, gravitational wave astronomy, and particle astrophysics. These are relevant to astronomy
research but are funded through other divisions. Neutrino astrophysics and gravitational wave astronomy
are primarily funded out of NSF PHY and/or Office of Polar Programs. As described in more detail in
Chapter 7, the survey committee is endorsing (but not ranking) the IceCube-Gen2 neutrino large facility
and technology development for next generation gravitational wave observatories largely because of the
benefit to the field of astronomy.

Conclusion: Effective mechanisms to fund cross-cutting research at NSF, NASA, and the DOE
would accelerate scientific results.

4.4 SOLAR PHYSICS

Solar physics is directly relevant to astronomy. As the nearest star, the Sun is both a key
calibrator for our understanding of stellar astrophysics, and a unique laboratory for understanding
magnetism and its coupling to mass, which is relevant through the universe. The Sun is also an important
input to understanding Earth’s climate and space weather. In the next decade, solar observations and
theory will be key ingredients in understanding the Earth-Sun connection and its implications for the co-
evolution of stars and planets throughout the Milky Way Galaxy, particularly given the impact that
eruptive events and high energy emission of light and particles can have on planetary atmospheres. While
the new high-resolution capabilities of DKIST will surely transform our understanding of the Sun, there
remains a pressing need for complementary global measurements of the entire Sun and its magnetic
activity.
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FIGURE 4.6 The multi-messenger nature of the detection of the kilonova 170817, first detected in gravitational
waves and gamma ray bursts, and shortly thereafter in many other wavelengths. In the left panel, green contours
indicate location determination from gravitational wave detectors (LIGO in light green, LIGO-Virgo in dark green);
light blue contours delineate likely regions using triangulation from time delays between gamma-ray satellites Fermi
and the INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL); and dark blue contours trace the Fermi
Gamma-ray Burst Monitor localization. The insets on the right show optical images of the host galaxy NGC 4993
10.9 hours after the merger taken with the Swope telescope (top right) and a DLT40 pre-discovery image 20.5 days
prior to the merger (bottom right). SOURCE: B. P. Abbott et al. 2017, “Multi-messenger Observations of a Binary
Neutron Star Merger,” The Astrophysical Journal Letters, 848 L12. doi:10.3847/2041-8213/aa91¢9.

Observations of the Sun depend on facilities spanning multiple federal agencies, even different
directorates within the same agency, and these groups take advice from different decadal surveys. Solar
ground-based observations are done with a mix of solar-dedicated facilities (such as the Mauna Loa Solar
Observatory [MLSO] and the Expanded Owens Valley Solar Array [EOVSA]), as well as general purpose
astrophysics facilities like the JVLA and ALMA that have solar-capable instruments. The field of ground-
based solar physics is funded by two different NSF divisions: Astronomical Sciences (within the
Mathematical and Physical Sciences Directorate) as well as Atmospheric and Geospace Sciences
(residing in the Geosciences Directorate). Space-based heliophysics research at NASA is the domain of
the Heliophysics Division, distinct from the Astrophysics Division. The National Oceanic and
Atmospheric Administration (NOAA) also oversees space weather prediction capabilities and is another
federal agency relevant to the subject. The direction for investments in space-based assets are prioritized
by the solar and space physics decadal survey process, while this astronomy and astrophysics decadal
survey committee advises only the division of Astronomical Sciences at NSF about ground-based solar
physics.

This mix of different solar observation regimes, each controlled by a separate decadal process,
was a topic of attention in Astro2010, which had recommended that NSF work with several communities
to determine the best route to a balanced and effective ground-based solar program maintaining
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multidisciplinary ties. In the current decadal process (which can only recommend ground-based
components of the solar observation program), only three white papers describing solar facilities were
submitted to this decadal survey.? These mid-scale ground-based solar projects emerged with favorable
reviews from the OIR and RMS panel reports, however the solar mid-scale projects are not considered
amongst the strategic initiatives called out in Chapter 7. The survey committee was not able to give
proper perspective as to how these facilities will support and enhance the broad range of multi-agency
activities currently underway in solar physics, as these are the domain of the solar and space physics
decadal survey. Advancing these myriad scientific goals is most efficiently done utilizing a
comprehensive approach.

Conclusion: The most appropriate role for future astronomy and astrophysics decadal surveys is
to comment on the value of ground-based solar physics projects for astronomy and astrophysics
scientific priorities. For consideration of these projects in the context of the full range of multi-
agency activities in solar physics, the solar and space physics decadal survey is the more
appropriate body to prioritize and rank them.

4.5 THE DATA FOUNDATION

Through much of the past 150 years, the majority of astronomical observations were held by
individuals or institutions, archived on photographic plates or data tapes. By 2020 this landscape has been
completely transformed. All modern data are digital, and a significant portion are archived in publicly-
accessible on-line data libraries. The scientific importance and impact of these archives is fundamental.
For the past 15 years, for example, publications from archival use of data from the Hubble Space
Telescope have outnumbered those by the original proposing teams (Figure 4.7), with comparable
numbers of citations,® and other major facilities are seeing similar trends. The empirical evidence it that
curating scientific data in well-organized archives enables multiple repurposings and extends the useful
lifetime of the data (Figure 4.8).

Astronomy is entering a second wave of this data revolution, with increasing numbers of survey
facilities largely dedicated to producing archival data sets from the outset, which are subsequently shared
by thousands of users for myriad individual scientific projects. For two decades, the Sloan Digital Sky
Survey has been a ground-breaking precursor of this new mode of survey astronomy. In space, NASA’s
Infrared Astronomical Satellite and Wide-Field Infrared Survey Explorer’s all-sky surveys created data
sets that have lasting value to this day. More recently, the European Space Agency (ESA) Gaia
observatory, which is measuring precise positions and proper motions for a billion stars, has
revolutionized Milky Way and stellar astrophysics (Chapter 2). Although it was fully built and supported
by Europe, its data archives are openly accessible worldwide, and have supported hundreds of
investigations by U.S. astronomers in the 5 years since the first data release. In the coming decade the
Vera Rubin and Nancy Grace Roman Observatories, the highest-priority ground and space projects in the
2010 decadal survey, respectively, will provide comparably rich data sets, which promise to revolutionize
time domain astronomy and promise breakthrough discoveries across a wide range of astrophysical
disciplines. They will also bring unprecedented volumes of data—of order 500 Petabytes (500 million
Gigabytes) by the end of 2030 collectively across all observatories and missions, several orders of
magnitude more astronomical data than has been collected in human history. When combined with the
increasing availability of data from other, mid-scale facilities, the very nature of the observational
research enterprise is evolving. In short, progress in astronomy requires fully preparing for the next phase

8 hgGONG (Hill et al. 2019BAAS...51g..74H), COSMO (Mclntosh et al. 2019BAAS...51g.165M), FASR
(Bastian et al. 2019astr02020U..56B).

% Space Telescope Science Institute, https://archive.stsci.edu/hst/bibliography/pubstat.html, accessed
May 18, 2020.
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of the on-going transition away from targeted observations to large public data sets, in order to maximize
the science returns from current and upcoming facilities.
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FIGURE 4.7 History of publications arising from observations taken with the Hubble Space Telescope. The green
curve gives the trend of refereed papers originating from the original proposing Guest Observer (GO) team; papers
in purple have no overlap between the original proposing team and paper authors and indicate purely archival (AR)
research uses; the aqua curve indicates a mix of GO and archival researchers. The fourth category indicates papers
for which the assignment into the other bins cannot be made. The rate of archival paper production has outpaced that
of GO paper production from the early days of the observatory, a product of the open archives and pipeline data
processing. SOURCE: R. Osten, based on data available from STScl,
https://archive.stsci.edu/hst/bibliography/pubstat.html.

Along with the increasing importance of surveys and large data volumes, a related revolution in
computational astrophysics is underway. Numerical simulations are playing an ever-growing role in
modeling the physics of planets, stars, interstellar clouds and plasmas, galaxies, and the universe itself.
Numerical simulation has become an essential skill set for many theoretical astrophysicists. The outputs
from these simulations represent a valuable resource, but currently are rarely made publicly available, and
will comprise a very significant data volume. Although many theorists and modelers use publicly
available codes, far fewer people write or maintain them.

The data revolution has also transformed the manner in which many astronomers conduct the
majority of their research. Many observational astronomers rarely observe in person at a telescope,
instead spending the bulk of their time developing methods to carry out sophisticated analyses of large
online data sets. The algorithms used to process the data and create the results then become as important
as the underlying observations. Mechanisms to share software, such as code-sharing and revisioning
through Github and providing tutorials with worked examples through Jupyter notebooks, enable
reproducibility and lead to further levelling of the field for access to and improvements on the motivating
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science. Directly linking papers and the data contained therein in archives also strengthens the connection
between the resultant science and the input observations.

These revolutions are of course not unique to astronomy and astrophysics, and span many fields.
“Harnessing the Data Revolution” is one of NSF’s “Ten Big Ideas,”*? initiatives in which NSF plans to
make significant investments. NASA has recently convened a “Big Data Task Force”** and released the
Science Mission Directorate’s Strategy for Data Management and Computing for Groundbreaking
Science 2019-2024." The recommendations for building the Data Foundation for Astronomy and
Astrophysics presented in this section align well with these efforts.

4.5.1 Data Archiving, Curation, and Pipelines

The importance of archiving, curating, and facilitating the use and analysis of these rich data sets
has long been recognized by NASA and NSF, and numerous programs exist to support these areas. For
NASA these include mission-specific support (Figure 4.8), support for archival data centers, and
individual investigator programs such as the Astrophysics Data Analysis Program (ADAP) and
Exoplanets Research Program (XRP). NSF supports data curation at its national observatories, and
mandates a plan for managing data and sharing the products of funded research in individual investigator
programs through its general AAG program. The vast network of private ground-based facilities have
much more variable levels of archiving and accessibility. The question is whether the current suite of
programs is fit for the 2020’s and beyond. While recognizing the many successes of the current programs,
the decadal survey will focus on areas where modest investments can produce major scientific payoffs.

Virtually every celestial photon collected by a telescope is a precious resource, capable of
contributing to future discoveries. This legacy value can be maximized through investing in infrastructure
that enables facilities to collect and reduce these data in a uniform manner, and that archives data to be
easily retrievable, with the eventual goal of making the data publicly available. The need for high-level
data processing is also being driven by the increasing complexity of instrumentation (e.g., integral-field
spectrometers and multi-object spectrographs) in space and on the ground. The importance of joint
analysis of observations from different facilities and wavelengths, and of sophisticated archiving with
associated science platform tools, will grow dramatically over the next decade. A prime example is the
measurement of cosmological constraints on dark energy and other parameters in the coming decade,
which will rely heavily on the joint processing and analysis of data from the Euclid (ESA), Roman, and
Rubin observatories. As detailed in previous chapters, the tremendous interest in multi-wavelength, multi-
messenger, and time-domain analysis will pose new challenges over the next decade, as will carrying out
any science project with unprecedented volumes of data.

The current state of these data archives varies considerably, but the general trend is for an
increasing role of archival data in scientific pursuits. The decade just completed saw an expansion of
archive capabilities both on the ground and in space (Figure 4.7, 4.8, 4.9, 4.10, 4.11), and this is only
expected to grow in the coming decade. The remote nature of space facilities mandated effective data
storage from the outset, and perhaps not surprisingly, well-managed archives are available for nearly all
major NASA missions. These data have a long duration impact: data taken from the early days of the
Hubble Space Telescope still find productive uses in refereed papers nearly 30 years after initial
acquisition. Seventy percent of data archived from early in the life of the Chandra X-ray Observatory
appear in four or more publications (Figure 4.8).

The situation for ground-based facilities is much more mixed. Large facilities such as those built
and operated by the International ALMA Observatory and the European Southern Observatory (ESO), as
well as surveys such as SDSS and the Panoramic Survey Telescope and Rapid Response System (Pan-

10 https://www.nsf.gov/news/special_reports/big_ideas/index.jsp.
11 https://science.nasa.gov/science-committee/subcommittees/big-data-task-force.
12 https://science.nasa.gov/science-red/s3fs-public/atoms/files/SDMWG%20Strategy _Final.pdf.
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STARRS) have established archives of quality rivaling those of the space observatories. These archives
have been major contributors to the scientific productivity of those endeavors.*® Figure 4.9 and 4.10 detail
the steady increase in archival usage of ESO Paranal telescopes and the ALMA Observatory,
respectively; in both cases roughly a third of papers are now produced using at least some archival data.
The effort put in by the ALMA Observatory to create data reduction and calibration pipelines has the
result that currently 95 percent of data is calibrated and imaged;** in addition to enhancing the archival
utility of the data, such steps reduce barriers to entry for new users and widen ALMA’s user base.
NOIRLab hosts an Astro Data Lab as a centralized hub for archiving and disseminating observations from
U.S. nighttime OIR observatories, with emphasis on large surveys and data discovery tools, and the
NASA-funded Keck Observatory Archive curates Keck data at the NASA Exoplanet Science Institute
(NexScl). Such examples, however, have been the exception rather than the rule. Several factors account
for this situation. Few privately-supported U.S. ground-based observatories are financially positioned or
structurally incentivized to provide fully-reduced data products, and for older public facilities like the
JVLA or VLBA with complicated data processing, such a goal may simply not be possible for all data in
spite of best efforts (see Figure 4.11 for the increasing trend in archival usage from the JVLA). And while
some facilities place their data into public archives, these resources are often difficult to tap. The net
result is an opportunity lost, for the scientists who could be exploring data immediately rather than
spending months reducing it or making new observations, for the observatories that invested in
instruments whose data are underused, and for the science that could be done if that data could be easily
accessed.
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FIGURE 4.8 The percentage of data published as a function of time for data taken from the Chandra X-ray
Observatory archive, demonstrating the impact of a well-organized archive. Data here is quantified as exposure
time. Here, 70 percent of the oldest data sets have four or more publications using the data. SOURCE: Courtesy of
the Chandra Data Archive operations team.

3 M. Romaniello, M. Arnaboldi, C. Da Rocha, C. De Breuck, N. Delmotte, A. Dobrzycki, N. Fourniol, W.
Freudling et al., 2016, The growth of the user community of the La Silla Paranal Observatory science archive, The
Messenger, 163(5), http://www.eso.org/sci/publications/messenger/archive/no.163-mar16/messenger-no163-5-9.pdf.

14 ALMA, “Processing,” accessed on May 18, 2021 https://almascience.nrao.edu/processing/science-pipeline.
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FIGURE 4.9 Graph of the growth of refereed papers using archival data from European Southern Observatory’s
(ESO) La Silla Paranal Observatory, as a percentage of the total number of papers published that year. Blue
indicates papers for which there is overlap between the paper authors and the proposing Pl and Co-Is. Black
indicates no overlap (i.e. purely archival usage), and green is intermediate, where a combination of purely archival
and purely PI data is used. In the last complete year for which statistics are available (2020), more than a third of all
papers used archival data in some format. SOURCE: Retrieved from ESO,
http://telbib.eso.org/index.php?boolany=or&boolaut=or&boolti=or&yearfrom=1996 &yearto=2021&boolins=or&bo
oltel=or&site=Paranal&search=Search. Courtesy of the ESO Telescope Bibliography (telbib), maintained by the
ESO Library.
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Archive + Pl data: 117 (9.72%) *"’"

without Archive data @ Archive + Pl data Archive data only
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FIGURE 4.10 Archive data usage for refereed papers reporting science results from the Atacama Large
Millimeter/submillimeter Array (ALMA) over the 2010-2021 time period. Roughly one third of all papers produced
have utilized archival data, either alone or in combination with Pl data. SOURCE: ESO/ALMA,
http://telbib.eso.org/statistics/archive.php?boolany=or&boolaut=or&boolti=or&yearfrom=2010&yearto=2021&bool
ins=or&telescope[]=%22ALMA%22&booltel=or&site=Chajnantor&fl=telescope,datastatus&stats=arc&query_stats
=year%3A%5B2010+TO+2021%5D+and+site%3AChajnantor+and+%28telescope%3A%22 ALMA%22%29.
Courtesy of the ESO Telescope Bibliography (telbib), maintained by the ESO Library.
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VLA/JVLA Pl and Archival Data Paper Publication by Year
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FIGURE 4.11 Paper production from NRAO’s Very Large Array/Jansky Very Large Array detailing the evolution
of PI usage and archival usage of VLA/JVLA data in producing refereed papers. This does not include papers from
surveys such as the NRAO VLA Sky Survey (NVSS) or Very Large Array Sky Survey (VLASS). SOURCES:
(background image), https://public.nrao.edu/news/the-very-large-array-astronomical-shapeshifter/. (main image), R.
Osten, based on data from L. Utley, NRAO.

This untapped collection of observations not yet being archived can be seen as a tremendous
opportunity to extract more science from the U.S. ground-based system. With appropriate strategic
planning and modest financial investments, creating and archiving science-ready data products should
offer a multi-fold return on the science from ground-based facilities. Scientists’ limited time and grant
support could be focused entirely on analysis and discovery, and the impact of a telescope’s observations
could span decades, as photons are reused for science that was unimagined at the time they were
collected. Increasing access and the quality of archival observations can also serve as a powerful agent
towards broadening participation in the profession, because they bring cutting edge data to any individual
with internet access (even the public via Citizen Science initiatives), with minimal barriers to entering the
active research community. This democratization of science through archive access will continue in the
next decade.’

Finding: As demonstrated by space missions, and supported by archiving efforts at ESO and
ALMA, readily accessible data in both raw and reduced form from ground-based telescopes can
greatly multiply their scientific impact, even more so if pipelines are available to produce
processed data.

153, E. G. Peek, V. Desai, R. L. White, R. D’Abrusco, J. M. Mazzarella, C. Grant, J. L. Novacescu, et al., 2019,
Robust archives maximize scientific accessibility, white paper submitted to the Astro2020 decadal survey,
https://arxiv.org/abs/1907.06234.
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With the emerging roles of mega-survey facilities such as the Vera Rubin Observatory, multi-
wavelength and multi-messenger astrophysics, and time domain astronomy in this decade, there is an
even greater need for data discovery and analysis across multiple archives; this motivates the need for
coordination of those archives. The Enabling Foundations panel and this committee considered how to
best address this need. The panel proposed establishing a cross-agency umbrella organization called the
Astronomical Data Archiving System (ADAS) to coordinate the activities of the existing astronomical
data centers and set priorities for new investments. The National Virtual Observatory (NVO) effort was
undertaken from 2007-2014 with similar goals of enhancing archive interoperability, but with a
significantly different structure and implementation from the proposed ADAS. In partnership with a
similar International Virtual Observatory organization, the NVO achieved a number of important
successes including the creation of a common set of data formatting and metadata standards, a first
generation of data retrieval and exploration tools, and enhancing communication between the many
individual data centers in the United States and around the world. NSF support ended in 2014, however,
and any new organization of this type would need to build on the lessons learned from the NVO
experience, and the experiences of the many archiving centers that have been operating independently
over the last two decades. It will be important to preserve the expertise and resources of the existing data
centers, in part by providing flexible and stable career paths for archive scientists and software
developers. It is also critical to provide a centralized channel for input from the U.S. astronomy
community on prioritization of data archiving efforts, so that the work of the archive centers remains in
touch with the science needs of the community. The system as envisioned by the Enabling Foundations
panel could also address cross-agency strategic planning in the related areas of software development,
high-performance/high-throughput computing, archiving and curating data from theoretical simulations,
and community training in related areas.

An important component of creating effective archives is coordinating with cross-agency and
international archiving services to develop best practices and interoperability. While the International
Virtual Observatory Alliance continues, the lack of a U.S. national coordinating effort hampers efficient
communication between the various national and international funding agencies and institutes which
produce and archive astronomical data. Progress will come from an end-to-end approach that considers
the entire flow of data from the instrument, to the archive, to analysis and publication. Increasing the
prevalence of both science-ready data products and effective archives is best achieved if done hand-in-
hand with each other. Making codes publicly available will help to minimize redundancy, encourage the
adoption of common standards, and promote applications using multiple data sets. The survey committee
endorses the importance of the goals of the proposed ADAS articulated by the Enabling Foundations
Panel, but concluded that the appropriate scope of this effort and the details of the form it would take
require further study, led by NASA and NSF, with possible participation from DOE.

Recommendation: NASA and the National Science Foundation should explore mechanisms
to improve coordination among U.S. archive centers and to create a centralized nexus for
interacting with the international archive communities. The goals of this effort should be
informed by the broad scientific needs of the astronomical community.

The U.S. ground-based OIR system is distributed amongst public and private facilities and
therefore needs special consideration. For three decades many of the needs in this area were served by the
Image Reduction and Analysis Facility (IRAF), a freely-available workhorse software system funded by
multiple federal streams. *® Originally developed and maintained by the National Optical and Infrared
Observatories (NOAO) in the 1980’s, lack of funding for modernizing the software resulted in its
evolution to a community-supported platform on GitHub. This ground-up community-based approach has
since become the dominant mode for providing common data pipelines and analysis tools across ground-

1% Image Reduction and Analysis Facility, “Community Distribution,” accessed on May 18, 2021 https://iraf-
community.github.io/.
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based OIR astronomy. Prime examples include The Python Spectroscopic Reduction Pipeline (Pypelt)
which has been adopted for multiple telescopes and instruments for at least 11 observatories,'” and the
broad suite of application Python-based software collected by the Astropy project.*®

Although these community based efforts have done much to fill the gaping needs for up-to-date
pipelines and software, some may need to abandon their support, in the same way the IRAF project was
eventually forced to do, because of the lack of sufficient and reliable funding and a stable workforce of
contributors. These examples are illustrative of how the normal grant funding structure works poorly in
the context of building software infrastructure intended to undergird most modern astronomical software.
Any effort to create this type of infrastructure relies on continuous fundraising efforts with short time
horizons, without any path to earning the longer-term commitments that are necessary for longer term
planning and stability. NSF could help to provide foundational support for these efforts, for example by
incentivizing the developments of pipelines and archiving by requiring a reduction and distribution plan
as part of its funding for instrumentation, and/or by being open to joint proposals by multiple
investigators or observatories to fund adapting and running existing pipelines. Funding for tailoring and
operating these pipelines could be granted to observatories in exchange for their willingness to distribute
their raw data and science-ready data products to a public archive; the cost of this investment is a small
fraction of all the money invested in these facilities already, offering a highly-leveraged scientific
opportunity.

Recommendation: The National Science Foundation and stakeholders should develop a
plan to address how to design, build, deploy, and sustain pipelines for producing science-
ready data across all general-purpose ground-based observatories (both federally and
privately funded), providing funding in exchange for ensuring that all pipelined
observations are archived in a standard format for eventual public use.

4.5.2 Software Development

Astronomy has entered an era in which well-designed and well-constructed software can be as
important for the success of a project as hardware. Examples of highly complex software include
pipelines that reduce data for telescopes (e.g., Astropy), data analysis packages, and codes that simulate
physical processes, such as stellar evolution (e.g., Modules for Experiments in Stellar Astrophysics
[MESA]), N-body (Galaxies with Dark Matter and Gas Interact [GADGET]), or hydrodynamics codes
(e.g., Enzo). In addition, advanced statistical techniques and Machine Learning are playing a growing role
in reducing large data sets in physics and astronomy, and can also require complex codes. Increasingly,
many software packages are developed by large teams, and must make use of heterogeneous types of
hardware platforms, from general purpose CPU’s running on laptops to large multi-core computing
clusters that make use of massive parallelization and graphical processing units (GPUS).

Despite the increasing importance of software development and developers for the advancement
of the field, neither are sufficiently funded or supported by existing structures. Moreover, people who
have strong software development skills are critical for the field, yet are likely to have many career
opportunities outside of astronomy. Indeed, this is true throughout the physical sciences. Professional
tracks available for scientists who choose to specialize in developing scientific software infrastructure,
which might not be readily supported through traditional tenure-track faculty positions, could aid in the
retention and development of these individuals. These positions can be supported through national labs,
science centers, observatories, or in research positions at universities, with the understanding from

173, X. Prochaska, J. F. Hennawi, K. B. Westfall, R. J. Cooke, F. Wang, T. Hsyu, F. B. Davies et al., last update
May 19, 2020, “PyPelt: The Python Spectroscopic Data Reduction Pipeline,” arXiv.2005.06505v2.
18 The Astropy Project, “Homepage,” accessed on May 19, 2021, https://www.astropy.org.
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funding agencies that proposals for funding software infrastructure may look more like “instrumentation”
proposals than standard PI grants. As discussed in the Open Source Software Policy Options for NASA
Earth and Space Sciences report, funding for software maintenance and for open-source software projects,
which have been transformative for astronomical science over the past decade, could pay major dividends
in the future. *°

Finding: Software development has become an essential part of every sub-field of astronomy.
However, software developers and large software development efforts are not adequately funded
or supported by existing structures.

4.5.3 High Performance and High Throughput Computing

Computation has assumed an increasingly pervasive role throughout astronomy and astrophysics,
from theoretical simulations of physical processes to sophisticated data analysis. Access to and expertise
in the use of specialized computing facilities has therefore become ever more integral to the scientific
process, and thus requires on-going investments and training over the coming decade. High-performance
and high-throughput computing resources (HPC and HTC, respectively) are playing an increasingly
important role in astrophysical research (Figure 4.12), with the former being critical for simulations and
the latter for analysis of large data sets. HPC is a major part of a computational astronomer’s climate
footprint, hence motivating the use of efficient options. Industry-provided options for HTC currently exist
through cloud computing, and are often cost effective solutions to astronomical needs. However, as the
size of data analysis problems expand, the cost trades could potentially become unfavorable, and a
publicly-funded alternative may be more cost effective than relying on private industry to provide cloud
computing. Funding programs may need to adapt to this rapidly changing trade space, while also ensuring
that mechanisms exist for proposals to fund cloud computing access, rather than more traditional
purchases of computing hardware.

DOE and NSF have announced plans to significantly expand their HPC/HTC capabilities over the
coming decade, while NASA plans a more modest expansion. NSF computing resources are also
available without NSF support, but this is not true for NASA computing resources. Just as Section 4.3
emphasized the need for inter-agency funding opportunities to support science that transcends agency
boundaries, it is essential for agencies to provide opportunities for access to HPC/HTC computing
resources for cross-cutting projects. Developing the specialized codes that are competitive for allocations
on large national computing facilities requires expertise in both computer science and astrophysics, as
well as pre-existing access to facilities that can be used for code development and testing. These
requirements can pose a significant barrier to entry for scientists at institutions that do not have access to
this expertise or these facilities. Support for training (from NSF, NASA, or national laboratories) can be
an effective means of helping to level this playing field. This support could take many forms, for example
through small grants to individuals, support for training workshops or schools, or training opportunities
through NSF and/or NASA centers.

19 National Academies of Sciences, Engineering, and Medicine, 2018, Open Source Software Policy Options for
NASA Earth and Space Sciences, The National Academies Press, Washington, D.C., https://doi.org/10.17226/25217.
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FIGURE 4.12 Comparison of density through the central halo of a galaxy in a standard resolution (left) and high
resolution (right) simulation at a redshift where the majority of star formation is occurring, demonstrates the utility
of high performance computing simulations for advancing understanding of complex processes like the factors
affecting galaxy formation and evolution. SOURCE: Adapted from Molly S. Peeples et al 2019, “Figuring Out Gas
& Galaxies in Enzo (FOGGIE). I. Resolving Simulated Circumgalactic Absorption at2 <z <2.5,” The
Astrophysical Journal, 873 129. © AAS. Reproduced with permission. doi:10.3847/1538-4357/ab0654.

4.5.4 Data Science and Machine Learning

Over the past decade, data science has advanced dramatically. Machine learning techniques are
playing an increasingly important role in astrophysics and this trend is likely to continue into the future.
Over the past few years, universities have created multiple joint data science/astrophysics faculty
appointments, and are adding new courses. Both undergraduates and graduate students are pursuing joint
degrees in programs that did not exist in 2010, and NSF is increasingly investing in “big data” across all
subfields.

Astronomical data offer many opportunities for data science research. For example, a key paper
in the Data-Driven Discovery Initiative by the Moore Foundation ranked the SDSS as the 6th most
influential work in data-driven discovery, just behind Shannon’s classic information theory.?
Astronomical data are valuable for data science for many reasons: the data sets are rich and openly
available, well-structured and well-modelled. These have led to numerous new techniques for likelihood-
free inference, advances in density estimation, implicit generative models, and probabilistic
programming. These techniques are now being used across a wide range of fields (e.g., particle physics,
chemistry, and neuroscience) and are part of an emerging new area spanning machine learning and the
physical sciences.

Data science offers powerful new tools for studying astronomical data and astrophysical systems.
Machine learning has already shown significant success at providing tools for identifying anomalies in
data, and can speed up parameter estimation in large data sets by significant factors (Figure 4.13). These
techniques could lead to transformative discoveries from the new data sets available in the 2020s.
Machine learning has the potential to increase the amount of information obtained from astronomical data
sets by enabling modeling of complex non-linear phenomena and instrumental effects. If it can be

20 M. Stalzer, C. Mentzel, 2016, A preliminary review of influential works in data-driven discovery,
SpringerPlus, 5:1266, https://doi.org/10.1186/s40064-016-2888-8.
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successfully used to model multi-scale phenomena, it could open up the ability to more accurately
simulate a wide range of astronomical processes from planet formation to galaxy formation.

Finding: Data science, including applications of machine learning, will play an increasing role in
astronomical research over the coming decade. Incorporating training in this area at the graduate
level and beyond will better prepare researchers regardless of whether they pursue careers in
astrophysics or in other STEM fields.

5 = ; g
FIGURE 4.13 Hubble Frontier Fields image of the galaxy cluster Abell 370, illustrating numerous arcs resulting
from strong gravitational lensing of background galaxies as their light passes through the massive cluster and is
subsequently distorted. Machine learning has demonstrated an ability to identify strong lensing arcs orders of
magnitude faster than the current state of the art (references in Ntampaka et al. 2019)?* and is an example of the
impact of using deep learning techniques for model parameter estimation in large data sets. SOURCE: Space
Telescope Science Institute, https://frontierfields.org/. NASA, ESA, and J. Lotz and the HFF Team (STScl).

4.5.5 Laboratory Astrophysics

At its core, the science of “astrophysics” is built around the assumption that the observational
data which astronomers and astrophysicists collect are all produced by understandable, physical processes
that are the same throughout the universe. As observations are pushed to rarer or fainter spectral features,
or to previously unexplored systems or physical conditions, the understanding is being increasingly
limited not by the quality of the data themselves, but by the limited information about the underlying
physical parameters.

Thankfully, many of the needed parameters can be measured here on Earth. Laboratory
measurements are needed to determine the oscillator strengths of atomic, ionic, and molecular transitions;

L M. Ntampaka, C. Avestruzl, S. Boada, J. Caldeira, J. Cisewski-Kehe, R. Di Stefano, C. Dvorkin, et al., 2019,
The role of machine learning in the next decade of cosmology, white paper submitted to the Astro2020 decadal
survey, https://arxiv.org/pdf/1902.10159.pdf.
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reaction rates for the interactions that control the abundances of astrophysically relevant gases, ices,
solids, and high-energy tracers; and the complex surface chemistry and optical emission and scattering
processes that are increasingly relevant for understanding solid material in the ISM, protoplanetary disks,
planetary atmospheres and planetary and stellar interiors. These experiments can be challenging, since
conditions found in astronomical settings span a wide range of conditions that can be difficult to match in
Earth-based laboratories.

Spectral surveys in the far-infrared and submillimeter with Herschel and ALMA have detected
more than 100,000 spectral lines from molecular clouds, star forming regions, and the center of the Milky
Way (see Box 4.1). Many of these lines are from a few abundant molecules, such as methanol. However,
even these spectral “weeds” contain useful information on conditions in the interstellar medium, such as
temperatures, densities, pressures and radiation fields. Molecules of potential prebiotic interest, such as
amino acids, have complex spectra requiring detections of multiple lines with a common excitation.
Infrared spectra from JWST will have spectral features from aromatic hydrocarbons, which contain
information on radiation fields and annealing processes. Studies of exoplanet atmospheres will need
chemical reaction rates for a broad array of chemical species and conditions. Understanding the chemistry
of protoplanetary disks is the first step toward grasping the composition and evolution of planetary
systems. More generally, interpreting these spectral lines requires advances in laboratory astrophysics.

Despite limited resources, examples abound of areas in which laboratory astrophysics has been
key to advancing astrophysical discoveries over the past decade (Box. 4.1). In the search for humanity’s
interstellar chemical origins, the 2010s delivered first identifications of aromatic organics, and chiral
molecules, and the first inventories of organic molecules at the onset of planet formation. These results
were obtained because of new spectroscopic line lists. Complementary laboratory work revealed that
many of these organics can form in icy grain mantles at close to absolute zero temperature, and that
complex, prebiotically interesting organic molecules are thought to be ubiquitous during star and planet
formation. New laboratory data has also been key to characterize the atmospheres of exoplanets;
experimentally determined molecular line opacities at high temperatures have enabled retrievals of water
abundances and constraints on atmospheric carbon/oxygen ratios, while haze formation experiments have
been key to elucidate what kind of hazes and clouds may form on different kinds of exoplanets.
Laboratory astrophysics has also been instrumental in advancing the fundamental understanding of the
underlying physics governing stars, for example in significantly revising constraints on convective mixing
in the Sun and other stars. If astronomy aims to understand the structure and evolution of stars, galaxies,
and the universe as a whole through observations from future facilities, laboratory astrophysics will be
required.

BOX 4.1 Applications of Laboratory Astrophysics

The history of buckminsterfullerene, or “buckyballs,” illustrates the interdependence of theory,
laboratory work, and astronomical observations. One of the theoretical motivations that led to the
discovery of these soccer ball-shaped carbon molecules was a desire to understand the diffuse
interstellar bands. The origins of these broad absorption features in astronomical spectra remained
elusive for nearly a century, although large carbon molecules in interstellar gas clouds were considered
likely candidates. Laboratory experiments in the 1980s led to the identification of Cg in the emission
spectra of soot. The solid phase of Cep in astronomical spectra was first identified in the mid-infrared
spectrum of a star in 2012. Since then, absorption spectra of heavily reddened stars have revealed
multiple transitions of singly ionized Ceo, confirming its presence as one of the carriers of the diffuse
interstellar bands (Figure 4.1.1).

The spectral signature of fullerenes could not have been identified without theoretical and
laboratory studies of soot. In the era of ALMA, JWST, and proposed future facilities, with which
astronomers will have the capability to study the chemical origins of exoplanetary systems and to
detect molecules in exoplanetary atmospheres, the ability to spectroscopically identify complex
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chemical species in space, including prebiotic molecules, is critically important. A robust program of
laboratory astrophysics to support these investigations is essential.

20

A (pm)
(a) Mean of All Observed Stellar Spectra
101| 29348 i | A9365 19428 | A9577
siti] | - Reddened | |
—— —— = e — === L ey — — P
1 - Sy rr,/ o “_I rf’

0.99 L el 1t 0! L f
o —— L ‘f
oo 11 \ |
g | [ Reddened stars f
= 097| 11 Unreddened standards | L)
§ | ] Campbell+ 2018 ! ]
= 0.96) | Campbell+ 2016 | L7
E 1
2 1}
=g gsi | WS

094} t \ i

0931 1}

092 |

9340 9345 9350

Wavelength (4)

9355 9355 9360 9365

Wavelength [4)

9370 9375 9420 9425 9430

Wavelength (4)

9435 9565 9570 9575 9580 9585

Wavelength (4)

FIGURE 4.1.1 (upper left) Image of buckminsterfullerene, Ceo, indicating the linked carbon atom structure.
(upper right) Spitzer spectrum of possible Cgo features in the infrared spectrum toward the binary XX Oph. This
is the first detection of Cg in the solid phase. Horizontal lines indicate the location of features in Cgo SMoke and
gaseous Ceo. (lower panels) Absorption spectra from Cordiner et al. (2019) with the Hubble Space Telescope,
comparing those of reddened and unreddened stars. Red curves denote broadened laboratory spectra of transitions
of Ceo*. SOURCE: Upper left: Buckyball graphic in the public domain, from Benjah-bmm27,
https://commons.wikimedia.org/wiki/File;:Buckminsterfullerene-perspective-3D-balls.png. Upper right: A.
Evans, J.Th. van Loon, C.E. Woodward, R.D. Gehrz, G.C. Clayton, L.A. Helton, M.T. Rushton, S.P.S. Eyres, J.
Krautter, S. Starrfield, and R.M. Wagner, 2012, Solid-phase Cgo in the peculiar binary XX Oph?, Monthly Notices
of the Royal Astronomical Society: Letters 421(1): L92-L96, doi: 10.1111/j.1745-3933.2012.01213.%, by
permission of the Royal Astronomical Society. Lower panels: Adapted from M.A. Cordiner et al., 2019,
Confirming interstellar C60+ using the Hubble Space Telescope, Astrophysical Journal Letters 875: L28,
doi:10.3847/2041-8213/ab14e5, © AAS, reproduced with permission.

The 2020s will also see an even greater focus on stellar astrophysics, with “industrial scale
spectroscopy” combining with data from Gaia aimed at obtaining complete inventories of stellar
properties, such as detailed chemical compositions, masses, and ages. In the era of upcoming photometric
(Vera Rubin Observatory, Skymapper,? etc.), and large high- to low-resolution spectroscopic surveys
(SDSS-1V, SDSS-V, the 4-metre Multi-Object Spectrograph Telescope [4MOST], the William Herschel
Telescope Enhanced Area Velocity Explorer [WEAVE], Galactic Archaeology with

22 Keller, S. C. et al., 2007, Publications of the Astronomical Society of Australia, 24, 1.
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HERMES [GALAH], Gaia-ESO, etc.) astronomers will not be limited by data in the pursuit of stellar
astrophysics, but rather by a lack of laboratory measurements needed to interpret the data. While these
fundamental parameters are crucial for stellar astrophysics, they are also important in a wide range of
astrophysics ranging from exoplanet science to galaxy formation. The availability of relevant laboratory
atomic, molecular, and optical (AMO) data, such as highly accurate wavelengths, transition probabilities,
photoionization cross sections, line broadening parameters, and collisional cross sections, will be critical
for maximizing the scientific return of these surveys, observatories, and missions, which together
represent a significant investment of U.S. astronomy resources. At higher energies, the scientific return
from high-resolution X-ray spectroscopic missions, such as XRISM and Athena, will not be able to
capitalize on their high-resolution capabilities without new atomic data including collisional and
photoionization cross sections and dielectronic recombination rates. Potential diagnostics of density,
temperature, ionization, abundances etc. will not be realized without improved laboratory data on
transition energies, electron impact ionization collision strengths, photoexcitation, and ionization.
Laboratory astrophysics is also a required foundation to enable science on a range of scales—from as
small as dust grain growth to the solar convection boundary problem, to understanding the shock physics
of supernovae. A prime topic for the next decade, constraining the heavy elements produced in the
electromagnetic counterparts to neutron star mergers (kilonovae) requires understanding the spectra of
rapid neutron capture heavy elements such as neodymium and other rare-Earth metals (Figure 4.14).
There are insufficient laboratory measurements of line strengths and wavelengths for these elements so
current models that predict and interpret observations rely on theoretical atomic structure calculations.
Additional laboratory measurements would be very valuable and would also inform abundance
measurements of neutron rich elements in stellar spectra.
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FIGURE 4.14 Comparison of the infrared spectrum (from Gemini-South) of the electromagnetic counterpart to the
binary neutron star merger GW170817 (black) to theoretical models of radioactively powered kilonova emission
(red; see Ch 2.2). In the models, based on theoretical atomic structure calculations and radiation transfer, the broad
absorption features are produced by a collection of highly Doppler-shifted transitions of neutron-rich heavy
elements including neodymium and cerium. More detailed laboratory data on the atomic transitions of these and
other neutron-rich elements are needed for a complete understanding of the spectra of neutron star merger
counterparts and the heavy elements they produce. The region of strong absorption by Earth’s atmosphere is
indicated by the gray box. SOURCE: From R. Chornock et al 2017, “The Electromagnetic Counterpart of the Binary
Neutron Star Merger LIGO/Virgo GW170817. V. Detection of Near-infrared Signatures of r-process
Nucleosynthesis with Gemini-South,” The Astrophysical Journal Letters, 848 L19. © AAS. Reproduced with
permission. doi:10.3847/2041-8213/aa905c.
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Laboratory astrophysics was identified in the Astro2010 decadal survey report as “vital for
optimizing the science return from current and planned facilities,” especially in the ALMA and JWST
era.” Yet they found that “support and infrastructure for laboratory astrophysics are eroding both in the
National Laboratories and in universities” and they recommended that “the funding through APRA that is
aimed at mission-enabling laboratory astrophysics should be augmented at a level recommended by this
scientific assessment . . . a notional budget increment of $20 million over the decade may be required.”**

Currently laboratory astrophysics is supported through grants from the NASA APRA and ADAP
programs and NSF AST, as well as some support from DOE and national labs for laboratory astrophysics.
However the number of awards approved across all of these programs is small and they have been
declining since the early 2000s.?° A search of NSF AST awards over 2015-2019 revealed 15 grants
funded in laboratory astrophysics for a total of $6.2 million, and $12.4 million in funding from APRA
over the same period. Despite the Astro2010 recommendation above for a $2 million per year increase in
APRA funding for laboratory astrophysics, grant funding has remained essentially constant over the
decade.?® Given the growing need for laboratory data and the relatively small investment required relative
to the costs of the facilities supported, enacting the Astro2010 recommendation is more important than
ever.

It is important to add however that simply allocating more grant funding by itself will not be
sufficient to address the entire problem. This research is most effective when the laboratory researchers
have close ties to the astrophysical users of the experiments and data, but high start-up costs (typically $2
million or more) and the cross-disciplinary nature of the subject often leave university astronomy
departments reluctant to hire new faculty in this area. Agency support for early-career faculty, similar for
example to the NSF Faculty Development in Space Sciences (FDSS) program, could incentivize
departments to invest in this field. Coordination and high-level prioritization of prime areas for future
funding could also be effective. NASA for example already facilitates such an exercise through its
Laboratory Astrophysics Workshop, but most of the resulting priorities are set by the researchers in the
field. Broadening a similar exercise to include the user communities for the laboratory and computational
data would be an important step towards ensuring that the precious funds are optimized to address the
most pressing needs for interpreting current and future observations. Finally, for large flagship missions
and MREFC-scale NSF facilities which rely heavily on laboratory data, including provision for these
essential activities into the project budgets could be very cost effective and would naturally focus the
laboratory work on the most urgent scientific needs for those facilities.

Conclusion: Laboratory astrophysics is essential to the interpretation of astrophysical data from
facilities such as JWST, ALMA, and future facilities like the ELTs. Research in this area needs to
be regarded as a high priority. The existing approaches are not sufficiently advancing the field.

Recommendation: NASA and the National Science Foundation should (1) convene a broad
panel of experts to identify the needs for supporting laboratory data to interpret the results
from the new generation of astronomical observatories, (2) identify the national resources
that can be brought to bear to satisfy those needs, and (3) consider new approaches or
programs for building the requisite databases. This panel should include experts in
laboratory astrophysics as well as representative users of the data, who can best identify the
highest-priority applications.

2 NWNH, p. 32.

24 NWNH, p. 220-221.

25 See Section 4 of Nave et al. 2019; Atomic data for astrophysics: Needs and challenges. Bulletin of the AAS
51(7).

%6 2018 NASA Laboratory Astrophysics Workshop: Scientific Organizing Committee Report;
https://baas.aas.org/pub/2020i0202/release/1?readingCollection=1bea0260.
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4.6 SUMMARY

“Research is formalized curiosity. It is poking and prying with a purpose. It is a seeking that he who
wishes may know the cosmic secrets of the world and they that dwell therein. ”
Zora Neale Hurston, Dust Tracks on a Road (1942)

This report lays out a roadmap for reaching the destinations for discovery in Chapter 2, A New
Cosmic Perspective. Just as humans are fundamental to the success of research endeavors (as argued in
Chapter 3), so too is the infrastructure for supporting that “poking and prodding with a purpose.” These
are foundational components to the astronomical research endeavor, without which no steady footing can
be assured. Important components of this foundation are threatened, however, due to perennial
underinvestment. Writing the present chapter brought to light multiple examples of previous decadal
survey recommendations that remain unfulfilled. While the weakness of vital parts of the foundation has
not prevented the extraordinary scientific advances of the past decade, as with any foundation, continued
neglect and erosion of the foundation will continue to undermine the entire enterprise over the longer
term. Realizing the opportunities that can be achieved with appropriate funding and focus is the best way
to ensure that the science destinations are reached, so that new courses can be charted efficiently.

Ultimately understanding the connected cosmos through that “formalized curiosity,” and reaching
the ambitious decadal goals—unveiling the drivers of galaxy growth, new windows on the dynamic
universe, and pathways to habitable worlds—requires more than big new machines. It requires people to
translate observations into discoveries, theoretical studies to connect the observational clues, experiments
in the laboratory and with the computer to interpret the data and the theory, and digital libraries of these
precious data which meet the needs for the twenty-first century. Finally, support for big machines and big
projects needs to be balanced with support for the individual researchers who are the wellsprings of
scientific creativity and discovery. A few well-targeted, modest investments in the enabling research
foundation will restore a healthy balance to the overall portfolio and maximize the scientific return.
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5

Evaluating and Balancing the Operational Portfolio

Whereas Chapter 4 describes the research infrastructure, this chapter focuses on the suite of
currently operating telescopes and missions that drives the scientific advances of today. Fully capitalizing
on this suite of facilities requires managing and balancing the resources required to operate and maintain
them, and upgrading capabilities where needed, in a way that returns maximum scientific benefit. This
chapter draws from all of the program panel reports, and in particular from the Enabling Foundations
panel report.

Although the largest component of national investment in astronomy goes to the development and
construction of future major observatories and facilities (Chapter 7), today, the currently operating
facilities on the ground and in space are the primary tools for collecting data that drives scientific
discovery and progress in astronomy and astrophysics. Support for publicly shared facilities comprises
the largest fraction of the NSF Division of Astronomical Sciences (AST) annual budget,* and a large
share of the NASA Astrophysics Division budget that is not devoted to mission development. It is this
funding that keeps observatories such as the Hubble Space Telescope (HST), Chandra, Fermi, the
Transiting Exoplanet Survey Satellite (TESS), the Neil Gehrels Swift Observatory, the Nuclear
Spectroscopic Telescope Array (NuSTAR), the Atacama Large Millimeter/submillimeter Array (ALMA)
(the U.S. share), the Jansky Very Large Array (JVLA), and the Gemini Observatories among others
running and delivering cutting-edge science. Collectively such facilities have been extraordinarily
productive (see Chapter 2) and cost effective in seeding a steady stream of major scientific discoveries
using panchromatic capabilities that are central to their advancing broad decadal scientific priorities.

The vitality of these facilities is routinely assessed, with NASA and NSF engaging in periodic
reviews of their portfolios of operating missions and facilities. The importance of evaluating the
operational mission/facility portfolios on a regular basis was underscored by the 2000 and 2010
astronomy and astrophysics decadal surveys, and for NASA in a 2016 National Academies study of
NASA mission extensions and the senior review process.? All of these studies emphasized the importance
of such reviews to optimize the scientific return on these facilities investments.

As with the assessment of the research foundation activities in Chapter 4, the main interest of this
survey is not with the details of these stewardship processes, but rather in assessing at a high-level which
aspects of the processes are functioning effectively and which are less healthy, due to factors such as
growing programmatic imbalances, unforeseen events, or from rapid changes in the overall scientific
landscape or priorities since the last decadal survey. As part of this assessment, the committee considered
not only the processes for prioritizing individual missions and facilities within the agency portfolios, but
also the overall balances of investment between facilities and the many other types of investments that are
also needed to advance science.

Before addressing NSF and NASA portfolios individually, it is worth highlighting general areas
in which this committee believes the current management of operating facilities has been particularly

1 NSF FY2021 Budget Request, https://www.nsf.gov/about/budget/fy2021/pdf/fy2021budget.pdf.

2 National Academies of Sciences, Engineering, and Medicine, 2016, Extending Science: NASA’s Space Science
Mission Extensions and the Senior Review Process, The National Academies Press, Washington, D.C.,
https://doi.org/10.17226/23624.
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successful. The NASA Astrophysics Senior Review of Operating Missions has proven to be especially
effective in setting funding priorities for operating missions (post-prime mission), and for establishing
criteria and a decision process for terminating missions. Its 3-year cadence ensures that all projects
regularly document their scientific productivity, user demand, data products, operational plans, and
budget allocations on a regular basis. In contrast, the NSF’s Senior and Portfolio Reviews are conducted
less frequently, and without a predictable cadence (last conducted in 2006 and 2011-12).

This committee however did identify areas of concern, where imbalances or inconsistencies
across the agency portfolios now pose threats to the overall science return, vitality, and sustainability of
the astronomy and astrophysics programs. For NSF, the chief concern is insufficient funding to support
operations of high-impact scientific facilities that are at the core of astronomy’s current and future
ground-based research enterprise. The result, as detailed in Chapter 4, is a trend toward a declining
fraction of the AST budget for other purposes, most notably the Astronomy and Astrophysics Grants
program (AAG). The problem is poised to become much worse with the imminent commissioning of the
Rubin and the Daniel K. Inouye Solar Telescope (DKIST) observatories and is an existential concern
when contemplating the exciting set of proposed Major Research Equipment and Facility Construction
(MREFC) projects (U.S. Extremely Large Telescope [ELT] program, the Next Generation Very Large
Array (ngVLA), the Stage-4 ground-based cosmic microwave background experiment [CMB-S4]), and
the sustaining instrumentation program recommended by this survey (see Chapter 7). For NASA, a
serious concern is the exclusion of a major facility (the Stratospheric Observatory for Infrared Astronomy
[SOFIA]) from the Senior Review process. This committee addresses these and a few other, less serious
concerns separately for each agency.

5.1 NSF OPERATIONAL FACILITIES

This section provides an analysis of and recommendations related to NSF’s current model for the
operation of major facilities, along with assessments and recommendations on maintaining its current
portfolio, especially in the OIR.

5.1.1 NSF Funding for Major Research Facilities

In contrast to budgeting for NASA space missions, that include end-to-end funding for
construction, launch, and operations through the prime mission phase, the NSF budgets instead separate
the funding streams for facility construction and operations. Under current NSF regulations, the
construction of projects that cost more than $70 million may be funded by the agency-wide MREFC
program. Proposals to the program are based on design and development efforts funded by a division
and/or directorate, and, if the proposals are accepted, the MREFC program takes over and provides
processes for planning, oversight, and review throughout the construction process. This structure is ideal
for astronomy, with its reliance on transformative, widely-shared facilities.

However, while the MREFC process has supported building revolutionary facilities like ALMA
and Rubin, the program does not provide support beyond construction, leaving the operations and
maintenance (O&M) costs of these facilities as the responsibility of the sponsoring directorate, but
without a commensurate, sufficient, increase in the directorate’s funding line to account for operations
costs. With many NSF facilities having lifetimes of 50+ years, and annual operations costs typically
amounting to 4-7 percent of the original construction cost,? the total lifetime cost of O&M can easily rival
or exceed the original cost of construction. Moreover, the O&M costs are typically not carried by the
directorate as a whole, and instead are passed down to an individual division. For astronomy facilities,

3 B. Goodrich, C. Dumas, M, Dickinson, R. Bernstein, P. McCarthy, 2019, Observatory operating costs and
their relation to capital costs, APC white paper submitted to the Astro2020 decadal survey.
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these costs are almost always borne by AST, with occasional contributions from Physics or Polar
Programs. The division must then carry these costs for the remainder of the productive scientific lifetime
of the observatory.

Research communities from across NSF’s divisions have expressed mounting concern about the
impact of the “O&M mortgage” on the overall health of their fields. In response, the U.S. Senate
Committee on Appropriations issued guidance to the National Science Board (NSB) in its FY 2017
appropriations bill for the Departments of Commerce, Justice, Science and Related Agencies (S.2837):

Operations and Maintenance Costs—The Committee is concerned that operations and
maintenance costs for NSF-funded research facilities require an increasingly large percentage of
the funding for Research and Related Activities, especially in a budget environment where overall
domestic spending is restrained and annual operations and maintenance costs increase faster than
overall NSF spending. The Board is directed to consider whether this issue merits a change in
NSF’s funding principles or budgetary formulation processes, including considering the research
infrastructure funding approaches within other Federal agencies, and whether a separate operations
account is merited.

The NSB responded to this charge with a 2018 report (NSB-2018-17) entitled Study of
Operations and Maintenance Costs for NSF Facilities. This report found that in nearly all facilities-heavy
divisions and directorates, including AST, O&M spending has increased faster than division and
directorate budgets. Figure 5.1 shows the fraction of the division budgets represented by O&M costs for
several different divisions. The report notes that in divisions other than AST (Physics, Materials
Research, Earth Sciences, Geosciences, Ocean Sciences, Earth Sciences), this fraction has leveled off at
below or around 30 percent. AST stands out among all other divisions as having facility O&M costs that
are projected to continue to rise.
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Figure 2, Percentage of Selected MPS Division Budgets to Facilities (O&M) and Overall MPS Share. AST: Division of
Astronomical Sciences, PHY: Division of Physics, MPS: Directorate of Mathematical and Physical Sciences, DMR: Division of
Materials Research

FIGURE 5.1 Percentage of Selected MPS Division Budgets to Facilities (O&M) and Overall MPS Share. Budget
numbers through 2017 are actuals. Budget numbers from 2018 on are projections. The projected fraction for AST
has been roughly consistent with this analysis up to the present date. NOTE: AST: Division of Astronomical
Sciences, PHY: Division of Physics, MPS: Directorate of Mathematical and Physical Sciences, DMR: Division of
Materials Research. SOURCE: NSB report NSB-2018-17. Courtesy of the National Science Board.
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The two divisions with the highest O&M budget fractions are AST and Oceanography (OCE),
and this is no coincidence. Both fields rely heavily on shared national research facilities; in the case of
AST mainly radio, submillimeter, and optical-infrared ground-based observatories, and for OCE large
oceanographic vessels. This research infrastructure model contrasts sharply with other divisions such as
physics, chemistry, materials science, etc., where the bulk of research facilities reside within individual
university and institutionally-based laboratories.

The main components of the current AST O&M portfolio are the National Radio Astronomy
Observatory (NRAO) (including the U.S. share of ALMA and the JVLA), the National Optical-Infrared
Astronomy Research Laboratory (NOIRLab) (including the two Gemini telescopes, Kitt Peak National
Observatory [KPNO], Cerro Tololo Inter-American Observatory [CTIO], and Datalab), the National Solar
Observatory (NSO), Green Bank Observatory (GBO), Arecibo (See Section 5.1.5), and some elements of
the AST Mid-Scale Innovations Program (MSIP, discussed separately in Section 6.3.2). These facilities
are all highly valued by the community, but their aggregate O&M needs have imposed a severe squeeze
on the rest of the AST budget. Programs particularly impacted are the AAG individual grants line (see
Section 4.2.1), support for technology through ATI (see Section 6.1.2), instrumentation, and graduate
education. Other elements of the program affected by the squeeze include support for technology,
instrumentation and graduate student education.

Soon, two new major MREFC facilities recommended by the Astro2000 and Astro2010 decadal
surveys, DKIST and the Vera Rubin Observatory, respectively, will place even greater strain on the AST
budget. As stated in the 2018 NSB study:

The Division of Astronomy (AST): The Division of Astronomical Sciences situation is
highlighted on p. 21-22 of the NSB report, which notes: “[W]ith limited budget growth, the almost
$100 million in steady-state O&M needed when three state-of-the-art facilities that were, or will
be, completed between 2012 and 2023 is challenging the division’s ability to manage its portfolio
of existing and future facilities without severely affecting its investigator research program.”

The NSF AST has long been aware of the problem, and has attempted to adjust in response to
rising facilities costs. AST undertook a portfolio review in 2011-2012, that was charged with examining
how the program recommended by Astro2010 could be realized within a more limited budget profile than
anticipated. The portfolio review recommended a course of divestment from a number of facilities. Some
of these divestment recommendations were adopted, and provided a total cost savings of about $15
million per year. More extensive divestment of legacy, but scientifically productive, facilities, could
generate an additional savings at this scale but are insufficient to compensate for the needs of upcoming
facilities and at the same time fund individual investigator grants at a healthy level. As stated in the
midterm assessment of the Astro2010 decadal survey, “divestment alone will not resolve the budget
stresses imposed by rising facilities costs.”* The midterm assessment report appealed to NSF and NSB to
“consider actions that would preserve the ability of the astronomical community to fully exploit the
foundation’s capital investments in ALMA, DKIST, LSST, and other facilities. Without such action, the
community will be unable to do so because at current budget levels the anticipated facilities operations
costs are not consistent with the program balance that ensures scientific productivity.™

As this committee assessed the ambitious set of proposed MREFC projects for the coming
decade, it became clear that to implement any of them, and at the same time support continuation of the
world-leading observatories such as Rubin, DKIST, ALMA, the JVLA, and Gemini, requires a
fundamental change in the budgets available for AST O&M. The major projects presented to this survey
carry capital costs to the MREFC line ranging from hundreds of millions to approximately $2.5 billion

4 National Academies of Sciences, Engineering, and Medicine, 2016, New Worlds, New Horizons: A Midterm
Assessment, Washington, DC: The National Academies Press, https://doi.org/10.17226/23560.
5 -
Ibid.
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dollars, with corresponding operating costs, ranging from $20 million to $100 million per year (for any
one facility, as estimated by the projects themselves). When compared to the approximately $80 million
currently available in the AST budget outside of the O&M line, the current challenge has the real
potential to escalate the existing funding problem in the AAG program (Chapter 3) into a full crisis in the
near future, when DKIST and Rubin are fully operational. Although some of the pressure will be relieved
by planned phased retirements of current facilities (for example retirement of the JVLA when the ngVLA
comes into operation), it will not by itself relieve the existential threat to the sustainability of the NSF
astronomy budget.

In short, the structural difficulty of funding on-going operations of long-lived, scientifically
productive astronomy facilities places a profound challenge in front of the roadmap laid out by this
decadal survey. The same transformative projects that could readily attract MREFC funding would
simultaneously make it impossible to actually carry out the science, because of the inevitable
underfunding of research grants to use the new facilities, and of the theoretical studies and computational
tools needed to harness and interpret the data. Advancing astronomy and astrophysics takes the cutting-
edge facilities, the means to analyze and interpret the data, and also the theory and open-ended ideas that
will make the leaps from data to discoveries.

The only ways out of this dilemma are through augmentations to AST’s overall budget, or
through changes to the current NSF model for funding of construction and operations of large facilities. It
is imperative that the agency work with the AST division and MPS directorate to develop a sustainable
budget and/or model for construction and operation of new facilities, one that allows our community to
maintain an appropriate balance of investments in all of the other critical elements of the enabling
foundation for research that have been outlined in Chapter 4.

The 2018 NSB report makes several recommendations aimed at achieving this objective. One key
recommendation is stronger agency level oversight and involvement in strategic planning for major
facilities. A longer timescale for budgetary planning (currently facility budgets contain 5-year
projections) is also suggested. Notably, the report discusses a vision for a more flexible implementation of
the MREFC account, under which partial funding for O&M for a new facility could be allocated from
MREFC for a limited period (5-10 years). O&M costs could then be gradually absorbed into a division or
directorate budget. This welcome adjustment could help to solve the problem of operations costs for
shorter-lived facilities, it would only temporarily alleviate but not eliminate, the funding pressures from
Astronomy’s existing capital investments. Other solutions, such as creating an operations budget line at
the MPS or AST levels sized to accommodate O&M for current facilities, and the planned profile of
which would anticipate future needs, would also address this issue.

Conclusion: The current pressure imposed by operations costs of large NSF facilities on the
grants and other NSF programs will escalate to unsustainable levels by mid-decade unless
changes are made to the way that large facilities are supported.

Recommendation: The National Science Foundation (NSF) should develop a sustainable
plan for supporting the operations and maintenance costs of its astronomical facilities, while
preserving an appropriate balance with funding essential scientific foundations and the
remainder of the NSF Division of Astronomical Sciences portfolio. The addition of new
MREFC facilities should be contingent on implementation of this plan.

5.1.2 Managing the NSF Facilities Portfolio
As highlighted earlier, periodic reviews by NASA and NSF of their portfolios have proven to be
effective mechanisms for maximizing science return and prioritizing budgets. The NASA Senior Review,

which is undertaken every 3 years, has proven to be an extremely effective way to maintain high scientific
productivity while managing costs. In response to a recommendation in the Astro2010 decadal survey,
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NSF organized a portfolio review of its operating facilities in 2011-2012, but none since. Reviews on a
regular cadence allow for a periodic evaluation of the productivity and science return from facilities, and
can help identify where efficiencies can be realized, or where funding augmentations might be required to
capitalize on new scientific opportunities. Such reviews can also identify those observatories from which
NSF might divest and subsequently decommission. These goals largely mirror those carried out in the
2011-2012 portfolio review, and this is a practice worth implementing on a regular basis to ensure NSF
facilities regularly assess, document, and justify their performance and service to science and education.

Similarly to the NASA Senior Review process, NSF facility reviews would focus on scientific
promise, productivity, and budgetary efficiency. The committee appreciates that some aspects of facility
reviews have taken place as parts of the review of operating agreements for observatories, but such
reviews are not an appropriate substitute for a review which considers the entire portfolio simultaneously
on a holistic basis. The cadence of NSF reviews need be sufficiently frequent to allow facilities to respond
to changes in the scientific and budgetary landscape in advance of the decadal and mid-decadal processes
(i.e., at least twice a decade), but not so frequent that the facilities do not have time to implement and
evaluate changes made in response to a previous review (i.e. not as frequent as every 2 years).

Recommendation: The National Science Foundation Division of Astronomical Sciences
should establish a regular cadence of reviews of its operational portfolio, at a frequency that
is sufficient to respond to changes in scientific and strategic priorities in the field. An
appropriate target is at least two reviews per decade.

5.1.3 Investment in Mid- and Small-Scale Ground Facilities

Over the last decade, the system of ground-based telescopes in the United States has evolved
significantly, in both the radio and OIR parts of the electromagnetic spectrum. Radio astronomy has had
federal funding support the construction and operation of ALMA, an upgrade to the JVLA, and a
collection of smaller specialized telescopes, collaborations, and instrumentation, albeit at the expense of
the closing of the Combined Array for Research in Millimeter-wave Astronomy (CARMA) and the
elimination of the University Radio Observatories program at NSF. In the OIR, key developments include
the construction of the national flagship telescopes DKIST and Rubin, the innovative repurposing of
several smaller ground-based telescopes (e.g., the Dark Energy Camera [DECam], the Dark Energy
Spectroscopic Instrument [DESI], and the Zwicky Transient Facility [ZTF]). In spite of the investments in
cutting-edge smaller facilities and experiments, capable radio and OIR observatories are currently aging
and with insufficient investment are quickly becoming less competitive on the world stage, even among
some of our largest facilities.

The operating ground OIR and radio facilities play vital roles, both in supporting observations
with larger flagship facilities and generating major discoveries on their own. They are fundamental to
preserving a balanced portfolio of capabilities and investments in U.S. astronomy and astrophysics.
Flexible and accessible, ground-based telescopes can respond to a rapidly changing scientific
environment through technology upgrades in cameras and detectors.

Critical to the future effectiveness of ground-based facilities are updates to instrumentation.
Technology advances significantly over the decades-long lifetimes of these facilities, as do the needs of
the scientific community. A robust investment in instrumentation upgrades can enable an observatory to
maintain its competitiveness for far less than the cost of building a new observatory. The development of
adaptive optics (AO) in the 1990s serves as an excellent case in point, and led to ground-breaking
advances such as the direct imaging of exoplanets, and the precise definition of the orbits of stars that
determined the gravitational force fields near the black hole at the center of the Milky Way, work
recognized with the 2020 Nobel Prize in Physics. The upgrade of the receivers at the JVLA led to a factor
of 10 increase in sensitivity for continuum observations at the higher frequencies, and nearly complete
access to the 1-50 GHz frequency range.
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NSF programs for supporting new and upgraded instrumentation are available at scales ranging
from the MSIP and Mid-scale Research Infrastructure (MSRI) mid-scale opportunities, down to the
Advanced Technologies and Instrumentation (ATI) program which supports smaller projects (see Chapter
6). Over the past decade these programs have supported a wide range of meritorious projects, including
for example the Event Horizon Telescope (EHT), ZTF, and a humber of cosmic microwave background
(CMB) projects.

New and upgraded instrumentation on telescopes of all scales has also been supported
significantly by private foundations and philanthropy. Investments by foundations such as Moore,
Heising Simons, Sloan, Keck, Packard and others have been crucial, often in partnership with federal
funding to developing new, ambitious instruments as well as repurposing smaller telescopes for targeted
objectives. A few of many examples of these public-private instrumentation partnerships include the Las
Cumbres Observatory, the Zwicky Transient Facility, the PolarBear/Simons Array, BICEP-Keck Array,
the Keck Cosmic Reionization Mapper, and the Keck Planet Finder.

When assessing the current balance across these programs the committee identified a notable gap
in the support for instrumentation on OIR telescopes. Previously some of this gap was filled by the
Telescope System Instrumentation Program (TSIP), in which NSF provided money for development on
private facilities in exchange for public observing time. During 2002-2011, NSF invested $33 million in
19 instrumentation projects for five observatories (Keck, the MMT Observatory, Magellan, the
Wisconsin-Indiana-Yale-NOAO [WIYN] Observatory, and the Large Binocular Telescope [LBT]), and
providing in return 453 nights of public access observing time on seven telescopes (the Keck and
Magellan Observatories each have two telescopes), which was allocated through the National Optical
Astronomy Observatory (NOAO) time allocation process.

However, TSIP was phased out early in the last decade and replaced by the MSIP program.
Notably, unlike TSIP, MSIP does not require a return of public access in exchange for supporting
instrumentation on private telescopes. A number of MSIP projects did provide public access time, for
example 40 Keck telescope nights over 4 years resulting from funding for the Keck Planet Finder, 60
public nights per year on the Center for High Resolution Astronomy (CHARA) array, 2840 hours per year
on the Las Cumbres Observatory global telescope network, and public-access targets of opportunity
observations on ZTF,® the latter two mainly for time-domain applications. Applications for time and the
time allocation processes are coordinated by NOIRLab through a common once-per-semester process.
However, overall, since the replacement of TSIP with MSIP, the number of publicly-available nights on
leading facilities such as Keck and on capable 2-4 m-class telescopes have decreased significantly.

Strategic use of ground-based telescopes has also proven to be advantages for supporting the
scientific goals of NASA space missions, and, as a result, NASA has now joined NSF as a major investor
in ground-based OIR observatories and instrumentation. As a partner in the Keck Observatory NASA
allocates 1/6 of the time on the two 10 m telescopes (100 nights per year total) for public access.” The
NASA-NSF Exoplanet Exploration Program (NN-EXPLORE) has funded construction of exoplanet-
focused instruments and made available telescope time on the WIYN (adding a powerful new Doppler
spectrograph), the Anglo-Australian Observatory (AAO), the Small and Moderate Aperture Research
Telescope System (SMARTS), and Miniature Exoplanet Radial Velocity Array-Australis (MINERVA.-
Australis) observatories. NASA also operates the 3 m Infrared Telescope Facility (IRTF) for astronomical
and planetary-science observations. NASA funded construction of the Large Binocular Telescope
Interferometer (LBTI), and in this case 40 nights of public time were awarded for a single key project,
The Hunt for Observable Signatures of Terrestrial Systems (HOSTS) survey, comprised of a nationally-
competed team of investigators.

DOE is another significant contributor to U.S. ground OIR instrumentation, albeit focused on
areas aligned with Office of Science objectives. In addition to providing the focal plane camera for Rubin,
DOE has funded two extremely powerful optical survey instruments, DECam and DESI, using existing

® http://ast.noao.edu/observing/call-for-proposals-2021b
" https://nexsci.caltech.edu/
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NOAO 4 m telescopes. DOE’s investments are motivated by the central importance of large-scale surveys
for cosmology, and the instrument designs are in large part optimized for this purpose. However, the
resulting data have wide astronomical utility.

These contributions from NSF, private foundations and philanthropy, NASA, and the DOE have
helped to maintain the vitality of the instrumentation on ground-based OIR telescopes, but fall short of
what is needed to maintain the competitiveness of the facilities. As one useful benchmark, ESO currently
invests ~$10 million per year in instrumentation across its OIR telescopes, with another $15 million to
$20 million invested by the partner organizations. Two major instruments on the Japan-led Subaru 8.4 m
telescope, the Hyper Suprime-Cam and the future Prime Focus Spectrograph, have associated costs of $50
million and $86 million, respectively. Funding even shares of such instruments will require larger
allocations than historically have been awarded through the TSIP or MSIP programs. The second
challenge is the loss of public access time over the past decade, arising both from the discontinuation of
the TSIP program and the effective withdrawal of the CTIO 4m Blanco and KPNO 4m Mayall telescopes
from general public use during the course of the DES and DESI (and their associated) multi-year surveys.
The point is not to criticize whatsoever the decisions to undertake these important surveys, but rather to
emphasize the ever-dwindling general public access to 3.5—10m class OIR telescopes in recent years.

Although NSF’s MSRI program is an excellent new opportunity for funding larger ground-based
astronomy instrumentation projects, it will be difficult to sustain the required level and cadence of new
instrumentation through the program as currently planned. Given the significant investments, both public
and private, in OIR telescopes, these facilities will remain a critical part of the U.S. ground-based
astronomy program for decades, and over time will need instrumentation upgrades to remain at the
cutting-edge. To achieve this, in Chapter 7 we recommend periodic, strategic calls through AST and NSF
mid-scale program lines specifically to support upgrades of instrumentation on OIR facilities (private and
public), both to maintain the scientific capabilities of those facilities and as a mechanism to expand
community access to them. This includes a provision that such awards carry a requirement for allocating
public observing time on the facilities, along the lines of the previously successful TSIP model, and for
public release of data from the relevant instruments (after a suitable proprietary period). These
mechanisms may not be suitable for some survey projects of experiments, but the broad objective or
assuring community benefit from the federal investments should be met to whatever extent possible.

Conclusion: U.S. competitiveness internationally in ground-based OIR astronomy requires a
stable funding mechanism for instrumentation development on existing ground-based telescopes
that includes public access for the community.

5.1.4. Opportunities for Maximizing Public Investments

The U.S. system of ground-based astronomical observatories includes both federally funded
facilities and facilities constructed and operated by academic and private institutions. In the radio,
millimeter, and submillimeter, telescopes are typically federally funded, primarily by NSF AST. In the
OIR, however, many of the most advanced and powerful ground-based observatories are funded and
operated by consortia of academic institutions and private foundations. This funding model favors access
by astronomers who are affiliated with the participating organizations which invest in the construction
and support of those facilities. Another manifestation of this de-centralized system is a lack of
coordination across the many observatories, whether it be in terms of setting common priorities for new
instruments, arranging for exchanges of observing time to limit duplication of instrumentation, or in
representing their common interests with the agencies.

The concept of a more coordinated system of ground-based observatories is hardly a new idea.
On the recommendation of the Astro2000 decadal survey, NSF established the concept of the “OIR
system,” which was intended to balance and optimize coordination of the national and private
observatories. Ten years later the NWNH report concluded that “Optimizing the long-term science return
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from the whole of the U.S. optical and infrared system requires a readjusting of the balance of the NSF-
Astronomy program of support in three areas: (1) publicly operated national observatories; (2) private-
public partnerships—such as support for instrumentation and upgrades of privately operated
observatories; and (3) investment in future facilities.” Following both reports, NSF organized strategic
planning committees to develop decadal roadmaps for optimizing the OIR system, and these led to
significant advances, not the least the coordination of public access to privately-run facilities as described
earlier.

There is value in expanding this model beyond an ad hoc committee which issues a report once
per decade, towards a standing committee which would facilitate dialog between the diverse set of OIR
stakeholder institutions, and serve in the coordinating role envisaged above. The newly formed NOIRLab
may be an entity that could convene (but not direct) such an activity.

Conclusion: As the cost of new instrumentation on ground-based OIR telescopes continues to
increase, improved coordination and collaboration among facilities run and/or supported by
private institutions, universities, national laboratories, and private foundations could facilitate the
development of a coherent national strategic plan for OIR astronomy.

5.1.5 The Arecibo Observatory

In December 2020, the storied Arecibo radio telescope in Barrio Esperanza, Arecibo, Puerto Rico
collapsed, ending a remarkably productive 55 plus year service to the astronomical, planetary,
ionospheric, defense, and space-science communities. Innovative in design, its large, fixed dish with a
suspended secondary enabled the discovery of over 500 pulsars, including the Hulse-Taylor binary pulsar
that led to the discovery of gravitational radiation and the 1993 Nobel Prize in physics. Other notable
contributions include: the first discovery of an exoplanet that was found orbiting the pulsar 1257+12; the
search for extra-terrestrial intelligence (SETI); mapping of hydrogen gas emission over thousands of
square degrees; understanding the composition of the ionosphere; the characterization of the properties
and orbits of a number of potentially hazardous asteroids; radar mapping the surfaces of Mars, Venus, and
Mercury (including its ice); and most recently probing Fast Radio Bursts (FRBs) and intermittent pulsars
to refine our understanding of the underlying physical mechanisms. At the same time, through its Angel
Ramos Foundation Visitor Center, it brought the wonders of the radio sky to many hundreds of thousands
of students and non-specialists. Arecibo was also a focal point for STEM-related education in Puerto
Rico, inspiring a young, diverse generation to pursue a career in science.

Arecibo opened a new, rich, view of the cosmos that over the years has helped to spark new ideas
and more ambitious efforts. The results of its HI surveys of the Milky Way Galaxy and the census of the
local HI content of nearby galaxies has motivated the larger efforts of the Square Kilometer Array (SKA)
and its precursors. Furthermore, the Five-hundred-meter Aperture Spherical Telescope (FAST) in
Guizhou, China builds on Arecibo’s 305 m diameter. Since first light in September 2016, FAST, which
covers from 70 MHz to 3 GHz as compared to Arecibo’s 50 MHz to 10 GHz, has discovered over 200
new pulsars as of May 2021.8 For specific types of astronomical searches in much the same frequency
range, other instrumentation approaches are better. For example, the Canadian Hydrogen Intensity
Mapping Experiment (CHIME, 400-800 MHz) is just 80 m?, yet has greater mapping speed than FAST.
The Hydrogen Intensity and Real-time Analysis eXperiment (HIRAX) will complement CHIME in South
Africa. The Canadian Hydrogen Observatory and Radio-transient Detector (CHORD; 0.3-1.5 GHz, 512, 6
m dishes) and the proposed DSA-2000 (0.7-2 GHz, 2000, 5 m dishes) are expected to discover, for
example, many thousands of new pulsars and FRBs. This new generation of telescope blends modern
high-speed digitization and correlation of multiple resolution elements with optimized hardware to
simultaneously monitor large swaths of sky, acting like radio cameras. To complement these, in Chapter

8 Han et al. http://www.raa-journal.org/raa/index.php/raa/issue/view/231
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7, we recommend commencing with the development of the ngVLA, an international effort to construct
an array of more than two hundred 18 m telescopes operating from 1.2 to 116 GHz. While none of these
new telescopes individually will replace all the capabilities of Arecibo, the combination of the radio
cameras and ngVLA will be much more powerful for broadly advancing astrophysics in this frequency
range.

The survey steering committee assessed the impact of Arecibo’s loss on the key science questions
and program elements forwarded by the Astro2020 panels, while noting that these topics are largely
outside the planetary and solar system science fields where Arecibo has had tremendous impact. When
restricted to astrophysics alone, the most significant impact is the loss of the Arecibo’s contribution to
discovering and timing pulsars that are elements of the Pulsar Timing Array (PTA). This set of pulsars is
used to search for new sources of gravitational radiation. The PTA reveals gravitational waves with ~year
periods through slight alterations in the arrival times of the emission from a catalog of millisecond
pulsars. To date, over a quarter of these pulsars have been discovered with Arecibo and timed with
telescopes including Arecibo, the Green Bank Telescope (GBT) and the JVLA.

To reach the scientific goals of Astro2020, much of what was lost with Arecibo can be replaced,
in the near term, by focusing more resources on timing with the JVLA and GBT, and by increased
collaboration with the international community undertaking pulsar searches. As pointed out by the RMS
panel, the uniqueness of large single-dish telescopes like Arecibo, or very closely packed arrays, is their
ability to search for new sources to improve the sensitivity of the PTA to gravitational waves. As noted
above, the FAST telescope is already filling this role, and expanded international collaboration could
ensure continued detection of relevant new sources. For pulsar timing, additional observing time will be
needed on the GBT, and also the JVLA, to provide the necessary phase-connected timing solutions. On
few-year timescales, radio cameras will add search capabilities. This survey recommends commencing
development of the ngVLA this decade and also recommends adding radio instruments as a strategic call
at the mid-scale (Chapter 7). Therefore, in the longer-term, new facilities will advance a broad range of
Astro2020 science goals, including the detection and study of FRBs, and pulsar timing.

Another important goal of Astro2020 is to enhance community engagement with astronomy. The
Angel Ramos Foundation Visitor Center has been a model for this. In Chapter 3 we address the
importance of local community involvement in realizing the goals of Astro2020. In addition to this
education and public outreach component, the observatory promotes demographic diversity in STEM
through its impact on post-secondary education. These activities are important and worth continuing.
Looking to the future, the reference design for the ngVVLA calls for at least one of its antennas to be
placed in Puerto Rico, an example of one path for Puerto Rican communities to become part of a
connected network of telescopes that span from Hawaii to the Virgin Islands, and that will at the same
time be on the forefront of astronomical research and discovery.

Finding: There are future opportunities for continued utilization of the Arecibo site for radio
astronomy, both through the ngVVLA and mid-scale projects.

In summary, Astro2020 took a broad view of all the capabilities needed to ensure a strong future
in radio astronomy. These recommendations are synergistic with the entire multi-messenger, multi-
wavelength astronomy program. Even in the absence of Arecibo, and in light of multiple new ideas for its
replacement (e.g, Roshi et al.),® our priorities for radio astronomy are: the support of existing facilities;
the phased build-up toward the ngVLA; and competed small and mid-scale projects, all undertaken in an
international context. Both because of its location and its communities, Puerto Rico has an important role
to play in the future of radio astronomy, and it remains a good site for investing in mid-scale radio

°D. A. Roshi, N. Aponte, E. Araya, H. Arce, L. A. Baker, W. Baan, T. M. Becker, et al., 2021, “The Future of
the Arecibo Observatory: The Next Generation Arecibo Telescope” white paper last updated on February 1, 2021,
arXiv:2103.01367.
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projects. We encourage NRAO/Associated Universities Inc. (AUI) and other entities to take advantage of
this opportunity along the lines outlined in this report.

Conclusion: Much of the science relevant to the Astro2020 goals lost with Arecibo can be
recovered through additional investment in existing facilities, and through international
partnerships, while the new facilities recommended by this survey are realized.

5.2 NASA OPERATIONAL FACILITIES

NASA has a well-defined and effective process, the Astrophysics Senior Review of Operating
Missions, proven to be effective in setting funding priorities and for establishing criteria and a decision
process for terminating missions. A 2016 NAS Report, “Extending Science: NASA’s Space Science
Mission Extensions and the Senior Review Process” found that across all of NASA’s science programs,
extended missions are an important part of both achieving decadal science objectives, and determining
priorities or approaches for future exploration. This report also finds that senior review is the best
mechanism for advising NASA about budgetary levels, or advising when a mission should be terminated
because its scientific return is not commensurate with the requisite investment. As such, decadal surveys
do not typically weigh in on individual operating missions. However, SOFIA was not considered by the
last senior review panel, and the value of continuing operations of SOFIA beyond 2023 is of concern with
respect to the other priorities of this report.

5.2.1 SOFIA

In the budget presented to Astro2020, NASA did not include plans to continue operating the
Stratospheric Observatory for Infrared Astronomy (SOFIA) beyond 2023. NASA conducted two separate
review exercises: the SOFIA Operations and Maintenance Efficiency Review (SOMER) and the SOFIA
Five Year Flagship Mission Review (FMR). The decadal survey, as part of its overview of the current
state of astronomy and astrophysics science and technology research, considered the outcome of these
reviews and made its own evaluation of the relative scientific value of continuing SOFIA relative to
Astro2020 science questions, and relative to other decadal survey priorities.

SOFIA, prioritized by the 1990 and 2000 decadal surveys, observes with an air-temperature 2.5-
meter telescope mounted in a highly modified Boeing 747. It typically flies at altitudes over 11.3 km,
which is above 99 percent of Earth’s precipitable atmospheric water vapor, allowing for access to infrared
wavelengths not possible from the ground. SOFIA’s instrumentation has therefore focused on mid to far
infrared, via both spectroscopy and imaging. The SOFIA project is joint between NASA and Deutsches
Zentrum fur Luft- und Raumfahrt e.V (DLR, the German Space Agency), with NASA providing 80
percent of operations costs and DLR 20 percent. The SOFIA program was started under contract with the
Universities Space Research Association (USRA) in 1996, saw first light in May 2010 and achieved full
operational capabilities in May 2014. SOFIA performs mostly northern hemisphere flights, as it is based
in Palmdale, CA, and spends a smaller fraction of the year in the southern hemisphere, where it takes off
from Christchurch, New Zealand.

The survey committee has significant concerns about SOFIA, given its high cost and modest
scientific productivity. The NASA portion of SOFIA’s operating budget is $86 million a year, of which
$4 million goes to Guest Observers for data reduction and analysis. This yearly budget is in a range
comparable to NASA'’s flagship space telescopes Hubble and Chandra ($98 million and $62 million in
FY2019, respectively). The total life cycle cost for SOFIA to date is ~$1.5 billion. For this investment,
the science productivity to date is very low: 178 total papers after 6 years (from May 2014 to May 2020).
The science impact is also low; these papers have a relatively low citation rate: for the same time period,
only 1242 citations. As a comparison, in the first 6 years after the launch of each of Hubble and Chandra,
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with similar yearly budgets, the community produced more than 900 and 1800 total papers, respectively.
Similarly, ESA’s Herschel mission, was, like SOFIA, a flagship scale mid-to-far-infrared facility, which
saw nearly 900 peer-reviewed papers in the 6 years following launch (170 papers in the first year alone),
with more than 20,000 citations during the same period. Comparing to a more recent mission that has
been operating for a shorter time than SOFIA, NASA’s TESS —a Medium-class Explorers (MIDEX)
mission—nhad in its first 2 years of operations (launch date April 2018) 281 papers with 2322 citations. In
addition, SOFIA’s clearly unique capabilities across these important wavelength ranges have not
translated into high utilization of the observatory by the astronomical community. For instance, only 9 of
the 35 SOFIA-related Ph.D.’s are from U.S.-based students, as of Fall 2019, and the single largest
producer of SOFIA’s scientific publications to date is Germany’s Max Planck Institute for Astronomy.
Furthermore, some of the originally motivating unique capabilities in 1990 and 2000 have since been
superseded by the results from the Herschel Space Observatory (2009-2013). Relative to its cost, SOFIA
has not been scientifically productive or impactful over its duration.

To assess SOFIA’s potential impact going forward, we determined the role SOFIA could play in
Astro2020 science priorities. We find that SOFIA directly addresses three of the thirty priority science
questions (Question 4 of the Panel on Galaxies, Question 2 of the Panel on the Interstellar Medium and
Star and Planet Formation [ISM], and Question 4 of the Panel on the Stars, the Sun, and Stellar
Populations), and indirectly contributes to one more (Question 4 of ISM). There is therefore minimal
overlap of the Astro2020 Panels’ science priorities with SOFIA capabilities.

Some of SOFIA’s challenges are inherently structural. The operation of the observatory is
complex, and a large staff is required both to maintain the observatory and to perform observing runs.
There is significant down time in each year for necessary airplane maintenance. With a typical ~1000
flight hours per year, and a relatively modest 60 percent of programs being completed, and 60 percent of
these turning into peer-reviewed publications, only a few percent of total yearly calendar hours are turned
into peer-reviewed science, an order of magnitude less than other astronomical observatories.

In 2018-2019 NASA charged two review committees to assess the state of SOFIA. These were
the SOFIA Operations and Maintenance Efficiency Review (SOMER) and the SOFIA Five Year Flagship
Mission Review (FMR), the latter of which primarily focused on science. The SOMER review made a
number of recommendations for fundamental changes to management and operations, to improve flight-
hour production and reduce costs. The FMR review suggested that transformative change was needed,
with a strong need to alter planning and decision-making so that it is more science focused. The FMR
gave a number of recommendations for completing high priority science programs and delivering high-
quality data.

The survey committee found no evidence that SOFIA could, in fact, transition to a significantly
more productive future. There have been only modest improvements in productivity over the past 2 years.
These include a 50 percent increase in papers per year, and a higher completion percentage of high-
priority programs. A new director was also recently appointed. It is noted, though, that the SOFIA team
has responded to NASA that a number of major recommendations from the SOMER and FMR reviews
are not feasible to implement, suggesting any future improvements would still be modest, and insufficient
to bring about the flagship level science associated with its budget. Thus, the survey committee found no
path by which SOFIA can significantly increase its scientific output or relevance to a degree that is
commensurate with its cost.

Conclusion: The cost of SOFIA’s yearly budget is comparable to NASA’s Hubble and Chandra
flagship missions, yet the scientific productivity is significantly lower. There is no evidence that
SOFIA could transition to a significantly more productive scientific future.

Recommendation: NASA should end SOFIA operations by 2023, consistent with NASA’s
current plan.
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6

Technology Foundations and Small and Medium Scale Sustaining
Programs

In this chapter the focus shifts from current facilities to the technology development that keeps
them on the cutting edge, and the small and medium projects that complement them. These elements
provide rapid response to new opportunities and discoveries, and offer platforms for building a strong and
diverse community of innovative instrumentalists and technologists who will drive future progress. The
agencies’ historical willingness to support a significant range of program scales is a proven strength of the
Nation’s astrophysics portfolio, and is an even more pressing need today, as made clear by the large costs
and long development timescales for the MREFC observatories and flagship missions submitted for
consideration to Astro2020. This chapter draws from the Enabling Foundations panel report, as well as
from the EOS-1, EOS-2, OIR, RMS and PAG studies, all of which emphasize the need for sustaining a
broad range of activities for advancing Astro2020 science goals.

Small and mid-scale programs advance broad-reaching astrophysics scientific goals, and fuel new
discovery. NASA’s suborbital and Explorer missions, and NSF’s Mid-Scale Innovations Program (MSIP)
projects can be conceived, implemented, and deployed on a few-year timescale, in exchange for focusing
on a narrower set of capabilities or science objectives. In addition to advancing a broad range of science
simultaneously and synergistically, small and mid-scale projects are essential to the agility of the science
program. Astrophysics is fundamentally a discovery-driven science, and examples of major advances
enabled by the ability to respond quickly to new discoveries abound. The Swift Medium Class Explorer
(MIDEX), with its agile pointing and broad wavelength coverage, was conceived, developed, and
launched within 6 years of the discovery of the X-ray and optical afterglows of gamma-ray bursts.
Another example is the Transiting Exoplanet Survey Satellite (TESS) Explorer mission, which was able
to quickly capitalize and expand on the transit detection breakthroughs of Kepler to execute an all-sky
census to identify potential James Webb Space Telescope (JWST) targets. On the ground, the DSA-110
MSIP radio array project was selected, developed, and is projected to be on-sky in the early 2020°’s
rapidly responding to the progress in the field of Fast Radio Bursts (FRBs). None of these capabilities
could have been met with a current or planned larger project, and astronomy’s rapid response to these
new scientific opportunities has been a proven success that we aim to replicate in the coming decade.

The range of institutions, both public and private, that engage in technology development, small
missions and experiments, and mid-scale activities such as MSIP and Explorers is another major strength
of the U.S. program. Collaborations involve public and private university-based efforts, government labs
supported by DOE and NIST, and NASA centers. Industrial partnerships are also important at these
scales, usually for development of components requiring specialized fabrication approaches or processes.
Government laboratories and NASA centers house state-of-the art, sustained capabilities for, for example,
metrology, lithography, and microfabrication, essential for many technical building blocks. Universities
also have special expertise and dedicated laboratory facilities and testbeds that are often unique in the
world. This combination has developed world-leading technology, and small and medium-scale
observatories that have had high scientific impact for astrophysics (Box 6.1).
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BOX 6.1 Development of Technology for Exoplanet Imaging and Spectroscopy:
An NSF, NASA, and Private Partnership Working Toward a Grand Scientific Goal

Technology for imaging exoplanets has been
developed in many labs, including Caltech’s
Exoplanet Technology Laboratory (ETL),
UCSC’s Laboratory for Adaptive Optics, the
Princeton High-Contrast Imaging Laboratory,
and others, combining NASA, NSF, state, and
private funding.

Starshade testbed at Princeton University

Technology, Testbeds, and People
Students, postdocs and test hardware are funded by
NASA’s APRA and SAT, NSF’s ATl and STC
programs, as well as private foundations. Example
technologies tested in university laboratories include
optical vortex coronagraphs, MEMS deformable
mirrors, shaped-pupil coronagraphs, and new
wavefront sensors. These laboratories have centrally
involved graduate students and postdoctoral
researchers who work with experienced engineers.
Many of these young scientists are now in faculty or
NASA staff positions establishing their own efforts.

Technology development at the ETL is
undertaken by students and postdocs working
side-by-side with experienced engineers.

Connections from the Ground to Space
Technology from these programs has been
incorporated into instruments such as the Gemini
Planet Imager (GPI), Magellan MagAO-X, and the
Keck Planet Imager and Characterizer (KPIC).
These instruments use concepts developed in
laboratories to study young giant planets (below left)
while demonstrating techniques and technology that
will someday measure the atmospheres of other
Earths on a large UV-OIR space mission and the
ground-based Extremely Large Telescopes.

Undergraduate and graduate students testing
and integrating KPIC

[UVOIR §pace Mission

Jupiter

Gemini —**
Planet Imager anhisy seiienlies
HR 8799 cde

0.1"=14 Al

The Search for Habitable Exoplanets from Ground and Space
The ultimate challenge for high contrast imaging and spectroscopy is to search for atmospheric biomarkers
indicative of life. This will be undertaken by the Extremely Large Telescope (above center) for small host
stars, and a large UV-IR space mission (above right) for Sun-like stars. The technology developed in these
laboratories will enable both efforts.

SOURCE: Upper right: Courtesy of Princeton University. Middle left: (from upper left, clockwise) Courtesy of Daniel Echeverri, Caltech
Exoplanet Technology Laboratory; Courtesy of Jacques-Robert Delorme / Caltech Exoplanet Technology Laboratory; Courtesy of Jorge Llop-
Sayson, Caltech Exoplanet Technology Laboratory. Lower right: People: Courtesy of N. Jovanovic et al., 2019, arXiv:1909.04541. Reproduced
with permission. Instrument: Courtesy of Charlotte Z. Bond, et al., "Adaptive optics with an infrared pyramid wavefront sensor at Keck," Journal
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of Astronomical Telescopes, Instruments, and Systems. 6(3) 039003 (24 September 2020) https://doi.org/10.1117/1.JATIS.6.3.039003. Bottom
row: B1. Courtesy of the Gemini Planet Imager Exoplanet Survey Team. B2. Fitzgerald, M., et al. (2019). “The Planetary Systems Imager for
TMT.” Bulletin of the AAS, 51(7). Retrieved from https://baas.aas.org/pub/2020n7i251 Reproduced with permission. B3. R. Juanola
Parramon/N. Zimmerman/A. Roberge (NASA GSFC).

Finally, these partnerships and the balance and range of project scales have been essential in
developing the careers of the instrument builders, technologists, and Pls that are so important to the
success of the astronomy and astrophysics enterprise. Being an effective Pl of a large facility or flagship
instrument, or a Small Explorer (SMEX) or MIDEX mission, requires a high degree of experience and
training. These are often acquired through involvement with, and/or leadership of smaller payloads, or
modest-sized ground-based instruments. The specialized training of technologists and instrument
scientists is a progressive process, from the undergraduate level where students often first become
engaged in the field, to graduate training in labs and on experiments, to early career stages where
individuals develop their own initiatives and become established researchers. The endeavors undertaken
during these career stages often progress with project size.

6.1 THE TECHNOLOGY FOUNDATIONS

New technologies for astronomical instrumentation are crucial building blocks without which
observational capabilities would stagnate. It is hard to imagine modern astronomy without large-format
CCDs, or without the bolometers and calorimeters that are at the heart of so many observatories and
experiments, from time domain facilities to forefront Cosmic Microwave Background (CMB) polarization
measurements. Early and significant investments in technology directed at flagship missions and large
NSF facilities provide a refined understanding of costs and risks prior to construction, and for space
missions it reduces the likelihood and magnitude of cost and schedule overruns during development.*
NSF’s Advanced Technology and Instrumentation (ATI) and NASA’s Astrophysics Research and
Analysis (APRA) and Strategic Astrophysics Technology (SAT) programs support several essential
functions: supporting the modifications required to apply technologies to the exacting needs of
astronomers; demonstrating that they function in the relevant environment and as part of a system; and
inventing entirely new approaches for novel astrophysical measurements.

6.1.1 NASA’s Competed Technology Development and Demonstration Programs

In this section we focus on early-stage technology development, investments in technology
required to advance NASA'’s small and medium-scale missions, and maturation of component
technologies to a level that they are ready to be incorporated into flight missions of all cost scales. We
address the crucial issue of technology maturation for defined, strategic missions in Chapter 7. NASA
supports two major technology programs for astrophysics—APRA and the more recently established SAT
program—to support “blue-sky” and strategic, mission-oriented technology development, respectively.

6.1.1.1 APRA Technology Development
APRA’s success is grounded in its open, competed calls for early-stage technology development

as well as maturation and demonstration of component technologies.? The technologies developed
through this program have advanced NASA'’s entire range of mission scales—from suborbital payloads,

1J. C. Mankins, “The critical role of advanced technology investments in preventing spaceflight program cost
overruns,” The Space Review, December 1, 2008, https://www.thespacereview.com/article/1262/1.

2 APRA also supports the development of suborbital payloads and laboratory astrophysics. Here we are
concerned with the subset of APRA supporting technology development.
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to SmallSats, Explorers and Flagships over the full electromagnetic and multi-messenger spectrum, from
submillimeters to gamma rays to cosmic rays. APRA is also the best opportunity in NASA Astrophysics
for developing highly innovative but risky new technologies. APRA technology grants are also an
important mechanism for early-career instrumentalists or technologists to establish themselves, and these
grants fuel the university-based laboratory development efforts that train the next generation of innovators
(Box 6.1).

The APRA technology funding is, however, significantly constrained. In addition to general
technology development, APRA funds a wide range of activities, from suborbital payload development
and science to laboratory astrophysics. It is therefore difficult to determine the exact amount supporting
new technology; the Enabling Foundations Panel report estimates that 40 percent of APRA funding, or
~$8 million a year, goes into the Detector Development and Supporting Technologies components of the
program (H.2.7.1). Of concern is the fact that a typical 3-year technology development grant in either of
these two categories ranges from $200,000 to a maximum $400,000 a year, with only a few awards
funded at the higher level. This funding is sufficient for student and postdoc support, but not for
equipment purchases necessary to start a new lab or research effort, or, for involving commercial partners
in fabrication of elements involving non-recurring engineering costs.

The limited APRA technology funding levels restrict its impact relative to the priorities of this
survey in several important ways. First, levels are too small to address the need to advance broad
technologies to acceptable levels (technical readiness level, or TRL, 5-6) for incorporation in future
Explorers, suborbital and SmallSat missions. The APRA technology funding levels are also such that
establishing a new laboratory effort is essentially impossible without significant supporting infrastructure
provided by the host institution (i.e. leveraging an existing optics, electronics or detector lab, or using
institutional start-up funds). This creates barriers to entry for young researchers or for researchers
establishing new directions, and it limits the range of institutions that can effectively compete, reducing
the overall diversity of participants. The Nancy Grace Roman Technology Fellowship program is
intended to give early career researchers the opportunity to develop skills to lead flight instrumentation
projects by providing funding to establish a laboratory and research group. The program is excellent, and
has supported individuals who are now Pls on suborbital and satellite missions. However, the funding
levels of $300,000 are small given that such efforts are typically multi-year, and require the purchase of
significant equipment.

Recommendation: NASA should increase funding levels for the Detector Development and
Supporting Technology components of the Astrophysics Research and Analysis Program.
Priority should be placed on increasing grant sizes for larger efforts as well as increasing
the overall funding in the technology elements of the program. The total increase needed to
ensure a healthy selection rate and appropriate grant sizes is estimated to be about 50
percent above inflation.

6.1.1.2 The Strategic Astrophysics Technology Program

The SAT Program, initiated in response to a recommendation from New Worlds, New Horizons
(NWNH), competes and selects projects aimed at maturing component technologies relevant to strategic
flagship missions to the point they are demonstrated at a subsystem level and/or in a relevant environment
(TRL 6). The first selections from the 2012 call responded to specific flagship technology development
needs identified by NWNH. Examples of programs funded from the 2018 call include demonstration of
wave front control for a future high-contrast exoplanet imaging mission such as the proposed HabEXx or
LUVOIR, high-resolution far-IR receivers for a mission such as the proposed Origins Space Telescope,
and adjustable high-resolution X-ray optics, at the heart of the proposed Lynx flagship. While directed at
flagships, some of these technologies have potential application on Explorer class missions. As a
competed program open to the community, SAT draws from a large talent base at universities, NASA
centers and government labs.
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The SAT program is an important element in addressing the maturation of component
technologies at the intermediate level (TRL 3-5), however it is insufficient to address the need to co-
mature mission concepts and their associated technologies in a coherent way. Chapter 7 discusses this
issue, and recommends establishing The Great Observatories Mission and Technology Maturation
Program to address this gap. There will, however, still be the need to mature technologies for the Probe
class missions, as well as for strategic missions prior to their funding through the Great Observatories
Mission and Technology Maturation program

Recommendation: NASA should continue funding for the Strategic Astrophysics
Technology Program, and should expand proposal calls to include intermediate level
technology maturation targeted in strategic areas identified for the competed Probe class
missions.

6.1.2 NSF’s Advanced Technologies and Instrumentation Program

NSF’s ATI program is a critical component of the AST portfolio that supports the development of
innovative, potentially transformative technologies (even at high technical risk) within the overarching
AST science objectives. Although ATI is within the AST division, there is a natural overlap with broader
programs such as Major Research Instrumentation (MRI) and Faculty Early Career Development
(CAREER) Program and some awards are co-funded. Technologies and instruments supported under ATI
span the range from radio through optical and have included epoch of reionization receivers, very-long-
baseline interferometry (VLBI), CMB experiments, Microwave Kinetic Induction Detectors (MKID),
infrared (IR) detectors (Figure 6.1 shows an example), CCDs, adaptive optics, large mirrors, laser
frequency combs, integral field units, specialized software, and more. In addition to technological
advances, many awards lead to significant advances in observational capabilities. ATI has supported
projects that are small enough to be managed by a single investigator, yet large enough to have a
substantial impact.® Crucially, ATI funding is one of the few mechanisms through which an early-career
instrumentalist can become established, and these projects provide essential training for students and
postdocs.

FIGURE 6.1 ATI-1. Low cost infrared detector arrays for space and ground. One of the goals of the research is to
produce low-cost large-format devices (up to 8000 x 8000 pixels) for the next generation of ground and space-based
telescopes. The research was supported by NASA’s APRA program, NSF’s ATI program, and made use of the NSF
supported Materials Research Science and Engineering Center (MRSEC) facility at Cornell University.

3 P. Kurczynski and S. Milojevic in “Enabling Discoveries: Thirty Years of Advanced Technologies and
Instrumentation at the National Science Foundation,” arXiv:2001.05899.
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SOURCE: From Brandon J. Hanold et al., "Large format MBE HgCdTe on silicon detector development for
astronomy", Proceedings of SPIE 9609, Infrared Sensors, Devices, and Applications V, 96090Y (28 August 2015);
d0i:10.1117/12.2195991

ATI addresses a crucial stage in instrument development. Putting major facilities aside, a modern
millimeter-wave, IR, or optical instrument built for an existing ground-based telescope costs anywhere
between a few and roughly $30 million, and then up to $5 million more to characterize, calibrate, operate,
and deliver usable data. Bringing one of these to fruition requires careful attention to cost, schedule, and
management. While there is room for some innovation, the technological foundation for these projects
needs to be fairly solid for success. An underdeveloped technology can lead to delays and cost overruns in
a large project. This risk can be mitigated by advancing technology through the ATI program.

Past decadal surveys have recommended increased investment in developing basic technology.
Despite this advice, however, NSF AST has instead significantly cut the budget for ATI over the last 10
years. Astro2010 recommended an increase in ATI funding, from 10 million a year (FY2010) to 15
million a year to accommodate general technology development, including the pressing need to develop
advanced adaptive optics systems in the optical, as well as new radio instrumentation. Instead, since 2012
the ATI budget has steadily decreased until today, where for the last 3 years it has been funded at the $6
million a year level (FY2020). This contraction has significantly restricted the size of awards, so that they
are no longer sufficient to develop an advanced technology without requiring researchers to seek and
juggle support from multiple sources, and to rely heavily on existing infrastructure. Such infrastructure
may not be available to new researchers, especially those at institutions without established technology
development efforts. Finally, ATI funding is insufficient for developing small scale instrumentation (less
than a few million dollars), and so the NSF-wide MRI program is the only avenue available for this.
However, MRI is highly over-subscribed, requires institutional matching, and has institutional limits on
the number of proposals that can be submitted. These factors severely limits the opportunities available
for astrophysics instrumentation.

Looking to the coming decade, the need to support advanced technologies is, if anything, greater
than it was a decade ago. In Chapter 7 an expanded mid-scale program is recommended, the success of
which will depend on novel technologies and approaches. The survey committee also recommends U.S.
investment in very large telescopes. These will transform science, but not without state-of-the art
instrumentation and adaptive optics (AO) systems that enable diffraction limited observations, which
require significant technology investment. Other areas ripe for investment include, but by no means are
limited to, correlators and elements of radio cameras, far-infrared detectors and spectrometers, predictive
control for adaptive optics, ultraprecise radial velocity techniques, and advanced fiber positioning systems
for massively multiplexed spectrographs. To ensure the future has a strong foundation in technology and
instrumentation, ATI funding must be increased, a sentiment also supported by the report of the Panel on
an Enabling Foundation for Research.

Recommendation: The National Science Foundation should restore the Advanced
Technologies and Instrumentation Program to $14 million a year (fiscal year (FY) 2020)—
the same level of support it had in 2010—and further increase it to a target level of $20
million a year (FY 2020) by 2028.

6.2 SMALL AND MEDIUM-SCALE PROGRAMS

As described above, small and mid-scale projects and missions are essential to sustaining
scientific advances because of their speed and nimbleness in responding to new scientific opportunities,
their ability to extend the wavelengths and techniques with which we observe the universe, their essential
role in maturing new, transformative technologies, and their function as platforms for cultivating the next
generation of instrumentalists and technologists who will build the facilities of the future. An analysis of
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specific small and mid-scale instrumentation and mission programs at NASA and NSF is presented
below.

6.2.1 NASA’s Small and Medium-Sized Projects and Missions

Small- and mid-scale programs are absolutely essential for NASA. Not only are they key
elements of a scientifically balanced portfolio, but they also address the fact that space missions are both
more demanding and higher stakes than comparable ground-based projects. As such, NASA’s smaller
programs that demonstrate technology and develop skilled future PI’s are core to the long-term success of
its entire astrophysics portfolio. This section describes NASA’s small and medium flight programs. These
are all openly competed, with projects ranging in scale from a few million dollars to ~$300 million. All of
these programs emphasize scientific return in the near- and long-term, provide opportunities for
immediate science (on the timescale of a graduate student education), and build the foundation for future
missions of all sizes.

6.2.1.1 The Suborbital Programs

NASA'’s sub-orbital program addresses a wide variety of science, develops and tests essential
technology for future missions, and trains the next generation of instrumentalists and project leaders. The
sub-orbital portfolio comprises two components: high-altitude ballooning for reaching altitudes of up to
40 km for many days at a time (Figure 6.2) and sounding rockets to reach beyond the stratosphere for
flight durations measured in minutes. Unlike orbital missions, sub-orbital programs allow rapid revision
and reuse of payloads, speeding the technology development cycle. Many of NASA’s largest visions have
built upon the technology and expertise developed through these programs. Time and again, the program
has demonstrated its efficacy in producing leaders for space missions. As touched on elsewhere in this
report, cultivating new instrumentalists is essential for maintaining and diversifying both future leadership
in space astrophysics overall, as well as ensuring a technically trained scientific workforce.

6.2.1.1.1 The Balloon Program

The balloon program offers access to a near-space environment with a wide variety of options for
duration and sky coverage. Its wide array of capabilities include single day “conventional” flights and
Long Duration Balloon (LDB) flights lasting up to 60 days in circumpolar flights around the Antarctic.
After years of development, super-pressure balloons for Ultra-Long Duration Balloon (ULDB) flights
carrying payloads up to 2000lbs with nearly constant float altitudes for up to 100 days, and are coming to
the fore, opening up new possibilities. The balloon program’s impact on innovation and science can be
seen in its breadth of payload instrumentation: kilo-pixel IR and mm-wave cameras (Figure 6.1), CMB
polarimeters, stabilized platforms with sub-arcsecond pointing accuracy for wide-field UVO imaging,
gamma ray detectors, and sub-atomic particle detectors. Multiple proposed satellites with CMB, IR, X-
ray, and time-domain capabilities submitted to Astro2020 have roots in the balloon program, just as their
predecessors did for existing and completed explorers and flagships.

Pathways to improving the balloon program to take maximum advantage of these promising
opportunities include: (1) increasing the number of flights; (2) continuing to strive for higher ULDB float
altitudes; (3) increasing the accessibility of the program to more Pls by reducing barriers to entry; and (4)
exploring structural adjustments that can support new PIs. Possibilities for accomplishing (4) include
“piggy-backing” instruments on existing payloads, providing common hardware, providing access to
funded engineering and mentoring support, and combinations of these.
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FIGURE 6.2 (left) Image of the Vela C molecular cloud taken by the balloon-borne BLASTPol instrument,
showing the thermal emission at 500 microns with the direction of the magnetic field superimposed. The data
provide new insights into the properties of dust and the role of magnetic fields in the interstellar medium through a
wide range of densities. (right) Novel receivers based on Microwave Kinetic Inductance Detectors (MKIDs) are
being developed and demonstrated as part of the BLAST program. SOURCE: Left: BLASTPol Collaboration/J.D.
Soler. https://sites.northwestern.edu/blast/nearby-molecular-clouds. Right: B. Dober/NIST. See
https://sites.northwestern.edu/blast/detectors.

Although it is beyond the scope of this survey to perform an in-depth analysis of the program, it
is clear from the Enabling Foundations report (H.2.8.1) and the progress addressing NWNH
recommendations that important challenges lie ahead for achieving the goals enumerated above,
particularly for taking advantage of new ULDB opportunities. The first challenge relates to the available
funding levels for balloon payloads, which have not kept up with the increased scope and complexity.
Although NWNH recommended increasing the funding by $5 million a year to the R&A program (pg.
222, along with a $10 million a year increase for infrastructure), the budget has remained roughly
constant over the decade at $25 million a year in awards typically supporting approximately 30 payloads
in various stages of build, standby, deployment, and analysis. A second challenge relates to the ballooning
infrastructure and management, which requires investment and possibly reorganization to find the right
balance between increasing the launch rate and balloon technology development, while recognizing the
inherent risks. Finally, broadening and diversifying participation will require changes to the way NASA
supports teams, particularly those with young investigators at institutions that are still developing strong,
independently funded technical and engineering infrastructure.

Recommendation: NASA should undertake an external review of the balloon program to
establish a framework for accomplishing the competing needs of achieving flight
capabilities and launch rates that meet demands, ensuring adequate investment in payloads,
and lowering barriers to entry.

6.2.1.1.2 The Sounding Rocket Program

Sounding rockets complement balloons by providing quick access to near-space conditions. This
is a unique capability for some investigations, especially in wavebands where the residual atmosphere at
balloon altitudes is limiting, such as soft X-ray, UV, and some infrared bands. Rockets are also crucial for
maturing technologies and formally qualifying them for spaceflight. Because the pointing platforms are
provided by NASA to the investigator teams, the barrier for entry is lower than for the balloon program,
where groups typically must develop both the payload and pointing platform. This makes sounding rockets
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attractive for developing new Pls, and diversifying instrument development teams. While there is limited
proposal pressure from the community for increased flight rates and capabilities, the current sounding
rocket program provides an important component of NASA’s astrophysics program.

Conclusion: The rocket program provides unique, irreplaceable opportunities for accessing
space. It is important to maintain this capability.

6.2.1.1.3 NASA’s Explorer Program

NASA’s Explorer Program provides opportunities for competed, Pl-led missions on a range of
scales, from the SMEX and MIDEX missions with dedicated launches, to Missions of Opportunity
(MOs), to the relatively new SmallSats. The stand-alone SMEX and MIDEX platforms, with PI-managed
cost caps of $145 million (FY2020) and $290 million (FY2022), respectively, enable teams to propose
highly capable but focused scientific missions. These are developed and launched on 5-year timescales,
and respond to new discoveries while often providing multiwavelength capabilities distinct from those of
NASA'’s flagships. MOs allow small payloads to be deployed on a variety of platforms, including ULDBs
and instruments attached to the International Space Station (ISS). Recently, SmallSats—which include
volume-limited CubeSats and other small orbital experiments launched as secondary payloads—have
been added. The Enabling Foundation report (H.2.9) provides additional background, including recent
selections.

From the small-scale MOs to MIDEXs, NASA’s Explorer program has provided tremendous
scientific return for the investment (Figure 6.3). Reflecting the program’s value, NWNH recommended
increasing NASA’s investment in Explorers from $40 million to $100 million (FY2010) annually in order
to increase the rate of proposal opportunities and launches. NASA has largely achieved the recommended
target, and the resulting selections in the last decade, ranging from the TESS exoplanet mission to the
Neutron Star Interior Composition Explorer (NICER) X-ray timing payload deployed on the ISS, have
returned exceptional science during their prime mission phases, and have also served broad user
communities in their extended missions.

Conclusion: NASA’s augmentation of the Explorer program in response to NWNH’s
recommendation has resulted in an increased rate and a tremendous science output.

Recommendation: NASA should maintain Explorer launch rates at the level specified in
New Worlds, New Horizons in Astronomy and Astrophysics.

The addition of SmallSats to the Explorer Program supports the development and launch of larger
(12U) CubeSats and similar-scale satellites.* While not strictly sub-orbital, the SmallSat program has
some common attributes to the balloon and sounding rocket programs. A SmallSat consists of both an
instrument and a spacecraft bus that provides power, communications and pointing. The spacecraft can be
commercially procured, meaning that, like the sounding rocket program and unlike the balloon program,
teams can benefit from commercially provided infrastructure, and can focus on the instrument and
science, potentially lowering the barrier to entry to new Pls and teams. Managing a SmallSat program can
be challenging, and support provided by NASA could further increase the range of institutions
participating in the program. It remains to be seen whether SmallSats will, in the long run, prove to be an
effective platform for a range of astrophysics investigations. It will be important as it does with all
elements of the program, it will be important for NASA to periodically review the proposal pressure and
viability of SmallSat Explorer selections with the aim of achieving broad goals that include science

4 CubeSats are spacecraft sized in units (U), each having a volume of about 10 cm x 10 cm x 10 cm. 1U, 3U,
6U, and 12U are common CubeSat sizes.
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return, technology development and maturation, and broadening participation to advance diversity and
inclusion.
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FIGURE 6.3 (left) NASA’s Transiting Exoplanet Survey Satellite (TESS) Explorer mission which provides nearly
continuous, high-cadence, ultra-precise optical photometry (light curves) has ushered in the era of exoplanet science
and time-domain astrophysics on a large scale. Launched in 2018, during its prime mission TESS surveyed some
400,000 bright stars across the entire sky, with a cadence of 2 minutes and a typical duration of 1 month. TESS has
already identified more than 4,000 planet candidates (more than 100 confirmed) and is ultimately expected to find
10,000 or more. The TESS GO program has also led to time-domain discoveries and followup ranging from near-
Earth objects such as comets, to eruptions from active galactic nuclei (AGN) (in concert with NASA’s Swift
Explorer mission), to tidal disruption events caused by stars being disrupted by black holes. (right) TESS light curve
of the K-dwarf star HD 21749, exhibiting transits by a sub-Neptune-size planet (2.6 R_earth) and an Earth-size
planet (0.9 R_earth). SOURCE: Left: NASA TESS. Right: Adapted from D. Dragomir et al 2019, “TESS Delivers
Its First Earth-sized Planet and a Warm Sub-Neptune,” The Astrophysical Journal Letters, 875 L7. © AAS.
Reproduced with permission. doi:10.3847/2041-8213/ab12ed

The highly scientifically successful Explorer program has challenges to overcome to address the
lack of diversity in its scientific and technical teams. For the MIDEX and SMEX missions in particular,
teams lack a healthy representation of career stage, gender, ethnicity, and institutional participation. Using
the participation by women in mission leadership and science teams as one marker of diversity, one
Astro2020 white paper finds that from 2008 — 2016 this participation was well below the representation
of women in astronomy and astrophysics as a whole.® This means that the Explorer program is failing to
benefit from the entire available talent base, and the broadest range of the community is not fully engaged
in the unique opportunities presented by the program.

Effective leadership as Pl for a SMEX or MIDEX scale mission requires significant experience
and training. A first step to achieving a more diverse leadership pool is to broaden participation in
technical, instrument, and leadership teams as a whole. However, especially for technical teams at small
institutions, this is challenging due to structural barriers to entry. For instrumentalists and mission leaders
(Pls, Project Scientists, and Instrument Leads), the complex, costly, and unique engineering and technical
resources required to develop a mission proposal create significant barriers to entry. NASA, by design,
does not compete the funding for mission concept or proposal development, leaving potential Pls to seek
resources on their own. Teams with access to NASA or other specialized centers, and those with internal
resources benefit overwhelmingly from this structure. While it is important not to limit potential
proposers so as to have the largest range of concepts to choose from, provision of resources for mission

5 J. Centrella, M. New and M. Thompson, 2019, Leadership and Participation in NASA’s Explorer-Class
Missions, white paper submitted to the Astro2020 decadal survey, https://arxiv.org/abs/1909.10314.

PREPUBLICATION COPY - SUBJECT TO FURTHER EDITORIAL CORRECTION
6-10

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/26141

Pathways to Discovery in Astronomy and Astrophysics for the 2020s

concept development by NASA through a simple proposal process would significantly lower the barrier
to entry. It is also important that experienced Pls establish team roles that enable emerging leaders to gain
experience. NASA’s new Pioneers program (see below) is a potential stepping stone in this process.
NASA'’s Pl Launchpad Workshop held in 2019 is another welcome step in efforts to expand the range of
future Pls. Additional suggestions are presented in Appendix H, the report of the Panel on an Enabling
Foundation for Research, and NASA is also sponsoring a National Academies’ study, “Increasing
Diversity and Inclusion in the Leadership of Competed Space Science Missions.”®

Conclusion: The NASA sponsored NAS study “Increasing Diversity and Inclusion in the
Leadership of Competed Space Science Missions” will provide important advice towards
broadening participation, and by implementing this advice NASA will strengthen the Explorer
Program’s overall success.

6.2.1.1.4 The Pioneers Program

NASA began the Pioneers Program in 2020 as a means of bridging the gap between stand-alone
Explorer missions and suborbital platforms. This program has overlap with the balloon, rocket, and
Explorer MO programs, however it is distinct in providing up to $20 million of funding, greater than that
available for traditional suborbital and SmallSat platforms. It is specifically designed to provide
opportunities for early-to-mid-career researchers to lead space or suborbital science investigations for the
first time. Although still in its early stages, Pioneers are an important exploration of a path for broadening
the pool for tomorrow’s Explorer-class leaders while at the same time delivering important science. Three
SmallSats and one balloon proposal, with goals ranging from measuring intergalactic UV emission to
detecting ultra-high energy neutrinos, have been selected for further study from the inaugural
announcement of opportunity. Encouraging the development of new leaders in space instrumentation and
mission implementation is aligned with the Astro2020 objective to broaden participation in NASA’s
Explorer program.

6.3.2 NSF’s Midscale Programs

NSF’s competed midscale programs provide many of the essential elements advanced by
NASA'’s suborbital and Explorer programs. NSF has two programs that support mid-scale projects, which
for the purposes of this survey we define to be activities in a cost range from ~$4 million to ~$100
million, occupying the cost range between ATI grants and Major Facilities. One of these two programs is
MSIP, funded and managed by AST since 2014. The other is the agency-wide Mid-Scale Research
Infrastructure (MSRI) program founded in 2018 as part of NSF’s 10 Big Ideas and managed by a cross-
disciplinary team of NSF Program Directors. These multiple routes for funding midscale projects—
MSIP and MSRI—have different funding streams: MSIP falls within the NSF AST budget while MSRI is
NSF-wide. While this increases the diversity of funding opportunities, the total amount of funding
available for astronomy and astrophysics projects faces uncertainties due to the added NSF-wide
competition for the latter program.

The NWNH decadal survey recommended MSIP as its second highest priority for large programs
on the ground. This competed program, based on NASA'’s highly successful Explorer model, was
intended by NWNH to enable projects of size between the Midscale Research Implementation (MRI)
program and less than typical for an MREFC project, or between ~$4 million and $135 million in the
NWNH recommendation. NWNH also recommended calls for MSIP projects be open, peer reviewed, and

6 https://www.nationalacademies.org/our-work/increasing-diversity-in-the-leadership-of-competed-space-
missions
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competed in two categories: conceptual design; and detailed design and construction. The total funding
level for the program as envisioned by NWNH was ~$40 million a year (FY2010).

NSF implemented the recommended program leading to exciting, high-impact projects with
broad science reach and relevance to Astro2020 science. In its first three cycles, MSIP has competitively
awarded a total of $114 million to 18 distinct projects spanning a diverse range of science and wavelength
(Figure 6.4). These awards have supported new projects, such as the Hydrogen Epoch of Reionization
Array (HERA), designed to measure and characterize the universe from the cosmic dawn to the epoch of
reionization, and the Deep Synoptic Array (DSA) that will pinpoint and study fast radio bursts.” MSIP has
also funded upgrades and new instrumentation on existing telescopes, such as the Keck Planet Finder
precision radial velocity instrument, as well as community access to existing facilities such as the Large
Millimeter Telescope (LMT) and the Las Cumbres time domain optical follow-up network. The program
has therefore provided broad access across public-private partnerships, has included international
collaborations, and has advanced both individual-investigator initiated programs, large survey projects,
and archival research.

However, MSIP has not approached the target total funding level set by NWNH, nor has it
supported activities over the full range of cost scales, with most programs being at the lower end. To date,
the selected awards have provided between $2 million and $12 million per project, significantly below the
~$100 million level envisioned by NWNH for at least some larger facilities. The last biannual solicitation
provided a total of ~$21 million in funding, well below the $40 million a year target.

The Mid-Scale Research Infrastructure (MSRI) program funds a range of activities including
facilities, equipment, instrumentation, or computational hardware or software. Divided into two tiers
(MSRI-1 and -2), the most recent MSRI-1 call in late 2020 funded design and construction in the $6
million to $20 million range, and MSRI-2 funded infrastructure (construction) projects in the $20 million
to $100 million range, excluding operations and science. In astronomy and astrophysics NSF has funded
the design and development of CMB-S4, and design of the next-generation Event Horizon Telescope,
both in the MSRI-1 category, and no MSRI-2 projects, with <~14 percent of the total agency-wide
funding going to astrophysics projects. With the most recent solicitation, going forward this program will
allow proposals across almost the entire mid-scale range envisioned by NWNH, a very welcome
development. However, the oversubscription rate is extremely high, and an uncertain fraction will support
AST and astronomy-related projects in the NSF Division of Physics (PHY). It is also not clear what the
criteria are for preliminary selections, which are made by a panel of NSF program officers.

The survey received a large number of APC white papers for midscale projects that were
evaluated by the OIR, PAG, and RMS program panels. Most of these were at the upper end ($50 million
to $100 million) of the mid-scale range. While the survey did not request TRACE evaluations of any mid-
scale concepts, the program panel studies were sufficient to determine that there is no shortage of
compelling projects that could be accomplished with mid-scale funding. All three of the program panels
that considered projects, as well as the Enabling Foundation panel that considered the program as a
whole, strongly endorsed mid-scale projects, providing multiple superb examples of past
accomplishments and compelling new mid-scale ideas. The panels all emphasize their high science value
(H.2.10), cost effectiveness, and ability to enable agile approaches to addressing new science
opportunities through the decade.

Conclusion: Mid-scale programs across the entire range of scales (~$4 million to $100 million)
are vital to the enabling foundation of astronomy research.

" NSF, “Award Search,” accessed May 12, 2016,
https://www.nsf.gov/awardsearch/advancedSearchResult?ProgEleCode=1257&BooleanElement=Any&BooleanRef
=Any&ActiveAwards=true&#results.
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As evidenced by the number of compelling community white papers, and given the assessments
of the PAG, OIR, RMS and EF panels, the survey committee recommends in Chapter 7 expanding the
mid-scale programs, including adding elements that ensure its responsiveness to decadal survey priorities.
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FIGURE 6.4 Hardware projects supported by the MSIP program between September 2014 and September 2021. Left to right,
from the top: EHT, HERA, Keck Planet Finder, The Green Bank Telescope will use a laser scanning system to measure and adjust
its surface precisely, CHARA Array’s beam combining tables, LLAMAS Integral Field Unit, Evryscope and ARGUS array
prototype, DSA-10 radio array prototype, MAPS: MMT AO exoPlanet Characterization System, LMT, and Keck adaptive optics
(AO) systems. SOURCE: (1) The Event Horizon Telescope Collaboration. (2) HERA Partnership. (3) Keck Planet Finder, courtesy
of California Institute of Technology. (4) Green Bank Observatory/Associated Universities, Inc. (5) Courtesy of Steve
Golden/Center for High Angular Resolution Astronomy. (6) Adapted from Gabor Furesz, et al., “Status update of LLAMAS: a
wide field-of-view visible passband IFU for the 6.5m Magellan telescopes,” Proceedings of SPIE 11447, Ground-based and
Airborne Instrumentation for Astronomy VIII, 114470A, 2020, doi:10.1117/12.2562803. (7) Courtesy of Nicholas Law and the
Evryscope Collaboration. (8) DSA-10 radio array prototype. (9) Lori Harrison, Center for Astronomical Adaptive Optics,
University of Arizona. (10) INAOE photo archive. (11) Courtesy of Sean Goebel Photography. (12) Adapted from L. Moncelsi et
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7

Realizing the Opportunities: Medium- and Large-Scale Programs

The previous chapters laid out a roadmap for how multiple elements of the astrophysics enterprise
need to work together to realize our scientific ambitions, and to do so in a manner that uses and supports
the community’s full potential. This chapter presents the decadal survey committee’s recommendations
for medium and large programs, program augmentations, and projects, as defined by their budgetary
requirements.

The recommendations here flow from the science and program panel reports. The science panels
identified a set of compelling and inspiring science questions that are organized into three broader themes
in Chapter 2: Worlds and Suns in Context, New Messengers and New Physics, and Cosmic Ecosystems.
These science themes reflect that we have entered a new phase of astronomical exploration in multiple
dimensions, combining detailed characterization of known classes of objects with opening up the vast
discovery space of the unknown. In addition to the broad science themes, the survey committee identified
three priority areas that define the scientific frontiers, and motivate the recommended new investments in
large projects: Unveiling the Drivers of Galaxy Growth; New Windows on the Dynamic Universe; and
Pathways to Habitable Worlds. The steering committee aggregated and balanced the panel report and
agency budget guidance inputs to arrive at the program described below.

We now see that the cosmos is dynamic, roiling and explosive with pulses of electromagnetic
radiation, gravitational waves, and elementary particles streaming through space carrying messages of
their exotic origins. Once separate lines of investigation, for example, black hole formation and large-
scale structure, are now known to be inextricably intertwined. The ability to see biology’s impact on the
atmosphere—signatures of life—from distant exoplanets is also now within reach. With the same
capabilities, we can also characterize the gaseous halos surrounding galaxies that fuel their growth and
unravel how stars live, die, and seed the universe with the elements necessary for life. This vast array of
phenomena is taking place in a universe filled with the cosmic microwave background whose study can
tell us about transient sources, the contents of the universe, and the production of gravitational waves
from the Big Bang.

In presenting the analysis of the highest-priority medium and large-scale projects to pursue, the
survey emphasizes scientific breadth and balance of project scales. The interconnected science questions
to be addressed require an interconnected program that recognizes and draws on program elements that
vary in size, timescale, and wavelength/messenger, from radio waves to relativistic neutrinos. Astronomy
is fortunate that most of its facilities are multipurpose and can simultaneously address multiple distinct
science questions. Likewise, a major theme stressed by the program panels and the survey committee’s
own analysis is that because different wavelengths and messengers provide such essentially different and
complementary views of the universe, a diversity of observational resources is needed to tackle the
guestions identified by the science panels.

7.1 CONTINUING PROGRAMS AND PROJECTS IN DEVELOPMENT

The new recommended medium- and large-scale activities build on missions and projects from
prior surveys that have yet to begin scientific operation (Table 7.1). This survey assumes that these
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compelling programs will be completed and sustained through their scientifically productive lifetimes.
Ambitious and transformative large-scale efforts often take multiple decades to realize, and all of those
scheduled for completion in the coming decade will provide important capabilities upon which the
survey’s scientific goals rely. Further, programs resulting from decadal recommendations, such as
NASA'’s Explorers and NSF’s Mid-Scale Innovations Program play an essential role in sustaining
scientific breadth and ensuring timely response to new opportunities. These continued and future
capabilities are essential underpinnings of the survey’s new recommendations.

On the ground, the Vera Rubin Observatory, with science commencing in late 2023 or early 2024,
will “conduct a deep survey over an enormous area of sky, and do it with a frequency that enables images
of every part of the visible sky to be obtained every few nights.”* Several of the survey’s priority
programs are designed to support follow-up of the Rubin Observatory’s static and dynamic observations.
The Daniel K. Inouye Solar Telescope (DKIST) will complete commissioning this year, and will begin to
observe the Sun’s fundamental magnetic and plasma processes to elucidate the role that magnetic fields
and their interactions play in driving solar activity. The Mid-Scale Innovations Program, established as a
result of Astro2010, is essential to the scientific balance of the Nation’s ground-based investments and
has proven to be extremely cost-effective. While it has yet to ramp up to its envisioned level, it is already
providing diverse scientific capabilities and community access to private facilities strongly emphasized by
this survey. All three programs are essential to the scientific future, and further augmentations to the NSF
mid-scale programs is one of the Sustaining Program recommendations (Section 7.6.2).

In space, the James Webb Space Telescope (JWST) is a powerful strategic mission expected to
launch by the end of this year, that, among many other things, will reach back in time to observe the first
stages in galaxy formation, complementing the survey’s focus on unveiling the drivers of galaxy growth
more locally. JWST will also characterize the inner parts of other solar systems and the potentially
habitable worlds orbiting small M stars, laying the foundation for the Astro2020 program that will extend
this to further distances and Sun-like stars. In the middle part of the decade the Nancy Grace Roman
Space Telescope will begin its cosmology and exoplanet microlensing surveys, and with a field of view
more than one hundred times greater than Hubble, will provide powerful new capabilities for General
Observers (GO). NASA is also a partner in The European Space Agency (ESA)’s M-class Euclid mission,
as well as the L-class Athena and Laser Interferometer Space Antenna (LISA) missions. Euclid will
complement the cosmological surveys from Roman and Rubin. Athena realizes some of the capabilities of
the International X-ray Observatory (1XO) recommended by Astro2010, and will probe the hot, energetic
universe, and will make important and unique contributions to the Cosmic Ecosystems theme. LISA will
expand gravitational wave sensitivity to low frequencies, and will be an important foundational
component of the New Windows on the Dynamic Universe priority science area. These missions will
provide unique and powerful observational capabilities and science reach not duplicated by any other
elements of the program advanced by this survey. Finally, the Explorer program has recently reached the
enhanced selection rates envisioned by Astro2010, and is providing high value scientific returns
responsive to the emphasis on scientific breadth and balance of mission scales.

Conclusion: The decadal survey committee’s recommendations for advancing the new programs
or augmentations are predicated on the assumption that the major astrophysics facilities and
missions in NASA, NSF, and DOE’s current plans are completed and fully supported for baseline
operations and science. New recommendations f