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Introduction
The first Future Postponed report in April of 2015 covered a wide range of scientific advances 

summarized by MIT researchers. This new report was prepared by scientists from many 

institutions, helping to illustrate the breadth and continued vitality of U.S. research innovation and 

the ways in which fundamental research breakthroughs are creating the potential for profound social 

and economic benefits. 

The wide range of technologies we take for granted today can be traced back to basic research, inclu-

ding work that at the time seemed to have little or no practical applicability. Current examples of the 

tangible results from basic research include: an Ebola vaccine that is demonstrating high effectiveness 

in early tests and similar work on a Zika vaccine that is at an earlier stage; the genome editing method 

called CRISPR that allows cells to be reprogrammed to fix faulty genes in people or to enhance the ability 

of plants to create nutritious crops; a practical demonstration of the quantum physics phenomenon of 

entanglement that may lead to quantum computing and ultra-secure quantum communications. 

Increasingly, as U.S. science investment stagnates, some of these breakthroughs—both in fun-

damental research and in practical applications—are occurring outside the United States. A recent-

ly-launched Chinese satellite, for example, is testing the use of quantum entanglement to provide a 

communications link back to Earth that would be untappable, and Chinese scientists have used gene 

editing tools to create a new strain of wheat that is resistant to a widespread fungal disease. The 

European Union has invested more heavily than the U.S. in research and development of new energy 

technologies and in many areas of space research. These and many other examples illustrate what 

many experts have described as a U.S. innovation deficit, underscoring the need for increased invest-

ment in basic research to ensure continued U.S. leadership. 

The U.S. research community is still creating extraordinary opportunities for breakthroughs in 

medicine, energy technologies, environmental challenges, and basic physics and astronomy, inclu-

ding research that could decipher the origins and fundamental nature of the universe itself or that 

could lead to unprecedented new technologies based on the chemistry that underlies all living 

things. Included in this report are essays the illustrate opportunities in all these fields. 

Climate change has been identified as a serious environmental threat to all human societies, as 

evidenced by the recent treaty adopted by all major nations. Fully understanding that threat and 

the potential effects of climate change is vital both to motivate continued efforts at prevention and 

to find practical solutions. That means understanding all aspects of the Earth’s intricate carbon cycle 

and the factors that regulate it—from forests to marine microbes to viruses. (See Predicting the 
Future of Earth’s Forests, Are We Headed for a Sixth Extinction? and Unveiling the Viral 
Ecology of Earth). Moreover, the first impacts of climate change are already becoming evident in 

the Arctic, where warming is occurring twice as fast, so further study of those changes will deepen 

our understanding of the implications of climate change for its effects on marine life, on commercial 

fisheries, and on changes to the jet stream that could affect growing conditions for farmers in the 

U.S. and Europe. (See An Arctic Early Warning System?) 
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One potential solution to climate change could come from further research on catalysts. These 

powerful enablers of chemical and biochemical reactions are widely used in fuel, plastics, and 

manufacturing—yet nature’s catalysts, enzymes, are far more efficient than any existing man-made 

catalysts. More advanced catalysts, built by manipulating matter at an atomic scale, may enable us 

to develop fuels from the carbon and other elements present in the air we breathe. The use of these 

fuels would provide a potentially unlimited source of energy with no net impact on climate, while 

simultaneously balancing the Earth’s carbon and nitrogen cycles (see Catalysis, The Ultimate 
Clean Energy Strategy and Unleashing the Power of Synthetic Proteins). New catalysts 

have the potential for large economic payoffs and—for biological catalysts made from synthetic 

proteins—a profound impact on multiple areas of human health, if there is sustained basic research 

investment from the federal government.

The human genome project has made a wealth of data about human genes available. But the abi-

lity to identify genetic causes of illnesses is only part of the story. Environmental factors—or nurture 

as opposed to nature—are even more important and, with new technology, can also be mapped and 

analyzed. Understanding these biological markers—in effect a map of a person’s exposure to toxins, 

nutrition, viruses and bacteria—would open new doors in our understanding of human health and 

enable truly personalized therapies. Moreover, it is now possible to map the 20 trillion cells within 

a human body in ways that sort out the many types of cells and collect the data into a Human Cell 

Atlas that would expand and make more precise medical diagnosis and treatment. (See Mapping 
the Human Exposome, and Creating a Census of Human Cells). 

While we know the role the circadian clock found in all human cells plays in metabolism, cell divi-

sion and DNA repair, we don’t understand how it works. Understanding this process could lead to 

new breakthroughs in human health and agriculture as well as fundamental insights into the process 

of aging. (See Resetting the Clock of Life). Equally fundamental is the ability not only to predict 

the structure of proteins and thus better understand their biological functions, but also to improve 

on nature by creating synthetic proteins to solve a wide range of medical and technology functions. 

(See Unleashing the Power of Synthetic Proteins). 

There is much we still don’t understand about the universe we inhabit. Dark matter and dark 

energy, which make up 95% of the universe are still completely mysterious. Measuring tiny variations 

in the cosmic background radiation with the help of more powerful telescopes could enable major 

discoveries about the origin of the universe and of physical phenomena at energies a trillion times 

greater than in any earthbound accelerator. (See The Mystery of Dark Matter and The Origin of 
the Universe). 

Meanwhile, sophisticated new experiments could detect a new fundamental particle that would 

transform physics, requiring changes in basic theories, while also perhaps resolving some of the 

astrophysical mysteries mentioned above. (See The Hunt for a New Neutrino). Likewise, the deve-

lopment of advanced adaptive optics technology could transform optical and infrared astronomy, 

giving ground-based telescopes the clarity of those in space—and perhaps new insights into black 

holes, dark matter, and extrasolar planets. (See Opening a New Window into the Universe). 
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Not all basic science has immediately apparent practical applications. In some cases it may be 

decades before a piece of knowledge becomes of practical importance. That makes it nearly impos-

sible to say in advance which fields of study will prove most useful; efforts to focus research only on 

a limited set of targets often prove self-defeating, compared to developing a broad base of research. 

Who could have predicted that fundamental research into quantum theory would yield a potential 

technology for unbreakable encryption, now of strategic importance for cyber security? Or that 

proteins which do not occur in nature and built from simple amino acids have the potential to enable 

technologies as precise and powerful as those built from silicon? 

The United States continues to lead the world in total expenditure on research and development, 

but that lead is quickly disappearing. In 2004 the United States spent more than four times as much 

on research and development as any other nation. Within a decade China had cut the difference to 

less than 1.5 times. The U.S. faces profound challenges in the coming decades, and new scientific 

advances—and the technologies they enable—will be crucial for resolving them. Federal support for 

basic research has also underpinned economic growth and improved living standards in the post war 

era; it played a critical role in both the IT revolution and the genetic revolution. Yet federal science 

support is now stagnating and even declining in some areas, because of budget sequestration legis-

lation that extends through 2023. The examples that follow exemplify the potential and the opportu-

nities that cannot be pursued with existing resources, and they underscore the need for a return to a 

policy of growth in federal research investments.
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Unleashing the Power  
of Synthetic Proteins 
Potential Breakthroughs in Medicine, Energy, and Technology 

Proteins are the workhorses of all living creatures, fulfilling the instructions of DNA. They occur in 

a wide variety of complex structures and carry out all the important functions in our body and in 

all living organisms—digesting food, building tissue, transporting oxygen through the bloodstream, 

dividing cells, firing neurons, and powering muscles. Remarkably, this versatility comes from different 

combinations, or sequences, of just 20 amino acid molecules. How these linear sequences fold up 

into complex structures is just now beginning to be well understood (see box , page 5). 

Even more remarkably, nature seems to have made use of only a tiny fraction of the potential protein 

structures available—and there are many. Therein lies an amazing set of opportunities to design novel 

proteins with unique structures: synthetic proteins that do not occur in nature, but are made from the 

same set of naturally-occurring amino acids. These synthetic proteins can be “manufactured” by harnes-

sing the genetic machinery of living things, such as in bacteria given appropriate DNA that specify the 

This image shows a deliberately designed synthetic protein of a type known as a TIM-barrel. Naturally occurring 
TIM-barrel proteins are found in a majority of enzymes, the catalysts that facilitate biochemical reactions in our 
bodies, in part because the circular cup-like or barrel shape at their core seems to make them extremely stable. 
The synthetic enzyme shown here has an idealized TIM-barrel template or blueprint that can be customized with 
pockets and binding sites and catalytic agents specific to particular reactants. This process can be used to design 
whole new classes of enzymes that do not occur in nature; it has already led to potential therapeutic applications. 
Illustration and protein design prepared by Possu Huang in David Baker’s laboratory, University of Washington.
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desired amino acid sequence. The ability to create 

and explore such synthetic proteins with atomic 

level accuracy—which we have demonstrated—

has the potential to unlock new areas of basic 

research and to create practical applications in a 

wide range of fields. 

The design process starts by envisioning a novel 

structure to solve a particular problem or accom-

plish a specific function, and then works backwards 

to identify possible amino acid sequences that 

can fold up to this structure. The Rosetta protein 

modelling and design software identifies the 

most likely candidates—those that fold to the 

lowest energy state for the desired structure. 

Those sequences then move from the computer 

to the lab, where the synthetic protein is created 

and tested—preferably in partnership with other 

research teams that bring domain expertise for the 

type of protein being created. 

At present no other advanced technology can 

beat the remarkable precision with which proteins 

carry out their unique and beautiful functions. 

The methods of protein design expand the reach 

of protein technology, because the possibilities 

to create new synthetic proteins are essentially 

unlimited. We illustrate that claim with some of 

the new proteins we have already developed 

using this design process, and with examples of 

the fundamental research challenges and areas of 

practical application that they exemplify:

	Catalysts for clean energy and medicine. Protein 
enzymes are the most efficient catalysts known, 
far more so than any synthesized by inorganic 
chemists. Part of that efficiency comes from 
their ability to accurately position key parts of 
the enzyme in relation to reacting molecules, 
providing an environment that accelerates a 
reaction or lowers the energy needed for it 
to occur. Exactly how this occurs remains a 
fundamental problem which more experience 
with synthetic proteins may help to resolve. 

PREDICTING PROTEIN STRUCTURE
If we were unable to predict the structure 

that results from a given sequence of amino 

acids, synthetic protein design would be an 

almost impossible task. There are 20 natural-

ly-occurring amino acids, which can be linked 

in any order and can fold into an astronomi-

cal number of potential structures. Fortuna-

tely the structure prediction problem is now 

well on the way toward being solved by the 

Rosetta protein modeling software.

The Rosetta tool evaluates possible struc-

tures, calculates their energy states, and iden-

tifies the lowest energy structure—usually, 

the one that occurs in a living organism. For 

smaller proteins, Rosetta predictions are 

already reasonably accurate. The power and 

accuracy of the Rosetta algorithms are stea-

dily improving thanks to the work of a coo-

perative global network of several hundred 

protein scientists. New discoveries—such as 

identifying amino acid pairs that co-evolve in 

living systems and thus are likely to be co-lo-

cated in protein structures—are also helping 

to improve prediction accuracy. 

Our research team has already revealed 

the structures for more than a thousand 

protein families, and we expect to be able to 

predict the structure for nearly any protein 

within a few years. This is an immense 

achievement with direct significance for 

basic biology and biomedical science, since 

understanding structure leads to unders-

tanding the function of the myriad proteins 

found in the human body and in all living 

things. Moreover, predicting protein structure 

is also the critical enabling tool for designing 

novel, “synthetic” proteins that do not occur 

in nature.
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		  Already we have produced synthetic enzymes that catalyze potentially useful new metabolic 
pathways. These include: reactions that take carbon dioxide from the atmosphere and convert it into 
organic molecules, such as fuels, more efficiently than any inorganic catalyst, potentially enabling a 
carbon-neutral source of fuels; and the design of enzymes with new functions, including a potential 
oral therapeutic drug for patients with celiac disease that breaks down gluten in the stomach and 
other synthetic proteins to neutralize toxic amyloids found in Alzheimer’s disease.

		  We have also begun to understand how to design, de novo, scaffolds that are the basis for 
entire superfamilies of known enzymes (see figure, page 4) and other proteins known to bind the 
smaller molecules involved in basic biochemistry. This has opened the door for potential methods to 
degrade pollutants or toxins that threaten food safety.

	New super-strong materials. A potentially very useful new class of materials is that formed by 
hybrids of organic and inorganic matter. One naturally occurring example is abalone shell, which 
is made up of a combination of calcium carbonate bonded with proteins that results in a uniquely 
tough material. Apparently, other proteins involved in the process of forming the shell change the 
way in which the inorganic material precipitates onto the binding protein and also help organize 
the overall structure of the material. Synthetic proteins could potentially duplicate this process 
and expand this class of materials. Another class of materials are analogous to spider silk—
organic materials that are both very strong and yet biodegradable—for which synthetic proteins 
might be uniquely suited, although how these are formed is not yet understood. We have also 
made synthetic proteins that create an interlocking pattern to form a surface only one molecule 
thick, which suggest possibilities for new anti-corrosion films or novel organic solar cells.

	Targeted therapeutic delivery. Self-assembling protein materials make a wide variety of containers 
or external barriers for living things, from protein 
shells for viruses to the exterior wall of virtually 
all living cells. We have developed a way to 
design and build similar containers: very small 
cage-like structures—protein nanoparticles—
that self-assemble from one or two synthetic 
protein building blocks (see figure). We do this 
extremely precisely, with control at the atomic 
level. Current work focuses on building these 
protein nanoparticles to carry a desired cargo—a 
drug or other therapeutic—inside the cage, while 
also incorporating other proteins of interest on 
their surface. The surface protein is chosen to 
bind to a similar protein on target cells. 

		  These self-assembling particles are a 
completely new way of delivering drugs to cells 
in a targeted fashion, avoiding harmful effects 
elsewhere in the body. Other nanoparticles might 
be designed to penetrate the blood-brain barrier, 
in order to deliver drugs or other therapies for 

A tiny 20-sided protein nanoparticle that can 
deliver drugs or other therapies to specific 
cells in the body with minimal side effects. The 
nanoparticle self-assembles from two types 
of synthetic proteins. Illustration and protein 
design prepared by Jacob Bale in David Baker’s 
laboratory, University of Washington.
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brain diseases. We have also generated methods to design proteins that disrupt protein-protein 
interactions and proteins that bind to small molecules for use in biosensing applications, such as 
identifying pathogens. More fundamentally, synthetic proteins may well provide the tools that 
enable improved targeting of drugs and other therapies, as well as an improved ability to bond 
therapeutic packages tightly to a target cell wall. 

	Novel vaccines for viral diseases. In addition to drug delivery, self-assembling protein nanoparticles 
are a solid foundation for the design of vaccines. By displaying stabilized versions of viral proteins 
on the surfaces of designed nanoparticles, we hope to elicit strong and specific immune responses 
in cells to neutralize viruses like HIV and influenza. We are currently investigating the potential of 
these nanoparticles as vaccines against a number of viruses. The thermal stability of these designer 
vaccines should help eliminate the need for complicated cold chain storage systems, broadening 
global access to life saving vaccines and supporting goals for eradication of viral diseases. The ability 
to shape these designed vaccines with atomic level accuracy also enables a systematic study of 
how immune systems recognize and defend against pathogens. In turn, the findings will support 
development of tolerizing vaccines, which could train the immune system to stop attacking host 
tissues in autoimmune disease or over-reacting to allergens in asthma.

	New peptide medicines. Most approved drugs are either bulky proteins or small molecules. Naturally 
occurring peptides (amino acid compounds) that are constrained or stabilized so that they precisely 
complement their biological target are intermediate in size, and are among the most potent 
pharmacological compounds known. In effect, they have the advantages of both proteins and small 
molecule drugs. The antibiotic cyclosporine is a familiar example. Unfortunately such peptides are 
few in number. 

		  We have recently demonstrated a new computational design method that can generate two 
broad classes of peptides that have exceptional stability against heat or chemical degradation. These 
include peptides that can be genetically encoded (and can be produced by bacteria) as well as some 
that include amino acids that do not occur in nature. Such peptides are, in effect, scaffolds or design 
templates for creating whole new classes of peptide medicines. 

		  In addition, we have developed general methods for designing small and stable proteins 
that bind strongly to pathogenic proteins. One such designed protein binds the viral glycoprotein 
hemagglutinin, which is responsible for influenza entry into cells. These designed proteins protect 
infected mice in both a prophylactic and therapeutic manner and therefore are potentially very 
powerful anti-flu medicines. Similar methods are being applied to design therapeutic proteins 
against the Ebola virus and other targets that are relevant in cancer or autoimmune diseases. 
More fundamentally, synthetic proteins may be useful as test probes in working out the detailed 
molecular chemistry of the immune system.

	Protein logic systems. The brain is a very energy-efficient logic system based entirely on proteins. 
Might it be possible to build a logic system—a computer—from synthetic proteins that would self-
assemble and be both cheaper and more efficient than silicon logic systems? Naturally occurring 
protein switches are well studied, but building synthetic switches remains an unsolved challenge. 
Quite apart from bio-technology applications, understanding protein logic systems may have more 
fundamental results, such as clarifying how our brains make decisions or initiate processes.  
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The opportunities for the design of synthetic proteins are endless, with new research frontiers 

and a huge variety of practical applications to be explored. In effect, we have an emerging ability 

to design new molecules to solve specific problems—just as modern technology does outside the 

realm of biology. This could not be a more exciting time for protein design.

How to Create Synthetic Proteins  
that Solve Important Problems

Now that it is possible to design a variety of 

new proteins from scratch, it is imperative to 

identify the most pressing problems that need 

to be solved, and focus on designing the types 

of proteins that are needed to address these 

problems. Protein design researchers need 

to collaborate with experts in a wide variety 

of fields to take our work from initial protein 

design to the next stages of development. As 

the examples above suggest, those partners 

should include experts in industrial scale cata-

lysis, fundamental materials science and mate-

rials processing, biomedical therapeutics and 

diagnostics, immunology and vaccine design, 

and both neural systems and computer logic. The partnerships should be sustained over multiple 

years in order to prioritize the most important problems and test successive potential solutions.

A funding level of $100M over five years would propel protein design to the forefront of biome-

dical research, supporting multiple and parallel collaborations with experts worldwide to arrive at 

breakthroughs in medicine, energy, and technology, while also furthering a basic understanding of 

biological processes. Current funding is unable to meet the demands of this rapidly growing field and 

does not allow for the design and production of new proteins at an appropriate scale for testing and 

ultimately production, distribution, and implementation. Robust federal investment could overcome 

this deficit and allow us to jump ahead to the next generation of proteins—and thus to expand the 

capacity of the amino acid legacy that nature has provided us.  

David Baker, Professor of Biochemistry, University of Washington 
Investigator, Howard Hughes Medical Institute

A graduate student in the Baker lab and a researcher at  
the Institute for Protein Design discuss a bacterial culture  
(in the Petri dish) that is producing synthetic proteins.  
Source: Laboratory of David Baker, University of Washington. 
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Predicting the Future  
of Earth’s Forests 
Forests absorb carbon dioxide and are thus an important buffer against climate 
change, for now. Understanding forest dynamics would enable both better 
management of forests and the ability to assess how they are changing.

Trees are the most conspicuous form of terrestrial plant life. They have helped to sustain 

humans as well as many mammals and birds, and they grow nearly everywhere. Yet we tend to 

take them for granted. Collectively, trees are the forests—perhaps 60,000 different species ranging 

from fast-growing, short-lived varieties to the towering redwoods that can live many centuries. 

More than half of all known terrestrial plant and animal species also live in forests, so they are 

a storehouse of biodiversity; they also provide medicines, food, and fuel for a huge fraction of 

humanity. Forests also play major roles in climate and hydrological cycles, and they store half of 

the world’s terrestrial carbon.

Forests cover much of the land surface of Earth, outside of deserts and polar regions. But forests are changing 
rapidly in ways we don’t fully understand. The gold dots are current observing sites for the Forest GEO research 
effort. Source: ForestGEO.
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Currently, forests absorb nearly a quarter of the carbon dioxide emitted each year by human 

activities—and thus help to mitigate the impact of climate change. But whether that will continue 

is uncertain, because forests are changing rapidly through the combined effects of logging and 

over-exploitation, pollution, disease, invasive species, and a warming climate. Predictive models—of 

forest cover and of carbon uptake—have been virtually impossible, because we are only beginning 

to understand the complexity of forest ecosystems, to fully map their diversity, and to unravel how 

forests actually work. The key to improving our understanding and our predictive ability is to develop 

an integrated program of systematic data collection and modeling. 

Past attempts to model and predict the future of the world’s forests have been severely limited by 

a lack of fundamental data on how forests work. The most widespread and simplistic forest ecosys-

tem models, so-called “big leaf” models, characterize the entire diversity of species in a forest with 

one set of physiological attributes. More advanced models may include two distinct functional cate-

gories (e.g., evergreen and deciduous species), but even these fall far short of representing the actual 

diversity and complexity of forests. The predicted outcomes for the future of forests and climate 

derived from these current, limited models remain hugely uncertain. Real progress requires models 

that incorporate vastly greater realism on the processes driving forests. The only way to do this is 

through an integrated program of data collection and model development.

Over the past 30 years, systematic data collection has been the task of the Forest Global Earth 

Observatory (ForestGEO), a worldwide network of scientists led by the Smithsonian Institution that 

now includes 100 partner organizations in 25 tropical and temperate countries. ForestGEO conducts 

detailed and regular measurements in 64 protected forest plots. The measurements track the birth, 

growth, and death of over six million individual trees spanning 12,000 species, as well as changes in 

their ecological context: soil composition, co-habiting microbial and animal species, nutrient flows 

and other factors. The core data are standardized and shared, enabling comparative analyses. In 

addition, the network builds local scientific capacity by training hundreds of researchers. Our goal is 

to expand to 100 observing sites, enough to cover all major forests and forest types, and to transform 

the network into a permanent global observation system for the world’s forests.

These efforts have already generated new insights into the different dynamics and stresses among 

forest types:

	Perhaps surprisingly, trees grow quite well on the permafrost in arctic regions. With rapidly rising 
temperatures from climate change, these boreal forests are seeing longer growing seasons and 
expansion of their potential range, as treelines move north. But as temperatures rise, the permafrost 
thaws, causing ground surface subsidence and waterlogging of the soil, effectively drowning trees. 
The result is net forest loss.

	Temperate forests worldwide (especially in the U.S.) are expanding rapidly as they recover from 
heavy logging in earlier centuries and get a boost from higher atmospheric carbon dioxide levels, 
longer growing seasons, and increasing soil nutrients. On the downside, these conditions also favor 
forest pests and diseases. In Europe, for example, a fungal disease has killed many European ash 
trees and is now spreading to England. In eastern North America, hemlock trees are dying from a 
sap-sucking, very temperature sensitive insect that originated in Japan and has been moving north 
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over the past few decades. The mountain pine beetle is killing high altitude white-bark pine trees 
that previously were protected by cold temperatures.

	Tropical forests in many areas globally are losing ground from logging, land clearing, and hunting 
practices. In Sarawak, Malaysia, excessive hunting pressures have removed both ground-dwelling 
and tree-dwelling animals that disperse seeds, thus reducing the ability of the forest to regenerate 
trees. In another part of Malaysia, an explosion in the population of wild pigs (which Muslim 
populations do not eat and so don’t hunt) destroyed young trees in neighboring forests to make 
their nests. Since tropical forests absorb the largest amount of carbon dioxide, these pressure have 
important implications for the ability of forests to provide a buffer against climate change.

	Nutrients play an important role, but their availability varies enormously. Soils in the central Amazon 
region are so poor that nutrients are recycled in the living biomass. When those forests are cut down 
to grow crops, the crops typically fail within a few years. In the western Amazon region, in contrast, 
soils are rich in nutrients and supported very productive farming in pre-Columbian times. Detailed 
understanding of such patterns could provide much more effective policies to guide development.

	Forests vary widely from one part of the world to another. The tropical forests of Borneo and the 
Amazon are each home to thousands of species, but have not a single species in common. Both the 
famous redwoods and the lesser-known but extremely long-lived bristlecone pines (some as old as 
3000 years) are found only in the western U.S.

	Forests tend to be very clumpy. Whether from specific habitat requirements or the dynamics of seed 
dispersal, species are far from uniformly distributed within even a small forest. Moreover, forests 
are diverse in functions as well, because different types of trees do different things; some thrive in 
valleys, some on hills, some only in shady sites under taller trees. Variations in soil nutrients and water 
availability help drive these patterns. This makes sustainable forest management—and modelling 
forest dynamics—much more complex. 

	Predictive models capable of handling such geographical variability and ecological complexity will need 
more detailed data on nutrient cycling, the functional biology of different tree species, the actual carbon 
fluxes into and out of soils and trees, and on the patterns of interactions between local animal species and 
trees (whether eating their leaves or dispersing their seeds). This in turn requires not just re-measuring 
the growth of millions of individual trees and collecting other data from their habitats every five years, 
but also training more scientists and supporting interdisciplinary teams to analyze, understand, model, 
and interpret these data. By developing integrated collaborations among these researchers, modelers can 
help guide which data are necessary for model improvement, and field researchers can ensure that the 
critical processes driving forest dynamics are not left out of the models. In effect, it requires the creation of 
a new, quantitative science of forest dynamics. It also requires a long- term commitment.

Equally important is the need to integrate ground-based forest data with the growing space-

based monitoring capability. This requires partnerships with relevant space agencies and the inter-

disciplinary capacity to inter-relate biological and ecological data with the spectral signatures from 

many different wavelengths observed from above. Accomplishing this would allow for “real-time” evi-

dence of forest change and more global coverage, provide important benchmarks for testing forest 

models, and might offer governments more effective tools for protecting forests and planning their 

sustainable usage. 
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How to Create a Global Forest Observation System

Forest dynamics play a compli-

cated yet poorly understood role 

in influencing the rate of climate 

change. That’s because forests are 

changing rapidly, and because the 

fraction of the additional man-made 

carbon emissions forcing climate 

change that forests will absorb 

remains unknown. And while cli-

mate issues are an important reason 

to understand forest dynamics, 

forests are also important as a store 

of biological diversity, as a source of 

food, fuel and building material, and 

for their impact on watersheds and 

water supplies. 

Only by repeated, standardized observations of individual trees and their surroundings in multiple 

locations can we gather the data that could enable a scientific understanding of forest dynamics 

and build predictive models of their interaction with the global climate. To ensure that we are moni-

toring all forest types and covering all major forests geographically, we need to expand the current 

observation sites from 64 to 100. Creating and maintaining this expanded observation system, with 

repeated measurements of about 10 million individual trees, requires an endowment of $100 million. 

That will enable the necessary global dataset on forests. To analyze and interpret those data requires 

building and maintaining an expanded global research team of interdisciplinary forest scientists with 

a wide variety of expertise. That includes collaborations with space agencies and climate modelers. 

We expect this research to offer new quantitative insights into forest evolution, species interactions, 

large-scale landscape change, physiological responses of different species to changing conditions, 

energy and mass balances within forest ecosystems, and carbon fluxes and storage. We estimate the 

need for an additional $100 million over ten years to train and sustain the required scientific talent. 

The result will be powerful, predictive models of forest dynamics for both improved management 

and quantitative insights on how forests can buffer or contribute to climate change.

Stuart J. Davies 
Frank H. Levinson Chair in Global Forest Science 
Director, Forest Global Earth Observatory-Center for Tropical Forest Science, Smithsonian Tropical 
Research Institute

Researchers at a Forest GEO research site in Huai Kha Khaeng, 
Thailand, measuring tree growth, nutrient flows, and other ecological 
data on one of more than 5 million trees now under regular 
surveillance by the program. Source: Christian Ziegler, STRI.
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Resetting the Clock of Life
We know that the circadian clock keeps time in every living cell, controlling biological 
processes such as metabolism, cell division, and DNA repair, but we don’t understand 
how. Gaining such knowledge would not only offer fundamental insights into cellular 
biochemistry, but could also yield practical results in areas from agriculture to 
medicine to human aging.

Night shifts. Jet lag. Disturbed sleep. Far from causing just drowsiness, these have a more 

profound effect. That’s because they disrupt our circadian clock, so-called because it 

synchronizes biological processes to the earth’s 24-hour rotation and, in turn, governs the basic 

chemical mechanisms of our body. The clock controls when thousands of genes turn on and off, 

and these in turn synthesize proteins that operate the machinery of a cell. Every cell has its own 

clock, and the clocks control different genes in different cell types. Life is, in effect, a marvelously 

intricate clockwork process—in bacteria, in fungi, in plants, in insects, and in animals. In humans 

and likely in other animals, there is a central clock in the brain which is influenced by light and which 

synchronizes all the other clocks throughout the body. So when the clock is disrupted or when it 

doesn’t work right, we feel the effects in every tissue and organ.

It may seem strange that such a fundamental biological process still lies outside our understan-

ding, but that’s the case. Research in bacteria, fruit flies, plants, and mice has shed some light on 

the clock. We know that in mammals it has four central components, four clock proteins and the 

genes that synthesize them, which are interconnected in a feedback loop with a “positive” arm and 

a “negative” arm: the proteins turn on and off the genes, which in turn dictate the levels of the clock 

The circadian clock 
controls or influences 
the timing of a huge 
range of biochemical 
reactions and bodily 
processes, all tied to 
the 24-hour rhythm 
of the earth. That in 
turn has implications 
for how we sleep, 
how we function 
when awake, and 
when medical 
therapies are most 
effective.
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proteins, such that the levels of the clock proteins fluctuate in an intricate dance. Think of it as the 

biochemical equivalent of a two-pendulum grand-father clock. Only in this case, each swing of the 

pendulum influences a whole swath of other genes and sets in motion other essential processes, 

such as the process—which takes exactly 24 hours— by which mammalian cells divide and replicate 

themselves, or by which photosynthesis occurs in plants. The clock seems to be as old as life itself. 

Even ancient bacteria have a clock. The specific clock proteins found in people are also found in all 

animals—from bees to lizards to whales—showing how closely conserved the mechanism has been 

throughout hundreds of millions of years of evolution and thus how central it is to all living things.

In plants, flowering is controlled by the length of days. The molecular mechanisms are not 

understood, but it’s clear that plant sensors detect the quality of the available light, which in turn 

interacts with the plant clocks, which in turn control 5 or 10 percent of the genes in a plant. If we did 

understand, might it be possible to alter the clock mechanisms so we could get plants to speed up 

fruit and seed production, to produce harvests two or three times a year? Or would we be able to 

move plants from one region, for example the tropics, and get them to function properly in colder 

regions, where the available light is less?

There is also evidence that the clock plays a role in how bees and other insects, migratory birds, 

and perhaps other animals find their way home. In some way, the clock seems linked to the ability 

of such creatures to sense the earth’s magnetic field and use it to navigate or orient themselves spa-

tially. The Monarch butterfly is one such species, and one of its clock genes is quite similar to human 

clock genes. Might humans, too, have a dormant ability to sense the earth’s magnetic field?

Laboratory mice bred with no clock genes can still function, but they get cancer or have other 

abnormalities—their DNA repair mechanism doesn’t work. Is that why night shift workers and pilots 

or stewardesses who fly international routes have a higher incidence of some kinds of cancer? Experi-

ments with mice prone to breast cancer have shown that continued disruption of normal sleep cycles 

accelerated the development of tumors. So there is at least some cause for concern in people with 

family histories of breast cancer.

Could we manipulate the clock as a way to improve cancer treatment? We don’t know. But we do 

know that DNA repair works differently at different times of day, which suggests that radiation or 

chemotherapies would be most effective if given when DNA repair is least active.

The clock also influences our basic metabolic processes—the way our bodies break down the 

organic matter and harvest energy from the food we eat and then use that energy to construct 

proteins and other components of cells. But it works the other way too—fasting for a period, then 

eating helps to reset the clock. Fasting, or very low calorie diets, are also known to slow down the 

aging process—which is controlled by the clock. Could we instead simply reprogram the clock—if 

we understood its mechanisms in greater detail—to slow aging directly? We don’t know, but the 

possibilities are more than intriguing.

Potential applications aside, research doesn’t get much more basic than this. The clock might 

well claim to be one of the fundamental secrets of life itself. At the very least, understanding the 

chemistry of living cells means understanding the clock that orchestrates when and often how that 

chemistry functions.
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How to Unlock the Clock Mechanism 

To understand how the clock works and to answer a myriad of 

questions about practical applications will require systematically 

mapping the clock mechanisms in different human tissues and 

at different times of the day. Then scientists can begin to work 

out how clock proteins interact with clock genes and other 

proteins both chemically and structurally. Equally important 

is investigating the signaling mechanism by which the central 

clock synchronizes the individual cellular clocks, so that they 

all work together in rhythm with the earth’s rotation. Another 

approach is likely to involve screening millions of small mole-

cules to identify those that can alter the clock’s periodic rhythm 

or increase/decrease the amplitude of clock oscillations. Such 

molecules could be used as tools to help study clock mecha-

nisms as well as suggest potential candidates for future drug 

development.

To discover the precise molecular mechanisms by which 

proteins, metabolic compounds, and signaling chemicals sustain 

and regulate the clock will require a wide range of scientific 

talent—in genetics, in protein mapping and structure determi-

nation, and in protein biochemistry. It will require working first 

with model organisms such as fruit flies or mice, then seeing whether the same mechanisms are pre-

sent in people. And then eventually, it will also require clinical investigations to use that knowledge 

to strengthen, correct, or fine tune the clock to devise new therapies in people or more productive 

crops or new ways to control harmful.

This is not a small project. It will require equipment, but even more it requires building up the 

needed scientific talent, sustaining research groups at multiple universities over at least a decade. 

But the fundamental knowledge gained is likely to have profound impacts on our ability to solve pro-

blems in human behavior and health, and indeed, in all other living organisms as well. And maybe in 

the end we will also understand why we are clockwork mechanisms, and why life keeps time to the 

earth’s rhythm. 

Ning Zheng, Howard Hughes Medical Institute and Department of Pharmacology, University of 
Washington

Michele Pagano, Howard Hughes Medical Institute, Department of Pathology and NYU Cancer Institute, 
New York University School of Medicine
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Unlocking the clock means 
working out the detailed 
molecular mechanisms 
by which clock genes and 
proteins both influence and are 
influenced by a wide variety of  
biochemical processes, such as 
metabolism (diabetes), DNA 
repair (cancer), homeostasis 
(heart disease), nervous system 
(mood disorders, memory), and  
steroid hormones (cancer).
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Creating a Census of 
Human Cells
For the first time, new techniques make possible a systematic description of the 
myriad types of cells in the human body that underlie both health and disease.

Imagine you had a way to cure cancer that involved taking a molecule from a tumor and engineering 

the body’s immune cells to recognize and kill any cell with that molecule. But before you could apply 

this approach, you would need to be sure that no healthy cell also expressed that molecule. Given 

the 20 trillion cells in a human body, how would you do that? More fundamentally, without a map of 

different cell types and where they are found within the body, how could you systematically study 

changes in the map associated with different diseases, or understand where genes associated with 

disease are active in our body or analyze the regulatory mechanisms that govern the production of 

different cell types, or sort out how different cell types combine to form specific tissues? We suggest the 

answer to these questions is to create a Human Cell Atlas that organizes cells by type and location in 

specific tissues. What makes this now possible is the recent development of three new tools:

	The ability to rapidly determine cell types by rapid capture, processing and RNA sequencing of single 
cells. The RNA sequence reveals the genetic profile of an individual cell— identifying which genes are 
turned on, actively making proteins. It is in effect the zip code for cell types. Newly-invented automated 
tools can now process thousands of cells for sequencing per second for a low cost.

	The ability to map the location of specific cell types within living tissue at high resolution. One 
technique uses ion beams that scatter cell particles from specific locations in a tissue; the cell types 
are identified by the proteins they use and that information is synthesized with the location into an 
image that locates the cells of interest.

High-resolution images 
of retinal tissue from the 
human eye, showing 
ganglion cells (in green). 
The circular cell body is 
attached to thin dendrites 
on which nerve synapses 
form—in different tissue 
layers depending on the 
cell type and function.  
Credit: Lab of Joshua Sanes, 
Harvard
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	Sampling algorithms and Big Data computational techniques that enable creation of an overall 
cell census. These approaches are new to biology on the scale proposed here. With appropriate 
sampling, analyzing just 50 million cells—one for every 400,000 in the body—can give a detailed 
draft picture of human cell types. Big Data techniques can then be used to combine zip codes and 
physical locations into a unique and invaluable reference database.

Cells are the basic unit of life, yet they vary enormously. Huge quantities of new red blood cells are 

made every day, whereas nerve cells—especially the neurons that are the processors of the brain— 

are made early in life and new ones are rarely born thereafter. The types of cells also vary widely from 

one tissue to another. The lining of the gut contains cells that absorb nutrients, immune cells to fend 

off harmful microbes, and neurons—as well as cells of the beneficial bacteria that colonize us. The 

retina at the back of the eye functions as a kind of digital camera, capturing an image and shipping 

it off to the brain for analysis—and it contains more than 100 different types of neurons; one kind of 

neuron can be important to identify when the light is turned on, another for when the light is turned 

off, and so on. The T-cells of our immune systems come in different forms, depending on whether 

they are found in the blood, in the gut, in the mouth, or in nasal passages. 

Moreover, variations in specific genes that can lead to disease typically manifest themselves in specific 

cells, those cells where the genes would normally be active—muscular dystrophy in skeletal muscle cells, 

for example. Both this enormous variety from one type of cell to another, and the mix of cells from tissue 

to tissue are critical to the functioning of our body, but have not been fully studied or characterized.

Already, in preliminary studies of the type proposed here, our lab and collaborators have dis-covered 

a completely unknown type of dendritic cells—immune cells that constitute our first line of defense 

against pathogens—that make up only 4 of every 10,000 cells in the blood. Another study of a parti-

cular class of T-cells associated with autoimmune diseases found subtle differences in cells taken from 

the gut and from the brain, changes that appear to stem from fats in the diet and that may suggest new 

drug targets for treating these autoimmune diseases. Analyzing tens of thousands of retina cells led to 

discovery of two new cell types that have eluded decades of meticulous research.

Some 25 years ago, scientists first proposed the Human Genome Project to systematically disco-

ver all of the cellular components encoded by our genes. At the time it seemed an audacious goal, 

but one that proved achievable. We now propose a similar systematic effort to define the cells that 

underlie human health and disease.

Specifically, within five years we propose to generate a detailed first draft of a molecular atlas of 

cells in the human body. This Human Cell Atlas will:

1.	 Catalog all cell types and sub-types;

2.	 Distinguish cell states (e.g. a naïve immune cell that has not yet encountered a pathogen compared 
to the same immune cell type after it is activated by encountering a bacterium);

3.	 Map cell types to their location within tissues and within the body;

4.	 Capture the key characteristics of cells during transitions, such as differentiation (from a stem cell) or 
activation; and

5.	 Trace the history of cells through a lineage — such as from a predecessor stem cell in bone marrow 
to a functioning red blood cell.
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Just as with the Human Genome Project, the task is large but finite and can only be done success-

fully within the context of a unified project that engages a broad community of biologists, technolo-

gists, physicists, computational scientists, and mathematicians.

Some factors that point toward success of the project include:

Manageable Scale. The number of human cell types depends on the level of resolution at which 

they are defined. A few hundred types are often quoted, but just the blood and immune system 

alone may have over 300 molecularly and functionally distinct sub-types. While the number appears 

daunting at first, there are multiple cell “copies” of the same type, and thus this is a sampling pro-

blem. Statistical considerations and mathematical theory suggest that we can sample a manageable 

number of cells and still recover fine distinctions with confidence.

Sample Collection. Experience has shown how to acquire excellent collections of human tissue 

samples with a well-concerted effort, even by individual labs. And, unlike genetic studies, a large 

number of individuals is not required. We propose to complement human sampling with limited 

similar studies of model organisms—primates, mice, and others—to obtain otherwise inaccessible 

samples and to relate knowledge from human cells to that obtained from lab experiments, for which 

there is extensive legacy knowledge from decades of scientific research.

Inclusive Organization. We envision a community-wide effort that balances the need for 

domain-expertise in a biological system with opportunities for new technologies (more so than in 

past genomics projects), and yet also enables data collection that is comparable across systems. 

Within such a consortium, to be defined through a community process, there will be working groups 

for human samples, model organisms, and technology development, in addition to centralized data 

acquisition and management. We would expect multiple analytics efforts.

Appropriate Staging. A Human Cell Atlas is an endeavor of new scale and type. A pilot phase 

that can be established quickly and serve to test alternative strategies and to evaluate the basic 

premises of the work would likely be particularly effective. We propose a pilot phase with a relatively 

sparse survey of 100,000 cells from each of 50 carefully chosen tissues from human and mouse, 

complemented by a much deeper survey in a few well-chosen complementary systems, such as 

peripheral blood and bone marrow, gut, and liver. A full-scale project, building on the pilot, would 

analyze more cells per tissue, additional tissues, expand work in model organisms, and deploy more 

measurement techniques; it could also extend analysis to disease tissues.

Having a complete Human Cell Atlas would be like having a unique zip code of each cell type 

combined with a three-dimensional map of how cell types weave together to form tissues, the 

knowledge of how the map connects all body systems, and insights as to how changes in the map 

underlie health and disease. This resource would not only facilitate existing biological research but 

also open new landscapes for investigation. A Human Cell Atlas will provide both foundational biolo-

gical knowledge on the composition of multicellular organisms as well as enable the development of 

effective medical diagnostics and therapies.
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How to Create a Human Cell Atlas 

The field of genomics has substantial experience in large-scale projects such as proposed here, but 

there are important differences. Genetic studies often focus on differences in the DNA between indi-

viduals, but cannot tell the critical differences between individual cells, including where the genetic 

differences manifest themselves. Indeed, within an individual, nearly every cell has the same DNA, 

but it uses (or “expresses”) only a portion of it. In contrast, a Human Cell Atlas focuses directly on the 

differences among cell types and is thus more diverse and complex— tracking several very different 

types of data—and requires more technological and computational innovation.

What make such a project possible are very recent advances in the ability to analyze the geno-

mic profile of a single cell. That means determining which RNA molecules it expresses from its DNA, 

which proteins are expressed from the RNA, and related information such as how the cell’s DNA is 

decorated with additional molecules that control it. With recent breakthrough technologies this 

can be done for large numbers of cells very quickly and inexpensively. This data characterizes which 

genes are active in a given cell—in effect, which proteins it produces, and what the cell does.

These innovations—based on advances in molecular biology, microfluidics, droplet technology, 

and computation—now enable massively-parallel assays that can process hundreds of thousands of 

cells at very low cost. A second emerging method of characterization involves imaging cells inside 

tissues at high resolution. Finally, new experimental and computational techniques couple molecu-

lar profiling (of RNA or proteins) with ion beams to high resolution spatial information about their 

location within a tissue or even within a cell, providing a unique characterization of the structure of 

tissues. We propose to analyze 50 million cells in a five year initial effort.

This initial phase of the Human Cell Atlas will also define markers for different cell types, for which 

antibodies and other probes can be developed to find specific cell types within a tissue. It will pro-

vide a direct view of living human tissue—removing distorting effects of cell culture on which much 

current knowledge is based. It will provide a way to integrate a large body of legacy data. Moreover, 

the Human Cell Atlas will help uncover the regulatory processes that control cell differentiation and 

cell interactions. Finally, and non-trivially, the project will generate standardized, tested, and broadly 

applicable experimental and computational methods that will be useful in many other contexts.

Aviv Regev, Professor of Biology, MIT; Core Member and Chair of the Faculty, Broad Institute; 
Investigator, Howard Hughes Medical Institute; Director, Klarman Cell Observatory, Broad Institute
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Mapping the Human 
Exposome
Documenting the human genome catalyzed fundamental new approaches in 
medicine. But genes are only the “nature” half of the story. And it’s now possible to 
map and understand the biological markers that define “nurture”—the total of a 
person’s lifetime exposure to nutrition, bacteria, viruses, and environmental toxins—
which also profoundly influence human health.

Our genetic blueprint charts the course for our life, yet we rarely achieve our full genetic potential 

because of external forces that continually steer us off course. Many environmental influences 

are beneficial—good nutrition, education, and socialization—while others such as malnutrition, 

pollution, and poverty contribute to ill-health and the woes of humankind. We can now measure 

and utilize over a billion features of the genome—the sequence of DNA, epigenetic changes that 

The exposome includes 
hundreds of thousands of 

biochemical markers from 
many different sources, 
including those shown 

here. Currently, only about 
20,000 of those have been 
mapped and categorized.
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turn genes on and off, and how genes interact with the biochemical machinery of cells—and that 

knowledge is enabling powerful new insights and therapeutic approaches. But genetics can explain 

less than 25 percent of most major disorders. And at present our ability to measure the complex 

environment in which we live and its impact on our bodies is very limited. No wonder we lack more 

useful models of disease and health. 

One measure of the potential environmental impact on health is the registry of nearly 80,000 

industrial chemicals that is maintained by the Environmental Protection Agency. The interaction of 

each of these chemicals with living organisms can generate multiple chemical markers, which if we 

knew what they were could be used to assess exposure and potential harm. One example that has 

generated widespread concern is the class of phthalate chemicals used as plasticizers in a wide range 

of products, from infant lotions and powders to credit card purchase receipts, markers from which 

are found in virtually every U.S. resident, and which have been implicated as hormone-like endocrine 

disrupters that can affect sexuality. Those aren’t the only powerful chemicals in consumer products—

think suntan lotions and beauty creams, preservative additives in food products to extend shelf life, 

pesticide residues on fresh produce. Food itself generates many different metabolic chemicals found 

in our bodies, both directly and as a result of processing of food by our micro-biome—the colony 

of bacteria that inhabit our gut and our skin and that are very much part of who we are. Add in air 

pollution, workplace hazards, the markers left by allergens and disease agents and immune system 

reactions to them, the medicines we use—they all leave a biochemical marker. The number of such 

markers in our bodies is estimated to be as many as one million, but what they are and which ones 

indicate conditions or exposures harmful to health is still for the most part unknown.

As it turns out, there is no reason for knowledge of the environmental mediators of disease and 

health to lag so far behind that of the genome. When the concept of the exposome—the totality 

of our exposures from conception onward—was first put forward in 2005, it seemed an impossible 

challenge: how to detect and measure a million different chemicals? But just as a single sample of 

blood contains the core of our genetic data (in the DNA within white blood cells), so that same blood 

sample contains hundreds of thousands of biochemical markers. And because of advances in high 

resolution mass spectrometry and high throughput screening, it is now possible to identify, cata-

logue, and understand each marker, each constituent of the exposome, and link it to the process or 

environmental factor that produced it. Mapping and annotating these biochemical markers, creating 

reference databases that define the human exposome and to which individual profiles can be com-

pared, using big data techniques to correlate genetic and environmental factors—all of this portends 

a revolution in how we understand the complex chemistry of life. That knowledge in turn is likely 

to lead to more specific insights into how environmental factors affect human health and how we 

might intervene to protect and enhance it. Within a decade, potentially, a truly precise approach to 

personalized medicine could be possible.

Mapping the exposome is ultimately about understanding the divergence between our genetic 

predispositions and our biological reality. It requires not just studying environmental chemicals, it is 

about studying all of the chemicals, endogenous and exogenous alike, that influence human biology. 

Yet today, in a typical laboratory analysis of a blood sample, it is run through an instrument called a 
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gas chromatograph that groups fractions of the blood by their volatility and then these fractions are 

subjected to more detailed analysis by a specific chemical test or by mass spectrometry. In virtually 

every such analysis, for whatever purpose, there are hundreds of peaks (compounds) that are simply 

unknown. This is where increased efforts in fundamental research in mass spectrometry and bioinfor-

matics could yield great returns. 

What made rapid mapping of the human genome possible was sequencing of many small parts of 

the genetic code whose function was known—so-called shotgun sequencing—and then putting the 

pieces together. The equivalent for mapping the exposome is an approach that identifies the envi-

ronmental mediators that have the greatest effect on human biology and looks for the markers asso-

ciated with them. As it turns out, many different institutions—from the Centers for Disease Control to 

university laboratories working under grants from the National Institutes of Health—have collected 

and stored blood samples from specific individuals, whose subsequent medical histories are known 

at least in part. The Department of Defense, for example, has over 100 million blood samples from 

soldiers collected at enlistment and again post-deployment from a specific mission such as Iraq. And 

these archival blood samples turn out to be a treasure trove for linking specific impacts to biochemi-

cal markers and thus building up the map of the exposome.

One recent example of this process at work is a child health study conducted by the University of 

California at Berkeley with blood samples going back 50 years from families that lived in California’s 

Central Valley—where concern over pesticide exposure from the intensive farming activity has long 

been a concern. The Berkeley study looked at the blood from the mothers of daughters who sub-

sequently (as adults) were diagnosed with breast cancer, and sure enough, found clear evidence of 

pesticide residues that would have exposed those daughters in utero. The study is now extending the 

analysis to the granddaughters. Another study at Emory University looked at glaucoma, a condition 

in the eye that leads to nerve damage and blindness and whose exact cause is not known. The study 

compared biomarkers in blood samples from people suffering from glaucoma with comparable indi-

viduals who did not have glaucoma, and turned up four specific markers in the glaucoma patients. 

When analyzed, the markers turned out to be related to steroids produced only by fungal infections. 

Further work to see if the fungal infections might be causal is underway. Another study found mar-

kers from two specific environmental chemicals associated with macular degeneration, a condition 

in older adults that damages the retina and is also a common cause of blindness. These results are 

likely only the forerunners of a flood of new findings. More fundamentally, these are the beginning of 

a more complete knowledge of the chemistry of nurture, of life as it is really lived amidst a complex 

and changing array of foods, industrial chemicals, environmental toxins, and infectious agents.
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How to Map the Exposome

While genomics serves as a blueprint of a human being, personal health is also a product of life 

history and interactions with the environment. Big data from high-throughput molecular technolo-

gies that detect the chemical markers in blood or other tissue samples—from metabolic processes, 

from immune system processes, from activated genes, from foreign proteins—thus provide critical 

information towards health monitoring, disease diagnosis and treatment. The key technology that 

enables detection of these molecular footprints of biological processes is ultra high-resolution mass 

spectrometry, which in effect sorts these chemicals by their unique mass. Such machines yield nearly 

10 times the data quality of earlier versions, and must be supported by laboratories, trained techni-

cians, and biometric specialists.

In a good lab, with a current model ultra high-resolution mass spectrometer, it is possible to 

separate and identify between 5,000 and 20,000 new biomarkers per year, including building the 

algorithms to automate future recognition of that marker. With sufficient research funding, a com-

prehensive, annotated database amenable to big data tools and to inter-comparison with rapidly 

expanding genomic databases might be feasible within 5–7 years. Research on the environment has 

historically been within the domain of the National Science Foundation, while human health falls 

under National Institutes of Health: the exposome doesn’t fit neatly into either funding structure. 

Quite apart from the fundamental knowledge of how genes and environmental factors interact to 

influence human illness or capacity, the potential of identifying a person’s lifetime exposure history 

from a sample of blood, quickly and cheaply—like the $1100 tests for an individual gene map now 

available—is a tantalizing prospect. Moreover, the technology of mass spectrometry is advancing 

rapidly. And given the potential value of such services, once academic basic research has shown the 

feasibility and built the core knowledge, it seems likely that the biotech industry would invest addi-

tional capital to extend the database and the inferences that can be drawn from it to improve human 

health and well-being.

Gary W. Miller, Professor of Environmental Health, Rollins School of Public Health, Emory University

Dean P. Jones, Professor of Medicine, School of Medicine, Emory University
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Are We Headed for a Sixth 
Extinction?
The stability of life on Earth depends on the biogeochemical cycles of carbon and 
other essential elements, which in turn depend on microbial ecosystems that are, 
at present, poorly understood. New approaches could help gauge the potential for 
another mass extinction.

Five times in the last 500 million years, more than three-fourths of living species have vanished 

in mass extinctions. Each of these events (see table, next page) is associated with a significant 

change in Earth’s carbon cycle. Some scientists think that human-induced environmental change—

including our massive discharges of carbon into the atmosphere—may soon cause a sixth major 

extinction. Is such a catastrophe really possible?

The key to answering this question lies in the recognition that the Earth’s physical environment 

and the life it supports continuously interact as a closely coupled system. The core of this interaction 

is the carbon cycle. Plants and microorganisms, both on land and in the surface layers of the ocean, 

take carbon dioxide from the atmosphere and “fix” the carbon in organic matter through the process 

Composite concentration of 
ocean chlorophyll (red is the 

highest), indicating areas 
with the highest production of 

organic carbon, as measured 
by satellite. In contrast, 

measuring the degradation 
and release of carbon back to 

the atmosphere from the deep 
ocean or oceanic sediments is 

extremely difficult.  
Credit: NASA/Suomi NPP/

Norman Kuring
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of photosynthesis. Other organisms—most importantly microbes, but also including animals and 

people—metabolize organic matter, releasing carbon back to the atmosphere, a process known as 

respiration. But while photosynthesis is visible in the greening of leaves and the spectacular algal 

blooms on the ocean surface (see photo), respiration is neither visible nor well understood. That’s 

because respiration occurs in different places and at very different timescales. In the ocean’s surface 

layers, for example, respiration happens fairly quickly—minutes to months. A small percentage of 

organic matter escapes degradation and drops slowly to the bottom of the ocean, becoming buried 

in the sediments, where respiration can take thou- sands of years. So over time, lots of organic car-

bon accumulates at the bottom of the ocean. And some of that gets embedded in sedimentary rocks, 

where the effective time-scale for respiration can be many millions of years. Virtually all of the fossil 

fuels we burn—oil, coal, natural gas—come from that latter reservoir of organic carbon.

MAJOR EVENTS IN THE HISTORY OF LIFE

Event Date (Ma) Description

Great Oxygenation Event 2,450 earliest oxygenation of atmosphere

Cambrian Explosion 542 rapid diversification of animal life

End-Ordovician extinction 446 86% of species lost

Late Devonian extinction 372 75% of species lost

End-Permian extinction 252 95% of species lost

End-Triassic extinction 201 80% of species lost

End-Cretaceous extinction 65 76% of species lost

Sixth extinction? ??

Ma: Millions of years ago

Over the last billion years, including through multiple ice ages, the Earth’s carbon cycle has 

remained mostly stable. That means that the process of fixing carbon through photosynthesis and 

the process of respiration have remained approximately in balance. But because the ocean sediments 

contain much more carbon than the atmosphere—at least 10 times as much—even small changes in 

respiration rates could have a huge, de-stabilizing impact. A disruption in the carbon cycle that rapidly 

released large amounts of carbon dioxide, for example, could potentially cause mass extinctions—by 

triggering a rapid shift to warmer climates, or by acidifying the oceans, or by other mechanisms.

The conventional explanation for what killed off the dinosaurs and caused the most recent, end 

Cretaceous mass extinction was a huge asteroid impact on Earth—which certainly caused a massive 

debris shower and likely darkened the sky, perhaps for years. This and some other extinctions are also 

associated with massive and widespread volcanism. Are these sufficient to trigger mass extinctions, 

even in the deep oceans? In at least one case, our calculations strongly suggest that these physical 

events, by themselves, were not enough to explain the observed changes—that whatever triggering 

role impacts or volcanism may have played, other factors contributed to and amplified changes in 

the carbon cycle. We believe that acceleration of the microbial respiration rate must have been invol-
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ved, thus releasing carbon from the deep ocean and sediment reservoirs. In any event, the evidence 

is clear that significant disruptions or instabilities have punctuated an otherwise stable carbon cycle 

throughout Earth’s history, with changes so rapid or so large that they triggered a shift to a new and 

different equilibrium, with profound impact on all living things.

One example is the microbial invention, about two-and-a-half billion years ago, of photosynthe-

sis—resulting in a transition from an atmosphere without oxygen to a stable oxygenated state. That 

in turn enabled the evolution of macroscopic, multi-cellular life, including us. Another example is the 

end-Permian extinction, the most severe in Earth history, which was immediately preceded by an 

explosive increase of carbon in the atmosphere and the oceans. A recent research paper attributes 

the surge of carbon to the rapid evolution of a new microbial mechanism for the conversion of orga-

nic matter to methane, which accelerated respiration. In both cases, the disruption of the carbon 

cycle was driven or at least accelerated by life itself— microbial life. Other mass extinctions are also 

associated with severe disruption of the carbon cycle, although the specific triggering mechanisms 

are not known. But what seems clear is that small changes in the ways microbes respire organic mat-

ter can have considerable global impact. Might the current human releases of carbon trigger such 

a change as well, enabling microorganisms to accelerate their conversion of the huge reservoir of 

marine sedimentary carbon into carbon dioxide? Understanding the mechanisms of respiration in 

detail—including in the deep ocean and the sediment reservoirs of organic carbon—is thus critical 

to understanding the potential for another mass extinction. That is what we propose to do.

The needed research must focus on three key objectives:

1.	 identifying the principal mechanisms controlling slow respiration in the modern carbon cycle;

2.	 determining the mechanisms underlying past mass extinctions; and

3.	 clarifying the conditions or triggering forces leading to instability and a new equilibrium.

For the modern carbon cycle, the principal problem concerns the fate of marine organic carbon 

that resists degradation for decades or longer. Two reservoirs are critical: dissolved organic carbon, 

which can persist for thousands of years, and sedimentary organic carbon, which can persist for mil-

lions of years. Imbalances in the carbon cycle are determined by shifts of these time scales or respira-

tion rates. These rates are especially hard to determine when organic compounds are complex and/

or the organic matter is tightly embedded in sedimentary rocks. We will use new tools that enable 

us to measure how specific enzymes bind to specific organic molecules found in seawater. And we 

will do controlled experiments to measure how microbes, organic matter, and minerals interact in 

sediments, developing new methods such as high-resolution calorimeters to measure the rates of 

degradation in the lab and in the field.

Unlike the major extinction events already mentioned, many past disturbances of the car- bon 

cycle had no large-scale impact on life. What sets them apart? Sedimentary rocks deposited at 

different times (see picture of end-Permian sediments) record indications of environmental change, 

but the interpretation of these signals is an evolving science. The project will reconstruct, for as 

many events as possible, the sequence of environmental changes, focusing on fluxes of carbon. By 

employing mathematical techniques similar to those used to establish the modern theory of chaos, 
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we expect to discover distinct classes of behavior that separate true instabilities from more gradual 

environmental change. During periods of unstable growth, important changes in the molecular com-

position of organic matter are likely, and by analyzing these changes we expect to discover mecha-

nisms associated with or leading to instabilities of the Earth’s carbon cycle. Especially pertinent is 

the potential for rapid evolution in microbial ecosystems. Rapid evolution modifies the structure of 

populations and thus can alter the respiration rates— with impact on all components of ecosystems 

and potentially leading to instability, disruption, and the emergence of new stable states.

The central challenge will be to use these new findings to develop a theory of instability for the 

Earth’s carbon cycle system. Linking the specific mechanisms discovered in our studies of the past and 

present carbon cycles to such a theory is a key objective. It requires learning how to translate molecu-

lar, genomic, and microbial metabolic information into an understanding of evolutionary feedbacks 

that can drive instability and mass extinctions. Collectively, this work amounts to the design and exe-

cution of a stress test of the carbon cycle system. Our studies of the modern carbon cycle will provide 

a base case. Theoretical models of carbon cycle dynamics will yield specific hypotheses for the condi-

tions that determine its unstable evolution. These hypotheses will then be tested using geochemical 

signals derived from past extreme environmental events. That should provide an explicit understan-

ding of the range of stability of the carbon cycle system and the potential for a sixth extinction.

How to Stress Test the Earth’s Carbon Cycle

The project’s ambitious scope requires multiple activities and skills, empirical and theoretical. The 

empirical work will include laboratory experiments to identify the microbial pathways and molecular 

mechanisms of slow respiration, along with the development of new methods to measure respiration 

rates in the lab and in the field; field studies of the modern carbon cycle to collect natural samples 

and test hypotheses; and field studies to collect rock samples containing the record of past events. 

These will then be followed by geochemical analyses of collected samples. The research will result in 

the development of a new theory of carbon cycle dynamics that will enable quantitative prediction 

of the risks of instability.

To perform these tasks, the project expects to need significant resources. Specifically, studies of 

the modern carbon cycle will require about 15 teams devoted to laboratory and field investigations. 

Analyses of past events will require about another 15 teams for sample acquisition and geochemical 

analyses. New theory and related modeling to motivate and support the entire effort will require an 

additional 10 teams. The outcome would be a fundamental understanding of carbon cycle dynamics, 

revolutionizing earth and environmental science and resulting in a comprehensive, objective evalua-

tion of the long-term risks of modern environmental change. 

Daniel H. Rothman, Professor of Geophysics and Co-Director, Lorenz Center, Massachusetts Institute of 
Technology



28  |  The Future Postponed 2.0 The Future Postponed 2.0   |   29

Unveiling the Viral 
Ecology of Earth
Viral infections modify and transform the functioning of individual cells. They do 
this not just for humans, animals, and plants, but also for the microbes that drive the 
Earth’s carbon cycle. Could this tiniest form of life impact the balance of nature on a 
global scale?

Ebola, HIV, influenza—even the common cold. Each of these maladies reinforces the commonly-

held belief that viruses are harmful parasites that are potentially deadly to their host. The virus’s 

ability to disrupt human health belies its relatively simple form—it’s no more than a microscopic 

package of genes wrapped in a molecular shell. But when a virus infects a living cell, it can 

commandeer the genetic machinery of the host to replicate itself. What is not widely understood, 

however, is that not all viruses are bad for their host, or for the world around them.

Viruses infect all types of living cells, including those of animals, plants, and microbes. Indeed, 

the targets of most viruses are microbes—including the ubiquitous bacteria living in soil, lakes, and 

throughout the oceans.

Viruses play a critical role in altering the fate of individual organisms, and potentially that of the 

earth’s ecosystems. In effect, viruses modulate the function and evolution of all living things, but to 

what extent remains a mystery. 

Bacterium, collected from 
the Southern Ocean, 
infected with viruses (dark 
dots) that are replicating 
within it.   
Credit: Jennifer Brum, 
Sullivan Lab at The Ohio 
State University



The Future Postponed 2.0   |   29

VIRUSES, MICROBES, AND HUMANS 
Compared to either microbes or people, viruses are very small in physical size, in the number of genes, and 

overall genome size. But they reproduce more rapidly and in sheer numbers overwhelm all other forms of life.

Virus Microbe Person

Size .02 – .1 micrometer 0.5 – 5 micrometer 1.5 – 2 meters

Number of Genes 10 – 100 500 – 5,000 ~20,000

Genome Length (base pairs) 10,000 – 100,000 500,000 – 5 million 3 billion

This uncertainty has many causes. For one, viruses are tiny, which makes them more difficult to 

isolate, study, and understand. A virus is usually one- to ten-thousand times smaller in volume than 

a typical bacterium, and therefore, like bacteria, are invisible to the naked eye. Viruses seem simple, 

usually including just a handful of genes. But actually they are wildly diverse and not easy to iden-

tify and characterize. There is not a single gene common to all viruses, nor is there consensus about 

classes of viral genes. And this diversity is itself evolving. Some viruses multiply rapidly, creating a 

new generation as often as every 20 minutes. Other viruses need only a handful of genes (and a host) 

to make new copies of themselves, while still others carry hundreds of genes, blurring the lines of 

delineation from living cells. 

The scope of our uncertainty of how viruses shape the planet is compounded by the fact that 

virus-host interactions operate on a huge scale. A liter of water in the Earth’s surface oceans typically 

contains hundreds of millions of cyanobacteria. These bacteria and other oceanic microbes take in 

carbon dioxide and convert it to organic matter (i.e., new cells and cellular life), and in the process 

“fix” as much carbon in a day as all of the land plants on Earth. The cyanobacteria, in turn, become 

the bottom of the marine food chain—food for zooplankton, which feed the krill, which feed the fish 

and whales. But viruses also infect, transform, and destroy uncounted billions of cyanobacteria every 

day—they are part of the ecosystem too.

When a virus infects a living cell there are several potential outcomes: it can kill the cell, it can go 

dormant until activated later, or it can co-exist with that cell for generations. Further, as mentioned 

above, not all viral infections are bad. They can create immunity to other infections, mediate the inte-

raction of human gut bacteria and the immune system, or preferentially increase the food supply for 

some types of microbes by killing other microbes, releasing cell debris that is valuable feed material. 

Thus viruses shape ecosystem-level microbial diversity and metabolic processes. These same features 

make viruses increasingly attractive to biotechnology researchers who find them useful to deliver 

drugs and genetic therapies into living cells.

Viruses play potentially critical roles in eco- systems. However, a more detailed quantitative pic-

ture is needed to predictively model their impact. Of special note is the urgent need to understand 

the ecological role of viruses in the earth’s carbon cycle—how viruses modulate the microbial pro-

cesses that dominate the fixation and respiration of carbon that in turn modulates earth’s climate. 

Microbial populations are now routinely mapped in soils, lakes, oceans, and even within humans, but 

the corresponding viral communities remain relatively unexplored. In the past, technological barriers 
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impeded our ability to observe these nanoscale partners and investigate their actions. But emerging 

instrumentation and processing techniques, along with new methods we are proposing, now enable 

a quantitative understanding and the resulting predictive models for how viruses impact a changing 

Earth system.

We propose here a systematic study of environmental viruses, especially those that infect 

microbes, with the overall goal of linking virus- host biology to ecosystems ecology. An in-depth 

knowledge of viral ecology would lead to insights on the structure and function of living systems on 

a variety of scales, ranging from genes to ecosystems to the global carbon cycle.

How to Probe Earth’s Viral Ecology

The goal proposed here is to study and understand the viral interactions that govern natural ecosys-

tems—in essence, to link virus-host biology with ecosystems ecology so as to develop a quantitative 

and predictive viral ecology. This will require the development of an inter-connected network of 

virus-focused investigators, including virologists, microbiologists, molecular biologists, ecologists, 

engineers, ecosystem modelers, and theoreticians. This network will collaborate with and build on 

the results of existing research groups and centers that have revolutionized the study of microbes 

and their ecology.

Specifically, we expect this project to provide answers to questions such as:

•	 How do viral infections change the way cells interact with their environment?

•	 How do viruses alter carbon cycling in the oceans? Do they reduce the fixing of carbon or sti-

mulate the regeneration of carbon dioxide? What is the effect at the level of the ecosystem? Do 

viruses change the relative ratio of microbes to krill or fish in the surface oceans or the amount 

of organic carbon exported to the deep ocean?

•	 How do we scale-up quantitative measurements of virus effects? And how do we integrate such 

measurements from the cellular to the ecosystem scale?

•	 Starting with ocean virus ecology, how do we evaluate the risks, possibilities, and consequences 

of virus-mediated feedbacks to the Earth’s carbon cycle? How do we extend discoveries in the 

ocean to virus-induced effects in soils, lakes, and even the health of animal- or human-asso-

ciated microbiomes?

Funding will also enable critically-needed technological innovations that don’t fit the require-

ments for standard funding mechanisms. These include advanced microfluidic devices for sample 

processing, advanced sequencing approaches for assessing single-viral genes and genomes, nano-

probe sensing devices, and integrated in situ sampling devices.

One notable recent conceptual advance in viral ecology has to do with cell debris. Scientists have 

discovered that the process of virus- induced rupture of host microbial cells releases cell debris, 

which in turn can be used by other local microbes to boost their growth, maintaining the local micro-
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bial loop and enhancing ecosystem-level productivity. The rapid turnover of viruses and their micro-

bial hosts suggests that ecosystem responses to changes in climate have the potential to be strongly 

influenced by virus- microbe dynamics, particularly on the time-scales most relevant to human 

activities. That we know so little about such an important component of a changing Earth system is 

daunting, but also exciting—given the right scope of investment.

Prior support from national funding agencies has enabled transformative advances in microbial 

systems science. However, the majority of such projects have since been retired or scaled back. 

Indeed, virus-microbe dynamics are not a core priority for any agency, and the emphasis of funding 

continues to be in areas of human-disease associated virology. There is an extraordinary opportunity 

to broaden this focus, influence the entire discipline of viral ecology, and greatly advance our unders-

tanding of the dynamics of Earth’s carbon cycle.

Joshua S. Weitz, Associate Professor, School of Biology, Georgia Institute of Technology

Steven W. Wilhelm, Kenneth & Blaire Mossman Professor, Department of Microbiology, University of 
Tennessee, Knoxville

Matthew B. Sullivan, Assistant Professor, Department of Microbiology, The Ohio State University
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The Mystery of Dark 
Matter
What’s out there in the vastness of the universe? Stars, of course, made of “normal” 
matter like our sun. But mostly what’s out there is dark matter and dark energy, which 
we can’t see and don’t yet understand.

Can this mysterious substance, a new form of matter whose existence is inferred from the 

behavior of the universe, be detected in an earth-bound laboratory?

The presence of a clump of matter deforms space-time, so that light passing near matter appears 

to bend. When it’s a very big clump—whole galaxies—light bends enough that astronomers can 

measure the bending and deduce how much matter is there. But when astronomers compare the 

result to the amount of matter they can see (the starlight from the ordinary matter in stars), there’s a 

problem—not enough matter. In fact, about 85 percent of the matter in the universe is invisible, and 

although it exerts a gravitational force, it doesn’t form stars that emit light. Scientists call it “dark mat-

ter,” and just what it is constitutes one of the most fascinating mysteries in physics today.

It might seem a bit uncomfortable that the familiar electrons, protons, and neutrons that make up 

the atoms and molecules that constitute the earth, our homes, all of our tools, and our bodies and 

Dark Matter—26.8%

Ordinary Matter—4.9%

Dark Energy—68.3%

What’s out there? A huge 
explosion some 14 billion 

years ago, the Big Bang, 
created the universe as 

we know it. In particular, 
astrophysicists say, it must 

have created lots of dark 
energy and dark matter, 

and a relatively small 
amount of ordinary matter. 
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brains add up to only 15 percent of the matter in the universe. In fact the true picture is even more 

extreme: when scientists account for the presence of “dark energy,” an equally mysterious concept, 

ordinary matter accounts for less than 5 percent of the stuff of the universe. It’s almost as if ordi-

nary matter and the universe that we can see in the night sky is just a sideshow, an afterthought of 

creation. Indeed, it’s clear that in the early eons of the universe, it was the dark matter that clumped 

together first, and then its gravitational pull caused ordinary matter to fall into those clumps and 

ignite to form the stars and galaxies that we can observe.

Even more unsettling, dark matter can flow right through ordinary matter—our bodies— with 

less interaction than any known particle, even the ghostly neutrino. The electromagnetic force 

doesn’t seem to affect dark matter in conventional ways, so dark matter and normal matter don’t 

interact chemically. And the strong nuclear force doesn’t seem to affect dark matter either, or if it 

does, only very weakly. So what kind of physical laws—other than gravity—govern its behavior, and 

how can scientists study it if they can’t measure it in the laboratory?

Theoretical physicists have proposed two main types of models—two types of hypothetical 

particles—that could constitute the dark matter. One is called Weakly Interacting Massive Particles 

(WIMPs); the other is called axions. And based on those particles and their hypothetical properties, 

physicists have devised ingenious ways to detect them, if they exist.

Take axions, for example. Under certain circumstances, and in the presence of a strong magnetic 

field, axions are thought capable of transforming into radio waves, which could be measured with 

very sensitive antennas. Conveniently, thanks to new superconducting quantum devices known as 

SQUIDs that work as a form of quantum amplifier, that sensitivity has recently increased dramatically, 

so detection is potentially feasible.

WIMPs, on the other hand, are thought to be capable (very infrequently) of colliding with normal 

atoms, and when they do, because they are massive, they would scatter those atoms like billiard 

balls. And subsequent collisions of the billiard balls could be observed. It turns out that atoms of 

xenon, a noble gas, constitute the best billiard balls for this purpose, because when two of them 

collide they emit a faint burst of light that can be detected by very sensitive phototubes— vacuum 

tubes with a light sensitive coating that converts the light into an electrical signal and that are com-

monly used in high energy physics. So detecting WIMPS, too, is potentially feasible.

Direct detection in the lab is one very promising approach to discovering the nature of dark mat-

ter. Producing dark matter at the Large Hadron Collider in Europe is a second approach. Using cosmic 

ray detectors to observe annihilating dark matter in space is a third. Whichever approach sees first 

evidence of dark matter, that will likely be just the first step to sorting out its properties. Ultimately, 

there may need to be a whole new set of physical laws that govern its behavior and that of dark 

energy—in effect, a whole new physics for this new, invisible, and fundamentally different kind of 

universe that we have discovered around us.
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Detecting Dark Matter in the Lab

The race to find evidence of dark matter is underway, and underground searches for weakly interac-

ting massive particles (WIMPs) are among the most promising approaches. One of these is the Large 

Underground Xenon (LUX) experiment. LUX is located about a mile underground (to screen out false 

signals from cosmic rays) in the Homestake Mine near Lead, South Dakota, in a laboratory previously 

used for a Nobel Prize-winning experiment to detect neutrinos. The LUX experiment consists of a 

large tank that will be filled with 10 tons of purified xenon and lined with very sensitive phototube 

detectors. When a WIMP collides with a xenon atom, it sets off a kind of cosmic billiards game: the 

WIMP is so massive that it accelerates the xenon atom to nearly 700 times the speed of sound until 

it collides with another xenon atom. The xenon-xenon collisions give off a flash of light that can be 

detected.

The LUX experiment is supported by both public and private funds, but does yet have enough to 

pay for the xenon and run the experiment for 3 years— likely long enough to see if WIMPS exist.

The Axion Dark Matter Experiment (ADMX) is located at the University of Washington in Seattle. 

It is designed to detect axions by searching for their conversion to microwave photons, a conver-

sion believed to occur in the presence of a strong magnetic field. What is unique about ADMX is the 

exquisite sensitivity of the experiment, which can reduce false signals and other noise to the limit 

allowed by quantum mechanics. The experiment consists of a powerful magnet and a superconduc-

ting resonant microwave cavity that acts as a kind of antennae when tuned to the mass of an axion 

particle. When an axion article passing through the magnet field transforms to a microwave photon, 

it deposits a tiny amount of energy in the cavity. That energy is then amplified by a superconducting 

radio amplifier known as a SQUID and converted to a measureable electric current. The SQUID is itself 

a quantum device—it detects the microwave energy produced by the axion in a way not possible for 

conventional detectors, which accounts for its extreme sensitivity. By systematically tuning the expe-

riment to explore a wide range of possible axion masses, ADMX should be able to find axions if they 

exist in two of three likely mass ranges. ADMX, which is an international collaboration, has multiple 

sources of funding, but it too still needs funds to complete its search for dark matter.

Together these experiments have the potential to discover a new form of matter and initiate a 

whole new area of basic physics, and to shed some light on the dark nature of the universe.

Harry N. Nelson, Professor of Physics, University of California at Santa Barbara
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The Origin of the Universe
Measuring tiny variations in the cosmic microwave background will enable major 
discoveries about the origin of the universe, including details of its early expansion 
and of physical phenomena at energies a trillion times greater than those of the 
largest earthbound accelerators.

How is it possible to know in detail about things that happened nearly 14 billion years ago? The 

answer, remarkably, could come from new measurements of the cosmic microwave radiation 

that today permeates all space, but which was emitted shortly after the universe was formed.

Previous measurements of the microwave background showed that the early universe was 

remarkably uniform, but not perfectly so: there were small variations in the intensity (or tempera-

ture) and polarization of the background radiation. These faint patterns show close agreement with 

predictions from what is now the standard theoretical model of how the universe began. That model 

describes an extremely energetic event—the Big Bang—followed within a tiny fraction of a second 

by a period of very accelerated expansion of the universe called cosmic inflation. During this expan-

The current South Pole telescope measuring small variations in the cosmic microwave background radiation that 
permeates the universe. Multiple telescopes with upgraded detectors could unlock additional secrets about the 
origins of the universe. Credit: Jason Gallicchio
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sion, small quantum fluctuations were stretched to astrophysical scales, becoming the seeds that 

gave rise to the galaxies and other large-scale structures of the universe visible today.

After the cosmic inflation ended, the expansion began to slow and the primordial plasma of radia-

tion and high-energy sub-atomic particles began to cool. Within a few hundred thousand years, the 

plasma had cooled sufficiently for atoms to form, for the universe to become transparent to light, 

and for the first light to be released. That first light has since been shifted—its wavelengths stretched 

1,000-fold into the microwave spectrum by the continuing expansion of the universe—and is what 

we now measure as the microwave background.

Recently the development of new superconducting detectors and more powerful telescopes are 

providing the tools to conduct an even more detailed study of the microwave background. And the 

payoff could be immense, including additional confirmation that cosmic inflation actually occurred, 

when it occurred, and how energetic it was, in addition to providing new insights into the quantum 

nature of gravity. Specifically the new research we propose can address a wide range of fundamental 

questions:

	The accelerated expansion of the universe in the first fraction of a second of its existence, as 
described by the inflation model, would have created a sea of gravitational waves. These distortions 
in space-time would in turn would have left a distinct pattern in the polarization of the microwave 
background. Detecting that pattern would thus provide a key test of the inflation model, because 
the level of the polarization links directly to the time of inflation and its energy scale.

	Investigating the cosmic gravitational wave background would build on the stunning recent 
discovery of gravity waves, apparently from colliding black holes, helping to further the new field of 
gravitational wave astronomy.

	These investigations would provide a valuable window on physics at unimaginably high energy 
scales, a trillion times more energetic than the reach of the most powerful Earth- based accelerators.

	The cosmic microwave background provides a backlight on all structure in the universe. Its 
precise measurement will illuminate the evolution of the universe to the present day, allowing 
unprecedented insights and constraints on its still mysterious contents and the laws that govern 
them.

The origin of the universe was a fantastic event. To gain an understanding of that beginning as 

an inconceivably small speck of space-time and its subsequent evolution is central to unraveling 

continuing mysteries such as dark matter and dark energy. It can shed light on how the the two great 

theories of general relativity and quantum mechanics relate to each other. And it can help us gain a 

clearer perspective on our human place within the universe. That is the opportunity that a new gene-

ration of telescopes and detectors can unlock.
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How to Measure Variations in the Microwave 
Background with Unparalleled Precision

The time for the next generation cosmic microwave background experiment is now. Transformatio-

nal improvements have been made in both the sensitivity of microwave detectors and the ability 

to manufacture them in large numbers at low cost. The advance stems from the development of 

ultra-sensitive superconducting detectors called bolometers. These devices (Fig. 1) essentially eli-

minate thermal noise by operating at a temperature close to absolute zero, but also are designed to 

make sophisticated use of electrothermal feedback— adjusting the current to the detectors when 

incoming radiation deposits energy, so as to keep the detector at its critical superconducting transi-

tion temperature under all operating conditions. The sensitivity of these detectors is limited only by 

the noise of the incoming signal—they generate an insignificant amount of noise of their own.

Equally important are the production advances. These new ultra-sensitive detectors are manufactured 

with thin film techniques adapted from Silicon Valley—although using exotic superconducting materials—

so that they can be rapidly and uniformly produced at greatly reduced cost. That’s important, because the 

proposed project needs to deploy about 500,000 detectors in all—something that would not be possible 

with hand-assembled devices as in the past. Moreover, the manufacturing techniques allow these sophisti-

cated detectors to automatically filter the incoming signals for the desired wavelength sensitivity.

To deploy the detectors, new telescopes are needed that have a wide enough focal plane to accom-

modate a large number of detectors—about 10,000 per telescope to capture enough incoming photons 

and see a wide enough area of the sky (Fig. 2). They need to be placed at high altitude, exceedingly dry 

locations, so as to minimize the water vapor in the atmosphere that interferes with the incoming pho-

tons. The plan is to build on the two sites already established for ongoing background observations, the 

high Antarctic plateau at the geographic South Pole, and the high Atacama plateau in Chile. Discussions 

are underway with the Chinese about developing a site in Tibet; Greenland is also under consideration. 

In all, about 10 specialized telescopes will be needed, and will need to operate for roughly 5 years to 

accomplish the scientific goals described above. Equally important, the science teams that have come 

together to do this project will need significant upgrades to their fabrication and testing capabilities.

The resources needed to accomplish this project are large, but the technology is already proven 

and the upgrade path understood. Equally important, a cadre of young, enthusiastic, and well-

trained scientists are eager to move forward.

Unfortunately, constraints on federal funding situation are already putting enormous stress on the 

ability of existing teams just to continue, and the expanded resources to accomplish the objectives 

described above are not available. This is thus an extraordinary opportunity to “see” back in time to 

the very beginning of the universe and to understand the phenomena that shaped our world.

John E. Carlstrom, Subhramanyan Chandrasekhar Distinguished Service Professor at the University of 
Chicago
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The Hunt for a New 
Neutrino
Physicists are hot on the trail of a new fundamental particle, whose discovery would 
not only revolutionize particle physics and require major revisions to current theories, 
but might also help resolve astrophysical mysteries.

Neutrinos are perhaps the most exotic particles known to science. They are everywhere—an estimated 

billion of them fill every cubic meter of space, and trillions more are emitted by our sun every 

second—but you can’t see them. Neutrinos are a form of matter, but they interact with normal matter 

so rarely and so weakly that it’s hard to detect them. Scientists have known how to produce neutrinos in 

reactors and accelerators for more than 50 years. And yet, even after multiple discoveries and three Nobel 

Prizes, scientists still know very little about them. But these elusive little wisps of matter may hold the key 

to the next major advance in our understanding of basic physics and the nature of the universe.

Neutrinos come in three types or flavors. And over the past two decades, scientists have discove-

red an effect called neutrino oscillations, where neutrinos morph from one flavor to another. This is 

a quantum mechanical effect that can only occur if neutrinos have mass, in contradiction to the cur-

rent theories that describe fundamental particles and their properties, known as the Standard Model. 

Maybe the model can still be patched up—this is yet to be seen. But the discovery was a clear hint 

that understanding neutrinos may require new physics.

A beam of H2+ particles 
(two protons and an 
electron) in a vacuum 
chamber at an MIT test 
facility. The beam excites 
a small amount of air 
bled into the chamber, 
producing a glow that 
shows the presence of 
the particle beam. Deep 
underground in Japan, 
this beam will be used 
to generate an intense 
source of neutrinos, whose 
behavior can then be 
measured precisely. 
Credit: Daniel Winklehner.
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The surprises in neutrino physics have not stopped with neutrino mass. More recent experiments 

have detected additional anomalies in neutrino oscillations. The hints of unexplained neutrino 

behavior come from several directions, and are reasonably consistent. The first are accelerator-based 

experiments that search for oscillations from one flavor of neutrino to another. The second are reac-

tor-based experiments that search for one flavor of neutrinos to oscillate away—so-called “disappea-

rance” experiments. The last are beta-decay sources that also show neutrino disappearance. Over the 

last decade, as oscillations have gone from speculation to established fact, evidence has accumu-

lated that cannot be explained by simple extensions of current theory.

One solution that might explain these anomalies would be the existence of neutrinos that simply 

don’t interact with normal matter at all— so-called “sterile” neutrinos—with the suggestion that 

neutrinos can oscillate both between different types and between regular and sterile forms. That 

would be startling enough.

But even more recent experiments suggest still additional anomalies: they seem to show that 

neutrinos are changing flavor with a completely different (higher) frequency than has been observed 

before. If this result is confirmed, it would mean that an additional fundamental particle, in the form 

of a new and more massive neutrino or set of neutrinos, is causing these oscillations.

It’s important to note that the newly observed anomalies or unexpected oscillations of neutrinos, 

although they have been observed in several ways with several types of experiments, are not yet 

definitive. That’s not surprising, because it requires either a much more intense source of neutrinos, 

or a very long observing period (many years), as well as an ideal physical setup of the neutrino source 

and a detector, gauged to match the character or frequency of the expected oscillations.

Just such a definitive experiment is what we propose to do. Our experiment has several unique elements:

	A re-designed, very compact accelerator utilizing state-of-the-art technology that will be a very 
strong source of neutrinos, thus shortening observing time;

	Placement of the neutrino source immediately next to a massive 1,000 ton detector, with the precise 
geometry—a travel distance from neutrino source to target of about 16 meters— to observe the 
anomalous oscillations that would signal a new neutrino particle;

	An international collaboration of scientists from Europe, the U.S. and Japan that will enable use of an 
existing neutrino detector, called KamLAND, in a deep underground laboratory in Japan, thus saving 
the time and expense of constructing such a facility from scratch.

The discovery of a new fundamental particle— just when, with the recent discovery of the Higgs 

particle, physicists thought they had finished cataloging such things—would completely revolutio-

nize particle physics and require significant revisions to current theories. A new neutrino might also 

help solve astrophysical mysteries, providing a possible candidate for the dark matter that comprises 

most of the universe: we can’t see dark matter, but can observe its gravitational effects on clusters 

of galaxies. Some theorists think that a new neutrino could also help to explain other fundamental 

mysteries, such as why there is such an imbalance in the presence of matter and anti-matter particles 

(anti-matter particles are relatively rare). In short, a new neutrino, if it exists, would create all sorts of 

excitement and open new research directions in basic physics and astrophysics.
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How to Search for a New Neutrino

The research we propose, the IsoDAR (Isotope-Decay-At-Rest) project, is at the forefront of neutrino 

research. It involves building an advanced cyclotron accelerator capable of ten times the beam 

current of current commercial cyclotrons. This advance is due in large part to accelerating H2 ion 

particles consisting of two protons and a single electron instead of single protons, but also includes 

advances in the efficiency of ion injection into the accelerator and beam extraction from it.

The ions are injected at the center of the circular accelerator (see illustration). The magnetic field of 

the cyclotron causes these slow moving particles to bend and begin to orbit. Energy is added through 

radiofrequency (RF) waves, generated by RF cavities, pushing the particles to higher and higher veloci-

ties as they spiral around the accelerator following larger and larger loops in the magnetic field. When 

the beam leaves the accelerator, the electron is stripped off and the resulting energetic proton beam 

is directed to a beryllium target, generating a cascade of neutrons and a lot of heat—so much that 

the target has to be continuously water cooled. The neutrons in turn are captured by a blanket of an 

isotope of lithium, forming the unstable Li8 isotope, which decays by emitting an anti-neutrino. The 

accelerator can run continuously, and the process is relatively efficient, generating about 16 neutrinos 

per 1,000 protons, far more than produced at any conventional accelerator.

The anti-neutrinos will stream through the shielding and the underground tunnel walls into the 

existing KamLAND neutrino detector in Japan, which is a 1,000 ton tank of scintillator oil that contains 

hydrogen (protons). The walls of the detector are lined with phototubes that detect the flash of light 

given off when an anti-neutrino hits one of the protons; the interaction also releases a neutron, whose 

detection provides a co-incident confirmation. The close proximity of the detector to an intense 

neutrino source—just 16 meters will separate the source from the center of the detector tank—will 

allow detection of an oscillation in the neutrinos, characterized by the disappearance and reappearance 

of the produced neutrinos as some change flavor to become “sterile” or non-interacting. Such an oscilla-

tion, hinted at in previous experiments, would confirm the existence of one or more new neutrinos.

Construction is expected to take three years. With just six months of operation, the experiment 

can definitively determine whether the existing anomalies are due to a new neutrino. With five years 

of running, the oscillation wave can be precisely mapped so as to establish the actual number of new 

neutrinos contributing to the oscillations. After the technology is fully developed, a number of these 

small- sized, low-cost, and portable accelerators are envisioned to be installed next to several large 

neutrino detectors throughout the world, leading to a number of opportunities within the larger 

neutrino program. 

Quite apart from their central importance in particle physics, astrophysics, and cosmology, these 

accelerators are also likely to have commercial importance. In particular, they are of interest for the 

world-wide production of medical isotopes and accelerator-driven, sub-critical reactors.

Janet Conrad, Professor of Physics, Massachusetts Institute of Technology
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The Ultimate Clean Energy 
Strategy
Could nanoscale catalysts bring us inexpensive fuels and fertilizers— made from air 
and sunlight—that do not contribute to climate change?

Elements that are critical to life—carbon, hydrogen, nitrogen, and oxygen—are also the principle 

components of the fuels and fertilizers that our civilization depends on. These elements are all 

found in abundant quantities in the earth’s atmosphere. In principle, we could make all the fuels we 

need from air. Indeed, that’s exactly how nitrogen-based fertilizer is made, thanks to the invention 

of catalysts. A century ago, scientists Fritz Haber and Carl Bosch devised catalysts that enabled a 

chemical process to “fix” atmospheric nitrogen into a form usable by plants—and ultimately by 

people via the food we eat. The invention was arguably one of the most important of the 20th 

century, and won Nobel Prizes for both scientists. It transformed agriculture, which in turn enabled 
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The novel catalysts proposed here would facilitate chemical reactions that would otherwise not occur. In 
effect, they would help break existing chemical bonds (e.g., between the atoms of carbon dioxide and water) or 
selectively favor the creation of new bonds to form a desired fuel product. Burning the fuels reverses the process 
and returns carbon dioxide to the atmosphere. Credit: Maggie Powell
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expansion of the earth’s human population from 2 to 7 billion. If we could apply the same “fix” for 

fuels, then the result of burning them would simply return carbon taken from the air back to the 

atmosphere—a sustainable cycle with negligible impact on climate.

The challenge of creating such a fuel “fix” comes from the fact that the small molecules of these 

elements found in the atmosphere are extremely stable. In water (H2O), the atoms are connected 

by strong chemical bonds, needing temperatures above 2000°C to split them into hydrogen and 

oxygen. Carbon dioxide (CO2) is equally difficult to pry apart into carbon and oxygen. Nitrogen (N2) is 

even harder to break apart. So it’s not surprising that synthesis of nitrogen fertilizers with the Haber-

Bosch chemical process requires high temperatures, and consumes 2 percent of all global energy use, 

mostly from natural gas.

Long ago, nature found ways to solve this problem. In plants and algae, photosynthesis uses 

sophisticated biochemical catalysts (enzymes) to split CO2 and H2O and use the freed elements to 

create larger complex molecules that form the ingredients of food (proteins, carbohydrates, fats, etc.) 

and fuels (hydrocarbons). That’s where the fossil fuels we burn today ultimately come from. But the 

present scale of our energy and fertilizer use is such that we are put- ting far more CO2 back into the 

atmosphere—35 billion tons a year—than is being removed from it. As a result, current and future 

generations face serious environmental consequences.

But what if we could harness scientific creativity to replicate what Haber and Bosch did—only 

better? Could we split water to liberate hydrogen, carbon dioxide to liberate carbon, and “fix” 

nitrogen—all without using any fossil car- bon-based forms of energy? Can we chemically trans-

form CO2—affordably and at scale—into the source of the carbon that we use as fuels, chemicals, 

concrete, fiber composites, and so much else? If so, then sustainable carbon and nitrogen cycles for 

the earth would be in reach.

Meeting this challenge requires three things:
1.	 a source of inexpensive non-carbon energy that can help split the molecular bonds (in fact, 

electricity from wind energy is almost cheap enough and solar photovoltaic electricity costs are 
nearly so and trending lower).

2.	 an inexpensive source of carbon-free hydrogen to combine with the liberated carbon or nitrogen 
(this can potentially come from splitting water, but existing catalysts to activate the chemical 
transformation are simply not good enough).

3.	 new catalysts that can activate CO2 or N2 and the transfer of hydrogen to form C-H and N-H bonds 
far more efficiently than any currently available.

The catalysts are the core of the challenge, and trial and error experimentation has not yielded 

many promising candidates to date. Most conventional catalysts don’t have the ability to distinguish 

among different intermediate chemical species, or to suppress undesired products during the course 

of the chemical reaction. The most promising way forward is to mimic nature’s catalysts—enzymes—

whose three dimensional nature makes them more selective and able to overcome these problems. 

Furthermore, the growing ability to control the composition of materials at nanometer scale— 

essentially atom by atom—makes it possible to fabricate such advanced catalysts. It’s also now 
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becoming feasible to predict the properties of potential new catalysts from theory, using large-scale 

computations on the basic equations of quantum mechanics—which should enable scientists to 

focus on the most likely catalyst designs. So combining theory, nanoscale synthesis techniques, and 

advanced characterization and testing makes possible a new paradigm for materials design, one that 

is potentially able to address the challenge of novel and extremely powerful catalysts.

This is an extremely ambitious scientific challenge—to invent artificial cycles for carbon and 

nitrogen that are efficient and affordable enough to operate on an unprecedented industrial scale. 

Essentially we are attempting to restore the balance in the earth’s carbon and nitrogen cycles that 

has been lost through the exponential increase in the demand for food and fossil fuels—perhaps 

the most important challenge of the 21st century. We are in the best position ever to undertake this 

effort, scientifically and technologically. But to do so requires major resources, an unprecedented 

approach, and urgency: the time to act is now.

How to Create Novel Catalysts  
of Unprecedented Power

The research needed to address this challenge involves creation and integration of knowledge from 

multiple disciplines, including materials science, electrochemistry, photochemistry, computational 

science, and chemical engineering, among others. The fundamental research should be sufficiently 

open and unconstrained to explore new materials and energy-matter interactions. But scientific 

solutions are not enough. We need catalysts that can become part of large scale, affordable industrial 

technologies— ultimately capable of processing more than 10 billion tons of carbon per year. So the 

overall effort needs to be guided by a strong sense of engineering practicality. Moreover, since we 

can’t predict the outcomes of basic research in advance and the challenge is urgent, it makes sense 

to focus research on several parallel catalytic paths at the same time—thermochemical, electroche-

mical, biochemical and photochemical—by investing in a portfolio of approaches. It may even be 

possible to combine two or more of these catalytic pathways.

The challenge we face is to make ordinary materials do things they don’t normally do. So the 

investigative teams will need access to unprecedented computational power to do quantum calcu-

lations. They will need the ability to synthesize materials with unprecedented nanoscale control—

which means ultraclean rooms, high vacuum systems, new kinds of microscopes. They will need to 

probe the properties of prototype catalysts with ultrafast light beams, x-rays, and other advanced 

spectroscopy techniques. They will need to test materials and to characterize reaction products preci-

sely with advanced mass spectrometers and other tools.

And they will need to design and build first-of-a-kind experimental reactors to show that the cata-

lysts function as expected, and to demonstrate their potential to produce—cost-effectively—large 

volumes of C-H and N-H chemicals—the building blocks for fuels and fertilizer.
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While the focus of the proposed research is to invent energy-efficient artificial cycles for carbon 

and nitrogen, it is worth noting that these efforts will likely have broader impacts. Catalysts are 

widely used in the production of chemicals, pharmaceuticals, plastics, and many other materials. 

The ability to discover and synthesize novel catalytic materials with properties that are controlled 

at nanoscale will be useful in many aspects of the economy, and will likely enable many novel and 

useful products. In effect, this research would lay the foundations for an industrial renaissance that is 

cleaner, more efficient, and enormously valuable.

Arun Majumdar, Jay Precourt Professor, Department of Mechanical Engineering, and Director, Precourt 
Institute for Energy, Stanford University

Jens Norskov, Leland T. Edwards Professor, Department of Chemical Engineering, and Senior Fellow, 
Precourt Institute for Energy, Stanford University
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An Arctic Early Warning 
System?
The Arctic Ocean could become a critical laboratory for understanding the process 
of climate change, an early warning system for alterations that will affect the entire 
Earth.

Understanding the impacts of climate change on the Arctic Ocean is one of the great challenges 

of the 21st century. The Arctic has remained a truly hidden ocean, veiled by its ice sheet nearly 

year-round. Its harsh conditions and remote location have left it largely unexplored—the last 

ocean region to give up its secrets to science. Indeed, it’s been 20 years since the last major effort to 

measure biological activity along a transect of the Arctic Ocean.

This ignorance could be costly, however, as the Arctic is changing rapidly. For one thing, atmos-

pheric warming from climate change at polar latitudes is double that of lower latitudes. As a result, 

more and more of the Arctic sea ice now melts off during the summer, and when it refreezes in 

winter, the ice is thinner. By some estimates, the summer Arctic could be effectively ice-free in two 

or three decades. That in turn will bring a host of changes, some of which are already starting—

more human activity from shipping, commercial fishing, tourism, and oil and mineral exploration, 

The Arctic Ocean in summer, with the sea ice melting more every year.  Photo by Chris Linder, WHOI
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increased coastal erosion, stormier weather, and potentially large changes to the marine ecosystem. 

The end of the summer sea ice will also likely mean the end for polar bears and other species that 

depend on it for access to fishing.

At a less visible level, the end of the sea ice will eliminate the algae that grow on its lower surface 

and may also diminish native plankton, altering the ocean’s biological productivity and disrupting 

the marine food chain. The Arctic is also more sensitive than other oceans to increasing acidification 

from higher levels of dissolved carbon dioxide.

These changes make the Arctic a critical laboratory in which to study climate change—in effect, a 

place where we can understand and document the linkages between global warming and the physi-

cal and chemical changes that in turn drive ecosystem change. However, understanding of the Arctic 

is sparse because it has been difficult and expensive to mount expeditions in the summer; during 

the winter, the region has been effectively inaccessible. We don’t even have a baseline for the Arctic 

against which to measure change, let alone the kind of continuous monitoring and observing tools 

that are needed to understand processes and mea- sure rates of change.

The basic research challenge is thus to identify the present state of the Arctic marine system, 

explore system responses to climate change, and identify and predict ongoing and future changes.

That’s important, because as climate change accelerates, many of those changes and impacts will 

happen in latitudes where people live too. Moreover, changes in the Arctic have impact elsewhere. 

Melting polar ice sheets, such as the Greenland Ice Sheet, accelerate rising sea levels. Warming 

temperatures in the Arctic modify atmospheric patterns, particularly the high altitude jet stream 

that flows from west to east around the earth, with direct impacts on weather across the Northern 

Hemisphere. One theory is that the jet stream will exhibit greater meanders, driving greater extre-

mes in temperature and drought for the United States and Europe. The unseasonably warm weather 

in Alaska and Boston’s record snow falls this past winter might be examples of such meandering. A 

warmer Arctic will also mean thawing permafrost, which not only increases local coastal erosion and 

run-off of organic materials into the ocean, but also releases methane—a very potent greenhouse 

gas—to the atmosphere. In effect, thawing permafrost creates a positive feedback loop: the warmer 

it gets in the Arctic, the more atmospheric warming accelerates.

That makes the Arctic an invaluable laboratory, as well as an early warning system for climate 

change —if we make the effort to pay attention and understand.
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How to Monitor the Arctic

Arctic research has been limited by the high logistics costs of operating in a demanding and remote 

environment. A 6-week summer expedition on an icebreaker costs about $2 million for the ship time 

alone. Winter expeditions are so challenging they are seldom carried out, leaving the Arctic largely 

unobserved for most of the year.

Fortunately new ways to monitor the Arctic Ocean and measure its properties are emerging. 

Autonomous platforms such as gliders, ice-tethered profilers, and long-range unmanned, self-guided 

vehicles—underwater drones—can complement ship-based methods, making possible more effi-

cient and year- round observations. More capable sensors are under development that are smaller, 

more energy-efficient, and capable of measuring additional chemical and biological properties. 

The data these new platforms and sensors could collect, together with ship-based expeditionary 

research, would help scientists sort out how physical and chemical changes affect the Arctic ecosys-

tem—in effect, what climate change means for living things.

The Arctic region fast approaches a potential tipping point. Investments would extend existing 

technology and accelerate new technology to create an efficient basin-scale observation system 

capable of year-round data collection. Expeditions would be used to develop a phenomenological 

foundation for improved models coupled to the observation system and to look more closely at 

interactions and processes that cannot be completely described using sensors. Such an effort would 

transform our understanding of the Arctic and create a monitoring system capable of both tracking 

the evolving state of the Arctic and improving our capabilities to predict changes, mitigate impacts, 

and minimize the risks to human activities, both in the region and globally.

Given that we only have one Earth, that we continue to use carbon-based fuels that cause war-

ming, and we’re uncertain about how climate change will unfold, the Arctic provides a window to the 

future that research can open.

Carin J. Ashjian, Senior Scientist, Woods Hole Oceanographic Institution

James G. Bellingham, Director, Center For Marine Robotics, Woods Hole Oceanographic Institution
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Opening a New Window 
into the Universe
A new generation of adaptive optics technology could transform infrared and optical 
astronomy and bring fundamental new insights into the nature of massive black 
holes, dark matter, and extrasolar planets.

Earthbound telescopes see stars and other astronomical objects through a haze. The light waves 

they gather have traveled unimpeded through space for billions of years, only to be distorted 

in the last millisecond by the Earth’s turbulent atmosphere. That distortion is now even more 

important, because scientists are preparing to build the three largest telescopes on Earth, each with 

light-gathering surfaces of 20 to 40 meters across. In principle, the larger the telescope, the higher 

the resolution of astronomical images. In practice, the distorting veil of the atmosphere has always 

limited what can be achieved. Now, a rapidly evolving technology known as adaptive optics can strip 

away the veil and enable astronomers to take full advantage of current and future large telescopes. 

Indeed, adaptive optics is already making possible important discoveries and observations, 

including: the discovery of the supermassive black hole at the center of our galaxy, proving that such 

exotic objects exist; the first images and spectra of planetary systems around other stars; and high-

resolution observations of galaxies forming in the early universe.

But adaptive optics has still not delivered its full scientific potential. Existing technology can only 

partially correct the atmospheric blurring and cannot provide any correction for large portions of the 

sky or for the majority of the objects astronomers want to study.

The project we propose here to fully exploit the potential of adaptive optics by taking the techno-

logy to the next level would boost research on a number of critical astrophysical questions, including:

Infrared images of the 
heart of our Milky Way, 
where a supermassive 
black hole hides, obtained 
from telescopes with 
adaptive optics to correct 
the blurring effects of the 
Earth’s atmosphere (right) 
and without adaptive 
optics (left).  
Credit: A. Ghez & UCLA/Keck 
Galactic Center Group.
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	What are supermassive black holes and how do they work? Adaptive Optics has opened a new 
approach to studying supermassive black holes—through stellar orbits—but only the brightest 
stars, the tip of the iceberg, have been measured. With next generation adaptive optics we will 
be able to take the next leap forward in our studies of these poorly understood objects that are 
believed to play a central role in our universe. The space near the massive black hole at the center 
of our galaxy, for example, is a place where gravitational forces reach extreme levels. Does Einstein’s 
general theory of relativity still apply, or do exotic new physical phenomena emerge? How do these 
massive black holes shape their host galaxies? Early adaptive optics observations at the galactic 
center have revealed a completely unexpected environment, challenging our notions on the 
relationship between black holes and galaxies, which are a fundamental ingredient to cosmological 
models. One way to answer both of these questions is to find and measure the orbits of faint stars 
that are closer to the black hole than any known so far—which advanced adaptive optics would 
make possible.

	The first direct images of an extrasolar planet—obtained with adaptive optics—has raised 
fundamental questions about star and planet formation. How exactly do new stars form and 
then spawn planets from the gaseous disks around them? New, higher resolution images of this 
process—with undistorted data from larger telescopes—can help answer this question, and may 
also reveal how our solar system was formed. In addition, although only a handful of new-born 
planets has been found to date, advanced adaptive optics will enable astronomers to find many 
more and help determine their composition and life-bearing potential.

	Dark matter and dark energy are still completely mysterious, even though they constitute most of 
the universe. But detailed observations using adaptive optics of how light from distant galaxies is 
refracted around a closer galaxy to form multiple images— so-called gravitational lensing— can 
help scientists understand how dark matter and dark energy change space itself.

In addition, it is clear that telescopes endowed with advanced adaptive optics technology will 

inspire a whole generation of astronomers to design and carry out a multitude of innovative research 

projects that were previously not possible.

The technology of adaptive optics is quite simple, in principle. First, astronomers measure the 

instantaneous turbulence in the atmosphere by looking at the light from a bright, known object—a 

“guide star”—or by using a laser tuned to make sodium atoms in a thin layer of the upper atmos-

phere fluoresce and glow as an artificial guide star. The turbulence measurements are used to 

compute (also instantaneously) the distortions that turbulence creates in the incoming light waves. 

Those distortions are then counteracted by rapidly morphing the surface of a deformable mirror in 

the telescope. Measurements and corrections are done hundreds of times per second—which is only 

possible with powerful computing capability, sophisticated opto-mechanical linkages, and a real-

time control system. We know how to build these tools.

Of course, telescopes that operate above the atmosphere, such as the Hubble Space Telescope, 

don’t need adaptive optics. But both the Hubble and the coming next generation of space telescopes 

are small compared to the enormous earth-based telescopes now being planned. And for the kinds of 

research that require very high resolution, such as the topics mentioned above and many others, there 

is really no substitute for the light-gathering power of telescopes too huge to be put into space.
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The next generation of adaptive optics could effectively take even the largest earth-bound teles-

copes “above the atmosphere” and make them truly amazing new windows on the universe. We 

know how to create this capability— the technology is in hand and the teams are assembled. It is 

time to put advanced adaptive optics to work.

Creating Next Generation Adaptive Optics

Adaptive optics (AO) imaging technology is used to improve the performance of optical systems by 

correcting distortions on light waves that have traveled through a turbulent medium. The techno-

logy has revolutionized fields from ophthalmology and vision science to laser communications. In 

astronomy, AO uses sophisticated, deformable mirrors controlled by fast computers to correct, in 

real-time, the distortion caused by the turbulence of the Earth’s atmosphere. Telescopes equipped 

with AO are already producing sharper, clearer views of distant astronomical objects than had ever 

before been possible, even from space. But current AO systems only partially correct for the effects 

of atmospheric blurring, and only when telescopes are pointed in certain directions. The aim of 

Next Generation Adaptive Optics is to overcome these limitations and provide precise correction for 

atmospheric blurring anywhere in the sky.

One current limitation is the laser guide star that energizes sodium atoms in the upper atmos-

phere and causes them to glow as an artificial star used to measure the atmospheric distortions. This 

guide “star” is relatively close, only about 90 kilometers above the Earth’s surface, so the technique 

only probes a conical volume of the atmosphere above the telescope, and not the full cylinder of 

air through which genuine star light must pass to reach the telescope. Consequently, much of the 

distorting atmospheric structure is not measured. The next generation AO we propose will employ 

seven laser guide stars, providing full coverage of the entire cylindrical path travelled by light from 

the astronomical object being studied (see illustration).

This technique can map the 3D structure of the atmosphere, similar to how MRI medical imaging 

maps the human body. Simulations demonstrate that the resulting corrections will be excellent and 

stable, yielding revolutionary improvements in imaging. For example, the light from a star will be 

concentrated into a tiny area of the focal plane camera, and be far less spread out than it is with cur-

rent systems, giving sharp, crisp images that show the finest detail possible.

This will be particularly important for existing large telescopes such as the W. M. Keck Observatory 

(WMKO)—currently the world’s leading AO platform in astronomy. Both our team—the UCLA Galac-

tic Center Group (GCG)—and the WMKO staff have been deeply involved in the development of next 

generation AO systems.

The quantum leap in the quality of both imaging and spectroscopy that next generation AO can 

bring to the Keck telescopes will likely pave the way for advanced AO systems on telescopes around 

the globe. For the next generation of extremely large telescopes, however, these AO advances will be 
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critical. This is because the cylindrical volume of atmosphere through which light must pass to reach 

the mirrors in such large telescopes is so broad that present AO techniques will not be able to pro-

vide satisfactory corrections. For that reason, next generation AO techniques are critical to the future 

of infrared astronomy, and eventually of optical astronomy as well.

The three major components necessary to take the leap in science capability include the laser 

guide star system, the adaptive optics system, and a powerful new science instrument, consisting of 

an infrared imager and an infrared spectrograph, that provides the observing capability to take advan-

tage of the new adaptive optics system. This investment in adaptive optics will also help develop a 

strong workforce for other critical science and technology industries, as many students are actively 

recruited into industry positions in laser communications, bio-medical optics, big-data analytics for 

finance and business, image sensing and optics for government and defense applications, and the 

space industry. This investment will also help keep the U.S. in the scientific and technological lead. 

Well-funded European groups have recognized the power of AO and are developing competitive sys-

tems, though the next generation AO project described here will set an altogether new standard.

Andrea Ghez, Lauren B. Leichtman & Arthur E. Levine Chair in Astrophysics and Director, UCLA Galactic 
Center Group
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