




Figure 7.3 

The Cosmic Microwave 
Background 

The detailed, all-sky picture of the infant Universe 
from three years of WMAP data. The image reveals 
13.7 billion-year old temperature fluctuations, shown 
as color differences, that acted as seeds that grew to 
become the galaxies. Future studies of the CMB will be 
able to search for signatures of gravitational radiation 
predicted by inflation, perhaps allowing us to see back 
to the very beginning of time. 

Figure 7.4a 

ing about dark energy. Is it truly a cosmological “constant,” 
or does it evolve with time? Since there is no theory of 
dark energy, anything we learn is an unexpected discovery. 
Many scientists believe that the reality of dark energy por-
tends an imminent revolution in our understanding of the 
fundamental laws of nature, comparable to the introduction 
of quantum theory nearly a century ago. 

Exploring Edges of Spacetime 
with Black Holes 

Understanding gravity is fundamental to understanding 
how our universe evolved. Since Einstein’s general theory 
of relativity is currently our best theory of gravity, it must be 
strenuously tested to learn if anything is “missing” from it. 
Most of what we know directly about gravity comes from 
experiments within the solar system, where gravity is gener-
ated by the Sun and its planets and is very weak. The more 
extreme predictions of Einstein’s general theory of relativity 
include the fact that gravity should appear in its pure form 
in two ways: in vibrations of spacetime called gravitational 
waves and in knots of curved spacetime called black holes. 
So far, we have largely indirect, but nevertheless compel-
ling, evidence that these two astonishing predictions are 
true. We can therefore plan future missions that study these 
phenomena to test in detail the theoretical underpinnings 
on which they rest. 

Einstein’s theory tells us that a black hole is made of pure 
gravitational energy. Though we infer that the universe con-
tains many black holes, we have yet to see one in detail. 

Dark Energy 

Distant supernovae can be used 
to trace the expansion rate of the 
universe, which allows us to deter-
mine how the universe is affected 
by the repulsive force of the dark 
energy that pervades all of space. 
The nature of dark energy is con-
sidered to be the most important 
current question in physics and 
cosmology. 
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Figure 7.4b 

The general theory of relativity provides a mathematical 
picture of what one should be like. At a black hole’s heart 
is a singularity, where space and time are infinitely curved 
and energy is infinitely concentrated. Surrounding the sin-
gularity is a region from which nothing can escape (hence 
the name “black hole”). The edge of this region is called 
the event horizon. There, time is so warped that it seems, 
from outside, to have stopped. We can test Einstein by 
observing supermassive black holes, which are believed 
to exist at the center of most galaxies. X-ray observations 
can show us the time-warping experienced by matter falling 
into supermassive black holes, while gravitational radiation 
emitted during collisions of black holes could be measured 
by space-based gravitational wave detectors. 

A New Astronomy: Gravitational Radiation 

We are on the verge of a new astronomy, one involving 
not electromagnetic radiation, but gravitational radiation. 
Instead of looking at light (electromagnetic radiation), we 
listen for the sounds of gravitational radiation, carried to us 
as ripples in spacetime traveling at the same speed as light. 
Currently we can only “see” the universe, but we cannot 

Gravitational 
Waves 

Researchers crunched Einstein’s 
theory of general relativity on the 
Columbia supercomputer at the 
NASA Ames Research Center to 
create a 3-D simulation of merging 
black holes. This was the larg-
est astrophysical calculation ever 
performed on a NASA supercom-
puter. The simulation provides the 
foundation to explore the universe 
in an entirely new way, through the 
detection of gravitational waves 
by the Laser Interferometer Space 
Antenna (LISA) mission. 

“hear” it. With a new sense of hearing, enabled by future 
space-based gravitational wave detectors, we will have a 
completely new vision of the universe. Because gravita-
tional waves couple very weakly with matter, they come to 
us essentially unchanged from their point of origin. We may 
therefore be able to hear back to the origin of time itself, 
when the structure of spacetime was being established. 

Gravitational radiation, predicted by Einstein in 1915, has 
never been directly observed, although it is thought to ra-
diate from binary star systems, massive colliding neutron 
stars and black holes, and from the Big Bang itself. Detect-
ing gravitational waves will give Einstein’s theory a workout it 
has never had before. We know that Einstein’s theory works 
very well in ordinary circumstances. Without “spacetime 
curvature technology” in their software, airplanes using GPS 
navigation would miss their runways by miles. But gravita-
tional waves offer a much more profound test of Einstein’s 
theory. And the sounds of the universe will allow us to pen-
etrate to times and places impossible to see with light, such 
as the birth of our universe, perhaps revealing startlingly vio-
lent events, such as the formation of our three-dimensional 
space from an original space with ten dimensions. 
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The Beyond Einstein Program 

Einstein’s general theory of relativity provides the frame-
work for understanding the evolution of our universe. With 
the incorporation of inflation theory, essentially all of the ob-
served characteristics of the universe can be explained with 
a handful of cosmological parameters. And yet so much is 
still not understood: Is inflation correct, and if so, what is its 
fundamental nature? What is the dark energy that is caus-
ing the universe to accelerate? Do space and time behave 
as he predicted at the edges of black holes? We know that 
at some level Einstein’s theory must fail, since this is re-
quired to achieve a synthesis of gravity (general relativity) 
and quantum theory. But where does it fail, and how does 
that failure affect what we see in the sky today? 

These questions are addressed by a suite of future mis-
sions called the Beyond Einstein Program. These include 
two Beyond Einstein Observatories: Constellation-X, which 
will observe X-ray radiation from matter as it falls into super-
massive black holes; and the Laser Interferometer Space 
Antenna (LISA), which will measure gravitational radiation 
for the first time from space, inaugurating the era of gravi-
tational astronomy. In addition there will be three Beyond 
Einstein Probes: one to determine the nature of the mys-
terious dark energy pervading the universe (the Joint Dark 
Energy Mission, JDEM); another to both test the theory of 
inflation and to reveal what the inflationary field is (Inflation 
Probe); and a third to provide details to both the demography 
and workings of the many types of black holes populating 
the universe (the Black Hole Finder Probe). 

7.2.2 The Origin and Evolution 
of Cosmic Structure 

The Beyond Einstein program addresses how the universe 
began. But how did the rich and complex universe, filled 
with stars, galaxies, and planets, come to be? The imag-
es of the infant cosmos obtained initially from the Cosmic 
Background Explorer (COBE), and dramatically augment-
ed by the WMAP, show that half a million years after the 
Big Bang, the universe was extraordinarily smooth, with a 
nearly uniform temperature across the sky, varying by only 
a few parts in 100,000. WMAP and other data also reveal 
that the universe is 13.7 billion years old and is composed 
of a mysterious force dubbed dark energy (70 percent), an 
abundance of mysterious dark matter (26 percent), with 
only a small part (4 percent) being ordinary matter, the stuff 
that stars, planets, and life are made from. 

We seek to understand how these early tiny temperature 
differences, the seeds of structure, grew into a cosmic web 
of dark matter and ordinary matter, punctuated by galax-

ies and clusters and enriched with heavy elements. Our key 
questions on cosmic structure are: How did the first stars, 
galaxies and quasars form, and how did they influence 
their surroundings? How do ordinary matter and dark mat-
ter interact to form galaxies and systems of galaxies? Is it 
true that the dark matter formed structures first, that nucle-
ated the cosmic web? How do supermassive black holes 
form and grow, and how do they interact with their galactic 
hosts? What is the formation history of elements necessary 
for planets and ultimately life, and the history of evolution of 
our Milky Way galaxy and its neighbors? 

The First Stars 

The very first stars, although extremely massive and 
luminous, are nevertheless too faint to detect at cosmo-
logical distances. Most of these first stars will explode as 
supernovae, allowing us to see them briefly. The first stars 
will also influence their immediate environment, heating and 
ionizing the surrounding material, and later ejecting and mix-
ing the elements produced in the stars’ interiors and during 
their supernova explosions. Subsequently, the first globular 
clusters will form, containing hundreds of thousands of hot 
stars and star explosions called supernovae. These globu-
lar clusters and their supernovae are detectable. So too are 
quasars, galaxies made exceedingly bright by the presence 
of a central supermassive black hole heating infalling gas 
to high temperatures, and their fainter cousins called active 
galactic nuclei (AGN). These are the distant sources we are 
after on our journey to the frontier of cosmic structure, to the 
so-called “dark ages” just before the first stars turned on. 
Polarization measurements by WMAP suggest—in agree-
ment with direct observations of very distant galaxies by the 
Hubble and Spitzer Space Telescopes—that stars turned 
on between 300 to 400 million years after the Big Bang; 
our next generation telescopes therefore need to view the 
universe back to these early times. 

The Hubble Space Telescope (HST) sees hints of the earli-
est structure, but we need to probe deeper. A new infrared 
instrument to be installed during Hubble’s Servicing Mis-
sion 4 will help in this regard. The James Webb Space 
Telescope (JWST), with its extraordinary sensitivity at in-
frared wavelengths, will be the premier instrument of the 
next decade for investigating the dark ages. Deep-imaging 
surveys with JWST can detect star-forming regions as far 
back as 200 million years after the Big Bang, if they exist 
that early. These surveys could also uncover hundreds of 
active black holes at redshifts of 6 and beyond. A comple-
mentary all-sky survey with the Wide-field Infrared Survey 
Explorer (WISE) may find hundreds of the brightest quasars 
in the sky at these redshifts. Spectroscopic studies of bright 
quasars at redshifts of 6 to 10 will probe the late phases of 
cosmic reionization from the first stars, tracing the evolution 
of hydrogen and mapping regions of ionization. 
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The Formation and Evolution of Galaxies 

HST has so far been the premier instrument for under-
standing mechanisms of galaxy formation and evolution, 
including the history of star formation and the processes 
that determine the characteristics of present-day galax-
ies. Vigorous star formation often occurs in dense clouds 
thick with interstellar dust. The ability to penetrate dust with 
near-infrared observations and to observe the dust emis-
sion at mid-infrared and far-infrared wavelengths is crucial 
to unraveling the story of galaxy evolution. The combina-
tion of Spitzer and HST observations is rapidly advancing 
our understanding of the relative contributions of quiescent 
star formation and violent starbursts to the growth of gal-
axies’ stellar masses. Future observatories, such as JWST, 
are required to go back further in time to see how galaxies 
originally formed and evolved. 

The most vexing challenges in galaxy formation theory 
involve feedback from supernovae, stellar winds and ac-
creting black holes, which likely play an essential role in 
regulating star formation and enriching the intergalactic 
medium (IGM). Such mechanisms may control galaxy mass 
by ejecting gas before it can form into stars, or by prevent-

Figure 7.5 

JWST Deep Field 

A simulation of the JWST deep field showing the very 
distant galaxies in the early Universe. 

ing gas from cooling and accreting onto galaxies in the first 
place. Developing an empirically grounded picture of feed-
back requires sensitive observations of all galaxy types over 
a range of wavelengths. Especially important diagnostics 
of the large-scale outflows observed in rapidly star-forming 
galaxies come from ultraviolet and X-ray spectra, which de-
tect the main transition lines from highly ionized atoms. 

The Chandra X-ray Observatory (Chandra) and the Far Ul-
traviolet Spectroscopic Explorer (FUSE) are valuable tools 
for this purpose, but Constellation-X (Con-X) and the HST 
(after new instruments are installed during its next servicing 
mission) will be much more powerful probes of the gas dy-
namics within nearby galaxies. JWST, the Wide-field Infrared 
Survey Explorer (WISE), the Stratospheric Observatory for 
Infrared Astronomy (SOFIA), and the ESA-partnered Her-
schel Observatory, all operating in the infrared, will provide 
detailed physical diagnostics of galaxies over time using 
high angular resolution and spectroscopy to characterize 
structure, temperature and chemical composition. 

The Galaxy–Black Hole Connection 

While galactic-scale outflows driven by supernovae and 
stellar winds have been studied for many years, it has only 
recently become apparent that black holes may play a key 
role in galaxy formation. Essentially all nearby galaxies with 
substantial stellar bulges harbor central supermassive black 
holes (SMBHs). The ubiquitous presence of these central 
objects shows that most massive galaxies must once have 
hosted quasars or lower-luminosity AGN, even if they are 
quiescent today. Understanding the growth and history of 
galaxies requires an understanding of the growth of their 
interior SMBHs. 

Our own Milky Way has an interior SMBH with a mass of ap-
proximately three-million solar masses. Larger galaxies have 
SMBHs with masses in the billions of solar masses. How do 
these grow? Some growth must be by the accretion of mat-
ter (gas, stars) falling into the black holes, which produces 
copious X-ray emission. The collisions of early galaxies, 
which result in the merger of their separate SMBHs into a 
single SMBH, produce the most powerful pulses of energy in 
the universe; these pulses are emitted not in the electromag-
netic spectrum, but as gravitational waves, powerful ripples 
of spacetime created as the black holes merge into one. 

The mass, spin, and growth rates of SMBHs, as well as the 
exotic processes which convert the gravitational energy of 
infalling matter into galactic jets, presumed to be the sourc-
es of the universe’s most powerful cosmic rays and gamma 
rays, require observations in a wide range of wavelengths in 
the electromagnetic spectrum, along with the gravitational 
spectrum as well. Infrared measurements can give us the ve-
locities of stars rapidly orbiting a SMBH, as well measuring 
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Figure 7.6 

Black Holes 

Artist’s impression of gas flows into black holes. Future X-ray observations with Constellation-X will allow us to study these, 
thereby probing the extreme gravitational field close to the black hole. Gamma-ray observations with GLAST will elucidate 
the ubiquitous “jets” observed in these systems, and X-ray observations by the Black Hole Finder Probe will provide a census 
of black holes in our local universe. 

the warm dust around obscured AGN. X-ray spectra tell us of 
the physics of accretion flows of matter onto SMBHs. Gam-
ma-ray measurements will give us a close view of galactic 
jets, allowing us to finally understand how these ubiquitous 
yet exotic structures are formed from spinning SMBHs. And 
gravitational waves will allow us to “hear” the black hole 
mergers that accompany the collisions of galaxies. 

Higher angular resolution at near-infrared and optical wave-
lengths are needed for studying the galaxies that host AGN 
and bright quasars. JWST will offer significant advances 
over HST and Spitzer. The Black Hole Finder Probe will 
conduct an all-sky black hole survey, achieving a complete 
census of bright AGN. High-resolution X-ray spectra from 
Chandra and the ESA’s X-ray Multi-Mirror (XMM)-Newton 
mission are yielding extraordinary insights into the physics 
of accretion flows around supermassive black holes, but 
these detailed physical measurements are possible only for 
the nearest AGN, not the luminous systems of the “quasar 
era,” 2 to 6 billion years after the Big Bang, when large black 

holes experienced most of their growth. This will be done 
by Con-X, with its one-to-two orders of magnitude increase 
in effective telescope area over the existing instruments. 
LISA will detect mergers via their gravitational radiations. 
The Gamma-ray Large Area Space Telescope (GLAST) will 
detect gamma rays emitted from the jets formed by spin-
ning SMBHs. WISE will perform an all-sky survey that will 
find dusty AGN and SMBHs. Finally, SOFIA will examine the 
black hole in the center of our own Milky Way galaxy with 
mid-infrared observations that are crucial for understanding 
its luminosity. 

The Intergalactic Medium and Dark Matter 

Galaxies, however numerous, account for only ten percent 
of the known baryon density. Most of the remaining pro-
tons and neutrons likely reside between galaxies in a diffuse 
intergalactic medium. Mapping this gas is crucial because 
it serves as a tracer of the cosmic web of dark matter to 
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which it is gravitationally attracted. Quasars reveal this 
invisible gas—the so-called missing baryons, neutral hy-
drogen atoms in a filamentary dark matter web—when their 
light passes through and creates telltale absorption lines. 
The absorption lines in quasar spectra are nicknamed the 
Lyman-alpha forest. 

The more distant the quasar, the greater the number of ab-
sorption lines, indicating that missing baryonic matter (the 
forest) is thicker in the early universe. Hubble and FUSE 
have detected absorption lines from cool oxygen gas; 
Chandra has detected X-ray lines from hotter oxygen gas. 
Yet these are analogous to seeing the edge of the forest. 
To get into the thick of the woods and to indirectly trace 
the more complex cosmic web of dark matter, we need 
deeper observations with higher resolution. Key targets in 
this search are galaxy clusters, which lie at the nodes of the 
cosmic web, where dark matter filaments intersect. Most of 
the baryons in clusters reside in the intergalactic gas, read-
ily detectable in X-ray emission. 

Chandra and XMM-Newton enable high-resolution X-ray 
spectroscopy, the indispensable capability for intergalactic 
gas measurements. The high sensitivity of Constellation-X 

Figure 7.7 

Dark Matter 

This image shows the “Bullet Cluster,” formed after the 
collision of two large clusters of galaxies. Shown in pink 
is the hot X-ray emitting gas (as seen by the Chandra X-
ray Observatory), while the blue areas show where most 
of the mass of the clusters is concentrated (as seen by 
HST and the ESO ground observatory). The separation 
of pink from blue gives direct evidence that nearly all of 
the matter in the clusters is dark matter. 

will provide a further revolutionary advance. If the standard 
account of the missing baryons is correct, Con-X will re-
veal an “X-ray forest” of oxygen, carbon, neon, silicon and 
iron lines, which trace the dominant, hotter phases of the 
shocked IGM. Completing the picture will require com-
parable capabilities at ultraviolet wavelengths to map the 
cooler gas. Studies with Con-X and future ultraviolet/X-ray 
missions will measure the enrichment of the IGM, showing 
how and when heavy elements spread from galaxies to their 
surroundings. 

The clumpy web of dark matter which underlies the visible 
web of galaxies can also be measured by observing the 
gravitational lensing (bending) of light from distant galax-
ies. The gravity of massive clumps of dark matter deflects 
the light coming to us from more distant galaxies, distort-
ing the images of these galaxies. These distortions may be 
measured by JDEM and by JWST, allowing a 3-D map of 
the distribution of dark matter in our local universe to be 
constructed. Very recently the combined observations of 
Chandra, HST, and the European Southern Observatory 
(ESO) ground observatory of “the bullet cluster,” formed 
by the collision of two large clusters of galaxies, have de-
finitively established the existence of dark matter, ruling out 
alternative models that require modifications to Einstein’s 
General Relativity. 

Explore the Milky Way and Its Neighbors 

We can gain crucial insights into galaxy formation by study-
ing our own Milky Way galaxy and the neighboring galaxies 
that we can resolve star by star. Our Galaxy’s main compo-
nents are its gravitationally dominant dark matter halo, the 
thin disk in which the Sun resides, a puffier thick disk, the 
central bulge, and the diffuse stellar halo that extends to 
roughly 100 kiloparsecs, more than 10 times the Sun’s dis-
tance from the Galaxy’s center. Understanding the structure 
and origin of these components requires accurate measure-
ments of chemical abundances, stellar distances, and stellar 
velocities, from which we can piece together the Galaxy’s 
star formation and assembly history. Abundances and line-
of-sight velocities can be measured with spectrographs on 
large ground-based telescopes, but the high angular reso-
lution of space-based imaging makes it a uniquely powerful 
tool for geometric measurements of distances and proper 
motions (angular speeds). 

Our view of the Galaxy’s components close to the plane 
of the Milky Way is obscured by dust at wavelengths ac-
cessible to ground-based telescopes. Infrared surveys of 
portions of the Galactic plane with Spitzer have revealed an 
amazing variety of structures and physical processes. WISE 
will extend this over the entire Galaxy. The Space Interfer-
ometer Mission—PlanetQuest (SIM), currently engaged in 
mission risk-reduction activities, will transform this field by 
measuring the distances and motions of stars across the 
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Milky Way and in its nearest galactic neighbors. SIM will be 
able to measure proper motions of stars more than 1,000 
times fainter than the Hipparcos limit with precision as high 
as three microarcseconds per year. SIM’s high-precision 
measurements of faint stars, roughly 20,000 over the an-
ticipated mission lifetime, would perfectly complement the 
all-sky survey of brighter stars by ESA’s Gaia mission. SIM 
would also be a unique tool for studying the nature of dark 
matter. The cold dark matter (CDM) hypothesis—that dark 
matter consists of massive, weakly interacting elementary 
particles—has had spectacular success in explaining struc-
ture from scales of the cosmic horizon down to individual 
galaxies. However, its success on subgalactic scales is an 
open and controversial question. The CDM scenario pre-
dicts dark matter halos that contain substantial amounts 
of lumpy substructure. SIM could map the gravitational 
potential of the Milky Way’s dark halo, using the motions 
of individual stars, star clusters, and dwarf galaxies to pin 
down the halo’s total mass, spatial extent, radial profile, and 
three-dimensional shape. 

7.2.3 The Origin & Destiny of Stars 
Stars are the furnaces that forge nearly all the atoms in the 
universe, other than the hydrogen and helium made during 
the Big Bang. From the death of a star come the atoms 
necessary for planets and life. Many fundamental aspects 
of the lives of stars have remained a deep mystery, but, with 
today’s sophisticated space observatories, we can build the 
tools to determine how planetary systems form in the disks 

Figure 7.8 Star Formation 

Spitzer Space Telescope image of massive star formation in the plane of our Galaxy. 
Stars are shown in blue and white, while the red color traces emission from interstel 
lar dust. The larger circular cavity, or bubble, has been created by winds and mass 
loss from a cluster of stars visible just to the right of the center of the image. On the 
surface of the bubble, a second bubble, seen to the left and below the center, has 
begun to expand. Perhaps the formation of the stars driving this second bubble was 
triggered by the pressure which excavated the first bubble. WISE will find many other 
bubbles—and other manifestations of massive star formation—in its survey of the 
entire Galactic Plane, while JWST and SOFIA will study the structure of the bubbles 
and the composition of the material composing them. 

of gas and dust around young stars and evolve toward suit-
able sites for life. To explore the origin and destiny of stars 
we also need to know the nature of the exotic objects left by 
dying stars and how the heavy elements essential for life are 
created and cycled throughout the universe. 

From Interstellar Clouds to Stars 

We are immersed in a dilute sea of atoms of gas and grains 
of dust. Large-scale forces can compress this material into 
clouds so dense that atoms join into molecules. Turbulence 
and magnetic fields control the configuration of these mo-
lecular clouds, twisting and shredding them into sheets and 
filaments. These structures sometimes collapse, forming 
cold dense cores shielded by dust from damaging ultravio-
let photons. Star formation begins deep within these cores. 
How can we peer inside such cold, dark clouds? 
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Visible light cannot escape from dusty stellar nurseries, but 
longer wavelength radiation can, in a manner similar to the 
penetration of radio waves through sunlight-blocking clouds 
on Earth. SOFIA and ESA’s Herschel Space Observatory will 
probe the controlling influences on star formation by mea-
suring the temperatures, densities, and velocity structures 
within molecular clouds and collapsing cloud cores. JWST 
will search for prebiotic molecules and probe the chemistry 
occurring in the central regions of the youngest protostars. 

The Emergence of Stellar Systems 

After a dramatic initial collapse, a protostar grows for a few 
hundred thousand years as gas and dust flow onto it from 
the surrounding cloud. Eventually the new star stabilizes, 
heated by the energy released as gravity continues to com-
press it. These processes are only vaguely understood. 
What sets the mass of the final star? Why are there more 
low-mass stars than high-mass ones? What conditions al-
low planet formation and determine the types of planets 
formed? Examining star formation over a wider range of 
elemental abundances, gas pressures, and magnetic field 
strengths will show how the starting conditions influence 
the resultant mass distribution. Millimeter-wavelength ob-
servations reveal that significant amounts of gas and dust, 
usually more than enough to form a planetary system, are 
left in disks around new stars. 

The mid-infrared WISE survey will discover hundreds of 
objects which are in the earliest stages of gravitational 
collapse. The processes controlling the fragmentation of 
molecular clouds will be measured with the far-infrared 
spectroscopy of Herschel and SOFIA. These facilities will 
provide sufficient spatial and spectral resolution to measure 
the rotational velocities and masses in prestellar and star-
forming cores. JWST will help us understand the formation 
of planet-forming disks and the related tendency of stars to 
form as binary or multiple star systems. Increasingly deeper 
understanding will come with finer resolution from SIM, the 
Keck and Large Binocular Telescope Interferometer, and the 
Terrestrial Planet Finder (TPF) mission. 

The Extreme Physics at the End of 
Normal Stellar Lives 

Neutron stars and black holes, the end states of mas-
sive stars, are unique environments with gravity, magnetic 
fields, and densities that are far beyond the range avail-
able on Earth. Although compact (a neutron star is only 15 
miles wide), they become observable as they accrete mat-
ter from a surrounding disk, which gets extremely hot and 
glows brightly at high energies. These systems are impor-
tant laboratories for studying extreme physics. Already they 
have provided indirect evidence of gravitational radiation 
and of frame-dragging, the twisting of spacetime around 
a rotating star predicted by general relativity. Spinning, 

highly magnetic neutron stars, also known as pulsars, radi-
ate beams of light into the Galaxy and emit jets of material 
that energize their surroundings. Through detection of the 
gravitational redshift of X-rays from the surfaces of neutron 
stars, we may obtain a direct measure of the mass/radius 
ratio of neutron stars, potentially revealing exotic forms of 
ultradense matter, such as strange-quark matter. 

In recent years, supernovae from massive stars have been 
identified at the core of gamma-ray bursts (GRBs), among 
the most powerful explosions seen in the electromagnetic 
spectrum since the Big Bang. These once-mysterious GRBs 
are seen at great distances; some have occurred when the 
universe was less than half its present age. Due in part to 
the Swift satellite (an Explorer mission), we know much 
more about the origins of these bursts. Some of the GRBs 
have been identified with the death of a single massive star 
and creation of a black hole. Others have been identified 
with the merger of two compact objects (neutron stars or 
black holes). GLAST will study GRBs over a wider range 
of energies, some dating back to the earliest supernovae. 
A hard X-ray survey telescope, such as a candidate Black 
Hole Finder Probe of the Beyond Einstein program, would 
conduct a black-hole census. 

How the Elements are Made and Distributed 

Although we have learned much about the neutron stars 
and black holes left behind by certain types of supernovae, 
we still do not understand exactly how the explosions occur. 
Elements are synthesized in the original star and during the 
supernova explosion. The resulting shocks from the blast 
wave heat and accelerate the surrounding gas, pumping 
significant amounts of energy into the interstellar medium, 
heating it, and even punching holes through a galactic disk 
and driving galactic winds. They drive turbulence in mo-
lecular clouds that may trigger star formation. In fact, there 
is evidence that a nearby supernova explosion might have 
played an important role in the formation of the Sun. Star 
death, star birth, and the generation and recycling of heavy 
elements into the interstellar medium are closely linked. 

Herschel and JWST will build on results from Spitzer and 
Chandra to trace this process in the early universe as gal-
axies and quasars formed and evolved. The Japanese-led 
Suzaku X-ray mission and Con-X will probe the accelera-
tion process and determine the maximum energy of cosmic 
rays that are produced in them. GLAST will map regions of 
particle acceleration through the gamma rays created by the 
particles moving at nearly the speed of light. 

Determine How Planets Form in Dense Disks 
of Gas and Dust Around Young Stars 

The heavy elements manufactured in massive stars and 
released into interstellar space by supernovae are the 
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Figure 7.9 

Young Star and Disk 

An artist’s conception of the interaction between a young star and its planet-forming disk. The stellar magnetic field threads 
the disk, and the inertia of the disk slows the stellar rotation. This picture is based on observations from the Spitzer Space 
Telescope showing that stars with planet-forming disks rotate more slowly than do stars without disks. This illustrates how 
observations with JWST and SOFIA can probe the details of the planet-formation process. Image courtesy of the Spitzer 
Science Center. 

raw material for Earth-like planets and for life. Planets 
form from a protoplanetary disk around a young star. The 
classic picture is that solid particles of dust coalesce ear-
ly and stick to each other in collisions, slowly building a 
core around which a planet grows: gas giant planets grow 
quickly before the system loses most of its gas, and Earth-
like planets grow over a longer period. This picture explains 
many characteristics of our solar system, but it is running 
into trouble elsewhere. 

What governs the formation and evolution of gaseous and 
rocky planets? How does the flow of material inward to the 

star avoid carrying the nascent planets to a fiery doom? 
How are otherwise semi-inert, nonreactive molecules trans-
formed into reactive radicals that drive the production of 
life’s raw materials? Does early bombardment of planets by 
asteroids and comets deliver carbon-rich material and start 
the development of life? How do giant planets direct ma-
terial from one part of the disk, perhaps water-rich, to the 
inner regions where Earth-size bodies are growing? 

Studies of stellar clusters show that, at any given age, there 
is a wide range of disk masses, suggesting a broad variety 
in planetary system evolution. This is corroborated by the 
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range of properties exhibited by the hundreds of planetary 
systems identified by radial velocity, transit, and microlens-
ing studies. This allows for solar systems vastly different 
from ours with its four rocky planets followed by four gas 
and water giants. WISE, JWST, SOFIA, and Herschel, each 
in its own unique way, will observe protoplanetary disks 
to explore this variety. JWST, as well as the ground-based 
Keck Interferometer and Large Binocular Telescope Interfer-
ometer, will reveal ripples and gaps in disks that help locate 
a perturbing, young planet and provide estimates of its 
mass. TPF will go well beyond the capabilities of JWST and 
peer deeply within dust-enshrouded protoplanetary disks to 
cleanly separate planets, disk, and star. These missions will 
be the first to have the capability to directly detect the light 
from Earth-like extrasolar planets. 

Figure 7.10 

7.2.4 Exploring New Worlds 
The search for extrasolar planetary systems is well under-
way, and we now know of more than 180 planets outside 
our solar system, many discovered by NASA-supported 
ground-based telescopes. However, most of the extrasolar 
planets discovered so far are not the terrestrial planets that 
could potentially be habitable, but rather are gas-giant plan-
ets like Jupiter and Saturn, hundreds of times more massive 
than Earth. As yet, no Earth-sized planets have been de-
tected; this is because no current instruments possess the 
sensitivity and resolution needed for such a discovery. 

The technology required to detect and characterize poten-
tially habitable worlds is enormously challenging, and no 

Extrasolar Planets 

The panel on the left shows an artist’s impression of extrasolar planets. The graph on the right shows data from NASA’s 
Spitzer Space telescope of changes in the infrared light output of two star-planet systems (one above, one below) located 
hundreds of light-years away. The data were taken while the planets disappeared behind their stars. The dip seen in the center 
of each graph represents the time when the planets were eclipsed, and tells astronomers exactly how much light they emit. 

Future missions will take the study of extra-solar planetary systems into a new era. The Kepler mission will detect and 
characterize Earth-like planets. Other missions such as JWST, WISE, SIM, and TPF will observe protoplanetary disks and 
planetary systems to explore different aspects of the planet formation process and the variety of planets that can form 
around stars. 
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single mission can provide all the measurement capabili-
ties. Kepler, a Discovery mission, will be the first to detect 
and characterize terrestrial planets, measuring the reduc-
tion in starlight as a planet orbits and occludes its parent 
star. The flagship missions for exploring new worlds will be 
JWST, which will probe the initial stages of star and planet 
formation; SIM, which will survey nearby stars for candidate 
Earth-like planets, measuring their orbits and masses; and 
TPF, which will identify those terrestrial-type planets with 
atmospheres and study their potential for supporting life. 
Linking the flagship missions together will be precursor ob-
servations with a variety of space-based and ground-based 
telescopes, which will measure the statistics of exoplanet 
systems and determine whether Earth-mass planets are 
common or rare. 

The Diversity and Frequency 
of Other Worlds 

A comprehensive census of the planetary systems in our 
solar neighborhood using ground-based and space-based 
observations will enable investigation of the relationship 
among the main players in a planetary system: gas-giant 
and rocky planets, cometary systems (Kuiper Belts), and 
asteroid belts and zodiacal clouds. These studies will set the 
stage for follow-up observations to understand the proper-
ties of the planets that we find and allow us to understand 
the larger context of our own planetary system. 

Giant planets, composed mostly of gas and unlikely to 
directly harbor life, dynamically constrain the orbits avail-
able for terrestrial planets and may affect their habitability. 
Giant planets are the older siblings—both the bullies and 
protectors—of the terrestrial planets. How they stir up the 
disk determines how many comets and asteroids survive to 
bombard smaller worlds with either sterilizing intensity or 
with life-bringing chemicals. Giant planets in eccentric or-
bits probably do not allow terrestrial planets to orbit stably 
in the habitable zone (the orbital region around a star within 
which liquid water may exist on a planet’s surface). How-
ever, gas giants might be necessary for shielding terrestrials 
from life-damaging impacts of comets. 

Kepler will measure the sizes, masses, and, hence, den-
sities of both gas- and ice-giant planets. Observations of 
stars harboring giant planets with SIM will measure the ec-
centricity and inclinations of orbits for planets within five AU 
(Earth-Sun distances) of their parent stars. This will be our 
best tool for disentangling the dynamics of systems with 
multiple giant planets. TPF will be capable of detecting and 
spectroscopically analyzing both Earth-like and giant plan-
ets, which is of particular importance in understanding the 
chemical composition, physical structure, and overall evo-
lution of these objects. 

Being about ten times smaller in diameter than a Jupiter 
and a hundred times smaller than a Sun, Earth-size rocky 
planets are challenging to find. Observations suggest that 
rocky planets may be common, but their abundance is un-
known. The information to date, however, is encouraging: 
Roughly seven percent of all nearby stars harbor a giant 
planet within three AU, and there are apparently more 
smaller planets than gas giants. Multiple planets are com-
mon, often in resonant orbits. And eccentric orbits, which 
are easier to observe, are the most common, with only 10 
percent nearly circular. 

Kepler will survey our region of the Milky Way Galaxy to 
detect and characterize hundreds of Earth-size and small-
er planets in or near the habitable zone, and thousands in 
shorter period orbits. Planned follow-up by ground-based 
observatories, HST, and JWST will determine the masses 
and densities of the planets and whether they are rocky or 
icy in composition. Knowledge of the planetary period and 
the stellar properties determines whether the planet is in the 
habitable zone of its star. Both HST and Spitzer have already 
been used to observe a handful of planets, through com-
parison of the spectra of the star and planet together, the 
star hiding the planet, and the planet transiting the star. With 
its high-resolution infrared spectroscopy, SOFIA will be able 
to resolve planet formation within the habitable zone. SIM 
will perform the first census of Earth-like planets around the 
very nearest stars—planets that we will later be able to ob-
serve through direct detection of light—to learn more about 
their physical properties, accurately measuring their masses 
and orbits. SIM will locate targets suitable for subsequent 
observation by the TPF mission. 

Brown dwarfs have masses too small to sustain nuclear fu-
sion, but they emit infrared radiation. Jupiter itself lies at the 
lower end of the brown dwarf mass spectrum. Thus, stud-
ies of brown dwarfs either as isolated objects or as stellar 
companions can illuminate our understanding of the planet 
formation process. In addition, a growing body of data from 
Spitzer—to be greatly augmented by JWST—suggests that 
brown dwarfs may themselves host planetary systems. Be-
cause brown dwarfs are about as common as all other types 
of stars, it is quite possible that the extrasolar planetary 
system nearest our Sun orbits a brown dwarf. The WISE 
mission, with its sensitive all-sky infrared maps, may dis-
cover brown dwarfs even closer to the Sun than the known 
nearest star, Proxima Centauri. 

Comparative Planetology 

We are seeing an explosion in our understanding of extraso-
lar planetary systems, as results from Hubble, Spitzer, and a 
vigorous program of ground-based studies are revealing the 
composition, structure, and dynamics of these systems and 
the masses and locations of planetary objects within them. 
A comprehensive census of the planetary systems in our 
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solar neighborhood using ground-based observations and 
observations from Spitzer, SOFIA, Herschel, JWST, SIM, 
TPF will enable investigation of the relationship between all 
the main components of a planetary system: gas-giant and 
rocky planets, cometary systems (Kuiper Belts), and aster-
oid belts and zodiacal clouds. 

These studies often impinge upon studies of our own solar 
system, permitting, for example, comparison of the crystal-
line silicates orbiting nearby stars with those in Comet Hale-
Bopp and Tempel I. Also, deep observations of the outer 
solar system from the ground and with JWST will enable 
direct comparison of our solar system with other systems. 
This is opening up the prospects for studies in comparative 
planetology, through which the wealth of understanding we 
have of our own solar system will inform our interpretation 
of data on extrasolar systems. Conversely, the study—now 
possible for the first time—of large numbers of extrasolar 
systems from a favorable external perspective may help to 
answer questions about the formation and evolution of our 
own solar system. 

The Origin of Organic Molecules on Planets 

The next big step in understanding the evolution of habit-
able planets is to study how terrestrial planets receive and 
store the materials required to foster life. The building blocks 

of life—organic molecules—likely permeate the Universe. 
However, their precise identification and details regarding 
their abundances and distribution are in need of further 
study. Research indicates that a complex series of process-
es are involved in generating a planetary environment that is 
hospitable to life. For example, while the amount of life-es-
sential carbon present in a planet is determined early on by 
the planet’s birthsite within the young solar nebula, organics 
and volatiles such as water are accumulated throughout a 
planet’s history via cometary impacts.  

Observations of ice and organic compounds in disks with 
JWST, SOFIA, TPF and Herschel can be combined with 
theories of organic chemistry, volatile processing, and or-
bital dynamics to place constraints on the formation and 
evolution of prebiotic compounds and their delivery to ter-
restrial planets. 

The Search for Habitable Planets and Life 

The search for life elsewhere in the universe begins with an 
understanding of the biosignatures of our own world. Earth 
has surface biosignatures due to vegetation, as well as sev-
eral atmospheric biosignatures, including the characteristic 
spectra of life-related compounds like oxygen—produced 
by photosynthetic bacteria and plants—and its photochem-
ical product, ozone. The most convincing spectroscopic 

Astrophysics Opportunities Enabled by 

Human Exploration of the Moon
 

The return of human explorers to the surface of the Moon by 2020 creates additional opportunities for realizing the science 
priorities in astrophysics. During the period of time covered by this Science Plan, NASA will establish a “Lunar Exploration Ar-
c  
exp  
timescale in which those capabilities will be available to support astrophysics exploration. 

At the same time, NASA will conduct studies to identify potential investigations and projects that can realize priority astro-
physics objectives from the Moon. The interim report on The Scientific Context for the Exploration of the Moon (NRC, 2006) 
identifies “determining the utility of the Moon as a platform for astrophysics observations” as one priority, and recommends 
that NASA evaluate the Moon’s potential as an observation platform. Beginning in 2006, NASA will sponsor workshops and 
an NRC study to identify those astrophysics science objectives that can be realized from the lunar surface, and to determine 
the additional studies necessary to establish their cost and benefit. In 2007, NASA will select several concept studies for 
science investigations that can be realized on the short sorties that will be the first human exploration missions. Also in 2007, 
the NASA Advisory Council will sponsor a Lunar Science Workshop aimed at establishing science objectives for the lunar 
exploration program. 

In identifying astrophysics mission concepts that can be realized from the surface of the Moon and in establishing the priori-
ties for those potential missions, SMD will use the same community-based processes that have been used to establish 
priorities in the current astrophysics program. Recognizing that newly enabled candidate missions must compete with other 
miss  
science objectives in astrophysics. 
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Table 7.1 

Targeted Outcomes through 2016 

What are the Origin, 
Evolution, and Fate of 
the Universe? 

How Do Planets, Stars, 
Galaxies, and Cosmic 
Structures Come into 
Being? 

When and How Did the 
Elements of Life and 
the Universe Arise? 

Is There Life Else-
where? 

Test the validity of Einstein’s 
General Theory of Relativity. 

Investigate the nature of 
spacetime through tests of 
fundamental symmetries 
(e.g., is the speed of light 
truly a constant?). 

Test the inflation hypothesis 
of the Big Bang. 

Precisely determine the 
cosmological parameters 
governing the evolution of 
the universe. 

Improve our knowledge of 
dark energy, the mysteri-
ous cosmic energy that will 
determine the fate of the 
universe. 

Investigate the seeds of 
cosmic structure in the cos-
mic microwave background. 

Measure the distribution of 
dark matter in the universe. 

Trace the filamentary cosmic 
web of atomic matter in the 
universe. 

Discover the first stars, 
galaxies, and quasars (black 
holes). 

Determine the mechanism(s) 
by which most of the matter 
of the universe became 
reionized. 

Determine the history of 
cosmic star formation and 
the assembly of galaxies. 

Study the birth of stellar 
and planetary systems. 

Uncover the connection 
between galaxies and super-
massive black holes. 

Discover when complex 
organic molecules, the 
precursors of biology, first 
appeared in the universe. 

Measure the metal 
enrichment of the diffuse 
intergalactic and interstellar 
media. 

Improve our understand-
ing of supernovae and their 
nucleosynthesis of heavy 
elements needed for life. 

Determine the frequency 
with which planets are found 
within the habitable zones of 
other stars and character-
ize their physical properties, 
such as mass, diameter and 
orbital parameters. 

Determine what properties 
of a star (such as metallicity) 
are most strongly correlated 
with the presence of habit-
able Earth-like planets. 

evidence for life as we know it is the simultaneous detec-
tion of large amounts of oxygen and a reduced gas, such as 
methane or nitrous oxide, which can be produced by living 
organisms. 

To determine if a planet is habitable and in particular to dis-
cover if life exists there, we must build observatories ca-
pable of directly detecting the light from the planet, with the 
planet illuminated by the light of its parent star or glowing 
at infrared wavelengths by the warmth of the planet itself. 
The direct detection of Earth-like planets is an enormous 
technical challenge; telescopes are required that can sup-
press the overwhelming glare from a star so that its faint 
orbiting planets can be seen. Direct imaging detection and 
spectroscopic characterization of nearby Earth-like planets 
will be undertaken by TPF, either as a coronagraph (TPF-C), 
which would operate at visible wavelengths, or as an in-
terferometer (TPF-I), operating in the mid-infrared. TPF will 

survey a large volume of our solar neighborhood, searching 
for terrestrial planets around hundreds of stars and measur-
ing the atmospheric compositions of as many as dozens 
of candidate Earth-like planets. Transit spectroscopy with 
JWST and HST to follow up Kepler and other detections 
offers a nearer opportunity for planetary spectroscopy on 
large numbers of extra-solar planets. 

Navigator Program: Exploring New Worlds 

To realize this bold exploration agenda, NASA has estab-
lished the Navigator program, a suite of interrelated mis-
sions to explore and characterize new worlds. The program 
embodies the Presidential directive to enable advanced 
telescope searches for Earth-like planets and habitable 
environments around neighboring stars. The Navigator 
program is structured in a cohesive effort of precursor 
and supporting science and technology development and 
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moderate scale facilities leading toward TPF, which serves 
as the focus of the program. The search, begun with HST 
and Spitzer, will continue with Kepler, Keck, the Large Bin-
ocular Telescope Interferometers, and JWST, which will ob-
serve nearby stars to probe preplanetary and exozodiacal 

dust disks, revealing gaps and features created by planets 
that have so far remained undetected. SIM will survey the 
nearest stars, fully characterizing nearby planetary systems 
to provide targets for the more powerful TPF to examine.

Figure 7.11 gives the mission timelines for all currently op-
erating missions through those for which formulation begins 
by 2016. The blue bar begins at the beginning of formula-
tion; the triangle marks the launch date; the tan bar shows 
the prime mission lifetime, while the green bars represent 
mission lifetime extensions. The timeline extends to 2025 to 
show the run-out of all the listed missions. Note that mis-
sions whose formulation begins after 2016 are not shown 

Mission Summaries7.3

here, even though there will be missions inaugurated be-
tween 2016 and 2025.

Table 7.2 provides succinct descriptions of the Astrophys-
ics Division missions which have yet to be launched—
their purposes, primary science goals, and basics of imple-
mentation.
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Table 7.2 

Astrophysics Future Mission Summary 

Program Mission Objective (See Table 2.1) Mission Objectives and Features 

1 2 3 4 

Flagship James Webb Space 
Telescope (JWST) 

• • • • Infrared successor to the HST; 6.5 meter telescope 
with four infrared instruments at L2; partnership be-
tween NASA, the European Space Agency (ESA), 
and the Canadian Space Agency. 

Flagship Hubble Space 
Telescope -
Servicing Mission 4 
(HST-SM4) 

• • • • Enhance Hubble’s range and dramatically increase 
both the survey power and the panchromatic sci-
ence capabilities. Space Shuttle servicing to add 
two instruments: Cosmic Origins Spectrograph 
operating at near ultraviolet wavelengths and Wide 
Field Camera 3 (WFC3) operating at near infrared 
wavelengths. 

Strategic 
mission 

Gamma-ray Large 
Area Space Tele-
scope (GLAST) 

• • • Observations of celestial high energy gamma-ray 
sources. Joint NASA/DOE mission with a large area 
telescope for an all sky survey in the highest-
energy gamma rays. 

ISSC Herschel Space 
Observatory) 

• • Completely cover the peak of the spectrum of gal-
axies and of star-forming regions out to redshifts 
of six. Fills wavelength gap between JWST and 
Spitzer. ESA mission with NASA contribution. 

ISSC Planck Surveyor • The third-generation space mission to measure the 
anisotropy of the cosmic microwave background 
radiation. An ESA mission with major contributions 
from NASA. 

Discovery Kepler • Monitor 100,000 stars continuously for four years 
to detect Earth-sized planets using transit photom-
etry. Discovery PI-led mission; sensitive detectors 
capable of detecting a change in a star’s bright-
ness as small as 20 parts-per-million. 

Explorer Wide-field Infrared 
Survey Explorer 
(WISE) 

• • Survey the whole sky in four mid-infrared bands to 
sensitivities 500 or more times better than previ-
ous all-sky surveys. The survey will provide an 
important catalog for JWST. Explorer MIDEX PI-led 
mission; 40 cm telescope continuously scanning 
spacecraft with scan mirror to freeze images on 
arrays for 8.8 second exposures. 

Flagship Stratospheric 
Observatory for 
Infrared Astronomy 
(SOFIA) 

• • • Infrared and submillimeter observations of stellar 
and planet-forming environments. Joint NASA/DLR 
(Germany) airborne 2.5-meter telescope on a 
Boeing 747; nine first-generation instruments. 

Explorer Explorer (MIDEX) º º º Competitively selected PI mission; could address 
any of the first three objectives. 

Explorer Explorer (SMEX) º º º Competitively selected PI mission; could address 
any of the first three objectives. 
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Program Elements7.4Astrophysics Future Mission Summary—Continued 

Program Mission Objective (See Table 2.1) Mission Objectives and Features 

1 2 3 4 

Navigator Space 
Interferometry 
Mission (SIM) 

• • • Detect and characterize other planetary systems; 
measure the mass of planets and stars; measure 
the internal dynamics and external motions of 
galaxies in the Local Group and beyond; investi-
gate quasar physics and establish the successor to 
the International Celestial Reference Frame. A 9-m 
baseline interferometer in Earth-trailing solar orbit. 

BE Constellation-X 
(Con-X) 

• • • X-ray imaging and spectroscopy for the study of 
black holes, dark matter, dark energy and neutron 
stars. Single spacecraft carrying a constellation of 
four telescopes placed in an L2 orbit with a com-
bined collecting area of 1.5 square meters. 

BE Joint Dark Energy 
Mission (JDEM) 

• Measure the cosmological parameters of the 
expanding Universe. Joint NASA/DOE mission; 
three mission concept studies (ADEPT, DESTINY, 
SNAP) have been selected by NASA to examine 
differing mission implementations. 

BE Laser 
Interferometry 
Space Antenna 
(LISA) 

• • • First measurement of low-frequency gravitational 
waves. Three independent, free-flying, drag-free 
spacecraft provide for three-arm interferometry of 
a variety of astrophysical sources. Collaboration 
with ESA. 

BE Black Hole Finder 
Probe (BHFP) 

• Conduct a thorough census of black holes in the 
universe. 

BE Inflation Probe (IP) • Provide a stringent test of inflationary cosmology, 
the physics of the universe at less than a trillionth 
of a second after the Big Bang. This is a PI-class 
mission that will be selected by competition. 

Navigator Terrestrial 
Planet Finder— 
Interferometer (TPF) 

• • • Interferometer—Detect and characterize all 
components of other planetary systems, including 
terrestrial planets, gas-giant planets, asteroid belts; 
search for signs of life in terrestrial planets. Four 
3-4 m passively cooled telescopes on separate 
formation flying spacecraft feeding light to a nulling 
interferometer on a fifth spacecraft; Proposed joint 
project with ESA’s Darwin mission. 

Coronagraph—Image Earth-like planets, giant 
planets, and zodiacal dust around nearby stars; 
search for signs of life on Earth-like planets; carry 
out general astrophysics observations probing dark 
energy and dark matter. Single telescope at L2 with 
a narrow-field coronagraph and spectrometer to 
observe planets 10-10 as bright as their stars, and 
a wide-field camera for general astrophysics in the 
visible and near-infrared. 

• Applies to the objective º Could apply to any objective 
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7.4 Program Elements 

7.4.1 Research and Analysis 
In a 2000 report, the Association of American Universities 
described the R&A line as “one of the most efficiently used 
funding lines in space science research.” R&A supports 
scientific exploration outside budget lines of individual 
missions. It represents a small fraction of the NASA space-
science budget, but it is this fraction that leads to ideas for 
new missions, incubates the critical early phases of tech-
nology development, and transforms the raw data from 
satellite instruments into answers to scientific questions. Its 
technology and detector development, theoretical research 
and modeling, laboratory astrophysics, ground-based ob-
servation, and archival research components, together with 
the suborbital and Explorer programs, constitute the sci-
entific and technical foundations upon which major NASA 
missions grow. 

Technology Incubation 

The R&A program has supplied NASA missions with many 
technologies that were later incorporated into major mis-
sions in a process which continues to this day. Example 
capabilities are holographic gratings, extreme ultraviolet 
filters, and X-ray calorimeters. Microchannel plate detec-
tors and their associated readouts, both developed under 
the Astronomy and Physics R&A program, have been the 
cornerstone of missions such as the Extreme Ultraviolet 
Explorer (EUVE), Chandra’s High-Resolution Camera, the 
Hubble Space Telescope/Space Telescope Imaging Spec-
trograph (HST/STIS), the Far-Ultraviolet Spectroscopic 
Explorer (FUSE), Galaxy Evolution Explorer (GALEX), and 
the Cosmic Hot Interstellar Plasma Spectrometer (CHIPS), 
as well as many rocket payloads. In the near- and mid-in-
frared regimes, new large-format, low-readout-noise arrays 
now under development will be vital to the success of JWST. 
At submillimeter wavelengths, the class of spiderweb mi-
cromesh bolometers that enabled BOOMERANG’s image of 
the CMB sky will be used both on Planck Surveyor to obtain 
the definitive CMB map and on the Spectral and Photo-
metric Imaging Receiver (SPIRE) instrument on Herschel 
to gain a new view of the universe. The effort to develop 
silicon pop-up detectors has led to the large-format arrays 
on the High-resolution Airborne Wide-bandwith Camera 
(HAWC) of SOFIA and the development of new cutting-
edge instruments on the ground-based Submillimeter High 
Angular Resolution-2 (SHARC-2) instrument at the Caltech 
Submillimeter Observatory. The heterodyne superconduct-
ing-insulating-superconducting mixers with heritage in the 
R&A program will fly on both SOFIA and Herschel. High-
accuracy clocks, drag-free gravitational reference systems, 
and laser-transponders will be flown on the LISA mission. 

Supporting Theoretical Research 
and Modeling 

Science seeks to advance human knowledge by explaining 
and understanding the universe in all its particulars. Theo-
retical research plays a fundamental role in this endeavor: 
it is the central process whereby data are converted into 
scientific understanding. Theory provides the framework for 
structuring science, the language we use to describe the 
world, and the tools we use to interpret data. 

The National Academy of Sciences decadal survey, Astron-
omy and Astrophysics in the New Millennium (NRC, 2000), 
recognized theoretical studies as a central component of 
modern mission and technology development. Theoreti-
cal imagination conjured white dwarfs, neutron stars, black 
holes, the CMB, and accretion disks, all of which have since 
been verified as fact. Theory has provided the fundamental 
techniques and tools of atomic physics, nuclear physics, 
quantum physics, general relativity, physical chemistry, 
statistical physics, radiative transfer, and hydrodynamics. 
In recent years, theoretical studies include the develop-
ment of software technologies supporting data exploration, 
astrophysical simulations, and the combinations of these 
that now enable a deeper understanding of complex sys-
tems. Theoretical research is crucial to progress because it 
establishes the framework within which the basic science 
questions are formulated, predictions are made, and data 
are interpreted and analyzed. It is the wellspring of new mis-
sions. A strong, stable, and sustained commitment to theory 
funding is needed for a healthy and balanced Astrophysics 
Science Program. 

There are currently two prominent components of NASA 
support for theoretical research. The first is comprised of 
the broad-based Astrophysical Theory Program (ATP), the 
Beyond Einstein Foundation Science (BEFS) program, and 
the NASA Astrobiology Institute. All proposals to these 
programs are required to demonstrate their relevance to 
NASA’s mission, but much research cuts across mission 
lines, synthesizing results from different wavelengths or 
from imaging and spectroscopy. The ATP component of 
NASA theory support is crucial to envisioning and defining 
missions, identifying novel techniques that could be used 
to address Astrophysics science objectives, and studying 
capabilities needed to achieve those objectives. 

The second component of NASA support for theoretical re-
search arose from the recommendation of the 2000 decadal 
survey that theoretical research be explicitly funded as part 
of each mission funding line, allocating a small fraction 
of its budget to theory challenges critical to the mission’s 
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key goals. The decadal survey made this recommendation 
because detailed modeling connecting the elements of a 
mission to the system under investigation is critical to con-
ceive and implement successful and cost-effective missions. 
Rigorous modeling reduces mission risk and is essential 
for evaluating competing mission strategies, and simula-
tions can vividly demonstrate mission goals. With a small 
incremental investment, mission-oriented theory challenges 
multiply the science obtained by each new probe and space 
telescope. Together with a vigorous ATP to address cross-
cutting and basic astrophysical research that points to the 
next generation of missions, the theory challenge model en-
sures that the return on NASA’s investments is optimized. 

Laboratory Astrophysics 

By using a combination of laboratory experiments, model-
ing, and theoretical calculations, the laboratory astrophysics 
program provides the fundamental knowledge needed to 
make sense of data collected by space missions and to plan 
them initially. Laboratory measurements are often an essen-
tial link between observations and scientific conclusions. 
The program explores a tremendous breadth of topics, from 
the very coldest regions deep in molecular clouds, to the ex-
traordinary environments around supermassive black holes, 
and to the surfaces of icy bodies at the edge of our solar 
system. It supports NASA’s space missions from concep-
tion to completion, defining mission parameters, providing 
post-flight analysis, and opening new discovery space for 
future observations. 

Ground-Based Observations 
in Support of NASA Missions 

Missions frequently require ground-based data to devise 
observing strategies, assess necessary instrumental ca-
pabilities, or allow proper interpretation of data. The Keck 
program to characterize planet populations, for example, 
complements and helps define the goals for Kepler, SIM, 
and TPF. The Large Binocular Telescope Interferometer is 
tasked with determining the brightness of the exozodia-
cal light in other stellar systems to gauge the backgrounds 
TPF will encounter. The high-resolution spectroscopy 
planned in support of Kepler will be critical for determina-
tion of the masses and densities of Earth-like planets. The 
ground-based Near-Earth Asteroid Tracking (NEAT) system 
on Mt. Haleakala, supported by NASA, in addition to its 
asteroid surveys is performing studies of nearby Type Ia 
supernovae as part of a larger program to probe the nature 
of dark energy. The ground-based Robotic Optical Transient 
Search Experiment (ROTSE) detected the first prompt opti-
cal transient associated with a gamma-ray burst, some of 
which are now followed up with HST. At higher gamma-ray 
energies, ground-based observations of the atmospheric 
Cerenkov radiation from gamma-ray-induced showers at 

teravolt energies will complement observations by GLAST 
and provide critical information about the emission mod-
els. At radio and optical wavelengths, significant progress 
has been made in identifying the counterparts of hitherto 
unidentified EGRET gamma-ray blazars. A combined Very 
Large Array and Very Long Baseline Array radio astronomy 
program has begun in order to assess likely candidates for 
GLAST detections and to provide radio properties and ref-
erence milliarcsecond-scale images in advance of GLAST’s 
launch. 

Archival Research 

Until about 25 years ago, data were collected by an investi-
gator for a single purpose, and the investigator rarely made 
the data available to others. NASA changed this model by 
archiving space-based data, thereby making it available to 
all interested parties. The data are saved in standard for-
mats, making them easy to work with, and the result is that 
the same data sets are used for many purposes. These data 
archives have proven so important that most completed 
missions are archived and all new missions are required 
to have a thoughtful archiving plan. These data reside in 
archive centers with expertise in specific wavebands (e.g., 
infrared, X-ray). The centers not only archive the data, but 
have helped develop software to analyze the data and ex-
tract data products that are broadly used, such as catalogs 
of sources. 

7.4.2 The Explorer Program 

Explorers offer frequent access to space and opportunities 
for small and medium-sized missions (SMEX and MIDEX) 
that can be developed and launched in an approximately 
four-year timeframe. These focused, cost-capped, peer-re-
viewed and competed missions address important science 
questions and respond quickly to new scientific and tech-
nical developments. The Mission of Opportunity option 
enables collaborations with other agencies, both National 
and international. 

Explorer missions currently in operation address high-prior-
ity science objectives of the Astrophysics Division. WMAP, a 
MIDEX mission launched in 2001, is answering fundamental 
questions about the age and early development of the uni-
verse; WMAP is also a vital precursor to the Inflation Probe 
of the Beyond Einstein program. GALEX, a SMEX mission 
launched in 2003, is mapping the ultraviolet emission from 
the local universe. This provides a baseline for understand-
ing the observations made by HST, and in the future by 
JWST, of ultraviolet emissions from the distant universe that 
have been redshifted into the optical and infrared. Swift, a 
MIDEX mission launched in 2004, is providing observations 
of gamma-ray bursts that are finally allowing us to under-
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stand the origin of these once-mysterious phenomena. 
These intense transient events, for a short time the most 
luminous sources in the universe, serve as beacons allow-
ing the study of the universe on the largest scales and the 
nature of matter under extreme conditions. These are ex-
cellent targets for HST and future JWST followup. WISE, 
a MIDEX well into development and slated for launch in 
2009, will survey the whole sky in four mid-infrared bands to 
sensitivities 500 or more times better than previous all-sky 
surveys. WISE should find the nearest stars [brown dwarfs] 
to the Sun and identify the most luminous galaxies in the 
distant universe. 

Future Explorers are relevant to Beyond Einstein, including 
both missions of opportunity and dedicated missions. For 
example, laser-ranging equipment on interplanetary probes 
may provide precision tests of relativity in the solar system. 
Dedicated physics platforms could provide both precision 
tests of general relativity and physics beyond the standard 
model of particles and fields. 

7.4.3 Suborbital Program: 
Balloons and Sounding 
Rockets 

The Suborbital Program, comprising the sounding rocket 
and high-altitude balloon programs, provides unique oppor-
tunities for high-priority science; detector and instrument 
development; and training of students, engineers, and fu-
ture PIs. Small standalone space missions like SMEX cost in 
excess of $100M per project, which requires low risk with a 
high certainty of science return. Untested technologies and 
high-risk science need a lower-cost avenue to space. The 
Suborbital Program provides an opportunity for creativity, 
ingenuity, and the serendipity that are essential ingredients 
both in scientific progress and in motivating and training 
the next generation. Because of its flexibility, the Suborbital 
Program produces a steady stream of new instrumentation 
and new science that leads to new questions and the evolu-
tion of new missions. 

Helium-filled balloons have the capability to lift multi-ton 
payloads to altitudes in excess of 120,000 feet for 30-day 
flights and have demonstrated the capability to launch a 
200-kilogram payload to 160,000 feet. A 100-day ultralong-
duration flight capability is being developed. This will 
provide useful flight opportunities for observing campaigns 
associated with Beyond Einstein and for multiwavelength 
observing campaigns involving correlated spacecraft and 
ground observations. 

Balloon missions are prototyping optics and detectors to 
extend X-ray and gamma-ray measurements in space to 
higher energies than are currently possible. CMB balloon 

flights in the 1970s to the 1990s led directly to the design of 
COBE and WMAP. Instruments on the Reuven Ramaty High-
Energy Solar Spectroscopic Imager (RHESSI), ACE, and 
EOS-Aura space missions all were developed and tested 
on high-altitude scientific balloon flights. Finally, coded-ap-
erture imagers and position-sensitive gamma-ray detectors 
developed for hard X-ray and gamma-ray astronomy have 
found applications to medical imaging and national security. 
Future balloon launches will be needed to test room-tem-
perature cadmium zinc telluride semiconductor detectors, 
X-ray focusing optics, megapixel coded-aperture gamma-
ray imagers, and fast low-power multichannel electronics 
for Beyond Einstein’s Con-X and a candidate Black Hole 
Finder Probe. 

The sounding rocket program has a history of cutting-edge 
science and detector development leading up to future 
space missions. In over a hundred missions since 1995, the 
sounding rocket program’s success rate has been 99 per-
cent. High-altitude rocket flights initiated X-ray astronomy 
and led to the current Chandra mission and a share of the 
2002 Nobel Prize for Riccardo Giacconi. Initial rocket ob-
servations of the soft X-ray cosmic background led to later 
measurements with Chandra, the Italy–Netherlands Satellite 
per Astronomia X (BeppoSAX), and the Germany–U.S.–U.K. 
Roentgen Observatory Satellite (ROSAT). 

7.4.4 Technology Enables 
Discovery 

NASA missions incorporate extraordinary technologies 
that allow them to accomplish extraordinary science. The 
technological demands of future missions are even more 
rigorous, and the scientific goals more ambitious. Studying 
the first objects and most distant supernovae, peering into a 
black hole, detecting gravitational waves, penetrating star-
forming cocoons and finding other Earths require significant 
advances in key space technologies. JWST will carry a mir-
ror with seven times the area of HST’s that will open like the 
leaves of a folding table on the way to its distant orbit. Its 
light-gathering power will enable JWST to discover the first 
galaxies and quasars. SIM will detect the tiny wobble of a 
distant star being tugged by an orbiting planet. Con-X will 
operate new-technology array detectors, cooled to just 0.05 
degree above absolute zero, to track X-ray-emitting plasma 
falling into the event horizon of a black hole. LISA will sense 
the relative positions of its component telescopes, measur-
ing their 5-million-kilometer separations with phenomenal 
accuracy—to within a fraction of an atomic diameter—to 
detect the ghostly signal of a passing gravitational wave as 
it ripples spacetime. 
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Strategic Technologies 

Astrophysics science missions require advances in four stra-
tegic technology areas: telescopes—the structures, optics, 
and wavefront controls to focus electromagnetic radiation 
with superb accuracy and minimum mass; detectors—de-
vices that convert light to countable units; coolers—methods 
for cooling telescopes and detectors to achieve very low 
noise and correspondingly high sensitivity; and distributed 
spacecraft—the ability to fly spacecraft in coupled forma-
tions, measuring and maintaining their relative positions to 
extraordinary precision to synthesize very-large-aperture 
telescopes using an interferometer configuration. 

Many of NASA’s most challenging technology needs are, 
at least initially, unique to the NASA application. The Astro-
physics Division can point to a proud tradition of pioneering 
technology developments: examples are the charge-coupled 
device (CCD) detectors used on HST, the super-polished 
X-ray mirrors which enable Chandra, and the ingenious 
radiative-cryogenic cooling system which makes Spitzer 
possible. In each of these cases, and in many more, the 
flight development was done in partnership with the aero-
space industry. This partnership therefore results not only 
in timely availability of the newly developed items to NASA 
but also in a transfer of the technical expertise to the private 
sector. Future progress in Astrophysics depends on contin-
ued technology developments, as outlined below. Robust 
support for this development through a mix of NASA Cen-
ter, University-based, and industrial activities must continue 
to be a part of the Astrophysics Division’s activities. This 
requires funding both for low TRL activities through R&A 
programs and development of technologies for flight through 
either program level or mission-specific investments. 

Telescopes 

Telescopes consist of optics to collect and concentrate 
radiation, wavefront sensing and control technologies to 
compensate for unwanted surface irregularities, and metrol-
ogy and structures technologies to control the separation 
of the optical elements. In some cases, the deployment of 
large telescope structures requires that they be lightweight 
and fold up within a launch vehicle shroud. For telescopes 
of all types, there is a premium on lightweight optics be-
cause the mass of the telescope drives the mass of the 
entire spacecraft. Thus, Con-X requires lightweight grazing 
incidence X-ray optics with a tenfold increase in the effec-
tive area-to-mass ratio. The mirrors must be smooth to 
an accuracy of 0.04 nanometer with hundreds of nested 
shells aligned to tolerances less than a micron, requiring 
new methods of assembly and metrology. Very precise 
wavefront control and straylight control are demanded by 
missions like the coronagraphic realization of TPF, which re-
quires the suppression of starlight by more than nine orders 

of magnitude so that a faint nearby planet can be not only 
detected but also studied in detail. 

Many applications require high angular resolution. In 
this case, individual mirrors are arrayed to synthesize a 
large-aperture telescope system called an interferometer. 
Angular resolution 10 to 1,000 times that available with 
single-aperture telescopes is possible using an array of 
formation-flying telescopes in the configuration of an in-
terferometer. Telescopes and interferometers are central 
technology challenges to the science goals for imaging 
black hole horizons and galaxies near the edge of the 
universe; interferometers can also be used to test the foun-
dations of general relativity. 

Detectors 

In the optical and near-infrared regimes, NASA leverages 
well-developed commercial capabilities to realize large, 
high-quantum-efficiency focal planes with up to the one 
billion pixels that may be needed to discover and monitor 
distant supernovae for one candidate implementation of the 
Dark Energy Probe. At mid- and far-infrared wavelengths, 
SOFIA will require large format arrays of photo-conductors, 
bolometers, and heterodyne mixers for high spectral resolu-
tion imaging of interstellar lines from star and planet forming 
regions. In the millimeter-wave spectral region, the Inflation 
Probe may require arrays of superconducting detectors to 
measure the faint polarization of the cosmic microwave back-
ground radiation produced by inflation. Minimizing detector 
system mass and power dissipation are essential technolo-
gies for operating these detectors in a space mission. Here 
NASA’s requirements are unique and demand the type of 
targeted technology development highlighted earlier. 

Synergy exists between X-ray and far-infrared/submil-
limeter-wave detectors. Con-X, SOFIA, and one Inflation 
Probe candidate need multiplexed calorimeter and bolom-
eter arrays to meet the energy resolution and sensitivity 
requirements in the soft X-ray band and to realize large-
format, high-sensitivity polarimeters for the submillimeter. 
Multiplexing readout electronics enable the construction 
of focal plane arrays by combining signals directly at the 
low-temperature focal plane. Both regimes are developing 
transition-edge sensors and superconducting quantum in-
terference device multiplexers. Kinetic inductance detectors 
also hold promise and may be multiplexed with room-tem-
perature electronics. 

Coolers 

A telescope on Earth’s surface, operating at room tempera-
ture, glows brightly at infrared-to-millimeter wavelengths, 
masking the faint incoming celestial radiation. By cooling 
the entire observatory, a spaceborne facility is orders of 
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magnitude more sensitive than a ground-based telescope. 
A key element of the cooling systems for future telescopes 
will be extensive use of radiative cooling, as implemented 
by Spitzer. This can be readily implemented in the L2 or 
other heliocentric orbits envisioned for future missions such 
as JWST. This will make it that much easier for multistage 
systems culminating in new subkelvin coolers to reach the ul-
tralow temperatures required for calorimeter and bolometer 
focal planes, providing more heat lift, continuous operation, 
and high-temperature stability. Adiabatic demagnetization 
refrigerators, 3He sorption coolers, and open-cycle dilution 
refrigerator precursor technologies show many of the at-
tributes needed to meet these requirements. In the future, 
mechanical coolers, including microfabricated focal-plane 
coolers, which may cool just the detectors themselves, will 
be of increasing importance. 

Distributed Spacecraft 

Higher angular resolutions can be realized only with optical 
elements spaced so far apart that they can no longer be 
fabricated as a single aperture. Deployment of optical com-
ponents and sensors on separate spacecraft, each of which 
may be launched separately, can form optical systems with 
large baselines and high resolution. Formation-flying tech-
niques hold the components in alignment, using precision 
control of the spacecraft motions to form images. Carrying 
out this type of spacecraft coordination requires extremely 
stable gyros, precise star trackers, laser ranging systems 
between spacecraft referenced to highly accurate frequen-
cy standards, and micronewton-force thrusters to perform 
minute positional adjustments. Spacecraft-control algo-
rithms need to be developed for continuous high-reliability 
monitoring, formation flying, reconfiguration, reorientation, 
and autonomous recovery. LISA will demonstrate advanced 
formation-flying techniques in order to detect the minute 
warping of spacetime as gravitational waves move through 
the solar system. LISA will sense gravitational waves by 
measuring the relative displacements of inertial test masses 
contained in each spacecraft separated by millions of ki-
lometers to picometer accuracy. The three spacecraft that 
make up the LISA interferometer will use newly developed 
micronewton thrusters to control the spacecraft position 
and lasers with output stabilized to 1,000 times the stability 
of commercial lasers. 

7.4.5 Education and 
Public Outreach 

In studying the origin and evolution of the universe, Astro-
physics tells a story that is fascinating to the public. The 
missions carried out by the Astrophysics division address 
profound questions that intrigue all: How did the universe 
begin and evolve? How did life arise? Are we alone? These 

questions easily lend themselves to engaging the public in 
our quest for knowledge. 

The Astrophysics Division’s E/PO programs for existing 
missions such as Hubble, Chandra, and Spitzer have al-
ready blazed trails in increasing public engagement and 
student involvement in astrophysics. Astrophysics E/PO 
programs reach millions of Americans and serve to increase 
interest and participation in STEM subjects, thus strength-
ening NASA and the Nation’s future workforce. The exciting 
suite of future missions described above shows that we are 
standing today at the edge of discoveries that could reveal 
in detail how the universe began, trace its evolution, and 
even discover whether we are truly alone in the universe. 
This offers tremendous potential to meaningfully engage 
the public in the process of scientific endeavor and take 
them along on this exciting journey. One means is to enable 
active participation by the public and students in mission 
development and operations—perhaps via student experi-
ments or through involvement in helping to analyze data. For 
example, the SOFIA mission may offer a unique opportunity 
to engage teachers and students in real-time observing ex-
periences by permitting them to fly on the SOFIA airplane 
alongside scientists. Students will learn the scientific pro-
cess of designing experiments and obtaining, analyzing 
and interpreting data. Programs such as Beyond Einstein 
and Navigator offer the opportunity to develop thematic 
E/PO programs that can tell a large variety of audiences 
the story of the universe and how all the various pieces fit 
together—the study of our origins, the study of black holes 
and galaxies, what the universe is made of, and a census 
of extrasolar planets and which of those might harbor life. 
As they are multimission programs spanning decades, they 
offer the opportunity to involve young students in missions 
that they might one day also be a part of as adults. 

Astrophysics missions continue to capitalize on high-
visibility events, such as professional meetings of scientists, 
engineers, and school teachers, by organizing booths and 
related activities to engage the participants and the press. 
Exhibitions in museums and planetaria have also been 
highly popular and reach a vast audience. The Astrophysics 
Division is also participating in the International Year of As-
tronomy (IYA), sponsored by the United Nations for the year 
2009, and is planning educational activities coordinated 
with that event. 
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7.5 Astrophysics Beyond 2016 

The larger part of the Beyond Einstein program and the TPF 
missions will be implemented beyond 2016. In addition, a 
set of “vision missions” concepts have been identified for 

the decade beyond 2016 as a means of helping to identify 
future directions for Astrophysics research and technology 
challenges to be overcome on the way. 

Figure 7.12 

Looking Far Away and Long Ago 

As we look at more deeply into the universe, we are peering back in time. Astrophysics missions allow 
us to study the universe at various stages of its existence, from close to its birth to the present. 
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The James Webb 
Space Telescope 

Over 1000 people in more than 17 countries are 
developing the James Webb Space Telescope. 
Shown here are team members in front of the 
JWST full-scale model at the Goddard Space 
Flight Center in Greenbelt, Maryland. 
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8 Science and Human 
Exploration 
The United States, led by NASA, is accelerating a journey of exploration into the solar system and 

beyond. Human explorers will return to the Moon by 2020, then will venture further into space, ultimately 

to Mars and beyond. The fundamental goal of the Vision for Space Exploration is “to advance U.S. scien 

tific, security, and economic interests through a robust space exploration program.” The Science Mission 

Directorate leads the Agency in pioneering scientific discovery and plays a vital role in advancing U.S. 

Earth and space science interests in the context of the Vision. 
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Chapter 8 
Science and Human Exploration 

The expansion of the human sphere beyond low Earth or-
bit will create opportunities for scientific discovery at every 
step. This Science Plan provides the framework and direc-
tion for realizing those opportunities. 

There is extensive cross-fertilization between human 
exploration and science. The report of the President’s Com-
mission on Implementation of U.S. Space Policy found that 
“Science has held key position in America’s space program 
since its inception nearly 50 years ago and remains an in-
tegral reason for exploring space. Science and exploration 
are synergistic: science is the attempt to explain nature, 
while exploration is the establishment and pushing back 
of a frontier. New frontiers reveal new and unprecedented 
natural phenomena, for which science is called upon to 
offer explanations. The Commission finds implementing 
the space exploration vision will be enabled by scientific 
knowledge, and will enable compelling scientific opportuni-
ties to study Earth and its environs, the solar system, other 
planetary systems, and the universe. Science in the space 
exploration vision is both enabling and enabled.” 

New scientific understanding is critical to enable the 
successful human exploration of the Moon and other des-

tinations. One of the objectives of NASA’s Heliophysics 
Science Program is to Safeguard the Journey of Exploration. 
NASA is undertaking the science investigations necessary 
to maximize the safety and productivity of human and ro-
botic explorers by developing the capability to predict the 
extreme and dynamic conditions in space. The Planetary 
Science Program is addressing the question, What are the 
potential hazards to humans in the space environment and 
are there resources that would enable a human presence 
away from the Earth? Instruments and techniques designed 
to conduct robotic scientific investigations of the planets 
and other bodies in the solar system are now being turned 
toward the Moon in preparation for the scientific exploration 
of the Moon by humans. 

This Science Plan includes precursor science investiga-
tions that are important for achieving the Vision for Space 
Exploration, including research and analysis, data analysis, 
and mission developments that have already begun. Some 
examples include the Moon Mineralogy Mapper experiment 
on Chandrayaan-1, the Mars Science Laboratory, the Solar 
Dynamics Observatory, and the research and data analy-
sis programs in planetary science, heliophysics, and other 
disciplines. Additional precursor science investigations are 
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also underway, but are beyond the scope of this Science 
Plan. The Exploration Systems Mission Directorate (ESMD) 
is undertaking the exploration research required to enable 
human exploration. One example is research required to 
ensure human health and safety. Further, ESMD is contrib-
uting the Radiation Assessment Detector instrument on the 
SMD’s Mars Science Laboratory mission. 

NASA is in the process of engaging the science commu-
nity in developing and prioritizing the scientific studies that 
will form the backbone of the exploration science program. 
We are identifying the opportunities available to the scien-
tific community—all branches—to do things that would not 
previously have been possible now that we are returning 
humans to the Moon, will be going to Mars, and will be 
creating the option to explore and utilize the near-Earth as-
teroids. The program of human exploration allows provides 
new venues for scientific discovery. We are now asking the 
question what will we do at these places that we could not 
previously have planned to do? 

NASA is also developing the exploration architectures and 
systems necessary to enable both human exploration and 
new science opportunities. ESMD leads these activities; 
SMD participates in both strategy and architecture devel-
opment to ensure compatibility and opportunity for science. 
The Mission Directorates are working closely together to 
undertake the high-priority science investigations that will 
enable the exploration program as well as the compelling 
science investigations that are enabled by the human and 
robotic exploration program. 

A near-term priority is the identification of high-priority sci-
ence investigations enabled by the first stop on the journey 
of exploration, the Moon. NASA has requested a study by 
the NRC Space Studies Board on lunar science priorities. 
NASA is also conducting and participating in community-
based workshops and roadmapping activities, including a 
NAC sponsored workshop in early 2007. Funded oppor-
tunities for both studies and investigations will be openly 
competed and peer reviewed, consistent with SMD prac-

tices described in this Science Plan, beginning with a 
solicitation in 2006 for proposals from the science commu-
nity for concepts for lunar surface science. When the time 
is right, a solicitation for scientific analysis of Lunar Recon-
naissance Orbiter data will be issued. The potential range 
of science investigations is quite broad, but generally falls 
into four categories: science of the Moon (research with 
the Moon as the subject), science on the Moon (use of the 
Moon as a laboratory), science from the Moon (use of the 
Moon as a platform), and science near the Moon (research 
concerning the trans- and cis-lunar space environment). 
These activities and studies will identify compelling science 
investigations that are enabled by human exploration and 
address NASA’s strategic science objectives. NASA, under 
the leadership of SMD, will undertake the highest-priority 
science investigations. 

NASA has well-established, community-based processes 
to ensure that its science investigations are effective, rele-
vant, and of the highest science quality. SMD will use these 
processes to identify science opportunities and establish 
priorities for exploration-enabled science activities. Recog-
nizing that exploration-enabled science opportunities must 
compete with ongoing and planned science activities for 
resources, it is important to prioritize exploration-enabled 
science activities in the context of the rest of the SMD pro-
gram. An important question to answer during the time 
period covered by this Science Plan is whether the science 
activities enabled by the human exploration program and 
identified as compelling by the science community have 
greater or lesser priority than activities previously planned 
by SMD. 

The Vision for Space Exploration provides both the impetus 
and the opportunity for the science that enables exploration 
and for the science that is enabled by exploration. Human 
exploration of space beyond low Earth orbit is a core ele-
ment of the Vision and, hence, of this Science Plan. NASA’s 
Science Mission Directorate has a vital role in advancing 
the scientific interests of the United States as part of this 
national vision. 
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9 Summary 
At the Brink of Understanding 
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Chapter 9
 
Summary—At the Brink 
of Understanding 

At the beginning of the 20th century, whole new vistas opened 
in scientific knowledge. Einstein’s theories of relativity and 
Planck’s quantum mechanics opened new ways of thinking 
about the universe. The work of Rutherford, Bohr, Thomson 
and others peered inside the atom. Bethe discovered that 
the fusion of hydrogen atoms powers the Sun. Ever-larger 
telescopes revealed the amazing diversity of planetary bod-
ies in our solar system and the wonders of stars and galaxies 
beyond. Swedish scientist Svante Arrhenius asked the im-
portant question “Is the mean temperature of the ground in 
any way influenced by the presence of the heat-absorbing 
gases in the atmosphere?” For the past nearly 50 years, 
NASA has used its unique capabilities in space exploration 
and aeronautics to test and build upon these discoveries. 
NASA’s ability to provide the vantage point of space and to 
attack scientific questions in a program management mode 
has led to substantial progress, with a stream of new discov-
eries that has become a veritable river in recent years. 

Now at the beginning of the 21st century, humanity is poised 
for another great era of discovery. NASA and its partners are 
leading many of these paths of inquiry. We have measured 
the age of the universe, and we are close to being able to 
read its history and project its future. We have discovered 
over 180 planets around other stars, and we can conceive 
of means to survey our neighborhood in the galaxy and 

detect, if they exist, Earth-like planets. We have discovered 
water in what were thought to be unlikely places in our solar 
system, and we can devise probes to explore those places 
in search of life or its precursors. We have observed vio-
lent solar flares and their impacts in Earth’s neighborhood 
and beyond to the edge of the solar system, and we can 
envision the potential to “instrument the solar system” to 
enable monitoring and prediction of events and phenomena 
that may affect human and robotic explorers. We have put 
in place the first capability to observe all the major compo-
nents of the Earth system, and we can see a way forward to 
understanding and predicting the causes and consequenc-
es of Earth system change. 

In short, we are at the brink of understanding. While we do 
not yet see the answers, the pathways to many of them lie 
open before us. We are limited by resources, not navigation. 
Other National endeavors lay claim on the same pool of re-
sources, and it is incumbent upon NASA’s Science Mission 
Directorate to exercise wise stewardship of the American 
taxpayers’ investment. This Science Plan describes how we 
will use those resources to return the new scientific under-
standing and benefits anticipated in the Vision for Space 
Exploration, other Presidential initiatives, and Congressio-
nal direction. And if the past is prologue, our discoveries will 
lead us to yet greater vistas beyond. 
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Appendix 1: Strategic Goals and Decadal Outcomes 

These outcome statements serve as benchmarks against which our sponsors in the Executive and Legislative branches 
and our stakeholders in the science community measure our progress (augmented by subordinate annual performance goals). 

Strategic Goal 3.1: Study planet Earth from space to advance scientific understanding and meet societal needs 

1. Progress in understanding and improving predictive capability for changes in the ozone layer, 
climate forcing, and air quality associated with changes in atmospheric composition. 

2. Progress in enabling improved predictive capability for weather and extreme weather events. 
3. Progress in quantifying global land cover change and terrestrial and marine 
productivity, and in improving carbon cycle and ecosystem models. 

4. Progress in quantifying the key reservoirs and fluxes in the global water cycle and in improving 
models of water cycle change and fresh water availability. 

5. Progress in understanding the role of oceans, atmosphere, and ice in the climate 
system and in improving predictive capability for its future evolution. 

6. Progress in characterizing and understanding Earth surface changes 
and variability of the Earth’s gravitational and magnetic fields. 

7. Progress in expanding and accelerating the realization of societal benefits from Earth system science. 

Strategic Goal 3.2: Understand the Sun and its effects on Earth and the solar system 

1. Progress in understanding the fundamental physical processes of the space environment 
from the Sun to Earth, to other planets, and beyond to the interstellar medium. 

2. Progress in understanding how human society, technological systems, and the habitability 
of planets are affected by solar variability and planetary magnetic fields. 

3. Progress in developing the capability to predict the extreme and dynamic conditions 
in space in order to maximize the safety and productivity of human and robotic explorers. 

Strategic Goal 3.3: Advance scientific knowledge of the origin and history of the solar system, the 
potential for life elsewhere, and the hazards and resources present as humans explore space. 

1. Progress in learning how the Sun’s family of planets and minor bodies originated and evolved. 
2. P  
origin and evolution of Earth’s biosphere and the character and extent of prebiotic chemistry on Mars and other worlds. 

3. Progress in identifying and investigating past or present habitable environments on Mars and other 
worlds, and determining if there is or ever has been life elsewhere in the solar system. 

4. Progress in exploring the space environment to discover potential hazards to 
humans and to search for resources that would enable human presence. 

Strategic Goal 3.4: Discover the origin, structure, evolution, and destiny of the universe, and search for Earth-like planets 

1. Progress in understanding the origin and destiny of the universe, phenomena near black holes, and the nature of gravity. 
2. Progress in understanding how the first stars and galaxies formed, and how they changed 
over time into the objects we recognize in the present universe. 

3. Progress in understanding how individual stars form and how those processes 
ultimately affect the formation of planetary systems. 

4. Progress in creating a census of extra-solar planets and measuring their properties. 

In the Executive branch, assessment of progress is conducted by the Office of Management and Budget with its Performance Assessment 
and Rating Tool (PART). In the Legislative branch, the assessment is conducted via the annual Performance Plan and Performance Report 
required under the Government Performance and Results Act (GPRA). For the latter, a panel of external scientific experts reviews and rates 
NASA’s progress annually against its plan. In addition, the NASA Authorization Act of 2005 requires that the National Research Council 
review and assess the performance of each division in NASA’s Science Mission Directorate, and requires NASA to report to the Congress 
each year on the results of these and other external reviews and actions NASA has taken in response. 
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Appendix 2*: Missions Identified in 
Recent NRC Decadal Surveys 

Earth Science and Applications from Space (NRC, 2005; 
Interim report) (Earth Science) 

Status in Plan 

Global Precipitation Measurement (GPM) In development 

Atmospheric Soundings from Geostationary Orbit (GIFTS) No 

Independent studies for: 

Ocean Vector Winds No 

Landsat Data Continuity In development 

Glory In development 

Earth System Science Pathfinder missions at a rate of 1 per year Yes, at greatly reduced rate 

The Sun to the Earth and Beyond (NRC, 2002) 
[Heliophysics] 

Status in Plan 

Large Missions 

Solar Probe Future strategic mission 

Medium Missions 

Magnetospheric Multiscale In development 

Geospace Network RBSP in development; 
ISTP is future strategic mission 

Jupiter Polar Mission Juno mission in development 

Multispacecraft Heliospheric Mission Future strategic mission 

Geospace Electrodynamic Connections Future strategic mission 

Suborbital Program Yes 

Magnetospheric Constellation No 

Solar Wind Sentinels No 

Stereo Multispheric Imager No 

*The missions are presented in the order in which they appear in the NRC decadal survey documents noted, which reflect the NRC priorities 
 given the conditions and constraints relevant at the time of publication. 
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Appendix 2: Missions Identified in 
Recent NRC Decadal Surveys—Continued 

Small Flight Missions 

Endorsed Explorer-class missions Yes, at reduced rate 

Endorsed University-Class Explorers No 

Endorsed Approved NASA Missions 

Solar Dynamics Observatory In development 

New Frontiers in the Solar System (NRC, 2003) 
[Planetary Science] 

Status in Plan 

Solar System: 

Large Flight Missions 

Europa Geophysical Explorer Future strategic mission 

Medium Flight Missions 

Kuiper Belt-Pluto Explorer Mission launched in 2006 

South Pole-Aitken Basin Sample Return New Frontiers mission candidate2 

Jupiter Polar Orbiter with Probes Juno mission in development 

Venus In-situ Explorer New Frontiers mission candidate2 

Comet Surface Sample Return New Frontiers mission candidate2 

Small Missions 

Discovery missions at one launch every 18 months Yes, at reduced rate 

Cassini extended Subject to 2007 Senior Review 

Mars: 

Large Missions 

Mars Sample Return No 

Medium Missions 

Mars Science Laboratory In development 

Mars Long-lived Lander Network In consideration for 2016 opportunity 
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Appendix 2: Missions Identified in 
Recent NRC Decadal Surveys—Continued 

Small Missions 

Mars Scout line Yes 

Mars Upper Atmosphere Orbiter May be fulfilled by MSO 

Astronomy and Astrophysics in the New Millennium 
(NRC, 2001) [Astrophysics] 

Status in Plan 

Major Initiatives (space-based) 

Next Generation Space Telescope  
(now James Webb Space Telescope ) 

In development 

Constellation-X Observatory Beyond Einstein candidate1 

Terrestrial Planet Finder (TPF) Future strategic mission 

Single Aperture Far Infrared (SAFIR) Observatory No 

Moderate Initiatives (space-based) 

Gamma-ray Large Area Space Telescope (GLAST) In development 

Laser Interferometer Space Antenna (LISA) Beyond Einstein candidate1 

Solar Dynamics Observatory (SDO) In development 

Energetic X-ray Imaging Survey Telescope (EXIST) Beyond Einstein candidate1 

Advanced Radio Interferometry between Space and Earth (ARISE) No 

Reaffirms Missions from Previous Decadal Survey: 

Stratospheric Observatory for Infrared Astronomy (SOFIA) In development 

Space Interferometry Mission (SIM) Future strategic mission 

Hubble Space Telescope 4th Servicing Mission In development 

Endorsed continuation of vigorous Discovery and Explorer programs Yes, at reduced rate 

From Quarks to the Cosmos (NRC, 2003) [Astrophysics – not a decadalsurvey, 
but the source of the Beyond Einstein program] 

“wide field telescope in space...to fully probe the nature of dark energy” 
–NASA/DOE implementation: Joint Dark Energy Mission (JDEM) 

Beyond Einstein candidate1 

“measure the polarization of the cosmic microwave background” – 
NASA implementation: Inflation Probe 

Beyond Einstein candidate1 
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2006 NASA Strategic Plan 
http://www.nasa.gov/about/budget/index.html 

Science Community Roadmaps 

• Science Program for NASA’s Astronomy and Physics Program, 2006 
• Heliophysics: The New Science of the Sun-Solar System Connection, 2006 
• Solar System Exploration, 2006 
• Mars Exploration Strategy for 2017-2016, 2006 

All posted at: http://science.hq.nasa.gov/strategy/comm.html 

National Research Council Decadal Surveys and Related Reports 

• Astronomy and Astrophysics in the New Millennium, NRC 2001 
• New Frontiers in the Solar System: An Integrated Exploration Strategy, NRC 2003 
• The Sun to the Earth-and Beyond: A Decadal Survey for Solar and Space Physics, NRC 2002 
• Earth Science and Applications from Space: Urgent Needs and Opportunities to Serve the Nation, NRC 2005 
• From Quarks to the Cosmos, NRC 2002 
• An Assessment of Balance in NASA’s Science Programs, NRC 2006 
• Assessment of NASA’s Mars Architecture 2007-2016, NRC 2006 
• Review of NASA’s Solid Earth Science Strategy, NRC 2004 
• Preventing the Forward Contamination of Mars, NRC 2005 

U.S. Government Plans 

A Renewed Spirit of Discovery, 2004 
http://www.whitehouse.gov/space/renewed_spirit.html 

A Journey to Inspire, Innovate, and Discover: Report of the President’s Commission on Implementation of United States Space 
Exploration Policy, June 2004 
http://govinfo.library.unt.edu/moontomars/docs/M2MReportScreenFinal.pdf 

The Physics of the Universe: A Strategic Plan for Federal Research at the Intersection of Physics and Astronomy, 2004 
http://www.ostp.gov/html/physicsoftheuniverse2.pdf 

Strategic Plan for the U.S. Climate Change Science Program, 2003 
http://www.ostp.gov/nstc/html/ccspstratplan2003-all.pdf 

Strategic Plan for the U.S. Integrated Earth Observation System, 2005 
http://usgeo.gov/docs/EOCStrategic_Plan.pdf#search=%22US%20IEOS%22 

U.S. Ocean Action Plan, 2004 
http://ocean.ceq.gov/actionplan.pdf#search=%22US%20Oceans%20Action%20Plan%22 

Other Reviews of the draft Science Plan 

Letters forwarding recommendations of the NASA Advisory Council Science Subcommittees; 
all available at: http://science.hq.nasa.gov/strategy/NAC_sci_subcom/index.html 

Letters forwarding recommendations of the NASA Advisory Council; all available at: 
http://www.hq.nasa.gov/office/oer/nac/minsmenu.html 

Industry Comments (available upon request) 
NASA Science Associates Group 
• Consensus Views 
• Consolidated Comments Submitted 

Appendix 3: References 

The following documents were used in development of this Science Plan: 
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Appendix 4: Abbreviations and Acronyms 

Abbreviations and Acronyms Definition 

AFL Astrobiology Field Laboratory 

AGN Active Galactic Nuclei 

AIRS Atmospheric InfraRed Sounder 

AIST Advanced Information System Technology 

ALP Alternate Launch Providers 

AMSR-E Advanced Microwave Scanning Radiometer for EOS 

AMSU Advanced Mircowave Sounding Unit 

AO Announcement of Opportunity 

ATI Advanced Technology Initiative 

AVGR Ames Vertical Gun Range 

BHFP Black Hole Finder Probe 

CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 

CCD Charge-coupled device 

CCSP Climate Change Science Program 

CDM Cold Dark Matter 

CENR Committee on Environment and Natural Resources 

CERES Cloud and the Earth’s Radiant Energy System 

CHIPS Cosmic Hot Interstellar Plasma Spectrometer 

CMB Cosmic Microwave Background 

CME Coronal Mass Ejection 

CNES French Space Agency (Centre National d’Etudes Spatiale) 

CO Carbon monoxide 

CO2 Carbon dioxide 

CONTOUR Comet Nucleus Tour 

Con-X Constellation-X 

COSPAR Committee on Space Research of the International Council of Scientific Unions 

DAAC Distributed Active Archive Center 

DLR German Aerospace Center (Deutsches Zentrum für Luft- und Rahmfahrt) 

DoD Department of Defense 

DOE Department of Energy 

DSN Deep Space Network 

EDL Entry, Descent and Landing 

EPA Environmental Protection Agency 

E/PO Education and Public Outreach 

EOS Earth Observing System 

EOSDIS EOS Data and Information System 

ESA European Space Agency 

ESMD Exploration Systems Mission Directorate (NASA) 

NASA Science Plan 166
 



Appendix 4: Abbreviations and Acronyms 

Abbreviations and Acronyms Definition 

ESSP Earth System Science Pathfinder 

EUMETSAT European Organization for the Exploitation of Meteorological Satellites 

FTS Fourier Transform Spectrometer 

FY Fiscal Year 

GALEX Galaxy Evolution Explorer 

GEC Geospace Electrodynamic Connections 

GEO Geostationary orbit 

GEOSS Global Earth Observation System of Systems 

GLAST Gamma-ray Large Area Space Telescope 

GN Ground Network 

GPM Global Precipitation Measurement 

GRACE Gravity Recovery and Climate Experiment 

GRAIL Gravity Recovery And Interior Laboratory 

HAWC High-resolution Airborne Wide-bandwith Camera 

HST Hubble Space Telescope 

IBEX Interstellar Boundary Explorer 

ICESat Ice, Clouds and land Elevation Satellite 

IDS Interdisciplinary Science 

IGM Intergalactic Medium 

IHS Inner Heliospheric Sentinels 

IIP Instrument Incubator Program 

IP Inflation Probe 

IPO Integrated Program Office 

IPCC Intergovernmental Panel for Climate Change 

ITSP Ionosphere/Thermosphere Storm Probes 

JAXA Japanese Space Agency (Japan Aerospace Exploration Agency) 

JDEM Joint Dark Energy Mission 

JIMO Jupiter Icy Moons Orbiter 

JWG Joint Working Group 

JWST James Webb Space Telescope 

L1 Lagrange point 1 

LAGEOS Laser Geodynamic Satellites 

LDCM Landsat Data Continuity Mission 

LEAG Lunar Exploration Analysis Group 

LEO Low Earth Orbit 

LASCO Large Angle and Spectrometric Coronagraph Experiment 
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Appendix 4: Abbreviations and Acronyms 

Abbreviations and Acronyms Definition 

LISA Laser Interferometer Space Antenna 

LPRP Lunar Precursor Robotic Program 

LWS  Living With a Star 

M3 Moon Mineralogy Mapper 

MEO Medium Earth Orbit 

MEPAG Mars Exploration Planning and Analysis Group 

MESSENGER Mercury Surface, Space Environment, Geochemistry and Ranging 

MIDEX Medium Explorer 

ML3N Mars Long-lived Lander Network 

MMS Magnetospheric Multiscale 

MODIS Moderate Resolution Imaging Spectrometer 

MSL Mars Science Laboratory 

NASA National Aeronautics and Space Administration 

NEAR Near-Earth Asteroid Rendezvous 

NEWS NASA Energy and Water cycle Study 

NOAA National Oceanic and Atmospheric Administration 

NPOESS National Polar-orbiting Operational Environmental Satellite System 

NIMA National Geospatial-Intelligence Agency 

NPP NPOESS Preparatory Project 

NRA NASA Research Announcement 

NRC National Research Council 

NSF National Science Foundation 

NWP Numerical Weather Prediction 

OCO Orbiting Carbon Observatory 

OPAG Outer Planets Analysis Group 

ORISIS Origins Spectral Interpretation, Resource Identification, and Security 

OSTM Ocean Surface Topography Mission 

NEAR Near Earth Asteroid Rendezvous 

PARASOL Polarization and Anisotropy of Reflectances for Atmospheric 
Sciences coupled with Observations from a Lidar 

PDS Planetary Data System 

PI Principal Investigator 

OSTP Office of Science and Technology Policy 

R&A Research and Analysis 

RBSP Radiation Belt Storm Probes 

RF Radio Frequency 
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Appendix 4: Abbreviations and Acronyms 

Abbreviations and Acronyms Definition 

ROSES Research Opportunities in the Space and Earth Sciences 

SAR Synthetic Aperture Radar 

SDO Solar Dynamics Observatory 

SESWG Solid Earth Sciences Working Group 

SFA Science Focus Area 

SHARC Submillimeter High Angular Resolution 

SIM Space Interferometry Mission 

SMBH Super Massive Black Holes 

SMD Science Mission Directorate (NASA) 

SMEX Small Explorer 

SOFIA Stratospheric Observatory for Infrared Astronomy 

SOHO Solar and Heliospheric Observatory 

SOMD Space Operations Mission Directorate (NASA) 

SORCE Solar Radiation and Climate Experiment 

SPIRE Spectral and Photometric Imaging Receiver 

STEM Science, Technology, Engineering and Mathematics 

STIS Space Telescope Imaging Spectrograph 

STP Solar Terrestrial Probes 

TIROS Television InfraRed Observation Satellite 

TPF Terrestrial Planet Finder 

TRACE Transition Region and Coronal Explorer 

TRMM Tropical Rainfall Measuring Mission 

TR&T Targeted Research and Technology 

USAF United States Air Force 

USGS United States Geological Survey 

VExAG Venus Exploration Analysis Group 

WISE Wide-field Infrared Survey Explorer 

WMAP Wilkinson Microwave Anisotropy Probe 

XMM X-ray Multi-Mirror 
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