GSMT AND JWST:

Looking Back to the Future of the Universe

istory will record that American scientists

launched one of humankind's greatest

intellectual adventures early in the 20"
century. Building giant telescopes that dwarfed their
predecessors, astronomers began to wrestle with our
ancient, most compelling mysteries: Where are we?
What are we? And where do we come from? These
giant machines of glass and steel, growing decade by
decade, revealed a Universe of intimidating size and
imponderable age, but more remarkably, one within
human understanding.

With an explosion of tools, observations, and ideas
building to a crescendo by century’s end, astronomers
succeeded beyond their expectations: today, we
routinely describe the size, age, and contents of a
Universe utterly beyond our physical reach. We are
mapping our home galaxy, the Milky Way, cataloging
and analyzing its stars and following their births and
deaths, and discovered a massive black hole at the
center of our galaxy, testing our very notions of physical
reality by its warping of time and space. We have
witnessed our Galaxy and its billion cousins speeding to
eventual oblivion in an expanding, accelerating Universe,
driven by newly discovered cosmic forces that promise to
revolutionize our understanding of fundamental physics.

Two new telescopes, the James Webb Space Telescope (JWST) in space,

and the Giant Segmented Mirror Telescope (GSMT) here on Earth, will carry

We see now that the history of the Universe is the
back story to our own existence. We have met all the
major characters in this story, from the trillions of
common stars to the exotic massive black holes in
galaxy cores that power the phenomenal blasts of
quasar light. Now, as the 21% century begins, astrono-
mers prepare to read the final chapter in this great
mystery story. They seek to use astronomy’s powerful
magic—Ilooking out into space to see back in time—to
see how our modern Universe came to be. Brought to
the threshold of this final step by amazing telescopes—
notably the Hubble Space Telescope (HST) and the
Keck ground-based telescopes—we examine the feeble
light that emerged long ago when the Universe was in
its youth. Yet we must go further out, further back.

Two new telescopes, NASA’s James Webb Space
Telescope (JWST) in space, and the Giant Segmented
Mirror Telescope (GSMT) here on Earth, will carry us all
the way back, some 13 billion years ago, to witness the
actual birth of the first stars, and the construction of the
first galaxies. We have reached an ultimate moment in
the quest of our origins, one that will never happen again.

Why two telescopes? The JWST will orbit far from
Earth, so dark and cold that its sensitivity to the infrared
light from the first generation of stars will far exceed what
can be done from Earth. The GSMT,
with its gigantic mirror and state-of-the-
art image-sharpening optics, will spread
the light for spectral analysis, revealing
the birth rate of the new stars and the
swirling of the gas cocoons from which
they are emerging. Each will do its
special job—just as the Hubble and the
Keck telescopes collaborated to lift the
veil on the “adolescent” Universe in the
1990s. The JWST will find the first
guasars, and the GSMT will use them as
beacons to illuminate the hidden gas that
feeds their ravenous black holes and
their explosive episodes of star birth.

us all the way back—some 13 billion years ago—to witness the actual birth of

the first stars and the construction of the first galaxies.



Already science programs have been constructed
for these two ambitious new facilities. The concordance
of the plans for each to explore the birth of the modern

Universe might seem a case of duplication or repetition.

Not at all. The detailed programs complement each
other; indeed, they require the capabilities of both the
JWST and the GSMT to reach a full understanding of
how the Universe of stars and galaxies into which
humankind was born came to be.

In the dense early Universe, galaxy mergers like the
one shown in this Hubble image (right) were frequent
and accompanied by violent star formation. JWST will
detect these distant galaxies and GSMT will reveal
their formation processes, as depicted in the
simulation on the left.

The pursuit of this grand goal began here in the
U.S.—our scientists must lead the final push. The JWST
is well underway at NASA, but the GSMT will require a
collaboration of private, state, and federal funding
unprecedented in scope and difficulty. Particularly
challenging will be the task of bringing the GSMT into
operation while the JWST is alive in space. Having the
two facilities available simultaneously will significantly
enhance what they can accomplish. The U.S. needs to
hold its traditional lead in this historic research and coor-
dinate the world-wide effort to finish this extraordinary
episode in our intellectual journey.

The GSMT will outlive the JWST, just as the Keck
telescopes will survive the Hubble. Fortunately for
astronomers, just as the book on the birth of the modern
Universe begins to close, the story of the birth of stars,

planets, and life beyond Earth is just beginning. Not only
will the GSMT solve the riddles of galaxy birth, the
extraordinary sharpness and depth of GSMT's images
will be revolutionary for studies of star birth and how it
leads to the formation of planets.

Not surprisingly, next on NASA's list of major
astronomical observatories is the Terrestrial Planet
Finder (TPF), a telescope specially constructed for the
extraordinarily difficult job of detecting planets as small
as Earth around the few hundred stars nearest our Sun.
The GSMT will have remarkable, unique capabilities to
study the formation of stars, observing how they
assemble and how their birth leaves behind a disk of
dust and ice that will build their families of planets. Its
breakthrough capabilities will provide us with the clear-
est pictures of stars as they are born. In addition, GSMT
will allow us to detect giant planets around nearby stars,
the perfect complement for the TPF’s search for Earth-
sized planets around the same stars. Both will be
needed to find true analogues to our own solar system—
giant planets on stable orbits guarding the existence of
vulnerable Earth-like worlds in the “habitable zone"—
where life can begin and flourish. The TPF will be the
GSMT'’s partner after JWST has retired.

Artist’'s conception of the planetary system orbiting the
nearby star 55 Cancri as seen from a Jupiter-like planet,
at a distance approximate to that of Jupiter from our own
Sun. GSMT will be able to analyze the light from this
planet, determine its chemical composition, and infer the
mechanism by which it formed. NASA'’s Terrestrial Planet
Finder will enlarge the sample for GSMT analysis.

» Aninvestment for the long-term, GSMT is essential to maintaining U.S. leadership

in science, engineering, and technology.
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Potential diagnostics for observations of the disks include the CO fundamental lines at
4.7 pm, mid-infrared rotational lines of water, and the pure rotational lines of molecular
hydrogen, the most important of which (as far as ground-based observations are concerned) is
located at 1.7 pm. In order to measure resolved line profiles for gas at distances ~5-10 AU
around solar mass stars, we require a velocity resolution of ~3 km/s or R=100,000 (see Figure

e v =5 F— & § F g
B T T 55 Cnec (GBV) B ]
E uluugl_lm‘.l 55 Cnec b i
=
% | ll ml,ﬂ .,I.f-gﬁ.-ﬂ,a. p_hr'-j,] fl]l ["F
o - _ “'*-’wr..-.- . i 56 Cne d Tﬁ,ll\d _
! [ W{\ g WHW uu“ 1 :
s 7
— I1 ' 2 =S
Wavelength [micrnns]
He ' Ho o ome' T T ]
R 1 B
g K Rl
ik
E ; NH, llﬂll 95 Cne d |
[Sal L) S (N ;"\{ | P |
E N Ho ]
e | PTW'P\"FH ¥ -
kL : ~ | ur h fllH 'vll.u u li'w‘ :
g 1 1 ] 1 1 1 1 II |IL~L*: I 1 1 1 | 1 1 1 1

| 2 3 4 5
FIGURE 10. The upper panel shows a plot of the predicted spectra from (a) the nearby solar-like star 55 Cnc; (b)
the warm, gas-giant planet (55Cnc b) located within 0.11 AU of its parent star, and (c) a Jupiter-like planet (55
Cnc d) located at nearly the same distance from 55 Cnc as Jupiter is from the Sun. (Courtesy: Sudarsky, Burrows,
and Lunine, private communication.) Spectral features arising from methane, ammonia, and water are indicated
in the upper and lower panels. Lower panel: The ratio of planetary flux to parent star flux for the two
companions to 55Cnc. The red line indicates the level to which the light of 55 Cnc could be suppressed by the
occulting disk of a well-designed coronagraph fed by an adaptively corrected GSMT image of the Cnc system.
GSMT will have the power to detect both 55 Cnc b and d, and to determine the chemical composition of the
atmosphere of 55 Cnc b from analysis of its spectrum.



SYNERGY BETWEEN THE KEY SCIENCE PROGRAMS OF GSMT AND JWST

9). With high contrast imaging and spectroscopy, it will be possible to directly image and
disperse the light from extra-solar giant planets. Figure 10 depicts theoretical spectra
computed for two giant planets located at distances of 0.5 and 5.5 astronomical units from
their parent star, 51 Pegasi. By measuring such spectra with GMST, it will be possible to
infer from strengths of selected molecular tracers the relative metallicity of the planet
compared to its parent star and to learn thereby the mechanism by which these extrasolar
giant plants likely formed. Further, by observing a statistically significant sample of planets,
we should be able to determine the dominant planet formation pathway, and address the
question of whether solar systems similar to our own are rare or commonplace.

Complementarity with JWST

Two of JWST’s four key science themes are the study of proto-planetary and planetary
systems and of their evolution, and the search for life. In the first area, the extremely high
sensitivity and good resolution of the telescope in the 3 to 28 um region will allow it to
penetrate dense cores of molecular clouds to study the gas and dust as they collapse into
newborn stars and protoplanetary disks. JWST uses imaging and spectroscopy across its
operating spectral range to track the evolution of the protoplanetary disks toward planetary
systems as these new stars emerge and age. In the second area, JWST will obtain detailed
spectra of organic materials and of water in the regions surrounding very young stars. Such
studies must be centered on the spectral regions where the interstellar gas and dust are
relatively transparent, regions that are largely blocked from the ground by terrestrial
atmospheric absorption.

GSMT’s scientific objectives in these areas are strongly complementary to these themes.
Its great sensitivity and small diffraction limit in the region shortward of 5 pm for high
resolution imaging and spectroscopy combined with the possibility of sophisticated
coronography and extreme adaptive optics will allow it to probe planets and study disk
structure in this spectral range with significantly finer angular resolution, to smaller angular
separations, and with higher spectral resolution than will be possible for JWST. For example,
an important first step in delineating the properties of circumstellar and protoplanetary disks
will be observations of the pure rotational lines of molecular hydrogen (in the 20 um region)
and other gas phase diagnostics at moderate spectral resolution with Spitzer and JWST. What
will remain unclear even after these measurements are made is where in the disk the gas
resides: is it in the region in which planets are believed to form ([5 AU) or at much larger
distances from the central star? GSMT will measure the orbital radii from which the emission
originates using high resolution spectra and enable analysis of how physical parameters such
as temperature, velocity, density, and chemical abundances vary with radius in the disk.
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CONCLUSION

The Hubble Space Telescope has been the flagship of NASA’s Great Observatories in
space. Its deployment coincided with the development of a new generation of large ground-
based telescopes, such as Keck, Gemini, and the Very Large Telescope(s). These two types of
observatory, with their unique and powerful capabilities, have made—and continues to
make—fundamental contributions to many areas of astronomy. Operating together, on the
same problems, the two made some truly astounding breakthroughs in our knowledge of the
Universe. Studies of distant galaxies in the Hubble Deep Field and of distant supernovae are
two examples. Obtaining the required observations for these two programs pushed both
telescopes to their limits and entailed considerable interplay between the two.

JWST will continue NASA’s Great Observatory tradition with breakthrough capabilities
that can only be provided from space. The GSMT will lead the next generation of extremely
large telescopes to revolutionize capabilities from the ground. As with the current large
ground-based telescope and HST, GSMT and JWST will each have its own unique strengths
in carrying out science programs with an order of magnitude or more sensitivity than existing
ground- and spaced-based facilities. JWST’s unique capabilities are based on very low
background in the near- and mid-IR limited only by the Zodiacal light at wavelengths less
than 10 pm, uninterrupted whole sky wavelength coverage from 0.6 to 28um, (it can observe
in regions of the spectrum that are completely blocked by the atmosphere for an Earth bound
telescope), and a wide field of view with diffraction-limited imaging for wavelengths longer
than 2um. GSMT’s unique capabilities are based on a collecting area 10 times greater than
that of Keck and 25 times greater than JWST, sensitivity throughout the optical part of the
spectrum, and diffraction-limited spatial resolution in the near- and mid-IR that will be up to
5 times greater than that of JWST. Because of the complete absence of background emission
from atmospheric OH lines in the near-IR and extremely low thermal background in the mid-
IR, JWST will be the instrument of choice for sensitive broadband imaging in the infrared.
For spectral resolutions greater than a few thousand in the non-thermal near-IR, though,
GSMT will be the instrument of choice for faint objects because of its enormous sensitivity
and potential for diffraction-limited image performance. GSMT’s high spectral resolution
capabilities in the mid-IR will also be extremely valuable for studying bright objects when
the thermal background is not an issue. These unique capabilities of the two telescopes are
highly complementary and together can open up a new and exciting epoch for cosmic
discovery. We conclude with a quote from the annual report of the Astronomy and
Astrophysics Advisory Committee for 2003:

“The ambitious science goals [of the JWST and a 30-meter class GSMT],
which include understanding the formation of galaxies and the chemical elements
within just the first one billion years of the Big Bang, and the formation of stars
and planets, will only be fully realized through operational overlap of the
facilities, as HST and large-ground-based telescopes have demonstrated over the
last decade. Progress on these scientific objectives is heavily dependent on GSMT
being developed on the same timescale as JWST.”
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APPENDIX A
Examples of Key Science Programs
With a Giant Segmented Mirror Telescope

GSMT’s unprecedented light gathering power and spatial resolution capabilities represent
significant performance gains over all existing ground-based optical and near- to mid-infrared
telescopes. Three fundamental problems that the telescope will be able to attack because of
these performance gains are to:

= Detect the emergence of large-scale structure in the Universe as mapped by galaxies and
intergalactic gas during the first billion years following the Big Bang

= Observe the building blocks of galaxies and the process of galaxy assembly coupled with
a determination of the early evolution of chemical elements heavier than helium

= Directly observe hundreds of extra-solar giant planets and the disks from which they
form, thus adding immeasurably to our understanding of solar system formation and the
emergence of life

While there are significant technical challenges to building a telescope of this size, the
considerable amount of work already done on different design concepts has not revealed any
insurmountable hurdles that would prevent the construction of a GSMT nor have they
indicated any reason to think that the cost of a GSMT would lie outside of the envelope
estimated by the most recent NAS/NRC decadal survey of approximately $700 million
dollars. What follows is based closely on the report prepared for the NSF Astronomy
Division by the GSMT Science Working Group.

The Emergence of Large-Scale Structure

More than 80% of the matter in the Universe is “dark”—it emits no radiation that we have
been able to detect nor does it appear to be made of the protons, neutrons, and electrons, the
building blocks of “ordinary” or visible matter. The existence of dark matter is known only by
its gravitational effect on ordinary matter. Ordinary matter in the very early Universe consisted
of a gas composed of hydrogen and helium. The gravitational attraction of dark matter
concentrated this gas into clumps and filaments. The first galaxies to form did so within the first
few hundred million to one billion years after the Big Bang in regions where the gas became
most densely clumped.

The unique capabilities of a GSMT will allow it to detect hundreds of thousands of these
very early galaxies and accurately locate them in 3-D space, i.e., direction and distance from us.
GSMT will also be able to map out the clumps and filaments of intergalactic gas that lie
between us and each galaxy. Astronomers refer to this process of mapping the 3-D distribution
of gas and galaxies in the first few hundred million years after the Big Bang as “determining the
Universe’s large scale structure.” (Figure 11) The unique power of the GSMT to attack the
fundamental problem of determining the Universe’s large-scale structure comes from its
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extremely large aperture, its ability to observe at optical as well as infrared wavelengths, and
its ability to obtain high resolution spectra of a thousand galaxies with one observation.

In order to usefully determine large scale structure, the 3-d distribution of galaxies and
gas must be determined over a large volume of space; e.g., a cube of a few 100 million light
years on a side located at a distance in space and time corresponding to the first 10% or one
billion years of the Universe’s lifetime. Several hundred thousand to one million galaxies
would need to be identified and observed within this volume. The resulting empirically
determined distribution of galaxies and gas will provide the basis for choosing between

FIGURE 11. Results of a numerical simulation starting
from a model Universe whose basic parameters derive
from analysis of COBE and WMAP data. This simulation
illustrates the web of intergalactic gas threading the
early Universe. The brightest areas indicate regions
where dark matter has concentrated gas into higher
density clumps. GSMT has enough light-gathering
power to use faint, distant galaxies as probes to detect
intervening intergalactic gas, and to develop a
tomographic map of the how it is distributed. The goal
is to understand the link between the 3-dimensional
distribution of this gas and the fluctuations observed in
the microwave background, and to discover the
interplay in dynamics and chemical composition
between this gas and the first generations of stars in
the nascent galaxies. (Courtesy L. Hernquist)

“model Universes” constructed by
theorists on their computers in order to
predict large-scale structure from the
fluctuations encoded in the cosmic
background radiation. A multi-object
spectrograph that can obtain spectra of
several thousand objects at once would
easily, at low spectral resolution at optical
wavelengths, determine the redshift
distances of the requisite number of
galaxies. Then observations at high resolu-
tion would study—via their sharp
“shadows” against the light of the
galaxies—the forest of absorption lines
arising in intergalactic gas between us and
the galaxy. These lines are diagnostic both
of the gas’s distribution (via its Doppler-
shifted velocity) and chemical
composition (via the strength of each
element’s absorption lines). The crucial
need for faint galaxies as probes is to
achieve a density of background sources
high enough to map the clustering
structure on a scale of tens of millions of
light years. Only GSMT will have the
sensitivity needed to carry out these high
spectral resolution observations.

These same observations of ordinary
matter will also be able to trace the
distribution of dark matter via its
gravitational effect on the motions of gas
and galaxies. Hence we can learn how both
types of matter were distributed during the
earliest evolutionary phases of the Universe
and how dark matter influences the
formation and evolution of galaxies.
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How Galaxies are Built

Observations with HST and the largest ground-based telescopes have shown that giant
galaxies like the Milky Way are built up via multiple mergers and accretions of smaller
systems. A successful theory of the growth of structure in the Universe, based on numerical
modeling with powerful computers,
paints much the same picture:
Concentrations of stars and gas into
aggregates about one-tenth the mass
of the Milky Way emerged less than
a billion years after the Big Bang.
Pulled together by the gravitational
attraction of dark matter, these first
galactic nurseries were soon ablaze
with the intense energy of newborn
stars. Galaxies as majestic as our
Milky Way came later, assembled
from tens of these embryonic
galaxies that were initially spread out

over a volume 1000 times larger than FIGURE 12. Simulation (left) depicting a time sequence
the Milky Way is today. Over the of a merger of two galaxies, drawn together by their
next several billion years these mutual gravitational attraction to form a single system.
growing infant galaxies were On the right is a nearby pair of merging galaxies, the

“Antennae.” In the color composite HST image of the
central part of the Antennae are spectacular blue
clusters of new stars induced to form in the violent
collision that will eventually produce a single, merged
galaxy. Courtesy C. Mihos and L. Hernquist

themselves united by mutual
gravitation and reshaped, often by
violent dynamical interactions, into
today’s familiar galactic forms. Each
major merger was accompanied by
spectacular bursts of newly-formed
stars and star clusters. Figure 12 is an illustrative example of the process. These fireworks not
only celebrated the galactic birth process but were also the source of almost all chemical
elements (i.e., Big Bang Nucleosynthesis produces some Li, Be, and B, although not much)
heavier than hydrogen and helium, the first step in the long chain of atomic and molecular
processes that would lead to Earth-like planets and life itself. These first “heavy” elements
were violently expelled from their parent stars into the surrounding galactic and intergalactic
gas via enormous stellar explosions—supernovae. Left behind, though, was a complex, but
eminently decipherable record of these events. With the next generation of telescopes on the
ground and in space we can proceed with the decipherment.

Some of the fundamental questions that need answering are: What are the masses,
structures, and dynamics of pre-galactic systems? What varieties of stars were first formed
and what mix of the elements heavier than helium did they produce? How did these proto-
galaxies grow and what was the detailed history of their chemical enrichment? How did they
come together to form the Milky Way and the other galaxies we see today? Only by linking
our observations back into deep time with studies of the resulting galaxies in the modern
Universe can we endeavor to answer these fundamental questions.
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An understanding of the galaxy building process will require GSMT’s unique diffraction-
limited imaging capability in the near IR, in addition to its other unique attributes mentioned
earlier. While GSMT will not have the extremely low background and uninterrupted infrared
wavelength coverage that JWST will possess, a 30-meter GSMT with adaptive optics will be
able to obtain images in the near-IR with a spatial resolution that will be up to five times
finer, although with lower sensitivity, than those obtainable with JWST. Also, GSMT will be
equipped with near-IR spectrographs with spectral resolutions up to several tens of thousands
or about 10 times greater than the near-IR spectrograph on JWST. This order of magnitude
greater spectral resolution combined with a factor of 5 greater spatial resolution in the
infrared will permit highly detailed dynamical studies of even very dusty regions in galaxies.

Observing the light of the first stars in the Universe and imaging the earliest phases of the
galaxy building process will require the extraordinary sensitivity in the near- and mid-
infrared of JWST. Although GSMT will be unable to observe these stars individually, its
enormous light gathering power combined with its superb angular resolution in the near-IR
will permit GSMT’s spectrographs to resolve light emitted by compact and very populous
clusters of these stars (see Figure 12), yielding a thorough analysis of their physical and
chemical properties. For example, we will be able to determine the evolving chemical mix in
the early Universe, measure the dynamical motions of individual clumps in the galaxies to
determine the all-important total mass of the each system, and, from the spectral energy
distribution of the individual clusters, infer the distribution in mass of the individual stars.

To get a complete picture of how galaxies in the nearby Universe got to be the way they are
we need to observe the earliest stages of galaxy formation and also to conduct a thorough and
extensive survey of all types of galaxies at all epochs. GSMT will have the power and the
instrumentation to carry this out—from the earliest pre-galactic condensations to fully mature
galaxies. From the rich information encoded in their spectra from the optical through the IR,
astronomers will be able to chart the paths that different galaxies followed as their total masses
grew through accretion and as their abundances of heavy elements increased through the
actions of stellar evolution and supernovae. GSMT will be a critical tool for furthering our
understanding of the detailed physical processes involved in galaxy formation and evolution.

Formation and Evolution of Planetary Systems

Only in the past decade has direct evidence for the existence of other planetary systems
begun to accumulate and to reveal that they are quite common. Over 100 planetary mass
bodies have now been discovered around stars near the Sun, indicating that at least 5% of
solar-like stars possess at least one giant planet. In addition, space and ground-based
observations have been able to directly image disks of orbiting gas and dust around stars.
These disks have sizes similar to the solar system and mass comparable with that of the
planets, asteroids, and comets now orbiting the sun. It is generally thought that planetary
systems including our own form out of such circumstellar disks.

The unique power of the GSMT to attack the fundamental problem of determining the
Universe’s large-scale structure comes from its extremely large aperture, its ability to observe
astronomers aware of the gaps in their knowledge about the process of planetary system
formation and evolution. At the same time, though, these new discoveries have allowed us to
formulate key questions that need to be addressed such as: What accounts for the diversity of
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planetary architectures that we observe? How and when do gas giant planets like Jupiter
form? Did such gas giants form in a multi-step process of solids sticking together followed by
accretion of gas—a process likely to lead as well to rocky planets like the Earth — or did
they form like tiny stars, disrupting their nascent disks and hence mitigating against the
existence around them of habitable worlds? How frequently can terrestrial planets similar to
our own Earth and its neighbors Venus and Mars form? How many of these are located in
favorable locations for life?

Over the next decade, continued ground-based observations will greatly increase our
knowledge of other planetary systems, both by significantly enlarging the total sample of
extra-solar systems and by exploring domains of planetary separations heretofore beyond the
reach of the past decade’s studies. Of particular importance will be GSMT’s great collecting
area — 25 % that of JWST for a 30-meter telescope—and a diffraction limit in the near- and
mid-IR wavelengths accessible from the ground of up to 5 X greater than that of JWST. These
properties will enable it to make fundamental contributions to answering questions about the
formation and evolution of planetary systems. The unique capabilities of GSMT in the near-
and mid-IR will be pushed to their limits in this effort. There are also a number of space-
based missions in various stages of planning and development that hold out great promise for
enhancing our knowledge and understanding of the formation and evolution of planetary
systems. These include Kepler, the Space Interferometry Mission and the Terrestrial Planet

FIGURE 13. A numerical simulation of a planet-forming disk. Note the “gaps” produced by the

gravitational effects of forming planets on the distribution of orbiting disk gas The location of
these gaps can be inferred by exploiting the light gathering power of GSMT to feed a sensitive
infrared spectrograph capable of “deconstructing” the structure of the disk from high resolution
observations of emission arising from disk gas. Courtesy: University of Washington High
Performance Computing Center.
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Finder (TPF). TPF, though, will observe only in the optical and thus not be able to detect self-
luminous planets unless they are close enough to their parent stars to be detectable via
reflected light.

GSMT is uniquely poised with its huge aperture, advanced adaptive optics systems, and
coronography to pluck the faint light of large numbers of Jupiters out from under the glare of
their parent stars. Young Jupiter-like planets that are self-emitting can be imaged around stars
out to the nearest star-forming regions, more than 200 light years away. More mature planets,
hence cooler and intrinsically less luminous, can be imaged around closer neighbors of the
sun, out to distances of 30-60 light years. If there are planets similar to Venus or Earth
orbiting stars located nearer than 20 light years from Earth, GSMT, with ultra-high
performance adaptive optics systems, may eventually be able to image them as well. GSMT’s
light-gathering power will enable spectroscopic analysis of the constituents of giant planet
atmospheres. The relative abundances of different gases (e.g., methane and ammonia) will
provide direct insight into how gas giants typically form and implications for the formation of
terrestrial planets.

GSMT will also have the light-gathering power and spatial resolution to peer into the
disks surrounding just-born stars (see Figure 13) to learn whether planetary systems begin to
take shape within the first few million years of a sun’s life. While light from the planets
themselves will be too weak to see against the bright emission arising from the disk, their
presence can be revealed through observations “gaps” created by the effects of a forming
planet’s gravity on orbiting gas and dust (see Figure 9). From these observations, we can
determine when and where giant planets form, and whether their location is benign or hostile
to the development of life-bearing terrestrial planets.



APPENDIX B
Key Science Objectives
of the James Webb Space Telescope

The scientific objectives of JWST are fully described in the Science Requirement
Document assembled by the JWST Science Working Group. These science objectives take
maximum advantage of the unique capabilities of the JWST as a cold, infrared-optimized
telescope operating in the very low background environment to be found at the Lagrangian
point L.2 located about 1.5 million miles from the Earth on the side opposite that of the Sun.
The most important of these unique capabilities are enumerated in the Introduction to this
report. The science objectives of JWST fall into four broad themes which are summarized in
M. Stiavelli, et al. 2004 “JWST Primer”, Version 1.0 (Baltimore: STScI). Stiavelli et al.’s
summary of these four themes is given below.

First Light

Theory and observation have given us a simple picture of the early Universe. The Big
Bang produced (in decreasing order of present mass-energy density): dark energy (the cosmic
acceleration force), dark matter, hydrogen, helium, cosmic microwave and neutrino
background radiation, and trace quantities of lithium, beryllium, and boron. As the Universe
expanded and cooled, some hydrogen molecules were formed, and these in turn enabled the
formation of the first individual stars. The first stars formed in those regions that were
densest. According to theory and the Wilkinson Microwave Anisotropy Probe (WMAP), the
Universe has expanded by a factor of 20 since that time, the mean density was 8000 times
greater than it is now, and the age was about 180 million years. Also according to theory,
these first stars were 30 to 1000 times as massive as the Sun and millions of times as bright
and burned for only a few million years before meeting a violent end. Each one would
produce either a core collapse supernova (type Il) or a black hole. The supernovae would
enrich the surrounding gas with the chemical elements produced in their interiors, and future
generations of stars would all contain these heavier elements (“metals”). The black holes
would start to swallow gas and other stars to become mini-quasars, growing and merging to
become the huge black holes now found at the centers of nearly all galaxies. The distinction
is important because only the supernovae return heavy elements to the gas. The supernovae
and the mini-quasars should be observable by the JWST. Both might also be sources of
gamma ray bursts and gravity wave bursts that could be discovered by other observatories
and then observed by JWST.

The JWST First Light key objective is to find and understand these predicted first light
objects. To find them, the JWST must provide exceptional imaging capabilities in the near IR
band. To verify that they are indeed first light objects, mid-infrared observations are required.

Assembly of Galaxies

Galaxies are the visible building blocks of the Universe. Theory and observation also
give us a preferred picture of the assembly of galaxies. It seems that small objects formed
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first, and then were drawn together to form larger ones. This process is still occurring today,
as the Milky Way merges with some of its dwarf companions, and as the Andromeda Nebula
heads toward the Milky Way for a future collision. Galaxies have been observed back to times
about one billion years after the Big Bang. While most of these early galaxies are smaller and
more irregular than present-day galaxies, some early galaxies are very similar to those seen
nearby today. This is a surprise.

Despite all the work done to date, many questions are still open. We do not really know
how galaxies are formed, what controls their shapes, what makes them form stars, how the
chemical elements are generated and redistributed through the galaxies, whether the central
black holes exert great influence over the galaxies, or what are the global effects of violent
events as small and large parts join together in collisions. The JWST Assembly of Galaxies
key objective is to observe galaxies back to their earliest precursors (z ~ 7) so that we can
understand their growth and their morphological and metallicity evolution. The JWST must
provide imaging and spectroscopy over the 0.6 to 27 pim band to meet this objective.

Birth of Stars and Proto-planetary Systems

While stars are a classic topic of astronomy, only in recent times have we begun to
understand them with detailed observations and computer simulations. A hundred years ago,
we did not know that they are powered by nuclear fusion, and 50 years ago we did not know
that stars are continually being formed. We still do not know the details of how they are
formed from clouds of gas and dust, or why most stars form in groups, or how planets form
with them. We also do not know the details of how they evolve and liberate the “metals” back
into space for recycling into new generations of stars and planets. In many cases, these old
stars have major effects on the formation of new ones.

Observations show that most stars are formed in multiple star systems and that many
have planets. However, there is little agreement about how this occurs, and the discovery of
large numbers of massive planets in very close orbits around their stars was very surprising.
We also know that planets are common around late-type (cooler and less massive than the
Sun) stars, and that debris disks might reveal their presence.

The JWST Birth of Stars and Protoplanetary Systems key objective is to unravel the birth
and early evolution of stars, from infall on to dust-enshrouded proto-stars, to the genesis of
planetary systems. The JWST must provide near- and mid-IR imaging and spectroscopy to
observe these objects.

Planetary Systems and the Origins of Life

Understanding the origin of the Earth and its ability to support life is a key objective for
all of astronomy and is central to the JWST science program. Key parts of the story include
understanding the formation of small objects and how they combine to form large ones,
learning how they reach their present orbits, learning how the large planets affect the others
in systems like ours, and learning about the chemical and physical history of the small and
large objects that formed the Earth and delivered the necessary chemical precursors for life.
The cool objects and dust in the outer Solar System are evidence of conditions in the early
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Solar System, and are directly comparable to cool objects and dust observed around other
stars.

The JWST Planetary Systems and Origins of Life key objective is to determine the
physical and chemical properties of planetary systems including our own, and investigate the
potential for the origins of life in those systems. JWST must provide near- and mid-IR
imaging and spectroscopy to observe these objects.
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APPENDIX C

This document was prepared by the GSMT SWG in close consultation with the IWST SWG,
whose feedback was essentia to clearly defining the unique roles of GSMT and JWST aswell as
the potential synergies between them. Alan Dressler (OCIW) and Jay Frogel (AURA) merit
special thanks for their effortsin preparing initial drafts of key portions of this report. George
Rieke of the WWST SWG deserves special recognition as well for his efforts to ensure that the
report accurately reflects the views of the WWST SWG community it serves.
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