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The Legacy of Large Astronomical Telescopes
The ground-based optical telescope is arguably one of the most important scientific inventions as it was the first to extend the range of our natural senses in exploring our Universe thereby heralding a new era in scientific method aided by technological advances. A modern day large telescope is also an excellent example of what our civilization does well. In the 400 years since its invention, the collecting area of the optical telescope has increased 100,000 times and we are now poised to witness a further increase of a factor 10 (Figure 1). Progressively larger and more powerful telescopes have led to numerous discoveries that have shaped our view of the Universe.

Although much of the early progress was driven by the natural curiosity and technical ingenuity of insightful and wealthy individuals who served also as the principal observers (e.g. William Herschel, 1738-1822), by the dawn of the twentieth century, the concept of a large telescope servicing a community of astronomers had been established. Through national and international partnerships, the telescope has since played a vital role in the development and productivity of our astronomical communities. 

The Quest for Larger Aperture
The diameter D of a telescope’s primary mirror (or lens) clearly governs its light gathering power (which is ( D2) and thus has been key to progress in studying faint celestial sources. The drive to larger aperture telescopes began within only 20 years of the instrument’s invention, with Johannes Hevelius (1611-1687) and Christiaan Huyghens (1629-1695) grappling with unwieldy refractors with focal lengths up to 150 feet in order to combat unwanted optical aberrations. William Herschel and William Parsons (the 3rd Earl of Rosse, 1800-1867) later championed ever larger reflectors, both pushing the fabrication technology to achieve a deeper glimpse of space (King, 1955).  It is hard to pinpoint when the drive towards ever larger telescope apertures became a community issue, but the most well-documented advocate serving a community must surely be George Ellery Hale (1868-1938), the American solar astronomer who provided the leadership for realizing four successive generations of large optical telescope (the Yerkes 40-inch refractor, the Mt Wilson 60-inch reflector, the 100-inch Hooker telescope on Mt Wilson, and the Palomar 200-inch, now named the Hale telescope). A good summary of this remarkable legacy of large telescopes is the famous quote made in justification for construction of the 200-inch reflector.

“Starlight is falling on every square mile of the Earth’s surface and the best we can do is to gather up and concentrate the rays that strike an area 100 inches in diameters” (Hale, 1928)

The Importance of Angular Resolution
Although this article will concentrate on ground-based telescopes, the 2.4 meter diameter Hubble Space Telescope (HST) has shown the increasing importance of a second criterion essential for the detailed study of celestial objects - angular resolution. Planned in the 1960’s and 1970’s and modest in aperture by current ground-based standards, HST was launched in 1990 and has, until recently, demonstrated improved angular resolution over ground-based facilities by avoiding the blurring induced by turbulent layers in the atmosphere. On even the best ground-based sites, the native image quality (or  `seeing’) at optical wavelengths is typically 0.5 arcsec, corresponding to the diffraction-limited performance of a telescope only 0.25 meters in diameter.

HST has revealed the importance of angular resolution in many areas of astronomy: in locating faint compact sources such as distant supernovae against the background light of their host galaxies, in resolving remote galaxies so their morphologies become apparent, and in resolving individual stars of various kinds in nearby bright galaxies. 

The limited angular resolution of ground-based telescopes was recognized as a fundamental problem decades before HST was launched and this led to the proposal that adaptive optic schemes be used to correct for atmospheric blurring (Babcock 1953). Nearly a century ago, Hale (1908) pondering how large, ultimately, a telescope might some day be constructed wrote:

“It is impossible to predict the dimensions that reflectors will ultimately attain. Atmospheric  

 disturbances, rather than mechanical/optical difficulties, most likely stand in the way. But perhaps even these, by some process now unknown, may at last be swept aside. If so, the astronomer will secure results far surpassing his present expectations.”

Two Revolutions in Realizing Large Telescopes
The main conclusion I wish to draw from the above introduction is that it is the combination of both aperture and resolution that is key to progress in astronomy. Fortunately, we finally stand on the threshold of realizing a new generation of large telescopes capable of delivering unprecedented photon-gathering power while delivering adaptive optics corrected images close to the diffraction limit.  Only in the last 10 years have two necessary technical components become available.

Segmented Mirror Telescopes
The history of large reflecting telescopes (Figure 1) has often been the struggle to manufacture primary mirrors. Hale and his colleagues suffered a number of failures in casting the famous Hooker 100-inch and Palomar 200-inch primaries. Supporting the increased mass of large primaries has led to both stiff honeycombed structures and thin `meniscus’ designs supported with active control mechanisms. Materials with low thermal expansion coefficients were also developed. 

A radical departure from the historic `monolithic’ primaries was the segmented mirror concept pioneered by the Keck 10 meter telescopes. Via the demonstration of good image quality using 36 actively-controlled 1.8 meter segments, this has opened the way for a new generation of extremely large telescopes (ELTs) whose primaries are heavily-segmented, including the Thirty Meter Telescope project (TMT, http://www.tmt.org) and the 42 meter European Extremely Large Telescope (E-ELT, http://www.eso.org/public/astronomy/projects/e-elt.html).

All-Sky Adaptive Optics

The second component that enables the combined advance of larger apertures and improved angular resolution is laser-assisted guide star adaptive optics (LGSAO, see Chapter by M. Shao in this volume). Adaptive optics is the technology used to improve the performance of a ground-based telescope by reducing the effects of rapidly changing atmospheric image degradation. Conventionally this is done with a deformable mirror placed in the science light path (Figure 2). The surface of this mirror is adjusted in order to correct a distorted incoming wavefront. The signals that guide this real-time correction are deduced by analyzing, with a wavefront sensor, an incoming wavefront from a bright reference source (or guide star) within the science field. If a sufficiently bright star is available, it can be used as a reference (natural guide star adaptive optics, NGSAO), otherwise the signal reflected from atomic particles in the upper atmosphere induced by a laser beam launched from the telescope must be used. 
Progress in making adaptive optics a routine tool for astronomers has been rapid over the last 10 years. Initial advances were impressive for solar system and galactic targets sufficiently bright to serve as their own reference sources. However, even with the most advanced AO systems, the sky coverage enabled by natural guide stars of adequate brightness (V~12-15) became a limiting factor, especially for extragalactic targets that lie away from the Galactic plane. Only through the availability of laser guide stars has the technique become a general purpose one, available to astronomers who are not specialists in the technique. A LGSAO facility is, or will soon be, available on about a dozen 8-10 meter aperture telescopes worldwide, including the Keck, Subaru, ESO VLT and Gemini telescopes.

A standard measure of the performance of an AO system is the Strehl factor, which represents the ratio of the maximum intensity recovered by the system for a point source to that for a perfect system operating at the diffraction limit.  As an example of recent progress, Wizinowich et al (2006) has examined the performance of the Keck LGSAO system following a period of 2 years of community operations. Figure 3 shows that the Strehl factor achieved in the 2 micron K band is typically 20-40% depending on the atmospheric `seeing’ and the brightness of a tip-tilt reference star used to correct for low order terms. Although the LGSAO system does not achieve the Strehl for an NGS observation with a bright reference source, the sky coverage is vastly improved. The typical image quality within the K-band is 0.06 arcsec FWHM, close to the diffraction limit. As a consequence of these developments, the publication output of the Keck AO facility has risen ten-fold in the past 6-7 years. Highlights range from monitoring methane clouds on Neptune (NGS) to testing General Relativity via the accelerated motions of star in the vicinity of the black hole at the center of the Galaxy (LGS).

Combining Aperture and Resolution
We finally examine the remarkable advances that are possible when we realize a 30 meter aperture telescope that has a state-of-the-art AO facility.  We will do this in terms of the sensitivity of a similarly-equipped 8 meter aperture telescope, defining sensitivity as the inverse of the time required to reach a given signal/noise ratio. If ( is the system throughput and S is the recovered Strehl factor, then for a telescope of aperture D, we can define two broad observing regimes:

1. Seeing-limited observations and observations of bright, resolved sources:

Here there is no gain due to adaptive optics and sensitivity gain arises solely from the larger light gathering power which scales as ( D2. In this limiting and traditional case, a 30 meter telescope achieves only a 14-fold gain in performance over an 8-meter class telescope.

2. Background-limited AO observations of unresolved sources: 

Here we achieve an additional gain of S2D2 since AO permits us to reduce the size of the aperture within which the unwanted background signal is present. Together with the light-gathering factor, the resulting sensitivity is thus (S2D4. Assuming similar Strehl factors, the gain over an AO-equipped 8 meter is a factor of ~200. In the case of a high contrast AO observation of an unresolved source, the sensitivity becomes ([S2/(1-S)] D4.

The message from these simple examples is clear. The traditional `aperture-only’ gain of a large telescope (example 1 above) is modest in comparison to dramatic advances that will come in exploiting AO in conjunction with a larger aperture facility. 

The Development and Readiness of Adaptive Optics 
Given the pivotal role of adaptive optics in realizing the gains of future ELTs, it is natural to ask whether all of the key AO technologies are in place? The first generation of natural guide star (NGS) systems were seriously restricted in their applicability due to limitations of sky coverage; for example, only a small fraction of interesting extragalactic targets have a sufficient bright star (V<15) close by. Laser guide star AO has overcome this restriction but at the expense of a reduced Strehl (Figure 3). This reduction in performance arises because of the `cone effect’ – a single laser guide star illuminates the primary via a cone of radiation whose apex is not at infinity but rather at a point ~90 km in the upper atmosphere. A consequence is that a column of residual turbulence over the primary is uncorrected in comparison to a natural guide star placed effectively at infinity. A second restriction is the limited field of view amenable to AO correction with a single deformable mirror. Conventionally a simple AO system can be considered as one that is `conjugate’ to a single turbulent layer in the atmosphere and thus the AO-corrected field of view will represent the isoplanatic angle relevant for that height. These restrictions have led to the conceptual development of several enhanced AO modes whose goal is to remove or minimize their effect:

· laser tomography AO (LTAO) – multiple lasers are used to defeat the `cone effect’ and thereby recover the higher Strehl currently possible only with a natural guide star system;

· multi-conjugate AO (MCAO) – multiple deformable mirrors, optimized to correct for turbulence at various levels, are used to widen the corrected field beyond that appropriate for a single conjugate layer;

· ground-layer AO (GLAO) – provides improved seeing over a very wide field of view via a low order correction for turbulence close to the telescope itself.

Two further modes are particularly important in considering instrumentation for ELTs

· extreme-AO (ExAO) – maximizes the contrast over a very narrow field of view for detecting exoplanets. As the sensitivity gain for such a mode approaches D6, this is clearly a highly advantageous application for a ELT;

· multi-object AO (MOAO) – provides an independent AO correction for each of many spectroscopic units capable of roving within a large patrol field. MOAO differs from MCAO in that astronomical targets of interest are normally distributed sparsely over a given field, so providing an in situ AO correction is more practical for multi-object spectroscopic AO applications than attempting to correct the full field in a uniform manner.

We have seen evidence of great progress in LGSAO applications, but given the promise of  MCAO, MOAO and ExAO on ELTs, how close are we to realizing these more advanced modes? The necessary deformable mirrors to realize much of the hoped-for progress are now being prototyped and tested (e.g. by TMT). Likewise the field coverage improvements made possible by MCAO have been recently demonstrated by ESO (Marchetti et al 2007).

The Era of Extremely Large Telescopes
It is over 15 years since the revolutionary Keck I 10 meter telescope was commissioned on the summit of Mauna Kea, Hawaii. The success of both Keck telescopes, based on computer-controlled segmented primaries, paves the way for considering larger aperture telescopes based on segmented primaries. And the Keck revolution came about 20 years after the commissioning of a previous generation of computer-controlled 4 meter telescopes, including the Anglo-Australian Telescope.  Noting the development time for a new extremely large telescope (ELT) is likely to be 15-20 years from the first concept study, three groups are embarked on detailed design studies for a next generation facility.

In chronological order of appearance these include:

· The Thirty Meter Telescope (http://www.tmt.org) has a 30 meter f/1 primary composed of 492 segments each 1.44 meters across. The collaboration involves Caltech, the University of California and Canada as its founding members and Japan and China as  intending partners. The project has its history in 3 earlier concept studies beginning in 2000 (the California Extremely Large Telescope (CELT), the Canadian Very Large Optical Telescope (VLOT), and a study for a Giant Segmented Mirror Telescope (GSMT) undertaken by the US National Optical Astronomical Observatory). The TMT project was formed in 2003 via the coalescence of these programs and $80M in partner funds has enabled a detailed design study which began in 2004 and which is now complete. $300M in construction funds have so far been pledged to the collaboration. As its name implies, TMT has a 30 meter f/1 primary composed of 492 1.44 meter segments.

· The Giant Magellan Telescope (GMT, http://www.gmto.org) has, as its founding partners, the Carnegie Observatories, the Harvard-Smithsonian Center for Astrophysics, the University of Texas and Texas A&M University. Recent additional partners include Australia and South Korea. The GMT primary mirror comprises seven 8.2 meter f/0.7 borosilicate mirrors providing a light gathering power equivalent to a 21 meter filled aperture telescope. Although only part way through a $50M detailed design study, one of the 8.2m `segments’ has already been cast at the University of Arizona Mirror Laboratory and is now being polished as a demonstration piece.

· The European Extremely Large Telescope (E-ELT, http://www.eso.org/projects/e-elt ) is the largest currently planned telescope consisting of a 42 meter f/1 primary comprised of around 984 segments each 1.45 meters in size. Although the primary mirror design is similar in many ways to that of the TMT, the E-ELT has a novel 5 mirror optical design including a 6 meter secondary and two flat mirrors equipped to make AO correction. A 57M Euros design study is currently underway (2007-2010).

A montage of the 3 telescope designs is shown in Figure 4. One is struck by the very different approaches. TMT is a logical extension of the twin Keck telescopes. The basic optical design is a Ritchey-Chretien hyperbolic f/1 primary with a convex hyperbolic 3.5 meter secondary delivering a f/15 beam and a 20 arcmin field to instruments mounted on two Nasmyth platforms. The primary mirror segment size (1.4 meter) is somewhat smaller than was adopted for Keck; this follows, in part, progress in improving the computational capability necessary for active segment control since the 1980s. Novel TMT features include a `calotte’ dome, ensuring wind protection while maintaining adequate ventilation with an economic amount of steel, and an articulated tertiary mirror which can deflect the light with minimum overhead to a number of large instruments, ensuring maximum flexibility in science operations.

The GMT design follows from the successful fast f/1.25 parabolic primaries used in the twin 6.5m Magellan telescopes and shares some of the features of the Large Binocular Telescope. These mirrors are lightweight borosilicate honeycombs manufactured in the Steward Observatory Mirror Laboratory that now has the capability of casting and polishing equivalent mirrors up to a diameter of 8.4 meters. The GMT design requires the production of six off-axis circular mirrors of this size and a seventh in the center to form a segmented aperture equivalent to a 21.9 meter monolith. Light passes through a hole in the center segment to an array of tertiary mirrors that can feed a number of compact instruments.

The GMT project has adopted a f/8 aplanatic Gregorian design which has a longer focal length than a conventional Cassegrain by virtue of a concave 3.2 meter adaptive secondary mirror. The associated increase in the size of the telescope is mitigated by adopting a very fast primary focal ratio, f/0.7. This design has a number of practical advantages, for example, in the design of wide field instruments. The main challenge will be to manufacture and figure the highly aspheric off-axis segments. It is for this reason the consortium has already embarked on producing one.

The E-ELT is the most radical departure from its predecessors, the four 8 meter telescopes comprising the ESO Very Large Telescope. Although based upon instruments placed on Nasmyth platforms as for TMT, the design incorporates adaptive optics into the main optical train rather than within the science instruments (as for TMT) or via the secondary mirror (as for GMT). The optics involves a 3 mirror anastigmat with a further two plane mirrors relaying the beam to a variety of focal stations while also serving to provide adaptive optics correction. The main focusing system involves a challenging 6 meter diameter convex secondary and a concave 4.2 meter tertiary. The overall focal ratio at the Nasmyth focus is f/17.7.

Fundamental Science Questions for the Next Decade and Beyond

What science questions motivate the designs and fund-raising essential for realizing the above telescopes? And how practical is it to predict now what questions will be important ten years later? In the latter respect, it is interesting to learn from history. We can go back to the mid 1980’s when the science case for the Keck telescopes was planned and directly compare that vision with the first ten years of the observatory’s operation. 

What we find is many surprises! The horizon for studying faint galaxies in 1985 was redshifts z~1, whereas in fact, Keck has pushed the frontiers to z~7 and beyond. Synergy with Hubble Space Telescope was anticipated but high resolution imaging and spectroscopy were considered to be the sole province of HST; the gains now being achieved through adaptive optics were not in sight. Most of all, key discoveries such as the use of distant supernovae to determine the cosmic acceleration, locating and understanding gamma ray bursts and detecting large numbers of extrasolar planets, were not foreseen. Similar exercises can be done for earlier generation telescopes and the same conclusion always emerges: astronomers achieve more with new telescopes than their planners imagined! The key to success, therefore, is not so much to design rigidly around specific science projects which may no longer be relevant when the telescope is constructed, but to provide an appropriate balance of technical and science instrument capability, for example in terms of field of view, resolution, wavelength coverage etc.

A future large telescope must also take account of powerful facilities at other wavelengths. These increasingly govern the way we do science on the ground, re-shaping the traditional view that unusual sources are mostly found with non-optical facilities and then `followed up’ with optical/infrared large telescopes. Adaptive optics on the new generation of ELTs will, for example, completely transform the synergy we can expect with space facilities such as the James Webb Space Telescope (JWST). TMT and E-ELT will outperform JWST in both angular resolution and light gathering power for sources studied at near-infrared wavelengths. Resolution is increasingly important in multi-wavelength synergy and well catered for via future ground-based facilities such as the Atacama Millimeter Array (ALMA) and the Square Kilometer Array (SKA).

Science Directions

Here we list some of the key science questions that can help define the direction for the ELTs. The list is not exhaustive and space does not permit a full discussion of each in terms of sample programs.

· What is the nature of dark matter and dark energy? What role do these ingredients play in structure formation? Although dedicated survey facilities are often more effective once a technique has been established for mapping these components, diagnostic studies are always needed to verify and improve the applicability of e.g. supernovae as standard candles, or to measure faint redshifts to calibrate the power of weak gravitational lensing.

· What were the first luminous objects in the Universe and when did they appear? When and how did the intergalactic medium become ionized? When and how did the most massive compact objects form? Many future facilities can rightfully claim to wish to contribute to answering this question (JWST, ALMA, SKA) and this emphasizes a multi-wavelength synergy referred to earlier.

· Can we chart a physically consistent picture of galaxy formation from high redshift to the present including the formation and spatial distribution of heavy elements? At present we have used our facilities to chart a variety of source categories (star forming, quiescent, dusty starbursts etc) without securing an overall picture of the evolutionary path. The key to progress is to move from transient properties of early galaxies (e.g. star formation rates and colors) to more physically based quantities, for example those related to their internal dynamics and masses.

· How do stars and planetary systems form and evolve? Which planets are conducive to life and can we verify the existence of life elsewhere in the Universe? This field is already opening up very rapidly and there are tremendous opportunities in association with satellite missions such as Corot and Kepler.

Before exploring a few specific applications from the above list, it’s useful to return to the question of technical capability in the context of the above areas. Figure 5 shows the requirements for some of the most promising science areas in terms of spectral resolution and angular resolution. The dotted line represents the boundary between seeing-limited and adaptive optics capability. What is striking is how many areas require angular resolutions of better than 0.2 arcsec emphasizing the important of adaptive optics in realizing major advances.

(i) Galaxy Evolution

The highlights of progresss during the last decade in multi-wavelength surveys of the distant Universe can be encapsulated in the redshift dependence of the comoving density of star formation (Hopkins & Beacom 2006) and assembled stellar mass (Wilkins et al 2008). Multi-wavelength studies of star forming galaxies of various types (e.g. Lyman break & sub-millimeter galaxies) have revealed the important complementarity of observing both dust-obscured and UV-emitting sources. While there is clearly an approximate agreement between the integrated time-dependent star formation rate and the assembled stellar mass, the physical mechanisms that govern galaxy growth remain unclear. Key questions include: do young galaxies accrete cold gas in a continuous process, or is assembly driven largely by mergers? What is the trajectory through which the various categories of high redshift galaxies become present-day massive galaxies? What physical processes govern star formation and, in particular, lead to `downsizing’ - the fact that low mass galaxies appear to sustain activity much later than their massive counterparts?

To answer these questions it is necessary to study selected high redshift galaxies in much more detail than can be done with present facilities. As a typical redshift 3 galaxy is only 1-2 kpc across (corresponding to 0.5 arcsec), resolved studies demand sampling at 0.05 arcsec or better, corresponding to adaptive optics on a 20-30 meter aperture. Integral field unit (IFU) spectrographs with such AO systems (Figure 6a) will deliver chemical and dynamical details on 100 pc scales enabling us to address some key questions such as:

· How does the age of the stellar population derived from spectral energy distributions and absorption line features compare to the dynamical age of the system? At present, details of stellar populations are used to determine the luminosity-weighted age of a system without regard to its dynamical maturity. For example, old red galaxies are often assumed to have formed all of their stars in a single event in the past. Dynamical data allows us to decouple the history of star formation from that of mass assembly.

· How does the mode of star formation relate to the dynamical state? There is growing evidence that star formation is erratic and burst-like in many early galaxies. This could be because of intermittent accretion or regulation by feedback. As galaxies mature, it seems likely that their star formation rate settles to become ~ constant with time. Dynamical data enables us to understand the transition from early systems to the more regular Hubble-sequence galaxies we see below a redshift of 1. 

Some progress has already been made in this direction using IFU systems on 8-10m class telescopes, but the sampling is nearly always sub-optimal (typically 0.1-0.2 arcsec spaxials) so that fine structure in the dynamical state is lost (Genzel et al 2006, Law et al 2007). Moreover, the paucity of photons even within such coarse spaxials means only strong emission line targets can be selected with obvious biases to intensely active systems. The new generation of ELTs will enable improved sampling by a factor of 3-4 and the sensitivity will improve by a factor D4 (~ ( 200).
By reaching more efficiently to the `typical’ distant galaxy, the exciting prospect of Multi-Object Adaptive Optics can be realized (Figure 6b); rather than studying distant galaxies individually, surveys of hundreds become possible. The appropriate technology comprises independently-driven IFU units, each with in situ AO correction spanning a 2-3 arcmin field of regard, thus enabling simultaneous detailed internal studies of ~20 sources. Both the TMT and E-ELT teams have developed concepts for such a multi-object AO-fed infrared spectrograph. However, such instruments are likely to be costly (~$60M) and complex, and serve to highlight the challenge of appropriately exploiting AO with future telescopes.

(ii) The First Galaxies

The final frontier in piecing together a history of galaxy formation lies in locating the earliest sources seen at high redshift (see Chapter by N. Yoshida in this volume). The motivation is more profound than searching for record-breaking distant objects. After recombination, corresponding to a time when the Universe was ~300,000 years old, clouds of atomic and later molecular hydrogen clumped under their self-gravity and began to cool and collapse to ignite the first stellar systems and mark the end of the so-called `Dark Ages’. These early `baby galaxies’ were devoid of heavy elements and produced prodigious amounts of ultraviolet radiation sufficient, perhaps, to reionize the intergalactic medium – an event called `cosmic reionization’. Locating when this occurred and over what period the Universe was reionized is a major goal for future observers. Quite apart from being a landmark event in cosmic history, the demographics of early systems, for example their distribution in luminosity and size, plays a key role in defining the subsequent evolution of galaxies.

Facilities such as JWST, ALMA and SKA can rightfully claim they will contribute to unraveling this period of cosmic history but only JWST and the ELTs can identify the sources responsible for cosmic reionization. A key unknown is the expected angular sizes of the sources involved. The magnification afforded by gravitational lensing has enabled astronomers to demonstrate that at least  some early star-forming sources at z~6-7 have lensing-corrected sizes of only 150 pc, corresponding to < 30 milliarcsecond (Ellis et al 2001, Figure 7a). In this case, ELTs equipped with AO will give a 10 to 100-fold gain in locating abundant, faint, small sources as compared to JWST. How would a primordial galaxy, free from heavy elements be identified? Spectral synthesis models suggest diagnostic lines of hydrogen and ionized helium can reveal the tell-tale signature of a stellar population skewed to high mass stars (Schaerer 2003, Figure 7b). AO spectroscopy with ELTs is capable of such work out to a redshift of z~15, a limit set by the increasing thermal background beyond 2.5 microns. By contrast the mid-infrared capability of JWST will be unrivaled in searching for and categorizing systems beyond redshifts z~15-20 where the earth’s atmosphere will obscure the relevant redshifted spectral features.

Finally, it is important to comment on how the oft-quoted synergy between, e.g. Hubble Space Telescope and a ground-based facility such as the Keck observatory, will change in the ELT era. Whereas HST produced dramatic images with angular resolutions of 0.1 arcsec and ground-based telescopes were resigned to undertaking integrated light spectroscopy, the onset of AO has completely changed this partnership between ground and space. 8-10 meter telescopes with AO already have better angular resolution, admittedly over limited fields, than HST and the situation will improve further with ELTs. The primary distinction between ELTs and JWST will be in wavelength coverage; ELTs will be unable to compete in sensitivity beyond 2.2 microns. ELTs will also be challenged in panoramic high resolution imaging at optical wavelengths.

(iii)  The Galaxy-Black Hole Connection
The tight relationship observed between the mass of the central black hole in a galaxy and the properties of the host galaxy itself indicates there must be a strong connection between the assembly history of both (Magorrian et al 1998). Presumably, energetic feedback processes originating near the black hole somehow govern the rate at which incoming gas clouds cool and form new stars. Precision measurements of a black hole mass can only be determined by resolving the region of influence around it and studying the velocity dispersion of stars within that region. An ELT equipped with AO offers the prospect of significantly extending the distance, and hence enclosed volume, for which such measures can be made. For example, the black hole at the center of the Milky Way is  ~4 106 solar masses. HST can only locate and measure such a system to 3-4 Mpc, a 8 m telescope with AO to ~20 Mpc. By contrast a ELT with AO could identify and measure such a black hole to a distance of 70 Mpc corresponding to a 40-fold increase in survey volume (Figure 8). Within such a huge local volume, other less direct measures for estimating black hole masses can be calibrated and then applied to high redshift galaxies. In this way the growth rate of black holes and galaxy masses can be tracked independently for various populations (spirals, ellipticals etc). This is key to making progress in understand how black hole feedback works.
(iv) Formation of Extrasolar Planets

The past decade has seen an explosion in the discovery rate of extrasolar planets, the greatest number of which have been identified via Doppler surveys of solar-type stars. High resolution infrared imaging of dusty disks around young stars has likewise revealed tantalizing evidence for `gaps’ in the dust distribution which maybe associated with regions where planets are in the process of formation (see Chapters by G. Marcy, S. Seager and C. Beichman in this volume). The key attributes of ELTs for making progress in this area are high angular resolution, increased sensitivity and a mid-infrared capability on a large aperture.

This science area is rapidly developing and a major question of profound importance relates to the frequency of earth-like planets and their atmospheric composition. Are the organic molecules thought to be essential precursors of life common in planet-forming disks?
A high resolution spectrograph on a 30 meter telescope increases the number of accessible host stars, for a given Doppler precision, by a factor of 30 or so. Moreover, the larger aperture enables the method to be extended to lower mass stars so that detecting earth like planets in the so-called habitable zone becomes feasible. Extreme AO offers the exciting prospect of direct imaging low mass extrasolar planets. Reflected light at contrast levels of less than 1 part in 107 will probe inner solar system scales. Finally, in the case where transiting planets have been located, e.g. from satellite surveys such as Corot or Kepler, the atmospheric composition of the transiting planet can be deduced from high dispersion spectroscopy of good signal to noise (Webb and Wormleaton 2001, Figure 9).

(v) Seeing-limited applications – the Cosmic Web

Whereas the above programs have fully exploited AO, it is worth pointing out that the aperture gain of a ELT over the current generation of 8-10 meter telescopes offers unique gains in the seeing-limited regime. 

In the late 1970’s absorption line spectroscopy of distant quasars revealed the presence of intergalactic clouds of neutral hydrogen along the line of sight, often termed the `Lyman alpha forest’ from the ground-state transition most likely to be observed (Sargent et al 1980). Subsequently it was realized that many of these Lyman alpha absorbers had corresponding metal lines at the same redshift and thus not only can the column density and sizes of the absorbing clouds be determined but also their composition and ionization state can be tracked. This area of astronomy has become a valuable probe of the intergalactic medium and its association with nearby galaxies. Galaxies adjacent to the Lyman alpha clouds emit ultraviolet photons that maintain the ionization state and outflows presumably enrich the medium chemically. 

Yet distant quasars that are bright enough to provide the background signal for absorption line spectroscopy are rare so the valuable 3-D cross-correlation signal between absorbing clouds and emitting galaxies cannot easily be created (Figure 10a). However, the gain in limiting magnitude afforded by a 30 meter aperture brings a rapid increase in the number of distant galaxies suitable for high dispersion spectroscopy (Figure 9b). By utilizing galaxies rather than QSOs with a multi-object spectrograph, the cosmic web at high redshift can be properly explored. 

(vi)  Seeing limited application – Expansion History of the Universe

The final application is very specific and relates to the mystery of the dark energy that causes the Universe to accelerate. Studies of distant supernovae in the 1990s revealed this remarkable fact whose physical explanation remains unclear. The extant data (e.g. Astier et al 2006) is most naturally explained by the presence of a constant vacuum energy – a negative pressure – that may herald a new property of space time. Alternatively, conceivably relativistic gravity requires some modification on large scales. 

ESO astronomers have proposed an instrument – CODEX – that would directly measure the expansion rate of the Universe in real time (Liske et al 2008). Loeb (1998) proposed that the redshift drift in the Lyman alpha forest might be observable over sufficient number of years and would yield a measure of the Hubble constant H(z) at early time. This is an extraordinarily weak signal corresponding to a shift of less than 1 cm sec-1 yr-1. The key requirements for such an observing parameters are a high-resolution spectrograph with excellent wavelength stability and continuous monitoring of a sufficiently large number of QSOs over a long period of time. Only the large collecting area of the 42m E-ELT makes this possible. Across the sky about 18 QSOs are bright enough with the E-ELT aperture for the required 20 year program. It is proposed that a high frequency laser comb operating at 15 GHz can provide adequate calibration accuracy (Steinmetz et al 2008). Why is such a measurement required given the likely investment in dedicated satellites for tracking dark energy (e.g. the Joint Dark Energy Mission and ESA Euclid program)?  By studying the expansion rate at z~1.9 and 3.5, dark energy is probed in a redshift range beyond the reach of the normal tracers such as Type Ia supernovae and weak gravitational lensing (Figure 11).

Conclusions
In summary, we have seen how the success of segmented mirror telescopes and laser-assisted guide star adaptive optics now makes it practical to move forward with the construction of a new generation of 30 meter class optical and infrared telescopes. Many communities have presented compelling scientific arguments based on the unique combination of a large aperture and near-diffraction limited image quality. In this regime the gains in sensitivity are truly spectacular. Moreover, adaptive optics significantly changes the current synergy between space-based and ground-based facilities, emphasizing the importance of wide field high-resolution survey imaging and mid-infrared applications in space. Some technological hurdles remain, for example in some of the more ambitious science instruments proposed, but detailed design work often in concert with industrial partners has shown the feasibility of moving forward with these new facilities. The financial requirements are daunting, as they have been throughout the history of realizing large telescopes, but the scientific discovery space is phenomenal.
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Figure 1: The inexorable growth of telescope aperture with time, commencing with Lippershey and Galileo in the early 17th century and ending with the Keck 10 meter telescopes commissioned in the 1990’s. Large telescopes have led to discoveries that continue to shape our view of the Universe and, since the early 20th century, led to the creation of national and international scientific communities (Courtesy: Jerry Nelson, TMT).

[image: image2.wmf]
Figure 2: How Adaptive Optics works: Atmospheric turbulence induces wavefront and image quality degradations that can be compensated by a wavefront corrector. The relevant signal is supplied by observing a suitable reference star (or laser guide star) with a wavefront sensor. The correction is applied using a deformable mirror or `phase corrector’. Only objects in a limited area of the sky can be corrected around the reference star that must therefore be close to the science target. The area of correction can be increased by using multiple lasers and more than one deformable mirror (Courtesy: Gary Sanders, TMT).
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Figure 3: The performance of the Keck laser assisted guide star system in the K band at 2.2 microns. The left panel shows the Strehl factor, the peak brightness relative to that expected for diffraction-limited performance, as a function of the R-band magnitude of the tip-tilt reference star. The right panel shows a histogram of the achieved image quality (full width half maximum in arcsec). The system is routinely achieving better image quality than the Hubble Space Telescope (Courtesy: Peter Wizinowich, Keck).
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Figure 4: A new generation of extremely large telescopes is coming! A montage of telescopes currently at the detailed design stage. The vehicles give some indication of the scale. From top to bottom: the Thirty Meter Telescope (TMT), the Giant Magellan Telescope (GMT), and the European Extremely Large Telescope (E-ELT). See text for further details of each.
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Figure 5: The scientific capabilities of a new generation ELT in the parameter space defined by spectral resolution and angular resolution. Specific science projects (listed with illustrative sub-panels, see Detailed Science Case for TMT for further details of these) define instrument requirements and the need for adaptive optics (left side) and seeing-limited (right side) capabilities (Courtesy: TMT project).
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Figure 6: (a) The principle of using an integral field unit (IFU) to spectroscopically dissect a 

distant galaxy. Each spatial resolution element (`spaxial’) delivers an independent spectrum 

allowing the internal properties of a source to be determined (Courtesy: Ian Parry, Cambridge 

University). (b) A multi-IFU spectrograph for TMT where each roving unit has its own in situ 

AO correction. Such an instrument would patrol an area of 2-3 arcmin and deliver resolved 

spectroscopic data for ~20 distant galaxies (Courtesy: TMT Project).
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Figure 7: (a) A distant galaxy seen at a redshift z=5.7 multiply-imaged into a pair by a 

foreground cluster of galaxies acting as a gravitational lens (Ellis et al 2001). The magnification 

afforded by the gravitational lens enables us to resolve an early galaxy and measure its physical 

size. Such systems are smaller than 30 milliarcsecond (corresponding to 150 parcsec) in 

diameter. If such dimensions are typical of early galaxies, adaptive optics on a 30 meter aperture 

will be more  effective in locating and studying such sources than the James Webb Space 

Telescope. (b) Predicted ultraviolet spectrum of a first generation galaxy comprised only of 

hydrogen and  helium (Schaerer 2003). Diagnostic lines of ionized helium are visible to a 

redshift z~15 with a ground-based ELT. 
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Figure 8: A simulation of distribution of black hole mass in solar units (ordinate) and distance 

(abscissa) for galaxies in the local Center for Astrophysics redshift survey. Different colors refer 

to  different morphological types. The top two solid lines represent the current distance limits for 

resolving the region of influence around the black hole using stellar dynamics for the Hubble 

Space Telescope and a ground-based 8-meter telescope equipped with adaptive optics. The lower 

solid line shows the corresponding limit for a 30 meter telescope with AO. Clearly the accessible 

volume increases dramatically enabling calibration of other, less precise, methods for measuring 

black hole masses which can be extended to high redshift. In this way, the growth rate of black 

holes as a function of morphological type can be measured (Courtesy: TMT Project).
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Figure 9: Detecting the absorption signatures of various gases in the atmosphere of a transiting planet (Webb and Wormleaton 2001). Stars with transiting planets will be identified from precursor surveys such as those being conducted with the Corot or Kepler space missions. The simulation shows the difference between the spectrum of the star during and after a transit. With adequate signal to noise (in this case 30,000 per 6 km sec-1 resolution element), the signature of molecular oxygen in the planetary atmosphere can be identified.
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Figure 10: (a) Probing the cosmic web of high redshift neutral hydrogen gas associated with dark matter via the absorption line spectrum of background quasars with lines of sight probing various absorbing regions represented by blue lines. A high dispersion spectrum of the bright background quasar reveals the detailed 1-D distribution of hydrogen clouds along the line of sight. (b) Counts of quasars and Lyman break galaxies as a function of apparent magnitude. The fainter limiting magnitude accessible with a ELT brings many more suitable background sources into view enabling full 3-D tomography of the gas in the intergalactic medium (Courtesy: TMT project).
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Figure 11: The CODEX project proposed for the European Extremely Large Telescope. The plot shows the velocity drift, i.e. the rate of change in the observed wavelength of an absorbing cloud (in cms sec-1 per year), for various redshifts in a Universe without a cosmological constant ( (lower curve) and in one with a dominant value ((( = 0.7). Different colored symbols relate to different sampling strategies in terms of the number of quasars monitored. The shaded areas represent the result of varying the present-day Hubble constant by ( 10%. By monitoring ~20 quasars at a spectral resolution of R (= (/(() ~30,000 over 20 years, the experiment would provide the first direct measure of the rate of cosmic expansion beyond the redshift range accessible to traditional probes of dark energy such as Type Ia supernovae and weak gravitational lensing (Liske et al 2008). 
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