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ABSTRACT

The next generation of ground besed telescopes will brea the 20" century paradigm of the “factor of two” diameter
incresse. Taking advantage of the enormous advances in technology that the present generation of 8-10m telescopes has
fostered, they will be fully adaptive, fully steeable behemoths of up to 100m diameter performing at the diffracion limit in
the opticad and nea infrared. At ten times the mlleding areaof every telescope ever built put together, they will have
limiting magnitudes of 37-38, angular resolutions of 1-2 milli arcseconds, and a price tag that does nat foll ow the historicéd
D?® cost law. In this paper | discuss me of the possble science @ses for a telescope of 100m (based on the requirements
for ESO's 100m concept, cdled OWL for its sharp night vision and for OverWhelmingly Large telescope). Among them the
determination of H [not Ho] unencumbered by locd effeds, the study of every SN ever exploded at any z<10, the
spedroscopy of extra-solar planets, studies of ultrahigh frequency phenomena, imaging of stellar surfaces, detedion of
brown dwarfs in external galaxies. The alvent of the next generation of Extremely Large Telescopes (ELTs) will probably
change substantially the operational paradigm of astronomical observations, expanding on the present trend towards Large
Programs, much in the way particle physics has gone with the large accéerators.
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“High anguiar resolution belongsto the ground” (1) OWL
100

The history of the telescope (figure 1) shows that the

diameter of the “next” telescope has increased slowly

with time (reading a slope for glass based refledors of a 10

fador-of-two incresse every ~30 yeas in the last

century: e.g. Mt Wilson — Mt Palomar — Ked).
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The main reason for this trend can be identified in the
difficulty of producing the optics (bath in terms of
casting the primary mirror substrate and of palishing it).
The alvances in material production and in new control
and pdishing technologies of the last few decales,
fostered in part by the requirements st by the present
generation of 8-10 m telescopes, offer now the exciting  ¢.01 |
possbility of considering fadors much larger than two F naked eye
for the next generation of telescopes. And unlike in the C

past, they also dffer the promise of achievingthiswithout g Lo v v v v v v v b v v b v v v e vy 1
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At the same time, advances also in adaptive optics (AO) Figure 1. Brief history of the telescope. Stars refer to refradors,
bring the promise of being able to adhieve diffradion  asterisks to speaulum refledors, circles to modern glassrefledors.
limited performance. Though till in its infancy, AO is ~ Some telescopes are identified.

growing very fast, pushed in part also by customer

oriented applicaions. New low-cost technologies with possble gplication to adaptive mirrors (MEMS), together with
methods like multi-conjugated adaptive optics (MCAO), new wave-front sensors and techniques like turbulence
tomography are dready being applied to AO modules for the present generation of telescopes. Although the requirements to



expand AO technology to corred the wave front of a 100m telescope ae dealy very challenging (500,000 adive dements,
enormous reguirements on computing power), there is room for cautious optimism. This would allow a spatia resolution of
the order of one milli arcsecond, prompting the daim at the beginning of this sction. Of course, this is vaid only at
wavelengths that make sense (i.e. 0.3 <A < 2.5 pm for imaging, A <5 pum for spedroscopy).

1.1 Can weafford it (in terms of time and cost)

Another consequence of the recent advances in technology is the fad that we can consider building a next generation
telescope within a reasonable time. Since alarge R&D phase is not required (with the exclusion of AO, which is however
being performed right now under the requirements st by the current generation of telescopes), 10 to 15 yea timelines are
appeaing reasonable.

The st isaleis evidently one that needs to be aldressed (even if a50 a 100m telescope is demonstrably feasible from the
technica point of view, it will be impossble to build one unlessthe D*® cost law can be broken). A “demonstration” that
cost can be kept at low values has been put into pradiceby HET (admittedly accepting reduced performance). Based on this
and on extrapalating the experience of the Keck (segmentation) and of the VLT (adive ontrol), the mst estimates range
nowadays between 0.3 to 1 $hilli on (respedively 30m CELT and 100m OWL). These sts are large (though not as large
as, say, aspace gperiment), but possibly within what some large international coll aboration can achieve.

From the paint of view of “astronomicd strategy”, therefore, al this would aso allow perhaps to ogtimize the space ad
ground fadlities acwrding to their natural locaion (e.g. opticd/NIR astronomy from the ground, UV or therma IR
astronomy from space etc), stressng their complementary rather than competitive roles. And this with the possbility of a
reductionin “global” costs (the st of HST would allow to build and operate & least threeOWLSs...)

1.2 Why 100m

ESO is developing a mncept of a 100m ground based telescope, cdled OWL (OverWhelmingly Large) in honor of the
epornymous hird’s keen night vision. Various aspeds of the aurrent design are described elsewhere in this SPIE conference
(4004-51, 4003-53, 4007-25, 4004-40, 4004-42). The question “why 100m” deserves ©me comments (more in the Science
case sedion).

The original starting point for the development of the OWL concept (at the time cdled the WTT, alternatively for Wide
Terrestrial Telescope or Wishful Thinking Telescope) was twofold. On one side apreliminary and naive science @se (what
is the telescope size needed to do spedroscopy of the faintest sources that will be discovered by NGST). On the other side
the interest in exploring the technologicd limitationsin view of the recent advances, espedally to what limit one could push
angular resolution. In other terms: could the fador-of-two becme an order-of-magnitude?

The progressboth of the science cae and of the design concept since the ealy days allows us to give some answers (a beit
incomplete) to the question:

i. TheHST “leson” has shown that angular resolution is a key to advancein many areas of astronomy, both in the locd
and in the far Universe. Achieving the diffradion limit is a key requirement of any design.

ii. Milli arcsecond resolution will be adieved by interferometry (e.g. VLTI) for relatively bright objeds and very small
fields of view. The science cae (including the original ‘complementarity with NGST’ one) regquirements are now, for
the same resolution, field (~ arcminutes) and depth (S 35" magnitude), i.e. fill ed aperture diameters S 100m.

ii.  For diffraction limited performance, the ‘detedivity’ for point sources goes as D* (both flux and contrast gain as D?).
One auld say that a 100m telescope would be ale to doin 10 yeasthe science a50m would take 100yeasto dd

iv. Last but not least, technology allows it: the current technological limitation on diameter of the (fully scadable) OWL

design is ~140m)

1.3 Feasibility isues. do we need an intermediate step
Another question that arises often is whether we neal an intermediate step to whatever size we think we should achieve for

scientific reasons (in other words, whether we wish to maintain the ‘fador-of-two’ paradigm even if itstechnologica raison
d’ ére has been overcome). The debate has vocd supparters on both sides (we OWLers are obvioudly for going diredly to



the maximum size required by the science and alowed by the technology). “Accusations’ of respedively excessve
conservatism or excesgve ambition are exchanged in a friendly way at ead meding about ELTs — including the present
SPIE conference The interpretation of where exadly technology stands and how much can be extrapolated is at the core of
the issue. | think this (very hedthy) debate will go on for some time yet, and will be the main topic of the OWL Phase A
study which is underway (goal for completion: ealy 2003.

1.4 Diffraction limit vs. seaéng limit

Why make the diffradion limit such a strong requirement for ELTs is yet another subjed of debate. On this our position is
very strong: we mnsider asedng limited ELT (deprecaingly named a “light bucket”) as a goal not worth pursuing. While it
is clea that the amosphere will not always be “AO-friendly” and that, therefore, concepts of instrumentation to be used in
such circumstances should be developed, there ae scientific as well astechnicd reasonsto justify our pasition.

Typicdly the sedng limit designs go together with wide field (here wide is many arcminutes) and/or high spedral resolution
(OS 50,000) requirements. Apart from the overwhelming role of the badkground for seeng-limited imaging (sky counts of
thousands of photons per seaond per pixel for a 50m telescope), source @nfusion is a major scientific issue (see éso §21).
From the technicd point of view, building incredibly fast focd reducers, or high-resolution spedrographs with collimators
the size of present day telescopes, may pase technicd challenges more extreme than buil ding the telescope itself.

On the oppasite side, imagers for diffradion limited telescopes neal very slow f-numbers (50 a so, athough admittedly
here the challenge is to have enoudh detedor areato cover a reasonable field, and how to avoid severe saturation from
‘bright’ sources). Milli racsecond(s) dlits would make the beam size of a high-resolution spedrograph comparable to that of
UVES or HIRES (i.e. instrumentation could be cnsidered “comparatively” easy in the diffradion limited case).

In the seeng limited case, a spedroscopic telescope (of say 25-30m and 5000-20,000 resolution) could occupy an
interesting scientific niche. Such adesign is being considered as the natural evolution of the HET (Sebring et a), and is the
first one to have atually been cdled ELT (in other words, we have stolen the generic name from them. Another posshility
for generic name is Jerry Nelson's suggestion of cdling the future behemoths Giant Opticd Devices or GODs. The hint
about hulrisis quite dea...).

15ELT performance

At ten times the cmbined colleding area of every telescope ever built, a 100m filled aperture telescope would open
completely new horizons in observationa astronomy — going from 10m to 100m represents a “quantum” jump similar to
that of going from the naked eye to Galil eo’ s telescope (seefigure 1).

We have built a smulator of the performance of the OWL, which can be dso used for different size telescopes (and
compared with similar cdculations presented at this conference or at the

Badkaskog 1999 Workshop an Extremely Large Telescopes, e.g. Mountain et al). ;;221(‘?:“31‘;;2;5

The simulator uses the PSF produced by the most recent optica design iteration, i

and includes the typicd ingredients (diffusion, sky and telescope badground, ' '%\'—' 1]
detedor properties, and as complete & possble alist of noise sources). The output -
isasimulated image or spedrum (seefigure 2).
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A magnitude limit for isolated pant sources of V=38in 10 hours can be atieved
assuming diffradion limited performance (whether there are such isolated sources
is a different question, see 82.1). Comparing this performance with the predicted
one for NGST shows that the two instruments would be highly complementary.
The NGST would have unmatched performancein the thermal IR, while aground
based 100m would be abetter imager at A < 2.5 um and a better spedrograph (OS plbo e Lo L |
5,000) at A <5 pm. Sensitivity-wise, the 200m would not compete in the thermal aper,tulre ra diuﬁ [pjxeus
IR, athoudh it would have much higher spatial resolution.
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. . . Figure 2. Output from the simulator.
In terms of complementarity, OWL would also have asynergetic role with ALMA S/EI for a 35" rl?]agnitude ar in a 1-hour

(eg. in finding and/or studying proto-planets) and with VLBI (the radio  exposure measured on simulated image.



astronomers have been waiting for us opticad/IR people to cach up in spatial resolution for decales!)
1.6 Interferometry

Isinterferometry an alternative to fill ed aperture? The consensus sems to be that this is not the cae. Interferometry has a
clealy separate scientific niche — for similar baselines its field of view (few arcseands) and (bright) magnitude limits are
definitely not competitive with the predicted performance of a fill ed aperture telescope. On the other side, baselines of
hundreds of meters, if not of kilometers (in space &en hundreds of km, as in the NASA plans), might well be the future of
interferometry. Looking for the details of comparatively bright objeds at the micro-arcsecond level, looking for and
discovering eath-like planets, studying the surface of stars even further away are adomain where interferometry will
always befirst. In asense, it isa“brighter objed” preaursor for any fill ed aperture telescope of the same sizethat may come
in the future.

1.7 ESO’s 100m OWL concept: requirements

The top-level requirements for the OWL conceptual design can
be summarized as foll ows:

«  Pupil size 100-m diameter, colleding area> 6,000 m?
e Multi-conjugate AO with NGS or LGS
« Diffradionlimited resolution over field of view:
Visible > 30arc seands
IR (2um) > 2 arc minutes
e Strehl ratio > 20% inthe visible, goal 30%.
*  Wavelength range 0.32- 2.5 (12) pm
* Fully stegable dt-azmount
* Firgt light:12 yeas after projea funding, fully operational

within 15 yeas

Figure 3. Curr ent mechanical design. Seen panting at
60° from zenith and including maintenance buildings.

2. ITEMSFOR THE SCIENCE CASE

The science cae for the extremely large telescopes of the future is not fully developed yet. Some medings have taken place
on the subjed, and more ae planned (there will be & least one Workshop an thisin 2000. However, it is difficult to think
of a branch of astronomy that would not be deeply affeded by the availability of a 50 a 100m telescope with the
charaderistics outlined ealier.

In any event, there ae anumber of questions that the Science Case should pcse, and find answers to, which will affed the
final set of requirements for telescopes like the OWL. Do we need the angular resolution? Is 1 milliarcsecond too much, too
littl e, enouch? Isinvesting in AO reseach justified? Could we live with seéng limited? Can we not? Do we need 100m?
Are 50m enough? Are 30m? Are 20m? Should we push even further? What is a sensible magnitude limit? | s interferometry
abetter alternative or a preaursor? Do we need the opticd and its tighter design tolerances and extremely more amplex AO
(espedally since the faint/far Universe is very redshifted)? Do we have a @mpelling science cae? |s “spectroscopy of the
faintest NGST sources’ enough? Is “unmatched paential for new discoveries’ relevant? Is “seach for biospheres’ too
public-oriented? Indeed, dowe need an ELT?

In the following | will discuss ome aeas where OWL could give unprecalented contributions. This is by no means
supposed to be a @mplete panorama, but rather refleds my own personal biases. In one cae (SNe & z< 10) | will develop
the case alittl e more.

2.1 Confusion about confusion

There is awidespread concern that ELTs may hit the confusion limit, thereby voiding their very raison d étre. Much of this
concern is tied to olservations obtained in the past, either from the ground or from space with instrumentation whose



angular resolution was very limited (e.g. the first X-ray satellites or the very degp ogticd images in 2" sedng of the ‘80s).
Recent developments have shown that whenever a better resolution is achieved, what looked like the anfusion limit
resolves itself in individua objeds (e.g. the X-ray badkground, now known to consist mostly of resolved sources, or the
HDF images, which show more empty spacethan objeds).

Admittedly, there may be a onfusion limit somewhere. However, the bad-of-the-envelope agument that “all far galaxies
are 1" aaoss there ae aout 10" galaxies and 10" arcseconds, therefore there must be apaint where everything overlaps’
fails when one resolves a square acseocond in > 10° pixels (crowding may still be an issue, though). The topic however is
fascinating (and tightly conneded with Olber’s paradox), and will be the subjed of a future paper. For the purpose of this
discussion, however, the only thing confusing about confusion is whether it is an issue or not. There is a dea tendency in
the community to think that it is not.

2.2 Star formation history of the Universe

o . . B Counting HIl regions
This is an example of a possble science & e y . in the far Universe
case which shows very well what the : ;
potentiality of a 100m telescope could be,
athouch by the time we may have one the
scientific problem will most likely have
been alrealy solved.

The history of stellar formation in the
Universe is today one of the ‘hot topics' in
astrophysics. Its goal is to determine which
kind of evolution has taken place from the
epoch of formation of the first starsto today.
To do so, “measurements’ of star formation
rates are obtained in objeds at a variety of
look badk times, and used to determine a
global trend. These measurements are
usually obtained by comparing some
ohserved integral quantities of unresolved
objeds (typicdly an emission line flux) with Figure 4. OWL'sview of a gdaxy in the HDF
predictions made by evolution models.

Although the method is crude, results are being obtained and a cmprehensive picture is starting to emerge.

With a telescope like OWL, what are today “unresolved ohjeds’ would be resolved in their stellar components. For
example, one ould seeO stars out to aredshift z~ 2, deted individual HIl regions at z~ 3, measure SNe out to z~ 10 (see
below). Determining the star formation rates in individual galaxies would go from relying on the asumptions of theoretica
models and their comparison with integrated measurements, to the study of individual stellar components, much in the way
it isdone for the “nearby” Universe.

2.3 Symbiosiswith NGST

This was the “original” science @se for a 100m telescope, and runs much in the same vein as the cae made by Matt
Mountain for a 50m telescope to observe the faintest galaxies in the HDFs (SPIE 2871, 597, 1996). The symbiosis with
NGST would however not only be of the “finder/spedrometer” variety (though much science would be obtained in this
way), but as explained above dso in terms of complementarity in the spaceof parameters (wavelength coverage, angular
resolution, spedral resolution, sensitivity, etc). My feding is that a science cae to complement the NGST is a strong one,
but cannot be the main case for a 100m telescope.

2.4 Measure of H

Cepheids could be measured with OWL out to a distance modulus (m-M) ~ 43 (i.e. z ~ 0.8). This would alow the
measurement of H and its dependence on redshift (not Ho) unencumbered by locd effeds (e.g. the exad distanceto Virgo).



In fad, the distance to Virgo, and the value of Ho, would be determined as “plot intercept” at t=0! There is an interesting
paralel to be done here with HST to get a “feding” of what crowding problems we ould have. Crowding would start
affecting the photometry of individual Cepheids at about this distance in much the same way it does for HST images of
Virgo galaxies. In fad, we would be @out 100 times further than Virgo with a resolution about 100 times better than HST
(Cepheids are observed with HST mainly in the undersampled Wide Field chips).

2.5 Supernovaeat z~ 10 o

Type Il SNe -
An “isolated”, underluminous Type Il supernova like SN 1987A 2151 10" Mo ENl Galaxy / 4
would be visible & (m-M) ~ 53. Assuming that crowding and/or | Ho=50,0=1, A=0 \l 1
increased badkground would bring the limit to 50(i.e. z ~ 10, the \
exad value depending on one's favorite asmology), we would I '|
still be aleto deted any SN ever exploded out to that redshift (!). o | |
Figure 5 shows model cdculations of supernova rates assuming a
10”M elipticd galaxy beginning star formation at z = 10. The
rates are several dozen per yea (i.e. ~ 0.3 per day!). Even for
much less massive galaxies the rates are afew per yea. This
means that any deg exposure in a field < 1 arcmin® will contain
seveal new supernovae

005 - ‘ 7

#5SMe /Mo Myr = # SNe fyr /1000

Sincethese SNe will be & high redshift, the observed light curves / | |
will be in the rest UV. This adualy makes their identificaion i R N SR N
easier, since Type Il light curves last typicdly 12-24 hours in the o Z S e © s
UV: time dilation will | engthen the aurves by (1+2) making them

ided to discover. (Note that the optical light curves, intrinsicaly  Figure 5. Typell SN rateat high redshift for a10'
some months long, would last years due to dil ation). M dlipticd galaxy (Matteucd 1998

The study of SNe out to z~ 10 (if indeed stars garted forming at or before that redshift, which is not certain by any means)
would allow to access ~ 30% of the ®-moving volume (i.e. mass) of the Universe (at present, through SNe we can acces
lessthan 3%). Star formation rates at such ealy ages would be anatural byproduct of these studies. Neaer SNe would be
bright enoughto provide “light bulbs’ to study the intergaladic medium on many more lines of sight than those provided by
other bright but lesscommon objeds, e.g. QSOs. And dof course, although with lower rates and at “nearer” distances (their
rate peksat z ~ z, — 25), the brighter Type | SNe will also contribute to the study.

2.6 Other high redshift Universe studies

A telescope with the resolution and sensitivity of OWL'swould find some of the most important applicationsin the study of
the furthest and faintest objeds in the Universe. Among many others, studies of the proto-galadic building blocks and the
dynamics of their merging into higher hierarchicd structures. The posshility of probing even higher redshifts with Gamma

Ray Bursts (if they exist at ealier epochs) is also very exciting, as they are intrinsically orders of magnitude brighter than
even SNe.

2.7 High frequency phenomena

Rapid variability is an areawhere the improvements brought by larger colleding areas can be truly enormous. The power
spedrum of such phenomena is in fad propartional to the square of the flux, i.e. P ~ D% Dainis Dravins sowed at the
Badkaskog Workshop that extremely large telescopes open a window on the study of quantum phenomena in the Universe
which were till now only observed in the laboratory.

2.8 Near by Universe
In the nearer Universe we have again a myriad of possble cntributions. The detedion of brown dwarfs in the Magellanic

Clouds would enable to determine an acarrate IMF for those galaxies. It would be posdgble to olserve White Dwarfs in the
Andromeda galaxy and solar like stars in galaxies in the Virgo cluster enabling detailed studies of stellar populations in a



large variety of galaxies. The environment of several AGNs would be resolved, and the morphology and dynamics of the
inner parts neaest to the eentral bladk hole auld be tradked and understood If the rings around SN 1987A are a @mmon
phenomenon, they could be deteded as far as the Coma duster. In our own galaxy, we culd study regions like Orion at
sub-AU scdes, determining the interadions between stars being born and the parent gas. We would deted protoplanetary
disks and determine whether planets are forming there, and image the surfaceof hundreds of stars, promoting them from
points to ojeds. Unlike interferometry (which also can image stellar surfaces, but needs many ohservations along many
baselines to reconstruct a “picture”) these observations will be very short, all owing the detedion of dynamic phenomena on
the surfaces of stars other than the Sun.

2.9 Extra-solar planets

Finaly, a aiticd contribution will be in the subjed of
extra-solar planets. Not so much in the discovery of

them (I exped that interferometry will be quite  rigyre 6. Simulation of the Solar System at 10 parsecs. Jupiter can
successful inthis), but rather in their spedroscopic study.  pe “dealy” seen onthe right. Saturn would also be deteded, about
Determining their chemicd composition, looking for  10cm ontheright of this page.

posshle biospheres will be one of the grea goals of the

next generation of ELTs. Figure 6 shows a simulation of an observation of the Solar System at 10 parsecs (based on the PSF
of an ealier opticd design, and including the dfed of micro-roughness and dust diffusion on the mirror) where Jupiter and
Saturn would be deteaed realily. Several exposures would be necessary to deted the Earth in the glare of the Sun.
Sophisticated coronographic techniques would adually make this observation “easier” (or possble & alarger distances).

3. OPERATIONAL ISSUES

The shee size of a projed like OWL, or any other ELT projed, makes it unlikely that the operational scenario would be
similar to that of the aurrent generation of telescopes. | believe that the current (mild) trend towards Large Programs (where
the need for deep —i.e. long — exposures is combined with the statistica requirement of a large number of measurements)
will evolve towards ome sort of “Large Projed” approad, similarly to what happens in particle physics. In this ®nse,
maybe even the instrumentation plan could be alapted to such an approach (e.g. a Projed would develop the “best”
instrument for the observation, and when it is over a new Projea with passbly new instruments would take over). What |
imagine is “seasons’ in which OWL (or whatever) will image the surfaceof all ‘imageable’ stars, or study 10° SNe, or
foll ow the dynamics of the disruption of a star by an AGN’s bladc hole. In other words, a series of self-contained programs
which tadkle (and hopefully solve!) well defined problems, one & atime.

4. CONCLUSIONS

In this paper | have tried to give a‘flavor’ of the kind of exciting science that could be performed with a telescope the size
of a socce field. | have kept the discussion at a fairly non-spedalist level given the interdisciplinary nature of the SPIE
conference  From the technicd point of view, no obvious showstoppers to build a 100m telescope have been identified so
far. The pricetag of many ELTs remains below the mst of a medium spacemission, so we culd cdl it “reasonable”. The
timeline for construction is around 10 yeas. Industry is indicaing that there is an interest in building one, and that they
agree dout its feasbility. The science @se is exciting and stunning, and there is an unmatched pdential for new
discoveries. Let'sdoit!
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