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EXECUTIVESUMMARY

Pdeo " k_qiajp I naoaj po }yearprogramme forthe edngtructon of khe Bute¢ %( - -
pean Extremely Large Telescope (EELT), the facility that will maintain the European Southern Observa

tory (ESO) in its leading positionproviding research capabilities to the European astronomical community

for the coming decades. Specifically, it is proposed to construct a 39.3metre segmented optical tele

o_kl a kij ?annk =ni]Jvkjao ]Jo I ]lnp kb pda H] Oehh] L]ln
best astronomical sites. The telescope will be operatedrom, and as part of, the existing Paranal site.

This will create an outstanding facilityn Chilefor ESO Member States and will ensure that the maximum

advantage can be taken of developmentswithin astronomy and engineering.

This construction proposal ncludes not only the telescope structure and enclosure, but also all of the
optics and instrumentation required to establish this unique scientific facility. Although it will be built as
part of the existing infrastructure, extensions to roads, powesupplies and services will be required to
maintain and operate the facility. In addition, such a powerful telescope requires an array of instruments
to achieve its ambitious science goals. This construction proposal includes a plan that will deliver several
instruments to the telescope and provides the roadmap and technology development tenable further
instrumentation for the future exploitation othe facility. This plan ensures that the telescope will operate
with two instruments when it enters service with one further instrumentbeing delivered every two years
thereafter.

i s ol R A e SR RRR A A R
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Figure0.1. Sunset from Armazones(as will be seen at first light of the EELT).

The telescope has a mirror 39.3 metres in diameteryiewing an area on the sky about oneninth the size
of the full Moon. The optical designtself is based on a novel fivemirror scheme that delivers exceptional
image quality. Theprimary mirror consists of 798segments, each 1.45 metres wide, but only 50mm

thick.

To take the maximum advantage of the site, the available technology and developments in instrumenta

tion, the telescope will be adaptive, automatically correcting the disturbancemtroduced bypda A] npd#o
atmosphere before light enters the infuments. This follows the development of the adaptive optics de

ployed on Very Large Telescope (VLT) instrumentation and is an evolution of thdaptive optics facility
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being developed for the VLT. The telescope will be delivered with an adaptiv&4-metre mirror and will
utilise six sodium laser guide stars.

Developing the EELT is a major endeavour in science, technology and engineering. Partnerships be
tween institutes, universities and industry are already forming to build and exploit the teope, its sys-
tems and instruments. In addition, the technologies and innovations being developed to delivethe
E-ELT havealready found, and will continue to find,wider applications within industry. Adaptive optics
and lasers are two such areas alreadyeing spun out.

It is clear that a project of the size and technological challenge of the-ELT will have a significant eceo
nomic, cultural and scientific impact with a good chance of direct applications in areas such as medicine.
The development of theE-ELT will generate knowledge, provide inspiration, increase our skills base and
develop industrial capacity.

=0 pda sknh #0 benop ]j° h]lncaop kb ] -Eldwilbeiathean] pek]j
prime position to take full advantag of the discoveries made by the James Webb Space Telescope
(JWST).

The work carried out to date, primarily with industry, haseduced the risk forboth the technical demands
and the management of the programme. Following successful technical and finaradi reviews the pro

gramme is in an excellent position to move into constructionand the timing would ensure that Europe
maintainsits world lead in large astronomical facilities and theesultingresearch and discoverybenefits.

This proposal is concernal mainly with the technological challenges of building the HELT, but its main
aim is to provide a facility that will allow the community to tackle the exciting scientific questiored-
dressed by the E-ELT science case Should the governments of the ESO Meber States come to a
rapid decision about authorising the programme, the involvement and leadership of Europe in thesks-
coveries will be assured.

Executive Summary| E-ELT Construction Proposal



1 PROPOSALDIGEST

1.1 INTRODUCTION

The following chapter is intended to provide the reader with a complet®verview of the essential ele
ments of the EELT proposal.More in-depth material can befound in the remainder of this document.

1.2 SCIENCE WITH THEE-ELT

1.2.1 THE NEXTSTEP INFOUR HUNDREDYEARS OFDISCOVERIES

The European Extremely Large Telescope is the nextignt step in four centuries of astrophysical re
search using telescopes. The year 2009 marked the passing of 400 years since Galileo Galilei first used a
telescope for astronomical research, making the groun¢breaking observations that would finally refute
the geocentric Ptolemaic worldview and establish the heliocentric Copernican one. Since then, astro
nomical observations with telescopes have increasingly become the norm, until today, when observato
ries around the world host giant telescopes that work gery available second to collect immense quarti
ties of data. Each technological advance has brought new, and often totally unexpected, discoveries
about our Universe, enriching our cultural heritage

Over the last sixty years, astronomers have developetklescopes that are able to observe right across
the electromagnetic spectrum. Antennas for long wavelength observation radio, millimetre and sub
millimetre A were constructed, allowing many scientific breakthroughs, such as the discoveries of qua
sars, pulsars, the cosmic microwave background, and much more. Further, space observatories allowed
observations to be pushed to shorter wavelengths, into the ultraviolet, -Xay and gammaray regimes.
This opening up of thehigh-energy frontier generated a futher flood of discoveries such as Xray stars,
gamma-ray bursts, black hole accretion discs, and other exotic phenomena. Previously unknown physi
cal processes were taking place in the Universe around us. These astrophysical discoveries led to a
number of Nobel Prizes in Physics (in 1974, 1978, 1993, 2002, 2006 and 2011) and to giant leaps in our
understanding of the cosmos

While astronomy has expandedto encompass these new wavelength bands, most discoveries are still
made in the visible and neafinfrared regimes, where stars predominantly emit their light. Technological
advances in the 1980s and 1990s allowed scientists to build ever larger telescopes and ever more sensi
tive cameras. These instruments have opened up whole new areas of study. For examaplthe first
exoplanets (planets orbiting other stars) were detected, and the current generation of 80-metre-class
telescopes has even allowed us to take the first pictures of a few of these objects. Another example is
the indirect detection of dark energy, previously completely unsuspected, butbelieved today to dominate
and drive the expansion ofthe Universe. Our knowledge in astronomy continues to progress at an
incredible pace, answering many questions, but also raising exciting new ones.

The European Extremely Large Telescopewill be key in addressing these new questions, and in the fol
lowing sections we seek to give a flavour of the kind of fundamental questions that it will finally answer.
However, just as Galileo was astounded to find mountain®n the Moon and moons orbiting Jupiter, the
most exciting discoveries are probably those that we have not yet even imagined.

1.2.2 OPENQUESTIONS FOR THEE-ELT

A revolutionary telescope such as the European Extremely Large Telescope is designed to answer some
of the most prominent open questions in astrophysics.

1.2.2.1 EXOPLANETS ARE WE ALONE?

For over a decade, we have known that exoplanets exist, but we have not yet been able to detect the
faint signatures of Earthlike planets directly. The EELT will have the restution to obtain the first direct
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images of such objects, and even analyse their atmospheres for the biomarker molecules that might indi
cate the presence of life.

Are planetary systems like the Solar System common? How frequently do rocky planets settie chabita-
ble zone<, where water is liquid on the surface? Do the atmospheres of exoplanets resembliose of
the planetsin the Solar System? How is prebiotic material distributed in protoplanetary discs? Are there
signs of life on any exoplanet?

Figurell.=j ] npeop#o0 _ k-planet systemkag thely &re domnionlyhfqued now around nearby stars.

1.2.2.2 FUNDAMENTALPHYSICS ARE THELAWS OF NATURE WNIVERSAL?

As far back in time and as far out in distance as we can observe, all phenomentnat have yet been
investigated seem to indicate that the laws of physics are universal and unchanging. Yet, uncomfortable
gaps exist in our understanding: gravity and generalelativity remain to be tested under extreme condi
tions, the amazingly rapid expansion (inflation) of the Universe after the Big Bang is not understood, dark
matter seems to dominate the formation of the largescale structure but its nature remains unknavn,
and the recently discovered acceleration of the expansion of the Universe requires a mysterious dark
energy that is even less comprehensible.

Were the physical constants indeed constant over the history of the Universe? How did the expansion
history of the Universe really proceed? Can we infer the nature of dark energy?

1.2.2.3 BLACK HOLES WHAT WAS THEIRROLE IN SHAPING THE UNIVERSE

Black holes have puzzled physicists and astronomers since they were first postulated in relativistic form a
century ago by Kal Schwarzschild. Observations have demonstrated that these bizarre objects realtio
exist. And on a grand scale, too: not only havewe found black holes with masses comprable to stars,
but supermassive black holes, a million or even a billion timemore massive than the Sun, havealso
been found at the centres of many galaxies. These black holes also seem t&know? about the galaxies
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they live in, as their properties are closely correlated witthose of the surrounding galaxy, with more
massive black hoés being found in more massive galaxies.

Will studies of the supermassive black hole at the centre of the Milky Way reveal the nature of these
objects? Do theories of gravitation and general relativity as we know them hold near a black héehori
zon? How do supermassiveblack holes grow? And what is their rad in the formation of galaxies?

Figurel2.=j ] npeop#o0o _kj _al pekj kb ] jagpnkj op]ln( _khh]loa" pl
red giant companion.

1.2.2.4 STARS. DON# WE KNOW ALL THEREIS TO KNOW?

Stars are the nuclear furnaces of the Universe in which chemical elements, inding the building blocks
of life, are synthesised and recycled: without stars there would be no life. Accordingly, stellar astrophys
ics has long been a core activity for astronomers. But much remains to be understood. With higher
angular resolution and geater sensitivity astronomers will be able to observe the faintest, least massive
stars, allowing us to close the current huge gap in our knowledge concerning star and planet formation.

Nucleocosmochronometry A the carbon-dating method as applied to stas A will become possible for
stars right across the Milky Way, allowing us to study galactic prehistory by dating the very first stars.
And some of the brightest stellar phenomena, including the violent deaths of stars in supernovae and
gamma-ray bursts, will be traced out to very large distances, offering a direct map of the star formation
history throughout the Universe.

What are the details of star formation, and how does this process connect with the formation of planets?
When did the first stars forn? What triggers the most energetic events that we know of in the Universe,
the deaths of stars in gammaray bursts?
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1.2.2.5 GALAXIES HOW DO A4SLAND UNIVERSES FORM?

The term dsland universe$ was introduced in 1755 by Immanuel Kant and used at the beginning othe
20th century to define spiral nebulae as independent galaxies outside the Milky Way. Trying to uneer
stand galaxy formation and evolution has become one of the most active fields of astronomical research
over the last few decades, as large telescopeshave reached out beyond the Milky Way. Yet, even
nearby giant galaxies have remained diffuse nebulae that cannot be resolved into individual stars. The
unique angular resolution of the EELT will revolutionise this field by allowing us to observe individua
stars in galaxies out to distances of tens of millions of lighyears. Even at greater distances, we will be
able to make the kind of observations of the structure of galaxies and the motions of their constituent
stars that previously have only been posible in the nearby Universe: by taking advantage of the finite
speed of light, we can peer back in time to see how and when galaxies were assembled.

What kinds of stars are galaxies made of? How many generations of stars do galaxies host and when did
they form? What is the star formation history of the Universe? When and how did galaxies as we see
them today form? How did galaxies evolve through time?

Figure1.3. Centaurus A, 11 million lightyears from the Milky Way, is our nearest giant galaxy collision.

1.2.2.6 THE DARK AGES. CAN WE OBSERVETHE EARLIESTEPOCH OF THEUNIVERSE?

For the first 400000 years after the Big Bang, the Universe was so dense and hot that light and matter
were closely coupled. Once the Uiiverse had expanded and cooled sufficiently, electrons and protons
could recombine to form the simplest element, neutral hydrogen, and photons could decouple from
matter: the Universe became transparent Only then could the first stars form and start tobecome
organised into larger structures. The EELT will allow scientists to look all the way back to these earliest
times A prior to the formation of the first starsand hence dubbed the Dark AgesA to see how this first
phase of astrophysical evolution bgan.

What was the nature of the first stars? When did the first galaxies assemble and what were their proper
ties? When did galaxies assemble into largescale structures, shaping the distribution of matter as we
see it today?
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Figure1.4. The light of distant quasars is absorbed by a variety of components of the Universe on its way to Earth.

The above illustrationsmerely hint atthe science that the EELT will carry out, but they give a flavour of
the range of problemsthat it will enable us to tackle from the origins of the laws of physics to the preva
lence of life in the Universe. It will allow scientists to address some of the most fundamental current
guestions, as well as opening up whole new fronérs of human understanding.

1.2.3 THE ASTROPHYSICALLANDSCAPEBEYOND2020

The EELT is builtto address a very broad astrophysicallandscape. Predicting what this will look like
between 2020 and 2030 can only be incompletely draftednow. However, planned (i.e., not yet existing)
facilitiesalways have some degree of uncertainty attached to them and the exact progress in the relevant
scientific fields will also dependon the success of upcoming facilities. The followinggummary focuses on
the facilitiesand missionsthat bear most closely onthe E-ELT science case.

In 2020, ESO will haveoperated the VLT formore than two decades. A large fraction of the breakthrough
science within the capabilitiesof the 8210-metre-class telescopes will have been achieveand consoli
dation work will dominate. Among the second generation of ESO VLT instruments, MUSE (the wideld
IntegralField Unit [IFU] optical spectrograph), KMOS (the neafinfrared, deployable IFU spectrograph),
SPHERE (the planet imager), ESPRESSO é&hultra-stable, high-resolution spectrograph) and potentially
one other instrument willhave been in usefor several years. The La Silla Bservatory is likely to be oper
ated at low cost and only for specific large programmes €.g., similar to the HARPS suvey). Thesurvey
telescopes, the VLT Survey Telescope (VST) and the 4rhetre Visible and Infrared Survey Telescope for
Astronomy (VISTA)will have finished their first set of large surveys delivering follewp targets, many too
faint for the VLT.

Perhaps more importantly, the Atacama Large Millimetresubmillimete Array (ALMA) will have been col
lecting data in full science modefor several years andwill have pushed back the frontiers in many scien
tific areas predominantly instudies of the high-redshift Universe and star and planet formation.

On the ground, no breakthrough facilities beyond the existing BLO-metre-class telescopes and poten
tially a few additional, smaller survey telescopes will be operating, but several gamehanging facilties
are expected to emerge on the same timescale as the EELT: the Large Synoptic Survey Telescope
(LSST), as well as the 24metre Giant Magellan Telescope GMT) and the 30-metre Thirty Meter Tele
scope (TMT) opticalznear-infrared telescopes. The latter two represent some competitiorio, as well as
complementing, the E-ELT and will be discussed further below. The Square Kilometre ArrafSKA)is
expected to appear in the decade following the EELT and to mainly build on breakthroughs in
cosmology.
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In space, the James Webb Space Telescope JWST) might be operating withinits five-year minimum life
time and about to enter its anticipated five-year extension. A dedicated workshop highlighted the strong
synergy expected betveen the JWST and the EELT. Current missions such as theHubble Space Tele
scope (HST) Spitzer, Herschel, Planck, Kepler will have ended, others might still be flyingut reaching
the ends of their ifetimes: Chandra, XMM-Newton, etc. A few new missionssuch as BepiColombo and
Gaia on the European side will be operatingnew ones (such as EUCLID, PLAT@nd LISA) are likely to
be launched in the decade following the EELT# first light.

Close to the EELT science case, many research areas are expected tbhave progressed significantly by
2020. Thanks to radial velocity surveys (e.g.HARPS, ESPRESSQ)but also dedicated imaging surveys
(e.g., MEarth, HAT-Net, etc.) and missions such as CoRoT, Kepler and Gaia, the catalogue @xoplanets

is likely to havebecome very extensive While the discovery of superEarths in habitable zones is not ex

cluded, it will remain the exception. Neptune to Jupiter-mass planets will be known in great numbers
enabling progress in planet formation theory. Direct imaging ofignt planets distant from their parent
stars willbe nearly routine. Several atmospheres of (mostly transiting) Neptun& Jupiter-like planets will
have been coarsely studied.With the notable exception of Earthlike planets inhabitable zones which

remain to be found, the emphasis in exoplanet research willturn more towards characterisation than

further discovery.

In the domain of star formation, ALMA and JWSTwill follow on from Spitzer, SOFIAand Herschel and
will be making enormous progress. Yetthe picture will remain incomplete as the inner few astronomical
units of protoplanetary discs A including the habitablezone and inner rim of the protstellardisc A will
await the insights to be generated by theE-ELT# high spatial resolution.

The study of galaxy formation and evolution is the declared strength of the JWST. The JWST will enable
the study of mass assembly and chemical evolution of highiedshift galaxies by observing their stars and
ionised gas. ALMA will complemem these studies by doserving the cold gas in these galaxies. Yet again,
both facilities will have outstanding sensitivity but lower spatial and spectral resoioh, which are the
strengths of the E-ELT. While a census and general picture of the formation of the highest red$hgalax
ies will be in place a detailed understanding of these objects which are anticipated to be of small size,
will await the EELT.

Planned surveys aiming atthe better understanding of dark energywill have started (e.g. DES, HETDEX,
BigBOSS, EUQLID, WFIRST), complementing the anticipated results of the Planck missipwhich is fol
lowing on from the WMAP mission. The nature of any discovery in this domain is speculative. Ultimately,
the direct measurement of the cosmic expansion, only possible wh the E-ELT, will allow a fundamentally
new approach to measuring the effect of dark energy.

Finally, a number of current andforthcoming space missions will explore our Solar System. The{ELT
promises to be a valuablecontributor to understanding the formation of our Solar System, and thus of
exoplanets.

1.3 ToOwARDS THEE-ELT CONCEPT

The EELT progranme follows on from the early work by ESO on extremely large telescopes (with
diameter of 100 metres) undertaken in the late1990s and eaty this millennium. Thiswork culminated in a
design review in November 2005 with concrete recommendations for future work. A period of intense
community consultation took place in the first half of 2006 with five working groupsomprising a mixture
of ESO and community experts that established a starting point for a new baseline design for the tele
scope based on five reports on science, site, telescope, instrumentation and adaptive optics.

Initially a42-metre diameter anastigmatic telescope, incorporating rapidly deformable mirrors in the opti

cal train and providing gravity-invariant foci for instrumentationwas selected as the starting point for the
E-ELT. In the second half of 2006,a project office was establishedand by the end of the year the base-

line reference documentationwas submitted to the ESO Council as a proposal to move to aletailed de-

sign phase. The ancillary information governing th phase B included a management plan, a cost
estimating plan, a resource plan and a scheduleSubsequently this was replaced by the new baselindor

a 39-metre diameter telescope with considerably reduced risk and cost.
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1.4 COSTINGPHILOSOPHY

From the outset ESO strived to establish the technical and managerial feasibility of the project based on
technologically demonstrated industrial inputDuring the design phase described in Section 1.13 below,
the project has followeda consistent philosophy:

e ESOshould develop thesystem-levelrequirements from the toplevel science requirements

e The design including the cost and schedule for each subsystemshould be done in competition
by industry and reviewed byindependentindustrialteams;

e The risk associaed with high-risk items should be mitigated wherever possible by prototyping,
done predominantlyin competition by industry.

This has been implemented by using a technique known as Front End Engineering Design (FEERlti-
ple competitive FEED studies have been carried ouby European industryand reviewed by both the E
ELT project team and separate engineering consultantsAll FEED contracts provide as their output, not
only the detailed design and all the necessary documetation to put that design out to tender, but also
binding cost and schedule estimates backed by firm fixeeprice offers to construct. As such the FEED
offers are only one (ESO) signaturaway from being fully implemented contracts.They contain profit and
the vendors margin in order to complete the work for a firm fixedprice, to an agreed schedule and with
penalty clauses for late deliveryThe final contracts will of course be the result of a new round of com
petitive procurement across the Member Statesof ESO. However this approach results in awvell-qualified
design with a very robust cost and schedule estimate Of course, since these are real contract offers,
they must be interpreted as such when assessing the cost and schedule risk of the project.

In parallel with the industrial studies that form thébasis for the telescope design, ESO has engaged the
astronomical community in theMember States for the development of an instrumentation package that
matches the telescope and delivers on the science dviers for the project. Consortia of external institutes,
based on initial guidelines from ESO, carried out the instrumentation studies. Eleven different concepts
were considered with over 40 institutes participating in the work All design concepts were famally
submitted by the end of 2010 and subsequently reviewedDetailed manpower, schedule and cost esti
mates have been establishedat the phase A level

Oversightand guidance to the project havebeen provided through a variety of committeesdrawn from
the astronomical community at large The Science Working Goup (SWG) worked directly with the project
scientist to develop design reference cases and to provide feedback on the capabilities of the telescope
and instrumentation as these evolved during the design phase. The Site Selection Advisory Committee
(SSAC)received input from the project and advised the Director General. The ELT Science & Engineering
(ESE) subcommittee ofthe ESO Scientific and Technical Committee (STCwith membership overlap
with the SSAC and the SWG, followed all aspects of the projectrd advised the STC and in turn, the
Director General and Council. Finally, the ELBtanding Review Committee (ESRC) reviewed highevel
strategic and managerial aspects of the project and provided direct input to Council. Regular updates of
the project progress were made to the ESO FinanceCommittee (FC)

External industrial consultancy was sought by the project for reviews of design and schedule/cost for
major subsystems. Astronomers and engineers from ESO and external institutes reviewed the instru
mentation reports. The SWG, ESE and STCOwere involved in this process at all times

1.5 THECOST OF THEE-ELT

The cost to construct and commission the E-ELT is 183 | ¢ including contingency, ESO staff costs
and instrumentation.

"AOK#0 "~"g cap eo ej ata’ aranu ualn pk _kilajo]l]pa bkn

euros.

E-ELT Construction Proposal| Proposal Digest

ej bh



The budget for the telescope (icluding the dome, optics, main structure all site civil works, ESO staff
costs etc., but without contingency and instrumentation)is 883 1 ¢. Of this473 1 ¢ (53%) is in fim fixed-
price FEED offers.
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Figure 1.5. The distribution of the basis of estimate of the costs of the EELT excluding instrumentation and contin
gency. 53% is in firm fixedprice FEED offers

1.6 THE SCHEDULE OFTHEE-ELT

Assuming a January 2012 start, the EELT programme will takeapproximately 11 years to execute.Key
major milestones are

Dome acceptance A March 2017;

Main structure acceptance A March 2020,
Technicalfirst light A December 2021;
Instruments 1 and 2 first light A June 2022;
Start of observatory operations A October 2022.

1.7 CONTINGENCY

1.7.1 TELESCOPE

The E-ELT budget carries a formall00 | ¢ allocation of contingency to cover the risk of building every
thing except the instrumentation.This budget has been checked intwo different ways:

e By comparing with the cost to complete and the FEED offers
e Bottom-up, by looking at the uncertainty of each element of theWork Breakdown Structure

(WBS).

1.7.1.1 CONTINGENCY COMPAREDIO THE COST TO COMPETE ANDFEEDOFFERS

Because the FEED offersare firm fixed-price contract offers, it is informative tocalculate the uncommit-

ted budget if all the FEEDs wereto be executed. In this case 4731 ¢ of the project would immediately
be under contract and the 1001 ¢ of contingency would be 24% of the uncommitted cost to comple-

tion. In reality the FEEDswill be competed for again, but the crosscheck on the contingency level is
reassuring.

1.7.1.2 CONTINGENCY BY LOOKI AT THE UNCERTAINTYOF EACH ELEMENT OF IE WBS

For the FEEDs, contingency is needed to cover the cost of change orders throughout the life of the con
tract. This is conservatively estimated to be %, although ESGs experience of change orders on large
contracts is considerably better than this.The contingencyrequired to cover the uncertainties in the re
maining 47% of the budget is of course higher and has been estimated using the standard methodology
used for ALMA (which is based on the method usedn the US Department of Energyand by the National
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Science Foundation [NSFJfor large projects).Using this approach, te total bottom-up contingency re-
quirement is86 | ¢, which again compares favourably with the 100 ¢ available

1.7.2 INSTRUMENTATION

The situation with the instrumentation is very simpleThe instrumentation WBS has aring-fenced budget
of 1001 ¢ This is the construction component of what will be an ongoing instrumentation line of
approximately 91 ¢ per year. Based on the current cost estimates, the 100l ¢ is sufficient to fund the
first four instruments, ESO$ management of the instrumentation programmeand to carry out enabling
technology Research and Development R&D). However, if the cost of the instruments varies as the de
signs mature (they are only afphase A, which is beyond conceptual design but not yet at preliminary
design level).then the scope of what can be deliveredwithin the 1001 ¢ will be adjusted. The balance of
the instrumentation roadmap will be executed from thecontinuing instrumentation lire which starts to
ramp up in 2019.

1.8 THE CONSTRUCTIONREVIEW AND THEDELTAPHASEB

A technical review in the second half of 2010 found the 42metre concept to be technically sound and
the cost estimates reliable. Concern was expressed regarding the ambitiouschedule for such a com-
plex telescope and the recommendationmade that the ESO management be prepared for a tw@three
year extension of theeight-year schedule.

Following phase B, the project has undertaken a series of risk mitgjation and cost reduction activities
The project and the technical review concurred that the most challenging areas of the project were the
timely completion of the primary mirror segments, the manufacturing of the secondary unit andealing
with the high sensitivity ofthe telescope to wind loading.

A modified design was adopted by the projectin 2010 establishing a 39metre alternate which has
become the baseline design. The resulting telescope is smaller but also easier to build, faster to erect
and more manageable m every aspect. The changes made to the design have been subjected to exter
nal industrial review.Without going into the detail that is presengd in the rest of this document it is im
portant in this introduction to establish why the smaller EELT is a sibstantially better telescope other
than its manifest increased likelihood of beingbuilt, if scientifically somewhat less capable, than the
42-metre version.

The 39-metre telescope has a smaller and faster primary mirror. The reduction ithe total number of
segments is of order 20%. The fractional cost reduction is smaller than the reduction in telescope sizas
the non-recurring expenditures account for almost 50% of the total cost of the primary However, the re-
duction in schedule risk is $gnificant. The faster and smaller primary mirror allows the design to be opti
mised for a secondary mirror below4.2 metres. This critical change permits a realistic diversity of supply
in the procurement of the secondary unit. Moreover, the polishing ahe convex mirror would only require
a single matrix thereby reducing the complexity and schedule of procuring the test setup. The mechani
cal safety of the unit under earthquake loathg would also be easier to achieve. The other units of the tel
escope largely scale with the diameter and become proportionally easier to construct. A large benefit of
the redesign is the reduction of telescope length and width, thereby reducing the dome volume and the
exposure of the telescope to wind disturbances.

1.9 THE CoSsT REVIEW

The cost of the EELT, including the contingency and the construction schedulewas subjected to an
in-depth external review in September 2011.The Cost Review Committee concluded that the EELT
projectis baseline cost, contingency and schedule planing is ready for the project to proceed to the
construction phase.

The committee strongly endorsed the approach of FEED contracts as a way of reducing the cost risk on
the project A whereby qualified companies have been paid to perform design studies, at the end of

E-ELT Construction Proposal| Proposal Digest



which they provide a contractually binding offer that is one customer signature away from an exemd
firm fixed-price contract.

1.10 39-METRETELESCOPECONCEPT

The optical design of he telescope is that of athree-mirror anastigmat used within a small field about its
axis. Two folding flats are used to extract thebeam to a Nasmyth focus. Thef/0.88 elliptical primary
mirror (M1, conic -0.996) has a diameter of approximately39 metres and an 11-metre central obstruc-
tion. The 4.1-metre secondary mirror(M2)is convex and returns the beam, through a hole in the quater
nary mirror (M4), to the 3.7-metre mildly aspheric concave tertiary mirro(M3)located at the vertex of the
primary. The beam is reflected to the 2.4-metre quaternary flat adaptive mirror that is inclined at
7.7 degrees to the beam direction. The fifth mirror(M5)in the train is flat, elliptical in contou(2.6 metres
x 2.1 metres), defines the altitude axis of the telescope,and steers the beam towards the Nasmyth
focus. The output beam atf/17.5 is very nearly diffractionlimited over the entireten-arcminute field of
view.

Secondary mirror (M2)

et

Quaternary mirror (M4)

Nasmyth
focal
surface

Figure 1.6. Optical layout for the Nasmyth configuration of the EELT.

The f/17.5 beam can be redirected through relay optics to a coudé focus provided withirthe telescope
foundations at the ground level.

The optics are mounted on an altitudgazimuth telescope main structure that uses the rockingchair
concept with two massive cradles for the elevation motions and two major azimuth tracks. The structure
weighs approximately3000 tonnes. In the central obstruction of the primary al0-metre-tall tower sup-
ports the quaternary and M5 mirrors.

1.11 THE INSTRUMENTATIONPLAN

The instrumentation plan for the EELT follows on from the 11 design studies developed during the
period 200722010. The design studies provided an excellent pool of instruments that addressed the
broad spectrum of capabilities necessary to attack the EELT science goals.
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The instrumentation plan is motivated and bound by a wish to deploy cuttingdge instrumentation on
the telescope as early as possible without blocking earlgcientific access to the telescope by excessive
commissioning and debugging.

Two instrument concepts have been selected for the first light complement of the telescope high spa-
tial resolution multiconjugate adaptiveoptics-assisted camera/spectrograph and a adaptive-optics-
assisted integral field spectrograph.These instruments will be mounted on the Nasmyth foci of the tele
scope. An instrumentation roadmap has been produced that identifiednstruments three through five
plus the pivotal planetary camera/spectrograph and identifies the key decision points in theirconstruc-
tion. The instruments to be mounted on the telescope after first light will start their design and prototyp
ing activities during the period of construction.

The operatiors budget for the observatory includes of orde 201 ¢ per annum for investments in new
facilities for the EELT, of which some 91 ¢ per annumis for an ambitious instrumentation programme.

1.12 THE MANAGEMENTPLAN

The management of the EELT design project is geared to evolve ntrally into the construction project.
With this in mind the project office is structured tdead the core decision and control areas of the project
while sourcing almostall the manpower resources necessary to follow the contracts and any develop
ments from the matrixed and service divisions of ESO.

Such a lean project office does not carry excessive overheads and provides the ESO management with
the flexibility to prioritse activities without an increase in personnel. The EELT project wil be executed
from within the Directorate of Rogrammes by a dedicated EELT Division

Led by a project managerreporting to the Director of Programmes and with direct access to the Director
General the E-ELT has a project controller, a project scientist, groject engineer, a systems scientist
and a systems engineer following the different aspects of the activities and lead gineers in the areas of
dome and main structure, optomechanics,control, civil/infrastructure, operations andnstrumentation.

Cost and schedule control follows the cost-to-completion and fultcost accounting principles that have
guided the VLT and ALMA projects.

Project reporting follows the norms that ESO has established for allignificant activities with a bannual
report to the Finance Committee and Council.

1.13 DESIGNPROCESS

During phase B the project initiated a top-down process using the input top-level requiremats from the
project scientist In paralle| it launched industrial studies based on requirements extracted from the
baseline reference design established at the beginning of the phase B. ESO engineers and scientists
form a knowledge base that has a good understanding of telescopes and theassembled team was
heavily involved in the VLT. The preliminary design requirements of subsystems were establishaadd
documented very earlyand industrial contractswere launched very soon after the start of phase B.

The subsystem breakdown has been largely conventional, relying athe VLT and other telescope expe
rience within ESO. Five major areasvere considered: dome and main structure; optomechanics; infra
structure and site; control system and systems engineering The project structured its management
according to this breakdown, with lead engineers in each area. The detailed work breakdown structure
followed product lines, in part avoidng allocation of resources in areas without direct output into the
E-ELT propct. For each subsystem three stages of design have been considered.

Phase A design has been conceptual. The functionality of the system was shown, potential solutions
were established and volume/weight envelopes set up. This was considered the minimurevel of design
necessary to advancefrom phase A to phase B.
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Phase B1 designwas a preliminary level design of the subsystem undertaken by an industrial partner. It
was based on requirements generated by the phase A concepts. A phase B1 design shows the ajor
components of the system and demonstrates by analysis,that performance can be met Mass and vol-
ume budgets were established. Interfaces to other subsystemswere established and plausible cost es
timates from industry evaluated. Thephase B1 design output includes a thorough revision of the
requirements and the technical specification foa next stage of the design.

Phase B2 design stage,referred to as the Front End Engineering Designis a detailed design stage.
FEED studieswere undertaken by industry based on the requirementsdetermined by the earlier design
stages. FEED detailed design output is considered to be sufficient to tender for construction contracts.
Construction will include some degree of final design work to move from the FEED leviel shop draw-
ings.

The phase B activitieshave delivered phase B2/FEED level designs for mosbf the critical subsystems.

The top-down approach, started in parallel with the design activitieshas been coordinated by systems
engineering.

In moving flom the 42-metre to the 39-metre design, the project has concentrated its resources on risk
mitigation and cost reduction elements. As is described belowthe dome, main structure, secondary and
guaternary mirrors have been the focus of the extended phase BDelta FEED contracts or updates to
designs have been undertaken during this periodresulting in a revised overall designA major task has

been to revise all interfaces based on th&9-metre baseline.

1.13.1 PHASE B INDUSTRIALCONTRACTUALACTIVITIES

As a preamble, all contracting at ESO is undertaken through the procurement department andas a
norm, all work is tendered for. With very few exceptions, no work is directly sourced to a particular sup
plier. The procurement of the design work during the phasg A and B has followed these rules. Therds
no binding commitment between ESO and any of the suppliers of design activity for further procurement.
With a few exceptions, allowed within the procurement rules, ESO owns the intellectual property of the
designs and every effort has been made not to commit to designs that are bound to particular suppliers.

During 2007, the E-ELT dome was the subject of two 500thousand euro 600 g ¢ preliminary design
(B1) contracts with ARUP (UK) and IDOM (Spain) respectilse delivering a design and cost/schedule es
timates for the procurement. A consolidation phase in 2008 followed in which further analysis in covering
mechanisms and airflow issues were considered for one of the designs. The technical specification for
the dome was updated to take into consideration the input from the preliminary design phaseand two
FEED contracts (B2) were awarded in mikR009 with IDOM (Spain) and EIE/Cimolai (Italy). The two
1.251 ¢ FEED contracts are framedin such a way that a detailed design and construction planning as
well as detailed cost estimates are provided. Binding offers to construct are also deliverables of these
contracts. For the 39-metre design, contracts were placed with the FEED awardees to update the de
sign and schedue/costs.

Wind tunnel and Computational Fluid Dynamics (CFD) analysis is included in the dome contracts. In
addition to that work, the project contracted IDOM to evaluate further the interactions of the telescope
and dome in the wind tunnel facilities ofa subcontractor in the UK. The 39-metre dome has also been
evaluated in the wind tunnel in the UKThe CFD results from the preliminary designsvas analysed and
further elaborated upon by Weatherpark (Austria). Additional analysis of wind tunnel dateas undertaken
by CIRA (Italy).

The independent review of the requirements and outpufincluding costs) from the 42-metre FEED con
tractors was contracted to ARUP (UK) and DSL (Canada).

During 2007, the main structure was the subject of two 500g c¢preliminary design (B1) contracts with
EIE/Tomelleri (Italy) and MTM (Germany) respectivetielivering a design and cost/schedule estimates for
the procurement. During the consolidation phasethe MTM (Germany) design was selected as a baseline
and some further work was undertaken to update the design to match the revised interfaces. The revised
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preliminary designwas used to update the technical specifications of the main structure that werghe
basis for the tendering and eventualaward of a single 1.251 ¢ FEED contract to Empresarios Agrupa
dos (EAI, Spain) in mid2009. A delta phase B contract for 800 g gwas placed with EAI for the update of
the design to the 39-metre baseline.

An independent review of the requirementsfor the main structure and domeand output of the FEEDs
(including costs)was contracted to DSL (Canada).

An independent review of the output of the delta FEEDs (including costs) for the dome and main struc
ture was contracted to ARUP (UK).

DSL (Canada) and DEMONT (ltalyyere contracted to evaluate the feasibility and scheduling of the con
struction and to provide possible optimgation scenarios Analysis of the ESO handling needsvas con-
tracted to Solving (Finland)and an option for a total access platform to Bronto Sklift (Finland).

In mid-2007, two FEEDIlevel prototype quaternary adaptive mirror unit contracts were awarded to
CILAS/AMOS/Onera (France/Belgium) and AD®licrogate/Sagem (ltaly/France) Although launched as
soon as realistically possible after phase B gproval, their specifications had been validated through
industrial studies undertaken with CILAS, Sagem and ADS/Mrogate during phase A. These wee

5.21 ¢contracts to include the construction of prototypes and firm fixed offers to build thefinal produc

tion units. As a risk mitigation activity additional work was contracted with ADS/Microgate/Sagem for the
study of the reference body and neleak cooling options.

Also in 2007, the M5 electromechanical tiptilt unit was contracted for 1.21 ¢ at FEEDIleve to
NTE/CSEM/Sagem (Spain/Switzerland/France)This included the delivery of a scaleone prototype. The
contractor has studied asilicon carbide (SiC)mirror in collaboration with Boostec (France) for the M5. In
parallel the project has undertaken conceptual design studies with ITT (USA) and Schott (Germany) for
the provision of glass mirrors. With support from BCD (ltaly) in the area @ihite element model genera
tion, a second heavy M5 study has been contracted to NTE/CSEM/SagemA small prototyping activity
into SiC by Boostec/Sagem is being monitored by ESO as part of our risk mitigation activities.

In early 2008, two 51 ¢ contracts were placed with Sagem (France) and Optic Technium (UK), since
renamed to Optic Glyndwr, for the provision ofseven aspheric prototype segments for the primary mir
ror. These FEEDIlevel contracts culminatel in firm fixedprice offers to build the entire supply of seg
ments needed for the EELT. These contracts include test setups and the necessary tooling and process
development for the polishing. Three materials were selected for pairs of blanks, Schott Zerodur
(Germany), Corning ULE (USA) and LZOS Astrosital (Russi@ie seventh blank has been left free to the
supplier to select. Optic Glyndwr has selected ClearCeram from Ohara (Japan) while Sagecmose
Zerodur from Schott. In parallel the project has issued a contract for a production study for the primary
mirror to ITT (USA). Additional risk mitigation contracts have been placed with Laboratoire
d#Astrophysique Marseille (LAM) andinsley(USA)to stress polish segments.

In 2007, a 150 g gcontract was placed with CESA (Spain), withthe Gran Telescopio Canarias (GTCact-
ing as a subcontractor, to establish a preliminary design of the segment support structure (connection to
the main structure and whiffletree). Following this contract, a revision of the specification was made, tak
ing into account the evolution of thedesign of the main structure and two FEED contracts for 75@ ¢
each were placed with TNO (Netherlands) and CESA (Spaiegch for the design and construction of
three segment support systems The contracts include some handling equipment.These segment sup
ports have been integrated with the polished mirrors at Sagem and influence function tests have been
performed.

In mid-2009, two contracts for 150 g geach were placed with Physikinstrumente (Germany) and CESA
(Spain) for the production of three prototye position actuators for the primary mirror units.A further
study by Physik Instrumente for mixed capability actuators has been included in the risk mitigation activi
ties. At the same time one 150g gcontract was placed with microEpsilon (Germany) for th production of
a set of edge sensors for the primary mirror segments.
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The airflow and cooling requirements for the primary mirror have been analysed under contract by
Kirkholm (Denmark).

In 2008, a preliminary design (B1) 50&k¢ contract was placed with MT Mechatronics (Germany) for the
design of the secondary mirror cell. In parallel, an evaluation of the requirements and potential solutions
for the entire secondary unit, including the mirror and polishing, was contracted to Brashear (USA). The
outcome of these studies was used to call and award a 1.9 ¢ FEED contract for the entire secondary
unit (mirror polishing plus cell). This contracwas placed with Sagem/MTM (France/Germany) in late
2009 and has been amended to include the39-metre secondary option. Design and production studies
for the secondarymirror blank have been contracted to Schott (Germany) and Corning (USA).

In 2008 two contracts were awarded to AMOS (Belgium), namely the preliminary design of the pfecal
station at 500 g ¢and the preliminary design of the tertiary cell at 30@ ¢ A further study of the prefocal
station has been contracted to the Danish company KirkholmAdditionally a 40g c¢contract was later
awarded to AMOS/Micromega Dynamics (Belgium) to evaluate a protgpe pneumatic shape actuatorfor
the M3 unit.

Active Space Technologies (Portugal) have been contracted to dediv a preliminary design of the dap-
tive optics calibration unit.

In the area of the control system, contracts have been placed with Obseatory Sciences Limited (UK)
and SciSys (UK) for the evaluation of existing infrastructures, Rovsing (Denmark) and Critical Software
(Portugal) for independent software verification and validation plans, Space Systems Finland (Finland) for
the evaluation ofreattime requirements, the University of Liege (Belgium) for the control algorithms of the
primary mirror cell and KN Systémes (France) for the design of the primary mirror control system. INES
(Switzerland) has provided consultancy for the evaluation dhe network requirements and control sys
tem demands. In addition, a contract with National Instruments (Germany) assisted with the solution of
M1 and M4 control.

Alternate laser technologies based on semiconductors have been contracted to ORC (Finland).

For project control support, contracts have been placed with Franklin & Andrews (UK) for an evaluation of
the project risk register, Threon (Germany) for support in the area of risk analysis and with 1ISQ (Portugal)
for product assurance services. Specit support has been contracted to USB (Germany) for the config
uration item data list generation.

1.14 OPERATIONS

The operations plan for the EELT observatory was one of the deliverables ophase B. The plan has
been revised to take into account the new telescope baseline, and aims at maxiging the synergies
between Paranal and Armazones, which will be operated as a single integrated observatory. The plan
describes the operational concepts and phns needed to achieve the EELT top-level requirements and
covers aspects related to the observatory management, the science, technical, maintenance and logistic
operations, the offsite development and support, the upgrade paths, the staffing requiremestand the
operations budget.

A number of principles inherited from the experience of operating the Paran@lbservatoryis at the core

of the operations concept. The toplevel goal is to maxinise the scientific productivity of the EELT. This

is achieved by ensuring an optimal performance level of telescope and instrumentation by extensive use
of metrology, as well as of preventive and predictive maintenance, where the most challenging goal will
be to perform, within the available daytime hours, all the required maintenance and corrective tasks
necessary to have asready-to-go? telescope at sunset.

There will be procedures designed to preide a safe, efficient and costeffective operation of thefacility to
deliver scientific data of high and consistent quality together with all ancillary data needed for their eali
bration, and provide opportunities for technical upgrades and development of new instruments and
Adaptive Optics AO) systems over tre lifetime of the facility.
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The science operations are based on the VLT paradigm and will be fully integrated, both esite and off
site, between the VLT andthe E-ELT. Extensions taking advantage of technological developments (e.g.
high bandwidth) willbe implemented for the integrated observatory. The observatory will provide modali
ties of use of the facility adequate to the scientific goals of each project, and for the most part observa
tions will be flexibly scheduled to make the best use of availablatmospheric conditions. A calibration
plan will be executed by the observatory to guarantee that scientific data can be calibrated up to a well
specified level of accuracy. The calibration plan will be the basi®r monitoring the system performance
by continuously monitoring selected parameters. All the science data obtained and their related calibra
tions will be stored in the ESO Science Archive, to ensure the lonterm preservation and accessibility of
the data to the entire scientific community throgh appropriate interfaces.

The operations plan identifies all the activities, both shoiterm (e.g, daily exchange of two newly coated
M1 segments) and longterm (e.g, commissioning of new instruments), needed to carry out the above
goals. Work plans have been defined for the technical operations, the inspections, the preventive, pre
dictive and corrective maintenance of all subsystems of the observatory. The tracking of problems with
the associated generation of work orders will be managed through apprariate software tools (an evolu
tion of the current problemreporting system and computeised maintenance management system in use
at Paranal today).

Bottom-up estimates of the required time and manpower for each activity, based on the Paranal experi
ence, have been used to determine the staffing (in terms of skills and numbers) and the cost of operating
the E-ELT.

1.15 CONCLUSION

The EELT design phase has delivered a technically viable solution for an extremely large telescope built
by industries andacademic institutes in the Member States. The cost and engineering of the project has
been validated through extensive interaction with industry and, to the extent possible, prototyping activi
ties have bolstered the confidence of industry to be able to diéver the telescope components
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2 THE SCIENCECASE

The science case of the European Extremely Large Telescopests on three pillars:

e Contemporary science A the breakthrough science cases that can be envisaged today for a
40-metre-class telescope;

e Synemies A the interplay of the EELT with other major facilities operating in the coming dec
ade or in parallel with the EELT;

e DiscoveriesA the hardest to capture, but probably most interesting potential of the EELT.

All three aspects have evolved overhte last five to ten years and were subject to many discussions and
iterations in the astronomical community. They are discussed in turn below.

2.1 CONTEMPORARYSCIENCE
2.1.1 PLANETS ANDSTARS

2.1.1.1 EXOPLANETS

Are we alone in the Universe? For millennia, this question wasot posed or was purely philosophical.
Recently, astronomers have started to provide an answer. With the-ELT, for the first time in history,
technology allows us to observe and to characterise exoplanets in habitable zones.

The first exoplanet orbitinga solartype star (51 Pegasi) was discovered in 1995 by a European team.
Since then, over 600 planetary companions with masses ranging from a few Earth to several Jupiter
masses have been found. Most exoplanets are detected indirectly by the radial veldgitechnique, a
method that detects planets by the wobble theyinduce on their parent star as they orbit it. However,
such indirect detections only allow us to infer very limited information about the planet itself, and very few
direct observations of plarets have been made. With the EELT, we will be able to obtain direct images
of some of these systems, including planets in the habitable zone, where a rocky planet might hold liquid
water on its surface.
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Figure2.1. The habitable zone, in which liquid water might exist on the surface, varies with stellar mass (isurface
temperature). The EELT will be able to study Earthtwins around Sun-like stars.
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2.1.1.1.1 The radial velocity techniqued reaching 1 cms™* accuracy

The radial velocity technique, which measures the induced Doppler shift of features in the spectrum of
the parent star, can only find certain kinds of planets. With the current generation of telescopes, this
technique is limited both by the precision and the stability of the velocity measurements: current
measurements have pushed the limit down to an already impressive~ 1 ms? precision retained over
several years. Unfortunately though, a planet like the Earth orbiting a stardilthe Sun will only induce a
radial velocity of about a tenth this size, which lies at the limit of what can be achieved with even the next
generation of instruments on current telescopes. In contrast, ultrstable spectrographs, combined with
the large cdlecting power of the EELT, will achievemeasurement precisions of~ 1 cms™ over periods
ranging from minutes to years. For the detection of rocky planets in habitable zones, this precision is
needed in order to overcome measurement contamination by seisic oscillations, granulation and mag
netic activity of the parent star.

Thus, the EELT is essential for finding Earthike planets in habitable zones, for characterising them and
for understanding the properties of their parent stars. This will allow e@omplete census of rocky Earth to
Neptune-mass planets around nearby stars for the first time, and will provide an understanding of the
architecture of planetary systems with lowmass planets. These studies will lead to an understanding of
the formation of Solar System twins and will provide an answer to an important part of the fundamental
guestion: just how unique are we?
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Figure2.2. Mass plotted against semimajor axis of known exoplanets. The stars currently detected through the
radial velocity technique (green triangles) are limited by the accuracy ef1 ms?, while the EELT will push the limit to
<10 cms, allowing Earth twins$ i ] n g aE®) to peodetécted. Credit: Bouchy et al.(2009).

2.1.1.1.2 DirectimagingA approaching 10° contrast

By 2020, ground- and space-based facilities will have discovered thousands of massive (Neptuneand
Jupiter-mass) exoplanets. The EELT will start detecting Earth-twin targets in habitable zones using the
radial velocity technique described above. By then, the statistical understanding of the properties of the
parent stars and the distributions of the masses and orbits of exoplanets will have matured. &mext
step in exoplanet research will be the physical characterisation of the then known planets.

In order to achieve this, direct light from the planet must be detected and separated from the glare of its
parent star. Overcoming this difference in brigtness (usually referred to as the contrast) is the main
challenge for this type of observation and requires extremely sharp imaging. This capability will be a huge
strength of ground-based telescopes. Planetfinder instruments on 8-metre-class telescopeswill achieve
similar contrasts to the JWST: around 1 to 10°® at sub-arcsecond distances from the parent stars. The
detection of an Earthtwin requires contrast of 10° or better at about 0.1 arcseconds from the star (for
the tens of stars within 30 ligh-years from the Sun). The unprecedented lightgathering power of a
40-metre-class telescope, and the implementation of extreme adaptive optics at the HELT are
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absolutely crucial for reaching this limit. A planetinder instrument on the EELT will allowscientists not
only to study young (seHluminous) and mature giant planets in theSolar Neighbourhood and out to the
closest star-forming regions but also to understand the composition and structure of their atmospheres.
Around the nearest hundred stars,the E-ELT will enable the first characterisation of Neptunéike and
rocky planets located in habitable zones, establishing a new frontier in astrobiology and in our under
standing of the evolution of life.
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Figure2.3. Simulation of the direct imaging ofxoplanet with the E-ELT. Upper left: Single pne-minute raw expo-
sure at 0.9 lm of a star at a distance of 10 parse (pc) hosting seven planets (with a contrast of 1§z107), equiva
lent to up to 10° in a 10-hour exposure. Upper right: After processing using spectral deconvolutiopall seven planets
are now clearly visible. Bottom: Simulation of the direct imaging axoplanets exploring the effects of different core
nagraphsA the chromaticity of the coronagraphs is the current limiting factor at small radii.

2.1.1.1.3 Characterising atmospheres

With the EELT, the detailed study of the atmospheres of young, massive exoplanets becomes feasible.
Indeed, with its unprecedented sensitivity and Igh spatial resolution at near and mid-infrared wave
lengths, the EELT will be able to detect young, seluminous exoplanets of Jupitermass. The contrast
between star and planet at these wavelengths becomes so advantageous that, for the nearest stars,
hydrogen, helium, methane, water ammonia and other molegles can all be detected in lowresolution
spectra of the atmospheres of superEarth planets in habitable zones.

Alternatively, exoplanet atmospheres can be observed during transits in the optical angear-infrared.
Ground- and space-based facilities (such as the CoRoT and Kepler missions) are accumulating target
stars for which an exoplanet, as seen from Earth, transits in front of its parent star. During these events,
which last a few hours every fewmonths or years, spectral features of the exoplanés atmosphere,
back-lit by their parent star, can be seen in the spectrum of the system. Such measurements are barely
feasible at present from the ground and space, but lie well within reach of the-ELT, which will be able
to sample several important chemical diagnostic lines.

In the case of rocky planets in the habitable zone, the spectra can be examined for the biomarker mele
cules that are indicative of biological processes, offering perhaps the besipportunity to make the first
detection of extraterrestrial life.
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Figure2.4. Top panel: Near-infrared spectrum of an Earthlike atmosphere. Bottom panel: Expected J-band spectra
of the Oz lines andH-band spectra of CO; for a transiting planet with an atmosphere crosssection of 5 x 104,
Taken from the science case of the phase A study for the highesolution near-infrared (NIR) spectrograph.

2.1.1.1.4 Protoplanetary discs and prebiotic molecules

The observeddiversity of properties of exoplanets must be related to the structure and evolution of the
discs of protoplanetary material from which they form. A crucial step for our understanding of the origin
of life is thus the study of the formation of suchprotoplanetary discs. The transition from the gasrich to
the gas-poor phases of discs is of particular interest: it is the time when gaseous planets form and rocky
planets gradually accrete planetesimalé\ essentially bouldersA onto their cores.

The EELT# spatial resolution of a few to tens of milliarcsecondgmas) allows it to probe the inner few
astronomical units of these discs out to the distance of the nearest staforming regions (about 500 light
years), allowing us to explore the regions where Eartlike planets will form for the first time. These data
will beautifully complement observations with the new international ALMA submillimetre array that will
look at the colder material further out in these systems, together providing a full understanding pfo-
toplanetary disc evolution. Furthermore, the inner discs probed by the EELT are those where the key
molecules for organic chemistry, such as methane, acetylene, and hydrogen cyanide occur, and more
complex pre-biotic molecules are expected to form. Tkir study will provide a further vital clue in the
astrobiology puzzle.
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Figure2.5. Near-infrared scattered-light coronagraphic images of representative circumstellar discs. From left to
right: AU Microscopii (Keck image, resolution QL arcseconds, 1 AU at 10 pc; Kalas et al, 2004); HD 141569 (HST
image, resolution 0.2arcseconds, 20 AU at 100 pc; Weinberger et al, 1999); HR 4796A (HST image, resolution
0.2 arcseconds, 15 AU at 70 pc; Schneider etal., 1999).
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2.1.1.2 THEBIRTH, LIFE ANDDEATH OFSTARS

Stars emit nearly all othe visible light that we see in the Universe. The details of their formation process
coupled to the formation of protoplanetary discs, their evolution and their (sometimes most energetic)
deaths still present some of the most interesting puzzles in astrophysics. The-ELT is the key facility to
answering many of these open fundamental questions.

2.1.1.2.1 Star formation and the conditions for the formation of planetary systems

The formatbn of a star traces a complicated route. The earliest phases of this process during which
protostellar cores start to emerge from molecular clouds is often thought to be in the realm of longer
wavelength (submillimetre, millimetre, radio) facilitieglue to their ability to peer into heavily dust
obscured regions While this is partly true for preseniay optical/nearinfrared telescopes, the EELT,
with its gain in sensitivity and particularly, angular resolutionwill be a major player in protstel-
lar/protoplanetary disc research, even in their early stagesf evolution

At mid-infrared wavelengths, the spatial resolution limit of the EELT represents, at the distance of the
closest star-forming regions (located about 500 lightyears away), a fewAstronomical Units (AU), i.e. a
few times the mean SurfEarth distance. Thus the EELT will be able to probe the innermost regions of
the protoplanetary discs and study where rocky planets form. It will also enable a close scrutiny of how a
star forms and so makedecisive progress in the study of the premain-sequence phases.

Many high-mass star-forming regions can be found within a few thousand parsecs from the Sun. At this
distance, the EELT resolution can probe the very inner regions (tens of AU) of the sutnoding accretion
discs, allowing us to study in great detail the formation of these luminous stars that so dominate the
energy budget and the chemical enrichment of the interstellar medium.

Figure2.6. With the EELT, astronomers will be able to study planeforming discs in unsurpassed detail at distances
larger by a factor of ten than possible todayas illustrated in this artis¢ anpression.

2.1.1.2.2 Stellar tribulations

The path taken by a star through itslifecycle varies greatly with its mass. Mass determines not only a
stars lifetime and evolution but also its final fate. Understanding the evolution of stars is critical to our
understanding of the evolution of the Universe: the continuous recycling press of matter, the energetic
processes shaping the interstellar medium, the feedback processes in the evolution of galaxies, and the
overall chemical enrichment history of the Universe, all the way to the chemistry enabling life.

The Science Case| E-ELT Construction Proposal



High-resolution spectroscopy with the EELT from the optical to the infrared will allow unprecedented
progress in this field. The EELT will allow us to perform nuclear dating (nucleocosmochronometry) on-in
dividual stars with ages between 1 and 12 billion years. Currenfiacilities are limited in their collecting
power and have performed this measurement on only a handful of stars. The-ELT will allow measure
ments of elements such asthorium 232 (halflife 20.3 billion years) anduranium 238 (halflife 6.5 billion
years)and their ratios to other elements in hundreds of stars in different regions of the Milky Way. Cem
bined with precise element abundance measurements in stars, and with results from space missions
such as Gaia, it will allow us to determine not only the grtise age of the major components of our gal
axy, but also to date their assembly phases and to describe their chemical evolution. A full understanding
of the assembly of the Milky Way is within reach with the fELT.

oD

U, Th decay

G B

%
Radioactive
elements

HE 1523-0901

-13.7 Billion years -13.2 Billion years

Figure2.7. Nucleocosmochronometry allows precise measurements of stellar ages, as in the case of the star
HE 1523-0901.

At the low-mass end of star formation, we enter the realm of brown dwarfs, which are not massive
enough to have startedthe central nuclear fusion process that powers stars. These objects are particu
larly interesting as they are expected to have masses and atmospheric properties intermediate between
stars and giant planets. Only the EELT has the collecting power to reachout in distance and to study in
detail the faint brown dwarfs in nearby open star clusters. In addition, the-ELT has the spatial resolution
to study brown dwarfs and planetarymass objects in so-called ultracool binaries, having separations of
only a few hundred AU, in nearby environments ranging from young stellar associationsr{e million years
old) to young star clusters (a few hundred million years old). The study of such binary stars allows us to
determine precisely the masses of the stars at diffent evolutionary stages. Thus, the EELT will reveal
the evolution of substellar mass objects, supporting its work on exoplanets and bringing us closer to a
full understanding of the evolution of planets and stars over the full mass spectrum.

2.1.1.2.3 Violent deahs and their consequences

At the high-mass end of the range of stellar properties, the most spectacular events are undoubtedly the
deaths in violent explosions of stars of eight or more solar masses. These supernova events seeded the
early Universe by ejeting into the interstellar medium carbon, oxygen, iron and other heavy chemical
elements. These elements not only critically influenced the formation of stars and galaxies, but were also
essential for the later evolution of life. Supernova explosions arerepngst the most luminous events in
the Universe. As such, they can be used out to great distances as signposts of early evolution.

Gamma-ray bursts have been one of the most enigmatic phenomena in astronomy since their discovery
in the 1960s, until theywere recently convincingly associated with the formation of stellamass black
holes and highly collimated supernovae at high redshit Gamma-ray bursts are the most energetic ex
plosions observed in the Universe and currently among the competitors for ¢hrecord holders as the
furthest object observed. The collecting power of the EELT will allow us to use them as distant light
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houses, shining through billions of years of evolution of the Universe, similar to the way that quasars have
previously been usedas remote beacons. Gammaray bursts have a few advantages: with the EELT,
they can be detected at redshifts beyond 7 possibly up to 15, taking scientists into the largely unknowma
epoch of the reionisation of the Universe. Also, as they fade away, theyllaw us to study the emission
components of previously detected absorption line systems. Gammaay bursts represent one more
route for the EELT to study the Dark Ages of the Universe.

Figure2.8. This supernova (SN1998bw) has been associated with a gammaay burst. The EELT will explore such
events up to a redshift of 15, i.e. looking back over 13 billion years into the past.

The EELT will be able to study supernova explosions in exquisite detail. Silai to gammaray bursts,
supernova explosions can be used as cosmic probes. Indeed, supernovae provide the most direct evi
dence to date for the accelerating expansion of the Universe and hence for the existence of a dark
energy driving this accelerationWith the current combination of 8 metre-class ground-based telescopes
and the Hubble Space Telescope, supernova searches can reach back to only around half the age of the
Universe. Infrared spectroscopy with the EELT, combined with imaging from the forthoming James
Webb Space Telescope, will allow us to extend the search for supernovae to redshifts beyonidur, a
lookback time of nearly 90% of the age of the Universe! Supernova studies with the-ELT will thus criti
cally contribute to the characterisation of the nature of dark energy and the investigation of the cosmic
expansion at early epochs.

2.1.2 STARS ANDGALAXIES

2.1.2.1 BLACK HOLES

Black holes are some of the most bizarre objects in the Universe, challenging the imaginations of even
the most creative scientists. Their environmentsare places where gravity trumps all other forces, pushing
our understanding of physics to the limit. Even more strangel\supermassiveblack holes seem to play a
key role in the formation and evolution of galaxies and structures in the Universe.

2.1.2.1.1 Galactic Centre

Over the last 15 years, an enormous amount of work has gone into improving our understanding of the
closest supermassiveblack hole A Sagittarius A* at the centre of the Milky Way.
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Technological progress, in particular in the areas of adaptive optics and high angular resolution with
ground-based 8-metre-class telescopes, has allowed impressive progress in understandingupermas-
sive black holes and their surroundings. Key progress was made in proving the very existence of a
supermassiveblack hole at the centre of the Milky Way, in refining our knowledge of how matter falls into
black holes, and in identifying gas discs and young t&rs in the immediate vicinity of the black hole. The
Galactic Centre was thus established as the most important laboratory for the study aupermassive
black holes and their surroundings.

Figure2.9. The central parts of the Milky Way (field of view 1&rcseconds x 15 arcseconds as observed with the
VLT). By following the motions of the most central stars over more than 16 years, astronomers were able to deter
mine the mass of thesupermassiveblack hole that lurks there. The EELT will probe yet closer to the black hole

But this regionts potential for progress in fundamental physics and astrophysics is far from being fully €x
ploited. The Galactic Centre remains the best place to test genetaelativity directly in a strong gravita
tional field. The EELT will enable extremely accurate measurements of the positions of stars (at the 50
100 microarcsecond level over fields of tens of arcseconds), as well as radial velocity measurements with
about 1 kms precision, pushing the observations ever closer to the black hole event horizon. Stars can
then be discovered at 100 Schwarzschild radii, where their orbital velocities approach a tenth of the
speed of light. This is more than ten times closeritan can be achieved with the current generation of tel
escopes. Such stellar probes will allow us to test the predicted relativistic signals of black hole spin and
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the gravitational redshift caused by the black hole, and even to detect gravitational wavedfects. Further
out, the dark matter distribution around the black hole, predictedby cold dark matter cosmologies can
be explored. The distance to the Galactic Centre can be measured to 0.1%, constraining in turn the size
and shape of the galactic halo ad the Galaxys local rotation speed to unprecedented levels. Crucial
progress in our understanding of the interaction of the black hole with its surroundings will be made. The
puzzling stellar cusp around the Galactic Centre, as well as the observed stéormation in the vicinity of
the black hole will be studied in detail for the first time.

Looking at the Galactic Centre with the collecting power and spatial resolution of the-ELT will truly
allow us to reach new dimensions in our understanding of blachole physics, their surroundings and the
extent of the validity of general relativity.
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Figure2.10. Infrared NACO image of a area of~ 2 arcseconds x 2 arcseconds, centred on the position of the com
pact radio source SgrA* at the centre of the Milky Way Galaxy. The angular resolution is about 0.060 arcsecondis

., , . ( pda o p32hcameavihe ©.p1p greaseconds of the radio source. At the distance of the Milky Way
Centre, 1 arcsecond on the sky corresponds to 46 lightdays.

2.1.2.1.2 Intermediate mass black holes

Black hole research with the EELT will not be limited to the Galactic Centre. An open question awaiting
the advent of the EELT is the existence and the demographics of intermediatenass (100210 000 solar
masses) black holes. These black holes represent a currently missing link between stellaass black
holes and supermassive black holes with the intermediatemass objects serving as seeds in the early
Universe for the formation of thesupermassive examples that we see today. They could plausibly form
from the first ultramassive stars or, alternatively, via the same unknown mechanism that formsuper-
massive black holes. Their existence in the local Universe cannot unambiguously be proven tviturrent
observational facilities. To date, only a few detections at the centres of dwarf galaxies and massive star
clusters have been reported. Their existence has been inferred either fromrdy and radio emission that
is believed to originate from mater falling onto a black hole, or from disturbance in the motions of stars
and gas at the centre of these objects. The EELT will be able to measure accurately the three
dimensional velocities of stars in these star clusters and dwarf galaxies. This willav the determination
of the masses of the intermediatemass black holes that are speculated to lie at their cores.

2.1.2.1.3 Supermassiveblack holes and active galactic nuclei

During the past decade, a correlation between the mass of a galaxy and the mass of itsentral super-
massive black hole has been observed. For these properties to be related, a number of mechanisms
must be at work over nine orders of magnitudes in scale, from galaxy environments to thesphere of in
fluence? of the black hole. The EELT wil probe scales of less than a few parsecs (40 light-years) in the
very central regions of galaxies out to cosmological distances of hundreds of millions of lighears,
allowing us to study nuclear clusters and active galactic nuclei in galaxies with urgcedented detail. The
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combination of high spatial resolution with spectroscopic capabilities available with the-ELT will enable
us to map the gas motions in the regions immediately around the active nucleus of galaxies and to un
derstand the inflow of material accreted by the central black hole. Furthermoresupermassive black
holes will be characterised out to large distances with the #ELT, allowing us to trace the build up of
these central objects in galaxies when the Universe was as young as a quartef its present age.
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Figure2.11. Comparison of a VLT observation of the sphere of influence of supermassiveblack hole with an EELT
simulation. Left: Velocity map of the central region of NGC 4486a in the Virgo cluster deed from VLT observations
by Nowak et al. (2007), showing the existence of a 10solar-mass black hole at only marginal significance.

Right E-ELT simulation of the same system where the black hole is now detected at 5 sigma.

2.1.2.2 THE STELLARCONTENT OFGALAXIES

Galaxies are the main building blocks of the visible largscale structure of the Universe. The galaxies
themselves are made up of billias of stars of all ages and chemical compositions. When astronomers
study the light of a galaxy, they are observing the diffuse light emitted by all the individual stars in the-gal
axy. To make significant progress in our understanding of structure formatn in the Universe, i.e. of gal
axy formation and evolution, many of the individual stars in these distant galaxies need to be analysed. In
this regard, the EELT is again an unprecedented facility.

The most plausible current theory for galaxy formationsithe hierarchical assembly model,in which all
galaxies are built up from smaller pieces. This theory has been extensively explored by numerical simula
tions as a theoretical experiment and tested against the global characteristics of galaxy populationisut
not against the detailed properties of individual galaxies. The ultimate test of this model is to compare
predictions of the stellar content of galaxies to what we actually see in galaxies of all types: spirals, giant
elliptical, irregular and dwarf géaxies.

2.1.2.2.1 Star formation throughout the Universe

The billions of individual stars that make up a galaxy carry information about the formation and subse
guent evolution of their host, but only if we can study the stars individually. If we can measure the
amounts of the different chemical elements in stars as a tracer of their ages and origins and combine
such information with the current motions of these stars, we can begin to unravel the complex formation
history of the galaxy. For instance, the first genet&on of stars contains very low abundances of the
heavier elements like iron and oxygen. As supernovae explode and enrich the interstellar medium out of
which the next generation of stars forns, subsequent generations will contain more of these elements.
By measuring the content of such trace elements in the stars, we can determine how many stars formed
where and when and thus extract the star formation history of the galaxy. Current telescopes can only
resolve individual stars for the nearest few large gaies. This has already yielded interesting results, but
does not allow us to draw any general conclusions about galaxy formation.
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By contrast, the EELT will allow the method to be applied to some thousands of galaxies across a more
representative sliceof the Universe, allowing us to compare the stellar contents of galaxies of all types for
the first time and to draw the first general conclusions about their formation histories.

Figure2.12. Left: The most massive globular cluster in the Milky Way: Omega Centauri,30 light-years across,
potential host of a 10000 solar-mass black hole to be confirmed with the EELT. Right: Simulated midinfrared im
age of a massive young star cluster at thalistance of the GalacticCentre. The cluster is heavily obscured and red
dened by dust, causing up to 200 magnitudes of extinction in the visual. The-ELT will be able to resolve stars in
deeply dust-extincted regions and in other stellar systems out talistances of 55 million lightyears.

2.1.2.2.2 Colours and luminosities of individual stars out to nearby galaxy clusters

Pushing out a little further in distance, the nearest galaxy clusters, located at a distance of about
55 million lightyears, are prime targetsfor the E-ELT. These clusters, which contain thousands of galax
ies packed in close proximity, are believed to have evolved very differently from the more sparsely-dis
tributed field galaxies. Even at these distances, the HELT will be able to resolve indiidual stars and
study their basic properties, such as colour and luminosity, to obtain a measure of their ages and heavy
element content. Within individual galaxies, it will be possible to see whether the star formation history
varies with position, as might be expected if star formation continues in the inner parts of the apparently
quiescent galaxies that populate these clusters. Such measurements can then be compared with what
we find in the sparser noncluster environments to see how a galax# surroundings affect its star for
mation history.

Messier 87

Figure2.13. This simulated (larcsecond x 1 arcsecond) nearinfraredimage of a field near the centre of Messier 87,
the giant galaxy at the core of the Virg@alaxy cluster, demonstrates that the EELT will be able to resolve individual
stars even in the dense inner regions of giant elliptical galaxie$nillion lightyears away, surpassing the capabilities
of the JWST.
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2.1.2.2.3 Spatiallyresolved spectroscopy of stas and clusters

The chemo-dynamical signature of galaxy evolution is best traced through spatialiesolved
spectroscopy of the individual stars. While this domain is inaccessible beyond the Milky Way to the eur
rent generation of telescopes, the EELT willprovide us with precise stellar kinematics measurements of
the host galaxy out to distances of ~55 million lightyears. It will allow us to compute the mass and dis
tribution of dark matter in these systems.

Using, for example the Ca Il triplet, mediun-resolution spectroscopy of stellar samples covering the gal
axies#different components, e.g, thin disc, thick disc, halo and bulge, will return complete maps of the
chemical composition and element abundances and so will test in detail the predictionef galaxy for
mation and chemical evolution models.

High-resolution spectroscopy will be used to study the chemical composition and kinematics of stars in
Local Group dwarf spheroidal galaxies and star clusters to constrain the dark matter content and the
presence of multiple stellar populations in these systemsFurthermore, near and mid-infrared 3D
spectroscopy with the E-ELT will allow us to study deeply embedded young, massive stars in dense
Galactic proto-cluster clouds, penetrating as much as 200 magnitudes of visual extinction. The combina
tion of astrometric (50 microarcsecond [! ]]mn a single image), proper motion (~ 1 mas yt) and
spectroscopic radial velocity (~ 1 kns ) data are crucialfor the study of dynamical processes associated
with cluster formation. Integrated highresolution spectroscopy of star clusters M ~ 108 M,) up to the
distance of the Virgo/Fornax galaxy clusterg55260 million lightyears),and low-resolution spectroscopy
up to the distance of the Coma cluster (~300 million lightyears) will enable us to study the kinematics
and chemical abundance of these systems which can be used as tracers of star formation in galaxies.
With the simultaneous high spatial and spectral resolution of the-ELT, we will be able to discriminate
between different mass functions in these systems thankgo precise velocity profiles (<1 kms?) from
their inner regions to their outskirts. Precise velocity dispersions beyond the star clustgrcore will also
be fundamental for testing Newtonian gravitation in low acceleration regimes (20ms2). The Newtmian
and the Modified Newtonian Dynamics (MOND) velocity dispersion profiles can indeed differ by2lkms*
according to the models.
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Figure2.14. Evolution of corecollapse supernova enrichment (traced by thea-element over iron, f/Fe], abundance)
as a function of chemical enrichment (traced by the iron over hydrogen ratio, [Fe/H]) for Milky Way bulge stars. Taken
from Gonzalez et al. (2011)

2.1.2.2.4 The stellar initial mass function

The study of individual stars in nearby and distant galaxies not only reveals the star formation history of
their hosts, but is also crucial to our fundamental understanding of their own formation and evolution.
The predominant factor determining the evaltion of a star is its initial mass. The initial mass functioA
IMF, the distribution of the masses of forming starsA is a key ingredient in all interpretations of unre
solved stellar populations. However, the relative fraction of losinass stars in othergalaxies, where con
ditions can be very different from the vicinity of the Sun where we can currently measure it, remains-un
known due to the limited abilities of current telescopes to detect lowmass, very faint stars beyond the

E-ELT Construction Proposall The Science Case



Milky Way. With its unpreedented sensitivity, the EELT will be able to detect these lowmass stars even
in other galaxies
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Figure2.15. Three derived present mass functions for young staforming regions. The observations areonsistent
with a single underlying IMF, although the scatter at and below the stellar/subtellar boundary clearly calls for further
study. Taken from Bastian, Covey & Meyer (2010).

2.1.2.2.5 The intracluster stellar populations

Cosmological simulations of structue formation predict that galaxies are dramatically modified by galaxy
interactions during the assembly of galaxy clusters, losing a substantial fraction of their stellar mass
which must today exist in the form of intracluster stars. Observations now shaw that there is a substan
tial intraccluster stellar population, observed as diffuse intreluster light or as individual stars, i.e.plane-
tary nebulae and red giant stars. This light represents up to 10% of the stellar mass in the Virgo galaxy
cluster and as much as 50% in rich Abell galaxy clusters. Within a distance of ~ 60 million liglyears, the
Virgo and Fornax galaxy clusters provide laboratories for studying the effects of different density envi
ronments on galaxy evolution and the correlation ointra-cluster light properties with cluster dynamical
status. The EELT will allow us to study the presence of metallicity gradients and the velocity distribution
of the intracluster stellar populations, adopting neatinfrared imaging and lowto-medium-resolution
spectroscopy of red giant branch stars and planetary nebulae.

2.1.2.2.6 Cosmic star formation rate fromsupernovae

Supernovae are good tracers of the star formation history as they are one of the end products of stellar
evolution. Given the short lifetimeof their massive progenitor stars (> 10M,) and their high luminosity
during explosion, they are extremely well suitedbr tracing the star formation rate of a large fraction of the
observable Universe With the collecting power of EELT we will be able b observe and count
supernovae out to distances corresponding to a redshift offour (~ 12 billion years lookback time), to
probe the global star formation history of theUniverse

The EELT will expand the portion of the Universe resolvable into stars by a factor of more tha®©0. It
will allow scientists to obtain accurate knowledge of the presentlay stellar populations in galaxies as far
out as the nearby galaxy clusters. It wilteturn a comprehensive picture of galaxy formation and evolution
through a detailed study of stellar populations in nearby galaxies and provide the most stringent tests to
date for current theories of galaxy formation and evolution.
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2.1.3 GALAXIES ANDCOSMOLOGY

2.1.3.1 THE END OF THEDARK AGESA FIRSTSTARS ANDSEEDS OFGALAXIES

What was the nature of the first object to shine through the Universe? How did the gas, dust, heavy ele
ments and stars build up? What caused the reionisation of the Universe? Were the first gaxies funda
mentally different from present ones? The EELT is the key to establishing the physics of the first light
emitting objects in the Universe.

Over the last decade significant progress in determining the processes of galaxy evolution has been
made using the combined power of current groundbased telescopes andthe HST. The limits of the
observable Universe have been pushed to a redshift of8, which corresponds to looking back nearly
13 billion yearsor 95% of the age of the Universe. The globastar formation activity from that epoch to
the present day has been estimated and the first insights into the stellar mass assembly history out to a
redshift of three (i.e, 11.5 billion years back in time) have been acquired. However, thenost uncertain
issue in presentday cosmology remains the question of how and when galaxies assembled across ces
mic time.

The current cosmological model gives a credible explanation of the formation of structures in the Uni
verse through the hierarchical assembly of d& matter halos. In contrast, very little is known about the
physics of formation and evolution of the baryonic component of gas and stars, because the conversion
of baryons into stars is a complex and poorly understood process. As a result, all advances under-
standing galaxy formation and evolution over the last decade have been essentially empirical, often
based on simplified phenomenological models. Cornerstone parameters in this empirical framework are
the total and stellar masses of galaxies, togethr with their physical properties. They include detailed
knowledge about the ages and metallicities of the underlying stellar populations, dust extinction, star
formation rates and morphological parameters. The study of wektstablished scaling relationsrivolving a
number of these physical parameters, such as those between mass and heavy element abundance, or
galaxy morphology and the density of the surrounding environment, are essential for understanding the
physical processes that drive galaxy evolution.
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Figure2.16. Simulated EELT observations of the kinematics of rotating disc galaxies at a redshift of 4 {2 billion
years lookback time). The velocity maps (blue: approaching stars, red: recedirggars) of Milky Way type galaxies
(M*) as well as more and less massive cases can be built with the-ELT, allowing us to distinguish disc galaxies
from merging galaxies, even for lowmass systems.
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With the current generation of telescopes, we have been ldle to study these tell-tale correlations
between the properties of galaxies over a wide range of masses in the nearby Universe. However, only
the brightest or most massive galaxies have been accessible at redshifts larger than one, and a direct
measuremert of masses has been almost completely out of reach at redshifts larger than two. Thus, our

E-ELT Construction Proposall The Science Case



ability to explore the evolution and origin of these scaling relations has rapidly reached the limits of cur
rent technology telescopes, and will only be advancedi the era of the EELT.
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Figure2.17. lllustration of the gain in spatial resolution when observing a gatg at z = 2 (10 billion years lookack
time) with the EELT. The EELT will be able to resolve sucthigh redshift galaxies and measure structural parameters
and scaling relations.

2.1.3.1.1 Observing the epoch of the first stars

High spatial resolution, diffractiorlimited imaging and spectroscopy with the EELT will provide invalua
ble information about the morptology, dynamical state and variations in physical parameters across gal
axies over large cosmological timescales. With these in hand, our knowledge of galaxy evolution will
make a giant leap forward. Detecting the first ultravioleemitting sources will pwsh the limits of the
observable Universe beyond redshi#t of 728 and will allow us to probe the era of a few hundred million
years right at the end of the Dark Ages: the epoch when the first ligh¢mitting objects, which ionised
much of the content of the Universe, switched on.

Questions still to be answered are whether galaxies caused this fnisation and whether these galaxies
were then similar to, or fundamentally different from, the relatively normal galaxies that we see at some
what lower redshifts. Direct kinematics of the stars and gas in the first generation of massive galaxies,
obtainable with the unprecedented spatial resolution of the EELT, will be used to draw a consistent pie
ture of the mass assembly and star formation of galaxies across thentire history of the Universe.

2.1.3.1.2 Peering through the dust

With E-ELT#$ enhanced sensitivity in the neatfinfrared, it will be possible to derive dust extinction maps
from intensity ratios of hydrogen emission lines over a variety of redshifts. Star fornwat rates will be
derived from the extinctioncorrected emission line luminosities, using suitable diagnostic emission lines.
These results will be combined with other indicators coming from mukivavelength observations to pre
duce a truly definitive measire of the star formation histories of galaxies of different types.

Detailed knowledge of star formation across all cosmic epochs will allow us to explore how the star for
mation histories of galaxies depend on the environment in which they find themselseThus, the migra
tion of the peak efficiency of star formation rate from high to low masses as galaxies evolve, known as
the sdownsizing effect, will be studied through the epochs during which the effect is believed to have
occurred.

2.1.3.1.3 The intergalacticmedium

A key to further progress is a better understanding of the complex interplay between galaxies and the
surrounding intergalactic medium. The intergalactic medium provides the reservoir of gas for the contin
uing infall of fresh material into galaxiesAt the same time, it acts as a repository for the gas driven out of
galaxies by energetic processes such as active galactic nuclei and supernovae. The combination of
these processes is responsible for the regulation of the gas supply that ultimately dates star formation
and black hole growth as well as the chemical and structural evolution of galaxies. Heavy elements play a
very important role for most, if not all, aspects of the complex lifecycle of gas in galaxies and the interga
lactic medium. Measuing the widths of the absorption lines of triply ionised carbonC 1V, is a powerful
tool for studying this lifecycle. However, the intrinsically low column densities & IV make this cardinal
test very difficult with existing telescopes. With the EELT we will be able to use this and similar diagnos
tics to determine the properties of the intergalactic medium aroundgalaxies of different types over a wide
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range of cosmic epochs, fullyassessingthe critical role that it hasplayed in shaping the galaxiesthat it
was feeding.

The EELT will directly probe the physical properties of galaxies as a function of their mass and environ
ment for over 95% of the age of the Universe which, for the first time, will cover the entire epoch over
which these systems famed. With these additional observational inputs, astronomers will be able to
directly determine many of the parameters currently assumed in models of galaxy formation.

-0 %090

Figure2.18. A distant quasar isused as a beacon in the Universe. Galaxies and intergalactic material that lie
between the quasar and us will reveal themselves by the features seen in the quasar spectrum.

2.1.3.2 FUNDAMENTALPHYSICS

What is the Universe made of? In the standard cosmological modgeonly 4% of the energy density of the
Universe is composed of normal matter (gas and stars), while a further 23% is made up of some mysteri
ous dark matter. For the remaining 73%, an even more enigmatic dark energy has been invoked. The
E-ELT will exploe the nature of this dark energy and our theory of gravity by probing two of its manifes
tations with unprecedented accuracy: the accelerated expansion of the Universe and the variability of
fundamental physical constants.

2.1.3.2.1 How does the expansion of the Unierse evolve?

The revolutionary observations made by Edwin Hubble in the late 1920s were the first direct evidence
that the Universe was not static. The systematicldy increasing spectroscopic redhift observed in
increasingly distant galaxies was a cleasign that the Universe expands. For a long time this expansion
was believed to be slowing down due to the combined gravitational pull exerted by all of the matter in the
Universe. However, at the end of the 1990s the measured dimming of Type la supernovag@sed as
standard candles) with increasing redshift revealed that this is not the case. Instead, there is now broad
consensus that the expansion must have recently begun to accelerate! This result came as a surprise to
most, but also as a big challenge. Ithas profoundly changed cosmology and implies a need for new
physics. Indeed, the discovery of the accelerated expansion of the Universe has been awarded the 2011
Nobel Prize for physics.
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2.1.3.2.2 Dark energy

Some form of dark energy, acting against gravity, is iroked by many cosmologists as an explanation for
the accelerated expansion of the Universe. Ironically the simplest form of such a dark energy is the eos
mological constant originally introduced by Einstein in order to explain a now discredited static Unige.
With this addition, general relativity can explain this late acceleration very well. Alternatively, it has been
proposed that general relativity should be replaced with a modified theory of gravity, which reproduces
the new observational facts but preserves the success of the original theory in explaining the formation
of structures in the early Universe.

The most direct way of probing the nature of the acceleration in order to distinguish between these pes
sibilities is to determine the expansion istory of the Universe. Observables that depend on the expansion
history include cosmic distances and the linear growth of densityperturbations. Surveys of Type la
supernovae, weak gravitational lensing and the signature that perturbations in the primoatlibaryorf
photon fluid imprinted shortly after the Big Bang on todas distribution of galaxies are considered to be
good probes of the acceleration. However, extracting information about the expansion from these quan
tities relies on assumptions about thecurvature of space, depends on the adopted cosmological model,
and can only estimate the averaged expansion history over long periods of time.

7 3% DARK ENERGY

\23% DARK MATTER

\ 3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

Figure2.19. The mass«energy content of our Universe. The nature oboth dark matter (23%) anddark energy (73%)
remains an enigma.

2.1.3.2.3 Anew approachA the redshift drift

A model-independent approach that measures the expansion rate directly was proposed as early as the
1960s, but limitations in technology did not allow astronomers to consider making such a measurement
in practice. As the redshift of the spectra of distant objects is an indication of the expansion of the Uni
verse, so is the change in this redshift with time a meage of the change of the rate of expansion. The
estimated size of this redshift drift oer a decade is only abouté cms™. This signal is about 1320 times
smaller than measurements made with todass large telescopes. However, the huge lightollecting area
of the E-ELT, coupled with new developments in quantum optics to record ultrestable spectra, means
that this amazing measurement now lies within reach: the HELT will be able to determine the accelerat
ing expansion of the Universe directly, allowing uso quantify the nature of the dark energy responsible
for the acceleration.
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Figure2.20. Simulation of the difference between two spectra ofbsorption systemsat redshift 3, observed ten
yearsapart.@al aj " ej c kj pda _ ko wmkh ksctie diffenence ih veloditypbeteaemtiie spectra
varies by the tiny amounts of 2.§22 cms. The EELT will be able to measure this redshift drift and so deduce the
change of the expansion rate of the Unierse.

2.1.3.2.4 Are the fundamental constants of physics really constant?

The values of fundamental constants in physicgurrently have no theoretical explanationthey just are
what they are, and the only way we know their values is by measuring them in the labdy. These fun
damental quantities include the fine structure constantg (characterising the strength of the electromag
netic interaction) and the strong interaction coupling constantl . The fine structure constantis central to
our understanding of eletromagnetism and is constructed from three other constants: the charge on the
electron, e, Planckis constant, h, and the speed of light,c. The strong interaction coupling constant Il is
the ratio of the mass of the proton to the mass of the electron.

In the traditional understanding of physics, the laws of nature have always and everywhere been the
same. This is an assumption that no experiment to date has been able to disprove, but ultjarecise
measurements onthe cosmological distances that the EELT will make possible may be able to chal
lenge it. If this assumption does not hold, then the fundamental constants may vary with the epoch and
location of the measurement. Such variations can have a profound impact on the physical properties of
the Univese. An a priori upper limit is given by the fact that if the value otr were larger by just 4% in the
early Universe, then the processes of nuclear fusion would be altered in such a way that the amount of
carbon produced in the cores of stars would be dragically reduced, making carbonbased life impossi
ble.

21325 Opnejco( o_]l]h]ln beah o( “~]ng ajancup
Theoretical models have been proposed where the variability of fundamental constants is due to a scalar
field that is coupled to the electromagnetic field. We do nobknow whether such scalar fields exist, but
they are predicted by a whole number of theories and the Large Hadron CollidgitHC) experiment at
CERN could detect the first such scalar field very soon. String theory also suggests that fundamental
constants may vary by a tiny amount, of the order ofone part in 10 000 or 100 000. In this case, the
variability is due to the chaging size scale of hidden spacéime dimensions. Other proposed explana
tions for a possible variability of fundamental constants areetated to the contribution of dark energy to
the energy density of the Universe.

Astronomical observations probe much longer timescales and are therefore much more sensitive than
laboratory experiments to possible variationsn the fundamental constants.By exploring the spectra of
distant quasars, the variability can be probed over a large fraction of the history of the Universe. A team
led by Australian researchers has appliepp d a =ii 4 h pe | h a pto the prohlgnd Khis method
measures the relative shifts between iron and magnesium absorption linegamong others) leading to
claims of a detected variation in the value ofx. The team measured a very small relative variation of
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Aa/o ~ -6 x 108, It has also been suggested that the strong interactiorcoupling constant varies. Studies
of the vibrational and rotational states of the hydrogen molecule in damped Lymaa systems have been
claimed to vary at a level ofAll/ll ~ 2 x 10-5. However all of these claims havebeen disputed.

The reason fornot yet having reacheda consensus is that the measurements involved are very chal
lenging. Testing the variability of fundamental constants with quasar absorption line spectra is essentially
a measurement of the relative wavelength shifts of pairs of absption lines whose wavelengths havea
different sensitivity to the fundamental constants. The strength of the constraint on the variability is
therefore critically dependent on the accuracy of the wavelength calibration. The ultstable high
resolution spectrograph proposed for the EELT will essentially remove the systematic uncertainties due
to the wavelength calibration which plague current measurements. It will improve the constraints on the
stability of fundamental constants by two orders of magnitude The EELT will thus confirm or disprove
the current claims that fundamental constants vary and that we are living in a firtened location of
spacetime where the fundamental constants are conveniently suitable for life.
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Figure2.21. Are we living in a finetuned location of spacetime where the fundamental constants are conveniently
suitable for life?

2.2 SYNERGIES

2.2.1 SYNERGIES WITHCOMPLEMENTARYFACILITIES

When the EELT starts operations in about a decade fromnow, astronomy will be in a golden era. By
that time, a rich heritage will have been gathered from todag working facilities. In addition, new and
ambitious facilities complementing the EELT will be deployed on the same timescale.

By 2020, observations with current telescopes will have led to a significant accumulation of knowledge
and inevitably stimulated many new questions. Discoveries with grountased telescopes such asthe
VLT and its interferometer (VLTI), th&sTC and other 8 10-metre-class telescopes will have prepared the
scene for further fascinating discoveries with the EELT. For example, it is expected that in the field of
exoplanets, many candidates for EELT followup will have been identified using highly specialised
instruments such as HARPS, SPHERE and ESPRESSO. Also the first galaxies emerging from the Dark
Ages will have been tentatively identified andill be awaiting the EELT for characterisation.

Synergy with the VLT and VLTI is expected to be particularly sing and efficient, as ESQalready adapts
its facilities for an optimal interplay between existing and future telescopes. Many VLT programmegv-
ering topics from protoplanetary discs to high-redshift starforming galaxies aticipate the advent of the
five-fold higher spatial resolution of the EELT. The VLTI starts working at similar spatial resolutiorte the
E-ELT, although only on the brightest targets. VLT and VLTI science will prepafer and smoothly dove-
tail with the discoveries expected with theE-ELT.

At the start of EELT operations, AMA will have been exploring the cold Universe for a little less than a
decade. A recent consultation of the ALMA and EELT communities (see the Workshops report below)
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revealed a wealth of synergies between thes facilities. The two key domainsto profit from this synergy
are the high-redshift Universe and star and planet formation. While ALMA will see the molecular gas in
distant galaxies, the EELT will reveal the ionised gas\ together ALMA and the EELT willrevolutionise
our understanding of galaxy formation. Similarly, the two facilities will probe different regions in nearby
protoplanetary discs, ideally complementing each other in exploring the early phases of planetary sys
tems. The EELT will also complenent ALMA observations in many other research areas, e.gby imag-
ing jet collimation regions and the regios surrounding black holes.

An exciting scientific interplay can also be foreseen between the-ELT and HST successor, the James
Webb Space Telescge, the ambitious optical/infrared space observatory scheduled for launch in 2018.
Indeed, just as the combination of 8 10-metre-class telescopes and the HST offered two decades of
discoveries, the EELT and JWST complement each other perfectly (see the Wkshop reports below).
The 6.5-metre JWST, unhindered by the atmosphere, will be able to obtain deeper images, in particular
in the infrared, while the 40metre-class E-ELT will have almost seven times higher spatial resolution and
will be able to collectfifty times more photons for highresolution spectroscopy and studies of rapid time
variability. In the study of the earliest galaxies for instance, comparison of midfrared data from the
JWST and the nearinfrared data from the E-ELT will be naturallycomplementary in furthering our under
standing of the physical processesat work during the epoch of réonisation.

The next decade will further see the advent of many survey telescopes. ES02.6-metre VST and the
4.1-metre VISTA will have been surveyinthe sky for a decade, supplemented by many similar facilities
worldwide. These telescopes will be complemented by even more powerful survey facilities, such as the
Pan-STARRS network and the 8metre LSST, which will both ramp up over the next decade. While
much exciting science will arise from these surveys directly, a wealth of understanding willbw from
more detailed followup observations of targets identified by such projects. The EELT is being devel
oped to optimally followup the surveydiscoveries It will play a pivotal role in fully exploiting the surveys
scientific potential.

Existing or soonto-be-launched space telescopes such asthe HST, Spitzer, Chandra, XMMNewton,
the Wide-Field Infrared Survey Explorer (WISBjlerschel, Planck, CoRoT, Kepler and Gaia will have been
working for a number of years as the EELT starts operations. These missions will have produced a
major legacy for the EELT to exploit. For example CoRoT and Kepler are revealing transiting exopés,
which will be candidates for exoplanet atmosphere studies with the EELT. Gaia will have studied a billion
stars in the Milky Way in detail, revealing rare jewels such as the first stars that can be followed up with
nucleocosmochronometry with the EELT. Herschel, together with ALMA, will collect a sample of galax
ies in the early Universe, awaiting the HELT to be resolved and analysed. Planck will observe the ani
sotropy of the cosmic microwave background over the entire sky with high sensitivity andngular resolu
tion and will also create a catalogue of galaxy clusters through the Syaew?Zekltovich effect that will
need to be followed up with EELT optical/nearinfrared imaging and spectroscopy. In a similar wave
length range as that to be coveredby the E-ELT, WISE has surveyed the entire sky over the course of six
months through images madeinthe%. 1 !i s]rahajcpd n]jca*

The eROSITA instrument to be launched in 2013 will perform the first imaging -aky survey in the
medium X-ray energy rangeup to 10 keV with unprecedented spectral and angular resolution. This sat
ellite is expected to operate for at leassevenyears and will provide the EELT with targets for the study
of black holes and dark matter. The Fermi gammaay telescope, launched m June 2008 and with a life

time of up to ten years, is mapping the highenergy Universefrom pulsars to active galaxies and gamma
ray burst events.

In terms of planetary science theStratospheric Observatory for Infrared Astronomy (SOFIA) will provide
new targets from its research on composition of planetary atmospheres and surfaces; structure, evelu
tion and composition of comets; and the physics and chemistry of the interstellar medium as well as
stellar formation.

A number of facilities to be appraed and commissioned during the construction time of the EELT could
further contribute to amplify its scientific output. For instance, thé’lanetary Tansits and Oscillations of
Stars (PLATO) mission is an ES#roposed space observatory, with an expected launch date around
2018 that would use a group of photometers to discover and characteriseexoplanets of all sizes and
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kinds around cool dwarf and sub-giant stars. In the same group of candidates Euclid, a mission also
planned for around 2018, aims to map the large-scale distribution of dark matter and to characterise the
properties of dark energy.

The list goes on; it is only by using the amazing power of the{ELT to understand the detailed physics of
the objects discovered by these missions that the lenefits from the huge investment in space technology
will be fully realised.

Finally, plans for the Square Kilometre Array are advancing. Despite the very different wavelength
regimes, the cosmology science drivers of the EELT and SKA are remarkably complementary. Survey
observations with SKA are likely to followup on the studies of the fundamental constants and dark
energy made with the EELT. SKA will reveal a massive population of variable/transient radio sources to
be targeted by the EELT. In manyother fields SKA will probe the cold Universe, wher&s the E-ELT can
see the luminous one.

In summary, the EELT will be built on the most solid foundations: in the coming decade enormous pro
gress is expected from the many groundbased and space observaories. While the EELT will have a
sharper eye and higher sensitivity than all of them, it will profit from their capabilities to observe at other
wavelengths or wider areas of the sky. The synergy between all these facilities will enable the most fasci
nating discoveries with the EELT.

2.2.2 THEE-ELTIN THECONTEXT OF THECOMPETITION GMT AND TMT

Two competing Extremely Large Telescope (ELT) projects, the Thirty Meter Telescope and the Giant
Magellan Telescope, are currentlyplanned in the United States in cdlaboration with several international
partners. This section puts the EELT project briefly into that context.

The most important difference between the projects is their sizes, i.ethe diameters of their primary
mirrors: the EELT has a diameter of39 metres, the TMT a diameter of 30 netres and the GMT an
equivalent diameter of ~24 metres. Accordingly, the EELT, with ~1000 m? photon-collecting area, will
be over one and a half times as large as the TMT (650 m?) and two and a half times as largeas the
GMT (~400 m?). Accordingly, the EELT#5 spatial resolution at the diffraction limit will be 30% better than
that of the TMT, and nearlytwice that of the GMT.

This difference would be equivalent to the difference between an-getre-class telescopeand a 6- or a
5-metre-class telescope, respectively. In the EELT era, when adaptive optics will become routine, the
difference in diameter will be even more decisive.

The GMT is a Gregorian telescope with a primary mirror composed of seven®etre diameter segments,
seven adaptive secondary mirrors and a focal ratio at the instrument focus of #8 delivering a plate
scale of ~ 1 mm arcsecond?® on the sky over a 2Garcminute field of view Its key advantages are: the
low number of reflections (two untilfocus), reducing the thermal background and making it an excellent
telescope for mid-infrared observations; the widefield of view (four times larger in area than the EELT
field of view, 16 times larger than the unvignetted £ELT field of view), optimisirg it for multi-object, sur-
vey instruments; and last but not least the instrumentfriendly plate scale allowing for compact widefield
instruments, and detector pixels matching the seeing limit.

The TMT is a RitcheyChrétien telescope with a segmentedprimary mirror 30 netres in diameter, three
reflections to the ~f/15 Nasmyth focus where the plate scale over the 28arcminute field of view corre-
sponds to ~ 2 mm arcsecond? on the sky. The TMT covers a largdield of view similar to the GMT. It
does not include adaptive optics in the telescope designbut foresees postfocal adaptive optics feeding
several of the instruments. The largefield of view could be exploited for multiobject, seeinglimited
instruments, although the plate scale makes this chéénging.

In comparison, the EELT with its 39-metre primary mirror and threemirror anastigmat design including
adaptive optics, delivers at the ~f/17 Nasmyth focus, after five reflections, a 1@arcminute (5-arcminute
unvignetted)field of viewwith a plate scale of ~3.2 mm arcsecond* on the sky. As mentioned above,
the E-ELT outperforms its competitors in collecting power and spatial resolution, yet it covers a smaller

The Science Case| E-ELT Construction Proposal



field of viewon the sky and is optimised for diffractionlimited (small field or sgle object) observations. It
is not optimised for widefield, seeinglimited observations.

The Design Reference MissiofDRM)and Design Reference Science PlafDRSP)described below show
that the E-ELT community has recognised theE-ELT\ @gpecific advantages. The vast majorityf the pro-
posed science cases exploit either the diffractioflimited spatial resolution ten times better than the
JWST), and/or the immense collecting power allowing for ultrligh spectral resolution spectroscopy d
faint targets.

Two examples demonstrate strongly why the EELT followed this uncompromising route. In the case of
exoplanets, the best contrast that a telescopeup to 30 metres in diametercan achieve at a projected
separation of 0.1 arcseconds isaround 1:10° A which restricts direct imaging, and thus the characteri
sation of exoplanets in habitable zones to planets as massive as Jupiter or potentially down to Neptune
masses for the closest stars. In contrast, the EELT will reach an order of magride better contrast
(1:10°), accessing the realm of superEarth exoplanets in the habitable zones and even Earthmass
exoplanets for the closest stars) that we believe to be the best candidates to harbour life.

In the case of thedirect measurementofdta Qj er anoa#o0 arihciedse d the diachetes p k n u
from ~ 30 metresto ~ 40 metres represents a significant improvement in sensitivity; sufficient to observe
sources with about 2 cms™? accuracy, needed on a large sample of faint quasars to perfornthe cosmic
expansion experiment.

Thus, while the GMT and TMT will undoubtedly make great discoveries and produdereakthrough sci-
ence, the EELT surpasses both in collecting area and spatial resolution. The-ELT is the project that
focuses most sharplyon aspects in which the ELTs are strongest: very high spectral and very high spa
tial resolution.

2.3 DISCOVERYPOTENTIAL

The previous sections presented the great scientific achievements to be anticipated with the-ELT.
These alone represent a giant leapni our understanding of the Universe and potentially the first step
towards finding life beyond the Solar System. Yet, all previous telescopes have shown that, no matter
how hard scientists have tried to predict the future, many of the greatest discoveriesame as totally un
expected. Is this still possible in the case of the EELT?

The discovery potential of a telescope is, by definition, hard to quantify. However, the distinguished
astronomer Martin Harwit panted out in his landmark book Cosmic Discovery: The Search, Scope and
Heritage of Astronomy(1981) that one key indicator for discoveries is the opening of a new parameter
space. The most likely new discoveries come by looking at regions within the vast parameter space,
spanned by wavelength,spatial resolution, depth, time resolution, etc., where nobody has been able to
look before.

The figures below illustrate nearly a century of discoveries in astronomy made by means of expanding
the accessible parameter space. The EELT will work at wavédengths, in the units of these figures, of 16

to a few times 10° cm and will push the envelopes of these parameterspaces in these figures outby an
order of magnitude. But thereal strength of the EELT lies in the fact that it cando so simultaneously in
addition to providing an unprecedented depth. Indeed, in many cases, the parameter spacgbelow were
opened by dedicated, specialised experiments, while the EELT will pushback the envelope as a multk
purpose facility.
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Figure2.22. The figures illustrate the opening of the angular resolution, time resolution and spectral resolution as a
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The EELT will open new parameter spacesimultaneously in at least three ways. First, the EELT will,
thanks to its immense collecting power, increase the sensitivity of observations by up to two to three
orders of magnitude (depending on the observing mode and wavelength range). This gain in restivity
can be exploited in various ways. It can be used to image objects several magnitudes fainter than is pos
sible today, and to reach depths competing with or exceeding the capability of JWST at shorter wave
lengths, but surpassingit in spatial relution by a factor often or more. The sensitivity can also be used
to increase the spectral resolution on faint targets with current proposals for-EELT instruments having
spectral resolution ofAA/A = 105, and instruments withAL/A = 10 being thought of for the future.

Furthermore, as already stressed above, the EELT will increase the spatial resolution by an order of
magnitude, even improving on theimage quality of future space telescopes. As a reference: JWST will
have an image quality limited to about 60milliarcseconds The EELT, by contrast, will have a diffraction
limited resolution of5 milliarcsecondsat 1 ! m wavelength (and even better at shorter wavelagths). Rea
sonably assuming that the second generation adaptive opticse(g., upgrading the adaptive mirror in the
telescope, or adding highperformance postfocal adaptive optics facilities) will enable diffractiotimited
images at 500 nm wavelength, thespatial resolution of the EELT will shrink to 2.5milliarcseconds A
over a factor 20 better than JWST. An analogy can be drawn to the 1990s when the Hubble Space Tele
scope improved the spatial resolution over existing groundased images by a factor of10 to 20. How-
ever, the roles will be reversed this time: the improvement will come from the grouridlased facility.

Finally, the EELT will open a new window on time resolutionultimately enabling observations in the
nanosecond regime. These leaps forwat in what an opticaknear-infrared telescope can do, coupled
with advances such as unprecedented spectral resolution, new abilities to study polarised light, and new
levels of contrast allowing us to see the very faint next to the very bright, demonstratbat we will open
up an entire new range of possibilities.

As an anecdote: the VLT instrumentation plan put forward to the ESO STC in 1990 foresaw speckle
camera, at that time state of the art, to achieve high spatial resolution imaging. Adaptiveptics was on
the horizon, but not yet trusted as a technology. Could we have foreseen that ESO would deploy seven
adaptive optics systems with the first generation of instruments? Or that an upgrade of the VLT to
become an adaptive telescope would followsoon afterwards? Would people have dared to predict in
1990 that the VLT would image the firsexoplanet?

It is in this great unknown that a large fraction of the ultimate excitement of the-ELT lies.

2.4 COMMUNITYINPUT TO THESCIENCECASE

This section provides background information on the community input to the science case. First ideas
were developed in the 1990s, and were taken forward through the next decade, on initiatives largely
sponsored by the European Commission through Framework Programmes. Thdevelopment of the sct
ence case was carried on by ESO in recent years, reaching out to the community through a number of
large surveys and targeted workshops, andlast but not least, through the work of a very active EELT
Science Working Group.

2.4.1 THE CONCEPTUALPHASE

In Europe, the discussion of possible 25metre-class ground-based facilities began in the early 1990s
(see Ardeberg et al.[1993], Owner-Petersen et al.[1994] and references therein). The possibility of even
larger telescopes, up to 100metres indiameter, was soon explored (Gilmozzi et al1998). By the time of
the first Backaskog workshop on ELTs in 1999, several concepts for ELT designs had emerged world
wide, and the range of revolutionary science that such telescopes might enable wabkeginning to be
explored.

In 2000, under the Framework Programme 5, the Etfunded OPTICON programme (OPTical Infrared
COordination Network for Astronomy, Principal Investigator PI) Gerry Gilmore (see http://www.astro -
opticon.org/fp5/) initiated a workpackage for the development of the science case for arextremelylarge
telescope. The goal was to bring together scientists studying the major Europeaaxtremely large tele

E-ELT Construction Proposall The Science Case


http://www.astro-opticon.org/fp5/
http://www.astro-opticon.org/fp5/

scope concepts at the time (hamelyEuro-50 and the OWL 100-metre concept) to produce a single sci
ence case. A scientist was hired to coordinate the activity, a list of interested contributors was set up and
several workshops were organised, involving over 100 scientists from Europe and fber afield.
OPTICON continued to be funded under the Framework Programmes 6 and 7 (sebttp://www.astro -
opticon.org/fp6-index.html and http://www.astro -opticon.org/) and continued to vigorously support
developments on all fronts (telescope, adaptive optics, site, instrumentation, science) towards a Euro
pean ELT.

The first phase of work culminated in the production of two documents in 2005. The first waa top-level
brochure, aimed at nonspecialists, summarising he science case for a 53100-metre ELT. The bre
chure was printed and released in February 2005. This was followed shortly afterwards by the production
of a full ELT science case document (aboutt50 pages). Three thousand copies were printed and three
thousand CDs were produced. The document was released as hardcopy in July 2005 at the EU Astren
omy press day in Dwingeloo,NL. $The Science case for the European Extremely Large Telescope, The
next step in Mankind$ quest for the Universé, 2005, I. Hook, Ed)

- " The science case fo;\thg‘European

| EXTREMELY/LARGEYTELESCOPE: |8

2T 3 b The next stép in mankind’s qﬁesl'for the Universe
. : - F : RN B 5 ¢
- :5 B A\ \ " .

EXTREMELY LARGE TELESCOPES:

The next step in mankind's quesgfor the Universe .4

A\

Figure2.23. Executive Summary and Science Case for telescope of 5thetresto 100 metres, published in 2005
(available athttp://www -astro.physics.ox.ac.uk/%7Eimh/ELY.

In December 2005, following a review of the OWL project, ESO formed fivad hoc working groups,
involving participants from ESO and the community, to re@ssess various aspects of ELT design and sei
ence. One of these, the Science Working Group, Chaired by M. Franx (Leiden, NL), was given the task of
re-assessing the science case foran ELT in the range 3860 metres in diameter. Between January and
April 2006 the SWG met four times in person and held two teleconferences. Their report, released in April
2006, considered over 30 science cases ranging from studies of our own Solar Systeno the nature of
the Universe itself, and picked out nine Prominent Cases which later formed the basis of the Design
Reference Mission $ection 2.4.2.1). The April 2006 SWG report is available athttp://www.eso.
org/sci/facilities/eelt/science/doc/swg_report_06.pdf

The work of the five working groups (on telescope, site, adaptive djrs, instrumentation and science)
was distilled by ESO into the new 40metre-class European ELT concept, which was presented to the
community at a workshop in Marseilles, France in November 2006. The meeting includezhe and a half
days dedicated to scierce during which previous themes were developed and new ideas exploredrhe
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science cases presented and discussed at this meeting, and the similar discussions at many previous
and subsequent meetings, have shaped the science case.

The Science Working Groupformally merged with the OPTICON ELT science activity in May 2006. The
joint OPTICONESO ELT Science Working groupdhaired jointly by M. Franx and I. Hook Qxford, UK],
and after April 2009 by I. Hook) has remained active throughout phase B.

Their activities as well as the membership can be found dttp://www.eso.org/sci/facilities/eelt/science/
swg/members.html. The Science Working Group has followed the evolutiomf the project over the last
few years and has continuously provided input to the project on all aspects: telescope, instruments, site
and operations. It has been the main driver in synthesising all input into the science case presented in
this document.

2.4.2 THE DETAILEDDESIGNPHASE

During the detailed design phase, the Science Working Group, together with the project office, initiated
two studies aimed at guiding the telescope design and the instrumentation roadmap. The first initiative,
the Design ReferenceMission, was aimed at exploring, through detailed simulations, the entb-end
requirements emerging from the key science cases for the HELT. The second initiative, the Design
Reference Science Plan, called for a broad input from the scientific community brder to identify the full
parameter range and the requirements needed to cover the entire science programme.

These initiatives were supported by two dedicated workshops at ESO in May 2008 and May 2009 (see
http://www.eso.org/sci/facilities/eelt/science/drm/workshop08/ and http://www.eso.org/sci/facilities/eelt/
science/drm/workshop09/) and are described in more detail below.

Further input from the community came through the phase A and conceptual instrument studies carried
out between 2007 and 2010, as well as through four workshops organised by the projectand partners
aimed towards exploring dedicated interactions between the EELT and, respectively, ALMA, JWST,
SKA, and survey capabilities.

2.4.2.1 THE DESIGN REFERENCEMISSION

The EELT Design Reference Missiorencompassed a detailed, handson exploration of a seécted sam-
ple of science cases through the analysis of simulated LT data. The purpose of this exercise was (i) to
provide a quantitative assessment of the extent to which the EELT will be capable of addressing key
scientific questions, (ii) to assisthe project in making critical tradeoff decisions by quantifying their con
sequences in terms of scientific gains and losses, and (iii) to support the development of the E.T Sci
ence Case. The overarching aim of the DRM was to help ensure that the-ELT will meet the scientific
aspirations of its community.

The science cases studied by the DRM were selected by the HELT Science Working Group from their
April 2006 report. In total, eight science cases, split into 14 subcases, were explored by the DRM, and
these are listed in the table below. Although these cases were considered by the SWG to be amongst
the highlights of the EELT science case, they were not intended to be an exhaustive list of the science
that the E-ELT will do. They were rather chosen te@ncompass a wide range of different science topics
and goals, and to exemplify cases that exploit and highlight the key capabilities of the telescope.
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Planets & Stars S3: From giant to terrestrial exoplanets: detection¢haracterisation and
evolution

e Direct imaging of terrestrial and giant exoplanets

e Earth twins in the habitable zone of typesolar stars

S9: Circumstellar disks
e Imaging the planetforming regions of circumstellar disks

S5: Young stellar clusters
e Characterising the lowest mass freely flating objects in star forming
regions
e The centres of massive dense young clusters: deep £ELT infrared
imaging and 3D spectroscopy
e Giant planetmass objects in the Large Magellanic Cloud

Stars & Galaxies G4: Imaging and spectroscopy of resolved stellapopulations in galaxies
e The resolved stellar populations of elliptical galaxies

e The chemo-dynamical structure of galaxies

e First stars relics in the Milky Way and satellites

G9: Black holes/AGN
e Asurvey of black holes in different environments

Galaxies & C10: The physics of high redshift galaxies
Cosmology e The physics and mass assembly of galaxies outto z ~ 6
e High-resolution imaging of high redsHt galaxies

C4: First lightA the highest redshift galaxies

C2: A dynamical measurement of the expansiofhistory of the Universe

Table 2.1. Design Reference Mission.

The DRM process began in 2007 with members of the Science Working Group and help from the com
munity, drafting a DRM proposal for each of the DRMscience cases. These proposals were written
somewhat in the manner of a regular ESO observing proposal: they briefly summarised the science case
and then described a more or less welldefined set of EELT observations designed to address the sei
entific question at hand.

The key task of the DRM was to answer, through extensive simulations for each science case, the-fol
lowing two questions.

1. What, precisely, can be achieved with the observations described in the proposal in a
given amount of observing time or, vice versa, how much observing time is needed to
achieve a given set of science goals?

2. How do these results depend on the properties of the telescope, the instrument, the
adaptive optics performance and/or the site? Which features of the #ELT systam are
critical to the success of the proposal?

Followed by:

3. Identification of key requirements for each case and quantification of the scientific losses if
the requirements cannot be met, thus helping the project to understand the scientific
consequences of any trade-off decisions.

Although the DRM cases were partly selected for being challenging, even for the ELT, the DRM analy
sis has shown that the unique capabilities of the EELT have clearly inspired some ambitious thinking.
Several of the DRM cags require hundreds and even thousands of hours of observing time. Neverthe
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less, the DRM simulations have confirmed the transformational character of several of these pro
grammes: the EELT will undoubtedly revolutionise the field of exoplanet imaging; dies of resolved
stellar populations of galaxies out to the Virgo cluster; the mass assembly of galaxies at redshifts of up to
six; and provide the first ever dynamical measurement of the expansion of the Universe.

Several of the DRM cases were found (nounexpectedly) to be limited by the diameter of the EELT:
exoplanet imaging and studies of resolved stellar populations in external galaxies are limited by the
achievable resolution, while all of the highesolution spectroscopy cases are limited by thetelescopets
photon-collecting power. These cases provide a strong motivation for a 40netre-class telescope.

The DRM also identified the types and characteristics of instruments that are required in order to address
the studied science cases. Theserequirements were crosschecked against the instrument specifica
tions derived by the eight phase A instrument studies. The conclusion here was that the studied instru
mentation suite was a good match to the requirements of the DRM science cases. The onBxception is
the capability of observing in theultravioletbelow 370 nm.

The full DRM report ispublicly available through the project web pageslittp://www.eso.org/sci/facilities/
eelt/science/).

2.4.2.2 THE DESIGNREFERENCESCIENCEPLAN

The EELT Design Reference Science Plan was designed and conducted to explore the full range of sci
ence cases for which the EELT will be used. It was meant to be a large collection of science cases pro
vided directy by the future users of the EELT. Ultimately, it helped to define the boundaries of the
parameter space over which the EELT will operate. It was used to guide the performance optimisation
of the telescope, the prioritisation of the instruments, as wells to plan the science operation modes.

The DRSP was launched at JENAM 2008 in Vienna. In order to collect input efficiently fratime commu-

nity, the DRSP was setup as a web questionnaire, guiding the users through the submission of a

dummy proposal for the E-ELT. The questionnaire prompted for the science case (title, abstract, cate

cknu( ~%( pda e ajpepu kb pda ]J]gpdkno $ejopepgpa( op
gets, spatial requirements, spectral requirements, type of instraentation required, operations require

ments, synergies, etc. The users were guided through the submission.

The questionnaire was available to the community from September 2008 until June 2009. During that
period, 187 science cases were submitted by 151principal investigators from 73 institutes across Eu
rope. This well exceeded the goal to collect at least 100 cases. The entries have been collected into a
large database and have been analysed statistically.

Proposals have been received from all ES®Member States. The UK, Germany and Spain feature prori
nently, followed by Italy and France. The number of ESO proposals was partly inflated by theEET Sci
ence Office who additionallyssubmitted? all those DRM cases not already covered by the community.
About two thirds of the Pls wer faculty members, the other thirdbeing made up by postdoctoral
researchers.

The proposals were classified into the four categories established for the ASTRONE®admap (see
www.astronet-eu.org). Three quarters of the proposals were shared between the categoriesHow do
galaxies form and evolve? and dWhat are the origin and evolution of stars and planetary systemg?

On the technical side, all instruments studied in phase A have been requested and almost all equally,
with a slightly higher number of proposals for the only midnfrared instrument, and a slightly lower one
for the most specialised instrument: the planefiinder. Onlya very few proposals requested capabilities
not included in the current studies, confirming that the suite of instruments presently foreseen (see
below) covers the entire needs of the community.

The authors were also asked to indicate whethetheir proposal would work in synergy with another facil
ity. More than a third of the proposals mentioned JWST, and about ajuarter mentioned VLT/VLTI. The
next most mentioned ones were ALMA and SKA.
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Overall, the DRSP provided an extremely useful diredhput from the community to the project. It has led
to direct requirements on the operations scheme and strongly guided the Science Working Group in its
recommendations.

The full DRSP report ispublicly available through the project web pages (http://www.eso.org/sci/
facilities/eelt/science}.

2.4.2.3 THE SCIENCECASES FROM THEINSTRUMENTPHASE A STUDIES

Throughout the telescope phase B study, ESO launchedelevenphase A / conceptual design phases for
instruments and adaptive optics modules. The studies ran for 15 to 30 months starting in 2007 and
explored a suite of instruments for the EELT. More than 200 astronomers and engineers in the ES
Member States and Chile contributed to the different studies. In particular, all studies formed strong sci
ence teams that built most compelling science cases to be addressed with the instruments. These sci
ence cases were very valuable additions to thé©RM and DRSP efforts; they are described irChapter 4
for each instrument.

The instrument characteristics and institutes forming the study consortia can be found i@hapter 4 or on
the project web pages: http://www.eso.org/sci/facilities/eelt/instrumentation/.

In summary, the goals of the instrument studies were broad: to explore the scientific capabilities required
to meet the E-ELT science goals, to examine the techital feasibility of the instrument, to understand the
requirements placed on the telescope design and to develop a delivery plan.

The science cases developed by the instrument science teams largely surpassed in quality and detail the
request of the project at this stage and added a large number of very high profile science goals to the
E-ELT science case. They provided solid basis for the instrument roadmap.

2.4.2.4 \WORKSHOPS DJURING THEDESIGNPHASE
Synergy Workshops:

Four workshops aimed at exploring the synggies between the EELT and other facilities were organised
with the help of OPTICON between 2009 and 2011. This allowed the project to receive further input from
the community on the already strongly perceived links between the FELT and other future larg-scale
facilities.

Title ALMA and ELTs: A Deeper, Finer View of the Universe

Dates: 24227 March 2009

Location: ESO Garching, Germany

Organiser. ESO

Participants ~ 120

Website: http://www.eso.org/sci/meetings/almaelt2009/

Comments: The workshop explored the scientific synergies between ALMA and the planned ELTs. It was
motivated by a growing interest in the ALMA and ELT communities to better understand the capabilities
of these large facilities which are likely to dominate groundbased astronomy for the next two to three
decades. One of the main goals of the workshop was to identify common science cases that drive both
the ALMA and the ELT communities.

A summary was published inThe Messenger (2009, Vd.136, 69) and all presentatiors are available on
the conference web pages.
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Titlee JWST and ELTs: An Ideal Combination

Dates: 13216 April 2010

Location: ESO Garching, Germany

Participants ~ 110

Website: http://www.eso.org/sci/meetings/jwstelt2010/

Organisers ESA/ESO

Comments: Similar to the above, the joint ESA/ESO workshop focused on the scientific synergies
between JWST and the ELTs. The main goal of the workshop wa$o bring the JWST and ELTs (GMT,
TMT, EELT) communities together, to identify the common science cases, and to outline instrumenta
tion/upgrade priorities for the ELTs which would maximise the scientific return in key areas of scientific
research requirirg both facilities, namelythe end of the Dark Ages A first light and reionisation; the
assembly of galaxies;the birth of stars and protoplanetary systems; planetary systems and the origins of
life. A lively meeting with intense discussion brought somateresting insight.

Title: Astronomy with MegastructuresA Joint science with EELT and SKA

Dates: 10214 May 2010

Location: Crete, Greece

Participants ~ 100

Website: http://www.physics.ox.ac.uk/users/Karastergiou/Greece2010/home.html

Organisers RadioNet and OPTICON

Comments: The third of the series of workshops exploring synergies was the workshop Astronomy with
Megastructures A Joint science with EELT and SKA. As with he ALMA workshop described above,
this meeting provided a valuable opportunity for the optical and radio communities to learn about the €a
pabilities of SKA and the E-ELT, respectively. The workshop was mainly aimed at developing linked sci
ence cases forthe E-ELT and SKA, although the roles of other future facilities, such as ALMA, JWST,
LSST, GAIA, EUCLID and PLATO, were also discussed.

Title Feeding the Giants: ELTs in the era of Surveys

Dates: 29 August A 2 September 2011

Location: Ischia, Italy

Participants: ~ 100

Website: http://eso.org/sci/meetings/2011/feedgiant.html

Organisers OPTICON and ESO

Comments: This workshop aimed at exploring the synergies between the work of existing antbrth-
coming survey facilities and the Extremely Large Telescopedt reviewed the projects in these two areas
and addressed the developments that these will bring to a wide range of science areas, including
exoplanets, star formation, stellar populations,galaxy formation/evolution and cosmology. It addressed
two broad questions: a) Along with surveys conducted by current and forthcoming observatories, how
will the upcoming dedicated survey facilities profit from follovup by the ELTs? and b) To what extebhdo
the ELTs require surveys to prepare scientific breakthroughs? The goal was to bring together the survey
and ELT communities and to define first strategies to maximise the success of both paths.
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3 TECHNICALOVERVIEW

3.1 SITE ANDINFRASTRUCTURE

The site characteristics are described here to show their influence on the design of the telescope. The
design of the necessary infrastructure for the operation of the HELT within a single observatory takes
into account the existing infrastructure at Paranal. Dedidad site monitoring is installed atCerro
Armazones.

3.1.1 CHARACTERISTICS OF TEBSITE

Cerro Armazones, the selecte peak for the EELT. It is 20km from the existing VLT site aiCerro Paranal
and the VISTA facility at the adjoining peak.

I paranal

I dfmazanes

Google
C

Eye alt  27.86 km

magery Dates: Sep 30,2003 = May 112005 4°38'07.71"S 70 B0 m

Figure3.1. Cerro Armazones is 20km as the condor flies from Paranal

Armazones is well known to ESO as it was extensively tested as a potential site for the VLT. Moreover, it
has undergone comprehensivetesting by the TMT projectwhich kindly made the data available to ESO.
After the TMT testingwas completed, ESO resumed its own testing at Armazones.

The altitude of 3064 metresabove sea level does not pose logistical problems for operationand meets
the science requirements for low precipitable water vapour and low operating temperatures.

The median seeing of the site (0.7arcseconds) and coherence times (4.5ms free atmosphere and
3.5 ms full column) are in agreement with the values used to dimermn the quaternary unit actuator den
sity and final fitting error.
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Figure3.2. DIMM and MASS seeing and temperatures on Armazones
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Figure3.3. rand & and wind speed at Armazones

The wind speed at the site is somewhat higher than at Paranabut is compatible with the design char
acteristics of the EELT. The wind speed of 10ms™ used by the project to establish the diffractionlimited
performance requirements is the 70th percentile of the site conditions and the 1&s? telescope opera
tional limit is within the 95th percentile.

The wind rose for Armazones is strongly focused to the north with almost no wind coming from the east.
As with Paranal, this provides a natural location for thebservatory heat dumps, which are unlikely to
interfere with operations.
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Figure3.4. Day and night wind roses for Armazones
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Seismicity is animportant parameter for any site and so the entire Paranal region has been evaluated for
earthquakes. This work has been considered as an update of the work undertaken for Paranal. Such an
update was considered worthwhile, both as an issue of due diligenceand as a result of newer data
becoming available in the intervening period of timeThe project office commissioned two independent
studies with expert firms in Europe to evaluate the newer data and provide the basic parameters for the
surroundings of Paanal. The results of the studies were reviewed by expert firms in the Republic of Chile
and by specialist consultantswho were employed by ESO at the time of the VLT project.
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Figure3.5. Typical earthqu&e time series.Peak Ground Acceleration PGA) is the peak absolute value of the
acceleration (left) and response spectrum from above time series. PGA is the 0 period value (right)

The output of all the work is a unique set of parameters for the site. Ehearthquake parameters adopted
for phase B design are for a nonseismically isolated structure: an operations basis earthquake of 0.24
a maximum likely earthquake of 0.3¢ and a collapse limit state of 0.6). This would then correspond to
the following limit states:

e ServiceabilityLimit state (SL) The structure is only slightly damaged. Structural elements have
not reached significant yielding and have retained their strength and stiffness. Nestructural
_ kil kjajpo og_d ]o | ] owsomerijoiocra¢king thatecpuldhhoweever, ] u od
be economically repaired or even masked. No permanent drifts are present. Thignit state is
most influenced by the stiffness of the structural system.

e Damage Control limit state (DC§ Pda opng_ prly damagen, bat estdl jretaing |
considerable strength and stiffness. Vertical elements are capable of sustaining gravity loads,
hence the structure is far from collapse. Norstructural components are damaged, although
|l ] npepekjo 1ij° equt ohptane. MoHerate and Koferahibe]perinament drifts are
present. The structure is repairable but at a nostrivial cost. Thislimit statee o i kop ej ©gaj _a’
the strength of the structural system.

e Collapse Prevention limit state (CP)The structure is teavily damaged, with very limited residual
strength and stiffness. Although vertical elements are still capable of sustaining vertical loads,
their resistance cannot be relied upon indefinitely. Most noistructural components have cot
lapsed. Large permanent drifts are present. The structure is near collapse and would not survive
another earthquake, even of moderate intensity. Thismitstatee o i kop ej ©qaj _a”~ "u
of the structural system.

The above threelimit state formats yield four perfomance regions: from zero to SL is continued opera
tion; from SL to DC is repairable damage; from DC to CP is irreparable damage; and above CP is €eol
lapse.

3.1.2 GEOGRAPHY ANDLAYOUT

A suitable platform for the telescope can be generated on Armazones. The remolvaf approximately
300 000 cubic metres would result in approximately a 150m x 150 m platform at the top of the moun
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tain. It is evident, and shown by thesite testing and analysis of operational data from Paranal and other
sites, that the minimal excavabn and modification of the mountaintop are strongly recommended.
Unsurprisingly, such a minimisation is considered advantageous from a construction cost point of view.

T
79,400,
501
78000 &

nnnnnnnnnnnn

17.250.500,00

-

i

\
o~ A
t 2 3

0

17.280106,0¢

Figure 3.6. The platform.

The resulting site layout has the aforementioned platform (somewhat, but not significantly, bigger than
the Paranal deck) at the top of Armazones. At the foot of the mountainpne kilometre from the deck,
additional laydown areas and temporary facilitiesnecessary during constructionwill be provided

3.1.3 LOGISTICALISSUES

During the construction phase, a temporary camp will be created at the foot of Armazones. The cen
tractors and the ESO personnel overseeing the construction would use this camp.

A road wil connect the Armazones site with the B710 road at almost the same location as the turoff to
Paranal. This will not disrupt the landing strip.

E-ELT Construction Proposall Technical Overview



Figure3.7. Road layout for the connection to Armazones

During operations, the telescope will be a part of the Paranal facility with logistics management (catering,
accommodation etc.), engineering resources and other facilities operated from there. Additional accem
modation will be created on the Paranal site.The baseline solution would be to create a suitable
accommodation facility, removed from the existingesidencia to provide night workersgtaccommodation
for the entire facility, thereby freeing sufficient room at the existingesidenciafor day workers. No addi-
tional catering facilities are envisaged for Paranal.

The minimal operation on the Armazones element of the Paran&@bservatory would have local facilities
for storage and coating as well as firefighting and a small accommodation unit for recepti and duty
personnel. Integration facilities are to be shared with Paranal.

3.1.4 WASHING ANDCOATINGFACILITIES

The baseline coating for the EELT mirrors is the protected silver used for VISTA. The Paran@bserva
tory already operates the 4.2metre chamber using sputtering technology. The M1 coating facilities are
located in the auxiliary buildings of the dome. This limits the handling operations to a minimum and
reduces the risk to the optics. The observatory must handldwo primary mirror segments per day ad
therefore it is assumed that at least two parallel lines of coating for segments will be needed to create a
sufficient buffer for maintenance. The viability of the coating requirements of the H.T have been vali
dated by limited studies undertaken by anumber of firms under a price enquiry. Other mirrors will be
coated at Paranal and suitable coating facilities will be made available.
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