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The Thirty Meter Telescope (TMT) represents the next generatio
groundbased astronomical observatories. Driven by the front
science issues of this decade, the TMT design offers 10 times the light
gathering power of the largest existing groubdsedfacilities and will
produce images 10 times more detailed than the Hubble Sp
Telescope. With this tremendous increase in power, TMTdeliVeras

yet unforeseen, grountbreaking discoveries about the universe.
short, TMT will be the leader of a negeneration of telescopes ant

will serve its partner communities as a flagship research facility.

Figure 1 - The TMT Observatory, planned for construction on Mauna Kea in Hawaii

The TMT project is an international partnersiipolvingthe Canada, thdJSA, Japan, China, and India.
It representsa unique combination of technical, industrial, and scientific collaboration that benefits all
partners Sited near existing, complementarfacilities on Mauna Kea in Hawa®MT will unite the
PacificRim astronomicalcommunity about its vantagepoint, and will exclusivelyprovide extremely
largetelescope(ELTaccesgo the northern sky.

TMT offers immense scientific advantages over existing fasilifee TMT ScienceeTunprecedented
light-gathering capability and angular resolution of TMT will revolutionize our understanding of many
fundamental questions in sciencEhese capabiliéis will open the door to new discoveries and a deeper
understanding of the universe all the way from our own Solar System to the first stars. As an example of
enhanced capability, Figure 2 compares an image from thendfde Keck telescope, currently the
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trace orbits of stars in order tmvestigatethe supermassive black hole at the centre of our galaxy and
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Figure 2 - Detecting and mapping the orbits of stars at the Galactic centre with the current Keck 10m telescope,

and simulated first-light TMT adaptive optics systems (Courtesy: A. Ghez, UCLA)

¢ a ¢ iancamissionhasbeendevelopedin collaboration withother existingand proposedfacilities.
TMTastronomerscontributed toanimportant studyt that emphasizedynergywith the James Webb
Space Telescope and provided key input intoNfaional Science Foundati@®stro2010 process,
which describeaynergies with thédtacamalargeMillimeter Array(ALMA)andthe LargeSynoptic
SurveyTelescopdLSSTboth sited in ChileAsevidence of this complementariggnd its wide science
capability ¢ a ¢ RetailedScienceCaeaddreses22 of the 24 scienceareasand 43 of the 68 basic
sciencequestionslistedin the Astro2010DecadalSurveyreport, and addresses all four key thematic
guestions that were outlined in the Canadian Long Range Plan for Astronomy

The TMTdesign has been under development since 2003 and is now technically métitte the
completionof the DesignDevelopmentPhasein March 2009, the project entered the Preconstruction
Phaseandisreadyto enterthe ConstructionrPhaseat the Mauna Kea siti April 2014

The TMT partnership represents a powerfigrward-looking research community that will secure an
important place for Canada in the next generation of astrononmy the past decade, Canadian
astronomers have been ranked amongst the t@searchers in the world, enrolment in astronomy at
Canadian universities has been thriving, and Canada has been a parthesding international
astronomy projectsPartnerships in projects like TMT will maintadie forefront status of Canadian
astronamy. Without suchpartnershigs, the reputation of Canadiaresearchwill be placed at riskand
Canada standio lose its best scientists and engineers to countries where they can flodighTMT
project is the topranked priority in the current decadalaBGadian Long Range Plan for astronomy

research.

L R. P. KudritzkA GiantSegmented elescopeSynergywith the JamesNebbSpaceTelescopeGMST
Science Working Groupp05
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/ Project History and Partner§/

In the early 2000sCanada and thdJnited Statesindependently developed designs for the next
generation of optical telescopedhe Canadian Very Large Optical Telescope (VLOT) working group
studied designs for a nexfeneration extremely large optical telescope in response to the first
Canadian Long Range Plan for Astronoimy2003 the VLOT tearpublished a project book desbing

the science case and observatoryhe U.S. effort involvetthe Association of Universities for Research

in Astronomy (AURA), the University of California (@@y the California Institute of Technology
(Caltech).AURA developed designs for a Giaegr@ented Mirror Telescope (GSMT), while UC and
Caltech developed a design for the California Extremely Large Telescope (CELT).

Later n 2003 these groups merged thegfforts to collabomte on a Thirty Meter Telescope concept
incorporaing aspects of allhree designsThe same yeat)C and Caltech foundetde TMTObservatory
Corporationwith the aim of developing a preliminary desighURA andhe Associationof Canadian
Universitiesfor Researchn Astronomy(ACURAjpined immediatelyas partnersin the following years,
other partners joined theproject in 2008, he National AstronomicalObservatoryof Japan(NAOJ)in
2009,the National AstronomicalObservatoies, ChineseAcademyof SciencegNAOC)andin 2010, he
Departmentof Scienceand Technobgy of India (DSTL)Indiahasrecentlymade acommitment of more
than $100 million to TMT, as announced by ladMinister of External Affairs Shri®8. Kridina and U.S.
Secretary of State Hillary ClintanJune 2012

Beforejoiningthe TMT collaboration,eachpartner conductedcareful longrangeplanningstudieswith
their astronomy communiés weighingalternative directionsin astronomyresearchand evaluating
other gianttelescope projects. TMT is now a powerful collaboration representingthe astronomy
aspirationsof a large portion of the g 2 NXp&Qiation, uniting establishedastronomy communities
with large rapidly developingones By the end of 201, the collaborationhadinvesteda total of $150.1
million (U.S.)in design development and preconstruction.To datemore than $30 million (CAD)has
beeninvestedin TMT withinCanad. Caltech/UChave invested$104.4 million, including $95 million
from the Gordon and Betty Moore Foundatiofdditional pivate funding hasalreadybeen pledgedfor
the ConstructionPhasefrom the Gordonand Betty Moore Foundationand from Caltechand UC The
partners are developing a more formal Memorandum of Understanding (MOU) stating their intentions
as participants in theproject during the current Preconstruction Phas&éhe MOUdescribesthe
governance ofproject during the Preconstruction Phas¢he anticipated governance during the
Construction phaseandan implementation planincluding theexpectedcontributions of each parter.

2VLOT Project Book. A Large Optical Telescope for the 21th Century, Canadian VLOT Working
Group Herzberg Institute of Astrophysics, National Researchn€ibof Canada, Victoria, BC,
Canada2003



In 2012, theTMT projectsubmitted a funding proposal to thd.S.National Science Foundation (NSF) to
plan a potential partnership between theo organizations!f approved,this proposalwill enableTMT
to benefit from engagement with th&ull U.S.astronony community in the years ahead.
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/ TMT Science

With its large collecting area, widdield of view, and powerful adaptive optics systems, TMT will
produce images of unmatchaéach andsharpness. It will be able to distinguish features as smalbas

km in size at the distance of Jupiter (at 5 ®U) ¢ a ¢ Q & scigcdnStidReairbwill facilitate precise
measurements of the motion of celestial objects on the sky, including other galaxies, and will be able to
detect planets around other stars that are a billion times fainter than their parent star.

TMT will be sensitiverom the ultravidet to mid-infrared wavelengths and providaew capabilities to
addressk & ( NP y 2 Y a&£3& ( dagdingfréna the nature of theUniverseto the formation of our
own SolarSystem.

What is the composition of the
Universe?

The nature of dark matter andark energy, themain ingredientsof the universe, remaia a complete

mystery. The dark matter particle is to cosmology what the l@uyght Higgs boson is to particle
LIKeaAOad 9AyailuSAyQa DSy Salindsseswrs thd Univédde (sRouldLpkaBuRer O G S R
beautiful arcs of light through gravitational lensing effects. These arcs have now been observed
throughout the Universe, and tiny anomalies in their structure that only TMT will be able to detect

should allow us tdwunt the dark matter particle down to mass scales at least 10 times lower than is
possible with current instruments. Dark energy, which is believed to come from the quantum structure

of space itself, drives the expansion rate of the Univefd4T observatins in the far away Universaf

massive stellar explosions known as supernovae will allow us to measure changes in the signature of
dark energy over cosmological times for the first time.

When did galaxies form, and how did
they evolve?

How does one go from tiny quantum fluctuations in the Big Bang to gigantic galaxies like our own Milky

Way? The answer is believed to be a process of hierarchical mass assembly in which small galaxies
collide with each other to form bigger and bigger gaaxover billions of years. The traces of this

G/ 2yaiNHzOGA2Y 5SNbBeé¢ aKz2dzZ R NBYIAY ATWIMNAsudySR 2y 3
galaxy formation near and fafMT will tag stars in the Milky Way according to their chemistry, age and



motionsover volumes 100 times larger than currently possible to provide thedirst ¢ I NOKS 2t 2 3A OI f
sample large enough tevealthe variednature of galaxy assemblig.will alsodetect the spectroscopic

signatures of stars in thiirst galaxiedormed vel early after the Big Band@he sensitivityof TMT will

produce detailed maps dhe morphology, chemistry, and kinematio§ galaxiesas they assemble and

evolve over cosmic time.

What is the relationship between black
holes and galaxies?

Black holes with masses as high as a billion times the mass of the Sun are now known to occupy the
centres of galaxies. Their formation process is unknown, but must be intimately linkibeé formation

and history of galaxie§ he spatial resolution anceasitivity of TMT will make it possible to meastine

masses oblackholesten times smallerand ma kinematicgn 8000 timesmore galaxiesthan currently
possible. TMT will expand by a factor ad thousandthe number of galaxieon which direct
measurement®f blackhole massscan be performed.

How do stars and planets form?

The mass of a star dictates how it will live and how it will die. Direct stellar mass measurements provide
a fundamental test of theaes of stellar formation and evolutionCurrently, thesenassmeasurements

are only possible for a small number of double stars with specific orbital configuratitime angular
resolution of TMT removes this obstacknd allows us toweigh stars in an entirly new waythrough
gravitational lensingAs a star passes in front of a background star field, its gravity will slightly bend the
light rays from these background stars, and the amount of bending will be proportional to its mass.

New planetary systems form out of diségas and dustoalescing around new stalBy mappinghese
proto-planetary disks with a spatial resolution five times greater than currently posgiMa@will unveil
the regionsin whichterrestrialplanets areforming.



What is the nature of extrasolar
planets?

The first planet around another star was discovered in 1995. Since theallsd exoplanets have been
observed in ever increasing numbers thanks to massive observing efforts from the ground and space.
Exploringthem requiresthe high-contrast imaging andhighresolution spectroscopyprovided by TMT

We will be able todistinguish rocky worldske Earthf NB Y ¢ SA I N&AdSskarch for brightness
fluctuations caused by weather on giagkoplanets. TMT willdirectly imagethe reflected stellar light

from mature, cold planets as small as Neptuimeorbits the size of the inner Solar Systeifhese
observations will advance our understdang of planetarysystems beyond our owand answer an age

old question: how many Solar $gm1s are out there?

Is there life elsewhere in the Universe?

Determining how and in what quantityomplex,pre-biotic moleculescome to existon the surface of
emergentexoplanets is key to umtstanding the origin of lifewith its highangularresolution and high
spectral resolution in the mithfrared, TMT willprobe areas ofplanetforming disks wherdzarthlike
planets are expected to fornAnalyzinghe spectra ofparent starlight throughexoplanetatmospheres
during transits (analogous to the recent transit of Venus across our Swill) reveal the chemical
composition ofexgplanetary atmospheres, including bimarkers such as oxygehhe detection of life is
within the reach of TMT.



ScienceSyneragies

Synergy with other ground and space based facilisem important strength of the TMT project The
U.S. Astro201®rogramPriority Panelidentified ¢ a ¢ gpéctroscopicapabilities asrucialto detailed
follow-up studiesof objectsdiscoveredoy smallerfacilities. TMTwill complementthe existingfacilities
at MaunaKeathrough its ability to work on fainter objectsand at higherresolution. Membersof the
TMT partnership operate the Keck, Subary and Canada France Hawaii Telescapeservatoriesat
MaunaKea, sdhere is greatpotentialto sharethe complementarystrengthsof thesefacilities.

TMT will be a powerfulcomplement to the futureJamesWebb SpaceTelescopg(JWST)just asthe
Hubble SpaceTelescopehascomplementedcurrent 8- to 10-metre ground-basedtelescopes TMT will
take optical and UV spectraof objects observed byWST At wavelengths over 1 micron, TMT will
provide higherresolutionspectraandfive-times-higher resolutioimageshan JWST.

The comingdecadeswill be an era of time-domainastronomy and theplannedLarge Synoptic urvey
Telescope (LSSWill be a flagshipin this area TMTQ 8ky coveragewill overlap LSSD &y about 75
percent It will be able to take spectra on targets identified by LSST thatioaréaint for 8- to 10-metre
telescopes.

TMTQ 8ky covelage will also overlap thabf the Atacama Large Millimeter Array (ALM#) about 75
percent providingcomplementaryimagingand spectroscopialata at shorter wavelengthsand higher
spatialresolution than currenty possible

Finally, TMTQ &bility to accessthe northern hemisphere sky above 30 degrees declination will
complementthe capabilities of theplannedEuropearELT38 5-metre telescope to be sited in Chile

Potential for Interdisciplinary Research

Astronomy s an intrinsically interdisciplinaryfield within the traditional sciences.The namesof its
subfieldstell this story well: astrophysics,astrochemistry,astrobiology. The sciencecase for TMT
describesmany experimentsthat TMT will make possible, ranging fromvestigatingfundamental
physicsto the search for life beyond our planethe Universeprovidesthe mostdiverseenvironment
for the study of chemistryand chemicalreactionsin conditionsnot found on Earth

TMT will also benefittechnicalresearchareasfar removedfrom astronomy. Theseinclude advanced
control algorithms, software, and processinghardwarefor adaptive optics reaktime control systems
andimagepost-processingechniques These mthods can be applied tareas such as medical imaging;
and the design and construction of large complkgructures such asports stadiums, bridges, and



entertainment rides Anather directly impacted research areaasmosphericphysics providinga better
understandingpf the 9 I NJAtiKd3@gherebelow 100km.

Broader Impacts

TMT is a unique opportunity for advancing science and technologyQutting-edge technology
developmentis required to build and operate this neggeneration telescopelts frontier scientific
discoveries, and a diverse, strong international partnershiil, make TMT a unique, richeisource to
inspire, inform,educate the young, and attract and retain the best scientists.

Besidesastronomy, the TMTproject involvesthe broader physical sciencegnd contributes to

engineering and technologynovation education, workforce development, and international relations.

The Pacific Rimature of the partnership enables exciting scientific technical and community
collaborations,in all of these areasTMT will be amodel for future ceoperationin major scientific
facilities between theCanada and th&nited States and India, China, and Japan.

¢ a ¢ €ddcation,outreach and public communicationsplan proposesactivities and programsat the
local, national,and internationallevels.In accordancewith ¢ a ¢ d@@m@Amitmentto publicengagementa
robusteducation and public outreach (EP@dgramhasalreadybegun.This prograncurrently focuses
on establishinga wide-reaching,prominent public communicationseffort to conveyproject news and
raise awareness abouaistronomyin general andhe specificsciencethat TMT willenable

TMT will provide extensive educational opportunities for the general publicat all levels of formal
education aswell as opportunitiesfor citizen scienceand informal learning. The data obtained using
TMTwill be the basisfor manygraduatestudentdissertations.
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 Project Status and Partnershjp

The TMT project is in Preconstruction Phase Major subsystemscrucial for starting construction are
either in FinalDesignPhaseor are being readiedor constructionby developingdetailedfabricationand
constructiondocumentation.

Thedesignof the summit facilities indudingthe enclosurefixed baseand the telescopepier, has been
finalized The designdevelopmentdocumentswere reviewedand acceptedby TMTin Januay, 2012.
The processof preparingconstructiondocumentswith additional detailed design and preparation of
construction packageseady for bidding is now underwayThe designfully complieswith the Final
Environmentallmpact Statementapproved by the State of Hawaii. The Final DesignReviewfor the
enclosurewascompletedin December2010. Thedetailedfabricationand constructiondocumentation
hasbeenprogressingince

Missioncritical subsystemsin particularthosewith longleadtime itemsare in FinalDesign Anexample
is the design for theprimary mirror segmentsMirror blanksproducedby two different manufacturers
(Sagenmand Tinsley)are currently being testedfor glassgquality and thermal properties.Blankshavealso
been usedin successfupolishing experiments:in cooperationwith EELT ,both firms generatedthe

challenging highrasphericity segment surfaces with good fidelity. Canon demonstrated finishing
capabilityvery closeto our specification.The segmentsupportassemly is alsoclose tofinal design.The
opticaltest setfor segmentproductionisin Prdiminary Design.

Other major subsystemsand key componentsare in Preliminary Design:the telescope strudure,
includingthe mount-control system the secondary and tertiary mirraystems segmentactuatorsand
edge sensors,the alignment and phasingsygem, and the primarymirror control system We have
evaluated prototypedor actuators,sensorsandthe phasingcameraand selectedinal technologies.

TMTQ &daptiveoptics system,NFIRAOSJevelopedin Canadapassedhe PreliminaryDesignReviewin
December2011 with high marks. We have developegbrototypes for deformable mirrors and polar-
coordinatewavefront sensas, whichare currentlybeing testedLikewise in December 2014 review of
the conceptualdesignfor the major near-diffraction-limited instrument, IRISwas conducted.Thefirst-
light seeinglimited spectrographWFOSisin ConceptuaDesign.

The entire project is subject to regular and comprehensive technical and program reinesling
reviews conductedby expert international technical and cost review panel3hese panels have
concludedthat the technical progress and implementation planning bogh appropriate and suitably
mature for the expected construction schedulesides technical readinessther key elements of the
construction project are in placeThese includ the projectmanagement control ystem and the
systemsengineering quality-assuranceand safety processefn January 2011the nonadvocate cost
review panekvaluated thebaseline budget and schedule formstruction.
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In 2009,AURAthrough the US National Optical Astronomy Observatdi®AQ, establishedhe GSMT
Community AssessmenReview (GCAR}o obtain an independentassessmenbf the U.S:led Giant
Segmented Mirror Telescope (GM$Fdjects. Thisassessmenprocessfocusedon technicalprogress
towardsachievingthe sciencedriventechnicalrequirementsand constructionreadinessaswell ascost
and scheduleissuesthat would affect National Science FoundatiofNSF)investmentand scientific
return to the communityat large. Theindependentpanelconcludeddthat the designpresentedfor the

TMTis soundin almostall areasand that the team has completedits designand developmentstage
successfullyessentiallyplacingit at a PDRevel consistentwith the NSFMFRECINE OS & & ® ¢

Partner Shares

The implementation planfor TMT developmentand constructionis well developedand provides a
consistentbasisfor partner proposalsto respectivesponsors, including the proposal tSF. TMT
partners have defined a matrix of work packagesfor delivery during the ConstructionPhase. These
definethe projectdeliverablego be providedasin-kind contributionsaswell ascashcontributionsto a
CommonFundanda centralizedinfrastructureFund.

The Commorkundprovidesfor coststhat benefit all partnersand that are partnershipresponsibilities.
Theseinclude costs for centralized TMT project management, system engineering, business,and
projectmanagementcontrol systems,legal and regulatory costs, taxes, subsystemmanagement,and
Hawaii expensesincluding fees and community benefits. Infrastrudure Fund costs include all civil
construction, roads, facilities, utility improvements,and basictechnicalinfrastructure not specifically
assignedas an in-kind work shareitem. Thisspreadsthe cost of all sharedinfrastructurein a pro rata
manneraccordingo the sharecontribution of eachpartner.

The implementationplan defines deliverables,the baseyear and then-year estimated Total Costs
(BudgetedCostplus ContingencyJ¥or eachdeliveredwork packageand the cashcontribution schedule

by fund. It specifieghe annualfundingprofile that is the basisfor projectplanning. The baseline plan for
TMT assumes NSF paptigiion in the project. Three alternate plans have also been developed,
including an option for earlier NSF participation, and two plans that do not include NSF funding.

In the baseline TMT implementation plan, First Light is planned for late 2022, &nflihtBng occurs in
years 2020 through 2022. The major contributions by partner in the baseline plan (in addition to
infrastructure and common project funds), are shown below, along with the summary construction
share percentage contribution.

12
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UC/Caltech | NSF Canada Japan China India

15.4% 17.4% 19.9% 23.7% 12.4% 11.4%
Enclosure X
Telescope Structure and Mount X
Control
Optics support, cleaning and X X X X X

handling equipment, metrology
system, and spares

M1 System X X X X X
M1 Control System X X X
M2 System X X

M3 System X

Alignment and Phasing System | X X

NFIRAOS Adaptive Optics Syster, X

including real time controller and
AO components

NFIRAOS Science Calibration Un X
IRIS Instrument X X

IRMS Instrument X X X
WFOS Instrument X X

Lasers and Laser Guide Star X
Facility
Instrument lab and cooling X
systems
Operations Software X

Table 1 - Construction Contributions by Partner

Managing the Collaboration

TheTMTProjectis managedby the TMTObservatoryCorporationunder the direction of the TMTBoard.

The project organizationfunctions within and under the TMT ObservatoryCorporation,though it is
staffedby both Corporationemployeesand by partner-institution staff. Theorganizationis structuredto
deliverthe entire TMT observatoryand eachof the subsystemsomposing it asdescribedin a formal

Work Breakdown Structure. There is a designated manager responsible for each subsystem and
component.The TMTProjectManagerreportsto the governingBoardandis responsiblefor all elements

of the TMTdesign developmentandconstruction,as well theearlyoperationsactivitiesof the project.
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