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e TMT Project and the TMT International Observatory

About 400 years ago, Galileo Galilei pointed a telescope
to the night sky and made many discoveries about the
Universe, including lunar craters, the moons of Jupiter and
the numerous stars that form the Milky Way. Since then,
our understanding of the Universe has improved thanks to
advances in telescopes.

The end of the 20th Century brought the introduction
of large telescopes with mirrors as large as 8 meters
to gather light from celestial objects, making it possible
to discover a Universe than had yet to be seen. As one
such telescope, the Subaru Telescope captured images
of galaxies 13 billion light-years away, as well as images
of planets orbiting stars other than our Sun. Significant
advances were also made in scientific observation of
frequencies other than the visible light and infrared range.
Most notably, the super high resolution observation of
radio frequencies made by ALMA has provided abundant
results, including vivid images of disks around young stars.
These disks are believed to be the sites in which new
planets are born.

These discoveries simultaneously raised new questions,
and anticipation is running high for new telescopes to
tackle these questions. With the successful observation
of gravitational waves for the first time ever taking place
in 2015, the focus is now on identifying the astronomical
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phenomena that are the sources of these gravitational
waves and to perform detailed observations of their
electromagnetic waves, including waves in the range of
visible light and infrared.

The Thirty Meter Telescope (TMT) Project is a project to
build a telescope that will meet these expectations. The
30-meter primary mirror of TMT will be able to gather
more than 10 times more light than currently existing
telescopes. In order to make such a large mirror possible,
multiple mirrors will be combined to form and move as
what is essentially a single mirror. Although the large
mirror would enable detailed observations of celestial
bodies to be made, the existence of Earth’s atmosphere
poses a problem as observations are performed from the
ground. This problem is resolved through the application of
technology known as adaptive optics (Fig.01). In order to
sufficiently harness the full potential of adaptive optics on a
large telescope, advanced technology at an unprecedented
level is required. However, such technology would enable
observations in a resolution that matches that of ALMA
to be realized. High resolution observations will also
require the enlarged telescope to move with a precision
beyond what has been possible up to now, posing a new
technological challenge.

Because it is not practical for a single country to construct
such a large telescope, the project is being carried out
through international collaboration. The construction
of TMT will be a collaboration between five countries,
including Japan, the United States, Canada, China, and
India. It could be said that international collaboration was a
natural progression for astronomy, given that the subject of
its research reaches far beyond the Earth.

The organization heading this international collaboration to
build the telescope is the TMT International Observatory
(TIO). TIO was established and is operated under an
agreement established between research institutions from
five countries. The National Astronomical Observatory
of Japan (NAOJ), National Institutes of Natural Sciences
(NINS) of Japan is one such member institution. However,
the nature of TIO may not be so easily understood given
that it is an international entity. In this special feature of
NAOJ News, TIO is introduced through interviews with
those involved in TMT.

o TMT International Observatory (TIO)

There are a number of ways to organize the construction
and operation of a telescope under international
collaboration. It was decided that TMT, to be constructed
through collaboration between research institutions from
five countries, would be constructed and operated by an
organization established as a limited liability company in
the United States. This company is what we now call the
TMT International Observatory (TIO).
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% Events leading up to the International Collaboration

As the 8 to 10 meter class large-size optical/infrared
telescopes were built one after another (Fig.02) and
started to produce results in the early 2000’s, countries
around the world began to evaluate the real possibilities
of building a next generation 30 meter class telescope.
Japan, as part of the “JELT Concept,” had also begun
considering a 30 meter class telescope.

During the same period, the United States and Canada
established the “TMT Observatory Corporation” and were
in the process of giving shape to a plan to construct a 30
meter telescope that combined multiple concepts that had
been proposed. Japan also considered joining this project
and began participating as an observer in 2006 and as a
collaborative member in 2008, which eventually lead to
discussions on sharing responsibility for the construction
work. Then in 2009, China announced that it too would join
the project, followed by India in 2010, giving shape to the
framework for a five country collaboration.

As part of this process, efforts for forming an agreement
amongst the participating institution members were
initiated around 2009, and in 2013, after deliberation and
consideration of various points, the Master Agreement,
which set the principles for the collaboration, was signed
provisionally by the members. In May 2014, the Limited
Liability Company Agreement was formally introduced
and TIO was officially established. NINS became the
official member of TIO for Japan, with NAOJ acting as the
implementing institution (for delivering in-kind contributions
as explained later).

% Organizational Structure of TIO

The principles of collaboration, including the purpose of the
TMT Project; the decision-making processes; and rights
and obligations related issues were established as agreed
upon by the members (in the “Master Agreement”), and
an agreement (“TMT International Observatory Limited
Liability Company Agreement”) was executed to establish
TIO as an organization to take responsibility for the
construction of the telescope and its operation following
completion of construction.

Operational policies for TIO are determined by a board
comprised of member representatives (with three
delegated from each member institution). Decisions for
important issues are determined by a vote of the board,
with each vote weighed proportional to the value of the
member’s contribution, but effort is made to generally
make any decisions unanimous. A regular board meeting
is held each quarter.
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Based on these policies, construction work is performed
by TIO staff, which includes Project Managers, under the
oversight of the Executive Director. As further explained
later, numerous components of the construction work are
divided amongst the members in the form of design and
fabrication work, with the oversight of these assignments
undertaken by TIO. Within TIO are groups overseeing their
respective parts, including the telescope structure; primary
mirror and optics; dome; adaptive optics; and science
instruments. TIO headquarters is currently located in
Pasadena, California, and employs approximately 70 staff
members, some of who concurrently work for the California
Institute of Technology (Caltech) (Fig.03).

Plans for scientific research and development and
operation of science instruments for TMT are currently
under evaluation by the Science Advisory Committee
consisting of committee members chosen by each member
institution. The regular Science Advisory Committee
meetings are also held once every quarter.

TMT 7’82 7 hOLEFEBR (TMT Project Overall Organizational Chart)
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% Construction of the telescope under TIO

TIO is not directly responsible for every aspect of
the construction. The overall construction consists of
components designed and fabricated by the members
(as in-kind contributions) and components fulfilled by TIO
using cash contributions made by members. As for in-
kind contributions, a “Contribution Agreement” is formed
between TIO and each respective member; the expected
deliverables and their delivery deadlines, as well as their
values, are determined and overseen by TIO.

In this way, the distinctive feature of this construction
under TIO is the progress made through having both
the members and TIO deeply involved in the design and
fabrication of each required component (mirrors, telescope
structure, dome, etc.) and science instrument. One such
example is the final design underway for the design and
fabrication of the telescope structure, for which Japan has
a major role. For this work, progress is made through the
constant involvement of the management at TIO along
with the involvement of NAOJ and its domestic suppliers.
Also, in the case of fabricating the mirror segments of the
primary mirror, another element for which Japan has a
major role, multiple members (Japan and others including
the U.S., India, and China) are involved and progress is
made through constant cooperation between TIO and
contacts at each respective member. With the science
instruments also being developed through international
collaboration, the NAOJ team responsible for the design
and development of Japan’s work share collaborates daily
with overseas member groups.

TIO, which is in charge of overall management for these
jobs, is operated using common funds (cash contributions)
provided by the members. Not only is TIO responsible for
such oversight, it must also handle other duties including
telescope infrastructure maintenance, onsite support, and
public relations/educational activities.

% TMT and Hawai'i

The planned TMT construction site near the summit of
Maunakea on the island of Hawai'i is located on the State
of Hawai'i’s science reserve. Although management of the
science reserve is entrusted to the University of Hawai’i,
a permit from the State of Hawai'i is required to build a
telescope on the reserve. Currently, the process to attain
that permit is ongoing at the Board of Land and Natural
Resources in Hawai'i. Also, maintenance and operation of
the Maunakea summit area is performed by the University
of Hawai'i. The telescopes and observatories operated on
the summit, as well as TMT, constantly work in cooperation
with the University of Hawai'i to operate their telescopes
(Fig.04).
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From Voyager Mission to TMT Project
T4+ —stBEHASTMT 70217 FET

Edward C. Stone

Professor of Physic at Caltech

Former Director of JPL

TMT Related Activities: TIO Executive
Director

X : % 1E8I (Masanori lye)

Prof. Ed Stone is an internationally famous physicist who
led the Voyager missions as project scientist from 1972 to
the present (for a total of 45 years!) He became known as
the JPL public spokesperson during the planetary flybys,
explaining the Voyager's scientific discoveries to the public.
He served as the director of Jet Propulsion Laboratory in
Pasadena from 1991 to 2001 and oversaw many space
missions, including Mars Pathfinder and its Sojourner
Rover, Mars Global Surveyor, etc., to great success. He
was widely seen on television and became the face of
Voyager 1 when it left the heliosphere and continued to sail
into interstellar space in 2012.

He also served as the chair of the board overseeing the
construction and operation of the W.M. Keck Telescopes.
He has been recognized with numerous awards; among
them the NASA Distinguished Service Medal and National
Medal of Science.

One can only admire the way he has handled something
as challenging as the TMT project for over a decade by
coordinating and synchronizing both the budgetary and
technical planning amongst the six partners with such fair
and clear-cut steering to eventually form TIO in 2014. He
has a special gift for gaining everybody's respect and trust.
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Overseeing the Day-to-Day Activities of TMT

TMTORE 2 EICEEBLTWET

Gary Sanders

TMT Related Activities: TIO Project Manager

X : % 1E8I (Masanori lye)

Dr. Gary Sanders is an outstanding manager of big science
projects. He led GEM detector of the Superconducting
Super Collider (SSC) project during 1989-1993, Laser
Interferometer Gravitational-wave Observatory (LIGO)
during 1994-2004, and the Thirty Meter Telescope (TMT)
since 2004. The great success of LIGO to detect the
gravitational wave from binary black holes in 2015 owes
much to his contribution.

I've been working for TMT with him since 2005 and
have always been impressed by his broad scope of
knowledge, honest open minded character with lots of
wits, and his quick and to-the-point decisions to lead the
project. TMT, as an unprecedented international project,
has faced and is facing many difficulties, some of which
were quite unexpected. He shows strong leadership to
organize the staff of TMT International Observatory and
convince its Governing Board. Gary is always prepared for
emergencies and show his leadership to find a way out. He
must have seen every corner of the hell and the heaven
during his exciting career to lead those projects. He serves
also as the chair/member of advisory board of many
international science projects including SKA and KAGRA.

According to his mother, he wrote a paragraph when he
was eight years old that he wanted to grow up to be an
“experimental elementary particle physicist”! NSF has
supported him to run a lecture course on “science project
management” which | found to be a very useful class for
our Japanese colleague scientists and administrators
in funding agencies. His hobby is scuba diving and
sometimes flying a plane. And he is a 4 million miler on
American Airline!
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Listening and Talking to Stakes Holders of the TMT Project
TMTEIENDREZIEDI A2 EFE LE>TVET

Henry Yang
Chancellor of UC Santa Barbara
TMT Related Activities: TIO Board of
Governors Chair

X : & 1E8I (Masanori lye)

Professor Henry Yang chairs the Governing Board of
the TMT International Observatory. He is a professor
specializing in aerospace engineering and has been
the chancellor of University of California, Santa Barbara
since 1994. Before then, he was a Neil Armstrong
Distinguished professor and Dean of Engineering
at Purdue University. He is a member of the U.S.
National Academy of Engineering and recipient of the
prestigious 2016 NAE Arthur Bueche Award. He has
also received awards for outstanding research such
as Benjamin Lamme Award from ASEE, Structures,
Structural Dynamics, and Materials award from AIAA,
and seven Honorary Doctoral Degrees.

I met him for the first time in 2005 when he came to
Japan. It was the time when our ELT project office
completed the phase A study of Japanese 30 m
Telescope project and was starting to seek international
partners to move forward. Considering the legacy
of Subaru Telescope on Maunakea we talked about
the importance for Japan to build the next generation
telescope in Hawai'i.

He devoted his busy time to meet and talk to key
people for TMT not just at a very high level but also at
grass-roots level. Especially, upon facing the opposing
movement against TMT in Hawai'i, Dr. Yang took the
initiative to listen and talk to stakes holders to reconcile
the situation. His friendly and respectful manner helped
quite a lot to enhance the local support to TMT.
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Making Subaru’s Legacy even Greater through TMT
FTIEEDKIIZTMT TEHICHRBEEEVWERE>TWET

Masanori lye
NAOJ Professor Emeritus
TMT Related Activities: TIO Board of
Governors First Vice Chair

Interviewer: Ramsey Lundock (Z4LE1 - 7> Ky 1 L)

L: Could you talk about Japan’s prehistory with
TMT?

I: In 2002, when Subaru Telescope and its 8
instruments are in stable operation phase, we
started to think about the next generation telescope,
Japan Extremely Large Telescope, JELT. We
made an optical design of a three aspheric mirror
telescope with diffraction limited wide field imaging
capability, started R&D of producing concentric
segment made from zero-expansion ceramics by
developing a microwave sinter furnace together
with the National Institute of Fusion Science and
successfully polished a 30 cm convex secondary
mirror for Hiroshima 1.5m telescope. However the
crude cost estimate turned out to be not affordable
for us to go alone.

L: How did Japan come to join TMT?

I: We started to attend the TMT board as observers
from 2006 and we became a partner when TMT
chose Maunakea as a site for construction in 2009.
Initially we planned to provide all the polished mirror
segments but later our role became the design
and construction of the telescope structure and
providing all the mirror blanks and polishing 30 % of
them. Japan was the first among the international
partners to start financial contribution to TMT and
we helped to make international agreements taking
international partners point of view into account.

L: What is your role now?

I: | retired from NAOJ in March 2015 but am
continuing to support TMT-J Director Prof.
Usuda, as the Japan Representative of the TMT
International Board, and the first Vice Chair of
the TIO Board. Although TMT is facing a difficult
situation, | hope to see it completed eventually in
Hawai’i.
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California Institute of Technology (Caltech)
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Working with Widely Diverse Partners
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Thomas Soifer

Professor of Physics at Caltech
Director of the Spitzer Science Center
TMT Related Activities: TIO Board Member

IN—

L: The TMT project got started at Caltech didn’t it?

S: | would say it was a joint enterprise between Caltech and
UC. There was interest on both sides, and because of our
history of collaborating on the W. M. Keck Observatory it was
very natural for us to continue and explore a next generation
telescope together. So it really was a joint effort from the
beginning.

L: So why did you decide to build a 30 meter telescope?
S: | think probably the best reason is because we could.

The thing to keep in mind is that the technical expertise, the
sort of driving person who really understood what could be
done technically and pushed for 30 meters, was Jerry Nelson
who was also the architect of the Keck Telescopes. The whole
concept of the segmented mirror is his concept. And it’s rather
a breath-taking step to go by a factor of 3, instead of the normal
factor of 2: from the 100-inch Hooker Telescope at Mt. Wilson
to the 200-inch Hale Telescope at Palomar (which is 5 meters)
to the 10-meter at Keck. And so a factor of 2 would be a
nominal guess as to where you’d go next.

But if one thinks of what the constraints are that would limit you,
so many technologies have been improving. The key technology
that the Keck Telescopes demonstrated is to manufacture and
then mount and execute the segmented mirror. And then it was
a matter of, “Do you have the computing power to keep that
mirror phased up?” So the fact that computing had advanced
so far that it was no longer any kind of an issue, let you think
about a 30-meter telescope.

L: And could you please explain Caltech’s role in TIO?

S: Well, Caltech is one of the members, so we have 3 of the
Board Members. Caltech provided the housing for the project
offices early on, and now the project offices have moved into a
commercial area in Pasadena (—p19).

As far as the role, we are contributing basically cash right
now. As distinct from Japan’s role, where major contributions
of Japan are the telescope mount, the primary mirror blanks
and much of the mirror polishing. We’re providing cash which
the project then spends on a variety of things that it has to do,
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most notably the figuring of the primary, but other aspects
also. And Caltech is significantly participating in the
instrumentation for the project. | think we have significant
representation in all 3 of the current first light instruments.

L: And what difficulties have you had to overcome in your
TIO activities?

S: For us, | think the major difficulty has been, basically
the fundraising. First of all, working with UC to develop
and obtain the commitment of the Moore Foundation for
substantial funding. The Moore Foundation has really been
funding a huge fraction of what’s gone forward to date. But
then raising the additional monies that Caltech has pledged
to contribute has been a big issue for us.

As far as on the technical side, | think the projects have
been exciting, and they’ve been challenging, but | wouldn’t
say there have been big obstacles. These are exciting
challenges, both scientific and technical, that you have to
figure out. But | would say, for us the biggest issue so far
has been the fund-raising.

And to be honest, right now | personally am deeply involved
in trying to understand the siting. | mean we’ve all suffered
from the delay in the construction associated with the
issues in Hawai'i. And | think that that has been a struggle
for the entire partnership. And where that ends is hard to
predict. Right now the site is the biggest hurdle that we
have, so obviously it’s a big hurdle for Caltech.

L: And what do you expect from TIO in the future, both in
terms of research and other aspects?

S: This is an international observatory with the 4 countries,
plus California (that’s almost a country). So it’s going to be
exciting. And certainly working together to execute what
is arguably one of the major scientific research facilities of
the 21st Century, will be hard, but it's a great opportunity.
Learning how to work together in this magnificent
international project is both a challenge and a great
opportunity.

Scientifically, | have every expectation that TIO will be
operating the Thirty Meter Telescope, the outstanding
ground-based telescope of the 21st Century. The exciting
science that will emerge from this observatory will be
as every bit as breathtaking as the science that we’ve
seen come out of earlier generations of telescopes. |
think that the birthing pains of big projects are often very
traumatizing, but once you get past them, once you get to
actually executing the project, in retrospect it always seems
worthwhile. And | have great confidence it will be for TMT
as well. So | look forward to it.

L: Is there anything else you'd like to get on the record?

S: This has been a fascinating project to me. It’s the first
time, with respect to a ground based project, that I've dealt
with such a widely diverse group of partners. And I've
really enjoyed meeting and working with people from so
many different countries. And so it’s been a great learning
exercise for me. I've enjoyed it. And all | can say is | hope
we get through the pains of figuring out where we'’re going
to put the telescope and get on to building it. That will be an
enjoyable and challenging enterprise.
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Listening to everyone’s Opinions
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Michael Bolte

Professor of Astronomy and Astrophysics at

the University of California Santa Cruz FEHYIEZHIR
Former Director of UC Observatories/Lick HU TNV TRERIEBBES -V Y
Observatory XX EDHIES

TMT Related Activities: TIO Board Member
IN—

L: Could you please explain the University of California’s role in
TIO?

B: So just a little bit of history, the United States is curious in
that the largest telescopes in the world going back through
time have almost always been funded privately by individuals:
the 200-inch, the 100-inch telescope, the Lick Observatory 36
were all made possible by philanthropists who gave money to
build what was at the time the largest telescope in the world.
And the University of California has been part of that ever since
1888 when Lick Observatory, funded by James Lick, was built
to be operated by the University of California. And it was the
largest telescope in the world for some time. And we’ve kind of
played that role ever since.

So the 2 Keck telescopes, segmented 10-m mirror telescopes,
were developed by University of California astronomers Jerry
Nelson and Terry Mast. And with Caltech, we're one of the
owners of the Keck facility. When those telescopes were
originally designed and built, and turned out to be successful,
that led to the idea of making an even larger next generation of
telescope. Because the nice thing about segmented mirrors is
that to make a bigger telescope you just add additional rings of
segments.

So the University of California has been sort of an intellectual
hotbed for telescope design for a long time. And since before it
was TMT, when it was originally CELT, the California Extremely
Large Telescope initiative, many of the original people who did
the technical work, as well as the scientific leadership work,
came from the University of California. We have had the Project
Scientist, Jerry Nelson, on this telescope.

L: And what difficulties have you had to overcome in your
CELT/TMT/TIO activities?

B: Oh, boy is that a big question. You know, it's an expensive
project, $1.5 billion, so significant activity and challenge has
always been raising that kind of money.

On the private side, the Gordon and Betty Moore Foundation
(—p.28) has been extremely generous with the University of
California and Caltech. They gave us a joint pledge of $200
million back in 2009, which at the time was the largest private
gift for a science project in the history of the world. So that’s
enormous, yet in a $1.5 billion project, that’s only the first chunk
of money.

It was a big challenge: to put the partnership together that has
the funding to build this telescope. We've had to develop, we've
had to court, and negotiate with partners: Japan, Canada,
China, and India. And we had to both convince them that this
project was the right one to participate in, and in some cases
we had to help them make the case to their funding agencies,
to generate more of the money for the project.
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The technology challenges are significant, but in a way those
are the easiest. You have to have this gigantic structure, that
weighs many tons, somehow point with a precision on the sky
of less than an arcsecond; it has to track the sky extremely
smoothly; it can’t have deformations which ruin the alignment
or the image quality. So it’s amazing that you can do all those
things.

And then of course we've run into this complication in Hawai'i.
We had selected the Hawaiian site fully aware that there were
some sensitivities at the mountain. And we spent a lot of time,
years, meeting with many people up and down the chain in
Hawai’i, from the Governor to our opponents at the grassroots
level, trying to make sure we understood what the issues were
and that we had properly addressed them. So you know not
just so we could get a permit and finally build up there, but so
we were accepted and welcomed in the community has always
been our goal.

We listened a lot, and we thought that we had addressed many
of the concerns and showed respect for the concerns people
had, which | think is very important. Yet, we’ve run into issues,
first the protests and now some legal complication. We've
solved many, many challenges, but one of the major ones we
thought we had solved, we hadn’t quite. And it’s a big roadblock
at the moment.

| started on this project in the year 2000, and I've been one of
the few people who have been involved in the project since the
very beginning, since before it was TMT. It became the TMT
in 2004. It’s now 2016, so I've been working on this project
for 16 years. The science reach of the telescope is going
to be enormous, and as an astronomer, | get excited about
that. But boy, when a project takes a few decades, it requires
some persistence and some patience. And that’s one of the
challenges we face right now: we were already to go and now
the slowdown. It can't last too long or you start to worry about
the people who are actually doing lots of the work in the project
going someplace else or joining other projects.

So those are the challenges.

L: And what do you expect from TIO in the future, both in terms
of research and other aspects?

B: | have to say it's been an excellent partnership. Everyone
has come together in a very nice way. We’re always jointly
trying to solve problems. People bring different perspectives to
the table; they have slightly different goals; they have different
ways they have to get there through their funding agencies.
But everybody listens. It’s kind of like what | thought we did
in Hawai'i. People listen carefully to everyone, try to see
everyone’s points of view, and come to a nice consensus.

And if that ability for the group to work together was going to be
eroded, it was going to be through these difficulties of the last
year. But it hasn’t, people are still working together to try to find
the right solution to get to the end.

So | think we’re going to get through this. And | think TIO will
continue to be a group of people from the partners who have a
big vision on behalf of their community all working together to
make sure the visions of all of our communities get met through
this facility.
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L: Could you please explain Canada’s role in TIO?

F: Canada has 2 major interests in the TIO. This is termed our
workshare in TIO-speak. The first significant piece of workshare
is to provide the TMT enclosure. In Canada, we have a company
that has been involved in building many of the large enclosures
in optical astronomy for many years. They also build devices
for radio astronomy as well. The company, called Dynamic
Structures, has been involved in many of the enclosures that
one sees, for example on the top of Maunakea. In addition to
the Canada France Hawai'i Telescope, they’ve also built the
enclosure for the Gemini telescopes, the Keck telescopes and
finally for the Subaru Telescope. A major part of our workshare,
approximately half, will be delivering the calotte enclosure that is
an iconic image of the TMT.

The other major part of our workshare concerns the adaptive
optics system that TIO will use. This is called NFIRAOS
(pronounced ‘nefarious’). The TMT is of course a telescope that is
intended to be used quite extensively in adaptive optics imaging.
The adaptive optics imaging is the way in which the full resolution
of the 30 m aperture can be achieved. We are aiming to get as
close as possible to the diffraction limit that such a telescope is
capable of achieving.

NFIRAOS itself will be a very large contribution and associated
with NFIRAOS, there are a number of auxiliary issues that arise
in how instruments such as the Infrared Imaging Spectrograph,
which is called IRIS, will interface and work with the adaptive
optics system. So Canada is also involved in many aspects of the
instrumentation program through its interface with the adaptive
optics system. In the National Research Council’'s Hertzberg
program, we have an extensive history in building adaptive optics
systems. NFIRAOS will be by far the largest and most elaborate
of these systems.

L: Thank you. And what difficulties have you had to overcome in
your TIO activities?

F: | think the major difficulty, as always, is securing support
from the government of Canada to fund the activities that we
are doing. The primary work that we have done, besides the
technical development, has been to convince the government of
Canada that this is a project worthy of their support. It's a major
international science project. We're very proud, very pleased to
be part of the community that is building the TMT.

Our funding was secured in 2015 and unfortunately, it was only
a matter of months after we had secured the funding that the
building permit for the TMT on Maunakea was removed, or
deemed to be void, by the Hawaiian Supreme Court. So currently
we are all, all the partners, not just Canada, involved in dealing
with that particular situation. We have a beautiful project, and we
don’t have any place to build it at the moment.
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L: And what do you expect from TIO in the future, both in terms of
research and other aspects?

F: Our community is fairly experienced and like the Japanese
community, we have access to 8-m facilities. We have access
to 4-m facilities on Maunakea as well. We are very interested
in wide field imaging. We are very interested in adaptive optics,
high resolution imaging on narrow fields. The main driver at
the moment for that field is exoplanets. We expect that TIO will
make major contributions to advancing knowledge in the area of
exoplanets in the coming years.

We also expect that TMT, by virtue of its large aperture, will be
able to push deeper into the Universe. We will be able to see,
in far more detail, how structure in the Universe is assembled,
how galaxies themselves are assembled and how the chemical
evolution of the Universe has proceeded almost from the
beginning of the modern era, which would be at the end of the so
called Dark Ages. Very high redshift objects going right back to
the aftermath of the Big Bang will be an important topic of TMT
research.

L: And is there anything else you'd like to get on the record?
F: We are involved in making sure the project can continue under

the current situation. We all are looking forward to actually seeing
this telescope built and on the sky.
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L: Could you explain please the role of China in TIO?

X: It was in 2009, | think, that the National Astronomical
observatories (NAOC) of the Chinese Academy of Sciences (CAS),
Representing the Chinese side, decided to join the TMT project.
Actually, when we negotiated an agreement with TMT at the very
beginning, we have been very keen to find some ways that China
will be able to provide some solid contributions to the project.
We want to contribute our technological and scientific abilities to
implement jointly with our international cooperation to a successful
project. That is our original purpose to join TMT.

We don’t have sufficient money to spend overseas for some
international projects. You know there is no precedented case like
that way. So we joined this international project, and probably the
major consideration is that the project would be able to let us make
as much as possible in-kind contribution.

China-TMT Consortium includes an institute consortium. Within
the Chinese Academy of Sciences (CAS), there are 5 relevant
technical institutes: National Astronomical Observatories (NAOC),
the Institute of Optics and Electronics (IOE); Changchun Institute
of Optics, Fine Mechanics and Physics (CIOMP); Nanjing Institute
of Astronomical Optics & Technology (NIOT); and the Technical
Institute of Physic and Chemistry (TIPC). And an astronomer
committee within the education system from universities. So these
2 committees work together on China-TMT.

L: And what difficulties have you had to overcome in your TIO
activities?

X: | think there are 2 in principle. Firstly, it's a long long project.
Probably the most serious difficulty, especially recently, is how
to maintain the incentives and energies for such a long time run
project, which might not yield scientific results for another 10 years.
We are now suffering these kinds of difficulties.

And another difficulty, | think, is the funding situation. You know
when we began thinking to join TMT, we had an expectation that
this project is a U.S. led project. There must be some significant
federal money, in particular, that the NSF will support this project.
That gave our government agency more incentives to encourage
China’s scientific community to join this project. But due to various
kinds of difficulties or reasons, that is not yet the case. NAOC
authority had to take the lead of the TMT-China consortium, we
have to make strong determination to seek our internal funding
available to bridge the money eventually coming from other
government agencies to keep our commitment including the cash
contribution and the support to the ongoing in-kind technical
activities.

Yea, | think these are the 2 biggest difficulties in my mind: fund
participation and how to keep the momentum from our community.
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L: What do you expect from TMT in the future in terms of
research and other aspects?

X: Yes, we expect there could be transformative science, and
eventually TMT will change the way astronomers and even
non-astronomers understand our Universe.

Actually TMT is only possible through international cooperation
that goes beyond money. You know TIO is a non-profit
organization. And each partner has different strengths and
technological expertise to contribute to the project. And we are
all learning from each other.

Actually, besides the technological challenges, the science
definition teams of the TMT Project provide a platform of
building strong scientific collaboration between partners.
We pay much attention to organizing the SAC committee
from China and trying to encourage people from the entire
community and make them well represented on the committee.
And you know those SAC members, they are very keen to work
on the science cases definition.

And of course, within the TMT, there are also organizations
called Science Development Teams. You know, we encourage
our Chinese astronomers to work together with team members
from the international committees. | think the TMT partnership
should set such an example for successful international
scientific collaboration which can then be adopted for other
scientific projects.

As a matter of fact, as | just mentioned, there is no such
international collaboration pattern as TMT before. It is
unprecedented. So we are very keen to initiate this international
project and very keen to be able to fulfill our responsibilities in
either a scientific way or technological contribution.

L: Is there anything else you’d like to get on the record?

X: Yes, I've emphasized several times that joining TMT had a
strong motivation from our scientific committee itself. In China,
there is no precedented case as such, and it's a bottom-up
process. Previously, Chinese major scientific projects were
always in some sense top-down; which is comparatively easy.
But for TMT, we are approaching it in a different way. So it is
very challenging for us.

However, you know, we try to even set challenges. We worked
very hard and tried to sort out problems and in another way
we tried to bridge the money in order to support the technical
readiness to the eventual implementation of TMT. So we do
hope we could benefit in other science from the international
community. We should help to understand each other and to
help each other.

Currently in China, we have another approved significant
astronomical project. It’s the 12 m telescope program.
Hopefully, this project is to be able to get funded in 2 years.
And we want to build this project before the completion of TMT.
As the TMT first light timeline schedule is a bit stretched, we
are very keen to be able to build a Chinese giant telescope
before the first light of TMT. So we think this project is, in the
purpose of advancing astronomy, just a middle step. And | think
it's a bridge project that will connect our current situation to the
TMT. So in that case, | think, this is the only way we could keep
our momentum in the optical infrared domain and keep the
technical team working in this field, and in that way keep the
momentum to finish the workshare in the TMT project.
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L: Could you please explain India’s role in TIO?

R: As you know India participates in the TMT project at 10 %
level which, in our view, is adequate for the size of astronomy
community in the country. | think that would be sufficient
and provide a good competition. The project is funded by
2 departments from the government of India which are
Department of Atomic Energy and the Department of Science
and Technology. To run this program efficiently within India,
the funding agencies created India-TMT Coordination Centre,
hosted at Indian Institute of Astrophysics, Bengalore.

Goals for India’s participation are, one is the scientific aspect,
and another is the technology aspect of it.

When India joined this project, one of the conditions was that
India should provide much of its contributions through in-
kind, rather than just cash. | think that worked within the TIO
project well. India contributes 70% in-kind and 30% cash. The
government of India approved the project in 2012 with total
fund outlay of $200 million over the construction period. India
plays some key role in providing some of the key hardware
systems to the project which include the segment support
assembly (SSA), edge sensors, and actuators. While SSA’s
provide passive support to the segments, edge sensors
and actuators help to actively control the alignment of the
segments.

There are 492 mirrors, and all of them have to behave like
a single monolithic mirror. To behave as a single mirror, you
need to have a complex mechanical and electronic system.
The segments of mirrors are separated by about 2 mm, but
during operation they move from one another. The relative
displacements need to be measured and corrected at a few
nanometer accuracy. Edge sensors attached to each of the six
hexagon face sense the displacement of segments from each
other. This information will be passed on to the three actuators
attached to each of the 492 segments. Actuators move the
segments such that alignment matches the predetermined
values.

Within India a number of industries are participating to
manufacture the high precision systems. In the last three
years, we worked on manufacture capability demonstration.
Some industries are qualified and some are yet to be qualified.
As | told these are very high precision components, some
of the industries in the country underestimated complexities
involved in manufacturing of these systems.

We are working with them. Hopefully, by end of 2017 we have
more companies qualified for production of these systems.
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Apart from the hardware, India’s responsibility is to provide
much of the software: Telescope Control system (TCS)
and Observatory Software. Together form the bulk of TMT
software. India is also responsible for design, development,
and commissioning of the mirror coating systems. This is not
immediately, but that comes later during the project.

So those are basically India’s contributions.

L: What difficulties have you had to overcome in your TIO
activities?

R: We had quite a number of issues in the beginning. One
of them was the project expectations. So the problem in that
sense, sometimes when you design it, you don’t think of the
feasibility of manufacturing, and manufacturing difficulties
associated with different partner countries. We had serious
problems in the beginning as the companies underestimated
complexities and understanding our stringent quality
requirements. TMT project office had many discussions with
our industries to understand the issues. Industries learned our
requirements and even procured certain hardware to meet
TMT quality requirements. We are all committed to make best
systems as per the design, and hope we will be successful in
delivering all the systems.

Of course there are a lot of cultural issues we had in the
beginning: the way we say something and the way TIO
understand issues. | think now, we reached the level where we
understand each other, the needs.

L: What do you expect from TIO in the future, both in terms of
research and other aspects?

R: Yes. Certainly TIO is the amalgamation of five countries.
Among these there are top-notch laboratories and also good
research groups. At present in India we have few 2-m class
telescopes and one 3.5-m telescope which is the largest
aperture optical and IR telescope. So jumping from 2~4-
m class telescopes to TMT (a 30-m diameter telescope) is a
great challenge as well as an opportunity.

Among TIO partners there are very good scientific and
technology resources. Certainly, both astronomers and
engineers at India TMT and industries gain significantly from
these resources. At India TMT we are working on technical
collaborations with partners by encouraging students,
post Docs and young scientists to visit and work at partner
institutes. A robust policy need to be in place to achieve
tangible goals. Hopefully that will materialize very soon. For
example, India TMT sending a post-Doctoral fellow for a month
to work with a team in Japan.

Thus, such collaborations will enrich us and partners, and our
experiences with the TMT participation will help in our future
astronomy projects such as the proposed National Large
Optical Telescope.
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L: Please explain Japan’s role in TMT.

U: Yes. Japan’s role has 3 major parts. The 1st is the telescope,
producing the main structure of the TMT telescope. Included in the
manufacturing of the main structure is the control system for the
telescope. This is one of our important contributions.

The 2nd is the primary mirror. TMT’s primary mirror consists of 492
mirrors with a size of 1.44 m arranged into a 30 m aperture. All of
these mirror blanks are being made by Japan. In addition, they also
need to be precision ground and polished. Japan is responsible for
30% of that work.

The 3rd is, there’s no point in producing just the telescope alone;
science instruments must also be made, which are like giant digital
cameras, to attach to the telescope. TMT has decided to start with
3 science instruments at first. Japan is contributing to 2 of those
instruments. Right now design works are on-going at the National
Astronomical Observatory of Japan (NAOJ) Advanced Technology
Center (ATC).

L: Even in Japan, TMT research is being conducted in laboratories
outside of NAOJ. Please explain the role of domestic TMT research
collaboration.

U: The most important role that we expect them to fulfill is to
conduct leading edge research by using TMT. To that end, first
we must provide information about the telescope and science
instruments, then we need everyone to ask “What kind of research
could we do?” In particular, we are asking people affiliated with
Japanese universities to ponder various questions like, “What kind
of research could you do using TMT?” or “What capability could
we add to TMT which would let you do your research?” While
collaborating on this with Tohoku University, Kyoto University,
Osaka University, and others, we're also asking them to consider
things like, “What would be a good kind of science instrument to
make next?” At this stage the most important role is getting them to
think about these various questions for us.

L: Among the TIO partners, Japan holds the largest share. What
circumstances led to this outcome?

U: Well... Before the Subaru Telescope was constructed, | don’t
think you could have really said that Japan was on the leading edge
of astronomy. But at the end of the 20th Century, Japan made the
Subaru Telescope, which was one of the largest telescopes in the
world. And using the Subaru Telescope, Japan began producing
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many excellent discoveries that enabled Japan to leap to the
forefront of world astronomy. As a result of our abilities being
recognized world-wide, when the plan to construct a new
telescope called TMT was discussed with Japan, Japan was
able to consider it in the form of a more advanced Subaru
Telescope. | think that with the experience we had accumulated
with the Subaru Telescope we were making our presence felt
on many fronts.

L: Is there anything else you'd like to get on the record?

U: Well, when we first considered TMT, we thought it might be
too difficult. But we started thinking “Well, if we utilize Japan’s
technological and scientific potentials, and do it this way...
it just might be possible.” Since then | think it has become a
pretty realistic plan.

Although the project as a whole has just hit a stumbling block,
we do see the light at the end of the tunnel. So by all means,
we want to actualize TMT. After that, | hope TMT will show us
visions of the Universe that truly no one has ever seen before.
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L: Could you give us a little background information about
the Gordon and Betty Moore Foundation please?

K: The Moore Foundation was established by Gordon (one
of the founders of Intel Corporation) and Betty Moore, 15
years ago, to have a positive impact on future generations.
It has more than 6 billion dollars in its endowment that is
used to generate money for science, for conservation work,
for improving patient care, and for investments in these
same areas in the San Francisco Bay area.

L: Why did you decide to support the TMT program?

K: The TMT program is something the foundation has been
interested in for a long time. Caltech and the University
of California were trying to create a plan to make a big
telescope, and our foundation thought it would be a good
idea to give them some encouragement and support for
doing that. Caltech and UC have long been partners of
the foundation so the Moore Foundation is helping both
universities equally to be partners in this tremendous
telescope.

L: What do you think about TMT’s technological progress?

K: Well, the TMT has come up with a very good design, |
think. They have taken some of the ideas that were in the
Keck telescopes, which the University of California and
Caltech worked on a scientific generation ago, and the kind
of structural engineering that was done for Subaru, and
put those together. The structure resembles Subaru, only
bigger, and the mirror is like Keck’s, only bigger. So it’'s a
very good combination of ideas and they’ve developed it to
quite a good extent.

L: Does Moore’s Law* apply to telescope surface area?

K: No, the price per surface area of telescopes has been
hard to beat down. This has been done by introducing new
technologies, like a segmented mirror, not just extending
the old ones.

Many of the parts of a telescope get bigger as you make a
bigger telescope, even if you make a serious effort to make
the structure compact. Well, that sounds right. But it means
that the enclosure gets bigger; the moving weight goes up.
And so it’s been a struggle to bring the cost down, or at
least the cost per unit area of a telescope down.

But there are real advantages to a big telescope. A big
telescope, if you have adaptive optics, can make sharper
images than a small telescope. And by concentrating the
light in that way, you get the opportunity to observe fainter
objects than you could with a telescope that didn’t have
adaptive optics. So you win two ways: the area goes up,
and the images get sharper. In the best case, the intensity
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goes as the 4th power of the diameter. So that is a very good
reason to build big telescopes. Even though the cost per unit
area doesn’t go down as fast as you'd like, the quality of the
information you can gather improves very steeply as you go to
big telescopes.

L: And what do you expect from TMT in the future?

K: TMT is going to be a fantastic discovery machine for
astronomical work. We’re going to be able to study the most
distant galaxies, the ones that formed just after the Big Bang,
the very first galaxies. We know they must be there, but we
can’t measure their light. Gathering the light with a big area and
making it sharp with adaptive optics will give us a chance to
study the very first galaxies and the very first stars.

At the other extreme, in our neighborhood, in our own Milky
Way Galaxy we’ll look at the nearby stars where there is
evidence that there are planets. We’'ll find out which ones have
the planets around them, and then a big telescope like TMT will
be used to study those planets to find out what they’re like, see
if they’re habitable.

That depends a little on good luck and figuring out the best
ways to do it. But a big telescope lets you separate the image
of a planet from the image of its host star. And it gives you the
opportunity to measure quickly what’s going on when the planet
is passing in front of the star; to make measurements when
the planet’s in back of the star: by subtracting those two, you
can figure out what the planet is doing to the light from the star.
This will reveal the chemistry of its atmosphere and maybe
even detect a signature of life.

L: And is there anything else you'd like to get on the record?

K: Well, the Moore Foundation is very pleased to be part of this
telescope project. The partnership that’s been put together with
the University of California and Caltech and with Japan, with
China, with India, and with Canada is a really good partnership,
where everyone brings something to the table. I've been very
impressed with productivity in Japan, where people have been
making mirror blanks at a great pace. And I've also been very
impressed with the engineering work that’s being done to
design the telescope structure, or build that very clever robot to
change the mirrors out. So there’s a lot of creativity that's been
brought from different directions, and each of the countries is
contributing in a different way. It is very gratifying for the Moore
Foundation to see how well this has come together, and we're
very hopeful that once we get the site issues straightened out,
that progress on the telescope will be very rapid.
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* Moore’s Law: In 1965 Gordon Moore predicted that the
number of transistors in an integrated circuit would continue
to double every 1 year (revised to every 2 years) leading to
less expensive electronics. This prediction has proven to be
basically true up to the present day.
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