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The US Extremely Large Telescope Program 

The angular resolution and light gathering power of Extremely Large Telescopes (ELTs) with 
apertures of 25-40m will enable astronomers to search for evidence of life on Earth-like 
planets; characterize the small scale structure of dark matter in order to constrain the 
properties of the dark particles; use new and completely independent techniques to measure 
H0 and to determine whether the discrepancy between estimates from the nearby universe and 
from the CMB represents new physics; conduct rigorous tests of general relativity in extremely 
strong gravitational fields; and study in detail the evolution of galaxies at cosmic noon.  

Two projects with US leadership plan to deploy ELTs in the next decade, one each in the 
northern and southern hemispheres. Those organizations, the Giant Magellan Telescope 
(GMTO Corp.) and the Thirty Meter Telescope International Observatory (TIO) are collaborating 
with the National Optical Astronomy Observatory (NOAO) to build two telescopes that will 
provide 25% or more of the observing time for open, competitive access by the US national 
community.  The time awarded through NOAO will enable scientists anywhere in the US to 
create and lead projects that take advantage of the combined full-sky coverage and diverse and 
complementary instrument capabilities of GMT and TMT to address the most compelling and 
challenging research questions in astrophysics. 

The combined apertures of TMT and GMT are comparable to that of the single European ELT, 
but for many scientific programs, access to two telescopes offers clear advantages.  All-sky 
coverage enables observation of relatively rare phenomena (e.g., the number of observable 
rocky planets in the habitable zone is predicted to be small), unique targets in each hemisphere 
(e.g., Magellanic Clouds in the Southern Hemisphere, Andromeda group galaxies in the North), 
and key survey fields with unique multiwavelength data sets (e.g., GOODS-North and -South; 
LSST Deep Drilling fields; the Kepler main survey field; ecliptic pole deep survey regions for 
TESS, Euclid, WFIRST and JWST). Together, GMT and TMT will access the full celestial sphere, 
with roughly 50% sky overlap allowing their complementary instrument suites to be used for 
joint or even simultaneous investigation of many objects.  In addition to separation in latitude, 
a separation of seven hours in longitude creates valuable opportunities for time-domain 
research, especially for rapidly changing phenomena that benefit from high-cadence 
observations. Finally, two platforms can offer a greater variety of instrumentation than would 
be available on a single telescope and more observing hours to cover long term variability (e.g., 
reverberation mapping) and to support large scale programs that would otherwise require 
many years to complete. 

Key Science Goals and Objectives 

ELTs will make very significant advances in areas ranging from the study of weather on giant 
planets, both in our own solar system and around other stars, to the gas flows that shape the 
formation of stars and the growth of galaxies; from the factors that control the architectures of 
exoplanetary systems to the growth of large-scale structure within the cosmic web.  The TMT 
and GMT Science Books provide descriptions of the observatories and the science that they will 
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enable.  Members of the astronomical community have prepared Astro2020 science white 
papers on a wide variety of topics that require ELT observations, with emphasis on Key Science 
Programs (KSPs) that will require substantial commitments of observing time. An incomplete 
compilation of these white papers can be found on NOAO’s US-ELTP web pages.  Most recently 
the National Academy “Exoplanet Science Strategy” report recommended that the National 
Science Foundation (NSF) “should invest in both the GMT and TMT and their exoplanet 
instrumentation to provide all-sky access to the U.S. community.” The Exoplanet Science 
Strategy highlighted the importance of high-contrast imaging, precision radial velocity 
measurements, transit spectroscopy and other techniques. 

Here we provide a few examples, taken largely from the science books and the white papers, of 
areas where the ELTs—and only the ELTs—will make unique contributions.  These specific 
examples illustrate capabilities of ELTs that will enable a very broad range of science:  adaptive 
optics imaging to achieve the high angular resolution made feasible by the large aperture; 
optical and infrared spectroscopy at a range of resolutions; and rapid instrument changes and 
quick response times in order to observe extraordinary events.   

One of the first opportunities we will have to study Earth analogues in habitable zones will 
come with the advent of 30m class facilities, and a key question will be whether or not 
terrestrial type exoplanets have atmospheres similar to that of Earth.  G-CLEF on GMT is the 
only first-generation spectrograph planned for any of the ELTs that can achieve the 10 cm/sec 
radial velocity accuracy (and short exposure times to eliminate stellar jitter) required to 
measure the masses (and thus determine the densities) of transiting planets and to 
differentiate vapor balls from truly rocky planets (Ciardi et al. 2019; Dressing et al. 2019).  In 
addition, spectra of the atmospheres of the potentially habitable planets will be searched for 
biomarkers (Lopez-Morales et al. 2019).  A key signature of biological activity is O2, which is 
observable only with high resolution in the optical. When combined with infrared detections, 
e.g., from TMT/MODHIS or GMTNIRS, that demonstrate the presence of O3, H20, CO2 and CH4 
and the absence of CO, we can infer that the source of O2 is biological. 

Although the accelerating expansion of the universe was a startling discovery in 1998, it is now 
a widely accepted part of the concordance model of cosmology. Recently, improved 
measurements of H0 have provided a new puzzle.  Best estimates of H0 from local calibrators 
now differ from H0 values inferred from CMB measurements by 4.4s (Riess, et al. 2019).  Is 
there an unknown systematic error with either or both of these techniques?  Have we 
uncovered some new physics?  Constraining the dark energy equation of state and its potential 
variation with time is one of the main goals for cosmological observations with the ELTs, 
enabling well-understood approaches along with new techniques to by-pass the conventional 
“ladder” framework to minimize uncertainties in measurements of H0 (Beaton et al. 2019).   

Gravitational time delays between multiply-lensed quasars and SNe Ia offer an independent 
path to H0 via “standard clocks”.  Imaging surveys over the next decade will discover thousands 
of lensed quasars and perhaps several hundred lensed SNe Ia, and LSST will measure time 
delays for many of them.  To determine H0 from time delay measurements, one must also have 
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a precise mass model for the primary lensing galaxy and an accurate inventory of the mass 
distribution along the line of site.  Kinematic, spatially resolved maps at the high angular 
resolution provided by ELTs are required.  The angular diameter of gravitational lens systems is 
typically of order 3-4” and is well matched to the field of view of TMT/IRIS or GMTIFS.  This 
spectroscopy can be combined with monitoring of selected systems with adaptive optics 
imaging to measure distances with better than 1% precision. 

By the time the ELTs come on line, the calibration by Gaia of Cepheids and the Tip of the Red 
Giant Branch as distance indicators should be accurate to 1%.  Because of field crowding and 
faintness, observations of Cepheids and the TRGB are limited to relatively nearby galaxies (to 
about 40 Mpc for Cepheids with HST).   SNe Ia, which are the key standard candle at larger 
distances, are rare objects and few have occurred in galaxies in which the Cepheid and TRGB 
techniques can be used with existing facilities.  Adaptive optics imaging with the ELTs will 
improve the spatial resolution in the near-infrared over even that of JWST.  With adaptive 
optics on ELTs, it will be possible to use the TRGB method to a distance of 100 Mpc.  With the 
large number of galaxies then within reach, it should be possible to calibrate directly enough 
SNe Ia to achieve 1% accuracy.  

Another technique makes use of eclipsing binaries.  Observations of eclipsing binaries with 4-
8m class telescopes have yielded a distance accurate to 1% for the Large Magellanic Cloud 
(Pietrzyński et al. 2019, Nature, 567, 200).  ELTs can extend this technique across the Local 
Group and provide a stable basis for the first step in the cosmic distance ladder.  

The expanded network of gravitational wave detectors that will come on line in the next decade 
will improve constraints on the positions of sources.   Wide field imaging searches will then be 
needed to select the likely optical counterparts. By that time, LSST will have characterized the 
variable sky, thereby narrowing down the number of candidates. Rise times for neutron star 
mergers are of order one day, and fluxes are predicted to peak in the near infrared and to fade 
rapidly.  Planned and proposed upgrades to gravitational wave detectors will place most 
detected sources at distances that require ELTs for spectroscopy, with a rapid response time 
and high sensitivity (Chornock et al. 2019, Foley et al. 2019, Sathyaprakash et al. 2019).  Both 
GMT and TMT will have infrared spectrometers and the ability to change instruments rapidly.  
Spectroscopy of the host galaxy, which may be very faint, can be combined with the 
information from gravitational wave observations to obtain another independent estimate of 
H0. Information about the host galaxy can additionally constrain the astrophysical properties of 
the neutron star progenitors to help us determine if they are sufficiently uniform to be used as 
standard sirens.  Optical/IR data can also be used to study the creation of r-process elements 
and determine the equation of state of neutron stars.   

The ELTs will work in tandem with other forefront observatories.  The ELTs and ALMA can map 
both warm and cold gas in circumstellar disks at similar resolutions (Jang-Condell et al. 2019; 
Isella et al. 2019; Weinberger et al. 2019).  Spectroscopy with ELTs and ALMA can measure the 
evaporation of icy grains as they flow through the snow line and determine the amount of 
water vapor in the inner regions where potentially habitable planets form.   
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JWST will produce samples of galaxies in the range 1<z<3, which corresponds to “cosmic noon” 
when the global star formation rate was at its maximum.  The ELTs will provide high-S/N 
integral field spectra even for low mass galaxies, with higher angular resolution than available 
from JWST, and can resolve star-forming regions on scales of order 100 pc in galaxies at a 
redshift of 2 (Newman et al. 2019).  Deep multi-object spectroscopy with TMT/WFOS and 
GMT/GMACS will map the circum-galactic medium around those galaxies, using background 
galaxies (not just QSOs) as backlights for UV absorption line spectroscopy.  This will characterize 
the supply and sink for the baryon cycle of gas flowing into and out of the ISM at high redshifts 
(Rudie et al. 2019). ALMA can map the reservoirs of cold gas from which stars form and the hot 
dust surrounding young stars.  Together these facilities will give us a complete picture of the 
gas flows in and out of galaxies, how gas is turned into stars, and how star formation self-
regulates by injecting energy and turbulence into the surrounding interstellar gas. 

 

Figure 1. Simulated images of a galaxy from the Illustris Survey (left) are shown as they would be observed by an 8m telescope 
with adaptive optics (center) and by the GMT’s adaptive optics system (right). The ELTs provide both the high spatial resolution 
and high sensitivity needed for studies of galaxies at cosmic noon. 

The 25% or more of the time allocated to the US community on GMT and TMT, each, will be the 
biggest block of time managed by a single institution.  In order to ensure that this time is used 
in unique ways that enable transformational research, up to 80% of the US community 
observing time will be dedicated to Key Science Programs (KSPs).  The KSPs are envisioned to be 
open collaborations that gather observers, theorists, and data scientists together to use tens to 
hundreds of nights to make major scientific contributions that could not be achieved without a 
large coordinated effort.  Support for small Discovery Science Programs (DSPs) is also essential.  
Such programs can be nimble, exploratory, and responsive to new scientific opportunities.  
Both KSPs and DSPs will be selected at regular intervals through open competition and peer 
review organized by NOAO.  NOAO will provide observing support and data science services 
(data reduction and archive curation) to ensure that the legacy value of these KSP’s and DSP’s 
are preserved for the entire community.   
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Technical Overview:  The Northern and Southern US-ELTP Facilities 

 
Figure 2. The Thirty Meter Telescope (left) and the Giant Magellan Telescope (right) form the core of the US ELT System. 

Two US-based organizations are developing ELTs that will address many scientific goals, 
including the ones discussed above. The projects are in advanced stages and have deployed 
private and public resources from ten US and seven international partners. 

The Telescopes 

The science case described above and in the linked documents has driven the requirements and 
design of the observatories. The unprecedented sensitivities of TMT and GMT at optical and 
near-IR wavelengths and diffraction-limited images providing spatial resolution of a few milli-
arcseconds will open up new frontiers in astronomy and astrophysics. The first-light instrument 
suite for the two observatories (see Table 2) is designed to provide wide-field natural seeing 
spectroscopy, high-sensitivity, high-dispersion spectroscopy, as well as imaging and spatially 
resolved spectroscopy at the diffraction limit of the 25-30-m aperture to deliver immediate 
scientific impact in areas ranging from the distant Universe to the discovery and detailed 
characterization of exoplanets. 

Table 1. Key Properties of the GMT and TMT facilities. 

Property GMT TMT 
Primary Aperture 24.5 m 30.0 m 
l/D at 1 µm  8.4 mas 7 mas 
Optical configuration Gregorian Ritchey-Chrétien  
Final f/ratio 8.1 15.0 
Correctable FoV 20¢ 20¢ 
Focal plane scale 1.0 mm/arcsec 2.2 mm/arcsec 
Adaptive Optics Architecture Adaptive M2 Cooled relay with DM  
Site Las Campanas Mauna Kea 
Latitude 29o South 20o North 
Longitude 71o West 155o West 
Elevation 2,500 m 4,050 m 
Median seeing FWHM at 0.5 µm 0.62¢¢ 0.5¢¢ 
Fraction of usable nights 80% 72% 
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The Thirty-Meter Telescope International Observatory (TIO) will construct and operate a 30-
meter telescope at Mauna Kea in Hawaii. The TMT is an f/15 Ritchey-Chrétien optical system 
with 492 primary segments that delivers a well-corrected 20 arcminute field to instruments on 
two large Nasmyth platforms. Using an articulated tertiary, the beam can be quickly re-directed 
to any of the instruments or to the adaptive optics (AO) systems to support target-of-
opportunity observations or the use of multiple instruments within a night.  The facility AO 
system uses a constellation of laser guide stars for excellent sky coverage. It is designed to 
produce diffraction-limited (7 milli-arcsec at 1µm) images in the focal plane of the AO system 
and to deliver that beam to up to three instruments. Other planned instruments will have their 
own dedicated AO systems. The location of the observatory at Mauna Kea allows for exquisite 
AO performance.  

The Giant Magellan Telescope is an f/8 Gregorian system under construction at Las Campanas 
in northern Chile. The GMT uses seven 8.4m diameter primary mirror segments and seven 1.1m 
secondary mirror segments. The GMT will be able to switch rapidly between instruments 
mounted simultaneously at up to 11 ports that are fed with one or two reflections beyond the 
primary mirror. Adaptive optics is delivered to all of the focal stations using an adaptive 
secondary mirror system based on technology in use at the Large Binocular Telescope, 
Magellan, and ESO’s VLT. The GMT AO system uses a constellation of laser guide stars for 
excellent sky coverage and can support wavefront correction modes ranging from ground-layer 
adaptive optics, over relatively large fields of view, to diffraction-limited (9 milli-arcsec at 1µm) 
images over smaller fields. 

The key properties of the two telescopes are listed in Table 1.  

Scientific Instruments 

The two telescope teams and their partner institutions have designed a number of powerful 
scientific instruments that address the ground-based ultraviolet through mid-infrared regions of 
the spectrum. The properties of these instruments are listed in Table 2 and illustrated 
graphically in Figure 3. 

The instruments are being developed at US partner and non-partner institutions and, in select 
cases, at the international partners institutions. The instruments detailed in Table 2 are 
expected to be deployed during the first five years of operations. 
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Table 2. Properties of first-generation instruments and candidates for later instrument development and deployment 

Instruments available within five years of first light 
Instrument  ll(µm) l/dl FoV Platform 
Multi-Object Imaging Spectrographs 
GMACS1 0.31 – 1.0 1,000 – 6,000 7¢ x 7¢ South/GMT 
WFOS1 0.31 – 1.0 1,000 – 3,500 5¢ x 5¢ North/TMT 
High Dispersion Spectrographs 
G-CLEF3 0.35 – 0.95 50,000 – 200,000 1¢¢ fibers  South/GMT 
MODHIS1 0.9 – 2.5 100,000 10¢¢ North/TMT 
GMTNIRS2 1.1 – 5.5 65,000 – 85,000 3¢¢ long slit  South/GMT 
Adaptive Optics Fed Integral Spectrographs and Diffraction-Limited Imagers 
IRIS2 0.9 – 2.5 4,000 – 10,000 0.5¢¢ - 4¢¢(IFU)/34¢¢ North/TMT 
GMTIFS2 1.0 – 2.5 5,000 & 10,000 0.5¢¢- 4¢¢(IFU)/20¢¢ South/GMT 
Instrument Concepts Under Consideration for Future Development 
Instrument Function Instrument Function 
GMag-AOX1 High Contrast Imager SuperFIRE0 Near-IR Echelle 
PSI0 High Contrast Imager HROS0 Visible Echelle 
MICHI1 Mid-IR Imager/Spec IRMOS0 IR MOS w/IFUs 

0 Pre-Conceptual design  1 Conceptual design  2 Preliminary design  3 Final design phase 
 

 
Figure 3. Properties of the first and future-generation instruments in the US ELT System. Instruments that are expected to be 
available within the first 5 years of operations are shown as filled boxes. Additional instrument concepts are shown as open 
symbols and/or with italics. GMag-AOX is abbreviated as “G-AOX”. 

Technology Drivers 

The core technical challenges for the two US ELT telescopes center on optical fabrication and 
control, adaptive optics, and precision moving structures. The GMT and TMT have retired the 
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risks associated with fabrication of their aspheric off-axis primary mirror segments. Both 
projects have prototyped the control systems including edge sensors and segment actuators 
with nanometer precision that will be used to achieve and lock the phasing of their optical 
systems. For the TMT, the large, high-actuator-count deformable mirrors and high-performance 
sodium lasers required for AO correction are in prototype or production. GMT is prototyping its 
adaptive secondary mirror system. TMT and GMT have both engaged large industrial firms in 
design-build contracts to fabricate their telescope mounts following extensive design and 
performance validation studies.  

There are no remaining untested technologies that are vital for meeting the performance 
requirements for the two telescopes.  

 

Organization:  The US ELT Program 

Table 3. Organizational structures that support the three elements of the US ELT Program 

Property GMT TMT 
 

NOAO 

Parent Organization GMTO 
Corporation 

TMT International 
Observatory 

AURA Inc. 

Partners (US) Arizona State 
U. Arizona 

Carnegie Inst. 
U. Chicago 
Harvard U. 

Smithsonian Inst. 
U. Texas at Austin 

Texas A&M 

Caltech 
U. California 

47 AURA Member 
institutions 

Partners 
(International) 

Australia 
Brazil (Sao Paulo) 

Korea 

Canada 
China 
India 
Japan 

4 international AURA 
affiliates 

Board Chair Walter Massey 
(U. Chicago) 

Henry Yang  
(UCSB) 

Debra Elmegreen  
(Vassar) 

Chief Executive Robert Shelton Edward Stone Matt Mountain 
Project Manager James Fanson Gary Sanders Sidney Wolff 
Projected First Light 
Date 

2026 2030 - 

Project Completion 
Date 

2028 2030 - 

Project Status Under 
Construction 

Under Construction Under Development 

Website www.gmto.org www.tmt.org www.noao.edu/us-elt-
program 
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The US ELT Program is led by non-profit organizations created to manage the design, 
construction, and operations of the facilities. Each organization is governed by a master 
partnership agreement and is overseen by a board of directors. The domestic and international 
partners contribute resources to the organizations in the form of cash or in-kind contributions 
to support the development of the observatories. Each partner also provides science 
representatives to the Science Advisory Committees of both projects. AURA is the third 
member of the US-ELTP consortium and represents the US astronomical community.  

The relevant properties of the three organizations behind the US ELT Program are summarized 
in Table 3.  

Cost and Schedule 

The TMT and GMT project teams have constructed Performance Measurement Baselines that 
include network schedules and cost estimates. Both projects have conducted external reviews 
of their baselines and have validated the basis of estimates for their costs. These project 
baselines and associated external reviews can support the TRACE process by providing up-to-
date validated data for the two telescope projects. The GMT team conducted its most recent 
cost and schedule external review in May 2019; the TMT held a review of their baseline in 2018. 
US ELT Project falls into the “large” category of ground-based projects as defined in the call for 
APC white papers. 

TMT has all of its critical systems in construction or in final design stages, and civil construction 
is planned to start in mid 2019. After the end of construction of the summit facilities (2026) and 
of the telescope structure (2027), TIO will start a period of Assembly-Integration-Verification 
(AIV) of all systems to reach full first-light of the TMT (with IRIS, AO and LGS systems) in 2030. 
Early operations and science commissioning of the facility and first-generation instruments will 
take place over the 3-year period following AIV, to reach steady-state operations around 2033. 
TMT is expected to be operated for 50 years or more, with new science instruments being 
commissioned approximately every 3 years throughout its operational lifetime.  

The GMT is in the construction phase with many subsystems in fabrication or final design. Two 
of the seven primary mirror segments have been completed and the other five are in various 
stages of production. Excavations at the summit site at Las Campanas were completed in early 
2019. The project schedule calls for engineering first light in 2026 followed by two years of 
installation and commissioning of additional components and observing modes. Project 
closeout is projected for the end of 2028. Some observing modes will be commissioned during 
the early years of operations. The GMT’s design life is 50 years, and new instruments will be 
brought on-line roughly every 3-5 years. 
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Operations: Supporting the Scientific User Community 

In order to achieve the full scientific potential of the ELTs, all three parties to the US-ELTP will 
provide extensive user services.  Staff at TIO, GMTO, and NOAO will collaborate on the design 
and interfaces of these services to minimize duplication while meeting the expectations of the 
user communities.  Because many US ELT science programs, particularly the KSPs, are expected 
to make use of capabilities at both TMT and GMT in an integrated fashion, the US ELT Program 
will work to make essential information for both observatories available with a common degree 
of content and format, to provide similar user-facing interfaces for scientists developing 
observing programs, to ensure parallel structure and content for delivered and archived data, 
and to implement similar data reduction and analysis tools and environments. 

Services to be provided include support scientists at NOAO as well as at TMT and GMT to assist 
with the preparation of proposals and the execution of observing programs; complete 
documentation, including instrument simulators and exposure time calculators; procedures to 
ensure that data are well-calibrated with associated metadata; pipelines to process the data 
and remove instrumental signatures; archives of both raw and processed data; science 
platforms that enable users to query, search, and obtain quick looks at the data; and tools to 
display and download data as necessary.  The baseline proprietary period for the data will be 18 
months, with exceptions for special cases like student thesis research.  NOAO will archive and 
make available after the proprietary period all data from both telescopes whether or not it was 
obtained during US-ELTP open access observing time.  These data, together with support for 
data reduction and analysis, will become a valuable resource for archival research. Remote 
observing and eavesdropping will be supported as will queue observing as requested by the 
various partners for their assigned time. 

Summary 

The major organizations responsible for the construction and operation of large telescopes in 
the US have come together to collaborate on the US-ELTP.  A project of this scale requires 
engaging the best talent available and cross-communication on how to address common 
challenges.  The three groups have been working together successfully for more than a year.  
While GMTO and TIO will each remain responsible for carrying out the construction of their 
telescopes, NOAO/AURA participates as an equal partner in the Executive Committee that 
guides strategic planning for the US-ELTP.  During the construction phase, the three 
organizations will jointly plan user services so that the interfaces with observatories will enable 
users of NOAO to interact seamlessly with all aspects of the US-ELT program.  NOAO/AURA will 
also be an equal partner during the operations phase of the project.   
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