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ABSTRACT

While definitive winter measurements for Dome C must await until 2004, on the basis of existing data the Antarctic
Dome sites promise the best conditions on the Earth for many astronomical observations. Because atmospheric
turbulence is largely confined to a 100 m ground layer, adaptive correction with a single deformable mirror conjugated
to this layer should yield an 8-arcminute field of view with 0.1 arcsec images at optical wavelengths. The ground layer
wavefront aberration can likely be sensed with natural guide stars found over the wide field. In the infrared there is the
added advantage of low thermal background from the cold atmosphere and telescope optics, as much as 50xreduction in
the 3.5 im L band. An ELT that fully exploited these advantages would provide a uniquely powerful ground-based
complement to the James Webb Space Telescope, especially for spectroscopy.

We consider here the concept of building a copy of the 21 m Giant Magellan telescope (GMT) telescope (Johns, 2003) at
Dome C. The optical design is ideal, with a very fast (fIO.7) primary mirror and direct Gregorian focus formed by a
deformable secondary conjugated to the ground layer. In the thermal infrared, diffraction-limited images are produced
with the low background of only two warm mirrors, the primary and secondary. There are also practical advantages.
The enclosure is of modest size, by ELT standards, because the primary is very fast. Assembly, debugging and
maintenance problems on-site are minimized by a primary mirror built from a small number of large, pre-tested
segments. By building a copy of an already implemented ELT, engineering difficulties will be minimized, and
experienced support staff will be available at the first GMT, where also instruments can be pre-tested.

1. INTRODUCTION.

Over the past decade, optical astronomy has profited by combining observations from space and ground telescopes.
Thus deep, high-resolution images from the 2.4 m diffraction limited space telescope (Hubble) have been followed up
with spectra from larger ground telescopes working at the seeing limit. In the future, studies of the high redshift universe
and of extrasolar planets will emphasize the infrared. Diffraction limited images of faint objects should shortly be
obtained by existing 8-m class ground based telescopes, equipped with adaptive optics and laser guide stars. In another
decade high sensitivity, particularly in the 2-5 jim region where natural zodiacal background is very low, should be
obtained by the 6 m James Webb space telescope, operating at cryogenic temperature. Observations to complement the
JWST will be possible from the ground will require a very large telescope with the lowest possible thermal background.

The areas where the ground could be most valuable are:
1) higher resolution diffraction limited imaging. An ELT aperture of 24 m, for example, will yield images 4

times sharper than JWST — 0.02 arcsec at 2.4 jim and 0. 1 arcsec at 1 1 .tm.
2) spectroscopy at moderate to high resolution. In the region where JWST is limited by detector noise rathei'

than sky background, the higher flux can make the ground competitive.
3) wide-field imaging with very large arrays.
4) more varied and advanced instruments, updated with advancing technology. The JWST will not

accommodate instrument upgrades or servicing.
5) Major failures may bring an Antarctic telescope down for a season, but not permanently.

The best observing conditions for infrared observations and for adaptive optics correction of atmospheric aberrations are
found on the Antarctic plateau. ELTs there have the potential to undertake tasks previously thought to be possible only
in space, for example the imaging and crude spectroscopy of Earth-size extrasolar planets (Angel, 2003 and Lardiere et
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al. 2003). Measurements and projections for Dome C are summarized in section 2. The challenge is that for nine
months of the year when the sky is dark, Concordia Station at Dome C is physically isolated from the outside world. To
be successful, a very large telescope must therefore be designed for remote operation, with only a limited technical and
engineering team available on site for maintenance. Ground telescopes typically are not built with adequate reliability.
Our best chance is to build a close copy of a telescope already in operation on a benign site, with all the teething
problems resolved. The 21 m Giant Magellan Telescope, planned for construction in Chile, is ideal (section 3). Its
optical design is optimal for thermal infrared and adaptive correction of the ground layer turbulence, and its
implementation is conservative, based on well proven technology. Already consideration has been given to building a
duplicate telescope at the same site, to make the "20/20" interferometer (Angel, 2003). Locating a duplicate in
Antarctica would bring different benefits. In section 4 we project the sensitivity for the Chilean and Antarctic GMT
configurations, and compare with the expected JWST performance. In section 5, we examine critical areas for future
study to understand practicality and cost.

2. OBSERVING CONDITIONS ON THE ANTARCTIC PLATEAU
AND CURRENT TELESCOPE PLANS

At the present time there are two well-studied Antarctic plateau sites that could potentially host an ELT: the Amundsen-
Scott Station at South Pole and Concordia Station at Dome C (125°W, 75°S, 3260 m elevation). Concordia Station offers
several advantages for a project of this size, including significantly lower wind speeds and an established overland
traverse route for bringing in large and heavy telescope components.

Observing conditions at Dome C are reviewed by Storey et al (2003) and references therein, so only a brief summary
will be given here. Atmospheric temperature and wind-speed profiles imply an absence of microthermal turbulence
above a thin (—100 metre) surface layer, and this result is confirmed — to the extent that it can be — by acoustic radar data.
The high-altitude jet-stream is generally completely absent. Cloud cover statistics are incomplete but suggest at least
70% cloud free conditions. Wind speed data for the past decade are available from an Automatic Weather Station
(AWS), and have been analysed by Valenziano and Dall Oglio (1999) to reveal a year-round average wind-speed (based
on 1-hour bins) of 2. 1 rn/s. For much of the time the wind is zero. Seeing DIMM measurements to date have been made
so far only in daytime, yielding a median value of 1.20 arcsec (Aristidi et al., 2003a). There is a strong correlation of
seeing with the strength of the temperature inversion generated by diurnal changes in insolation. Based on a comparison
of winter-time acoustic radar data (Travouillon et al 2003), winter-time seeing is expected to be at least as good as
today's best temperate observatories, and to be confined very largely to the ground layer. Remarkable preliminary
DIMM results from early this season find seeing regularly between 0.2 and 0.8" over periods of almost 20 hours and
always <1 for semi-continuous observations of about 5 days (Aristidi et al, 2003b).
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The radical difference in the vertical distribution of turbulence is illustrated by the profiles shown in Figure 1, from
Lawrence et al (2003). DCI is a conservative estimate for Dome C, with the component > 1 km derived from the median
of microthermal measurements at the South Pole, and the low altitude component scaled to 1 . 1 arcsec total seeing. Even
better conditions may prevail in winter (DC II and DC III). Adaptive correction that would require complex atmospheric
tomography with multiple lasers and multiconjugate deformable mirrors at the temperate site will be possible with a
natural guide star and single deformable secondary at Dome C, even for DC I conditions.

While only preliminary data are available on infrared sky brightness at Dome C (eg Walden and Storey 2003), it is
straightforward to extrapolate from South Pole data or, more conservatively, to simply assume that conditions at Dome C
are no worse than at the warmer and 400 metre lower South Pole site. This is the basis on which we have made the
calculations in section 4.

The successful operation over two years of a 60 cm JR telescope at South Pole (Fowler et al 1998) showed that no
unexpected technical issues are likely to arise. At the present time there are proposals from Australia, Italy and US to
build new 80 — 200 cm telescopes on the Antarctic plateau. These represent important pathfinder missions, especially for
the development of AO systems optimized to the unique Antarctic atmospheric conditions.

The reduced high-altitude turbulence and long coherence times should also lead to greatly improved precision from an
astrometric differential interferometer (Lloyd et al; 2002, 2003). These same conditions also benefit nulling
interferometry (Swain et al 2003). The GMT design is ideally suited for operation in this mode, with the 3 pairs of
oppositely placed pairs of mirrors giving excellent instantaneous U-V plane coverage.

In the submillimeter range, the AST/RO telescope at the South Pole has produced valuable observations, and a 10 m
successor is presently under consideration.

3. GIANT MAGELLAN TELESCOPE -TECHNOLOGY AN1I DESIGN

The Giant Magellan Telescope is an ELT that builds on
technologies now proven in the successful Magellan and
MMT telescopes, and further developed for the Large
Binocular Telescope (LBT). These telescopes use
monolithic primaries of honeycombed borosilicate glass, of
6.5 and 8.4 m diameter. They are polished with more
aspheric figure than any other telescopes (f/1.25 and f/l.14
paraboloids), using a stressed lap (Martin et a!., 2003). The
lap is bent as it rotates under computer control, to conform
to the aspheric surface. The resulting mirrors are of very
high optical quality, and also have an unusually short
thermal time constant, so they can be ventilated to closely
track ambient temperature. With local mirror seeing thus
suppressed, seeing is very good, often better than 0.5 arcsec
at Magellan (Figure 2).

The adaptive optics correction for the GMT will take
advantage of another innovative technology, a deformable
secondary mirror (Brusa et al, 2003). The first such mirror
was developed at the MMT and two more are being
completed for the LBT. The 0.64 m, sky-baffled
deformable secondary at the 6.5 mMMT is shown in Figure

4. Figure 3 shows 10 jim star images. After correction (on the right) the Strehi is 96%. There are several advantages
over conventional AO correction. 1) The additional optical relay surfaces of conventional systems (typically 4 or more
mirrors) are eliminated, along with their additional thermal emission. This is possible because the stroke is large enough

3.1 Primary and secondary mirror technologies
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for complete correction of wavefront errors, even for a large telescope. The auxiliary tip/tilt mirror normally required
because of conventional DM stroke limitations is eliminated. 2) The mirrors incorporate an internal optical reference,
and can be commanded to take on an absolute shape. If no wavefront information is available, they can simply be set as
a static secondary. 3) The mirrors can chop with a stroke of 5 arcsec.

3.2 GMT design
The GMT primary mirror parent surface is a 25.3 m, f/O.7 ellipsoid (very close to a paraboloid), largely filled by
7 round 8.4 m borosilicate honeycomb segments (Figure 5). The collecting area is that of 21.5 m filled aperture. The six
identical off-axis circular segments will be figured by the stressed lap method. We include a central, axisymmetric
mirror to improve the filling factor and energy concentration for diffraction-limited imaging (Figure 6). 65% of all
energy is enclosed in the central diffraction core, compared to 84% for the Airy pattern of a filled aperture. The effective
diameter for point source detection against sky background is 20 m.

A deformable secondary —3 m in diameter will be used to form an aplanatic Gregorian focus 2.8 meters below the
primary mirror vertex, at a focal ratio still to be finalized, in the range of f/6-f/8. The secondary mirror itself will be in 7
segments like the primary, each only a bit larger than an LBT adaptive secondary, but the internal reference surface will
be made as a rigid 3 m monolith, so the full secondary figure can be accurately controlled. With actuator spacing
currently implemented (30 mm at the secondary) projects to —25 cm at the GMT entrance pupil.

For an AO system with thousands of actuators to be useful in Antarctica, robust performance will be crucial. The GMT
deformable mirror is inherently stable against actuator failure, since these work by magnetic force, with no local
constraint on position. Failed actuators are simply switched off, and the mirror shape bridges across from functioning
neighbors. This is in contrast to position actuators, which leave the mirror locally stuck in a given position. The
magnetic voice-coil actuators dissipate about lOOW/m2, currently removed by circulating ethylene glycol. Thermal
transfer liquids suitable for the much lower ambient Antarctic temperatures are commercially available.

Instruments will be placed directly at this focus, for higher throughput and reduced thermal background, compared to
conventional Nasmyth designs. Instrument interchange will be by a large central elevator, which will also be used to
lower the central mirror for re-silvering.

The telescope mount is like that of the LBT; the telescope moves in elevation on two large C rings, supported by an
azimuth platform. The combined moving mass is about 1000 tons, and the lowest resonant frequency> 5 Hz. Such a
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stiff structure, operated in the very low winds of Dome C, should yield excellent tracking performance. Protection from
wind will require an enclosure little larger than needed for the telescope swing radius of 24 m.

The site for the first GMT is not yet decided. In this paper we will suppose that two complementary GMTs are built, the
first near the Magellan telescopes at Las Campanas (GMT LC) , the second on the Antarctic plateau (GMT DC).

Figure 6. PSF for the GMT in the
diffraction limit. The central peak
contains 65% of the total incident flux,
compared to 84% for a filled circular
aperture. The FWHM is the same as for
25 m filled aperture.

Figure 5 — GMTwith seven 8.4 m circular segments

4. EXPECTED PERFORMANCE OF GMTs AT DOME C AND LAS CAMPANAS,
AND THE JWST

4.1 Ground layer adaptive optics
The unique boundary layer confined turbulence profile and the lack of high altitude winds above the Dome C site result
in a large isoplanatic angle and a long atmospheric coherence time. This has a dramatic effect on the field of view at
short wavelengths with an adaptive optics system correcting only the ground layer (Lawrence et al 2003, Lardiere et al
2003, Angel, 2003). Important factors setting the performance limit are the fitting error of the secondary, the error in
conjugation of the ground layer and the amount of residual high altitude turbulence. The Strehl ratio component from the
fitting error is approximately exp(-O.5 (sir0)513) where s is the actuator spacing. Thus if good wavefront data is obtained,
correction with reasonable Strehl ratio for wavelengths with r?s (=25 cm) will be possible. From our understanding in
section 2, values of r0 this large will occur under good nighttime conditions for wavelengths as short as 0.5 jim. The
isoplanatic angle is set by the displacement between the ground layer turbulence and the deformable mirror conjugate. If
this separation is 100 m and r0 = 25 cm, the field radius corresponding to lateral displacement of ½ r0 (12.5 cm) is 4
arcminutes. Strehl reduction from this cause will thus not be large for field diameters 8 arcminutes.

The images within this field will depend on the residual, uncorrected high altitude turbulence. This can be characterized
by

0.423k2 2
r0(htgh) = I

L cosy

A
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For the DC! curve in Figure 1, ro(high) — im at 2 = 0.5 jtm, thus images at the zenith (=9Ø0) of FWHM Air0 =0.1
arcsec in visible light can be expected. This can be compared with the projected performance of ground layer correction
with the GMT LC: -O.3 arcsec images over a 20 arcminute field for 2>1 jim.

The ground layer must be accurately measured to achieve such performance. It is currently envisaged that ground layer
measurements for GMT LC will be made with natural guide stars over the —20 arcminute field. The low ground wind
speeds and longer coherence times at Dome C may allow use of fainter natural guide stars within the 8 arcminute field.
If not, laser guide stars can be used.

4.2 Sensitivity in the infrared
The low atmospheric temperatures at Dome C result in a low sky emission, a low precipitable water vapor content
(increasing atmospheric transmission at water vapor absorption bands), and a low telescope emission. The projected
sensitivity is shown in Figure 7, along with projections for GMT LC and the JWST. Details are given in the figure
caption. Since the model does not include OH emission, it is invalid below 2.5 jim wavelength. OH strength is not
known for Dome C, but, we give in Table 1 limiting fluxes scaled to 20 m ground and 6 m space apertures from the
sensitivities given by Gillett and Mountain (1998), based on OH brightness for temperate sites. Notes on the different
ranges follow:
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Figure 7. Limiting fluxes for detection of point sources at signal-to-noise ratio 10 in the background limit, for the GMTs at Las
Campanas and Dome C and the JWST, with R=1000 (above) and R=5 (below). The integration time in all cases is 100,000 sec. The
LBLRTM atmospheric model was used (Lawrence, 2003), with the Dome C sky parameters given therein. For Las Campanas, the
assumed column density of water vapor is 2 mm, altitude 2300 m and temperature profiles standard for mid-latitude. For the JWST the
flux sensitivities were taken from the JWST Mission Simulator (http://www.stsci.edu/jwstlscience/sensitivity/), and are plotted for the
planned wavelength coverage. For telescope emissivity we took T=273K and e=3% for the GMT LC, and T=220K and e=2% for the
GMT DC. Read noise and dark noise were the same as adopted by Gillet and Mountain (1998). Strehl ratios were computed
assuming both ground telescopes operate with 150 nm rms residual wavefront error after AO correction. Image sampling was
assumed to be Nyquist at diffraction limit for each wavelength.
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GMT, OH limit JWST
band ? (jim) R=5 R=1000 R=1000
J 1.25 2.5 23 120
H 1.65 4.0 23 140
K 2.2 2.8 30 140

Table 1 . Limiting fluxes in nJy for detection of point sources at signal-to-noise ratio 10 for a ground based 20 m telescope in the OH
background limit, scaled from values given by Gillett and Mountain (1998), and for the JWST from the Mission Simulator

1—2.5 im At low resolution (R=5) in this window the JWST has 2—3 times the sensitivity of the GMT (in either
location), while the GMT has 4 times the JWST's sensitivity at R=1000. The higher spectroscopic sensitivity reflects the
limit set by detector noise for the lower absolute flux of the JWST. The diffraction limited resolution of GMT DC at 2.4
jim will allow use of slits 5 times narrower than the 0. 1 arcsec slits of s NIRSPEC.

3—4 jim. From Figure 7, we see that Dome C gives an order of magnitude sensitivity advantage over Las Campanas,
allowing the GMT to match the R=1000 sensitivity of the JWST. The JWST broadband sensitivity is better by a factor
10, so we can envisage the two telescopes dividing the tasks of imaging and spectroscopic analysis.

5 Rm. The sharp images and good broadband sensitivity of the GMT DC, approaching i0 Jy around 5 jim, will he
particularly useful for finding giant extrasolar planets in slow orbits ? 5 AU. Fluxes of i0 — i0 Jy are calculated for
such cold planets as Jupiter at a distance of 10 pc (Sudarsky and Burrows, 2003). The 40 mas diffraction limit of the
GMT will be needed for high contrast imaging at 0.1—0.2 arcsec.

8—12 rim. Major atmospheric absorption features from 5-8 jim and from 12-17 m prevent useful observations from the
ground. But in the 8-12 im region the spectroscopic sensitivity of the GMT DC is within an order of magnitude of
JWST.

17—27 jim. The GMT DC sensitivity for R=1000 of 0.3 mJy in this range is only a few times worse than the JWST at
the same resolution, and significantly better than for the Spitzer telescope's 1.4 mJy at R=600, for the same 10 c
detection in a 100,000 sec exposure.

27—45 jim. There are a number of windows from Dome C in this range where the GMT DC will be uniquely powerful,
since JWST instruments are cut off above 27 .tm and there is no useful transmission at Las Campanas.

5. TECHNICAL ASPECTS THAT NEED FURTHER STUDY

The most pressing need for all future telescopes at Dome C is to understand more accurately the atmospheric conditions
during the winter months. This is being addressed via a suite of site testing instruments at Dome C, and with luck the
enormous promise of the site will be confirmed in the next two years. In the meantime, studies of various aspects that
relate specifically to building and operating a GMT copy at Dome C are as follows:

5.1 Transportation. Currently the French and Italian Antarctic programs are supporting the construction and
operation of Concordia Station via an I 100 km overland traverse from Dumont d'Urville. With the present vehicles,
each traverse takes approximately 1 1 days and can bring in 150 tonnes at a time on a series of sleds each 12 metres long.
The 8.4 m minor segments will be transported in 9 m boxes weighing 50 tons. Based on the LBT, the major steel
components for the GMT are likely to be similar in size and mass. There is no obvious reason why the large components
could not be handled through Dumont d'Urville. Large construction cranes are already available on site at Dome C.
Personnel and small items can be transported by air from the coastal stations of Casey, Dumont d'Urville, McMurdo or
Terra Nova Bay, all of which are 1100 — 1200 km away. Flight times are 4 to 5 hours by Twin Otter.
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5.2 Communications. Dome C has continuous access to geostationary satellites, some of which are up to 6 degrees
above the horizon. The issues that need to be understood are the bandwidth required for the GMT, and the associated
costs.

5.3 Telescope foundations. Dome C sits on approximately 3 km of ice. Supporting the weight of the GMT is a
similar problem to providing foundations for a building, and several proven solutions are available. The optimum
approach may involve one or a set of "pontoons" on which the telescope sits.

5.4 Aurorae. Little is known about how aurorae would affect observations at wavelengths close to the auroral
lines. The "auroral oval" has its center near Dome C, meaning that most bright aurorae will be close to or below the
horizon. Aurorae are not expected to have any affect at thermal infrared wavelengths. Further characterization is needed
to know how much emphasis should be placed on GMT design for wavelengths < 1 rim.

5.5 Mirror coating. In the most transparent atmospheric bands the sensitivity limit is dominated by the emissivity
of the primary and secondary mirrors. The limits of Figure 7 are computed assuming an ambitious 1 % per surface. This
limit for freshly coated silver or gold is not realized in current ground-based telescopes, whose mirrors are typically
aluminum coated, and are dusty and chemically degraded. There is the potential in the Antarctic environment to keep
silver surfaces pristine, but this needs to be explored by use of witness samples. The telescope would be provided with
an 8 m deposition chamber, like that currently developed for the LBT.

5.6 Extreme cold weather. Temperatures can drop to -85C in winter. This does not appear to present any
difficulty to telescope engineers, but obviously is something that needs to be considered during the design phase. The
borosilicate honeycomb mirrors are made from glass that is uniform in expansion coefficient to lx1O8IC,similar to the
uniformity of zero-expansion mirror substrates. Performance at normal sites allows for cooling of 40C from the figuring
temperature, with no active correction. Any residual distortion for 100C cooling should be correctable by the adaptive
secondary. The telescope structure must use steel that does not embrittle, and the bearings will require lubricants
appropriate for the low temperature.

5.7 Beyond Dome C. The scale of the infrastructure needed to support the GMT would likely require significant
upgrading of existing facilities. Consideration should thus be given to siting the telescope at one on the higher points,
with new infrastructure. Dome Fuji (3810 m) is the highest yet investigated. The highest point on the plateau is Dome
A (4200 m), not yet visited. A study by Lawrence (2003) comparing the different sites based on water vapor and
temperature projects that sky background in the 1-5 im band at Dome A will be 3 times lower than at Dome C. On
Dome A the projected atmospheric transmission in the far-infrared (—100-200 jim) suggest that routine observations of
several astrophysically important atomic and molecular species will be possible. With the 20 m telescope the point
source sensitivity from Dome A would be significantly greater than from SOFIA. This capability alone could be enough
to justify the increased costs and harsher conditions.

5.8 Costs. Costs for the GMT at a temperate site are being estimated. The added costs for transportation,
constructrution and operations in Antarctica should also be developed, based on current experience. It would then be
possible to compare the GMT pair (the second at Dome C or Dome A) with a single larger telescope at a temperate site
in terms of both scientific capability and cost.
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