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Abstract Antarctica provides a unique environment for astronomers to practice
their trade. The cold, dry and stable air found above the high Antarctic plateau,
as well as the pure ice below, offers new opportunities for the conduct of obser-
vational astronomy across both the photon and the particle spectrum. The sum-
mits of the Antarctic plateau provide the best seeing conditions, the darkest skies
and the most transparent atmosphere of any earth-based observing site. Astro-
nomical activities are now underway at four plateau sites: the Amundsen-Scott
South Pole Station, Concordia Station at Dome C, Kunlun Station at Dome A and
Fuji Station at Dome F, in addition to long duration ballooning from the coastal
station of McMurdo, at stations run by the USA, France/Italy, China, Japan and
the USA, respectively. The astronomy conducted from Antarctica includes op-
tical, infrared, terahertz and sub-millimetre astronomy, measurements of cosmic
microwave background anisotropies, solar astronomy, as well as high energy as-
trophysics involving the measurement of cosmic rays, gamma rays and neutrinos.
Antarctica is also the richest source of meteorites on our planet. An extensive
range of site testing measurements have been made over the high plateau sites. In
this article, we summarise the facets of Antarctica that are driving developments in
astronomy there, and review the results of the site testing experiments undertaken
to quantify those characteristics of the Antarctic plateau relevant for astronomical
observation. We also outline the historical development of the astronomy on the
continent, and then review the principal scientific results to have emerged over the
past three decades of activity in the discipline. These range from determination
of the dominant frequencies of the 5 min solar oscillation in 1979 to the high-
est angular scale measurements yet made of the power spectrum of the CMBR
anisotropies in 2010. They span through infrared views of the galactic ecology
in star formation complexes in 1999, the first clear demonstration that the Uni-
verse was flat in 2000, the first detection of polarization in the CMBR in 2002,
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the mapping of the warm molecular gas across the ~ 300 pc extent of the Central
Molecular Zone of our Galaxy in 2003, the measurement of cosmic neutrinos in
2005, and imaging of the thermal Sunyaev Zel’dovich effect in galaxy clusters in
2008. This review also discusses how science is conducted in Antarctica, and in
particular the difficulties, as well as the advantages, faced by astronomers seeking
to bring their experiments there. It also reviews some of the political issues that
will be encountered, both at national and international level. Finally, the review
discusses where Antarctic astronomy may be heading in the coming decade, in
particular plans for infrared and terahertz astronomy, including the new facilities
being considered for these wavebands at the high plateau stations.

Keywords Methods:observational, Telescopes, Site testing, Atmospheric effects,
Astroparticle physics, Cosmic background radiation

1 Why astronomy in Antarctica?
1.1 The Antarctic continent and its high ice plateau

The Antarctic continent is the highest, driest and coldest of the continents
on the Earth. It is the end of the Earth, literally as well metaphorically. As
with all endeavours in Antarctica, it was the last continent where humans be-
gan to conduct astronomical observations from. The first astronomical discov-
ery was made less than a century ago, and it has only been in the past two
decades that major ventures in the discipline have taken place. Yet, with cur-
rent technology, astronomy is no longer difficult to undertake in Antarctica,
given appropriate resources and fore-planning. Moreover, the potential Antarc-
tica offers for furthering a wide and diverse range of frontier investigations
in astronomy is unmatched, in comparison with any other location on our
planet.

Antarctica is the fifth largest continent, with a land area of 14 square mil-
lion kilometres. The amount of exposed land is, however, tiny, about 2% of
the total and confined almost entirely to the coastal fringe. As a continent,
Antarctica is dominated by ice, with the area covered virtually doubling be-
tween the summer and winter extremes; the ice sheets extend up to 1000 km
over the Southern Ocean from the coast at their September peak. From an as-
tronomer’s perspective, it is the ice mass of the Antarctic plateau that draws
the attention. For while the continent is crossed by one of the world’s great
mountain ranges, the Trans Antarctic Mountains that stretch nearly 5,000 km
from the Weddell Sea to the Ross Sea, all but its highest peaks (the nunataks)
are obscured from view, buried under the ice sheet that makes up the Antarctic
plateau.

The land itself lies under up to 4 km of ice, with the ice surface very gradually
rising from the coast, over a distance of several hundred kilometres, to reach over
4,000 m at Dome A (though the peaks of some of the mountains rise higher than
this, for instance, the Vinson Massif in West Antarctica is 4,897 m high). The area
of ice over 3,000 m elevation is almost as large as the continent of Australia. This
is the Antarctic plateau. Its great extent makes Antarctica the highest continent,
as measured by average elevation. It also contains the coldest and driest regions
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of our planet. A temperature of —90°C was once measured at the Russian Vostok
station, the lowest ever recorded, and winters average —60°C over the plateau.
Typical precipitable water vapour levels of 250 um exist for much of the year and
levels can fall below 100 um in places at times, the driest air on Earth.

Of crucial importance for the conduct of astronomy is that there is little wind
on top of the plateau. The Antarctic atmospheric circulation pattern centres about
the South Pole, and the dominant airflow is a slow settling from the stratosphere,
to feed a steady, downward-flowing wind off the plateau. This wind is katabatic
in origin, starting from the highest points and picking up speed as it falls towards
the coast, under gravity. With an average slope of about one tenth of a degree, the
wind is also gentle. Over the highest parts of the plateau typical wind speeds are
only 1-2m/s. Though, as it nears the coast and the gradient increases, the wind
speed picks up and can lead to the ferocious storms that are a part of Antarctic
folklore.

The debilitating effects of the atmosphere are largely confined to a thin tur-
bulent surface boundary layer. In winter, this can be only a few metres thick over
the summits of the plateau. Above it, the seeing is exceptionally low. So too is
the level of scintillation noise, and both the isoplanatic angle and coherence time
are large, in comparison with the best temperate latitude sites. These facets pro-
vide conditions than can yield extraordinary image clarity and stability for a wide
range astronomical observations. As these conditions have been quantified over
the past decade, and their implications understood, they have drawn the interest
of astronomers to the continent for its potential to provide superlative observatory
sites.

1.2 This review

This article provides an overview of the subject of astronomy in Antarctica. We
describe the features of the continent of special interest to astronomers and the
sites under consideration for observatories. We also summarise the principal re-
sults obtained from the extensive program of site testing of the Antarctic plateau
that has taken place over the past two decades. A brief history of the development
of astronomy in Antarctica is given, followed by examples of some of the sci-
ence obtained. As will be apparent, this includes a diverse range of fields as well
as techniques. A section discusses how science is conducted in Antarctica today,
and what the principal difficulties are for the investigator, in comparison to un-
dertaking temperate-latitude astronomy. The review finishes with some personal
thoughts of where astronomy will develop on the continent over the coming years.
Many sources have been drawn upon for this review, and in particular it extends
the earlier reviews of [Storey| (2005), Burton| (2005a) and |Storey| (2009). Several
books have been devoted entirely to Astronomy in Antarctica, the proceedings of
conferences held on the subject. They include the proceedings of the American
Institute of Physics conference on Astronomy in Antarctica in Newark, USA, in
1989 (Pomerantz|1990), the Astronomical Society of the Pacific symposium on
Astronomy in Antarctica in Chicago, USA, in 1997 (Novak and Landsberg|1998),
the Concordia station workshop in Capri, Italy, in 2003 (Fossat and Candidi2003)
and the three European ARENA conferences, held in Roscoff, France, in 2006
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(Epchtein and Candidi[2007), Potsdam, Germany, in 2007 (Zinnecker et al.[2008)
and Frascati, Italy, in 2009 (Spinoglio and Epchteinl[2010).

1.3 Sites for astronomy in Antarctica

The South Pole, at 2,835 m elevation, lies on the flank of the Antarctic plateau.
While there are better places in Antarctica for many kinds of observation, the lo-
gistics of ready access have made the Pole the place where most of the astronomy
has so far been conducted in Antarctica, at the US Amundsen-Scott South Pole
station. Named after the pioneers who first reached the Pole in 1911-1912, the sta-
tion was established in 1957 during the International Geophysical Year (IGY). It
recently completed a major refurbishment and supports around 60 personnel over-
wintering and ~ 250 in the summer months. Access is via ski-equipped LC130
aircraft from McMurdo station on the coast, with daily flights over the summer
period from November to February.

Concordia station at Dome C, built by France and Italy, was opened for winter
operation in 2005 following a decade-long construction phase. At 3,268 m Dome
C is one of the high points of the Plateau, where the conditions are at their most
stable. Extensive site quantification has taken place over the past decade, starting
from before the station opened for winter operation. Plans for a range of facili-
ties to exploit the conditions there have been developed by several European na-
tions and by Australia. Dome C is accessed, for cargo, by three overland tractor
traverses per season. Each traverse lasts about 2 weeks and originates from the
coastal station of Dumont d’Urville (France). For transportation of people, Twin
Otter aircraft are used, generally starting from either Dumont d’Urville or from
Mario Zucchelli station (Italy).

The highest location on the plateau is the 4,083 m Dome A, first visited by
humans in just 2005 by a Chinese team on a tractor traverse from Zhongshan sta-
tion. In 2009, China began the construction of Kunlun station at the site. Already
several astronomical experiments have been conducted here, making use of an
Australian robotic observatory. Ambitious plans are being formulated for IR and
THz telescopes within the next decade. Currently, one traverse is conducted each
summer season, carrying all people and ~ 570 tonnes of equipment. No winter-
overs have yet been conducted.

There are other high plateau sites where astronomy could be conducted. These
include the Russian station of Vostok (3,488 m) and the Japanese station at Dome
F (3,810 m), both of which have stations that have been used for wintering. Site
testing is being initiated at Dome F. Another ice dome, Dome B (3,809 m), lies on
the SE end of the ridge from Dome A, before the plateau drops towards Vostok.
Ridge A (4,053 m), lying at the end of a ridge running SW from Dome A, has also
been proposed as a site where conditions may even be superior to Dome A for
some applications.

Not all Antarctic astronomy needs to be done on the plateau, however, in
particular cosmic-ray observations. Facilities for such measurements exist at the
coastal stations of Mawson (Australia) and McMurdo (USA). Neutron monitors
also operate at several coastal locations. In addition, McMurdo houses a long-
duration balloon facility, taking advantage of the high-altitude circumpolar winds
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Fig. 1 Topographic map of Antarctica, with the location of the principal research stations dis-
cussed in the text indicated. The high Antarctic plateau runs along the ridge from Dome F
to Dome C, through Dome A, Dome B and Vostok. Ridge A lies 400 km SW of Dome A. The
South Pole lies on the flank of the Antarctic plateau. Coastal stations supporting high plateau op-
erations are also marked; McMurdo (USA), Mario Zuchelli (Italy), Dumont d’Urville (France),
Zhongshan (China) and Syowa (Japan). In addition, the locations of major coastal stations at
Casey, Davis and Mawson (Australia), Halley and Rothera (UK), Palmer (USA) and Neumayer
(Germany) are shown. Map adapted from a figure supplied by the Australian Antarctic Division,
with acknowledgment

Fig. 2 The Martin A Pomerantz Observatory (MAPO) in the “Dark Sector” of the US
Amundsen-Scott South Pole Station. From left to right, the telescopes are the 10 m South Pole
Telescope (SPT), the 25 cm BICEP, the 2.1 m Viper with ACBAR and the Degree Angular Scale
Interferometer (DASI) with QUaD. provides further information on their capabilities. A
ski-equipped LC130 aircraft, as used for supplying the station with all personnel and cargo,
takes off from the ski-way to left. Several humans seen to foreground provide a sense of scale.
They are traversing across the ski-way from the main South Pole Station base 1 km away (behind
the camera). Image courtesy of Steffan Richter

Fig. 3 Panoramic view of the French—Italian Concordia Station at Dome C, seen from the cluster
of experiments that make up the Concordiastro site characterisation program. These are labelled
from left to right: PAIX (photometric extinction), GSM (seeing), DIMM (seeing), MOSP (turbu-
lence outer scale), SBM (sky brightness), ASTEP (photometry) Sud, ASTEP 400 and LUCAS
(spectra of earth-shine off the Moon). The inset shows the AASTINO, the Australian automated
site testing laboratory with a SODAR (sonic radar) and MASS (seeing). The twin towers of the
station are seen to rear, rising 20 m above the ice. Credit Karim Agabi (main picture) and John
Storey (for AASTINO insert)

Fig. 4 The Chinese Kunlun Station at Dome A. To foreground is the CSTAR experiment (4
fixed optical telescopes pointed at the South Celestial Pole). It is controlled from the instrument
module of the PLATO autonomous laboratory (yellow cabin to left). On its roof is the Gattini
camera for monitoring sky brightness and cloud cover. The black cone is the SNODAR acoustic
radar. The first modules of Kunlun station are to rear. Credit Zhenxi Zhu and Xu Zhou

Fig. 5 The Japanese Dome Fuji station at Dome F in the 2006-2007 summer, when the primary
activity was ice core drilling. Two site testing experiments are indicated; a mm-wave radiome-
ter for measuring sky transparency and a Doppler sodar for boundary layer turbulence. Credit
Hideaki Motoyama, National Institute Polar Research, Japan

which permit balloons to remain aloft for periods of 10-30 days at times during
summer, circling the continent as they do so.

A map showing these plateau sites, together with some of the coastal sites
associated with their logistic support, is shown in Fig.[1| Images of the four plateau
stations, together with the McMurdo Long Duration Balloon Facility, are shown
in Figs. [2] 3] [4} [5]and [f] Table [I|summarises these sites and lists the astronomical
applications currently of interest at each. Access to the continent is by both air and
sea, and from there to the plateau by ski-equipped planes and/or overland traverse,
depending on the logistic capabilities of the participating nations.
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Fig. 6 Launch of the 2m BLAST sub-millimetre telescope from the Long Duration Balloon
Facility (LDBF) on Williams air field at the US coastal station of McMurdo in December 2006.
The 3,800 m volcano Mount Erebus is in the background. Credit: Mark Halpern

Table 1 Astronomical sites in Antarctica

Location Elevation Latitude Longitude National Established Astronomical Comment
(m) ©) ©) operator applications of

particular

interest
South Pole2,835 —90 . USA 1957 CMBR, Neutrinos, Sub-millimetre Amundsen-Sco
Dome A 4,083 —80 +78 China 2009 Optical, THz, IR Time-series First visited 20
Dome B 3,809 —76 +95 ... THz, IR Not yet visited
Dome C 3,268 75 +123 France and Italy2005 Optical, Sub-millimetre, IR, Solar, Time-series, Interferometry Concordia stati
Dome F 3,810 =71 +39 Japan 1995 THz, IR Fuji station, wif
Vostok 3,488 —78 +107 Russia 1957 Sub-millimetre, IR No site quantifi
Ridge A 4,053 —82 +74 THz, IR Possibly ‘best’

Not yet visited

McMurdo 0 —78 +167 USA 1956 Long duration ballooning (CMBR, THz, Sub-millimetre, Solar, neutrinos), Cosmic raysCoastal station
Mawson 0 —68 +63 Australia 1954 Cosmic rays Coastal station

table summarises the sites in Antarctica where astronomy is conducted or is under consideration,
including the applications of particular interest at individual sites

2 Site conditions for astronomical observations from the Antarctic plateau

Two primary factors have driven much of the current interest in Antarctic
astronomy—the coldest and driest conditions on Earth that are found in the air
above the Antarctic plateau. The cold reduces background fluxes in the infrared.
Over infrared to sub-millimetre wavelengths the dry air results in many windows
in the atmosphere opening up to observation. A host of secondary factors provide
additional reasons for astronomers to conduct observations from Antarctica (see
also Tables[2] [3). These include the stability of the atmosphere and its thin surface
boundary layer, low levels of pollution and dust aerosols in the air, high cloud-free
fractions, the ability to conduct continuous or long-duration monitoring, increased
low-energy cosmic-ray fluxes arising from the proximity to the magnetic pole, low
levels of seismic activity and the vast quantities of pure ice available as an absorber
of particles. Some of these secondary factors have proven to be particularly potent.
For instance, the ice is being used to construct a neutrino detector at the South Pole
with a cubic kilometre of collecting volume (IceCube). The confinement of most
of the turbulence in the air to a thin layer just above the ice, over the summits of
the plateau, creates conditions that are particularly favourable for wavefront cor-
rection of light, as well as providing telescopes with extraordinary good seeing if
they were to be raised beyond the boundary layer.

2.1 Infrared sky background: the coldest locations on Earth

The temperature drop from freezing point to —60°C, about the change going from
Mauna Kea in Hawaii to the South Pole in winter, would lead to a fall in the
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Table 2 Typical gains achievable from an ice Dome of the Antarctic plateau compared to ex-
cellent temperate latitude sites (adapted from Storey, 2009), together with a synopsis of the
applications that are facilitated

Parameter Antarctic Astronomical consequence
advantage
Atmospheric seeing 2-3X better Better spatial resolution
(above 10-40 m boundary layer) Better point source sensitivity
Isoplanatic Angle 2-3x larger Better adaptive optics sky coverage
Coherence time 2.5x longer Increased sensitivity for
Adaptive optics and interferometry
Scintillation noise 3—4x less High dynamic range imaging
More precise photometry
IR sky background 20-100x less Increased infrared sensitivity
Improved photometric stability
Aerosols up to 50x lower Better infrared windows
Improved sky stability
Water vapour 3-5x lower New windows from IR to sub-millimetre
Ice Vast quantities!  Neutrino detectors
Paleoclimate

Table 3 Astronomical techniques for Antarctica

Technique Advantage
Optical Imaging quality (&p); exceptional seeing above shallow surface boundary layer
Infrared Low sky and telescope background

Sky flux stability
Image quality

THz Opens the window

Sub-millimetre Improved windows
Sky stability

Millimetre (CMBR) Sky stability

Time-series High duty-cycle measurements This
Stability

Long, uninterrupted periods of darkness
Precision photometryLow scintillation noise
{IR interferometry + {Improved values for 7y, 6y, ro and Coherence volume GRS / €%)
{Adaptive optics {+ Temperature-stability for delay lines

Cosmic rays Low energy threshold (proximity to geomagnetic pole)
Neutrinos Pure ice as an absorber

Balloons Long duration flights in constant environment

Solar Excellent daytime seeing

table summarises astronomical techniques and fields where Antarctica can provide special
advantages over other earth-based observatory locations, and the nature of that advantage

sky background of 200 times at 2.4 um, if the sky were thermally emitting as
a blackbody. The realisation that this drop could open a new window for deep
cosmological studies drove initial efforts to quantify the infrared sky emission in
Antarctica (Harper||1990; Burton et al.|[1993). Subsequent measurements found
the drop to be a factor of ~ 50 at the South Pole, being limited by residual high-
altitude airglow emission (Nguyen et al.|[{1996; |Ashley et al|[1996; see Fig. .
However, from 3 to 30 um the sky background was also found to be 10-20 times
darker than at the best temperate latitude sites (see Fig. |8} |Smith and Harper|1998;
Phillips et al.|[1999; |Chamberlain et al.2000; Lawrence[2004). Such gains at mid-
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Fig. 7 The near-IR sky emission, in uJyarcsec™2, above the South Pole in winter, from 1.5 to
4 pm, as measured by the IRPS instrument (Phillips et al.|[1999), and compared to a similar
spectrum obtained from Siding Spring Observatory in Australia. The sharp drop in flux between
2.27-2.45 um is the so-called ‘cosmological window’. From 2.2 um longwards the sky is be-
tween 20 and 100 times darker than the temperate latitude site. Note that the data only have a
nominal calibration factor applied shortward of 2.1 um

Fig. 8 Model calculations of the infrared sky emission, in Jy arcsec =2, above Dome C in Antarc-
tica (solid lines; 250 pm ppt H,O), compared to Mauna Kea in Hawaii (dotted lines; 1 mm ppt
H,0), adapted with permission from|Lawrence|(2004). The upper plot shows the emission across
the mid-IR (3-30 pm), and the lower plot the emission across the far-IR to sub-millimetre (30—
300 pum). In the observing bands typical background reductions are between one and two orders
of magnitude at the Antarctic site

Table 4 Comparison of sky fluxes at Dome C, Antarctica to Mauna Kea, Hawaii

BandWavelength Mauna KeaDome C

Hm T varcsee—?
y arcsec
vV 055 6 (-6) 6 (-6)
R 0.65 1(-5) 1(=5)
I 0.80 2 (-5) 2 (-5)
J 1.21 9(4) 5(-4) . o
H 1.65 3(=3) 1(=3) These fluxes are derived from a combination of measure-
K' 216 2(-3) e
Kgark 2.30 . 1(4)
L 3.76 2 (+0) 2 (-1)
M 4.66 4 (+1) 5(1)
N 115 2 (+2) 2 (+1)
Q 20 3(+3) 5(+2)

ments and modelling, as listed in|[Burton et al.| (2005)). For the K-band we compare K’ to Kgark
as these are the parts of the window where the deepest observations may be made at Mauna Kea
and Dome C, respectively. Note that 6(—6) = 6 x 1079, etc.

IR wavelengths were unexpected, for the drop in the blackbody flux near its peak
emission wavelength is only a factor of 2-3 for the fall in temperature. It turned out
that in the mid-IR the emission from aerosols also dropped significantly, with only
ice crystals contributing to the emission, and not the dust found at temperate sites.
Longwards of 20 um the drop in background is less, and arises principally from
the reduced water vapour in the air, lowering the emissivity of the atmospheric
windows.

Only summer (i.e. day time) thermal IR measurements have so far been ob-
tained from a high plateau site (Dome C; Walden et al.|[2005). However, the sky
fluxes from 3 to 20 um were found to be comparable with those measured at the
South Pole in winter, as well as being exceptionally stable. Table[d|summarises the
sky backgrounds at Dome C inferred from all these measurements and modelling,
as listed in|Burton et al.| (2005).

2.2 Atmospheric transparency: the driest locations on Earth

The amount of precipitable water vapour in the atmosphere determines the quality
of a site from longwards of 20 um to the millimetre regime, as well as having a
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Fig. 9 Model calculations of the atmospheric transmission across the mid-IR (3-30 wm; upper
plot), and the far-IR to sub-millimetre bands (30-300 pm; lower plot), adapted from |Lawrence
(2004). The mid-IR plot compares the transmission between typical conditions at Dome C
(250 um ppt of H>O; solid line) and excellent conditions at Mauna Kea (1 mm ppt; dotted line),
whereas in the far-IR/sub-millimetre plot the comparison is between average conditions at Dome
C (solid) and the best conditions then predicted for Dome A (30 um; dotted), since Mauna Kea
is effectively opaque in this wavelength range. Note that 25 um ppt H>O has subsequently been
determined as the best value at Dome A in the analysis conducted by Yang et al.|(2010)

substantial bearing on performance from 3 to 20 um. At many ‘good’ observing
sites, such as Kitt Peak in the USA and Siding Spring in Australia, typically 1 cm
of water is found between the telescope and space. At excellent sites like Mauna
Kea this falls to 1 mm on the best of days. On the 5,000 m elevation Chajnantor
plateau in Chile (site of ALMA) the level occasionally reaches as low as 300 um
of precipitable water vapour. At the South Pole (Chamberlin et al.|[1997; [Lane
1998} [Peterson et al.[2003)) and Dome C (Valenziano and dall’Oglio|1999; |Calisse
et al.[|2004; Tomasi et al.|2008)) such a level is maintained for most of the year, but
can fall further still.

Measurements of water vapour content over the Antarctic plateau were in
fact first carried out at the Russia’s Vostok station in 1972 (Burova et al.||1986;
Bromwich!|{1988)) and from the South Pole in 1975 (Smythe and Jackson||1977)).
From these and subsequent data, a year round average was then determined for
Pole of 450 um ppt H>O and 350 um for Vostok, with levels occasionally drop-
ping below 100 pum ppt H,O in winter. As then studied by Townes and Melnick
(1990), with such levels of atmospheric water vapour the sub-millimetre bands
from 350 yum to 1 mm are open virtually continuously. New bands open at times
at 200 um—in the THz spectral regime. Similarly, observations from 20 to 30 um
could be routinely made. From the highest plateau site, Dome A, windows are
conjectured to appear across the 30-300 pm range that are opaque from any other
ground-based location.

The first measurements from Dome A of water vapour content have recently
been made, supporting these assertions. They used a tipping radiometer operating
at 450 um (661 GHz) on the PLATO laboratory (Saunders et al.2009), further
correlated with satellite radiometry from above (the NOAA-18 satellite observing
in the 183 GHz H,O line). A median value of 140 um ppt H,O was found, a 25%
quartile of just 100 pm and the ppt H>O level fell to 25 um at its lowest, compara-
ble to that experienced by an aircraft flying in the stratosphere (e.g. SOFIA). These
conditions dramatically open up atmospheric windows across the entire infrared
and sub-millimetre regimes (see Fig. E]; Hidas et al.| (2000); [Lawrence| (2004)).
For instance, for 100 um of ppt H,O the atmospheric transmission is 28% at the
205 um wavelength (1.45 THz) of the important [NII] line.

Initial summer time measurements of the atmospheric transparency have also
been obtained from Dome F (Ishii et al.|2010), using a tipping radiometer operat-
ing at 220 GHz. An extremely low mean opacity of 0.045 was determined (com-
parable to South Pole and Chajnantor winter median values), and varying little
over the 1-month period of the measurements. The authors model this data with
0.6 mm of precipitable water vapour.

There may be even better sites for astronomy on the plateau. A ridge runs
south and west from Dome A and ~ 400 km SW is a location called “Ridge A.”
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Examining the NOAA-18 183 GHz satellite measurements for this location, |Yang
et al.| (2010) deduce even lower 25 and 50% quartiles for the water vapour than
for Dome A, of 80 and 120 um, respectively. The 158 um window (1.9 THz and
dominant [CII] line) would even open at times, with a transmission of more than
11% for 10% of the time. Such remarkable conjectures call for in situ measure-
ments of the water vapour content to be carried out at Ridge A to examine their
veracity.

In the near-IR, from 1 to 2.5 um, models by Siebenmorgen| (2010) show that
the average transmission at Dome C exceeds 40% at all wavelengths, when mea-
sured with a resolution R = 250 (there are, of course, narrow spectral regions
which remain saturated). This results in a widening of the J, H and K bands from
1 to 2.5 um, and of the L and M bands at 3.6 and 5.0 pum.

2.3 Atmospheric stability and seeing: the thin surface boundary layer

Stability Less appreciated, but equally important for the conduct of many kinds
of observation, is the stability provided by the atmosphere, particularly for mea-
surements that can mitigate the effects of a thin, but turbulent, surface boundary
layer. This provides for significant gains, not just in imaging quality, but also in
the photometric precision that can be obtained for a measurement and for long
time-series observations. In turn, these gains have implications not only for obser-
vations using conventional single-mirror telescopes but also for solar telescopes
and for interferometers.

At the South Pole, there is no diurnal cycle and so no corresponding daily tem-
perature changes—simply the 6-month cycle of night and day. Any source beyond
the Solar System that can be observed can also be seen continuously and at con-
stant zenith angle. This greatly facilitates experiments which require continuous
monitoring or high duty cycles. It is also favourable for following particle cascades
in air showers as a source is always seen through the same depth of atmosphere. In
the IR, beyond 3 pm, it is perfectly feasible to observe all year round, the temper-
ature being cold enough to facilitate day time observations. Away from the Pole
there is, of course, a latitude-dependent seasonal diurnal cycle, and the length of
the period of continuous darkness is reduced, but many of the advantages remain.

Not only is the strength of the sky background emission reduced in Antarc-
tica, its level is more stable at IR and sub-millimetre wavelengths than at temperate
sites (Smith and Harper|1998]; Peterson et al.[2003). Indeed, it is fluctuations in the
level of the background (both spatially and temporally) that can provide the lim-
iting factor for photometric measurements in these bands. At 350 um (860 GHz),
while Peterson et al. found that the median sky opacity at South Pole and Cha-
jnantor (Chile) to be similar (1.20 vs. 1.39, respectively), the fluctuations in the
opacity level were found to be ~ 3 times lower at Pole during the best observ-
ing conditions, when the opacity is below unity—i.e. when observations at these
wavelengths could be made.

For CMBR measurements, made in the microwave bands, the South Pole has
proved to be a superb site, as attested by the wealth of science that has been
achieved (see §4.2). For instance, at 220 GHz the zenith opacity is just ~ 0.03
and the median brightness power fluctuations are an order of magnitude lower
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than at any established temperate sites (at ~ 38mK? rad /3 in Rayleigh—Jeans
temperature units; Bussmann et al.|2005).

The turbulent surface boundary layer A strong temperature inversion exists
above the ice during the most stable of conditions in winter, produced by radiative
cooling from the ice surface in the absence of sun light. The temperature can rise
by up to ~ 20°C in heights of a few tens of metres. Virtually all the turbulence
responsible for seeing at optical and infrared wavelengths, the result of micro-
thermal temperature fluctuations causing refractive index changes, is confined to
this boundary layer. Dealing with the boundary layer is one of the most challeng-
ing problems facing designers of optical and infrared telescopes in Antarctica (see
§5.2), but if its mitigating effects can be overcome then the Antarctic plateau of-
fers sharper imaging, more precise photometry and superior astrometric precision
than measurements made from any other place on Earth. Of course, such a state-
ment applies to any ground-based telescope, but the narrow boundary layer above
the Antarctic plateau suggests that this might be readily accomplished there, for
instance, by building a tower that extends above it.

The free air seeing in the visible, above the surface boundary layer, is typi-
cally a factor of two better than the ~ 0.7” seeing above the best temperate sites.
The proximity of the turbulent boundary layer to the telescope also results in re-
duced values for the scintillation noise, since the “lever arm”, from the turbulent
atmospheric cells that de-focus the light to the telescope, is much reduced. Since
scintillation provides the limiting factor to the error in a flux measurement, this
implies that improved photometric precision is also possible.

Two further quantities are also very important in determining site quality; the
coherence time and the isoplanatic angle of the turbulent cells. Since the cells are
located close to the surface over the Antarctic plateau, and pass across the tele-
scope field of view relatively slowly, the above two parameters are larger than
found at temperate sites, where the cells are at high altitude and move rapidly.
Longer coherence times and larger isoplanatic angles feed into improved perfor-
mance for adaptive optics systems (e.g. larger bandwidth, fainter reference stars).
For an interferometer, it also results in improved signal to noise and improvement
in the achievable astrometric precision (e.g.|Lloyd et al.|[2002; |Storey|2004).

Considerable effort has been put into quantifying the relevant parameters—
the free air seeing (&), isoplanatic angle (6y), Fried parameter (rp), coherence
time (7p), the boundary layer turbulence (CI%,), its height (/) and outer scale length
(Lo)—at the South Pole, Dome C and, most recently, Dome A, so as to determine
the quality of these sites for prospective telescopes. While this qualification of site
properties remains incomplete, substantial information is now available or can be
inferred through modelling, so that a quantitative picture of observing conditions
over the Antarctic plateau can be deduced. It is sufficient to allow a detailed com-
parison with conditions at mid-latitude sites. We discuss some of this work below.

2.3.1 Comparison of seeing conditions at plateau sites

South Pole At the South Pole, a steady breeze blows most of the time (the katabatic
wind falling from the summit of the plateau, Dome A). This causes substantial
seeing at the ice surface level, of order 1.5” in the visual (Loewenstein et al.[1998)).
It is produced almost entirely in the lowest 200-300 m above the ice (Marks et al.
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Fig. 10 Histograms and cumulative distributions for the atmospheric seeing (top plot) and iso-
planatic angle (bottom plot) for Dome C, above ~ 30m (a typical boundary layer height), as
measured by [Lawrence et al.| (2004b) using a combination of MASS and SODAR instruments
(see text in . The cumulative distributions also compare Dome C (DC) to Mauna Kea
(MK) and Cerro Paranal (CP) (including the contribution from the surface boundary layer for
these latter two sites). The superb seeing attainable close to the surface at Dome C (median value
0.27” in V-band) is evident, with the values even falling being below 0.1” at times

1996,1999; Travouillon et al.[2003alb)). On the other hand, there is no jet stream to
produce the high-altitude seeing that temperate sites experience. As first pointed
out by |Gillingham| (1989) and |Gillingham! (1993), the free air seeing above the
surface boundary layer is much smaller than the surface seeing at temperate sites,
a concept termed by Gillingham “super-seeing.”

The depth of the boundary layer at the South Pole, while shallow, is still too
high to consider raising a telescope beyond it. On the summits of the plateau,
however, the wind speed is much reduced, leading to a significantly thinner surface
boundary layer (Marks|[2002} 2005) than at the Pole.

Dome C Two decades of measurements of wind speeds at Dome C, made with
an automated weather station (AWS), showed them to be exceptionally low, aver-
aging ~ 3ms~! at the ice surface, with maximum gusts reaching only ~ 10ms~!
(Aristidi et al.[2005b). Such data gave promising intimations of a stable atmo-
sphere that would provide superb seeing. When such seeing measurements were
first made (with a robotic observatory at Dome C [the AASTINO; |[Lawrence
2004; see Fig.[I0] using both an acoustic radar (SODAR), sampling the boundary
layer, and a multi-aperture scintillation sensor (MASS), sampling the whole atmo-
sphere), a median value was obtained for the visual seeing of just 0.27”, above a
boundary layer whose height was found to be only ~ 30 m thick. Subsequent mea-
surements from Dome C by |Agabi et al|(2006)), after the winter opening of the
station, making use of direct measurements of the turbulence using microthermal
sensors flown on balloons, combined with total seeing measurements using differ-
ential image motion monitors (DIMMs), obtained similar results within the errors
(median seeing 0.36”, boundary layer height 36 m), so confirming that the turbu-
lence is primarily confined to the boundary layer. These results indicated that the
visual seeing at Dome C, above this boundary layer, is typically about a half that
found at the best temperate sites. For ~ 10% of the time Lawrence et al. found the
seeing, above the narrow surface boundary layer, to be < 0.1”, the lowest values
ever recorded. The determination of the isoplanatic angle and coherence time, as
measured by this combination of instruments, was also in reasonable agreement
(5.7" and 7.9 ms for Lawrence et al.; 4.7” and 8.6 ms for Agabi et al.; both above
30m) and indicates that Dome C is an excellent site for both wide-field, high
spatial resolution imaging and for infrared interferometry. Furthermore, measure-
ments of the scintillation noise (Kenyon et al.||2006) show it to be the lowest so
far measured on the Earth, making it an excellent site for precision photometric
measurements as well. As a caution to the reader, however, it should be remarked
that the above results have been deduced from relatively limited measurements. It
would be desirable to improve the statistics of these data sets to fully characterise
the seeing conditions at Dome C.
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Fig. 11 Histograms of seeing measured with a DIMM at Dome C from |Aristidi et al.| (2009).
The shaded histogram is the data from an instrument mounted 8 m above the ice, and includes
the authors’ full 3.5-year data set (summer and winter). The bimodal distribution reflects periods
of excellent seeing at this height, when the boundary layer drops below 8 m, together with the
more normal moderate seeing when the instrument lies within the boundary layer. The bottom
curves show the data from the 2006 winter, with the three log-normal fits reflecting times when
the instrument is above the boundary layer (a), within it (¢) and a few intermediate cases (b)

Fig. 12 Diurnal variation of the daytime seeing at Dome C, measured by |Aristidi et al.|(2005a).
The plot to left shows data averaged over two summers (2003-2004 and 2004-2005) measured
from a DIMM placed 8 m above the ice. The plot to right compares data from two DIMMs,
one at 8 m and the other at 3 m above the ice, from the 2004-2005 summer. Note especially the
behaviour each afternoon, around 5 pm. local time, with the boundary layer often disappearing.
This is caused by the temperature gradient above the ice disappearing for a few hours then. This
results in excellent “on-ice” seeing of around 0.4”, with implications for obtaining high image
quality for solar telescopes

The statistics of 3.5 years of DIMM measurements from Dome C, placed on
towers at different heights within the surface boundary layer, have been sum-
marised by |Aristidi et al.| (2009) (also incorporating results from Trinquet et al.
(2008)) on the vertical distribution of turbulence). The boundary layer height was
found to be variable, as well as volatile on short timescales, but has a sharp bound-
ary, whose median height was inferred to be between 23 and 27 m based on its
statistical properties. When the boundary layer is depressed below the height of
the DIMMs, excellent seeing from the free air is obtained (median value 0.36"),
as clearly seen in the bimodal distribution of the seeing shown in Fig. [T1] There
is also a clear summer—winter difference in the seeing distributions, while the bi-
modal separation in each plot indicates when the seeing monitor was either lying
inside or above the boundary layer (and the clear separation indicating its sharp
boundary). More turbulent energy resides within the boundary layer in winter, as
indicated by the larger values of seeing measured then. The seeing data also pro-
vide an estimate of the median value of size of the outer scale for turbulence (Ziad
et al.|2008), of ~ 7 m in winter (measured 3.5 m above the ice). These values are
2-3 times lower than measured at Mauna Kea and Paranal observatories, and have
implication for improved AO and interferometric performance by reducing fringe
excursion errors (though the extension of these results to a telescope placed above
the boundary layer is not clear).

A particularly interesting result (Travouillon| 2004 |Aristidi et al.2005a) re-
lates to the daytime seeing in summer. Late in the ‘afternoon’ each day, around
5 pm local time, the surface boundary layer often disappears, leading to a free-air
seeing of ~ 0.4” just 0.8 m above the ice (see Fig.[12). At this time of the day the
temperature gradient above the ice disappears. The isothermal temperature profile
then leads to a great reduction in the turbulent energy and hence excellent surface
seeing. This has particular implications for measurements of the Sun, which of
necessity must be made in daytime, providing a period of ~ 2 h each day where
excellent imaging quality is directly obtainable.

The article by |Gredel| (2010) provides a concise and clear summary of the site
testing results from Dome C, conducted under the auspices of the European Union
ARENA consortium, including the results described above.
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Fig. 13 Height of the boundary layer at Dome A from June to August 2009, as measured using
the SNODAR instrument (an acoustic radar; Bonner et al.[2010). Each dot represents the average
of 30 min of data. Squares show measurements made at Dome C on the same day of the year in
2005 by Trinquet et al.| (2008) from balloon measurements. The SNODAR provided a vertical
resolution of 0.9 m and sampled the turbulence in the atmosphere every 10 to a height of 180 m

above the ice, to determine the temperature structure constant, C. The boundary layer height

was defined to be the height at which C% reduces to 1% of its initial value. The 25, 50 and 75%
quartiles determined for it by Bonner et al. (2010), over the Feb—Aug period of their whole data
set, are 9.7, 13.9 and 19.7 m, respectively

An interesting recent development is the application of numerical meteoro-
logical models to the calculation of turbulence and seeing conditions over the
Antarctic plateau, with eventual application towards the forecasting of the see-
ing. [Hagelin et al.[ (2008)) and [Lascaux et al.| (2009, |2010) have compared (low-
resolution) general circulation models and (higher resolution) mesoscale models
for the calculation of meteorological parameters, with the particular application
being to the modelling of C}%, turbulence profiles obtained from 15 balloon flights
from Dome C in the 2005 winter by [Irinquet et al.| (2008). Perhaps unsurpris-
ingly, the higher resolution, computationally more expensive, models work best.
Lascaux et al. find they can model the wind gradients and temperature profiles
with height reasonably well, including their rapid changes over the extent of the
surface boundary layer. The boundary layer thickness in these mesoscale models
is, in general, currently calculated to be ~ 50% higher than that measured. The
turbulence profile (Cj%,) within the boundary layer is reproduced well, but devi-
ates from the data above the boundary layer. There is a reasonable correlation
between observed and predicted seeing, although still considerable scatter for in-
dividual data points. The overall agreement between models and data shows that
this is a promising area of study, as well as emphasising the need for a much more
comprehensive set of measured turbulence profiles to compare the models with.
The authors intend to extend their calculations to other sites over the Antarctic
plateau, and so provide quantitative model comparisons for the behaviour of the
seeing conditions at each site over the year.

Dome A Site testing at Dome A, the highest point on the Antarctic plateau,
only began in 2008, making use of a series of instruments attached to the PLATO
automated observatory (Yang et al.|[2009; Lawrence et al.|2009a). Of necessity,
the information obtained so far is limited, but it does suggest some remarkable
properties for the site. While direct seeing measurements have yet to be made, the
boundary layer has been probed using a specially designed acoustic radar able to
sample on the 1 m-scale (SNODAR; see |Bonner et al.|[2009, 2010 and Fig. @),
indicating that it is even thinner than at Dome C. Over the first part of the winter
period of 2009 its median height was found to be 14 m and its 25% quartile value
to be just ~ 10 m thick.

Ridge A An analysis by |Saunders et al.| (2009) of three of the key parameters
(€9, By and 1), together with their “coherence volume” (6370 / 83; Lloyd et al.
2004) was undertaken to determine the efficacy of an interferometer placed at
different sites over the plateau. The study ranks the South Pole as the best site
of any station, followed by Dome A and then Dome C (an order of magnitude
worse). However, Ridge A was found to be the best location of all. Ridge A is



Astronomy in Antarctica 15

closer to the null point for origin of the katabatic winds than Dome A. It also has
lower temperatures and less cloud cover.

While the estimates made in this study are, of necessity, preliminary and based
on extrapolations of current data sets combined with satellite telemetry, they do
highlight the need to obtain extensive site data over the plateau before choosing a
site that may be the best for a particular application. There is no single best site on
the Antarctic plateau for all astronomical applications.

2.4 Other site factors

Clear skies While the South Pole experiences clouds about half the time, Dome
C appears to be a much clearer site. A variety of measurements made from au-
tomated cameras and by direct observations indicate photometric skies occur an
exceptional ~ 75 —90% of the time (e.g. |Ashley et al.[[2005; Mosser and Aristidi
2007; Moore et al.|[2008a). Satellite measurements indicate that Dome A and F
should have similar cloud characteristics to Dome C, being clear ~ 75% of the
time in winter (Saunders et al.[[2009)).

Direct measurements of the clear sky fraction at Dome C, as well as of the
effective duty cycle, were also obtained in astronomical experiments during the
2007 and 2008 winters as part of the small-IRAIT (Strassmeier et al.[2008]) and
ASTERP projects (Crouzet et al|[2010), which we discuss below.

Small-IRAIT used an optical CCD camera mounted on a 25-cm telescope to
follow photometric variations simultaneously of two bright variable stars, contin-
uously over a 10-day period in July 2007. The weather was stable and only ~ 6 h
was lost over this time period, providing a duty cycle of 98%. Furthermore, a
3 mmag photometric precision in V-band (and 4.2 mmag in R-band) was obtained
for a 2.4-h subset of the data, 3—4 times better than has been achieved with an
equivalent telescope in Arizona, attesting to the improved photometric precision
resulting from reduced scintillation noise.

ASTEP used a CCD camera on a fixed 10 cm refractor pointed towards the
celestial South Pole. Excellent sky conditions were recorded ~ 60% of the time
during the 4 months of operation (June—September, 2008). A duty cycle of 50%
for photometric measurements in the optical was obtained (taking into account
cloud, moonlight, scattered sunlight, etc.), a higher value than has been obtained
at temperate sites.

Sky brightness and transparency measurements have also been made at Dome
A in the winter of 2008 by the CSTAR (the Chinese Small Telescope ARray) in-
strument (Zou et al.[2010), controlled from the PLATO laboratory. This comprises
four fixed 14.5 cm telescopes, pointed at the south celestial pole, each with a 4.5°
field and a different optical filter. The primary purpose of this experiment was
to search for variability in stellar flux, for which a catalogue of 10,000 stars and
30,000 images has been produced (Zhou et al.|2010). Clear skies were found in
74% of the images.

Aircraft contrails Aircraft contrails add to high-altitude turbulence and in-
crease optical sky brightness via scattering of moonlight. They are an increas-
ing problem at temperate sites as they are often overflown by air traffic, whose
frequency continues to increase. Contrails are, however, non-existent over the
Antarctic plateau during the winter months.
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Low aerosols and pollution Antarctica has the cleanest air on the Earth, in
particular, in the amount of aerosols in the atmosphere (there is no dust). For
instance, as discussed in Kenyon and Storey| (2006), aerosol levels are ~ 50 times
lower than found at the atmospheric observatory on Mauna Loa, Hawaii (Bodhaine
1995)). This results in reduced emissivity at infrared wavelengths (and so lower sky
emission) and reduced levels of scattering at optical wavelengths. It is, of course,
important to avoid local degradation of these conditions at an observatory, for
instance as might be caused by emissions from diesel generators. This might be
achieved by the use of clean energy sources (see also §[5.2).

There is also minimal light pollution to consider during the winter months, as
there are no settlements nearby other than the scientific station the observatory is
based at, and this will remain the case for the foreseeable future.

Seismically quiet Antarctica is the quietest continent seismically, quite dif-
ferent to the geologically active regions where temperate observatories are often
located (e.g. in Hawaii or Chile). While not normally a critical part of the assess-
ment in designing telescopes, consideration of the effects of seismic disturbances
have implications for the design of the largest telescopes, such as the ELTs, or
interferometers where path lengths must be maintained to sub-micron precision.
While the Antarctic ice sheet itself is moving, at about 10 m per year, this is a bulk
motion that is straightforward to measure and to compensate for.

2.5 Disadvantages of Antarctica for astronomy

There are, of course, some disadvantages relating to the site conditions on the
Antarctica plateau. The cold and high altitudes pose difficulties for humans, but
have relatively simple engineering solutions for the operation of facilities. Other
facets of the sites are less easily overcome. Here, we summarise the principal
issues and discuss their effects further in §3]

Humidity and super-saturation While the extreme cold means that the abso-
lute humidity level of the air is low (up to three orders of magnitude lower than at
temperate sites), the relative humidity in Antarctica is always high. Calculations
assuming 100% humidity in fact provide reasonable approximations for the atmo-
spheric transmission, without needing a detailed knowledge of its actual level and
distribution through the atmosphere. Close to the ice surface, within the boundary
layer, the air can in fact be super-saturated. This has the adverse consequence of
causing ice growth on any exposed surfaces, unless they are heated slightly above
the ambient temperature, flushed with dry air, or placed within an enclosure in a
thermally controlled environment (see also §[5.2).

Sky coverage The further a telescope is sited from the Equator the less sky
it has access to. In the extreme case of the Poles, only half the celestial sphere
is visible, though of course it is visible the whole time. An even smaller portion
of sky is accessible above a telescope elevation of 30°, the usual elevation limit
considered for most observations. At Dome C (75S), only 37% of the sky can be
seen above 30° compared with, for instance, 81% from Mauna Kea (see Kenyon
and Storey|2006). Those objects that can be seen, however, may be observed for
longer, and suffer less diurnal change in elevation than they do when seen from
temperate sites, providing gains in precision for long time-series measurements.
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Twilight The Sun also spends long periods of time just below the horizon at
high latitude sites, meaning that the fraction of time that is “astronomically dark”
(i.e. when the Sun is more than 18° below the horizon) is smaller than at temperate
latitudes. This is only relevant at optical wavelengths, as at infrared wavelengths
the sky is bright (even in Antarctica). However, the reduced aerosol content re-
duces the scattering, so that the sky is dark in Antarctica with the Sun closer to the
horizon than is the case at temperate sites. In the short infrared wavebands (1.6 and
2.4 um), Phillips et al.| (1999) found the effect of scattered sunlight disappeared
when the Sun is more than 10° below the horizon at the South Pole. Moore et al.
(2008a) and |Crouzet et al.| (2010) found that at Dome C the sky is optically dark
when the Sun is more than 13° below the horizon (as did|Zou et al.|2010|at Dome
A). Combining this limit with the fraction of clear skies and with the phase of the
Moon, [Kenyon and Storey|(2006)) find that the number of hours of optically dark
time available at Dome C per year is at least as many as at Mauna Kea.

Auroral activity and optical sky brightness Auroral activity in Antarctica is fre-
quent, but its intensity varies over the continent, dependent on whether the auroral
circle is visible. The South Pole and Dome F lie nearly under the auroral circle,
so suffer frequently, whereas Domes A, B and C lie just 6° from the geomag-
netic South Pole, so that aurorae there generally lie below the horizon. Auroral
emission is concentrated into a few spectral lines, particularly atomic oxygen and
bands from molecular nitrogen and oxygen. Aurorae will therefore only impact on
a small subset of observations that might be undertaken from Antarctica.|Saunders
et al.| (2009) re-analyse the work of |Dempsey et al. (ZOOSE on auroral emission,
extending it over the principal sites of interest on the plateau. They find the auro-
ral sky contribution (~23 mags arcseconds 2 at B and V) at the best plateau sites
(Domes A, B and C), will make the sky there about a factor 2 brighter than at
the best temperate sites at B band (and 20-30% brighter at V). The South Pole
and Dome F, on the other hand, are another 1-2 magnitudes worse. By way of
a direct comparison of their impact on an experiment, ASTEP, operating in the
optical over the 2008 winter at Dome C (Crouzet et al.|2010), found negligible
influence from aurorae on their data set. The CSTAR experiment at Dome A (Zou
et al.2010) determined the typical sky brightness in the Gunn i band, in dark sky
conditions in mid-winter, to be 20.2-20.5 mags arcseconds 2. Converting this to
the Mould I band (subtracting 0.75 magnitudes; see [Windhorst et al.|[1991), this
is comparable to darkest skies measured at dark temperate sites such as Siding
Spring Observatory in Australia (19.3 mags arcsec>) and CTIO in Chile (19.9
mags arcsec2).

3 A brief history of Antarctic astronomy

Captain Cook and the crew of the ships Resolution and Adventure were the first
people to cross the Antarctic Circle in 1772, carrying with them a collection of
telescopes, quadrants and chronometers, together with two astronomers, William
Wales and William Bayly (Wales and Bayly|/1777)). However, the prime purpose

! This article contains an error in the position used for the Geomagnetic Pole, implying that
Dome C is closer to the Geomagnetic Pole than Dome A. The error is rectified in|Saunders et al.
(2009).
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of these instruments was for navigation rather than astronomy. Douglas Maw-
son’s Australasian Antarctic Expedition of 1911-1914 can be credited with first
advancing the science of astronomy in Antarctica, through the discovery of the
Adelie Land Meteorite. This was found on December 5, 1912, during one of the
many sledging expeditions undertaken to chart the coastal fringes around Com-
monwealth Bay in Adelie Land (Bayly and Stillwell|[1923]). It was not until 1969,
however, before Japanese scientists found a number of meteorites of different
types in close proximity and realised the favourable conditions that Antarctica pro-
vides for their collection—the meteorites are transported from where they fall to
ablation zones in blue ice fields, where they can simply be picked up off the snow
(see Nagatal|1975)). Over 30,000 meteorites have now been found in Antarctica,
more than from the rest of the world put together. Meteorite research is currently
of particular interest due to the discovery of several Martian meteorites in Antarc-
tica, and the possibility they may contain signatures of past biotic structures from
that planet (e.g. McKay et al.|1996).

Admiral Peary, who had led the first successful expedition to the North Pole in
1909, wrote to the Director of Yerkes Observatory, EB Frost, in 1912E] suggesting
that Antarctica might provide a suitable place to consider continuous observations
of astronomical sources on account of the long winter night. Frost replied largely
in the negative, and the subject was not pursued further. The first measurements to
be made for astronomical research were to study cosmic rays. Cosmic-ray detec-
tors were installed at the Australian base of Mawson in 1955 (Parsons||1957) and
at the US base of McMurdo during the International Geophysical Year of 1957
(Pomerantz et al.||[1958)), the year when Antarctic science began in earnest. It was
not until 1979 that the first optical research programs were conducted in Antarc-
tica, when 120 h of continuous observation of the Sun was made using an 8 cm
diameter heliostat at the South Pole (Grec et al.||[I1980). A 45-cm sub-millimetre
telescope was then re-deployed from the Canada—France—Hawaii 3.6 m Telescope
and used for site testing at the Pole in 1984 (Pomerantz 1985), and by the end
of that decade several experiments had been trialled for measurement of CMBR
anisotropies. A 2" periscope-style optical telescope, SPOT (the South Pole Optical
Telescope), was also operated at the Pole from 1984 to 1988, managing to obtain
a continuous light curve of 1 week duration of the Wolf-Rayet star y> Velorum
(Taylor|[1990).

Antarctic astronomy began to flourish in earnest from 1991, following the for-
mation in the USA of CARA, the “Center for Astrophysical Research in Antarc-
tica” at the South Pole, with Doyal Harper, Director of Yerkes Observatory (a part
of the University of Chicago), as its first Director. CARA instigated research pro-
grams into CMBR anisotropy, sub-millimetre and infrared astronomy, as well as
initiating a site testing program. Australia, through the University of New South
Wales, joined this last program in 1994, and began designing experiments to allow
uninhabited high plateau sites to be evaluated (Storey et al.|1996).

Construction of the Martin A Pomerantz Observatory (MAPO) began at
the Pole with CARA and continues to grow today. A series of telescopes
have been deployed for CMBR measurements: the 0.75 m Python (Coble et al.

2 Exchange of letters between RE Peary and EB Frost, held at Yerkes Observatory, Wisconsin,
USA, and reproduced in the newsletter of the Center for Astrophysical Research in Antarctica
(CARA), Yerkes Observatory (Issue 5, January 1994).
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1999), the 2.1 m Viper (Peterson et al.| [2000), the 13-element DASI inter-
ferometer (Leitch et al.| 2002), the 25cm BICEP (Takahashi et al.| [2010)
and currently the 10m South Pole Telescope (SPT; |Carlstrom et al.|2010).
CMBR experiments were also flown on high-altitude balloons, launched from
the Long-Duration Balloon Facility at the coastal station of McMurdo (e.g.
BOOMERanG, |de Bernardis et al.|[2000; BLAST, [Pascale et al.| [2008). For
the sub-millimetre, the 1.7 m off-axis AST/RO telescope was constructed at the
South Pole, and used with a series of increasingly more sophisticated instruments
(Stark et al.|[2001). In the near-infrared, the 0.6 m SPIREX telescope was de-
ployed, equipped with cameras from 1 to 5 um (Hereld et al.||[1990; [Fowler et al.
1998)).

The CMBR facilities, in particular, have produced a wealth of discoveries (see
also §4.2)), including the first conclusive measurements that the geometry of the
Universe is flat (de Bernardis et al.|2000), of the polarization of the E-modes of
the CMBR (Kovac et al|[2002) and of the thermal SZ effect in galaxy clusters
(Staniszewski et al.[2009).

Concurrently with these developments, a number of increasingly sophis-
ticated high-energy experiments were being developed at the Pole, seeking
cosmic sources of gamma rays, cosmic rays and neutrinos (see also §4.6).
These started with GASP (Morse and Gaidos||[1990), a gamma-ray telescope
at the South Pole, developed through the SPASE cosmic ray air shower array
(Smith et al. [1989) and then led to the AMANDA neutrino detector (Andrés
et al.| 2000). This was a fore-runner to IceCube, which makes use of a cu-
bic kilometre of pure ice to search for sources of high-energy neutrino emis-
sion (Ahrens et al|2004). At a cost of over US$300M, IceCube is the single
most expensive scientific experiment ever to be conducted in Antarctica. The
USA has significantly upgraded the infrastructure at the South Pole to cope
with the increasingly sophisticated astronomical experiments being deployed
there.

The latest chapter in the Antarctic astronomy is taking place on the summits
of the high plateau, Domes A, C and F. It began at Concordia station (France
and Italy) at Dome C, with the first summer time measurements made in 1996—
1997 by |Valenziano and dall’Oglio| (1999), of precipitable water vapour in the
atmosphere. The first winter-time operations at the station took place in 2005
(Fossat|2005)), though the first winter astronomical measurements were carried
out in 2003 using the AASTINO automated observatory (Storey et al.|[2003;
Lawrence et al.|2005). Construction of Kunlun station at Dome A began in
2009 (China), but astronomical measurements began there in the 2008 winter
season using the PLATO automated observatory (Yang et al.|/2009). At Dome
F site testing has been initiated, with summer time measurements of the mil-
limetre sky transparency and turbulence in the lowest kilometre of the atmo-
sphere obtained (Ichikawal [2010). However, analysis of an ice core drilled in
2001 at Dome F for paleoclimate research has found spikes of enhanced nitrate
ion concentration. These may be attributable to atmospheric ionization caused
by gamma rays produced by two historical supernovae (Motizuki et al.|[2010).
There is also evidence for the 11-year solar cycle in the same data. If these
findings are substantiated, there is the exciting prospect of extending this tech-
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Fig. 14 A power spectrum obtained from 5 days of continuous observations of motions on the
surface of the Sun using a sodium resonance cell, as made at the South Pole by |Grec et al.
(1980). Over 80 harmonics are seen, with periods ranging from 3 to 8 min (i.e. the 5- min solar
oscillation). The many lines separated by 68 pHz represent the global p-modes of oscillation of
the Sun, with the smallest reliable features, seen around 2.4 mHz, corresponding to oscillations
with speeds of < 10cms~! and displacements < 5m on the Sun’s surface

nique further back in time to search for pre-historic supernovae in the ice core
record.

A full account of the historical development of astronomy in Antarctica to
2004 can be found in Indermuehle et al.| (2005)).

4 Astronomical results from Antarctica

Despite the relative youth of the field, and the small size of the science community
working in Antarctica, a diverse and extensive range of astronomy has been con-
ducted from the continent. Here, we briefly overview some of the science results
that have been obtained.

4.1 Helioseismology

The first observations for astronomical research at the South Pole took place in
1979 in a program to study the interior of the Sun. A sodium resonance cell was
attached to an 8 cm telescope. An unbroken run of measurements over an unprece-
dented continuous 5 days length was obtained, of the 5,896 A Na D1 line over the
full disk of the Sun, and reported in a paper to Nature (Grec et al.|[1980). A clear
signal of pulsation was seen, dominated by the 5 min global solar oscillation. An
array detector was added in the 1981-1982 summer, allowing features to be re-
solved as small as 10" on the solar disk. A full analysis (Grec et al.|[1983} see
Fig.[14) found ~ 80 harmonics of solar eigenmodes, with periods ranging from 3
to 8 min. The latitude-dependent measurements provided evidence that the struc-
ture of the convection zone in the Sun is different near the equator to that at higher
latitudes. These pioneering measurements have been an important step leading to
our detailed knowledge today of the temperature, composition and motions in the
Sun’s interior, helping develop the techniques later used in spacecraft (SOHO—
the Solar and Heliospheric Observatory; |Gabriel et al.|1995) and with the GONG
telescope network (Global Oscillation Network Group; Kennedy and the GONG
Team| 1994).

An 80-cm solar telescope was also flown on two long duration balloon
flights, launched from McMurdo in 1996 and 2000—the Flare Genesis Experi-
ment (Bernasconi et al.|1999). Imaging of solar flares and filament eruptions was
carried out, although the image quality obtained, of 0.5”, was poorer than the
diffraction-limited 0.1” aimed for. The balloon gondola and telescope is to be re-
used for the STO THz astronomy flight in 2011 (see §6.1).



Astronomy in Antarctica 21

Fig. 15 Map of the CMBR fluctuations measured at 145 GHz by the BOOMERanG long dura-
tion balloon experiment flown from McMurdo (de Bernardis et al.|2000j this image as reported
with further data fromMasi et al.|(2006)). The colour scale marks fluctuations between £300 uK
about the CMBR mean temperature of 2.725 K. The pixel scale of the map is 3.4’. This data pro-
vided the most convincing evidence then available for the Euclidean nature of the Universe; i.e.
that the geometry is flat

Fig. 16 The first measurement of polarization made of the CMBR, obtained by the DASI exper-
iment at the South Pole (Kovac et al.|2002). The figure shows the E-mode polarization vectors
overlaid on an image showing the CMBR fluctuations over the 5° field of view. The beam size
is shown by the white circle

Interest in using Antarctica as a platform for Solar studies has recently been
revived by the discovery of regular periods of excellent daytime seeing at Dome
C, as well as the high clear sky fractions at that site (see §2.3} e.g. [Damé et al.
2010). The scientific focus for future Antarctic solar observations is now on high
spatial resolution imaging of the corona—chromosphere interface, including direct
measurements of magnetic fields.

4.2 Cosmic microwave background anisotropies

Measurements of CMBR anisotropies have provided the most prominent science
to emerge from astronomy in Antarctica to date. This has been facilitated by
the extreme stability of the atmospheric microwave emission over the Antarctic
plateau, making it the pre-eminent Earth-based site for CMBR measurements.
There were a series of experiments, starting in the mid-1980s (see [ndermuehle
et al.| 2005/ for the early history), but it was not until the 1.4 m “White Dish” ex-
periment (Tucker et al.[1993)) that new science results in the field emerged, placing
tighter constraints on CMBR anisotropies at high angular scales than had been de-
termined by the COBE satellite.

At McMurdo, the BOOMERanG experiment (Balloon Observations Of Mil-
limetre Extragalactic Radiation ANd Geomagnetics) carried a 1.2-m microwave
telescope to an altitude of 38 km on a long-duration balloon flight in 1998. The ex-
periment combined broad frequency coverage with the high sensitivity obtained
from the 10 days duration of the flight through exceptionally clear atmospheric
windows. The data provided the best evidence at the time that the geometry of the
Universe was indeed flat (i.e. Euclidian; |de Bernardis et al.|2000—see Fig. [I5).
A second flight in 2003 then obtained polarization maps (Masi et al.|[2006)) of the
E-mode of the CMBR anisotropy fluctuations.

DASI (Degree Angular Scale Interferometer) was a 13-element interferometric
array built at the South Pole designed to extend the angular coverage of the CMBR
to values in the range 140 < [ < 900. It made the first detection of polarization
in the CMBR (Kovac et al|2002—see Fig. [I6), obtaining a 5o detection of the
“E-mode” of the CMBR polarization. The QUaD experiment, which combines
a 31-element bolometer array with DASI, has now extended this imaging of the
E-mode polarization to over ~ 800 square degrees, at an angular resolution of
5 arcminutes (Castro et al.[2009; (Culverhouse et al.[2010).
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Fig. 17 Angular power spectrum of the temperature anisotropies in the CMBR, measured out to
an angular scale of [ = 9,500, as shown in|Lueker et al.|(2010). The power spectrum incorporates
results from the WMAP satellite at small values of /, from the ACBAR and QUaD experiments at
the South Pole on intermediate scales, and from the SPT results on the largest scales. For small
values of [ the data is consistent with predictions from ACDM cosmology (red-dashed line),
but at high / there is a clear deviation from this model. A combination of contributions from
the thermal SZ-effect (solid black line), the kinematic SZ-effect (dashed black line; note the
dotted black line also represent the kSZ-eftect, from ‘patchy’ re-ionization models) and from
point sources (orange line) gives the red curve that provides the best fit to the data. This last
component is presumed to arise from dusty, star-forming galaxies

With the 16-pixel ACBAR array receiver on the 2.1 m Viper telescope at the
South Pole, [Kuo et al.|(2004) obtained the highest signal-to-noise measurements
then made of CMBR anisotropy at high angular scales (I = 100 — 3,000). Com-
bined with data from other CMBR experiments (in particular the WMAP satellite),
this led to the best estimates then available of important cosmological parameters
such as the Hubble constant, the age of the Universe, and the contributions of mat-
ter and dark energy to the overall composition of the Universe (see |Spergel et al.
2003).

BICEP is a 25-cm telescope currently operating at the South Pole. Using a
49-element bolometer array, it is designed to probe the polarization of the CMBR
on degree angular scales, to search for the signature of “B-mode” gravitational
waves. These are produced during the epoch of inflation. After 2 years of operation
BICEP has probed for B-modes an order of magnitude deeper than any previous
experiment (though they are yet to be detected; see|Chiang et al.[2010), as well as
making the first detection of the first peak in the angular power spectrum of the
E-mode polarization.

The largest telescope to be so far operated in Antarctica is the 10 m off-axis
South Pole Telescope (SPT), employing a bolometer camera with nearly 1,000
pixels (Carlstrom et al,|[2010) and working at three frequencies (90, 150 and
220 GHz). Its key projects are to detect clusters of galaxies via the Sunyaev-
Zeldovich (SZ) effect and to measure the high-/ angular power spectrum of the
CMBR, over a ~ 1,000 square degree area of sky. The first results from SPT have
been published. Images of the thermal-SZ effect in several clusters are shown in
Staniszewski et al.| (2009) and |Plagge et al.|(2010). The power spectrum of the
temperature anisotropies, extended out to an angular scale of / = 9,500 is shown
in Fig.|17|from Lueker et al.|(2010). This power spectrum incorporates the results
from the WMAP satellite at small values of /, from the ACBAR and QUaD ex-
periments at the South Pole on intermediate scales, as well as the SPT results on
the largest scales. While for small values of / the spectrum is consistent with that
predicted by ACDM cosmology, at high / there is clear evidence for a contribution
from point sources, presumed to be dusty, star-forming galaxies, now seen for the
first time in the angular power spectrum.

4.3 Sub-millimetre astronomy

AST/RO, the Antarctic Submillimeter Telescope and Remote Observatory, was
a 1.7-m telescope deployed at the South Pole, in almost constant use from
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Fig. 18 Maps obtained in the sub-millimetre by the 1.7 m AST/RO telescope at the South Pole
showing the ‘Central Molecular Zone’ of our Galaxy, a 3° x 0.5° region across the galactic
centre containing ~ 10% of the Galaxy’s molecular gas (Martin et al.|[2004). The three maps
show the distribution of CO J=4-3, CO J=7-6 and [CI] >P; —> Py line emission, at 372, 651 and
370 um, respectively. They have ~ 1’ spatial resolution

1995 to 2005 (Stark et al|[2001). It is the most productive astronomical fa-
cility to have operated in Antarctica, if judged by the number of papers pro-
duced, with over 50 publications. This is despite its small size, for it was the
only telescope in the world then able to access the 350 yum window on a reg-
ular basis. It was a general purpose facility, able to be used with a range of
instruments between 0.2 and 2 mm, for both astronomical and aeronomy pur-
poses. AST/RO’s success was largely attributable to its off-axis design, with
the instrumentation placed on an optical table at a warm coudé focus where
it could be readily worked on in comfort by the instrument teams. A variety
of bolometer and heterodyne systems were used over the lifetime of the facil-
ity.

AST/RO was principally used to measure emission lines of atomic carbon (1-
0 and 2—1 lines) and carbon monoxide (CO J =4 — 3 and J = 7 — 6) emitted from
molecular clouds in the Milky Way and the Large Magellanic Clouds. These are
among the strongest cooling lines from the dense interstellar medium. Results in-
cluded the first detection of [CI] emission from the Magellanic Clouds (Stark et al.
1997), the first large-scale maps of [CI] and warm CO from galactic star forming
complexes such as Carina (Zhang et al.|2001), NGC 6334 (Kim and Narayanan
2006) and Rho Ophiuchi (Kulesa et al.|2005). The most ambitious project was to
map the [CI] and warm CO emission from the Central Molecular Zone (the inner
3° of our Galaxy; Martin et al|2004} see Fig. [I8)). The first ground-based spec-
trum of the [NII] 205 um line was also obtained, emitted from the Carina Nebula
(Oberst et al.[2006). This is in the THz spectral region and shows that, while sites
like Dome A are being considered for future THz telescopes, even at the South
Pole this window opens at times.

Sub-millimetre polarization measurements were also made using the SPARO
polarimeter on the 2.1 m Viper Telescope, of the dichroic emission at 450 um
from aligned, cold dust grains. This included the detection of a large-scale
toroidal field running through the Galactic centre (Novak et al.| 2003) and
of magnetic fields in four other giant molecular clouds in the Galaxy (Li
et al| 2006). A statistically significant correlation was found between the
magnetic field direction and the orientation of the Galactic plane, suggest-
ing that preservation of the magnetic field direction occurs during the grav-
itational collapse to produce stars that follows from molecular cloud forma-
tion.

Sub-millimetre astronomy has also been undertaken in Antarctica on a long
duration balloon flight launched from McMurdo. BLAST, the Balloon-borne
Large Aperture Submillimeter Telescope, used a 2-m telescope and bolometer ar-
ray to survey many square degrees of sky at 250, 350 and 500 um (Pascale et al.
2008). Following a flight from Sweden in 2005, the dramatic BLAST Antarctic
circumpolar flight lasted 11 days in December 2006, as has been spectacularly
documented in the movie of the same name. Science programs examined galaxy
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Fig. 19 A sub-millimetre image of Vela Molecular Ridge obtained by the balloon-borne BLAST
telescope (Netterfield et al.|2009), launched from the McMurdo Long Duration Balloon Facility.
The image shows the complete range of dust cores within the molecular cloud complex, from
starless cores to those actively forming stars. The three colours represent emission at 250 um
(blue), 350 um (green) and 500 um (red). Blue regions are therefore the warmest gas, typically
> 25K and red regions the coldest gas (< 13 K). The image covers 50 square degrees and the
horizontal lines lie along the Galactic plane, each separated by b = 2°. The angular resolution is
1/

Fig. 20 An image showing the polyaromatic hydrocarbon (PAH) emission at 3.3 pum that en-
velopes the NGC 6334 star forming complex, as imaged by the infrared SPIREX telescope at
the South Pole (Burton et al.[2000). Dark dust lanes (black) and deeply embedded massive pro-
tostars (red) are evident, surrounded by shells of PAHs (blue), excited by the far-UV radiation
from the most massive young stars, each separated by ~ 1 pc along the dust ridge. The image
covers a 30/ region, with a spatial resolution of 1.5”. The three colours represent 3.3 um PAH
(blue), 3.5 um L-band continuum (green) and a 1% narrow band filter at the wavelength of the
4.05 um Bro line

evolution and the cosmic infrared background, as well as cold dust cores asso-
ciated with earliest stages of star formation in molecular clouds in our Galaxy.
Through measurement of over 500 galaxies from a 9-square degree region, which
included the GOODS-S deep field, the sub-millimetre flux-source count relation
was determined. From this, the cosmic far-infrared background was inferred to be
dominated by the emission from individual galaxies, 70% of the flux coming from
known galaxies at z > 1.2 (Devlin et al.|2009). In our Galaxy, ~ 50 square degrees
of the Vela Molecular Ridge, 700 pc distant, was mapped to provide a complete
and unbiased sample of the dust cores within it, and covering all evolutionary
stages in the route to star formation (Netterfield et al.|2009; Olmi et al.[2009; see
Fig. [19). Temperatures, luminosities and masses were determined for over 1,000
cores, so providing the core mass function. Around 2% of the mass was found to
reside in cores colder than 14 K, and from this the long inferred lifetimes imply
the necessity for non-thermal support mechanisms (against gravitational collapse)
to operate at the very earliest stages of star formation. A polarization module is
to be added to BLAST for a future flight (Marsden et al.|2008). This will enable
the relationship between the magnetic field geometry, and its strength in the cloud
cores relative to that in the large scale cloud, to be determined.

4.4 Infrared astronomy

The 60-cm SPIREX Telescope (South Pole InfraRed EXplorer) operated at the
South Pole from 1994 to 1999, the first four years with the GRIM 1-2.5 um
HgCdTe array camera (Hereld|[1994), the last two with the Abu 2.4-5 pum InSb
array (Fowler et al.|[1998)). SPIREX was installed just before Comet Shoemaker-
Levy 9 struck Jupiter and was the only telescope in the world with the opportunity
of viewing all the impacts. Observation of some of these was affected by poor
weather. Nevertheless, SPIREX recorded 16 of the 21 events over the week of the
encounter, in July 1994 (Seversonl/[2000), more than any other telescope achieved.

SPIREX’s principal achievements were in studying the extensive shells of
polycyclic aromatic hydrocarbons, emitting at 3.3 um, that are illuminated by
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far-UV radiation from massive young stars, and in detecting IR excesses from
hot dust in disks around pre-main sequence stars. PAHs emission was im-
aged around the galactic star forming complexes of NGC 6334 (Burton et al.
2000; see Fig and Carina (Brooks et al. |2000; [Rathborne et al. [2002)),
revealing the workings of the galactic ecology in these objects. Thermal-IR
excesses, determined from their [2.2 pum]-[3.5 pum] colour, were measured
in the low mass star forming regions of Chamaeleon I (Kenyon and Gomez
2001) and M Chaemaeleontis (Lyo et al.|2003), and in the high mass star
forming regions of 30 Doradus in the LMC (Maercker and Burton|[2005) and
RCWS57/NGC3576 (Maercker et al.| 2006). A high disk fraction was found
in all cases, including, interestingly, for massive as well as for low mass
stars.

SPIREX demonstrated that the projected sensitivities for the IR, based on the
measured sky background drop, could indeed be achieved. A summary of all the
science results obtained with SPIREX is given by Rathborne and Burton| (2005)).
At the time of the observations (1998), the measurements of 30 Doradus made
with SPIREX were the deepest imaging that had been obtained at 3.5 ym, achiev-
ing a sensitivity of 14.5 mags. in 9 h of on-source integration. However, the small
size of the facility (especially in comparison to 8 m-class facilities now available),
combined with the depth of the surface boundary layer at the South Pole (ne-
cessitating the use of wavefront correction systems to obtain the free-air seeing),
has stalled the development of IR astronomy in Antarctica since SPIREX was
de-commissioned.

With the opening of Concordia Station at Dome C and the construction started
of Kunlun station at Dome A, both with their thinner surface boundary layers
than South Pole, infrared astronomy may now move forward again in Antarctica.
An 80-cm mid-IR telescope, IRAIT (the International Robotic Antarctic Infrared
Telescope), has been built by the University of Perugia (Busso et al.[[2010). It
has been equipped with the 2-28 um AMICA imager (Dolci et al.|2010) and is
currently being installed at Dome C.

4.5 Optical astronomy

A limited number of optical astronomy experiments have been conducted in
Antarctica, generally as part of site testing programs. As described in §3|the 5 cm
SPOT telescope was used at the South Pole to obtain 1 continuous week of data
monitoring the light curve of the Wolf-Rayet star y> Velorum (Taylor 1990). In
the ASTEP (10 cm telescope; [Crouzet et al.|2010) and sIRAIT (25 cm tele-
scope; Strassmeier et al.|[2008) experiments at Dome C were described, as well
as the 14.5cm CSTAR telescope at Dome A (Zou et al.[2010). These latter three
experiments undertook a variety of sky brightness, transparency and photometric
monitoring observations, in the case of CSTAR also resulting in a catalogue of
some 10,000 stars in a field centred on the South Celestial Pole (Zhou et al.[2010).
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4.6 High-energy astrophysics

High-energy astrophysics in Antarctica began with the installation of two muon
telescopes for cosmic ray detection at Mawson Station in 1955. The Mawson ob-
servatory later contributed to the experimental verification of the spiral nature of
the solar magnetic field long before direct measurements could be made by satel-
lites (McCracken![1962). Cosmic ray research is today pursued at a number of
locations around Antarctica, most notably Mawson, McMurdo and the South Pole
(see|Duldig|2002). Equipment for its conduct includes cosmic-ray detectors, neu-
tron monitors and muon telescopes.

The GASP gamma ray telescope at the South Pole sought to find cosmic
sources of gamma rays via the Cherenkov light produced by cosmic rays acceler-
ated by the interaction of gamma rays with nuclei in the atmosphere (Morse and:
Gaidos||1990). This search is assisted at the South Pole by the long polar night
and constant source zenith angle. The experiment was not successful, however, in
finding any gamma ray sources. It led to the construction of the SPASE air shower
array at the South Pole, increasing the effective collecting area for detecting such
events. SPASE, the South Pole Air Shower Experiment (Smith et al|[1989), also
failed to find sources of gamma rays, with the particle events recorded showing
an isotropic distribution across the sky (van Stekelenborg et al.||1993)). This was
followed by SPASE-2, an enhanced array (Dickinson et al.[2000), which was built
on the ice-surface above the AMANDA neutrino array (see below) so that it could
also work in conjunction with it. The objective was to measure the particle com-
positions in air showers in the TeV range (Ahrens et al.|2004). Though SPASE-2
again failed to find gamma ray sources, this detection technique has now matured
with the success of the HESS gamma ray telescope in Namibia, through stereo-
scopic imaging of the air showers in the atmosphere (e.g.|Aharonian et al.|2004).

AMANDA, the Antarctic Muon And Neutrino Detector Array (Andrés et al.
2000, 2001), was the first experiment at the South Pole to search for cosmic
sources of neutrinos. The technique uses photomultiplier tubes (PMTs) placed into
holes drilled in the ice, extending from several hundred metres to 3 km deep. The
PMTs detect Cherenkov radiation resulting from the exceedingly rare encounters
of neutrinos with ice or rock nuclei. The PMTs point downwards to shield the de-
tectors from the vastly greater fluxes from downward-travelling muons (produced
by the interaction of cosmic rays in the atmosphere). Hence, the array serves to
detect upward-travelling neutrinos that have passed through the Earth, entering it
from the northern hemisphere. With its extension, AMANDA-II, over 600 neutri-
nos were detected, though no statistically significant cosmic sources of neutrinos
were found in the data set (Ackermann et al.|[2005).

AMANDA served as the prototype for IceCube, the largest science experiment
yet to take place in Antarctica (Ahrens et al.|2004). Almost complete (see Fig.[21),
IceCube uses a cubic kilometre of ice as its detector, the volume calculated as nec-
essary for it to operate as a true telescope, able to image sources of cosmic neutri-
nos. When completed 80 strings, each containing 60 digital optical modules will
have been suspended in the ice. Each string extends from 1.5 to 2.5 km beneath the
surface, and they are spread out over a square kilometre, creating a cubic kilometre
of collecting volume. The array is optimised for detecting high-energy neutrinos,
Ey >~ TeV, with a closer-spaced core for lower energy neutrinos. Over the first
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Fig. 21 A sketch illustrating the construction of the IceCube neutrino observatory at the South
Pole, together with the Eiffel Tower to provide a size comparison. Eighty strings, each 1 km long,
are buried from 1.5 to 2.5 km deep in the ice (reaching close to the bedrock beneath the ice),
together with a closer spaced core at the centre. Sixty digital optical modules are strung along
each string. At the ice surface is the IceTop experiment, together with the observatory laboratory.
Cherenkov radiation from muons generated by the rare neutrino interactions with nuclei in the
ice creates a cone of light that can be detected by the optical modules lying within its path,
so allowing the direction of the exciting neutrino to be inferred. Credit: IceCube Consortium
(icecube.wisc.edu)

6 months of operations ~ 7,000 upward-travelling neutrinos were recorded from
the first 40 strings deployed (Filimonov and the IceCube consortium|2010). No
statistically significant sources of neutrinos can yet be discerned in this data set.

Another experiment at the South Pole is also seeking to find ultra-high en-
ergy (Ey >~ PeV) neutrinos—RICE, the Radio Ice Cherenkov Experiment—
through measuring coherent pulses of radio Cherenkov emission produced from
neutrino-induced cascades passing through the transparent ice (the Askaryan ef-
fect; |Askaryan||1965)). The radio receivers used for this have been placed in some
of the AMANDA boreholes. The status of the experiment and the neutrino limits
obtained are discussed further in | Kravchenko et al.| (2008)).

The final neutrino experiment underway in Antarctic is ANITA, the Antarctic
Impulsive Transient Antenna (Barwick et al.|[2003)). This is flown ~ 35 km above
the continent on a long-duration balloon flight from McMurdo Station and seeks
to measure coherent radio pulses from EeV (10'8 eV) neutrino interactions. These
are produced by a compact plug of relativistic particles, just a few centimetres in
diameter, but the experiment makes use of the elevation of the balloon to search for
these over a ~ 1,000 km extent of the Antarctic ice sheet—an effective collecting
area of one million square kilometres! No neutrinos were detected from either
the first 35-day flight in 20062007 (Gorham et al.|2009) or from a second, more
sensitive, 31-day flight in 2009 (Gorham et al.|2010), but strong limits have been
set for the flux of cosmic neutrinos in the 10'°~?! eV range.

As described in §3] an ice core drilled at Dome F has been used to infer
that gamma rays produced by two historical supernovae also produced ionization
events in the Earth’s atmosphere (Motizuki et al.[2010).

5 Conducting science in Antarctica
5.1 Life for the Antarctic scientist

In Antarctica logistics determines what it is possible to do. Without pre-existing
infrastructure and support capability, conducting frontier science is impossible.
While it may still be possible for an adventurer to forge new routes across the
Trans Antarctic Mountains, the age of the Antarctic hero is long over. The ex-
ploits of Amundsen, Scott, Shackleton, Shirase and Mawson may have inspired a
fascination with Antarctica, but they do not provide a model for today’s explorer
in the continent. For the modern explorer the challenges lie elsewhere, in making
sophisticated instrumentation work in conditions very different to the laboratory
back home. Life in a modern Antarctic station is certainly no luxury experience,
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but it is not arduous either. One might have to share rooms for sleeping, limit
showers to 2 min, twice a week and deal with high-altitude acclimatisation, but
these merely serve to make a person slightly uncomfortable. Dealing with contin-
uous daylight in summer can be more of a problem, but this is only a matter of
upsetting circadian rhythms.

Antarctic scientists working on a modern station do not need to worry about
cooking their meals, shopping for food or commuting to work. The essentials of
daily life are all provided. This is a necessity of safe working practice in Antarc-
tica. For, despite modern conveniences, the dangers of Antarctica remain real,
even if they are not the constant threat the early explorers faced. Nations con-
ducting Antarctic science go to great lengths to provide facilities that are safe and
practical for their inhabitants. For every scientist present, four or five people are
there to support them and keep them alive and happy.

The Antarctic scientist is left to concentrate on getting their experiment work-
ing. This is not to say that life is without its concerns. In summer, a base is gener-
ally overcrowded. Work space is limited and may need to be regularly negotiated
for. Daily timetables can be subservient to the operational needs of the station.
There is little time for leisure, and waking hours are consumed by the require-
ments of work. With constant day light and the extremely dry air, sleeping can
be difficult. A person can be in a state of permanent stress. It takes 5 min to get
dressed every time one goes outside. Antarctica, and your immediate surround-
ings, become the real world. Life back home seems like a dream. Indeed, for an
increasing number of people who winter-over from year to year, it does become a
dream!

Wintering is another matter and the experience can only properly be described
by someone who has done so (the author has not). Six months without the Sun
at the Pole is a very long time, though it is not actually dark for all that time.
Twilight lasts for a month. When the Moon is up it is easy to see across the ice.
However, the cold is much harder to endure in winter than it is in summer. Skiways
are not maintained, and the daily walk to work over the snow can become a feat
of endurance. The only company is that of the other winter-overers. They are the
only people you will see for eight months. While this can be a source of intense
friendships, it can also lead to strong inter-personal problems, for it is impossible
to avoid a person’s company. Many do find themselves counting out the “days” to
the first flight out in the Spring.

However, in one important way life has become much easier for the winter-
overer, and that is through communications. No-one is truly alone anymore
through the winter. The daily email torrent does not stop. The internet is there
to browse, news from around the world continues to arrive, phone calls can be
made. Principal investigators ring in to discuss a problem with an experiment.
Webcams let people back home keep tabs on both experiment and experimenter.
Conference calls and internet video conferencing are arranged among members
of the research team, scattered around the globe. Science can be done and papers
written. In extreme circumstances, it is even possible to get out of Antarctica in a
medical emergency.

This is not to say that winter-overers do not go through periods of depression.
In the heart of winter, some still become hermits, locking themselves away in their
rooms, watching videos for much of the day, neglecting their work. However, this
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happens less than it did. The converse is also true. Some scientists are so involved
with their work, and in their daily correspondence with colleagues, that they seem
to slot straight back into their previous occupation when they get off the “Ice.” Yet
it is also true to say that for most winter-overers it is the transition back to normal
life that is the hardest aspect to deal with, not the winter itself.

A final observation about working in Antarctica. It is not as expensive as
might have initially been expected, at least for small-scale experiments. When
a scientist arrives in Antarctica everything needed to support their daily life has
already been paid for. For the scientist, their job is to bring the working experi-
ment to the appropriate mainland departure point. From there, everything else is
done by the Antarctic programs of the nation(s) they are working with, to bring
them to their destination and then support them there. Scientists do not pay for
their deployment or living costs in Antarctica. The situation is akin to the user of
a space telescope—they do not have to factor in the launch costs of the space-
craft or the operation of mission control when planning their experiment. These
costs are subsumed within the budgets of national programs. Essentially a deci-
sion has already been made by nations to support personnel in Antarctica and so
this is budgeted for. The processes which determine what experiments are to be
supported also determine the available personnel slots that the national Antarctic
program will support. If your program is good enough to be rated for deployment,
that deployment is already paid for. You simply have to find the funds to have
your medicals, get yourself to the point of departure, and of course build your
experiment.

5.2 Experimental challenges

While technology makes working in Antarctica increasingly easy, it never will be
the same as in the lab back home. Careful planning ahead is essential. Never try
to commission an instrument for the first time in Antarctica, always test it before
deployment. This is, of course, wise practice anywhere, but essential in Antarc-
tica. Though, given the many competing demands most scientists face at their
home institutions, this is easier said than done. It is not a total disaster, however,
if something breaks. Stations generally have extensive supplies of parts. Station
personnel are inventive when called upon to find something they don’t have. Ma-
chine workshops can often be used to re-make a broken part. Even if not, it is still
possible to order a replacement, at least in summer. At the South Pole, items can
generally be flown in within the week.

As discussed further by McGrath et al.| (2008)), unique operational aspects of
an Antarctic observatory arise from its remoteness, the polar environment and
the unusual observing cycle afforded by long periods of darkness and daylight.
A telescope must be designed for remote observing via satellite communications
and must overcome both limited physical access and data transfer rates. Commis-
sioning and lifetime operations must deal with extended logistics chains, continual
wintertime darkness, extremely low temperatures and frost accumulation.

One of the most difficult issues for many astronomical applications has been
the supply and maintenance of cryogens, especially liquid helium, which must be
flown in from the mainland. Even with just a 1% evaporation loss per day, by
mid-winter a helium supply would be exhausted, so halting sub-millimetre and
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Fig. 22 A concept design for the 2.4 m PILOT optical-IR telescope (Saunders et al. 2008a). The
design reflects a temperature and humidity controlled callote-style enclosure for the telescope,
placed on top of a stiff tower that raises it above the surface boundary layer. Cold air from
close to the ice surface is drawn into the enclosure and warmed to the ambient temperature
at telescope level, thereby lowering its humidity below the frost point. Careful venting of the
air to the atmosphere maintains the superb free air seeing. Image by Andrew McGrath, Anglo
Australian Observatory

CMBR experiments, for instance. Fortunately, with the continued development of
closed-cycle systems for instruments, this should become a problem of the past.

The design challenges caused by the extreme cold are dominated by the contin-
ued performance of lubricants, the mechanical clearances that may change due to
thermally induced dimensional changes, and the operation of electronics designed
for a room temperature environment. However, all of these issues are quite readily
overcome with proper mechanical design, so long as it takes account of the tem-
perature requirements. The high rates of change of temperature that can take place
within the boundary layer can be more problematic, especially for components
with high thermal mass and tight thermal equilibrium requirements—notably, the
primary mirror of a telescope.

In addition to the debilitating effects on image quality caused by turbulence,
the surface layer also poses an engineering challenge for two further reasons. The
first is the large vertical temperature gradient that can occur within it (up to ~ 1°/m
at surface level and even ~ 0.15°/m at 30 m at Dome C), especially on the most
stable days in winter. The second is the super-saturated humidity within the layer,
which readily leads to icing on exposed surfaces. To solve both these problems,
a temperature and humidity-controlled enclosure for a telescope may be required
(e.g. see Saunders et al.[|[2008a). Such an enclosure (e.g. see Fig. could be
continuously flushed with sub-saturated air, matched in temperature to the external
air at the dome aperture. This air is drawn from closer to the surface of the snow
(where it is colder, and so drier). It could be heated using waste heat from the
instrumentation, resulting in its humidity falling below the saturation point. In
addition, such a scheme could deliver excellent dome seeing, as the temperatures
could be closely matched and venting conducted so that the external airflow suffers
minimal disruption.

There is also a need to consider how to provide electrical power for any signif-
icant astronomical facility, which might require several tens of kW. This might not
readily be expected to be drawn from a station diesel power supply. However so-
lar energy (in summer) and wind power (the turbine mounted on a tower to place
it above the boundary layer, where a steady wind blows) could provide a clean
energy source for observatories. As discussed by McGrath et al.|(2008), this only
imposes a modest addition to the total cost of a facility. A clean energy source
may also be necessary to gain public support for a new facility, so minimising
pollution and maintaining the pristine condition of the environment. In particu-
lar, it would minimise contributions from locally produced aerosols (e.g. from the
exhausts of diesel generators), important for maintaining the stability of the local
sky emission.
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5.3 Antarctic politics

Antarctic politics is unique, truly in a world of its own. While on a national level
local issues may determine how a country runs its Antarctic program and funds
its science, on an international level Antarctic affairs are matters for co-operation.
The governance of Antarctica is through the Antarctic Treat first signed by 12
nations in 1959, and now with 45 signatories attached to it. Of these, 28 nations
are consultative members, which means that they have voting rights, a status at-
tained through the conduct of sustained scientific research in Antarctica. Twenty
nine nations operate field stations, 19 of which run the 36 year-round stations.
The Treaty bypasses issues of sovereignty by not recognising any territorial claims
made while the Treaty is in force. It states that Antarctica is to be used for peaceful
purposes only, with scientific investigation and collaboration specifically encour-
aged. The Antarctic Treaty is in fact a remarkably short and simple document
comprising just 14 articles. Seven nations have laid claim to parts of Antarctica
(Argentina, Australia, Britain, Chile, France, Norway and New Zealand), with
Argentina, Britain and Chile having overlapping claims. The USA, on the other
hand, has not made a claim, but has reserved the right to do so. The Treaty avoids
any issue over these claims by neither recognising them nor denying them. Any
country (or indeed person) is free to go anywhere in Antarctica without restriction,
assuming they have the means to do so.

A measure of the Antarctic Treaty’s success is that there remains a large sec-
tor of West Antarctica that has not been claimed by any nation. The Treaty was
further strengthened in 1991 by the adoption of the Madrid Protocol. This defines
Antarctica as a natural reserve devoted to peace and science, and specifically for-
bids any mineral activity, except for research. It also strengthened measures for
the conservation of flora and fauna, and set up standards for waste management.

5.4 SCAR and the IAU

SCAR, the Scientific Committee for Antarctic Research, is the peak body for
Antarctic affairs. Established in 1957, as a committee of ICSU, the International
Council for Science, SCAR is charged with the initiation, promotion and co-
ordination of scientific research in Antarctica. Within SCAR, there are 31 Full
Members (countries with active research programs in Antarctica), 4 Associate
Members (countries without independent research programs in Antarctica) and
9 Union Members (those ICSU scientific unions with an interest in Antarctica re-
search). The IAU (International Astronomical Union) is one of these Union Mem-
bers.

Operating alongside SCAR are a number of bodies that have been set up by
further international treaties in order to manage the conservation of flora and fauna
in and around Antarctica, including particularly that in the Southern Ocean. SCAR
holds an open science congress every two years, which also serves as the major
forum bringing together the managers of national Antarctic programs. Through a
motion put forward at its 22nd congress in Rome in 1994, SCAR passed a reso-

3 Seelhttp://www.scar.org/treaty/at_text.html,
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lution recognising the scientific value of Antarctic astronomy and calling for the
development of the field.

Like the TAU, SCAR has numerous divisions within it. There are three Stand-
ing Scientific Groups (SSGs), covering Geo Sciences, Life Sciences and Phys-
ical Sciences. There are also five Scientific Research Programs (SRPs), which
have a focus on international scientific co-ordination. In 2010, Astronomy became
one of these programs—Astronomy and Astrophysics from Antarctica (AAA
replacing the ICESTAR program (involving solar-terrestrial and aeronomy re-
search).

John Storey, of the University of New South Wales, has been appointed the
first Chief Officer of AAA, which has set for itself several goals (see|Storey|2010).
These involve the coordination of site testing activities (including related activities
in the Arctic) and the provision of publically accessible data bases for their data,
as well as improving cooperation with other physical sciences. They also look to
future development: defining and prioritising science goals, creating a roadmap
for developing future astronomical facilities and stimulating international cooper-
ation to construct and use those facilities. To undertake this work, AAA has been
structured into four themes, covering site testing, the Arctic, science goals and
major facilities.

The International Astronomical Union also supports the development of As-
tronomy in Antarctica. At the IAU’s 21st General Assembly, in Buenos Aires in
1991, a working group Encouraging the International Development of Antarctic
AstronomyE] was formed, with Peter Gillingham of the Anglo Australian Observa-
tory as its first chair. The author is the current chair. The IAU passed a resolution
at that General Assembly encouraging the development of the then fledgling field.
The Working Group is under the auspices of two IAU Divisions (Division IX
on Optical & Infrared Techniques and Division X on Radio Astronomy). There
have been regular sessions on Antarctic astronomy at subsequent IAU General
Assemblies (see (Gillingham||1992; Burton!2005b}, 2007, 2010), as well as several
international conferences and workshops devoted to aspects of the field.

5.5 Funding for Antarctic astronomy

SCAR and the IAU serve principally as fora where scientists can come together to
discuss progress and plans for their fields of endeavour. They do not fund Antarctic
science, however, for that is the province of nations, acting either individually or
collaboratively.

The funding process itself, for deciding upon and supporting Antarctic science,
differs considerably between nations. These have evolved according to the Antarc-
tic traditions and histories within individual countries, to differing national prior-
ities, including whether a nation has made territorial claim to the continent, and
to the different cultures surrounding science funding. In some countries, Antarctic
science is confined mainly within their national Antarctic agency, with both the
logistics and science conducted by that agency. In other countries, science fund-

4 Seelwww.phys.unsw.edu.au/jacara/AAA_SRP_webpage/,
3 Seelwww.phys.unsw.edu.au/jacara/iau,
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ing is separated from the logistics of operating the bases. More commonly, a mix
of the two exists (see |[Burton|[2005al).

While the peer review process might be followed for determining on science
priorities, this is often contained within pre-defined government goals for Antarc-
tica. These can serve to support current activities but make it difficult for new ones
to emerge. This has created difficulties for furthering astronomy in Antarctica in
many nations, for astronomy is not a traditional Antarctic science. It can be ex-
cluded from a national Antarctic program by falling outside those goals, and so
need to seek support from other funding agencies. These agencies are, quite often,
resistant to funding research in Antarctica as they argue that it should be funded by
the national Antarctic program. With no agency clearly responsible for deciding
upon funding for astronomical ventures in Antarctica, it can be difficult to develop
astronomical programs in Antarctica beyond relatively low-cost site testing activ-
ities, despite the well-recognised strength of many of the science cases that have
been made. Those nations that have managed to resile this conflict, between sup-
plying the logistics and deciding upon the science, have managed to do the best
Antarctic science, regardless of the scientific discipline. No where is this success
more apparent than in the exotic range of science now evident at the South Pole,
nurtured slowly over three decades of planning and pursuit.

Despite these differences between funding policies of nations, collaborative
activity forged between scientists can be a spontaneous event, with national
boundaries playing little role. One of the delights of working as an Antarctic sci-
entist is the relative ease with which international collaborations can be made. If
you can devise an experiment that will be advantageous to conduct at the station
of another country, that country can generally be persuaded to support you. Of
course, it needs to be logistically possible to set-up and operate the experiment.
There also need to be scientists from the host country supporting the project, and it
will have to pass through an assessment process to determine its relative standing
among other projects. However, once these steps are taken, the nation running the
base will take it there, and provide the logistics to install the experiment, all with-
out charge. It is up to the experimenter to find the funds and personnel to build the
experiment in the first place, but most of the operations costs become subsumed
in those of the station. The science, of course, needs to be shared among all the
partners involved.

6 Antarctic astronomy tomorrow
6.1 Future science

Extensive science cases have been written for astronomy in Antarctica, a diverse
range of facilities proposed, funding sought for some of them and roadmaps pre-
pared for future developments. Yet any words written today, about what astronomy
will be done in Antarctica tomorrow, will almost certainly contain more specula-
tion than fact. This section, therefore, will only briefly discuss the many ideas that
are current, and try to draw together common themes that indicate likely future
directions.

Some areas of science have been well served in Antarctica, with potent science
cases leading to funded facilities, following staged development programs which
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will continue over the coming decade. This clearly is the case with the fields of
CMBR and neutrino astrophysics. Both are characterised by a series of increas-
ingly sensitive experiments, though for the former these have yielded detections of
subtle effects while for the latter non-detections. Yet, both fields have essentially
followed the path expected of them by the quantitative predictions underpinning
their science.

Traditional photon astronomy has, however, not been so well served by
Antarctic astronomy, with only modest-sized facilities built so far for observa-
tions in the infrared and sub-millimetre. We therefore consider here some of the
science and facilities envisaged for the thermal-IR and THz portions of these spec-
tral regimes.

Infrared astronomy A series of science cases have been developed for Antarc-
tic facilities, focussed largely on the prospects for infrared astronomy given the
greater sensitivity of an Antarctic telescope over an equivalent-sized mid-latitude
facility (e.g.Burton et al.[ 1994, 2001} |2005; Lawrence et al.[2009blc.d). These sci-
ence cases have concentrated on intermediate-scale facilities (i.e. 2 m-class tele-
scopes), perceived as the most likely size for the next Antarctic IR telescope. The
capabilities of IR facilities elsewhere, both on Earth and in space, have improved
dramatically over this period. So too has the science focus for prospective Antarc-
tic facilities of this scale changed as this has occurred. It has narrowed into the
parameter space where modest Antarctic facilities may still compete with the
best facilities available elsewhere—that science which requires wide-field, high
spatial resolution imaging in the near-infrared and (spectroscopically) the mid-
infrared. This science is still impressive, however, even for a modest-size tele-
scope. It includes such projects as searching for the first light in the Universe via
pair-instability supernovae and from IR-only emitting gamma-ray bursts, as well
as deep 2.4 um imaging surveys looking for the first galaxies to evolve in the uni-
verse. Exo-planet searches would also be well facilitated, carried out both through
the transit technique and through micro-lensing. It would also be possible to image
the warm molecular gas of the Galaxy directly, on the arcsecond scale, as opposed
to the arcminute scale available in the millimetre, by measuring the 17 um line
of molecular hydrogen, the ortho-ground state transition of the molecule which
is sensitive to this environment. No Antarctic telescope has been funded yet that
could undertake any of these investigations, though several have been proposed as
we discuss further in § (e.g. AIRO at the South Pole, PILOT/PLT at Dome C
and KDUST at Dome A).

Terahertz astronomy Even at the best temperate latitude sites such as the Cha-
jnantor plateau in Chile, there is only occasional access to the THz windows.
Only from Antarctica could substantive THz surveys be considered, other than
from space. Two of the most important cooling lines in the dense interstellar
medium emit in the THz regime; [CII] at 1.9 THz (158 um) and [NII] at 1.5 THz
(205 pum). These lines provide tools to probe the formation and life-cycle of inter-
stellar clouds. A THz telescope has been funded for Antarctica, the 0.8-m Strato-
spheric Terahertz Observatory (STO; Walker et al.[2008). This is to be flown from
a long duration balloon scheduled for launch from McMurdo in the 2011/12 aus-
tral summer. STO aims to survey ~ 30° of the Galactic plane for emission from
these species, with a spatial scale of 1’. Further ahead, there are plans for much
larger THz facilities at Domes A and F, capable of extending observations to extra-



Astronomy in Antarctica 35

galactic sources. The estimates made for the THz transparency (Yang et al.[2010)
at Dome A suggest that the [NII] line could be measured there, with > 28% trans-
mission, for a quarter of the time. At Ridge A, these same estimates suggest that
even the [CII] line will be accessible, for perhaps 10% of the time.

6.2 Future astronomical facilities in Antarctica

In this section, we discuss briefly discuss some of the plans that have been formu-
lated for new facilities on the Antarctic plateau.

South Pole The IceCube neutrino telescope dominates the logistics of sup-
porting the South Pole station. Completing this facility so that it can go into full
operation is a priority for the next few years. The existing CMBR facilities at Pole
will continue to operate, building their data sets over several years so as to be able
to address their science goals, as outlined in This includes the QUaD exper-
iment on DASI (E-mode polarization mapping), BICEP (B-mode detection) and
the SPT (SZ-effect in distant galaxy clusters). Once this last survey is completed,
the plans for the SPT are to use it for conventional sub-millimetre astronomy,
building upon programs started with the AST/RO telescope. SPT will be capable
of undertaking surveys at the highest frequencies reached by ALMA, as well as
conducting THz observations when conditions permit. While a 2-m class infrared
telescope was once proposed for the South Pole (AIRO; Jackson et al.|2001)), this
was before the first measurements of seeing were obtained from Dome C. An in-
frared telescope is not currently on the agenda for the South Pole. On the other
hand, a 2-m optical/UV telescope, ACWI—the Antarctic Cosmic Web Imager—
is being developed. This will be used to search for red-shifted UV resonant line
emission (Lya 121.6nm, CIV 155nm and OVI 103nm; Moore et al. 2008b) from
the intergalactic medium at z ~ 2 — 3, in order to study large-scale structure and
the dark matter distribution (i.e. the Cosmic Web). The technical driver is the ex-
tremely accurate sky subtraction that should be attainable due to the combination
of low extinction (resulting from the low aerosols) and long duration observations
at constant zenith angle, so minimising instrumental systematics (high image qual-
ity is not required for this application).

Dome C Astronomical activity at Dome C to date has consisted of site testing
and several small-scale prototype facilities, that will culminate with the opera-
tion of the 80 cm mid-infrared IRAIT telescope. Consideration of future plans
for facilities at Concordia station has been conducted under the auspices of the
European Union-funded ARENA consortium, a network program run from 2006—
2009. Each of the three yearly conferences resulted in a book summarising the
deliberations over the previous year, evolving as knowledge of the site condi-
tions and technical challenges grew (Epchtein and Candidi|2007; |Zinnecker et al.
2008; [Spinoglio and Epchtein|[2010). ARENA finished its activities by produc-
ing a roadmap for future development at Dome C (Epchtein/2010). This was or-
ganised through 6 working groups, who considered the prospects at Dome C for
infrared, sub-millimetre, interferometric, time-series, CMBR and solar science,
respectively. ARENA see the development of a 2-m class, wide-field infrared tele-
scope as the next stage in the development of Dome C (see |Burton et al.|2010),
such as that based on the design study conducted for the PILOT/PLT telescope
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(see |Storey et al.|[2007; |Saunders et al.||2008a)b). Funding is being sought for a
Phase B study for this concept, before construction could start.

Dome C is clearly an excellent site for many photometric monitoring experi-
ments, for sub-millimetre and solar telescopes, for CMBR measurements and for
infrared interferometers. The ARENA roadmap considers a staged development
of Concordia station to support all these types of facilities.

Dome A Although the construction of Kunlun station at Dome A has only
recently begun, China has drawn up plans for several major astronomical facil-
ities, under the auspices of the Chinese Center for Antarctic Astronomy (Gong
et al.|2010; |Cui 2010). These include a three telescope array of 0.5 m Schmidt
telescopes (AST3) to search for transiting exo-planets and obtain light curves of
supernovae, a 4-m infrared telescope (KDUST; Zhao et al.[2010) to search for dis-
tant supernovae and distant galaxies, and a 10 m+ diameter sub-millimetre/THz
telescope. A further automated observatory (PLATO-A), with increased power
capacity, is also planned for Dome A.

Dome F While site testing at Dome F has barely commenced, it is clear that
the site will also be exceptional for observational astronomy. Site testing is envis-
aged to continue, making use of another PLATO-style automated observatory, as
at Dome A. Two prototype projects are under construction for future deployment
there, a 40-cm infrared and a 30-cm THz telescope (Ichikawa 2010). Two facili-
ties have been proposed after this, an ultra light weight 2.5 m infrared telescope
(Takato et al.|2008)) and a 10-m class THz telescope. The infrared telescope would
undertake deep surveys for galaxies at 2.4 um, and the THz facility examine dusty
galaxies to study galaxy evolution at high redshift.

Ridge A As argued by [Saunders et al.[(2009), this may be the best site on the
planet for THz astronomy. No stations are as yet envisaged for Ridge A, however,
nor are any overland traverses planned to the site. Site quantification may have to
take place through Twin Otter deployment of an automated observatory, such as
using a modified, light-weighted version of the PLATO module.

6.3 Final words

Antarctica is a land of extremes. Descriptors such as coldest, driest, highest, windi-
est and calmest can all be applied to the continent. It is barely a century since the
first explorers ventured into the interior. The Antarctic plateau has been found to
provide the pre-eminent conditions for making many kinds of astronomical ob-
servations from the Earth. Antarctica remains a challenging place to work, but
technology now provides for ready access to the interior of the continent, as well
as for sophisticated scientific experiments to be carried out.

Human perceptions of the continent have not, however, caught up with recent
accomplishments in Antarctica. While the ‘heroic age’ of Antarctic exploration is
long over, it still stirs the imagination when people think about Antarctica. Para-
doxically, this has also limited our ability to fully exploit the unique conditions to
conduct front-line science, as much of our thinking is mired by pre-conceptions
gleaned from the survival tales of the heroic age. This has limited the ability of
many nations to grasp the new opportunities now available. Overcoming human
perceptions about the environment of the Antarctic plateau is proving to be at least
as difficult as developing the new front line facilities themselves. With the start of
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the third millennium, and a growing knowledge and awareness of Antarctica, such
perceptions are waning. The challenge for the astronomer now is to work out how
to grasp the opportunity, to conduct science that might otherwise only be tackled
from space. The Antarctic plateau provides sites where the ultimate Earth-based
telescopes may be built, if we can find the way to build on the pioneering endeav-
ours of the past two decades, and establish the necessary infrastructure develop-
ment that can lead to new astronomical facilities.
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