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ABSTRACT
The first of the great ‘world observatories’, ALMA is now fully constructed, and entering a phase in
which science operations take over from commissioning tasks. Astronomers submitted 1381 separate
proposals for the last observing round, the most ever received by an observatory; 10% of these included Canadian co-applicants. ALMA’s highest impact areas are major fields of focus for Canadian
astronomers: extragalactic astronomy and cosmology; star formation and the interstellar medium;
and circumstellar disks and planet formation.
Subject headings: ALMA – millimetre – submillimetre
1. WHAT IS ALMA?

ALMA, the Atacama Large Millimetre/Submillimetre
Array [1], is the world’s premier interferometeric observatory in the wavelength range that is ideal for studying
conditions in the cold and obscured Universe [2].

dish, so that its instantaneous field of view is essentially
the same as the beamsize of a single dish telescope. Combined with the fact that ALMA eﬀectively has one detector per antenna, this means that its large-area mapping
speed is much lower than for multiple detector cameras
on traditional telescopes (such as JCMT [3] or CCAT
[4]). This makes it natural to view ALMA as a tool
for pursuing detailed investigations of sources selected
through wide surveys by single-dish telescopes. Of course
ALMA is not just a follow-up tool, since its capabilities
are far beyond those of any other facility, and hence its
discovery potential is enormous.

Fig. 1.— ALMA antennas on the Chajnantor Plateau. Credit:
ALMA (ESO/NAOJ/NRAO), O. Desseibourg.

ALMA is located at an altitude of 5000 m in the
high Chilean desert (see Fig. 1), and has been built
by an international partnership involving North America
(the U.S.A. and Canada), Europe, East Asia and Chile.
Ground-breaking for ALMA was in 2003, observing began in 2011, there was an oﬃcial inauguration in 2013
and delivery of the last of its 66 antennas (and the end
of construction) happened in 2014. ALMA’s full suite
of observing modes are still being commissioned, with
longer baselines and further enhancements in polarization capability coming soon.
ALMA overcomes limitations of beamsizes of singledish submm telescopes (typically 10′′ –20′′ ) using interferometry, enabling it to probe scales relevant to planetary disks, star-formation and sources at cosmological
distances. The resolution achievable is similar (or better)
than in optical imaging, reaching to below 0.1′′ . However, ALMA’s footprint is determined by the size of each
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Fig. 2.— ALMA image of the protoplanetary disk around the star
HL Tau. This is one of the newest data-sets taken to demonstrate
ALMA’s high resolution imaging capabilities, in this case about
0.035′′ . Credit: ALMA (ESO/NAOJ/NRAO).

ALMA consists of fifty 12-m dishes, a compact array of
twelve 7-m dishes and four ‘total power’ antennas. The
compact array can be used independently (and eventually this will be true for subsets of the 12-m array), while
the ‘total power’ component is intended for use in a scanning mode to recover large-scale structure in images. All
of this is available in several separate frequency bands
(0.5–3 mm in wavelength), within which ALMA oﬀers a
range of spectroscopic capabilities, with multiple spectral
windows, choices of bandwidth and resolution, as well as
polarization. This versatility makes ALMA unique, in
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addition to being the most sensitive mm/submm interferometer.
2. SCIENCE WITH ALMA

ALMA is a powerful and versatile instrument, with a
huge range of science applications. It was designed to be
a transformative instrument capable of addressing many
questions in the broad area sometimes bundled under the
umbrella question: ‘How does the Universe work?’ This
includes topics commonly associated with the submm
band, such as the physics and chemistry of the ISM, the
formation of stars and disks, the structure and evolution
of galaxies and studies of AGN phenomena. ALMA also
has the potential to contribute to the highest profile areas of astrophysics, namely the search for life elsewhere,
and placing constraints on fundamental physics.
The capabilities of ALMA oﬀer enormous breakthrough potential in many sub-fields of astronomy, of
which the following list gives a brief summary.
∗ Planetary Systems and Disks [5]: ALMA gives us the
spatial resolution to probe disk structure in detail, as the
recent spectacular image of HL Tau shows (see Fig. 2).
Multiple wavelengths enable radial variation of the spectral energy distribution to be studied, and the chemistry
of disks can also be explored spectroscopically.

Fig. 4.— Spiral structure around the star R Scu, caused by a
combination of the red giant dust shell and a previously unseen
binary companion. This image is a slice through the full CO datacube coming from the ALMA observations. Taken from Ref. [8].

Fig. 5.— Simulation of potential image of the event horizon of
the black hole in the centre of the Milky Way. Taken from Ref. [11].

Fig. 3.— The power of ALMA to combine spectral and spatial
resolution is shown here through a study of the R CrA cloud [7].
ALMA 342 GHz continuum (blue contours) data are overplotted on
a Spitzer 4.5 µm image of four YSOs. The upper inset shows four
spectral windows within the IRS7B region (lower-left dashed box).
The lower-right inset shows intensity (green contours) and velocity
(colour scale) of C17 O emission (337 GHz) observed in IRS7B.

∗ Star Formation [6]: Massive stars form from dense cores
within molecular clouds, and are important for chemical
enrichment, cycling the ISM into stars. Detailed studies
using multiple tracers are possible using ALMA, down
to scales that were previously impossible for all but the
brightest objects, helping us to understand the roles of
accretion, outflows and disks (e.g. Fig. 3). The role of
magnetic fields in star-formation is poorly understood,
but studies on the scales of star-forming cores are now
possible, probing magnetic fields through emission from
aligned dust grains. Targeted spectroscopy enables us
to probe complex molecules, leading perhaps to the ultimate goal of connecting astrochemistry to astrobiology.

∗ Stars [9]: ALMA can also study many aspects of older
stars, including dust shells, interaction in binary systems
and the end phases of stellar evolution. Highlights so
far have included the spectacular spiral structure in the
evolved star R Scu (see Fig. 4) and results on SN 1987A.
∗ The Galactic Centre: In the submm we can probe right
into the obscured core of the Galaxy. Variability and
polarimetry studies have already shown promise as tools
for probing the complex dynamics in the Galactic Centre.
However, there is even greater potential for imaging the
scale of the event horizon itself [10], through millimetrewave VLBI observations, in which the power of ALMA
is a critical element. We might expect within a few years
to see an image like the model shown in Fig. 5. This will
enable new tests of General Relativity, including whether
our nearest supermassive black hole has Schwarzschild or
Kerr geometry.
∗ The Solar System: Closer to home, ALMA’s ability
to perform high resolution spectroscopy of cold objects
means it can probe the chemistry of planets and comets,
as well as the albedos of asteroids and Kuiper Belt objects. ALMA can also be pointed at the Sun, and special
observing modes enable it to probe solar magnetic fields.

ALMA
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Fig. 6.— ALMA 870 µm imaging of galaxies selected using
SCUBA-2 on the JCMT. ALMA contours (green) are overlaid on
K-band images, and indicate that most sources are resolved – the
half-peak (red) contour is larger than the synthesized beam (blue
ellipse). Taken from Ref. [14].

The ability to study both the Sun and other stars with
the same instrument is unique.
∗ Nearby Galaxies [12]: ALMA’s high spatial resolution
is ideal for carrying out detailed studies of a wide range
of star-forming environments in nearby galaxies, linking
Milky Way studies with cosmological ones. Specific topics include gas and grain chemistry, shocks, starburst
feedback, molecular tracers of star formation and the
links with magnetic fields. In general we want to understand how baryons cycle in and out of galaxies and to
fix the low-z baseline for studies of galaxy evolution.
∗ High-z galaxies [13]: ALMA can help untangle the relationships between mergers, AGN and starbursts, through
imaging and dynamical studies (e.g. Fig. 6). With the
dramatically increased collecting area, Milky Way-like
galaxies can be observed at high redshift, and not just
the extreme star-formers. In addition, it has become
clear that this waveband is the most eﬃcient for finding (and studying) gravitational lenses [15], as demonstrated in Fig. 7. Low ionization state atomic lines, as
well as transitions of CO and other molecules, are bright
in starbursting galaxies, and they can be used to pin
down physical conditions in the gas, as well as to obtain
redshifts. Similar work is being done with the SMA and
IRAM interferometers, but only ALMA has the sensitivity and spatial resolution to study typical star-formers
out to high-z.
∗ AGN and black holes [17]: As well as determining the
connection between star formation and nuclear activity,
there are several other AGN science questions for which
ALMA is well suited. This includes the physics of accretion disks, jets and outflows, determining black hole
masses, monitoring variability and studying the influence
of magnetic fields. At about 103 times further away, but
103 times larger, the supermassive black hole in M87 is
the second main target for the Event Horizon Telescope.
∗ Discovery space: Key ALMA results so far include:
imaging and line surveys of submm galaxies; imaging of
protostellar and debris disk systems; spectroscopic studies of obscured high-z sources; kinematics and chemistry
in star-forming regions, particularly young, cold, dustobscured systems; and molecular transitions in the ISM.
However, ALMA has dramatically increased our abili-

Fig. 7.— As a demonstration of its capabilities as a follow-up
instrument these are ALMA 870 µm images (with some 3 mm contours in red) of lensed galaxy candidates found in a survey made
with the South Pole Telescope. Most of these are dramatically
confirmed to be gravitationally lensed. Taken from Ref. [16].

ties to explore an important waveband, and so there will
undoubtedly be discoveries lying ahead that were not
anticipated. Perhaps ALMA has a role to play in connecting chemical and exo-planet studies. Other ideas include surveys of transient phenomena and study of the
first objects in the Universe. ALMA results in entirely
unpredicted areas may be transformative.
3. THE CANADIAN CONTEXT

Canadian expertise in this waveband goes back at least
to 1987 when Canada joined the U.K. in the James Clerk
Maxwell Telescope (JCMT) partnership. In accord with
the ‘Origins’ theme of the 2000 Canadian Long Range
Plan (LRP), the earliest stages of planet, star and galaxy
formation are most directly amenable to study at submm
wavelengths. ALMA was the top priority of LRP2000,
and Canadian involvement is a great success story. Canadian companies have won a number of key contracts and
the HIA has overseen the development of receivers that
are playing a critical role in the operation and calibration
of the facility. Canadian expertise in software development has also contributed to the analysis software and
data archive development. These initial successes led the
LRP process to recommend that Canada should quickly
identify its priorities in future ALMA development.
Canada entered the ALMA project via the North
American Programme in Radio Astronomy (NAPRA)
agreement with the US. Canada’s major hardware contribution, directed and overseen by the HIA, was the
production of 72 ‘Band 3’ (84–116 GHz) for the observatory. In addition the Millimetre Astronomy Group
within HIA acts as part of the North American ALMA
Regional Centre (headquartered in Charlottesville) to
support ALMA observers across North America – includ-
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ing being part of the ‘Helpdesk’ and producing the wellused ‘ALMA Primer’.2 Canada has representation on
the ALMA Board and regional and international science
advisory committees, with a conduit to the wider community provided through the Canadian ALMA Science
Advisory Committee.
ALMA has remained aligned with Canadian planning
priorities, with the 2010 LRP stating that ‘ALMA will
help answer key questions about planet formation and
the nature of protoplanetary disks, as well as probing
the nature of star formation when the Universe was only
one sixth its current age’.
Since ALMA began operating, response in Canada has
been extremely positive. Potential concerns that only
‘black belt’ interferometrists would be willing or able
to work with ALMA data proved baseless. In Cycle 2
(where time was awarded in 2014), the global and North
American (NA) oversubscription rate was approximately
4. Canadians were Principle Investigator (PI) on 30
proposals, and Co-investigators on 136. 76 individual
Canadians applied for ALMA time, coming from 16 institutions. In terms of the time awarded (counting only
the high priority ‘A’ and ‘B’ grades), Canadian PIs have
about 4% of the NA time and Canadian CoIs are involved
in 11% of the total Cycle 2 time awarded. All of these
numbers are in-line with expectations. Nevertheless it is
important to continue to keep Canadians fully informed
and trained in how to use ALMA’s capabilities.
There have been several workshops at CASCA and
around Canada, focussing on submm and interferometric
techniques, how to use CASA (the basic data reduction
tool) and how to write eﬀective ALMA proposals. There
will be an interferometry workshop in August 2015, and
further community outreach events are planned in association with the call for Cycle 3.
The other major sphere in which full Canadian engagement is critical is in the development of improved capabilities in the future, something which has been built
into the ALMA planning process from the beginning.
Canadians have already participated in several studies,
involving both hardware and software ideas for improving ALMA’s performance or extending its capabilities –
but so far these have really just been studies. It remains
unclear exactly where Canada can contribute most eﬀec2

tively to ALMA development.
Because of its alignment with the scientific priorities of
Canadian astronomers, Canada is already fully committed to ALMA. The current funding agreement reaches to
2021, but it will be important, within the period covered
by the MTR planning exercise, to discuss commitment
beyond this timeframe, including engagement in planning for extensions to current ALMA capabilities happening in next five years (additional bands, focal-plane
arrays, eﬃciency improvements in bandwidth, receiver
sensitivity, data reduction and visualization tools, etc.).
ALMA has great synergy with submm single-dish facilities (such as JCMT or CCAT), because of the complementarity of detailed studies and large-area mapping.
There are also obvious connections with Canadian priorities in other wavebands, such as JWST, TMT and SKA.
Many of the science drivers for these projects are the
same as those for ALMA, and there is a huge potential
for joint studies using combinations of these facilities.
4. RECOMMENDATIONS

Although Canada is already committed to ALMA, and
the observatory has already been successfully exploited
by Canadians, it is important to build on this success.
As we move forward we need to:
• maintain Canadian access and competitiveness in the
ALMA operational era;
• confirm full Canadian funding for ALMA operations
beyond the current agreement;
• identify components of the ALMA development in
which Canada can play a significant role, including stimulating expertise in submm instrumentation in order to
capitalize on future opportunities;
• keep Canadians fully trained and engaged in ALMA,
as new capabilities become available, reaching the widest
possible community of potential users.
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http://almatelescope.ca/ALMAPrimer.pdf
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