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Atacama Large Millimeter Array

1. Detect and map CO and [C II] in a Milky Way galaxy at z=3 in less 
than 24 hours of observation

2. Map dust emission and gas kinematics in protoplanetary disks
3. Provide high fidelity imaging in the (sub)millimeter at 0.1 arcsec 

resolution

Leonardo Testi: ALMA, ALMA-Herschel Archive 2015

è At least 50x12m Antennas 
è Frequency range 30-1000 GHz 

(0.3-10mm)
è 16km max baseline (<10mas)
è ALMA Compact Array (4x12m 

and 12x7m)



Angular resolution

Leonardo Testi: ALMA, ALMA-Herschel Archive 2015

è Diffraction limit:   ~1.22*lambda/D  =>   1mm/30m~8”
è 8” > 1000 AU @ 140pc (Sun-Neptune ~ 30AU)
è Sun-Jupiter ~ 5AU =>  0.035” =>  >~7km  @1mm
è Sun-Earth = 1AU =>    0.007” =>   ~17km @0.5mm
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ALMA Compact Configuration
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ALMA Exteded Array
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Center of Array

Pampa La BolaV. LicancaburY+ Antenna locations

Chajnantor Plateau - 5000m

AOS Tech Bldg
Lascar Volcano

ASAC



Small digression on interferometry

Guilloteau 2000

• Interference pattern of the 
signal from two antennas 
separated by a baseline b 

• After correction for the optical 
path delay each pair of 
antennas measure the fringe 
visibility corresponding to the 
baseline b (as seen from the 
source)

(x,y)=Sky   (u,v)=baselines plane    V(u,v)=Measured visibility
P(x,y)=Antenna power pattern      I(x,y)=Brightness distribution on Sky



ALMA - Image Fidelity 
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ALMA - Image Fidelity 
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ALMA Early Science
■ ALMA Early Science C0, C1 & C2 
➢30-70% of the total number of antennas 
➢Maximum separation 3km 
➢Already the most powerful submm observatory 

■ Enormous pressure to use ALMA worldwide 
➢Requests for 9 times the available time 
➢Top 8% science projects selected (ESO)
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ALMA Frequency Bands Usage

■ ALMA is a Sub-millimeter Observatory 
■ Thanks to the Site and the Water Vapour Radiometers

Band 7
IRAM

Band 9
NOVA

WVR
OMNISYS

Phase Correction
SW - U Cambridge
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HCO+(1-0)HCN(1-0)

3mm cont.

HCN HCO+

NMA ~10nights

ALMA 
cycle 0 
~2 hrs

ALMA cycle 0 program (PI. K. Kohno)

Kohno+ 
2007
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Disks and star formation: evolution, planet 
formation, chemistry, surveys coming
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Complex molecules in protoplanetary disks
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■ First detection of 
complex molecules in 
disks 

➢CH3CN 
➢(also HCN and HC3N) 

■ Abundance similar to 
comets in SS 

➢COMs accompany simpler 
volatiles in protoplanetary 
disks 

➢The rich chemistry of the 
primordial SS is not unique



■ SPT submillimetre galaxies; B3 spectral survey
ØVieira et al. 2013; Weiss et al. 2013; …

The first ALMA redshift survey

procedure that treats the interferometer data in their native measure-
ment space, rather than through reconstructed sky images, to simulta-
neously determine the source/lens configuration and correct for
antenna-based phase errors11, we are able to determine magnifications
and derive intrinsic luminosities for our sources. Complete models of
four lenses11, as well as preliminary models of eight more, indicate
lensing magnifications between 4 and 22. After correcting for the
magnification, these sources are extremely luminous—more than
1012 times solar luminosity (L[) and sometimes .1013L[—implying
star-formation rates in excess of 500 M[ yr21.

Obtaining spectroscopic redshifts for high-redshift, dusty starburst
galaxies has been notoriously difficult. To date, most spectroscopic
redshift measurements have come from the rest-frame ultraviolet and
optical wavebands after multi-wavelength counterpart identification2,12,13.
These observations are difficult, owing to the extinction of the ultra-
violet light by the dust itself, the cosmological dimming, and the ambi-
guity in the association of the dust emission with multiple sources of
optical emission visible in deep observations. A much more direct
method to determine redshifts of starburst galaxies, particularly at high
redshift, is through observations of molecular emission associated with
their dusty star-forming regions. The millimetre and submillimetre
transitions of molecular carbon monoxide (CO) and neutral carbon
(C I) are well-suited for this purpose14. These emission lines are a major
source of cooling for the warm molecular gas fuelling the star forma-
tion, and can thus be related unambiguously to the submillimetre
continuum source15. Until recently, bandwidth and sensitivity limi-
tations made this approach time-intensive. The combination of
ALMA—even with its restricted early science capabilities and only
16 antennas—and a unique sample of extraordinarily bright millimetre
sources has changed this situation greatly, allowing us to undertake a
sensitive, systematic search for molecular and atomic lines across
broad swaths of redshift space at z . 1.

We conducted a redshift search in the 3 mm atmospheric transmis-
sion window with ALMA using five spectral tunings to cover 84.2–
114.9 GHz. For z . 1, at least one CO line will fall in this frequency
range, except for a small redshift ‘desert’ (1.74 , z , 2.00). For sources
at z . 3, multiple transitions (such as rotational transitions of CO and
C I(3P1R3P0)) are redshifted into the observing band, allowing for an
unambiguous redshift determination. We find one or more spectral

features in 23 of 26 SPT-selected sources. The detections comprise 44
emission line features, which we identify as redshifted emission from
molecular transitions of 12CO, 13CO, H2O and H2O1, and a C I fine
structure line. The spectra of all sources are shown in Fig. 2. For 18 of
the sources we are able to infer unique redshift solutions, either from
ALMA data alone (12), or with the addition of data from the Very
Large Telescope and/or the Atacama Pathfinder Experiment telescope
(6). With the 10 z . 4 objects discovered here, we have more than
doubled the number of spectroscopically confirmed, ultra-luminous
galaxies discovered at z . 4 in millimetre/submillimetre surveys in the
literature (of which just nine have been reported previously13,14,16–21).
Two sources are at z 5 5.7, placing them among the most distant ultra-
luminous starburst galaxies known.

The SPT dusty galaxy redshift sample comprises 28 sources, as we
include an additional two SPT sources with spectroscopic redshifts22

that would have been included in the ALMA program had their red-
shifts not already been determined. Of the 26 ALMA targets, three lack
a spectral line feature in the ALMA band. We tentatively and conser-
vatively place these at z 5 1.85, in the middle of the z 5 1.74–2.00
redshift desert, though it is also possible that they are located at very
high redshift or have anomalously faint CO lines. For the five sources
for which only a single emission line is found, only two or three red-
shifts are possible (corresponding to two choices of CO transition)
after excluding redshift choices for which the implied dust temper-
ature—derived from our extensive millimetre/submillimetre pho-
tometric coverage (provided by ALMA 3 mm, SPT 2 and 1 mm,
APEX/LABOCA 870mm and Herschel/SPIRE 500, 350, 250mm obser-
vations23)—is inconsistent with the range seen in other luminous
galaxies22. For these sources, we adopt the redshift corresponding to
the dust temperature closest to the median dust temperature in the
unambiguous spectroscopic sample, as shown in Fig. 2.

The cumulative distribution function of all redshifts in this sample is
shown in Fig. 3. The median redshift of our full sample is zmed 5 3.6.
The redshift distribution of SPT sources with millimetre spectroscopic
redshifts is in sharp contrast to that of radio-identified starbursts
with optical spectroscopic redshifts, which have a significantly lower
median redshift of zmed 5 2.2, and for which only 15–20% of the
population is expected to be at z . 3 (ref. 2). Part of this difference
can be attributed to the high flux threshold of the original SPT

SPT 0103–45 SPT 0113–46 SPT 0125–47 SPT 0346–52 SPT 0418–47

z = 3.090 z = 4.232 z = 2.514 z = 5.656 z = 4.224

z = 3.369 z = 2.782 z = 2.780 z = 4.567 z = 3.761

SPT 0529–54 SPT 0538–50 SPT 2134–50 SPT 2146–55 SPT 2147–50

HST/WFC3 HST/WFC3 VLT/ISAAC HST/WFC3 VLT/ISAAC

SOAR/OSIRIS HST/WFC3 HST/WFC3 VLT/ISAAC VLT/ISAAC

Figure 1 | Near-infrared and ALMA submillimetre-wavelength images of
SPT targets. Images are 80 3 80. We show 10 sources for which we have
confirmed ALMA spectroscopic redshifts, deep near-infrared (NIR) imaging,
and well-resolved structure in the ALMA 870mm imaging; source names are in
blue in each panel. The greyscale images are NIR exposures from the Hubble
Space Telescope Wide Field Camera 3 (HST/WFC3, co-added F160W and
F110W filters), the Very Large Telescope Infrared Spectrometer and Array
Camera (VLT/ISAAC: Ks band) or the Southern Astrophysical Research
Telescope Ohio State Infrared Imager/Spectrometer (SOAR/OSIRIS: Ks band),
and trace the starlight from the foreground lensing galaxy. The NIR images are
shown with logarithmic stretch, and each panel shows at bottom left in black
the telescope/instrument used to obtain the image. The red contours are ALMA

870mm imaging showing the background source structure, clearly indicative of
strong lensing from galaxy-scale haloes. In all cases, the contours start at 5s and
are equally spaced up to 90% of the peak significance, which ranges from 12 to
35. Spectroscopic redshifts of the background sources are shown in red in each
panel, above the NIR telescope/instrument names. The ALMA exposures were
approximately 2-min integrations, roughly equally divided between the
compact and extended array configurations. The resulting resolution is 0.50.
SPT 0103–45 shows a rare lensing configuration of one lens and two
background sources at different redshifts, one visible with ALMA and one with
HST. SPT 0346–52, with a CO-derived redshift of z 5 5.656, is among the
highest-redshift starbursts known. (See Supplementary Information for more
details.)
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Galaxies, high redshift Universe

■Feedback, Chemistry

(Bolatto et al. 2013)

(Mueller et al. 2014)

(Vieiraet al. 2012)

(Spilker et al. 2014)
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Enrichment of the ISM

■ Late stages of stellar evolution, supernovae, GRBs
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SN1987A
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Science Priorities for the Future
■Resolve planet formation in protoplanetary disks 
➢Full sensitivity (antennas) and angular resolution (baselines) 

■Statistical census of Star Formation at high-z 
➢Full sensitivity, efficient spectral scans 

■Chemistry of Complex Organic Molecules and Water 
➢Full sensitivity, full frequency coverage, spectral flexibility 

■Resolve Event Horizon of Supermassive Black Holes 
➢Full sensitivity, mmVLBI
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A glimpse of ALMA future capabilities
■ Long Baselines Campaign - Sep-Nov 2014 HL Tau protoplanetary disk
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■Long Baselines Campaign - Sep-Nov 2014 

A glimpse to ALMA future capabilities

SDP 81 - Lensed SMG

HATLAS
Eales+

Negrello+2010;2015
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A glimpse to ALMA future capabilities

■Long Baselines Campaign - Sep-Nov 2014 - SDP 81 - Lensed SMG

HATLAS
Eales+

Negrello+2010;2015
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A glimpse to ALMA future capabilities

■ Long Baselines Campaign - Sep-Nov 2014 - Data Public Today
MIRA - AGB star
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A glimpse of ALMA future capabilities
■ Long Baselines Campaign - Sep-Nov 2014 Juno
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Timeline and near-/mid-term strategy
■Top priority: complete commissioning of the baseline ALMA-trilateral 

program 
➢Full polarization, reach the target overall efficiency, full zero spacing 

capabilities, solar modes 

■Recovery as part of the early development plan of science-critical 
capabilities descoped before 2005, revisit and develop key 
technologies 
➢ Bands 5, 1 and 2, mmVLBI, subarrays, data analysis software, data 

rates 
➢ Where possible deploy more advanced technologies/capabilities  
➢ Develop new ideas/technologies for future developments 

■Develop a scientific vision for ALMA in 2030 
➢ Science questions, complementary facilities, pathways for 

development
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Timeline summary
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Options for 2020s and beyond
■ Larger bandwidths and better receivers 
■ Datarate/data volume increase 
■ Aim to cover full bands instantaneously 

■ Longer baselines  
■ Brightness sensitivity issues, ideally linked to sensitivity increase 

■ Increased wide field mapping speed 
■ Panoramic detectors for interferometry (!) 
■ Datarate/datavolume 

■ The role of Archive will be more prominent than today 
■ Code to data => results to users
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Outlook on Cycle 4
N.B.: These are all goals (some low risk, some somewhat higher) 

■Improved Spectral Scans 
■Spectral line I,U,Q Stokes 

■mmVLBI 

■Solar Observing 

■OTF Interferometry (mapping speed, better uv reconstruction) 

■Several technical improvements: correlator linearity and modes, 90deg 
switching, single dish continuum, B9/10 sideband separation, V-stokes, 
full baselines length, subarrays
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Summary
■ ALMA is ramping up from Early Science towards Full Science 

Operations. The results from Science Verification and ALMA 
Cycle 0, 1 & 2 are transformational  

■ Key improvements for Cycle 3 will be long baselines, Band 
10 and better stability/efficiency. Large Programmes and 
mmVLBI on track for Cycle 4, Solar observing may also make 
it. Band 5 on track for Cycle 5. 

■ Short-medium term upgrades being developed consistently 
with science priorities 

■ Science driven R&D relevant for long term upgrades 

■ Option for a large single dish to be developed


