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North America/Europe
Japan joined in 2004
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64 × 12-m telescopes at 5000m 
Japan: ACA: 12 × 7-m + 4 × 12-m + 2 additional bands

Operational 2012 (Early Science in 2007-8-9-10?)



The Atacama Large Millimeter Array (ALMA) is an 
international astronomy facility. ALMA is an 
equal partnership between Europe and North 
America, in cooperation with the Republic of 
Chile, and is funded in North America by the U.S. 
National Science Foundation (NSF) in cooperation 
with the National Research Council of Canada 
(NRC), and in Europe by the European Southern 
Observatory (ESO) and Spain. ALMA 
construction and operations are led on behalf of 
North America by the National Radio Astronomy 
Observatory (NRAO), which is managed by 
Associated Universities, Inc. (AUI), and on behalf 
of Europe by ESO.

Japan has joined in 2004, led by the National Astronomy 
Observatory of Japan (NAOJ).

Official Description



FY05: 7th year of NSF funding of ALMA
beginning with three years for design and development.

ALMA is governed by a Board, with representatives from 
each of the partners, advised by the ALMA Science 
Advisory Committee. 
ALMA construction activities are conducted by joint teams 
which report to the Joint ALMA Office (Tarenghi, 
Director; Beasley, Project Manager) in Santiago
NA ALMA Project Manager is Adrian Russell
ALMA NA Science Advisory Committee (ANASAC)
(European counterpart = ESAC)
NA ALMA Science Center (NAASC) in Charlottesville 
supports users in the NA astronomical community

Brief Overview of ALMA
(Top rated in Decadal Review)



The Millimeter/Submillimeter Spectrum

Millimeter/submillimeter photons 
are the most abundant photons in 
the spectrum of the Milky Way 
and most spiral galaxies, and in 
the cosmic background.
After the 3K cosmic background 
radiation, millimeter/submillimeter
photons carry most of the energy 
in the Universe, and 40% of that 
in for instance the Milky Way 
Galaxy.
ALMA range--wavelengths from 
1cm to 0.3 mm.

COBE observations



ALMA Science Requirements
High Fidelity Imaging 
Precise Imaging at 0.1” Resolution
Routine Sub-mJy Continuum Sensitivity
Routine mK Spectral Sensitivity
Wideband Frequency Coverage
Wide Field Imaging Mosaicking
Submillimeter Receiver System
Full Polarization Capability
System Flexibility (Total Power 
capability on ALL antennas)



ALMA Science Requirements
High Fidelity Imaging

Imaging spatial structures within galactic disks;
Imaging chemical structure within molecular clouds;
Imaging protostars and protoplanets in star formation 
regions

Precise Imaging at 0.1” Resolution
Ability to discriminate galaxies in deep images
Imaging tidal gaps created by protoplanets around 
protostars
Imaging nuclear kinematics

Routine Sub-mJy Continuum Sensitivity
To enable imaging of the dust continuum emission from 
cosmologically-distant galaxies (SMGs, LBGs, EROs)
To enable imaging of protostars throughout the Milky Way
To enable astrometric observations of solar system minor 
planets and Kuiper-belt objects



ALMA Science Requirements

Routine mK Spectral Sensitivity
Spectroscopic probes of protostellar kinematics
chemical analysis of protostars, protoplanetary systems and galactic nuclei
Spectroscopic studies of galactic disks and spiral structure kinematics
Spectroscopic studies of Solar System objects

Wideband Frequency Coverage
Spectroscopic imaging of redshifted lines from cosmologically distant 
galaxies
comparative astrochemical studies of protostars, protoplanetary disks and 
molecular clouds
quantitative astrophysics of gas temperature, density and excitation

Wide Field Imaging Mosaicking
Imaging galactic disks
Imaging the astrophysical context of star formation regions
Imaging surveys of large angular regions
Imaging planetary surfaces
Solar astrophysics



ALMA Science Requirements
Submillimeter Receiver System

Spectral energy distribution of high redshift galaxies
Chemical spectroscopy using C I and atomic hydrides
C II and N II abundance as a function of cosmological epoch
Chemistry of protoplanetary systems

Full Polarization Capability
Measurement of the magnetic field direction from polarized 
emission of dust
Measurement of the magnetic field strength from molecular 
Zeeman effect observations
Measurement of the magnetic field structure in solar active 
regions

System Flexibility
To enable VLBI observations
To enable pulsar observations
For differential astrometry
For solar astronomy



Summary of detailed requirements

1.4 to 0.015” at 300 GHzAngular resolution

0.2 mJy in 1 min at 345 GHz (median conditions)Flux sensitivity

64 antennas of 12m diameterAntenna complement

All cross products simultaneouslyPolarization

10000:1 (spectral); 50000:1 (imaging)Dynamic range

31.5 kHz (0.01 km/s) at 100 GHzSpectral resolution

8 GHz, fully tunableBandwidth

30 to 950 GHz (initially only 84-720 GHz)Frequency



M51 in Hα



Birth of a Solar System

Lodato and Rice 2005



λ = 333µm λ = 870µm

Mplanet / Mstar =   0.5MJup / 1.0 Msun

Orbital radius:   5 AU

Disk mass as in the circumstellar
disk as around the Butterfly Star 

in Taurus

Maximum baseline: 10km,

tint=8h,               

30deg phase noise

pointing error 0.6“

Tsys = 1200K (333mu) / 
220K (870mu)

Sebastian Wolf (2005)

50 pc 50 pc100 pc



Close-up view: 
Planetary region

Wolf & D’Angelo (2005)

Maximum baseline: 10km, 
λ=333µm, tint=8h,               
30deg phase noise

Mplanet / Mstar =   0.5 MJup / 1 Msun

Orbital radius:   5 AU

Disk mass as in the circumstellar
disk as around the Butterfly Star 

in Taurus

50 pc

100 pc

astro-ph / 0410064



Contributors to the Millimeter Spectrum

In addition to dominating the spectrum of the distant Universe, 
millimeter/submillimeter spectral components dominate the 
spectrum of planets, young stars, many distant galaxies.
Cool objects tend to be extended, hence ALMA’s mandate to 
image with high sensitivity, recovering all of an object’s emitted 
flux at the frequency of interest.
Most of the observed transitions of the 125 known interstellar 
molecules lie in the mm/submm spectral region—here some 
17,000 lines are seen in a small portion of the spectrum at 2mm.
However, molecules in the Earth’s atmosphere inhibit our study of 
many of these molecules.  Furthermore, the long wavelength 
requires large aperture for high resolution, unachievable from 
space.  To explore the submillimeter spectrum, a telescope 
should be placed at Earth’s highest dryest site.
ALMA will need a reliable spectral line catalogue matched to its
great sensitivity

Spectrum courtesy B. Turner  (NRAO)



Forests of Spectral Lines

Schilke et al. (2000)



Physics of Interstellar Medium
Credit: M. Heyer



Credit:  K. Menten

[C II] Emission from High-z Galaxies



Infrared Luminous Galaxies

As galaxies get 
redshifted into 
the ALMA 
bands, dimming 
due to distance 
is offset by the 
brighter part of 
the spectrum 
being redshifted
in.  Hence, 
galaxies remain 
at relatively 
similar 
brightness out 
to high 
distances.

M82 from ISO, Beelen and Cox, in preparation



VLBI Imaging of SgrA*

Falke et al. (2000)



ALMA Design Reference Science Plan
(DRSP)

Goal: To provide a prototype suite of high-priority ALMA 
projects that could be carried out in ~3 yr of full ALMA 
operations 
Started planning late April 2003; outline + teams complete 
early July; submitted December 2003; updated periodically
128 submissions received involving ~75 astronomers
Review by ASAC members completed; comments 
included
Current version of DRSP on Website at:

http://www.strw.leidenuniv.nl/~alma/drsp.html



Example: ALMA Deep Field
Step 1: 300 GHz Continuum Survey

4’ x 4’ Field ( 3000x3000 
pixels)
Sensitivity: 0.1 mJy (5σ)

30 minutes per field 
140 pointings
A total of 3 days

100-300 sources

Determine the contribution of 
LBGs to the IR background



Infrared Luminous Galaxies

As galaxies get 
redshifted into 
the ALMA 
bands, dimming 
due to distance 
is offset by the 
brighter part of 
the spectrum 
being redshifted
in.  Hence, 
galaxies remain 
at relatively 
similar 
brightness out 
to high 
distances.

M82 from ISO, Beelen and Cox, in preparation



Hubble Deep Field
Rich in Nearby Galaxies, Poor in Distant Galaxies

Nearby galaxies in HDF

Source: K. Lanzetta, SUNY-SB

Distant galaxies in HDF



ALMA Deep Field
Poor in Nearby Galaxies, Rich in Distant Galaxies

Nearby galaxies in ALMA
Deep Field

Source: Wootten and  Gallimore, NRAO

Distant galaxies in ALMA 
Deep Field



Example: ALMA Deep Field
Step 2: 100 GHz Spectroscopic Survey

4’ x 4’ Field ( 1000x1000 pixels)
Sensitivity: 7.5 µJy continuum and 0.02 Jy km/s 
for a 300 km/s line (5σ)

12 hrs per field 
16 pointings (a total of 8 days)
4 tunings

One CO line for all sources at z>2 and two or 
more at z>6 
Photometric redshifts

Obtain spectroscopic redshifts



Example: ALMA Deep Field
Step 3: 200 GHz Spectroscopic Survey

4’ x 4’ Field ( 2000x2000 pixels)
Sensitivity: 50 µJy continuum (5σ)

1.5 hrs per field 
90 pointings (a total of 6 days)
8 tunings

Along with Step 2, at least one CO line for all 
redshifts, two CO lines at z>2
Photometric redshifts



Gas Distribution and Kinematics

Chapman et al. (2004)



Summary: ALMA Deep Field
Fully resolve the cosmic IR background 
into individual sources and determine 
FIR properties of LBGs and EROs as 
well as SMGs
Quantify the properties of high-z dusty 
galaxies (SFRs, gas content, dynamical 
mass, etc.)
Map the cosmic evolution of dusty 
galaxies and their contribution to the 
cosmic star formation history



Atacama Large Millimeter Array



Specifications
Partners: US (NSF)+Canada (NRC)  - ESO+Spain -
Japan - Chile
64 12-m antennas, at 5000 m altitude site; compact Array
Surface accuracy ±25 µm, 0.6” reference pointing in 9m/s 
wind, 2” absolute pointing all-sky
Array configurations between 150m and ~15km
10 bands in 31-950 GHz + 183 GHz WVR. Initially:

86-119 GHz         “3”
125-163 GHz       “4”
211-275 GHz       “6”
275-370 GHz       “7”
385-500 GHz       “8”
602-720 GHz       “9”
787-950 GHz       “10” post-construction

8 GHz BW, dual polarization
Interferometry, mosaicking & total-power observing
Correlator: 4096 channels/IF (multi-IF), full Stokes
Data rate: 6Mb/s average; peak 60Mb/s 
All data archived (raw + images), pipeline processing



Highlights in 2004/5

Construction of a working ALMA Camp at 2900m, 
road to 5000m level well under way (construction 
details later).
Establishment of JAO in Santiago, decision for 
permanent office on the ESO campus
Entry of Japan into Project
Prototype Integration of ALMA components into a 
functioning whole is ongoing
Planning and formation of the North American, 
European ALMA Science Centers proceeding
Operations Plan Version A approved
Antenna Contract expected by June 23



Japan
New partner: Agreement signed NSF-ESO-
NINS 14 Sept 2004;  further definition 
expected 2006
Enhanced ALMA:

Four additional 12-m antennas (total 
power continuum)
Twelve 7-m diameter antennas in 
compact configuration: Atacama
Compact Array
Separate ACA correlator
Receivers: Bands 4, 8… 10

Significantly improves low surface brightness 
sensitivity of ALMA…



The Joint ALMA Observatory (JAO) 
headquarters will be in Santiago on 
the ESO campus. 

Joint ALMA Observatory

The JAO headquarters is currently in 
rented space in a new office tower in 
central Los Condes.

Staff will live in Santiago and work at 
the OSF on the “turno system”.



How can I find the ALMA Site?

Santiago

Paranal

La Serena





Northern Chile



Most staff are to work at the 
operations support facility 
(“OSF”) at an elevation of 
~9000 ft, on a new road 
connecting the high site with 
the San Pedro/Tocanao
highway. Astronomers will 
not normally visit the OSF.

The OSF is about a 45 
minute drive from 
metropolitan San Pedro.

Where would I work?



To AOS (43km)
OSF Site (15km)

Road construction (28km)

CH23



Operations 
Support 
Facility

ALMA Camp

Contractors Camp

Visitors Center

Residence Area



ALMA Camp



ALMA Camp

Inner Court

Typical Office



OSF Foundation Preparation

Road excavation material used



Crush the Excavated Road Rock



Preparation of OSF Site



Technical 
Facilities

Construction tender – February 2005



Management Complex

Laboratories & Offices

Technical Facilities



Early Chilean Integration



View West                                                       View East

18km18km



OSF→AOS roadwork (23-28km)



5000m Chajnantor site

ALMA

APEX

CBI

Site Char



Array Operations Site - Technical Building

Construction begins August, 2005



CSI OSF to AOS Site to SCIENCE





Correlator Specifications

Full stokes (4 products)Polarization

1024Autocorrelation channels per 
baseline

4096Channels per IF pair

30 kmMax. delay range

2 bit, 4 levelCorrelating format

3 bit, 8 levelDigitizing format

2 x 4 GHzMax. sampling rate per IF pair

4Number of IF pairs per antenna

64Number of antennas
SpecificationItem

First quadrant of correlator approaching completion…



AOS layout



Antenna Configurations (min)

150 m



ALMA + ACA

First ACA 12m – Dec 2007, 7m – Nov 2008





Antenna Transporter

Construction tender – Q1 2005



10,000m

4 mas @ 950 GHz

Antenna Configurations (max)

Site infrastructure (AOS/OSF)  + inner array completed 2008



Antennas
Demanding ALMA antenna 
specifications:

Surface accuracy (25 µm)
Absolute and offset pointing 
accuracy (2 arcsec absolute, 0.6 
arcsec offset)
Fast switching (1.5 deg sky in 1.5 
sec) 
Path length (15 µm non-repeatable, 
20 µm repeatable)

To validate these specifications: two prototype 
antennas built & evaluated at ATF (VLA)



AEC Prototype Antenna

Carbon fiber construction—light, low moment of inertia, 
Innovative design



Vertex Prototype Antenna

Carbon fiber on steel cabin, forerunner of APEX design



Prototype Antenna Testing at VLA
Photogrammetry,
January 2005



Prototypes accepted from 
manufacturers

Final technical evaluations complete; 
recommendations sent from Executives 
to funding agencies in Europe/US

Some delays in contract process 
(expected 28/7/04); important purchase 
($200M).

Funding agency decision mid-May 
2005



Receivers/Front Ends

SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS

HEMT
HEMT

Receiver 
technology

787 – 950 GHz
602 – 720 GHz
385 – 500 GHz
275 – 373 GHz
211 – 275 GHz
163 - 211 GHz
125 – 169 GHz
84 – 116 GHz
67 – 90 GHz

31.3 – 45 GHz

Frequency 
Range

DSB345 K230 K10
DSB263 K175 K9
DSB147 K98 K8
2SB221 K147 K7
2SB138 K83 K6
2SB108 K65 K5
2SB85 K51 K4
2SB62 K37 K3
LSB50 K30 K2
USB28 K17 K1

Mixing 
scheme

TRx at any 
RF 

frequency

TRx over 80% 
of the RF 

band

Receiver noise temperature
ALMA
Band

• Dual, linear polarization channels:
•Increased sensitivity
•Measurement of 4 Stokes parameters

•183 GHz water vapour radiometer:
•Used for atmospheric path length correction



Front End assembly



Front End assembly



Cartridges (Bands 3 & 6)

3 6



ALMA Project Organization 

Director:                             M. Tarenghi
Project Manager:                 T. Beasley
Project Engineer:          R. Murowinski
Project Science:                    <vacant>
Project Manager (NA):         A. Russell
Project Manager (EU):       J. Credland



Schedule

Enhanced ALMA AgreementSeptember 2004

Full Operations2012

Commissioning & early science 
operations2007 - 2009

AOS/OSF completed2007

Prototype System Testing2005

Antenna Contract Awarded2005

US/European ALMA AgreementDecember 2001

Prototype antennas at VLA siteNovember 2001

Phase I: Design & DevelopmentJune 1998



The North American The North American 
ALMA Science CenterALMA Science Center

Interim Director, Paul A. van den Bout



ALMA is a world array

*Tokyo
*Garching

*Cvlle

*Santiago
*ALMA site



What’s where in ALMA
The array is on a 16,500 ft elevation site, on 
the Array Operations Site (AOS).



ALMA Regional Centers

The JAO will have user interfaces known as “ARCs” in 
each of the three partner regions: North America, 
Europe, & Japan.

The ARCs will conduct activities needed to 
receive and process proposals from observers 
and return data to users, all archive based and 
organized.

The ARC archives are mirror archives of 
the central archive in Santiago; they all 
contain the same data, all the data.



Proposals/Observing Files 
are sent from ARCs to JAO

*Tokyo
*Garching

*Cvlle

*Santiago

ALMA
* site



Data Flow: array to user

*Tokyo
*Garching

*Cvlle

*Santiago

ALMA
* site



Data Flow is LARGE

During full operation, the estimated flow 
into archive ~ 100 Tbytes per year.  (Total
flow to date into the HST archive is . 20 
Tbytes).
Small dataset might be ~ 50 Gbytes; a 
large dataset might be ~ 1 Tbyte.
Dataset includes proposal, u-v data, a 
reference image with pipeline processing 
history, calibration data, . . .

Data analysis grants program



www.alma.info
The Atacama Large Millimeter Array (ALMA) is an international astronomy facility. ALMA is an equal 
partnership between Europe and North America, in cooperation with the Republic of Chile, and is 
funded in North America by the U.S. National Science Foundation (NSF) in cooperation with the 
National Research Council of Canada (NRC), and in Europe by the European Southern Observatory 
(ESO) and Spain. ALMA construction and operations are led on behalf of North America by the National 
Radio Astronomy Observatory (NRAO), which is managed by Associated Universities, Inc. (AUI), and 
on behalf of Europe by ESO. 



Key NAASC Science Tasks For First 
Science (2009) 

Inform community of science capabilities, observing modes, available resources, 
via meetings, workshops, webpages; solicit feedback

Proposal preparation/user support (proposal call mid-2006)

Proposal review/scheduling

Testing data reduction scripts/cookbooks

Develop calibrator & spectral line databases

Post-observation user support: help users with offline data reduction; re-reduce 
data; submit bugs

Help software developers develop/test advanced data processing 
procedures/tools. 



Joint ALMA 
Observatory Budget

NA ARC

NAASC

Chile Operations &

Other ARCs

Beyond the ARCs



NA ARC

Head & Admin. Asst.;
Astronomers – proposal functions;
Astronomers – archive functions;

Engineer/tech – hardware repair;
Programmers – software maint.;
$5,000,000 – development;
M&S, travel, capital; overhead.



NAASC Beyond the NA ARC
Data analysis grants program;
ALMA Fellows;
Pre-doctoral & co-op students;
Astronomers – archive functions;

EPO program;
Systems Admin.;
Business & library services;
Office of Chile Affairs.



European ARC ++

Narrowly defined core functions will be 
done at ESO – Garching.

Much, especially “hand-holding”, will 
be outsourced by ESO to national 
facilities, for example, Jodrell Bank, 
Dwingeloo, IRAM, Onsala, . . . , to be 
paid for by national budgets.



Japanese ARC

The Japanese ARC will almost certainly be part 
of the National Astronomical Observatory of 
Japan and located in Mitaka on the NAOJ 
grounds.



Canada

Contributing 7% of North American share of the 
JAO budget;
This includes 7% of the NA ARC, but no 
contribution to NAASC beyond the ARC;
Could choose to contribute, in part, with 
personnel, to Chile and to the NA ARC.
Could reasonably expect to get 7% of the 
Development work.






