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ABSTRACT

ALMA is a worldwide project, the synthesis of early vi-
sions of astronomers in its three partner communities, Eu-
rope, North America, and Japan. The evolution of these
concepts and their eventual merger into ALMA are dis-
cussed, setting the background for the papers which fol-
low on the scientific requirements and expected perfor-
mance of ALMA for extra-galactic, galactic, and solar
system research.

Key words: ALMA, millimeter, submillimeter, interfer-
ometers, instrumentation, history.

1. INTRODUCTION

The Atacama Large Millimeter Array (ALMA) is a fu-
sion of ideas, with roots in the conceptual projects of
three astronomical communities: the Millimeter Array
(MMA) of the United States, the Large Southern Array
(LSA) of Europe, and the Large Millimeter Array (LMA)
of Japan. ALMA has a large collecting area of 7238 m2

provided by 64 antennas of diameter 12m. ALMA is very
flexible. Its antennas can be placed in configurations with
sizes from 150 m to 14 km, providing a range of angular
resolution of nearly a factor of 1000 at fixed observing
frequency. It has the potential to cover all ten frequency
bands from 30–950 GHz where the earth’s atmosphere is
reasonably transparent, with an initial set of receivers that
covers the four of these bands. It has a powerful and flex-
ible signal correlator that can process 2016 baselines with
16 GHz of bandwidth per antenna. In addition, it has been
agreed that ALMA include the Atacama Compact Array
(ACA), an array of 12 antennas of diameter 7m (with 4
additional 12m diameter antennas for single dish observa-
tions and calibration purposes), equipped with the same
receivers as the large array, and equipped with its own
signal correlator of similar power as the large array, as
well as three additonal receiver bands for all 80 antennas.
The ACA provides data on spatial frequencies between
the compact configuration of the large array and a sin-
gle (12m) antenna. ALMA with the ACA and additional
receiver bands is known as “Enhanced ALMA”. These

specifications are those necessary to meet scientific re-
quirements. They also reflect the union of visions for the
three earlier conceptual projects now realized in ALMA.

2. THE ROOTS OF ALMA

2.1. Millimeter Array

The origins of the Millimeter Array (MMA) are found
in the pioneering science of the NRAO 36-Foot Tele-
scope (later known as the 12-Meter Telescope), soon fol-
lowed by the 4.9m telescopes at the University of Texas
and Aerospace Corporation, the 14m telescope at the
Five Colleges Radio Astronomical Observatory, and the
7m telescope at AT&T Bell Labs. The millimeter inter-
ferometers of the University of California (Berkeley) at
the Hat Creek Observatory (later the Berkeley-Maryland-
Illinois Association, or BIMA) and the California Insti-
tute of Technology at the Owens Valley Radio Observa-
tory demonstrated the power that comes with high an-
gular resolution for studying the sources found with the
single dishes. The experience of using a powerful, flexi-
ble array that was provided by NRAO’s Very Large Array
(VLA) at longer wavelengths was also very influential —
the prime characteristic of the MMA was the ability to
obtain rapid high-quality images at 230 GHz, that is, the
MMA was to be a millimeter version of the VLA. The sci-
ence targets of the MMA included the same broad range
of topics seen at the VLA: sun, solar system, stars, galac-
tic interstellar medium, external galaxies, and cosmology.

In 1982 an NSF committee appointed to make recom-
mendations for the future of millimeter-wavelength as-
tronomy in the United States called for the development
of an interferometer with a collecting area of 1000–2000
m2 capable of working at 1mm wavelength with 1′′ reso-
lution at 115 GHz. The first concept for this interferom-
eter was presented in MMA Memorandum #1 [1], where
an array of 15 antennas of diameter 10m at the VLA site
in New Mexico was proposed at an estimated cost of
$36M(US). The proposal to build the MMA, submitted
by Associated Universities, Inc. (AUI) to the National
Science Foundation (NSF) in July, 1990, called for an
array of 40 antennas of diameter 8m, with four receiver
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bands covering the atmospheric windows from 30–350
GHz, configurable in four arrays of size 70–3000 m, with
a correlator capable of processing 2 GHz per antenna [2].
The proposal discussed two possible sites for the MMA,
both in the southwestern United States. Studies of the at-
mopheric transparency and phase stability at these sites
led to similar studies on Mauna Kea, in Hawaii. Exten-
sive atmospheric monitoring was also conducted there.
Concerns with the limited size of the area available to the
MMA on Mauna Kea and with potential environmental
problems prompted a search for potential sites in Chile.
The Goddard Institute for Space Studies (later, Harvard-
Smithsonian Center for Astrophysics (CfA)) survey of
galactic CO emission using 1.2m telescopes, one in each
hemisphere, had experienced excellent observing condi-
tions at Cerro Tololo. In April of 1994 the observato-
ries at Cerro Tololo, ESO La Silla and Paranal, Las Cam-
panas, and high-elevation sites further inland, including
sites previously identified as possibilities for the Sub-
Millimeter Array (SMA) of the CfA, were visited. This
search followed by nearly 10 years the first suggestion, in
MMA Memorandum #25 [3] that the MMA be built in the
Southern Hemisphere. The quality of the sites prompted
an extension of MMA capability to the submillimeter [4].
The site in Chile selected for the MMA, not one of the
sites considered for the SMA, was to the east of the vil-
lage of San Pedro de Atacama in the Andean altiplano at
an elevation of 5000m. This site, named Llano de Cha-
jnantor, is shown in Fig 1. It was formally proposed to
the NSF by AUI as the MMA site in 1996. The estimated
cost of the MMA was $120M(US).

2.2. Large Southern Array

As in the United States, a broad science program in mil-
limeter wavelength astronomy had developed in Europe,
centered around the two telescopes of IRAM, a 30m sin-
gle dish and an interferometer of three (now six) 15m
antennas, the 14m telescope of the Onsala Space Ob-
servatory (OSO), and the submillimeter capability of the
15m James Clerk Maxwell Telescope. The group at
the University of Bordeaux were pioneers in millimeter
wavelength interferometry. The first concept for a mil-
limeter interferometer in the Southern Hemisphere came
in the late 1980s out of OSO following the success of
the Swedish-ESO Submillimetre Telescope (SEST), and
called for an array of 10 antennas of diameter 8m to be lo-
cated near ESO’s Very Large Telescope on Cerro Paranal
in northern Chile [5]. The estimated cost was $50M(US).
An array in the Southern Hemisphere became the hall-
mark of the European array for scientific reasons (the
Galactic Center, Magellanic Clouds, etc.) and because
ESO, the natural organization for a European astronomi-
cal project, had its telescopes there.

The discovery of CO emission in a galaxy at a redshift
of z = 2.3, had a profound influence on the size of the
LSA. In recognition of the possibility that this galaxy was
either atypically luminous or, more likely, gravitationally
lensed, it was argued [6] that a collecting area of at least
10 times that of the IRAM Interferometer on the Plateau
de Bure, that is, an unprecedented 10000 m2 of collect-
ing area, was required to be able to observe the entire

(unlensed) population of such galaxies. These ideas were
incorporated in the thinking for the Large Southern Array
(LSA); it’s concept proposal (1995) called for a 10000 m2

collecting area provided by 50 antennas of diameter 16m
or 100 antennas of diameter 11m. The LSA was to work
at frequencies of 350 GHz and below and be equipped
with state-of-the-art receivers and signal correlator. To
obtain angular resolution of 0.1′′ at a wavelength of 2.6
mm, configurations of size∼ 10km were contemplated.
Because its highest operating frequency was 350 GHz,
the LSA did not require a site as high as that picked for
the MMA, and sites at lower elevations of 3300m and
3750m were studied. The estimated cost of the LSA was
about $250M(US).

2.3. Large Millimeter Submillimeter Array

In Japan, plans for a large millimeter wavelength array
grew naturally out of a desire to expand the Nobeyama
Millimeter Array. The Large Millimeter Array (LMA)
was discussed in 1983, just following the dedication of
the NRO, and in its first form expanded the five 10m di-
ameter antennas of the NRO interferometer to 30, work-
ing to a maximum frequency of 230 GHz on baselines up
to 1 km. It was decided in 1987 to expand the concept
to 50 antennas of diameter 10 m working at frequencies
of 35–500 GHz with the possibility of going to submil-
limeter frequencies, in configurations of size 20–2000 m
[7]. Japanese university groups established a small, au-
tomated submillimeter telescope on Mt. Fuji and a small
millimeter telescope in Chile. The site of the NRO pre-
cluded observations in the submillimeter, and sites on
Mauna Kea and in North Africa and Chile were consid-
ered as possibilities. Serious site studies in Chile began
in 1992 with a survey of 20 possibilities.

As the quality of the sites in Chile became apparent, con-
sideration of Mauna Kea was dropped and the prospects
of observing in the submillimeter band became the fo-
cus of the LMA program, leading to the change in
project name to the Large Millimeter/Submillimeter Ar-
ray (LMSA). In 1995 a memorandum of understanding
between the NOAJ and NRAO was signed whereby the
two groups agreed to work cooperatively on site stud-
ies. Sites at Pampa la Bola and Rio Frio received in-
tensive study, with Pampa la Bola to the north-east of
Llano de Chajnantor site becoming the site of choice
in 1997; the importance of 10 km baselines to a com-
bined MMA+LMSA had become clear in a workshop
held in Tokyo on submillimeter astronomy at 10 milli-
arcseconds resolution. The Pampa la Bola site showed
excellent phase stability and is now the location for a
long arm of ALMA antenna pads that stretches north-
east of the Llano de Chajnantor. In 1994 the LMSA
received high-level governmental endorsement as a top-
priority project for new ground-based astronomical facil-
ities. Proto-planetary disks and high-z galaxies were con-
sidered to be the main scientific targets of the project. The
frequency range of the LMSA was expanded to include
650 and 900 GHz bands in the submilllimeter [8].



3

3. CONCLUSION

Few of the participants in the MMA, LSA, and LMSA
projects were entirely comfortable with the prospect of
building three separate large millimeter/submillimeter ar-
rays in Chile, even if each satisfied to a significant extent
the particular wishes of its community. Working groups
were established in the General Assemblies of URSI
(1993) and the IAU (1994) to study potential partnerships
and discussions on the subject occured frequently. The
major breakthrough occured with the signing of a resolu-
tion between ESO and NRAO on June 26, 1997, whereby
the two parties agreed to pursue a common project that
merged the MMA and LSA into what would eventually
be named ALMA. The merged array combined the sen-
sitivity of the LSA with the frequency coverage and su-
perior site of the MMA [9]. The merger was made offi-
cial in June 1999 with the signing of the Phase 1 ALMA
Agreement. ESO and NRAO worked together in techni-
cal, science, and management groups to define and orga-
nize a joint project between the two observatories with
participation by Canada and Spain. A flurry of resolu-
tions and agreements ensued, including the choice of “At-
acama Large Millimeter Array”, or ALMA, for the name
of the new array in March of 1999. This effort culminated
in the signing of the ALMA Agreement on February 25,
2003, between the North American and European parties.

Following mutual discussions over several years, the
ALMA Project received a proposal from the NAOJ
whereby Japan would provide the ACA and three ad-
ditional receiver bands for the large array, to form En-
hanced ALMA. Further discussions between ALMA and
the NAOJ led to the signing of a high-level agreement on
September 14, 2004, that makes Japan an official partic-
ipant in Enhanced ALMA. Final negotiations on an op-
erations plan for Enhanced ALMA are expected to be
concluded by the end of 2005. ALMA is budgeted at
$552M(Y2000US), shared 50:50 between North Amer-
ica and Europe. The value assigned to the Japanese con-
tribution to Enhanced ALMA is $180M(Y2000US).

In 2004, the last of a number of steps was completed in
the long process to secure long-term (50 year) access to
the ALMA site with the issuance of three decrees by the
Republic of Chile and signing of two contracts. This pro-
cess included the establishment of AUI in Chile with the
same rights and priviledges as ESO, securing by AUI of
exploratory mining rights for the site, establishment by
Chile of a Science Reserve that includes the site, per-
mission for ESO to open a new observing site, approval
of an environmental impact study, purchase of land for
the mid-level operations facility, lease and right-of-way
agreements for the site and access road, approval of a
quiet/coordination zone around the site to protect against
radio frequency interference, an agreement with the re-
gional government concerning support of cultural and ed-
ucational activities, and an agreement with CONYCIT
concerning the share of observing time on ALMA for
Chilean astronomers and support for the development of
astronomy in Chile. More than 14 government agencies
in Chile were involved in the negotiations.

Assuming all three partners are able to meet their

commitments, the final project will be cost-shared
37.5%/37.5%/25% between North America, Europe, and
Japan, respectively. The observing time, after a 10%
share for Chile, will be shared accordingly. When En-
hanced ALMA, to be known as the Atacama Large
Millimeter/Submillimeter Array, with the same acronym
ALMA, comes into full operation it will truly be a world
millimeter/submillimeter array.
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Figure 1. The ALMA site on the Llano de Chajnantor, elevation 5000m, as seen from Cerro Chajnantor (S. J. E. Radford).
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SCIENTIFIC REQUIREMENTS OF ALMA, AND ITS CAPABILITIES FOR
KEY-PROJECTS: EXTRAGALACTIC
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ABSTRACT

The Atacama Large Millimeter Array (ALMA) con-
sists of 64 antennas of 12m diameter that will ini-
tially observe in 4 frequency bands between 84 and
720 GHz with spatial resolutions down to 0.′′01 and
velocity resolutions as fine as 0.05 km/s. These tech-
nical requirements are based on three primary sci-
ence goals. We illustrate two of these requirements:
(i) the ability to detect spectral line emission from a
Milky-Way type galaxy at z=3, and (ii) the ability
to provide precise images at an angular resolution
of 0.′′1. Finally, we present a possible large extra-
galactic project with ALMA: molecular line studies
of submm galaxies.

Key words: ALMA; instrumentation.

1. PRIMARY SCIENTIFIC REQUIRE-
MENTS

ALMA will be a flexible observatory supporting a
breath of research in the fields of planetary, galac-
tic and extra-galactic astronomy. The three primary
science requirements have been defined as:

1. The ability to detect spectral line emission from
CO or CI in a normal galaxy like the Milky Way
at a redshift of z = 3, in less than 24 hours of
observation.

2. The ability to image the gas kinematics in pro-
tostars and protoplanetary disks around young
Sun-like stars at a distance of 150 pc, enabling
one to study their physical, chemical and mag-
netic field structures and to detect the gaps
created by planets undergoing formation in the
disks.

3. The ability to provide precise images at an an-
gular resolution of 0.′′1. Here, the term pre-
cise images means representing within the noise
level the sky brightness at all points where the
brightness is greater than 0.1% of the peak im-
age brightness. This requirement applies to all

sources visible to ALMA that transit at an ele-
vation greater than 20◦.

We now concentrate on the two requirements impor-
tant for extragalactic astronomy (see J. Richer’s con-
tribution for the galactic requirements).

1.1. Spectral line imaging of normal galaxies
at z=3

An estimate of the technical requirements to achieve
this science goal can be made by using experience
learned from existing millimeter arrays, which have
collecting areas between 500 and 1000 m2. These
arrays now routinely detect CO emission from high
redshift galaxies and quasars (see Carilli et al. ,
2004a, for a review). Fainter molecular lines such as
HCN (e.g. Carilli et al. , 2004b) and atomic Carbon
(Weiß et al. , 2004a) are now also within the reach
of existing telescopes. These observations take one
to two days of total observing time, and are only
possible for the most luminous sources and/or with
the aid of gravitational lensing. In normal, unlensed
galaxies, these lines would be a factor of 20 to 30
fainter.

The sensitivity of ALMA for a given integration time
is essentially controlled by three major terms: (1) the
atmospheric transparency, (2) the noise performance
of the detectors, and (3) the total collecting area.

The location of ALMA on the Chajnantor plateau at
an altitude of 5000m will minimize the contribution
from the atmosphere compared to existing millimeter
observatories. The noise level of the detectors can be
reduced be a factor of two, and will then approach
the fundamental quantum limit. An important fac-
tor of

√
2 will be gained by the requirement that

ALMA support front end instrumentation capable of
measuring both states of polarization. The remain-
ing factor of 7 to 10 can only be gained by increasing
the collecting area. Hence, an ALMA requirement is
a collecting area >7000 m2.
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Table 1. Aperture efficiencies ǫa and estimated sys-
tem temperatures Tsys for ALMA at 50◦elevation.

Frequency ǫa Tsys

GHz K

35 0.75 35

110 0.74 67

230 0.72 107

345 0.69 251

409 0.67 425

675 0.54 1050

850 0.45 1150

A more specific calculation of the requirement to
have the ability to detect CO emission from a Milky
Way type galaxy at z=3 is as follows. At cosmo-
logical distances, the 10 kpc disk of the Milky Way
is much smaller than the primary beam of existing
millimeter antennas, so a single observation would
be sufficient. The flux density sensitivity in an im-
age from an interferometric array can be written as

∆S =
4
√

2kTsys

γǫqǫaπD2

√

np
N(N−1)

2 ∆ν∆t

Wm−2Hz−1,

where Tsys is the system temperature, ǫa is the aper-
ture efficiency, ǫq is the correlator quantization ef-
ficiency, D is the antenna diameter, np is the num-
ber of simultaneously sampled polarizations, N is the
number of antennas, ∆ν is the bandwidth, ∆t is the
integration time, and γ is a gridding parameter that
we set to unity. For ALMA, we shall assume ǫq=0.95,

np=2, and
√

N(N − 1) ≃ N so this equation then
simplifies to

∆S =
2.6 × 106Tsys

ǫaND2
√

∆ν∆t
mJy.

Tsys and ǫa vary between the different atmospheric
bands of ALMA. A surface accuracy of 20µm should
be achievable, providing aperture efficiencies be-
tween 0.75 and 0.45 (see Table 1). Tsys depends
on several atmospheric and instrumental parameters.
Table 1 lists estimates of the achievable Tsys at an el-
evation of 50◦ using state-of-the-art receivers. With
these assumptions, one can thus calculate the re-
quired collecting area parametrized by the product
ND2 to achieve a certain flux density level.

The total CO luminosity of the Milky Way in the
CO(1–0) transition L′

CO(1−0)=3.7×108 Kkms−1pc2

has been estimated by Solomon & Rivolo (1989).
The CO luminosities seen in higher CO transitions by
COBE (Bennett et al. , 1994; Wright et al. , 1991)
are slightly higher. In the following, we shall adopt
L′

CO(1−0)=5×108 K kms−1pc2. From this, we can

calculate the expected received flux density follow-
ing Solomon, Downes, & Radford (1992) as

SCO = 3.08 × 10−8 L′

COν2
rest(1 + z)

∆vrestD
2
L

,

where SCO is the flux density in Jy, νrest is the rest
frequency of the transition in GHz, DL is the lumi-
nosity distance in Mpc, and ∆vrest is the rest line
width in kms−1.

In the Milky Way, most of the CO emission arises
in clouds of several tens of Kelvin kinetic tempera-
ture. In Milky Way-like galaxies at z=3, the gas will
be somewhat warmer due to the higher background
temperature from the cosmic microwave background
radiation. At z=3, we can observe the J=3–2 or
J=4–3 transitions, which fall inside the atmospheric
transmission regions. We thus need to consider the
expected luminosity of these higher order transi-
tions, using a proper radiative transfer model that
takes the higher background temperatures into ac-
count. Several such models have been proposed
(Silk & Spaans, 1997; Combes, Maoli, & Omont,
1999; Papadopoulos et al. , 2000). However, they
reach significantly different conclusions. There
have also been a few observations of CO lad-
ders in high redshift quasars (Carilli et al. , 2002;
Bertoldi et al. , 2003) and Ultra Luminous InfraRed
Galaxies (Weiß et al. , 2004b), all showing CO in-
tensities up to the 6–5 or 7–6 transition. How-
ever, the CO emission from quasars and ULIRGs
is likely to be dominated by the central compo-
nent, while our requirement is to detect the outer
regions in Milky Way type galaxies. In a sample of
28 nearby galaxies, Mauersberger et al. (1999) finds
ICO(3−2)/ICO(1−0) ratios between 0.2 and 0.7, very
different from the ones found in the high-z quasars
and ULIRGs. Given these uncertainties, we shall as-
sume L′

CO(3−2)/L′

CO(1−0)=1.

For a standard ΛCDM cosmology with
H0=71km s−1 Mpc−1, ΩM=0.27 and ΩΛ=0.73,
the luminosity distance at z=3 is DL=26Gpc.
Assuming an intrinsic width ∆v=300 km−1, the
expected flux density of the CO(3–2) line is thus
36µJy. Requesting a 5σ detection in a 75km s−1

channel in 12 hours of on-source integration time
(corresponding to 16 hours of total telescope time),
we thus require an ND2 of ∼7300m2. This can be
achieved with the ALMA array of 64 12m antennas.
Of course, larger values of ND2 are always desirable,
as they would allow one to resolve the line flux
density into more pixels (higher angular or spectral
resolution) or image to higher S/N more quickly.

Next to CO, ALMA should also be able to observe
other lines such as CI, NII and CII lines at cosmo-
logical redshifts. These lines will provide important
probes of the IMF and the Lyman continuum lumi-
nosity from the most luminous stars in early galaxies.
However, because the evolution of their luminosity as
a function of redshift and Hubble type is less known
than for CO, we did not use them to determine the
total aperture requirement of the array.
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Figure 1. Atmospheric transmission at Chajnantor with the ALMA frequency bands indicated. Initially, only
bands 3, 6, 7 and 9 will be used .

1.2. Precise high-resolution imaging

The requirement for ALMA to obtain precise images
at an angular resolution of 0.′′1 follows from the need
to complement contemporary facilities such as the
James Webb Space Telescope, the extended VLA,
and adoptive optics imaging on large ground based
telescopes.

To obtain high fidelity images with an interferome-
ter requires a sufficient number of baselines to ade-
quately cover the uv plane. To reach such excellent
images limited by dynamic range requires that 50%
of the (u, v) cells be filled (Morita, 1996). This frac-
tion of occupied cells (FOCC) is calculated out to
the longest array baselines. The FOCC is a function
of hour angle coverage. Obviously, one would like to
observe sources within a limited hour angle range
to avoid large system temperature variations that
would corrupt the images. Especially in the submil-
limetre windows, such variation limit the hour angle
coverage to approximately 2 hours. Holdaway et al.
(1998) presents a detailed analysis of the variation
of FOCC as a function of array configuration and
hour angle coverage. To achieve an FOCC>0.5 in
a configuration with a maximum baseline of 3000m
in 2 hours of hour angle coverage requires a collect-
ing length ND >560. This can be achieved with the
ALMA array of 64 12m antennas.

As for any array, ALMA will also be prone to the
short spacing problem. Because one cannot measure
the smallest spatial frequencies, below approximately
the antenna diameter, the interferometer will not be
sensitive to sources more extended than ∼2/3 of the
primary beam. A key requirement of ALMA is there-
fore the ability to observe in total power mode. To

reach a similar S/N level in total power would require
4 antennas optimized for total power measurements
(using a nutating secondary), each observing 4 times
longer than the array (hence only 25% of the projects
will have total power information).

Even after the combination with the total power
data, there will still be a gap in the uv plane, lo-
cated in a ring of approximately half the antenna
diameter. This gap will be filled in by the Atacama
Compact Array, a set of twelve 7m antennas.

2. DETAILED REQUIREMENTS OF
ALMA

To achieve the above science requirements requires
a reconfigurable array covering baselines from a few
meters up to several kilometers, observing in all the
millimeter and submillimeter windows (Fig. 1). The
12m diameter of the antennas is driven by the re-
quired pointing and surface accuracy. Additionally,
the ALMA antennas will be equipped with water va-
por radiometers to measure atmospheric pathlength
variations. Together with a fast switching technique,
this will minimize the image distortions caused by
phase variations.

Given the diverse scientific community to be served
by ALMA, the final major requirement of is that
ALMA should be an easy by non-experts. Auto-
mated image processing will be developed and ap-
plied to most ALMA data, with expert help avail-
able for intricate experiments. Table 2 summarizes
the requirements of ALMA.
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Table 2. Requirements of ALMA

Requirement Specification

Frequency all atmospheric windows between 30 and 950GHz (Fig. 1)

Bands 10 bands; initial priority to band 3=84–116GHz, band 6=211-275GHz,

band 7=275–373GHz and band 9=602–720GHz

Tunability possible completely across all observable windows

Spectral resolution sufficient (0.01 km/s) at 100GHz to resolve thermal line widths

Intraband tuning within 1.5 s

Interband tuning within 1 minute; within 1.5 s if standby

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

Flux sensitivity sub-mJy point source at all frequencies within 10min

under median atmospheric conditions

Site Llano de Chajnantor at 5000m altitude

Antennas 64 antennas of 12m diameter

Antenna surface rms deviations of 25µm from ideal

Receivers close to quantum limited

IF bandwidth 8GHz per polarization in continuum mode

Dynamic scheduling optimization following scientific priority and required/current conditions

High fidelity on spatial scales of degrees to 0.′′01

Total power 4 antennas equipped with nutating subreflectors

Configurations continuous from within 150m to maximum baseline of 18.5 km

Pointing accurate to 0.′′6 using reference pointing

Antenna locations determined to 65µm

Phase corrections corrected phase visibility fluctuations not to exceed 1 radian at 950GHz

Amplitude fluctuations <3% at 300GHz and <5% at higher frequencies

Polarization all polarization cross-products measured simultaneously

Polarized flux error <0.1% of total intensity for V =0 source

Polarization position angle better than 6◦ for linear polarization

Calibration accurate to 3% below 300GHz and 5% at higher frequencies.

Absolute calibration to 5%.

Solar it shall be possible to observe the Sun at all frequencies

Software preparation, scheduling and reduction software provided by ALMA

Data reduction pipeline with minimal input from astronomer for most projects
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3. POSSIBLE EXTRAGALACTIC PRO-
GRAMS

In order provide a set of high-priority ALMA
projects that could be carried out in ∼3–4 years of
full ALMA operations, a Design Reference Science
Plan (DRSP) has been set up. The DRSP contains
128 projects1 written by 43 experts in four scientific
categories (Galaxies and Cosmology, Star and planet
formation, Stars and their evolution, Solar system).
These projects assume the full array of 64 antennas,
which will be available by 2012. The scientific goals
will of course evolve over time, so these projects may
become slightly outdated by this time. The main
goal of the DRSP is to serve as a quantitative refer-
ence for developing the science operations plan, for
performing imaging simulations, and for software de-
sign. These provide a useful overview of ALMA’s
capabilities in these four domains. The DRSP does
not form the basis for any definition of ALMA early
science observing programs, nor for any claims on
key or other projects. Here we illustrate an example
extragalactic project doing molecular line studies of
submm galaxies.

Figure 2. The redshift coverage within the initial
four ALMA frequency bands of the different rota-
tional transitions of 12CO as a function of redshift.
Note that at each redshift, there will be at least one
CO line that can be detected with ALMA. At z > 3,
one can even detect two transitions within band 3.

The discovery of a significant population of
dusty star forming galaxies at high redshift
from deep (sub)mm surveys made with the
SCUBA and MAMBO bolometer arrays has trans-
formed our knowledge of galaxy formation (e.g.
Smail, Ivison, & Blain, 1997; Greve et al. , 2004).

1The entire list of DRSP projects is available from
http://www.eso.org/projects/alma/

These sources make up at least half of the
FIR/submm background (Hauser et al. , 1998). A
significant fraction (of order 50%) of star formation
in the cosmos occurs in these galaxies that are heav-
ily obscured by dust. The optical/near-IR identifi-
cation is extremely time-consuming, and often re-
quires ultra-deep radio maps to narrow down the
large positional uncertainty of the (sub)mm positions
(Ivison et al. , 2002; Dannerbauer et al. , 2004). As
a result, the redshift distribution is still not properly
determined, although the median redshift is claimed
to be close to 〈z〉 ∼ 2.4 (Chapman, et al. , 2003).

ALMA will not only provide sub-arcsecond reso-
lution images of these sources, solving the optical
identification problem, but will also allow to by-
pass the optical spectroscopy altogether. The lim-
ited bandwidth of present-day mm interferometers
means that accurate optical redshifts are needed be-
fore one can confirm the redshift by observing the
CO lines (Neri et al. , 2003). The 2×4 GHz band-
width of ALMA allows one to detect at least one
CO transition in three frequency settings between
90 and 116 GHz (Fig. 2). A second search will
then be required to confirm the redshift. The two
CO lines will also provide estimates of CO excita-
tion conditions. For sources with 850µm continuum
flux densities of 1mJy (which would be found with
second generation bolometer arrays such as SCUBA-
2/JCMT or LABOCA/APEX), ALMA would have
a solid detection in <2 hours integration time per
source, so it is feasible to observe a representative
sample of 50 sources in 100 hours. These sources
can the be followed up with high resolution CO im-
ages to determine their composition (many sources
are expected to be in mergers), and to derive dy-
namical mass estimates from their velocity profiles
(e.g. Genzel et al. , 2003). Such studies require
only 1 hour per source, compared to 24 hours or more
for brighter sources known today. Finally, the HCN
line, which is typically 10× fainter than CO will be
detectable in about 10 hours with ALMA. This will
provide a much better tracer of the dense gas feeding
the star-formation in these galaxies.
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