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Chapter 1

Introduction

The Atacama Large Millimeter/Submillimeter Array (ALMA) is an aperture synthesis telescope consisting of
66 antennas that can be positioned in a number of di erent con gurations. It operates over a broad range of
observing frequencies in the millimeter and submillimeter regime of the electromagnetic spectrum.

ALMA Early Science Operations started with Cycle 0 in September 2011 and the o cial inauguration took
place in March 2013.

Starting with Cycle 8 operations, the distinction between standard and non-standard observing modes were
removed. However, some observing programs, such as Large Programs, will still be restricted to specied
observing modes. Users should refer to Appendix A (ALMA Capabilities) in the ALMA Cycle 9 Proposer's
Guide, for the latest information and a description of all the available observing modes including those programs
with restricted observing modes.

The Technical Handbook concentrates on the technical aspects of the Cycle 8 observing capabilities as well
as on the hardware and software available for ALMA users. It should, however, not be necessary to use the
Technical Handbook to prepare an ALMA proposal.

The Technical Handbook is divided into three main sections: The concepts of interferometry and the ALMA
hardware components (Chapters 2 5), the observing concepts and software (Chapters 6 9), and nally the data
quality and handling (Chapters 10 13). It also includes a number of appendices with expanded information on
speci ¢ ALMA hardware components and calibration and an acronym list widely used by ALMA sta .

Chapter 2 describes the ALMA Array components: The 12-m Array and the Atacama Compact Array
(ACA), also known as the Morita Array which is comprised of the 7-m and Total Power (TP) Array. A general
description of the di erent array elements and hardware components is provided.

Chapter 3 gives a brief introduction to interferometry, including a description on the concepts of basic radio
astronomy and the principles of aperture synthesis.

Chapter 4 describes the details of the eight receiver bands o ered for Cycle 8 observations. The general
technical speci cations and a brief explanation on local oscillators and intermediate frequency (IF) range is
presented. Plots with the atmospheric transmission and the typical system temperatures per receiver band are
also included.

Chapter 5 describes the correlators and the data processing taking place in these special purpose supercom-
puters. A description of the 64-input Correlator (used for the 12-m Array) and the ACA Correlator (used by the
7-m and the TP Arrays) is provided. Observing modes available for continuum and spectral line observations
are presented.

Chapter 6 describes how the spectral setup is done in the correlators. A description of the signal path and
local oscillator (LO) chain used between the frontends and the correlators is covered and how the hardware is
con gured to de ne spectral setups for an observation.

Chapter 7 describes several aspects of imaging to consider in ALMA observations. A short description on
the di erent con gurations proposed for Cycle 9 is included. Note that in Cycle 9, the two longest baseline
con gurations will again be available (Con guration-9 with a maximum baseline of 13.9 km and Con guration-

10 with a maximum baseline of 16.2 km). In addition, the higher frequency bands (Bands 8 - 10) will now be
available in some long baseline con gurations if appropriate calibrators can be found. Concepts of shadowing,
beam shape, and spatial scale Itering are revisited. Mosaicing and 12-m and 7-m Array data combination are
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also presented.
Chapter 8 describes the observing modes o ered for Cycle 9 and the observing sequence of projects. Single

eld interferometry, mosaics, single-dish observations, polarization, multiple region modes, Solar, very long
baseline interferometry (VLBI), astrometry and ephemeris observations are detailed in this section.

Chapter 9 gives a brief overview how sensitivities and integration times are calculated at ALMA.

Chapter 10 describes how calibration is performed at ALMA, providing a description on how to calibrate
long-term and short-term e ects as well as how calibrators are selected.

Chapter 11 describes the data quality assurance (QA) process. A description of the criteria used for passing
quality assurance as well as the pipeline heuristics used in data reduction and calibration which are used in
determining the overall quality of the data are presented.

Chapter 12 describes the data ow and structure of ALMA data. A description of all the main software
subsystems involved from data acquisition to archiving is provided as well as a description of the ALMA Science
Data Model (ASDM) which de nes the metadata structure adopted by ALMA.

Chapter 13 describes how the data are stored, the data ow and the user interface to the ALMA Archive.

The Technical Handbook concludes with three appendices, which contain supplemental material about the
antenna design and ALMA transporter (Appendix A), the Local Oscillator (LO) and Intermediate Frequency
(IF) system (Appendix B) and a list of acronyms widely used by ALMA sta (Appendix C).

Figure 1.1: ALMA antennas on the Chajnantor Plateau.



Chapter 2

Array Components

This chapter describes the main characteristics of each ALMA array. Unless otherwise noted, the description is
appropriate for the fully completed ALMA telescope.

2.1 The ALMA Telescope

ALMA is composed of 66 high-precision antennas. Fifty of these antennas are 12-meter antennas in the 12-m
Array, used for sensitive, high-resolution imaging. These fty 12-m antennas are complemented by the Atacama
Compact Array (ACA), also known as the Morita Array *, composed of twelve closely spaced 7-m antennas (the
7-m Array), and four 12-m antennas for single-dish (or Total Power) observations (the TP Array), to enhance
wide- eld imaging of extended structures. In Cycle 9, ALMA will cover most of the wavelength range from 3.6
to 0.32 mm (84 950 GHz), and during Full Operations, will cover a range from 8.5 to 0.32 mm (35 950 GHz).

The array is located on the Chajnantor plain of the Chilean Andes (lat.= 23.02917 , long.= 67.754649 ),

a site that normally o ers the exceptionally dry and clear sky conditions required to observe at millimeter and
submillimeter wavelengths’. The ALMA antennas, weather stations, the two correlators and their computer
interfaces, Local Oscillator generation hardware, timekeeping hardware, and the related array Real-Time Ma-
chine computer are all located at the 5000-meter altitude site referred to as the Array Operations Site (AOS).
This site is connected via Gigabit ber links to the Operation Support Facility (OSF), located at an altitude of
2900 meters, about 22 km from the AOS and 40 km from the town of San Pedro de Atacama. Science operations
are conducted from the OSF and coordinated from the JAO central o ce in Santiago. All three ALMA arrays
are controlled via control software developed on the ALMA Common Software (ACS).

There are 192 antenna foundations (stations) distributed over the Chajnantor and Pampa la Bola plateaus.
The antenna foundation distribution yields baselines (distances between two antennas) ranging from 15 m to
16 km, which are crucial in determining the image quality and spatial resolution of ALMA (see Chapter 7).
The antenna foundations provide the sti ness required for precise antenna pointing, as well as electrical power
and digital connectivity to the main AOS building (See Appendix A.2). The antennas can be re-con gured into
the di erent array con gurations (Chapter 7) using the two special purpose ALMA antenna transporters (see

Appendix A.3).

The number of antennas in each array component (12-m, 7-m and TP Arrays), and the speci ¢ con gurations
available for an observing season (e.g. Cycle 9) will be published in the Capabilities section of the document
ALMA Proposer's Guide. Complementary background information on ALMA and its capabilities for Cycle 9
can be found in the documentObserving With ALMA: A Primer . Both documents can be found on the link
http://www.almascience.org/documents-and-tools/.

2.2 The 12-m Array

The 12-m Array consists of fty 12-m diameter antennas designed and built by the European and North
American ALMA partners (each providing 25 units), according to the stringent ALMA Antenna Performance

1dedicated to the honor of K.-I. Morita
2http://www.almascience.org/about-alma/weather
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Figure 2.1: The ALMA 12-m Array in its compact con guration (left hand side of the image). The ACA with

all 7-m antennas (dashed orange circles) and four single-dish 12-m antennas (blue circles) are distributed in the
right hand side of the image. A few unoccupied stations can be seen, to which antennas of the 12-m Array can
be moved by the transporter as the array is being recon gured. At its most extended con guration, antennas
in the 12-m Array will be about 16 km apart.

speci cations (see Appendix A). Each antenna contains one front end, including a cryostat (see Appendix A.4),
amplitude calibration device (ACD; A.5), water vapor radiometer (WVR; A.6), and back-end electronics (analog
and digital racks). The WVRs are used to correct the phase uctuations caused by water in the atmosphere
along the line of sight of each 12-m Array element. The cryostat can contain up to ten cartridges, each covering
one frequency band (see Chapter 4). Only one band observes at any time, but up to three can be switched
on simultaneously. Rapid switching between receiver bands is possible but currently only used for observatory
calibration (see Chapter 4). Each receiver band (Chapter 4) detects two orthogonal linear polarizations and
down-converts the signals to an intermediate frequency with 7.5 GHz of bandwidth per polarizatioA. Bands
3-8 cartridges are dual sideband (2SB) and Bands 9 and 10 are double sideband (DSB).

The Local Oscillator (LO) signals (Appendix B) are transmitted to the antennas on optical bers with a
round trip measurement to correct for changes in the ber length. There are four independent LO reference
systems so that the 7-m Array, the TP array and two subsections of the 12-m Array (e.g., two “sub-arrays')
can conduct simultaneous independent observations. Please note that the sub-arrays feature of the 12-m Array
is not yet a capability that is o ered for Pl science observations. The 7.5 GHz total IF bandwidth from the
selected receiver is divided into four 1.875 GHz-wide basebands which are digitized at four Gsamples/s, with
three-bit resolution, and transmitted on optical bers. Total data rates are therefore 96 Gbits/s per antenna.
With formatting, the bit rate is 120 Gbits/s.

On arrival at the central building, the data are recovered and processed in one of the two correlators: the
64-input Correlator and the ACA Correlator (see Chapter 5). All antennas can feed either correlator. The
64-input Correlator (Section 5.1) is normally used for the 12-m Array, but it can also take inputs from the
7-m Array or TP antennas. It is an XF correlator (cross-correlates rst, then Fourier transforms), but the
correlator proper is preceded by Tunable Filter Banks, which makes it a digital hybrid XF correlator or FXF.
These can select sub-bands from the 2 GHz-wide basebands in a very exible manner. From each of these,
the correlator then generates 2016 cross-correlations and 64 auto-correlations (requiring 1.70'° operations
per second). Either 2-, 3- or 4-bit resolution is used, and the sampling can be Nyquist or twice Nyquist. See
Table 6.1 for an example table of spectral setups. These correlated data are fed to a group of processors which
do the transforms and carry out integration and data compression.

Both correlators have minimum dump rates of 16 ms for cross-correlation and 1 ms for auto-correlation,
although these dump rates can only be achieved using a reduced number of channels to prevent exceeding the
maximum transmission and storage rates. The systems are designed for a maximum data rate of 64 MB/s,

3See Section 4.1 for the maximum instantaneous bandwidth available for Pl science observations.
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although the mean data rate will be considerably less.
The 12-m Array con gurations have been designed so that at the highest frequencies in the most extended
con gurations, the spatial angular resolution will be as small as 5 milliarcseconds at 950 GHz.

2.3 The Atacama Compact Array

Using an interferometer to obtain images of extended or large-scale structures leads to the well known zero
spacing problem. This problem arises from the constraint that, to avoid collisions, it is not possible to pack
antennas closer than their diameter, leaving a hole in the distribution of baselines at short and zero baseline
separations (corresponding to large angular structure). As a result, spatial information from baselines shorter
than the closed-packing ratio is not recovere. This problem has considerable impact on observations of
extended objects, particularly those in which the emitted power is dominated by their large-scale structures.

To achieve high- delity imaging of sources with emission on angular scales larger than those corresponding
to the minimum spacing of the 12-m Array (the Maximum Recoverable Scale" for that array - see Section 7.6),
ALMA has been designed to include the Atacama Compact Array (ACA), also known as the Morita Array.

The ACA is composed of twelve 7-m antennas for interferometry (the 7-m Array) and four 12-m antennas
for single-dish observations (TP Array). The four single-dish antennas provide spatial information samples
equivalent from 0 m up to 12 m spacings as auto-correlations. The 7-m Array samples baselines from 9 m to
30 m, bridging the baseline sampling gap between the 12-m Array and the TP Array. The number of array
elements available is published for each observing cycle.

The ACA is controlled via control software developed on the ACS platform and is operated in a similar
fashion to the 12-m Array. To achieve this uni ed operation, the ACA system is as compatible with the 12-m
Array as possible at the level of hardware, interface, data, and observing modes. The standard observing modes
for the TP Array include spectral line and continuum observations with raster, double-circle or Lissajous on-
the-y (OTF) scans, or position switching. The raw time-series signals from the ACA antennas are processed
in the ACA Correlator (see Section 5.2) to produce the cross-correlated and auto-correlated data.

2.3.1 The 7-m Array

The 7-m Array is composed of twelve 7-m diameter antennas designed and built by East Asia to the ALMA
speci cations (see Appendix A). Each antenna contains one front end, including a cryostat, amplitude calibration
devices, and one back end. Similar to the 12-m antennas, each cartridge (see Chapter 4) receives two orthogonal
polarizations. Unlike the antennas of the 12-m Array, the 7-m antennas do not contain Water Vapor Radiometers
(WVRs). However, since the 7-m Array is quite compact, atmospheric phase uctuations will be smaller than
for the 12-m Array.

The 7-m antenna cryostats are tted with receivers nearly identical to those on the 12-m antennas, with
small di erences in the warm optics. The Local Oscillator signals transmitted to the 7-m antennas are originated
identically to the ones sent to the 12-m Array, i.e., from inside the AOS building.

The ACA Correlator is normally used for the ACA, and can work with two sub-arrays. It is an FX correlator
(Fourier transform rst, then cross-correlate) with 3  bit input and 4 bits in the correlation. The correlator
generates 120 cross-correlations and 16 auto-correlations for each baseband. These are passed to a (special-
purpose) data processing computer at up to 0.6 Gbits/s per baseband.

Even in its most compact con guration the 12-m Array does have spacings smaller tharl5 m. The array
con guration of the 7-m Array is designed to Il in these shorter spacings from about 9 mto 30 m (see Chapter
7).

2.3.2 The TP Array

The TP Array can Il in baseline coverage from 0 m to about 12 m, complementing the 7-m and 12-m Array's
baseline coverage. It consists of four 12 m diameter antennas built by East Asia (Appendix A). The speci cations
of the TP antennas are almost identical to the ones for the 12-m Array. The TP antennas are located on stations
surrounding the 7-m Array.

4 Strictly speaking, mosaicing with imaging using a joint-deconvolution algorithm allows the recovery of more spatial information
than normal synthesis imaging, but the problem caused by absent short and zero spacing information still remains.
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The TP Array is usually connected to the ACA Correlator, but its antennas can also be connected to the
64-input Correlator and used for cross-correlation. The ALMA Cycle 9 Proposer's Guide describes the observing
modes and capabilities o ered for the TP Array for each cycle.

Due to the poorer point-source sensitivity of the 7-m Array, during Cycle 9 Operations, the TP Array may
be used in the calibration observations of the 7-m Array.

Figure 2.2: The Morita Array - In remembrance of Professor Koh-Ichiro Morita. Koh-ichiro Morita, a professor
at the NAOJ Chile Observatory, was one of the world's renowned scientists in the eld of aperture synthesis.
He made a great contribution to designing the con guration of 16 antennas composing the Atacama Com-
pact Array (ACA) manufactured by Japan, as well as to realizing high-resolution and high-quality imaging at
millimeter/submillimeter wavelengths to further enhance the performance of ALMA. The picture above shows
Professor Koh-Ichiro Morita taken at his o ce in the Joint ALMA Observatory in 2011 September.



Chapter 3

Principles and Concepts of Interferometry

3.1 Introduction

Interferometry is the technique ALMA uses to obtain very high angular resolution observations of astronomical
phenomena. Figure 3.1 shows examples of two other observatories, the IRAM NOrthern Extended Millimeter
Array (NOEMA) Interferometer in France and the Submillimeter Array in Hawaii, which also use this technique.
In this chapter, the principles and concepts behind interferometry are described, so that ALMA users can plan
and understand their observations better.

Interferometry involves the combination of signals received from the sky by two or more physically separated
antennas. The signals are interfered, allowing a sky brightness distribution to be sampled on an angular scale
smaller than possible with a single antenna. The interference modi es the angular sensitivity of the antennas
to include a sinusoid of constructive and destructive nodes. In this sense, the only emission measured by the
interferometer is that from the scale de ned by the angular extent of the sinusoidal wavelength, equivalently,
the spatial frequency . This wavelength is inversely proportional to the projected distance between the two
antennas. Each datum from the interferometer is called a visibility, and is a measure of the brightness of the
emission on the angular scale sampled (i.e., related to the amplitude of the sinusoid) and the relative position
of that brightness on the sky (i.e., related to the phase of the sinusoid. )

A range of discrete angular scales can be sampled by including many pairs of antennas in an array. Im-
portantly, by tracking a source across the sky, the rotation of the Earth can be used to change the projected
separations of the antenna pairs, allowing more angular scales to be sampled. An ensemble of the data (i.e.,
sinusoids of various amplitude and phase) can be then summed via the Fourier transform to produce an image
of the sky brightness distribution. How well this image re ects the actual sky brightness distribution depends
on how completely the relevant angular scales have been sampled. With its emphasis on delivering images at
high angular resolution, interferometry works extraordinarily well for observing intrinsically compact targets.

The following sections expand upon these basic ideas. We begin by introducing the basic concepts of radio
astronomy, and then move to the principles of aperture synthesis.

3.2 Single-dish Response

The brightness or equivalently speci ¢ intensity, | , is de ned as the electromagnetic (EM) power P within a
range of frequencies (a bandwidth) received from a solid angle and intercepted by surface areaA :

| = p= A (3.1)

where| has typical units of Wm 2 Hz ! sr 1. In addition, the ux density, S , is de ned as the integration
of brightness over the solid angle of the emitting source:

S= 1d; (3.2)
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Figure 3.1: The NOrthern Extended Millimeter Array (NOEMA) (top) and the Submillimeter Array (SMA)
(bottom) are two of the precursors to the ALMA telescope; both are still in full operation and helped pioneer
the science of millimeter wave interferometry.

where S has typical units of W m 2 Hz 1. In millimeter/radio astronomy, the power received is typically
so weak that a convenient unit to use forS is the Jansky (Jy), where 1 Jy = 10 2 Wm 2 Hz !. A radio
telescope with e ective areaA. receives powerP. per unit frequency from an unpolarized source:

1
rec = él Ae (3.3)

The coe cient of 1/2 in Equation 3.3 comes from the fact that a receiver is generally sensitive to only one
mode of polarization. (ALMA's receivers, however, have been constructed with two independent receptors so
that both modes of polarization can be detected simultaneously, so the coe cient is actually 1 for ALMA.) The
antennas bring incident EM power to a focus after re ecting it 0 a primary surface. The antenna response
(i.e., its relative sensitivity) is a summation of all EM power brought to the focus.

The antenna response is actually dependent on the angle from the on-axis pointing direction of the antenna
due to diraction; i.e., self-interference. To demonstrate the angular dependence, Figure 3.2 shows in the top
panel the case for EM power of wavelength arriving along the axis of an unobstructed antenna of diameterD.
Since the source of the EM power is very distant, the EM power arrives at the primary surface essentially as
plane-parallel wavefronts. Note that the antenna surface is parabolic in shape, so the path that each part of the
front travels to the focus is constant. With zero path di erence, the EM power arriving on-axis is coherently
summed at the focus. This arrangement is only true, however, along the axis of the antenna. In the lower
panel of Figure 3.2, the case for EM power arriving from an o -axis direction is shown. In this situation,
the EM power does not add as constructively. In addition, the diameter of the antenna projected along the
o0 -axis direction is less than the true diameter, decreasing the amount of power received from that direction.
As a result, the antenna power response, i.e., its relative sensitivity, will be less than that found on-axis. In
particular, at the o -axis angle of /D radians, where is the wavelength of observation andD is the diameter
of the antenna, the path di erence across the antenna diameter, theaperture, will equal one wavelength of the
incident emission. The combination of such emission at the focus eads to destructive interference at that angle.

As an illustration, Figure 3.3 shows an example of a one-dimensional antenna power response with angle for
a 12-m diameter parabolic antenna uniformly illuminated by emission of wavelength 0.85 mm (350 GHz). The
power response is largest on-axis but it declines to almost zero in 18 arcseconds. The central Gaussian-like
feature is called the primary beam or the antenna beam sizeand it has a Half Power Beam Width (HPBW)
given by:



3.2. SINGLE-DISH RESPONSE 17

Figure 3.2: Schematic of an incoming plane-parallel wavefront re ecting o an antenna of diameterD and being
brought to a focus. The top panel shows the case for a wavefront arriving on-axis. The bottom panel shows
the case for a wavefront arriving o -axis. Note that the paths of incident EM power in the rst case are all of
equal length, and hence the power is summed constructively at the focus. In the second case, the path lengths
di er, leading to less constructive summations at the focus.

HPBW Primary Beam = 1:02 =D: (3.4)

For example, the FWHM of a uniformly illuminated antenna of 12 m diameter at = 0.85 mm is 14.9% HPBW
is sometimes referred to as Full Width at Half Power or FWHP. In one dimension, the FWHP is equivalent to
the Full Width at Half Maximum or FWHM, a quantity sometimes used to describe the width of a Gaussian
approximation to the central feature.

Note that the antenna power response rises and declines repeatedly at ever larger angles. The constructive
and destructive interference at larger angles leads to successisalelobegwhose maxima decline with increasing
angle) and nulls respectively. The rst sidelobes have a relative response of only 1.74% that of the primary
beam. Nevertheless, incident emission, if bright enough, coming in at angles well beyond those of the primary
beam can make a large contribution to the received EM power. The angular distance between the rst nulls is
termed the Full Width Between Nulls (FWBN), and is given by:

FWBN Primary Beam =2 :44 =D: (3.5

Half the FWBN of the primary beam, 1.22 /D, is considered the Rayleigh resolution of the antenna, i.e.,
its ability to distinguish objects on the sky separated by some angular distance. For convenience, the antenna
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power response is typically normalized to 1.0 along the axis. Figure 3.3 illustrates the antenna power response in
one dimension (in log units); on the actual sky, the antenna power response is two-dimensional, and is obtained
by rotating the function shown in Figure 3.3 about its central axis.

Figure 3.3: Normalized 1-D antenna power response for a 12-m antenna uniformly illuminated at 350 GHz.
The power is in log units to emphasize the sidelobes. The HPBW of the primary beam is 1.02 /D and the
FWBN is 2.44 /D. The angle of the rst null, i.e., the resolution, is 0.5 FWBN = 1.22 /D. Note that
the HPBW measured for actual ALMA 12-m and 7-m antennas is 1.13 /D because the illumination is not
uniform.

Up until now, an idealized antenna was described. The power response of an actual antenna, however, can
be altered by various e ects, including the degree by which the secondary is illuminated, di raction by the arms
supporting the secondary, and surface imperfections. For ALMA, each 12-m antenna has a secondary re ector
and support arms that block an e ective area of 0.75 m diameter on the primary surface. The actual ALMA
feedhorns were designed to provide an antenna power response with a nearly Gaussian primary beam and low
sidelobes, preserving as much resolution and sensitivity as possible. The actual ALMA 12-m antennas (and the
ALMA 7-m antennas) have measured primary beam HPBW values of 1.13 /D.

An equivalent way to consider the antenna power response is in terms of the voltage responsé( ), where
P()/ V2(). In the far-eld, i.e., under the Fraunhofer approximation, a diraction pattern at the point
of observation is the Fourier transform of the eld distribution at an aperture. Hence, the voltage response
at the focus is the Fourier transform of the aperture shape. For an unobstructed antenna, the aperture is a
uniform circle, and V( ) = J1( )=, whereJ;( ) is the Bessel function of the rst kind. P( ) is correspondingly
proportional to (J1( )=)?. The normalized version of the antenna power responseRy , is also known as the
Airy function.

Dening and' as orthogonal directional variables (e.g., sky coordinates)] (;' ) and Py (;' ) can be
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de ned as the directional functions of the sky brightness and the normalized antenna power, respectively. The
total received power of an antenna at a given pointing is the integration over the sky of the product of the sky
brightness distribution and the antenna power response:

z
1
Prec = EAe LG )PeG ) (3.6)
4
In addition, the solid angle of the antenna power responsé®y ( ;' ) is de ned by:
z
A= Pu(t) (3.7)

3.3 Visibilities and Aperture Synthesis

Observing at millimeter/radio wavelengths is essentially di raction-limited, as the angular diameter of the Airy
disk is the FWHM for a circular aperture of diameter Dis  1.22 /D. Millimeter/radio wavelength (single-dish)
observations have lower resolutions than optical wavelength (single-dish) observations becauseis larger by
many orders of magnitude. Though theD of millimeter/radio single-dish telescopes can also be much larger
than those of optical wavelengths, the increase i possible for single-dish telescopes is generally never enough
to obtain angular resolutions comparable to ground-based optical telescopes, €.9.9%br better. For example,
the JCMT 15-m diameter antenna has an angular resolution at 850 m of 14

To obtain higher angular resolution images at millimeter/radio wavelengths, signals from physically separated
antennas can be combined through interferometry. With this technique, sometimes calledperture synthesis
it is possible achieve a resolution that emulates the e ect of having a radio telescope with a larger diameter.
Observers, however, must contend with the reality that only certain angular scales (i.e., those determined by the
projected separations of each pair of antennas) will be sampled. This section builds on the concepts introduced
previously to discuss aperture synthesis in more detail. This powerful technique of aperture synthesis was
pioneered by Sir Martin Ryle, who shared the Nobel Prize in Physics in 1974 in part for its development.

As there are no path di erences in the case of a plane-parallel wavefront arriving on-axis an antenna, EM
power from across the antenna is brought together in phase at the focus. Now imagine that the parabolic surface
is divided into N smaller contiguous areas; i.e.elements. In this situation, the received voltage V (t) is the sum
of contributions  V;(t) from each of elementi:

X
V() = Vi(t) (3.8)
i
The power received by the antenna is proportional to the running time average of the square of the contributions
from each element. Assuming illumination is the same for each element, the expression for received power in
terms of the sum of time averages of the products of voltages from element pairs can be rewritten:
- hx i XX .
hPi/ V = h Vi Wi: 3.9

Next, this expression can further be rewritten in terms of the sums of element pairs which are the same and
those which are not as:
X XX
HPi/ h V2 + h Vv, Wi (3.10)
i6k

The rst and second sets of terms in Equation 3.10 are calledauto-correlation and cross-correlation terms, re-
spectively, since the voltages multiplied in each term are from either the same or di erent elements, respectively.

From Equation 3.10, any measurement with a large lled-aperture telescope can be understood as being
a sum in which each term depends on contributions from only two of theN elements. As long as the con-
tributions from each element arrive at the focus in phase,there is no need for the elements to be physically
contiguous Generalizing, each cross-correlation termh V; Vi in Equation 3.10 can be measured with two
smaller, physically separated antennas (at locations and k) by measuring the average product of their output
voltages with a correlating, or multiplying, receiver. Moreover, if the source properties do not change, there is
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no need to measure all pairs at the same time. A given parabolic surface witN elements hasN (N  1)=2 pairs

of elements, and these could be observed sequentially to synthesize a measurement by a large lled-aperture
telescope. Alternatively, numerous pairs of antennas, with each antenna considered an element, can be dis-
tributed to positions at distances much larger than it is possible to build a single lled-aperture telescope, and
the signals received by these antennas can be combined in phase to approximate the resolving power of a single
lled-aperture telescope.

The above situation only describes the emission received on-axis from antenna pairs. Of course, as noted
above, emission also arrives at the antennas from other directions, leading to phase di erences. To understand
the power response expected from a pair of antennas, let's look at the ideal 1-D situation of a two-antenna
interferometer.

Figure 3.4 shows a schematic picture of a two-antenna interferometer separated by distandg known as a
baseline This distance can be measured in units of the observing wavelength,. In terms of familiar units
of length, b= L/ , wherelL is the distance between antennas and is the wavelength in the same unit; e.g.,
meters. Both antennas observe a common positios, located at an angle from the meridian. The projected
separation of the two antennas towardss, from the perspective of the source iz1 = bcos . In this example, an
on-axis wavefront incident to both telescopes reaches antenna 2 rst and the wavefront reaches antenna 1 a little
later, having traversed an extra path length of b s, = bsin . In other words, emission received by antenna 1
experiences ageometrical delayrelative to that received by antenna 2, where the time equals 4 = bsy/c. To
compensate for the geometrical delay, an arti cial delay can be inserted into the signal path of antenna 2 (e.g.,
electronically) so that the signals from both antennas arrive at the correlator with the same phase.

Figure 3.4: An ideal 1-D interferometer consisting of two antennas, 1 and 2, separated by physical distance (i.e.,
a baseline)b. The antennas are both pointed towards a sky location given bys,, which is at an angle from
the meridian. The projected distance between the two antennas in that direction is thusu = bcos . The two
antennas are connected to a correlator where the voltages detected from each are combined.

Moving slightly o -axis, a small angle from the axis can be described as , and its 1-D sky position as
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| = sin , i.e., the direction cosine. At angle , an o-axis signal reaching antenna 1 will have to travel a
slightly longer path than an o -axis signal reaching antenna 2, even with the geometrical delay introduced to
compensate for an on-axis signal. This extra path length isx = usin = ul. All distances can be considered
in this situation in units of the wavelength of the emission, , so that x is the number of wavelengths within a
given distance. The extra path lengths result in phase di erences with that can be characterized where the
voltage response of antenna 2y,, can be written in terms of the product of the voltage response of antenna 1,
V1, and a phase delay factor sinusoidally varying as a function of angle:

Vo = Vie?! (Uh: (3.11)

Expanding to two dimensions introduces , a direction on the sky orthogonal to . Also, m = sin is
de ned as the small angle analog td in this new direction. Note that the baseline here is actually a 2-D vector
with components in both dimensions, i.e.,b; and b,. Hence, we de neu = b cos and v = b,cos' where'
is the angle of the positions, on the sky from the reference position orthogonal to . Finally, y is de ned as
the extra path length introduced in this new direction, in units of the wavelength of emission, i.e.,y = vsin
= vm. With these changes, the two-dimensional voltage response of antenna 2 is:

Vp = \ye?l (ulrvm). (3.12)

where u and v are identi ed as speci c spatial frequency components of the sinusoid in the E-W and N-S
directions respectively, and these are the projected lengths of the antenna separations measured in units of the
wavelength at the time of observation. Also,| and m are identi ed as direction cosines relative to a reference
position in the E-W and N-S directions, respectively. Typically, the on-axis position s, hasl =0 and m =0
and is called thephase center

The correlator acts as a multiplying and time-averaging device for the incoming signals from antennas 1 and
2. Hence, its output is:

7z 77
WViVei = h Va(l;m)didm  Vao(l; m)didmi: (3.13)

Under the assumption that signals emanating from di erent parts of the sky are incoherent (i.e., they have no
similarities in phase), the time averages of the correlation of those signals will be zero. Thus, the product of
the integrals in Equation 3.13 can be simpli ed to:

zz
WViVei = h Vi(l;m)Vy(l; m)didmi (3.14)
zz
hiVoi = Hvi(l;m)Vu(l; m)ididm (3.15)
ZZ
WiVoi = hvi(l;m)2ie?! (vmdidm: (3.16)

As V2| P (see Equation 3.9) andP / | (see Equation 3.3),
ZZ
VAR | (I;m)e?" (W+vmdgidm (3.17)

where | (I,m) is the intensity distribution on the sky. The correlator therefore measures a quantity known as
the complex visibility, V, which is formally the Fourier transform of the intensity distribution on the sky:
ZZ
V(u;v) = I (I;m)e?! (*vMdidm = Ae' : (3.18)

Note that V is a complex number, and can be described by an amplitudéy, and a phase, . The amplitude and
phase contain information about the source brightness and its location relative to the phase center, respectively,
at spatial frequenciesu and v.
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3.4 The Visibility or  (u,v) Plane

The relationship between the sky brightness distribution and the complex visibility distribution is governed by
the van Cittert-Zernike theorem and it is the basis of aperture synthesis. Given that the complex visibility is
the Fourier transform of the sky brightness distribution in the image plane, it follows that the sky brightness
distribution is in turn the inverse Fourier transform of the complex visibility distribution in the visibility plane:
ZZ
V(u;v) = (I;m)e?" VM) didm (3.19)

ZZ
I(I;m) = V(u;v)e 21 (W+vm)qydy: (3.20)

Here, A(l;m) and 1:p (1 12 m2) are omitted, as they are usually close to unity. By measuring the distribu-
tion of complex visibilities (in the visibility or (u;v) plane), in principle the sky brightness distribution can be
recovered. In essence, an image is a sum (i.e., the Fourier transform) of the visibilities where each visibility
has an amplitude and phase representing the brightness and relative position of emission on a speci ¢ angular
scale. The image and its Fourier transform are conjugates of each other, and each contains the same amount of
information.

Two antennas at a given physical distanceb can have signals interfered to sample the sky brightness dis-
tribution on a scale inversely proportional to the projection of that distance on the sky. As shown above, the
response of the interferometer is sinusoidal, and is sometimes referred to adringe, with spacing on the sky in
the 1-D case of:

Fringe Spacing = 1=u (radians) = 1=(bcos ) = = (L cos ): (3.21)

In e ect, the interference of the signals modi es the angular response of the antennas and the antennas can
see the true sky brightness distribution only on the scale de ned by the wavelength of the sinusoid. As the
fringe spacing depends inversely on the projected distance, antennas closer together measure emission on larger
scales. Conversely, those antennas spaced further apart measure emission on smaller scales. Since fringe spacing
also depends on the wavelength of emission, dsis measured in numbers of wavelengths, observing shorter or
longer wavelengths also can sample smaller or larger scales, respectively. These ideas can be easily generalized
to two dimensions, with the fringe spacing and on-sky orientation depending on the relative magnitudes ofi
and v.

A given pair of antennas will only instantaneously sample a single scale of the sky brightness distribution.
Given the E-W and N-S separations of the pair, a visibility in the (u;v) plane is measured. Since visibilities
are samples of a complex-valued function with Hermitian symmetry, a single sampling gives two visibilities,
one at (u;Vv) and its complex conjugate at( u; V). To recover the true sky brightness distribution, however,
knowledge of the distribution of visibilities across the (u;v) plane would be needed. Improving coverage of
visibilities over the (u;v) plane can be done in several ways. First, multiple antennas can be incorporated into
an array, with each at a di erent distance from the others to prevent redundancy. An array of N antennas
will have N(N 1)/ 2 independent baselines, with each pair providing a single pair of samples in théu;v)
plane. Second, a target can be observed repeatedly by the array as it appears to move across the sky due to the
Earth's rotation. Though the physical distances between the antennas do not change, their projected distances
do change depending on the altitude and azimuth of the target. Hence, repeated observations by all the pairs in
an array can sample many visibilities across thgu; v) plane. Finally, antennas in the array may be arrangeable
in several con gurations so that pairs of antennas have di erent distances and can sample di erent parts of the
(u;v) plane. Assuming the source emission is not variable, the combination of these schemes can reasonably
sample the (u; v) plane, yielding an image that can resemble the true sky brightness distribution.

3.5 Fields-of-view and Mosaics

Each antenna of an actual interferometer has nite diameter. As noted before, such antennas have their own
power responses on the sky?y = A(l;m); e.g., the Airy function for an unobstructed, uniformly illuminated
aperture. Indeed, the individual antenna response fundamentally limits the extent of an interferometric image
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made with a single pointing. In practice, the HPBW of the primary beam serves as the eld-of-view of the
single-pointing interferometric image. Moreover,A(l; m), the Airy function, is actually included formally in the
correlator output:

7

V(u;v) = A(l;m)l(I;m)e 2" U+vm)gidm: (3.22)

Hence, an interferometer actually measures the Fourier transform of the sky brightness distribution multiplied
by the antenna power response. To recover (I;m), the image resulting from the Fourier transform of the
complex visibilities must be divided by A(l;m) as the last step of image processing. This so-callegrimary
beam correction should be performed if the image contains scienti cally relevant emission o the phase center.
Otherwise, intensities and ux densities measured at those locations will not be accurate.

To counteract the angular fall-o of sensitivity due to the primary beam response, or even to sample emission
over areas on the sky larger than the primary beam, an interferometer can observe adjacent positions, producing
amosaic. Sensitivity across a mosaic depends on the spacing of the individual positions observed. A mosaic can
have close to uniform sensitivity with a miniﬁnym number of pointings if the positions observed are arranged in
a grid of equilateral triangles spaced by /(* 3D), where D is the diameter of the antenna. With this spacing,
the fall-o of the primary beam response at one pointing is made up by the responses of the primary beams at
adjacent pointings, except of course at the edge of the mosaic (see Section 7.7 for a more complete description).
Mosaics can be made with adjacent positions that are spaced either closer or more distant, with non-uniform
sensitivities. Mosaics provide increased areal coverage but at a cost of more observing time. For example,
uniform sensitivity can be obtained across the primary beam of a single pointing but requires a minimum of six
other pointings arBLind the single pointing. These six pointings are arranged in a hexagonal pattern with each
vertex spaced /(* 3D) from each other (and the single pointing). A single image is produced by combining
the visibilities obtained at all pointings into a single ensemble that is simultaneously Fourier transformed.

3.6 Spatial Filtering

Through the principles described in Sections 3.3-3.5, the true sky brightness distribution can be recovered.
It is, however, impossible in practice to sample completely the(u;v) plane and obtain all visibilities. The
incomplete (u; v) plane sampling e ectively provides a fundamental limit to the level of detail discernible in the
sky brightness distribution; i.e., down to a minimum scale de ned as the resolution. In addition, incomplete
sampling results in spatial ltering of the true sky brightness distribution; i.e., the resulting images do not
contain information on angular scales unobserved by the interferometer. In particular, the lack of coverage at
the shortest baselines (i.e., lower than those sampled by the smallest baselines) results in an intrinsic lack of
sensitivity to large-scale emission. It is crucial for ALMA users to understand these limitations. Below, we
describe the ideas behind spatial Itering and provide a few illustrative examples. Further examples can be
found in Sections 7.6 and 7.7.

First let's discuss resolution. The resolution of any interferometric image depends on the distribution of
visibilities sampled. Assuming a nite number of M visibilities has been obtained, the(u;v) plane has been
sampled at 2M discrete points. The sampling distribution can then be characterized as an ensemble @\
(Dirac) delta functions:

M
B(u;v) = (U ugv  w): (3.23)
k=1
Given the sampling function B (u;v), we can calculate the functionl? , which is the dirty image:
YA
12(m)= V(u;Vv)B(u;v)e 2" U+vM)dudy: (3.24)

The inverse Fourier transform of this ensemble of visibilities can then be written as:

IP(:;m)= FT B(u;v)V(u;v)g: (3.25)

Following the convolution theorem, the Fourier Transform of a convolution of two functions is the product of
the Fourier Transforms of those functions. Hence, Equation 3.24 can be rewritten as



24 CHAPTER 3. PRINCIPLES AND CONCEPTS OF INTERFEROMETRY

ID(;m) = BI:m) 1 (;mA(;m): (3.26)

In e ect, the image obtained is the convolution of the true sky brightness distribution (modi ed by the
antenna power responsé (I; m)) with the point spread function, b(l;m) = FT fB(u;v)g, which is the Fourier
transform of the (u; v) plane sampling distribution. The point spread function is sometimes called thesynthesized
beamor the dirty beam. It is important to distinguish this beam from the single-dish response functionA(I; m),
which in the interferometry context is called the primary beam. The image resulting from the Fourier transform
of a nite number of visibilities, 1°(I;m), is sometimes referred to as thalirty image.

Figure 3.5: Imaging concepts. Panel a (upper leff): Example of a dirty beam, b(l;m). Panel b (upper righ?:
The related ensemble of discrete points sampled in théu;v) plane, B(u;v). The black points were obtained
from a compact con guration while the red ones were obtained from an extended con guration.Panel c (lower
left): Example of a true sky distribution, | (I;m). Panel d (lower right): The dirty image 1P (I;m) resulting
from observing | (I; m) over the baselines ofB (u;Vv), or equivalently the convolution of I (I;m) by b(l;m). The
antenna power responseA(l; m), has been ignored in this illustration since it is much wider than the true sky
brightness distribution. (Figure courtesy of D. Wilner.)

The measure of how similar an image is to the true sky distribution is sometimes referred to aisnage delity .
Image delity depends on the speci cs of coverage of thgu;v) plane sampled by the interferometer. Since the
numbers of samples are necessarily nite and discrete, there are invariably gaps in any practical sampling of the
(u;v) plane. These gaps mean that no information is obtained about the true sky brightness distribution on
those speci ¢ angular scales. Note that visibilities corresponding to those unobserved scales can have any value.
With no information, however, it is typically assumed that V(u;v) = 0 at unsampled locations in the (u;V)
plane. Including these visibility domain gaps through the Fourier transform produces aliased features in the
resulting image, the magnitude of which depends on the extents and locations of gaps in tH@; v) plane and the
brightness of emission on sampled scales. If th@;v) plane has been reasonably well sampled, the synthesized
beam will consist of a compact positive feature surrounded by positive and negative features of lower relative
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amplitude. These latter features, also calledsidelobes can complicate the image since brightness is distributed
via the point spread function throughout the image. The resulting image can have signi cant artifacts depending
on the sky brightness distribution and the sampling of the (u; v) plane. A dirty image, however, can be improved
through deconvolution techniques to minimize the e ect of incomplete spatial frequency sampling (e.g., CLEAN
and its variants; see Chapter 7).

Though speaking generally about true sky brightness distributions so far, a special note should be made for
the case of point sources. Obviously, a point source is a distribution of emission that is not extended relative
to the resolution of the observation. In this case, the morphology of the dirty image will equal that of the dirty
beam (e.g., see Equation 3.25). Moreover, the complex visibilities of the point source have the same amplitudes
on all observed angular scales. Of course, sources may appear point-like at low resolutions but may appear
extended in higher-resolution observations.

Figure 3.5 illustrates the concepts of dirty beam and dirty image and their impact on the recovered image.
Panelsa and b (upper pair) show respectively the dirty beam and the related ensemble of locations observed
in the (u;v) plane; i.e., the (u;Vv) coverage. Note in panela the positive feature in the center of the dirty beam
distribution and the surrounding positive and negative features of lower amplitude. These latter features arise
from the incomplete sampling of the (u;v) plane seen in panelb. As an aside, note that two sets of(u;Vv)
plane samples are identi ed in panelb; these result from observations by the same antennas in two di erent
con gurations, a compact one (black) and an extended one (red). Panels and d (lower pair) show respectively
an example of a true sky distribution (here, a model of a ring of emission) and the dirty image. The dirty
image is the convolution of the true sky distribution by the dirty beam, and one can easily see how incomplete
sampling of the (u;v) plane leads to the appearance of signi cant artifacts in the resulting dirty image.

The resolution of the dirty image is de ned e ectively by the compactness of the central feature of the dirty
beam; e.g., half its FWBN. Since the structure of the dirty beam is generally more complicated than that of
a single-dish antenna (e.g., the beam from a uniformly illuminated antenna shown in Figure 3.3), it is not so
easy to measure FWBN. Instead, the resolution is typically approximated to rst order by the FWHM of a
Gaussian t to the central feature of the dirty beam. The resolution of the dirty image depends ultimately on
how the interferometer antennas are arranged. In general, distributions connected via a Fourier transform scale
inversely to each other. For example, narrow distributions in one domain have wide ones in the other, and vice
versa. By analogy, an ensemble of discrete point® (u; v), clustered around the (u;v) plane origin provided by
a compact con guration yields a low-resolution image since the central beam featur&(l; m) is wide. Conversely,
an ensemble of discrete points distributed more widely from thgu; v) plane origin yields a high-resolution image
since the central beam feature is narrow. Indeed, resolution is fundamentally limited by the extent of the longest
baselines in a given con guration. The minimum scale discernible in the image is limited by these maximum
baselines. A handy formula for the approximate resolution provided by an interferometer is:

Interferometer Resolution = e = K =L max ; (3.27)

where k is a factor that depends on the how the visibilities are weighted during inversion (typically 1; see
Figure 7.5) and L nax is the longest baseline in the array.

Another important limitation of interferometric array observations is insensitivity to large angular scales.
This insensitivity arises because interferometric arrays alone cannot sample spatial frequencies lower than those
sampled by a baseline equal to an antenna diameter. In e ect, visibilities at locations on thgu; v) plane at or
near its origin are not sampled, leading to the so-calledzero-spacing problem The lack of sensitivity to larger
scale emission due to the zero-spacing problem biases the resulting image to the compact, small-scale emission
of the true sky brightness distribution. As a guideline, the interferometer image has amaximum recoverable
scalegiven roughly by:

Maximum Recoverable Scale = yrs  0:6 =L min ; (3.28)

where Lyin is the minimum baseline in the array con guration. Strictly speaking, for an input Gaussian
visibility distribution of FWHM MRs ; the ratio of the brightness at source center of an image made by an
array with Lyjn to the same made with no central hole in its visibility sampling (i.e., no zero spacing problem)

is 1/et. The smallest baseline possible in an array occurs when two antennas are adjacent to each other. Of

1see Wilner, D.J., Welch, W.J. 1994, ApJ, 427, 898
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