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1 Executive Summary

2 Introduction

This document is a report from the ALMA Science Advisory Coittee meeing which was held
on May 10 and 11 in Cambridge England. The committee is gratefJohn Richer and the local
staff at Cambridge for their hospitality and the help in nmakihis a successful meeting.

The primary focus of the meeting was the five charges givelnd ASAC by the ALMA board.
The charges relate to: (1) total power and phase stabiliy A, (2) ALMA calibration, (3) con-
text of early ALMA science, (4) ALMA operations plans, and §gience and software requirement
prioritization. The committee head reports in each of thesas from JAO, ESO, or NRAO staff,
discussed the issues, and formulated the recommendatiuiok are given in the accompanying
sections.

3 Charge 1: Total Power and Phase Stability

Critically evaluate the specifications for total power anbge stability for ALMA and assess the
implications for ALMA science goals.

3.1 Phase Stability

ALMA will open up a new parameter space of astronomical imggiit must deliver accurate,
diffraction-limited images on baselines up to more than &Q knd frequencies up to 950GHz,
through an unstable and partially opaque atmosphere. @tisrement places stringent constraints
on the phase stability of the system.

The ASAC was given a detailed status report on the issue agstability which included the
technical justification for the current specifications otegieerrors proposed by the System IPT.
Phase errors may limit the dynamic range, resolution, ansisaty of ALMA and will also intro-
duce artifacts into the images. The current specificationsiélay errors proposed in the ALMA
System Technical Requirements have been set so that iresttaherrors are not the dominant er-
rors in the system during 95% of the weather conditions. Elese relatively strict specifications



result in an additional sensitivity loss (above the lossoditiced by the 2-bit nature of the ALMA

correlator) ranging from 10% at ALMA frequencies below 278%up as high as 22% at 950
GHz. Thus, even the current specifications produce a signifioss in sensitivity at the highest
ALMA frequencies and so it is important that the specificasion the delay errors not be allowed
to degrade significantly from the current proposed level.

The ASAC recommends that the currently proposed technical equirements for delay er-
rors of 22 fsec max rms change in 300 sec (drift) and 65 fsec rnaleviation from 10 sec average
(noise), proposed by the Systems IPT, be adopted for ALMA. Tis strict technical require-
ment is important to maximizing ALMA sensitivity at the high est frequencies, which is a
major ALMA science goal.

In addition to the loss in sensitivity, the ASAC is concernkdt these phase errors may also
affect the high-resolution imaging capability of ALMA. Ownéthe three primary science require-
ments for ALMA is the ability to provide precise images at amgalar resolution of 0.1 It is
difficult to assess whether delay errors will affect the imagality without simulations. It may
be that baseline-based calibration, which may be necessary case to correct properly for the
loss in sensitivity, will also serve to produce good quailihages. Such a solution would require
no additional hardware to implement, but could have a sicanii impact on ALMA Software such
as the Pipeline, where the working assumption is that aatéased calibration will normally be
used.

The ASAC also recommends that the Science IPT carry out simations to see how this
level of phase stability affects ALMA’s high-resolution imaging capability. The results of these
simulations should be assessed for their implications on ¢hALMA Calibration plan and the
ALMA Software effort, particularly the Pipeline.

3.2 Total Power Stability

The ASAC was presented with a summary of the technical rements on total power stability,
which were confirmed by the Change Control Board in NovemB8B2 The adopted specification
is for a gain stability ok 1x10 3 for all antennas at 0.05 to 0.5 seconds and at 100 secontisy wit
third requirement ok 4x10~* over 0.05 to 0.5 seconds for four antennas optimized folpotaer.
This specification for the four total power antennas is sariglly worse than the recommended
level of 1x10 4 based on detailed simulations presented in ALMA Memo 490disdussed in
the previous ASAC report. The result of the current spedificas that ALMA will not be thermal
noise limited for continuum total power imaging, which withve a significant impact on ALMA's
ability to make wide-field continuum images including enosson all spatial scales. In particular,
the simulation results from ALMA Memo 490 suggest that ALMAllwake 6-9 times as long to
reach a given rms noise level in total power continuum imggig it would have taken had a gain
stability of 1x 10~ been achieved. There was some discussion as to whetherld b®ypossible
to trade gain stability for sensitivity for the four totalywer antennas, perhaps by using Gallium
Arsenide amplifiers for those four receivers, as proposediyert Laing.

The ASAC recommends that the project investigate whether tare are useful tradeoffs
between gain stability and sensitivity that could be made fothe four total power antennas.
The ASAC also recommends that this issue of gain stability beevisited when the systems
group has been able to perform well-controlled and consiste measurements on the ALMA
prototype cartridges in the ALMA cryostat.



3.3 Polarization Stability

In our last report, the ASAC expressed concerns that theestgpecifications on stability did
not adequately address ALMA's goal to achieve high-qualfitgges of polarized emission. Some
initial steps towards defining a satisfactory specificatiere presented, but are still under devel-
opment by the Science IPT. In particular, the Science IPToiking on simulations of polarization
observations with ALMA. The ASAC notes that polarizatiorsebvations represent a crucial ca-
pability for ALMA that will open up new fields of study and ar@® of the areas where ALMA
will provide a truly unique capability. The ASAC looks forwehto reviewing the revised technical
requirements and simulations on polarization when thepimecavailable.

4 Charge 2: ALMA Calibration

The ASAC is requested to consider the ALMA Calibration Pdawd, make appropriate recommen-
dations to the Board on:

e The science loss as a function of the relative and absoluditude calibration accuracy of
ALMA; and

e astronomical source calibration activities that shoulddiarted before or during early sci-
ence operations, whether on other facilities or (when aldd) ALMA.

The ASAC heard an oral presentation by Al Wootten on the Catiion Requirements and
Specifications, a summary on the responses about a quest®rom the impact of calibration
accuracy on the science of the DRSP and on current ideaddcaalata base for ALMA calibrators.

4.1 DRSP questionnaire and science examples

The responses to the DRSP questionnaire, to which only 58poneled, can be summarized as
follows: for continuum measurements, a calibration acoyiet 1-3% (absolute, relative and re-
peatable) is requested; line projects need an absoluteaaycof 10%, a relative accuracy of 5%
(both within and between the bands) and a repeatability Xd%; for the polarization, the require-
ments are in the range from 1 to 5%.

In parallel with using this statistical approach, which veédimited application due to a lack
of details, it was felt that a more detailed look at key ALMAofarcts was needed, to check how
much of the science is lost when the calibration specifioatare relaxed (change from 1 to 3% at
frequencies below 300 GHz and from 3 to 5% above 300 GHz).

More detailed assessment of high profile science exampleslieen done by Carilli (ALMA
memo 492) on high redshift galaxies, Dutrey on young stelisks, and Bacmann on prestellar
cores. Carilli concludes that 3% calibration errors betw2B0 and 350 GHz will constrain (at
30) the temperature of a warm-(50 K) dust component to only 20while 10% calibration errors
between 250 and 650 GHz provide a 8onstraint of 10. He shows that a temperature change
from 50 to 70 K leads to a factor 4 change in derived IR lumityosBacmann concludes that
10% absolute calibration, and 3% repeatability and redafinand-to-band) calibration, is required



to properly constrain the density and temperature of thetellar core. Dutrey reaches the same
conclusion for prostellar disks. Copies of the Bacmann antldy reports are available.

The committee felt that it would be critical to look in detail programmes that are highly
demanding in the calibration accuracy (in particular, mn@tary science, e.g., the measurement of
the sizes and albedos of Kuiper Belt Objects). These stodlits/el 1’ science goals together with
further simulations (investigate imaging errors for maltray data combination) are desirable to
fully evaluate the impact on the science through a loss imtoerracies of the relative and absolute
calibration amplitude calibration.

4.2 Amplitude Calibration

Several devices were considered for the amplitude cailioraind achieved the following accura-
cies: the simple ambient load insertion reached 10%, théldad in the subreflector which is
tested at BIMA reached j10%, and the simple semi-transpagare which could reach 3% but
has not yet been tested on astronomical sources. Plans si&tiéaboratory tests for the semi-
transparent vane with the grid system at 60 GHz in Madrid.

The ASAC strongly encourages continued calibration tgstooth on astronomical sources at
the IRAM 30-metre telescope and in the laboratory, and teysithe BIMA efforts, despite the
concerns about the imminent loss of this interferometerpdrticular, the experiment in which
BIMA antennas determined accuracies of 1% at 28.5 GHz (Gil&&Velch 2003) should be
extended to 3 mm this summer.

The ASAC notes that the Calibration team has recently lostrivajor leaders in the field (S.
Guilloteau and B. Butler), which has hampered progress mnaber of areas. This should change
with J. Mangum joining the team soon. Dedicated efforts &hba implemented in the key area of
calibration, and a clear plan should emerge together wéaméeded resources. One area that looks
particularly orphaned is flux calibration using cosmic s@sr(planets etc..). In this respect, the
project might consider a dedicated horn to determine abesdluxes of planets once a year. Also,
comparison could be made with results from space missioeh, & Planck and Herschel.

The ASAC also stresses the important role of the ACA in thércation, and that the ACA
should be built-in to the calibration plan.

4.3 Astronomical source calibration

A proposal was considered for a large survey for phase eddits for ALMA. Such a phase cal-
ibrator list is a key area for ALMA, and the project needs tartsplanning, and perhaps perform
the first observations. Most immediately, information oa thgh frequency source areal density
is needed for modeling of fast switching. The current ALMAplallows for the possibility of
pre-observation phase calibrator searches, but thisdimatideter the project from pursuing large
lists of, e.g., flat spectrum quasars, prior to operatiore pitoject should have a clearer plan, and
support preliminary observational efforts, such as thelewhy survey, to the extent that these pro-
grams do not delay commissioning/testing. The ATF and edltMA are possibly good sites for
such work, since the observations will produce useful tegal calibration, and will be relatively
easy projects with which to stress system and gain experieady. Such programs could involve
postdocs as well. In the very near term, the committee stppdiiorts to investigate calibrator



'lists’ from the 30-meter (Patnaik’s flat spectrum sourc€®YRO (Baker’'s sample), and the JCMT
calibrator list.

5 Charge 3: ALMA Early Operations in Context

Comment upon the modes being proposed for Early Sciencealipes in comparison to contem-
porary ground and space facilities planned for those years.

The expectations in ALMA are high. Therefore, care shoulddken that the first results
from ALMA are not disappointing to the general scientific coommity, and to the public. The
ASAC feels strongly that ALMA should, in its early years ofasgtion, concentrate on the things it
excels in. At the very beginning, it will, in the millimeteamge, be comparable or only marginally
superior in performance compared to other, existing arr&@wvever, it will be by far the most
sensitive submillimeter interferometer, at the best sitence, submillimeter projects should have
high priority. The availability of Band 7 is mandatory, Ba®ds very desirable.

Having 8 antennas available should be a goal for early seidndhe vein of demonstrating the
uniqueness of ALMA a range of configurations should be algiglaThe number can be small, but
should include a high resolution configuration, such as @ondition 4 from John Conways Early
Configurations Document.

The modes of the interferometer can also be limited in coriyiebut should include single
field interferometry, pointed mosaics (no OTF), and sirdjik total power line observations (no
continuum). The mosaics should be large enough to show thiAAcan make good mosaic
maps, but need not be extended over many primary beams. Talgdation, the availability of
fast switching and WVRs is required.

A science program for early science should be discussedABH« thought that a full blown
early science DRSP effort was excessive, but demonstatience projects should be defined by
a small group of prospective users, possibly by the ASAQ. skading the existing DRSP down to
the small early arrays was not thought to be useful, sinceyrmpargrams are not easily scalable,
and changes would be qualitative rather than only quatigiaTo maximize the scientific impact,
programs should include follow-up or complementary pragg#o other facilities, such as the space
observatories Spitzer, Herschel and Planck, as well amgrbased single-dish facilities such as
APEX, JCMT/SCUBAZ2, and LMT, and interferometers such as SMARMA, and the IRAM
PdBI.

6 Charge 4. ALMA Operations Plan and Operations for Early
Science

The ALMA Operations Plan, commenting particularly on isstiat impact the Early Science.

The ASAC is impressed with the overall planning for the stdrbperations. The Operations
Plan is proving to be an excellent exercise for understanttie detailed requirements for oper-
ations and working to allocate resource in anticipationhef needs. In the specific area of early
science, the Operations Plan needs to be further expandaatitipate how the sequence from
receipt of hardware, through commissioning and validatioraddition to the growing array will



be staged. In particular, the phasing-in of additional iaseeceiver bands needs to be clarified
and may have a significant impact on the plan. The qualityrasse plan for operations also needs
further development. The ASAC stresses the importancerdlyi data delivery to the proposers,
on timescales of weeks after the observations have been.take

We agree with the science-related assumptions that uadési Early Operations Plan: the
requirement of 6-8 antennas, the selection of limited madesperation for early observations,
and the plan to have parttime science operations in the gadys. We concur with the project’s
position that early science operations should not delayimmoing construction significantly. The
plan to schedule science into blocks of time is acceptabkradommend that the earliest science
blocks should be days rather than weeks in length becaussdkeyce and technical people are
required to make progress and they cannot work 24 hoursgtdgrig.

The ASAC is concerned about the timing of the first call forgwsals, which is scheduled at
a time when commissioning and science verification of thellware is still in full swing. Rather
than a full-blown early call, the ASAC agrees recommendsctirecept of demonstration science
projects in the first few months of operations which show b# tapabilities of the array and are
released to the community immediately for science analyi$is full complement of the proposed
early science arrays will be needed to create an impressivef smages. We anticipate that the
majority of early science can be accomplished with two caméions, one small and one large.
This is not optimal but it is likely a necessary compromisenvaen science and construction. The
Board needs to recognize that the combination of consgdintited operation time and limited
arrays, will limit early ALMA to producing typical images atrate and with a quality comparable
to the existing CARMA, IRAM, and SMA arrays at that time.

There are several areas of concern in the Operations Plashwiine project recognizes, but
are sufficiently important to be mentioned here. First, thigget needs to continue its effort to
get operations funding in line with operations need. We agvith the project’s assessment that
considerable man-power resources are needed to suppsohedae early operation. Specifically,
there is a steep learning curve for the community during tisefew years of operations and there
will be a strong demand for face-to-face user support, intexhcdto the core user support functions.
Second, the plan for software for data reduction is appliogde edge of viability. It is critical
that scientists be able to work with early data with reastantdnls. The project needs to manage
the expectations of scientists and continue to assureppabariate tools will be available until the
pipeline is in place.

The details of the time allocation process are still vagukraeed to be addressed at an appro-
priate stage. In particular, the organization of joint pot$ between scientists of different partners
and the policy for “legacy” projects with ALMA are areas ofrm®rn for the ASAC.

Finally, the ASAC stresses the importance of proper funéndurther development of ALMA
in the operational phase, both for software and hardwareadleg of the array and development of
new data reduction tools. These upgrades are essentiaduceabhat ALMA remains a front-line
scientific instrument for its entire projected lifetime.

7 Charge 5: Science and Software Requirement Prioritization

Review the prioritization of the Science Software Reqergsin response to the PDR committee’s
recommendation to: a. prioritize the requirements in ligitschedule and cost drivers, and b.



science priorities, and the importance of achieving eadience operations. This should be done
in the context of the science operations plan, not indepanafat.

Robert Lucas and Debra Shepherd, SSR committee lead and &Sfist in charge of the
software test plan, gave a review of the Science SoftwaraliRggents status on behalf of the
Computing IPT. The ASAC welcomed the initial results of treeutests which showed that all
subsystems successfully achieved their goals during tisispinase of development. It was noted
that the most critical subsystems in terms of user accepteasks are the Data Reduction Pack-
age and the Observation Preparation subsystem, the Corgd&i should continue to ensure
participation of external potential users to the tests eséhsubsystems. In response to the PDR
comments, the Requirements priorities have to be reviseghnof:

schedule and cost drivers

science priorities

early science operations

science operation plan

The science operation plan is being prepared and it is nts iimial form, hence the Require-
ments reprioritization cannot be finalized now.
The ASAC recommends to re-examine this charge when this press is completed and urges
the project to complete the plans for Science Operations an&arly Science, and the subse-
guent Requirements reprioritization as soon as possible.

Even if the plans for Early Science and Science Operatianaatryet finalised, the Computing
IPT has already made some preliminary decisions on pegriitased on development schedule and
early interactions with the Operations Group. In particula

e The quick-look pipeline system is now envisaged only forabservatory staff and it is not
foreseen to be available for external eavsdropping.

e Expert mode of the Observation Preparation subsystem mhilllme available in collaboration
with observatory staff members.

e The development of the “Breakpoints” in observing prograsans deferred.

e The development of the Graphical User Interface to the @fillata Reduction Package has
been deferred after early science operations.

e The science pipeline heuristics is not expected to be readyerly science operations

The Computing IPT can’t possibly meet the Q3 2007 Early Smeaheadline with a working
ALMA data reduction pipeline producing scientifically acate images, although by this date it
Is currently anticipated that pipeline software and ruditaey heuristics will be available. This is
motivated by the lack of time to commission the pipeline stios with real ALMA data before
the start of Early Science Operations. As an example, iffiedlt to fully characterize the data in
the different bands and modes for the purposes of constguatitomated editing routines before
there are significant numbers of antennas on site.



A general concern was expressed that the commissioningwdamot allowing for enough
time to commission all the software system before the béginof Early Science Operations. The
ASAC noted that the software system should be considered assential part of the instrument
and as such a proper commissioning time should be in pladbdbas well.

The ASAC expressed concerns especially related to the déldne Graphical User Interface
for the data reduction package and the likely delay of thers pipeline to provide scientifically
useable results. The ASAC strongly reaffirms that one of &ys ko the succes of ALMA in attract-
ing a large user community beyond the few astronomers ajrizauiliar with mm-interferometry
is the ability to deliver to the end user data products thatready for science analysis, at least for
the most common and standard observing modes. This picagreden presented at all community
meetings so far and has created strong expectation in tleatmtALMA users. Failing to reach
this goal starting from early science will very likely resil a poor acceptance in the astronomi-
cal community. This is especially aggravated by the combuhelay of the commissioning of the
pipeline heuristics and the development of the graphicad uderface for the offline package, both
happening in an early phase of the software developmeng cycl

The pipeline unavailability will imply that all early sciea ALMA users will have to reduce the
raw data using the data reduction package. Combined withaHer decision in 2003 to stop the
deveopment of the Data Reduction User Interface, the dal#élyel development of the Graphical
User Interface for the data reduction package imply thatugers will have to reduce the early
science ALMA data step by step using the command line or plysai script. The risk is that
a general user will have a very steep learning curve for boghproblems related to millimeter
interferometric data reduction and calibration and the afsine required ALMA data reduction
package without being guided through an intuitive and easisé Graphical User Interface.

The ASAC reaffirms the importance of deliverying to the user sience grade calibrated data
and an easy to use data reduction package with a Graphical Usénterface, starting from
early science. Inthe ASAC view a failure to achieve these gtsamay jeopardize the credibility
of the project and its goal of attract a large community of scentists from the non-millimetric
community.



