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Foreword

The historic Pushchino Radio Astronomy Observatory was thevenue for a milestone event in the SKADS
project. The workshop entitled “Simulations for the SKA” brought together elements from simulations e� orts
in pure science, telescope con�gurations, network, and costing.

Pushchino is just over 100km south of Moscow, and has a history going back to the 1950's Soviet Union
when it was conceived as a Science Village, home to over 20 000scientists, mainly working in biological
science, but also the site of world class radio astronomy facilities.

From July 30th to August 1st, 2007, Pushchino welcomed over 30 participants, 20 from outside Russia. A
major goal of SKADS is the synthesis of e� orts in science and technology, ultimately leading to the design of
a cost e� ective and high performance SKA. Within SKADS, this workshop was a joint e� ort of Design Studies
2 and 3 (Science and Networking) together with design and costing work carried out with input from from DS4
(Enabling Technologies) and Design Studies 5 and 6 (EMBRACEand BEST).

The Pushchino workshop proved to be an excellent forum for everyone to review the science simulations
accomplished within the �rst two years of SKADS. There was considerable discussion on the future direction
of this work. In particular, the science simulations will beever more focused on the technical capabilities
envisioned for the SKA, and these results will feed directlyinto the technical design and costing work underway
within SKADS. All together, the SKADS science simulations and technical design and development work will
coalesce into a detailed design and reliably costed SKA.

Steve Torchinsky
SKADS Project Scientist
Meudon, 21 September, 2007
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The Pushchino Radio Astronomy Observatory

Rustam Dagkesemanskiy
Lebedev Physical Institute, Pushchino Radio Astronomy Observatory

The Pushchino Radio Astronomy Observatory is part of the Lebedev Physical Institute of the Russian
Academy of Sciences. PRAO was founded in 1956. It was teh �rstscienti�c institution at the academician
town of Pushchino was started to be built in 1963. Since 1990 PRAO is a division of teh Astro Space Center,
one of the seven scienti�c divisions of the Lebedev PhysicalInstitute.

Pushchino Radio Astronomy Observatory is located 120km south of Moscow, on the Oka River.
Pushchino is a rather small town that was founded as a Research Center of the Russian Academy of Sci-

ences. The Pushchino Research Center includes nine biological institutes of the Russian Academy of Sciences,
together with Pushchino Radio Astronomy Observatory of theLebedev Physical Institute. The population of
the town is around 20 thousand inhabitants.

Pushchino Observatory sta� includes 46 astronomers, 62 engineers and technicians, andaround 30 people
of supporting services. There are �ve scienti�c departments:

� Astrophysical Plasma Department

� Department of Pulsar Physics and Transient Cosmic Radio Sources

� Cosmic Radio Spectrometry Department

� Pulsar Astrometry Department

� Radio Telescopes Department

RT-22 Radio Telescope

The RT-22 Radio Telescope is a fully steerable disch of 22m indiameter. Observations with this radio telescope
were started in 1959. Accuracy of its dish surface provides an e� ective operation up to 8mm wavelength.
Modern cooled LNAs are used in receiver systems.

Today, the major scienti�c programs deal with star formation regions research by observations of atomic
and molecular radio lines, and investigations of compact radio source structures using VLBI with masec angular
resolution.

Some outstanding results of the RT-22 Radio Telescope:

� The �rst polarized solar maps in mm wave band

� Venus spectrum in cm-mm range, and determination of the surface temperature of Venus

� Break of the slope in Cyg-A spectrum above 1.5 GHz and the �rstexperimental estimate of the radio
galaxy's age

� Discovery of highly excited atoms in space and investigations of the radio recombination lines

� 25 year monitoring of H2O masers in over 100 galactic gaseous complexes.

DKR-1000 Radio Telescope

Wide-band cross-type radio telescope DKR-1000 is a meridian instrument consisting of two (E-W and N-S)
arms. Observations with the E-W arm of the DKR-1000 were started in the autumn of 1964.

Each arm represents a parabolic cylinder with a width of 40 m and a length of 1 km. Observations in the
30 MHz to 120 MHz frequency range is possible. DKR-1000 provides unique possibilities for pulsar investi-
gations, observations of low-frequency spectral radio lines, and studies of radio source �ux density variations.

Some outstanding results of the DKR-1000 Radio Telescope:
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Figure 1: The RT-22 Radio Telescope(photo by Steve Torchinsky)

� Studies of the solar super corona and radial magnetic �eld init by observations of the scattering e� ect
and scintillations of compact radio sources.

� Measurement of solar wind velocity

� “Spectral index - �ux density” correlation for low-frequency sample of extragalactic radio sources, and
cosmological evolution of radio spectra of quasars from thesame sample.

� First Pushchino pulsar - PP0943

� Super dispersion delay of the pulsar's pulses at low frequencies

� Similarity of extended structure for radio galaxies and quasars of the low-frequency sample

� N-S arm of DKR-1000 was used for observations of the carbon absorption lines in the Cas-A radio
spectrum. Detection of C593� , C747� , and other carbon lines, upper limit to the corresponding hydrogen
lines and estimate of teh MeV cosmic rayss density in space.

BSA Radio Telescope

The BSA radio telescope is a phased-array comprising 16384 dipoles and covering an area of 18 acres. Its
operating wavelength is around 3 m, and the telescope is the world's most sensitive instrument in the range.

BSA is an indispensable instrument for investigating a whole series of dynamic processes in the near-Sun
and interplanetary plasma, studies of pulsar radio emission, and analysis of the compact radio source structure
in the meter wavelength range by observations of interplanetary and interstellar scintillations.

Some outstanding results of the BSA Radio Telescope:

� Mapping and investigation of the shock fronts and other transient events in the solar corona and inter-
planetary plasma

� Structure of compact extragalactic radio sources from their interplanetary scintillation

� 102 MHz luminosity function of rich clusters of galaxies
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Figure 2: The east-west arm of the DKR1000 Radio Telescope(photo by Steve Torchin-
sky)

� Pulsar time scale

� Pulsar glitches

� Detection of radio pulsars associated with Geminga, SGR 1900+14, and several AXP's.
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Figure 3: Workshop participants under the BSA Radio Telescope(photo by Steve Torchin-
sky)



SKADS: The Square Kilometre Array Design Studies

S.A. Torchinsky
Observatoire de Paris

The Square Kilometre Array Design Studies (SKADS) is a European Community project funded by the
EC Framework Programme 6. It was proposed in 2004, and formally began on 1 July, 2005 with a total
duration of 4 years. SKADS brings together the science and technology development in the partner institutes
with the overall aim of producing a designed and costed SKA which is well matched to the requirements of the
SKA scienti�c goals. SKADS is funded at the level of 38Me with nearly 11Me provided by FP6, and the rest
by the partner national funding agencies.

Much of the scienti�c interest in the SKA within Europe is related to science using very large surveys. On
the technological side, this capability is best provided bythe concept of the Aperture Plane Phased Array. Thus,
SKADS focuses on the development of the Aperture Plane Phased Array which exploits fast digital technology
to make a �exible, ultra-wide �eld, multitasking telescopethat can do many di� erent astronomical observations
all at the same time.

SKADS is organised into eight Design Studies, �ve of which are core studies, while the other three are
related to management and overview. DS1 is the management team of SKADS, composed of �ve members.
The Project Coordinator, Arnold van Ardenne,from ASTRON. The Project Manager is André van Es, also
from ASTRON. Andrew Faulkner of Jodrell Bank is the Project Engineer, and Steve Torchinsky, of the Paris
Observatory, is the Project Scientist. The Project O� ce is based in Dwingeloo at ASTRON, and the o� ce
Administrator is Truus van den Brink-Havinga.

SKADS has an element of self-assessment which is the responsibility of DS7, led by Wim van Driel of the
Paris Observatory. DS7 produces the quarterly reports, theSKADS workshops, and generally keeps tabs on the
overall project.

In the �nal year of SKADS, a �nal report is required which willassemble all the development done within
the core Design Studies. This report is the main product of SKADS, and it will contain a summary of the
scienti�c advancement made within the project, and will also outline the technology, and the cost of a fully
designed SKA. The compilation of this �nal report is led by Peter Wilkinson of Manchester, as leader of DS8.

Within the core design studies, the scienti�c simulations are DS2, led by Thijs van der Hulst of the Kapteyn
Institute. The development of networking technologies aredone in DS3, led by Paul Alexander of Cambridge.
Andrew Faulkner leads DS4 which is the development of technologies for SKA.

The Demonstrators: EMBRACE, 2PAD and BEST

SKADS aims to prove the technical feasibility of the aperture array concept by building and testing prototypes.
Three demonstrators are under construction: BEST, EMBRACE, and 2PAD.

The Basic Element for SKA Training (BEST) focuses on testingcomponents and algorithms. The validity
of some concepts that are at the heart of the SKA philosophy are being veri�ed using a part of the large Northern
Cross Radiotelescope in Medicina, Italy. The technique of multi-beaming must be proven, and this involves
electronically creating multiple pixels in the �eld-of-view of a single parabolic receiver. Adaptive beam forming
will also be studied which involves combining signals from separate receivers with the proper phase delay in
order to create a given pointing direction. Finally, BEST isdeveloping and testing algorithms for mitigating
and possibly eliminating man-made radio frequency interference. BEST is led by Stelio Montebugnoli at the
Istituto di Radioastronomia, Italy.

The Electronic Multi-Beam Radio Astronomy Concept (EMBRACE) is the demonstrator of the aperture-
plane phased-array concept which is the main focus of SKADS technology development. The EMBRACE
project is led by Parbhu Patel at ASTRON, and will have demonstrators built at Westerbork in the Netherlands,
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and at Nançay in France. EMBRACE will be a single-polarisation telescope covering a frequency range from
500-1500 MHz, with a� 45� scan angle. There will be a total collecting area of 300 m2 at the Westerbork site,
and a further 100 m2 at Nançay. The individual receiving structures in each 1 m2 tile are Vivaldi antennas. Each
tile has 64 elements placed in parallel rows, and a dual-polarisation tile is being developed which uses a novel
method for mechanically interlocking the individual antenna elements.

The combination of signals from the 64 antenna elements is done in an integrated analog circuit called a
beamformer chip. This is where the phase shift is applied in order to vary the scan range. Di� erent implemen-
tations of the beamformer chip are under development at ASTRON and at Nançay.

The entire EMBRACE development maintains a focus on cost, aswell as on performance. EMBRACE
components are designed with emphasis on reproducability,and the ease of mass production. The SKA will
be an instrument composed of tens of thousands of antennas and tiles, each with large numbers of the same
components. Mass production is essential for making an a� ordable SKA.

The ultimate capability of an aperture-plane phase-array is realised with the development led by Anthony
Brown at Manchester called 2PAD: the Dual Polarisation All Digital aperture array tile. This concept exploits
digital technology to the fullest extent. The signal from the sky is digitised right after reception at the Vivaldi
antenna element, and from then on, only digital electronicsare used. This concept promises unpredecented
�exibility and performance for a telescope, limited only bythe computer power and speed of data transfer. It
remains to be demonstrated that low system noise level, power consumption, and feasible data transfer rates
can all be achieved at an a� ordable cost, but the fully digital solution provides the maximum possibility for
simultaneous observing, post-analysis of transient signals, and virtually instantaneous telescope repointing.
The SKA based on 2PAD technology would truly be a software telescope, limited only by computer processing
power.

SKADS Science Interactions

The Science Simulations are at the heart of the e� ort in SKADS. Within this context, the science drivers of the
SKA are modelled in detail and they ultimately provide the technical speci�cations for the instrument.

The �owchart in Figure 1 shows the interactions between the SKADS Design Studies with a focus on
science simulations and analysis. The core activity is the pure sky simulation which feeds into the telescope
and network simulators. These tasks, in turn, take input from the technical development as well as the measured
behaviour from prototype components. The result is a virtual observation which is analysed to see if the science
goals can be met. Requests for speci�c areas of improvement are passed-on to the technical development, and
this process is iterated. In particular, the SKADS Design & Costing e� ort is the focus of the science and
technical interactions.
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Figure 1: SKADS Science Interactions



System Design and Costing: Progress Summary

R.C. Bolton
University of Cambridge

The SKADS Design and Costing work over the past nine months has been largely focussed on producing a
detailed design and corresponding cost estimate for an SKA meeting the SKADS Benchmark Scenario within
the Reference Design. This work has taken input from relevant experts within SKADS to get the best estimate
of the component costs. The result was a very detailed snap-shot cost of an SKA design and was published as
SKA Memo 93.

In brief, an SKA system meeting the Benchmark Scenario comprises a Low-Frequency array, similar to
LOFAR, receiving at 100-300 MHz, a Mid-Frequency array, similar to Embrace, working at 300-1000 MHz
and `Small' (� 6m) dishes with single pixel feeds operating at frequenciesfrom 1-25 GHz.

The estimated cost for such a system ise 1.91 Bn, in 2011 money. The uncertainty on this estimate is
around 10%. Costs speci�c to the Mid-Frequency AA design amount to 45% of the total, the dishes contribute
19%.

Transporting the data from the stations to the correlator isexpensive: the communications costs amount to
e 800 Million if the full data rate is assumed to be used out to the longest baselines. Reducing the data rate from
the stations that are over 480 km from the core by a factor of 9 (as is assumed in thee 1.91 Bn total), brings
down the communications costs bye 500 Million. With this reduction the communications costs still make up
18% of the total SKA cost.

Full details of the design and associated costs can be found in Memo 93 - essential reading for all SKADS
members.

In June 2007 Aaron Chippendale, Tim Colegate (both working on the ISPO costing tool - see SKA Memo 92),
and Adriaan Peens-Hough (SA SKA/ MeerKat) visited Cambrige to work on combining the ISPO costing tool
and the SKADS design. A way forward was agreed which should build on the strengths of both approaches and
in the coming year provide a user-friendly tool with which Scientists and Engineers across the SKA community
should be able to assess the trade-o� s between engineering, cost and science.

Figure 1 shows the system used to develop the Benchmark Scenario Design and Costing Model. From
the Benchmark Scenario a basic telescope design was produced. This was broken up into “Design Blocks”
- manageably-sized pieces performing speci�c roles withinthe telescope (e.g. processing for the tile beams,
long-haul communications). Design blocks were then allocated to relevant experts within SKADS for further
development and costing. This provided input into the cost model spreadsheet, which was used to paste together
the design block costs.

Figure 2 shows a schematic view of a station as costed in Memo 93. The Mid frequency aperture array is a
fully-�lled circular array of square tiles. Signal processing (to form station beams) is done in a bunker situated
underneath the array.

There are assumed to be 250 stations to form the SKA - each of which transmits signals back to the corre-
lator near the core via optical links, as shown schematically in Figure 3.

The relative costs of the various blocks that are required within the benchmark scenarios are shown in
Figure 4. The total cost ise 1.91 Bn (2011), with an uncertainty of 9%. Costs relating directly to the Mid
Frequency array contribute 45% of this, and the Dishes make up 19%. The communications costs account for
18% of the total SKA cost, ate 340 Million. This is with the assumption that the data rate for the outer stations
is 1/9th of the rate from the inner stations. Without this data rate reduction the communications costs would be
e 500 Million higher.

The costing process has now completed its �rst full cycle in Figure 1 and we are in a position to review the
design and make cost/science trade-o� s. With the SKA Speci�cation Tiger Team reviewing the SKA design,
now is a good time to re-think what the �rm requirements of an SKA are for each of the Key Science Experi-
ments, possibly developing alternative observing strategies to enable a lower-cost solution. The advantages and

8



System Design and Costing - R.C. Bolton 9

Figure 1: D&C Methodology

Figure 2: Schematic station layout for Benchmark Scenario.
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Figure 3: Stations are combined to form the full SKA

disadvantages of the design and costing work presented in Memo 93 are summarised in Figure 5 - one draw
back is the lack of easy scaling in the model: whilst the spreadsheet format allows some values to be altered,
not everything scales automatically with these changes.

It is desirable to improve the �exibility of the SKADS costing model so that it enables direct comparisons
to be made across a range of di� ering SKA designs. The ISPO costing tool 'SKACost' (see SKA Memo 92),
which has been developed by Aaron Chippendale and Tim Colegate, is an SKA costing code written in Python.
This code has some features that are very good - including Monte Carlo error analysis, but no easy user interface
allowing manipulation of the telescope design. It also did not include an Aperture Array.

Tim Colegate, Aaron Chippendale (both ATNF/CSIRO) and Adriaan Peens-Hough (from SA SKA) visited
Cambridge for two weeks in June/July and we agreed on a way forward. The plan is to improve the usability
of the tool by allowing interaction via a graphical user interface and to include the AA in the model. The code
will take on the form of a �exible framework into which components and groups of components (the “Design
Blocks” in SKADS parlance) can be placed (see Figure 6).

Design blocks (which can be user-de�ned or taken from a database) are then pieced together to make up
the full telescope system (see Figure 7).

The new SKACost tool will be available over the coming months, initially via a web interface, with the full
version following in the coming year. It is vital that Scientists and Engineers understand how important cost
is as a driving force for the SKA design - the new modelling tool will allow cheaper alternatives to existing
designs to be considered and compared fairly.
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Figure 4: SKA Cost breakdown from Memo 93.

Figure 5: Pros and Cons of the SKADS D&C work.
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Figure 6: Component information is stored in a database and groups of components are
used to build Design Blocks.

Figure 7: Design blocks can be combined into higher design blocks and ultimately, the
whole telescope system.



Simulating the Epoch of Reionization for the Square Kilometer Array

P. Di Matteo1, B. Semelin2, F. Combes1, S. Baek1
1LERMA, UMR 8112, CNRS, Observatoire de Paris, 61 Avenue de l'Observatoire, 75014 Paris, France

2Université Pierre et Marie Curie - Paris VI, 4 Place Jussieu, 75252 Paris Cedex 5, France

One of the key science projects of the Square Kilometer Arrayconsists into understanding and mapping
the Epoch of Reionization (EoR), by studying the 21 cm redshifted signal of neutral hydrogen. The point is
to evaluate the observed di� erential brightness temperature� Tb between a patch of the IGM, at the redshifted
frequency� = � 0=(1 + z) (being� 0 the rest frequency of the 21 cm transition), against the Cosmic Microwave
Backgroud, i.e.

� Tb � (1 + � )xH

 
TS � TCMB

TS

!
: (1)

This quantity depends on di� erent terms, as the local baryon overdensity� , the neutral hydrogen fractionxH

and the hydrogen spin temperatureTS, and it can be positive or negative, depending if the signal is in emission
or in absorption against the CMB.
In order to predict the signal at di� erent redshifts and its main statistical features, in the framework of the
Square Kilometer Array Design Studies 2, we have undertakena set of cosmological simulations of di� erent
resolutions and box sizes, which take into account all the main physical mechanisms contributing to determine
TS and so, ultimately,� Tb. The code realised (the LICORICE code) couples the dynamics(evaluated by means
of a Tree-SPH code, see Semelin & Combes, 2002, A&A, 388, 826), with a Monte Carlo radiative transfer
part. The code uses an original implementation for the propagation of the Lyman alpha photons in the neutral
medium (see Semelin, Combes, Baek, 2007, astro-ph/07072483), avoiding the approximations usually made in
the literature. In Figs. 1 and 2, some results of a 20 Mpc box size simulation, employing 1283 particules are
shown.
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Figure 1: Neutral hydrogen maps, at four di� erent redshift, for a simulation adopting a
20 Mpc size box and 1283 particles.

Figure 2: Di� erential brightness temperature� Tb, at three di� erent redshifts, for a sim-
ulation adopting a 20 Mpc size box and 1283 particles. Note the signal in absorption
against the CMB, in the left panel. Temperatures are in unitsof mK.



Semi-analytic Radio Simulations

Danail Obreschkow
Oxford University

The catalogue lists 5� 108 radio sources out to redshift 4 in a squared observing cone covering 29.05 deg2

(5:39 � 5:39deg2). It accounts for HI-line emission, continuum emission from star formation, and continuum
emission from active galactic nuclei (AGN). The latter are geometrically subdivided in cores, lobes and hot
spots. This radio catalogue was constructed by post-processing the most recent semi-analytic optical galaxy
data cubes available for the Millennium Simulation (DeLucia07) with a set of radio prescriptions. Explicitly,
HI-�uxes were derived from the cold gas masses given for eachgalaxy using an observationally constrained
prescription that depends on the galaxy type and mass. The resulting simulated local HI-mass function �ts
the most recent HIPASS observations (Zwaan et al. 2005), andthe integral HI evolution is consistent with the
damped Lyman-alpha absorption data (Peroux et al. 2003) outto at least redshift 2. An unexpected prediction
of this simulation is that the HI evolution is completely governed by the high end of the HI-mass function
(> 1010 solar masses), which predicts a much larger rate of high redshift detections (z > 1:5) than previous es-
timations (Abdalla & Rawlings 2005). Continuum emission from star forming galaxies is derived directly from
the star formation rates given in the semi-analytic catalogue, using a non-evolving, non-linear prescription with
scatter (derived from Bell et al. 2003). The spectral energydistribution is simulated using two constant spectral
indices for the thermal and non-thermal component, such as given in Condon 1992. Finally, the continuum
emission from AGN is evaluated by randomly sampling the fractional luminosity functions (FLFs) observed by
Mauch et al. 2006 for di� erent k-band magnitudes. These FLFs were �tted a broken power law with the lumi-
nosity break point scaling linearly with the k-band luminosity. The local luminosity functions of star forming
galaxies and AGN �t the observational constraints within their uncertainties.

We currently work on �nalizing the evolution of radio �uxes from AGN, and on minor aspects of the sources
shapes. The catalogue will be cross-checked with the catalogue produced using the Press-Schechter approach
(Willman et al.), and further validated through number count comparisons and power spectra analyses. A �rst
version of the (non-polarized) catalog will be released by September 2007.
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Figure 1: Simulated SKA images at various redshifts depicting the complex �lamentary
structure of HI on cosmic scales, which encodes the mysterious physics of the “Dark
Universe”. Each coloured pixel represents a galaxy emitting neutral Hydrogen (HI, rest-
frame 21cm) radiation. The images were extracted from a continuous chain of cubic
simulation boxes based on the latest semi-analytic galaxy catalogue provided for the Mil-
lennium Simulation (De Lucia et al. 2007, Springel et al. 2005) using a new prescription
for assigning HI to each object.



High Resolution HI Simulations

R. Boomsma, J.M. van der Hulst
Kapteyn Astronomical Institute, Rijksuniversiteit Groningen

Abstract
The Square Kilometer Array will be able to resolve HI disks out to large redshifts. As an extension of the

HI sky simulations we are producing high-resolution data cubes with rotating HI disks.

Introduction

Existing radio telescopes are able to detect the HI disks of galaxies out to redshifts of 0.1–0.2. Verheijen et
al. (5) have detected the neutral hydrogen in some 30 galaxies in two clusters at a redshift of about 0.2. The
integration time for this observation was a few hundred hours, illustrating that large �eld-of-view surveys at
such redshifts are not yet feasible.

The Square Kilometer Array (SKA) will, however, be able to observe similar details in HI disks out to a
redshift of 3 and beyond. It will detect millions of galaxiesdown to masses ofM�

H i out to a redshift of 3 (6) and
more massive galaxies out to redshifts of 4–5. This enables statistical studies such as measuring the evolution
of the HI mass function from large redshift until present andas function of enviroment.

The HI Sky Simulation

A large-scale HI simulation has been developed in Oxford. The Millenium Simulation (3) is taken as a basis for
a realistic galaxy distribution. For the details see the contribution by Danail Obreschkow et al. Semi-analytic
models are used to populate the dark halos from the MilleniumSurvey with gas and stars in order to derive
galactic properties such as luminosity, gas masses and velocity width.

As the SKA will resolve galaxies out to redshifts of at least 3it is important to take the angular resolution
into account. For the HI sky simulation this means that galaxies can not be considered as point sources. This is
illustrated in Fig. 1

We are therefore developing an extension to the Oxford simulation. To the catalogue produced by Obreschkov
et al. we add data cubes that contain rotating HI disks, usingthe properties of the objects from the simulation
and the semi-analytic modelling as a guideline for determining a galaxy its HI properties.

We use our knowledge of the HI and mass distributions in nearby galaxies as a guideline for populating
the millenium galaxy catalogue. Based on the work of Swaters(4), Noordermeer (2) and Cayatte et al (1) we
create rotation curves (Fig. 2) and gas distributions for a range of Hubble types and masses and from these we
calculate template data cubes containing the corresponding HI disks.
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Figure 1: A simulated HI disk as it would be observed by the SKA. The top row shows the total HI emission
for a few redshifts, the bottom row shows position-velocitydiagrams along the major axes. The full SKA will
have a linear resolution of about 15 kpc at a redshift of 3.5. Aspiral galaxy with a typical HI disk will still be
resolved.
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Figure 2: The simulated rotation curves that are used to calculate the template rotation curve.
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Pulsar searches and timing with the SKA

R. Smits, M. Kramer
Jodrell Bank Observatory, University of Manchester

One of the key science points of the SKA involves �nding and timing radio pulsars. We have investigated
the requirements and scienti�c outcome of performing a pulsar survey for di� erent con�gurations of the SKA.

Beamforming
A pulsar survey requires the coherent addition of the signals from the dishes in the core of the array to form
su� cient pencil beams to �ll the entire FoV from a single dish. This can be done in one stage, or if the dishes
are distributed in sub-arrays, it can be done in two stages, saving a factor of half the square root of the number
of dishes in computation time. For the beamforming of the AA,initial beamforming will be performed at the
stations themselves, leading to a beam equivalent to those of a 60-meter dish for each station. Fig. 1 shows the
number of operations per second for each of the methods and di� erent SKA con�gurations as a function of core
diameter. For each con�guration it is assumed that the totalarea of all the dishes is 300 000 m2, the bandwidth
is 500 MHz and the number of polarisations is 2.

Data Analysis
The amount of data that will need to be analysed will be large because of two reasons. Firstly, the FoV will
be split up in many pencil beams, each of which will need to be searched for pulsar signals. Secondly, the
SKA will be able to see a great majority of the total sky, all ofwhich we want to search for pulsars and pulsar
binaries. There are two ways to achieve this. The �rst optionis to analyse the data as it is received, immediately
dispensing the raw data after analysis. This requires the analysis to take place realtime. The second option is to
store all the data and analyse them at any pace that we see �t. Fig. 2 shows the data rate from a pulsar survey
for the 6-meter dishes, the 12-meter dishes and the AA as a function of core diameter, assumingTsamp=100� s,
DMmax=2000,Npol=1 and 2 bits digitization. The AA was assumed to operate on thefull frequency range of
0.3 to 1 GHz. The frequency range for the dishes was assumed tobe 1 to 1.5 GHz. Fig. 3 shows the number
of operations per second required to perform a realtime analysis of a pulsar survey with the 6-meter dishes,
the 12-meter dishes and the AA as a function of core diameter,assuming 100 trial accelerations, a sampling
time of 100� s and an observation time of 1 800 s. Fig. 4 shows the total amount of data from an all-sky survey
and a survey of the galactic plane as a function of core diameter, assuming a frequency range of 1 to 1.5 GHz,
Tsamp=100� s,DMmax=2000,Npol=1, an observation time of 1 800 s and 2 bits digitization.

Survey Simulation
To �nd out how the SKA pulsar survey performance depends on di� erent SKA con�gurations, we simulated
SKA pulsar surveys for di� erent collective areas and di� erent center frequencies. The simulation was per-
formed following Lorimer et al. (2006) and using their MonteCarlo simulation package. The visible sky of
the SKA was limited to a maximum declination of 45� . We assumed a bandwidth of 500 MHz, a system tem-
perature of 30 K and an integration time of 1800 s. The simulations were performed with values for the center
frequency ranging from 400 MHz to 1.9 GHz and for a collectivearea ranging from 60 000 to 300 000 m2. To
study the performance of the AA, we also simulated an all-skysurvey using 20% to 100% of the AA with an
integration time of 1800 s. The frequency dependence of the number of detected pulsars is shown in Fig. 5.
The top graph shows the number of detected pulsars outside the galactic plane. The bottom graph shows the
number of detected pulsars inside the galactic plane. The �ve lines correspond to di� erent collective areas
ranging from 60 000 to 300 000 m2. If the pulsar survey would be performed at the optimal frequency, the total
number of detected pulsars would range from about 10 000 to 21500 pulsars for collective areas of 60 000 and
300 000 m2, respectively. This would include known pulsars. Fig. 6 shows the number of detected pulsars from
an all-sky simulation of the AA as a function of collective area. Because the AA only operates at a frequency
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range below 1 GHz, it is unable to penetrate deep into the scattering region of the galactic plane. The best result
would therefore be achieved by combining an all-sky survey using the AA with a galactic plane survey using
the dishes. The area of the AA that can be used for the survey depends on the available computation power for
beamforming and data analysis as well as on the distributionof the AA stations. A highly dense core would be
very favourable.
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Figure 1: The number of operations per second required to perform the beamforming
for di� erent SKA con�gurations as a function of core diameter. For the 6-meter and 12-
meter dishes it is assumed that the total collective area is 300 000 m2 and the bandwidth
is 500 MHz. For the AA it is assumed that the total collective area is 500 000 m2 and
the frequency range is 0.3 to 1 GHz. In all cases the number of polarisations is 2. The
black striped lines correspond to 12-meter dishes. The red solid lines correspond to 6-
meter dishes. The thick lines correspond to beamforming in 1stage and the thin lines
correspond to beamforming in 2 stages. The blue striped/dotted line corresponds to the
AA.
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the AA, as a function of core diameter.
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Figure 3: Operations per second required to perform a realtime analysis of pulsar surveys
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Precise Pulsar Timing by SKA as a Technique for the Study of the Mass
Distribution in the Galaxy

M.S. Pshirkov1, M.V. Sazhin2, Y.P. Ilyasov1
1PRAO of Lebedev Physical Institute, Russia

2Sternberg Astronomical Institute, Russia

It's well known that a lot of various e� ects in�uence on pulsar signal during its propagation to observer.
One of them is Shapiro delay - a General Relativity e� ect caused by massive bodies situated near the line of
sight pulsar-observer. If massive bodies belong to Solar system we can account for it because we know their
masses and positions and therefore we can make a reduction for the e� ect. Bit if lense is situated outside, we
can't make such reduction and obtain some residuals of TOA. These residuals can help us to map distribution
in our Galaxy.

Figure 1: Origin of the e� ect: positions of the de�ector and the pulsar on the celestial
sphere.

It's convenient to consider the problem on the ”plane of de�ector” this converting all linear measures to
angular. Here is equation for the residuals of TOA.

� T = �
rg

c
ln

2
666664
� 2

0 + � 2(t � t0)2

� 2
0 + � 2t20

3
777775 (1)

Here,rg is the gravitational radius of the de�ector,� 0 is the minimum angular distance between the de�ector
and the pulsar,� is the proper motion of the de�ector (relative to the pulsar), t0 is the epoch of the minimum
distance betweenD and the line of sight that corresponds to� 0.

Precise timing of pulsars behind the bulge can greatly extend our knowledge about central regions of the
Milky Way. This method can be useful addition to existing optical experiments, while it can avoid some optical
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limitations. All optical experiments are bound to small area of high visibility (Baade window), when pulsar
timing experiments can avoid such limitations

Let's circumscribe a circle with a 1 kpc radius on the celestial sphere, the centre of which coincides with
the direction to the Galactic Centre. Its angular radius will be equal to 7:15� . Contemporary estimates give us
a quantity equal to� 1000 MSP in the selected area.

Also, we adopted the models of Bahcall-Soneira for the disk,and Binney for the bulge. These models are
essential for calculating the minimal impact parameters invarious directions.

We've made a calculation to obtain 10 000 values of average angular distances between pulsars and massive
bodies nearest to them. So, we've mapped the central region of MW (14.3*14.3 degrees with 0.143 degree step).

Figure 2: Map of minimal impact parameter.

To obtain residuals of TOA we must take into account that after standard �tting procedure linear and
quadratic terms of the e� ect will simply rede�ne apparent values of period and its �rst derivative and only
cubic and higher trends will survive.

We can set some threshold. We consider that the e� ect can be detected if the residuals will exceed 1� sec.
For 20 years of total time span of observations it means that corresponding minimal impact parameter will be
equal to approximately 60 mas. So, we can introduce a kind of “optical depth” - a value that shows what part
of the pulsars are a� ected by the e� ect in the selected direction. If OD is larger than unity-it means, that the
residuals caused by the e� ect will exceed 1 mcs.

As we can see, most of pulsars in the area are in�uenced by the e� ect. Red circle is a region in the direction
to GC where precise timing is very di� cult because of severe scattering and other e� ects. We can say that our
method is ten to the fourth-ten to the �fth time more “sensitive” then usual microlensing experiments.
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Figure 3: “Optical depth” due to the e� ect in the bulge area.



Rotation measure mapping of nearby galaxies with the SKA

T. G. Arshakian11, R. Stepanov2, R. Beck1, P. Frick2 and M. Krause1
1Max-Planck-Institut für Radioastronomie, Auf dem Hügel69, 53121 Bonn, Germany

2Institute of Continuous Media Mechanics, Korolyov str. 1, 614061 Perm, Russia

The presence of regular kiloparsec-scale magnetic �elds innearby spiral galaxies makes Faraday rotation
measurements (RM) an ideal tool for studying the structure of magnetic �elds in the disk and halo. With
the SKA capabilities RMs of hundred and thousands polarizedbackground sources can be measured towards
nearby galaxies thus allowing their detailed magnetic �eldmapping. Here, we estimate the required density
of the background polarized sources detected with the SKA for reliable recognition and reconstruction of the
magnetic �eld structure in nearby spiral galaxies. For a typical spiral galaxy we model the distribution of the
ionized gas and the magnetic �eld in the disk (axisymmetric,bisymmetric and quadrisymmetric spiral, and
superpositions). We simulate the RM of background polarized sources towards a galaxy taking into account
the RM �uctuations as result of turbulent �elds and/or �uctuations in ionized gas (Fig. 1). The simulated
magnitudes of RM of background point sources and their density are then used to recognize the magnetic �eld
structure and assess its reliability by means of� 2 minimization method and wavelet transformation technique.

The recognitionof regular magnetic �elds in galaxies and estimation of the spiral pitch angle, amplitude
of regular �eld strength and azimuthal phase can be reliablyperformed from a limited sample (few dozens) of
RM measurements of polarized point sources. Future RM observations with the SKA at 1.4 GHz will allow the
recognition of� 60000 spiral galaxies in the volume restricted to a radius of� 100 Mpc. This in turn will allow
the frequency of �eld structures and dependencies on galaxyproperties to be studied and the dynamo model
for generating large-scale magnetic �elds to be tested.

The reconstructionof magnetic �eld structures of strongly inclined galaxies without precognition of a
simple pattern is possible for a large sample (> 1000) of RM point sources. This would require a sensitivity of
the SKA at 1.4 GHz of� 0:5 � 5 � Jy (or integration time less than one hour) for galaxies at distances of about
one Mpc. The �eld structures of� 60 galaxies until about 10 Mpc distance can be reconstructedwith tens to
hundred hours of integration time.
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Figure 1: RM maps (in rad m� 2) generated for a typical spiral galaxy of radius 10 kpc
with a pure bisymmetric magnetic �eld structure (magnetic �eld strengthB = 5� G) and
thermal electron densityn0=0.03 cm� 3, at the inclination angle ofi = 10o (left). Modeled
random turbulent �eld for 30 rad m� 2 r.m.s. (middle). In the right panel is the `realistic'
map of RM of the galaxy obtained by superposition of these two�eld components.

Radio telescopes operating at low frequencies (LOFAR, ASKAP and the low-frequency SKA array) may
also be useful instruments for �eld recognition or reconstruction with the help of RM data, if background
sources are still signi�cantly polarized at low frequencies. This needs further investigation.
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Cosmic Magnetism experiments with the SKA and its precursors

R.C. Bolton, M. Krause, P. Alexander
University of Cambridge

1 Summary

The work done within SKADS to produce a simulated sky, including polarised �uxes for its sources has been
used to make predictions about galaxy cluster Faraday rotation experiments with the SKADS SVT instruments
and with the SKA. The idea is to enable inference of the structure of magnetic �elds within clusters of galaxies,
of the variation in magnetic �elds both between galaxy clusters and as a function of redshift. This is work that
the SKA pre-cursor instruments can begin but the detection statistics pale when compared to the numbers from
the SKA: the combination of the increased sensitivity and increased �eld-of-view of the SKA (in the SKADS
Benchmark Scenario) means that the SKA is expected to allow measurement of the magnetic �eld in many
more clusters, out to greater redshifts and to more �nely mapthe structure of the magnetic �eld within these
clusters than has ever before been possible.

In Section 2 I brie�y review the Cosmic Magnetism experiments proposed with the SKADS Virtual Tele-
scopes and the models used to predict the relevant detectionstatistics. I go on (section 3) to show the expected
performance for the SKA: even for redshifts above 1 we expectto see 15,000 clusters and a total of 130,000
separate Faraday measurements for a single 100-hour pointing of 250 square degrees.

Some recent and on-going work has involved considering the possibility of beam depolarisation. This is
discussed in Section 4: preliminary results suggest that itcould be important, especially at the lower end of the
Aperture Array frequency range. This work is introduced andsome results are given. Further work is required
here and is underway.

Overall, assuming that the depolarisation proves not to be aproblem, the requirements for a Cosmic Mag-
netism survey are all already met by an SKA capable of doing anHI survey and a continuum survey.

2 SVT Experiments

In order to design Galaxy Cluster Faraday Rotation experiments to do with the SVT telescopes we created a
virtual sky of polarised radio sources (by adding polarisation properties to sources from the early February
2007 SKADS catalogue). We then added galaxy clusters to thissky, following a Jenkins mass function. To
each galaxy cluster a central Faraday depth was assigned, randomly chosen between+250 and -250 rad/m2.
The Faraday depth through the cluster was assumed to fall o� inversely with distance from the centre. Sources
appearing behind clusters then had their polarisation angles rotated accordingly and noise added to simulate
observations with real telescopes.

Simulations showed that to enable the rotation measure for asource to be detected, a signal-to-noise of
around 3 in polarised �ux was required across the total of theobserving channels. This then set the polarised
�ux limit for the sources useful for Faraday rotation experiments.

Note that in this work the radio sources and the clusters are independent: contributions from sources em-
bedded within the clusters have therefore been missed.

3 Wide-�eld shallow survey: SVT Stage B

We propose to conduct a wide-�eld shallow survey with the SVTStage B telescope. We would propose to cover
� 1000 square degrees in� 200 hours of observing time - just one hour per pointing. For such a shallow survey
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Figure 1: Detection statistics for a 1hr pointing with SVT Stage B.

we would expect that all clusters would have X-ray or SZ measurements. For each 1hr pointing we expect to
detect rotation measures for around 13 clusters with mass greater than 3x1013 Msun at a redshift of less than
0.2.

Figure 1 shows the detection statistics for each 1hr pointing. We expect the total 200-hour survey to �nd
over 1000 clusters atz < 0:2 with at least one background source and over 100 clusters with 20 or more
background sources. This would allow some study of the structure of magnetic �eld within local clusters.

4 Targeted deep Observations of known Low-Z Clusters

It would be possible to use the SVT Stage A to do targeted observations of local clusters but the statistics are
not very impressive. It would be better to use the Stage B telescope.

Each 100 hour pointing with the Stage B telescope would �nd atleast one background source for around
53 di� erent clusters with masses greater than 1014 Msun and at redshifts greater than 0.2. Around 19 of these
would have 0:2 < z < 0:5, 24 would have 0:5 < z < 1 and 10 would be at redshift higher than 1.

We propose to observe 6 well studied equatorial �elds, requiring a total of 600 hours of observing time.
This experiment should allow some assessment of the cosmological evolution of cluster magnetic �elds.

5 SVT Stage C: Targeted deep surveys of individual clusters

With the increased sensitivity of the SVT Stage C instrumenttargeted deep pointings at known clusters would
produce a very �ne grid of rotation measures across the cluster (see Figure 2). Adjacent sources detected
in polarised emission and behind the cluster would be separated by around 1 arcmin (depending on cluster
redshift). Such a �ne grid of Faraday depth values would enable study of the detailed structure within clusters,
e.g. changes in magnetic �eld values either side of cold fronts and heated shocks.
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Figure 2: Example of the rotation measure grid spacing with SVT Stage C, 100 hour
pointing.

6 The SKA and Cosmic Magnetism

With its excellent sensitivity and large FoV (here, assuming 250 square-degrees) the SKA will detect huge
numbers of clusters, each with many background sources providing measures of the Faraday depth through the
cluster.

The statistics for a 100-hour pointing are shown in Figure 3.Per 100-hour pointing around 600 clusters
would be detected at z ¡ 0.2, each with over 100 sources behindit. 4000 clusters between redshifts of 0.2 and
0.5 would be seen with 20-100+ rotation measures, for redshifts between 0.5 and 1.0 we expect to detect 13,000
clusters, each with more than 10 background sources and evenfor redshifts above 1 we expect to see 15,000
clusters and a total of 130,000 separate Faraday measurements.

Figure 4 shows the modelled Faraday screen (top) and the recovered values assuming a 100-hour SKA
observation (bottom). The larger clusters are well sampledand the general picture is recovered well.

7 Beam depolarisation: Preliminary Results

Since the frequency range for the Aperture Array within the SKADS Benchmark Scenario is expected to be
from around 300 MHz to 1 GHz it is important to check that polarised sources will still be observable for
Faraday rotation measurements at these frequencies. One a� ect that can reduce the polarised �ux from a source
is beam depolarisation, where adjacent lines of sight that are added together in the telescope beam have their
planes of polarisation rotated by di� erent amounts by the portion of the Faraday screen that each samples
(shown schematically in Figure 5).

The level of beam depolarisation depends on the angular sizeof the telescope beam (or the angular size of
the source, if the source is unresolved) and the variation inthe net Faraday depth through the rotating medium
(i.e the cluster) for adjacent paths.

The variance in the rotation screen is dependent on the overall power spectrum of the magnetic �eld, as well
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Figure 3: SKA 100 hour detection statistics (250 square degree FoV).

as any small-scale variation in electron density. For di� ering values of the pixel-to-pixel standard deviation in
the Faraday depth we can estimate the frequency at which the emission from the source is 50% depolarised - i.e.
its polarised fraction has been reduced to 50% of its intrinsic value. For all frequencies below this frequency
we label the source as “Depolarised”.

The results for two di� erent values of standard deviation and for several di� erent beam sizes are shown in
Figure 6. The depolarisation frequencies are found to be between 400 MHz and 1 GHz. These are given in
the rest frame of the cluster and so will correspond to lower observing frequencies. However, these depolari-
sation frequencies are around the frequencies required forthe HI survey, and as such could cause di� culties in
designing an SKA to do an all-sky Faraday rotation measure survey ”for free” alongside the HI. These results
are very preliminary: it is necessary to conduct a more thorough investigation into the depolarisation that we
expect in reality, and this work is underway. In principle, if the Faraday screens resulting from various mag-
netic �eld power spectra could be modelled well enough then the depolarisation of emission from background
sources as a function of frequency could provide a unique signature of the magnetic �eld power spectrum,
giving information on the spectrum on scales too small to resolve.
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Figure 4: Modelled Faraday Screen for clusters (top) and recovered Faraday screen as-
suming a 100-hour SKA observation (bottom).
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Figure 5: Beam depolarisation.

Figure 6: Depolarisation as a function of frequency for di� erent beam sizes and for two
di� erent values of standard deviation in Rotation Measure (left: 50 rad/m2, right: 200
rad/m2).
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8 SKA Requirements for Cosmic Magnetism

If the depolarisation is proven not to be a problem at frequencies at around 600 MHz to 1 GHz then the cosmic
magnetism survey will essentially come for free with an HI survey - the only additional spec that it required
which the HI survey could perhaps be done without is the requirement of dual polarisation receivers with
excellent polarisation purity.

Measuring the Faraday depth requires channels of 10 MHz or �ner: the channel width de�nes the largest
rotation measure that the experiment will be sensitive to - since there is more change of wrapping in angle for
wider channels. For example, rotation measures of 10,000 rad/m2 require channels separated by 300 MHz or
less.

Higher resolution will help to avoid depolarisation but these requirements are likely to be met by the need
to avoid confusion in the continuum surveys.



E� ect of the Turbulent Interplanetary and Interstellar Plasma on the Response
of an Interferometer

V.I. Shishov, I.V. Chashei, T.V. Smirnova
Pushchino Radio Astronomical Observatory, Pushchino, Russia

Modulations e� ects of radio wave propagating through turbulent plasma canbe detected as increasing of
visible angular size of source (scattering e� ect) or as intensity and phase �uctuations of an interferometer
response (scintillation e� ects). For the given direction these e� ects depend on wavelength� and an initial
angular size of a source� 0. The plane� � � 0 can be divided into �ve domains with di� erent types of wave
scintillation.

The �rst domain is determined by the inequalities

� 0 > � Fr; � 0 > � scat: (1)

Here � scat is scattering angle,� Fr = (2� R=� )1=2 is the Fresnel angle, R is the e� ective distance to the
turbulent layer. In this domain the angular size of the source is greater than the scattering angle.

We can neglect the scattering e� ect here.
The second domain is determined by the inequalities

� scat;pl < � 0 < � Fr: (2)

Only weak intensity and phase scintillations exist in this domain.
The third domain is determined by the inequalities

� 0 < � scat;pl; � < � cr; (3)

where� cr divides weak and strong intensity scintillations regimes.We can see strong phase scintillation of
interferometer response in this domain.

The fourth domain is determined by inequalities

� > � cr; � 0 < � dif ; (4)

where� dif = � 2
Fr=� scat is di� ractive angle. In this domain phase and intensity scintillations are strong.

The �fth domain is determined by inequalities

� dif < � 0 < � scat;pl: (5)

Di� ractive scintillation is suppressed due to the �nite angular size of a source, but refractive scintillation
exists.

Interplanetary plasma

For elongation� � 90� all sources belong to the �rst and second domains at cm and dm wavelengths. We can
neglect the interplanetary plasma e� ect. For� > 1m compact sources (� 0 < � scat) belong to third domain. We
can observe the e� ect of strong phase scintillation that limits the time of coherent integration by the value of
order of 10 seconds.

Interstellar plasma

For the region near Galactic polar all sources that can be resolved by the ground based interferometer belong to
the �rst domain and we can neglect the interstellar plasma e� ect. For more compact sources� 0 � � dif we will
see the strong intensity scintillation e� ect.
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SKADS: Array Con�guration Study
Implementation of Figures of Merit Based on Spatial DynamicRange

Dharam Vir Lal and Andrei Lobanov
Max-Planck-Institut für Radioastronomie, Auf dem Hügel69, 53121 Bonn, Germany

To quantify imaging performance of the SKA con�gurations, we are implementing �gures of merit based on
spatial dynamic range (SDR). This work is focused on extensive numerical tests of the analytical, SDR–based
�gures of merit derived in the SKA Memo 39 (A. Lobanov). Here,we present our preliminary results.

Key Terminologies

1. SDR – The ratio of the �eld of view and the synthesized beam.
It depends on the correlator integration, channel width, and (u; v)-plane coverage.

2. Figures of Merit – Any parameter which is a measure of (u; v)-plane coverage;
e.g., SDR, RMS noise levels, synthesized beam size, etc.

3. uv-gap parameter OR� u=u – A measure of the quality of the (u; v)-plane coverage, characterising the
relative size of “holes” in the Fourier plane.

Description of the Work Methodology

1. We use the simulator in aips++ (ver 1.9 (build 1556)) package to generate a visibility dataset for an
input array con�guration to determine and study the �gures of merit for quantifying the properties of
(u; v)-plane coverage and its e� ect on imaging.

2. Next, we vary the array con�guration, generate a new visibility data set, and repeat this exercise many
times to complete the full parameter space of SDR.

3. Several scripts, both in Fortran and glish languages, have been written to accomplish our goal. We also
make use of “classic AIPS” for our imaging analysis.

Tasks Accomplished

1. Generating the test array con�guration (x,y antenna coordinates) for a logarithmic-spiral array con�gura-
tion. We are attempting to incorporate theuv-gap parameter,� u=u, while de�ning the logarithmic-spiral
array con�guration.

2. Project this array on Earth's surface and determine theirlocations, i.e., latitude, longitude. Note that the
program assumes x,y coordinates to be spread on a �at, i.e., horizon plane and when projected on to
Earth's surface, it also provides z coordinates in additionto local latitude, and longitude.

3. Locating the x,y array con�guration on to any position on Earth's surface, uses World GEOD system
1984, a standard, and is free from any possible singularity or error.

4. Run a glish script to obtain ECEF (Earth Centered Earth Fixed) coordinates, which are compatible with
the aips++ simulator.

5. Run the simulator in aips++ to obtain the visibility data set using a simple input sourcemodel.

39



SKADS: Array Con�guration Study - D.V. Lal & A. Lobanov 40

Exercises Undertaken – Robustness Checks

� The array can be placed at any position on the Earth's surface, but since, we understand the baseline
behaviour for the array placed at the Earth's pole, when a source being observed is at 90 deg declination,
we use this case to understand the robustness of the output from the aips++ simulator.

� We �rst generate spiral arrays in two ways (see Figure below,top panels). The �rst plot (top-left panel)
incorporates theuv-gap parameter, whereas the second plot (top-right panel) is a simple equiangular (or
logarithmic) spiral. Otherwise, the two test array con�gurations are nearly identical. We use these two
array con�gurations and perform identical pipeline analysis to conduct robustness checks.
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Figure 1: (u; v) plot for the two test array con�gurations (top-left and bottom-left panels)
is shown in the middle panels. The simulated visibilities uses a group of six Gaussian
sources and telescope parameters listed in the Table. The corresponding image (dirty
map) displayed adjacent to the (u; v) plot is the central 800 pixels� 800 pixels of the
fully mapped region.

) The image characteristics, e.g., synthesized beam size, peak surface brightness and the noise in the two
maps are nearly identical.

) It therefore seems that to zeroth order, the two exercises seem to give identical results. A closer look at
individual baselines, show some di� erences. These di� erences are possibly due to (i) di� erent choice of
logarithmic-spiral array con�guration, (ii) the `Z' correction for each of the stations, which has not been
accounted for. In addition, The distance between core station and any of the arm station gives nearly
identical results, e.g., the baseline vector between core and any of outermost station of the three arms is
typically 16.4 k� .
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Determination of the “Figures of Merit”
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Figure 2: We use equiangular (logarithmic) spiral array con�guration, consisting of a
station at the origin, three spiral arms and �ve stations in each arm, as the geometry.
The range of baselines used are between 20 to 100 m (top-left panel) and 20 to 5000
m (bottom-left panel). Figure also show (u; v) plots (middle panels) for two array con-
�gurations (shown in the left panels) from the range of arraycon�gurations used for
simulations. The right panel shows the corresponding imageplane, with each image be-
ing 4096 pixels� 4096 pixels and each pixel being 2 arcsec. These simulationsare used
to determine and study the �gures of merit for quantifying the properties of (u; v)-plane
coverage.

Simulations: Parameters Used

) We use the following parameters for the generation of a rangeof visibility data sets:
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Telescope settings Input group of source components
(arbitrary choice)

Frequency : L band (1.4 GHz) RA Dec Flux density
Antenna : 25 m (VLA) (J2000) (component size)
Bandwidth : 3.2 MHz ——————————————————-
No. of channels : 1 1) 23:56:30 90.40.15 3.0 Jy (0:80 � 0:40)
Direction (J2000) : 00:00:00+90.00.00 2) 23:56:00 89.14.45 1.0 Jy (1:00 � 0:50)
Elevation limit : 12 deg 3) 23:54:30 89.14.45 2.0 Jy (1:00 � 0:50)
Shadow limit : 0.001 4) 23:59:59 90.00.10 4.0 Jy (1:20 � 0:60)
Start time (IAT) : 21/09/2005/ 06:00 5) 00:04:30 90.45.00 2.5 Jy (1:00 � 0:60)
Stop time (IAT) : 21/09/2005/ 18:00 6) 00:04:30 89.30.45 1.5 Jy (0:70 � 0:50)
No. of stations : 16
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Figure 3: Note that the maps displayed are the dirty maps and the map characteristics,
peak surface brightness and the noise levels are from these dirty maps. The beam area is
determined from the value obtained using AIPS task IMAGR.

Preliminary Inferences

We use (please refer Lobanov, SKA memo 39),

� u
u

'
"
Bmax

Bmin

#( 3
N )

� 1;

whereN being the number of stations, as a measure of� u=u. The �gure above (Fig. 3) shows several
map characteristics as a function of� u=u, theuv-gap parameter for a range of simulated visibilities.

) The behaviour of �gures of merit and hence the SDR does not seem to have a simple dependence on� u=u.

) We show that theuv-gap parameter is dependent on the (u; v)-plane coverage, thereby constraining the
characteristics of the map. Although, we cover a small part of the full parameter space to be probed, the
preliminary study demonstrates a valuable result which is important to put constraints on the SKA design
studies.

Tasks TO DO

1. Determine and study a range of �gures of merit for quantifying the properties of (u; v)-plane coverage
and their e� ect on imaging.

2. Determine the behaviour of spatial dynamic range as a function of “uv-gap” parameter.

3. Use the simulation results and characterize the (u; v)-plane density function for the realistic array con�g-
urations.
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4. The shortest baseline is taken to be 20 m, and shadowing would be important. Therefore, the e� ect of
shadowing needs to be accounted for.

5. Obtain the optimal array SKA con�guration, for which the (u; v) points provide the uniform density and
maximises the SDR.

6. Presently we are using few antennas to develop the tools. Our goal is to perform simulations, which meet
the SKA requirements and complete the full parameter space of SDR.



A Review of Synthesis Telescope Simulation Software
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Abstract
I give an brief overview of the applicability of synthesis telescope imaging and simulation software to the

SKADS project. The packages reviewed here probably do not encompass all synthesis telescope data reduction
packages; I believe that they do include most packages that have downloadable code and on-line documentation
available. Since the SKADS project focuses on the applicability of aperture plane phased array technology as
a path�nder to the Square Kilometer Array (SKA), the �nal selection emphasizes packages that could be used
to simulate such a system.

1 Introduction

The SKA will observe the radio sky with unprecedented sensitivity. When we design a telescope to observe the
radio sky at the nanoJy level we need to both simulate the anticipated radio sky and what the the designed radio
telescope might see. A poorly designed instrument might notsee all the radio emission. This is particularly
true of synthesis instruments, which measure their signal in the Fourier domain. An example of this is shown
in Figure 1, adapted from (1). There we see that the observed image clearly misses structure seen in the model
sky.

This note examines various software packages with the objective of reviewing their capabilities and poten-
tial for simulating the SKA radio telescope.

Figure 1: The left image shows a 1 arcmin square model sky. The faintestsources have integrated �uxes
of 0.1 microJy. The right image shows the same sky as observedwith an SKA having sensitivity to structure
less than 30 arcsec in angular extent, and having RMS noise of0.01 microJy
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2 Packages without the Measurement Equation

The �rst four packages reviewed (miriad, GILDAS, GIPSY and AIPS) all have Internet sites from which the
code and documentation may be obtained. These packages, however, do not make any signi�cant use of the
Measurement Equation introduced in 1996 by Hamaker, Bregman and Sault (2). These packages are designed
for reduction of data taken with parabolic dishes having single pixel feed systems.

2.1 miriad

1. site: http://bima.astro.umd.edu/miriad

2. language: mostly Fortran 77 with some C

3. scripting: any language or shell which is able to parse a command line

4. focus: reduction of line observations

5. calibration: yes

6. simulation: yes - has been used to simulate imaging with CARMA, ALMA, ATA and SKA. Emphasis
on image �delity. See http://astro.berkeley.edu/ wright/

7. sky models: images, clean components

8. polarization: yes

9. instrument: as supplied, software is limited to arrays ofcircularly symmetric parabolic dishes. Primary
beams are assumed to be symmetric and time-invariant.

10. parallelization: no

11. comment: more programmer-friendly and �exible than aips, reliable and easy-to-use package

2.2 GILDAS

1. site: http://www.iram.fr/IRAMFR/GILDAS

2. language: mostly Fortran 90

3. scripting: has command line interpreter with built-in GUI constructor

4. focus: reduction of line observations at mm wavelengths

5. calibration: yes

6. simulation: yes - extensive e� ort was put into simulation for ALMA. Focus on image �delity (see
http://www.iram.fr/IRAMFR/GILDAS/memos/alma-simulator-398.pdf)

7. sky models: images, clean components

8. polarization: no

9. instrument: heterogeneous collections of parabolic dishes

10. parallelization: no

11. comment: focus on mm wave astronomy with parabolic dishes. Like miriad, users can produce robust
and very fast programs without any cumbersome tuning.
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2.3 GIPSY

1. site: http://www.astro.rug.nl/ gipsy/

2. language: C, F77 (translated from G. Croes Sheltran)

3. scripting: yes, python and COLA (in-house scripting language)

4. focus: analysis of HI data cubes

5. calibration: no

6. simulation: not in the conventional sense

7. sky models: simulated HI, clean components

8. polarization: no

9. instrument: basically assumes identical parabolic dishes

10. parallelization: no

11. comment: has a lot of HI modeling capability. Some code adaption might be useful for development of
HI simulations with SKA

2.4 AIPS

1. site: http://www.aoc.nrao.edu/aips/

2. language: Fortran 66 (!)

3. scripting: yes, POPS - custom scripting language

4. focus: reduction of VLA, VLBA, and VLBI observations

5. calibration: yes

6. simulation: as supplied, array con�gurations only

7. sky models: images, clean components

8. polarization: yes

9. instrument: mainly parabolic dishes

10. parallelization: no

11. comment: 800 lb gorilla of radio astronomy data processing, but not easy to develop new tasks. Carries
a lot of baggage because of all the legacy interfaces it supports.
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3 Packages with the Measurement Equation

The previous packages are all implicitly or explicitly designed for use with parabolic dishes with single pixel
feed systems. However, the SKA may be composed of some combination of

1. tiles (SKADS EMBRACE)

2. dipoles (LOFAR, MWA)

3. parabolic dishes (SKADS, ASCAP)

4. focal plane arrays (ASCAP, WSRT)

and SKA stations may consist of phased up combinations of theabove. It is clear that conventional simulations
with collections of parabolic dishes will not be able to simulate the SKA. We need a Measurement Equation
(2) based simulator. In theory, by using an appropriate sequence of Jones matrices, we should be able to
describe the behaviour of any type of radio telescope design. See (3) for a comprehensive review of use of the
Measurement Equation.

The following two packages (aips++ and MeqTrees) are both based on explicit use of the Measurement
Equation to describe the behaviour of a radio telescope.

3.1 aips++

1. site: http://aips2.nrao.edu/docs/aips++.html

2. language: C++, glish, python

3. scripting: originally glish, now being superseded by python

4. focus: general purpose reduction of radio astronomy data

5. calibration: yes

6. simulation: yes - even has a simulator task

7. sky models: images, clean components, source models

8. polarization: yes

9. instrument: as supplied, tasks basically assume parabolic dishes

10. parallelization: in development at task level. glish had quite reasonable parallelization capabilities which
were largely ignored by aips++ developers.

11. speedup: aips++ performance has had big speed up in order to qualify as data processing package for
ALMA.

12. �exibility: aips++ class libraries use Jones Matrix formalism, so new applications can be written in C++
to simulate any type of instrument. New imaging algorithms have been developed with aips++.

13. documentation: class library docs vary from very good tonon-existent

14. current status: some schisms at present: several pythoninterfaces, several variants of aips++ CASA
libraries. Hopefully things will settle down.
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15. impact: despite aips++ itself not catching on with astronomers as a general purposedata reduction
system, the aips++ libraries are being used in a variety of projects.

16. comments: aips++ is obtained in source code form but can sometimes be hard to get compiled and
installed. Try to get a compiled version from a buddy who has acomputer con�guration similar to yours.

3.2 MeqTrees

1. site: http://www.astron.nl/meqwiki

2. language: C++ and python

3. scripting: python

4. focus: The components of the toolkit are now getting a baptism of �re as the package is being used to
calibrate LOFAR.

5. calibration: yes

6. simulation: yes

7. sky models: images, clean components, shapelets(comingsoon)

8. polarization: yes

9. instrument: In contrast to the other packages described,MeqTrees does not come with applications for a
speci�c instrument. It is a toolkit with which a user/ programmer develops new applications.

10. parallelization: available on individual computers (multithreading), but not yet on clusters

11. documentation: steadily improving (wiki, workshop examples and TDL manual)

12. demonstrator: a VMWare virtual machine is available.

13. �exibility: It is based on the Measurement Equation and uses the Jones Matrix formalism. MeqTrees
may be considered a (sexy) cousin of aips++ and it makes use of various aips++ class libraries. Like
aips++, MeqTrees should be capable of simulating any type of radio telescope.

14. components: - a kernel, nodes written in C++, and a browser written in python.

15. usage: data processing scripts are written in python andthen processed by the browser which tells the
kernel which nodes to con�gure and install.

16. convenience: MeqTrees tries to shield the developer from the gory low-level implementation details that
would be needed if programming in aips++. Time and frequency are mostly handled auto magically.

17. debugging: displays of data both as records and as visualizations are available.

18. Interactive and batch processing are both available.

19. Can �t many discrepant parameters at the same time.
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4 MAPS - MIT Array Performance Simulator

An interesting package that appears to have some similarities to aips++ and MeqTrees is the MIT Array Per-
formance Simulator. Unfortunately the current version of the code is not publicly available, but we include a
summary of this package for completeness.

1. site: http://www.haystack.mit.edu/ast/arrays/maps/index.html

2. alternate site: http://astronomy.swin.edu.au/ska/Simulator/simulator.html

3. language: ?

4. scripting: yes

5. focus: simulation and design of low frequency arrays

6. calibration: not designed with calibration in mind

7. simulation: yes - has been extensively used to plan and simulate low frequency arrays

8. sky models: pixellised model of the input sky

9. polarization: yes

10. instrument: should be able to add any type of antenna for which you can describe the voltage pattern by
an equation. It basically models everything that a radio telescope does from the ionosphere all the way
through to the correlator

11. capability: Both an array con�guration and array simulation package

12. output: can export calculated visibilities in UVFITS format

13. comment: This package appears to to have many interesting features and I hope that the developers will
choose to make it more accessible to outside users.

The array con�guration component of this package is supposed to be accessible through the Swinburne Univer-
sity web site given above as an alternative site. However this code is quite out of date compared to the current
version being used to simulate the MWA telescope. The developers hope to make the updated version publicly
available but don't have any speci�c time line (R. Wayth, private communication).

5 Summary

So which package should one use for SKA simulations? At present one has a choice between aips++ and
MeqTrees. Certainly for the beginning user I would argue that MeqTrees has some advantages especially in the
areas of convenience and debugging.
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Science Speci�cation Requirements: Cost Implications forthe SKA

R.C. Bolton
University of Cambridge

In this talk the major requirements of some of the key scienceprojects are highlighted, drawing particular
attention to those areas where the current speci�cation falls short: for example, the number of channels required
for the Pulsar Survey and HI survey is not met and the core sensitivity is too low for Pulsar survey requirements.

Some cost scalings and trade-o� s are introduced to give examples of the critical componentswithin the
SKA. The data transport costs are very signi�cant, and are a� ected by the station layout and by the station size.

One key way to reduce the overall SKA cost would be to lower thesystem temperature so that a smaller
collecting are is needed to achieve the desired sensitivity.

It is very important that good communication takes place between scientists and engineers, over the next
few months, to complete the cycle of costing the benchmark scenario. Feedback will then enable a revised
speci�cation to be created, one that seeks to meet all the hard and fast requirements of the experiments whilst
minimising the cost and thereby maximising the chances of anSKA being built and performing as hoped.

1 Main requirements for Experiments

Below the most stringent requirements for some of the major SKA experiments are listed.

1.1 Strong �eld tests of gravity and Pulsar survey

In order to enable coherent de-dispersion of the signal (andto prevent signi�cant dispersion across a single
channel) around 100,000 frequency channels are required. The current SKADS Benchmark design uses a
polyphase �lter bank (PFB) with 210= 1024 channels, a factor of 100 too small.

Very �ne time samples are also required for the pulsar work - sampling at between 200 kHz and 1 MHz is
needed. It is not clear whether the standard SKA correlator will be able to do this or if a separate system will
be required just for the pulsar work. Currently this has not been considered in detail within SKADS: this is a
crucial action item.

Pulsar surveys also need high sensitivity in the core of the SKA, better than 3,000 m2/K within the central
1km radius, which is not met by the current speci�cation. Unlike observations of stable objects, the pulsar
detection algorithms do not gain in sensitivity with observing time for times longer than around 20 minutes, so
here the trade-o� between sensitivity and observing time cannot be made.

It may be that alternative observing strategies can be employed which enable the pulsar observations to be
made at the same time as HI/ continuum survey with �nely sampled and �nely frequency-separated data being
analysed on the �y and then collapsed down to meet the HI requirements, keeping records of the pulsar data
only where necessary. Otherwise storage of the pulsar data will incur very large computing costs.

1.2 Dark Matter - HI survey and continuum survey

Confusion is a concern for the continuum survey (less so for the HI survey where objects are likely to be
separated in velocity space). Calculating a �ux limit basedon a� 5 year survey time for the whole observable
sky gives a �ux limit of the order of 10 nano-Janskys. Taking the SKADS continuum catalogue (version 3)
or by extrapolating the micro-Jansky counts down, this �ux limit can be used to predict the average separation
between sources and to estimate the required resolution (see Figure 1).

Depending on what the source counts actually do, baselines of 140 km or, at worst (perhaps) 650 km are
required to avoid confusion (taking a 30-beam area per source).
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Figure 1: Sources per square degree as a function of �ux sensitivity.

HI detection requires channels a few km/s wide, corresponding to� 3kHz at 1GHz, and giving a total of
around, or perhaps more than, 100,000 channels across the whole band from 300 MHz to 1 GHz. Again, the
current SKADS design does not achieve this.

1.3 Cosmic Magnetism

The main requirements for cosmic magnetism experiments relying on Faraday rotation of the plane of polari-
sation are:

Excellent polarisation purity,

Large FoV for survey at frequencies from around 500 MHz to� 1 GHz.

Channel width 10 MHz or narrower, amounting to 70 channels across the whole AA band. Ideally the channel
width would scale with the square of the frequency to give similar expected rotations in each channel and
avoid wrapping of the angle equally. Higher rotation measures require �ner channels: to detect RMs around
10,000 rad/m2 would require channels 200 kHz wide at 300 MHz. However, these requirements are much less
stringent than those needed for the HI or Pulsars.

Angular resolution: to avoid beam depolarisation - results are preliminary at this stage but� 0:5” resolution
(250 km baselines) is currently suggested.

In general the major requirements of cosmic magnetism experiments are less stringent than those required
to conduct the HI survey.

1.4 Magnetic �elds in galaxies

As with the Cosmic Magnetism experiments, the major requirements for measuring magnetic �elds in galaxies
are all met by an SKA capable of conducting the HI survey.
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Figure 2: SKA Cost breakdown from SKA Memo 93

1.5 Weak lensing

The resolution requirements are� 0:3” to allow measurement of shear, which corresponds to� 700 km baselines
at 300 MHz as a worst case. It is perhaps likely that 0:3” resolution will not be required at the lower end of the
frequency range, so the baseline requirement is closer to 200 km.

2 Cost scaling and trade-o� s

2.1 Data transport

One of the major contributions toward the cost of the SKA is the cost of transporting the data from the stations
back to the correlator via the optical �bres. Even reducing the data rate for the outer stations (further than
480 km from the core) by a factor of 9, compared to the inner stations, the communications links cost over
e 300 Million, as shown in Figure 2. Essentially it costs around e 22 Million extra for every additional 10 square
degrees of FoV (assuming full bandwidth) that is kept from the long-baseline stations.

Altering the station layout can signi�cantly change the cost of the communications: at present we assume
that the layout uses 5 spiral arms. If the array was more random then the length of trenching needed to be
dug would increase since �bres would be unable to share trenches to the extent that they do now, fewer spiral
arms would make it cheaper. It is essential that when stationlayouts for the SKA are considered the cost of the
�bres and trenching is taken into account as well as the resulting uv-coverage, since these are likely to drive the
design in opposite directions: one requiring the simplest geometry (the optimisation of the cost would see all
stations placed as close to the core as possible) and one perhaps requiring the most complex geometry to give
excellent uv-coverage.
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2.2 Cost per unit area

The Mid Frequency Aperture Array costs amount to arounde 1.4 Million per 1,000 square metres of collector.
Reducing the amount of collecting area required to reach a given sensitivity by reducing the system temper-
ature obviously reduces cost (though beware Tsky, which becomes a major contributor at and dominates at
frequencies below� 400 MHz). Based on the current cost estimates, a 20% reduction in the system temperature
(putting it at 40 K rather than 50 K) would save arounde 200Million.

Similarly for the dishes: the dish costs are estimated at around e 1 Million per 1,000 square metres, as-
suming a system temperature of 30K. A 20% reduction in Tsys, if feasible, would save a total of around
e 72 Million.

Moreover, the 20% reduction in data rate for full �eld of viewthat would result either from the fewer dishes
or from the correspondingly larger aperture array station beams and fewer retained beams, would save 20% of
the data transport costs - an extrae 67 Million.

The Low frequency aperture array costs a total ofe 50 Million at present and so changing the design is
unlikely to deliver signi�cant savings.

3 Conclusions

� There are some aspects of the SKA experiments that remain challenging as far as cost is concerned.

� In particular, Mid AA area requirements and the total SKA �bre data transport rates are expensive: the
�bre costs must be considered when designing SKA station layouts.

� System temperature improvements may provide a route to reducing the overall cost.

� We need to consider the design of the correlator for Pulsar experiments

� Scientists must understand which factors give rise to an (over-)expensive SKA - read memo 93! They
also need to be explicit about the telescope speci�cations that their experiments need and be prepared to
sacri�ce the most ambitions aspects of these.

� Everyone should think about the cheapest SKA design that would be capable of doing their favourite
experiment.


