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Pulsars and the SKA Michael Kramer
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Figure 1: Pulsar-related discoveries as a function of time. The time of the first SKA Science Book is marked
and some important (selected) discoveries since are marked. The right panel puts the current numbers into
perspective with those expected for the SKA.

2. Science enabled by the discovery & study of pulsars and radio emitting neutron
stars with the SKA

The pulsar key science described in the first SKA Science Book had a number of related
components, which were summarised under the theme of “Testing Gravity”. With pulsars being
strongly self-gravitating bodies and precision clocks at the same time, timing observations of bi-
nary and isolated millisecond pulsars allow unprecedented strong-field experiments. These include
testing general relativity and alternative theories of gravity using binary pulsars and (the yet to be
discovered) pulsar-black hole systems as well as the direct detection of gravitational waves using
a “Pulsar Timing Array” (PTA) experiment. Given the advances in recent years, prospects are now
described in two separate chapters by Shao et al. (2015) and Janssen et al. (2015), respectively.
In addition to those, we provide here a summary of the rich and varied science goals for the SKA
described in the appropriate chapters:

Chapter 37 — Gravitational wave astronomy with the SKA — Janssen et al. (2015) A
Pulsar Timing Array (PTA) is used as a cosmic gravitational wave (GW) detector. As described
in the chapter by Janssen et al. (2015), Phase I essentially guarantees the direct detection of a
GW signal. This may appear as a stochastic background from binary super-massive black holes in
the process of early galaxy evolution, or it may be bright individual source(s) of this kind. Exotic
phenomena like cosmic strings may also be expected to produce measurable GW signals, should
they exist. The last ten years have seen a much better understanding of the source population, the
detection procedures and the use of a PTA for fundamental physics (such as graviton properties,
e.g. Lee et al. 2010) or single source localisation capabilities (e.g. Lee et al. 2011), all of which is
described in the corresponding chapter.

Chapter 38 — Understanding pulsar magnetospheres with the SKA — Karastergiou et
al. (2015) Considerable progress has been made with our understanding of the pulsar emission
mechanism in the last decade. However, the wide bandwidth and exceptional sensitivity of the
SKA will revolutionise our understanding of radio emission from all types of radio emitting neu-
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Why with the SKA? 
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SKA Phase 1 (SKA1) 
 

SKA1-LOW (AUS) 
130,000 log periodic 
antennas


50 MHz 350 MHz 15 GHz 

SKA1-MID (SA) 
197 dishes (15m)
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Maison SKA France 

  A MoU, strong real equilibrated PPP, between 
research organisations and their industry 
partners 

  A science and technology roadmap

  A forum to develop fundamental research and 
R&D projects 

  A precursor of a new business model for 
Large Research Infrastructures
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Appendix A. Incoherent (phase-insensitive) combination
sums the detected signals (powers) from antennas pointing
in the same direction. Coherent combination of antennas
forms a phased or tied array beam – voltages measured at
each antenna are aligned in phase towards a specific
direction on the sky, in a manner similar to station beam-
forming. Smaller groups of antennas – subarrays – can be
incoherently combined and each subarray pointed in a
different direction. The extreme of this is the so-called fly’s
eye, where every antenna is pointed in a different direction.

Event localisation and the spatial discrimination of
astronomical signals from radio frequency interference
(RFI) is possible for coherent combination and, using
buffered voltages, for incoherent combination and sub-
arrays of three or more incoherently combined antennas.
Multiple beams (incoherently or coherently combined)
can be used to discriminate RFI, where a candidate event
in most or all beams indicates the presence of RFI.

Dedispersion processing The signals pass through a
cosmic medium of unknown dispersion measure (DM).
Thismeans that the detection needs to be trialled for many
DMs, each of which has a computational cost. The DM
range to be trialled depends on the location on the sky.
Clarke et al. (2011) discusses dedispersion for SKA1 in
detail.

Event detection An event-detection algorithm
needs to be applied to the signal from each trial DM,
where optimal detection is achieved with an appropriate
matched filter (Cordes & McLaughlin 2003).

Store in rolling buffer The digitised voltages from
the dishes or stations are stored in a circular memory
(rolling) buffer. In the case of a candidate event, the data
from the buffer can be saved to another location (dumped)
and processed off-line. The amount of memory required in
the buffer depends on the sampling rate, sample size and
the expected maximum (dispersed) pulse duration. The
maximum pulse duration is a function of the range of
frequencies to be captured and varies linearly with the
maximum DM to be trialled. For a maximum DM of

3000 pc cm!3 and a bandwidth of a few hundred MHz, a
buffer of order tens of seconds is required for dish frequen-
cies and possibly tens of minutes for lower frequencies.

Buffer dump and off-line processing On receipt of
a trigger, the buffer will dump the original voltage data to
storage for off-line processing, which could include RFI
filtering, analysis of the candidate detection and correla-
tion of the dish or station beams for source localisation
and imaging.

Commensal and targeted surveys A commensal
survey greatly increases observation time by conducting
the survey in parallel with normal telescope operations. It
is passive; it uses dish or station beam signals from the
primary user observation, placing little extra demand on
the telescope. Such a survey is suitable for extragalactic
searches, given the information about the population of
such fast transients is not known a priori; hence one
direction on the sky is as good as another. To observe
specific areas of the sky, such as the Galactic plane and
nearby galaxies, a targeted transients survey (which is
the primary user observation) may be required (e.g. van
Leeuwen & Stappers 2010).

Data spigot A data spigot to the dish and station
beam signals is useful for transients surveys, especially
those which are commensal. If the signal chain is consid-
ered to be the signal path from the antennas of a radio
telescope array to the correlator, a spigot defines a point in
the signal chain where users can tap off data via a well-
defined interface. The spigot for fast transient searches
may output either coherent (phase-preserved) data at high
rates or, alternatively, incoherent data where the dish or
station beam voltages are squared and integrated to a time
resolution of order milliseconds to reduce the data rate
and subsequent dedispersion processing load. The latter
approach is being taken by CRAFT to access beams from
the ASKAP beamformer (Macquart et al. 2010a). Simi-
larly, searching the integrated signals from the dish or
station beams which have been incoherently combined is
a low-cost option for commensal surveys with SKA1.

Figure 2 Signal combination modes, resultant beam patterns, and beam terminology for dishes and aperture array (AA) stations (beam sizes
not to scale).
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Imaging 

Most of the other Key Science Topics   
•  4D images (RA, Dec, Frequency, Polarization) 
•  Output image size ~ 1 PB 
•  Archival ~ 120 PB 
 

Non-imaging (Tide Array Beams) 

Pulsar Search & Timing  

•  Forms hundreds of beams within the dish/station beam  
•  Time resolution ~ 60-100 μs   
•  Data rate ~ 800 GB/s 
•  Archival ~ PB 
 

SKA Observatory data products – data rates 

•  Image cubes (2 spatial dimensions, plus 
radio spectral frequency, polarization) 
–  Each can be huge, typically minutes-to-

hours integrated together 
–  High speed image plane searches 

•  Deep-cube: per 6 hours integration, O(50k x 50k) pixels, 50k channels, 
4 polarisations: 5 Petabytes. 1.85 Tbits/s (20 x 100gbit/s links) 

•  Image plane searching: per 1 second, O(5k x 5k) pixels, 10 channels, 1 
polarisation: each cube 25 Gbytes, 200 gbit/s 

Aperture*Synthesis*

V(u,v)*can*be*measured*on*a*discrete*number*of*points.*A*good*image*quality*
requires*a*good*coverage*of*the*uv*plane.*We*can*use*the*earth*rotaHon*to*
increase*the*uv*coverage*

Andrea*Isella***::****CASA*Radio*Analysis*Workshop****::****Caltech,**January*19,*2012*
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Non-imaging (Tide Array Beams) 

Pulsar Search & Timing  

•  Forms hundreds of beams within the dish/station beam  
•  Time resolution ~ 60-100 μs   
•  Data rate ~ 800 GB/s 
•  Archival ~ PB 
 

Imaging 

Most of the other Key Science Topics   
•  4D images (RA, Dec, Frequency, Polarization) 
•  Output image size ~ 1 PB 
•  Archival ~ 120 PB 
 
Calibrated visibilities 

Epoch of Reionization 
•  Data archive of > 200 PB 
•  Per observation > 250 GB 
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Non-coplanar baselines 
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250 PFLOPS Imaging & 
Science 

250 PFLOPS 
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SKA1-LOW 350 PB/telescope/yr 
(could be a lot, lot, lot more)  

Beam-forming 

Imaging & 
Science 

Pulsar search & Correlation 



Journée SKA au LAM 

SKA1-MID 

~2 Pb/s 

8.8 Tb/s 

7.2 Tb/s 

50 PFLOPS 

250 PFLOPS 

2 x 5 Tb/s 

The SKA data challenge: a schematic view 

22

SKA1-LOW 350 PB/telescope/yr 
(could be a lot, lot, lot more)  

Beam-forming 

Imaging & 
Science 

Pulsar search & Correlation 
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Observatory boundary

• SKA observatory 
responsible for all data 
products up to and 
including level 6
– Assume in baseline

• Regional Science Centres 
responsible for level 7
– Assume not in baseline

• SKA Observatory 
responsible for data 
distribution system

Enhanced data products e.g. Source identification and 
association

Validated science data products (released by Science 
Teams)

Calibrated data, images and catalogues

Visibility data

Correlator output

Beam-former output

ADC outputs

7

6

5

4

3

2

1

ST

ST

SKA

SKA

SKA

SKA

SKA

DefinitionLevel Responsibility
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Figure 3: Illustration of the proposed federated network of SKA Regional Centres (SRCs) distributed 
around the world. These SRCs will provide access to the accumulated SKA science data for 
communities in different regions and globally. The proposed European Science Data Centre (ESDC) 
would serve as the European hub in such a network and support the European SKA community. 

 

A European Science Data Centre for the SKA  

The SKA Organisation (SKAO) is expected to adopt a tiered model for data and science support similar 
to that employed for other successful large infrastructures in particular CERN.  Storage and computing 
resources associated with the operational SKA Observatory itself are expected to be highly constrained 
in order to keep up with SKA operations. Any further processing and subsequent science extraction by 
users will require significant, outside computing and storage resources in the form of SKA Regional 
Centres. In this model, SKA Regional Centres will play a role analogous to CERN’s Tier 1 sites and 
provide sufficient resources to store subsets of the SKA archive, support significant processing and post-
processing capability, and further distribute data to users and smaller Tier 2 sites. The specific 
capabilities required by the SKAO of affiliated SRCs are still being defined; however, based on the 
science drivers of the SKA project, we can anticipate a well informed model for the functions that a 
regional centre must support.  

In this context, SKA Regional Centres will be a vital resource to enable the community to take maximal 
advantage of the scientific potential of the SKA.  Moreover, within the tiered SKA operational model 
currently being considered, the SRCs will provide essential functionality which is not currently 
provisioned within the directly operated SKAO facilities. Therefore, SRCs will form an intrinsic part of 
SKA operations and be the working interface for most scientists using the SKA (see Figure 4). As such, 
national investments in a distributed SRC across Europe could represent a significant contribution to 
SKA operations.  

As the primary interfaces for extracting science, the ultimate success of the SKA will be directly 
coupled to the capabilities of these SRCs. Establishing a large-scale, distributed European Science Data 
Centre (ESDC) for SKA research represents an important opportunity to provide the astronomy 
community with the scale of computational infrastructure necessary to maximally exploit the scientific 
potential of the SKA. Within Europe, a joint effort provides the opportunity to utilize existing 
infrastructure in a uniform way, coordinate engagement with both European and national ICT 
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•  J.-P. Vilotte (CNRS):                            
member of the External Advisory Board 
(with  I. Bird @ CERN & M. Zwaan @ ESO) 

•  C. Ferrari (OCA):                                     
chair of the General Assembly 
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Figure 9: The overall governance and organisation of the AENEAS project.  

 
AENEAS General Assembly (AGA) 

The AENEAS General Assembly (hereafter AGA) will be the ultimate decision making body of the 
consortium, with each of the full partners (see the list of participants on page 1) able to appoint one 
assembly member. The AGA will typically meet face-to-face at least once per year – additional 
meetings (should they be required) will be held via video conference. Quorum will be achieved when 
2/3 of the AGA members are present or represented by a proxy.  

The AGA will elect from its membership a chairperson who will serve for the duration of the project. 
We note that on this specific point, the Governance of AENEAS differs from the DESCA model in 
which the coordinator is suggested to be the chair. Our experience in previous large EC projects 
suggests that having an independent chair of the AGA empowers that body to act as a proper sparring 
partner with the coordinator and Management Team. 

In keeping with the fundamental spirit of good collaboration, decisions will be made wherever possible, 
on the basis of consensus. In the event that consensus cannot be achieved, motions will be approved 
with a majority of 2/3 of the votes cast. Other non-voting guests (e.g. the Management Team) will be 
invited to AGA meetings by the chair.  

AENEAS Management team (AMT) 

The AENEAS Management Team (hereafter AMT) is a supervisory body for the execution of the Project. 
The AMT shall report to and be accountable to the AGA. In particular, the AMT will be responsible for the 
proper execution and implementation of the decisions of the AGA. It will also assess and monitor the 
progress of the project in terms of compliance with the original (or modified) planning, and advise the AGA 
on actions required to remedy potential deviations from the schedule of deliverables and milestones. AMT 
meetings will occur regularly (roughly once per month) and will be chaired by the coordinator. The 
Management Team will be invited to open sessions of the AGA meeting. The AMT membership will be 
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Michael Wise  /  EUDAT Conference  /  January 23, 2018

Title
§Suggested Deep Field Initiative

§Recommended by ILT board following Sept 16 meeting

§Single group of KSP experts, focused on common analysis of a deep field

§Intended to improve coordination of KSP commissioning activities

§Catalyst to achieve best strategy to reach thermal-noise limited images

§Shared early science results  

§Discussed with KSPs at PIs Meeting and in subsequent telecon

§Consensus that single deep field and working group not optimal way forward

§Does not address many outstanding high priority calibration issues

�7

73PB

300PB

SKA
Phase1 Science Archive

Future SKA 
Science Archive

2018

2024

8PB

Long Term Archive
LOFAR

2PB

APERTIF
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Ian Bird (Ian Bird, CERN)
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SKA-CERN Big Data cooperation agreement 
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July 14, 2017 


