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SKA	
  Pulsar	
  science	
  

SKA	
  PSWG	
  top	
  priori5es	
  
	
  
•  Revealing	
  the	
  pulsar	
  popula5on	
  
•  High	
  precision	
  5ming	
  for	
  tes5ng	
  gravity	
  and	
  GW	
  detec5on	
  
	
  
High	
  priority	
  
•  Characterising	
  the	
  pulsar	
  popula5on	
  
•  Finding	
  and	
  using	
  (millisecond)	
  pulsars	
  in	
  globular	
  clusters	
  and	
  external	
  galaxies	
  
•  Finding	
  pulsars	
  in	
  the	
  Galac5c	
  Centre	
  
•  Astrometric	
  measurements	
  of	
  pulsars	
  to	
  enable	
  improved	
  tests	
  of	
  GR	
  
	
  
Medium	
  priority	
  	
  
•  Mapping	
  the	
  pulsar	
  beam	
  
•  Understanding	
  pulsars	
  and	
  their	
  environments	
  through	
  their	
  interac5ons	
  
•  Mapping	
  the	
  galac5c	
  structure	
  



Observa5ons	
  of	
  pulsars	
  have	
  wide	
  scien5fic	
  impact	
  

See	
  overview	
  chapter	
  by	
  Kramer	
  &	
  Stappers	
  (2015)	
  



SKA	
  Pulsar	
  science	
  

SKA	
  pulsar	
  science–	
  from	
  SKA	
  Science	
  book	
  (Sicily	
  2014)	
  
	
  
•  Cosmic	
  census	
  	
  	
  	
  (Keane	
  et	
  al.	
  1501.00056)	
  
•  Tes5ng	
  Gravity	
  	
  	
  	
  (Shao	
  et	
  al.	
  1501.00058)	
  
•  GW	
  astronomy	
  	
  	
  	
  (Janssen	
  et	
  al.	
  1501.00127)	
  
•  Understanding	
  PSR	
  Magnetospheres	
  	
  	
  (Karastergiou	
  et	
  al.	
  1501.00126)	
  	
  
•  Understanding	
  NS	
  popula5on	
  	
  	
  (Tauris	
  et	
  al.	
  1501.00005)	
  
•  Galac5c	
  &	
  Intergalac5c	
  medium	
  	
  	
  (Han	
  et	
  al.	
  1412.8749)	
  
•  NS	
  Equa5on	
  of	
  State	
  	
  	
  (Wa\s	
  et	
  al.	
  1501.00042)	
  

•  Pulsars	
  in	
  the	
  Galac5c	
  centre	
  	
  	
  (Eatough	
  et	
  al.	
  1501.00281)	
  
•  Pulsars	
  in	
  Globular	
  clusters	
  	
  	
  (Hessels	
  et	
  al.	
  1501.00086)	
  
•  Pulsar	
  wind	
  nebulae	
  	
  	
  (Gelfand	
  et	
  al.	
  1501.00364)	
  

•  Overview	
  (Kramer	
  &	
  Stappers	
  1507.04423)	
  
	
  
	
  
	
  

Synergy	
  with	
  	
  
•  Transients	
  
•  VLBI	
  
•  Compu5ng	
  



How	
  do	
  we	
  reach	
  our	
  (top)	
  goals?	
  

Cosmic	
  Census:	
  Reveal	
  the	
  pulsar	
  popula5on	
  
	
  	
  	
  Blind	
  searches	
  
	
  	
  	
  Targeted	
  searches	
  
	
  	
  	
  	
  (Extra-­‐galac5c	
  searches)	
  
	
  
Tes5ng	
  Gravity	
  and	
  Gravita5onal	
  wave	
  astronomy	
  
	
  	
  	
  Long-­‐term	
  of	
  stable	
  millisecond	
  pulsars	
  
	
  	
  	
  High-­‐cadence	
  5ming	
  of	
  exo5c	
  pulsar	
  systems	
  
	
  	
  	
  Follow-­‐up	
  5ming	
  of	
  newly	
  found	
  pulsars	
  



Cosmic	
  census	
  of	
  pulsars	
  

Blind	
  searches	
  
	
  
-­‐PSRs	
  of	
  interest	
  could	
  be	
  anywhere	
  in	
  our	
  Galaxy	
  or	
  beyond	
  
-­‐‘Blind	
  search’	
  of	
  a	
  large	
  parameter	
  space	
  over	
  en5re	
  visible	
  sky	
  required	
  
-­‐Imprac5cal	
  to	
  find	
  PSRs	
  in	
  images	
  	
  
	
  	
  	
  -­‐high	
  5me	
  resolu5on	
  (fast	
  orbits,	
  narrow	
  duty	
  cycles)	
  
	
  	
  	
  -­‐high	
  frequency	
  resolu5on	
  required	
  (dedispersion)	
  
	
  

5me	
  

fr
eq

ue
nc
y	
  



Searching	
  for	
  Pulsars:	
  The	
  challenges	
  of	
  “non-­‐imaging	
  processing”	
  

•  Blind	
  survey	
  over	
  the	
  FoV	
  requires	
  beam	
  forming,	
  	
  Nbeam~	
  (	
  bmax/D)2	
  	
  
•  Design	
  1500	
  beams	
  (limited	
  by	
  compute	
  power!)	
  
•  Each	
  beam	
  has	
  to	
  be	
  processed	
  -­‐	
  on	
  the	
  fly!	
  
•  Essen5ally:	
  de-­‐dispersion	
  +	
  Fourier	
  transform	
  +	
  RFI	
  excision	
  +	
  Candidate	
  selec5on	
  
•  No-­‐human	
  involvement:	
  machine	
  learning	
  &	
  ar5ficial	
  intelligence	
  
•  Big	
  challenge:	
  accelera5on	
  search	
  for	
  unknown	
  orbits:	
  Nops	
  ~	
  Tobs3	
  

	
  
	
  
	
  	
  	
  

Note:	
  	
  	
  	
  	
  	
  	
  	
  We	
  cannot	
  trade	
  sensi5vity	
  for	
  observing	
  5me!	
  	
  
Reason:	
  	
  	
  	
  For	
  searching,	
  compu5ng;	
  for	
  5ming,	
  science!	
  	
  

Stappers (priv. com.) 
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ABSTRACT

Radio pulsar surveys are producing many more pulsar candidates than can be in-
spected by human experts in a practical length of time. Here we present a technique
to automatically identify credible pulsar candidates from pulsar surveys using an ar-
tificial neural network. The technique has been applied to candidates from a recent
re-analysis of the Parkes multi-beam pulsar survey resulting in the discovery of a
previously unidentified pulsar.

Key words: methods: data analysis - pulsars: general - stars: neutron

1 INTRODUCTION

Since the discovery of pulsars by Jocelyn Bell and Antony
Hewish at Cambridge in 1967 using a pen chart recorder
(Hewish et al. 1968), pulsar searching has come a long way.
Modern pulsar surveys use high performance computing fa-
cilities to perform an extensive range of signal processing
and search algorithms. These methods are designed to max-
imize sensitivity to weak, rapid, and dispersed pulsar signals
often buried in large amounts of terrestrial radio frequency
interference (RFI), or even in binary systems. There is little
doubt that these complex algorithms have aided searches for
pulsars, however there remain certain search tasks for which
standard computer programs are of little use. In particular,
the final stage of a pulsar search, the selection of credible
pulsar candidates for follow-up observations, which still re-
mains a task for a human since the decision is visual and
based on a number of combined properties of the pulsar sig-
nal. The process can be time consuming and inefficient in
analysis of large-scale surveys that produce many millions
of pulsar candidates.

Large-scale pulsar surveys such as the Parkes multi-
beam pulsar survey (PMPS) (Manchester et al. 2001) have
dramatically increased the number of known pulsars. Find-
ing more pulsars elucidates the properties of their Galac-
tic population, and also offers the possibility of uncovering
new and extreme phenomena in neutron-star astrophysics.
Future pulsar surveys will be done with the next gener-
ation of radio telescopes, such as LOw Frequency ARray

⋆ E-mail: reatough@mpifr-bonn.mpg.de

(LOFAR), the Five hundred metre Aperture Spherical Tele-
scope (FAST), and the Square Kilometre Array (SKA) (e.g.
van Leeuwen & Stappers 2010, Smits et al., 2009a,b, Cordes
et al., 2004). These radio telescopes will be excellent sur-
vey tools because of their large collecting areas, capabil-
ity to form many simultaneous beams on the sky, and in
the case of the interferometers, wide fields of view. It is ex-
pected that these instruments will detect a large fraction of
the observable pulsars in the Galaxy. The inevitable flood
of pulsar candidates that will require inspection to achieve
this will certainly require some form of multi-person or ma-
chine based candidate selection. Some large-scale astronom-
ical surveys and data mining projects have resorted to em-
ploying many online volunteers to search for or classify their
objects of interest in so-called ‘citizen science’ projects (e.g.
Lintott et al., 2008, Westphal et al., 2005). In searches for
pulsars, the pulsar Arecibo L-band Feed Array (ALFA) sur-
vey collaboration has enlisted the help of High School and
undergraduate students in a successful outreach and science
program to identify potential pulsar candidates (Jenet et al.,
2007).

Recent machine solutions include, candidate ranking
based on likelihoods calculated from parameter distributions
of pulsar and non-pulsar signals (Lee, private communica-
tion), and the sorting of candidates based on a number of
‘scores’ that indicate the similarity of the signal to that of a
typical pulsar (Keith et al., 2009). In this paper we present
an alternative method whereby an artificial neural network
(ANN) has been trained using a particular set of scores to
automatically identify credible pulsar candidates from a re-
cent re-analysis of the PMPS. ANNs have long been used in



Cosmic	
  census	
  of	
  pulsars	
  

Blind	
  searches	
  
	
  
-­‐PSRs	
  of	
  interest	
  could	
  be	
  anywhere	
  in	
  our	
  Galaxy	
  or	
  beyond	
  
-­‐‘Blind	
  search’	
  of	
  a	
  large	
  parameter	
  space	
  over	
  en5re	
  visible	
  sky	
  required	
  
-­‐Imprac5cal	
  to	
  find	
  PSRs	
  in	
  images	
  	
  
	
  	
  	
  -­‐high	
  5me	
  resolu5on	
  (fast	
  orbits,	
  narrow	
  duty	
  cycles)	
  
	
  	
  	
  -­‐high	
  frequency	
  resolu5on	
  required	
  (dedispersion)	
  
	
  
Requirements:	
  
Sensi5vity	
  -­‐>	
  add	
  many	
  elements	
  in	
  coherent	
  beams	
  
FoV	
  small	
  -­‐>	
  many	
  beams	
  to	
  increase	
  survey	
  speed	
  
	
  	
  	
  	
  Nbeams:	
  SKA1-­‐Mid:	
  1500;	
  SKA1-­‐Low:	
  500	
  	
  	
  (SKA2:	
  10000)	
  
Tobs	
  increase	
  can’t	
  compensate	
  for	
  loss	
  in	
  sensi5vity	
  
	
  	
  -­‐compu5ng	
  5me	
  for	
  binary	
  search:	
  Tobs3	
  
	
  	
  	
  -­‐instantaneous	
  sensi5vity	
  required	
  

	
  
	
  



Cosmic	
  census	
  of	
  pulsars	
  
Targeted	
  searches	
  
	
  
•  deep	
  search	
  on	
  selected	
  sky	
  posi5ons	
  
	
  

•  Galac5c	
  Centre	
  (Eatough	
  et	
  al.	
  2015)	
  	
  
•  Extragalac5c,	
  e.g.	
  M31,	
  Radio	
  bursts	
  
•  Globular	
  Clusters	
  (Hessels	
  et	
  al.	
  2015)	
  
•  High-­‐energy	
  PSRs	
  (e.g.	
  Fermi	
  targets)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  mul5-­‐λ	
  synergy	
  (Antoniadis	
  et	
  al.	
  2015)	
  
	
  



Cosmic	
  census	
  of	
  pulsars	
  
Finding	
  pulsars	
  ==	
  Enabling	
  Science!	
  
	
  
•  Full	
  census:	
  understanding	
  the	
  NS	
  popula5on	
  (Tauris	
  et	
  al.	
  2015)	
  
•  Full	
  census:	
  studying	
  the	
  ISM	
  and	
  mi5ga5ng	
  its	
  effects	
  (Han	
  et	
  al.	
  2015)	
  
•  Rela5vis5c	
  binaries	
  &	
  BH	
  psrs:	
  Gravity	
  tests	
  (Shao	
  et	
  al.	
  2015)	
  
•  Census	
  and	
  rota5on:	
  NS	
  Equa5on	
  of	
  state	
  (Wa\s	
  et	
  al.	
  2015)	
  
•  Emission	
  and	
  rota5on:	
  NS	
  magnetosphere	
  (Karastergiou	
  et	
  al.	
  2015)	
  
•  Stable	
  MSPs:	
  GW	
  detec5on	
  (Janssen	
  et	
  al.	
  2015)	
  
	
  

Follow-­‐up	
  5ming	
  required:	
  first	
  weeks/months	
  require	
  more	
  
observa5ons	
  
	
  -­‐characterise	
  pulsars	
  and	
  find	
  interes5ng/stable	
  sources	
  
	
  -­‐different	
  strategy	
  for	
  different	
  types	
  of	
  sources	
  
	
  	
  	
  



SKA1-­‐Mid	
  vs	
  SKA1-­‐Low	
  search	
  

SKA1-­‐Low	
  search:	
  
+	
  improved	
  sensi5vity	
  
+	
  large	
  frac5onal	
  bandwidth	
  
+	
  can	
  find	
  steepest	
  spectrum	
  PSRs	
  
+	
  large	
  FoV	
  -­‐>	
  high	
  survey	
  speed	
  
	
  
-­‐  dispersion	
  (but	
  can	
  be	
  solved)	
  
-­‐  Tsky	
  high	
  in	
  plane	
  
-­‐  sca\ering	
  can	
  be	
  a	
  problem	
  

Will	
  find	
  local	
  popula5on	
  (low	
  DM),	
  	
  
	
  steep-­‐spectrum,	
  high	
  Galac5c	
  la5tude	
  

SKA1-­‐Mid	
  search:	
  
+	
  improved	
  sensi5vity	
  
+	
  mul5ple	
  bands	
  
-­‐  miss	
  steep-­‐spectrum	
  PSRs	
  
-­‐  small	
  FoV	
  -­‐>	
  needs	
  lots	
  of	
  beams	
  
	
  
+-­‐	
  dispersion	
  
+	
  Tsky	
  not	
  an	
  issue	
  
+	
  sca\ering	
  not	
  a	
  problem	
  
	
  
Will	
  find	
  MSPs	
  for	
  PTA,	
  gravity	
  tests	
  
	
  PSRs	
  with	
  high	
  DM,	
  in	
  Galac5c	
  plane	
  

Combina5on	
  of	
  Low	
  &	
  Mid	
  required	
  to	
  find	
  all	
  the	
  pulsars	
  
In	
  par5cular	
  MSPs	
  and	
  exo5c	
  systems	
  
	
  



Phase	
  I	
  will	
  already	
  be	
  an	
  excellent	
  search	
  machine	
  

•  Excellent	
  lessons	
  from	
  SKA	
  Pathfinders,	
  in	
  par5cular	
  LOFAR	
  
•  We	
  can	
  find	
  nearly	
  50%	
  of	
  all	
  pulsars	
  with	
  Phase	
  I	
  already	
  –	
  in	
  combina5on	
  of	
  

SKA-­‐low	
  and	
  SKA-­‐mid:	
  
	
  	
  	
  

Note:	
  	
  -­‐	
  Phase	
  I	
  will	
  be	
  great	
  for	
  searching:	
  expect	
  9000	
  normal	
  and	
  1500	
  MSPs	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  We	
  need	
  to	
  5me	
  all	
  of	
  these	
  pulsars…at	
  least	
  for	
  a	
  while…	
  

Stappers (priv. com.) 
Normal	
  –	
  SKA1-­‐low	
  Normal	
  –	
  SKA1-­‐mid	
   MSP	
  –	
  SKA1-­‐mid	
  



SKA	
  Timing	
  

Science	
  goals	
  requires	
  different	
  observing	
  modes	
  
(5ming,	
  searching,	
  single	
  pulses,	
  emission	
  studies)	
  
	
  
Timing	
  strategies	
  are	
  different	
  for	
  different	
  classes	
  of	
  pulsars	
  
	
  	
  (long-­‐term,	
  high-­‐cadence/full-­‐orbit,	
  follow-­‐up,	
  mul5frequency)	
  
	
  
Pulsar	
  selec5on/observing	
  is	
  different	
  for	
  different	
  goals	
  
	
  (Npsr,	
  rms,	
  cadence,	
  Tspan,	
  frequency	
  coverage)	
  



Pulsar	
  Timing	
  

• 	
  Pulsar	
  parameters	
  
• 	
  Binary	
  parameters	
  
• 	
  Astrometry	
  VLBI	
  
• 	
  ISM	
  studies	
  	
  Han	
  
• 	
  Gravity	
  tests	
  (GR)	
  	
  Shao	
  	
  
	
  

Receiver

Mean pulse profile

TOA
Reference clock

Neutron star
Radio beam

Rotation axis

Telescope

De-dispersion &
on-line folding

• 	
  Equa5on	
  of	
  state	
  	
  Wa\s	
  
• 	
  Emission	
  mechanism	
  	
  Karastergiou	
  
• 	
  Solar	
  system	
  ephemerides	
  
• 	
  Clock	
  offsets	
  
• 	
  Gravita5onal	
  wave	
  astronomy	
  	
  Janssen	
  
	
  

Figure:	
  Pulsar	
  Handbook	
  (Lorimer	
  &	
  Kramer)	
  

Pulsars	
  are	
  very	
  stable	
  rotators,	
  use	
  as	
  cosmic	
  clocks	
  



Pulsar	
  5ming	
  limita5ons:	
  red	
  noise	
  effects	
  
•  Pulse	
  ji\er:	
  limits	
  the	
  ul5mate	
  5ming	
  precision;	
  short	
  5mescales	
  
•  Timing	
  noise:	
  long-­‐term	
  pulsar-­‐intrinsic	
  irregulari5es:	
  unpredictable	
  
•  Interstellar	
  medium	
  effects	
  
•  Dispersive	
  delays:	
  	
  
•  need	
  mul5ple	
  observing	
  freqs	
  (SKA1-­‐mid)	
  
•  Need	
  low	
  freqs	
  (SKA1-­‐low)	
  

•  Sca\ering:	
  requires	
  higher	
  (>2-­‐3	
  GHz	
  observing	
  freqs)	
  
	
  
	
  
	
  

Figures:	
  Desvignes/Keith	
  



Requirement:	
  Timing	
  precision	
  

•  All	
  pulses	
  are	
  different	
  (“pulse	
  ji\er”),	
  so	
  that	
  we	
  need	
  minimum	
  integra5on	
  5me	
  
to	
  obtain	
  a	
  stable	
  pulsar	
  profile.	
  

•  Beyond	
  pulse	
  ji\er	
  (and	
  calibra5on	
  &	
  ISM),	
  	
  
	
  	
  	
  	
  	
  	
  5ming	
  precision	
  scales	
  with	
  Signal-­‐to-­‐Noise,	
  	
  
	
  	
  	
  	
  	
  	
  e.g.	
  demonstrated	
  by	
  ERC-­‐funded	
  LEAP	
  
	
  	
  	
  	
  	
  	
  	
  (Note:	
  LEAP	
  as	
  sensi5ve	
  as	
  SKA1!!)	
  

Careful	
  polarisa5on	
  calibra5on	
  essen5al	
  to	
  obtain	
  full	
  precision!	
  

LEAP: the large European array for pulsars 11

Figure 7. Pulsar profiles of PSR J1022+1001 from individual
telescopes and their coherent addition, normalized based on their
o↵-pulse rms. The raw data were obtained at MJD 56500, with
an integration time of 30 minutes. The peak signal-to-noise ratios
of E↵elsberg, Jodrell Bank, Nançay, WSRT and LEAP, are 97,
51, 42, 30, 220, respectively, which corresponds to a near perfect
coherency.

two parts of a full LEAP run are usually separated by only
a day. Table 1 lists the pulsars and phase calibrators ob-
served by LEAP. The current selection of pulsars is based
on an optimization of using the best pulsars observed by
the EPTA (Desvignes et al. in prep.), while following the
observing restrictions explained above. This results in some
high-quality pulsars in crowded areas of the sky being ob-
served by less than 5 telescopes, or not being included at all;
this also means that some pulsars that are not necessarily
the best PTA sources are included in the list.

6 RESULTS

6.1 Coherence

The correlation and addition of single-telescope baseband
data using the LEAP data reduction pipeline produces
LEAP data with the expected coherence. An example of
such coherence is shown in Fig. 7, where we present the pulse
profile of PSRJ1022+1001 from LEAP data compared to
the profiles from single-telescope data (all scaled to the o↵-
pulse rms). In Fig. 8 we present the S/Ns of all the LEAP
profiles for PSR J1022+1001, compared to those of the indi-
vidual dishes, for the months in which the pulsar signal was
strong enough to perform coherent addition. Full coherent
addition is achieved when the timeseries of the individual
telescopes are perfectly in phase. The LEAP S/N should
then be similar to the sum of the S/Ns of the individual
telescopes. Fig. 7 and 8 show that the S/N for LEAP is close
to the sum of the S/Ns of the individual telescopes, demon-
strating that LEAP is achieving full coherent addition when
there is su�cient signal. Deviations from the maximum S/N
can be caused by an inaccurate fringe-solution (possibly due
to residual RFI or due to a non-linear phase-drift), or due to
improper polarization or amplitude calibration (see Sect. 4.3
and 4.4).

With LEAP observing there are three possible data
combinations. The most sensitive of these is clearly when
we combine all the dishes involved coherently over the full
LEAP bandwidth. In the few cases where coherent addition
is not possible the incoherent sum of the available dishes,

Figure 8. S/Ns from LEAP vs. S/Ns from the individual tele-
scopes for PSR J1022+1001 for the observations where coherent
addition could be performed. The earliest observation shown is
from February 2012, the last observation shown is from February
2015. The graph shows that the LEAP data provides the expected
improvement in S/N, meaning that the sum of the S/Ns of the
individual telescopes is roughly identical to the S/N of LEAP.

over the LEAP bandwidth, gives us the best sensitivity. This
assumes that a su�cient number of dishes (i.e. more than
2) is involved in the sum. Otherwise, the incoherent combi-
nation of the TOAs, as opposed to the raw data, from the
wide bandwidth observations from the individual telescopes
is used. This is because the sensitivity of the incoherent sum
scales as the square-root of the number of dishes while the
sensitivity of the combination of the TOAs determined from
the wide-band data scales as the square-root of the ratio of
the bandwidth available to the dishes over that available to
LEAP. In all cases we end up with a better result for the
overall sensitivity compared to what would be possible with
a single telescope observation from one of the LEAP dishes.

Based on the LEAP observations that have been fully
processed till the submission of this paper, 46% of the
sources were processed coherently with more than 80% co-
herency, 11% have been processed coherently with 60 to 80%
coherency, and the remaining 43% were processed incoher-
ently. The reasons for the poor coherency achieved for some
of the pulsars are a combination of poor S/N, imperfect po-
larization calibration, scintillation, large or non-linear fringe
drifts due to ionospheric conditions or the Nançay clock, and
RFI across the LEAP band. For the incoherent additions
however, there is a main reason which is the low S/N obser-
vations of the LEAP sources (the sources are faint during
the specific LEAP run), something which will be common
in all participating telescopes.

6.2 Improvement in timing accuracy

The LEAP coherent addition makes optimal use of the
acquired radio signals from each individual telescope. At
present it uses a smaller bandwidth than in ordinary EPTA
timing observations at most telescopes. This is in part due to
the limited bandwidth available with PuMa II at the WSRT,
but also due to current limitations on data rates and data
storage. In the future we plan to expand the bandwidth ob-
served with LEAP. To demonstrate that LEAP can improve
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the data quality, as compared to the individual telescope
observations with wider bandwidth, we compare the LEAP
TOAs of PSR J1022+1001 with those from single telescopes
(see Fig. 9). The TOAs from Jodrell Bank and Nançay were
derived directly from the simultaneous observations in ordi-
nary timing mode, with bandwidths of 400 and 512MHz, re-
spectively, while SRT TOAs are limited to the LEAP band-
width (128 MHz). The TOA uncertainties from E↵elsberg
and WSRT were extrapolated based on the LEAP band-
width to 200MHz and 160MHz, respectively, since data ac-
quisition with a wider bandwidth is not feasible at these
telescopes during LEAP observations. It can be seen that
compared with regular timing observations at the individ-
ual telescopes, the TOAs obtained from coherently-added
LEAP data have smaller uncertainties. In addition, LEAP
observations at Jodrell Bank and Nançay observe over the
same full 400 and 512MHz bandwidth as regular timing ob-
servations. The bands that are not used for coherent addi-
tion are dedispersed and folded as if they were regular tim-
ing observations, hence contributing to the timing dataset of
those particular telescopes. Therefore, observations in LEAP
mode clearly improve the sensitivity compared to the indi-
vidual telescopes.

Furthermore, In Fig. 10 we compare the TOAs of
PSR J1713+0747 determined from both the individual tele-
scope data as described above, as well as the LEAP coherent
sum, with the long-term EPTA timing solution (Desvignes
et al. in prep.). This timing solution is based on data from
the individual telescope participating in the LEAP project
(E↵elsberg, Jodrell Bank, Nançay and WSRT) and obtained
over a 17.7 year long timespan between October 1996 and
June 2014. The from E↵elsberg, Jodrell Bank and WSRT
were obtained with older generation instruments; only in
the case of Nançay is the same instrument used for obtain-
ing data for the long-term EPTA timing solution, as well as
for the LEAP project. No parameters in the timing solution
were fitted for except for timing o↵sets between the individ-
ual telescopes. Fitting only for these timing o↵sets yields a
solution with an rms of 0.25µs when using TOAs from both
the individual as well as coherently added LEAP data span-
ning the 5 year dataset. Using only TOAs from the coher-
ently added LEAP data improves the fit to an rms of 0.18µs.
For comparison, the long-term EPTA timing solution has
an rms residual of 0.68µs over the 17.7 year observing span
(Desvignes et al.,in prep). Both the TOAs determined from
individual telescope data, as well as the coherently added
LEAP data, significantly improve the timing accuracy.

6.3 Single pulse studies

LEAP delivers a sensitivity that is rivaled only by Arecibo,
the largest single-dish radio telescope on Earth. The data
are therefore ideal for studies of the phase jitter of inte-
grated profiles and single pulses of MSPs, which are not often
feasible with single-telescope data due to low S/N. Fig. 11
shows an example of such an analysis for PSR J1713+0747.
The observations were carried out with E↵elsberg, Nançay,
and WSRT on MJD 56193. The plot shows timing residuals
for 10-s integrations for a 15-min observing time. The TOA
errors corresponding to measurement uncertainties due to
radiometer noise were estimated by the classic template
matching method (Taylor 1992). To calculate the residu-

 0.1

 1

57077

57009

56945

56500

56192

55967

σ
T

O
A
 (

µ
s)

TOA number

LEAP
EB
JB

NRT
SRT

WSRT

Figure 9. TOA uncertainties from LEAP for PSR J1022+1001
compared with those obtained from single-telescope data, which
were acquired simultaneously but with broader bandwidth. The
full ordinary bandwidths of Jodrell Bank and Nançay are 400
and 512MHz, respectively. The TOA uncertainties from E↵els-
berg and WSRT were extrapolated from 128MHz to 200 and
160MHz, respectively (these are the bandwidths used in the or-
dinary on-site EPTA timing campaigns). The available EPTA
timing bandwidth at SRT is currently the same as LEAP.

Figure 10. Timing residuals of PSR J1713+0747 obtained from
single telescope data (colored points), as well as the coherently
added LEAP data (black points). These residuals are computed
by comparing the TOAs against the long-term EPTA timing so-
lution of PSR J1713+0747 (Desvignes et al. in prep.). No parame-
ters, other than timing o↵sets between the telescopes, were fitted
for. Over this five year timespan the data from the individual
telescopes participating in LEAP, as well as the coherently added
LEAP data presently available, allow the timing solution to be
constrained to an rms of 0.25µs. The solution using only TOAs
determined from the coherently added LEAP data has an rms of
0.18µs. For the Jodrell Bank and Nançay telescopes the TOAs
from the data obtained over the full instrument bandwidth are
shown.

als, we used the ephemeris from the EPTA timing release
(Desvignes et al., in prep.) without fitting for any parame-
ters. We see that the error bars clearly underestimated the
scatter of the residuals, which is an indicator of phase jitter
(e.g. Liu et al. 2011). The rms residual is 522 ns with a re-
duced �2 of 9.47. Following the method in Liu et al. (2012),
this leads to an estimated jitter noise of 494 ns for a 10-s in-
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Requirement:	
  Timing	
  precision	
  

•  All	
  pulses	
  are	
  different	
  (“pulse	
  ji\er”),	
  so	
  that	
  we	
  need	
  minimum	
  integra5on	
  5me	
  
to	
  obtain	
  a	
  stable	
  pulsar	
  profile.	
  

•  Beyond	
  pulse	
  ji\er	
  (and	
  calibra5on	
  &	
  ISM),	
  5ming	
  precision	
  scales	
  with	
  Signal-­‐to-­‐
Noise,	
  e.g.	
  demonstrated	
  by	
  LEAP	
  

•  To	
  resolve	
  orbits,	
  we	
  cannot	
  compensate	
  loss	
  in	
  sensi5vity	
  with	
  observing	
  5me	
  

Shapiro	
  Delay	
  
Double	
  Pulsar	
  

(Kramer	
  et	
  al.	
  in	
  prep.)	
   20,000km	
  

Peak	
  <10	
  sec!	
  

mA	
  =	
  1.338148	
  ±	
  0.000008	
  M¤	
  	
  	
  and	
  	
  mB	
  =	
  1.248915	
  ±	
  0.000008	
  M¤	
  	
  



Goal:	
  Observa5ons	
  of	
  Black	
  Holes	
  Proper5es	
  

•  We	
  need	
  to	
  trace	
  the	
  space5me	
  around	
  a	
  black	
  hole	
  –	
  ideally	
  in	
  a	
  clean	
  way!	
  
•  In	
  a	
  perfect	
  world,	
  we	
  have	
  a	
  clock	
  around	
  it…	
  
•  …in	
  a	
  nearly	
  perfect	
  world,	
  we	
  have	
  a	
  pulsar!	
  
•  See	
  Wex	
  &	
  Kopeikin	
  (1999)	
  for	
  a	
  first	
  recipe	
  
	
  	
  	
  	
  	
  	
  and	
  Liu	
  et	
  al.	
  (2012,	
  2014)	
  for	
  more	
  details	
  

•  Spin	
  from	
  Lense-­‐Thirring/spin-­‐orbit	
  coupling:	
  

[Wex	
  &	
  Kopeikin	
  1999;	
  Liu	
  2012;	
  Liu	
  et	
  al.	
  2014	
  ]	
  

BH	
  mass	
  with	
  precision	
  <	
  0.1% 
BH	
  spin	
  with	
  precision	
  <	
  1% 
Cosmic	
  Censorship:	
  S	
  <	
  GM2/c 

A	
  more	
  massive	
  BH	
  with	
  pulsars	
  would	
  be	
  much	
  easier… 

With	
  a	
  fast	
  millisecond	
  pulsar	
  	
  
about	
  a	
  10-­‐30	
  M¤BH,	
  	
  the	
  SKA	
  
could	
  measure	
  the	
  quadrupole: 



Goal:	
  Tes5ng	
  the	
  no-­‐hair	
  theorem	
  

Pulsar	
  in	
  a	
  0.1	
  yr	
  orbit	
  around	
  Sgr	
  A*:	
  
	
  -­‐	
  Secular	
  precession	
  caused	
  by	
  quadrupole	
  is	
  2	
  orders	
  of	
  magnitude	
  below	
  	
  
	
  	
  	
  	
  frame	
  dragging,	
  and	
  is	
  not	
  separable	
  from	
  frame-­‐dragging	
  
-­‐	
  Fortunately,	
  quadrupole	
  leads	
  to	
  characteris?c	
  periodic	
  residuals	
  of	
  order	
  msecs	
  

No-­‐hair	
  theorem	
  	
  ⇒	
  	
  Q	
  =	
  -­‐S2/M	
  	
  (units	
  where	
  c=G=1)	
  

PWK15	
  

We	
  can	
  test	
  the	
  no-­‐hair	
  theorem	
  to	
  about	
  1%	
  precision! 

Χ=1 Χ=0.2 



Pulse	
  arrival	
  5mes	
  will	
  be	
  affected	
  by	
  low-­‐frequency	
  	
  
gravita5onal	
  waves	
  –	
  correlated	
  across	
  sky!	
  
	
  
In	
  a	
  	
  “Pulsar	
  Timing	
  Array”	
  	
  (PTA)	
  pulsars	
  act	
  as	
  the	
  arms	
  	
  
of	
  a	
  cosmic	
  gravita5onal	
  wave	
  detector:	
  
	
  

Pulsar	
  
	
  Timing	
  
	
  	
  	
  Array	
  

Hellings & Downs (1983) 
Probe	
  of	
  fundamental	
  physics	
  and	
  more…	
  

Pulsars	
  as	
  gravita5onal	
  wave	
  detectors	
  



The	
  Interna5onal	
  Pulsar	
  Timing	
  Array	
  

Three	
  collabora5ons:	
  	
  
EPTA	
  h\p://www.epta.eu.org	
  	
  
PPTA	
  h\p://www.atnf.csiro.au/research/pulsar/ppta/	
  	
  
NANOGrav	
  h\p:nanograv.org	
  
	
  	
  	
  	
  	
  	
  
forming	
  the	
  	
  
	
  
IPTA	
  	
  h\p://www.ipta4gw.org	
  
	
  
	
  
Pulsar	
  5ming	
  programmes	
  on	
  all	
  major	
  radio	
  telescopes,	
  
Plans	
  for	
  future	
  facili5es	
  and	
  pathfinders	
  
	
   8	
  large	
  radio	
  telescopes	
  

All	
  have	
  unique	
  strengths	
  
Interes5ng	
  limits,	
  	
  
but	
  no	
  detec5on	
  yet	
  -­‐>	
  SKA	
  sensi5vity	
  required	
  



The	
  SKA	
  as	
  a	
  Gravita5onal	
  Wave	
  Detector	
  

• 	
  	
  	
  SKA-­‐PTA	
  is	
  sensi5ve	
  to	
  	
  
	
  	
  	
  	
  nHz	
  gravita5onal	
  waves	
  

• 	
  Complementary	
  to	
  LISA,	
  
	
  	
  	
  	
  	
  LIGO	
  and	
  CMB-­‐pol	
  band	
  
• 	
  	
  	
  	
  Expected	
  sources:	
  
	
  	
  	
  	
  	
  	
  -­‐	
  binary	
  super-­‐massive	
  
	
  	
  	
  	
  	
  	
  	
  	
  black	
  holes	
  in	
  early	
  
	
  	
  	
  	
  	
  	
  	
  	
  Galaxy	
  evolu5on	
  
	
  	
  	
  	
  	
  -­‐	
  	
  Cosmic	
  strings	
  
	
  	
  	
  	
  	
  -­‐	
  	
  Cosmological	
  sources	
  
• 	
  	
  	
  Types	
  of	
  signals:	
  
	
  	
  	
  	
  	
  -­‐	
  stochas5c	
  (mul5ple)	
  
	
  	
  	
  	
  	
  -­‐	
  periodic	
  (single)	
  
	
  	
  	
  	
  	
  -­‐	
  burst	
  (single)	
   (Janssen	
  et	
  al.	
  2015)	
  



Stochas5c	
  GW	
  background	
  

• 	
  Earliest	
  signal	
  expected	
  from	
  binary	
  super-­‐massive	
  black	
  holes	
  in	
  early	
  	
  

	
  	
  	
  galaxy	
  evolu5on	
  (PTA	
  only	
  way	
  to	
  detect	
  M>107M¤	
  Porb~10-­‐20yr)	
  

• 	
  Amplitude	
  depends	
  on	
  merger	
  rate,	
  galaxy	
  evolu5on	
  and	
  cosmology	
  but	
  could	
  

	
  	
  be	
  “soon”	
  detectable	
  (e.g.	
  Sesana	
  et	
  al.	
  2008)	
  

2010	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
2015	
  

GW	
  frequency	
  (nHz)	
  

Am
pl
itu

de
,	
  c
ha
ra
ct
er
is5

c	
  
st
ra
in
	
  h
	
  

100	
  10	
  1	
  

10	
  yr	
   1	
  yr	
  

Note:	
  
• 	
  Current	
  best	
  limits	
  from	
  European,	
  
	
  	
  	
  North-­‐American,	
  Australian	
  5ming	
  
	
  	
  	
  array	
  are	
  all	
  very	
  similar:	
  
	
  	
  	
  EPTA:	
  Lenta5	
  et	
  al.	
  	
  (2015)	
  
	
  	
  	
  NanoGrav:	
  Arzoumanian	
  et	
  al.	
  (2015)	
  
	
  	
  	
  PPTA:	
  Shannon	
  et	
  al.	
  (2013)	
  
•  All	
  are	
  tantalizingly	
  close	
  to	
  	
  
	
  	
  	
  	
  	
  expected	
  detec5on	
  limit!	
  	
  



Stochas5c	
  GW	
  background	
  

• 	
  Earliest	
  signal	
  expected	
  from	
  binary	
  super-­‐massive	
  black	
  holes	
  in	
  early	
  	
  

	
  	
  	
  galaxy	
  evolu5on	
  (PTA	
  only	
  way	
  to	
  detect	
  M>107M¤	
  Porb~10-­‐20yr)	
  

• 	
  Amplitude	
  depends	
  on	
  merger	
  rate,	
  galaxy	
  evolu5on	
  and	
  cosmology	
  but	
  could	
  

	
  	
  be	
  “soon”	
  detectable	
  (e.g.	
  Sesana	
  et	
  al.	
  2008)	
  

2010	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
2015	
  

GW	
  frequency	
  (nHz)	
  

Am
pl
itu

de
,	
  c
ha
ra
ct
er
is5

c	
  
st
ra
in
	
  h
	
  

2025	
  

100	
  10	
  1	
  

10	
  yr	
   1	
  yr	
  

1m	
  in	
  1	
  lt-­‐yr	
  

1km	
  in	
  1	
  lt-­‐yr	
  
Note:	
  
• 	
  Current	
  best	
  limits	
  from	
  European,	
  
	
  	
  	
  North-­‐American,	
  Australian	
  5ming	
  
	
  	
  	
  array	
  are	
  all	
  very	
  similar:	
  
	
  	
  	
  EPTA:	
  Lenta5	
  et	
  al.	
  	
  (2015)	
  
	
  	
  	
  NanoGrav:	
  Arzoumanian	
  et	
  al.	
  (2015)	
  
	
  	
  	
  PPTA:	
  Shannon	
  et	
  al.	
  (2013)	
  
•  All	
  are	
  tantalizingly	
  close	
  to	
  	
  
	
  	
  	
  	
  	
  expected	
  detec5on	
  limit!	
  	
  



Single	
  GW	
  source	
  in	
  the	
  PTA	
  band	
  

Sesana 2013 • 	
  Single	
  binary	
  SMBH	
  produces	
  periodic	
  signal	
  

• 	
  Also	
  dc-­‐term	
  due	
  to	
  memory	
  effect	
  (e.g.	
  van	
  Haasteren	
  &	
  Levin	
  2010)	
  

• 	
  Signal	
  contains	
  informa5on	
  from	
  two	
  dis5nct	
  epochs	
  



Early	
  GW	
  work	
  with	
  SKA1	
  

Recent	
  EPTA	
  limit	
  curve	
  from	
  Lenta5	
  et	
  al.	
  
2015,	
  see	
  also	
  similar	
  curves	
  from	
  PPTA/

NANOGrav	
  (Shannon/Ellis)	
  

• 	
  SKA	
  to	
  improve	
  chances	
  of	
  detec5on	
  

• 	
  Improved	
  sensi5vity	
  will	
  overcome	
  
5ming	
  issues	
  

• 	
  Census	
  will	
  provide	
  extra	
  pulsars	
  to	
  
increase	
  Npsr	
  

• 	
  Transi5on	
  from	
  GW	
  limits	
  to	
  detec5on	
  

	
  
Weak	
  regime:	
  NpcA2T13/3/σ2	
  
Intermediate	
  regime:	
  Npc3/26(A/σ)3/13T1/2	
  
(Siemens	
  et	
  al.	
  2013)	
  
	
  
•  Improvement	
  required	
  for	
  all	
  the	
  above	
  



From	
  limit	
  to	
  detec5on	
  to	
  GW	
  astronomy	
  

IPTA	
  is	
  ge~ng	
  close	
  already!	
  
	
  
SKA1	
  –	
  make/confirm	
  first	
  
detec5on	
  
	
  
SKA2	
  –	
  GW	
  astronomy	
  
	
  

Rosado,	
  Sesana	
  &	
  Gair	
  2015,	
  MNRAS	
  451,	
  2417	
  



GW	
  astronomy	
  with	
  the	
  SKA	
  
Before	
  and	
  early	
  stages	
  SKA	
  :	
  
•  Confirma5on	
  of	
  the	
  signal	
  
•  Source	
  iden5fica5on	
  (characterize	
  spectrum)	
  
•  Background	
  characteriza5on	
  (anisotropy	
  search)	
  
•  Source	
  localiza5on	
  
	
  
(Full-­‐)SKA	
  science:	
  GW	
  astronomy	
  
•  Constrain/study	
  Galaxy	
  evolu5on	
  
•  Characteriza5on	
  of	
  inspiral	
  phase	
  of	
  SMBHBs	
  
•  Tests	
  of	
  gravity	
  
•  Polariza5on	
  proper5es	
  
•  Mass	
  of	
  graviton	
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the plane. In GR, only (a) and (b) are present; in massless scalar-tensor gravity, (c) may also be
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the plane. In GR, only (a) and (b) are present; in massless scalar-tensor gravity, (c) may also be
present.
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the GR and breathing modes, the GW-induced correlation func-
tions can be calculated analytically. For the shear and longitudinal
polarizations, modes that are not purely transverse, the correlation
function must be computed with Monte Carlo simulations.

We consider a distribution of plane GWs in a general metric
theory of gravity. The function hP( f ; êz)df d! denotes the distri-
bution of GWs of polarization P, in the frequency interval df and
in the solid angle d! around the propagation direction êz, such
that the GWmetric perturbation, at a given spacetime point (t; r) is

hab(t; r)

¼
X

P¼þ; ; ;b;sn;se;l

Z 1

#1
df

Z
d! hP f ; êzð Þe2!if (t#r = êz=c)P

ab êzð Þ:

ð1Þ

The polarization index P indicates any of the polarization states
þ, ; , b, sn, se, and l; the ‘‘þ’’ and ‘‘ ; ’’ denote the two different
GR spin-2 transverse traceless polarization modes; the ‘‘sn’’ and
‘‘se’’ denote the two spin-1 shear modes; the ‘‘l’’ and ‘‘b’’ denote
the spin-0 longitudinal mode and the spin-0 breathing mode,
respectively.

In this paper, we apply equation (1) to a stochastic background
of GWs. This stochastic background is a superposition of mono-
chromatic plane wave components with a frequency chosen at ran-
dom from a predetermined spectrum, for our purposes always a
power-law spectrum. The propagation direction of each plane
wave component is chosen at random from an isotropic distri-
bution. For a given planewave component, the polarization tensor
"Pab for the polarization state P depends on the direction of prop-
agation (e.g., it is parallel to the propagation direction for the

TABLE 1

Expansion Coefficients of the Normalized Cross-Correlation Function, #($) ¼ C($)/C(0)

% c0 c1 c2 c3 c4 c5

ck for C sn;se($)

0........................................ 0.0378 #0.0871 0.1928 #0.1086 0.0239 #0.0073

#2/3 ................................. 0.0317 #0.0739 0.1603 #0.0955 0.0289 #0.0121

#1 .................................... 0.0298 #0.0700 0.1511 #0.0917 0.0302 #0.0135

ck for Cl($)

0........................................ 0.0584 #0.1206 0.1386 #0.0908 0.0409 #0.0147

#2/3 ................................. 0.0512 #0.1057 0.1220 #0.0805 0.0373 #0.0156

#1 .................................... 0.0470 #0.0987 0.1148 #0.0785 0.0388 #0.0175

Notes.—We obtain this table using Legendre polynomials, i.e., #($) ¼
PN

k¼0 ckPk (2$/!# 1) with 0 & $ & !. Note
that these expansions are not applicable when $ ¼ 0. The % column indicates the power index of the GW background. By
using these normalized cross-correlation functions, #($), and by calculating C(0) from eq. (A37), the cross-correlation
functions C($) can be found.

Fig. 1.—Normalized pulsar timing residual correlation coefficient, #P ¼ CP($)/CP(0). Here, $ is the angular separation between two pulsars. ‘‘GR’’ stands for the two
transverse traceless modes, ‘‘+’’ and ‘‘;.’’ For the shear and longitudinal modes, the plots are the curves fitted with the expansion coefficients in Table 1, for five years of
observation. Results are given for several values of% , the power-law index of theGWspectrum. The change in # sn;se;l is on the order of 10#2 for a change in% from0 to#1.
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Figure 2. Atlas for cross-correlation functions C(θ ). The label of each curve indicates the corresponding graviton mass in units of electron volts (eV). The left panel
shows the correlation functions for a 5 year bi-weekly observation. The right panel shows correlation functions for 10 years of bi-weekly observations. We take
α = −2/3 for these results. These correlations are normalized such that C(0) = 0.5 for two different pulsars.

m runs from 1 to the number of pulsar pairs M = (Np −1)Np/2,
because the autocorrelations are not used.

Following Jenet et al. (2005), we define

ρ =
∑M

m=1(C(θm) − C)(c(θm) − c)
√∑M

m=1(C(θm) − C)2
∑M

m=1(c(θm) − c)2
, (21)

where C =
∑M

m=1 C(θm)/M and c =
∑M

m=1 c(θm)/M . Then
the statistic S, describing the significance of the detection, is
S =

√
M ρ. In particular, when there is no GW present, c(θm)

will be Gaussian-like white noise, the probability of getting a
detection significance larger than S is about erfc(S/

√
2)/2 (Jenet

et al. 2005).
Our aim is to determine the ability of a given pulsar timing

array configuration to detect a GW background. To do this,
we calculate the expected value for the detection significance
S by using a second set of Monte Carlo simulations. These
second Monte Carlo simulations are similar to the first ones, but
instead of calculating the average value for C(θ ), we inject white
noise for each pulsar, to represent the intrinsic pulsar noise and
instrumental noise, and we calculate the expected value of S.
We summarize the following steps here.

1. Generate a large number of GW sources (104) to simulate
the required GW background.

2. Calculate the timing residual for each pulsar as described
above and add white Gaussian noise.

3. Calculate the measured correlation c(θm) using
Equation (20) and calculate the detection significance S
using Equation (21).

4. Repeat steps 1–3 and average over the detection signifi-
cance S. The converged S is the value needed to estimate
the detection significance.

The results for the expectation value of S, as a function of GW
amplitude Ac for various pulsar timing array configurations, are
presented in Figure 3. We have also compared simulations from
several different pulsar samples with the same number of pulsars
to make sure such S is not sensitive to the detailed configuration
of the pulsar samples.

Two features of the curves in Figure 3 are worth noting. First,
the minimal detection amplitude of a GW background becomes
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Figure 3. Expected GW background detection significance using a pulsar timing
array with 20 pulsars, observed for 5 years, with 100 ns timing noise. The
graviton mass, in units of electron volts, is labeled above each curve. The x-axis
is the amplitude for the characteristic strain of the GW background (f0 = 1 yr−1,
α = −2/3), while the y-axis is the expected detection significance S.

larger, when a massive graviton is present, i.e., the leading edge
of the S–Ac curve shifts rightwards as mg is made larger. This
tells us that in order to detect a massive GW background, one
needs a stronger GW background signal or a smaller pulsar
intrinsic noise than in the case of a massless GW background.
As previously noted, this effect is mainly due to the reduction
of the pulsar timing response and the reduction of the GW
amplitude at lower frequencies. Figure 3 also tells us when we
can neglect the effect of a massive graviton. It is clear from
Figure 3 that if mg ! 2 × 10−23 eV for a 5 year observation,
the minimal detection amplitude is not reduced by more than
5%. For 10 years of observation, a 5% reduction corresponds to
mg = 10−23 eV.

The second noteworthy feature of the S–Ac curves in Figure 3
is that of the saturation level of detection significance. Due to
the pulsar distance term of Equation (11) (the term involving the
D), the detection significance achieves a saturation level when
the GW-induced timing residuals are much stronger than the
intrinsic pulsar timing noise (Jenet et al. 2005). From Figure 3,
we note that the saturation level of detection significance is large,
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SKA:	
  pulsar	
  5ming	
  requirements	
  
•  SKA1-­‐Mid:	
  sensi5vity/large	
  collec5ng	
  area	
  is	
  essen5al	
  
•  High	
  precision	
  5ming	
  best	
  done	
  in	
  Bands	
  2	
  and	
  3	
  
•  Lower	
  bands	
  essen5al	
  for	
  ISM	
  effects;	
  higher	
  bands	
  for	
  

Galac5c	
  center	
  regions	
  	
  
•  Subarraying	
  for	
  stronger	
  pulsars	
  and	
  flexibility/efficiency	
  

	
  	
  
•  SKA1-­‐Low:	
  ISM	
  measurements	
  and	
  correc5on	
  
•  overall	
  observing	
  efficiency	
  can	
  increase	
  
•  steep-­‐spectrum	
  pulsars	
  
•  beamformer	
  for	
  pulsar	
  observa5ons!	
  ECP	
  accepted	
  

	
  
•  General:	
  regular-­‐cadence	
  observa5ons,	
  mul5frequency,	
  long	
  

5mespan,	
  large	
  number	
  of	
  pulsars,	
  calibra5on,	
  stable	
  reference	
  
clock!	
  

•  General:	
  VLBI:	
  independent	
  astrometry,	
  immediate	
  high-­‐precision	
  
5ming;	
  increased	
  sensi5vity	
  for	
  f=1/yr	
  and	
  1/0.5yr	
  



SKA1-­‐Low	
  and	
  5ming	
  
•  Advantages:	
  	
  
•  Wider	
  frac5onal	
  band:	
  stronger	
  ISM	
  constraints	
  
•  Less	
  ISM	
  effects	
  at	
  top	
  of	
  band	
  
•  Poten5al	
  for	
  high-­‐cadence	
  observa5ons	
  with	
  mul5ple	
  beams	
  
•  Overall	
  observing	
  efficiency	
  can	
  increase	
  
•  Steep-­‐spectrum	
  pulsars	
  
•  Model	
  pulse-­‐shape	
  varia5ons	
  

	
  
•  Poten5al	
  issues:	
  	
  
•  polarisa5on	
  calibra5on	
  
•  Chroma5c	
  DMs	
  needs	
  modelling	
  -­‐>	
  correc5on	
  may	
  require	
  

higher	
  frequencies	
  or	
  wider	
  band	
  
	
  

Combina5on	
  of	
  Mid	
  &	
  Low	
  op5mal	
  to	
  Tme	
  all	
  the	
  
pulsars	
  



Discussion	
  items	
  for	
  the	
  PSWG:	
  
•  (Re-­‐)Defini5on	
  of	
  KSPs	
  
•  Resources:	
  	
  
•  What	
  internal	
  resources	
  are	
  required	
  by	
  the	
  KSP	
  group	
  
•  What	
  primary/secondary	
  resources	
  are	
  required	
  from	
  the	
  SKA	
  
•  What	
  resources	
  are	
  required	
  from	
  external	
  organisa5ons	
  

•  People	
  and	
  collabora5ons	
  
•  How	
  do	
  current	
  collabora5ons	
  flow	
  into	
  “new”	
  SKA	
  KSP	
  groups	
  

•  Observing	
  strategies	
  and	
  commensality,	
  noise/cal	
  requirements	
  
•  What	
  are	
  the	
  requirements	
  and	
  possibili5es	
  

•  Data	
  output/access/publica5on	
  
•  What	
  are	
  the	
  output	
  products	
  and	
  what	
  policies	
  are	
  required	
  

	
  



Conclusions	
  

•  Using	
  pulsars,	
  the	
  SKA	
  will	
  probe	
  science	
  from	
  solid	
  states	
  physics	
  to	
  gravita5on:	
  

	
  	
  	
  	
  	
  	
  See	
  SKA	
  Science	
  Book	
  Chapters	
  for	
  a	
  detailed	
  overview	
  of	
  the	
  breadth	
  of	
  science!	
  

•  The	
  SKA	
  will	
  provide	
  the	
  best	
  tests	
  of	
  GR	
  &	
  complement	
  GW	
  detectors	
  

•  Proper5es	
  of	
  black	
  holes	
  will	
  be	
  determined:	
  cosmic	
  censorship,	
  no-­‐hair	
  theorem	
  

•  Low-­‐frequency	
  gravita5onal	
  waves	
  will	
  be	
  detected	
  and	
  used	
  for:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  GW	
  astronomy,	
  cosmology	
  &	
  galaxy	
  evolu5on,	
  graviton	
  proper5es	
  

•  There	
  will	
  be	
  superb	
  synergies	
  with	
  GAIA,	
  ELTs,	
  LSST,	
  CTA,	
  AdvLIGO,	
  LISA	
  etc.	
  
•  We	
  are	
  trying/will	
  try	
  a	
  lot	
  of	
  the	
  techniques:	
  	
  AI,	
  LEAP,	
  FAST,	
  MeerKAT	
  etc.	
  

A	
  combina5on	
  of	
  SKA1-­‐Mid	
  and	
  SKA1-­‐Low	
  	
  

required	
  to	
  provide	
  the	
  best	
  scien5fic	
  outcome	
  
	
  


