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The!discovery!of!pulsars!!



The!first!signal!



The!first!signal!



What!is!a!neutron!star?!

Demorest!et!al.,!2010,!Nature,!467,!1081!



Pulsars:!end!products!of!stellar!evoluFon!



Pulsars!and!
!Neutron!Stars!

•  There!are!thought!to!be!~100!million!neutron!
stars!in!the!Milky!Way.!

•  The!GalacFc!pulsar!populaFon!is!esFmated!to!
be!around!only!30,000!(0.03%!of!all!neutron!
stars).!

•  Currently!only!2,500!radio!pulsars!are!known.!

100,000,000 NSs!

2,500!
Radio!

Pulsars!

30   magnetars!
8    XDINS!

300!
MSPs!

15   DNSs!

14   AMXPs!

Image:!Hessels!



Pulsars:!compact!objects!

Pulsars!are!very!stable!rotators,!
used!as!cosmic%clocks%

Highly!magneFsed,!
rapidly!rotaFng!neutron!stars!
!
!

Figure:!Pulsar!Handbook!(Lorimer!&!Kramer)!



P[Pdot!Diagram!

Normal pulsars 

Young pulsars 

Millisecond pulsars 

Magnetars 

Double neutron stars 



FormaFon!of!Millisecond!Pulsars!

1.  Start!with!a!massive!star!with!a!lower[mass!companion.!(a!binary!system)!
2.  The!massive!star!goes!supernova!and!forms!a!young!pulsar.!
3.  The!companion!evolves,!fills!its!Roche!lobe!(gravitaFonal!equipotenFal),!and!

begins!mass!transfer.!
4.  The!accreFon!transfers!angular!momentum!to!the!pulsar,!thereby!increasing!

its!spin!rate.!

pulsar!�recycling�!



!!

Pulsar!observaFons!in!NL:!Westerbork!Synthesis!Radio!Telescope!

Part!of!the!European!Pulsar!Timing!Array!collaboraFon!



Pulsar!observaFons!in!NL:!Low[Frequency!Array!(LOFAR)!

Pulsar!Fming!observaFons!
at!very!low!frequencies:!
100[200MHz!!
!
VERY!good!for!ISM!work!!



Pulsar!Timing!

Receiver

Mean pulse profile

TOA
Reference clock

Neutron star
Radio beam

Rotation axis

Telescope

De-dispersion &
on-line folding

Figure:!Pulsar!Handbook!(Lorimer!&!Kramer)!

Pulsars!are!very!stable!rotators,!use!as!cosmic!clocks!

Pulsar!Fming!is!about!measuring!the!arrival!Fmes!of!pulses!at!many!different!
epochs!and!then!determining!a!model!for!the!physical!effects!that!influence!
the!observed!rotaFon!rate!of!the!pulsar.!
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Dedisperse,!fold!and!
cross[correlate!with!
template!

Collect!pulses!in!Fming!
observaFon!

Times!of!arrival!
(�TOAs�,!measured!in!
Modified!Julian!Day)!

Pulsar!Timing!



individual!pulses!are!buried!in!the!noise!

Pulsar!Timing!



Basic timing model predicts rotation of 
the pulsar for future observation  

Timing!model!

Pulsar!Timing!



Count number of rotations between 
observations according to model: 
account for every single rotation of PSR 

Timing!model!

Pulsar!Timing!



Compare new arrival time with 
prediction model 

Timing!model!

Pulsar!Timing!



Pulsar!Timing!

compare arrival time (TOA) with model 

Timing!model!

Residual%(μs%to%ns)%

Pulsars!are!very!stable!rotators,!use!as!cosmic!(perfect?)!clocks!



Figures:!Pulsar!Handbook!(Lorimer!&!Kramer);!Weisberg!&!Taylor!!

Pulsar!Fming:!!
Residuals!!

Timing!model!contains:!
[RotaFonal,!astrometric,!
binary!parameters!
!
!
Unmodelled!effects:!
[measurement!errors!
[spin!irregulariFes!
[interstellar!weather!effects!
[gravitaFonal!waves!
!
!
GWs!first!indirectly!detected!by!pulsar!Fming!
Nobel!prize!Hulse!&!Taylor!1993!



Nobel!Prize!Physics!1993!
Russell!Hulse!&!Joseph!Taylor!

!"for0the0discovery0of0a0new0type0of0
pulsar,0a0discovery0that0has0opened0up0
new0possibili7es0for0the0study0of0
gravita7on"0



The!Double!Pulsar:!tesFng!GR!

•  RelaFvisFc!binary:!
•  Need!post[keplerian!

parameters!to!model!the!
binary!orbit!

•  Periastron!advance!(wdot)!
•  Orbital!Decay!(Pbdot)!
•  Shapiro!Delay!(r,s)!
•  Time!dilaFon!/!grav.!redshil!

(gamma)!

•  When!two!PK!parameters!
known:!masses!determined!

•  MulFple:!test!of!GR!
!
!
!

Kramer!et!al.!2006!



•  Even!when!Fming!model!is!good,!sFll!effects!that!disturb!quality!of!residuals!

•  Pulse!jimer!(30!ns):!need!minimum!integraFon!Fme!to!get!stable!profile;!!
!!!!!!!!!can’t!go!to!larger!telescopes!
•  ISM!effects!(100!ns!–!10!μs):!Dispersion!measure!and!scamering!
•  Timing!noise!(10!μs!–!1!ms):!Random!rotaFonal/magnetospheric/glitches!
!
•  Need%to%understand%and%disentangle%effects%from%poten,al%GW%signal%(10ns)%

!

Influences!on!pulsar!Fming!signals!



Pulsar!Timing:!a!very!powerful!tool!

• !Pulsar!parameters!
• !Binary!parameters!
• !Astrometry!!
• !ISM!studies!!
• !Gravity!tests!(GR)!!!!
!

Receiver

Mean pulse profile

TOA
Reference clock

Neutron star
Radio beam

Rotation axis

Telescope

De-dispersion &
on-line folding

• !EquaFon!of!state!
• !Emission!mechanism!!
• !Solar!system!ephemerides!
• !Clock!offsets!
• !GravitaFonal!wave!astronomy!
!

Figure:!Pulsar!Handbook!(Lorimer!&!Kramer)!

Pulsars!can!probe!a!wide!range!of!(astro)physics!!



Using!pulsars!to!detect!GWs!

•  What!does!a!GW!signal!look!like!in!pulsar!Fming!data?!
•  What!sources!generate!the!GW!signals!in!the!PTA!bands?!
•  Which!of!the!GW!sources!are!we!(most)!sensiFve!to?!
•  What!signal!will!a!PTA!detect!first?!
•  When!will!we!detect!GWs!with!a!PTA?!



White timing 
residuals 
(radiometer 
noise, 
jitter, ...)


Timing 
model 
subtraction
+red noise 
(spin, ISM, 
GWs...)


 
(Figure: Siemens) 

GW!experiments!



Figure:!Champion!

Pulsar!Timing!Array:!!
A!galaxy[scale!gravitaFonal!wave!detector!



Hellings!&!Downs!1983!![!!Figure:!Champion/Hobbs!

DetecFng!GWs!with!a!Pulsar!Timing!Array!

• !Pulsars!are!endpoints!of!a!galaxy[scale!detector!
• !GWs!distort!space[Fme!at!the!pulsars!and!the!Earth!
!!!!!!!Earth!term!&!Pulsar!term!
!
!



Hellings!&!Downs!1983!![!!Figure:!Champion/Hobbs!

DetecFng!GWs!with!a!Pulsar!Timing!Array!
• !Earth[term:!residuals!are!correlated!for!pulsar!pairs!dependent!on!separaFon!
angle!on!the!sky!
• !CorrelaFons!in!TOAs!due!to!GW!signal!is!quadrupolar:!Hellings!&!Downs!curve!
!!!!!!!
• %Need%mul,ple%pulsarGpairs%on%the%sky%for%detec,on%

!



 
(Figure: Siemens) 

GWs!from!supermassive!black!hole!binaries!



From De Lucia et al 2006 

Volonteri Haardt & Madau 2003 GThere%are%~109%MW%equivalent%%%%%%%%%%

galaxies%at!z<1%
GSuppose%each%galaxy%has%1%%%%%%%%%%%%%%

merger%at%z<1%
GIf%a%binary%emits%at%few%nHz%for%%%%%%%%%

~1Myr%

%

There%are%105%SMBH%binaries%in%
the%PTA%band%at%any%,me!%  

(Slide: Sesana) 

PTA!main!sources:!SMBH!binaries!



GW!sources:!SMBHBs;!cosmic!strings;!cosmological!

SKA!GW!astronomy:!Janssen!et!al.!PoS(AASKA14)037!Figure:!Sesana!

PTA!as!a!nHz!gravitaFonal!wave!detector!



!
(Sesana!et!al.!2016)!

GWB!amplitude!predicFons!



!
(Kocsis!&!Sesana!2011,!Sesana!2013,!Ravi!et!al.!2014)!

GWB!shape!predicFons;!the!effect!of!the!environment!



 
(Figure: Sesana) ~10G8%Hz%

Current!limits!are!gesng!interesFng!



DetecFng!a!single!GW!source!using!pulsar!Fming!

• !Each!SMBHB!produces!periodic!signal;!possibly!above!GW!background!

• !Signal!contains!informaFon!from!two!disFnct!epochs!

•  Difficult!to!disFnguish!from!
other!Fming!effects!



Pulsar!Fming!array!GW!detecFons!

•  PTA!detecFons!are!different!from!LIGO/VIRGO/eLISA!
–  nHz!GWs!=!periods!of!years!!

–  Require!years!of!integraFon,!evidence!will!build!up!over!years!

•  DefiniFon!of!a!detecFon!important!
–  Different!signatures!for!GW!Background,!single!sources,!bursts!

–  False[alarm!probabiliFes!!and!understanding!of!other!noise!sources!

–  Tests!on!data!to!assess!noise!staFsFcs!etc!

•  VerificaFon!and!validaFon/reproducibility!
–  SimulaFons,!mulFple!pipelines,!quadrupolar!nature,!signal!strength!vs!Fme!

–  What!data!products/solware/detecFon!algorithms!to!release!



What!is!required!for!a!PTA!GW!detecFon?!

•  DetecFng!gravitaFonal!waves!requires:!
•  Long[term!stable!pulsars!
•  Timing!models!that!include!all0non[GW!effects!
•  Understanding!of!other!red!noise!processes!in!the!Fming!data!

•  What!do!we!need!for!that:!
•  A!lot!of!MSPs!
•  A!lot!of!observing!Fme![>!total!Fme!=!max!GW!period!
•  A!lot!of!TOAs!
•  Checks!across!instruments,!pulsars,!etc!
•  Noise!component!modelling,!analysis!techniques!
!

•  And…!SKA!!(Phase[I!Key!Science!Goal:!fundamental!physics!with!NS)!
•  TesFng!GR!in!the!strong[field!regime!
•  DetecFng!nHz!gravitaFonal!waves!

!



The!European!Pulsar!Timing!Array!

•  CollaboraFon!of!pulsar!groups!working!with!5!(6)!large!radio!telescopes,!
!!!!!!!!!!!observing!programmes!coordinated!(including!NL:!WSRT!and!LOFAR)!
•  Long[term!Fming!programmes!at!all!telescopes:!more!data!!
•  Theory/analysis!groups![>!GW!source!predicFons,!analysis!methods,!!
!!!!!!!!!!!!!detecFon!protocols!
!
Three!PTAs!in!existence:!Europe,!North!America!and!Australia!
Working!together!as!the!InternaFonal!pulsar!Fming!array!
hmp://www.ipta4gw.org!
!
Looking!forward!towards!SKA:!MeerKAT,!SKA1[Low,!SKA1[Mid!
!

hmp://www.epta.eu.org!



hmp://www.leap.eu.org!

Improving!sensiFvity:!larger!telescope!

•  LEAP:!Large!European!Array!for!Pulsars!
•  Real[Fme!coherent!addiFon!of!large!

European!telescopes!
•  Fully!steerable!dish!of!200m!
•  CalibraFon!of!instrumental!delays!between!

telescopes!
•  Improvement!in!Fming!precision!by!order!of!

magnitude!
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Future!outlook:!the!SKA!

Key!science!project:!!
!!!!!gravity!tests!with!pulsars!
!!!!!!!!(both!GR!tests!in!binaries!and!GWs)!
!
Meerkat![>!SKA1[Mid:!
!!!!!Intermediate!frequencies!(1[3+GHz)!
!!!!!High[precision!Fming!and!searches!
SKA1[Low:!
!!!!!Low!frequencies!(<350MHz)!
!!!!!Searches!and!ISM!monitoring!
!
!

SKA!GW!astronomy:!Janssen!et!al.!PoS(AASKA14)037!



From!limit!to!detecFon!to!GW!astronomy!

IPTA!is!gesng!close!already!!
!
SKA1!–!more!pulsars,!bemer!
sensiFvity!will!‘easily’!make!a!
first!detecFon!
!
SKA2!–!will!do!GW!astronomy!

Rosado,!Sesana!&!Gair!2015,!MNRAS!451,!2417!



The!Role!of!SKA!in!GW!detecFon/astronomy!
•  GW!characterizaFon!
!
SKA1!:!
•  ConfirmaFon!of!the!signal!
•  Source!idenFficaFon!(characterize!spectrum)!
•  Background!characterizaFon!(anisotropy!search)!
•  Source!localizaFon!
!
(Full[)SKA!science:!GW!astronomy!
•  Constrain/study!Galaxy!evoluFon!

•  Input!for!EM!counterpart!studies!
•  CharacterizaFon!of!inspiral!phase!of!SMBHBs!
•  Tests!of!gravity!

•  PolarizaFon!properFes!
•  Mass!of!graviton!
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Figure 8: The six polarization modes for gravitational waves permitted in any metric theory of
gravity. Shown is the displacement that each mode induces on a ring of test particles. The wave
propagates in the +z direction. There is no displacement out of the plane of the picture. In (a),
(b), and (c), the wave propagates out of the plane; in (d), (e), and (f), the wave propagates in
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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Summary!

•  Pulsar!Fming!can!be!used!to!detect!GWs!at!nanohertz!frequencies!
•  Before!GW!signals!can!be!detected,!other!sources!of!noise!
!!!!!!need!to!be!understood/measured/corrected!
•  However,!IPTA!GW!limits!close!to!predicFons!
!
•  First!detecFon!of!GWB!expected!with!IPTA!in!5[10!yrs,!maybe!less.!The!S/N!will!have!

to!grow!over!Fme.!
•  SKA!KSP:!gravity!tests!with!pulsars!
•  SKA!will!characterize!GW!signals!and!do!GW!astronomy!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Thank!you!!

PhD!project!available:!TesFng!gravity!by!Fming!pulsars!with!the!SKA!


