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Purpose of this lecture series 

•  Provide an overview of pulsars  
•  Provide an overview of gravitational waves  
•  Show how, in theory, pulsar observations can be used to detect 

gravitational waves 
•  Describe issues with the current data sets 
•  Describe unsolved problems 
•  Provide enough information that you can process pulsar 

observations and develop tools to search for gravitational 
waves "
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Lecture series 

•  Lecture 1: overview (a bit of everything) 
•  Lecture 2: the pulsar timing method. How gravitational waves 

influence pulsar observations 
•  Lecture 3: Expected gravitational wave sources. Current data 

sets 
•  Lecture 4: Techniques to search for gravitational waves 
•  Lecture 5: a bit of fun and the future! 
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Review so far 

•  Pulsars are rapidly rotating neutron stars 
•  They emit a beam of radiation that produces the observed radio 

pulses 
•  They are incredibly stable rotators 
•  The pulses can be used like the tick of a clock 
•  Different phenomena cause variations in the measured pulse 

arrival times.  The different phenomena can be distinguished by 
searching for correlations between different pulsars. 

•  The phrase “Pulsar timing residuals” represents the difference 
between the predicted and observed pulse arrival times 
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Purpose of lecture 2 

•  Describe the pulsar timing method in lots of detail 

•  Aim 1: you should be able to download the software used for 
“pulsar timing”, obtain some data files and process the data 

•  Aim 2: you should understand the basic terminology used when 
talking about “pulsar timing” 

•  Aim 3: understand how gravitational waves affect pulsar timing 
residuals 

•  Aim 4: be able to simulate the effects of gravitational waves on 
pulsar data. 
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Part 1: Getting pulsar data files 

•  Part 1: Getting pulsar data files 
•  Part 2: Pulsar timing 
•  Part 3: Gravitational waves 
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Getting some data sets: 
The Parkes data archive:  http://datanet.csiro.au/dap/ 
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An advert … pulsar data from the Parkes radio telescope is available 
online (Virtual Observatory compatible) 

Click here 



The Parkes data archive:  
http://datanet.csiro.au/dap/ 
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Can type 
in a 
pulsar 
name 



The Parkes data archive:  
http://datanet.csiro.au/dap/ 
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The Parkes data archive:  
http://datanet.csiro.au/dap/ 
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Processing the data: from raw data to site-
arrival-time 
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Raw 
observation 

Create a 
template 

Polarisation 
and flux 
calibration 

Cross 
correlated 
template 
with data 

Obtain pulse time 
of arrival (or site-
arrival-time) 

All standard pulsar data calibration can be 
done using the PSRCHIVE software package 
(http://psrchive.sourceforge.net/) 

Use “pav” to view files Use “pac” and “pcm” to calibrate 
files 

Use “paas” to make 
a template 



An aside: pulse profile shapes 

•  Yan et al. (2011): 1.4GHz profiles from the Parkes Pulsar 
Timing Array project 
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Part 2: Pulsar timing 

•  Part 1: Getting pulsar data files 
•  Part 2: Pulsar timing 
•  Part 3: Gravitational waves 
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Pulsar timing 

•  Start with measurements of pulse arrival times and a basic 
model for the pulsar’s position, pulse period and orbital 
parameters 

• Get: pulsar timing residuals, improved model of pulsar’s 
parameters 

•  TEMPO2 is a software package.  It implements “pulsar timing” 
algorithms. 

•  Throughout I’ll discuss TEMPO2, but the ideas are valid for 
TEMPO1/PSRTIME/TIMAPR … 

• Major TEMPO2 developers (software and algorithms): G. 
Hobbs, R. Edwards, R. Manchester, W. Coles, X. You, M. 
Keith, F. Jenet, D. Yardley, J. Verbiest, … 
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What can you do with pulsar timing? 
Examples from 2010/2011 

•  Searching for gravitational wave signals (e.g., Yardley et al. 2011, 
Yardley et al. 2010, Abbott et al. 2010, van Haasteren et al. 2010) 

•  Using pulsars as navigational aids (Ruggiero 2011) 
•  Statistical analysis of timing residuals (e.g., Na, X. S. et al., 2011, 

Hobbs et al. 2010) 
•  Studying emission geometry (e.g., Noutsos et al., 2011) 
•  Searching for gamma-ray pulsars (Ray et al., 2010) 
•  Determining pulsar masses (Demorest et al. 2010) 
•  Studying pulsations from main-sequence stars (Ravi et al. 2010) 
•  Tests of relativity (Weisberg et al. 2010) 
•  Measuring Jupiter’s mass (Champion et al. 2010) 
•  Observations of glitches (Chukwude et al. 2010) 
•  Analysis of accreting millisecond X-ray pulsar (Patruno et al. 2010) 
•  Relativistic spin precession (Manchester et al. 2010) 
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A parameter file (.par) 

CSIRO.  TEMPO2 

Pulsar name, 
astrometric, 
rotational, 
dispersion 
measure and 
orbital 
parameters 

Realisation of 
terrestrial time 

Solar system 
ephemeris 

Weighted fit? 

Fit for this 
parameter? 



Getting an initial parameter file 

•  Can use the ATNF pulsar catalogue 
•  http://www.atnf.csiro.au/research/pulsar/psrcat 
•  Includes all published pulsars 

CSIRO.  Gravitational wave detection 

Type pulsar name here Click on “Get Ephemeris” 



An arrival time file (.tim) 
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States that this is a tempo2 
format file 

Filename or identifier 
Observing 
frequency (MHz) 

Site arrival 
time (MJD) 

Uncertainty on 
arrival time (us) 

Telescope 
code 

User defined 
flags 



Basic idea 
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Site-arrival-
times  
(SAT) 

Conversion to a 
realisation of 
Terrestrial Time 

Barycentric-
arrival-time 
(BAT) 

Pulsar timing 
model 

Pre-fit 
Residuals 

Fit 

Post-fit 
Residuals 

Science! 



How does tempo2 work? 

•  Details in Hobbs, Edwards & Manchester (2006) and Edwards, 
Hobbs & Manchester (2006) 
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Conversion of 
site-arrival-
time to pulse 
emission time 

Clock 
corrections 

Atmospheric  
delays 

Einstein delay Shapiro delay 

Roemer delay 

Secular 
motion (e.g., 
radial velocity) 

Dispersive 
delay Orbital 

motion 



Details: clock correction 

• Must convert from the observatory time standard to a 
realisation of terrestrial time TT.  Use set of text files containing 
the difference between two time standards: pks2gps.clk, 
gps2utc.clk, utc2tai.clk, tai2tt_bipm2011. 

CSIRO.  TEMPO2 

You’ll find these 
files in  
$TEMPO2/clock 
directory 



Details: Einstein delay  

•  Pulse arrival times (in terrestrial time) must be converted to the 
time frame of the Solar System Barycentre. 

•  TEMPO2 uses the tabulated results of Irwin & Fukushima 
(1999) 
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Details: Roemer delay 

•  The Roemer delay is the vacuum light travel time between the 
pulse arriving at the observatory and the equivalent arrival time 
at the SSB. 

CSIRO.  TEMPO2 

R 
k 

€ 

R⋅ ˆ k 

SSB Earth 

pulsar 

K = Unit vector 
pointing at 
pulsar. 
Obtained from 
RA, DEC, 
PMRA, 
PMDEC 

R is vector from observatory 
to SSB. Use JPL ephemeris, 
observatory coordinates and 
earth orientation parameters 

Use observatory coordinate file 
to know position of observatory 



Roemer delay 
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Pulsar in 
ecliptic 

Ecliptic latitude 
= 90 deg 



Details: Shapiro delay 

•  Time delay caused by the passage of the pulse through large 
gravitational fields.  Tempo2 includes delay caused by Sun (< 
110us), Jupiter (<180ns), Saturn (<58ns), Neptune (<12ns) and 
Uranus (<10ns)  
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An aside: the Solar Shapiro Delay 
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Pulse dispersion 
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Details: dispersive delay 

•  D is the dispersion constant. DM (cm-3pc) = 2.410 x 10-16 D 
•  f is the frequency of the radiation at the Solar System 

barycentre 

CSIRO.  TEMPO2 

€ 

DM = nedl∫



Dispersion measure 

•  You et al. (2007) 
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Bored? 
Have a computer? 

Try: 
http://pulseatparkes.atnf.csiro.au/distance/ 



Solar wind 
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•  You et al. (2007), MNRAS 



Details: binary system 

•  For pulsars in binary 
systems, tempo2 includes 
parameters describing the 
orbital motion. 

•  Various binary models 
exist. Suggest using “T2” 
model that combines most 
earlier binary models 
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Using the pulsar timing model 

•  Have pulse emission time in the pulsar frame. 
•  Predict using the pulsar timing model 

•  Can also include simple model of glitch events 
CSIRO.  TEMPO2 

Phase of pulse 
sequence 

Pulse frequency (and time 
derivatives) 

Pulse 
emission 
time 

Time at which 
dφ/dt = ν	



Reference phase 



Timing residuals 
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Timing 
residual for 
i’th 
observation 

Pulse 
phase 

Nearest integer 
to φi 

Pulse frequency 



Example 
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Time 

Measured arrival time with observatory clock 

Measured arrival time in terrestrial time (Δc) 

Measured arrival time in pulsar frame 

1 

3 

4 

2 

5 

Predicted arrival 
times in pulsar frame 

Timing residual 



Pulsar timing residuals: let’s say it again! 

•  If pulsar model predicts the observations perfectly (and the 
conversion from the observatory to pulsar frame is perfect) then 
R = 0 (within measurement uncertainty). 

•  If R != 0 then the pulsar model is (1) not accurate or (2) does 
not include a physical process that affects the measured arrival 
times or (3) the correction from the observatory to pulsar frame 
is not correct. 
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Pulsar timing residuals: incorrect F0 

CSIRO.  TEMPO2 

Pmodel < Ptrue 



Pulsar timing residuals: incorrect F1 
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Pmodel > Ptrue Pmodel < Ptrue 



Pulsar timing residuals: incorrect position 
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Pulsar timing residuals: incorrect proper motion 
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Absorbing a gravitational wave signal 

•  Yardley (2010) MNRAS 
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Before fitting After fitting 



Pulsar timing residuals 

CSIRO.  TEMPO2 

Good 
parameters 

Do not have a 
phase 
connected 
solution 

Phase 
wraps 



Phase wraps 
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Phase 
wraps 

Predicted 
P=1s 

Actual 
P=1.1s 

Always chooses the closest 
pulse! 

? 



No phase connection 
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Do not have a 
phase 
connected 
solution 

Predicted 
P=1s 

Actual 
P= ? 



A few notes 

TEMPO2 is written in C/C++ (with a little Fortran) and runs on linux and 
MacOS. 

•  Main tempo2 website: http://www.atnf.csiro.au/research/pulsar/tempo2 
(see “tutorials” and “Documentation”) 

•  Main tempo2 download site: 
•  http://sourceforge.net/projects/tempo2 

•  Tempo2 email distribution list: 
•  Sign up at http://pulsarastronomy.net (click on “Mailing Lists”) 
•  Contact: george.hobbs@csiro.au, use feedback form 
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Part 3: Gravitational waves 

•  Part 1: Getting pulsar data files 
•  Part 2: Pulsar timing 
•  Part 3: Gravitational waves 
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Part 3: Gravitational waves and pulsars 
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Gravitational waves 

•  I am not an expert in 
general relativity 
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In general relativity, the metric determines the spacetime 
geometry 

ds2 = gµνdxµ dxν	



Einstein’s equation determines the 
dynamics of the metric: 

Gµν(g)= 8 π Tµν	



gµν = ηµν + hµν	



Taking gµν to be of the following form: 

We get a wave equation for h: 

- ∂2 hµν /∂2 t + r2 hµν = 4π Tµν 	



“A gravitational wave is a fluctuation in the curvature of space-time which 
propagates as a wave.” 

In general relativity, gravitational waves travel at the speed of light 

Gravitational waves are generated by the motion of masses 
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How do we know that gravitational waves 
exist? 

•  Prediction based on 
measured Keplerian 
parameters and Einstein’s 
general relativity due to 
emission of gravitational 
waves (1.5cm per orbit) 

• After ~250 MYr the two 
neutron stars will collide! 

(Weisberg & Taylor 2003) 



Describing gravitational waves 
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A+ 

Ax 

Use standard terminology: wave-length (or frequency), amplitude 
and polarisation properties 

Can have linearly, circularly or elliptically polarised waves 



Gravitational waves 
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Earth 

Pulsar 

GW strain 
at Earth 

GW strain at 
pulsar 
(assumed 
distance d) 

Note: pulsar distances 
are not known 
precisely enough to 
predict the pulsar term. 

The “Earth” term 

The “pulsar” term 



The geometrical factors 

•  Pulsar coordinates are described in “right ascension” and 
“declination” 

• Must describe the gravitational wave source, the wave 
propagation and polarisation angle using consistent coordinate 
system 

•  See Hobbs et al. 2010 (MNRAS) or Lee et al. (2011) 
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Angular factors 



Putting it all together 
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Pulsar term is the same except for extra phase: 



Single GW sources: non-evolving: only Earth 
term 

•  Can simulate “perfect” 
pulse arrival times (given 
a pulsar timing model). 

•  Can add the induced 
residuals from a non-
evolving (sinusoidal) GW 
source.   

•  Can use tempo2 to form 
timing residuals 

•  (Here simulate a GW 
signal only in A+ 
polarisation, pulsars in 
ring separated by 45 
degrees) 
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Single GW sources: non-evolving: Earth term 
and pulsar term 

•  Can simulate “perfect” 
pulse arrival times (given 
a pulsar timing model). 

•  Can add the induced 
residuals from a non-
evolving (sinusoidal) GW 
source.   

•  Can use tempo2 to form 
timing residuals 

•  (Here simulate a GW 
signal only in A+ 
polarisation) 
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The pulsar term adds in an 
unknown phase shift 



Single GW sources: evolving source: Earth 
term and pulsar term 
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Low 
frequency 
signal from 
“pulsar” 
term 

High frequency signal 
from “Earth” term 



Single GW sources: burst source 

•  Can simulate “perfect” 
pulse arrival times (given 
a pulsar timing model). 

•  Can use tempo2 to form 
timing residuals for an 
arbitrary GW waveform 

•  (Here simulate a GW 
signal only in A+ 
polarisation) 
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A gravitational wave background 
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This is the same for all pulsars. This depends on the pulsar.  

Hellings & Downs (1983): 



Simulating a GW background 

•  1) can simulate a large 
number of single sources 
with random positions, 
frequencies and polarisation 
properties (described later in 
this lecture series) 

•  2) can simulate time series 
following a power law P(f) = 
Afα that are correlated 
according to Hellings & 
Downs (1983) 

CSIRO.  Gravitational wave detection 

1ms timing 
residuals 



Simulating a GW background: issue with fitting 

•  1) can simulate a large 
number of single sources 
with random positions, 
frequencies and polarisation 
properties (described later in 
this lecture series) 

•  2) can simulate time series 
following a power law P(f) = 
Afα that are correlated 
according to Hellings & 
Downs (1983) 
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20us timing residuals for 
simulated background 
(unrealistically large background) 



Expected sizes 

•  Single source: peak amplitude ~10ns (work by Sesana et al.) 
•  Burst source: ? 
• Gravitational wave background: induced residuals ~50ns (work 

by Sesana et al.) 

•  In the next talk we’ll discuss where these numbers came from 
•  In talk 4 we’ll discuss methods used to search for these 

gravitational waves 
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Conclusion 

•  Described how raw pulsar data files can be obtained from the 
CSIRO data access portal (http://datanet.csiro.au/) 

•  Described the pulsar timing method 
•  Showed how to download and use tempo2  

(http://www.atnf.csiro.au/research/pulsar/tempo2) 
•  Discussed gravitational waves 
•  Determined the induced timing residuals caused by 

gravitational waves 

•  Next lecture: 
•  Actual pulsar data sets 
•  Sources of gravitational waves 
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