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Previously…
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A quick recap on astrophysical quantities

lUseful not just for Gravitational Waves, but also for 
multimessenger analysis

lTimeà use case: How can I convert the time of a GW 
event from UTC ? 

lSky Coordinates à use case: Can I find all galaxies within 
the 95% LIGO-Virgo-KAGRA localization ?

lLots of calculations (ephemeris table, spherical 
astronomy…) 

…but…

M. Razzano Credits:Springer
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The tools - pyCBC
• www.pycbc.org
• Software suite for signal detection 
• (template matching)
• Install via PIP or conda

pyCBC.org

http://www.pycbc.org/
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pyCBC – getting data
• Let’s do a matched filter analysis using real data from GWOSC and pyCBC
• First, we get data as explained yesterday with the gwosc package
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pyCBC – basic manipulation
• Now we:
• Convert from gwpy to pyCBC
• Apply a high pass filter
• Resample to 2048Hz
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pyCBC – data conditioning

• Let’s remove the first and last 2 
seconds to delete ringing artifacts 
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Template-based searches

Search parameter space 
Used for O1
Convention: m1>m2

Three binary types
l BH-BH
l NS-NS
l NS-BH

Abbott et al 2016, PRD 93, 122003
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pyCBC – getting waveform templates
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pyCBC – matched filter

• pyCBC can do automatically the 
matched filter

• (here from pyCBC official 
tutorials)
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pyCBC – matched filter
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pyCBC – scaling and filtering the data

• We can now align the template and the data, and scale 
its amplitude accordingly

https://github.com/gwastro/PyCBC-Tutorials
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pyCBC – comparing data and template

• We do some filtering again on data

https://github.com/gwastro/PyCBC-Tutorials
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pyCBC – comparing data and template

• And we have the comparison between data and template!

https://github.com/gwastro/PyCBC-Tutorials
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pyCBC – subtract and Q-transform

https://github.com/gwastro/PyCBC-Tutorials
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pyCBC – subtract and Q-transform

https://github.com/gwastro/PyCBC-Tutorials
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Not just CBC: Expected sources detectable by LIGO/Virgo

Ott, C. 2009

LIGO

3

lCoalescence of compact binary systems (NSs and/or BHs)
lKnown waveforms (template banks)
lEgw~10-2 Mc2

lCore-collapse of massive stars
lUncertain waveforms
lEgw~10-8 – 10-4 Mc2

lRotating neutron stars
lQuadrupole emission from star's asymmetry
lContinuous and Periodic

lStochastic background
lSuperposition of many signals (mergers, cosmological, etc)
lLow frequency
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Periodic sources: pulsars

Credits:NASA/HST/ASU/Hester et al/CXC/ASU/ASU/Hester et al
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Neutron stars: historical perspective

l 1932: J. Chadwick discovers the neutron

l 1934 W. Baade and F. Zwicky suggest the existence of neutron stars, 
that could be produced in supernovae explosions

l 1939: R. Oppenheimer and N. Volkoff make first calculation of equation of state of
neutron stars

l Later works focused on studying how neutrons impact on stellar energy. 
With discovery of fusion as source for stellar energy, interested in neutron stars 
faded out

l However, theoretical works by Wheeler, Harrison in 50’s and 60’s on equation of state

l Calculations showed extremely low fluxes, too low to be measured. Small interest

l Discoveries in 60’s by X-ray sources (Giacconi) and quasars (Schmidt) 
suggested that they could be neutron stars. Again, no evidence

l Interest faded again until 1967...
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Electromagnetic radiation

Credits: A. Spitkovsky
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The P-Pdot diagram

Young (t < 105 yr)

Middle-aged (106-108 yr)

Old (>108)

Credits: Handbook of Pulsar Astronomy
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Pulsar life

Birth in Supernova

Slowing down 
(in meantime, no more SNR)

Death

Back to life (millisecond PSRs) Credits: Handbook of Pulsar Astronomy
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Millisecond pulsars

Low Pdot, B-fields (108 G), high characteristic age → old
However, high period → young? 

Recycling mechanism

Credits: NRAO
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The h(t) from sources

We have

G/c4 ~ 8 x 10-45 s2m-1Kg-1

GW effect is small !

Amplitude decrease

Quadrupole tensor
We can calculate it close to the 
source  
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Gravitational waves from pulsars

Modeled as a rotating ellipsoid

We define I = I1+I2

And ellipticity e = (I1-I2)/I3

Gittins, 2024, CQG, 41, 043001
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Gravitational waves from pulsars
If ellipsoid is rotating with angular speed Omega , we can transform 
coordinates to out frame of reference using a rotation matrix

The second and third derivatives are:
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Gravitational waves from pulsars
We can then build the hTT

The emitted power is:
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Gravitational waves from pulsars
What if the pulsar rotational axis is inclined by an angle i?
We use this rotation matrix:

The h(t) will be:
l I=0, i=p → Circular polarization

l i=p/2 → linear polarization

l I1=I2 → e=0 → no radiation
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Spin-down limit
We can compute the GW luminosity which is

We can ask what would be the h0 of a pulsar IF it emitted all its power in 
GW?
We obtain the spindown limit

This can be converted to ellipticity
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Elastic deformations
Ellipticity depends on the internal structure of the NS, i.e. on its EoS
Various models, including breaking limits of the NS crust (Owen, 2005)

Which can be approximated as (Ushomirsky et al. 2000)

Smax can go from 10-5 to 0.1, therefore leading to values < 5x10-6

We can also consider more exotic strange stars, made of deconfined 
quarks (e.g. Itoh 1970), but their existence is still debated.
Ellipticity larger than NS (Owen 2005)

Powerful test!
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Magnetically-induced deformations
High magnetic fields are believed to deform the structure of NSs (since 
Chandraseckar & Fermi 1954). One simplified model using inclination angle 
X (Bonazzola&Gougoulhon 1996) suggest that:

Leading to ellipticities

Considering a mix of poloidal and toroidal component in the B-field 
(Mastrano et al. 2011) 
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Spin-down limit

Abbott+17
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Spin-down limit

Abbott+17
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Torque balance
l Start from observational fact: no accreting pulsars with frequencies higher 

than 700 Hz  (Patruno et al. 2010)
l However, transfer of angular momentum should lead to frequencies up to 

1 Khz (break-up). 
l Why this is not happening?

l Pulsar is losing angular momentum by GW emission
l Balancing the GW emission with the accretion torqueone can estimate the 

UL for continuous Gws (Wagoner 1984)

Brightest X-ray accreting sources should be loudest GW emitters
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Scorpius X-1
l Best candidate: brightest X-ray source in the sky
l Distance 2.8 kpc
l NS (unknown period) + low mass (1.4 Msun) star

l Expected h0=3.5x10-26 (f/300)1/2

l Best UL 3.4x10-25

(LIGO&Virgo, Abbott et al, 2019)

Credits: R. Shoofs
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Searching for GW pulsars
l Searches for continuous GW are a big challenge from 

computation point of view
l Signal is very faint (fainter than CBC)
l Signal is very long
l Large amount of data to be searched (order of months-years)

l Depending on the pulsar we are looking for, we might know:

l Frequency evolution+sky location (targeted searches)

l Sky location, NO frequency evolution (directed searches)

l NO sky location, NO frequency evolution (all-sky searches)
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Searching for GW pulsars

Sieniawska & Bejger, 2016
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Barycentric corrections

Several effects that contribute to 
the barycentering, mainly:

ü Geometrical delays (due to light 
propagation);

üRelativistic effects (i.e “Shapiro 
delay” due to gravitational wall of Sun)

The analysis procedure on pulsars starts 
by perfoming the barycentering, i.e. 
transform the photon arrival times at the 
spacecraft to the Solar System 
Barycenter, located near the surface of 
the Sun

8.5min

120us
Credits: N. Rea



M. Razzano

Pulsar timing models

Phase assignment in analysis:
• # of rotations:

• Integrating and taking the fractional 
part:

Pulsar period  increases with time due to loss of rotational energy: 

We can Taylor expand P(t) or f(t)

The timing parameters come:
• from radio astronomers (if the pulsar is radio quiet)
• From gamma rays only (if is a blind search pulsar) 
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Interlude: Antenna pattern function
l GW detectors are antenna and therefore have a specific response

From h+(t) and hx(t), how to get  the 
measured strain at the detector?
We need to use the Antenna Pattern 
Functions F+ and Fx 
that depend on the polarization angle 
W and on the sky position

Credits: 
Caltech/MIT/LIGO Lab
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Interlude: Antenna pattern function
l GW detectors are antenna and therefore have a specific response

From h+(t) and hx(t), how to get  the 
measured strain at the detector?
We need to use the Antenna Pattern 
Functions F+ and Fx 
that depend on the polarization angle 
W and on the sky position

Credits: Springer
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Searching for GW pulsars
l If the frequency, derivatives and position are known (targeted or 

narrow-band), one first method is based on the heterodyne 
(Wohan&Dupuis 2005)

From rotating NS we expect a signal: 

Where:

From Creighton, Warren.Anderso, 2011,Wiley, and Wohan&Dupuis 2005 
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Searching for GW pulsars
l We can use Euler’s formulae to recast the equation:

With:

If we multiply this by e^-iphi(t) the signal + noise s(t) = h(t) + n(t) now becomes:

We can then keep the first term (low-frequency, T~1 day) and resample 
to lower frequencies (-→ less data), and check if there is a significant signal 

From Creighton, Warren.Anderso, 2011,Wiley, and Wohan&Dupuis 2005 
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Searches in O3
l Targeted and narrowband searches

Abbot et al 2021, 
arXiv 2112.10990
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Searches in O3
l 2 Methods based on F-statistics and multiple harmonics coherent 

search

Abbot et al 2021, 
arXiv 2112.10990
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Searches for unknown pulsars
l When location and/or frequency are not known, we follow a 

different strategy:
l All-sky searches (wide parameter space, no location nor timing)
l Spot-light searches (small sky regions)
l Directed searches (location known, timing unknown)

Tenorio et al 2021
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Searches for unknown pulsars
Two approaches can be followed
l Coherent searches
l Semicoherent searches (combination of coherent searches)

Tenorio et al 2021

Hierarchical 
Approach

Searches based on
• Fourier transform
• F-stat
• Other methods (MCM, Hough 

transform, machine learning)



M. Razzano

Searches for unknown pulsars

Tenorio et al 2021
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Results from O3 – all sky search

Abbott et al 2022, arXiv:2201.00697
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Pulsar glitches
l Glitches are abrupt changes in spin characteristics of a pulsar
l They can be detected and followed over the “recovery” time
l Starquakes?
l Fondamental to understand interiors of NS

For GWs, they can reduce the coherence time
Required for a search

Expected GW Signals 
l Short GW burst
l Long transient post-

glitch

Credits: R. Manchester/ArXiv 
1801.04332
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Glitches & GWs
Test using the Vela and Crab pulsars glitches

Yim et al 2020
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Thank you!
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