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Pulsars
- Pulsars are a special kind of neutron stars.  
- They emit a beam of radiation which we observe as a 

periodic pulse as the beam sweeps over us once per rotation.

Particles accelerated along strong magnetic field lines produce beam of radiation. If 
magnetic field is not aligned the spin axis, this gives lighthouse effect. 

Courtesy: Imagine the Universe NASA/GSFC.

Courtesy: Manchester, R.N and Taylor, J.H., Pulsars, Freeman, 1977. 

- 1934: Walter Baade and Fritz Zwicky 
predicted the existence of NS 

- 1967: First pulsar was discovered by 
Jocelyn Bell and Anthony Hewish. 
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Pulsars (contd.)
Estimated magnetic field:  B = 3.2 × 1019 P ·P G

Standard pulsar:  B ≈ 1012 G

Accreting pulsar:  B ≈ 108 G

Magnetar:  B ≈ 1015 G

A rough estimate of pulsar’s age:  τc =
P

2 ·P

- Young and strongly magnetized pulsars: Top right hand corner 

- Old and weakly magnetized pulsars: Bottom left

Courtesy: arxiv 1508.03115
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Dual Harmonics
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The angular velocity in the Z’-direction produces angular momentum in 
all three directions. In this case;

fGW = frot (l = 2, m = 1) and fGW = 2frot (l = 2, m = 2)

h21 = −
C21

2 [FD
+ (α, δ, ψ; t)sin ι cos ι cos (Φ(t) + ΦC

21) + FD
× (α, δ, ψ; t)sin ι sin (Φ(t) + ΦC

21)]
h22 = − C22[FD

+ (α, δ, ψ; t)(1 + cos2 ι)cos (2Φ(t) + ΦC
22) + 2FD

× (α, δ, ψ; t)cos ι sin (2Φ(t) + ΦC
22)]

C21 and C22 : dimensionless constants

α and δ : right ascension and declination of the source

ι and ψ : describe the orientation of the source's spin axis with respect to the observer in terms of inclination and polarization

ΦC
21 and ΦC

22 : phase angles at a defined epoch

Φ(t) : rotational phase of the source (3)



Single Harmonic

⃗L =
Ixx 0 0
0 Iyy 0
0 0 Izz
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Lz = 2πfrotIzz

The angular velocity in the Z’-direction produces angular momentum only in the Z’-
direction. In this case; fGW = 2frot (l = 2, m = 2)
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hsd
0 =

1
d (

5GIzz

2c3

| ·frot |
frot )

1/2
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16π2G

c4

Izzεf2
rot

d
,

( d
dt ( 1

2
IzzΩ2) =

G
5c5

< ···Qij
m(t′ )···Qij

m(t′ ) > ) spin-down limit:gives

 and C21 = 0 C22 = 2h0 where

 is the ellipticity defined asε ε ≡
| Ixx − Iyy |

Izz

d is the distance of the source
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A generic metric theory of gravity

Riemann theorem: 
No. of DOF in N dimensional metric = N(N − 1)

2

4 dimensional metric

ϕ =
2π
s

Tensor modes, s = 2   
Vector modes, s = 1 
Scalar modes, s = 0

gives

Courtesy: LIGO-P1600305

(5)



Why do we search for non-GR 
polarizations?

- Hubble tension 
- QFT in curved space time

Courtesy: S. Capozziello
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Dipole radiation in Brans-Dicke (BD) 
theory

BD theory: 2 tensor states (similar to GR) and 1 scalar state

We assume a spherical star with a tiny mountain on its equator. This mountain can be 
approximated by a Dirac delta function. In this case: fGW = frot (l = 1, m = 1)

The signal  due to the dipole radiation is given by: h11 h11 = − hd
0 c(α, δ; t) sin ι sin(Φ(t) + Φ0)

c(α, δ; t) : amplitude modulation function

is the BD parameter obtained observationallyζ

hd
0 : Signal amplitude given by hd

0 =
4πG
c3

ζ
Dfrot

d

The spin-down limit for the dipole radiation is

hd,sd
0 =

1
d (ζ

12G
c3

Izz
| ·frot |
frot )

1/2

d
dt ( 1

2
IΩ2) =

c3

16πGζ
ω2r2 (hd

0)2 < cos2(ωt) > ∫
π

ι=0 ∫
2π

ρ=0
sin3 ιdιdρ gives
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Polarizations

h+ & h× : - Tensor polarizations in GR 
- Dominated by time-varying quadrupole moment 
- 2-fold symmetric 
- Ellipses preserve the area

hS : - Scalar polarization in BD 
- Dominated by time-varying dipole moment 
- -fold symmetric ∞
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Data

Electromagnetic data using CHIME, Hobart, Jodrell Bank, 
MeerKAT, Nancay, NICER and UTMOST observatories. 

+

+

O2

O3

Oct 30, 2016 Aug 25, 2017

April 01, 2019 March 27, 2020

Virgo (Aug 01, 2017)
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During O3, the Virgo detector was operational for the entire period. 



Search Methods
1. Time domain Bayesian Method

- Fermi Dirac distribution priors on amplitude parameters are used  
- Raw GW data is heterodyned using their expected phase evolution 
- Includes correction for relative motion of source wrt detectors and various 

relativistic effects

2. 5n-Vector Method

- Multi-detector  matched filter in the frequency domain 
- Based on Sidereal modulation of the expected signal amplitude and 

phase
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Search Methods (contd.)

ℱ−statistic: amplitude, phase and polarizations

statistic: 𝒢− amplitude & phase     polarizations

statistic: 𝒟− Dipole radiation in BD theory

unknown

unknown known

3. statisticsℱ/𝒢/𝒟−
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Analysis

Bayesian 
analysis 

5n-Vector 
Method statistics

Single Harmonic Single harmonic

Dual Harmonic l=2, m=1 Dual Harmonic

Dipole radiation

ℱ/𝒢/𝒟−

Only for 23 high value pulsars

- Total no. of pulsars = 236 
- Total no. of pulsars in binaries 

= 168 
- No. of pulsars with  100 Hz 

= 161 
- No. of high value pulsars 

( ) = 23

frot >

h0 < hsd
0
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Results

h0 ≈ 4.23 × 10−26 ( 1 kpc
d ) (

I fid
zz

1038 kg m2 ) ( ϵ
10−6 ) ( frot

100 Hz )
2

- Blue stars: 95% credible upper limit for 
GW amplitude.  

- Grey triangle: Spin-down limit for each 
pulsar. 

- Shaded circles: h0 for pulsars which 
surpass the spin-down limits. 

- Green dotted line: If upper limit < spin-
down limit. 

- Solid line: Joint detector sensitivity 
estimate for O3
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Results (contd.)
Limit on mass quadrupole moment which in turn 
imposes limit on ellipticity. 

ϵ ≈ 2.36 × 10−6 ( h0

10−25 ) ( d
1 kpc ) ( 100 Hz

frot )
2

( 1038 kg m2

I fid
zz )
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