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Pulsars

to-Earth

- 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,

Courtesy: Imagine the Universe NASA/GSFC.

Particles accelerated along strong maqguetic field Lines produce beam of radiation, 1f
mognetic field is not aligned the spin axis, this gives Lighthouse effect.

Pulse Period

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

- 1967: First pulsar was discovered bj
30&@13% Rell and Amﬁkovxv Hewlish.

Cc:ur&es:j: Manchester, RN and T&jtc}r, JH., Pulsars, Freeman, 1977,



Pulsars (contd.)

[T — Estimated magnetic field: B=32x 10"/ PP G
¢ XDINS % RRAT

A intermittent pulsar

Standard pulsar: B~ 10" G
Accreting pulsar: B~ 10° G

Magnetar: B~ 10"° G

P
A rough estimate of pulsars age: 7, = i

Caur%esv: arxiv 150%,031158

- Young and strongly magnetized pulsars: Top right hand corner

- Old and weakly magnetized pulsars: Bottom Left

(2)



DPual Harmownics

Lx 5 2ﬂfrotlxz

Ixx Ixy Ixz 0
T =dle L1} 8 L, = 2afiody.
2
Ly Ly I Hror L =2nil

The angular velocity in the Z'-direction produces angular momentum in
all Ehree directions, In this case;

= U=2m=1 -and foae 8l (=2 u =8

C
hoyi= 221 [Ff(a, 0, 1)SIN 1 COS 1 COS (CI)(t) + Cbzcl) +- Ff(a, 0, ys; 1)SIn 1 SIn (CD(I) + Cbzcl)]

hyy = — Cyy [Ff(a, o,y (1 + COS> 1)COS (ZCI)(t) -+ Cbgz) -+ 2F£(a, O,y 1)COS 1 SIn (ZCI)(t) -+ CDgz)]

C,, and C,,: dimensionless constants

a and & : right ascension and declination of the source
1 and y : describe the orientation of the source's spin axis with respect to the observer in terms of inclination and polarization

@S, and ®f,: phase angles at a defined epoch

®(7) : rotational phase of the source (3>



b O 4 0 L, = Ly =0
L=F8 I +0 0
0 e [ 2ﬂfmt LZ = 27Tfrotlzz

<L

The angular vato&i%v i bhe Z'-Airection proc&uaes angular momentum cw\tv i bhe 2/'-
direction, In this case; fow =2f; (=2, m=2)
5y

: 1671'2G I 8 2t Continuous gravitational waves
Cy; =0 and Gy, = 2k, where. e o — _- o
e .
| Spinning neutron star |
€ is the ellipticiby defined as ¢ = e~ bl
F : 4 I 4 f GW — zf;'ot

€<

d is the distance of the source

(4)



A generic metric theory of graviby

Riemwann theorem:

No, c;-ﬂf DOF i N dimensional mebric = NNV - 1)
)

Tensor modes, s = 2
271' Vector modes, s = 1
¢ P Scalar modes, s = ©

FIG. 1. Effect of different GW polarizations on a ring of
free-falling test particles. Plus (+) and cross ( x) tensor modes
(green): vector-x (x) and vector-y (y) modes (red): breathing
(b) and longitudinal (1) scalar modes (black). In all of these
diagrams the wave propagates in the z direction. This de-
composition into polarizations was first proposed for generic
metric theories in [7].

4 Aimensional mekbric

Caur&es:;: LIG(-Pléo0308



Why do we search for non-GR
PQLM‘&&&R@MS?

-  Hubble Ekension
- QFT U curved space Fime

“..there are the ones that invent OCCULT
FLUIDS to understand the Laws of Nature.
They will come to conclusions, but they now run
out into DREAMS and CHIMERAS
neglecting the true constitution of things....
..however there are those that from the simplest
observation of Nature, they reproduce New

Forces (i.e. New Theories)... ”

From the Preface of PRINCIPIA (11
Edition) 1687 by Isaac Newton, written by
Mr. Roger Cotes

Caur%esvz S. Capazzieiio



Dipole radiation in Brans-Dicke (BD)
%kearj

BD theory: 2 tensor states (similar to &R and 1 scalar state

We assume a sykeria:a& skar with a &E,mv mounbkain on iks equ&&on This mounkain can be
approximated by a Dirac delka function. In this case: fow=Ffo (=1, m=1)

The signal 7); due to the dipole radiation is given bjz hyy = = h§ c(a, 8 1) sinisin(P(7) + D)

c(a, 8;1) : amplitude modulation function

C is bhe BD parame&ar obtained observaﬁomo\uv

4 D (11 ”
hg . Sighal ampu%uc&ﬁ glven bj h(‘)l — :3(;2; g"t Bumpy” Neutron Star

The spin-dowi Limit for the dipole radiation is

d ok LN e 2 Bl 3
— | =1Q° | = Ww-r (ho) < cos“(wt) > sin” ididp
qar- 2 162G 2

=




h, & hy, :

Polarizations

& &

Plus polarization (h,) Cross polarization (h,) Scalar polarization (k)

- Tewnsor potariza&c}ms th &R

- Dominaked bv %Lme.*vamvim qu&c&rupoi@. moment
- 2-fold symmetric

- Eiui,pses preserve the area

- Scalar potariz.aﬁiam A BD
- Dominaked bj time-varying dapote mormenk
~ oco-fold symmetric

(%)



Dakta

Electromagnetic data u,suM,g) CHIME, Hic:wbmfff}"i‘:,—‘i ‘chcireu Bav\w
MeerKAT, Nancay, NICER and UTMOST observaﬁornes

it

e Virgo (Aug o1 ,2017)

March 27, 2020

Aprii 0l, 2019

During 03, the Virgo detector was operational for the entire period.

(2)



Search Mebthods

1. Time domaiin Bayesian Mebhod

- Fermi Dirac distribution priors o amplitude parameters are used

- Roaw GW data is heterodyned using their expected phase evolution

- Includes correction for relative motion of source wrt detectors and various
relabivistic effects

2. Sh-Vector Method

- Multi-detector watched filker in the frequev\a‘j domain
- Based on Sidereal modulation of the expected sighal amplitude and
Fkase&

(10)



Search Mebhods (conkd.)

F —skakistic:

¢ — stakbiskic:

g —stakiskic:

3. F1G1/D—statistics

ampt&%udé, phase and polarizations

ampi&ud& . phase polarizations

iAo wiA

mpoi@. radiakion U BD Eheorv
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SO SLaA

Single Harmowic '

Amalvsés

Stihgle harmownic

Pual Harmwonic

Pual Harmownic

‘D&poté. radiakion

Only for 23 high value pulsars

To&ai. no. of putsars 236

- Total no. of F'u.i.sm"s i binaries

= 16%
No. of pulsars with f,, > 100 Hz
=161

No, of high value pu,tsars
(hy < Y = 2,3

(12)
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Vela pulsar

J0537-6910
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ho Strain Sensitivity
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Gravitational-wave Frequency (Hz)
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J1537-5312 4
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Resulks

Sensitivity estimate
Results

() below spin-down limit

spin-down limits

e A 23X [ (

Grey triangle: SF?EMmc&owv\ Limit for each
pulsar

- Shaded circles: ho for pulsars which
surpass the spin-down Limits.

- Green dotted line: If upper Limit < spin-
down Limit,

1 kpc B < € )( foi )2
d 1038 ke m2 ) \ 10-6 ) \ 100 Hz

(13)



® Results
) below spin-down limit

nt, Q2 (kg M?)

upole Mome

B
. O
=
g
[a\]
I
0
I

Resulks {(contd.)

Limik o mass qu&c&rupai@. moment which i burn
impasas Limik on @.LLEPEL{:&?‘

2.
A 10_6< hy ) ( d ) 100 Hz 10°% kg m?
€ s .
1025 1 kpc £ £

' Glitchoccurred | No glitch occurred

GWs contributes < 0.009% of the spin- | GWs contributes < 0.27% of the spin-
down down _»

"=1.8(1.7) x 102 at d = 0.28 kpc

Q95% = 5 6(5 0) x 10°% kg-m? Q95% =7. 2(7 1) x 10° kg-m?

o =72(65) x 10 " =93(9.2) x 10
hy°™ is the 95% credible upper limits on the amphtudes ho, Q5 is the 95% credible
upper limits on the quadrupole moments and €”°” is the 95% credible upper limits

on the ellipticity. Values in parentheses are those produced using the restricted
orientation.
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