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Gravitational Waves

e Heaviside proposed GWsin 1865

e Einstein’s formulationin 1918

e Weber’s attempt at detection with Weber
cylinders during 1958-1970

e Indirect evidence of GWs in a binary pulsar
by Hulse & Taylor 1974

e Direct evidence of short wavelength GWs
by LIGO/Virgoin 2015

e First emerging evidence for GWB from
PTAs in 2023

Credit: GSFC
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GW spectrum & detectors
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GWs from SMBHBs

Coalescence,
Memory & Recoil
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Post-coalescence system
may experience
gravitational recoil.

Stellar Core
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Galaxy Merger Continuous GWs
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Binary Formation
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Gravitational radiation provides
efficient inspiral. Circumbinary
disk may track shrinking orbit.

Stellar and gas
interactions may
dominate binary inspiral?
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THE GﬁAVITATiONAL WAVE BACKGROUND

1‘h<%e waves stretch along for many .light
°yerar§ and cannot be detected by
experiments such as LIGO, VIRGO or KAGRA,
whiche _have been detectmg gravitational
waves from mergmg black holes.only 105 of
times the mass of t-he sun

As black holes merge all across the universe, in every direction
in the sky, these waves overlap and form a background hum of
gravitational waves. This thrumming hum is called as the
stochastic gravitational wave background, and it has been the
ongoing goal of PTA experiments to detect it.

D © J Infographics credit: Neel Kolhe (InPTA)
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Pulsars!!

e Highly magnetised neutron stars (1.4 Ms
and r~10 km)

Credlt ASTRON

e Around 3700+ discovered till date PSRCAT pot (Catalogue v25.1)

ww.atnf.csiro.au/research/pulsar/psrcat

e Fastand extremely stable rotators -

millisecond pulsars (MSPs)
o Low B (~10? G) and extremely stable period
below ~30 ms g
o  High precision measurements of the pulse
arrival time (< 1 ps)
o  Usually found in binaries

le-22

le-24 T T T T T

Al ® Binary A High Energy
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Pulsar Timing Arrays

Pulsar arrival times will be
correlated with quadrupole nature:
Hellings & Downs correlation
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High Precision Pulsar Timing
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Clocks (mostly binary pulsars) are
moving (Pulsar ephemeris delays)

Planets in the SS are moving
(SS ephemeris delays)

Oceans of ISM_to
cross!

(Hobbs et.al. 2006)

A

Credit: P. Freire

Observer (Earth) is moving
Revolution (SSB delay) 4 Rotation
(local clock delays)

OOO Dispersive delays - scattering delays

Credit: Pratik Tarafdar
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International Pulsar Timing Array
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NANOGrav: 67 MSPs,
15 years

EPTA: 25 MSPs, 24
years

INPTA: 20 MSPs, 7
years

PPTA: 30 MSPs, 18
years

MPTA: 89 MSPs, ~5
years



INPTA Consortium

Indo-Japanese Collaboration (~45 members)

Started in 2015 with GMRT and ORT
observations

Observes 22 pulsars with a cadence of 10-14
days

Observations are done with the upgraded
GMRT from 2018 onwards
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| hot ken during a buswek at IMSc, Chennai

Unique strength of InPTA: Highly
sensitive observations at low Radio
frequencies with uGMRT



The upgraded GMRT

e Anarray of 30 dishes, 45m diameter

e UGMRT covers aunique ~300 - 800 MHz range

e Complements observations by PTAs at higher
frequencies

e Low-frequency wider bandwidth -> better
precision in measuring and correcting ISM noise

e Weuse 300-500 and 1260-1460 MHz receivers
of uGMRT simultaneously for regular
observations

e Anobservation every 10-14 days
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AN 4GMRT vs GMRT bands

120-250 250-500 550 - 850 1050 - 1450
Band-2 Band-3 Band-4 Band-5

Frequency (V) MHz
Guptaetal. 2017



First data release from InPTA

e 22 pulsars with acadence of ~15 days

e Dataspan~3.5years

e High precision ToAs from two different
techniques: Narrowband and Wideband

e Epoch-wise DM for all pulsars using both
these techniques

Tarafdar et al. 2022, PASA
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DR1 Results
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2020 2021
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Noise Analysis

. . Noise (abrev.) Parameters Priors (or fixed val.)
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Srivastava et al. 2023 (PRD)
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Noise Analysis

Noise sources can be instrumental, pulsar

Noise (abrev.)

Parameters

Priors (or fixed val.)

White Noise EFAC U(0.1,5)
. (WN) EQUAD ] log, 1 (107°,1077)
Spln and ISM Achromatic red-noise ARN log,(U(107'%,1071%)
They are modelled as Gaussian random () L B
DM variations Apwm log,(U(107'8,1071%)
processes (DMv) YDM Uuo,7)
. . . . . . Scattering variations Asv log,oU(107'%,1071%)
Individual noise contributions will be (59) Toe u©)
. . Free chromatic noise Apcn logmll(IO"“‘. 10719)
modelled and removed while searching for e o il pR——
HD correlation xren U Yoew = 3420982
e Significant amount of computing power is R
required
Xren = 2.863318
e One pulsar analysis will take 2-3 days, and %
3 O
GWB search about a month on clusters *
2?
log10(Arcn) = —12.581918
For more on Noise Analysis, listen to Aman’s talk on Wednesday at 14:45 ; ~; ﬂ
B e
g
s /o
We used PARAMGanga (lIT Roorkee) and PARAMSeva (IIT Hyderabad) PS5 Shsas prew
lo: o(Arcu

Srivastava et al. 2023 (PRD)



Correlation coefficient

EPTA+INPTA results

e EPTA(25PSRs, 24yrs) and InPTA (14 PSRs,
3.5yrs) data were combined

e Low RF InPTA data helped model the
chromatic and achromatic noise better
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HD significance of ~3-3.5 sigmal!

Results were announced together on 29 June 2023

RedSlope
= D

21170
=
Z —11.85

DMSlope
=
=)

< InPTA

Indian Pulsar Timing Array

—J1744—1134-DR2Full
- J1744—1134-DR2Full+4

Antoniadis et al. 2023 A&A

—— — \

& o (= e @

165-150-135 4 6 11851170 05 1.0
mp RedSlope DMAmp DMSlope



log,o(Excess timing delay [s])
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NANOGrav and PPTA results
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NANOGrav: Agazie et al. 2023 ApJL PPTA: Reardon et al. 2023 ApJL
HD Significance: 3.5 - 4 sigma HD Significance: ~2 sigma

Coordinated announcements from NANOGrav, EPTA, InNPTA, CPTA and PPTA (18 articles in total)
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Pulsar Observation

Moving ahead..
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IPTA Data Release 3

e The biggest ever combination of IPTA data

e Atotal of 114 pulsars will be combined from EPTA, INPTA, NANOGrav, PPTA and MPTA

e Early DR3with a selected 20 pulsars are over

e SPNAisgoingon

e Expected toincrease the sensitivity to SGWB

e Timelineis ~summer 2025
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New Frontiers

e SKAPTAInaction~2028

e Detection of individual sources? - Listen to Avinash Kumar’ talk on Wednesday at 14:00
e  Burst with memory?

e GWB anisotropy?

e Cosmological phase transitions?

e Cosmicstrings?

e Primordial black holes, Dark matter candidates?
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Summary

e Anew window of long-wavelength GW astronomy opened up by the PTAs

e PTAs use anetwork of pulsars to look for characteristic red noise spectrum and spatial correlation

e The InPTA collaboration of Indo-Japanese researchers published their first data release of 3.5
years of uUGMRT observations and combined it with the EPTA DR2

e The EPTA+InPTA has found significant evidence for CURN and 3 sigma evidence for spatial
correlation — emerging evidence for GWB

e Similar evidences are observed by other PTAs

e [nPTADR2 s in full swing and would include ~7 years of high precision data from the uGMRT

e |IPTADR3with acombination of all the PTA data sets are expected next year increasing the

significance of evidence



