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Abstract:

Maturing Pulsar Timing Arrays are expected to inaugurate the era of nano-hertz GW astronomy in the coming days under the
auspices of the International Pulsar Timing Array. Implications of ongoing IPTA efforts for astrophysics and cosmology will be
discussed while focussing on PTA contributions. Ongoing IPTA efforts should lead to persistent multi-messenger GW astronomy
with massive BH binaries especially during the Square Kilometre Array era, and its implications will be discussed.
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Dutine

@ Era of Multi-Frequency Band ( trancient/persictent) G Actronomy
(7): Why this chould be exciting From astrophycical, cosmological &
theoretical phycics perspectives?

2 International Pulcar Timing Array Efforts
Its implicatione

< Promise of Persistent Multi-Messenger nHz GW Astronomy with
sources at cosmological distances during the Square Kilometre
Array Erall!
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Gravitational Waves: Dark Messengers!

GWs are tidal SRR
interactions that propagate LT e s

with the speed of light

< GWs cause changes in
the travel time of light
between two free

particles = 47
'm Wave Detected
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Era of hecto-hertz GW Astronomy: (VK& 64/75077% (arkiv-1602.05838)
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Nano to hecto-Hz GW Astronomy by 2050!!!
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A Lunar G Observatory may not be a pipedream.

Lunar-GW in Senate & House Appropriations Bills Inbox x C & C
. Jani, Karan <karan.jani@vanderbilt.edu> Sat, Jul 27, 7:30AM pg “ :
. to Lunar

Dear LILA Community and GW colleagues,

| am delighted to share the news that our lunar-GW project, the Laser Interferometer Lunar Antenna (LILA), has been recommended for a feasibility study in both the Senate and
House Appropriations Bills for FY2025. Below is the exact text from the bills:

Senate report:
“Lunar-based Astronomy.—The Committee encourages NASA to assess of the feasibility of a U.S. led lunar-based gravitational wave observatory. The assessment should
investigate laser interferometry on the Moon to broaden the spectrum of gravitational waves, which could open a new frontier of multi-band, multi-messenger astronomy.”

House report:
“Lunar-Based Gravitational Wave Astronomy.—Within the amount for Astrophysics, the recommendation includes $1,000,000 for a study on the feasibility of a U.S.-led lunar-

based gravitational wave observatory, focused on investigating laser interferometry on the Moon to broaden the spectrum of gravitational waves. The Committee acknowledges
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A Lunar G Observatory may not be a pipedream

Lunar-GW in Senate & House Appropriations Bills Inbox x C @
Jani, Karan <karan.jani@vanderbilt.edu> Sat, Jul 27, 7:30AM pg “
. to Lunar ~

Gravitational-Wave Lunar Observatory for Cosmology
Karan Jani, Abraham Loeb

Several large-scale experimental facilities and space-missions are being suggested to probe the universe across the gravitational-wave (GW) spectrum.
Here we propose Gravitational-wave Lunar Observatory for Cosmology (GLOC) - the first concept design in the NASA Artemis era for a GW observatory on
the Moon. Using feasible interferometer technologies, we find that a lunar-based observatory is ideal for probing GW frequencies in the range between
deci-Hz to 5 Hz, an astrophysically rich regime that is very challenging for both Earth- and space-based detectors. GLOC can survey binaries with neutron
stars, stellar and intermediate-mass black holes to = 70% of the observable volume of our universe without significant background contamination. The
sensitivity at J(1 Hz) allows a unique window into calibrating Type la supernovae. At its ultimate sensitivity limits, GLOC would trace the Hubble
expansion rate up to redshift z ~ 3 and test General Relativity and ACDM cosmology up to z ~ 350.

Remarkable developments
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Jransient & persictent Gl Actronomy 4

COBE
(1992)

Planck .
(2013)
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Maturing Pulsar Timing Array Efforts

are key to cuch a ccenario
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Pulsar Timing Array (PTA): How does it work?

e Observe a bunch of MSPs at
different locations in the sky using
the best radio telescopes of our
times

® Residuals dueto GWs
are correlated with quadrupolar

nature
PTR -> differences between the predicted
and the measured TOAs

e Search for the correlated timing
residual for detecting nHz GWs Image Source: Internet L
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Phase-connected timing solution:

Credit: D. Champion

Session i Session j
i U 1 PR
fold fold
o model _)L_
JL _#_ Pulsar Timing
- Residuals are PTA
TOA r(-:idﬁ; observables!!

PSR J1012+5307: P=0.0052557490101970103(19) s (Desvignes et al. 2016);

<- By counting all pulses (3 x 10! rotations!!) in 20 years!!
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INTERNATIONAL PULSAR TIMING ARRAY

e —
Parkes Pulsar Timing Array i J_/”( o
PPTA - | "
[ <o

Indian Pulsar Timing Array Project |

InPTA

European Pulsar Timing Array

EPTA

North American Nanohertz Observatory for GWs

NANOGrav

Our astrophysical nano-Hz GW sources are SMBH binaries & we
create a Galaxy-based GW observatory
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Pulsar Timing Arrays for nano-hertz GW Astronomy

e SMBH binaries can provide nano
hertz GWs with amplitudes ~10™"

200M \ 32 (10%° M
- -8 o-1 o
w=2x10"%s ( R, ) ( i )

200M M 1010 It-yr
~ -14 .
A~ 510 (58) (i) ()

Detweiler, S. (1979)

5T/T = h

Courtesy: Web

13
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Maturing IPTA efforts chould lead many persictent nfz evente at
cosmological distances

A y - .
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Stochastic GWB from massive BH binaries 7: |

Cosmological population of MBH binaries is expected to provide a
diffusive GW background for PTAs !
We need to compute # of sources in a frequency interval Af =1/T4

o
dN dN [df\ !
AN = (E) Af = (E) Af (1)
° dN
e —5/3 (—11/3
AN o < (M 107) af (2)

@ There are some 10%! galaxies in our Universe and each galaxy is
likely to experience one merger with another galaxy in Hubble time
(10%° year)

dN
o — & ~ 10 mergers/year
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Galaxy mergers can lead to merger of their constituent BHs

(White & Rees, 78, Begelman,Blandford & Rees, 80)

@ — a rough estimate for the number of binary BH sources in a frequency
interval Af =1/ T ps

—5/3 —11/3 Loy
AN ~ 3 x 1022 [ M P few TN (T
10° Mg, 10~ Hz 10 yr

% dN /dt
10merger/yr

@ Thisis clearly >>1

This ensures a diffuse GW background in the PTA GW frequency window
from merging massive BHs in the universe
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Till recently, PIAs were inferring evidences for a common-red process in their R(t)

e This SGWB manifests as a slow drift in i
the pulse TOAs from their MSPs
S
e Oneunderlying distribution for delays b
and advances across pulsars 5
<
e Stochastic GWB due to SMBH binaries £ &
Is expected to produce a similar o
. (,D.
observational feature -
A(rY’
P(flA,v) =T ;
(fl /}/) (Cab) 127‘(‘2 (yrl ) ‘ y

[Goncharov, et al. (2021)]
Y=3-2a=17=13/3 (From PPTA DR?2) ; IPTA DR2
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Convert CRN — SGWB with GR Inputs

@ The cross-correlation of GW induced rotaional frequency
variations between 2 Pulsars leads to

<& Cross correlation enhances the

. — Joew 2 .
cij(1) = ajj < h* > +dcj, signal strengt

1.0

where 0¢j; is an estimation error due to ‘finite’ T and due to ,
‘finite’ # of SMBH binaries in SGWB!! <>

o

@ The average of the angular factors s
1 — cos 8 1 — cos 11—cosf;; 1 L W B % W
Y "-,- —_— |n — — (5) Angle between Earth — pulsar baselines, ¢ [deg]
2 2 6 2

< Helling-Downs Correlation
where ;; gives the angle between two pulsars.

Earlier PTA results didn't find any evidence for such a correlation
19
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We (InPTA) combined our resources with EPTA for the 3P+ efforts

Jo clarify the nature of the observed CRN
(NANOGrav, EPTA+INPTA, PPTA ) + CPTA

Fixed SSE DE440

Indian Pulsar Timing Array
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20/06/2023 IPTA 2023 - EPTA+InPTA GWB

We use niche abilities of uGMRT to pursue
GW Astronomy FRUGALLY

arXiv:2306.16214 ( A&A 2023)

Bayes factor of 60 & a false alarm probability of ~0.1%
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DR2full and DR2Bew find a variation in DM consistent with
Kolmogorov, though preferring a flatter ypym.

PSR J2322+2057 - Does not show evidence of time-
correlated noise in any EPTA dataset.

4.2. Changes in noise models after the inclusion of the
InPTA data

Here we study the impact of including low radio frequency ob-
servations from the InPTA on the estimated noise models. The
InPTA dataset complements the EPTA data with simultaneous
observations at 300-500 MHz and at 1260-1460 MHz between
MIJDs 58235 and 59496 observed with the upgraded Giant Me-
trewave Radio Telescope (uUGMRT). The frequency coverage at
300-500 MHz is particularly important since EPTA has a limited
number of observations at this frequency band. Therefore, the
inclusion of the InPTA data is of particular interest in constrain-
ing noise due to the IISM such as DM and scattering variations.
To allow a quantitative comparison of the posterior noise mod-

which incorporates the posterior mass above the iso-contour
of no shift. We then convert the above A into an effective num-
ber of o using the standard normal distribution. Detailed com-
parisons that arise from the posteriors of DR2full and DR2full+
are available in the following URL’. In Table 6, we report the
estimated tension (in o) for the red and DM noise models while
dealing with DR2full and DR2full+ datasets. It shows that the
2D posterior distributions of the RN and DM parameters are con-
sistent (A < 1o) for all parameters, except for the power law DM
variations of the PSRs J0613-0200, J1600-3053, J1744—-1134
and J1909-3744. In the following, we discuss possible explana-
tions for these pulsars.

<

4.2.1. PSR J0613-0200

For this pulsar, combining InPTA with the EPTA data yields a
lower spectral index and higher amplitude at f,, for the chro-
matic noise. We observe an interesting sharp jump in the last

® https://github.com/mraveri/tensiometer

7 https://github.com/subhajitphy/Posterior_comparisons

els before and after the inclusion of InPTA data, we adaﬁt and -

https://arxiv.org/abs/2306.16225
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DR2full and DR2Bew find a variation in DM consistent with
Kolmogorov, though preferring a flatter ypym.

PSR J2322+2057 - Does not show evidence of time-
correlated noise in any EPTA dataset.

asana iy

4.2. Changes in noise models after the inclusion of the
InPTA data

Here we study the impact of including low radio frequency ob-
servations from the InPTA on the estimated noise models. The
InPTA dataset complements the EPTA data with simultaneous
observations at 300-500 MHz and at 1260-1460 MHz between
MIJDs 58235 and 59496 observed with the upgraded Giant Me-
trewave Radio Telescope (uUGMRT). The frequency coverage at
300-500 MHz is particularly important since EPTA has a limited
number of observations at this frequency band. Therefore, the
inclusion of the InPTA data is of particular interest in constrain-
ing noise due to the IISM such as DM and scattering variations.
To allow a quantitative comparison of the posterior noise mod-

W /1 1134-DR2Full

of nc e
ber ¢ & XN
paris *(% 4 N - https://arxiv.org/abs/2306.16225
(a1 L e N
bl B = =
estir -1 _ ;
deali S S = o )
[z ’ = {
2Dp 38 & =\
1 ~165-150-135 4 6 1185 —11.70 05 1.0
S]St.el Rf‘d.»\lilp RedSlope DA\']f\mp D.\jSIupl‘
varia

Fig. 5. Red and DM noise models for PSR J1744—1134 using DR2full

and J and DR2full+ datasets. The inclusion of InPTA data allows a better con-
. straint on the achromatic noise.

t10NS 1ur uiLou puloara.

<

4.2.1. PSR J0613-0200

For this pulsar, combining InPTA with the EPTA data yields a
lower spectral index and higher amplitude at f,, for the chro-
matic noise. We observe an interesting sharp jump in the last

® https://github.com/mraveri/tensiometer

els before and after the inclusion of InPTA data, we adaﬁt and 7 hups:/github.com/subhajitphy/Posterior_comparisons — m—
https://arxiv.org/abs/2306.16225
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The NANOGrav 15 yr Data Set: Evidence for a Gravitational-
wave Background

Gabriella Agazie' |/, Akash Anumarlapudi’ \ ', Anne M. Archibald? (', Zaven Arzoumanian?,
Paul T. Baker® (/, Bence Bécsy® |/, Laura Blecha® (|, Adam Brazier’® (', Paul R. Brook®
Sarah Burke-Spolaor'®!!

Published 2023 June 29 - @ 2023. The Author(s). Published by the American Astronomical Society

+ Show full author list

The Astrophysical Journal Letters, Volume 951, Number 1

Focus on NANOGrav's 15 yr Data Set and the Gravitational Wave Background
Citation Gabriella Agazie et al 2023 ApJL 951 L8
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h.(f) derivation : Il

© Lo = [ [ N(z)HLZﬂddng dz 9

@ We have already argued that
o = fooo Dec s (B af st

Equating the above two equations —

© 1 ([, dE
2 . gw
pec ng(f)_/o M) (f, e )

dz .
fi=f(142)

@ The energy density in GWs per log frequency interval is equal to the
comoving number density of event remnants, times the (redshifted)
energy each event produced per log frequency interval.
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(b)

ST/T = h

How do we compute the effective
ctrain for PTA<?
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No unique interpretation for the observed nHz GWB

]_[J i T T T T T T T LI | T L T T T T T T .
| New-Physics Models Cosmic strings i The NANOGJT&V 15 yr Data Set:
_ | = Cosmic inflation Domain walls Searc-:h for Signals from New
10 [ —— Scalar-induced GWs —— Phase transition n Physics, ApJL (23)
10~% | B

“)71” N / —

1 NANOGrayv sign:
10 12 L NANOGrav signal

1077 10°° 10°7
Gravitational-wave frequency [Hz]

Gravitational-wave spectrum

B
107 e T T T T T T T T T T T T T T
L]

Large uncertainties still exist in modeling of GWB due to E
SMBH Binaries

10F . i 4

Bayes factor

Single GW source searches show hints of A N

P . - 14 10! JI 1 - - : 1 - l\ 1 i. l“' 1 1 l:’ J-‘- l“- l_\-
a possible source at 4.2 nHz with <7~10 § FEF S ST i PEF S
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An exciting Actrophygcical ccenario to explain observed GUWAB

Constraints on supermassive black hole binaries from JWST and
NANOGrav |pra DR3 GWB, LSST,+++

A&A (24)
Hamsa Padmanabhan! and Abraham Loeb?

d It factors in recent many high z 10-12

dual AGN observations by JWST P R L T
- NANOGrav upper limits

d  Model computes GWB strain by 10-13{ N\ e e
invoking i) merger rate of DM . _——
halos, halo-SMBH mass relation < 1LY
& GW driven binary BH 1014/
evolution

o . 10—15 I

Critical to develop it further & look for 0 10 20

. . . . She H
other observational implications! Jots (nHz)
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IPTA Data Release 3 should lead to discoveries

We expect 5 ¢ detection of
SGWB in the coming years

We will be hunt for isolated
SMBH Binaries using
sophisticated R(t) models
i) Aman Srivastava
if) Subhajit Dandapat
i) Abhimanyu S
iv) Lankeswar Dey
Co-leads of DR3 GWA
efforts
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SKA: Construction to begin on world’s Feng,Li + (20)
biggest telescope

10-11
__A —— PPTA_DR1 Graham 2015 optimistic
SKA_Syr + Graham 2015 pessimistic
10-12 —— SKA_10yr +  Mingarelli 2017
—— SKA_30yr
10-13
o 10714
<

10-15

10—16

10-17
5 Mrk 231

10°° 1078 1077
Freauencv (Hz)

One of the grand scientific projects of the 21st Century begins its construction phase on Monday.
The Square Kilometre Array (SKA) will be the largest telescope in the world when completed in 2028.

Split across South Africa and Australia, with a headquarters in the UK, the facility will address the biggest
questions in astrophysics.

It will perform the most precise tests of Einstein's theories, and even search for extra-terrestrials.
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. ) Blazar OJ 287 is a
: . 2ot - strong candidate to
Pollux a | _Geminj t S hOSt d nHZ GW
S - emitting SMBH
binary!!

‘Cancer

. Thanke to multi-band
® * Beehive Cluster A3 o : ‘
' @ Delta Cancri . . s 2. ) 6/” Oéfef’va.tlahﬂ./

. W campaigns prampted éy

Canis Minor

S  (cto/fcd theoretical

o
investigations

Procyon g v Valtonen, Dey+ 23

Credit: Bob King
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Credit: NASA/JPL & Abhimanyu S (TIFR)

@ Timing of Black Hole Dance Revealed by NASA Spitzer Space Telescope o ~»

Watch later  Sharg

U s BeierorBivifcentstoreiiaxy 0Ny 2

Share

Simplified Orbit Model Timing of Flares by Year

1960

Watch on [EBYouTube LDy

Q YouTube T3

34 >
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Credit: NASA/JPL & Abhimanyu S (TIFR)

Spitzer Observations of the Predicted Eddington Flare from
Blazar OJ 287

Black Hole Orbit in Center Of Galaxy OJ 287 S. Komossa® |, Mark Kidger’, Pauli Pihajoki® José L. Gomez’ ©, Daniel Caton'”

+ Show full author list
Published 2020 April 28 - © 2020. The American Astronomical Society. All rights reserved

8 Article PDF < Article ePub

Simplified Orbit Model Timing of Flares by Year

Black Hole Orbit in Center of Galaxy OJ 287

Simplified Orbit Model Timing of Flares by Year

1960
Date (yr)

Central
Black Hole

pLED] 1960
Date (yr)

Spitzer Space Jelescope  performed * a lest of General Relativity

34 >
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PA variation in iet of OJ 287

Z,-line of sight
v

Variation in position
angle in of the jet in
oJ 287

(Manr + 21, arXIV210305274)

< 36 2 L
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- =y Explaining temporal variations in the jet PA of the
T . i blazar O] 287 using its BBH central engine model @

i 4 Lankeswar Dey &, Mauri J Valtonen, A Gopakumar, Rocco Lico, José L Gémez,
observer "E fo Y Abhimanyu Susobhanan, S Komossa, Pauli Pihajoki

5 Observations

g i Cuang-Yao Zhao, Jose L. Comez, Antonio Fuentes, Thomas P. Krichbaum, E. Traianou, Rocco Lico, llje Cho, Eduardo Ros, §. Komossa,

* " / H | Kazunori Akiyama, Keiichi Asada, Lindy Blackburn, Silke Britzen, Gipriele Bruni, Geoffrey Crew, Rohan Dahale, Lankeswar Dey, Roman Gold,
- / 2 Achamveedu Gopakumar, Sara Issaoun, Michael Janssen, Svetlana G. Jorstad, Jae-Young Kim, Jun ¥i Koay, Yuri Y. Kovalev, Shoko Koyama,
Andrei Lobanov, Laurent Loinard, Rusen Lu, Sera Markoff, Alan P. Marscher, Ivan Marti-Vidal, Yosuke Mizuno, Jongho Park, Tuomas
Savolainen, Teresa Toscano

[ . 2 = ALMA CMVA ‘:. = ] |
L] Newin 2 J L ; Unravelling the Innermost Jet Structure of O) 287 with the First GMVA+ALMA
{
|

IPTA’s efforte during SKA & DSA 2000
era should be very critical to
probe our SMBH Binary central engine

Quang—Yao ZHAO+, GMVA+ALMA (Cycle 10 proposal) 6{6’ cC I’l. P 2‘/‘0 n F or 0] Z 3 I?
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Chancee of observing cuch SMBH Binaries are miniscule!!

Year
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Figure 1. The 14.5 GHz - 15.5 GHz light curve of PKS 2131—-021. The Haystack data are sh w | § | o & xmoens
brown triangles and the OVRO data by the blue dots. Note the excellent agreement between L '. * % b %’
OVRO in the regions of overlap. The light curve shows three distinct epochs of activity: In - - - . £ f §“
signal, P1 = 1729.1 &+ 32.4 days; in epoch 2 (45500<MJD<52850) this periodic signal SE source e 1
signal of epoch 1 returns, with Py = 1760.4 = 5.3 days, in phase but with lower amplitude t| =252 T E—= Restame hours
least-squares sine wave fit to the Haystack data, and the dotted blue line shows the least-sqi ®
backwards to provide a comparison with the Haystack data. The periods of the Haystack an s i } iN'CEH
of the OVRO periodic signal extrapolated back to epoch | matches to ~ 10% of the period. 4 ‘ ¢:Tm::;zs
3 1 g ;
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Rest-frame hours since MJD 60389.1

Fig.1] Detection of QPEs fromthe nearby TDEAT2019qiz. a, Chandraimages

Withoutstacking, the countrate berween the eruptions is consistent with zero,
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f
R(1) = f|h(r’—r,»]—hu’)| dr’, (0
JH)

where the coordinate time variables ¢ and ¢ are measured at
the solar system barycenter (SSB) frame. Further, 7p is a ge-
ometric time delay given by

Dp _
Tp = — (1 —cosyp), (2)
.

N\ where Dp represents the distance to the pulsar from the SSB,

and y provides the angle between the lines of sight to the pul-
sar and the GW source. In GR, the gravitational waveform /(t)
1s the combination of two polarization states (h, (1)) such that

2 kpc

Earth term
~. "3 kpc

W o Galaxy merger and
1 kpC “. . . subsequent supermassive
oo, black hole merger

/—.

pulsar terms Gravitational waves-“—,. .
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Efficient Computation of Timing Residuals
Induced by Eccentric Black Hole Binaries

Abhimanyu Susobhanan
Tata Institute of Fundamental Research, Mumbai, India

Collaborators: A. Gopakumar, G. Hobbs, S.R. Taylor

Pulsar Timing Array Signals due to Inspiralling Spinning Massive Black Hole Binaries in

75* Residuals [max-min] (us) Relativistic Eccentric Orbits
oole
M o668 1. 11y 2 .
PSR 04374713 Lankeswas Dey Abhimanyw Susobhanan, Acharmvesdu Gopakumar ' and Maun Valtonen
o1 Dieparmment of Astrmony and Astropdeyiscn, Tasa Insvswie of Fmdiarmental Revearch Mumibsa) 0008 Maharashira. Indui
PSR B1937+21 ool4 " . ’
Natiosmes! Cemare fire Rusolion Astrogysic s, Tnke Instiste of Fuundsmenin Revewroh Pune 411007, Maharaibien, dndics
PSR J1857+094) Grgy ool Asrrgabe i i
{miv Milwawher, W S421F, L/%A
ooz Fimmish Cenire of Tiarks, 1 20000 Turds, Fimband
"I partment af FI- 20500 Tarku, Findansd
oolo Wapsdly maturing Pulsar Tumkng Arvay (FTA) caperimaols aiv soisitive b0 Nanoheiti graviaisonal waves
salased supermassive Black hole binancs (SMBHB1 ) The eventual detectson s subsequent char
{ etse GWs roquire grmeval relativistic modeli® of the eapovend FTA msponns 1o mpiial GWs
0.008 R8s I this paper. we provide an approack 10 model palsar sming residuals induced by nhz

GW from SMBHB maparalbng slong post Newtonan (IN) sccurste ecoentre orbits under the influence of

dosmsant ceder peneral relativistic spin-orbil seeractons  For umplcity, we restnct owr appreach o SMB

HBs with arbitrary mass whese only one of the BEls is spimning with arbitrary spin. We use a Keplenan. type
0006 parsmetrization with the GW phasing sppeoach 1o model 3PN sccurste conservative, 2PN scosmte seactive
and beading order general rebativistic spin crbit effects in the dynamics of the SMBNBs while cakculating FTA
ugnah. How these difierent effect, partcularly the pin-ortil sieraction, costribute 10 the ortetal cvolution
of SMBHB: and benoe to the GW.inducod PTA signals are explored in detail We mfer that the BH spin can
ugnibcantly sfloence the expeciod PTA wugnal and therefore neod o be s luded while searching for contan voss
allz GWs from isolated sources usang PTA datasets

0.004

The NANOGrav 12.5-year data set: Multi-messenger targeted search for gravitational waves from an
eccentric supermassive binary in 3C 66B

(arXiv:2210.11454)
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Slowly Inspiralling Massive Black Hole Binaries
are of definite interest to both SKA era IPTA,
ngEHT, IceCube-Gen2 & Great Observatories++

Such cystems will be critical to purcue
persictent multi-mescenger Gl Actrohamy
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GGl LIGO - Virgo
¥ 300

GW170817 induced MM GW Astronomy
Is having fundamental Implications for
Physics, Astrophysics & Cosmology

(arxiv:1710.05832) !! PR —
I:' ‘-I_II TN
: : _ LA II -IT_
- . 2 |
% This is despise the fact that the L O .
observed GWs lasted around 100 o e e e
seconds & the source was at ~40 » i .
kA Mpc',! 113:h v 11.40h = 11.57h . 16.4d Radio
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nHz GlWe From individual SMBH Binaries chould lead to

% Accurate measurements of Hubble constant
( with or without an EM counterpart)

% Test GR at epochs separated by 1000s of years

%  Probing linear/ non-linear memory in GR; recoil SMBHSs
*  GW Lensing events k
» Constraints of ULDM candidates

% Amazing constraints of BSM physics

& many more GWB related explorations
(Watch out for papers from R. Bernardo+)
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The Giant Metre-wave Radio Telescope
G. Swarup, S. Ananthakrishnan, V. K. Kapahi, A. P. Rao, C. R. Subrahmanya and V. K. Kulkarni

The Giant Metre-wave Radio Telescope, an aperture-synthesis array consisting of 30 fully steerable
parabolic dishes of 45-m diameter each, is being set up about 80 km north of Pune as a national
facility for frontline research in radio astronomy in the frequency range 38 MHz 10 1420 MHz, The
new and novel design of a low-solidity dish for metre-wave operation, in which a thin wire mesh
(varying in size from 10mm = 10 mm to 20 mm % 20 mm and made of 0.55 mm diameter stainless-
steel wire ), which constitutes the reflecting surface, is stretched over a parabolic surface formed by
rope trusses, has made it possible 1o build a large collecting area (total effective area of about
30,000 m?, over three times that of the Very Large Array in the USA) at modest cost, It will be a
major new instrument designed to fill the existing world-wide gap in powerful radio telescopes
operating at metre wavelengths, where there are many exciting and challenging astrophysical
problems and phenomena to be investigated. Two of the primary scientific objectives of the telescope
are to detect the highly redshifted ‘21-cm’ line of newtral hydrogen from protoclusters or
protogalaxies in the early epochs of the Universe before galaxy formation and to detect and study a
large number of millisecond pulsars in an attempt to detect the primordial background of
gravitational radiation.

G. Swarup et al. 1991, Current Science, Vol. 60, pp.
95-105

Govind Swarup (1929-2020). Credit: NCRA
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Prof Bhal Chandra Joshi founded the collaboration with few of us

Pirsa: 24100134

Unique strength of uGMRT:
- High sensitivity at low frequencies

- Ideal for studying frequency dependent
effects dominant at low frequencies.

e Simultaneous multi-band MSP

observations

e Band 3 (300-500 MHz) + Band 5

(1260-1460 MHz)

e Presently observing 22+ IPTA

pulsars ( Cadence: 10-14 days)

Page 43/45
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Indian Pulsar Timing Array (InPTA) for nHz GW Astronomy
( https//inpta.iitrac.in/)

INPTA is a frugal (& indigenous) consortium that employs niche abilities of TIFR’s
upgraded GMRT to inaugurate the era nano-hertz Gravitational Wave Astronomy in
the very near future

< InPTA is contributing the world-wide effort to detect and characterise a diffuse GW
background due to merging Super Massive Black Hobe binaries with the help of
indigenous data, analysis algorithms & theoretical constructs

x
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Join us in this amazing adventure

[hank you for Lhe privifege of your Lime
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