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Sanjeev came to Cardiff to get into GW work in 1987. Immediately
began working with Massimo Tinto and Andrzej Krolak. He brought a

refreshing geometrical approach to understanding the complexities
of data analysis.
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began working with Massimo Tinto and Andrzej Krolak. He brought a
refreshing geometrical approach to understanding the complexities
of data analysis.

Returned to IUCAA (just founded) and set up a GW group,
maintaining close links with Cardiff.
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began working with Massimo Tinto and Andrzej Krolak. He brought a
refreshing geometrical approach to understanding the complexities
of data analysis.

Returned to IUCAA (just founded) and set up a GW group,
maintaining close links with Cardiff.

Sent Sathyaprakash to Cardiff 1990, helped with 100 Hour Run, first
joint IFO data run (Glasgow/Garching).
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Sanjeev came to Cardiff to get into GW work in 1987. Immediately
began working with Massimo Tinto and Andrzej Krolak. He brought a
refreshing geometrical approach to understanding the complexities
of data analysis.

Returned to IUCAA (just founded) and set up a GW group,
maintaining close links with Cardiff.

Sent Sathyaprakash to Cardiff 1990, helped with 100 Hour Run, first
joint IFO data run (Glasgow/Garching).

Sanjeev convinced IUCAA to join LSC, and also that GWV science in
India should involve hardware as well as data and theory.
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Sanjeev came to Cardiff to get into GW work in 1987. Immediately
began working with Massimo Tinto and Andrzej Krolak. He brought a
refreshing geometrical approach to understanding the complexities
of data analysis.

Returned to IUCAA (just founded) and set up a GW group,
maintaining close links with Cardiff.

Sent Sathyaprakash to Cardiff 1990, helped with 100 Hour Run, first
joint IFO data run (Glasgow/Garching).

Sanjeev convinced IUCAA to join LSC, and also that GWV science in
India should involve hardware as well as data and theory.

And when Australia didn’t want LIGO, Sanjeev nucleated the
successful team to make LIGO-India a reality.

CARDIFF
UNIVE RSITY

Bernard Schutz LIGO-India Multimessenger Astronomy, January 2019 V,g'gg’) 2




T START

BBy o

Sanjeev came to Cardiff to get into GW work in 1987. Immediately
began working with Massimo Tinto and Andrzej Krolak. He brought a
refreshing geometrical approach to understanding the complexities
of data analysis.

Returned to IUCAA (just founded) and set up a GW group,
maintaining close links with Cardiff.

Sent Sathyaprakash to Cardiff 1990, helped with 100 Hour Run, first
joint IFO data run (Glasgow/Garching).

Sanjeev convinced IUCAA to join LSC, and also that GWV science in
India should involve hardware as well as data and theory.

And when Australia didn’t want LIGO, Sanjeev nucleated the
successful team to make LIGO-India a reality.

The rest is history!
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IMPORTANCE OF LIGO-INDIA

LIGO-INDIA completes the LIGO network at A+ sensitivity.
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LIGO-INDIA completes the ‘Big-5" network of GW IFOs.

LIGO-India Multimessenger Astronomy, January 2019 vu'ﬁ'gy




IMPORTANCE OF LIGO-INDIA

LIGO-INDIA completes the LIGO network at A+ sensitivity.

LIGO-INDIA completes the ‘Big-5" network of GW IFOs.

Data analysis: Isotropic sky-coverage, much improved position-determination,
better rejection of glitches, high SNR on loudest signals, “self-calibration” of
LIGO network.

All in context of Al-led “Data Analysis 2.0".
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LIGO-INDIA completes the LIGO network at A+ sensitivity.

LIGO-INDIA completes the ‘Big-5" network of GW IFOs.

DIA

Data analysis: Isotropic sky-coverage, much improved position-determination,
better rejection of glitches, high SNR on loudest signals, “self-calibration” of

LIGO network.

All in context of Al-led “Data Analysis 2.0".

Working in MMA to address key science questions 2025++: NS physics,
evolution and death of massive stars, resolving the Ho issue, perhaps more

insight into dark matter and/or FRBs.
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IMPORTANCE OF LIGO-INDIA

LIGO-INDIA completes the LIGO network at A+ sensitivity.

Data analysis: Isotropic sky-cous
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Working in MMA to address key science questions 2025++: NS physics,
evolution and death of massive stars, resolving the Ho issue, perhaps more
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LIGO’s A+ sensitivity is going to be
remarkable, and will push down to o
|0 Hz. See Dave Reitze’s talk for V\d |
much more detail. !

Strain noise h [14/ Hz]

10" 102 103
Frequency (Hz)

CARDIFF
Bernard Schutz 5 LIGO-India Multimessenger Astronomy, January 2019 v.g'gg?
AERDY(D /



THIRER 000 D EC T0IRS

LIGO’s A+ sensitivity is going to be
remarkable, and will push down to o
|0 Hz. See Dave Reitze’s talk for V\d |
much more detail. !

Having 3 identical detectors over
the whole frequency range enables
MMA follow-up: position,
polarization, distance.
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LIGO’s A+ sensitivity is going to be
remarkable, and will push down to o
|0 Hz. See Dave Reitze’s talk for V\d |
much more detail. !

Having 3 identical detectors over
the whole frequency range enables
MMA follow-up: position,
polarization, distance.

Strain noise h [1/V/ Hz]

Improved isotropy.
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LIGO’s A+ sensitivity is going to be
remarkable, and will push down to o
|0 Hz. See Dave Reitze’s talk for V\d |
much more detail. !

Having 3 identical detectors over
the whole frequency range enables
MMA follow-up: position,
polarization, distance.

Strain noise h [1/V/ Hz]

Improved isotropy.
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LIGO joint antenna amplitude pattern

LIGO’s A+ sensitivity is going to be
remarkable, and will push down to
|0 Hz. See Dave Reitze’s talk for
much more detail.

Having 3 identical detectors over
the whole frequency range enables
MMA follow-up: position,
polarization, distance.

Improved isotropy.

Volume goes up x |.7

CARDIFF
Bernard Schutz 5 LIGO-India Multimessenger Astronomy, January 2019 vu'ﬁ'c(;;y
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LIGO’s A+ sensitivity is going to be The Thtee LIGOs antenna amplitude pattern
remarkable, and will push down to
|0 Hz. See Dave Reitze’s talk for
much more detail.

Having 3 identical detectors over
the whole frequency range enables
MMA follow-up: position,
polarization, distance.

Improved isotropy.

Volume goes up x |.7
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|. Glitch rejection. The null stream is the linear combination of 3 outputs that has no
GWV ssignal. If a candidate signal is still present for all possible sky locations, it should be
vetoed (Wen & Schutz 2005).This should allow detection threshold SNR to drop from
~10-12 to nearer 5 or 6. Not usually fully factored into estimates of increase in range
and detection rates.Also helps retrospective search for an EM trigger with a good sky
location.
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|. Glitch rejection. The null stream is the linear combination of 3 outputs that has no
GWV ssignal. If a candidate signal is still present for all possible sky locations, it should be
vetoed (Wen & Schutz 2005).This should allow detection threshold SNR to drop from
~10-12 to nearer 5 or 6. Not usually fully factored into estimates of increase in range
and detection rates.Also helps retrospective search for an EM trigger with a good sky
location.

2. Self-Calibration. Null stream cancels signals only if detector calibration is correct.
With 3 or more BNS events with known counterparts, calibration errors can be solved
for and corrected. Works best for identical detectors (3 LIGOs). Does not correct for
overall common scale error, so should be thought of as a way to transfer calibration
from one standard detector to the others.
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BOINUISWITEL S DETEC TORS

|. Glitch rejection. The null stream is the linear combination of 3 outputs that has no
GWV ssignal. If a candidate signal is still present for all possible sky locations, it should be
vetoed (Wen & Schutz 2005).This should allow detection threshold SNR to drop from
~10-12 to nearer 5 or 6. Not usually fully factored into estimates of increase in range
and detection rates.Also helps retrospective search for an EM trigger with a good sky
location.

2. Self-Calibration. Null stream cancels signals only if detector calibration is correct.
With 3 or more BNS events with known counterparts, calibration errors can be solved
for and corrected. Works best for identical detectors (3 LIGOs). Does not correct for
overall common scale error, so should be thought of as a way to transfer calibration
from one standard detector to the others.

These work with 5 detectors as well, but only at amplitude h = | 0 in least sensitive
detector, at any frequency. So LIGO-India provides LH and LL with this bonus in full.
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LIGO-India will complete the ‘Big 5’
network of 3 LIGOs,Virgo, and KAGRA.
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The Three LIGOs antenna amplitude pattern

B9

LIGO-India will complete the ‘Big 5’
network of 3 LIGOs,Virgo, and KAGRA.

The 5-detector network is much more
isotropic. lts volume is 2 x that of the 3
LIGOs. (Adding a detector always adds
more volume than cost!) Isotropy
correlates with better position-finding,
at a given SNR.
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Three LIGOs + VIRGO + KAGRA antenna amplitude
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LIGO-India will complete the ‘Big 5’
network of 3 LIGOs,Virgo, and KAGRA.

The 5-detector network is much more
isotropic. Its volume is 2 x that of the 3
LIGOs. (Adding a detector always adds
more volume than cost!) Isotropy
correlates with better position-finding,
at a given SNR.
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LIGO-India will complete the ‘Big 5’
network of 3 LIGOs,Virgo, and KAGRA.

The 5-detector network is much more
isotropic. Its volume is 2 x that of the 3
LIGOs. (Adding a detector always adds
more volume than cost!) Isotropy
correlates with better position-finding,
at a given SNR.

Given a duty factor of 70%, HLI are all
on for 34% of the time.With 5
detectors, at least 3 are on 84% of the
time.
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DATA ANALYSIS 2.0

By 2025, one can expect that the global data analysis methods will full incorporate
Al, and in particular deep learning (DL).
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Al, and in particular deep learning (DL).

LV already have a number of Al projects, interest groups, and internal
collaborations in this direction.
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By 2025, one can expect that the global data analysis methods will full incorporate
Al, and in particular deep learning (DL).

LV already have a number of Al projects, interest groups, and internal
collaborations in this direction.

With 5 detectors AND MMA partners who can provide triggers, not just follow-
up, DL will be essential for issuing quick and reliable detection alarms.Already a
demonstration DL detection algorithm at NCSA can run hundreds of times faster
on single data streams than our online matched-filtering-based CBC trigger
pipelines, with comparable efficiency.
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DATA ANALYSIS 2.0

By 2025, one can expect that the global data analysis methods will full incorporate
Al, and in particular deep learning (DL).

LV already have a number of Al projects, interest groups, and internal
collaborations in this direction.

With 5 detectors AND MMA partners who can provide triggers, not just follow-
up, DL will be essential for issuing quick and reliable detection alarms.Already a
demonstration DL detection algorithm at NCSA can run hundreds of times faster
on single data streams than our online matched-filtering-based CBC trigger
pipelines, with comparable efficiency.

| am optimistic it will also replace current search methods for bursts and CW.In
particular, CW will benefit from simultaneous DL analysis of all data streams.
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A very personal selection!

S ENCECNIES FICIING S50

NS physics: EOS (cold and hot); crust properties; internal/
external B fields; evolution of BNS; kilonova phenomenon.

Explored through BNS mergers; high SNR events are the most
important, favors isotropic antenna pattern.

Also explored through QNMs excited by glitches, possible r-
mode radiation, and accreting X-ray binaries.

MMA partners: SKA, X-ray and y-ray satellites, LSST, optical
and radio follow-up as with GROWTH and GMRT.
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SCAENCECOESTICOINS U150 7

Evolution and death of massive stars: VWhere/how do the massive
BBHs we see originate! Do they contribute to dark matter? Are there IMBHs!?
How non-symmetric is gravitational collapse for massive stars?! For white
dwarfs? What roles do metallicity, rotation and magnetic fields play in collapse?

Explored through BBH observations, especially with enough SNR to
measure spins, eccentricity, distance.

Also explored using burst detection of collapse events. Again, favors
isotropic antenna patterns.

MMA partners include LSST, SN factories, SKA, X-ray satellites.
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SCIENCECOESTICINS I 50 5

Resolving the Hpy issue. If by 2025 we still have a discrepancy between
‘local’ measures of Ho (SNe la, GWs) and ‘distant” measures (CMB), GW
detection has the statistics to drive errors below 1%. Can look for
anisotropy. Can directly calibrate SN la distance scale with BBHs in same
cluster as known SN la events (Sathya, Gupta, Schutz in prep).

Explored with BBH and BNS detections. Going below 1% errors
requires detector calibration of comparable accuracy.

MMA partners for BNS: the usual suspects. For BBH, deep catalogs of
clusters and small groups (not necessarily their members) are essential.
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S ENCEAOUESTICOINS JU 507

Coordination with LISA 2030-2040.We expect LIGO-India to be

operational into the 2030s, perhaps overlapping with 3G detectors.

Sesana (2016) showed how LISA and ground-based detectors can

observe the same BBH system months apart.Are there other
overlaps? IMBH binaries? IMRIs around IMBHs!?
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Sesana (2016) showed how LISA and ground-based detectors can
observe the same BBH system months apart.Are there other
overlaps? IMBH binaries? IMRIs around IMBHs!?

Will we see unexpected things! Maybe GWV events associated with
FRBs?
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Coordination with LISA 2030-2040.We expect LIGO-India to be
operational into the 2030s, perhaps overlapping with 3G detectors.
Sesana (2016) showed how LISA and ground-based detectors can

observe the same BBH system months apart.Are there other
overlaps? IMBH binaries? IMRIs around IMBHs!?

Will we see unexpected things! Maybe GWV events associated with
FRBs?

With 5 detectors at A+ sensitivity we may enter the discovery
sphere, where we don’t need a good a priori estimate of the source
in order to detect it. That, after all, is what we want the most!
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