O Gravitational waves are propagating gravitational
fields, ripples in the curvature of space-time

1 Gravitational waves are analogous o light waves.

d Light consists of propagating elec’rr'omagnehc’
fields, generated. by «the -motion of electrically
”_charged par'Tlcles |
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EIGravn’ra’rlonal waves r'esul'r in- changes in the
distance between points, with the size of the
changes proportional to the distance between the
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: Neutron Binary System — Hulse & Taylor Emission of gravitational waves
e PSR 1913 + 16 -- Tlmlng of lelsarS Comparison between observations of the binary pulsar
P5R1913+16. aond the prediction of general relativity based on
loss of orbital energy via gravitational waves .
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Neutron Binary System
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Frem J.H. Taylor and J. M. Weisberg, unpublished (2000)

Compact Objects
Orbiting Massive
Black Holes,
high-precision probes
of strong- fleld gr'aw‘ry

Fluctuations from
Early Universe, befo
recombination forme
background.
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Indirect observation of GWs

[ Existence of gravitational waves has been proved indirectly by R.A. Hulse and

J.H. Taylor.

O In binary pulsar system like PSR 1913+16, due to loss of orbital energy the
period decreases. The measured decrease is 14 sec from 1975-94 and has been

measured to ~50 msec accuracy.

[ They were awarded the Nobel prize in 1993

Resonant Bar Detectors
O Based on a very low loss ultra
cryogenic mechanical oscillator.

0 When a burst of gravitational waves
hits and excites the oscillator '(tk_,
bar will vibrate for a time spa

longer than the duration of the burst
(typically 1msec), thus allowing %

extraction of the signal from the
detector noise.

O These are narrow banded

detectors and operate in a band
around 1kHz.

A The typical strain sensitivities of
these detectors are about h ~ 10-20

[ Cryogenic bar detectors are
currently operational at several
facilities in Italy and US.

Network of detectors

[ Due to the inherent weakness of gravitational wave signals, and the
difficulty in distinguishing them from a myriad of noise sources, the
direct detection of a GW burst will require coincident detection by
multiple detectors with uncorrelated noise.

O A network of interferometric and bar detectors spread around the
globe will need to share data in order to discover the symphony of
gravitational waves.

Simultaneously detect signal (within msec)

detection
confidence

locate the
sources

decompose the
polarization of
gravitational
waves

Dphluchu*t :
Superclu ter :.

:M \-,,,i\g

100 mllllon Iy B
I-—I

B W Ik
Pavolndls | oid o0 .3
* Supercluster | i S ol | L
L S - T : ol LCpma

Wl

: F”hoﬁ-nn- : P
qupPrr‘lustar

. v (¢ IS SCes e ,-.';.’ 4 ; :
o Supercluster R e S
{’Y RS P : =oi Rz

T
- ’
T
L
-

Advanced LIGO
An advanced version of LIGO interferometers has been proposed.

The space-time volume (Mpc3 T,,.) explored in the first few hours of
operating with Advanced LIGO will be comparable to 1 year of initial
LIGO!

occur in fwo fundamental states of

known as ‘cross’ and 'plus’. The effect on
e of gravitational radiation is a squeezing
depending on the phase of the wave. The upper
o the pl larization; the ring is deformed by

d the effect is shown at different phases.

...causing the — As a wave
interference pattern o A passes, the arm
to change at the el lengths change
photodiode s g in different
ways....

Beam

splitter Test-masses
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Interferometric Detectors

O A laser interferometer gravitational wave detector
(“interferometer” for short) consists of four masses that hang from
vibration-isolated supports, and optical system for monitoring the

Pre-supernova star

< neutrinos emitted

° Collapse of the core

Interaction of shock
with collapsing envelope

Explosive ejection of envelope

< light emitted

Just like the 2.7K
microwave background
radiation is an
electromagnetic
signature of the Big
M Bang, a background of
F"Idl’ldlanllrneun 1 SECOND phapuiud EARS GW may t.)e de’fec’rable
lseconDs. S giving insights into the
?izgttggriw formation of the

r;_:‘r[.‘ldU-‘aS Time Universe.
of our universe

-Bana
SINGULARITY

Bia

SASKATOON
3 YEAR DATA

Whereas the cosmic microwave
background can probe the Universe
till redshift of 1000, the
gravitational wave background will
carry information about the history
of the very early Universe.

COBE DMR
4 YEAR DATA

Space-based detectors
0 In ground-based detectors, it is difficult fo remove noise below 10 Hz (gravity gradient

5,000,000 km

- . . 5,
Spacecraft #3
] Spacecraft #2

Spacecraft #1

. noise).
R R e 1 Detectors in space can observe GW in the range from 0.0001 Hz to 0.1 Hz. They will
0 Two masses are near each other, at the corner of an "L", and one complement the ground-based detectors by observing at a different frequency.
mass is at the end of each of the L's long arms. The arm lengths are dThe LISA (Laser Interferometric Space Antenna) is a proposed space-based detector.
hearly equal.

d A gravitational wave, with frequencies high compared to the
masses’ 1 Hz pendulum frequency, will push the masses back and
forth relative to each other as though they were free from their

suspension wires, thereby changing the arm-length difference. large bandwidth

Q This arm length difference is converted to optical path length
difference registered on a photo-detector.

LIGO Sensitivity Curve for S5

The noise floor is limited by seismic vibration at low —
. . . . . _ -w%.--..,&;-—t?" "
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Current Status of LIGO

* Massive improvement in instrumental sensitivity since commissioning. It has now
reached design sensitivity above 50 Hz.

- Commissioning strategy has helped fo continuously improve the sensitivity of LIGO
interferometers.

» Astrophysically interesting sensitivity ON ALL 3 LIGO interferometers.

* The first five science runs have put observational upper limits on event rates of
astrophysical events giving rise to gravitational waves.

First six science runs have ended. Upgrading to Advanced LIGO has begun.

{ SUPEANOVA ) e
"Seeing” Black Holes ' :ﬁmﬁt _ ~ core s eft thet can
Black holes are created when a massive star m'.pmam ﬁ.‘ﬁ?&"
dies. It is not possible to observe them through .__ at its cove and collapses ] ‘l\q.ihhmmngha
telescopes as no light can escape their gravity. R L ki 9

G-Wave signals from such black holes will allow
us to directly observe them.

Laser Interferometers

These are broad band instrument and operate at 10-1000 Hz. The LIGO detectors in
the US and the TAMA detector in Japan have started taking scientific data. The
LIGO interferometers are designed for strain sensitivities of about h ~ 10-22 over a

LIGO @ Hanford

Initial design sensitivity achieved and surpassed
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