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Light(Electromagnetic wave)

Wavelength

E= Eycos(kx — wt + @)
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Interference signal

E = EoCOS(E’( —wt+¢@) P& d1 — d2 (in some condition)
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mm scale

E = EoCOS(E’( —wt+q@) PX d1 — d2 (in some condition)

2TT
k =— A : wavelength
A 0.1um~10um




Gravitational wave detector
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Gravitational wave

+ polarization

MPA Lectures on Gravitational Waves in Cosmology
Azadeh Maleknejad
Max-Planck-Institute for Astrophysics




Effect of gravitational wave

Gravitational wave




Gravitational wave and GW detector
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Gravitational wave and GW detector
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Gravitational wave and GW detector
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Strain due to gravitational wave

Size of atom =1 x 101%m

30 AU A—L ~ 10721

1 AU = 1.496 x 10''m L

Detect existence of a single atom




Sensitivity of michelson interferometer
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Sensitivity of michelson interferometer
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LIGO interferometer

LIGO interferometer / Livingston




Fabry-perot cavity
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Fabry-perot cavity
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Fabry-perot cavity

Number of round trip > 250

Coherent Laser FP-Cavity
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Fabry-perot cavity

Number of round trip > 250
4 km x 250 ~ 1000 km

Coherent Laser FP-Cavity

Beam splitter




LIGO interferometer
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First detection of gravitational wave
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Parameter estimation

Cowmpact Biwarg Coalescences (CBCs) parameters

@ For CBCs, the astrophysical contribution is a waveform that depends
on 17 parameters
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Reference phase, Time at coalescence
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Inspiral-Merger-Ringdown
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First detection of gravitational wave
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LVK Observation plan
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BNS range

Binary-neutron-star range

Common benchmark of sensitivity

Made up of two 1.4 solar mass neutron stars

Signal-to-noise ratio of 8

https://svs.gsfc.nasa.gov/10543

Maximum distance at which an event can be detected




Multi-messenger astronomy with gravitational waves

Binary Neutron Star Merger
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GW alert procedure

GW candidates Sky Localization EM facilities
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Localizing Gravitational-wave Events

Virgo, Cascina;italy

By measuring the arrival time of
the gravitational-wave at each
observatory, it’s possible to
identify its location on the sky

Yokohama GRB 2019
Marci Branchesi

A single GW observatory is mostly insensitive to the sky location;
we want two and preferably three or more observatories

LIGO, Hanford, WA




Sky localization
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GW170817

Binary neutron star merger
A LIGO / Virgo gravitational wave detection with
associated electromagnetic events observed by over

X Distance
7R ohserataneG. & 150 millior light-vears

First multi-messenger detection

% Discovered
17 August 2017
12:41:04 UTC

A gravitational wave from a ‘\ Type
i binary neutron star merger is detected. e NeUtron Stal’ me I’gel’

. s

Q’ gravitational wave signal
B I n a ry n e ut ro n Sta r l I I e rge r Two neutron stars, each the size
of a city but with at least the
mass of the sun, collided with gamma ray burst
each other. A short gamma ray burst is an

intense beam of gamma ray
radiation which is produced

Gamma ray burst detection with Fermi-detector

GW170817 allows us to

+ 2 seconds
A gamma ray burst
is detected.

measure the expansion rate of
the universe directly using
gravitational waves for the first |

ey Ry e !

Detecting gravitational waves
from a neutron star merger
allows us to find out more about
the structure of these unusual
objects.

4 This _muln'messenggrevent +10 hou rs 52 minutes
; provides confirmation that
neutron star mergers can A new bﬂ'ght source of Dptlcal

Kilonova detection using telescope

produce short gamma ray bursts 3 Z s
light is detected in a galaxy
called NGC 4993, in the

The observation of a kilonova 1EULFON- rich A
constellation of Hydra.

allowed us to show that neutronaates g glowing
star mergers could be .

responsible for the production o roducmg heavy
most of the heavy elements, like i
gold, in the universe.

+To oays’
Radio emission
' detected.

({

Observing both electromagnetic
and gravitational waves from the
event provides compelling
evidence that gravitational
waves travel at the same speed
as light.




Radioactively powered transients

Relativistic astrophysics P Nucleosynthesis and
; enrichment of the Universe
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LIGO-VIRGO joint observation

DATA-TAKING PERIOD coitant e

# By Massimiliano Razzano [ August1,2017 & News, Press Releases

VIRGO joins LIGO for the “Observation Run 2" (02) data-taking period

Todayl Tuesday August 1st 2017Ithe VIRGO detector based in Europe has officially joined “Observation Run 2" (02) :
based TWih etectors.




Localizing Gravitational-wave Events

By measuring the arrival time of
the gravitational-wave at each
observatory, it’s possible to
identify its location on the sky

Yokohama GRB 2019
Marci Branchesi

A single GW observatory is mostly insensitive to the sky location;
we want two and preferably three or more observatories

LIGO, Hanford, WA
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Polarization of gravitational wave

LIGO-Hanford

LIGO-Livingston VIRGO




Polarization of gravitational wave
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Polarization of gravitational wave
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Localizing Gravitational-wave Events

™ Blind spot of
A NGW170817

By measuring the arrival time of
the gravitational-wave at each
observatory, it’s possible to
identify its location on the sky

Marci Branchesi

A single GW observatory is mostly insensitive to the sky location;
we want two and preferably three or more observatories

LIGO, Hanford, WA




Sky localization
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2. Sensitivity curve of gravitational

wave detector




LIGO sensitivity
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LIGO sensitivity
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Inspiral-Merger-Ringdown

Inspiral Merger Ringdown
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Nature Reviews Physics volume 3, pages344—-366 (2021)




Side band figure
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Side band figure

We can illustrate the creation of sidebands with one trigonometric identity:
_ 1 1
cos(A) - cos(B) = 5 cos(A + B) + ;5 cos(A — B)
Adding cos(A) to both sides:

cos(A) - [1+ cos(B)| = % cos(A + B) + cos(A) + % cos(A — B)

Substituting (for instance) A = 1000+t and B = 100 -t, where t represents time:

cos(1000 ¢) - [1 + cos(100¢)] = % cos(1100 ¢) + cos(1000 t) + % cos(900 t).

N e
g — "

- - - v -
carrier wave amplitude modulation upper sideband carrier wave lower sideband
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LIGO sensitivity
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LIGO sensitivity
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Gravitational wave and GW detector

Gravitational wav
Suspension \_<

light storage arm
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test mass test ma

test mass

beam
splitter photodetector

https://www.ligo.caltech.edu/

Swing out of gravitational wave frequency




LIGO sensitivity
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LIGO sensitivity
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LIGO sensitivity
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LIGO sensitivity
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Sensitivity curve of KAGRA
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LIGO sensitivity
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LIGO sensitivity
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3. Various techniques in

gravitational wave detector




Vacuum tunnel

Air turbulence, scattering from air
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Vacuum tunnel

Air turbulence, scattering from air
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KAGRA vacuum chamber




KAGRA vacuum chamber




Cryocooler of KAGRA




KAGRA cryostat

cooling bar
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Vibration isolation

Type-A 4 m

Type-B
y

13.5m 34m

1.7m

Vibration isolation system with a compact damping system for power recycling mirrors of KAGRA
T.Akuts et al.,




Vibration isolation
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Vibration isolation

Type-A 4 m

Type-B
y

13.5m 34m

1.7m

Vibration isolation system with a compact damping system for power recycling mirrors of KAGRA
T.Akuts et al.,
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Sensors in gravitational wave detector
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