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Gravitational wave detection
with laser interferometers




Gravity = Spacetime curvature
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Gravitational waves

Juv = Nuv T h,ul/
spacetime flat perturbation
metric spacetime

hHV — ()  wave equation
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Two modes of gravitational waves

+ Polarization X Polarization
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GW Detection 5

Two free-falling masses

Free fall? Free mass?

=> Equivance principle




GW Detection |

Optically measure strain between free masses
GW

< =
1 >L(1+h/2) L=

GWs do not appear in the local motions
The effect appears in the optical distance between the masses
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GW Detection 7

Measure strain between free masses
GW

< =
L1 L->L(1+h/2) L=

GW does not appear in the local motion
Changes optical distance between the masses

Longer the baseline, the bigger change
(displacement dx) = (Strain h) x (baseline L)
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GW

B >

Q: What happens if

The mirrors are not free-falling

The distance is measured with a tape measure with infinite
precision
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GW detection with a laser interferometer

Michelson-type interferometer
With suspended mirrors

End Mirror Photodetector

End Mirror

Laser

LIGO-G1801277-v1



GW detection with a laser interferometer

Q: Why is the Michelson interferometer suitable
for GW detection?

End Mirror Photodetector

End Mirror

Laser
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GW detection with a laser interferometer

Michelson interferometer =

Optical phase meter
sensitive to differential arm displacement

The effect of GWs have the nature of differential strain

Insensitive to the wavelength (=frequency) change of the laser

Laser interferometry allows us to read the phase of the light

Laser beams can be propagated long distance without power loss
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GW detection with a laser interferometer
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GW detection with a laser interferometer
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End Mirror Photodetector

End Mirror

Laser
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GW detection with a laser interferometer

Why are the mirrors suspended?

P
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Above the resonant (pendulum) frequency,
a suspended mirror behaves as a free mass
At least in horizontal directions.
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GW detection with a laser interferometer

Plane light wave & propagation

In a scaler model, the light field of a laser beam
can be assumed as plane waves.
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Michelson interferometer

Electric field in a Michelson interferometer
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Michelson interferometer
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Michelson interferometer

Frequency response of the Michelson to GWs

t 1 t 1
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_%L/C Frequency response
h(t) = hoe™! of the Michelson interferometer
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Q: optical angular frequency, Aor laser wavelength

w: angular frequency of GW, Aew wavelength of GW Jean-YvesVinet,et al

Phys. Rev. D 38, (3341988Y..-



Michelson interferometer

Cut off freq

DC Response longer -> lower

longer ->
larger

Notch freq
f=nc/(2L)

Phase response [rad]
o

—— Arm Length:75km
—— Arm Length: 4km

10° 10" 10° 10° 10* 10°

Frequency [Hz]

Michelson arm length optimized for 1kHz GW
-> 75km, too long! => Fabry-Perot cavity
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Comparison: #&'(&)™ )

Michelson sensitivity and GW amplitudes
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Antenna pattern of a Michelson

Q: How does a Michelson interferometer reacts
to GWs coming from various directions?

End Mirror Photodetector

Beamsplitter

Laser

End Mirror
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Antenna pattern of a Michelson

Q: How does a Michelson interferometer reacts
to GWs coming from various directions?

End Mirror Photodetector

Beamsplitter

Laser

End Mirror
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Antenna pattern of a Michelson G1801277 23

Interferometer

Response of the interferometer to GWs
with + and x polarizations from various directions

\ Y/ \\ W/
x sqrt("+"%+"x"?)
FIG. 2 (color online). Interferometer antenna response for (+)
polarization (left), (X) polarization (middle), and unpolarized waves

(right).

Directivity is very mild
= Need multiple detectors for source identification
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Antenna pattern of a Michelson G1801277 24

Interferometer
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Advanced topics

Angular & frequency response of an arbitrary optical path

Draw an arbitrary optical path.
What is the angular and frequency
response of such a path?

Can we use numerical “optimization” GW

o GW
for certain criteria? U’
e Q

better sky coverage, directive beaming,
for certain source frequency, etc...
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Advanced topics

Angular and frequency response of LISA
R. Schilling, Class. Quantum Grav. 14 (1997) 1513-1519
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Main Figure 1. Magnitude of the normalized transfer function for a single round trip in a single arm
Sp acecraft and a tilt of (a) 0° and (b) 45°. Full curve, round trip; long broken curve, forward pass; short

broken curve, return pass.

Arm length 2.5Gm

#$%&%()*(++ ' (



Fabry-Perot Michelson Interferometer

Arms are too short
Use Fabry-Perot cavities in the arms
to store the light longer




Fabry-Perot Michelson Interferometer
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Fabry-Perot optical resonator

Storing light in an optical cavity 4, 2. ro

Field equations
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Very fast phase response
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Fabry-Perot optical resonator
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Dual recycling

Even more mirrors for more light and signals

Advanced LIGO
Dual-Recycled Fabry-Perot
Michelson Interferometer

Power
recycling

mirroN

Signal
E " extraction
mirror

These recycling mirrors allows us to control the power increase in

the arm and the signal storage time independently
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GW telescope? TR
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GW telescope?
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Binary coalescence search
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Actual GW detector

4km FP arm
cavities
Mode
Cleaner Gravitational Vacuum
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Wave Envelope
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High il Data Analysis
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Recyclln
Mirrors

Mirifor Suspension
(Quad Pendulum)

Laser Fused Silica fiber
Scheme LIGO-G1801277-v1




G1801277 35

Technologies of the GW detectors

3 elements of a laser GW detector
Mechanics

Electronics

LIGO-G1801277-v1
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Technologies of the GW detectors

3 Optics

Low optical loss mirror
Low optical loss coating
Mirror presicise polishing
Long baseline optics
optical recycling

Modulation Crystal
Photodetector
High power stable laser

Modulation/Demod.
Quantum Optics

erneromeler

I ”
control
RF modulation
Analog high speed ctrl . ‘ multiple pendulum suspension
Analog front end monolithic suspensions
Real time digital cont Actuators vibration isolation
User interface Low noise position sensors high vacuum environment

Low noise accelerometers
Active vibration isolation

Data acquisition
Data archive
Computing

Electronics Mechanics
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Sensitivity and noise

Sensitivity (=noise level) of Advanced LIGO
Design
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Sensitivity and noise

Sensitivity (=noise level) of Advanced LIGO

Current
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Sensitivity and noise

Sensitivity (=noise level) of Advanced LIGO
Noise budget

Measured noise SRCL control

Displacement, m/Hz'*

Quantum noise
—— Dark noise

Seismic+Newtonian
- Thermal noise

(Gas noise
MICH control

Angular controls

Output jitter

Suspension damping

Suspension actuation
— Expected noise

10 18

Displacement, m/Hz' '~

10"

Measured noise
Quantum noise
Dark noise

= Thermal nolse
Gas noise

— RF ascillator noise

I
Frequency noise
Intensity noise
Input jitter

Expected noise

Frequency, Hz
(a) LIGO Livingston Observatory 10"‘?:}.‘*‘"“"‘““" 4

Frequency, Hz
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Summary

Interferometric GW detector

GWs: Spacetime strain with quadrupole patterns

Laser interferometry: Michelson type interferometer
Multiple detectors: Triangulation for source identification

Optical resonators: Fabry-Perot cavity and recycling

Technologies: All for noise reduction
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