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Basics of Gravitational Wave Detection

Grawtatlonal wave stral?f-'(stretchmg and compres-" ng
€an Jnduce 3 stram on the order of 10 TRk v_'_'

grav1tat|c5nal waves
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Build a GW Detector
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Let’s build a GW detector: simple Michelson
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Let’s build a GW detector: Fabry-Perot Cavity
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Let’s build a GW detector: Power Recycling
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Let’s build a GW detector: Signal Recycling/Extraction
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Let’s build a GW detector: Signal Recycling/Extraction
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Let’s build a GW detector: Simple Shot Noise

Power Spectral Density
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Let’s build a GW detector: Is it good enough?
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Let’s add a steep low
frequency noise

expected merger strai

with low frequency noise
— MICH
— FPMI
— PRFPMI
——— DRFPMI, signal extraction
—— DRFPMI, signal recycling

BNS ISCO frequendy

Make a guess:
* What kind of strain could a loud GW
event have?
* Use a real system- binary neutron stars
have an innermost stable circular orbit
(ISCO) frequency of ~1500 Hz
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Advanced Detectors
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Advanced Detector Optical Layout

“Dual-recycled Michelson”
technology

Power and signal recycling increase Iasgrr

power and detector bandwidth stabilized
laser

.

Fabry-Perot arm

GW signal couples to
Differential Arm
Length (DARM)

AL =L, — L,

Capote
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Input Power- increase sensitivity
mode recycling Beam-splitter
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Signal- L
recycling (I - x
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Squeezer
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Faraday isolator Filter cavity
isolator - = I
P Bl teaai

‘ New addition for 04!

=

Detection l
port

Output
mode
cleaner

‘ﬁ Frequency-dependent quantum

squeezing improves low and high
Squeezer

frequency sensitivity
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aLLIGO new design curve: NSNS
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Detector Noise: Design
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10°

(1.4/1.4 M) 173 Mpc and BHBH (30/30 M) 1606 Mpc

“Fundamental” noise sources

» Sets the limit on what
sensitivity a particular
detector design can achieve

From DCC T1800044 14
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Multi-stage Isolation

Virgo Superattenuator

Isolation suppresses ground

motion above 10 Hz

» Active control required
for suppression <10 Hz

LIGO Quadruple
, Suspension

Capote 15
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Pound Drever Hall Locking
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Detector Degrees of Freedom

Reflection port ~ A
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Detector Degrees of Freedom

uadrant PDs Reflection port s
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Optical Modes

Input
mode
cleaner

o S

. 4 )

Hermite-Gauss Mode Basis Laguerre-Gauss Mode
Source: Wikipedia Basis pou|
Source: Wikipedia l_l
Output
mode
apote cleaner
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(o Optical Modes

A Brooks, LIGO-G2300456
substrate lens CP I™

, Input
Wself -,
; | surface deformation mode
I
S : Asself
* \

cleaner

Hermite-Gauss Mode Basis Laguerre-Gauss Mode
Source: Wikipedia Basis |

Source: Wikipedia
Additional goal: reduce “contrast” between

the arms 0O
utput
» Mismatch couples unwanted noise to GW P
readout mode
Capote Cleaner 20
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Measuring Noise in GW
Detectors

CCCCCC
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Detector Noise: Reality

10—20 e
Measured noise (0O4) ~ =e=eee Beam jitter
= Sum of known noises =~ == Laser
é == Quantum e Photodetector dark
21 w=w== Thermal @ = = = =  =eeees Penultimate-mass actuator
1074 13 Residual gas Suspension damping (quads)
""" Seismic 04, LLO
B e L Example noise budget from
N -
@ 10722 LIGO Hanford
~ .
= k> Includes “technical”
= -
21072 noise sources
» Not all noise sources are
1024154, understood!
10_25 ] | W BT | ¥ { i ! |
10 20 50 100 200 500 1000 2000 5000
Frequency [Hz]
Capote, Jia, Aritomi, Nakano, Xu et al., Phys. Rev. D 111, 062002
Capote 22
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Detector Noise: Reality

1020 : .
h Measured noise (04) ~ ==ree Beam jitter
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...... Y Some of the main noise
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Strain [1/v/Hz]
=
S

» Noise from optical
e coatings
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Capote, Jia, Aritomi, Nakano, Xu et al., Phys. Rev. D 111, 062002
Capote
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Detector Noise: Reality

10—20 :
i Measured noise (04) ~ ==reee Beam jitter
) = Sum of known noises =~ "o Laser
= = Quantum = eeees Photodetector dark
21 == Thermal @ = == Penultimate-mass actuator
107= 4 Residual gas Suspension damping (quads)
""" Seismic 04, LLO
conlra o oo , Some of the main noise
i B 3
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-‘h""‘-. -
= » Quantum noise
=
£ (everywhere)
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Capote, Jia, Aritomi, Nakano, Xu et al., Phys. Rev. D 111, 062002
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Detector Noise: Reality

Measured noise (04)
= Sum of known noises
Quantum

Thermal

Residual gas

Seismic

= Auxiliary length control

Alignment control

Beam jitter

Laser

Photodetector dark
Penultimate-mass actuator
Suspension damping (quads)
04, LLO

03, LHO

10—25 ! : M gs-e

Not pictured: scattered light
noise!

10 20 50 100 200

500

Frequency [Hz]

Capote, Jia, Aritomi, Nakano, Xu et al., Phys. Rev. D 111, 062002
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Noise Coupling

Nparm (f) =G (f) Swit,O (f)

G(f) — SDARM,exc(f) i SDARM,O(f)

Swit,exc (f) - Swit,o (f)

Excess power coupling
enables measurement
of some nonlinear
behavior

Capote
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Buikema, Cahillane, Mansell, Blair et al., Phys. Rev. D 102, 062003
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Quantum Noise

Quantum noise reduction
is achieved through high
circulating arm power and
high levels of quantum
squeezing

ing th
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What is Squeezing?

Quantum noise limits gravitational wave detector sensitivity

* Shot noise at high frequency (>~80 Hz)
* Radiation pressure noise (<~80 Hz)

This noise results from the phase and amplitude uncertainty of light

A@AA > 1

\Afp N\ A
7

Squeezing allows us to play with the
guantum nature of light in our favor

Capote
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Frequency-dependent

squeezing allows us to rotate

the angle of squeezing
» We can suppress both

forms of quantum noise!

4 ™
----------- 40 Hz
70 Hz
Frequency - e e
Dependent
Squeezed Vacuum
- 10 Hz
- 40 Hz
~ 70 Hz
Frequency - - 100 H
Independent
Squeezed Vacuum
Ny o
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Benefits of FDS

3.0 m  Reference (No Squeezing) Quantum Noise Model
= Frequency-Independent Squeezing Classical Noise Estimate

= Frequency-Dependent Squeezing

)
3
~~
)
?
‘3 1.0
i Frequency-dependent
: squeezing increases
- sensitivity of LIGO by 15-
—
18%!
30 100 300 1000 3000
Frequency [Hz|

Ganapathy et al., Phys. Rev. X 13, 041021

Capote 30

Pirsa: 26080003 Page 29/38



Detector Performance in O4

Binary neutron star
(BNS) range provides
a standard sensitivity
metric to a 1.4+1.4
solar mass binary
system.

Capote
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Network duty factor
[1396796418-1422113818]
Triple interferometer [31.1%]
Double interferometer [36.8%)
Single interferometer [20.8%]
No interferometer [11.3%]

High duty factor is key-
we never know when an
event will occur

24
Time [weeks] from 2024-04-10 15:00:00 UTC (1396796418.0)

Ratio
04/03

Horizon redshift

Significant improvement at low

frequency increases detector

sensitivity to high mass systems

101 7
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_______
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Capote, Jia, Aritomi, Nakano, Xu et al., Phys. Rev. D 111, 06230102
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What’s next?

substrate lens CP I™
W <—:
- . surface deformation
. : I
ik . Ds g
4 1
r [
er I 750kW

. |

i |
-—

A Brooks, LIGO-G2300456
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