
Koji Arai (新井宏二) – LIGO Laboratory / Caltech

GW mini-school: Beijing Normal Universuty 2016/9/15~18

LIGO-G1601925-v1引力波



¡ Senior Scientist @Caltech
§ Interferometer Sensing and Control

¡ Ph.D (U of Tokyo,1995-1999)
§ TAMA300 double suspension
§ Interferometer length sensing
§ 3m prototype interferomter

¡ TAMA300 interferometer (NAOJ 1999-2009)
§ Commissioning and science runs

¡ LIGO (Caltech 2009-)
§ Output optics chain, eLIGO/aLIGO commissioning



¡ Introduction
§ Gravitational wave detection with laser 

interferometers 

¡ Laser interferometry

¡ Noises in laser interferometer detectors

¡ Linear control system





GW Sources

GW Detectors



Generation: 
Change of quadrupole moment
Post-newtonian, NR
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Propagation: 
Wave equation of
the spacetime metric

Detection: 
Quadrupolar “displacement” 
of the masses

1/R



¡ Quadrupole deformation of the spacetime

GW

Free 
mass
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GW

free mass
= free fall

free mass
= free fall

¡ Measure strain between free masses

¡ Free fall = no external force
¡ Local measurement show no effect of GW



¡ Measure strain between free masses

GW

L
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¡ Measure strain between free masses

¡ Changes in optical distance between the masses

GW

L -> (1+ h/2) L
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¡ Differential motion => Michelson interferometer

Gravitational
Wave

¡ Longer baseline 
-> bigger change
§ (displacement dx)

= (Strain h) x (baseline L)

¡ GW effect is tiny
§ h~10-21 , L~1km -> dx~10-18 m

¡ Need to measure the 
phase of the laser light
§ => use “laser interferometry”

(1+h/2) L

(1-h/2) L



¡ The effect of GW is very small
¡ h ~ 10-21 => distance of 1m changes 10-21m

¡ Corresponds to:
change by ~1 angstrom (or 100pm)
for distance between the sun and the earth

1.5 x 1011 m

changes

by a H atom diameter!



¡ Fixed on the ground, can not be directed
¡ Poor directivity => More like an antenna
¡ Antenna pattern (at low frequencies)

B. Brief overview of sources

All terrestrial detectors of gravitational waves are focused
roughly on the audio frequency band due to technological
limits of the detectors and probable source characteristics. In
order to verify all of the properties of the waves, one would
like to follow in the footsteps of Heinrich Hertz by generating
and then detecting the gravitational waves. However, due to
the relatively high rigidity of space-time, it is not feasible to
generate measurable amounts of gravitational radiation in the
laboratory (Romero and Dehnen, 1981) by conventional
means or even through the use of nuclear explosives arranged
to produce quadrupolar mass-energy accelerations (Chapline,
Nuckolls, and Wood, 1974). Therefore, we look to astrophys-
ical and cosmological sources to provide the radiation. In this
way, the hunt for gravitational radiation leads to the develop-
ment of a new branch of astronomy. Previous overviews
(Hawking and Israel, 1989; Cutler and Thorne, 2002) covered
the list of known sources as well as describing the astrophys-
ical and cosmological science that can be extracted from them
(Sathyaprakash and Schutz, 2009).

1. Pulsars

One of the earliest predicted sources of gravitational ra-
diation were the recently discovered pulsars (Hewish et al.,
1968). The extremely stable period of pulsation of these
rotating neutron stars tells us that the energy lost to gravita-
tional radiation must be small (Ipser, 1971) at best. The
compensating factor that makes detection a possibility is
the periodic nature of the signal; after correcting for the
Doppler modulations from the detector motions relative to
the source (Brady et al., 1998; Abbott et al., 2009b), one can
improve the signal-to-noise ratio by the square root of the
integration time.

Observations (Chakrabarty et al., 2003) of a ‘‘speed limit’’
for pulsars seem to support the theory (Bildsten, 1998) that
gravitational radiation works to brake the spin of the fastest
pulsars before they are ripped apart by their relativistic spins.
Expectations from neutron star models indicate that the ellip-
ticity may range from 10!9 to 10!6 (Ushomirsky, Cutler, and
Bildsten, 2000; Owen, 2006) for conventional neutron stars
and somewhat larger for more exotic stars (Owen, 2005).

In order to greatly improve the sensitivity of the pulsar
searches, the Einstein @ Home (2012) project distributes
some of the Laser Interferometer Gravitational-wave

Observatory (LIGO) data to the home computers of an interna-
tional team of volunteers. Although no gravitational waves
have been detected so far, this project has detected pulsars
using electromagnetic astronomical data (Knispel et al., 2011).

2. Transients

The signal which all ground-based detectors are aimed
toward is the inspiral and merger of compact binary objects:
neutron stars (NS) and black holes (BH). Perhaps 1=3 to 1=2
of the stars in the Universe have companions (Lada, 2006).
Through various mechanisms, some small fraction of these
can evolve into a NS/NS, NS/BH, or BH/BH binary [white
dwarfs are not quite so compact; mass transfer between the
stars begins (Farmer and Phinney, 2003; Lorén-Aguilar et al.,
2005) well before the inspiral signal enters the accessible
band of the ground-based detectors]. These compact binaries
will eventually merge after they have released their orbital
energy through gravitational radiation. The Hulse-Taylor
binary is one such binary; it is expected to merge in
"3# 108 yr. Estimates of the binary merger rates
(Phinney, 1991; Belczynski, Kalogera, and Bulik, 2002) us-
ing bounds from astrophysical observations as well as pre-
dictions from population synthesis models vary by a few
orders of magnitude. For the upcoming second generation
interferometric detectors, the compact binary detection rate
may be as low as 1=yr or as high as 3=day (Abadie et al.,
2010). A combination of extensive analytic methods (Faye
et al., 2012) and high accuracy numerical simulations
(Scheel et al., 2009; Szilágyi, Lindblom, and Scheel, 2009;
Ajith et al., 2012) have allowed for the calculation of accurate
wave forms by which one can search for these binary inspirals
using matched template methods (Allen et al., 2012).

It is most likely that the largest fraction of gravitational-
wave sources have not yet been modeled well enough to use a
template based search. These will include sources such as
stellar collapse leading to supernovae (Ott, 2009), the boiling
of the cooling neutron star at the end of the collapse (Liu and
Lindblom, 2001), and soft gamma-ray repeaters (Abbott
et al., 2008). The most exciting prospect in making a broad-
band search for gravitational waves is to make a discovery of
an entirely unexpected astrophysical phenomenon (Cutler
and Thorne, 2002; Ando et al., 2012).

3. Cosmic background radiation

Starobinskii (1979) and others (Rubakov, Sazhin, and
Veryaskin, 1982; Abbott and Wise, 1984) pointed out that a
period of cosmic expansion in the early Universe could
produce a spectrum of gravitational radiation. Allen (1988)
later derived the full spectrum of gravitational waves ex-
pected from a standard inflationary universe scenario. This
model predicts a nearly white spectrum (in units of energy) in
the frequency band from 10!15 to 1010 Hz (Turner, 1997).
This radiation from the early Universe traveled to our detec-
tors with very little scattering along the way giving us a direct
measurement of the state of the Universe at a time which is
less than 10!30 s after the big bang (Weinberg, 2004). A
review of prospects for detecting this inflationary background
as well as possible astrophysical foregrounds is given by
Allen (1997).

FIG. 2 (color online). Interferometer antenna response for (þ)
polarization (left), (#) polarization (middle), and unpolarized waves
(right).
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Low-Frequency Antenna Pattern
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Still shorter than the optimum length 
=> Use optical cavity to increase life time of the photons in the arm

n LIGO Observatories
Hanford / Livingston 4km

\

c.f. Virgo (FRA/ITA) 3km, KAGRA (JPN) 3km, GEO (GER/GBR) 600m



¡ Localization of GW150914 & GW151226



¡ LIGO-Virgo only

From LIGO-G1201135-v4



¡ LIGO-Virgo plus LIGO-India

From LIGO-G1201135-v4



LIGO Hanford

LIGO Livingston Advanced VIRGO

GEO600 KAGRA

LIGO India







¡ Differential motion => Michelson interferometer

Gravitational
Wave



Gravitational
Wave

High
Power 
Laser

Mode
Cleaner

Recycling
Mirrors

4km FP arm 
cavities

Signal
Readout
Scheme

Data Storage

Data Analysis

Analog Electronics
Digital Control

Seismic 
Attenuation

Vacuum 
Envelope

Mirror Suspension
(Quad Pendulum)

Mirror & Coating
Fused Silica fiber



¡ World’s biggest UHV vacuum system, 
straighter than earth’s curvature

¡ Large vacuum chambers to accommodate main 
optics and suspensions

23



¡ Requires the state of the art in substrates, 
polishing, coating
§ Half-nm flatness over 

300mm diameter
§ 0.2 ppm absorption 

at 1064nm
§ Coating specs for 

1064 and 532 nm
§ Mechanical 

requirements: bulk 
and coating thermal 
noise, high resonant 
frequency



 

~2m



Optics Table Interface
(Seismic Isolation System)

Damping Controls

Electrostatic
Actuation

Hierarchical Global
Controls

¡ Quadruple pendulum suspensions for 
the test masses

¡ Monolithic final stage using fused 
silica fibers to suspend 40 kg test mass

Final elements
All Fused silica 



¡3 elements of a GW detector
§Mechanics
§Optics
§Electronics



¡3 elements of a GW detector
§Mechanics
§Optics
§Electronics



¡ GW Detection = Length measurement
¡ The longer arms, the bigger the effect

§ GW works as strain => dx = hGW x Larm

§ Until cancellation of the signal happens
in the arms

§ Optimum arm length

Laser

Photodetector

Mirror

Mirror

Laser

Photodetector

Mirror

Mirror

€ 

4Larm = λGW (= c / fGW )

€ 

Larm = 75km  (for  fGW =1kHz)



¡ Frequency response of the Michelson to GWs

�� =
2L⌦

c
e�iL!/c sin(L!/c)

L!/c
· h0e

i!t

100 101 102 103 104 105108

109

1010

1011

1012

Ph
as

e 
re

sp
on

se
 [r

ad
]

 Frequency [Hz]

 

 

Arm Length:75km
Arm Length: 4km

DC Response
longer -> 
larger

Cut off freq
longer -> lower

Notch freq
f = n c / (2 L)

Michelson arm length optimized for 1kHz GW 
-> 75km, too long!



¡ Storing light in an optical cavity

§ Input vs circulating: constructive 
Prompt reflection vs leakage: destructive
=> The circulating field grows up

§ N times more power 
Equivalent to have N times longer arm

F =
⇡
p
r1r2

1� r1r2

Finesse

t1, r1 t2, r2

Input field

Reflected
field

Prompt
reflection

Circulating
Field

Transmitted
Field

Leakage
Field

N = 2F/⇡

Folding Number

99% 99.999%



¡ Storing light in an optical cavity
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FP arm Length: 4km, Finesse 450
FP arm Length: 4km, Finesse 50
MI arm Length: 4km

F =
⇡
p
r1r2

1� r1r2

Finesse

DC Response
amplification

Cutoff freq
“Cavity pole”

fc =
c

4LF

N = 2F/⇡

1. FP increases stored power in the arm
2. FP increases accumulation time of the signal

=> Above the roll-off, increasing F does not improve the response



¡ A continuous signal stream from an interferometer

¡ GWs and noises: in principle, indistinguishable
=> Anything we detect is GW 

¡ Reduce noises!
§ Obs. distance is inv-proportional to noise level
§ x10 better => x10 farther => x1000 more galaxies

Gravitational
Wave

h(t)

t

h(t)

t

GW?

h(f)

f

h(f)

f

GW?



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

Beyond the Second Generation of Laser-Interferometric Gravitational Wave Observatories3

advanced LIGO baseline design.
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Quantum noise
Seismic noise
Gravity Gradients
Suspension thermal noise
Coating Brownian noise
Coating Thermo−optic noise
Substrate Brownian noise
Excess Gas
Total noise
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Rough Estimate of Facility Limits 
Advanced LIGO: Quantum noise
Advanced LIGO: Total Noise 

Figure 2. LEFT: Noise budget of Advanced LIGO. This plot was produced using
the GWINC [24] and represents the Advanced LIGO broadband configuration
described in [23]. RIGHT: Illustrative examples of potential sensitivity limits
for Advanced LIGO upgrades. The upper boundary of the orange area is given
by seismic, gravity gradient and residual gas noise equal to the Advanced LIGO
baseline design and coating and suspension thermal noise being improved by a
factor 2 each. In contrast the lower boundary is calculated assuming a coating
noise improvement of a factor 4, a suspension thermal noise reduction of a factor
5, a gravity gradient subtraction of a factor 10 and a seismic noise level reduced
by a factor 100. Please note that quantum noise is not included in the orange
area.

In general, for each fundamental noise source there are several ways to further
reduce it and by that improve the sensitivity beyond the advanced LIGO target
sensitivity. These potential improvements vary extremely in terms of implementation
cost and required hardware effort.

• Quantum noise: There are ample ways to improve the quantum noise, at
least in a specific frequency region. Increasing the light power inside the
interferometer arms reduces the shot noise level, but at the same time increases
the radiation pressure noise. Signal recycling [33] allows to shape the quantum
noise contribution to optimise the overall detector response. The signal recycling
bandwidth and the signal recycling tuning (i.e. the frequency of maximum
sensitivity) can be adjusted by means of the reflecitivity and microscopic position
of the signal recycling mirror [34]. Moreover, the injection of squeezed light
states [36] allows us to further manipulate the quantum noise level [35] (see
left plot of Figure 3). All of the techniques mentioned so far require only
rather small hardware changes. Other more hardware intensive ways to further
reduce quantum noise include the application of heavier test masses, yielding
a reduced susceptibility to quantum radiation pressure noise, the injection of
frequency dependent squeezed light [37] and a multitude of other quantum-non-
demolition techniques, such as optical bar [38, 39, 40] and speed-meter [41]
configurations. Please note that the latter techniques might require a close-to-
complete reorganisation of the interferometer configuration inside the vacuum
facilities (see Figure 4). It is also worth mentioning that most of these techniques
are not mutually exclusive, but any GW detector beyond the second generation
is likely to employ a ’cocktail’ of the above mentioned techniques

• Coating Brownian noise: The techniques under consideration for the reduction



¡ Sensitivity (=noise level) of Advanced LIGO
¡ Current sensitivity

h= 8x10-24 /rtHz



¡ Sensitivity (=noise level) of Advanced LIGO
¡ Noise budget

h= 2x10-23 /rtHz



¡ GWs ~ ripples of the spacetime

¡ GW effect is very small
~ the effect is so small (h<10-21)

¡ Not yet directly detected
Sufficiently sensitive detectors allow us to detect

¡ Michelson-type interferometers are used

¡ GW detection is a precise length 
(=displacement) measurement!



¡ Basically, the larger, the better.
LIGO has two largest interferometers in the world,
and multiple detector will have very important role in 
GW astronomy 

¡ IFO consists of many components
Optics / Mechanics / Electronics
and their combinations (e.g. Opto-Electronics)

¡ Noises and signals are, in principle, indistinguishable.
Noise reduction is essential


