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ÜDoes the Inertia of a Body Depend Upon 
Its Energy Content?

3

“Spacetime tells matter how to move, 

and matter tells spacetime how to curve”

Newton described Gravity quite well, but

But how does the Earth know to orbit the Sun?

How does gravity act at a distance across space?

Theory of General Relativity



Gravitational waves are ripples 

in space and time caused by changing 

gravitational fields

As a consequence of Theory of 
General Relativity Einstein predicted 
Gravitational Waves in 1916.





What did we observe on Sep 
14th?

6



The Discovery

7

• First direct detection of Gravitational Waves
– First indirect confirmation by Hulse-Taylor binary system 

(1993 Noble prize)
• First direct measurement of a black hole

– Inferred from ringdown signal [and not from observing 
gas (X-ray binary) / stars (galactic center) around a 
blackhole]

• First direct measurement of a binary black hole 
– Only possible with GW observation

• First observation of heavy stellar mass black holes
– So far no evidence for blackholes with mass between 20 

and millions of solar masses
• Most luminous event ever observed: 

– For short period 50 more energy emitted than the 
observable Universe



Since then …



LIGO, Hanford, WA

LIGO, Livingston, LA

Virgo, Cascina, Italy



Getting a 3rd GW observatory online



E

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

Link between BNS 
and one class of 
GRB.

Measurement of 
speed of GW





The ’Gold-Factory’  





First GW catalog: GWTC-1





GW Astronomy results to date and 
pro-spects, Current and future GW 
detectors – sensitivity they achieve 
and how they do it, Astrophysical 
requirements and benefits of 
calibration accuracy

Prof Stefan Hild, 
University of Glasgow, UK



Detecting Gravitational Waves

• In order to detect GW 
you need to very 
accurately measure the 
position of test masses. 

• First you need to make 
your test masses quieter 
than what you want to 
measure.

• Secondly, you need to 
readout out the strain to 
the required precision 
without (!) introducing 
‘too much’ additional 
noise. 

Image: W. Benger AEI/ZIB

h0<10-21

Current detectors achieve
10-19m/sqrt(Hz)

Calibration WS, NIST, 2019
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Detecting Gravitational Waves

Image: W. Benger AEI/ZIB

Phase Laser freq

Assumption of 
GW signal GW amplitude

Phase shift
Produced by 

GW

Geometry term

GW freq

Travel time in 
x-arm

Use the speed of light as meter stick



Stefan Hild Glasgow, April 2009 Slide 21

Sensitivity of aLIGO in terms of fringes?



S. Hild Slide 22

Interferometry: Arm cavities

Ü Increasing the storage time in 
the arms by using arm cavities.

Ü Finesse of the arm cavities 
determines bandwidth of GW 
detector.  

Advanced 
LIGO 
aims for 1 
MW of 
stored 
power 

Calibration WS, NIST, 2019



ALIGO Example
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Michelson with FP
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Simple Michelson Michelson with 
arm cavities

Michelson with 
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Noise Sources limiting the aLIGO

Ü In order to understand 
how we can potentially 
improve Advanced LIGO, 
we need to see is limiting:

Slide 24
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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

• Quantum Noise limits most of 
the frequency range.

• Coating Brownian limits (or is 
close) in the range from 50 to 
100Hz.

• Below 50Hz we are limited by 
‘walls’ made of Suspension 
Thermal, Gravity Gradient
and Seismic noise.

LIGO-T070247

Slide 24Calibration WS, NIST, 2019



Planes

Seismic disturbance

Magnetic fields

Power lines

Lightning

Molecule 
crossing

Laser beam

Thermal 
Bath

Quantum 
Back-Action

noise

Humans

Wind/Weather

Myriad of Disturbances 
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aLIGO+

Ü US/UK linked proposals + 
inkind contribution from AU: 
20M$ from NSF + £10M from 
STFC. US project started Oct 
1st.

Ü 2nd upgrade: 300m filter cavity 
to provide frequency dependent 
squeezing

Ü Aim: obtain squeezing at high 
frequency without spoiling low 
frequency due to anti-squeezing. 
Short cavity sufficient. 

Ü In order to get full squeezing 
benefit will have to switch to 
balanced homodyne readout.

Stefan Hild Calibration WS, NIST, 2019 Slide 29



aLIGO+

Ü In addition to quantum noise improvements aLIGO+ assumes 
factor 2 reduction in coating noise.

Ü Overall improvement will yield increase in detection rate of 4-7.

Stefan Hild Calibration WS, NIST, 2019 Slide 30



Voyager (1)

Ü Based on cryogenic (120K) 
silicon test masses and 
suspensions to reduce 
thermal noise. 

Ü Good properties of silicon:
Ø Thermal expansion has a 

zero-crossing at 120K.
Ø High thermal conductivity 

=> smaller thermal 
gradients.

Ü Purpose of going cryogenic 
is to enable high power 
operation.

Stefan Hild Slide 31

Image courtesy R.Adhikari

Winkler et al, Phys. Rev. A 44, 7022–7036 (1991)

Calibration WS, NIST, 2019



Voyager (2)

       
TCS  

 

Vacuum 
Flange

ISI

77K

120+ K

77-120KOFHC
Cu

Braid

thermally insulating
mechanical clamp

120K

77-120K

SiO2 Si

λ= 1560 nm, 
P = 3 MW
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Image courtesy R.AdhikariÜ In contrast to the Einstein 
Telescope and KAGRA (both 
operating at 10-20K range) the 
cooling in Voyager design will 
mainly be done via radiation 
(and not via conduction 
through the fibres).

Ü As a result the cryogenic 
implementation is simpler and 
higher optical powers can be 
possible.

Calibration WS, NIST, 2019



ET Design study

Available at:
http://www.et-gw.eu/etdsdocument

Stefan Hild Slide 8Calibration WS, NIST, 2019



The ET Footprint
Ü As ET is a new infra-

structure, we can start from 
scratch.

Ü What to see the full sky. 

Ü Want to resolve both 
polarisations.

Ü Want to have redundancy.

Ü 1 Triangle vs 4 Ls:
Ø Both have 30km integrated 

tunnel length
Ø Both resolve both polarisations 

and offer redundancy.
Ø Both give equivalent sensitivity.
Ø Triangle reduces the number of 

end stations.

Ü ET will be a triangle.  

Single L-shaped IFO Triangle of 3 IFOs

Triangle first proposed:1985, MPQ-101. W.Winkler, K.Maischberger, A.Rüdiger, 
R.Schilling, L.Schnupp, D.Shoemaker,: Plans for a Large Gravitational Wave 
Antenna in Germany

Freise, A.; Chelkowski, S.; Hild, S.; Pozzo, W. D.; Perreca, A. & Vecchio, A.
CQG, 2009, 26, 085012 (14pp) 

Stefan Hild Slide 9Calibration WS, NIST, 2019



Xylophone Concept
Ü As our detectors become more and more complex and at the same time aim increase even 

further the observation bandwidth the xylophone concept becomes more and more attractive.

Ü The xylophone concept was originally suggested for advanced LIGO:

Ü Allows to overcome ‘contradicting’ requirements in the technical detector design:
Ø To reduce shot noise you have to increase the light power, which in turn will 

reduce the sensitivity at low frequencies due to higher radiation pressure noise.
Ø Need cryogenic mirrors for low frequency sensitivity. However, due to residual 

absorption it is hard to combine cryogenic mirrors with high power 
interferometers.

Ü For ET we choose the conservative approach (designing an infrastructure) and went for a 2-
band xylophone: low-power, cryogenic low-frequency detector and a high-power, room-
temperature high-frequency detector.  

R.DeSalvo, CQG 21 (2004) S1145-S1154

G.Conforto and R.DeSalvo, Nuc. Instruments 518 (2004) 228 - 232

D.Shoemaker, presentation at Aspen meeting (2001), http://www.ligo.caltech.edu/docs/G/G010026-00.pdf
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The ET core interferometers

Opening angle = 60 degOpening angle = 60 deg

Stefan Hild Slide 36Calibration WS, NIST, 2019



The High-Frequency Detector

• Quantum noise: 3MW, 
tuned Signal-Recyling, 
10dB Squeezing, 200kg 
mirrors.

• Suspension Thermal
and Seismic:
Superattenuator

• Gravity gradient: No 
Subtraction

• Thermal noise: 290K, 
12cm beam radius, fused 
Silica, LG33 (reduction 
factor of 1.6 compared to 
TEM00). Coating Brownian reduction factors (compared to 2G):

3.3 (arm length), 2 (beam size) and 1.6 (LG33) = 10.5
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Ü Quantum noise: 18kW, detuned 
Signal-Recycling, 10dB frequency 
dependent squeezing, 211kg 
mirrors, 1550nm.

Ü Seismic: 17m Superattenuator

Ü Gravity gradient: Underground, 
Black forest location

Ü Thermal noise: 10K, Silicon, 9cm 
beam radius, TEM00.

Ü Suspension Thermal: 3mm 
Silicon fibres. Penultimate mass 
at 2K.

As mirror TN is no longer limiting, one can relax the assumptions 
on the material parameters and the beam size… 

The Low-Frequency Detector
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Combining 2 IFOs

ET-D-LF ET-D-HF

ET-D (total)

Stefan Hild Slide 39Calibration WS, NIST, 2019



Stefan Hild LVC Maastricht, Sep 2018 Slide 40

www.cosmicexplorer.org
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Image credit: M. Evans, MIT



ET Symposium, April 2018 Slide 43
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PE of GW150914-like event with 3G
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Cosmological reach of 3G
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Thank you very much 
for your attention!



Stefan Hild Slide 57

Thanks very much for your 
attention.

TAUP, Turin, Sep 2015



• Seismic noise – must 
prevent masking of GWs, 
enable practical control 
systems

• Motion from waves on 
coasts…and people moving 
around

• GW band: 10 Hz and above 
– direct effect of masking

• Control Band: below 10 Hz 
– forces needed to hold 
optics 
on resonance and aligned

• aLIGO uses active servo-
controlled platforms, 
multiple pendulums

• Limit on the ground: 
58

Addressing limits to performance



Seismic Isolation: 
Multi-Stage 

Solution
• Objectives:

• Render seismic noise a negligible 
limitation to GW searches

• Reduce actuation forces on test masses

• Both suspension and seismic isolation 
systems contribute to attenuation

• Choose an active isolation approach, 3 
stages of 6 degrees-of-freedom :
• 1) Hydraulic External Pre-Isolation
• 2) Two Active Stages of Internal 

Seismic Isolation

• Low noise sensors (position, velocity, 
acceleration) are combined, passed 
through a servo amplifier, and delivered 
to the optimal actuator as a function of 
frequency to hold platform still in inertial 
space 

 

59LIGO-G1301277



Mirror Thermal Noise

Ü Due to thermal fluctuations the position of the mirror sensed by 
the laser beam is not necessarily a good representation of the 
center of mass of the mirror.

Ü Various noise terms involved: Brownian, thermo-elastic and 
thermo-refractive noise of each substrate and coating (or 
coherent combinations of these, such as thermo-optic noise).

Ü For nearly all current and future designs coating Brownian is the 
dominating noise source:    

Stefan Hild Slide 60

laser
beam radiusYoung’s modulus

of mirror substrate 

Boltzmann
constant

Temperature

Young’s modulus
of coating 

Loss angle 
of coating

PSD of 
displacement

Geometrical
coating thickness

Harry et al, CQG 
19,  897–917, 2002

TAUP, Turin, Sep 2015



c

How to reduce 
Mirror Thermal Noise?

Stefan Hild Slide 61

Effort
(Cost + Complexity)

G
ai

n
Larger beam 
size (needs 

larger mirrors)
Harry et al, CQG 19,  

897–917, 2002

Different beam shape
Mours et al, CQG, 2006, 23, 5777 
Chelkowski et al, PRD, 2009, 79, 122002

Improved coating materials  (e.g. 
crystalline coatings like AlGaAs, GaPAs)

Cole et al, APL 92, 261108, 2008

Cryogenic mirrors 
(10-20K)

Uchiyama et al, PRL 108, 
141101 (2012) 

Khalili cavities
Khalili, PLA 334, 67, 2005
Gurkovsky et al, PLA 375, 

4147, 2011

Waveguide mirrors
Brueckner et al, Opt. Expr 17, 163, 2009 

PhD thesis of D.Friedrich

Amorphous Silicon 
coatings

Liu et al, PRB 58, 9067, 1998

Please note: Technical readiness of the tech-

niques might vary strongly! Also this plot repre-

sents my personal view (not vetted byLSC).

1.5

2

3

5

Cryogenic mirrors 
(120K)

TAUP, Turin, Sep 2015

Optimisation
(annealing, layer 

thickness, doping)



Suspension Thermal Noise

Ü Mirrors need to be suspended in order to decouple 
them from seismic.

Ü Thermal noise in metal wires and glass fibres 
causes horizontal movement of mirror.

Ü Relevant loss terms originate from the bulk, 
surface and thermo-elastic  loss of the fibres + 
bond and weld loss.

Ü Thermal noise in blade springs causes vertical 
movement which couples via imperfections of the 
suspension into horizontal noise.  

Stefan Hild Slide 62

PSD of 
displacement

Boltzmann
constant

Temperature
Loss angle

Mirror mass Resonance frequency
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How to reduce 
Suspension Thermal Noise?

Stefan Hild Slide 63

Effort
(Cost + Complexity)
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5

Cooling of the suspension 
to cryogenic temperatures.

Usually also requires a change of materials.

Increase length of 
final pendulum stage. 

Allows the push suspension 
thermal noise out detection band.

Improve 
fibre 

geometry/
profile 

Bending points, 
energy stored via 
bending and neck 

profile can be 
potentially further 

optimised. 

Please note: Technical readiness of the tech-

niques might vary strongly! Also this plot repre-

sents my personal view (not vetted byLSC).

TAUP, Turin, Sep 2015



Gravity Gradient Noise 
(also referred to as Newtonian)

Ü Seismic causes density changes in the 
ground and shaking of the mirror 
environment (walls, buildings, vacuum 
system). 

Ü These fluctuations cause a change in the 
gravitational force acting on the mirror.

Ü Cannot shield the mirror from gravity. L

Stefan Hild Slide 64

Images: courtesy G.CellaPSD of 
strain

PSD of seismic

Coupling constant (depends on type of 
seismic waves, soil properties, etc) Density of 

ground

frequencyArm length

Gravitational 
constant

TAUP, Turin, Sep 2015



How to reduce 
Gravity Gradient Noise?
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Effort
(Cost + Complexity)
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Reduce seismic 

noise at site., i.e. 
select a quieter 
site, potentially 
underground.

Beker et al, Journal of Physics: 
Conference Series 363 (2012) 

012004

Subtraction of gravity 
gradient noise using an 
array of seismometers.

• Beker et al: General Relativity and Gravitation 
Volume 43, Number 2 (2011), 623-656

• Driggers et al: arXiv:1207.0275v1 [gr-qc]

Shaping local 
topography

• Harms et al, CQG Volume 31, 
Number 18, 2014

Please note: Technical readiness of the tech-

niques might vary strongly! Also this plot repre-

sents my personal view (not vetted byLSC).

TAUP, Turin, Sep 2015



Quantum Noise

Stefan Hild Slide 66

Ü Quantum noise is a direct manifestation of the Heisenberg 
Uncertainty Principle. 

Ü It is comprised of photon shot noise (sensing noise) at high 
frequencies and photon radiation pressure noise (back-
action noise) at low frequencies.

photon shot noisephoton radiation pressure noise

wavelength

optical 
power

Arm lengthMirror mass

TAUP, Turin, Sep 2015



Vacuum fluctuations

Quantum noise can also 
be understood as vacuum 
fluctuations entering the 
interferometer via any 
open port:

Ü Fluctuations reflected 
from interferometer 
detected a photo-
detector as shot noise

Ü Fluctuations acting on 
mirrors cause radiation 
pressure noise

Vacuum 
fluctuations 



How to reduce Quantum Noise?

Stefan Hild Slide 68

Effort
(Cost + Complexity)

G
ai

n

1.5

2

3

5

Increased 
Laser Power
Need to deal with 

thermal problems and 
instabilities

Squeezed Light
LIGO Scientific 

collaboration, Nature 
Phys. 7 962–65, 2011

Increased Mirror Weight
Need to deal with thermal problems 

and instabilities

Speedmeter
Measures momentum of test 
masses and is therefore not 
susceptible to Heisenberg 

Uncertainity Principle.
Chen, PRD 67, 122004, 2003

Optical Bar + 
Optical Lever

Khalili, PLA 298, 308-14, 
2002

Squeezing with frequency 
dependent squeezing angle

Kimble et al, PRD 65, 2002

Local readout
Rehbein et al, PRD 78, 

062003, 2008

Please note: Technical readiness of the tech-

niques might vary strongly! Also this plot repre-

sents my personal view (not vetted byLSC).

TAUP, Turin, Sep 2015



Why do we need a frequency dependent 
squeezing angle?

Stefan Hild 3G Workshop, Florence, Feb 2016 Slide 69

Ü Frequency independent squeezing can only improve sensitivity at one 
end of the spectrum (phase squeezing improves shot noise, amplitude 
squeezing improves radiation pressure noise), while it degrades 
sensitivity at the other end of the spectrum.



Frequency Dependent Squeezing

Stefan Hild 3G Workshop, Florence, Feb 2016 Slide 70

Ü Frequency dependent squeezing angle allows to obtain broadband 
quantum noise suppression.

Ü Use dispersion in reflection of a cavity to realise frequency dependent 
rotation of squeezing angle. Chelkowski et al. PRA 71, 013806, 2005



Filter Cavity Considerations

Ü Obtainable squeezing factor not 
limited by squeezing factor of 
squeezing sources. 

Ü Achievable quantum noise 
reduction limited by losses of 
squeezing encounter in injection 
path and filter cavity.

Ü Extremely low losses in filter 
cavity are vital. 

Ü Requires low cavity linewidth
(product of cavity length and 
Finesse needs to be large). 

Ü For detuned RSE one looses most 
squeezing on resonance.

Stefan Hild 3G Workshop, Florence, Feb 2016 Slide 71
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Example a of a more ambitious 
single detector sensitivity
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Adv LIGO

ET-120K

ET-D

Seismic: Black Forest
Newtonian Gravity: 20x subtraction
Residual Gas: 0.3 nTorr of H2
ET single, 120K
ET-D
aLIGO design
ET Facility Limit
3MW speedmeter, 40m FC, 30ppm loss

Liege, Jan 2018



Future Detector Parameters

Stefan Hild Slide 73Les Houches, July 2018



ET Sensitivity evolution

Ü Data from ET-LF and ET-HF can be coherently or incoherently be added, 
depending on the requirements of the analysis.

Ü Sensitivity data available for download at: http://www.et-gw.eu/etsensitivities
Ü For more details please see S.Hild et al: ‘A Xylophone Configuration for a third Generation Gravitational Wave Detector’, CQG 

2010, 27, 015003 and S.Hild et al: ‘Sensitivity Studies for Third-Generation Gravitational Wave Observatories’, CQG 2011, 28
094013.

Stefan Hild Slide 74Liege, Jan 2018


