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Overview 



Å Gravitational  waves are ripples  in 
spacetime propagating  at  the  speed of  light  
(according  to  GR) 

 

Å Created  by acceleration  of  massive 
objects  with  quadrupole leading order  

 

General Relativity/Gravity Waves 

Å In  General Relativity  gravity  is described  by the  curvature  of  space-time  

ÂMatter tells spacetime how to curve.  

ÂSpacetime tells matter how to move  

Å Gravitational  wave detectors  
measure the  separation  between  
free  test  masses in this  
spacetime 
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Å Gravitational waves are generated by moving masses that possess a 
quadrupole moment of inertia   
 

Å Gravitational wave strain amplitude:  
 
 
 
 
 
 
 

 
 
 

Å Need very large mass , moving at relativistic velocities  

ðgravity interacts very weakly with matter  

h ~ 10-21 @ 100 Mpc 

General Relativity/Gravity Waves 



Å Gravitational  Waves will  
give us a different,  non 
electromagnetic  view of  
the  universe, and open a 
new spectrum  for  
observation .   

Å This  will  be complementary   
information,  as different  
from  what  we know as 
hearing  is from  seeing. 

 

A New Probe of the Universe 

GW sky??  

EXPECT THE UNEXPECTED! 



Space detectors  
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The Gravitational Wave Spectrum 

Å Adapted  from  M. Evans (LIGO  G1300662 -v4) 
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J . Weber,  60õs-80õs 

Brief History 

Germany/Italy/UK,  70õs-80õs 

US, 70õs-80õs, R. 
Weiss  /  R. Forward)  Modern bars 

80õs-90õs 

Interferometer prototypes, 80õs-90õs 

Glasgow/Garching/Caltech  



Brief History 

GEO 600 (GEO-HF): 90õs-current  

LIGO/aLIGO: 90õs-current  

 

AEI prototype: 2010 -current  

 

Glasgow 10m: 1978-current  

 
 

Å The UK has a strong  history,  and continues to  have a leadership  role  in 
current  detector  technology  and implementation  



International Network 

ÅA network  is required  to  localise the  source position  

17/ 02/ 16; approved by 
Indian  government  

under construction  



Å Interferometers  monitor  the  position  of  suspended test  masses separated  
by a few  km  
 

ÅA passing gravitational  wave will  lengthen  one arm and shrink  the  other  
arm; transducer  of  GW strain -intensity  (10-18 m over 4 km) 

Interferometric Detectors 

4³1016m 

10-5m 



aLIGO Sensitivity 
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Å aLIGO  design sensitivity  



The Technology 
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Fundamental Noise Sources 

f low  f high  resonance 

Seismic Noise Thermal  Noise 

 

Mirror Requirements  

Thermal 
Noise 

10-19 m/ÕHz at 10Hz 
(longitudinal)  

10-16 m/ÕHz at 10Hz (vertical)  

Seismic 
Noise 

10-19 m/ÕHz at 10Hz  
(assumes seismic platform noise  

2x10 -13 m/Õ Hz)  



aLIGO Quadruple Suspension 

Å The input  test  masses (ITM)  and end test  masses 
(ETM)  of  Advanced LIGO  are suspended via a 
quadruple pendulum system 

 

Å Seismic isolation :  use quadruple pendulum with  3 
stages of  maraging steel  blades for  
horizontal/vertical  isolation  

 

Å Thermal  noise reduction :  monolithic  fused  silica  
suspension as final  stage 

 

Å Control  noise minimisation :  use quiet  reaction  
pendulum for  global control  of  test  mass position  

 

Å Actuation :  Coil/magnet  actuation  at  top  3 stages, 
electrostatic  drive  at  test  mass 

Developed under the ALUK project 
(Glasgow/RAL/Birmingham/Strathclyde)  



Fused Silica Fibre Pulling 

Å Low thermal  noise requires  ultra -low loss 
materials  => fused  silica  

Glasgow has supplied the machines 
used in AdV VIRGO and aLIGO  



aLIGO Suspensions 

Fused silica  technology  has 
been essential  to  meet  
aLIGO  requirements  



Core Optics 

Å40kg test masses are suspended as òfreeó particles 

Å Fused silica substrates with low OH content  

Å Two step polish:  

ð Superpolish: ~1 Å microroughness  

ð Ion Beam Figuring: corrects figure, maintains 
microroughness  

Zygo Interferometer, Caltech  



Coating Thermal Noise 

ÅBrownian thermal noise associated with the mirror coatings will limit design 
sensitivity of aLIGO at  å70Hz. 

Å Amorphous Ion Beam Sputtered coatings are currently the materials of 
choice for aLIGO;  

Å Ta2O5 (high index)  loss is greater  than  SiO2 (low index)  loss 

coating microstructure  



aLIGO Sensitivity 
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Å O1 sensitivity  

Å aLIGO  design sensitivity  
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First Detection 
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Å Excerpt  from  the  detection  paper: 

 
òOn September  14, 2015 at  09:50:45 UTC, 
the  LIGO  Hanford,  WA,  and Livingston,  LA, 
observatories  detected  the  coincident  signal 
GW150914 éó 

GW150914: The Paper 

Phys. Rev. Lett. 116, 061102, 2016 
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Time-frequency map 
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GW150914: The Signal 

Phys. Rev. Lett. 116, 061102, 2016 
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Some Facts 

Å First  direct  detection  of  Gravitational  Waves  

First  confirmation  of  their  existence  from  the  
Hulse-Taylor  binary  (1975) 

Å First  direct  observation  of  a black  hole  

inferred  from  the  characteristic  ringdown of  the  
observed  signal (and not  from  the  influence  on gas 
surrounding   a black hole)  

Å First  observation  of  a black  hole binary   

There  is no other  way to  observe other  than  via 
their  gravitational  wave emission  

Å The most luminous event  ever  detected :  3. 6 x 
1056 erg/s  

Total  radiated  energy ~ 3 solar  mass  

Å Placed constraint  on the  graviton  mass 

ï lg > 1013 km or mg < 1.2 x 10-22 eV/c 2 

 

 

 

LIGO G1600220 -v8 
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ÅNumerical  relativity  models of  the  BH 
coalescence 

Å Over  0.2s the  signal increases in frequency  and 
amplitude  in about  8 cycles from  35 to  150 Hz  

Å Effective  BH separation  in units  of  
Schwarzschild  radius  Rs=2GMtot /c 2=210km 

GW150914: The Signal 

ÅBinary  Black Hole System  

Å M1 = 36 +5/ -4 Msol 

ÅM2 = 29 +/ - 4 Msol  

Å Final Mass = 62 +/ - 4 Msol  

Å Distance  = 410 +160/ -180 
Mpc (redshift  z = 0.09) 

Phys. Rev. Lett. 116, 061102, 2016 



Rapid Source Sky Localisation 

GW150914 is localized  to  an area of  
approximately  590  deg2 in Southern  
hemisphere  

Å Search  for  coincident  high 
energy neutrino  candidates  in 
IceCube  and ANTARES  data  

ÅSearch  window ± 500 s  

Å No u candidate  in both  temporal  
and spatial  coincidence 

Å 3 u candidates  in IceCube  and 0 u 
candidate  in ANTARES  
(consistent  with  expected  
atmospheric  background)  

https://arxiv.org/abs/1602.05411  
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Å Excerpt  from  the  detection  paper: 

 
òWe report  the  observation  of  a 
gravitational  wave signal produced  by 
the  coalescence of  two stellar -mass 
black holes. The signal, GW151226, 
was observed  by the  twin  detectors  
of  the  Laser Interferometer  
Gravitational -Wave Observatory  
(LIGO)  on December  26, 2015 at  
03:38:53 UTC.ó  

GW151226: The Paper 

Å Second observation  of  BBH in O1 
data  

Å Firmly  establishes  field  of  GW 
astronomy  

Å Initial  localization : ~1400 deg2 

Å Signal increased  in frequency  and 
amplitude  over about  55 cycles 
from  35 to  450  Hz (over  å1s) 

SXS group; https://www.youtube.com/watch?v=KwbXxzgAObU  

Phys. Rev. Lett. 116, 241103, 2016 


