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Who	
  am	
  I?	
  

•  Thomas	
  Adams	
  
•  4th	
  year	
  PhD	
  student	
  working	
  with	
  Patrick	
  

– Searches	
  for	
  gravita'onal	
  wave	
  bursts	
  
– Characterisa'on	
  of	
  the	
  GEO	
  600	
  detector	
  

•  Spent	
  half	
  my	
  PhD	
  on	
  site	
  at	
  the	
  Bri'sh	
  -­‐	
  
German	
  GEO	
  600	
  detector	
  near	
  Hannover	
  



Recap	
  of	
  gravita'onal	
  waves	
  

•  Distance	
  between	
  two	
  points:	
  

•  Can	
  rewrite	
  this	
  in	
  General	
  Rela'vity	
  as	
  	
  

•  Where	
  g	
  is	
  the	
  metric	
  	
  (iden'ty	
  for	
  flat	
  space)	
  
and	
  dx	
  is	
  the	
  displacement	
  vector	
  

•  Includes	
  new	
  term	
  for	
  displacement	
  in	
  'me	
  



Recap	
  of	
  gravita'onal	
  waves	
  

•  Gravita'onal	
  waves	
  are	
  perturba'on	
  of	
  the	
  
space-­‐'me	
  metric	
  

•  In	
  the	
  simplest	
  form,	
  waves	
  travelling	
  in	
  z-­‐
direc'on	
  take	
  this	
  form:	
  



Detec'ng	
  gravita'onal	
  waves	
  

•  Rota'on	
  gives	
  simple	
  form	
  in	
  lab	
  frame	
  

	
  
•  Consider	
  light	
  beam	
  travelling	
  in	
  x-­‐direc'on	
  
(down	
  the	
  lab)	
  between	
  two	
  test	
  masses,	
  and	
  
GW	
  travelling	
  in	
  z-­‐direc'on	
  (ver'cally	
  down).	
  
Distance	
  between	
  them	
  changes:	
  

•  l	
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Figure 1.2: The sky angles θ, φ and ψ, between an IFO (located at the origin of the unprimed
coordinates and aligned with the x-y axes) and a gravitational wave propagating in the z′ direction

in the TT gauge.

1.4.3 Sources of noise

A noise source in an IFO detector is any process other than a passing gravitational wave that causes

a change in the measured phase offset (1.40). There are four main sources of noise:

Seismic noise Mechanical vibrations of the mirrors (the test masses), will occur due to seismic

activity that could be caused by anything from an earthquake, to the wind or a passing train. Seismic

noise is typically of a low frequency and is the dominant source of noise below 40Hz [5]. The seismic

noise may be reduced by isolating the test masses using suspension systems, but becomes technically

challenging, if not impossible, below ∼ 1Hz.

Thermal noise The test masses and their suspension systems will vibrate due to their thermal

energy. The strain5 induced in a detector due to thermal vibrations decreases linearly with the

natural logarithm of the frequency and dominates the noise budget between 40-200Hz [5]. Ideally,

the resonant frequency of the detector materials will be outside the frequency range of interest (the

gravitational wave frequency) and will have a high Q-value. Thermal noise can also be reduced by

designing a cryogenic detector, e.g., LCGT [13], although detectors typically operate at ambient

temperature.

Shot noise The number of photons returning from each arm of an IFO is Poisson distributed

with a mean value, N , and standard deviation,
√
N . Fluctuations in the number of photons limits

5In units of 1/
√

Hz.



Detec'ng	
  gravita'onal	
  waves	
  
•  Consider	
  the	
  following	
  experiment	
  

–  Shine	
  a	
  laser	
  down	
  the	
  lab	
  (in	
  the	
  x-­‐direc'on)	
  
–  Time	
  how	
  long	
  it	
  takes	
  to	
  hit	
  the	
  test	
  mass	
  

•  For	
  a	
  laser	
  beam:	
  

•  so	
  the	
  distance	
  to	
  the	
  end	
  of	
  the	
  lab	
  changes	
  

•  We	
  can	
  measure	
  the	
  light	
  travel	
  'me	
  change	
  to	
  
detect	
  and	
  study	
  gravita'onal	
  waves	
  directly	
  



Detec'ng	
  gravita'onal	
  waves	
  

•  If	
  we	
  do	
  this	
  in	
  both	
  the	
  x-­‐	
  and	
  y-­‐direc'ons	
  
we	
  can	
  measure	
  gravita'onal	
  wave	
  strain	
  

•  Conveniently,	
  such	
  experiments	
  have	
  been	
  
around	
  for	
  more	
  than	
  a	
  hundred	
  years	
  



Interferometers	
  



Interferometers	
  

•  Michelson-­‐Morley	
  designed	
  
this	
  experiment	
  to	
  detect	
  
the	
  Æther	
  in	
  1887	
  

•  Proved	
  themselves	
  wrong!	
  



Interferometers	
  

•  Shine	
  laser	
  light	
  onto	
  par'ally	
  reflec'ng	
  
mirror	
  –	
  “beam	
  spliaer”	
  

•  Send	
  down	
  two	
  arms	
  and	
  back	
  
•  Recombine	
  at	
  beam	
  
spliaer	
  and	
  exit	
  at	
  
output	
  photo	
  detector	
  

•  Measure	
  interference	
  paaern	
  
to	
  accuracy	
  of	
  λ/20	
  



GW	
  detectors	
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Q-/<7(!RS!Schematic of an Advanced LIGO interferometer, with representative mirror reflectivities.
Several new features compared to initial LIGO are shown: more massive test masses; 20x higher
input laser power; signal recycling; active correction of thermal lensing; an output mode cleaner.
(ETM = end test mass; ITM = input test mass; PRM = power recycling mirror; SRM = signal
recycling mirror; BS = 50/50 beam splitter; PD = photodetector; MOD = phase modulation).
Seismic Isolation system, Optics Suspensions, and the mode-matching and beam-coupling
telescopes not shown. 
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GW	
  detectors	
  
•  Added	
  mirrors	
  turn	
  arms	
  into	
  
Fabry-­‐Perot	
  cavi'es.	
  
Effec've	
  increase	
  
in	
  arm	
  length	
  of	
  30x-­‐50x.	
  

•  Added	
  power	
  recycling	
  mirror	
  to	
  
return	
  reflected	
  light	
  back	
  into	
  
interferometer.	
  Effec've	
  increase	
  in	
  
power	
  by	
  20x.	
  

•  Added	
  signal	
  recycling	
  mirror	
  to	
  return	
  output	
  
light	
  (signal)	
  into	
  interferometer.	
  Effec've	
  
increase	
  in	
  signal	
  'me	
  in	
  interferometer.	
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Q-/<7(!RS!Schematic of an Advanced LIGO interferometer, with representative mirror reflectivities.
Several new features compared to initial LIGO are shown: more massive test masses; 20x higher
input laser power; signal recycling; active correction of thermal lensing; an output mode cleaner.
(ETM = end test mass; ITM = input test mass; PRM = power recycling mirror; SRM = signal
recycling mirror; BS = 50/50 beam splitter; PD = photodetector; MOD = phase modulation).
Seismic Isolation system, Optics Suspensions, and the mode-matching and beam-coupling
telescopes not shown. 

 



GW	
  detectors	
  
•  Have	
  global	
  network	
  of	
  large	
  scale	
  detectors	
  
•  Laser	
  Interferometer	
  Gravita'onal-­‐Wave	
  Observatory	
  
(LIGO):	
  
–  Two	
  detectors	
  at	
  Hanford,	
  WA	
  

•  ‘H1’	
  –	
  4	
  kilometer	
  Fabry-­‐Perot	
  arm	
  cavi'es	
  
•  ‘H2’	
  –	
  2	
  km	
  FP	
  cavi'es	
  

–  One	
  detector	
  at	
  Livingston,	
  LA	
  
•  ‘L1’	
  –	
  4	
  km	
  FP	
  cavi'es	
  

•  Virgo	
  at	
  Pisa,	
  Italy,	
  with	
  3	
  km	
  FP	
  cavi'es	
  
•  GEO600	
  at	
  Hannover,	
  Germany	
  with	
  600m	
  folded	
  arms	
  

–  No	
  FP	
  cavi'es,	
  arms	
  fold	
  back	
  on	
  themselves	
  



GW	
  detector	
  sensi'vity	
  

•  Op'mum	
  sensi'vity	
  is	
  achieved	
  when	
  light	
  
takes	
  ½	
  period	
  of	
  GW	
  to	
  traverse	
  the	
  arm	
  

•  For	
  a	
  GW	
  at	
  200Hz,	
  this	
  corresponds	
  to	
  arm	
  
length	
  of	
  500km…	
  

•  Fabry-­‐Perot	
  cavi'es	
  store	
  light	
  in	
  arms	
  for	
  ~50	
  
round	
  trips,	
  LIGO	
  with	
  FP	
  has	
  effec've	
  arm	
  
length	
  200km.	
  



GW	
  detector	
  sensi'vity	
  

•  Consider	
  a	
  GW	
  travelling	
  in	
  z-­‐direc'on	
  (i.e.	
  
landing	
  on	
  top	
  of	
  detector).	
  

•  We	
  have	
  hxx	
  =	
  -­‐hyy	
  =	
  h,	
  and	
  recall	
  for	
  a	
  single	
  
trip	
  down	
  the	
  x-­‐arm	
  

•  So,	
  for	
  round	
  trip,	
  'me	
  delay	
  between	
  signals	
  
in	
  two	
  arms	
  is:	
  



GW	
  detector	
  sensi'vity	
  

•  Solving	
  that	
  gives	
  a	
  'me-­‐delay	
  
	
  
	
  

or	
  a	
  phase	
  shin	
  of	
  

•  If	
  we	
  plug	
  in	
  realis'c	
  numbers,	
  λ	
  =	
  1064nm,	
  
L	
  =	
  4km,	
  h	
  =	
  10-­‐21	
  we	
  get:	
  

ΔL	
  =	
  2	
  ×	
  10-­‐18m,	
  	
  	
  	
  Δφ	
  =	
  2	
  ×	
  10-­‐9	
  



GW	
  detector	
  sensi'vity	
  

•  Patrick	
  Suaon’s	
  reality	
  check:	
  
–  Sensi'vity 	
  ΔL	
  =	
  2	
  ×	
  10-­‐18m	
  

	
   	
   	
   	
  Δφ	
  =	
  2	
  ×	
  10-­‐9	
  
•  These	
  are:	
  

–  1010	
  'mes	
  smaller	
  than	
  1	
  MM	
  fringe	
  
–  1012	
  'mes	
  smaller	
  than	
  laser	
  wavelength	
  
–  109	
  'mes	
  smaller	
  than	
  atoms	
  in	
  mirrors	
  whose	
  
posi'on	
  we	
  try	
  to	
  measure	
  

–  1012	
  'mes	
  smaller	
  than	
  seismic	
  mo'on	
  shaking	
  
mirrors	
  



GW	
  detector	
  sensi'vity	
  

•  It	
  works! 	
   	
   	
   	
   	
  	
  	
  …but	
  it	
  cost	
  $250M	
  	
  +	
  $250M	
  for	
  aLIGO	
  



Seismic	
  noise	
  

•  Shaking	
  of	
  ground	
  due	
  to	
  earthquakes,	
  
weather,	
  human	
  ac'vity	
  Reducing the effect of seismic noise in LIGO searches by targeted veto generation 3

Frequency (Hz) Distance (km) Source

0.01− 1 103
Distant earthquakes

Microseism

1− 3 101
Far anthropogenic noise

Close earthquakes

Wind

3− 10 100
Anthropogenic noise

Wind

10− 30 10−1 Close anthropogenic noise

Table 1. Description of the main seismic frequency bands and their sources

for transient GW signals. As will be shown, this method can be extended to the study

of other environmental and instrumental systems in order to maximise the performance

of vetoes for the Advanced detector era.

The paper is set out as follows. In section 2 we will outline the seismic environment

at each of the LIGO sites, and the effect it has on detector sensitivity. In section 3

we describe the existing methods used in S5 and S6 and their shortcomings for the

application to seismic noise. In section 4 we describe our procedure for generating lists

of events in seismometer data and constructing veto segments around them. In section

5 we present the results in terms of veto efficiency and deadtime. Finally, section 6

presents a brief discussion of further applications of the method.

2. Seismic noise in LIGO

In this section we will briefly characterise the seismic environment at each site, and its

effect on the LIGO interferometers. The various types of seismic noise, as characterised

by their source, can be separated into four frequency bands as given in Table 1. Their

contribution to the overall LIGO strain sensitivity curve (known as the noise budget) is

given in Figure 1.

2.1. LIGO seismic environment

The two LIGO sites were chosen to be far from urbanised areas, thus reducing the

incident seismic noise, whilst their distance from each other provides a long baseline

helpful in sky-localisation of astrophysical signals [12]. They are subject to greatly

varying seismic environments, each producing their own challenges for isolation.

LHO is located 15 km from the United States Department of Energy (USDOE)

Hanford Site, in which several working areas include use of heavy earth-moving

machinery. In addition, the Tri-Cities area begins roughly 20 km away. Both of these,

along with the general use of nearby roads by vehicle traffic, contribute heavily to the

hap://arxiv.org/abs/1108.0312	
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Figure 1. Current estimates of the contributions of various detector noise sources to the Advanced
LIGO strain (h) sensitivity level (left), and the resulting requirement on displacement noise (right)
where the seismic isolation system supports the test mass suspension, together with approximate
displacement noise spectral densities at the two LIGO sites.

for binary neutron star inspiral sources by a factor of 10 and multiplying the detection rate by
1000. Figure 1 (left) shows the advanced LIGO team’s preliminary strain noise estimates of
the detector noise levels [1].

The general mechanical structure of advanced LIGO is planned to be similar to that of
LIGO-1; a seismic isolation system supports and isolates an in-vacuum optics table on which
test mass suspensions and other components are attached [2]. The solid trace in the right plot
of figure 1 is the amplitude spectral density (ASD) of the part of Advanced LIGO’s noise
budget allocated to vibrational noise on the optical table. This includes transmitted ground
vibration as well as internally generated noise. In comparing this requirement with the other
two traces, which are the typical LIGO ground noise ASDs, one can see that the seismic
isolation system has to reduce noise at the ≈0.15 Hz microseismic peak by about a factor of
10, and must reduce noise in the 1–10 Hz band by about a factor of 1000. The remainder of
this paper describes how this may be achieved.

2. System description

Isolation from seismic noise is provided by an external actuation stage, a two-stage active
isolation platform (supporting the optics table) and by the test mass suspension itself (see
figure 2).

2.1. Structure and performance

The external stage provides ±1 mm of actuation in the three displacement degrees of freedom
(DOFs) and ±0.5 mrad in the angular DOFs by the use of laminar-flow, low-pressure hydraulic
fluid to compress and expand steel bellows. The large weight of the external stage and all
of the in-vacuum payload is supported by stiff steel springs. We expect that actuation of this
outermost stage can be used to track the Earth’s tides, as well as to correct at each vacuum
tank for large amplitude low-frequency (0.1 Hz to several hertz) motion as measured by
nearby seismometers. The expected motion levels on this stage are indicated in figure 2; the
microseismic peak ASD should be below 2 × 10−7 m Hz−1/2 there.

Inside the vacuum tanks, the next element in the design is a two-stage active isolation
platform that supports the optics table. Each stage contains relative position sensors and

At	
  10	
  Hz,	
  seismic	
  mo'on	
  is	
  several	
  orders	
  of	
  magnitude	
  above	
  GW	
  spectrum	
  

hap://iopscience.iop.org/0264-­‐9381/19/7/349	
  



Passive	
  seismic	
  isola'on	
  

•  Need	
  to	
  supress	
  mo'on	
  
by	
  factor	
  of	
  108	
  

•  Mirrors	
  suspended	
  as	
  
quadruple	
  pendula	
  

•  40	
  kg	
  silica	
  test	
  masses	
  
•  Lab	
  floor	
  on	
  separate	
  
slab	
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Ac've	
  seismic	
  isola'on	
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Limits to Sensitivity--External Forces

! Coupling of seismic noise 
through isolation system 
suppressed using active 
servo controls, passive 
“pendulum” isolation
» Two 6-degree-of-freedom 

platforms stabilized from 
0.03 to 30 Hz

» Net suppression of motion 
in gravitational-wave band 
is 13 orders of magnitude 
or more

» Suppression of motion 
below the band also critical 
to hold sensing system 
(control) in linear domain, 
avoid up-conversion

•  Use	
  sensors	
  to	
  detect	
  ground	
  
mo'on	
  and	
  correct	
  
accordingly	
  

•  Hydraulic	
  actuators	
  
reduce	
  factor	
  of	
  10	
  at	
  
low	
  frequency	
  (<2	
  Hz)	
  

•  EM	
  actuators	
  give	
  
factor	
  of	
  30	
  at	
  10Hz	
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Thermal	
  noise	
  Advanced LIGO Noise Floor

• Coating thermal noise

will limit sensitivity

around 100 Hz
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Thermal	
  noise	
  
•  All	
  detector	
  parts	
  are	
  subject	
  to	
  thermal	
  noise:	
  

–  Brownian	
  mo'on	
  (random	
  mo'on	
  of	
  atoms	
  in	
  the	
  mirrors)	
  
–  Vibra'onal	
  modes	
  (resonances)	
  of	
  the	
  suspension	
  wires	
  
–  Dissipa'on	
  from	
  fric'on	
  in	
  the	
  wires	
  

•  Recall	
  equipar''on	
  theorem:	
  each	
  degree	
  of	
  freedom	
  
contributes	
  energy	
  of	
  ½kBT.	
  For	
  40	
  kg	
  mass	
  suspended	
  
from	
  1m	
  wire:	
  

•  107	
  'mes	
  larger	
  than	
  mo'on	
  due	
  to	
  GW	
  



Thermal	
  noise	
  

•  Further	
  thermal	
  noise	
  due	
  to	
  
heat	
  transfer	
  from	
  laser	
  to	
  mirrors	
  

•  Mi'gate	
  thermal	
  noise	
  with:	
  
– Fused	
  silica	
  wires	
  –	
  less	
  fric'on,	
  less	
  noise	
  
– Beaer	
  connec'on	
  to	
  mirror	
  
– Beaer	
  coa'ngs	
  for	
  mirrors	
  
– Heavier	
  mirrors	
  
– Thermal	
  compensa'on	
  

LIGO M060056-v2 
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Quantum	
  noise	
  –	
  shot	
  noise	
  

•  Quantum	
  noise	
  is	
  introduced	
  by	
  the	
  
fluctua'ng	
  number	
  of	
  photons	
  arriving	
  at	
  the	
  
output	
  port	
  

•  The	
  uncertainty	
  in	
  the	
  phase	
  of	
  a	
  laser	
  beam	
  
due	
  to	
  quan'za'on	
  of	
  light	
  into	
  photons	
  is	
  
called	
  shot	
  noise.	
  

•  Dominant	
  noise	
  source	
  at	
  high	
  frequency	
  
•  If	
  error	
  in	
  photon	
  number	
  if	
  σN,	
  and	
  error	
  in	
  
phase	
  is	
  σφ	
  HUP:	
  



Quantum	
  noise	
  –	
  shot	
  noise	
  

•  Number	
  of	
  photons	
  per	
  second:	
  

•  So	
  error	
  (assuming	
  Poisson	
  sta's'cs):	
  

•  And	
  so	
  the	
  phase	
  error	
  is:	
  

•  This	
  is	
  equivalent	
  to	
  an	
  arm	
  length	
  change	
  of:	
  



Quantum	
  noise	
  –	
  radia'on	
  pressure	
  

•  Quanta	
  in	
  laser	
  beam	
  carry	
  energy	
  and	
  
momentum,	
  which	
  pass	
  to	
  mirrors	
  upon	
  
transmission/reflec'on	
  

•  Higher	
  power	
  laser	
  gives	
  beaer	
  sensi'vity	
  in	
  
areas	
  (less	
  shot	
  noise),	
  but	
  higher	
  radia'on	
  
pressure	
  noise	
  

•  Limi'ng	
  noise	
  source	
  in	
  10-­‐50	
  Hz	
  band.	
  



Transient	
  noise	
  

•  Limi'ng	
  sources	
  are	
  sta'onary	
  ('me	
  and	
  freq)	
  
–  form	
  baseline	
  for	
  sensi'vity	
  

•  Many	
  searches	
  for	
  short-­‐dura'on	
  GW	
  events	
  
•  Also	
  short-­‐dura'on	
  noise	
  events	
  that	
  mask/
mimic	
  GWs	
  Hierarchical veto 3
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Figure 1. Illustration of the removal of some data from the h(t) channel due to
its association with two hypothetical non-astrophysical disturbances, to obtain an
improved data stream. The top trace, h(t), represents the h(t) data. The middle
trace is a monitor of wind speeds on the detector site, while the lowest trace is a
microphone located in one of the detector’s buildings. The first and second vetoed
period in h(t), between pairs of dashed lines, are removed due to association with
sharp glitches in the microphone, while the third period is removed because of high
local wind speeds. This data removal would be done after a relationship between these
types of disturbances and noise transients in h(t) had been established.

This paper describes a hierarchical veto algorithm called hveto, used for the

identification and removal of noise transients in searches for short-duration or poorly

modelled gravitational waves. Its implementation for the LIGO and Virgo gravitational-

wave detectors makes use of the hundreds of auxiliary channels recorded by each.

It identifies the subset of channels that have negligible sensitivity to gravitational-

wave signals, then determines which of these exhibit a significant relationship with

transient noise present in h(t). Auxiliary channels are ranked based on their statistical

significance, which quantifies how unlikely the number of time coincidences between

triggers in h(t) and triggers in auxiliary channel are, in comparison with the number

expected by chance based on Poisson statistics.

The most novel feature of hveto is that it is hierarchical. The basic idea of using

noise transients detected in auxiliary channels to veto putative signals has been around

since the prototype era. One shortcoming of these approaches was that the significance

of each channel was evaluated individually with respect to h(t), leading to many channels

being adopted as vetoes even though they were largely vetoing the same set of triggers.

Since not all channels have high use percentage, this led to unnecessarily high deadtime.

The goal of the hierarchical method is to find a minimal set of veto conditions that

collectively has a high efficiency and low deadtime by selecting the best available veto,

removing its effects from h(t), and then iterating the process on the remaining triggers

to produce only as many vetoes as have a statistically significant effect.

hap://arxiv.org/abs/1107.2948	
  



Summary	
  
•  Differen'al	
  arm	
  mo'on	
  can	
  detect	
  GW!	
  
•  Large-­‐scale	
  interferometers	
  have	
  been	
  built	
  for	
  
this	
  purpose	
  
–  Can	
  detect	
  differen'al	
  mo'on	
  to	
  10-­‐18	
  m!	
  

•  Subject	
  to	
  noise	
  sources	
  
–  Seismic	
  noise	
  due	
  to	
  ground	
  mo'on	
  (low	
  frequency)	
  
–  Thermal	
  noise	
  in	
  suspension	
  and	
  mirrors	
  (mid	
  
frequency)	
  

–  Radia'on	
  pressure	
  noise	
  (mid)	
  and	
  shot	
  noise	
  (high)	
  
due	
  to	
  laser	
  

•  Subject	
  to	
  transient	
  events	
  that	
  can	
  mimic	
  GW	
  	
  


