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Why is it so
important to
detect
gravitational
waves and 
study their 
properties ?

COBE 53 GHz Microwave

BATSE, CGRO. 30keV-2MeV gamma ray bursts
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Possibly the first detections of 
LIGO/GEO/Virgo:

10 msec(Uncertain)

20 mins

...will be of binary systems of compact 
objects

(1) Inspiral, (2) Coalescence, (3) Ringing

(1) (2) (3)
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What Are Gravitational Waves ?

+ polarization x polarization

Oscillations in the geometry of space propagating
at the speed of light.  Amplitude is STRAIN h(t) where

h(t) = δL/L =extension/original length
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What Are Gravitational Waves ?

+ polarization x polarization

Oscillations in the geometry of space propagating
at the speed of light.  Amplitude is STRAIN h(t) where

Question: In what sense are these two 
polarizations orthogonal to each other ?

h(t) = δL/L =extension/original length
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Anticipated Signal Strength

δL

L

δL

L
∼ 10−21

For an optimistic source,
like a neutron star pair

inspiral in the Virgo cluster,
20 Mpc from here,

At LIGO Hanford, each arm
length is distorted by about 1/250 of a proton diameter !
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Indirect evidence for gravitational radiation

Doppler shift of millisecond 
pulses gives a measure of the
orbital period. Orbital period
decreases with time as system
radiates energy in gravitational

waves.

Binary pulsar PSR1913+16, Hulse and Taylor, 1976
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Search Instrument Types
Resonant Bars
(eg: Allegro, Louisiana State University)

Ground-Based Interferometers
(eg: LIGO Hanford 2km and 4km instruments)

Space-Based precision metrology
(NASA/ESA LISA planned 3 satellite constellation)

1kHz - 10kHz

1Hz - 8kHz

0.1mHz - 0.1Hz
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Interferometric Gravitational Wave Detectors World-Wide

LIGO

GEO600

VIRGO

TAMA
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Some sources in the interferometer 
frequency band

STOCHASTIC

CONTINUOUS WAVE SOURCES

BINARY INSPIRALS
NS-NS
NS-black hole
black hole - black hole

cosmic gravitational wave background.
unresolved astrophysical sources.

low mass x-ray binaries

non-axisymmetric neutron stars
pulsars with precessing spin axis

MATCHED
FILTERING +
COINCIDENCE

MULTI-INTERFEROMETER
CROSS

CORRELATION

LONG TIME
DURATION

AVERAGING /
COINCIDENCE

UNMODELED BURSTS
core-collapse supernovae
accreting/merging black holes
gamma ray burst engines

TIME / TIME FREQUENCY /
WAVELET BASED SEARCHES
FOR EXCESS POWER.
COHERENT TIME DOMAIN
SEARCHES.
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The Michelson Interferometer

δ =
Lx − Ly

2

strain changes the
differential length:
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Test masses, pendulum suspensions

mg

T

T

x F

F̃ (ω) = −mω2x̃(ω) +
mgx̃(ω)

L

ω2 ! g

L
:

F (t)− mgx(t)
L

= mẍ(t)

Well above the resonant 
frequency of the pendulum, the

suspended mass has the 
equation of motion of a free

particle. 10-6
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The suspension acts as
a low pass filter between

the mass and support.

F (t) ! mẍ(t)

F̃ (ω) ! −mω2x̃(ω)

L
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Suspended test masses
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Where to ‘Bias’ the Michelson?

Mid-fringe

Dark fringe

λ

2
λ

4
−λ

4
−λ

2
0
δ
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Where to ‘Bias’ the Michelson?
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Where to ‘Bias’ the Michelson?

Schnupp modulation
Lise Schnupp

 dark port output
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Power Recycling

 stabilized laser

 dark port output
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Arm
Cavities

8W
300W

3.5kW

3.5kW
 stabilized laser

 dark port output

15Tuesday, 12 February 2008



Interferometers
LIGO Hanford
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Interferometers
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Interferometers
LIGO Livingston
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Vacuum Systems
Beam Splitter Chambers

Livingston Corner Station Lab
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Back-of-the-Envelope Strain Sensitivity
Noise Limit: Uncertainty in phase     of each light beam

re-combining at the beam splitter.  Assume quantum limited.
σnσφ ∼ 1

Power at beam splitter is 300W.
Photon flux in each beam is n =

300 W/2
hc/λ

= 7× 1020

σn =
√

n = 3× 1010

σφ = 1/σn = 4× 10−11 rad
Noise in inferred
arm length difference

σL =
σφλ

2πnb
= 5× 10−20 m

Equivalent noise in
strain

σh =
σL

L
∼ 10−23

σφ
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Vibration Isolation Stacks
Initial LIGO uses passive
stacks of masses and springs.

BUT only true above the
resonant frequencies of the
stack between 1 and 12 Hz,
AND these vibrational
modes that can get rung up !

1/f2 per layer, 4 layers

Nonetheless, do expect 
          drop-off in seismic
noise at optics above 20Hz. 
1/f8

19Tuesday, 12 February 2008



Initial LIGO sensitivity
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Initial LIGO sensitivity
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Initial LIGO sensitivity
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LIGO 2 year S5 run

Initial LIGO operating at its design sensitivity above 70Hz
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Unmodelled burst searches

An unmodelled burst is a signal of short duration and poorly constrained shape. 
For example, perhaps some astrophysical source gives this signal:

How might you look for a signal like this ? Common sense
suggests setting a threshold in amplitude, then looking for coincidence between 

signals at multiple instruments.

My work as part of the LSC/Virgo science collaboration has recently been on 
methods for optimizing sensitivity to unmodelled bursts.
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Lines and Line Subtraction
A problem here is that the data is polluted by coherent background - sine waves
picked up from electromagnetic or mechanical background sources. When you 

add the above waveform to a background of this type, you might get:

The signal has been added at 4 seconds. Could you pick this out ?
I doubt a thresholding algorithm in the time domain could either.

The trick is to either suppress the sources of the line noise (hard), or to 
subtract the lines in the data in a manner that doesn’t throw out the signal.
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EFC line removal algorithm

We have developed an 
algorithm to monitor the 
parameters of the lines, 
averaged over a time 
duration much longer 
than the bursts, but 
shorter than the 
timescale for evolution of 
the parameters of the 
lines. It does quite well at 
removing the sine waves, 
without removing energy 
from bursts. It is much 
faster than real time.

Status: paper ready for submission to CQG, pending LSC/Virgo committee approval.
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Adapted from
K. Thorne,
LIGO document
P000024-A 

How Sensitive is Initial LIGO to these sources ?

Where source has 
strain amplitude equal
to or greater than IFO
noise on this plot, 
source is detectable 
on background noise
with a 1% false 
acceptance rate.

Need to lower noise floor of the LIGO instruments
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Active Seismic IsolationThe problem: ground 
motion in 1-3Hz band. Active vibration isolation based on feedforward

from seismometers and feedback from accelerometers

Installation
at 

Livingston

performance

Daw et al., Class. Quantum Grav, 21, 
2255-2273 (2004)
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‘Enhanced LIGO’

Phase 1 LIGO upgrade.
Commission some of the upgrade technologies
Increase LIGO’s search volume by a factor of 8.

30-35W laser power

Output mode cleaner

DC readout of photodiode

Upgrade thermal lensing compensation

Photodiode table under vacuum

Installation in 
progress
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‘Advanced LIGO’

• 180W laser power

• HEPI active vibration isolation at both sites

• High Q compound pendulum suspensions

• Sapphire reflective optics for higher Q

• 40kg optics to reduce radiation pressure noise

• Signal recycling mirror for narrowbanding

Phase 2 of upgrade plan. Factor of 10-15
improvement in sensitivity over initial LIGO.

2011 scheduled
installation start
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180 W LASER,
MODULATION SYSTEM

40 KG FUSED
SILICA TEST

MASSES

PRM  Power Recycling Mirror
BS     Beam Splitter
ITM    Input Test Mass
ETM   End Test Mass
SRM  Signal Recycling Mirror
PD     Photodiode

Advanced LIGO Design Features

 

ACTIVE
SEISMIC

ISOLATION

FUSED SILICA,
MULTIPLE PENDULUM

SUSPENSION

Advanced LIGO Optical Configuration

Signal recycling mirror
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Sensitivity of advanced LIGO
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Strain vs. source distance
LIGO signals are proportional to gravitational

wave AMPLITUDE.

So dividing the noise level by 10, for example, 
would increase the range by a factor of 10.

....which increases the search volume, or the 
rate for a given source, by a factor of roughly 1000.

Strain is proportional to    , not      .
1
r

1
r2

ESTIMATED RATE (per year)
initial LIGO enhanced LIGO advanced LIGO

NS-NS 0.0002-0.01-0.7* (0.002-0.1-6) 1-60-400*
NS-black hole 0.002-0.02-0.07* (0.02-0.2-0.6) 9-80-400*

BH-BH 0-0.8-2* (0-6-16) 0-2000-8000*
*Belczynski, Kalogera, Bulik - Ap.J., 572: 407-431  
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LIGO upgrade timeline

S5 S6

4Q
‘05

4Q
‘06

4Q
‘07

4Q
‘08

4Q
‘10

4Q
‘09

Adv
LIGO

~2 years

Other interferometers in operation (GEO and/or Virgo)
3.5 yrs

NOW

ENHANCED
LIGO

INSTALLATION,
ENGINEERING

RUNS

S6 SCIENCE
RUN

ADV.
LIGO
ENG.

S5 SCIENCE
RUN
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Laser Interferometric
Space Antenna

Seismic and gravitational gradient noise limits ground-
based detectors to f > 1Hz.

For sources below this frequency, we must build space-based
gravitational wave detectors.

In space, it becomes much less practical to operate
elaborate ‘fringe locked’ interferometers.

On the other hand, it becomes much more realistic
to build very long baseline instruments.
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LISA Constellation
Baseline set by storage time of photons order of period

of highest frequency gravitational waves in search.

L = c∆t =
c

f
for f=0.1Hz, L =

c

0.1
= 3× 106km
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16

We have recently completed the design of a suitable

testbed interferometer (shown here in schematic and

CAD form). The approach is to build an

interferometer that will reach the LTP OBI noise
performance and then to insert, in place of a standard

45 degree reflector, the polarisation beam steering

system shown in the pink area of the schematic

diagram. Any excess noise or environmental coupling

due to the presence of the polarising components will
then be investigated.

Investigation of fibre optic link stability

The relative stability of the reciprocal paths through a single-mode polarisation maintaining

fibre is a key requirement for some of the LISA readout schemes. To investigate this we

will again employ Pathfinder heterodyne and environmental testing equipment to perform
investigations of the stability of fibre links as a function of stresses and temperature.

Capitalising on our fibre injector technology and on our OBI experience we will bond a

dedicated optical bench for these investigations.

We have a fairly mature initial design for a suitable testbed (shown above in schematic and

CAD form). The approach is to construct a highly symmetrical interferometer in which

reciprocal path behaviour will give a null result. Noise-driven deviations from the null will

set the limit to the conclusions about possible non-reciprocality of the link. Initial tests of

the interferometer will use free-space propagation on the optical bench. A fibre link will
then be introduced in the pink shaded region of the schematic.

Weak-light phase locking / phase comparison

Earlier experiments at Glasgow demonstrated shot noise limited performance of such a

phase comparison but only at frequencies at the upper end of the LISA bandwidth. Using an

adaptation of the stable breadboard interferometer developed for Pathfinder, the goal will

be to extend the shot-noise limited performance to the lower frequency range necessary for

LISA.

LISA technology
Laser power: 1W. 
All except 100pW lost in
transmission between
satellites.

Problem -satellite subject to non-
gravitational forces. It is

not itself a suitable test mass.

LISA concept - the satellite body 
encloses test masses, and moves

to track their motions,

12

We expect the PDRA to spend 30% of his/her time on this workpackage together with 20%

of our senior design engineer and 10% of a technician. Photodiode die runs will cost £32k

each and we anticipate needing two runs.

CFRP developments ( WP B4 )

Birmingham has a facility for the production of mechanical structures made from Carbon

Fibre Reinforced Plastic ( CFRP) and has provided the CFRP structures for Solar-B and for
STEREO. The facilities comprise an autoclave, cutting and lay-up rooms and material

properties testing equipment such as tensile tests and thermal expansion measurements. A

combination of some PPARC rolling grant money and a Birmingham Research Fellowship

has provided resource which has enabled the development of CFRP components of

gravitational wave optical benches. We are currently building a cavity resonator for the
University of Florida in order to validate the conjecture that CFRP can meet the stability

requirements for some gravitational wave components. CFRP is lighter than Zerodur and

has more benign fracture properties. There are however real problems in component

mounting and in long term creep properties as well as in the anisotropic thermal properties

that have to be overcome if the material is to be used. We plan to continue these
developments during the formulation phase with the following objectives.

! Complete the testing of the CFRP components to determine stability properties in

the LISA frequency range

! Compare different lay-up geometries to test for optimum creep resistance

! Generate test samples of low out-gassing CFRP for optical contamination tests

It is possible that CFRP will be chosen for various structural elements in the telescope
optics or optical bench mounting but its properties in the temporal range of minutes to

hours are not well characterised. Experience using the material in such demanding

applications will be crucial if the UK is to take up this activity for LISA. It may be that the

mass limits on LISA force the consideration of CFRP for the optical bench itself, in which

case demonstration of the mechanical performance ahead of such a decision will be of
immense value and be of importance in future missions. We expect the PDRA to spend

10% of his/her time on this workpackage and require £3k for materials.

Metrology Interferometer ( WP B5 )
Birmingham has developed a miniature polarising interferometer to replace the capacitative

readout in the sensitive axis. The motivation is to reduce the spacecraft-test mass coupling

so that the lower bound on the LISA sensitivity can be reduced by a factor of three. This

will permit LISA to observe black holes with masses up to 10
8
solar masses. Several

astronomical benefits flow from such a change by allowing observations of merger events

well before the final inspiral and therefore being able to alert electromagnetic observations

of the final event. The miniature interferometer has been demonstrated in the laboratory as

a self standing item. Resources would be required to integrate the design into the LISA

optical bench and transfer the readout electronics and software to flight status, requiring
£8k for minor equipment purchases. We expect the PDRA to spend 10% of his/her time on

this workpackage carrying out the following programme:
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Back of the Envelope Strain Sensitivity
Lasers are 1W, λ = 1.06µm

5× 109mBeam divergence over Preceived

Psent
! 2× 10−10

Number of photons in received beam is n =
2× 10−10λ

hc
= 109

σn =
√

n ! 3× 104

σφ =
1
σn

= 3× 10−5

σL =
λσφ

2π
= 5 pm

σh =
σL

L
= 10−21But LISA sources last a long time, so can 

improve signal to noise ratio by averaging.
for a signal at 0.01Hz that lasts a year, the
background from averaged shot noise is:

σh√
Bt

=
σh√

0.01× 365× 86400
= 2× 10−24

[radiometer equation]
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Some LISA sources
Galactic white dwarf binaries

Black hole binary inspirals

Cosmic gravitational-wave background hard:
slow rollover inflation suggests  

Neutron star binaries
supermassive BH infall

ΩGW ∼ 10−10

ΩGW ∼ 10−15
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LISA & LIGO Sensitivities

[LISA curve 
assumes a 
one year 
integration]

Thermal & charge
fluctuations

photon travel time in instrument > period

Seismic
wall
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Conclusions
Initial LIGO is taking production data at its design sensitivity.

Initial sensitivity marginal for known astrophysical sources.

Two upgrade phases are funded.

Prospects for direct detection with advanced LIGO is
excellent.

LISA - space based probe for sources at f<0.1Hz.
3 satellite constellation. Many sources at high SNR.

A very exciting time for the hard science of gravitational 
waves, and the perfect time to be involved!
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