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What are Gravitational Waves ?

In General Relativity, information about sources of
gravity is carried at the speed of light by gravitational waves.

RUBBER SHEET POTENTIAL MODEL OF
A STATIC GRAVITATIONAL FIELD DUE 
TO A BODY AT REST

RUBBER SHEET POTENTIAL MODEL
OF THE GRAVITATIONAL FIELD OF 
A BINARY SYSTEM

A RUBBER SHEET ANALOGY

Special Relativity Limiting, finite speed of 
propagation for information

⇒
Newtonian Gravity ⇒ Action at a distance.⇒F =

−GMm

r2



Sensing gravitational waves
The rubber sheet analogy is imperfect. In fact, gravitational

waves cause components of the metric tensor to oscillate. For example:

These oscillations cause massive objects in free fall to oscillate
For the waves above (+ polarized), a ring of test masses would do this:

For a second, orthogonal (x) polarization:

(gµν(z, t)) =





−1 0 0 0
0 1 + h+ cos(kz − ωt) 0 0
0 0 1− h+ cos(kz − ωt) 0
0 0 0 1







Indirect Evidence for Gravitational Waves

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



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,

Two free masses separated by 4km have their
separation distorted by about 1/250 of a proton diameter !



Detection methods
METHOD FREQUENCY/SOURCE z

CMBR polarisation z = 1100, z = 10

Pulsar timing measurements ∼ 10
−9

Hz →∼ 10
−7

Hz

Ground based interferometers ∼ 10 Hz →∼ 8 kHz

Space based interferometers ∼ 10
−4

Hz →∼ 1 Hz

Resonant Detectors narrow band, few×100 Hz–few kHz.



Resonant Detectors

AURIGA

A. Mion et al.: A search for periodic GWs 677

Fig. 2. The AURIGA strain sensitivity (gray) compared with the expected (black curve) sensitivity at 4.5 K.

where V(ω) is the Fourier transform of the output data v(t) and
T (ω) is the transfer function.

All the bins in the final spectrum except the bin 0 (which is
special because it could hold the signal) can be used in order
to test the null hypothesisH0 that the signal is not present in the
data. Because of the performed operation of spectrum averaging,
the distribution of the frequency counts we find is a non-centered
χ2, with some non-centrality parameter θ holding the informa-
tion about the signal energy. So, θ is the parameter we want to
estimate. The first part of the hypothesis test consists of arbi-
trarily setting a false alarm probability, in our case, we choose a
false alarm probability of 10−2. When the signal is present our
bin 0 is made by the sum of the energies of the noise and of the
quantity h2

0T 2 where T is the coherence-time T = 86 400 s and
h0 is the average signal amplitude. Since the standard deviation
σ assumes a different value for each MSP (because each MSP
belongs to a different band in the spectrum which has its own
specific variance) we end up with a different value of the thresh-
old for each MSP. Let x be the generic energy in some bin. Let’s
call xFA this calculated threshold on x. Finally, we have to define
a procedure in order to set a confidence interval, either upper-
limit or two-sided, on the measured GW amplitude h0. The way
we choose, to measure h0 and to know the statistical meaning
of our conclusions, is to build the so-called “confidence belt”, in
the plane (x, θ), where x is the generic result of our experiment
and θ is the parameter we want to estimate. There are several
ways to construct a confidence belt. Here, we decided to follow
the recipe given by Feldman and Cousins (Feldman & Cousins
1998). We require our confidence belt to have the property to
guarantee a selected coverage over all the parameters region.
This selected coverage is, for us, C = 0.9. In reality, our method
is a little different from Feldman and Cousins’ one (Feldman
& Cousins 1998), because we also choose to set a small false
alarm probability. This choice, in fact, causes the coverage to be
more than the goal-coverage in the upper-limit region, namely
for x < xFA. This over-coverage is the price we need to pay
in order to have a small false-alarm probability. The confidence
belt that we find can be seen in Fig. 3. The construction of our

confidence belt proceeds as follows. For each fixed value x̄, of x
we define θbest to be the value of θ that maximizes the likelihood
f (x, θ), requiring the physical constraint that θbest ≥ 0. In partic-
ular, if the measured x is less than its average value x̄, we impose
θbest = 0, because if the result of the measurement is less than
the mean value, the best estimator of the signal is 0. Now, for
each possible value θ̄, we calculate the likelihood ratio given by

R(x̄, θ̄) =
f (x̄, θ̄)

f (x̄, θbest)
· (18)

This ratio of likelihoods is the function that we use to choose the
confidence intervals. In fact, for each choice of θ̄, the confidence
interval (x1, x2) is uniquely defined by the requirements (19)
and (20):

R(x1) = R(x2) (19)

and
∫ x2

x1

f (x, θ̄) = C. (20)

If the condition (19) cannot be satisfied within the condi-
tion (20), we consider as good the confidence interval also if
R(x2) < R(x1). The choice of this ordering principle for the
choice of the confidence intervals, will result in a more regular
behavior of the confidence belt in the regions of the parameter
space where x is very low. The pairs of values (x1, x2) are taken
starting from the value xmax which maximizes R(x, θ̄) for a given
θ̄. Taking all the different values of θ, we cover all the param-
eter space and so we can trace the confidence belt. We start by
selecting a grid of values in the parameters space (x, θ) and cal-
culating the value of the likelihood ratio R over all the points of
the grid. It’s important to notice that, unfortunately, the problem
of finding θbest can be solved only numerically, because in our
case the probability density function f is very complicated: it
is in fact expressed in terms of the regularized hypergeometric
0F̄1 functions, and the problem of finding an always viable rela-
tionship θbest = θbest( f , x) is not analytically solvable. Then the

Mion et al., A&A 504, 673-679 (2009)Transducers for Cryogenic Resonant-Mass Gravitational Wave Detectors 1805

Figure 3. Left: Schematic of the resonant sapphire transducer configuration for Niobe as a 3-mode
detector. Right: Close up of the resonant sapphire transducer, the fundamental clapping mode of the
slotted sapphire can be tuned to the main resonant detector (Niobe or Sphere) near 700 to 800 Hz.

3.2. Sapphire Dielectric Transducer

The sapphire transducer consists of a single piece of low-loss sapphire crys-
tal, which acts as both the acoustic oscillator and the dielectric transducer. It has
been shown to have a displacement sensitivity of d f/ dx 2 × 1012 Hz/ m and
electrical quality factor of greater than 2 × 108. However, with optimisation of
the dimensions as shown in Figure 3, we have shown that a d f/ dx of 8–9 × 1012

Hz/ m can be obtained [21]. Also, in principle the electrical Q-factor of such a
device can be greater than 109 if care is taken to avoid contamination [22]. Sap-
phire also exhibits a high acoustic Q-factor, values of greater than 109 have been
measured at 4 K. A schematic of the transducer attached to the resonant-mass
detector is shown in Figure 3.

3.3. Sensitivity Optimisation

To optimise the detector sensitivity and bandwidth one balances the narrow
band noise due to the spectral density of force [N2/ Hz] exciting the resonant-
mass system, with the broad band electronic noise [m2/ Hz] supplied by the read-
out. The noise performance is controlled by 6 main parameters; A) the incident
power (Pinc) to the transducer resonant cavity; B) the transducer electrical Q fac-
tor (Qe); C) the transducer displacement sensitivity (d f/ dx); D) the pump oscil-
lator amplitude (Sam) and phase noise (Spm); E) the readout noise (SRO) which
is dominated by the first microwave amplifier in the signal processing chain. F)
The acoustic Q-factors (Qj) of the lumped elements in the n-mode resonant-mass
system.

M. Tobar, E. Ivanov, D. Blair,
General Relativity and Gravitation
Vol. 32, No. 9, 2000



Ground Based Interferometers

http://www.ligo.caltech.edu/docs/P/P720002-01/P720002-01.pdf
Gravitation Research 5

Figure 1: Proposed Antenna

and beam splitter mounted on horizontal seismometer suspensions. The suspensions must
have resonant frequencies far below the frequencies in the gravitational wave, a high Q, and
negligible mechanical mode cross coupling. The laser beam makes multiple passes in each
arm of the interferometer. After passing through the beam splitter, the laser beam enters
either interferometer arm through a hole in the reflective coating of the spherical mirror
nearest the beam splitter. The beam is reflected and refocused by the far mirror, which is
made slightly astigmatic. The beam continues to bounce back and forth, hitting different
parts of the mirrors, until eventually it emerges through another hole in the reflective coating
of the near mirror. The beams from both arms are recombined at the beam splitter and
illuminate a photodetector. Optical delay lines of the type used in the interferometer arms
have been described by Herriott [10]. An experimental study of the rotational and transverse
translational stability of this kind of optical delay line has been made by M. Wagner [11].

The interferometer is held on a fixed fringe by a servo system which controls the optical
delay in one of the interferometer arms. In such a mode of operation, the servo output signal
is proportional to the differential strain induced in the arms. The servo signal is derived
by modulating the optical phase in one arm with a Pockel-effect phase shifter driven at a

http://www.ligo.caltech.edu/docs/P/P720002-01/P720002-01.pdf
http://www.ligo.caltech.edu/docs/P/P720002-01/P720002-01.pdf


Small strains necessitate big interferometers

LIGO Livingston Observatory, Louisiana, U.S.A.

LIGO Hanford Observatory, Washington State, U.S.A. Virgo - EGO laboratory, Cascina, near Pisa, Italy.

GEO 600 - Hopfenberg, near Hannover, DE



Some LIGO Technology

35W CW output 1.06um laser amplifier (Enhanced LIGO)Initial LIGO fused silica optics

Vacuum system inside the corner station at Livingston Livingston beam splitter installation



Power Recycling

Normally the interferometer is operated on a dark fringe, with differential
length signals being read out using a phase modulation scheme on the laser light.

This yields a signal that is linear in the gravitational wave amplitude.

If we are on a dark fringe, where does the laser light go? Back towards the laser.
To maximise power at the beam splitter, a mirror is placed between the light

source and the interferometer is operated as a resonator.



Making the interferometer arms longer

Finally, the signal detected is proportional to the phase shift of photons entering the arms.
So make the arms as long as possible, but also make the arms into resonators, so that

each photon makes multiple trips (around 100) down the arms before returning to the beam splitter.
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The initial LIGO noise floor



Initial LIGO Hanford strain sensitivity
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Narrow line features removed by characterization and subtraction

Some excess noise above initial LIGO design remains below 100Hz. 



Longest baseline is approximately 107 m

Gravitational Wave Interferometer Array, 2010

Edge-on
view of 

Te



Advanced LIGO Upgrade

Aim:  A factor of 10 reduction in noise floor compared
to initial LIGO

Enhancements: Active seismic isolation
Reduced thermal noise suspensions
Higher laser power
More sensitive and flexible optical layout.

Current status: Advanced LIGO has started.
U.S. (NSF), U.K. (STFC), and German funding.
Turn-on scheduled for 2014.



Advanced LIGO Hardware

• 180W laser power
• HEPI active vibration isolation at both sites
• High Q compound pendulum suspensions
• 40kg optics to reduce radiation pressure noise
• Signal recycling mirror for narrowbanding
• Parallel comparable upgrades to Virgo

Quad suspension prototype
(U.K.- Glasgow, RAL)

180W laser amplifier prototype (Germany)HEPI hydraulic actuator



Reach of Initial, Enhanced and Advanced LIGO

ENHANCED LIGO



FUTURE Gravitational Wave Interferometer Network
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Interferometry in Space
The seismic wall between 10 and 100Hz precludes

observations below 10Hz using ground based instruments

Space based instruments can be used to look at lower f

These instruments have their own difficulties

• They are expensive.
• They must work first time in space.
• They must survive launch.
• They must not rely on resonance between spacecraft.
• The test masses must be freely floating.



The LISA satellite 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× 106 km

3 LISA satellites in solar orbit



Some LISA technology

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.

Laser power: 1W. 

All except 100pW lost in
transmission between
satellites.

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:

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,



LISA and LIGO Noise Floors



LISA Pathfinder Mission
A single satellite for Earth orbit housing two test masses to 

test and verify technology for LISA. For example:

•Micronewton thrusters
•Drag free control
•Test mass charge mitigation
•Optical interferometery
•On board data processing

Scheduled for 2014 launch



Pulsar Timing
Class. Quantum Grav. 27 (2010) 084013 G Hobbs et al

Figure 4. The sensitivity to individual sources of GWs is shown for the IPTA and a possible future
experiment with the SKA. The expected signals from coalescing blackholes at the cores of 3C66B
and OJ287 are shown. The dashed lines indicate the expected signals from black-hole binary
systems with chirp masses of 109 and 1010 M! respectively, situated in the Virgo cluster. For
comparison, the sensitivity curves of LIGO and LISA and predicted signal levels are also shown.

thin solid line (marked ‘cPTA’) indicates a canonical timing array where 20 pulsars are each
timed for 100 ns over 5 years with weekly sampling.

In figure 4, we show the sensitivity of the IPTA project to single, persistent sources of
GWs (Yardley et al in preparation). This figure indicates that sources similar to the postulated
binary system in the radio galaxy 3C66B would be clearly detectable with any polarization
and at any position in the sky.

A significant reduction in the required time to detect GWs would be made if the rms
timing residuals could be further reduced. Techniques that may achieve such a reduction
include (1) observing at higher frequencies30, (2) discovering new millisecond pulsars,
(3) obtaining pulse TOAs through the use of polarization information (van Straten 2006),
(4) increasing bandwidth and/or observing time and (5) observing only during periods when
the pulsar is bright because of scintillation. Also note that the simulations described above
assume no previous data on each pulsar. Most of these pulsars have been observed for years
to decades with various observing systems. The use of these earlier data sets will improve our
sensitivity to GW signals.

5. Future data sets

Current pulsar timing array projects have the potential to make a detection of a GW background
or a single GW source. Unfortunately, the predicted S/N of any such detection is too low for
detailed studies of the GW properties. A high S/N detection of a background would provide a
test of general relativity (Lee et al 2008) and allow a detailed understanding of the properties
of the sources that form the GW background.

30 Note that for some pulsars improved TOA uncertainties can be obtained from low frequency observations. However,
compared with higher frequency data such observations are more affected by interstellar medium propagation delays
which add uncorrelated timing noise.

8

G Hobbs et al 2010 Class. Quantum Grav. 27 084013

International pulsar timing array project

Class. Quantum Grav. 27 (2010) 084013 G Hobbs et al

Figure 1. The expected correlation in the timing residuals of pairs of pulsars as a function of
angular separation for an isotropic GW background.

Figure 2. Simulation of the induced timing residuals for PSR B1855+09 caused by a postulated
supermassive binary black-hole system in the radio galaxy 3C66B.

3. Expected sources of gravitational waves

Expected sources of GWs in the pulsar frequency band can be divided into (1) single persistent
sources, (2) individual burst sources and (3) stochastic GW backgrounds. Here we will only
consider the GW emission from coalescing supermassive binary black-hole systems in the
centres of merging galaxies. Details on the GW emission from other sources such as cosmic
strings or from the inflationary era can be found in Maggiore (2000).

Sudou et al (2003) obtained observational evidence for a coalescing supermassive black-
hole binary system at the centre of the radio galaxy 3C66B. Jenet et al (2004) calculated the
expected induced timing residuals from such a system (see figure 2) and, by comparison with
actual pulsar data (Kaspi et al 1994), were able to rule out the existence of the postulated

4



CMBR polarization measurements

• The polarization spectrum of the microwave 
background is sensitive to primordial gravitational 
waves from the inflationary era.

Lastly, inflation is not the only mechanism
that might produce a stochastic gravitational wave
background. For example, a phase transition in
the early universe could result in a background
whose spectrum inside the horizon is remarkably
similar to that from inflation (11). Detailed cal-
culations suggest that the signal from such a
transition can be enhanced (12–14) so that even
transitions somewhat below the scale of inflation
could produce a comparable signal. Various dif-
ferent possible ways of distinguishing this signal
have been suggested, including looking at the real
space correlations of polarization (15), exploring
the three-point correlation function for polariza-
tion (16), and comparing a possible CMB gravi-
tational wave signal with a future signal in direct
detectors (13).

What Can We Learn from CMB Polarization?
The greatest sensitivity to a primordial gravita-
tional wave background comes from the de-
tailed pattern of polarization in the CMB (17–19).
Thomson scattering of an an-
isotropic radiation background
off of free electrons before the
time of electron-proton recom-
bination (when the universe was
380,000 years old) produced a
radiation field polarized at the
10% level. Because polariza-
tion is described at every position
by an amplitude and an angle
of orientation, the polarization
field on the sky can be decom-
posed into twomodes, a curl-free
E mode and a divergence-less
B mode (Fig. 3). The B mode
pattern cannot be produced by
scalar perturbations; thus, its de-
tection would be a signature of
primordial gravitational waves.

Although the E modes are
predominantly generated from
scalar perturbations, they are
nonetheless important to those
who study inflation: They have
been detected, and the observed
pattern of Emodes is in perfect
agreement with the expecta-
tions from inflation. Inflation
predicts that the temporal phases
of all perturbations were set
early in the history of the uni-
verse. This primordial coher-
ence leaves its mark on the
anisotropy pattern (20). Because polarization is
produced by Compton scattering of anisotropic
radiation off electrons, the spectrum of temper-
ature anisotropies is predicted to be closely re-
lated to the Emode spectrum. TheEmodes reach
their maximum and minimum amplitudes at
precisely the same times as do the higher mo-
ments (dipole and quadrupole) of the radiation
field. In contrast, the temperature pattern that we
observe is the monopole of the radiation field at

recombination. The continuity equation dictates
that the monopole and dipole are out of phase
with one another, so theEmode of polarization is
90° out of phase with the acoustic pattern in the
temperature spectrum (Fig. 4). This phase lag
has been observed even on scales larger than one
degree, which were not in causal contact when
the universe was 380,000 years old. The phases
were set up at very early times, long before
recombination, just as predicted by inflation.

The B modes are the next frontier. Although
the amplitude of the signal is unknown, the shape
of the spectrum is robustly predicted by theory
(Fig. 4). To understand the shape, recall that the
polarization signal is generated only during those
times when electrons are not trapped in neutral
hydrogen but are free to scatter off of radiation.
However, if scattering is very efficient the re-
sulting polarization signal will be very small.
Imagine a free electron in the early universe.
Scattering off of this electron will produce po-
larization only if the observed incoming radiation

field is anisotropic. If scattering is very efficient,
the mean free path of photons will be very small,
and the last scattering surface that the electron
observes will be very nearby. Thus, all incoming
radiation will share the same temperature, and
there will be no anisotropy from which to gen-
erate polarization. Polarization then requires
scattering but not rapid scattering. This set of
requirements limits the epochs during which po-
larization is generated to two: (i) when electrons

and protons are in the process of recombination at
t = 380,000 years old and (ii) much later, when
electrons are liberated from neutral hydrogen but
the universe is so dilute that scattering is rare. The
signals generated at these two times are imprinted
onto the characteristic scales associated with
each: the horizons dH(z = 1100) and dH(z ≅ 10).
We observe these at angular scales equal to q =
dH/dA(z), where dA(z) is the angular diameter
distance to redshift z. Hence, the predicted signal
with bumps at angular scales of ~2° and ~50°.

One complication that is also apparent in Fig.
4 is the effect of gravitational lensing (21, 22).
Scalar perturbations produce only E modes at
recombination, but the radiation from this last
scattering surface travels through a clumpy uni-
verse before it reaches us. The ensuing gravita-
tional lensing generates B modes from the
primordial E field. These become important on
smaller scales than those on which the B humps
appear, but they limit our ability to detect the
higher B harmonics. Although techniques have
been proposed to clean this E leakage, the most
promising approach appears to be to measure the
two peaks at ~2° and ~ 50°.

Experimental Efforts, Present and Future
The current generation of direct gravitational
wave detectors, such as the LIGO detector (1), do
not have sufficient sensitivity to probe for pos-
sible primordial gravitational waves. Direct de-
tection will require more sensitive space-based
interferometers, with a further improvement of at
least three to four orders of magnitude in sen-
sitivity at the very least required. Because of the
technological challenges and cost, such detectors
are likely to take at least one or two decades to
develop, and even then the likelihood of achiev-
ing the necessary sensitivity is not yet clear.

Rapid progress in the measurement of CMB
temperature and polarization fluctuation spectra
may allow the detection of primordial gravita-
tional waves within the decade (SOM2). The
experiments are carried out from ground-based
observatories, high-altitude balloons, and satel-
lites in space. Satellites operate for years, making
sensitive, all-sky maps that are not contaminated
by atmospheric emission and that can therefore
measure large angular-scale fluctuations. Satellite
telescopes are by necessity small and therefore
have limited resolution, angles above 0.2°. As
with satellites, balloon-borne experiments are
free of most of the interfering emission from the
atmosphere and have the additional advantage of
a relatively short development cycle. New, sen-
sitive, high–pixel count focal planes currently
give balloon experiments the highest instanta-
neous sensitivity, but flights are limited to a couple
of weeks at the maximum. Ground-based experi-
ments, on the other hand, can have large-diameter
telescopes, making possible high angular resolu-
tion. The telescopes can operate for many years
and have readily accessible instrumentation.
These experiments have evolved from a first de-
tection of temperature anisotropy in 1992 to the

E < 0

B < 0 B > 0

E > 0

Fig. 3. Polarization can be decomposed into E and B modes. The
former are radial or tangential with no preferred handedness, akin to
an electric field. Like magnetic fields, B modes do have handedness;
note that if reflected across a line going through the center the E
patterns are unchanged, whereas the positive and negative B patterns
get interchanged. This peculiar pattern can be produced only by
gravitational waves, not by ordinary density perturbations.
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detection of CMB polarization in 2002 to sen-
sitive probes of B modes today, a gain in sen-
sitivity of over 105 in just 17 years.

Three elements combine to specify the overall
power of experiments to probe the CMB inflation
signal. The first is sensitivity. The CMB polar-
ization signals are exceedingly weak, a few mil-
lionths of a degree, but detectors must cope with
thermal emission of the telescope and the envi-
ronment. Only space instruments can be cold
enough to avoid local emission. State-of-the-art
detectors today are limited by the fundamental
photon noise, and so the sensitivity of individual
detectors cannot be improved much. However,
large focal plane instruments with thousands of
detectors in effect make many simultaneous mea-
surements. Most of the improvement in instru-
ment sensitivity over the past decade is the result
of ever-increasing detector count and thus instru-
ment complexity. Plans for ground-based and
satellite instruments with tens of thousands of
detectors are underway, and these will have the
sensitivity needed to measure the two bumps in
the B mode polarization in Fig. 4.

The second element controlling the power of
experiments is their ability to differentiate CMB
structure from structure in foreground emission,
particularly diffuse emission from our own Gal-
axy. Unfortunately, we know very little about
this emission and nearly nothing about its po-
larization properties apart from the fact that it is

partially polarized. Themaximum
polarization signal consistentwith
what we know already is sub-
dominant to galactic emission in
all but a few places in the sky in
a limited range of frequency. A
high-fidelity map of pure primor-
dial B mode polarization over a
substantial area on the sky re-
quires the ability to discriminate
and remove the galactic signal.
Removal can be done by observ-
ing at multiple frequencies and
noting that the galactic emission
has a different spectrum or color
than the CMB. Models of the
foregrounds and the process of
foreground removal leave reason
for optimism about the prospects
ofmaking cleanmaps. However,
knowledge of the real properties
of the emission awaits the re-
sults of the currently operating
Planck satellite, andwe currently
do not really know howwell we
can remove foregrounds from
CMB maps.

The third experimental ele-
ment is control of instrument sys-
tematic uncertainties. TheBmode

signal constitutes a particular pattern of polariza-
tion, but the sought-for strength is nine orders of
magnitude weaker than the uniform glow of the
CMB itself and three orders of magnitude weaker
than the E mode polarization. A very subtle shift
or rotation of a detector or a glint of radiation from
out of the field could mimic a signal. The design
of the instruments, the program of mapping and
observation, and the experimental characterization
and calibration will all need to be carried out with
an unparalleled level of precision.

The increase of the raw sensitivity of CMB
experiments has been rapid and is the key factor
leading to more powerful measurements. Al-
though many current experiments are close to
being limited by previously unanticipated sys-
tematic effects, each generation has led to better
instrument design and enhanced immunity to sys-
tematic error. This iterative method is permitting
rapid progress on all three elements limiting power
of the measurement.

The technology to build sufficiently sensitive
experiments is in hand. Previous gains in sen-
sitivity were the result of new detectors. Further
improvement will come from increasing the num-
ber of detectors. Currently experiments have
1000. The next generation will have 10,000,
and a proposed satellite has 50,000. The construc-
tion of focal planes of this scale and sensitivity
will require the sustained support of detector
design, development, and testing (23).

The Planck satellite (24), currently operating,
will provide new data on polarization within the
next 3 to 4 years and might even provide the first
direct observation of B modes. Either way, the
results from Planck will govern the ultimate de-
sign of the next generation of dedicated CMB
polarization experiments in space. From design
to construction to launch and operation could
take the better part of a decade. As we enter the
second decade of the 21st century, we are thus
poised to enter a new realm of precision cos-
mology, one that could provide a dramatic new
window on the early universe and the physical
processes that governed its origin and evolution.
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Fig. 4. Root mean square fluctuations in temperature (T) and po-
larization (P) of the CMB predicted by inflation. The temperature
spectrum has been measured with exquisite precision by dozens of
experiments, culminating in WMAP, whereas there have been half a
dozen detections of E modes. There are currently only upper limits
on the amplitude of B modes. The top B mode curve represents the
current upper limit, r = 0.3, and the bottom curve represents the
value r = 0.01.
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Conclusions
• Gravitational wave searches are a source of a great deal 

of scientific activity

• Ground based interferometry with LIGO, Virgo, GEO and 
Tama is now very mature.

• Detector upgrades make detection of some sources very 
likely, 2014-2020.

• Space-based LISA detector strongly supported by ESA.

• Low frequency searches with pulsar timing and/or CMBR 
polarisation results may detect too!

•  It’s an exciting time to be working in this field.


