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2. Gravitational waves

The essence of general relativity is that mass and energy
produce a curvature of four-dimensional space–time, and that
matter moves in response to this curvature. The Einstein
field equations prescribe the interaction between mass and
space–time curvature, much as Maxwell’s equations prescribe
the relationship between electric charge and electromagnetic
fields. Just as electromagnetic waves are time-dependent
vacuum solutions to Maxwell’s equations, GWs are time-
dependent vacuum solutions to the field equations. GWs are
oscillating perturbations to a flat, or Minkowski, space–time
metric, and can be thought of equivalently as an oscillating
strain in space–time or as an oscillating tidal force between
free test masses.

As with electromagnetic waves, GWs travel at the
speed of light and are transverse in character, i.e. the strain
oscillations occur in directions orthogonal to the direction
in which the wave is propagating. Whereas electromagnetic
waves are dipolar in nature, GWs are quadrupolar: the strain
pattern contracts space along one transverse dimension, while
expanding it along the orthogonal direction in the transverse
plane (see figure 1). Gravitational radiation is produced
by oscillating multipole moments of the mass distribution
of a system. The principle of mass conservation rules
out monopole radiation, and the principles of linear and
angular momentum conservation rule out gravitational dipole
radiation. Quadrupole radiation is the lowest allowed form
and is thus usually the dominant form. In this case, the GW
field strength is proportional to the second time derivative
of the quadrupole moment of the source, and it falls off in
amplitude inversely with distance from the source. The tensor
character of gravity—the hypothetical graviton is a spin-2
particle—means that the transverse strain field comes in two
orthogonal polarizations. These are commonly expressed in
a linear polarization basis as the ‘+’ polarization (depicted in
figure 1) and the ‘×’ polarization, reflecting the fact that they
are rotated 45◦ relative to one another. An astrophysical GW
will, in general, be a mixture of both polarizations.

GWs differ from electromagnetic waves in that they
propagate essentially unperturbed through space, as they
interact only very weakly with matter. Furthermore, GWs
are intrinsically non-linear, because the wave energy density
itself generates additional curvature of space–time. This
phenomenon is only significant, however, very close to strong
sources of waves, where the wave amplitude is relatively
large. More usually, GWs distinguish themselves from
electromagnetic waves by the fact that they are very weak.
One cannot hope to detect any waves of terrestrial origin,
whether naturally occurring or manmade; instead one must
look for very massive compact astrophysical objects, moving
at relativistic velocities. For example, strong sources of GWs
that may exist in our galaxy or nearby galaxies are expected to
produce wave strengths on Earth that do not exceed strain levels
of one part in 1021. Finally, it is important to appreciate that
GW detectors respond directly to GW amplitude rather than
GW power; therefore the volume of space that is probed for
potential sources increases as the cube of the strain sensitivity.

time

h

Figure 1. A GW traveling perpendicular to the plane of the diagram
is characterized by a strain amplitude h. The wave distorts a ring of
test particles into an ellipse, elongated in one direction in one
half-cycle of the wave, and elongated in the orthogonal direction in
the next half-cycle. This oscillating distortion can be measured with
a Michelson interferometer oriented as shown. The length
oscillations modulate the phase shifts accrued by the light in each
arm, which are in turn observed as light intensity modulations at the
photodetector (green semi-circle). This depicts one of the linear
polarization modes of the GW.

3. LIGO and the worldwide detector network

As illustrated in figure 1, the oscillating quadrupolar strain
pattern of a GW is well matched by a Michelson interferometer,
which makes a very sensitive comparison of the lengths of
its two orthogonal arms. LIGO utilizes three specialized
Michelson interferometers, located at two sites (see figure 2):
an observatory on the Hanford site in Washington houses
two interferometers, the 4 km-long H1 and 2 km-long H2
detectors; and an observatory in Livingston Parish, Louisiana,
houses the 4 km-long L1 detector. Other than the shorter
length of H2, the three interferometers are essentially identical.
Multiple detectors at separated sites are crucial for rejecting
instrumental and environmental artifacts in the data, by
requiring coincident detections in the analysis. Also, because
the antenna pattern of an interferometer is quite wide,
source localization requires triangulation using three separated
detectors.

The initial LIGO detectors were designed to be sensitive
to GWs in the frequency band 40–7000 Hz, and capable of
detecting a GW strain amplitude as small as 10−21 [2]. With
funding from the National Science Foundation, the LIGO sites
and detectors were designed by scientists and engineers from
the California Institute of Technology and the Massachusetts
Institute of Technology, constructed in the late 1990s, and
commissioned over the first 5 years of this decade. From
November 2005 to September 2007, they operated at their
design sensitivity in a continuous data-taking mode. The data
from this science run, known as S5, are being analyzed for
a variety of GW signals by a group of researchers known as
the LIGO Scientific Collaboration [4]. At the most sensitive
frequencies, the instrument root-mean-square (rms) strain
noise has reached an unprecedented level of 3 × 10−22 in a
100 Hz band.

Although in principle LIGO can detect and study GWs
by itself, the potential to do astrophysics can be quantitatively
and qualitatively enhanced by operation in a more extensive
network. For example, the direction of travel of the GWs and

5

3



LIGO Interferometers
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Table 1. Parameters of the LIGO interferometers. H1 and H2 refer to the interferometers at Hanford, Washington, and L1 is the
interferometer at Livingston Parish, Louisiana.

H1 L1 H2

Laser type and wavelength Nd : YAG, λ = 1064 nm
Arm cavity finesse 220
Arm length (m) 3995 3995 2009
Arm cavity storage time, τs (ms) 0.95 0.95 0.475
Input power at recycling mirror (W) 4.5 4.5 2.0
Power Recycling gain 60 45 70
Arm cavity stored power (kW) 20 15 10
Test mass size and mass ∅25 cm × 10 cm, 10.7 kg
Beam radius (1/e2 power) ITM/ETM 3.6 cm/4.5 cm 3.9 cm/4.5 cm 3.3 cm/3.5 cm
Test mass pendulum frequency (Hz) 0.76

Figure 3. Optical and sensing configuration of the LIGO 4 km interferometers (the laser power numbers here are generic; specific power
levels are given in table 1). The IO block includes laser frequency and amplitude stabilization, and electro-optic phase modulators. The
power recycling cavity is formed between the PRM and the two ITMs, and contains the BS. The inset photo shows an input test mass mirror
in its pendulum suspension. The near face has a highly reflective coating for the infrared laser light, but transmits visible light. Through it
one can see mirror actuators arranged in a square pattern near the mirror perimeter.

fluctuations of the beam to ∼10−7 Hz−1/2 at 100 Hz [11].
The laser frequency stabilization is done in multiple stages
that are more fully described in later sections. The first,
or pre-stabilization stage, uses the traditional technique of
servo locking the laser frequency to an isolated reference
cavity using the Pound–Drever–Hall (PDH) technique [12],
in this case via feedback to frequency actuators on the master
oscillator and to an electro-optic phase modulator. The servo
bandwith is 500 kHz, and the pre-stabilization achieves a
stability level of ∼10−2 Hz Hz−1/2 at 100 Hz. The PMC
transmits the pre-stabilized beam, filtering out both any light
not in the fundamental Gaussian spatial mode and laser noise
at frequencies above a few megahertz [13]. The PMC output
beam is weakly phase-modulated with two radio-frequency
(RF) sine waves, producing, to first-order, two pairs of
sideband fields around the carrier field; these RF sideband
fields are used in a heterodyne detection system described
below.

After phase modulation, the beam passes into the
LIGO vacuum system. All the main interferometer optical
components and beam paths are enclosed in the ultra-high
vacuum system (10−8–10−9 Torr) for acoustical isolation and

to reduce phase fluctuations from light scattering off residual
gas [14]. The long beam tubes are particularly noteworthy
components of the LIGO vacuum system. These 1.2 m
diameter, 4 km long stainless steel tubes were designed to
have low-outgassing so that the required vacuum could be
attained by pumping only from the ends of the tubes. This was
achieved by special processing of the steel to remove hydrogen,
followed by an in situ bakeout of the spiral-welded tubes, for
approximately 20 days at 160 ◦C.

The in-vacuum beam first passes through the mode cleaner
(MC), a 12 m long, vibrationally isolated transmissive ring
cavity. The MC provides a stable, diffraction-limited beam
with additional filtering of laser noise above several kilohertz
[15], and it serves as an intermediate reference for frequency
stabilization. The MC length and modulation frequencies are
matched so that the main carrier field and the modulation
sideband fields all pass through the MC. After the MC is
a Faraday isolator and a reflective 3-mirror telescope that
expands the beam and matches it to the arm cavity mode.

The interferometer optics, including the test masses,
are fused-silica substrates with multilayer dielectric coatings,
manufactured to have extremely low scatter and low
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The Nobel Prize in Physics 1993 was awarded jointly to Russell A. Hulse 
and Joseph H. Taylor Jr. "for the discovery of a new type of pulsar, a 
discovery that has opened up new possibilities for the study of gravitation"

The Nobel Prize in Physics 1993
Russell A. Hulse, Joseph H. Taylor Jr.

Russell A. Hulse               Joseph H. Taylor Jr.
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Demonstration of gravitational waves
A very important observation was made when the system had been 
followed for some years. This followed theoretical predictions made 
shortly after the original discovery of the pulsar. It was found that the 
orbit period is declining: the two astronomical bodies are rotating faster 
and faster about each other in an increasingly tight orbit. The change 
is very small. It corresponds to a reduction of the orbit period by about 
75 millionths of a second per year, but, through observation over 
sufficient time, it is nevertheless fully measurable. This change was 
presumed to occur because the system is emitting energy in the form 
of gravitational waves in accordance with what Einstein in 1916 
predicted should happen to masses moving relatively to each other. 
According to the latest data, the theoretically calculated value from the 
relativity theory agrees to within about one half of a percent with the 
observed value. The first report of this effect was made by Taylor and 
co-workers at the end of 1978, four years after the discovery of the 
binary pulsar was reported.

The good agreement between the observed value and the theoretically 
calculated value of the orbital path can be seen as an indirect proof of 
the existence of gravitational waves. We will probably have to wait 
until next century for a direct demonstration of their existence. 
Many long-term projects have been started for making direct 
observations of gravitational waves impinging upon the earth. The 
radiation emitted by the binary pulsar is too weak to be observed on 
the earth with existing techniques. However, perhaps the violent 
perturbations of matter that take place when the two astronomical 
bodies in a binary star (or a binary pulsar) approach each other so 
closely that they fall into each other may give rise to gravitational 
waves that could be observed here.

The radio waves from a pulsar are emitted in two 
bunches which sweep across space at the same 
rate as the pulsar rotates (upper figure). From a 
binary pulsar, gravitational waves are also emitted 
(lower figure).
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Figure 7. Primary known contributors to the H1 detector noise spectrum. The upper panel shows the displacement noise components, while
the lower panel shows sensing noises (note the different frequency scales). In both panels, the black curve is the measured strain noise (same
spectrum as in figure 6), the dashed gray curve is the design goal and the cyan curve is the root-square-sum of all known contributors (both
sensing and displacement noises). The labeled component curves are described in the text. The known noise sources explain the observed
noise very well at frequencies above 150 Hz, and to within a factor of 2 in the 40–100 Hz band. Spectral peaks are identified as follows: c,
calibration line; p, power line harmonic; s, suspension wire vibrational mode; m, mirror (test mass) vibrational mode.

is nominally common-mode, it couples to the GW channel
through small, unavoidable differences in the arm cavity
mirrors [40, 41]. Frequency noise is expected to couple most
strongly through a difference in the resonant reflectivity of the
two arms. This causes carrier light to leak out the AS port,
which interferes with frequency noise on the RF sidebands to
create a noise signal. The stimulus-response measurements
indicate that the coupling is due to a resonant reflectivity
difference of about 0.5%, arising from a loss difference of tens

of ppm between the arms. Laser amplitude noise can couple
through an offset from the carrier dark fringe. The measured
coupling is linear, indicating an effective static offset of ∼1 pm,
believed to be due to mode shape differences between the arms.

5.3. Seismic and thermal noise

Displacement noises are shown in the upper panel of figure 7.
At the lowest frequencies the largest such noise is seismic
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Shot Noise: Dominant Sensing Noise

Rep. Prog. Phys. 72 (2009) 076901 B P Abbott et al

Figure 5. Antenna response pattern for a LIGO GW detector, in the long-wavelength approximation. The interferometer beamsplitter is
located at the center of each pattern, and the thick black lines indicate the orientation of the interferometer arms. The distance from a point
of the plot surface to the center of the pattern is a measure of the GW sensitivity in this direction. The pattern on the left is for + polarization,
the middle pattern is for × polarization and the right-most one is for unpolarized waves.
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Figure 6. Strain sensitivities, expressed as amplitude spectral
densities of detector noise converted to equivalent GW strain. The
vertical axis denotes the rms strain noise in 1 Hz of bandwidth.
Shown are typical high sensitivity spectra for each of the three
interferometers (red: H1; blue: H2; green: L1), along with the
design goal for the 4 km detectors (dashed gray).

carried out, culminating with the fifth science run (S5) at
design sensitivity. The S5 run collected a full year of triple-
detector coincident interferometer data during the period from
November 2005 to September 2007. Since the interferometers
detect GW strain amplitude, their performance is typically
characterized by an amplitude spectral density of detector
noise (the square root of the power spectrum), expressed in
equivalent GW strain. Typical high-sensitivity strain noise
spectra are shown in figure 6. Over the course of S5 the strain
sensitivity of each interferometer was improved, by up to 40%
compared with the beginning of the run through a series of
incremental improvements to the instruments.

The primary noise sources contributing to the H1 strain
noise spectrum are shown in figure 7. Understanding and
controlling these instrumental noise components has been the
major technical challenge in the development of the detectors.
The noise terms can be broadly divided into two classes:
displacement noise and sensing noise. Displacement noises
cause motions of the test masses or their mirrored surfaces.
Sensing noises, on the other hand, are phenomena that limit
the ability to measure those motions; they are present even in

the absence of test mass motion. The strain noises shown in
figure 6 consist of spectral lines superimposed on a continuous
broadband noise spectrum. The majority of the lines are
due to power lines (60, 120, 180 Hz, etc), ‘violin mode’
mechanical resonances (350, 700 Hz, etc) and calibration lines
(55, 400 and 1100 Hz). These high Q lines are easily excluded
from analysis; the broadband noise dominates the instrument
sensitivity.

5.2. Sensing noise sources

Sensing noises are shown in the lower panel of figure 7. By
design, the dominant noise source above 100 Hz is shot noise,
as determined by the Poisson statistics of photon detection.
The ideal shot-noise limited strain noise density, h̃(f ), for this
type of interferometer is [9]

h̃(f ) =

√
πh̄λ

ηPBSc

√
1 + (4πf τs)2

4πτs
, (2)

where λ is the laser wavelength, h̄ is the reduced Planck
constant, c is the speed of light, τs is the arm cavity storage
time, f is the GW frequency, PBS is the power incident on the
beamsplitter and η is the photodetector quantum efficiency.
For the estimated effective power of ηPBS = 0.9 × 250 W,
the ideal shot-noise limit is h̃ = 1.0 × 10−23 Hz−1/2 at
100 Hz. The shot-noise estimate in figure 7 is based on
measured photocurrents in the AS port detectors and the
measured interferometer response. The resulting estimate,
h̃(100 Hz) = 1.3 × 10−23 Hz−1/2, is higher than the ideal
limit due to several inefficiencies in the heterodyne detection
process: imperfect interference at the beamsplitter increases
the shot noise; imperfect modal overlap between the carrier
and RF sideband fields decreases the signal and the fact
that the AS port power is modulated at twice the RF phase
modulation frequency leads to an increase in the time-averaged
shot noise [39].

Many noise contributions are estimated using stimulus-
response tests, where a sine-wave or broadband noise is
injected into an auxiliary channel to measure its coupling to
the GW channel. This method is used for the laser frequency
and amplitude noise estimates, the RF oscillator phase noise
contribution and also for the angular control and auxiliary
length noise terms described below. Although laser noise
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• How many photons?

• What is cavity storage time?

• What is AS detected power?

• …as a function of strain?

• What is strain noise?

• …as a function of GW 
frequency, f?
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Shot-Noise: a Poisson Process

• δN = ±√N (i.e. variance = N)

• (photons/sec)
〈N〉per second = 

• Within an interval Δt = 1/2Δf, …
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Next Week: 
Refrigerating Phonons

NATURE PHYSICS | VOL 5 | JULY 2009 | www.nature.com/naturephysics 459

news & views

principle be cooled to its quantum ground 
state. In this issue of Nature Physics, three 
papers8–10 report an important step in 
this direction.

In the resolved-sideband limit, the 
motion of the mechanical resonator 
appears directly in the optical excitation 
spectrum of the cavity. For small harmonic 
motions of the mirror placed on the 
resonator, at frequency fM, the spectrum 
of the optical cavity will develop split 
sidebands at fO±fM. When the natural cavity 
width 1/τ is smaller than this splitting, 
these sidebands appear as peaks in the 
excitation spectrum (Fig. 1b). Cooling 
of the mechanical resonator is achieved 
by illuminating the system with a laser, 
tuned to the lower sideband of the coupled 
resonator–cavity system, at fL = fO–fM. How 
this works to cool the resonator is best 
understood by studying the energy-level 
diagram shown in Fig. 1c. !e laser excites 
virtual vertical transitions with energy 
hfL, which can excite a cavity photon with 
energy hfO if the mechanical resonator 
provides the additional energy hfM. !is 
energy is available if the resonator makes a 
transition from a state with n phonons to a 
state with n−1 phonons, adding the phonon 
energy to the laser photon, and generating 
a blue-shi#ed photon in the cavity with 
energy hfO. Each process of this type 
removes one phonon from the mechanical 
resonator; the rate for this process is 
determined by the laser power, the cavity 
lifetime, and the optomechanical coupling 
strength between the mechanical resonator 
and the cavity.

!ere are a number of factors that limit 
the e$ectiveness of sideband cooling. 
!e mechanical resonator is physically 
attached to a thermal reservoir, so if the 
mechanical mode temperature is reduced, 
thermal energy will ‘leak’ back in; this 
happens at a rate inversely proportional 
to the mechanical quality factor (Q) of the 
resonator. !e optical resonator needs to 

have very low optical absorption, which 
otherwise could cause heating from the 
illuminating laser. Finally, the laser can 
itself inject noise, so a stable, low-noise 
laser is needed. E$ective sideband cooling 
therefore requires a long cavity lifetime, high 
mechanical Q, low optical absorption, and 
a low-noise laser. Measuring the resonator’s 
temperature, achieved by looking at its 
noise spectrum, is also highly challenging; 
a second laser, with very good noise 
performance, is typically used to measure 
the %uctuations in the cavity resonance 
frequency, from which the mechanical 
motion can be inferred.

Cooling in the resolved-sideband 
limit has been achieved4,11, but has 
been limited by noise in the laser or by 
energy absorption in the cavity. In the 
three papers appearing here, all of the 
requirements for sideband cooling are 
met simultaneously, and all three report 
a substantial reduction of the mode 
temperature of a mechanical resonator, 
starting from a cryogenic physical 
temperature close to that of liquid 
helium. !e %avour of the three papers is 
however somewhat di$erent. In the paper 
by Simon Gröblacher and co-workers9, 
micromachining is used to fabricate a 
doubly clamped beam that includes a 
Bragg mirror on its top surface, which 
forms one side of a Fabry–Pérot optical 
cavity. !e fundamental 1-MHz %exural 
mode of the beam (with Q ~ 30,000) 
is cooled from an initial cryogenically 
achieved 5 K to about 1.5 mK, a reduction 
by a factor of about 4,000; at the minimum 
temperature, achieved by the balance of 
thermal load, noise and coupling strength, 
the authors estimate there are about 30 
thermal phonons remaining in the mode.

!e papers by Young-Shin Park and 
Hailin Wang10 and by Albert Schliesser 
and colleagues8 use similar, somewhat 
less ‘engineered’ optomechanical 
structures. Schliesser et al. use a 

toroidal microresonator, fabricated by 
micromachining a ~100-μm-diameter silica 
disc supported on a pedestal, which is then 
re%owed with a high-temperature laser 
process. !e resulting toroidal structure 
supports extremely long-lifetime optical 
whispering-gallery modes. !e toroids 
also exhibit a number of mechanical 
vibrational modes; the researchers use the 
high-Q radial breathing modes, which 
modulate the path length of the optical 
modes. Park and Wang instead laser-
fuse two silica microspheres together, to 
generate a ~40-μm-diameter deformed 
microsphere, a structure that also supports 
long-lifetime whispering-gallery modes that 
can be e'ciently excited by a free-space-
coupled laser. !e deformed microspheres 
exhibit bulk vibrational modes, and 
the researchers couple to, and cool, a 
mechanical mode with both radial and 
azimuthal components. !e mechanical 
quality factors of the mechanical modes in 
both the toroidal and deformed spherical 
structures are somewhat lower than for 
those of Gröblacher et al. (with Q of a few 
thousand), but the mechanical resonance 
frequencies are substantially higher, in 
the range fM ~ 60–120 MHz. Starting at a 
cryogenic temperature of around 1.5 K, 
each of these two groups is able to cool 
their respective mechanical modes by a 
factor of 3 to 6, resulting in a reduction 
of the mechanical energy to about 30 to 
60 quanta. !e larger bulk mechanical 
frequencies of the structures used by these 
authors makes reaching the resolved-
sideband limit somewhat easier, as well as 
reducing the cooling needed to approach 
the quantum ground state. However, the 
coupling strength between the mechanical 
mode and the optical cavity is substantially 
smaller, so the rates of sideband cooling 
are correspondingly reduced. Interestingly, 
in spite of the factor of 100 di$erence in 
the mechanical resonance frequencies, 
the three e$orts all achieve roughly the 

a b
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Figure 1 | Resolved-sideband cooling of an optomechanical resonator. a, Fabry–Pérot optical cavity with one mirror attached to a mechanical resonator.  
b, Optical cavity excitation spectrum in the resolved-sideband limit. Laser illumination (green arrow) is tuned to lower sideband. c, Energy level diagram for 
sideband-cooling. |n,m  represents mechanical resonator phonon state n with optical cavity photon state m. Laser transition at fL (green arrow) is accompanied 
by strong transitions where one phonon is absorbed to generate a cavity photon (blue arrow), cooling the resonator. Transitions where one phonon is emitted 
(red arrow) are very rare.
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