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Abstract There are great expectations for the world-wide network of gravi-
tational wave detectors currently under construction in United States, FEurope
and Japan. These multi-kilometer interferometers are seeking to make the
first direct detection of gravitational waves and initiate a new era in astron-
omy and astrophysics in which we can listen to black holes, neutron stars and
other enigmatic inhabitants of the local universe. Advanced detectors will be
approximately 10 times more sensitive than the initial detectors, which were
operational until 2011. As the detection volume for a given source is propor-
tional to the cube of the sensitivity, detection rates will increase by roughly a
factor of one thousand; rate estimates suggest a most probable level of tens of
events per year once detectors reach design sensitivity. In this paper we give
a general overview of the advanced detectors which will start producing as-
trophysically interesting data in 2015, and we discuss prospects for beginning
the observation of the gravitational wave Universe within this decade.

1 Introduction

Gravitational wave detection offers a deep probe into contorted regions of
space-time governed by General Relativity in the strong field regime, at a level
where the remnants of giant stars become physics laboratories impossible to
create on Earth.

The basic principle behind gravitational wave detection on Earth is the fact
that the passage of a gravitational wave perturbs the relative distance between
inertial masses. While truly inertial masses cannot be had for long on earth,
suspended masses provide a good approximation in the plane perpendicular
to Earth’s gravitational pull. Thus, a set of suspended mirrors arranged in a
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Michelson interferometer configuration provides a coupling from gravitational
waves to electro-magnetic waves in which the gravitational wave’s properties
are imprinted in the interference pattern of the light extracted at the Michel-
son’s anti-symmetric port. Given a Michelson interferometer with arm length
L, and a gravitational wave with amplitude h passing by the detector, the
induced change of the interferometer length AL is given by:

_hL
e

AL (1)
The measurement of AL is the essential basis of operation of all gravitational
wave interferometers. General Relativity predicts extremely faint gravitational
waves amplitudes, with h ~ 10722 for a solar-mass source at a few tens of Mpc.

Unfortunately, 10722 is a very small number and detecting a fractional
change of this magnitude is highly challenging. Even with multi-kilometer
interferometers, the expected displacement is AL ~ 107'®m, one thousand
times smaller than the radius of a proton. Achieving the sensitivity necessary
to detect gravitational waves has been the goal of many scientists world-wide
since large scale interferometer were proposed for the first time in Europe [1,
2] and United States [3] more than 20 years ago [4].

The initial gravitational wave detectors LIGO, VIRGO and GEO, operated
from 2005 to 2011 carrying out a series of data taking runs of increasing
duration and sensitivity. More than a year of coincident data among at least
two detectors did not show any trace of gravitational waves [5], consistent with
calculations of rates using current knowledge of source populations [6].

An enormous effort in instrument science research and technology develop-
ment enabled the design of the 2°¢ generation of gravitational wave detectors,
the most sensitive position meters ever built, aiming for a factor of 10 increase
in sensitivity over the initial detectors. These interferometers, known as the
“Advanced Detectors”, are currently under constructions in United States (two
Advanced LIGO detectors [7]), Italy (Advanced Virgo [8]), Japan (KAGRA
[9]). There is also the possiblility of adding a third Advanced LIGO detector
in India, for which construction has yet to begin.

Because the detection volume for a given source is proportional to the cube
of the sensitivity, expected detection rates are approximately a factor of one
thousand higher than those of the initial detectors. Predictions of event rates
cover a range of values, with 10’s of events per year possible [10]. A century
after Einstein conceived their existence, the era of gravitational wave detection
in which the Universe becomes audible is finally upon us.

2 Astrophysical reach

The sensitivity of gravitational wave detectors is typically expressed in terms
of their astrophysical reach, i.e. how far in the Universe they are able to ob-
serve. This metric depends entirely on the source considered; the canonical
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Fig. 1 Observable Universe for initial and advanced detectors.

source used as a reference is a 1.4 -1.4 Mg binary neutron star system, de-
tectable with a signal-to-noise-ratio (SNR) of 8. For this canonical source, the
advanced gravitational waves interferometers under constructions have a de-
sign sensitivity of 130to 200 Mpc. The Advanced LIGO interferometers have
the highest design sensitivity, 200 Mpc [11], while the Advanced Virgo design
sensitivity is around 130 Mpc [12]. The interferometer arm length is the pri-
mary cause of the difference in sensitivity between the two detectors, which
are otherwise conceptually very similar. Advanced Virgo is 3 km long, while
the Advanced LIGO detectors are 4 km long, thus making the Advanced Virgo
sensitivity (roughly) 3/4 of the Advanced LIGO one. The 3 km long detector
KAGRA will incorporate new technologies, such as cryogenic cooling of the
test masses, and its design sensitivity is 176 Mpc [13].

Given the density of compact binary coalescences in our Universe, it is pos-
sible to estimate how many events the advanced detectors will observe, given
their sensitivity and the duration of operation. However, because of the uncer-
tainties in the astrophysical rate predictions for compact binary coalescences,
the uncertainties on the rate estimate can reach up to 2 orders of magnitudes in
each direction from the most likely prediction. We refer to [6] for a discussion
of the expected rates for advanced detectors.

A simple rate estimate can be done in the following way. A realistic number
for binary neutron stars coalescences is one per Mpc? every million years

106

Rie=——7——.
"¢ Mpc? - year

(2)
A detector with a range R will be able to observe a sphere in the Universe of
volume %wR?’ . This is roughly 3 x 107 Mpc? for the advanced detectors, and
3 x 10* Mpc? for the initial detectors (see figure 1). Given an observation time
of 1 year, the expected number of events for an advanced detector is

Nye = Rpe X (37R?) x (1year) ~ 30 , (3)
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or a few per month, while for an initial detector N,. ~ 0.03

3 The path to Advanced detectors

The 2" generation of gravitational wave detectors share a broadly common
path to improved performance. They all depart from their predecessors by
attacking the three fundamental noise sources discussed in the next section;
quantum noise is reduced with increased laser power, thermal noise with im-
proved suspensions and optics, and seismic noise with high performance isola-
tion systems.

In addition to the changes aimed at reducing these fundamental noises,
all of the advanced detectors benefit from the community’s experience with
technical noises and operability issues encountered in the 15¢ generation of de-
tectors. The results of these changes are evident in new designs which promise
improved stability and mitigation of technical noises which troubled earlier
detectors (e.g., reduction of noise from scattered light with extensive baffling,
and isolation from acoustic noise through in-vacuum photo-detection) [14,15].
The new designs have also produced new technical noises and challenges, along
with a myriad of mitigation techniques [16-20]. While these technical feats are
likely to prove critical to the success of the 2" generation, they are beyond
the scope of this article.

3.1 The fundamentals

The fundamental noises are what limit a gravitational wave detector’s sensi-
tivity after the careful removed innumerable technical noises (themselves the
target of extended research during long periods of detector commissioning).
These noises are called fundamental in the sense that they can not be over-
come without significant changes to the detector hardware, not in the sense
that they cannot be changed without altering the laws of nature [21].

Figure 2 shows, as an example, the fundamental noise sources which are
expected to limit the Advanced LIGO sensitivity: quantum noise, thermal
noise, and seismic noise. Very similar curves describe Advanced Virgo and
KAGRA.

3.1.1 Quantum Noise

Among the designers of the 1% generation of detectors, no one spoke of “quan-
tum noise”, but rather of “shot noise” which arises from the random arrival
times of photons on a photo-detector [22,23]. The statistics of this process give
rise to a noise level which is determined by the power on the photo-detector
Pro by the relation N = /2P ohv, where hy is the energy of a single pho-
ton. The signal produced by an interferometer is proportional to v/PrLo x v/ P
where P is the light power stored inside the interferometer modulated by a
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Fig. 2 Fundamental noise sources limiting the sensitivity of an interferometric gravitational
wave detector [21]. The dominant quantum noise mechanism is shot noise above 60 Hz, and
radiation pressure noise below that frequency. To achieve this level of sensitivity, nearly
1 MW of optical power must circulate in the detector. Thermal noise enters mostly through
the suspensions below 30 Hz, while the coatings dominate in most of the band. Environ-
mental noises are well isolated, such that the dominant mechanism is though the direct
Newtonian coupling to the test-masses.

passing gravitational wave. The signal to noise ratio increases therefore with
increasing the interferometer power as v/P.

As the field began to contemplate higher power designs for 24 generation
detectors it became clear that this simplistic approach to the quantum me-
chanics of light would not be sufficient. In particular, the quantization of light
also leads to a random force being applied to the optics in the interferometer
known as “radiation pressure noise” (RPN). A conceptually simple picture of
RPN comes again from the random arrival times of photons, but this time on
the mirrors of the interferometer. As the mirrors reflect these photons, they
reverse the photons’ momentum and are thus kicked in the opposite direction.
The sum of many random impulses becomes a force noise on the interferom-
eter optics which cannot be distinguished from a gravitational wave signal.
Increasing power means more photons and thus more RPN, going with v/P.
Since this is a force noise which induces a displacement of the optics, the sig-
nal it produces also increase with P, so that the signal to noise ratio decreases
with increasing power as 1/ VP.

This understanding is, however, lacking in that it fails to reveal the inti-
mate connection between shot noise and RPN which arises from their com-



6 M. Evans on behalf of the LSC, Virgo and KAGRA

mon origin. A complete understanding of quantum noise in optical systems
with radiation pressure gave designers of 2"d generation detectors the tools
they needed to optimize the optical layout and laser power [24,25]. The re-
sult of such an optimization can be seen in figure 2 as the purple “Quantum
Noise” curve, which is dominantly RPN below 60 Hz and shot noise above that
frequency.

3.1.2 Thermal Noise

Another fundamental noise source in gravitational wave detectors and other
precision optical measurements arises from the thermal motion of the atoms in
the most sensitive parts of the instrument. The two most important sources of
thermal noise in advanced detectors are the optical coatings (coating thermal
noise), and the suspension elements which support the optics against the force
of gravity (suspension thermal noise).

As compared with the 15 generation detectors, great improvements have
been made in suspension thermal noise owing to the move away from metal
wires as support elements. Essentially all of the advanced detectors use fused
silica fibers to support the interferometer optics, as this material has low me-
chanical losses and high tensile strength [26]. The thermal noise from these
suspensions is expected to be more than an order of magnitude lower than
that of the wire suspensions used in previous detectors. Figure 2 shows that
the impact of suspension thermal noise on Advanced LIGO is essentially to
define the low-frequency end of the detection band.

Reduced suspension thermal noise brought coating thermal noise to the
forefront as a limiting noise source of the 2"? generation detectors [27,28].
The extremely stringent optical requirements placed on these coatings (e.g.,
less than 1ppm absorption to avoid thermal problems due to the 1MW of
circulating power) make optimization of the mechanical properties to reduce
thermal noise very challenging. In fact, less than a factor of 2 improvement has
been made since the initial detectors, and much of the improvement attained
came simply from increasing the beam size on the optics (since the noise
amplitude scales with beam radius). Coating thermal noise, also shown in
figure 2, limits the sensitivity of the advanced detectors in the region most
critical to binary neutron star and black hole detection, and has proven to be
the least mobile of the fundamental noises.

KAGRA, unique among advanced detectors in its use of cryogenics, will
reduce the impact of thermal noise by using a crystalline test mass material
cooled to 20K [29].

3.1.3 Seismic Noise

The las tand possibly least fundamental of the “fundamental noises” are the
vibrations which enter a gravitational wave detector from the external environ-
ment. These disturbances, collectively referred to as “seismic noise”, generally
arrive at the detector in the form of a seismic wave and have a variety of
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Credit: C. Mayhew & R. Simmon (NASA/GSFC), NOAA/ NGDC, DMSP Digital Archive

Fig. 3 World-wide network of advanced gravitational wave detectors.

origins: from ocean waves crashing on a far away beach to passing trains, and
from wind buffeting the local terrain to machinery which keeps the detector
running. Essentially anything which moves can be a noise source and sophis-
ticated isolation systems are needed to avoid contaminating the gravitational
wave signal.

Isolation systems in the generation detectors generally have one or
more “active stages”, with acceleration sensors and feedback loops, and four
or more passive stages which use the isolation provided by mechanical inertia.
In the end, it is the rejection of high frequency motion by the inertia of large
masses that keeps the vibrations of the world from masking a gravitational
wave signal.

These systems are so effective that the dominant coupling of motion from
the environment in the sensitive band of the detector is the only one that
cannot be shielded in any way: the Newtonian gravitational coupling of exter-
nal moving masses to the interferometer’s test-masses, known as “Newtonian
Noise” (see figure 2) [30]. While larger than seismic noise at all frequencies
above 10 Hz, Newtonian noise is not expected to be a dominant noise source
in the advanced detectors, though it presents a significant problem for future
generations.

2nd

4 Overview of the World-Wide Network

The gravitational wave network in the Advanced Detector Era is shown in
figure 3. It is comprised of the two 4 km long Advanced LIGO detectors in
United States, the 3 km long Advanced Virgo detector in Italy, the 3 km long
KAGRA detector in Japan, and the 600m GEO detector in Germany. At the
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time of this writing, it appears likely that a third LIGO detector will be built
in India by the end of the decade.

While the 2°¢ generation detectors share many common features, as dis-
cussed in section 3, they also have differences which we will be briefly describe
here. For more details about the current status of each detector, please refer
to the section “Progress and Challenges in Advanced Ground Based Gravita-
tional Wave Detectors” in these proceedings.

4.1 Advanced LIGO

The Advanced LIGO detectors are located in Hanford Washington and in
Livingston Louisiana, and typically referred to as H1 and L1, are separated by
about 3000 miles. Installation of 2°¢ generation hardware began at the LIGO
observatories in 2010.

The Hanford Observatory can accommodate two co-located interferometers
which share the same vacuum tubes, and this feature was used in time of the
the initial detectors to house a second detector, known as H2. The original
Advanced LIGO plan was continue with H1 and H2, however, at the beginning
of the installation phase it became clear that moving H2 to a new site outside
of the US could provide a remarkable scientific benefit. Now this plan is coming
to fruition with a potential move to India, and all the components of the H2

Advanced LIGO
B Early (2015, 40 - 80 Mpc)
Mid (2016-17, 80 — 120 Mpc)
I Late (2017-18, 120 — 170 Mpc)
Il Design (2019, 200 Mpc)
I BNS-optimized (215 Mpc)

)
]

—ry
o

strain noise amplitude (Hz~ ")

10° 10
frequency (Hz)

Fig. 4 Plausible progression of aLIGO sensitivity curves over the next decade [10].
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interferometer are being put in storage, to be shipped with the beginning of
the LIGO-India project.

When operating at full power, the Advanced LIGO arm cavities will store
800kW of laser power, or about 20 times more than initial LIGO. The Ad-
vanced LIGO test masses are 40 kg, 34 cm diameter fused silica mirrors which
represent the state of the art in civilian optics technology in terms of absorp-
tion losses and surface uniformity. The most significant upgrade for LIGO
are the new active seismic isolation systems. Multi-stage active isolators [31]
combined with a quadruple stage of pendula [26,32], are able to essentially
eliminate the seismic noise transferred to the main optics, thus extending the
detection band down to 10 Hz.

The Advanced LIGO detectors will finish their installation phase in 2014,
and start observing in 2015. A plausible observing scenario is shown in fig-
ure 4, which shows a progressive increase which reaches the design sensitivity
of 200 Mpc at the end of this decade. The envisioned strategy is to perform
observing runs, from a few months to one year, after reaching sensitivity mile-
stones of roughly 50 Mpc, 100 Mpc, and 150 Mpc [10].

”1 Advanced Virgo
10~ o S —
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. ) Mid (2017-18, 60 — 85 Mpc) |

S I Late (2018-20, 65 — 115 Mpc)]
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Fig. 5 Plausible progression of Advanced VIRGO sensitivity curves over the next
decade [10].
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4.2 Advanced Virgo

Advanced Virgo is currently under construction at the European Gravitational-
wave Observatory site near Pisa, Italy, which hosted the Virgo detector until
2011. Because high performance suspensions were already employed in Virgo
(the super-attenuator [33]), Advanced Virgo will be the advanced detector
most similar to its predecessor. A factor of 10 better sensitivity with respect
to the initial Virgo detector is achieved by increasing the circulating power in
the interferometer and employing larger and heavier state of the art optics.

Figure 4.2 shows a plausible observing scenario for Advanced Virgo. Ad-
vanced Virgo will join Advanced LIGO observations in 2016, and it will follow
a path similar to the Advanced LIGO one. The sensitivity will be progressively
increased until reaching design sensitivity of 130 Mpc in about 5 years, while
joining the Advanced LIGO observing runs [10].

4.3 KAGRA

The Japanese advanced detector KAGRA is the most recent addition to the
network and is significantly different from Advanced LIGO and Advanced
Virgo. It has the unique features of being built underground and is designed
to operate at cryogenic temperatures, thus becoming the pathfinder of tech-
nologies for future generation detectors.

s 7/"‘&
-~Underg round

el — .

Fig. 6 Main features of the KAGRA detector: it is cryogenic, and built underground.
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The excavation of the KAGRA tunnels was completed mid-2014. According
to the current plan, KAGRA will join the advanced detector network in 2017,
then progressively improve the detector performance until reaching the design
sensitivity of about 176 Mpc.

4.4 GEO600

The 600 m long GEO interferometer is located close to Hannover, in Germany.
Because it is significantly shorter than the other detectors, GEO has an astro-
physical interesting sensitivity only at frequencies above 1 kHz. On the other
hand, it has the remarkable feature of having operated for the last decade with
what are now considered “advanced technologies”.

At the time of this writing, GEO is the only gravitational wave detector
in operation, and thus it provides coverage while waiting for the advanced
detectors to come on-line. By its nature GEO targets specific sources of grav-
itational waves, such as supernovae explosions, which could produce a gravi-
tational wave signal in the high frequency region.

Continuing its tradition of blazing trails for future detectors, GEO is al-
ready using technologies which will appear in 3" generation detectors, such
as squeezed light, thereby playing a critical role in the R&D effort [34].

5 Future Detectors

Even as the advanced detectors are coming on-line, the instrumental commu-
nity is looking ahead to what will come next. In all likelihood, detection rates
with the 2°¢ generation detectors will not be more than a few per month and
at best a handful of high signal-to-noise ratio events will be accumulated over
the life of the detector [6,10]. While successful detection of gravitational wave
is a great achievement by any measure, there is a clear motivation to improve
detector sensitivity as quickly as possible.

Significant design effort has already gone into planning future gravitational
wave detectors [21,35,36]. Three major phases can be identified in the progress
beyond the advanced detectors: short term upgrades to the current detectors
which may occur in the next 3-5 years and aim to improve sensitivity by as
much as a factor of 2 without major disruption to data taking, medium term
overhauls intended to maximize sensitivity in the current facilities, and finally
the construction of new facilities with detectors designed to achieve a factor
of 10 improvement relative to the advanced detectors.

Two areas of active research which may result in technology applicable in
the short term are squeezed light for reduction of quantum noise, and low-
noise optical coatings. The first of these has been demonstrated to reduce
shot noise in 1%% generation detectors [37,38], and is considered a relatively
mature technology. Application of squeezed light to 2°¢ generation detectors
is somewhat complicated by the radiation pressure effects (see section 3.1.1),
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and research into the experimental techniques required for producing squeezed
light compatible with advanced interferometers is well underway [39,40].

An advanced detector which incorporates squeezed light will inevitably
become limited by coating thermal noise and require improved coatings to
realize the goal of doubling the instrument’s sensitivity. Recent developments
in crystal coating make such an improvement plausible [41], though this new
technology has yet to be demonstrated on the 30 cm scale optics required by
gravitational wave detectors. Should these or other low noise coatings prove
to be workable on large scale optics, their installation in the current detec-
tors could, in combination with squeezed light, increase the detection rate of
astrophysical sources by as much as a factor of 10.

In the medium term, more disruptive changes have the potential to further
improve detector sensitivity while still working inside the vacuum envelope of
the current facilities. Areas of active research include cryogenics, moving to
crystalline optics for improved thermal conductivity and greater power han-
dling (e.g., sapphire and silicon), and a shift in laser wavelength to 1550 nm
(required for silicon optics). Several of these features are already being incor-
porated in the new KAGRA detector in Japan (see section 4.3), while others
are being developed at the laboratory scale.

To attain a factor of 10 improvement in sensitivity, and thus a factor of
1000 increase in event rate relative to the 24 generation, will almost certainly
require that we go beyond the current facilities. An inescapable feature of
gravitational wave detection is that longer detectors have greater strain sen-
sitivity for a given displacement sensitivity, as seen in equation 1. Assuming
no major paradigm shift in gravitational wave detector technology, future fa-
cilities will need to be a factor of 3 or more longer than current detectors.
Another major opportunity afforded by the construction of new facilities is
the move to a triangular configuration in which three interferometers, each
rotated by 60° relative to the other two, share the same vacuum system and
enable the detection of both polarizations of the gravitational wave radiation
from astrophysical sources [35].

6 Conclusion

This is an exciting time in gravitational wave physics. The world-wide net-
work of ground based interferometers currently under construction expects to
detect up to tens of gravitational wave detections every year. The direct detec-
tion of gravitational waves will give us a completely new way to listen to the
Universe. This tool will give us access to events and regimes not accessible to
electromagnetic observations, and add invaluable information to events which
can be observed with both gravitational and electromagnetic radiation.

The advanced detectors have all started their construction phase, and they
will begin producing astrophysically interesting data in the coming years: the
Advanced LIGO detectors in US are planned to come on line in 2015, followed
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by Advanced Virgo in 2016 and KAGRA in 2017. A third Advanced LIGO
detector could also be built in India by the end of this decade.

These new detectors will be the most sensitive position meters ever built,
relying on the incredible progress in instrument science and technology which
made them possible. In parallel, the GEO detector and laboratory efforts world
wide are studying ways of making the advanced detectors more sensitive by
pushing the state of the art, with the goal of extending even further the ob-
servable gravitational wave Universe.
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