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Abstract: The current Advanced LIGO interferometer is limited by coating thermal noise at frequencies between 40
and 200 Hz and quantum noises at most of the sensitivity band (above 10 Hz). However, the future Einstein
Telescope observatory is expected to improve the sensitivity by a factor of 10. This will be accomplished by
operating at cryogenic temperature with using a low loss material such as silicon to reduce the coating Brownian
thermal noise contribution. Further improvement will be made by utilizing a higher laser power and heavy mirrors to
mitigate shot noise and radiation pressure noise respectively. Further studies on mitigating coating Brownian noise
and quantum noise are essential as they are expected to be the main noises affecting future detectors.
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1. Introduction beam splitter into two orthogonal arms that have
The prediction of gravitational waves (GWs) identical arm length (L). At the end of each arm, a
has fascinated physicists for more than a century and mirror reflects each beam back and the two reflected
has attracted considerable attention after the first beams are then made to interfere each other, creating
observation was made in 2015. Since the early 1960s, interference detected in the photodiode. Therefore, a
interferometers have been utilized as gravitational- passing GW is expected to displace the end mirrors on
wave detectors. These observatories aim to detect the two arms, stretching one arm while squeezing the
GWs produced by different sources such as other, which then alerts the arm lengths. This
supernova, compact binary coalescence and even any differential length variation (AL) changes the strain
unknown astrophysical sources [1]. These sources (AL/L) and generates a phase shift between the
produce unique gravitational-wave signals, which interfering light beams in the output photodetector [3].
could open a new observational window to the This indicates that gravitational-wave signals appear
universe. Over the past decades, the ground-based in the phase quadrature. Consequently, the
interferometers have gradually been improved with displacement in the mirrors due to any type of noises,
the aim of reaching better sensitivity. However, the can disrupt the detection of the gravitational-wave
Sel’lSitiVity of such observatories is limited by noises of signa]s_ Among the various noise sources entering the
different origins, which can be divided into sensitivity band of gravitational-wave interferometers,
fundamental noises such as quantum noise and thermal noises and quantum noises are the most
thermal noise and environmental noises that can be dominate ]1n'11t1ng noises at the most frequency range
attributed to the seismic motion [2]. This report aims [4].
to discuss the impact of the limiting noises on current
and future gravitational-wave detectors as well as the 2.1. Thermal Noise
approaches to mitigate them. The most important thermal noise affecting
gravitational-wave detectors is coating Brownian
2. Noise Sources thermal noise which imposes limits on their sensitivity
Noise sources can have a significant impact between 40 and 200Hz [5]. This noise arises from the
on the sensitivity of any gravitational-wave detector intrinsic mechanical loss (internal friction) of the
and impose limits on their performance. In principle, multilayers coatings due to the fluctuation in thermal
gravitational-wave detectors are a modified Michelson energy (kBT) [6]. Such noise is also proportional to
interferometer, in which the laser beam is split by a the thickness of the coating layer (d), whereas it
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decreases with the increase in the laser radius (r). The
coating Brownian noise can be determined by the
power spectral density Sx(f) of coating material as
follows:

4kgT d Y’ Y
Sx(f) = nziyg T Gt 00)

(1)

Where, Y and Y’ are the Young’s modulus of
mirror substrate and coating respectively, whereas ¢,
and ¢, are the coatings mechanical loss angle. As
previously mentioned, this noise could contribute to
the displacement of the surface of the mirrors which
therefore changing the phase of the reflected laser
beam and affecting the measurement of the
gravitational-wave signals [7].

2.2. Quantum Noise

Quantum noise is comprised of two
fundamental mechanisms: radiation pressure noise
(amplitude fluctuations) at low frequencies and shot
noise (phase fluctuations) at high frequencies.
Radiation pressure noise (RPN) arises from the
uncertainty in the position of the mirror due to the
fluctuations from the back action of the reflected
photons exerting fluctuating radiation pressure on the
suspended mirrors. Therefore, such displacement of
the mirrors could be detected as a phase shift in the
interference fringe at the photodiode. Shot noise (SN)
stems from uncertainty due to statistical fluctuations
in the number of photons (signal carriers) detected in
the photodiode [8]. The SN contribution decreases
with the increase in the laser power, however RPN
contribution  increases  (follow  Heisenberg’s
uncertainty principle). The minimum sum of these
noises is represented by the standard quantum limit
(SQL) which originates from Heisenberg’s uncertainty
principle. Quantum noise is approximately dominant
for all frequencies above 10Hz of the detection band

[9].

3. Current Gravitational Waves Detectors

The present gravitational-wave observatories
are an enhanced version of their first generation and
one of the most prominent detectors among these
interferometers is the Advanced LIGO.
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Figure 1. The Advanced LIGO interferometer optical
configuration. The input and end of both arms mirrors
are labeled ETM and ITM. The induced change in the
length of the interferometer arms caused by a
gravitational wave can be directly measured by
measuring the change in output power [10].

This detector utilizes a basic Michelson
interferometer whose mirrors are suspended with two
widely 4 km long Fabray Perot cavities between them
to boost the sensitivity. Such a detector was
predesigned by using 40 kg fused silica mirrors (heavy
mirrors) that are low-mechanical-loss materials to
reduce radiation pressure noise and Brownian thermal
noise [11]. However, RPN is still dominant between
10 and 100 Hz. The mirrors are coated with a
dielectric multilayer of silica and titania-doped tantala.
However, due to the loss of titania-doped-tantala
layers (¢ =2.4x10—4rad), coating Brownian noise is
still dominant at intermediate frequencies between 40
and 200 Hz. Moreover, the Advanced LIGO is not
operating with an optimum laser power required to
reduce the SN. This is because the increase in the
incident laser power is proportional to RPN and can
also cause thermal noise. Thus, SN is a prime noise
above 100Hz in the detection band as presented in
Figure 1[12].

However, instead of increasing laser power,
squeezed light has been injected. This method is based
on the cancellation of the noise contribution of the
amplitude quadrature(E1) that is converted into
fluctuations in the phase quadrature (Ere). This
contribution will be added to the gravitational-wave
signals (Ecw) appearing in the phase quadrature (Ez),
which is represented by quadrature picture. Therefore,
the variational homodyne readout is implemented in
the interferometer which chooses the best angle,
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depending on a single frequency to cancel the
radiation pressure contribution E: as presented in
Figure 2. The sensitivity due to phase squeezing (SN)
increases at high frequencies whereas it decreases at
low frequency due to 1/f2 [13]. These limiting noises
indicate that further improved strain sensitivity is
required to fully explore the potential of gravitational-
wave astrophysics.
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Figure 2. Shows the strain sensitivity of the Advanced
LIGO GW detectors. The colored lines (1,5) represent
the main limiting noises which are coating Brownian
noises at mid frequencies and quantum noise at most
of the sensitivity band [13].
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Figure 3. Shows quadrature picture of the

interferometer with phase squeezing (B) and without
squeezing (A) [13].
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4. Future Detectors

Future gravitational-wave observatories such
as the Einstein Telescope are expected to operate at
better sensitivity ranges. The Einstein Telescope will
use a dual operating scheme. Thus, it will utilize a
high-power, high-frequency detector at room
temperature with fused silica mirrors and a cryogenic
low-power, low-frequency interferometer with
crystalline mirrors. Furthermore, each detector will
have heavy mirrors of approximately 200kg. The
purpose of operating with higher laser power and
heavy mirrors is to reduce both SN and RPN,
respectively. However, the sensitivity of the high-
frequency interferometer will be limited by Brownian
coating noise between 40 and 200Hz due to the
thermal noise that stems from the use of high laser
power. At cryogenic temperatures fused silica is not a
suitable material because it has a high mechanical
loss. Therefore, this material will be replaced by
crystalline materials such as silicon for both mirror
substrate and coatings that have a low loss at
cryogenic temperatures [14]. Therefore, a reduction in
coating Brownian noise will be obtained as such noise
decreases with low temperatures together with low
loss materials. Furthermore, large radius laser beams
will be utilized which can improve coating Brownian
noise by distributing the power as well as averaging
the thermal energy over the mirror surface [15].
Further improvement will be achieved by using the
frequency dependent squeezing angle to squeeze RPN
at low frequencies and SN at high frequencies.
Consequently, the SQL can be surpassed. Altogether,
these enhancements that utilize a dual operating
scheme will improve the sensitivity at intermediate
(around 100Hz) and high frequencies by a factor of 10
compared to the current detectors [16].

5. Conclusion

The current Advanced LIGO detector is not
operating in optimal sensitivity. The sensitivity of
such a detector is limited by coating thermal noise and
quantum noise in most frequencies band. However,
the future Einstein Telescope detector is aiming to
significantly improve the sensitivity of at least factor
10, which is better than current observatories. This
will be achieved by operating at cryogenic
temperature using crystalline materials for mirrors
substrate and coatings. Thus, a significant reduction
will be obtained in coating Brownian thermal noise.
Furthermore, a high-power laser together with heavy
mirrors will be employed to reduce both SN and RPN.
Moreover, SN and RPN will also be eliminated at all
frequencies through the frequency dependent
squeezing. Further investigation on reducing coating
Brownian noise and quantum noises is required as
they are dominant in both current and future detector.
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