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Gravitational-wave (GW) astronomy started in 2015 with the detection of a binary
black hole coalescence by the two Advanced LIGO detectors. Advanced Virgo came
online in 2017 and recently also the Japanese detector KAGRA joined the gravitational
wave detectors network. The detection of gravitational waves provides an innovate and
unique insight to understand the Universe, bringing important results for fundamental
physics, astrophysics, nuclear physics, astronomy and cosmology. Nowadays, Earth-
based gravitational-wave detectors can reach events at a redshift about 1. The increase
of their detection ability will bring more scientific benefit to all the relevant research
fields. Therefore, the improvement of their sensitivity is of great importance.
Current and future gravitational-wave detectors are limited by quantum noise in a large
part of their spectrum. Quantum noise in interferometers is caused by quantum
fluctuations of the vacuum field entering their output port. Recently, gravitational-wave
detectors have introduced the so-called squeezing, as a mitigation strategy. This
technique consisted in replacing the standard vacuum field with manipulated vacuum
states whose amplitude and phase uncertainties (which are equal in ordinary vacuum)
were respectively increased or reduced. For such states, referred to as squeezed states,
the Heisenberg uncertainty principle makes amplitude and phase uncertainties not
possible to be reduced simultaneously. Squeezed states are usually represented as an
ellipse in the quadrature plane. If the reduced-noise quadrature is aligned with the GW
signal, the result is a reduction of the quantum noise. However, since the opto-
mechanical coupling of the laser light with the interferometer test masses induces a
rotation of the squeezing ellipse, by injecting a simple squeezing, known as frequency
independent squeezing (where the ellipse orientation does not depend on the frequency)
only one part of the quantum noise can be reduced.
A quantum noise reduction in the whole spectrum can be obtained by injecting a
squeezed vacuum with a frequency dependence able to counteract the rotation caused
by the interferometer so to keep GW signal always aligned with the reduced-noise
quadrature. Such frequency dependence can be achieved by reflecting a frequency-
independent squeezed state off a detuned optical cavity with the appropriate bandwidth.
This cavity is known as filter cavity. Obtaining a rotation at low frequency is



particularly demanding, as it needs a filter cavity with high storage time. A rotation at
a frequency smaller than 100 Hz, as required for advanced detectors, corresponds to a
cavity storage time of more than 2 ms.

My PhD research focused on an experiment which managed to realize a source of
frequency dependent squeezed vacuum, suitable for broadband quantum noise reduction
of advanced GW detectors. To this purpose, a 300 m long filter cavity, has been installed
in an arm of the former TAMA300 at NAOJ and a source of frequency independent
squeezing has been developed. When I joined this project, the filter cavity integration
and control were already achieved. I work on the cavity characterization, on the
realization of the frequency independent squeezing source and on the coupling of the
squeezing into the cavity which allowed to obtain the final results: a frequency
dependent squeezed state with ellipse rotation at frequencies lower than 100 Hz.
Filter cavity characterization and losses measurement: optical losses in the filter
cavity are one of the main limitations to the achievable squeezing level. In particular,
what is important are the losses per unit length and therefore, in order to reduce such
losses two approaches can be used: reduce the overall losses themselves, or increase the
length of the filter cavity. Our 300m long filter cavity significantly relax the losses
requirement with respect to shorter cavities, but nevertheless requires high-quality
mirrors. Since this parameter is so crucial, we spent a considerable effort to fully
characterize it. The measurement is performed obtaining a set of on and off resonance
measurements of the reflected power. By comparing the amount of light pfomptly
reflected by the cavity and the one reflected after circulating in it we could obtained the
amount of power lost inside it and computed the cavity optical losses. The measurement
result is in agreement with the expectation and has been published on PRD and I am
one of the author of this paper.

Development of a squeezer for gravitational wave detectors: a frequency
independent squeezed vacuum source is a complex optical system based on a parametric
down conversion process inside a non-linear crystal. I gave a major contribution in the
construction of this system which includes four optical cavities (two of which contains
non-linear crystals which require thermal stabilization), a Mach-Zehnder interferometer,
two optical phase lock loops, two optical phase shifter, and eleven control loops. Our
squeezer can generate 6 dB of squeezing in the whole gravitational-wave detector
frequency band (from 10Hz to 100kHz). NAOJ is now one of the few laboratories in the
world that can produce low-frequency squeezing suitable for GW application and it is
the first within the KAGRA collaboration.

Frequency dependent squeezing measurement: in order to produce frequency
dependent squeezing, we coupled the frequency independent squeezed vacuum into the
filter cavity. The matching is obtained by a telescope composed of two curved mirrors,
hosted in-vacuum. The filter cavity is also in vacuum and the mirrors are suspended to

reduce the effect of seismic noise. The reflection from the filter cavity is characterized









