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Experimental Demonstration of Back—Linked Fabry-Perot

Interferometer for the Space Gravitational Wave Antenna
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#m L H : Experimental Demonstration of Back-Linked Fabry—Perot Interferometer for the Space

Gravitational Wave Antenna

Since the groundbreaking observation of gravitational waves radiated from a binary
black hole by Laser Interferometer Gravitational-Wave Observatory in 2015, the
network of terrestrial gravitational wave interferometers finished conducting three
observing runs in March 2020, reporting the observations of 90 gravitational wave
event candidates from compact binary coalescences. Currently, the terrestrial network
is in the fourth observing run. All the events so far were identified to be those radiated
from binary systems consisting of either two neutron stars, two stellar-mass black
holes or a combination of the two. They are found to be in the mass range of 1-100Mo,
corresponding to the observation frequency band of 10Hz-1kHz. In June 2023, the
North American Nanohertz Observatory for Gravitational Wave, one of the pulsar
timing array (PTA) experiments, reported the observational evidence of the detection
of an nHz gravitational wave background, likely from the ensemble of supermassive
black hole binaries.

On the other hand, the frequency band of mHz-10 Hz remains unexplored as a
frequency gap, given the fact that the frequency band of terrestrial interferometers is
limited by ground vibration noises and that of the PTA experiments is limited by the
integration time. Complementing this gap is of high importance because it would offer
observations of the binary systems of new mass range and cosmological sources.
Several strategies, such as LISA, B-DECIGO, and DECIGO, have been proposed for
space-borne interferometer missions to essentially avoid the terrestrial environment
and exploit this frequency band.

In particular, B-DECIGO, an inter-satellite Fabry-Perot interferometer, has the
potential to achieve a high sensitivity in the 0.1 Hz band. It is capable of observing the
intermediate-mass black hole binaries with a total mass of 100-104 Mo up to a redshift
of ~300 with a signal-to-noise ratio of 8. It will also be capable of detecting neutron
star binaries before they merge. For instance, B-DECIGO should be able to detect such
a system 7 years before the merger if it is at a distance of 40 Mpc comparable to
GW170817. DECIGO, the ambitious successor of B-DECIGO, will improve the
sensitivity by an order of magnitude and is hoped to achieve a direct observation of
primordial gravitational wave backgrounds.

The back-linked Fabry-Perot interferometer (BLFPI) was proposed as one of the

implementation method of the inter-satellite Fabry-Perot interferometer. BLFPI is a



configuration with two laser sources on one spacecraft. BLFPI enables all the cavities
to be kept in resonance by only controlling the laser frequency, thus avoiding the
unprecedented nanometer precision control of the inter-satellite distance in orbit
required in the case of keeping the resonance by displacement control and expected to
overcome the serious design problem where the amount of propellant stringently limits
the length of the observation period due to continuous control of the satellite positions.
Also, in another proposed scheme, which requires cavity length control, one cavity
length degree of freedom is forced to leave uncontrolled, and the uncontrolled cavity
requires the tuning of length. Since BLFPI employs a simple control configuration in
which each laser is locked into each corresponding cavity, there are no restrictions on
cavity length, allowing the spacecraft to form a free and flexible triangular formation.
In addition, the simple configuration provides operational advantages, such as a
straightforward lock-acquisition procedure for the interferometer in orbit.

While BLFPI alleviates the propellant limitations of formation flight and provides
flexibility in the formation configuration, a critical conundrum significantly
contaminates the gravitational wave signal due to the laser frequency noise. To address
this frequency noise issue, BLFPI offers a new offline noise subtraction scheme similar
to time-delay interferometry utilized in LISA. In the BLFPI spacecraft, in addition to
the error signals from each cavity, the heterodyne beat note signals are obtained for
this subtraction process by optically connecting the two lasers with an optical fiber
called back-link similar to LISA. The success of BLFPI heavily relies on this
subtraction process, which has not experimentally been tested.

This thesis reports an experimental demonstration of the BLFPI. A miniature of the
BLFPI was built on an optical bench with the main aim of validating the critical
function called the frequency noise subtraction. We show that the frequency noise can
be subtracted to a suppression ratio of 188 + 29 and discuss the current limitations for

the subtraction ratio.
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