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Abstract: The Torsion-Bar Antenna (TOBA) is a torsion pendulum-based gravitational detector
developed to observe gravitational waves in frequencies between 1 mHz and 10 Hz. The low resonant
frequency of the torsion pendulum enables observation in this frequency band on the ground. The
final target of TOBA is to observe gravitational waves with a 10 m detector and expand the observation
band of gravitational waves. In this paper, an overview of TOBA, including the previous prototype
experiments and the current ongoing development, is presented.

Keywords: gravitational wave; torsion pendulum; laser interferometer; cryogenics

1. Introduction

Since the first detection of gravitational waves (GWs) by Advanced LIGO [1], gravi-
tational wave astronomy has continued to develop and multi-messenger astronomy has
gained attention. The sources of the detected GWs by the ground-based detectors are the
coalescence of binary systems with source masses in the range of 1 M⊙–100 M⊙, which
correspond to the observed frequency band of 10 Hz–1 kHz [2]. Another observation band
of interest is in the range of 1 mHz–10 Hz. In this frequency band, some target sources are
expected, such as the merger of Intermediate Mass Black Holes (IMBHs) with masses in the
order of 102 M⊙–105 M⊙, or the Stochastic Gravitational Wave Background (SGWB) from
the early universe. To observe GWs in this frequency band, space interferometric detectors
such as LISA [3] and DECIGO [4] have been proposed.

Several ground-based detectors for observing GWs in frequencies between 1 mHz
and 10 Hz have been proposed, such as atomic interferometers [5,6] and super-conductive
gravity gradiometers [7,8]. One such detector is the Torsion-Bar Antenna (TOBA), which
uses torsion pendulums to observe GWs [9]. Thanks to the low resonant frequency of the
torsion pendulums, TOBA is sensitive to the gravitational waves in the frequency band of
1 mHz–10 Hz. The main goal of TOBA is to achieve the sensitivity of 10−19 /

√
Hz at 0.1 Hz.

This sensitivity allows us to detect IMBH binary mergers at cosmological distances. Thanks
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to the ground-based configuration, TOBA has the advantage of better accessibility and
lower cost than the space detectors in the similar frequency band.

In this paper, we provide an overview of TOBA. The principle of operation and
scientific targets of the TOBA are in Section 2. Next, the results of the previous prototypes
and the related developments are explained in Section 3. In Section 4, we introduce the
upcoming prototype, Phase-III TOBA, and present recent developments.

2. Overview of TOBA
2.1. Principle of TOBA

The theory guiding the usage of torsion pendulums to detect GWs predates the TOBA
detector by several decades [10,11]. A detailed derivation of the principal of detection is
provided in Appendix A but summarized here.

Figure 1 shows a basic configuration of TOBA, with bars suspended in the horizontal
xy-plane. Here, we focus on the rotational motion of a bar around the z-axis, θ.

Tidal
Force

Bar
Rotation

Interferometric

Readout

x

z

y

Figure 1. Principle of TOBA. Two test mass bars are suspended in the horizontal plane independently
and orthogonally. Dashed lines indicate the gravitational tidal forces induced by a GW coming along
the z-axis, and green arrows show the rotation directions of the bars. The rotation angles of the bars
are measured by interferometers.

Suppose that a GW comes along the z-axis,

hA
ij = hAeA

ij cos 2π f t, (1)

where

e+ij =

1 0 0
0 −1 0
0 0 0

, e×ij =

0 1 0
1 0 0
0 0 0

 (2)

are the polarization tensors of GW. Considering the forces acting on each discrete element
of the bar, the frequency response function is given by

H+( f ) :=
θ

h+
= 0, H×( f ) :=

θ

h×
≃ 1

2
f 2

f 2
0 (1 + iϕrot)− f 2

, (3)

where f0 is the resonant frequency of the torsion pendulum and ϕrot is the loss angle of the
suspension wire.

The differential response of each bar is generated by the perpendicular orientation
of each bar. By matching mechanical parameters between the two pendulums, such as
overlapping the center of mass and maintaining a similar mechanical response, noises can
be rejected from the GW measurement provided by the differential motion of the bars. This
rejection of common noises between the two pendulums is referred to as common mode
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rejection of the detector, and stands as one of the significant advantages of using a twin
torsional pendulum detector setup for GW detection, such as the TOBA.

2.2. Target Sensitivity of TOBA

The final target sensitivity of TOBA is 10−19 /
√

Hz at 0.1 Hz in strain, which is de-
termined for observing the targets mentioned in the following sections. To achieve this
sensitivity, a 10 m torsion-bar detector, The Final TOBA, is proposed. The designed noise
budget is shown in Figure 2.
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Figure 2. The design sensitivity of the Final TOBA [9]. The blue and green lines show the photon
shot noise and radiation pressure noise, respectively. The yellow and red lines indicate the thermal
noise of the suspension wire and the test mass bars. The black line is the sum of all noises.

The Final TOBA consists of two large torsion pendulums, as shown in Figure 1. Each
bar is made of aluminum with a length of 10 m and a diameter of 0.6 m, which correspond
to a mass of 7.6 × 103 kg and moment of inertia of 6.4 × 104 kg m2. The resonant frequency
of the rotational mode is designed to be 1 mHz and the loss of the suspension wire and
the loss of the internal modes of the bar are required to be 10−10 and 10−7, respectively.
Each bar and its suspension wire are to be kept at a cryogenic temperature of 4 K to reduce
thermal noise. The rotation of the bars is to be measured by a pair of Fabry–Pérot cavities
at both ends of the bars. Each cavity has a finesse of 100 and the input laser power to the
cavities is to be set as 10 W. Two pendulums are to have as a close mechanical response as
possible, which can eliminate or reduce noises familiar to both pendulums.

Considering all these noises, the sensitivity of the Final TOBA is predicted to be limited
by the quantum noise (shot noise and radiation pressure noise) and thermal noise of the
bar [9].

2.3. Target Sources of Gravitational Waves for TOBA

One of the main target sources of GWs in the frequency band of 1 mHz–10 Hz is the
coalescence of IMBH binary systems. Their existence has only been reported through
indirect mass estimation, and direct observation of GWs from these systems is of great
importance for the study of IMBHs. For example, observation of GWs from IMBHs would
provide us with some hints about the origin and formation of supermassive black holes at
the center of galaxies [12,13]. With the Final TOBA’s target sensitivity, the observation range
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of IMBH binary mergers with their source mass 105 M⊙ reaches 10 Gpc, which corresponds
to the redshift of z∼2.4 [9].

Another important target of GWs in this frequency band is the SGWB from the early
universe. Unlike electromagnetic waves, GWs can pass through the radiation field before
recombination and see the universe before 0.38 Myr from the Big Bang. In terms of the
dimensionless energy density of GWs, ΩGW, the sensitivity of 10−19 /

√
Hz corresponds to

ΩGW ≃ 10−7 with a one-year observation period [9], which is a better constraint than the
upper bound set by Big Bang Nucleosynthesis (BBN) [14].

2.4. Geophysical Target of TOBA

Since GW detectors respond to the gravity gradient, the measured signal can also
originate from terrestrial sources such as the ground and the atmosphere. In terms of
GW detection, such a signal is called Newtonian Noise (NN) because the gravity gradient
induced by the terrestrial sources cannot be distinguished from the effect of GWs [15]. It
has also been proposed that with a moderate sensitivity of 10−15 /

√
Hz, the measured

terrestrial gravity gradient has great geophysical importance [16]. Here, we introduce two
related cases.

2.4.1. Newtonian Noise Measurement

NN is a fundamental noise source for GW detectors. For future ground-based GW
detectors, NN is assumed to be the dominant noise source in frequency bands below
10 Hz [17,18], and its mitigation method is discussed in [19,20]. Several models describe
the mechanism of NN generation [21–24]. However, so far, NN has not been measured
directly. Therefore, direct measurement of NN and test of the models are essential for GW
detectors on the ground.

Some models predict that around 0.1 Hz, the amplitude level of NN grows up to the
order of 10−15 /

√
Hz [22,25]. Therefore, TOBA is expected to detect NN in this frequency

band and partially justify the model and cancellation scheme.

2.4.2. Early Earthquake Detection

It is proposed that transient changes in gravitational fields introduced by large earth-
quakes can be detected by gravimeters and gravity gradiometers [26]. This scheme pays
attention to the change that occurs on the timescale of ∼10 s–100 s, which corresponds to
the frequency band of TOBA. Because the change in the gravitational field propagates with
the speed of light, the detection of earthquakes with TOBA is expected to be faster than the
current warning scheme, which uses seismic P-waves with a velocity of ∼1 km/s–10 km/s.

It has also been pointed out that TOBA has an advantage in detecting earthquakes.
Gravimetric measurements, such as using gravimeters, seismometers, and tiltmeters, are
considered to be ineffective for early earthquake detection due to decreased sensitivity
caused by instrument acceleration [27,28]. On the other hand, TOBA is expected to avoid
this cancellation because instrument acceleration does not affect gravity gradient measure-
ments.

In previous research, the possibility of detecting earthquakes with TOBA was stud-
ied [16,29]. It is expected that with a moderate sensitivity of ∼10−15 /

√
Hz at 0.1 Hz, the

detectability is almost the same as the current system.

3. Prototype Developments

To reach the target sensitivity of the Final TOBA, studies of each component and
demonstrations of noise reduction have been performed with small prototypes. The
achieved sensitivity of these prototypes are summarized in Figure 3.

In this section, we briefly introduce these prototype developments and their achievements.
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Figure 3. The sensitivity of prototype experiments. The blue and red curves are the achieved
sensitivities of Phase-I [30] and Phase-II [31]. The green curve shows the sensitivity obtained in the
experiment of seismic cross-coupling reduction [32].

3.1. Phase-I TOBA

The first prototype, named Phase-I TOBA, was developed in 2010 [33] as a proof of
concept. The test mass bar, with a length of 22.5 cm, was suspended by superconducting
magnet levitation. Though there is no restoring force in the rotational degree of freedom in
principle, the actual resonant frequency was ∼5 mHz due to the gradient of the magnetic
field induced by the levitating magnet. The rotational motion was measured by a Michelson
interferometer on the ground. The configuration of the bar and the interferometer is shown
in Figure 4.

Optical
lever

Michelson
interferometer

Figure 4. The configuration of Phase-I TOBA. (Left) Test mass bar of Phase-I TOBA. A single test
mass bar was suspended by superconducting magnet levitation. The test mass was 22.5 cm bar made
of aluminum. Many mirrors were attached to monitor the motion. (Right) The optical configuration
of Phase-I TOBA. The best sensitivity was obtained with a Michelson interferometer consisting of the
end mirrors attached to both ends of the bar and the other optics on an optical bench fixed on the
vacuum chamber. These figures were adapted from [33] and modified for this paper.
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The sensitivity of the Phase-I prototype was limited by ambient magnetic field fluctu-
ations and seismic cross-coupling. Below 0.1 Hz, the magnet for levitating the test mass
bar coupled with the ambient magnetic field and induced a torque noise to the test mass
bar. Above 0.1 Hz, the translational seismic motion was transferred to the rotational signal
of the test mass bar due to the relative tilt of the mirrors attached on the test mass for
interferometric readout. The achieved sensitivity was ∼10−8 /

√
Hz at 0.1 Hz.

With this sensitivity, a search for SGWB was performed, and the upper limit was set to
ΩGWh2

0 < 1.9 × 1017 at 0.035 Hz–0.830 Hz [30,33].

3.2. Phase-II TOBA

The second prototype, Phase-II TOBA, was developed in 2015 [31,34]. In this proto-
type, two test mass bars with a length of 24 cm were used, and they were suspended by
metal wires in order to reduce magnetic noise coupling, which was one of the dominant
noise sources in Phase-I TOBA. Two test mass bars were suspended orthogonally with
double wires from an intermediate mass and consisted of double-stage pendulums. At the
suspension point, an active feedback system was introduced for reducing seismic vibration.
It consisted of six seismometers and hexapod actuators.

The rotational motion was measured by fiber Michelson interferometers constructed
on an optical bench, which was also suspended from the intermediate mass. With these fiber
interferometers, not only the horizontal rotation but also the vertical rotational motions
were measured. Thanks to this configuration called a multi-output configuration, the
detection volume and angular accuracy can be improved because the signal from each
degree of freedom compensates for the blind spots of the other degrees of freedom. The
configuration of the test masses and interferometric sensors are shown in Figure 5.

The sensitivity of Phase-II TOBA was limited by seismic coupling noise and the phase
noise induced by the vibration of the optical fiber within the readout interferometer. The
achieved sensitivity was ∼10−10 /

√
Hz at 3 Hz–8 Hz.

With this sensitivity, the upper limit on SGWB was set to ΩGWh2
0 < 1.2 × 1020

at 2.6 Hz [34]. Also, the existence of 200 M⊙ IMBH binaries was excluded within
r < 2.1 × 10−4 pc [31].

5 Experiments 5.1 Setup

Suspension Wires Mirrors for
interferometers

Magnets for
actuators

Adjusting mass

Test Masses

Optical Bench

Figure 5.2: A picure of the detector.

59

4 Phase-II TOBA 4.5 Control System

of the returning beams are measured by the photo detectors. The photo detectors
are on the optical bench, and the signals are derived via lead cables from the optical
bench.

Type1

Type 2

fiber collimators

test mass

mirrors

Type1(LONG, SIDE, YAW)

fiber optics 
retroreflector
(fixed mirror)

spacial beamfiber collimator
Laser input

photo detector

fiber beam
splitter

mirror

Type2(ROLL) spacial beam

fiber collimators

Laser input

photo detector

fiber beam
splitter

mirror
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SIDE
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PITCH

LS1 LS2
LS3

LS4

Figure 4.12: The configuration of the fiber laser interferometers.

In our setup, we use the interferometers at their mid-fringe. The electromagnetic
field of the input beam is written as

Ein = E0e
−iΩt, (4.33)

where E0 and Ω is the amplitude and the angular frequency of the laser. The input
beam goes to the fiber beam splitter (BS) and divided into two fibers. The beams
are reflected by end mirrors attached on the test mass or fiber retroreflectors, and

46

Figure 5. The configuration of Phase-II TOBA. (Left) Test mass bars of Phase-II TOBA. Two test
mass bars were suspended by two suspension wires. Each test mass was 24 cm long and made of
aluminum. Many mirrors were attached for fiber interferometer. (Right) The optical configuration of
Phase-II TOBA. Fiber Michelson interferometers were utilized to measure multiple rotation degrees
of freedom of the test mass bars. These figures were adapted from [31].

3.3. Research on Seismic Cross-Coupling Reduction

For understanding the translational seismic noise coupling and reducing it, an ex-
periment with a double-stage pendulum was performed in 2017 [32]. This experiment
consisted of a test mass bar and free-space Michelson interferometer on an optical bench to
measure the horizontal rotation of the bar. The bar was a 20 cm long fused silica block with
an optical coating on a well-polished surface. By making the interferometer with this flat
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surface, the relative tilt between the mirror surface at both ends of the bar was reduced,
which was the main source of the cross-coupling in Phase-I TOBA. The configuration of the
test mass and the interferometer is shown in Figure 6.

This experiment examined the model of the cross-coupling of the seismic noise, and
demonstrated the reduction scheme of the coupling by tuning the tilt angle of the test mass
bar and the optical bench. The achieved cross-coupling function was 5 × 10−6 rad/m at
0.1 Hz. Even though these values are not sufficient for the Final TOBA, this work established
the basic strategy for reducing the coupling transfer function.

Test mass

Optical bench

Fiber

coupler

From

outside

Beamsplitter

Polished + coated

PD

Figure 6. The setup for research on seismic cross-coupling reduction. (Left) A picture of the test mass
bar and the optics. The test mass bar was made of fused silica, and its front surface was polished
and HR-coated. The length of the test mass was 20 cm, and it was suspended by a single wire.
(Right) The optical configuration of this setup. A Michelson interferometer consisted of the optics on
the suspended optical bench and the surface of the test mass.

4. Next Prototype: Phase-III TOBA

Following these prototype experiments, an upgraded prototype, Phase-III TOBA, is
currently under development. We consider Phase-III TOBA to be just one step before the
Final TOBA, and the configuration is closer to it than the previous experiments. The target
of Phase-III TOBA is to reach a sensitivity of about 10−15 /

√
Hz at 0.1 Hz with small-scale

(∼30 cm) test mass bars. In addition to the noise reduction mentioned above, the reduction
in the thermal noise by introducing a cryogenic system is one of the important issues to be
solved here. Furthermore, with the target sensitivity, we expect to achieve scientific results,
such as the detection of earthquakes and direct measurement of NN.

4.1. Design Overview

The configuration of Phase-III TOBA is shown in Figure 7. It consists of the following
three parts:

• A cryogenic suspension system;
• An active vibration isolation system;
• An interferometric readout system.

Here, we describe each system.
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Cryogenic
Cooler

Laser

Seismometers

Hexapod
Actuators

2nd shield
1st shield

Vacuum
Chamber

Test
Mass

Cooling Head
(3.5 K)

Cooling Head (50K)

Figure 7. Configuration of Phase-III TOBA. Inside a vacuum chamber, two radiation shields are
connected to the cryocooler surrounding the suspension system. Two test mass bars are suspended
by a wire with a high Q value. At the suspension point, an active vibration isolation system is
implemented. The rotation of the bars are measured by an interferometer.

4.1.1. Cryogenic Suspension System

The cryogenic system is one of the essential parts of Phase-III TOBA for reducing
thermal noise. The required temperature for Phase-III TOBA is set to 4 K, and it is also
desirable to finish the cooling within an acceptable time for operation. Another important
point is to suppress additional noises introduced by the cooling system, such as vibrations
from the cooler.

The cooling system consists of a cryocooler, two radiation shields, and a main suspen-
sion system, as shown in Figure 7. A pulse tube cooler is used to cool the radiation shields
to 50 K (first shield) and 3.5 K (second shield), respectively, and the intermediate masses
are connected to the second shield via high-purity aluminum (6 N) wires (heatlinks). The
test mass bars are cooled by thermal radiation (>100 K) and heat conduction through the
suspension wires (<100 K). The suspension wires of the test mass bars are made of silicon,
which is known to have low mechanical loss (ϕ < 10−8) at cryogenic temperatures [35].

Because each test mass is to be suspended by a single silicon fiber, the thermal exchange
is not efficient and the cooling time down to 4 K is approximately 14 days [29]. On the other
hand, the suspension fibers insulate the test mass bars well from the surroundings and
reduce other temperature fluctuations of the bars.

4.1.2. Active Vibration Isolation System

To suppress the seismic vibration, an active vibration isolation system (AVIS) is imple-
mented at the suspension point.

AVIS is a feedback system that consists of multiple sensors and hexapod actuators.
Six seismometers are arranged to monitor all degrees of freedom of the suspension table.
The signals from the seismometers are processed by a digital system, and fed back to
hexapod actuators, which consist of six piezoelectric actuators attached below the table.
The actuators are configured to actuate the table in all degrees of freedom, including
translation along three axes and rotation around three axes.

AVIS is also utilized for suppressing the vibration of the cooler introduced via the
heatlinks attached to IMs. Heatlinks on IMs are not directly connected to the second shield,



Galaxies 2024, 12, 78 9 of 16

but first attached to a bypass stage, which is connected to the suspension table via thermal
insulation rods, and then connected to the second shield. By connecting the heatlinks on
the stage, the feedback system reduces not only the seismic vibration, but also vibrations
transferred via the heatlinks.

The target performance of AVIS is to reduce the vibration level to below 10−7 m/
√

Hz
at 0.1 Hz for reducing the seismic cross-coupling noise [32], and to below 10−10 m/

√
Hz at

1 Hz to suppress nonlinear vibration noise [36].

4.1.3. Interferometric Readout System

To achieve the target sensitivity, we use Fabry–Pérot cavities to measure the motion of
the bars. The surface of the test mass bar is polished and coated so that it works as mirrors,
to reduce the relative tilt of the mirrors which introduces the cross-coupling. The other
mirrors, which form Fabry–Pérot cavities with the surface of the bars, are implemented on
an optical bench.

One issue concerning the readout system is the noise of the readout optics. As the
phase noise of the readout interferometer limited the sensitivity of Phase-II TOBA, the read-
out noise of the interferometer, induced by ambient noise, such as the vibration coupling
and the temperature drift, should be reduced sufficiently. The required sensitivity for the
readout noise of the interferometer is set to 6 × 10−17 m/

√
Hz at 0.1 Hz. To achieve this

requirement, a cryogenic-compatible monolithic interferometer is planned to be introduced.

4.2. Target of Phase-III TOBA

With the systems mentioned above, the design sensitivity of Phase-III TOBA is shown
in Figure 8.

As we mentioned in Section 2, Phase-III TOBA has the potential to detect earthquakes
and measure NN directly with a sensitivity of 10−15/

√
Hz.
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Frequency [Hz]

10 17

10 16

10 15

10 14

10 13

10 12

10 11

St
ra

in 
[1

/√ Hz
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Figure 8. The designed noise budget of Phase-III TOBA. The green line shows photon shot noise.
The red line is the thermal noise of the suspension wire. The dark blue line and the sky blue line
are the seismic noise from the ground rotation and the ground translation, respectively. The cyan
line indicates the thermal noise from the residual water molecules. The black line is the sum of these
noises. The orange dashed line indicates the estimated NN level of KAGRA site [22] to be measured
with Phase-III TOBA.
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4.2.1. Newtonian Noise Measurement

The estimated level of NN is in the order of 10−15/
√

Hz around 0.1 Hz. Therefore, it is
expected that Phase-III TOBA can measure NN directly with the target sensitivity. Although
the frequency band in which Phase-III TOBA can observe NN is below the observation
band of the ground-based interferometric detectors, measurement with Phase-III TOBA is
useful for testing the models of NN and demonstrating its mitigation scheme.

4.2.2. Gravity Gradient Fluctuation Induced by Earthquakes

Previous research investigated the detectability of earthquakes with Phase-III TOBA’s
target sensitivity [16,29]. It has been shown that for earthquakes with a magnitude of Mw 7,
we can detect them ∼10 s faster than the current warning system if they happen ∼100 km
away. To identify the location of the center of the earthquake with the same precision as
with the current system, two detectors separated by ∼75 km are necessary.

4.3. Current Achievements

We have been developing Phase-III TOBA for years and have achieved some of the
goals described in Section 4.1. We briefly introduce the current achievements of these
systems.

4.3.1. Cryogenic Suspension System

The basic cryogenic suspension system was demonstrated in 2020 [29]. The measured
cooling curve is shown in Figure 9. The test mass bars were successfully cooled down to
6.1 K in 10 days. Because the silicon suspension wire is still under development, in this
demonstration, CuBe wires were used for the suspension of the bars, and 6N aluminum
heatlinks were attached between the intermediate mass and the test masses to increase the
heat conductance.
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Figure 9. The cooling curve of the cryogenic torsion pendulum measured in [29]. The sky blue curve
shows the temperature of the test mass bar. The test mass was cooled down to 6.1 K in 10 days.

4.3.2. Active Vibration Isolation System

A prototype of the vibration isolation system was developed and the performance
was tested in 2019 without the suspension system. The achieved performance is shown
in Figure 10. The vertical seismic vibration was suppressed by 103 around 0.7 Hz and the
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horizontal vibration by 3 × 10−2 around 1.7 Hz. The performance was still not sufficient to
meet the requirement. One reason was tilt-horizontal coupling [37] in frequencies below
0.5 Hz, which smeared the true signal of the horizontal motion and introduced instability
in the control. Another reason was the parasitic resonance modes of the supporting frame
of the system, which prevented us from increasing the feedback gain and resulted in an
insufficient suppression ratio.
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X (free)
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Z (free)
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Figure 10. The achieved performance of AVIS. The gray line indicates the requirement for AVIS. The
red, blue, and green dashed lines are the vibration spectra without control in the x-, y-, and z-axes,
respectively. The red, blue, and green solid lines show the vibration spectra with control of AVIS in
the x-, y-, and z-axes, respectively.

4.3.3. Interferometric Readout System

The cryogenic monolithic interferometer was demonstrated in 2024 [38]. In this
demonstration, the readout optics made of silicon were glued on a silicon breadboard and
consisted of a monolithic interferometer with one test mass bar fixed on the breadboard
as well. The interferometer was operated stably at 12 K and achieved the sensitivity
of 3.6 × 10−14 m/

√
Hz at 0.1 Hz. The performance was limited by the seismic noise on

the horizontal axis. The sensitivity and the estimated noise contributions are shown in
Figure 11.

Another method to measure the rotation of the bar, the Cavity-Amplified Angular
Sensor (CAAS), was also proposed [39]. CAAS utilizes an optical cavity for the amplification
of the angular signal, and has better sensitivity than normal angular measurement methods,
such as optical levers. Compared to the rotation measurements by differential Fabry–Pérot
cavities, direct rotation measurement by CAAS has the advantage of smaller cross-coupling
noise. So far, the basic principle has been demonstrated [39] and further improvements
are ongoing.
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Figure 11. The achieved sensitivity of the cryogenic monolithic interferometer [38]. The sensitivity
shown as the black curve is limited by seismic noise (red in the x-axis, blue in the y-axis, and green in
the z-axis). The gray line indicates the requirement for the monolithic interferometer.

4.4. Beyond Phase-III TOBA

As we see in the previous section, some of the techniques necessary for Phase-III
TOBA have been demonstrated. Although they still need further improvement, the outlook
toward the Final TOBA should be discussed in parallel.

To scale the detector up to 10 m in length, there will be many difficulties. For example,
suspending such gigantic objects with a single fiber requires special attention to the me-
chanical design, such as tuning resonant frequency while maintaining low mechanical loss
and sufficient tensile strength. Cooling such a enormous system is another potential issue.
Solving such technical issues will require additional study and substantial costs, which
could diminish its advantage over space detectors.

Nevertheless, TOBA has its own valuable scientific targets, such as NN measurement
and earthquake detection, which cannot be observed with space detectors. These targets
are expected to be measured with Phase-III TOBA if all the technical achievements are
realized, and future TOBA setups will obtain more precise results.

5. Conclusions

In this paper, an overview of TOBA is presented. The final target of TOBA is described,
and the current status of the technical demonstration is provided.

A small prototype named Phase-III TOBA is under development to achieve the sensi-
tivity of 10−15 /

√
Hz. With this sensitivity, geophysical targets such as earthquakes and NN

are expected to be detectable. To achieve the target sensitivity, technical demonstrations of
each subsystem are ongoing.

After achieving the target of Phase-III TOBA, we will move on to building a large-scale
detector to achieve the sensitivity of 10−19 /

√
Hz. This detector would enable us to observe

GWs from the merger of IMBH binaries.
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Appendix A. Derivation of the Response of a Torsion Pendulum to Gravitational Waves

In this section, we derive the mechanical response of a torsion pendulum to gravita-
tional waves.

Appendix A.1. Torque Induced by Gravitational Waves

Consider a GW coming along the z-axis described by Equations (1) and (2). Within a
region whose scale is small enough compared to the wavelength of the GW, the force dFi

GW
induced by the GW acting on a particle with mass m at xi is given by [40]

dFi
GW =

1
2

mḧi
jx

j. (A1)

Here, hµν (µ, ν ∈ {0, 1, 2, 3} are the small deviations of the metric tensor gµν from flat
space-time ηµν = diag(−1,+1,+1,+1), and hij (i, j ∈ 1, 2, 3) are the spatial components
of hµν. Up to linear order of hµν, the indices of hµν are raised by ηµν. In particular, hi

j are
given by

hi
j = ηiαhαj = δikhkj = hij. (A2)

Next, consider a bar located along the x-axis, as shown in Figure 1. Using Equation (A1),
the force induced by the GW acting on a discrete element of the bar dV at ξ i is given by

dFi
GW =

1
2

ρdVḧi
jξ

j, (A3)

where ρ is the density of the bar and ξ i is the location of dV, whose origin is on the center
of mass of the bar. The energy stored in dV by dFGW is given by integrating dFGW along ξ i,

dUGW = −
∫ ξ i

0
dξ ′idFi

GW =
∫ ξ i

0
dξ ′i

1
2

ρdVḧi
jξ

j =
1
4

ρdVḧijξ
iξ j. (A4)

Then, integrating dUGW over all the volume of the bar, we obtain the total energy
stored in the bar UGW by

UGW =
∫

V
dUGW =

1
4

ḧij

∫
V

dVρξiξ j. (A5)

A torque on the bar is the rate of change of the energy related to the rotation θ. That is,

NGW = −∂UGW

∂θ
=

1
4

ḧijqij. (A6)
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Here, qij is the quadrupole moment of the bar defined as

qij =
∫

V
dVρ

(
ξ iwj + ξ jwi − 2

3
δijξkwk

)
, (A7)

where wi is the mode function and in the case of the rotation around z-axis,

wi =

−y
x
0

. (A8)

Substituting Equation (A8) into Equation (A7), we obtain the components of the
quadrupole moment as follows:

q+ := q11 = −q22 = −
∫

V
dVρ2xy, (A9)

q× := q12 = q21 =
∫

V
dVρ(x2 − y2). (A10)

Using Equations (A6), (A9), and (A10), the torque on the bar induced by GWs is
written as

NGW =
ḧ11 − ḧ22

4
q+ +

1
2

ḧ12q×. (A11)

Substituting Equations (1) and (2) into Equation (A11), we obtain

NGW =
ḧ+
2

q+ +
ḧ×
2

q×. (A12)

Appendix A.2. Mechanical Response of a Torsion Pendulum

We consider the frequency response of the torsion pendulum. The equation of motion
about θ is given by

Iθ̈(t) + κθ(t) = NGW(t). (A13)

Here, I is the moment of inertia of the bar around the rotational axis (z-axis), and
κ is the spring constant of the suspension wire in the torsional mode. Applying Fourier
transformation to Equation (A13), we obtain

θ( f )
NGW( f )

=
1

κ(1 + iϕrot) + (2π f )2 I
=

1
4π2 I( f 2

0 (1 + ϕrot) + f 2
, (A14)

where

f0 :=
1

2π

√
κ

I
(A15)

is the resonant frequency of the rotation mode. Here, the loss angle ϕrot is the imaginary
part of the spring constant κ, which is introduced to describe mechanical energy loss of the
suspension wire. Plugging Equation (A12) into Equation (A14), we obtain

θ( f ) =
( q+

2I
h+( f ) +

q×
2I

h×( f )
) f 2

f 2
0 (1 + iϕrot)− f 2

(A16)

= ∑
A

HA( f )hA( f ) (A17)

where A = {+,×} and

HA( f ) :=
qA
2I

f 2

f 2
0 (1 + iϕrot)− f 2

. (A18)
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Next, consider the relation between the moment of inertia I and the quadrupole
moments q+ and q×. If the bar shape is a rectangular cuboid with mass M and length along
each axis lx and ly, we can write I, q+, and q× as

I =
∫

V
dVρ(x2 + y2) =

1
12

M(l2
x + l2

y), (A19)

q+ =
∫

V
dVρ(−2xy) = 0, (A20)

q× =
∫

V
dVρ(x2 − y2) =

1
12

M(l2
x − l2

y) (A21)

If the bar is along the x-axis and the aspect ratio is large enough, lx ≫ ly, we can
approximate q×/I ≃ 1, and we obtain

H+( f ) = 0, H×( f ) ≃ 1
2

f 2

f 2
0 (1 + iϕrot)− f 2

. (A22)
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