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TOBA
・ (Introduction for newcomers)

・TOrsion Bar Antenna: suspended torsion pendulum(s)


◦ Low resonant frequency (<100mHz) → low-frequency(~0.1 Hz) 
detector


◦ Detect gravity gradient

・GWs (CBC, SGWB, etc.) 

・Local potential (NN, EEW)
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Force due to  
gravity gradient

・Target Sensitivity @ 0.1Hz

◦ GWs: 10-19 /√Hz

◦ Local: 10-15 /√Hz
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Science of TOBA
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baseline length. The advantage of a TOBA is its configu-
ration simplicity, the potential sensitivity in low frequen-
cies even with a ground-based configuration, and the
capability of an intermittent observation of low-frequency
GWs with a modulation and up-conversion scheme.

A TOBA has an option to be a resonant antenna, in
which two test-mass bars are connected by a shaft with a
small spring constant [23]. Though the observation band is
limited around the resonant frequency in this configuration,
the requirement for the angular sensor is relaxed.
Moreover, its sensitivity to low-frequency GWs can be
enhanced by tuning the resonant frequency to twice the
antenna rotation frequency. In such a case, a reduction of
the thermal noise of the shaft is critical.

Besides the fundamental noises investigated in this
work, there are many practical noises to be considered:
additional noises in the angular sensors, Brownian fluctua-
tion by residual gases, and noises due to electromagnetic
fluctuations [24]. In a ground-based configuration, the
simplicity of a TOBA is helpful for low-frequency isola-
tions and common-mode reduction of seismic disturbances
and for the reduction of gravity-gradient noises in an
underground site. A space mission requires a reduction in
the antenna size while maintaining its sensitivity by using
advanced optical technologies. Optimization of the an-
tenna parameters, implementation of advanced interfero-
metric techniques, and investigations of these noise
behaviors will be considered in future works.

Conclusion.—We propose a gravitational-wave antenna,
a TOBA, comprised of bar-shaped test masses and sensors to
monitor their differential angular motions. This antenna has
a fundamental sensitivity to gravitational waves with fre-
quencies lower than 1 Hz, which are inaccessible by current
ground-based detectors. In order to investigate the concept
and potential of a TOBA, we are developing a prototype
ground-based detector [25]. In addition, we have developed
a tiny module, called the SpaceWire Interface Demon-
strationModule, for space-related demonstrations; this mod-
ule has been operated in a low-Earth orbit for one year [26].

This work was supported by a Grant-in-Aid for Young
Scientists (A) and the Grant-in-Aid for the Global COE
Program ‘‘The Next Generation of Physics, Spun from
Universality and Emergence’’ from the Ministry of
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FIG. 4 (color online). Estimated SNR for a merger of equal-
mass black holes with equal and parallel spin parameters of 0.5
[19], shown as a function of the total mass and the luminosity
distance.
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Seismic Newtonian noise
(i) Integration is carried out over the seismic field in a

half space. Newtonian noise at the lowest frequen-
cies may depend on the Earth’s curvature.

(ii) The field is dominated by fundamental Rayleigh
waves. Especially with respect to NN mitigation,
one needs to consider possible contributions from
body waves and Rayleigh overtones.

(iii) Effects of underground cavities on NN are ne-
glected. Underground detectors in cavities may
also be sensitive to gravity perturbations from shear
waves [55]. Seismic NN in underground detectors
depends on the geometry of the cavity, and scat-
tered waves contribute to NN. The latter two effects
should be negligible at low frequencies.

(iv) Rayleigh waves have frequency-independent speed.
In reality, Rayleigh waves can show strong disper-
sion [56] also below 1 Hz. The speed of continental
Rayleigh waves lies within 2–4 km/s between
10 mHz and 1 Hz. However, since seismic NN at
low frequencies does not depend significantly on
the speed of seismic waves, implementing a real-
istic dispersion should not alter the results very
much.

(v) Propagation-direction averaged NN is calculated
assuming an isotropic seismic field. It is well
known that the seismic field can show significant
anisotropies especially at low frequencies [57].

Infrasound Newtonian noise
(i) Integration is carried out over the infrasound field

in a half-space. The thickness of the atmosphere
can be a fraction of the length of infrasound waves.
For this reason it should be expected that infrasound
NN is significantly smaller below 0.1 Hz than
reported in this paper. In addition, infrasound waves
are reflected from layers of the atmosphere (i.e. the
stratosphere or thermosphere) at characteristic an-
gles [54]. Newtonian noise at lowest frequencies
may depend on the Earth’s curvature.

(ii) Mean air density, air pressure, and speed of
infrasound waves do not change with altitude.

(iii) The speed of sound is frequency independent. There
are no studies of the dispersion of atmospheric
infrasound at low frequencies (especially as a func-
tion of altitude). For a given infrasound field,
dispersion has a weak effect on NN below 1 Hz.

(iv) The atmosphere does not move. Winds play an
important role in the propagation of infrasound
leading to characteristic patterns in the field [54].
It is unclear if wind in relation to infrasound waves
has additional consequences for NN apart from the
fact that wind can be a local source of infrasound
when interacting with surface structure.

(v) Propagation-direction averaged NN is calculated for
an isotropic infrasound field. Isotropy is certainly an
unrealistic assumption as mentioned before.

Using the seismic spectrum published in [58] and a fit to
the pressure spectrum published in [53], we obtain the NN
curves presented in Fig. 9. As a final remark we want to
point out that both seismic and infrasound NN have lower
limits since seismic and infrasound spectra both lie above
global low-noise models [59,60]. Therefore, in terms of
site selection, the goal should be to identify a site where
both spectra are close to the respective low-noise models.

B. Gravity transients

The GW community has not paid much attention to
terrestrial gravity transients in the past except for a paper
on anthropogenic noise focusing on surface detectors such
as LIGO or Virgo [61]. The reason for this is that gravity
transients can be eliminated in high-frequency detectors
simply by avoiding abrupt changes in the velocity of mov-
ing objects and humans within a zone of about 10 m radius
around the test masses. The situation is very different for
low-frequency detectors. Even though the terrestrial tran-
sient landscape is completely unknown and difficult to
model in many cases, it is possible to identify potentially
significant contributions.
a. Newtonian noise from uniformly moving objects.—

We consider the case of an object that is moving at constant
speed v along a straight line that has distance rj to a test
mass at the closest approach. Therefore, the vector ~rj
pointing from the test mass to the closest point of approach
is perpendicular to the velocity ~v. The closest approach
occurs at time tj. As before, we express the result in terms
of the Fourier amplitude xj!!" of test-mass displacement,

xj!!" # 2Gm

v2!
!K1!rj!=v" cos !!"

$ iK0!rj!=v" cos !"""ei!tj : (5)

Here, m is the mass of the moving object, ! is the angle
between ~rj and the arm, " is the angle between ~v and the
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FIG. 9 (color online). Seismic Rayleigh wave and atmospheric
infrasound NN together with the sensitivity curves of the three
MANGO concepts.

JAN HARMS et al. PHYSICAL REVIEW D 88, 122003 (2013)
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With sensitivity 10-19/√Hz …

・ Intermediate mass blackhole (IMBH) merger


・Stochastic GW background (SGWB)

Astronomical Target
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baseline length. The advantage of a TOBA is its configu-
ration simplicity, the potential sensitivity in low frequen-
cies even with a ground-based configuration, and the
capability of an intermittent observation of low-frequency
GWs with a modulation and up-conversion scheme.

A TOBA has an option to be a resonant antenna, in
which two test-mass bars are connected by a shaft with a
small spring constant [23]. Though the observation band is
limited around the resonant frequency in this configuration,
the requirement for the angular sensor is relaxed.
Moreover, its sensitivity to low-frequency GWs can be
enhanced by tuning the resonant frequency to twice the
antenna rotation frequency. In such a case, a reduction of
the thermal noise of the shaft is critical.

Besides the fundamental noises investigated in this
work, there are many practical noises to be considered:
additional noises in the angular sensors, Brownian fluctua-
tion by residual gases, and noises due to electromagnetic
fluctuations [24]. In a ground-based configuration, the
simplicity of a TOBA is helpful for low-frequency isola-
tions and common-mode reduction of seismic disturbances
and for the reduction of gravity-gradient noises in an
underground site. A space mission requires a reduction in
the antenna size while maintaining its sensitivity by using
advanced optical technologies. Optimization of the an-
tenna parameters, implementation of advanced interfero-
metric techniques, and investigations of these noise
behaviors will be considered in future works.

Conclusion.—We propose a gravitational-wave antenna,
a TOBA, comprised of bar-shaped test masses and sensors to
monitor their differential angular motions. This antenna has
a fundamental sensitivity to gravitational waves with fre-
quencies lower than 1 Hz, which are inaccessible by current
ground-based detectors. In order to investigate the concept
and potential of a TOBA, we are developing a prototype
ground-based detector [25]. In addition, we have developed
a tiny module, called the SpaceWire Interface Demon-
strationModule, for space-related demonstrations; this mod-
ule has been operated in a low-Earth orbit for one year [26].

This work was supported by a Grant-in-Aid for Young
Scientists (A) and the Grant-in-Aid for the Global COE
Program ‘‘The Next Generation of Physics, Spun from
Universality and Emergence’’ from the Ministry of

Education, Culture, Sports, Science and Technology
(MEXT) of Japan.

*ando@scphys.kyoto-u.ac.jp
†Present address: High Energy Accelerator Research
Organization, Tsukuba, Ibaraki 305-0801, Japan.

[1] P. R. Saulson, Fundamentals of Interferometric Gravita-
tional Wave Detectors (World Scientific, Singapore, 1994).

[2] J. Weber, Phys. Rev. Lett. 22, 1320 (1969); P. Astone
et al., Phys. Rev. D 76, 102001 (2007).

[3] A. Abramovici et al., Science 256, 325 (1992); VIRGO
Collaboration, Report No. VIR-TRE-1000-13, 1997;
K.Danzmann et al., Max-Planck-Institut für Quantenoptik
Report No. 190, 1994; K.Tsubono, in Gravitational Wave
Experiments (World Scientific, Singapore, 1995), pp. 112–
114; M. Ando et al., Phys. Rev. Lett. 86, 3950 (2001).

[4] J.W. Armstrong et al., Astrophys. J. 599, 806 (2003).
[5] S. E. Thorsett andR. J.Dewey, Phys.Rev.D 53, 3468 (1996).
[6] P. Fritschel, in Proceedings of the SPIE Meeting, Waikoloa,

Hawaii, 2002 (SPIE, Bellingham, WA, 2002), pp. 282–
291; F. Acernese et al., J. Opt. A 10, 064009 (2008); K.
Kuroda et al., Int. J. Mod. Phys. D 8, 557 (1999).

[7] M. Punturo et al., Classical Quantum Gravity 27, 084007
(2010).

[8] LISA System and Technology Study Report No. ESA-SCI
11, 2000.

[9] N. Seto, S. Kawamura, and T. Nakamura, Phys. Rev. Lett.
87, 221103 (2001); S. Kawamura et al., Classical
Quantum Gravity 23, S125 (2006).

[10] S. Phinney et al., NASA Mission Concept Study (2004); J.
Crowder and N. J. Cornish, Phys. Rev. D 72, 083005
(2005).

[11] S. Dimopoulos et al., Phys. Rev. D 78, 122002 (2008).
[12] G. Hobbs et al., Classical Quantum Gravity 27, 084013

(2010).
[13] H. C. Chiang et al., Astrophys. J. 711, 1123 (2010).
[14] V. B. Braginsky and V. S. Nazarenko, in Proceedings of the

Conference on Experimental Tests of Gravitation Theories
(Jet Propulsion Laboratory, Pasadena, 1971), pp. 45–46.

[15] C.W. Misner, K. S. Thorne, and J. A. Wheeler, Gravitation
(Freeman, San Francisco, 1973), pp. 1012–1017.

[16] H. Hirakawa et al., J. Phys. Soc. Jpn. 41, 1093 (1976).
[17] The antenna directivity for sky positions and polarizations

is similar to that of a conventional laser-interferometric
antenna [1].

[18] C.M. Caves, Phys. Rev. D 23, 1693 (1981).
[19] P. Ajith et al., Phys. Rev. D 77, 104017 (2008);

arXiv:0909.2867.
[20] R. Takahashi et al., Astrophys. J. 596, L231 (2003).
[21] T. Akutsu et al., Phys. Rev. Lett. 101, 101101 (2008).
[22] B. P. Abbott et al., Nature (London) 460, 990 (2009);

R. Saito and J. Yokoyama, Phys. Rev. Lett. 102, 161101
(2009).

[23] S. Kimura et al., Phys. Lett. 81A, 302 (1981).
[24] B. L. Schumaker, Classical Quantum Gravity 20, S239

(2003).
[25] K. Ishidoshiro et al., Physica C (Amsterdam) (to be

published).
[26] W. Kokuyama et al. (to be published).

102 104 106 108101

102

103

104

Total Mass of Black holes  [Mo]

Lu
m

in
os

ity
D

is
ta

nc
e 

[M
pc

]

3 5 8 12 20
5

SNR

FIG. 4 (color online). Estimated SNR for a merger of equal-
mass black holes with equal and parallel spin parameters of 0.5
[19], shown as a function of the total mass and the luminosity
distance.
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limits, the energy density !gw!f" at 0.2 Hz is already
constrained by the BBN [1] or the CMB measurements
[8]. However, astrophysical GWBs would be generated at
much later times and, thus, would not be subject to the
above limits. On the other hand, our limit can constrain
such GWBs at 0.2 Hz. Therefore, our result complements
other nonintegrated upper limits at different frequencies
and integrated upper limits at 0.2 Hz.

To build the TOBA with the final configuration [12],
we will have three phases. Applying well designed mag-
netic shields to the small-scaled TOBA, the initial
phase (phase I) aims at the thermal noise limited noise
level (h# 10$12 Hz$1=2 at 0.1 Hz) under 10$7 Pa.
Remember that the current thermal noise is limited by
the residual gas noise. In this phase I, we will move the
small-scaled TOBA environmentally quieter site (Kamioka
mine) and install the second test mass to obtain the com-
mon mode noise rejection for the seismic noise. The next
phase (phase II) is a middle-scaled TOBA using two 2 m
scaled test masses. From the increase of the moment of
inertia and the optimization of the mass shape, force noises
will be suppressed by a factor of about 500. The target
noise level is about 10$15 Hz$1=2 at 0.1 Hz using locked
Fabry-Perot interferometers as the rotational sensors. After
that, we will be in the final phase (phase III). A major
change from the previous phase is 10 m scaled and cry-
ogenically cooled test masses. The cooling aims to sup-
press the thermal noises of the test masses and the
suspensions. The TOBA with the final configuration will
have h# 10$18 Hz$1=2 at 0.1 Hz. Estimated upper limits at
each phases are described in Fig. 5 with a one-year obser-
vation by a pair of two TOBAs.

Conclusion.—ATOBA has been proposed to search low-
frequency GWs even with a ground-based configuration.
We have developed a small-scaled TOBA and placed the
first nonintegrated upper limit on GWBs at 0.2 Hz. The
new constraint is !gw!f"< 4:3% 1017 at 0.2 Hz with a
bandwidth of 10 mHz. We experimentally demonstrated
TOBA’s capabilities and successfully opened the unex-
plored frequency band that the current GW antennas can
not access.
This work was supported by a Grant-in-Aid for JSPS,

Young Scientists (A), GCOE for Phys. Sci. Frontier,
MEXT, Japan. The authors thank I. Buder for carefully
reading the manuscript.
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・ΩGW ~ 10-7　→ Exceed BBN limit

・ Insight for early universe

・105 M    in 10 Gpc

・Hint for SMBH generation

☉

M. Ando+ (2010)
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Earthquake Early Warning

・Current warning: detect EQ by P-wave


‣ Gravity field propagation is much faster than P-wave!

・With sensitivity 10-15/√Hz, TOBA can detect an M7 EQ 100 km 

away in 10 sec
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12 Chapter 2. Science of Gravity Gradient Observation

seismic P-wave
(v ~ 7 km/s)

epicenter

compressed
dilated

ground
surfacegravity

(v=c)

detector

Figure 2.1: An overview of how an earthquake causes gravity perturbation
preceding arrival of a seismic P-wave.

gravity strain tensor h(r, t) is related to the gravity gradient tensor by

h(r, t) =
! t

0
dt!
! t!

0
dt!!G(r, t!!) =

"

#$
hxx hxy hxz

hyx hyy hyz

hzx hzy hzz

%

&' . (2.3)

Since Gij is relative acceleration, its second integral hij represents the relative
displacement between two free masses. Due to the apparent symmetry Gij =
Gji (i, j = x, y, z) and Poisson equation !!g(r, t) = 0, h and G has five
independent components.

2.2 Earthquake early warning using gravita-
tional signal

Earthquake is caused by dynamic rupture on a fault. The released energy
propagates outward as seismic waves, and shakes the surface of the ground
when the waves reach there. During this process, the density of crustal rocks is
perturbed due to compression or dilation of the medium induced by the seismic
waves. In an inhomogeneous medium, dislocation of the boundaries between
layers of di"erent density also contributes to the density change. These density
redistributions cause detectable gravity fluctuation around the epicenter. The
schematic figure is shown in Fig. 2.1.

Permanent change in gravity acceleration was first detected by a super-
conducting gravimeter during the 2003 Tokachi-oki earthquake (moment mag-
nitude Mw = 8.0) [27]. After that, two-dimensional distributions of gravity
changes were observed by GRACE (Gravity Recovery and Climate Experiment
[28]) satellite for the 2004 Sumatra-Andaman earthquake (Mw = 9.0!9.3) [29],

1. Mass density changes around epicenter

2. Gravity field changes

3. Gravity field

propagates

with v=c

4. detector measures

local gravity gradient
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Newtonian Noise
Newtonian Noise (Gravity Gradient Noise)

・Gravity gradient induce by local potential


‣ Fundamental noise for GW detectors


・
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Sensitivity Studies for Third-Generation Gravitational Wave Observatories 9
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Figure 5. Noise budgets for the ET-D low and high-frequency interferometers,
using the parameters given in Table 1.

test masses and smaller laser beams would be advantageous for many aspects of the
observatory design, such as for instance the total mass of the cryogenic payload or
the mode matching into the arm cavities. However, on the other hand reducing the
mirror mass will increase the radiation pressure noise contribution.

The right hand plot of Figure 4 shows a trade-o↵ analysis of beam size and mirror
mass. Starting from a mirror of 62 cm diameter and 30 cm thickness which corresponds
to a beam radius of 12 cm, we reduce the mirror diameter to 52 cm and 45 cm, while
keeping the aspect ratio of the mirror substrate constant. Using this assumption,
already a small reduction in the beam size will increase the radiation pressure noise
dramatically and subsequently spoil the sensitivity in the sub-10Hz band. Therefore,
we assume for the low frequency interferometer of ET-D a reduced beam radius of
9 cm, corresponding to an e↵ective test mass diameter of 45 cm, but at the same time
keep the overall test mass weight at about 200 kg.

5. Overall sensitivity of the Einstein Telescope

Table 1 shows the most important parameters of the ET-D interferometers. The
corresponding noise budgets for the high and low-frequency interferometers are shown
in figure 5. The sensitivity of the low-frequency detector is limited by seismic noise
below 1.7Hz, while gravity gradient noise directly limits in the frequency band between
1.7 and 6Hz. For all frequencies above 6Hz (apart from the violin mode resonances)
quantum noise is the limiting noise source.

The crossover frequency of the sensitivities of the low and high-frequency
interferometers is at about 35Hz. Above this frequency the high frequency
interferometer is limited only by 2 noise sources: Mirror thermal noise limits the
sensitivity between 40 and 200Hz, while the high-frequency section is limited by
quantum noise.

Figure 6 shows the evolution of the sensitivity models for the Einstein Telescope
over the past years. The very first strawman design was based on a single cryogenic
interferometer covering the full frequency range of interest (ET-B) [11]. The
introduction of the xylophone design resulted in the ET-C sensitivity. In this article

S. Hild+ (2011)

Newtonian Noise

Sources

・Seismic motion

・Pressure fluctuation

・Temperature fluctuation

・Moving object
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Newtonian Noise Measurement
・TOBA has potential for measurement of some types of NN


‣ Test models, establish mitigation scheme, …

9

Newtonian noiseJŀǔěȹ
´ Newtonian noise (NN) : 

¶Ņ� þGFJɉÒɻY/HX[ęÌ±ŰåɦǺ
ȂÿJęÌǼĤ¦ǅH+(C÷ĒEG[E²ǁUY\C([-ŀǔȹY
\=ƷKG(

´ ǡ¿ɦǺ����~ 10-15 /rtHz @ 0.1 Hz  � þ�¶ŅJƃǕHX[
35cm TOBADĤ¦ŻŌ²ħR ⇒ĔøTCZ$¢¬, Ñ�i}$�¬

73

10m Torsion bar

35cm 
Torsion barinfrasound NN [4]

temperature NN (preliminary)

seismic NN in Kamioka [5]

TOBAũÒ(35cm, 10m)Eǡ¿NN���

2020/1/21 ȭŬųœƑĆ¢
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Final

(Target)

Phase-III 
(Now)

Development Plan

10

Phase-I

(2009)

10-8/√Hz @ 0.1 Hz

(Established)

Principle Test

- Room Temp.

- 25cm TM(s)

10-15/√Hz @ 0.1 Hz 
(Design)

Cryogenic Test

- Cryo. Temp. (4K)

- 35cm TMs

10-19/√Hz @ 0.1 Hz

(Target)

Goal

Phase-II

(2015)

- Cryo. Temp. (4K)

- 10m TMs

3.4 ねじれ振り子

図 3.3: 本実験で用いたねじれ振り子の写真

-26-

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

potential sensitivity and scientific possibility in modern
technologies.

Principle of a torsion-bar antenna.—A TOBA is com-
prised of two bar-shaped test masses, arranged parallel to
the x-y plane and orthogonal to each other (Fig. 1). Each
bar is supported at its center, so as to rotate around the
z axis. When GWs pass through this antenna, tidal forces
by the GWs will appear as differential angular changes in
these bars. These changes are extracted as a GW signal by
using a sensitive sensor, such as a laser interferometer.

The rotation angle ! of a test-mass bar from the original
position is obtained by the equation of motion

I !!! " _!! #! " FGW#t$; (1)

where FGW is the torque caused by the GWand " and # are
the damping factor and spring constant of the restoring
torque by the support, respectively. The moment of inertia
of the test mass is expressed as I " R

$#x2 ! y2$dV, where
$ and V are the density and volume of the test mass,
respectively. Assuming that the antenna is much smaller
than the wavelength of target GWs, the torque caused by a
GW with an amplitude of hij is expressed as

FGW#t$ " 1
4q

ij !hij#t$; (2)

by using dynamic quadrupole moment qij [16]. For bar
rotation, q11 " %q22 " %R

$#2xy$dV and q12 " q21 "R
$#x2 % y2$dV.
Here, we consider the response of a test-mass bar ar-

ranged along the x direction to GWs traveling along the z
axis, h11 " %h22 " h! and h12 " %h21 " h&, where h!
and h& denote the amplitudes of two independent polar-
izations (plus and cross modes, respectively) of incident
GWs. In an approximation that the test-mass bar freely
rotate around the z axis (" ' 1 and # ' 1), Eq. (1) results
in a simple equation, !1 " %h&=2, where % is a shape
factor of the test mass; % " q12=I ’ 1 in the case of a thin
bar. Another test-mass bar, arranged along the y axis,
rotates with an opposite sign as !2 " %%h&=2. The re-
sultant output of the antenna is expressed as

!diff#t$ ( !1 % !2 " %h&#t$: (3)

GWs with a cross polarization are observed as differential
angular fluctuations of the test-mass bars [17].

Now, we consider the situation that the antenna is rotat-
ing around the z axis with an angular velocity of!rot. In an

approximation that rotation is sufficiently slow, the re-
sponse of the antenna is expressed as

!! diff " %) !h& cos#2!rott$ ! !h! sin#2!rott$*; (4)

by calculating the torque, Eq. (2), in a coordinate rotating
with the antenna. This indicates that the GW signal is
modulated by the rotation; a GW signal with an angular
frequency of !g is up- and down-converted to appear at
!g + 2!rot frequencies. Equation (4) results in

!diff ’ %
!
!g

2!rot

"
2
)h& cos#2!rott$ ! h! sin#2!rott$*; (5)

in the case of !g ' !rot. The low-frequency GW signal is
up-converted to signals at an angular frequency of 2!rot.
Equation (5) also shows that two polarization components
of incident GWs are extracted from two quadrature phases
of the antenna output.
Advantages of torsion-bar antenna.—A TOBA has sig-

nificant features in both ground-based and space-borne
designs. As a ground-based antenna, a TOBA is a novel
approach to observe low-frequency GWs. In a usual
ground-based interferometric antenna, a test-mass mirror
is suspended as a pendulum to behave as a free mass in the
horizontal plane. Conversely, it has almost no fundamental
sensitivity to GWs below the resonant frequency of the
pendulum (around 1 Hz). In a TOBA, a test-mass bar is
supported as a torsion pendulum, with a low resonant
frequency on the order of a few millihertz in the rotational
degree of freedom. Thus, a TOBA has a fundamental
sensitivity to low-frequency GWs.
The modulation and up-conversion scheme by antenna

rotation is favorable for the observation of low-frequency
GWs below a few millihertz. Here, we note that the ob-
servation run may be an intermittent one; the observation
can be a series of data-taking operations with rotation and
reverse rotation. The up-conversion of the GW signal is
also advantageous from a practical perspective. Modu-
lation prevents various types of low-frequency noises that
are difficult to suppress, such as drifts of instruments
caused by daily or seasonal changes in the environment
and 1=f noises of electronics in sensors and controllers.
As a space antenna, a TOBA has good compatibility

with spin-stabilized spacecraft. In a spacecraft, spinning
itself is a simple and robust way to maintain its attitude
with a gyro effect, without additional disturbances from
attitude controllers. ATOBA, with its rotation axis aligned
with that of the spacecraft spin, has a wide observation
band from the low-frequency limit determined by the ob-
servation time. Another advantage in a space configuration
is that the antenna is free from gravity-gradient and seismic
noises caused by ground motions.
Sensitivity limits.—The fundamental sensitivity of a

TOBA is limited by the thermal fluctuation of the bars,
readout noise of the angular motion, and effects of the bar
support, as detailed in Refs. [1,18]. We estimate the con-
tributions of these noises in the case where a cylindrical bar
is suspended as a torsion pendulum at its center, and its

FIG. 1 (color online). Principle of a torsion-bar antenna. Two
orthogonal bars feel differential torques by incident gravitational
waves.

PRL 105, 161101 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

15 OCTOBER 2010

161101-2

M. Okada

Master Thesis

A. Shoda

Ph.D Thesis

Test Masses

Optical Bench

Intermediate

 Masses
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Phase-III TOBA
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Setup of Phase-III TOBA

Active Vibration Isolation System

・ Reduction of vibration at the 

suspension point

・ Reduction of vibration 

induced cryocooler


Optical System

・ Rotation measurement by 

interferometers with high-
sensitive 

12

78 Chapter 5. Design of Phase-III TOBA

Figure 5.1: Configuration of Phase-III TOBA.

from the vibration introduction via the cooling components. That problem is
serious especially in a torsion pendulum which is sensitive to tiny forces. Ef-
fective heat extraction is therefore essential for the cooling system to minimize
the vibration transfer.

In this subsection, the configuration of the mechanical suspension system
and the actuator to control it is described first. Then the cryogenic equipments
and components are explained.

Suspension system

The suspension configuration and the parameters of the masses are shown in
Fig. 5.2 and Table 5.1, respectively. The suspension system consists of five
masses, which are separated into two suspension sequences. Two test masses,
TM1 and TM2, are suspended orthogonally (Fig. 5.3) from the intermediate
mass (IM1), and the optical bench (OB) is suspended from another interme-
diate mass (IM2). Both of the intermediate masses are suspended from the
active vibration isolation stage. The horizontal rotations of the TMs are ex-
cited in the opposite direction to each other in response to gravity gradient
fluctuation. Such di!erential rotation is measured with the optics on the opti-

Cryogenic Suspension 
System

・Cooling TMs to 4K

・High-Q suspension 

wire
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Development Items (Designed)
・Cryogenic Suspension System


◦ Cooling System (Shimoda)

◦ High-Q suspension wire (Ching Pin)


・Optical System

◦ New WFS with higher sensitivity (Miyazaki, Oshima)


・Active Vibration Isolation

◦ Reduction of translational seismic noise (Takano)

◦ Reduction of vibration induced by cooler (Takano)

13
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Development Items (Designed)
・Cryogenic Suspension System


◦ Cooling System (Shimoda)

◦ High-Q suspension wire (Ching Pin)


・Optical System

◦ New WFS with higher sensitivity (Miyazaki, Oshima)


・Active Vibration Isolation

◦ Reduction of translational seismic noise (Takano)

◦ Reduction of vibration induced by cooler (Takano)

14

→ Cooled to 6.1 K

→ Partially demonstrated

→ Limited Performance
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Current Sensitivity (of one TM)
・Measured by Shimoda-san in 2019

15

6.5. Noise investigation 119

Figure 6.15: Noise budgets for TM1 (upper) and TM2 (lower). The stray light
noise limits the sensitivity around 0.3 Hz and above 3 Hz. The peaks around
1 Hz are the contribution of beam jitter noise. Below 0.1 Hz, the residual
beam jitter originates from the signal coupling at the QPDs is inferred to be
dominant.

TM1 yaw

Jitter in loop

Jitter residual

Magnetic Noise

(Induced current)

Stray light 

interference
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Development Items (Uploaded)
・Cryogenic Suspension System


◦ Cooling System

◦ High-Q suspension wire (Ching Pin)


・Optical System

◦ New WFS with higher sensitivity (Oshima)

◦ Reduction of Readout Noise (Takano) 

・Active Vibration Isolation

◦ Reduction of translational seismic noise (Takano)

◦ Reduction of vibration induced by cooler (Takano)


・Magnetic Noise 
◦ Shield of ambient magnetic field

◦ Less conductive material

16

→Further test

→ Improvement down to 4 K

→Monolithic
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My Research Plan
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My Research Target
・Introduce monolithic optical bench 
๏ Motivation: reduction of readout noise to the shot-noise level

๏ What’s new?

◦ Cryogenic

◦ Silicon


・Make TM of silicon

๏ Motivation: reduction of magnetic noise due to induced current


・Option

๏ Improve AVIT

๏ Calculation (or design) of interferometer design of future TOBA

18
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Monolithic Interferometer
・Previously, lasers injected 

from in air to a suspended 
OB

❌ Jitter is terrible


‣ Introduce light by optical 
fiber


・At cryogenic temp. silicon is 
one of promising material


‣ Silicon-made optics

19

78 Chapter 5. Design of Phase-III TOBA

Figure 5.1: Configuration of Phase-III TOBA.

from the vibration introduction via the cooling components. That problem is
serious especially in a torsion pendulum which is sensitive to tiny forces. Ef-
fective heat extraction is therefore essential for the cooling system to minimize
the vibration transfer.

In this subsection, the configuration of the mechanical suspension system
and the actuator to control it is described first. Then the cryogenic equipments
and components are explained.

Suspension system

The suspension configuration and the parameters of the masses are shown in
Fig. 5.2 and Table 5.1, respectively. The suspension system consists of five
masses, which are separated into two suspension sequences. Two test masses,
TM1 and TM2, are suspended orthogonally (Fig. 5.3) from the intermediate
mass (IM1), and the optical bench (OB) is suspended from another interme-
diate mass (IM2). Both of the intermediate masses are suspended from the
active vibration isolation stage. The horizontal rotations of the TMs are ex-
cited in the opposite direction to each other in response to gravity gradient
fluctuation. Such di!erential rotation is measured with the optics on the opti-

Fiber
Monolithic Bench
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Action Item
・Establish construction scheme of the monolithic bench

๏ How to fix optics?

๏ How stable?

๏ Usable at cryo temp.?

・Evaluate these point


・Achieve shot noise level sensitivity with fixed mirrors

๏ Interferometer configuration

๏ Sensing scheme

20
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Basic Optical Design

21

TM (fixed)

Monolithic Bench

Optical 
Fiber Laser2

Beat 
Signal 

Coupler

Laser1

・Read displacement of each arm cavity independently (2 laser)

・Feedback to each laser’s frequency

・Measure beat frequency to read differential motion 
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Optical Layout

22

Laser1

Laser2

Cavity1

Cavity2

Injection beam

monitor1

Injection beam

monitor2

ISS PD1

ISS PD2

 PDH1

 PDH2

 Beat note

PID

PID
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Parameters

・Target: 10-16 m/√Hz @ 0.1Hz (differential)

・Would be limited by shot noise

23

Power 10 mW
Length 5 cm
Front Mirror

Curvature 20 cm

End Mirror

Curvature ∞

Front Mirror

Reflectivity 99.5%

End Mirror

Reflectivity 99.9%

Finesse 1045
FSR 3 GHz
FWHM 3 MHz

PID

PID
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Fixed silicon blocks with

・Stycast 1266

・DP190


After cooling to 4K…

◦ UV cure: broken

◦ Epoxy


‣ Stycast: OK after many cycles


‣ DP190: Broken after a few cycles

→ Stycast is suitable

Bonding Test

24

・NOA63

・NOA81

Epoxy UV cure

Cooling＆ 
Heating
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PD Selection
・Test response of 3 PDs

・ FGA21 (Thorlabs)

・ G12180-010A (Hamamatsu)

・ FD10D (Thorlabs)

25

→ unusable

→ survive

25

Measurement Setup
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Collimator Test 
・After some cooling & heating cycles, beam shape got ugly


・Changed the collimator from F260APC-1550 (Thorlabs) to           
F-COL-9-15 (Newport)


‣ Seems surviving after a few cycles


・Now I’m using CFP5-1550A (Thorlabs), but not have tested at 
cryo temperature…

26
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Table Top Test
Test for beat note measurement with a dual-path FP cavity


Situation:

・Setup were finished

・Suffered from some problems

27

PDH PDH

80 MHz

Laser1

p-pol

Laser2

s-pol

beat note

differential signal
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Problems
・Residual Amplitude Modulation

๏ Offset in PDH signal

๏ Inevitable for fiber EOM (ref. [1])

๏ Controls


‣ Passive: Foam box


‣ Active: Offset voltage on EOM


・Parasitic Interference

๏ Reflection at fiber connectors

๏ Noises on PDH signal

๏ Sometimes large, sometimes small, I totally don’t know why…

๏ Splicing all the fiber may solve this?


[1] https://arxiv.org/pdf/2201.07470.pdf
28

add offset

https://arxiv.org/pdf/2201.07470.pdf
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Remained Tasks
・Construction


๏ Assembly setup: constructed, now practicing


๏ Alignment: template designing, order as soon as possible


๏ Considering thermal stress: designed flexures


・Cooling


๏ Cryostat have not operated > 2yr → need to check 


・ Install


๏ Install monolithic interferometer


๏ Check stability, acquire the champion data

29
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Assembly Setup
5 axis movable

・Coarse adjustment


◦ Linear guide

◦ 3 axis: x, y, z


・Fine adjustment

◦ Linear stage

◦ 3 axis: x, y, z


・Alignment

◦ Picomotor

◦ 2 axis: pitch, yaw


Now Practicing bonding with this setup

30

Base Plate

Fine-tuning

Stages
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Assembly Setup
・Fine-tuning stages

31

Overview

Optics on the holder
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Flexure Design
・Compensate thermal stress due to thermal contraction  

during cooling

・To the base plate: bonded by stycast

・To the suspended bench: screws

32

base plate

suspended bench

2mm
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Time Line

33

4 5 6 7 8 9 10 11 12

order items

test beat note measurement

establish alignment scheme

test strain-less structure

construct main bench

cryogenic test

install, pursuit sensitivity

thesis writing

defence

deadline
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Summary
・ Improvement of sensitivity of TOBA:


๏ Readout noise reduction → monolithic interferometer


‣ Test of components almost done


‣ Starting construction


・Goal is close, but deadline is also close


・ I’m rushing toward the goal, but I will go step by step

34

End
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