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ねじれ振り子型重力波望遠鏡
TOBAの開発(9):

0.1Hz付近周波数帯の雑音の低減
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概要
・ねじれ振り子型重力波望遠鏡TOBAの開発を行っている

・現在はプロトタイプを製作し，感度を制限しうる雑音元の特定と
低減に向けた研究を行っている

・本研究では，これまで未評価だった環境磁場変動からの寄与を

測定した

Ø現在の感度を十分制限しうるレベルの雑音

25. 03. 2018 JPS Meeting 2018 Spring 2
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Contents

・TOBAについて

ØOverview

Ø現在のセットアップ

・これまでに評価された雑音

・環境磁場変動に由来する雑音

・まとめ，今後の展望

25. 03. 2018 JPS Meeting 2018 Spring 3
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TOBA (Torsion Bar Antenna)
ねじれ振り子型重力波望遠鏡TOBA
・水平に懸架した棒状マスのねじれ回転を検出
・共振周波数～mHz → 0.1-10Hzの低周波重力波の地上観測が可能
・地上で観測可能(宇宙に打ち上げる必要がない)→低コスト
・目標：10mスケールで	𝒉~𝟏𝟎&𝟏𝟗 𝐇𝐳�⁄ @0.1Hz

25. 03. 2018 JPS Meeting 2018 Spring 4

重力波による
潮汐力
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TOBAのサイエンス
低周波(~0.1 Hz)の重力波
・中間質量BH連星の合体

Ø大質量BH形成過程の解明

・背景重力波への制限
Ø初期宇宙の直接探査

25. 03. 2018 JPS Meeting 2018 Spring 5

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.
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†Present address: High Energy Accelerator Research
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limits, the energy density !gwðfÞ 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 !gwðfÞ< 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.

*Present address: High Energy Accelerator Research
Organization, Tsukuba, Ibaraki 305-0801, Japan.
koji@post.kek.jp

[1] M. Maggiore, Phys. Rep. 331, 283 (2000).
[2] T. Regimbau, Phys. Rev. D 75, 043002 (2007).
[3] LIGO Scientific Collaboration and VIRGO Collaboration,

Nature (London) 460, 990 (2009).
[4] T. Akutsu et al., Phys. Rev. Lett. 101, 101101

(2008).
[5] P. Astone et al., Astron. Astrophys. 351, 811 (1999).
[6] J.W. Armstrong et al., Astrophys. J. 599, 806

(2003).
[7] B. Allen, arXiv:gr-qc/9604033.
[8] T. L. Smith, E. Pierpaoli, M. Kamionkowski, Phys. Rev.

Lett. 97, 021301 (2006).
[9] K. Danzmann and A. Rudiger, Classical Quantum Gravity

20, S1 (2003).
[10] S. Kawamura et al., Classical Quantum Gravity 23, S125

(2006).
[11] S. Dimopoulos, P.W. Graham, J.M. Hogan, M.A.

Kasevich, and S. Rajendran, Phys. Rev. D 78, 122002
(2008).

[12] M. Ando et al., Phys. Rev. Lett. 105, 161101 (2010).
[13] K. Narihara and H. Hirakawa, Jpn. J. Appl. Phys. 15, 833

(1976).
[14] G. T. Gillies and R. C. Ritter, Rev. Sci. Instrum. 64, 283

(1993).
[15] K. B. Ma, Y.V. Postrekhin, and W.K. Chu, Rev. Sci.

Instrum. 74, 4989 (2003).
[16] P. R. Saulson, Fundamentals of Interferometric

Gravitational Wave Detectors (World Scientific,
Singapore, 1994).

[17] K. Ishidoshiro et al., Physica (Amsterdam) 470C, 1841
(2010).

[18] A. Takamori et al., Bull. Seismol. Soc. Am. 99, 1174
(2009).

[19] K. Ishidoshiro et al. (to be published).
[20] E. Komatsu et al., Astrophys. J. Suppl. Ser. 192, 18

(2011).

lo
g 

 Ω
   

(f
)

gw

COBE

CMB and 
Matter spectra

BBN
Pulsar
timing

LIGO

Doppler tracking
     by Cassini

This work

30

20

10

0

-10

log(f)
0 2 4 6-2-4-6-8-10-12-14-16-18

Bar detectors

Synchronous
interferometers

Phase-I

Phase-II

Phase-III

FIG. 5 (color online). Upper limits !UL
gw ðfÞ. The red line is our

new upper limit. Red dotted lines are our expected limits in the
next three phases. Current upper limits are also described as
solid lines [1,3–7]. Dashed lines are the frequency-integrated
upper limits [1,8]. COBE is the Cosmic Background Explorer.

PRL 106, 161101 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

22 APRIL 2011

161101-4

重力偏差計としての活用
・Newtonian Noise

Øモデル検証，
Ø第3世代重力波干渉計のR&D

・地震の即時アラート
Ø社会，産業への大きな貢献

M. Ando et al., PRL, 105, 161101(2010) 

K. Ishidoshiro et al., PRL 106, 161101 (2011)

J. Harms et al., PRD, 88, 122003(2013) 
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研究計画

25. 03. 2018 JPS Meeting 2018 Spring 6

Phase-III実現に向けて，障害となる雑音元の特定と
その低減手法の確立が目的

Final TOBA
- 10m 試験マス
- シリコンワイヤ
- 低温 (4K)
目標: 𝟏𝟎&𝟏𝟗 𝐇𝐳�⁄ 	

@ 0.1 Hz

Phase-III (Next)
- 40cm 試験マス
- シリコンワイヤ
- 低温 (4K)
目標:  𝟏𝟎&𝟏𝟓 𝐇𝐳�⁄

@ 0.1 Hz

Prototypes
Phase-I (2009)
Phase-II (2015)

Now 
Here

次段階原理実証 最終目標

本講演

次講演
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20cm試験マス，2段ねじれ振り子懸架系
両腕の差動並進をMichelson干渉計で測定

現在のセットアップ

25. 03. 2018 JPS Meeting 2018 Spring 7

Fiber laser
(1550 nm)

Seismometers x6
Hexapod 
actuators

Vacuum 
chamber

Damping mass

intermediate mass
Test mass

Optical bench

Test mass

Michelson
干渉計

20 cm

Readout system
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現在の感度

25. 03. 2018 JPS Meeting 2018 Spring 8

best感度
(16.12)

Phase-I
(2009)

Phase-II
(2015)
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既知の雑音元

25. 03. 2018 JPS Meeting 2018 Spring 9

アクチュエータ
回路雑音

ADC雑音
レーザー強度雑音

水平地面振動
(x, y, z, 非線形)

best感度
(16.12)
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感度の時間変動

25. 03. 2018 JPS Meeting 2018 Spring 10

best感度
(16.12)

同じセットアップ
違う時刻

偏光揺らぎ雑音

本公演
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低周波の雑音源
これまでに予想されている低周波の雑音源

Ø未評価の環境磁場変動の雑音について評価を行う

25. 03. 2018 JPS Meeting 2018 Spring 11

トルク雑音 センサー雑音

雑音源 アクチュエータ
回路

環境磁場変動 偏光揺らぎ 周波数揺らぎ

カップルする
部分

アクチュエータ アクチュエータ，
光学ベンチ

光源 光源

定量的評価 ○ × ○ ○

感度への寄与 ○ ？ × ×
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環境磁場雑音
磁場変動から干渉計へのカップリング経路：
・一様磁場変動

Ø直接トルクとして寄与

いずれも磁気モーメントの時間変動は無視
今回は一様磁場変動からの寄与を測定

25. 03. 2018 JPS Meeting 2018 Spring 12

F̃ = r(B̃ · µ)Ñ = B̃ ⇥ µ

・磁場勾配変動
Ø力→トルクとして寄与
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一様磁場変動を外部からインジェクション
・2つ1組のコイル，2方向
2つのコイルの中心軸上では一様な磁場

一様磁場のインジェクション

25. 03. 2018 JPS Meeting 2018 Spring 13

真空槽

試験マス

光学ベンチ

磁束計

xy
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一様磁場変動を外部からインジェクション
・2つ1組のコイル，2方向
2つのコイルの中心軸上では一様な磁場

一様磁場のインジェクション

25. 03. 2018 JPS Meeting 2018 Spring 14

真空槽

試験マス

光学ベンチ

磁束計

xy
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一様磁場から干渉計への応答
Bxからの寄与: 9.6 / f2 mrad･(Hz)2 / T 
Byからの寄与: 12 / f2 mrad･(Hz)2 / T

25. 03. 2018 JPS Meeting 2018 Spring 15

xy
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環境磁場変動
時間帯によって大きく変化，深夜は昼間と比べて5倍程度小さい

25. 03. 2018 JPS Meeting 2018 Spring 16

環境磁場変動
(Bx, By)

xy
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変動磁場雑音
・変動磁場雑音 ＝ 磁場変動 × 磁場変動から干渉計への応答 

25. 03. 2018 JPS Meeting 2018 Spring 17

変動磁場雑音
(Bx, By)

best感度
xy
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Conclusion
・TOBAの低周波( < 0.1 Hz )の感度を制限している雑音の評価，
特に環境磁場変動による雑音の評価を行った
Ø現在のベスト感度よりも数倍低いレベルにいる
Ø将来的に感度を制限する可能性がある

◦どの素子からの寄与が大きいのかの特定を行う
磁気モーメントの小さい素子に変更

◦外部から磁場をフィードフォワードして環境磁場を打ち消す

◦小さなコイルで磁気モーメントを打ち消す

本講演での結果をもとに，Phase-IIIの設計に生かす（次講演）

25. 03. 2018 JPS Meeting 2018 Spring 18


