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After the First Detection ...

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

・Network of 2nd-gen. GW antennae (aLIGO, AdVIRGO, 

KAGRA, LIGO-India) will be formed in several years.

・Two ways after that for Astronomy and Cosmology:

- 3rd–gen. ground-based GW antennae (ET, CE).

- Space GW antennae (LISA, DECIGO, ASTROD,…).

・New mysteries and issues after the first detection:

- Origin of heavier mass (30𝑀⨀) BBH.

- Other GW sources: BNS, SN, Pulsar,….

- Sky localization and EM Follow-up observations.

- Test of GR, Cosmology.
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Multiple-band Observation

・Electro-Magnetic Observations : 

Multiple-band observations 

(Radio, Optical/IR, X-ray, g-ray)

 Variety of knowledge corr. to 

the Energy and Temperature

of the target.

・Gravitational-wave Observations :

Frequency of radiated GW

~ 1/ (Time scale of source motion)

 Variety of knowledge corr. to 

the Time scale and Mass of sources.

GRBs

CMB Radio

x-rayIR

γ-ray



GW Science at Low Frequency
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・Low-Freq. (~0.1Hz) GW antennae 

will provide original sciences:

* Mass and orbital parameters of binaries,

* Intermediate-Mass Black Hole binaries,

* Stochastic background GW.

・Fruitful sciences by space-borne GW antennae

B-DECIGO:    ℎ~10−23 Hz−1/2 (0.1Hz).

・Cosmological Observation by 

DECIGO :        ℎ~10−24 Hz−1/2 (0.1Hz).
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DECIGO



Space GW Antenna DECIGO

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

DECIGO (DECI-hertz interferometer Gravitational wave Observatory)

Purpose:  To Obtain Cosmological Knowledge.

Direct observation of the origin of space-time 

and matter in Big-bang Universe.



DECIGO Observation Band

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

Space GW antenna 

Obs. band around 0.1 Hz
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Observation of the Early Universe

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

Background:
original figure by 
NASA/WMAP Science Team

-35インフレーション
からの重力波



‘Window’ for the Early Universe

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

DECIGO band is open window for direct 

observation of the early universe.
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GW Energy Density and Amplitude

・GW energy density ratio

Critical energy density 
of the universe

GW energy density

Equivalent GW Amplitude
Hubble’s 
constant

ΩGW 𝑓 =
1

𝜌𝑐

𝑑𝜌GW(𝑓)

𝑑 ln 𝑓
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GW Energy Density and Amplitude
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‘Window’ for the Early Universe

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

DECIGO band is open window for direct 

observation of the early universe.
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Observation of GW from Inflation
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CMB B-mode polarization

observation by micro-wave  

telescope.

Original figure by Tajima (Kyoto 2011)

CMB pol. telescope

GW telescope

Gravitational Wave

BICEP2, (POLARBEAR,…)

GWB observation by 

GW telescope.

DECIGO, (KAGRA, aLIGO,…)

EM Wave (microwave)

Primordial

Gravitation

al 

Wave

Inflation

Fujihara2009-Meyer.pdf
Fujihara2009-Meyer.pdf
Fujihara2009-Meyer.pdf
Fujihara2009-Meyer.pdf


GW from Inflation
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Stochastic background GWs by quantum fluctuation 

 Earlier-generated GWs in inflation period

entered later into the horizon of the universe.  

Nakayama+,

Journal of Cosmology 

and Astroparticle Physics 

06 (2008) 020.ln 𝑎

~380 kyr.

 CMB B-mode

~10-24 sec.

 DECIGO



Probing the Early Universe by GW

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

・GWs will carry direct information on the early universe.

・Spectrum : Initial fluctuation + Evolution history

Depends on 𝑟 (tensor-

to-scalar ratio), which

may be also pinned-down 

by CMB B-mode polarization 

observation.

Different age in different freq.

Higher freq.  Earlier universe

- Reheating temperature

- Thermal history of the universe 

….
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GW from Inflation

Energy density ∝ Tensor-Scalar Ratio (𝑟).

Power spectrum : Evolution history of the Universe.

Nakayama+,

Journal of Cosmology 

and Astroparticle Physics 

06 (2008) 020.

・Spectrum Power.

 Energy scale 

of inflation

・Cut-off freq.

Energy scale 

of Reheating

DECIGO Correlation



Conceptual Design
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Laser

Photo-
detector

Arm cavity

Drag-free S/C

Mirror

Arm length: 1000 km

Finesse:                  10

Mirror diameter: 1 m

Mirror mass:          100 kg

Laser power:          10 W

Laser wavelength： 532 nm

S/C: drag free

3 interferometers

DECIGO

(DECI-hertz interferometer 

Gravitational wave Observatory)



Space GW antenna

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

LISA
(Laser Interferometer Space Antenna)

DECIGO
(Deci-hertz Interferometer 

Gravitational Wave Observatory)

Lase
rPhoto-
detector

Arm cavity

Drag-free S/C

Mirror

- Target: SMBH, Binaries.

GWs around 1mHz.

- Baseline : 1-5M km.

Constellation flight by 3 S/C

- Optical transponder.

- Target: IMBH, NS binaries.

GWs around 0.1Hz.

- Baseline : 1000 km. 

Formation flight by 3 S/C.  

- Fabry-Perot interferometer.



Interferometer Design
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Transponder type vs Direct-reflection type
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Arm length
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Cavity arm length : Limited by diffraction loss
Effective reflectivity (TEM00  TEM00)  

Laser wavelength : 532nm  

Mirror diameter:  1m

Optimal beam size 
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Cavity and S/C control
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Local 
Sensor

Actuator

Displacement signal between the two Mirrors

Thruster Thruster

Displacement Signal between S/C and Mirror

Mirror

S/C 1 S/C 
2

Fig: S. Kawamura

Cavity length change

PDH error signal  Mirror position (+Laser freq.)

Relative motion between mirror and S/C

Local sensor         S/C thruster 



Requirements
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Displacement Noise

Shot noise    3 x 10-18 m/Hz1/2
(0.1 Hz)

Acceleration Noise

Force noise   4x10-17 N/Hz1/2
(0.1 Hz)

Other noises should be  well below the shot noise

Laser freq. noise:    1 Hz/Hz1/2
(1Hz)

Stab. Gain 105,    CMRR   105

x 10 of KAGRA  in phase noise

x 1/50 of LISA

External force sources

Fluctuation of magnetic field, electric field, 

gravitational field, temperature, pressure, etc. 



Orbit and Constellation
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Record-disk orbit around the Sun

Relative  acc.     4x10-12 m/s2

(Mirror force  ~10-9 N )

Separated

unit

Constellation 

4 interferometer units

2 overlapped units   Cross correlation

2 separated units     Angular resolution

overlapped

units

Separated

unit

Candidate of orbit: 
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B-DECIGO
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Figure: S.Kawamura

DECIGO 
Pathfinder

(DPF)

B-DECIGO DECIGO

R&D
Fabrication
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opportunity
.



Space GW Observatory: B-DECIGO

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

・B-DECIGO

- Space-borne GW antenna formed by three S/C

- Target Sensitivity for GW : 2x10-23 Hz-1/2 at 0.1Hz.

※ We changed the name: Pre-DECIGO  B-DECIGO

・Sciences of B-DECIGO

(1) Compact binaries.

(2) IMBH merger. 

(3) Info. of foregrounds 

for DECIGO. Fig. by S.Sato

Target: JAXA Strategic Medium-scale mission (2020s).



B-DECIGO Design (Preliminary)
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・Mission Requirement

- Strain sensitivity of 2x10-23 Hz-1/2 at 0.1Hz.

- >3-years observation period.

・Conceptual Design

- Laser interferometer by 3 S/C

- Baseline : 100 km 

Laser source : 1W, 515nm

Mirror : 300mm, 30kg

- Drag-free and Formation flight.

- Record-disk orbit around the earth:

Altitude 2000km, Period ~120min (Preliminary).



Sciences by B-DECIGO
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(1) Inspiral of Compact binaries   [‘Promised’ target]

- High rate ~106 binaries/yr.

- Estimation of binary parameters and merger time.

 Astronomy by GW only and GW-EM observations. 

(2) Inspirals and mergers of IMBHs [Original science]

- Cover most of the universe.

 Formation history of SMBH and galaxies.

(3) Foreground understandings for DECIGO [Cosmology]

- Parameter estimation and subtraction of binaries.

- Characteristics of foreground.

- Is the any eccentric binaries?



Inspiral Merger Ringdown
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Target (1) : Compact Binaries

B-DECIGO will observe >100/yr binary NS inspirals.

Low.-freq.  B-DECIGO

Mass, Position, Time,…

High-freq.  Ground based

Astrophysics, EoS of NS

Several month to a 

few sec before merger A few seconds to merger

~106/yr binary BH inspirals.
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Target (2) : Intermediate-mass BH Merger

B-DECIGO will see almost the whole Universe.

The mystery on the history    

of SMBH at the center of 

Galaxies: 

(A) Large BH + Accretion

(B) Hierarchical merger

・B-DECIGO can pin-down 

the story.

・Original observation.



Sensitivity Curves
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B-DECIGO

3rd –gen. 

(ET, CE)

2nd-gen GW antennae

(aLIGO, AdVIRGO, 

KAGRA,…)

LISA

Day
Month

Year

Hour

Min

Sec

DECIGO

T. Nakamura et al., Prog. Theor. Exp. Phys. 093E01 (2016)
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Observable Range

TOBA (10m)

LISA

GW150914

GW151226

30𝑴⨀ BH merger

at 100 Gpc (z~10)

30𝑀⨀ BBH Merger : 100 Gpc (z>10) range

with SNR~8 (optimal direction/polarization).

Z=10



B-DECIGO Sciences for CBC

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

・With its BBH observable range, in B-DECIGO 

Detection Rate will be ~ 4 × 104 − 106 events/yr .    

 Possible to identify the origin of BBH : 

Pop-III, Pop-I/II, or Primordial BH.

・Range for BNS is ~2Gpc  Higher rate expected.

・With low-freq. GW observations, longer observation

time is expected; in 30𝑀⨀ BBH merger case, 

the signal is at 0.1Hz in 15days before merger.

 Improved parameter estimation accuracy

with lager cycle number (~105) : 

* Localization, Merger time  Alerts for GW-EM.  

* Mass, Distance, Spin  Origin and nature of BBH.



Parameter Estimation Accuracy
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T. Nakamura et al., Prog. Theor. Exp. Phys. 093E01 (2016)
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Target (3) : Foreground Understandings

In future DECIGO, unresolvable GWs by many 

binaries can be a foreground for primordial GW obs.

Gain understandings with >100 binaries.

Freq. [Hz]

𝛀
𝐆
𝐖

(G
W

 E
n
e
rg

y
 D

e
n
si

ty
 R

a
ti
o
)

Kuroyanagi+, PRD (2009) 

GW from Inflation

Pablo, PRD (2011) 

PPTA
LISA

DECIGO

KAGRA

B-DECIGO

MBH-MBH
Compact  
Binaries



Current Issues on B-DECIGO
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・Parameter estimation accuracy.

Quantitative evaluation of the 

B-DECIGO performance:

Mass, Sky position, Merger time,

Inclination, Distance, Spin,....

・Data analysis scheme: 

Parameter estimation and subtraction,….

・Antenna Design:

Orbit, Interferometer design, Acceleration noise, 

Formation flight and Control Scheme, …

Preliminary results by K.Eda



Technical Challenges
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・Long-baseline Interferometry (Disp. <2x10-18 m/Hz1/2)

- Optical configuration for IFO, and laser source.

- 100km Fabry-Perot cavity (Large RoC, Distortion).

- Initial attitude acquisition.

・Force Noise (Force noise <1x10-16 N/Hz1/2 )

- Gravity, EM force, Residual gas, thermal radiation, 

Cosmic ray, control noise, etc..

・Satellite control

- Drag-free, Low-noise thruster, Signal processing.

・Satellite System Design

- Orbital Design, Initial Mission sequence.

- Resource distribution, Launcher, Cost estimation.



Technical Developments
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Stabilized Laser Source

Force Noise

久保海, 野々村拓也, 東浦孝典A, 吉田祐人, 大塩裕哉B, 船木一幸B, 佐藤修一

DECIGOは宇宙空間における重力波の直接観測を目指し開発されている。重力波検出のためにはミラーを自由空間に非接触で保持する必要があり、太陽
風などによる擾乱はスラスタからの噴射によって打ち消さなければならない。しかしこの時スラスタから生じる雑音が機体を揺らし、様々なカップリング
を経てミラーに影響を及ぼしてしまうため、Pre-DECIGOに搭載される予定のスラスタには推力雑音が0.1～10Hzで0.1µN/rtHz程度以下の性能が要求さ
れている。
そこで本研究ではスラスタの推力雑音を直接計測する装置を開発し、感度スペクトルの取得を行った。本ポスターではスラストスタンドの開発状況と今

度の展望について報告する。

本研究ではスラスト スタンド に捻じれ振り子を採用

↑コイルマグネット
アクチュエータ

図5, オープンループ伝達関数

↑フォトセンサ

図6, 取得した感度スペクトル

太陽風などによって機体が外部
から力を受けたとき、それに反す
る方向へスラスタを噴射すること
で外乱の影響を受けないようにす
る。
センサーを用いてマスと機体間

の距離を測定し、変位量をスラス
タへフィードバックすることによ
り、試験マスと機体の相対位置を
常に一定に保つ。これをドラッグ
フリー制御と呼ぶ。

ドラッグフリー制御を行う際、スラスタから発生する推力雑音が衛星
機体を揺らし、様々なカップリングを経て試験マスを揺らしてしまうと
これもまた雑音になってしまう。そのため、Pre-DECIGOに搭載される
スラスタには以下のような性能が要求されている。

要求性能

図2, Cold Gas Jet スラスタ

推力分解能 1μN
推力雑音 0.1～10Hzで0.1µN/rtHz以下

Cold Gas JetやFEEPが
有力な候補に挙げられる。

z

y
x

θ0

Ratation mode
Ft

thrust

θt

Translation mode

Ft

thrust

図3, スラストスタンドのモデル

✅ スラストスタンドに制御機構を加え、サーボ型加速度計とする。
→振り子などの機械的な特性に影響を受けず、スラスタの特性評価
をすることが可能。

図4, 制御ダイアグラム

実際に感度スペクトルを取得するため、図4に示すセットアップのもと
測定を行った。

図1, ドラッグフリー衛星

実験より、現状のスラストスタンドの感度レベルは0.1～10Hzで1µN/rtHz程度であ

ることがわかった。1～2Hzでは地面振動が支配的であり、それ以降の高周波帯では電
気系のノイズに制限されていることが示唆される。

プロトタイプのスラストスタンドでは感度レベルが1µN/rtHzであることが確認さ
れた。今後は、実際にスラスタを懸架することを考慮した上で要求感度を達成できる
ようなスタンドの設計及び作成を行い、スラスタの性能評価を行うことを目指す。

法政理工, 法政工A, JAXA/ISASB

𝐿2

𝐼
𝑓𝑡

取得した感度とそれを制限するノイズの分布は以下の通り。

↑Compact-Rio

↑捻じれ振り子

sensitivity
Seisemi cnoise

✅ スラスタの推力は機体に対して加速度として作用する。
→加速度計の機構を採用。

✅ スラスタの加速度はとても微小である。
→要求された周波数帯域でスラスタを近似的に自由質点と
みなすことが出来るような力学系を考える。

Drag-free demo.

Thruster Noise

Test-mass Module

Interferometer



Space Demonstration by SWIM

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

CPU: HR5000
(64bit, 33MHz)

System Memory:

2MB Flash Memory

4MB Burst SRAM

4MB Asynch. SRAM

Data Recorder:

1GB SDRAM

1GB Flash Memory

SpW: 3ch

SpaceCube2: Space-qualified Computer SWIMmn   : User Module
Processor test board 

GW+Acc. sensor

FPGA board

DAC 16bit x 8 ch

ADC 16bit x 4 ch

 32 ch by MPX

Torsion Antenna x2

~47g test mass

Size: 71 x 221 x 171

Weight: 1.9 kg

Power: 7W 

Power ±15V, +5V 

SpW x2 for CMD/TLM

Data Rate : 380kbps

Size: 124 x 224 x 

174

Weight: 3.5 kg

Power: ~7W 

Power +28V 

RS422 for CMD/TLM

GPS signal

SDS-1 

Bus System

Photo by JAXAPhoto by JAXA

SDS-1/SWIM (Space wire demonstration module)

Launch in Jan. 2009, Terminated in Sept. 2010

1st Space GW antenna (?)

Photo
：

JAXA



SWIMmn

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

Tiny Space GW antenna (Torsion-bar 

antenna)

Test mass

Photo sensor

Coil

TAM: Torsion Antenna Module with free-falling test mass        
(Size : 80mm cube, Weight : ~500g)

Reflective-type  optical 
displacement sensor

Separation to mass ~1mm
Sensitivity ~ 10-9 m/Hz1/2

6 PSs to monitor mass motion

~47g Aluminum, Surface 
polished
Small magnets for position 
control

Photo：
JAXA



Stabilized Laser Source (1/3)
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Stabilized Laser Source (2/3)
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Stabilized Laser Source : BBM2 Fig. by A.Suemasa



Stabilized Laser Source (3/3)
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BBM2

Fig. by A.Suemasa

BBM3

Frequency [Hz] Frequency [Hz]

Requirement

Requirement



JAXA Roadmap
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内閣府・宇宙政策委員会・宇宙科学・探査部会 資料より (2013年9月19日).

siryou1.pdf
siryou1.pdf


The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

JAXA Roadmap

From file submitted to the government by ISAS/JAXA

(内閣府・宇宙政策委員会・宇宙科学・探査部会 2013年9月19日).
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Summary



Summary

The 2nd ASTROD International Workshop (May 22nd, 2017, National Tsing Hua Univ., Hsinchu, Taiwan)

DECIGO :  Huge Sciences

*Direct observation of very beginning of the Universe

*Dark energy, Dark matter

*Galaxy formation

 Will be realized at last.

B-DECIGO : Fruitful and Original Sciences

*A lot of sciences on compact binaries:

GW150914-like events and BNS events.

*Observation of IMBH mergers.

*Understandings of foreground for DECIGO. 
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End

Credit: S.Sato


