
Space
Gravitational wave

Kiwamu Izumi
(ISAS/JAXA)

Q-eyes, Tsukuba Japan, 2025/Dec/10

Experiments



Slide 1

Talk plan

• Astrophysical capability of space GW detectors
• Instrumentation activities in our lab
• Some advanced topics
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HF/UHF

Gravitational wave spectrum

New physics

Living Rev Rel.
24, 4 (2021)
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Launch in 2035
(ESA + NASA)

Launch in 2030ʼs
(China)

Launch in 2030ʼs
(China)

Launch in 2040ʼs or beyond?
(Japan)

Gong, et al. Nature Astron. (2021)

Launch in 2030ʼs
(Japan)

B-DECIGO
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A future landscape

Asteroid

LISA
(~Taiji)

B-DECIGO

TianQin

KAGRA

Cosmic Explorer

ET

LGWA

PTAs

Disclaimer: not all projects/concepts plotted

Fedderke+ PRD (2022)

J. Harms+, arXiv:2010.13726 (2020)
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Binary sourcesDetection Landscape in the Deci-Hertz Gravitational-Wave Spectrum 3
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1 day

1 year

deci-Hertz target rangeSpace missions Ground detectors
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Stellar BH-BH Inspiral
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Inspiral-Merger-Ringdown

<latexit sha1_base64="Gnfo4lQro1X3eIr7UNKIP9U6hx4=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXrwIFewHtNuSzaZtaDZZkqxSlvo7vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKFlogitE8mlagVYU84ErRtmOG3FiuIo4LQZjK6nfvOBKs2kuDfjmPoRHgjWZwQbK3U9t5tWJk+3vY4MpekVS27ZnQEtEy8jJchQ6xW/OqEkSUSFIRxr3fbc2PgpVoYRTieFTqJpjMkID2jbUoEjqv10dvUEnVglRH2pbAmDZurviRRHWo+jwHZG2Az1ojcV//Paielf+ikTcWKoIPNF/YQjI9E0AhQyRYnhY0swUczeisgQK0yMDapgQ/AWX14mjbOyd1527yql6lUWRx6O4BhOwYMLqMIN1KAOBBQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+AABBkjI=</latexit>

10 4
M

�
<latexit sha1_base64="ZoM2hgZ6az1l4P/v4pIgrmGm2SU=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQixchgnlAsgmzs5NkyOzMMjOrhCV+hxcPinj1X7z5N06SPWhiQUNR1U13VxBzpo3rfju5peWV1bX8emFjc2t7p7i7V9cyUYTWiORSNQOsKWeC1gwznDZjRXEUcNoIhtcTv/FAlWZS3JtRTP0I9wXrMYKNlTqe20nPxk+33bYMpekWS27ZnQItEi8jJchQ7Ra/2qEkSUSFIRxr3fLc2PgpVoYRTseFdqJpjMkQ92nLUoEjqv10evUYHVklRD2pbAmDpurviRRHWo+iwHZG2Az0vDcR//Naield+ikTcWKoILNFvYQjI9EkAhQyRYnhI0swUczeisgAK0yMDapgQ/DmX14k9ZOyd152705LlassjjwcwCEcgwcXUIEbqEINCCh4hld4cx6dF+fd+Zi15pxsZh/+wPn8AQHOkjM=</latexit>

10 5
M

�

Fig. 1 Gravitational-wave frequencies corresponding to the evolution of some of the prominent
astrophysical binaries in the deci-Hertz spectrum. The inspiral of binary neutron star (blue line)
and stellar binary black holes (maroon line) will be observed in the deci-Hertz for years. For
intermediate-mass black holes, IMBHs, (gray lines), depending on their mass-ranges, the deci-
Hertz access would measure their inspiral, merger and ringdown.

expected binary population of IMBHs remain fairly unknown and the constraints
on their merger rates differ dramatically from equal-mass systems to
intermediate-mass ratios (m1/m2 ⇠ 100). The deci-Hertz spectrum opens a rare
observational window into testing a variety of formation scenarios of IMBHs to
cosmological distances.

Within the frequency band of the current generation detectors such as LIGO,
Virgo and KAGRA ( fGW = [10, 1000] Hz), we can only measure about a second
of evolution of binaries of stellar black holes (M ⇠ 10 M�). In the deci-Hertz
band, these binary black holes stay for months (maroon line). The binary neutron
star sources would evolve within deci-Hertz band up to a few years (blue line).
This extended observation is important to measure the orbital eccentricity and spin
orientation of the binaries. Both of these measurements are key to distinguish
among binary formation channels [17, 18]. A deci-Hertz range detector also acts as
an early-alert system. All the binaries that will be seen by next-generation
ground-based detectors such as Einstein Telescope and Cosmic Explorer, would be
seen at the lower frequency many months ahead by a deci-Hertz detector. This
opens an interesting possibility of multiband gravitational-wave astronomy,
wherein the same astrophysical source is studied in different frequency bands
[7, 19, 20, 21]. An equivalent analogy of such in astronomy is that of
multi-wavelength electromagnetic observations across radio, X-ray and other

KI and K. Jani, Springer (2022)
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Astrophysical reach

連星系総質量（波源座標） [太陽質量]

赤
方
偏
移
 z

SN比10

SN比100

SN比1000

Caveat: unofficial

B-DECIGO LISA
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Proactive MMA

● One can plan ahead
Predicting host galaxies
Simultaneous observation campaign

● Early alert for BNS merger
B-DECIGO can predict the sky 
position for BNS@z=0.1 with 
ΔΩ = 1x10-3 [deg2] before merger

Plot from Isoyama+, PTEP (2018)

© LISA/ESA

© B-DECIGO
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SMBH merger with GW+X-ray
• LISA identifies SMBH, estimating the sky position
• X-ray telescope (Athena) looks for it in FOV 0.4 deg2

M. Colpi+, Athena-LISA Synergies (2019)
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Probing inflationary Universe

Figure Kuroyanagi+, Phys. Rev. D 83, 043514 (2011)

• Reheating energy scale provides hints for inflatons
• Thermal history of early Universe

• Reheating energy scale changes the transfer function
• Resulting in different PGW spectra [1]

• Complementary to ongoing CMB experiments
• LiteBIRD, ground-based CMB expreiments

• Additionally a variety of experiments
• Parity violation [2]
• Searches for vector and/or scalar modes [3]

[1] Nakayama+ JCAP 2009
[2] Seto 2007
[3] Nshizawa+, 2010
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Cosmology with high angular 
resolution

Credit: Claire Lamman/DESI collaboration
https://newscenter.lbl.gov/2025/03/19/new-desi-results-strengthen-hints-that-dark-energy-may-evolve/

In case of DECIGO or similar, the angular resolution 
is high enough to identify the host galaxy

Binary signal gives the luminosity distance dL

ℎ ∝
𝐺

𝑐!𝑑"
𝑑#𝑄
𝑑𝑡#

Phys. Rev. D, 80, 104009 (2009) 

Q: quadrupole moment

Yet another observation tool for cosmology
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Instrument activities



Slide 13

Instrument activities

• Formation flying mission: SILVIA
• SORAC: inertial reference sensor 
• Small force measurement on ground [1]
• Back-linked Fabry-Perot interferometer [2,3]
• etc

[1] Okuma+, Phys. Rev. D 111, 082006 (2025)
[2] KI and M.K. Fujimoto, PTEP (2021)
[3] R. Sugimoto+, Phys. Rev. D 109, 022003 (2024)
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Measurement principle

14

Separation = L

Light propagation

Test mass

ΔΦ 𝑡 = 𝑘𝑐 ∫!"#/%
! 1 + ℎ(𝑡) "&/'	𝑑𝑡	

≈ 𝑘	𝐿 − 𝑘	𝐿ℎ(𝑡)/2

Optical phase (measurement quantity)

h: GW amplitude
k: wavenumber of light fieldLaser Noise Signal

Test mass noise
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Two interferometer approaches
▶ Transponder laser interferometer ▶ Fabry-Perot laser interferometer

Drag-free
spacecraft

FP cavity FP cavity

Mirror

Photo
detectorThruster

Laser

LISA, TianQin and Taiji.
Small portion of light is sampled, similarly 
to radio wave communication.
No need for precision formation flying

elisascience.org

B-DECIGO and DECIGO
Similar to ground-based interferometers
Precision formation flying (better than 1 
um) required.

DECIGO
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SILVIA

v Proposed for JAXAʼs M-class mission
o Proposed in 2020
o Use of Epsilon rocket

v Engineering demonstration
o Ultra-precision FF
o Intersatellite laser interferometer

In-orbit demonstration of technologies 
necessary for formation flying (FF) satellites

© S. Sato (Hosei U.)

(Space Interferometer Laboratory Voyaging towards Innovative Applications)

Target launch in early 2030ʼs

T. Ito+, PASJ (2025)
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Use of asymmetric MichelsonPublications of the Astronomical Society of Japan (2025), Vol. 00, No. 0 3

for SILVIA, providing a valuable testing opportunity for build-
ing confidence toward future larger-scale missions. The SILVIA
mission was first proposed in February 2020 to the call for a mis-
sion concept of the competitive middle-class space science mis-
sion by the Institute of Space and Astronautical Science of the
Japan Aerospace Exploration Agency; then, only the SILVIA mis-
sion was promoted to the next development phase among the total
seven proposals. SILVIA is currently in the Pre-Phase A2 (mission
definition phase), and the next milestone will be the (competitive)
final selection process for the middle-class mission.

In this paper, we present the SILVIA mission concept in
Section 2. Section 3 reviews key technologies and demonstrates
how sub-micrometer precision in relative distance control can be
achieved. Section 4 explores the scientific potential of 100-meter-
class ultra-precision formation flying, particularly in the fields of
gravitational wave astronomy and infrared astronomy. Our con-
clusions and outlook are summarized in Section 5.

2 SILVIA mission concept
The SILVIA mission aims to pave the way for high-precision as-
tronomical observations by formation flying, such as gravitational
wave telescopes and optical/infrared interferometers. Its main ob-
jective is to demonstrate and mature ultra-precision formation fly-
ing technologies in LEO, where economical access to orbit is pos-
sible. The mission orbit has been selected as a circular orbit whose
altitude is higher than 500 km with spacecraft separation of 100m.
One reason for this selection is that the separation of 100m or less
provides a relatively small perturbation environment in the order of
10

�7
m/s2 or less, which would be still one order as high as that

in beyond-Earth orbits (Ito 2024). Another reason is that proxim-
ity formation flying within 100m has been regarded as risky and
tended to be avoided (Monnier et al. 2019). Therefore, the selected
orbit is still challenging but maintains a good balance between fea-
sibility and risk. In addition, it has the potential to demonstrate the
unprecedented precision formation flying within a small-class and
experimental program, as pointed out in (Ito 2024).

Autonomous formation flying by more than two spacecraft has
been identified as one of the key technologies for DECIGO- and
LIFE-like missions, as they will require managing at least two in-
terferometer arms. Eventually, formation flying with three space-
craft has been chosen as the mission baseline. In addition, a trian-
gular shape has been selected as a primary configuration to demon-
strate ultra-precision formation flying, which is exactly the same
as that of DECIGO’s basic formation and similar in part to that
of LIFE’s candidate formations (e.g., Emma-X array (Quanz et al.
2022)).

The top-level requirement of SILVIA is to suppress the fluctua-
tions of optical paths (L1, L2, L3; see Fig. 1) among each space-
craft within micro- to sub-micrometer order for a specified period,
such that ����

Z t1

t0

L̇i(⌧)d⌧

����< ✏ (1)

where ✏ (> 0) is a very-small fluctuation (e.g., ✏=1µm), L̇i is the
time derivative of Li, and i = 1,2,3. Note that the optical paths
are defined based on the optical components (e.g., mirrors), not
spacecraft structures. The assumed duration requirement (t1 � t0)
in SILVIA is minimum and relatively-short (e.g., 10 s) to provide
a highly-stable formation-flying platform for DECIGO-like and
LIFE-like missions. A laser interferometer is employed to achieve
this unprecedented accuracy in measuring distance fluctuations. In

yMisalignedB

L2

L1L3

Lock
Coarse Precise Ultra-precise

acquisitionacquisition
Link

QPD

Steering

PD

Laser
mirrors

Spacecraft sensors
Micro-
thrustersGNSS-R, STT,

Gyroscope 

Beam splitter

Fig. 1. Schematic of the autonomous procedure to achieve ultra-precise
formation flying. Spacecraft and interferometer sensors and actuators we
consider in this paper are also shown. GNSS-R: GNSS receiver, STT: star
tracker, PD: photodiode, QPD: quadrant PD.

addition, the micro-propulsion system is employed to control the
distances among each spacecraft with a sub-millimeter accuracy.

Figure 1 shows the autonomous procedure to attain the ultra-
precise formation flying. The initial stage of the sequence assumes
that the laser interferometers of each spacecraft are misaligned in
orbit. In this stage, coarse formation is maintained based on the
Global Navigation Satellite System (GNSS)-based relative navi-
gation, which will provide sub-meter to centimeter navigation ac-
curacy. In addition, the spacecraft will use the conventional at-
titude determination by star-tracker (STT) and gyroscope. In the
precise formation sequence, round-trip laser links are established
between each spacecraft, allowing continuous monitoring of laser
interference signals. This is achieved by monitoring the beam spot
positions on each spacecraft using two-dimensional sensors such
as quadrant photodiodes (QPDs) and sharing these measurements
via inter-satellite communication. By the end of this sequence,
optical path fluctuations are stabilized to the millimeter to sub-
millimeter level, limited by the precision of the beam-spot position
sensors, using the micro-propulsion system to ensure readiness for
transition to the final sequence. The final sequence is lock acqui-
sition and maintenance, where the laser interferometer fringes are
continuously and stably measured and controlled well below one
wavelength of the laser. The interference fringe is maintained for
a longer duration (e.g., one orbital revolution) than the fluctuation
requirement in Eq. (1) to demonstrate long-term stability and reli-
ability.

The autonomous sequence from coarse to ultra-precise forma-
tion flying with SILVIA can demonstrate the initial laser link ac-
quisition process for DECIGO and its pre-stabilization, which is
necessary for extracting more precise control signals from inter-
satellite Fabry-Pérot cavities. Furthermore, the laser interferom-
eters can measure, test, and verify the in-flight stability of ultra-
precise formation flying so that they will be able to provide evi-
dence and confidence with DECIGO- and LIFE-like missions as a
flight-proven technology.

To achieve these goals, it is essential for each spacecraft and
their subsystems to work cooperatively. The following section pro-
vides an overview of key enabling technologies: laser interferom-
eter, micro thruster, and formation control.

T. Ito+, PASJ (2025)



Slide 18Inter-Satellite Distance (ISD) [m]

Co
nt

ro
l p

re
ci

si
on

 in
 I

SD
 [

m
]

10-10

10-8

10-6

10-4

10-2

100

102

104

100 101 102 103 104 105 106

PRISMA

ETS-VII

Unprecedented

Into ultra-precision

Starling

Drag-free
spacecraft

FP cavity FP cavity

Mirror

Photo
detectorThruster

Laser

STARI,
SEIRIOS

PROBA-3

VISORS mDOT

SILVIA
10-6 mp-p 
for 10 sec



Slide 19

Broader impacts of FF

19

XEUS(ESA)

Starshade (NASA)

Occulter

Long focal length

Drag-free
spacecraft

FP cavity FP cavity

Mirror

Photo
detectorThruster

Laser

B-DECIGO/DECIGO
(Japan)

Gravita6onal wave

observatories

Mul6-aperture synthesis

(interferometer)LIFE

Your idea
goes here
(Tell us!)
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Inertial reference sensor

Solar radiation
and wind

►Floating mass serves as an inertial reference
►Shielding necessary to keep TM from external disturbances
►Drag free necessary not to introduce the vibration of spacecraft to TM

Test mass

Drag-free spacecraft
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Accelerometer

Solar radiation
and wind

►Instead, feeding the signal back to TM
►Feedback force directly tells acceleration acting on spacecraft 

TM is forced to follow spacecraft
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Space accelerometer: SORAC
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4.2. 高感度加速度計の概念設計 
4.2.1 概要 
4.1 項の机上検討結果を踏まえた高感度加速度計(SORAC)の概念設計結果を報告する。 
 
本報告書内では、機構部、電気回路部、ソフトウェアごとでの、各検討結果をまとめ、 
詳細な検討結果は、機構部、電気回路部、ソフトウェアそれぞれの検討結果報告書による。 
 
4.2.2 センサヘッド・保持機構の概念設計 
センサヘッド 及び 保持機構に関する概念設計結果を報告する。 
 
なお、センサヘッドとは、以下の図 4.2.2 に示す、テストマス(TM)、ハウジング、プレート、ガードリング、インシュレータ、電極 
からなる部位を示し、これら 6 部品の形状・材料について、概念設計結果を示す。 
 
また、保持機構は、今回試作した BBM には含まれず、最終搭載品に搭載される機構である。 
本概念設計では、保持機構に要求される機能・要求をまとめ、具体的な搭載形状の構想は別途検討を要する。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

図 4.2.2 センサヘッド 外観形状・断面形状図 
 
  

センサヘッド 
外観形状 

テストマス (TM) 

ハウジング 

プレート 

ガードリング 

インシュレータ 

電極 

TM Housing (ISAS/JAXA)

363 mm3 Test mass

As a technology development step, our lab chose to go for the development of
space accelerometer, specific for monitoring the solar radiation pressure 

Schematical view (ISAS/JAXA)

• Use of capacitve sensors and electrostatic actuators, 3 axes
• Goal sensitivity :10-10 m/s2  (for 10-100 sec in Allan dev.)
• Improving the automous navigation accuracy and GNSS
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Control test package underway

6.3. 慣性基準センサにおける動作点引き込み試験 第 6. 慣性基準センサの制御機能試験 (CTP)

続けて，ハウジングに取り付けた X/Y軸ステージを利用して，静電容量センサを用いて細かいア
ラインメントを実施した．

6.3 慣性基準センサにおける動作点引き込み試験
慣性基準センサの制御機能を評価するために，制御時のエラー信号における時系列データを評

価した．本試験では，はじめに制御OFF（free run）にした状態で計測を行う．その後，制御機能
を ONに切り替えることでエラー信号が最小値に近づくことで動作点に引き込めているかを確認
し，制御機能成立の可否を評価した．この時，Injection Electrodeに印加する電圧：Vinを 0.5 Vと
5.0 Vの 2パターンで試験を実施した．

図 6.4: 1自由度制御試験時におけるエラー信号 (V)の時系列データ
（Vin = 0.5 V，16秒で制御 ON）

図 6.5: 1自由度制御試験時におけるエラー信号 (V)の時系列データ
（Vin = 5.0 V，5秒で制御 ON）

107

Yakabe, master 
thesis（2025）

Control enabled
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Noise on ground (in air)

7.3. 慣性基準センサのノイズバジェット 第 7. 議論
となっている．この試験結果をもとに，慣性基準センサにおける雑音源を解析し，慣性基準セン
サのノイズバジェットを構築した．慣性基準センサの雑音源として，並進方向の地面振動カップリ
ングと気体分子の衝突雑音，センサの測定限界を考慮している．また，ワイヤーの熱雑音は充分
小さいため今回は含めていない．

図 7.5: 慣性基準センサのノイズバジェット
図 7.5より，慣性基準センサの感度を制限するのは並進方向の地面振動カップリングであること

を確認した．このことから，今後の研究活動で慣性基準センサの雑音を改善するためには，並進
方向の地面振動カップリングを低減するデザインを採用する必要がある．
並進方向の地面振動カップリングを低減するためには，ハウジングをもう 1つ用意して，２つ

の試験質量について制御を適応させることで容易に低減できる．このデザインでは，ねじれ方向
のみについて考えることができ，並進方向からのカップリング経路を遮断できるため，並進方向
の地面振動カップリングを抑え込める．
また，地面振動を抑えた後に，静電容量センサの読み出し雑音を改善する必要がある．付録 G

より，FET入力のオペアンプを採用することで，静電容量センサの感度改善が見込まれる．更に
真空環境を適応させることで，雑音性能要求を満たした慣性基準センサの開発ができることを見
通すことができた．

117

Goal sensitivity

Seismic noise

Electronic noise

gas damping

Yakabe master thesis (2025)

Air turbulence (?)
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Noise test package in ISS

ISS
- Good for microgravity environment
- Free from seismic noise
- Not great for vibration

Plot by KI
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Denoising ISS vibration

[1] Sleeman+, ``Three-Channel Correlation Analysis: A New Technique to Measure Instrumental Noise of Digitizers and Seismic Sensors’’ (2006)

Vibration

Application of three-channel corretion [1] is being
 considered for suppressing the high vibration noise
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Advanced topics
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Application of formation flying

A. M. Galuser et al., SPIE (2024)

LIFE︓
Mid infrared stellar light interferometer

Can we do something similar to 
radio wave interferometer, i.e.,
receiving light at the collector satellites?

Collector satellite

Beam combiner satellite
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Quantum enhanced interferometry

Gottesman+, PRL 109, 070503 (2012) 

Avoids the shot noise problem

EPS satellite

!?
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Application of accelerometer?
T. Ebisuzaki+, Intn’l J. Mod. Phys. D (2020)
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AddiXonal monitor for
non-gravitaXonal acceleraXonsGW detection using optical lattice clock
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Summary

v Space GW observations will open new window for 
astrophysics

v Development of several key concepts and components 
underway

v If you have any new ideas utilizing our experimental 
activities, please let us know!


