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DECIGO: Space
Gravitational-wave Antenna

Masaki Ando

(Dept. of Physics, Univ. of Tokyo /
National Astronomical Observatory Japan)
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A little about
KAGRA Status
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Gravitational-Wave Telescope  &6=3

i 4‘ "\ 2"d Generation Large-scale.

.' N 0\\‘\. %
«x \\ ‘\\ Gravitational-Wave Telescope

. ni
‘ “ at Kamioka underground site

(Funded 2010-, Obs. : 2017-)

\ 4

Open a new field of
: ‘Gravitational-Wave Astronomy’
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219 Collaborators from more than 60 institutes
. - > on April 2013

b ’.; *Host:

. .. ICRR/U-Tokyo

4\ +Co-host :

N 5

NN NAOJ and KEK

_\ @ -Collaborations

. U-Tokyo, ERI/U-Tokyo,
Osaka-CU, TITEC, Osaka-U,
Kyoto-U, NICT, AIST, UEC,
Hosei-U, Ochanomizu-U,
Niigata-U, Kyusyu-U, Nihon-

- U, Toyama-U, Caltech,
MPQ, UWA, LSU, ...
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KAGRA Schedule
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+iKAGRA (2010.10 — 2015.12) @

3-km FPM interferometer »
- Baseline 3km room temp. S, )
- Operation of total system > J

with simplified I'FO and VIS. .

- Cryogenic operation.

\§

bKAGRA (2016.1 — 2018.3)

Operation with full config.
- Final IFO+VIS configuration

Q <— Cryo-mirrors

/ x<

\\\f“

Recycling
mirrors

®

e

J
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Current Status of KAGRA
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Tunnel excavation completed!

At the end of March 2014, the excavation of the KAGRA tunnel
has been completed.

July 4, 2014: KAGRA
tunnel visit.

From presentation file by
T.Kajita, KAGRA face-to-face Meeting (July 31th, Toyama)
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Current Status of KAGRA LR
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iKAGRA schedule (2014-2015)

lelectricity
Iventilation
idrainage
crane
hanging anchor
idust prevention coating tunnel excavation
clean booth
network and PHS
armm tube
laying a chalk line
camying and anchoring
flange fastening/leak test
chiamber
marking

B mmlE o or sy rfEmis omm s omm om omm

anchoring l:ryc- other chambers
] Type-C, Type-Bp, BS
I Install f tune in chambers

. _ laser PMC to
n
inputfoutput optics . setup MC

optical baffie (amm) du'ing flange fasterini_:lfarm

target monitor (am) duﬁng flange fastening/arm

Vac pumping ddlng during flange fastening/arm
IGeophysics inferferometer inst. test/operation

Environment monitor | test/operation
| |

MImor SUSpension

(Slide from Y. Saito (PM), June KAGRA International video meeting)

From presentation file by
T.Kajita, KAGRA face-to-face Meeting (July 31th, Toyama)
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KAGRA (~2017) DECIGO (~2027)
Ground-based Detector Space observatory
- High-freq. GW events - - - Low-freq. GW

Target : Detection, Astrophysics Target : Cosmology
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DECIGO
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DECIGO (DECI-hertz interferometer Gravitational wave Observatory)

e . p
Purpose: To Obtain Cosmological Knowledge.

Direct observation of the origin of space-time

: and matter in Big-bang Universe. )

5 s BTN

Mot FHE
e ,_. T @
. 7799*-;-)!: u \ ‘
R iy geety x $. ' o 7
o . : "

Interferometer Unit:
Differential FP interferometer

Arm length: 1000 km
Finesse: 10
Mirror diameter: 1 m
Mirror mass: 100 kg
Laser power: 10w

Laser wavelength: 532 nm

S/C: drag free
3 interferometers

HRE: WU T FHE2MEETRAES

#ﬁ?i)‘b%ﬁ SIE‘B&'CJ( %EE*-HHI&“ )J:U
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DECIGO Members pecfeo

Koh-suke Aoyanagi, Kazuhiro Agatsuma, Tomotada Akutsu, Hideki Asada, Yoichi Aso, Koji Arai, Akito Araya, Masaki
Ando, Kunihito Ioka, Takeshi Ikegami, Takehiko Ishikawa, Hideharu Ishizaki, Hideki Ishihara, Kiwamu Izumi, Kiyotomo
Ichiki, Hiroyuki Ito, Yousuke Itoh, Kaiki T. Inoue, Akitoshi Ueda, Ken-ichi Ueda, Takafumi Ushiba, Masayoshi Utashima,
Satoshi Eguchi, Yumiko Ejiri, Motohiro Enoki, Toshikazu Ebisuzaki, Yoshiharu Eriguchi, Naoko Ohishi, Masashi Ohkawa,
Masatake Ohashi, Kenichi Oohara, Yoshiyuki Obuchi, Kenshi Okada, Norio Okada, Koki Okutomi, Nobuki Kawashima,
Fumiko Kawazoe, Isao Kawano, Seiji Kawamura, Nobuyuki Kanda, Kenta Kiuchi, Naoko Kishimoto, Hitoshi Kuninaka,
Hiroo Kunimori, Kazuaki Kuroda, Sachiko Kuroyanagi, Hiroyuki Koizumi, Feng-Lei Hong, Kazunori Kohri, '
WataruKokuyama, Keiko Kokeyama, Yoshihide Kozai, Yasufumi Kojima, Kei Kotake, Shiho Kobayashi, Rina Gondo,
Motoyuki Saijo, Ryo Saito, Shin-ichiro Sakai, Masaaki Sakagami, Shihori Sakata, Norichika Sago, Misao Sasaki, Shuichi
Sato, Takashi Sato, Masaru Shibata, Kazunori Shibata, Ayaka Shoda, Hisaaki Shinkai, Aru Suemasa, Naoshi Sugiyama,
Rieko Suzuki, Yudai Suwa, Naoki Seto, Kentaro Somiya, Hajime Sotani, Takeshi Takashima, Tadashi Takano, Kakeru
Takahashi, Keitaro Takahashi, Tadayuki Takahashi, Hirotaka Takahashi, Fuminobu Takahashi, Ryuichi Takahashi,
Ryutaro Takahashi, Takamori Akiteru, Hideyuki Tagoshi, Hiroyuki Tashiro, Takahiro Tanaka, Nobuyuki Tanaka, ‘Keisuke
Taniguchi, Atsushi Taruya, Takeshi Chiba, Dan Chen, Shinji Tsujikawa, Yoshiki Tsunesada, Kimio Tsubono, Morio
Toyoshima, Yasuo Torii, Kenichi Nakao, Kazuhiro Nakazawa, Shinichi Nakasuka, Hiroyuki Nakano, Shigeo Nagano, Kouji
Nakamura, Takashi Nakamura, Yoshinori Nakayama, Atsushi Nishizawa, Erina Nishida, Kazutaka Nishiyama, Yoshito
Niwa, Kenji Numata, Taiga Noumi, Tatsuaki Hashimoto, Kazuhiro Hayama, Tomohiro Harada, Wataru Hikida, Yoshiaki
Himemoto, Hisashi Hirabayashi, Takashi Hiramatsu, Mitsuhiro Fukushima, Ryuichi Fujita, Masa-Katsu Fujimoto,
Toshifumi Futamase, Ikkoh Funaki, Mizuhiko Hosokawa, Hideyuki Horisawa, Kei-ichi Maeda, Hideo Matsuhara, Nobuyuki
Matsumoto, Yuta Michimura, Osamu Miyakawa, Umpei Miyamoto, Shinji Miyoki, Shinji Mukohyama, Mitsuru Musha,
Toshiyuki Morisawa, Mutsuko Y. Morimoto, Shigenori Moriwaki, Kent Yagi, Hiroshi Yamakawa, Toshitaka Yamazaki,
Kazuhiro Yamamoto, Jun'ichi Yokoyama, Shijun Yoshida, Taizoh Yoshino, Chul-Moon Yoo, Yaka-Wakabayashi

(On February 28th, 2014)
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BICEP2, (WMAP, Planck,...)  DECIGO, (KAGRA, aLIGO,...)

Observation of Observation of
CMB B-mode Polarization - Gravitational-wave background
with radio telescope. ~with GW telescope.

[CMB Polarization te_Iescope]

South Pole Telescope

CMB-B-mode .
—.
/\/W\-Ji

Cosmic gravitational wave
GW 5
10 sec 380K yr ( last scattering surface ) Today (13.7 Billion yr)
FHDHhLHY”
[ GW telescope ]

I : EHEEE-% EAEHJ:U(ZOII ?#IZ*-F) A
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GW from Inflation
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GWs in early phase of inflation =2 Exp'anded more in inflation
and re-enter to the horizon later > Lower freq. GWs.
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|ﬂﬂa1’,i0ﬂ .q),D_.R_D_ M_D_ AD' Nakayama+,

Journal of Cosmology

and Astroparticle Physics

-
1 na 06 (2008) 020.
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Primordial GW
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Earlier universe - Smaller horizon scale - High GW freq.

Original Figure by
S. Kuroyanagi (2011)
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GW Foreground
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PABLO A. ROSADO PHYSICAL REVIEW D 84, 084004 (2011)
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GW from Inflatlon
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Energy density o« Tensor-Scalar Ratio (7).
Power spectrum : Evolution history of the Universe.

10-12 AN I L L B L B B L N
- DECIGO Correlation £
1074 \ \ -Spectrum Power.

10716 - o - Energy scale
\F_O'] N of inflation

107° r=0.001 _’ « Cut-off freq.

1072 | A\ >Energy scale

o2l — I =10°GeV of Reheating

L —— 7, =10°GeV
10-24 cooc b b

Nakayama+,

1 0'20 1 0'1 5 1 0'1 0 1 0'5 1 OD 1 05 Journal of Cosmology

and Astroparticle Physics
f [HZ] 06 (2008) 020.
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Pre-Conceptual Design pecfeo

Interferometer Unit: |
Differential FP interferometer

Arm length: 1000 km
Finesse: 10
Mirror diameter: 1m
Mirror mass: 100 kg
Laser power: ~  10W
Laser wavelength: 532 nm |

S/C: drag free
3 interferometers

Drag-free S/C
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Figure: S.Kawamura

2044 15 “1600 17 188195 205 218 22.F 23 24 25 26 g27 SSgiEe)0 il SIS lHe
R&D R&D
= Fabrication
[0))
g. | |
= \Y/
" DECIGO |
Pathfinder Pre-DECIGO DECIGO
"SDS-1/SWiM (DPF)
o . Long-baseline
% Interferometer in Space p g . tion Elight GW Astronomy
@  (Obs. Of GW and Earth Gravity) Fecise-roma '9” '9 and Cosmology
@ (GW Observation)
& One Small Satellite FF with 3 S/C FF with 3 S/C
‘S Short FP cavity + Drag-free 1 IFO unit 3-4 IFO units

RESCEU APCosPA Summer School on Cosmology and Particle Astrophy5|cs (August 3rd 2014, Matsumoto)



DECIGO Pathfinder
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Technical Steps for DECIGO  peefao

Key technologies for DECIGO
(1) Precise measurement by laser interferometer.
Operation of Fabry-Perot interferometer
in Space environment and Drag-free control.

®[ Demonstration by DPF ]

(2) Long-baseline formation flight.
Realization of precise formation flight
with more than km scale

= | Demonstration by Pre-DECIGO |
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DECIGO Pathfinder (DPF)

First milestone mission for DECIGO
Shrink arm cavity
DECIGO 1000km - DPF 30cm

Purpose
- FP interferometer in space
- Stabilized laser source
- Drag-free control
- Continuous data-processing




DPF satellite ~ pgefg

DPF Payload

Size : 950mm cube NS .
Weight :  200kg Stabilized.
Power : 130W Laser source

Data Rate: 800kbps
Mission thruster x10

Power Supply
SpW Comm.

Satellite Bus
(‘Standard bus’ system)

Size :
950x950x1100mm

Weight :  250kg

SAP : 960W

Battery:  50AH
Downlink : 2Mpbs
DR: 1GByte
3N Thrusters x 4

Satellite
Bus system

RESCEU APCosPA Summer School on Cosmology and Partlcle Astrophy5|cs (August 3rd 2014 Matsumoto)



DPF mlssmn payload pecfeo
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[

Mission weight : ~200kg Drag-free control
Mission space : ~95 x 95 x 90 cm Local sensor signal
_ - Feedback to thrusters
Th;muster"»:: ~

Drag-free control Gravitational-wave detector

Stabilized laser (Fabry-Perot interferometer)

. /\
Freq. Reference  Fjper sensor
EOM I

coupler

. Frequency = . ‘
Stabilization [ ]|Frequency -
Doubler '

Proof mass

2 A
(Mirror) ctuator

Optical GW signal
Isolator fiber

Coupler

Laser source
Demod. Interferometer control

L Fabry-Perot interferometer
aserisoutr e Finesse : 100

Yb:YAG laser (1030nm) Length : 30cm -

Power : 25mW
: , Test mass : ~a few k
Freg. stab. by Iodine abs. line Signal extraction by PgDH
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Interferometer Module pecfeo

IO Optics % ' ~
Monolithic opt. -In.t'erferometer Module O B %

bench by silicate " ' Test mass module

bonding

TM, Capacitive
Sensor/Actuator,
Launch lock

0 = .
.....

Quad-RFPD [ SpW signal-
Quadrant PD + processing
Demod. circuits for - board

length and alignment -~ SpW FPGA +
L control signals 16bit AD/DA
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Frequency Stabilization Module  pgefg

TSI

T T TR T T TR,

Frequency Stabilization module BBM2 (at UEC)

1

- Use absorption line of Iodine molecule.
- Satisfy requirement (0.5 Hz/Hz/2)
in error-signal measurement.

- Preparing one-more module for
relative stability evaluation.

-

Freq. Stab module

Prism
Mirror

1
| 3. (EEWMEBH

_SDQmm , A—..., %
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DPF mission status pecfeo

DPF : One of the candidate of
JAXA’'s small satellite program

\

~150M$ -scale mission opportunity
Standard Bus + Epsilon rocket

SPRINT-A /EXCEED
UV telescope mission

1st mission (2012): SPRINT-A/EXCEED
2" mission (~2015) : SPRINT-B/ERG
DPF survived until final two
3" mission (~2019) : TBD
Call for proposal : 2014 | e
T DPF proposal submitted Epsilon rocket Fig. by JAXA
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*AO from JAXA (December 2013)
for small science mission using epsilon rocket.
- The program framework was changed:
~10 M$ payload mission 2 ~150 M$ mission
- Deadline : End of February.
- 7 mission proposals including DPF.

O { DPF was dropped in the first down-selection (May) J

-Started discussions on the next strategy.

RESCEU APCosPA Summer School on Cosmology and Particle Astrophysics (August 3rd, 2014, Matsumoto)



Restructure of Space Program pecTso

-ISAS/JAXA decided a new plan for
space science and exploration program (2014)

- Three categories
* Strategic medium-scale missions (~300 M$)
| Hayabusa-2, ASTRO-H =

* Small-scale missions (100 - 150 M$)
AO in every two years
HISAKI, ERG, ...

* Various small projects (~10 M$/year)
ISS missions, International collaboration,
Small rocket, Balloon, ...

) [‘Small-scale’ mission became core program in JAXA J
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DECIGO : Fruitful Sciences

Very beginning of the Universe
Dark energy, Dark matter
Galaxy formation

> Will be realized at Iast

DECIGO Pathfinder

Submitted mission proposal,
‘but failed in the selection.
—> Start discussions on the next strategy.
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Mlssmn Plan by JAXA
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From file submitted to the government by ISAS/JAXA
(AER -FHBERZAS -FEHESE FEIWBS 20135F9A19H).
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IMBH blnary msplral Galaxy formation (Massive BH)

NS binary inspiral [> Cosmology (Inflation, Dark energy)
Stochastic background - Fundamental physics
10-16

‘I:l_l A

= 1018

IN

I

= 10°%°

O D(ECIGO)

=) . 1 unit

:E 10-22

a s

€ 1024 J DECIGO

© (Correlatio ‘

5 10-26 NS inspiral (z~1)

10-4 10-2 100 102 104
Frequency [HZz]
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DECIGO (Deci-hertz interferometer Gravitational wave Observatory)

Space GW antenna (~2030) ‘Bridge’ the obs.gap between
Obs. band around 0.1 Hz LISA and Terrestrial detectors
107" e

Terrestrial Detectors
S | Tk b (Ad. LIGO, KAGRA, etc) -
N <
g
E 10 20
— —22
3 10
DL o=
200 | | -
10~ 1072 10° 10° 10"

| Frequency | [Hz]
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Shoda+, PRD D 89, 027101.
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e Techmcal Steps for DECIGO ey

Space FP

Stab. Laser
source

Drag-free
Control

DPF target

First demonstration of
FP cavity (30cm) in
space. Disp. noise
~10-1m/Hz/2, Acc.
Noise 10-1> N/Hz/2,

Pre-DECIGO target

FP operation with

long-base line (100km).
Disp. noise 10-1/m/Hz/2
Acc. noise 10-16 N/Hz1/2,

DECIGO Requirement

Disp. 3x10-18 m/Hz!/2,
Acc. 1017 N/Hz1/2,

Baseline length
1000km.

Freq. stability of
0.5Hz/Hz1/2

in space environment.
Output pow. : 100mW.

Freqg. stability of
0.5Hz/Hz1/2,
Output pow. : 1W.

Freq. Stab. of
0.5Hz/HZz/2,
Output pow. : 10W.

Realize all DoF drag-
free control with
1x10-? m/Hzl/z.

All DoF DF control
1x10-° m/HzY/2,

Long-baseline Formation
Fllght 100km

All DoF DF control
1x10° m/Hz1/2,

Long-baseline FF
1000km .
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Interferometer Design pecieo

Tl TR T,

Transponder type vs Direct-reflection type

Compare : Sensitivity curves and Expected Sciences

HHQ Decisive factor: Binary confusion noise

Laser: 10W, 532nm
Mass: 100kg
Mirror: 1m dia.

AN
~

i

N
T
~
=
C
(0]
| -
fd
0p)

1072

Frequency [HZz]
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Arm length pECTe0

Cavity arm length : Limited by diffraction loss

Effective reflectivity (TEMoo = TEMoo)
Laser wavelength : 532nm

Mirror diameter: 1m [> 1900 km
Optimal beam size IS almost max.

.

Diffraction Loss

TAMA LCGT DECIGO LISA
(300 m) (3x10°m) (1x10°m) (5x10°m)

p -
)
=
o
o
e
O
e
'©
=
©
Y
@
o
=
©
o

6 7

4 5

10 100 10 10

Arm Length [m]
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CaV|ty Iength change

PDH error signal - Mirror position (-FLaser freq.)
Relative motion between mirror and S/C

Local sensor - S/C thruster

Displacement Signal between S/C and Mirror

Local
Sensor

|
\

Thruster
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Requirements  peefgo

Displacement Noise |
Shot noise 3 x 1071 m/HzY2 (i
E> X 10 of KAGRA in phase noise

. Other noises should be well below the shot noise
Laser freq. noise: 1 Hz/Hz!?2 (iny)
Stab. Gain 10>, CMRR 10°

Acceleration Noise
Force noise 4x1017 N/HzY2 (01w

) x 1/50 of LISA

External force sources
Fluctuation of magnetic field, electric field,
gravitational field, temperature, pressure, etc.
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Foreground Cleaning pecfa0

T T T T W T T TR T T S TR U T LT S TR T, RPN 4 62 P04 s s om P TACHS 14 62 10 4 e Betas PR IR0 14 62 P 4

DECIGO obs. band: free from WD binary foreground
- Open for cosmological observation

DECIGO will watch
~ 10° NS binaries

E> Foreground for GWB

In principle, possible AN v
to remove them. ) i~ 10 %

Require waveform
Accuracy Am/m < ~107 %
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Design Update

Considering “Conceptual design” By T.Akutsu

«Arm length: 1,500 km P i

eLaser power: 30 W <:| Parameters tuned
eLaser wavelength: 532 nm

eMirror diameter: 1.5 m

e Mirror mass: 100 kg

eMirror reflectivity: 77.3%

e Cavity g-param: 0.1

This is the first step to
considering the conceptual
design.

Next:

= Confirm the calculations.
= Find the realistic way : ]
to realize this! p 102 107 10° 10" 102

Frequency [Hz]

gl-—!
'N
=
£
=
B
c
@
w
c
®
n

CGIl Program by Numata
]

14 GWADW2011 in Isola d’Elba (24 May 2011)
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Beginning
of the
Universe

PLANCK

fitoton b 1 g § .. Microwave
i w1 Ui by, ¢ ¢ Background
| Transparent {1

to EM radiation "1

L/

[, First Star et filfn oy

¥ ~400 Myr [ " EM waves '
w4 ' (Infrared, visible)

T Iaxy‘ il | L) SuBARY B

! < - ——
E‘ ' ] \ \ L - LT -
W HUBBLE ,
| ‘l ': > “"'-*. W, - - Al
' b

Direct probe to Present

the history of the Universe ""31 Gyr
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Restructure of space sections pecieo

T T TR T T T S TR U T L S TR T, I e e T S TR T T TR T I T TR o~

«Restructure of space sections in Japan (2008)
Based on a new law : Basic Plan on Space Policy
ISAS/JAXA : MEXT - Cabinet Office (CAO)

Keys in Basic Plan on Space Policy

rial development]

Space Science and
space exploration
program

space exploration
program

From CAO Web Page :http://www8.cao.go.jp/space/plan/plan-eng.pdf
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05_01_01.pdf
05_01_01.pdf

FHAF -REO—F2Y7 pecieo
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siryou1.pdf
siryou1.pdf

-Supports from LISA
Technical advices from LISA/LPF experiences
Support Letter for DECIGO/DPF, Joint workshop (2008.11)

«Collab. with Stanford univ. group

Drag-free control of DECIGO/DPF
UV LED Charge Management System for DPF

+Collab. with NASA/GSFC
Fiber Laser , Earth’s gravity observation

«Collab. with JAXA Trajectory and Navigation group
- Formation flight of DECIGO, DPF drag-free control

*Geophysics group (Kyoto, ERI, UEC, NAOJ)

*Advanced technology center ( ATC) of NAOJ
*JAXA's fund for small satellite development

*Research Center for the Early Universe (RESCEU), Univ. of Tokyo
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-Verification of the alternative theories of gravity
Test Brans-Dicke theory by NS/BH binary evolution
- Stronger constraint by 104 times

K. Yagi and T. Tanaka, Prog._Theor. Phys. 123, 1069 (2010)

» Black hole dark matter
Gravitational collapse of the primordial density fluctuations
- Primordial black holes (PBHS)
as a candidate of dark matter
R. Saito and J. Yokoyama, Phys. Rev. Lett. 102 161101 (2009)

* Neutron-star physics
Determine masses of 10> NSs per year
- Constrain the EoS of NS
Formation process of NS from the spectrum
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Ground-based Observatory
Better sensitivity (10Hz-1kHz)

Space-borne observatory

Low-freq. observation (<1Hz)

LIGO TAMA CLIO® Virgo
Enhanced @ @ ]
>0l =LIGO - = LPF ) - F
e ‘. LPF
Ad 4.\ Ac\ll ced ‘ % _
2015 e LISA # 2= = Pre- -
‘ AN DECIGO
=== | ISA \4
& =
2020 0.1mHz-10mHz
Detectlon rate Guaranteed = \/ _DE
~10 event/yr sources | . ’
BBO DECIGO
2025
0.1Hz band

Cosmological GWs
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BICEP2, (POLARBEAR.,...) DECIGO, (KAGRA, aLIGO,...)

21O REERVE BEhiREEEEA:
FHEARBKE B-modefRk FEERENRO®RN.
L DELA. o

[ cvBRXBMEES |
CMBIRIEDIBE—F |

s Cosmic gravitational wave
B 8 |
10 sec 380K yr ( last scattering surface ) Today {13.7 Billion yr)
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Fujihara2009-Meyer.pdf
Fujihara2009-Meyer.pdf
Fujihara2009-Meyer.pdf
Fujihara2009-Meyer.pdf

DECIGO Interferometer pecfeo

Interferometer Unit:
Differential FP interferometer

Baseline length: 1000 km
3 S/C formation flight
3 FP interferometers
Drag-free control

Arm cavity

Drag-free S/C
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_Organization | ~ pecTeo

Pl. Nakamura (Kyoto)
Deputy: Ando (Tokyo),Seto (Kyoto)

¢

4 Executive Committee b
Kawamura (ICRR), Ando (Tokyo), Seto (Kyoto), Nakamura (Kyoto),
Tsubono (Waseda), Tanaka (Kyoto), Funaki (ISAS), Numata
(Maryland); Sato (Hosei), Kanda (Osaka city), Takashima (ISAS),

| loka (KEK), Yokoyama (Tokyo), Akutsu (NAOJ)
| : | |
; Detector Science, Data
Pre-DECIGO Satellite
Akutsu (NAQOJ) Tanaka (Kyoto) :
Sato (Hosel) : Numata Seto (Kyoto) Funaki (ISAS)
: : (Maryland) Kanda (Osaka city)

Design phase
DECIGO pathfinder
Leader: Ando (Tokyo)

Mission phase

Sa[t)(st?lt—:ltoosrei) Laser Drag free Thruster Satellite Data
Akutsu (NAQJ) - Kanda

Ueda (NAQOJ) I\Gléilga((llll_g)) Sato (Hosel) FPunaki (I—?(?égi) (Osaka

Aso (Tokyo) city)
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__pecfeo

Orbit and Constellation ,

’ ' 1 : Separated
Candidate of orbit: ' | unit

Record-disk orbit around the Sun.

‘Relative acc. 4x1012 m/s?
(Mirror force ~10° N)

nstellation
Constellatio Separated overlapped

4 interferometer units units

2 overlapped units > Cross correlation
2 separated units > Angular resolution

1 b5 @oi pi ot 18 D 54 o b s ok 08 D S bi% @t s ol 38 D Y T TEY T LY S b5 @t s ol 38 D 54 0% v s o b 18 T Dpn 057 pn doimi s ok 18 1A $4 15 4o s ok 18 1A S b5 S b o
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SC|ent|f|c observatlons

Gravitational Waves form BH mergers
- BH formation mechanism

Gravity of the Earth
- Geophysics, Earth env1ronment

Science teChnoIogy

- Space demonstration for DECIGO
- Most tech. with single satellite
| (IFO, Laser, Drag-free)
Precision measurement in orbit
= IFO measurement |
under stable zero-gravity
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DPF Science pecfao

Astronomical observation
GW from merger of IMBHs-

- Formation mechanism

of supermassive BHs

~30 GCs within DPF range

Observation of the earth
Gravitational potential
- Shape of the earth
Environment monitor

Comparable sensitivity
with other missions

Observable Range

Coefficient Error

—
0
14
-
1]
G
a
=

 NGC7093

NGC7078 Including Merger

Galactic ]
Center]

10* 10° 10°
Mass [Msolar]

\\.,_'_Kaula Model I By A.Shoda

SGG (DPF)

50 100 150 200 250 300
Spherical harmonics degree

RESCEU APCosPA Summer School on Cosmology and Partlcle Astrophy5|cs (August 3rd 2014, Matsumoto)



FEHHES1-MICDOWT
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CNIXBTOHFabry-Perot iR B ORI{EILTREEE A

<~ 1030 nm Iaser source + fiber coupler :
Fibered EOM

& -

Input optics (BBM2) —

..~' Y . .

8 Cavity (300mm) PSS

Feedback to the piezo stage at the end mirror and Iaser source.
Ko oo

The cavity can be operated. by Kasuga

*RESCEU APCosPA Summer School on
Cosmology and Particle Astrophysics
(August 3rd, 2014, Matsumoto)
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SDS' ZHE ﬁd)SWIM (Space wire demonstration module)
2009 1A¥IB5 LT, 2010890R:EHFEIE

D #RTRIO FTHENRIRNS

TLSE BBNASLED
WESMOUF
(200951 A238) CUAXA

SpaceCubeZ:'Space-qualified Computer SWIMuv : User Module

CPU: HR5000
(64bit, 33MHz)
System Memory:
2MB Flash Memory
4MB Burst SRAM
4MB Asynch. SRAM
Data Recorder:

Processor test board
GW+Acc. sensor
FPGA board
DAC 16bit x 8 ch
ADC 16bit x4 ch
- 32 ch by MPX
Torsion Antenna x2

1GB SDRAM
1GB Flash Memory ~47g test mass
SpW: 3ch
Data Rate : 380kbps
Size: 71 x 221 x 171 1 Size: 124 x 224 x 174
Weight: 1.9 kg O8N Weight: 3.5 kg
Power: 7W Power: ~7W
SDS-1 4
Power +28V Power 15V, +5V
Bus SyStem RS422 for CMD/TLM SpW x2 for CMD/TLM

GPS signal

|“f'..,‘ A A o) 4 LY ] o) 4 LT 4 o) T st A

B0 pn A e

RESCEU APCosPA Summer School on Cosmology and Particle Astrophysics (August 3rd, 2014, Matsumoto)




DPF Sensitivity

Laser sburce : 1030nm, 25mW
IFO length : 30cm ) _
Finesse : 100, Mirror mass : 1kg ?Ir::ltucle. 509"'?10 .
Q-factor : 105, Substrate: TBD . ruster noise: 0.1pN/Hz
Temperature : 293K (Preliminary parameters)

Satellite mass : 350kg, Area: 2m?

)

Cavity length: 30cm
Laser: 1030nm, 25mW
Finesse: 100

Mirror mass: 1kg
Q-value of a mirror: 10°

10

Laser Frequency
noise

Shot noise |

Q|—|
N
I
~
—
©
>
@
(¢D)
2
(@)
Z

Frequency [HZ]
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0.5-10 uN x 8 (FIE)

53 % HE 0.1 uN
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Fl#mE >10Hz

Isp TBD

TH-BE <40W, <40kg

JEFH% 4,300 E5FE

RESCEU APCosPA Summer SchooI on Cosmology and Partlcle Astrophy5|cs (August 3rd, 2014 Matsumoto)




DPFYAFL70VvYVE pECT50

(L0000 13 52 15 4P st 1 DALONS 01 41 10 b s 5 PALORS £ 62 10 4t b JH RALHS 1 62 10 et P TR DR 14 62 1 4P -t 18 FALCRS 14 62 10 4 P00 et 18 .00 01 52 10 4 P00 s 1 DELORS 01 2 10 4 s Bebh A DALONS 01 61 10 4 s (st A DALORS 1 42 10 4 s st PR RALCRS 10 62 0 4

’h”mn Payload

=
AOCP-A AOCP-B CTRL

ACFS [AcFs ||

unregulated
50 voltage

S
CTRL
->Mlsf. on X 4ch T'-“
> & Cll it -

~NW ™I
o ‘ CTRL
IFO
CTRL

— RD TLM/CMD
SA SEP
Valve ]

Module 21 51'?
T— TCiIM

Valve [ pky—

Module 1| PFD

Data Handling Network{DH-N/W)
100Mbps X n max

Avionics Control Network (AC-N/W

N 50V Primary Power from PCU
Bl NIC (Network Interface Circuit

[I] ACIM (Attitude Control Interface Module)
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Black hole events
in our galaxy

IMBH inspiral and merger

Obs. Distance 40kpc,
for m= 2 x10% My,

Obs. Duration (~1000sec)

Observable range covers
our Galaxy (SNR~5)

There may be IMBH at GCs
DPF covers ~30 GCs

Hard to access by others
= Orlgmal observatlon

Inspiral - Merger Ringdown

i }
RN
A é :
h /\N\/‘
: known 'supercomputer: known
~1000 cycles | S'mUL?t'O"‘S '
 — | Thorne
=107 U NBCIO78 s
& . NGC7093 Including Merger
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Measure gravity field of the Earth
from Satellite Orbits, and gravity-gradiometer

> comprehensive and homogeneous-quality data

GRACE - Annual Cosine GRACE - Annual Sine

Determine global gravity field -
- Basis of the shape of
the Earth (Geoid).
Monitor of change in time
- Result of Earth’s dynamics
Ground water motion
Strains in crusts by -
earthquakes and volcanoes

6 .30 3 5
Geoid Height (mm)

Seasonal change of the gravitational potential
observed by GRACE
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3-types of satellite gravity missions

/ :
Satellite-to Satellite
tracking High-Low

-Observe satellite orbit
by global positioning
system (GPS,...)
«Cancel drag-effects
by accelerometer

D 4

Y

Satellite-to Satellite
tracking Low-Low

*Distance meas. by
along-track satellites .
«Cancel drag-effects -
by accelerometer

Satellite
Gravity Gradiometry

*Observe potential by
gravity gradiometer

-Drag-free control for
cancellation of drags
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DPF sensitivity pecfeo

Comparison of sensitivities

Better in low orders (large scale) & Sensors
Worse in high orders (small scale) < Altitude

-8
10 ‘\ | — ] %
*~..Kaula Model e S ST
-9 e Ocean Circulation Mission
« 10 ESA SP-1233(1) July 1999.
g ol A N e A A e
w 10 —A men
=
2 107"
O
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‘® 107"
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.\ 107" £ E o
SGG (DPF) = - 5
1014 (with margin 10) _ S © 7
) 50 100 150 200 250 300

Spherlcal harmonlcs degree
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Mission design
«Structure and thermal modeling
-Drag-free control design’

Design : NEC
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DPF WG actlwtles pecfeo

BBMs ('Bread-board model) for Core components

Laser stabilization module

*&WE’]'}%M&F}L AEESEHEST

Interferometer module

Univ. of Tokyo, NAOJ

UEC, NICT, NASA/GSFC
TeSt'maSS mOdUIe NAQOJ, Hosei Univ. /

Low-noise thruster module

Ml S ofmm)
A& (f VIRIVED

Ll

<T‘> 30[mm)]

EXZY P
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SWIM
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Small Module SWIMuv on SDS-1
Launched Jan. 2009, Terminated Sept. 2010

TAM: Torsion Antenna Module with free-falling test mass
(Size : 80mm cube, Weight : ~5009g)
Test mass -

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

WESMOHT
(200941 H238) SUAXA

Photo sensor

N
Reflective-type optical v

. displacement sensor
Separation to mass ~1mm
Sensitivity ~ 10-2 m/Hz1/2
6 PSs to monitor mass motion
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Though limited by non-fundamental noises,
best as a space-borne GW detector.

Magnetic Coupling: Magnetic Coupling: By W.Kokuyama
1 Orbital Period Satellite Spin (46.5mHz)
10 (~100min)
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Continuous data taking

Jun 17, 2010 ~120 min.
July 15, 2010 ~240 min.
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Upper Limit on GWB pecieo
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Upper Limit at two frequencies (tWo polarizations)

‘Forward” mode QgF\YVV = 1.7 x 103!
‘Reverse’ mode ng = 3.1 x 103¢
(C.L. 95%, fO 18mHz, BW 4mHz)

f =17.93 mHz, BW=4.48 mHz, N=56

gw
< Forward Mode
Estimated: __ = 4.1 x 1030

2 Reverse Mode
—— Estimated: ©__ = 0.8 x 10°°

0
By W.Kokuyama Amplitude
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KAGRA (~2016) DECIGO (~2027)
Terrestrial Detector Space observatory
- High frequency events - - Low frequency sources

Target: GW detection Target: GW astronomy
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