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After the First Detection ... pec?eo

-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.

s

-Network of 2"d-gen. GW antennae (aLIGO, AdVIRGO,
KAGRA, LIGO-India) will be formed in several years.
- Two ways after that for Astronomy and Cosmology:

- 3r1d—gen. ground-based GW antennae (ET, CE).

- Space GW antennae (LISA, DECIGO, ASTRQOD,:-).
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Multiple-band Observation

-Electro-Magnetic Observations :
Multiple-band observations
(Radio, Optical/IR, X-ray, y-ray)
- Variety of knowledge corr. to

the Energy and Temperature
of the target.

- Gravitational-wave Observations :
Frequency of radiated GW

- Variety of knowledge corr. to
the Time scale and Mass of sources.
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GW Science at Low Frequency pgetso

-Low-Freq. (~0.1Hz) GW antennae
will provide original sciences:
* Mass and orbital parameters of binaries,
* Intermediate-Mass Black Hole binaries,
* Stochastic background GW.

N

-Fruitful sciences by space-borne GW antennae
B-DECIGO: h~10"23 Hz~ /2 (0.1Hz).
-Cosmological Observation by

DECIGO : h~10"2* Hz='/2 (0.1Hz).
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Space GW Antenna DECIGO  pgefao

DECIGO (DECI-hertz interferometer Gravitational wave Observatory)

e 5

Purpose: To Obtain Cosmological Knowledge.

Direct observation of the origin of space-time

R and matter in Big-bang Universe. 3

Interferometer Unit:
Differential FP interferometer

r ' Arm length: 1000 km
“3i Jikiad Finesse: 10
: Mirror diameter: 1 m
"N 2 oom Mirror mass: 100 kg
g ¢ BRES Laser power: 0w

Laser wavelength: 532 nm

L EHCE
‘ _,'._('E”E"a'f",”i'ﬁ) S/C: drag free
~SR “l j\ 3 interferometers

B Drag-free S/C
. ~137MEEE
b
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DECIGO Observation Band pec?eo

Space GW antenna [> ‘Bridge’ the obs.gap between
Obs. band around 0.1 Hz © LISA and Terrestrial detectors
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Observation of the Early Universe pgefso
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‘Window'’ for the Early Universe pgeteo

Qcw (GW energy ratio for

DECIGO band is open window for direct
observation of the early universe.

critical density of the universe)
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GW Energy Density and Amplitude

-GW energy density ratio GW energy density

1 dpew(f)

pc dlnf

St Critical energy density
of the universe

Qew(f) =

i Equivalent GW Amplitude :
jl> 3 H 2 1/ lC_II(;anStEIae n?:
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GW Energy Density and Amplitude

héw(f) = %ch(f)
e

Freq. [HZ] Freq. [HZ]

[ Smaller amplitude in high freq. ]
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‘Window'’ for the Early Universe pgeteo

Qcw (GW energy ratio for

DECIGO band is open window for direct
observation of the early universe.

critical density of the universe)
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Observation of GW from Inflation pgefeo

BICEP2, (POLARBEAR,---)  DECIGO, (KAGRA, aLIGO, )

CMB B-mode polarization GWB observation by
observation by micro-wave GW telescope.
telescope.

[CMB pol. telescope]

Primordial South Pole Telescope
Gravitation _ / o
a EM Wave (microwave) _,
i .
: ' I i gravitationa] wave
Inflation Gravitational Wave :
| —y
10% sec 380K yr ( last scattering surface ) Today (13.7Billion yr)

FHO LAY

[GW telescope ]

Original figure by Tajima (Kyoto 2011)
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GW from Inflation pec?eo

Stochastic background GWs by quantum fluctuation
- Earlier-generated GWs in inflation period

Physical scale

entered later into the horizon of the universe.

"~ ~380 kyr.
-~ CGMB B-mode
- "~ ~10-24 sec.
- > DECIGO
Inflation ¢.D.R.D. M.D. AD. e

> ln a 06 (2008) 020.
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Probing the Early Universe by GW pge?eo

-GWs will carry direct information on the early universe.

-Spectrum : Initial fluctuation + Evolution history

v /

Depends on r (tensor- Different age in different freq.
to-scalar ratio), which Higher freq. = Earlier universe
may be also pinned-down - Reheating temperature

by CMB B-mode polarization - Thermal history of the universe

observation.
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GW from Inflation

Energy density « Tensor-Scalar Ratio (r).
Power spectrum : Evolution history of the Universe.
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Conceptual Design pEcT6o

DECIGO

(DECI-hertz interferometer
Gravitational wave Observatory)

Arm length: 1000 km

Finesse: 10 o
Mirror diameter: 1 m f
Mirror mass: 100 kg

Laser power: 10 W

Laser wavelength : 532

S/C: drag free

3 interferometers Drag-free S/C
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Space GW antenna

% S
LISA

(Laser Interferometer Space Antenpa

- Target: SMBH, Binaries.
GWs around 1mHz.
- Baseline : 1-5M km.
Constellation flight by 3 S/C
- Optical transponder.

pEcG60

”

)

DECIGO

(Deci-hertz Interferometer

Gravitational Wave Observatory)

- Target: IMBH, NS binaries.
GWs around 0.1Hz.
- Baseline : 1000 km.
Formation flight by 3 S/C.
- Fabry-Perot interferometer.

Drag-free S/C

~

=
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Interferometer Design pecieo

Transponder type vs Direct-reflection type
Compare : Sensitivity curves and Expected Sciences

[> Decisive factor: Binary confusion noise
Laser: 10W, 532nm

Mass: 100kg
Mirror: 1m dia.
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Arm length pEcTeo

Cavity arm length : Limited by diffraction loss

Effective reflectivity (TEMoo > TEMqo)

Laser wavelength : 532nm

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

Diffraction Loss

TAMA LCGT DECIGO LISA
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Cavity and S/C control pEcTGo

/Cavity length change .

PDH error signal = Mirror position (+Laser freq.)
Relative motion between mirror and S/C

3 Local sensor > S/C thruster 3
Displacement Signal between S/C and Mirror
Local
Sensor
|
/ Mirror \
Thruster Thruster

Actuator

Displacement signal between the two Mirrors

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



Requirements pecfeo

Displacement Noise |
Shot noise 3 x 10718 m/HzY2 (0.1

E> X 10 of KAGRA in phase noise

Other noises should be well below the shot noise
Laser freq. noise: 1 Hz/Hz/2 (g
Stab. Gain 10°, CMRR 10-

Acceleration Noise
Force noise 4x10-17 N/HzY2 (11

) x 1/50 of LISA

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

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



Orbit and Constellation pec?eo

Candidate of orbit: | Separated

unit

Record-disk orbit around the Sun

Relative acc. 4x10712 m/s2
(Mirror force ~10° N )

Constellation eSS A
= ratedé\ overlapped

. . nit -
4 interferometer units — units

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

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

pEcTGo

Figure: S.Kawamura

20145 1551608 178 188810 20582 2923 24 25 26407 + 288829, ~S0R51 ., ST
R&D R&D R&D
3 Fabrication Fabricatio Fabrication
S ®
A »./\
2 &3
=
Ground test
+ Piggy- B-DECIGO DECIGO
1/SWIM back
opportunity
Y .
g Demonstration anau wesu  Sciences by GW GW Astronomy
S of space IFO observation and Cosmology
= technique
Y Micro-g experiment FF with 3 S/C
é' FP cavity + Drag-free 35/C, 3 arms. 3-4 IFO units

#
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Space GW Observatory: B-DECIGO pgefeo

[>< We changed the name: Pre-DECIGO > B—DECIGO}

-B-DECIGO

- Space-borne GW antenna formed by three S/C
- Target Sensitivity for GW : 2x10-23 Hz'¥/2 at 0.1Hz.

-Sciences of B-DECIGO s SR
(1) Compact binaries. ' "
(2) IMBH merger.
(3) Info. of foregrounds =
for DECIGO. —Fig. by S.Sato

Target: JAXA Strategic Medium-scale mission (2020s).
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B-DECIGO Design (Preliminary) peefeo

-Mission Requirement
- Strain sensitivity of 2x10-23 Hz1/2 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).

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



Sciences by B-DECIGO pec?eo

(1) Inspiral of Compact binaries [‘Promised’ target]
- High rate ~10° 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?

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



Target (1) : Compact Binaries

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

Several month to a
few sec be\fore merge{}

time

Y

Low.-freq. > B-DECIGO

-

( High-freq. = Ground based\

J

Astrophysics, EoS of NS

Mass, Position, Time, -
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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.

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



Sensitivity Curves pecPao

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

30M, BBH Merger : 100 Gpc (z>10) range
with SNR~8 (optimal direction/polarization).

~ 30M, BH merger
= at 100 Gpc (z~10)

GW151226
11 II|

z =100

Detectable Luminosity Distance [Mpc]

-
o
N

10° 10"

102

103 10* 10° 10° 107 108
Mass of Star [M ]

solar
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B-DECIGO Sciences for CBC pec?eo

-With its BBH observable range, in B-DECIGO
Detection Rate will be ~4 x 10* — 10° events/yr .
- Possible to identify the origin of BBH :
Pop-III, Pop-I/I1I, or Primordial BH.
-Range for BNS is ~2Gpc 2> 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 (~10°) :
* Localization, Merger time > Alerts for GW-EM.
* Mass, Distance, Spin = Origin and nature of BBH.

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



Parameter Estimation Accuracy pgefeo

Probability
Probability

Frobability
Probabilit

T. Nakamura et al., Prog. Theor. Exp. Phys. 093E01 (2016)
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Target (3) : Foreground Understan

dings

In future DECIGO, unresolvable GWs by many
binaries can be a foreground for primordial GW obs.
> Gain understandings with >100 binaries.

Freq. [HZz]
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Current Issues on B-DECIGO  pgefeo

-Parameter estimation accuracy.
Quantitative evaluation of the
B-DECIGO performance:
Mass, Sky position, Merger time,
Inclination, Distance, Spin,.... oF ot o
-Data analysis scheme: Preliminary results by K.Eda
Parameter estimation and subtraction,:--.
-Antenna Design:
Orbit, Interferometer design, Acceleration noise,
Formation flight and Control Scheme, ---

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



Technical Challenges pecieo

-Long-baseline Interferometry (Disp. <2x10-18 m/Hzl/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.

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



Technical Developments pec?eo

Stabilized Laser Source

n LR N e
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SDS' 1/SWIM (Space wire demonstration module)
Launch in Jan. 2009, Terminated in Sept. 2010

E> 1st Space GW antenna (?)

TLSE BBNASLED
WESMOUF
(200951 A238) CUAXA

SpaceCube2: Space-qualified Computer SWIMmn : User Module A
CPU: HR5000 Processor test board
(64bit, 33MHz) GW+Acc. sensor

System Memory: FPGA board

2MB Flash Memory DAC 16bit x 8 ch

:m: f\“rst :R::AM ADC 16bit x 4 ch

synch. _

Data Recorder: _) 32 ch by MPX

Torsion Antenna x2

1GB SDRAM
1GB Flash Memory ~47g test mass
Sz B Data Rate : 380kbps
Size: 71 x 221 x 17 R 1 Size: 124 x 224 x
Weight: 1.9 kg ® Photo by JAXA 1.74 e
Power: 7W Weight: 3.5 kg
’ Power: ~7W
SDS-1
Power +28V Power 15V, +5V
Bus SyStem RS422 for CMD/TLM SpW x2 for CMD/TLM
GPS signal

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



SWIMpv pEcT60

Tiny Space GW antenna (Torsion-bar
antenna) , R

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

~47g Aluminum, Surface
polished

Photo sensor -

Reflective-type optical
displacement sensor

Separation to mass ~1mm

Sensitivity ~ 102 m/Hz1/2

6 PSs to monitor mass motion

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



Stabilized Laser Source (1/3)  pec?eo

Light source : Yb-fiber DFB laser
(Koheras AdjusteK Y10)

light source part consists of
fiber components (inline PBS, inline PC)

Light source: Yb:fiber DFB laser
(The Koheras BasiKk™ Y10 )

beam expander is mounted
to suppress the TOF broadening effect
monolithic optical bases is introduced

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



Stabilized Laser Source (2/3)

Stabilized Laser Source : BBM2 Fig. by A.Suemasa

iodine cell
P | (400 mm) €

Pump beam UEiE L

} - EOM

200 kHz (FG PD

| |
|

. “—

nonlinear Xta
] SHG ~‘y,%lﬁlm Laser
(A=1030nm)

1030 nm—=515 nm
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Stabilized Laser Source (3/3)  pecteo

BBM2
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JAXA Roadmap pecTao
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Summary DE@?@O

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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