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Introduction

-The first GW (and EM counter part) detections
demonstrated new possibilities by GW astronomy.
- More events, More precise parameter estimation.

-As for BNS, we need more events, sky localization,
higher SNR for astrophysics and nuclear physics.

e

-Network of 2nd-gen. GW antennae (aLIGO, AdVIRGO,
KAGRA, LIGO-India) is being formed.

-Two ways after that for Astronomy and Cosmology:

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

- Space GW antennae (LISA, DECIGO/B-DECIGO, ---).
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Conceptual Design

DECIGO

(DECI-hertz interferometer
Gravitational wave Observatory)

Arm length: 1000 km

Finesse. 10 N
Mirror diameter: 1 m g?\
Mirror mass: 100 kg

Laser power: 10 W

Laser wavelength : 515

S/C: drag free

3 interferometers Drag-free S/C
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‘Window'’ for the Early Universe

Qcw

(GW energy ratio for critical density of the universe)

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

Energy density « Tensor-Scalar Ratio (r).
Power spectrum : Evolution history of the Universe.
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Roadmap for DECIGO

2009

~2030

Original figure:
S.Kawamura
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B-DECIGO
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Space GW Observatory: B-DECIGO

% Renamed in 2016: 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
(1) Compact binaries. g
(2) IMBH merger.
(3) Info. of foregrounds
for DECIGO.

Fig. by S.Sato

Target: JAXA Strategic Medium-scale mission (~2030).
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B-DECIGO Design (Preliminary)

Mission requirement:

Strain sensitivity 2x10-23 HzY/2 (1Hz)
84

* Disp. noise : 1x10°18 m/Hzl/2

* Force noise : 1x10-16 N/Hzl/2

Arm length: 100 km
Finesse: 100
Mirror diameter: 30 cm
Mirror mass: 30 kg
Laser power: 1 W

Laser wavelength : 515 nm
Orbit : TBD
(Record-disk around the Earth?)
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Sensitivity Curves

T. Nakamura et al., Prog. Theor. Exp. Phys. 093EQ01 (2016)
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Sciences by B-DECIGO

(1) Inspiral of Compact binaries [‘Promised’ target]
- High rate ~10° binaries/yr.
- Estimation of binary parameters and merger time.
- Astronomy by GW 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?
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Observable Range

30M; BBH Merger : 100 Gpc (z~10) range
with SNR~8 (optimal direction/polarization).
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Parameter Estimation Accuracy

Merger can be predicted
with
Localization ~0.1deg?
Merger time ~1sec
before merger for z=1
events (30Mgy BBH)!!

T. Nakamura et al., Prog. Theor. Exp. Phys. 093E01 (2016)
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B-DECIGO Sciences for CBC

-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/II, or Primordial BH).

-Range for BNS is ~2Gpc 2 ~ 100 events/yr .

-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 binaries.
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Sciences by B-DECIGO

(1) Inspiral of Compact binaries [‘Promised’ target]
- High rate ~10° binaries/yr.
- Estimation of binary parameters and merger time.
- Astronomy by GW and GW-EM observations.

(2) Inspirals and mergers of IMBHs [Original science]
- Cover most of the universe.
- Formation history of SMBH and galaxies.

C>(3) Foreground understandings for DECIGO [Cosmology]

- Parameter estimation and subtraction of binaries.
- Characteristics of foreground.
- Is the any eccentric binaries?
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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.

10

Qcw (GW Energy Density Ratio)
—
S
=

- Kuroyanagi+, PRD (2009)
- Pablo, PRD (2011)

GW from Inflation
L L L | ] ]

PPTA

KAGRA
\V

B-DECIGO

MBH-MBH

aries [?ECIGO

20 40 10 107 10

-15 -10 0 5

10
Freq. [Hz]

GWADW2021 (May 17th, 2021, Online)



Estimated Noise Sources
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Technical Challenges

-Long-baseline Interferometry (Disp. <1x10-18 m/Hz1/2)

- Optical configuration for IFO, and laser source.

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

- Initial 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.

Mission Design

- Orbital Design, Initial Mission sequence.

- Resource distribution, Launcher, Cost estimation.
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B-DECIGO Study

-B-DECIGO System Design

- Feasibility study by a company

- Mass, Power, Thermal, Communication,
Launch/Orbit, S/C control, S/C design,:--
- Confirmation of feasibility (Preliminary)

[ S/C mass ~430kg, power ~450 W ]
- Cost estimation

- Possibility to be within JAXA mission’s cost cap.
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B-DECIGO R&D

- Technical Survey -Space demonstration in
as the first step of trade-off cooperation with the Formation-
studies. Flight Working Group of JAXA

P fi5 TN aerospace engineering committee.
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Developments

-Developments in 550
- Interferometer prototype // as:

Isolated optical benc

- Laser source and stabilization
- Drag-free control

- Thruster test

- Formation flight simulation

-Related presentation:

#57 (Poster presentation)
‘Demonstration of a dual-pass differential
Fabry-Perot interferometer for future
interferometric space gravitational wave
antennas: DECIGO and B-DECIGO’

by Koji Nagano
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Roadmap
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Summary
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nint1a"%

-First direct detection of GW was achieved by LIGO
100 years after the theoretical prediction by

A. Einstein by General Relativity.

-It opens the new field of ‘Gravitational-wave
astronomy’. We obtained a new prove to understand
the universe.

-The field will be expanded by antennae with better
sensitivity, and with different frequencies.

-B-DECIGO will provide fruitful sciences. Future
DECIGO will be one of the dream of science; it will
be able to observe the early universe directly.
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End
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Interferometer Design

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

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
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Trade-off Study for Descope

What happens if we degrade the target sensitivity.
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Parameter Estimation Accuracy
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Fig. 11 Time evolution for (a) SNR and (b) angular resolution of GWs from 30M, equal-

mass BH binaries at the distance of z = 0.1. We assume a« = 4 = 1.0rad. v = 0.5rad. and
cost = 0.5.

T. Nakamura et al., Prog. Theor. Exp. Phys. 093EQ01 (2016)
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Sensitivity Curves

T. Nakamura et al., Prog. Theor. E

xp. Phys. 093E01 (2016)
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B-DECIGO Requirements

Displacement Noise
Shot noise 1 x 1018 m/HzY2 (01w

E> ~ x10 of KAGRA in phase noise

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

Force (Acceleration) Noise
Force noise 1x10°16 N/Hzl/2 (©.1hy

) x 1/60 of LISA

External force sources
Fluctuation of magnetic field, electric field,
gravitational field, temperature, pressure, etc.
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Force Noise Requirements (1)

B-DECIGO

Magnetic noise
Magnetic fluctuation, 8 B [T/rtHz]

Magnetic gradient, B' [T/m]
Residual gas thermal

Pressure [Pal

Solar radiation pressure noise
Solar radiation fluctuation [N/rtHz]

Local sensor sensitivity [m/rtHz]
Thruster noise, Fth [N/rtHz]
Coupling, a [1/5*2]

Actuator noise

Actuator noise, Fact [N/rtHz]

K.Nagano (2019)
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Force Noise Requirements (2)

B-DECIGO

Thermal radiation fluctuation
Temperature fluctuation, 8 T [K/rtHz] rle-ﬁ
Common mode rejection 1

Shield }19 -2
Frequency noise

Frequency noise [Hz/rtHz]

Control gain

Thermal noise

Substrate loss angle

Costing loss angle (Si0z, Taz0s)

Beam radius [cm]

K.Nagano (2019)
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Formation Flight

-Formation flight is achieved by 2 steps.
* TM-TM: Length measurement and control by
the laser interferometer.
* TM-S/C: Control by local sensor and thruster

Displacement Signal between S/C and Mirror

Local
Sensor

Thruster Thruster

Actuator

Displacement signal between the two Mirrors
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Formation Flight Requirements

-TM (mirror): untouched from S/C for reduction of FN.

-Laser interferometer ranging. S ———
< 1x10-18 m/HzY/2 (0.1Hz)
Length accuracy < 0.5%

-Force noise from S/C motion.

between the two Mirrors

- Drag-free (Control S/C to follow TM)
< 2x10-11 m/HzY2 (0.1Hz)
- Coupling between S/C-TM < 5x10-8 /s2

-Initial acquisition.
- High-dynamic range scanning to find relative position.
- Switch to the final now-noise sensor/actuator.
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Drag-Free Requirements

-Drag-Free Control: Suppress in-band S/C motion.
- Keep the relative position within linear range of
the local sensor/actuator.
TM-S/C RMS motion < 0.1mm
- Signal communication between Bus — Mission comp.
- Drag-free: Gain > ~40 (0.1Hz), Band > ~10Hz

-Low-noise thruster: Suppress solar radiation noise.
- Max force > 100 puN (tunable force)
- Thrust noise < 10-7 N/HzY2 (100Hz)

-Selection of the orbit:
- Tidal force on TM < Range of control actuator.
- Trade-off with Duty factor, Mission lifetime.
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Initial Acquisition

-3 steps for Initial lock acquisition:

(1) Launch and introduction to the reference orbit,
by S/C tracking from the earth.

(2) Find the laser beam from each other,
by on-board instruments.
- Accuracy : ~10cm mirror diameter, 100km

separation - 107° rad is required.

- Reasonable scanning time <~hours.

(3) Fine alignment using the main beam.
- Length sensing by the main FP interferometer.
- Wave front sensing by the main beam.
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Initial Acquisition of GRACE-FO

-Laser Ranging Interferometer (LRI) of GRACE-FO
- Baseline length ~250km, Mirror diameter ~3cm
- Scan the beam by a steering mirror.
- Initial acquisition was achieved by 9-hour scan.

Laser Ranging Interferometer Initial acquisition scan results after 9 hours

* Optical bench is rather simple
* Elegant and efficient beam steering that aligns both TX and RX with a single steering
mirror that is outside of the sensitive path

* Send 90% of laser beam to other spacecraft via steering mirror and triple mirror;
use 10% as local oscillator for beatnote detection on photodiode

First downlink: beautiful evidence of heterodyne signal

G.Heinzel (KIW6, June, 2019)
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Idea of Initial Acquisition

-Idea to use beam scan by AOD (Acousto-optic deflector)
- Good spatial resolution.
- Quick scanning without mechanical actuator.
- Less affected by laser frequency and intensity drift.
- 100mW laser source, 3sec for 1km scan.

Fig. by Nak i (2018
AP p— ig. by Nakamori ( )
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B-DECIGO Orbit

-Selection of orbit
- Low relative acceleration for free-falling TM.
- Stable orbit even without length control.
- Trade-off with launch cost and tele-communication.

Solar Orbit (LISA-like) E(azrt(;‘oglzgf 36,000km) Lagrange Point

B-DECIGO
B-DECIGO b

HhEk
60° L1

2-body problem 60°
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and the-Earth

2-body) problem

<

A5 with jhe Su

Figure by S.Sato
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Numerical Simulation on Orbit (1)

-Earth Orbit (2,000km) riure by S-53t0
- Thermal step | N
- Orbital period ~2hour

- Length change ~5x10-3 — Earth Orbit
h i | - Dawn-Dusk
. 0 ) | ~ (Sun synchronous
-Earth Orbit (36,000km) o B - Record- Dlsk

- Thermal step
- Orbital period :24hour
- Length change ~7x104
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-Solar Orbit (LISA-like)

- Thermally stable

- Radius : 1AU

- Orbital period: 1yr

- Length change ~2x10°
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Numerical Simulation on Orbit (2)

Figure by S.Sato

-Earth Orbit (2,000km)
- Dawn-Dusk
(Sun synchronous)
No thermal step
- Record-Disk
- Length change ~2x102
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B-DECIGO Data Analysis

-Challenges in data analysis of B-DECIGO:

* Separation of many signals.
Signal rate ~10~ /yr - 1 event/5min.
Basically, it is possible to separate them, by
identifying and subtracting the waveform one
by one from the largest SNR signals.

* Computational power.
Orbital motion of B-DECIGO - signal modulation.

- Critical for sky localization by single IFO unit.
- May be a challenge in data analysis.

* Low-latency data processing and analysis.
Data-processing strategy to send alerts of mergers.
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Foreground Cleaning

-Preliminary demonstration of data analysis

Inject ~ 10> NS binary
waveform to simulated
DECIGO noise.

Demonstration of N
identification and 1) Yt pover specim

obs ) — Amim ~ 1{}_33},
subtraction from '_ﬂ s~ 10°%

largest signals

Successful. However, found that high parameter
estimation accuracy is required - Am/m < ~107 %
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