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Gravita4onal	Wave	Detec4on	

100	years	
Predic2on	of	GW	

first	detec9on	of	GW	
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Japanese	GW	detector	

(Kamioka	Advanced	GRavita3onal	wave	Antenna)	

・�arm length：3-km !
・�cryogenic mirror!
・�underground!
・ laser power :150 W!

KAGRA+	

TENKO100	

NAO	20m	
TAMA	300	

CLIO	

2019〜　observa9on	run	will	start	

What’s	Next	

DECIGO	
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outline	

○　Gravita4onal	Wave	Detec4on	

○　DECIGO	

○　B-DECIGO	

○　Summary	

○　Light	source	for	DECIGO/B-DECIGO	
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DECIGO	DECIGO �

(DECi-hertz	Interferometer	Gravita2onal-wave	Observatory)		DECIGO	

Proposed	in	2001		by	N.Seto,	S.Kawamura,	T.		Nakamura	

Low-frequency	GW	detectors							

Accelera3on	of	expansion	of	Universe	
GW	from	coalescence	of	distant	NSB	

Phys.Rev.Lea.81	(2001)	221103	

 Direct observation of the origin of space-time  
      primordial GW coming from the inflation 
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DECIGO	DECIGO �

(DECi-hertz	Interferometer	Gravita2onal-wave	Observatory)		DECIGO	
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test-mass	mirror	
(drag-free	controlled)	

laser	

detector	

Space	crac	

DECIGO	

Differen2al	Fabry-Perot	interferometer	 •  3 S/C formation flight!
•  3 Fabry-Perot interferometer!
                L=1000 km!
                F=10!
•  mirrors   w=100kg. !
                      Φ=1m!
•  drag-free control!
•  laser power   10W@0.5 µm!
	

Arm length 1000 km�

Drag-free!
spacecraft�

DECIGO �

(DECi-hertz	Interferometer	Gravita2onal-wave	Observatory)		

4	interferometer	units	
				2	overlapped	units		->	cross	correla2on	
				2	separated			units		->	angular	resolu2on	

launched:	mid	2030s	

DECIGO	

record-disk	orbit	around	sun	

4x10-12	m/s2	
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space	GW	antenna	

LISA	 DECIGO	

triangle-shaped	laser	interferometric	space	GW	antenna	

baseline	2,500,000	km	

constella2on	flight	of	3	S/C	

laser	transponder	

baseline		1,000	km	

Fabry-Perot	interferometer	

forma2on	flight	of	3	S/C	

laser	wavelength			1µm	 laser	wavelength			0.5	µm	

(Laser	Interferometer	Space	Antenna)	 (Deci-hertz	Interferometer	GW	observatory)	

much	lower	frequency		 much	photons	
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space	GW	antenna	

LISA	 DECIGO	

triangle-shaped	laser	interferometric	space	GW	antenna	

baseline	2,500,000	km	

constella2on	flight	of	3	S/C	

laser	transponder	

baseline		1,000	km	

Fabry-Perot	interferometer	

forma2on	flight	of	3	S/C	

laser	wavelength			1µm	 laser	wavelength			0.5	µm	

(Laser	Interferometer	Space	Antenna)	 (Deci-hertz	Interferometer	GW	observatory)	

DECIGO�

KAGRA�

LISA	

(correlated)�

(1 unit)�

1	mHz	

0.1	Hz	

SMBH	 IMBH	

BNS	
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design	concept	

Cavity arm length  

Laser	wavelength	:	515nm			
				Mirror	diameter:		1m	
				Op2mal	beam	size		
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Mirror diameter : 1m
Optimal beam profile

(1x106m)

Nd:YAG laser : 532nm

1000 km  is almost max. 

Laser	power	

DECIGO�

KAGRA�

LISA	

radia2on	pressure	noise	
shot	noise	

Quantum	noise	limited	
										radia2on	pressure	noise	
										photon	shot	noise	

10	W	,	515	nm	

diffrac2on	loss	 strain	sensi2vity	
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DECIGO�

KAGRA�

LISA	

(correlated)�

(1 unit)�

DECIGO-	targets	

IMBH binaries�

○　NSB-inspiral										　　      　　　　　	
　　　　　　　　　	
○　IMBHB-inspiral		　　　　　　　　　　　　	

Forma2on	mechanism	of	SMBH	
Galaxy	forma2on	
Cosmology	(infla2on,	dark	energy)	

○		5	years	before	NS-merger	 Predic2on	for	mul2	messenger	
Improving	parameter	accuracy	

year	
month	Day	Hour	

Sec	Min	
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DECIGO�

KAGRA�

LISA	

(correlated)�

(1 unit)�

DECIGO-	targets	

○　Stochas2c	background			　　　  Birth	of	Universe	

from	very	early	universe	 verifica2on	&	characteriza2on	
									of	infla2on	

	WD-WD	

confusion	noise	
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GW	from	Infla2on	

primordial	GW	

SMBHI	

thermal	history	

Energy	scale	of	infla2on	 Energy	scale	of	rehea2ng	
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Kuroyanagi	et.al.	PRD	(2009)	
Pablo	et.al	PRD	(2011)	

GW	from	Infla2on	

MBH-MBH	
WD-WD	

NS-NS	

WD-NS	

PPTA	
KAGRA	

LISA	

DECIGO	

GW	from	Early	Universe	

Open	window	for	direct	observa2on	of	early	universe	

rehea2ng	

hGW
2 f( )∝ f −3ΩGW f( )
r=0.1,				TR=109	GeV	
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2012	 13	 14	 15	 16	 17	 18	 19	 20	 21	 22	 23	 24	 25	 26	 27	 28	 29	 30	 31	 32	 33	 34	 35	

objective�
scope�

      R&D!
Fabrication�

DECIGO	-roadmap	

SWIM � DPF     �

Feasibility tests in orbit�
GW detection �

Earth gravity observation�

Short F.P. Interferometer�

Single	small	S/C	

NS-NS binary�
 Detection of GW!

F.P. cavities between S/Cs�

single-unit�

Pre-DECIGO�

M-S/C		
3 S/Cs, single IFO�

GW astronomy�

3 S/Cs, 3IFOs �
3 or 4 units�

DECIGO�

M〜L	S/C	

BH-BH	binary	
Background	GW	

m
ission

	

Technology	demonstra2on	
				of	space	IFO	technique	

					Micro-g	experiment	
Short	F.P.cavity		drag-ree	

Ground	Test	

Piggy	Back	

Proposal	of	DECIGO	:		Seto	et.al	PRL	87	(2001)221103		

sensing	&	control	1y	
													2010	

SWIM	

 Detection of GW!
Original Science�

single-unit�

B-DECIGO�

M-S/C		
3 S/Cs, 3 IFO  �

      R&D!
Fabrication�
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outline	

○　Gravita3onal	Wave	Detec3on	

○　DECIGO	

○　B-DECIGO	

○　Summary	

○　Light	source	for	DECIGO/B-DECIGO	
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B-DECIGO	
Conceptual	design	

F.P.	Michelson	interferometer	
Triangle					3	S/C	
Drag-free,	forma2on	flight	
3	years	opera2on	

armlength!
（km）	

test mass!
（kg）	

mirror diam.!
（cm）	

power!
（W）	

unit	

DECIGO	 1000	 100	 100	 10	 3〜4	

B-DECIGO	 100	 30	 30	 1	 1	

Photo-
detector 

     mirror 
(test mass)	 100km	

Sun	synchronous	orbit	

Cartwheel	orbit	around	the	earth	

al2tude	2000	km	

H-IIA	
target: JAXA Strategic Medium-scale mission (2020s). 
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B-DECIGO-targets	

LISA	

KAGRA	
B-DECIGO	

DECIGO	
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foreground	GW	

formation flight 
drag-free control                            δF <10-16 N/√Hz 
precision measurement in space  δL<2x10-18 m/√Hz 
Optical configuration, Laser 

 Feasibility testｓ for DECIGO	
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B-DECIGO-	science	targets	

LISA	

KAGRA	
B-DECIGO	

DECIGO	
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foreground	GW	

(1) Inspiral of Compact binaries   　　             [‘Promised’ target] 
      high rate ~ 104-106 binaries/yr. 
      estimation of binary parameters and merger time. 
     à Astronomy by GW only and GW-EM observations.  
 
(2) Inspirals and mergers of IMBHs                   [Original science] 
     - Cover most of the universe. 
     à 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? 
 
(4) prediction of merger of NSB 
       a few month before merger 

science	targets	
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(1) Inspiral of Compact binaries   　　             [‘Promised’ target] 

B-DECIGO-	science	targets	

inspiral	 merger	 ringdown	

	binary	NS	inspirals	:		100/yr	

	binary	BH	inspirals	:	〜106/yr	

several	month	to	a	few	second	

 high rate ~106 binaries/yr 

accurate estimation of binary  parameter -105cycles 

BBH			〜Tpc	
BNS			〜2Gpc	

Localization, merger time. 	

iden2fy	origin	of	BBH	(pop-II,	pop-III,	primordial	BH)	
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(1) Inspiral of Compact binaries   　　             [‘Promised’ target] 
      high rate ~106 binaries/yr. 
      estimation of binary parameters and merger time. 
      
(2) Inspirals and mergers of IMBHs                   [Original science] 
      cover most of the universe. 
      formation history of SMBH and galaxies. 
 

B-DECIGO-	science	targets	

How	SMBHs	evolve	@	center	of	galaxy	?	

○		Large	BH	+	Accre2on	

○		Hierarchical	merger	
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(1) Inspiral of Compact binaries   　　             [‘Promised’ target] 
      high rate ~106 binaries/yr. 
      estimation of binary parameters and merger time. 
  
(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? 
 

B-DECIGO-	science	targets	
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Kuroyanagi	et.al.	PRD	(2009)	
Pablo	et.al	PRD	(2011)	

GW	from	Infla2on	

MBH-MBH	
WD-WD	

NS-NS	

WD-NS	

PPTA	
KAGRA	

LISA	

DECIGO	

rehea2ng	

foreground	GW	

B-DECIGO	



GWADW2019	@	Elba	

technical	challenges	for	B-DECIGO	

Control	of	bidirec2onal	op2cal	cavity		
Mirrors	with	ROC	of	100	km	and	diameter	of	0.3	m		

Sequence	of	ini9al	alignment	of	mirrors	
Precision	cavity	control	system	with	large	dynamic	range	
Highly-stabilized	high	power	space-borne	laser	

・	Long-basesline	laser	interferometer	

・ low	force	noise	

・ Stable	condi9on	in	S/C	

Drag-free	technique	
Low-noise	thruster	

Passive	external	noise	suppression	

Fluctua2ons	of	gravity	and	magne2c	fields	
Residual	gas	

Thermal	(EM)	Radia2on	

Cosmic	ray	exposure	
mechanical	noise	from	S/C	control	

δL	<2x10-18	m/√Hz	@	0.1	Hz	

δf	<	1x10-16	N/√Hz	

δL	<1x10-9	m/√Hz	@	0.1	Hz	

orbital	design	
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outline	

○　Gravita3onal	Wave	Detec3on	

○　DECIGO	

○　B-DECIGO	

○　Summary	

○　Light	source	for	DECIGO/B-DECIGO	
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Light source for GW-detector!
single-frequency, single transverse mode, CW, linear polarized�

Wavelength!
      [µm]!

frequency noise!
  [Hz/Hz1/2] @1Hz!

intensity noise!
        [1/Hz ½]!

output power!
 [W]!

B-DECIGO�        0.5� 100! 10-8 � 1!

DECIGO�        0.5 !
!

100! 10-8 �
�

10 �

-- Requirements -	

light	source	

Iodine-stabilized	Yb-doped	fiber	laser	@	515	nm	(SHG)	

1030	nm→515	nm	

λ/2	

FR	

EOM	

Laser		
λ=1030nm	

Servo	
filter	

PD	

isolator	

FG	 LIA	

iodine	cell	
（400	mm）	

200	kHz	

Pump	beam	

Signal		
beam	

PC	

PBS	

phase	modula2on	

demodula2on	

nonlinear	Xtal	

AOM	

SHG	 YDFA	

300	m
m

	

550	mm	

fiber	DFB	laser	
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frequency	stabilized	laser	

diff	on	
1.5x101	Hz/√H	

BBM1	 BBM2	

frequency	noise	spectrum	Allan	devia2on	(δf/f)	
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high	power	light	source	

laser	

freq.	reference	

10	mW	 420	mW	 10.1	W	 1.2	W	

Pre-amplifier	 SHG	Power-amplifier	freq.-stab.	laser	

two-stage	cascaded	Yb:fiber	amplifier	&	SHG	

power	evolu2on	

Pmax=	10.1	W	

slope	71.1%	

no	satura2on、SBS	

B-DECIGO	

calculated	

SHG	power	&	conv.	efficiency	
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high	power	green	light	

master	laser	

pre-amplifier	

power-amplifier	

SHG	
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intensity	stabiliza4on	of	green	light	

RIN	spectra	

free-run	

stabilized	

intensity	of	SHG	⇒	pump	LD	control	

transfer	func2on	

Gain	

Phase	

15W	LD	

curre.	
drv.	 V-ref	

200mW	LD	
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Summary	

DECIGO	
•  Space	gravita2onal	wave	detector					Rich	science						
							Direct	detec2on	of	very	beginning	of	the	Universe	
																																													Dark	energy,	Dark	maaer	
																																													Galaxy	forma2on			
•  Plan	to	be	launched				mid	2030s	

B-DECIGO									l=100	km,	δl/l=10-23	/√Hz	@	0.1〜10Hz	

	 •  Milestone	mission	for	DECIGO　　Frui{ul	science								Compact	
binary	coalescences		

																																									GW150914-like	BBH	and	BNS	gravita2onal	wave	
																																									Observa2on	of	IMBH	mergers	
																																									Understanding	of	foreground	GW	for	DECIGO	
•  Plan	to	be	launched		late	2020s	

			l=1000	km,	δl/l=10-24	/√Hz		@	0.1〜10Hz	

Insight	of	the	Universe	
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