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Self introduction
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ØGraduated from Ando Lab in March 2019

ØWorked on optomechanical experiment using 
torsion pendulum with optical cavities on each edge

ØMainly working on demonstration of frequency-
dependent squeezing in MIT as JSPS Overseas 
Fellow

ØWill work on LISA and DECIGO in JAXA as a 
postdoc from this October



Abstract
ØDirect observation of primordial GW generated 

during inflation is one of the biggest goals in 
our community.

ØIt is so tiny that we must subtract GW from any 
other sources such as compact binary inspiral.

ØI derive sensitivity requirement to subtract 
binary inspiral signals and reach primordial GW 
background.
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Primordial GW



Summary
ØAt least, we need an extreme detector as 

below
• Mass: m ~ 1000 kg
• Input power: P ~ 100 W
• Arm length: L ~ 5000 km
• Input transmission of cavities: T ~ 30%

ØThe result is super preliminary, and every 
comment is highly appreciated
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Beginning of this work
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ØMIT is shut down.
ØWhat can I do in this situation? I want to do some analytical works…

ØTry to do the same thing at deci-Hz and compare to primordial GW 
background!

arxiv:2002.05365



Previous work
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ØSubtraction of GW from 
compact binary for DECIGO

ØRealistic subtraction 
including detailed process

ØEstimation of residual error after subtraction 
with Fisher matrix

ØAn actual error can be larger, but this 
method is much more simple and it gives a 
fundamental limit

arxiv:2002.05365



Method
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Ω() = Ω/0/ + Ω,-2 + Ω34567

= Ω68/ + Ω86676 + Ω9-684 + Ω,-2 + Ω34567

Total energy density of GW

astrophysical sources
• phase transition
• cosmic string

inflationrecovered 
(subtracted) signal unresolved signal 

because of low SNRresidual error 
after subtraction

Ω86676 = 𝑇;%
4𝜋>

3𝐻&>
𝑓BC ℎE5698 − ℎE68/ >

F

EG%



Method
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Ω68/ + Ω86676 + Ω9-684
recovered 
(subtracted) signal

residual error 
after subtraction

Ω86676 = 𝑇;%
4𝜋>

3𝐻&>
𝑓BC ℎE5698 − ℎE68/ >

F

EG%

ØT: observation time = 1 yr
ØAntenna pattern, 

inclination, and 
polarization angle are 
averaged

ØSNR threshold: 8
ØOnly BNS

Assumption in current work

Assuming merger 
distribution

unresolved signal 
because of low SNR

With error calculated by Fisher matrix



Method
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Ω68/ + Ω86676 + Ω9-684

Ω86676 = 𝑇;%
4𝜋>

3𝐻&>
𝑓BC ℎE5698 − ℎE68/ >

F

EG%

Assuming merger 
distribution



Merger distribution

11

𝑅(𝑧) ≡
𝑑𝑁
𝑑𝑡P𝑑𝑧

detector-
frame time

=
1

1 + 𝑧
𝑑𝑉/
𝑑𝑧 ℛ+(𝑡+)

total merger number

𝑑𝑡+
𝑑𝑡P

co-moving volume

ℛ+ 𝑡+ = ℛ& T 𝑑𝑡2
5(UG%V)

5W
	𝜂 𝑡2 𝜓 𝑡2 	𝑝(𝑡+, 𝑡2)

normalized 
factor

efficiency from formation to 
compact stars

Madau’s star 
formation rate

𝑝 𝑡+, 𝑡2 =
1
𝜏 𝑒

;(5^;5W)/`

time delay distribution

typical timescale



Merger distribution
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𝑅(𝑧) ≡
𝑑𝑁
𝑑𝑡P𝑑𝑧

=
1

1 + 𝑧
𝑑𝑉/
𝑑𝑧 ℛ+(𝑡+)

LIGO’s result: 
500 Gpc;Byr;%

z integration, 1yr:
N~460000



Method
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Ω68/ + Ω86676 + Ω9-684

Ω86676 = 𝑇;%
4𝜋>

3𝐻&>
𝑓BC ℎE5698 − ℎE68/ >

F

EG% With error calculated by Fisher matrix



Inspiral waveform and Fisher matrix
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ℎ 𝑓 = 𝐴	𝑓;g/h	𝑒,i(2)

ØAssuming (only) 4 parameters: 
𝜽 = (log𝐴, 𝑡/, 𝜙/, log𝑀/)

A =
1
30𝜋B�

𝑐
𝑑q
𝑓/
;V/h

luminosity 
distance

chirp mass
𝑓/ =

𝑐B

𝜋𝐺(1 + 𝑧)𝑀/

Ψ 𝑓 = 2𝜋𝑓𝑡/ − 𝜙/ −
𝜋
4 +

3
128

𝑓
𝑓/

;V/B

Γ,w = 4T 𝑑𝑓
2x

2y
𝑅𝑒

ℎz{
∗ (𝑓)ℎz}(𝑓)
𝑆-(𝑓)

 

Fisher matrix

ℎz{ 𝑓 =
𝜕ℎ(𝑓)
𝜕𝜃,

0PN



Inspiral waveform and Fisher matrix
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Γ,w = 4T 𝑑𝑓
2x

2y
𝑅𝑒

ℎz{
∗ (𝑓)ℎz}(𝑓)
𝑆-(𝑓)

 𝜌> = 4T 𝑑𝑓
2x

2y

ℎ(𝑓) >

𝑆-(𝑓)
SNR

Ω86676 = 𝑇;%
4𝜋>

3𝐻&>
𝑓BC ℎE5698 − ℎE68/ >

F

EG%

∆𝜃, = Γ;% ,,
ℎ 𝑓 = 𝐴	𝑓;g/h	𝑒,i(2)

ØFundamental error of the parameter corresponds to diagonal component of 
inversed matrix

random number generator



Result with DECIGO
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ØBNS at z>1.8 has SNR<8, 
unresolved

Ø∆𝜙/ is largest, 0.1~1

ØThe unresolved signal and 
error veil Ω() < 10;%B !



More and more extreme…!

17

𝑅8-P = 1 − exp −
2𝜋
𝜆

𝑧�
𝐿> + 𝑧�>

𝑟>

• Fixed configuration and parameters

Laser

ØFPMI
Øquantum noise

Ø532 nm

ØInput: 
100W

Ødiameter: 3 m
Øfixed

Øbeam radius 
(waist): 0.75 m

= thickness: 6.4 cm 
= aspect ratio: 1:47

= loss: 0.03 %

Ø1000 kg

• Variable
Øarm length
Øinput transmission

𝑧� =
𝜋𝑤&>

𝜆

𝑅8-P = 0.5	@L~10000	km



Result
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Ø Plotting − log%& Ω(),+,-

ØYellow area is comparable 
with inflation level

simple Michelson
ℱ = 𝜋/2

L=5000 km, T=30%



Result
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ØAll BNS detected with 
SNR>140

Ø∆𝜙/ is below 0.01
ØFundamentally can reach 

inflation level



Future

20

ØMore precise distribution 
• time delay, local rate

ØBBH (the error should be much lower)
• mass distribution

ØLower limit of integration is 0.1 Hz?
• BNS takes ~7 years from 0.1 Hz to merger v.s. current assumed 1-year observation

ØMultiple inspirals in the same frequency bin - fundamentally unresolved
ØDetector configuration

• Other valuable?
• How many detectors?
• What is realistic assumption such as power and mirror mass?
• Changing antenna pattern



Summary
ØAt least, we need an extreme detector as 

below
• Mass: m ~ 1000 kg
• Input power: P ~ 100 W
• Arm length: L ~ 5000 km
• Input transmission of cavities: T ~ 30%

ØThe result is super preliminary, and every 
comment is highly appreciated
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