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• Analysis approach for Exploring the landscape of Stochastic 
Gravitational-Wave Background 

• Simons Observatory, Pulser Timing Array and LIGO will provide 
gorgeous data set within 5 year. 

• We still have a chance to give a constraint of ΩGW with the latest data. 

• Now is the time for preparation period to establish the current 
constraint.

Introduction

Pulser Timing Array LIGO-Virgo-KAGRASimons Observatory



Stochastic background source
AstronomicalPrimordial

- BBH and BNS- Initial fluctuation
with Inflation

Phase transition

- Cosmic string



Our Goals

2. Exploring the landscape of Stochastic Gravitational-
Wave Background with ΩGW Constraints

3. Development of an Analysis Framework Combining 
Data from the CMB to Gravitational-Wave Experiments 
across 20 Orders of Magnitude

1.Expanding Experimental Sensitivity into Unexplored 
Frequency Regimes

Session 2: CHRONOS
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Density parameter

radiation matter curvature dark energy
Friedmann equation:

Fundamental questions: What’s the energy density of GW, ΩGW?

Ωi = ρi/ρcr
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Primordial Gravitational wave

How to count up the Energy density of GW in our universe?

Now

Last Scattering 
Surface

Big Bang era

Inflation era

HORIZON

HORIZON

Primordial GW come back to observable universe

Frozen out
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How to calculate energy density?
Now

Last Scattering 
Surface

Big Bang era

Inflation era

HORIZON

HORIZON

1. Initial metric perturbation 
from vacuum fluctuation
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How to calculate energy density?
Now

Last Scattering 
Surface

Big Bang era

Inflation era

HORIZON

HORIZON

2. Inflationary expansion: inflaton

1. Initial metric perturbation 
from vacuum fluctuation

slow roll approximation
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How to calculate energy density?
Now

Last Scattering 
Surface

Big Bang era

Inflation era

HORIZON

HORIZON

3. Density parameter with Transfer function

2. Inflationary expansion: inflaton

1. Initial metric perturbation 
from vacuum fluctuation

slow roll approximation
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Density Parameter: ΩGW

Matter dominant

Radiation dominant
Transfer function for matter and radiation dominant:

∝f-2
∝f0

CMB

https://arxiv.org/pdf/2106.12843

https://arxiv.org/pdf/1904.02115
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Expected next challenge of LIGO!

LIGO sensitivity will reach the 
prediction of astronomical stochastic 
background in O5 (2028-2030)
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Introduction of Namikawa et al.

Conclusion of this paper

→Upper limit of ΩGW with Planck and BK result

Principle (with example of TT)

Ωtot = ΩΛ+ Ωr + Ωm +…

 Ωdm + Ωb +… Ωγ + Ωgw +…

Ωgw >0
non-zero.  
But, not measured. Low frequency region

Frequency dependency

How to connect?

k-space or f-space
l-space

Namikawa et al., Phys. Rev. D 100, 021303(R) – Published 19 July, 2019
DOI: https://doi.org/10.1103/PhysRevD.100.021303
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Narrow band spectrum

Namikawa et al., Phys. Rev. D 100, 021303(R) – Published 19 July, 2019
DOI: https://doi.org/10.1103/PhysRevD.100.021303

CAMB

CLASS



Likelihood BK18 dataset
{WMAP, Planck, BICEP, KECK} {95GHz, 150GHz, 220GHz}



Result (Inoue et al. in preparation)
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Similar study



Example: ACT DR6 Data set

DR4

DR6



Team Taiwan

BK18? 
SO? LB?

ACT DR6 2025? 
95% C.L.? 
EE? TE?

BBN, Ng



Consistency check of inflation



Test of model
Now

Last Scattering 
Surface

Big Bang era

Inflation era

HORIZON

HORIZON

3. Density parameter with Transfer function

2. Inflationary expansion: inflaton

1. Initial metric perturbation 
from vacuum fluctuation

slow roll approximation

Tensor tilt



Tensor tilt

https://journals.aps.org/prx/pdf/10.1103/PhysRevX.6.011035

https://journals.aps.org/prx/pdf/10.1103/PhysRevX.6.011035


Test of model
Now

Last Scattering 
Surface

Big Bang era

Inflation era

HORIZON

HORIZON

3. Density parameter with Transfer function

2. Inflationary expansion: inflaton + Axion

1. Initial metric perturbation 
from vacuum fluctuation



SU(2) Axion

https://arxiv.org/pdf/2007.04241

https://arxiv.org/pdf/2007.04241


Cosmic string (Collaboration is welcome)

CMB

PhysRevD.101.103508



• Boltzmann code: CLASS


• MCMC: cobaya


• Likelihood:


• likelihood:


•   planck 2018 high l TT,TE,EE


•   planck 2018 low l.TT


•   planck 2018 low l EE


•   bicep keck 2018


•   ΩGW Likelihood


• Parameter: 

Simulation Setup
GW Likelihood

Model
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.063511

Giacomo Gallonic et al. (2024)



Tensor tilt parameter
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https://journals.aps.org/prx/pdf/10.1103/PhysRevX.6.011035

https://journals.aps.org/prx/pdf/10.1103/PhysRevX.6.011035


CMB

nt

GW

Cosmic Arm-Lever Effect
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BICEP+Keck+Planck18

31



BICEP+Keck+Planck18+CHRONOS
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Team Taiwan

BK18? 
SO? LB?

ACT DR6 2025? 
95% C.L.? 
EE? TE?

Foreground?

Cosmic string parameter?

PBH?

Foreground?

Axion? Reheating?

BBN, Ng



• Introduced two approaches for Analysis approach of ΩGW. 

• Using BK18 data set, we updated the constraint of ΩGW at 
low frequency region 

• Introduced the approach of nt parameter test with 
Cosmological Standard model 

• We still have a chance to give a constraint of ΩGW with the 
latest data. 

• Now is the time for preparation period to establish the 
current constraint.

Summary


