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研究成果の概要（和文）：本研究では宇宙論的な側面から重力波について調査することを目的とした。本研究期
間中に、研究代表者は重力波と銀河との間に生じる相関関係に基づいた連星赤方偏移を推定するための全く新し
い手法を開発した。この新しい手法のほかにも、天体物理的かつ原始的な背景重力波の検出の可能性を評価し、
モデル化することにおいても新しい結果が得られることができ、今後のさらなる進展が期待される。

研究成果の概要（英文）：I studied gravitational waves (GW) in the cosmological context. I have 
developed novel approaches for binary redshift estimation based on GW-galaxy correlations. Novel 
results have also been obtained in modeling and evaluating the detection prospects of astrophysical 
and primordial GW backgrounds.

研究分野： Cosmology

キーワード： Cosmology　Gravitational Waves　Primordial Black Holes　Cross-Correlations　Multimessenger As
tronomy　Large-scale Structure

  ２版

令和

研究成果の学術的意義や社会的意義
The methods developed within this project can be applied to upcoming GW data and our theoretical 
results can be used for validating future GW-based cosmological measurements. Japanese research 
community plays an important role in international 
GW research and this project adds to such efforts.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

Gravitational wave observations have enabled a new and important way to map the 

universe. Active research is being carried out worldwide with the aim to assess the 

capabilities of current and upcoming gravitational-wave observations in addressing open 

questions in early and late-time cosmology, as well as the astrophysics of compact 

binaries. The main motivation for starting this project was the development of robust 

modeling approaches, with the aim of bringing gravitational wave observations into the 

ranks of independent and powerful cosmology probes. The project was proposed in a 

very timely manner since gravitational wave catalogs continue to accumulate new 

sources, and novel methods will be required in the near future in order to derive robust 

cosmological constraints from these. 
 
２．研究の目的 

In this project, my aim was to focus on the interconnections between gravitational wave 

sources and galaxies. By leveraging this connection, I proposed to develop methods for 

statistically comparing the distributions of GW binaries and galaxies both in space and 

redshift. This allows to develop independent cosmological probes, as well as shed light 

on the origin of gravitational-wave sources. Importantly, gravitational waves can be 

observed in two main modalities. The resolved sources originate from heave and/or 

relatively nearby sources, while weaker and further sources, as well as fundamental 

physics processes in the early universe, produce unresolved backgrounds. My aim was 

to make progress in modeling both of the channels and asses their information content 

regarding cosmology, large-scale tests of gravity, and production channels of 

gravitational waves. 
 
３．研究の方法 

One of the main methods of my research was the measurement of spatial correlations 

of gravitational-wave sources. Since gravitational-wave sources are expected to reside 

in galaxies, their spatial distribution in the universe is not uniform but rather exhibits 

spatial correlations. Importantly, the distribution of gravitational-wave sources is 

expected to be correlated with that of galaxies. I have developed numerical codes to 

robustly model such spatial correlations, as well as cross-correlations with galaxy 

clustering measurements. This equally applies to both resolved sources and GW 

backgrounds originating from astrophysical or primordial binaries. 
Another important methodological challenge was the statistical modeling of data. In order 

to assess the power of upcoming data, I have leveraged ideas from galaxy clustering 

studies, and have developed a statistical pipeline that allows for the generation of 

synthetic mock datasets. This allowed to carried out the complete, end-to-end statistical 

analysis, from data generation to performing a forecast analysis with Bayesian parameter 

inference on relevant cosmological and astrophysical parameters. In order to increase 

the robustness of cosmological constraints from the distribution of gravitational-wave 

binaries, I have incorporated ideas from machine learning. The Gaussian Process 



reconstruction method allows for model-independent reconstructions of cosmological 

quantities as functions of redshift. I have shown that this method can be successfully 

incorporated into the statistical modeling of future gravitational-wave observations. 

As far as the primordial gravitational-wave backgrounds are concerned, the analysis was 

performed using a hybrid approach of numerical modeling of the inflationary 

perturbations in a complex proof-of-concept model and deriving relevant analytical 

approximations in order to facilitate the interpretation of the results. Additionally, in order 

to compute relevant CMB observables, Einstein-Boltzmann solvers have been used. 
 
４．研究成果 

During my Kekenhi project, I have made significant contributions to the field of 

gravitational-wave cosmology, especially in the direction of developing the dark-siren 

approach, as well as modeling gravitational-wave backgrounds in astrophysical and 

primordial scenarios. I have derived results that significantly clarify the power of 

clustering measurements in constraining the cosmological parameters, testing models 

of modified gravity, and constraining the linear clustering bias of gravitational-wave 

sources. This study has been published in ApJ. An additional important achievement has 

been the study of population modeling of black hole-neutron star mergers, especially in 

connection with addressing the question of whether the observed black holes can be of 

primordial origin. This study has been published in ApJ. 

As far as the alternative gravitational-wave binary formation channels are concerned, I 

have further studied the formation of anisotropies in stochastic gravitational-wave 

backgrounds in the context of a primordial black hole scenario. I and my colleagues have 

assessed the prospects of measuring such anisotropic gravitational-wave backgrounds 

in future experiments, as well as the prospects of such measurements being able to 

distinguish between primordial and astrophysical black hole scenarios. This study has 

been published in PRD, and it has extended the results obtained in an earlier paper of 

mine also published in PRD.  

An additional aspect of GW backgrounds is the careful modeling of signals from the early 

universe, which is important in order to correctly interpret any possible detection in the 

future. For this, I have led a study of induced GW backgrounds formed during inflation, 

and have clarified an important open question in inflationary cosmology regarding the 

possibility to break the Lyth bound. This study has been published in PRL, has been 

featured as IPMU press release, and has been one of the 9 research highlights of the 

Kavli IPMU annual report for FY 2021. 
In addition to the main theme of the KAKENHI project, I have also worked on projects of 

indirect relevance to the main theme. Particularly, I have published a paper in PRD 

exploring the prospects of generating cosmological magnetic fields in the early universe. 

The proposed mechanism might also be relevant for generating a gravitational-wave 

background, and therefore is of interest for future gravitational-wave experiments. I have 

also led a short invited review article covering the main numerical approaches in 

astrophysical and laboratory tests of General Relativity (accepted for publication in the 



journal Universe), as well as have published and submitted additional papers on tests of 

the LCDM model. 

The field of gravitational-wave cosmology in general, and the aspects investigated within 

this KAKENHI project in particular are being actively developed internationally and within 

Japan. My main results obtained in this project have been published in leading journals, 

and have received numerous citations. Additionally, I have presented the achievements 

in more than 20 talks at international workshops and invited seminars in Europe, US, 

Canada, and Japan. The obtained results address the objectives of the research 

proposal. Additionally, several interesting extensions, such as deriving constraints on 

GW clustering from existing LIGO-Virgo-Kagra data, exploring binary-host connection 

using numerical simulations, and linking gravitational-wave backgrounds to the 

reionization history of the universe have been established and some preliminary 

progress has been made. These and other related topics are beyond the main scope of 

the current project, and are left to be carefully explored in future research. 
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