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Gravitational waves from BSM physics in the early 
universe can reach today

⚫ GWs undergo almost 
no scattering and 
carry early-universe 
information

⚫ They are observed 
as a stochastic GW 
background

Why we focus on the gravitational waves (GWs)

言葉を説明しないといけない（使うなら）
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Cosmic Superstring(CSS) can be a source of GWs

What is the origin of the observed gravitational waves (GW) signal ??

Cosmic Superstring
• Macroscopic 1D object 

in string theory
• GWs are distributed 

over a wide range
• Quantum property

NANOGRAV collaboration, G. Agazie et al., 

Astrophys. J. Lett. 951 (2023) L8 [2306.16213].

Multi-type CSS also arise 
in Gauge theory

Yamada,Yonekura 2022

( Bodiut, Victor Andrei. (2016). The Multiverse. 10.13140/RG.2.1.4131.0323 ) 
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z

Stabel color flux tube behave as dynamical object

What happens if there are only gauge fields (no quarks) ??

With quarks

ത𝑞

𝑞

Without quarks (in this study) 

ത𝑞

𝑞

Color flux tube = 1D dynamical object
= Cosmic string

Color flux tube is cut by quarks

= Source of GWs
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1st order Phase Transitions make color flux tube

Formation of color flux tube (1st order PT)

(Before PT) (PT) (After PT)
Gauge fields without quarks

color flux tube

High 𝑇 Low 𝑇

(per correlation volume)
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Color flux tube has Holographic dual description 

The quantum properties of color flux tube

String theory Same property Gauge theory

ത𝑞

𝑞

Holographic dual

(for large 𝑁)
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• Investigate the dynamics of CSS network
• Calculate the GWs spectrum 
• Comparison with observation and testing
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The Network approaches the scaling regime

Reconnection of 
strings

When long strings 
are dense

When long strings 
are dilute

• When strings collide, 
loop are produced via 
interactions called 
reconnection.

• Frequent reconnection
⇒ String number density 

decreases faster than 
cosmic expansion.

• Suppressed reconnection
⇒ String number density 

decreases more slowly 
than cosmic expansion.

A key feature of string networks: The scaling law

Quantitative modeling of this network
＝VOS model
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We can use the VOS model to study network

How do we model the evolution of a string network??

VOS model
(Velocity-dependent
One Scale model)

Statistical quantities Nambu-Goto action

(Background: 
 expanding universe)

loop chopping efficiency

（宇宙スケールに比べて）太さが無視できるので、
NG作用を使える
量の意味を説明する
EOMはいらない。
背景が膨張宇宙である旨の記述
その中でストリングのダイナミクスを考える

ここでスケーリング則＝γが一定値を取るという説明

Tension of string

𝑅 ≈ 𝜉 ≈ 𝐿
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We consider color flux tube in pure Yang-Mills 
theory

The set up in this work

Feature① Feature②

Color flux tubes
in Spin 4𝑁 𝑁 ≥ 2

Three types of 
strings coexist

Feature③

Interactions with 
reconnection 
probabilities 𝑃𝑖 < 1 

• We consider the gauge 
group Spin 4𝑁 𝑁 ≥ 2 .

• Fermion doesn’t exist.
⇒ color flux tube is stable
    even when it is macroscopic
⇒ color flux tube 
    behave as cosmic string

• The center of Spin 4𝑁
𝑁 ≥ 2  is given by ℤ2 × ℤ2.

• Three string types arise: 
(1,0), (0,1), (1,1).

• Two of them are symmetric.

• All three strings possess 
quantum properties.

• Each string type has two 
types of interaction.

◦Loop formation
◦Zipper interaction

Fermion のいないゲージ理論
そのうち、spin(4n)を考える

先行研究によると
漸近自由なゲージ理論なので、
（閉じ込め相転移で）color flux tubeが生成

Fermion がいないとcolor flux tubeは安定
→ネットワークは現在まで残る
→巨視的なコズミックストリングとして残る

その性質は、、、
・量子的な性質を持つ
・ゲージ対称性により、三種のストリングが存在。
・うち2つは対称
・（非自明な構造で、種類も多くないからspin(4n)）
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String networks have two quantum interactions
⚫ Two interactions are included phenomenologically

Distinctive features of the string network considered here

Loop production Zipper type interaction

これまでは一種類
我々は３種＋量子的な性質
→これまでに修正が必要
式はいらない

確率的な仮定→すりぬけたりする
組み換え確率は現象論的なパラメータとして扱う

Due to quantum effects, interactions occur probabilistically
⇒Introduced the reconnection probability 𝑃𝑖

{     ,    }
or
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VOS model with interaction and reconnection probability

Model used for GWs calculations

VOS equations derived in this work

const  parameters

, ,

Two of three string types are 
symmetric.

⇒Only 𝜸𝟏 = 𝜸𝟐, 𝜸𝟑 are required.

ざっくり構造を説明
Bの項も最初からなし
「Extended」と書かなくていい
\ell もあらかじめ代入した形にする

Relation

：reconnection probability for Zipper type interaction

：average relative velocity between type 𝑖 and  type 𝑗 

：reconnection probability for loop production
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GW is mainly emitted from cusps on loops

How are GWs emitted from string network??

ネットワークのダイナミクスはわかった
→それを元に重力波を計算することができる

拡大すると、カスプがある

Procedure for GW calculations
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The GW signal can be explained for certain 𝑃{𝑖} 

Can CSS from gauge theories account for the GW signal??

Best agreement 
with observations

色塗り領域の説明
Tension の説明10^-12

スペクトルの特徴
・赤線にフラットな部分
→スケーリングに至っている場合
→スペクトラムも平坦に
→そのamplitudeはスケーリング解のエネルギー密度に関連

次のスライドにわける？

K. N, Yamada 2025
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Distinct dynamics and GW emission are obtained

Summary

Dynamics of 
multi-species CSS 
networks

GW emission from
multi-species CSS
networks

Comparison with 
GW observations

⚫ Revealed the 𝑃{𝑖} 
dependence of the scaling 
solution. (not shown here)

⚫ Revealed the 𝑃{𝑖} 
dependence of the scaling 
time. (not shown here)

⚫ Demonstrated the existence 
of enhanced scaling time.

⚫ Revealed the 𝑃{𝑖} 
dependence of the GW 
spectrum.

⚫ Revealed the existence of 
parameter regions where 
high-frequency GWs are 
suppressed.

⚫ May provide parameter 
regions that evade existing 
observational constraints 
while explaining PTA 
observations.

⚫ Testable with future GW 
observation.

発見したこと・やったこと
・３種からなるCSSネットワークを調べた
・スケーリング解の振る舞いを明らかにした
・スケーリング時間の振る舞いを明らかにした
・それらを用いて重力波のスペクトラムを計算した
・amplitudeの組み換え確率依存性
・観測との比較
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Other sources of GW

Previous study for the origin of observed GWs

Candidate①
SMBHB

Candidate③
Scalar induced GW

Candidate②
1st-order PT in Dark Sector

Candidate④
Cosmic Superstring

• Without BSM
• Final pc problem

• Appear in string 
theory

• Over wide range

• Non-linear int
• PBH formation

• Structure of DS
• Bubble creation
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PTAs have detected a GW signal of unknown origin
⚫ Galaxy-scale GW detection with pulsars

Sensitive to low-frequency (long-wavelength) GWs.

A stronger motivation to focus on GWs
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Existence of the confined/deconfined phase

The key feature of the gauge theory

In Maxwell theory In QCD (𝑆𝑈 3 )

ത𝑞

𝑞

ത𝑞

𝑞

High 𝑇, 

Low 𝑇, 

Confinement

ҧ𝑒

𝑒

High 𝑇, 

ҧ𝑒

𝑒

Low 𝑇, 

Color flux tube
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Color flux tube is formed in Yang-Mills theory

Confinement is not special phenomena for QCD

In QCD (𝑆𝑈 3 )

ത𝑞

𝑞

ത𝑞

𝑞

High 𝑇, 

Low 𝑇, 

Confinement
Color flux tube

Confinement happen in the other 
Yang-Mills (non-abelian gauge) theory.

Color flux tube is also created 
in the other Yang-Mills theory.
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Color flux tube is stable due to 1-form symmetry

What happens if there are only gauge fields (no quarks) ??

Stability of particle (electron) 

0-form symmetry
(conventional symmetry)

Stability of color flux tube in pure YM

1-form center symmetry
(charge of Wilson loop)

Symmetry exist
⇒Electron is stable due to

the conserved charge 𝑞

No possible decay channel

1-form symmetry exist
⇒Color flux tube is stable due to

the conserved charge 𝑞 
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Scaling law is defined by 𝛾 𝑡 = const

Scaling law in VOS model

Horizon

Scaling law ⇔ 𝛾 𝑡 = const 
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1st order Phase Transitions make color flux tube

Formation of color flux tube (1st order PT)

High 𝑇

Deconfined phase

(Before PT) (Proceeding PT)(Critical temperature)

𝑇𝑐 Low 𝑇

Confined bubble

(early universe)

𝐿ini = 𝑅sep = 10−(1−2)𝐻−1(Λ)Γnuc~𝐻4(𝑇c)
( Λ ∶ confinement scale )
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Baryonic glue ball and Domain wall

The other possible object

Baryonic glue ball come from accidental ℤ𝟐 symmetry

Θterm produce domain wall around 𝜃 = 𝜋
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Hellings-Down curve

Correlations unique to GWs

Frequency shift：

Correlation of the shifts：

：Polarization tensor
：Unit vector along the   

GW propagation direction
：Unit vector pointing from 

Earth to the pulsar
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Hellings-Down curve

Correlations unique to GWs
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Longer scaling time for certain 𝑃𝒊

Scaling time

On the scaling time

⚫ Cosmic strings typically reach the 
scaling regime relatively quickly.

⚫ The significant increase in the 
scaling time is a new effect found 
in this work 

⚫ However, it requires fine-tuning.
⚫ The increased scaling time plays 

an important role in the 
calculation of GWs. 

K. N, Yamada 2025
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The scaling law corresponds to 𝛾 𝑡 = const 

Description of the scaling law in the VOS model

Horizon (causally connected distance)Scaling law :

If the network obeys the scaling law,
𝛾 𝑡 = const 
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𝑃{𝑖} dependence appear in the GW spectrum

GW features from a network in the scaling regime

⚫ Including the 𝑃𝑖 dependence of the scaling solution of 𝛾𝑖 
Maxは変える。
下の場合、以外、みたいな
1行目は消す？

GWs emitted from a network in the scaling regime
produce a flat spectrum

otherwise

P_iに依存してスペクトルの高さが決まる
→ゲージ理論を決める
→P_iが決まる
→重力波が決まる

パラメータ依存性がわかったことが成果
小さいパラメータは依存性をわかり安くするため。
他のパラメータでも（当然）この結果は使える

K. N, Yamada 2025
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GW is suppressed in the high-frequency region

GW signatures of increased scaling time

⚫ Non-flat spectrum ＝ Longer scaling time 平坦じゃない領域＝スケーリング時間の遅延

K. N, Yamada 2025
If the scaling time is strongly delayed,

high-freq suppression and characteristic slope appear
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The path to the scaling solution varies

Numerical results for the time evolution of 𝛾(𝑡)

high

low

de
ns

ity

de
ns

ity

K. N, Yamada 2025

high

low
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