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Introduction



宇宙ひも(Cosmic string)

3

[Nielsen-Olesen ’73]

[Abrikosov ’58]

宇宙ひもϕ

V(ϕ)

• ひも状のソリトン (励起が1次元方向に伸びている)

• U(1) 対称性が自発的に破れる際に生じる

• 場の非自明な励起状態 粒子(摂動的な励起)



身近な例：

4

• 超伝導の磁場渦 • 超流動の量子渦

• いずれもU(1)のSSBが背後にある



素粒子と「ひも」
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• 超初期宇宙では何らかのU(1)対称性が破れたかも

宇宙ひもが新物理の帰結として現れる

Ex1. SO(10) GUT: SO(10) → GSM × U(1)B−L → GSM

Ex2. QCD アクシオン: GSM × U(1)PQ → GSM

• 相転移は一様には起き得ない  

→ 欠陥としてソリトンが生じる
[Kibble ’76] [Zurek ’85]



宇宙ひもと重力波
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Gravitational Wave/
Particle

• 相転移時に生成された宇宙ひもは、現在の宇宙まで残りながら
重力波を出す
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Gravitational Wave/
Particle

• 相転移時に生成された宇宙ひもは、現在の宇宙まで残りながら
重力波を出す
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• GW spectrum observed today:

ρGW,0( f )
ρtot,0

≃
(Gμ)2

H2
0 ∫

t0

ti

dt∫ dℓ ( a(t)
a(t0) )

4

nloop(t, ℓ)

: string tension μ ∼ v2
U(1)

[2306.05389]

very flat spectrum

宇宙ひもと重力波

Cosmic String Network

Takashi Hiramatsu
Cosmic strings

1-dimensional topological defect, produced through the spontaneous symmetry
breaking (SSB) of the vacuum state of some kinds of fields. 

It's possible for various kinds of field to exist in the early epoch of the universe, 
and some of them can be responsible for the formation of CSs.

cosmic strings domain wallsour universe
(visible region)

現在 過去

重力波で検証可能！
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• Summary

Plan of talk



Pulsar Timing Array



Pulsar Timing Array (PTA)
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[NANOGrav, InPTA, EPTA, PPTA, CPTA, 2023]

背景重力波を仮定した理論予言
(Hellings-Downs)と一致 

→背景重力波の証拠 ( )3-4σ
δta ≡ tobs

a − tmodel
a

パルサータイミングのずれを測る：

[NANOGrav, 2306.16213]



What is the source?

11

• 天体物理起源： 超巨大ブラックホール連星(SMBHB)

[NANOGrav, 2306.16219]

10 the NANOGrav Collaboration
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Figure 3. Median GWB spectra produced by a subset of the new-physics models, which we construct by mapping our model
parameter posterior distributions to h

2!GW distributions at every frequency f (see Appendix B for more details and Figs. 19
and 20 for the models not included here). We also show the periodogram for an HD-correlated free spectral process (gray violins)
and the GWB spectrum produced by an astrophysical population of inspiraling SMBHBs with the parameters ABHB and ωBHB

fixed at the central values µBHB of the 2D Gaussian prior distribution specified in Eq. (A1) (black dashed line).

to merge SMBHBs within a Hubble time, the number
of binaries emitting in the PTA band depends on in-
teractions between binaries and their local galactic en-
vironment to extract orbital energy and drive systems
toward merger (Begelman et al. 1980). If these environ-
mental e!ects extend into the PTA band, or if binary
orbits are substantially eccentric, then the GWB spec-
trum can flatten at low frequencies (typically expected
at f → 1 yr→1; Kocsis & Sesana 2011). At high frequen-
cies, once the expected number of binaries dominating
the GWB approaches unity, the spectrum steepens be-
low 13/3 (typically expected at f ↑ 1 yr→1; Sesana et al.
2008).

Unfortunately, current observations and numerical
simulations provide only weak constraints on the spec-
tral amplitude or the specific locations and strengths of
power-law deviations. Despite these uncertainties, the
sensitivity range of PTAs is su”ciently narrowband that
it is reasonable, to first approximation, to model the sig-

nal by a power law in this frequency range:

#BHB(f) =
A

2
BHB

12ω2

1

Tobs

(
f

yr→1

)→ωBHB

yr3 , (13)

where #BHB/$f is the timing residual PSD (see Eq. (6)).
Following Middleton et al. (2021), we can gain some

insight into the allowed range of values for the ampli-
tude, ABHB, and slope, εBHB, of this power law by sim-
ulating a large number of SMBHB populations cover-
ing the entire range of allowed astrophysical parame-
ters. Specifically, we consider the SMBHB populations
contained in the GWOnly-Ext library generated as part
of the NG15smbh analysis (and discussed in additional
detail there). This library was constructed with the
holodeck package (Kelley et al. 2023) using semian-
alytic models of SMBHB mergers. These models use
simple, parameterized forms of galaxy stellar mass func-
tions, pair fractions, merger rates, and SMBH-mass ver-
sus galaxy-mass relations to produce binary popula-
tions and derived GWB spectra. While some param-

• 宇宙論的起源 (i.e., New Physics)：様々な可能性



What is the source?

12

NANOGrav 15-year New-Physics Signals 9
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Figure 2. Bayes factors for the model comparisons between the new-physics interpretations of the signal considered in this
work and the interpretation in terms of SMBHBs alone. Blue points are for the new physics alone, and red points are for the
new physics in combination with the SMBHB signal. We also plot the error bars of all Bayes factors, which we obtain following
the bootstrapping method outlined in Section 3.2. In most cases, however, these error bars are small and not visible.

The first factor is the Savage–Dickey density ratio
and can hence be identified as the Bayes factor B =
P (D|H)/P (D|H0), where H0 is the model that results
from model H when omitting the signal contribution
controlled by the parameter ω. The K ratio can thus be
written as the product of the global Bayes factor and
the local posterior-to-prior ratio for the parameter ω,

K(ω) = B P (ω|D, H)

P (ω|H)
. (12)

Once B is known, it is straightforward to evaluate
Eq. (12) and determine the K-ratio bound on ω. Eq. (12)
is useful for numerically evaluating K, as it automati-
cally encodes the height of the plateau in the marginal-
ized posterior, P (ω0|D, H) = P (ω|H)/B, which we would
otherwise have to obtain from a fit to our MCMC data.
However, we stress that K is defined as a likelihood
ratio, which renders it immune to prior e!ects (prior
choice, range, etc.; Azzalini 1996). For more than one
parameter dimension, we proceed analogously and de-
rive bounds based on the criterion K(”) > 1/10.

All Bayesian inference analyses discussed in this work
were implemented into ENTERPRISE via a newly devel-
oped wrapper that we call PTArcade (Mitridate et al.
2023a,b). This wrapper is intended to allow easy im-
plementation of new-physics searches in PTA data. We
make this wrapper publicly available at https://doi.org/
10.5281/zenodo.7876429. Similarly, all MCMC chains
analyzed in this work can be downloaded at https:
//zenodo.org/record/8010909.

4. GWB SIGNAL FROM SMBHBs

Most galaxies are expected to host a supermassive
black hole (SMBH) at their center (Kormendy & Ho
2013; Akiyama et al. 2019). During the hierarchical
merging of galaxies taking place in the course of struc-
ture formation (White & Rees 1978), these black holes
are expected to sink to the center of the merger rem-
nants, eventually forming binary systems (Begelman
et al. 1980). The gravitational radiation emitted by this
population of inspiraling SMBHBs forms a GWB in the
PTA band (Rajagopal & Romani 1995; Ja!e & Backer
2003; Wyithe & Loeb 2003) and is a natural candidate
for the source of the signal observed in our data.

The shape and normalization of this GWB depend
on the properties of the SMBHB population and on its
dynamical evolution (Enoki & Nagashima 2007; Sesana
et al. 2008; Kocsis & Sesana 2011; Kelley et al. 2017).
As discussed in NG15smbh, the normalization is pri-
marily controlled by the typical masses and abundance
of SMBHBs, while the shape of the spectrum is de-
termined by subparsec-scale binary evolution, which is
currently unconstrained by observations. For a popula-
tion of binaries whose orbital evolution is driven purely
by GW emission, the resulting timing residual PSD is
a power law with a spectral index (defined below in
Eq. (13)) of →εBHB = →13/3 (Phinney 2001), produced
by the increasing rate of inspiral and decreasing num-
ber of binaries emitting over each frequency interval.
However, as GW emission alone is typically insu#cient

ℬ

ℬ ≡
𝒫(𝒟 |ℋ)

𝒫(𝒟 |ℋSMBHB) (marginalized) likelihood

[NANOGrav, 2306.16219]

• 天体物理起源： 超巨大ブラックホール連星(SMBHB)

• 宇宙論的起源 (i.e., New Physics)：様々な可能性
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Figure 2. Bayes factors for the model comparisons between the new-physics interpretations of the signal considered in this
work and the interpretation in terms of SMBHBs alone. Blue points are for the new physics alone, and red points are for the
new physics in combination with the SMBHB signal. We also plot the error bars of all Bayes factors, which we obtain following
the bootstrapping method outlined in Section 3.2. In most cases, however, these error bars are small and not visible.

The first factor is the Savage–Dickey density ratio
and can hence be identified as the Bayes factor B =
P (D|H)/P (D|H0), where H0 is the model that results
from model H when omitting the signal contribution
controlled by the parameter ω. The K ratio can thus be
written as the product of the global Bayes factor and
the local posterior-to-prior ratio for the parameter ω,

K(ω) = B P (ω|D, H)

P (ω|H)
. (12)

Once B is known, it is straightforward to evaluate
Eq. (12) and determine the K-ratio bound on ω. Eq. (12)
is useful for numerically evaluating K, as it automati-
cally encodes the height of the plateau in the marginal-
ized posterior, P (ω0|D, H) = P (ω|H)/B, which we would
otherwise have to obtain from a fit to our MCMC data.
However, we stress that K is defined as a likelihood
ratio, which renders it immune to prior e!ects (prior
choice, range, etc.; Azzalini 1996). For more than one
parameter dimension, we proceed analogously and de-
rive bounds based on the criterion K(”) > 1/10.

All Bayesian inference analyses discussed in this work
were implemented into ENTERPRISE via a newly devel-
oped wrapper that we call PTArcade (Mitridate et al.
2023a,b). This wrapper is intended to allow easy im-
plementation of new-physics searches in PTA data. We
make this wrapper publicly available at https://doi.org/
10.5281/zenodo.7876429. Similarly, all MCMC chains
analyzed in this work can be downloaded at https:
//zenodo.org/record/8010909.

4. GWB SIGNAL FROM SMBHBs

Most galaxies are expected to host a supermassive
black hole (SMBH) at their center (Kormendy & Ho
2013; Akiyama et al. 2019). During the hierarchical
merging of galaxies taking place in the course of struc-
ture formation (White & Rees 1978), these black holes
are expected to sink to the center of the merger rem-
nants, eventually forming binary systems (Begelman
et al. 1980). The gravitational radiation emitted by this
population of inspiraling SMBHBs forms a GWB in the
PTA band (Rajagopal & Romani 1995; Ja!e & Backer
2003; Wyithe & Loeb 2003) and is a natural candidate
for the source of the signal observed in our data.

The shape and normalization of this GWB depend
on the properties of the SMBHB population and on its
dynamical evolution (Enoki & Nagashima 2007; Sesana
et al. 2008; Kocsis & Sesana 2011; Kelley et al. 2017).
As discussed in NG15smbh, the normalization is pri-
marily controlled by the typical masses and abundance
of SMBHBs, while the shape of the spectrum is de-
termined by subparsec-scale binary evolution, which is
currently unconstrained by observations. For a popula-
tion of binaries whose orbital evolution is driven purely
by GW emission, the resulting timing residual PSD is
a power law with a spectral index (defined below in
Eq. (13)) of →εBHB = →13/3 (Phinney 2001), produced
by the increasing rate of inspiral and decreasing num-
ber of binaries emitting over each frequency interval.
However, as GW emission alone is typically insu#cient

ℬ

ℬ ≡
𝒫(𝒟 |ℋ)

𝒫(𝒟 |ℋSMBHB) (marginalized) likelihood

disfavor cosmic strings? 😭

[NANOGrav, 2306.16219]

• 天体物理起源： 超巨大ブラックホール連星(SMBHB)

• 宇宙論的起源 (i.e., New Physics)：様々な可能性
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Figure 2. Bayes factors for the model comparisons between the new-physics interpretations of the signal considered in this
work and the interpretation in terms of SMBHBs alone. Blue points are for the new physics alone, and red points are for the
new physics in combination with the SMBHB signal. We also plot the error bars of all Bayes factors, which we obtain following
the bootstrapping method outlined in Section 3.2. In most cases, however, these error bars are small and not visible.

The first factor is the Savage–Dickey density ratio
and can hence be identified as the Bayes factor B =
P (D|H)/P (D|H0), where H0 is the model that results
from model H when omitting the signal contribution
controlled by the parameter ω. The K ratio can thus be
written as the product of the global Bayes factor and
the local posterior-to-prior ratio for the parameter ω,

K(ω) = B P (ω|D, H)

P (ω|H)
. (12)

Once B is known, it is straightforward to evaluate
Eq. (12) and determine the K-ratio bound on ω. Eq. (12)
is useful for numerically evaluating K, as it automati-
cally encodes the height of the plateau in the marginal-
ized posterior, P (ω0|D, H) = P (ω|H)/B, which we would
otherwise have to obtain from a fit to our MCMC data.
However, we stress that K is defined as a likelihood
ratio, which renders it immune to prior e!ects (prior
choice, range, etc.; Azzalini 1996). For more than one
parameter dimension, we proceed analogously and de-
rive bounds based on the criterion K(”) > 1/10.

All Bayesian inference analyses discussed in this work
were implemented into ENTERPRISE via a newly devel-
oped wrapper that we call PTArcade (Mitridate et al.
2023a,b). This wrapper is intended to allow easy im-
plementation of new-physics searches in PTA data. We
make this wrapper publicly available at https://doi.org/
10.5281/zenodo.7876429. Similarly, all MCMC chains
analyzed in this work can be downloaded at https:
//zenodo.org/record/8010909.

4. GWB SIGNAL FROM SMBHBs

Most galaxies are expected to host a supermassive
black hole (SMBH) at their center (Kormendy & Ho
2013; Akiyama et al. 2019). During the hierarchical
merging of galaxies taking place in the course of struc-
ture formation (White & Rees 1978), these black holes
are expected to sink to the center of the merger rem-
nants, eventually forming binary systems (Begelman
et al. 1980). The gravitational radiation emitted by this
population of inspiraling SMBHBs forms a GWB in the
PTA band (Rajagopal & Romani 1995; Ja!e & Backer
2003; Wyithe & Loeb 2003) and is a natural candidate
for the source of the signal observed in our data.

The shape and normalization of this GWB depend
on the properties of the SMBHB population and on its
dynamical evolution (Enoki & Nagashima 2007; Sesana
et al. 2008; Kocsis & Sesana 2011; Kelley et al. 2017).
As discussed in NG15smbh, the normalization is pri-
marily controlled by the typical masses and abundance
of SMBHBs, while the shape of the spectrum is de-
termined by subparsec-scale binary evolution, which is
currently unconstrained by observations. For a popula-
tion of binaries whose orbital evolution is driven purely
by GW emission, the resulting timing residual PSD is
a power law with a spectral index (defined below in
Eq. (13)) of →εBHB = →13/3 (Phinney 2001), produced
by the increasing rate of inspiral and decreasing num-
ber of binaries emitting over each frequency interval.
However, as GW emission alone is typically insu#cient

ℬ

ℬ ≡
𝒫(𝒟 |ℋ)

𝒫(𝒟 |ℋSMBHB) (marginalized) likelihood

disfavor cosmic strings? 😭

[NANOGrav, 2306.16219]

favor ``metastable cosmic string’’!

• 天体物理起源： 超巨大ブラックホール連星(SMBHB)

• 宇宙論的起源 (i.e., New Physics)：様々な可能性
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Metastable cosmic string

[Domcke-YH, 2606.03008]



Metastable cosmic string
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[Preskill-Vilenkin ’93]

cosmic string

• ひも(磁束)が切れるか？→普通は無理  ∵ ∇ ⋅ ⃗B = 0
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[Preskill-Vilenkin ’93]

cosmic string

monopole antimonopole

Quantum tunneling

• ひも(磁束)が切れるか？→普通は無理  ∵ ∇ ⋅ ⃗B = 0

• 磁気モノポールがいれば可能！→量子効果による対生成



Metastable cosmic string

15

[Preskill-Vilenkin ’93]

cosmic string

monopole antimonopole

Quantum tunneling

• ひも(磁束)が切れるか？→普通は無理  ∵ ∇ ⋅ ⃗B = 0

• 磁気モノポールがいれば可能！→量子効果による対生成

ぶつ切れになって縮んで消える



Metastable cosmic string
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[Buchmuller+, 2107.04578, 2307.04691]

• late timeで重力波を出さなくなる→スペクトラムに影響
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ひもの崩壊率: Γ ≃
μ
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exp [−SB]
: bounce actionSB

: string tension μ ∼ v2
U(1)
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GUT scale!
→ {

SB ∼ 64π
vU(1) ∼ 1016 GeV

[NANOGrav, 2306.16219]

• metastableだと、nHz帯の
PTAシグナルを良くfitできる
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Miracle of metastable string?

17

GUT scale!
→ {

SB ∼ 64π
vU(1) ∼ 1016 GeV

PTAシグナルはGUTのヒントかも

[NANOGrav, 2306.16219]

• 模型的にはとても自然、  GUTでは任意の宇宙ひもはmetastable∵

SO(10) ⟶ GSM × U(1)B−L ⟶ GSM

vB−LvGUT

GUT monopole (→inflation) string

Eg.)

• metastableだと、nHz帯の
PTAシグナルを良くfitできる
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Toy model: SU(2)
vSU(2)⟶ U(1)

vU(1)⟶ 1mon. string
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(from Chitose’s slide@PPP2024)

Toy model: SU(2)
vSU(2)⟶ U(1)

vU(1)⟶ 1mon. string

• Thin-string近似: SB ≃ π
m2

M

μ
∼ #

8π2

g2 (
vSU(2)

vU(1) )
2

[Preskill-Vilenkin ’93]
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PTA favors  →   SB ∼ 64π
vSU(2)

vU(1)
∼ #g

8
π

= 𝒪(1)
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8π2

g2 (
vSU(2)

vU(1) )
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[Preskill-Vilenkin ’93]

→2つのbreaking scaleはめちゃ近い (どっちもGUTスケール)

を精密に計算すべし (崩壊率: )SB Γ ∝ e−SB

PTA favors  →   SB ∼ 64π
vSU(2)

vU(1)
∼ #g

8
π

= 𝒪(1)
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Toy model: SU(2)
vSU(2)⟶ U(1)

vU(1)⟶ 1mon. string

• Thin-string近似: SB ≃ π
m2

M

μ
∼ #

8π2

g2 (
vSU(2)

vU(1) )
2

[Preskill-Vilenkin ’93]

→2つのbreaking scaleはめちゃ近い (どっちもGUTスケール)

(cf)集団座標法による の見積もりもあるが、上限を与えるのみSB [Chitose+, ’23]

を精密に計算すべし (崩壊率: )SB Γ ∝ e−SB

PTA favors  →   SB ∼ 64π
vSU(2)

vU(1)
∼ #g

8
π

= 𝒪(1)



Precise calculation of decay rate
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[Domcke-YH, 2606.03008]

•  を近似無しで数値的に計算した 
(場のEOMを全部解いた！)

SB

Out[ ]=

1

2

3

4

cosmic string

magnetic monopole

• バウンス解なので負モードが一つ存在 

→monopole位置の並進に対応

• monopole位置を に固定した上で

gradient flowで作用を最小化 ( )

R

S*(R)

SB = max
R

S*(R)

• を変えて繰り返す→最大化R

Toy model: SU(2)
vSU(2)⟶ U(1)

vU(1)⟶ 1mon. string

数値解のプロット



Our result
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[Domcke-YH, 2606.03008]

○
○

○
○

○
○

○ ○

○

○
○

○
○ ○ ○ ○ ○

○
○ ○ ○ ○ ○ ○

2 3 4 5 6 7 8 9
45

50

55

60

65

thin string approx

○ lattice w/ δ=0.2

○ lattice w/ δ=0.15

○ lattice w/ δ=0.1

cont limit

∼ 20 %

= 2vSU(2)/vU(1)

•  で thin-string limitに漸近mW /mγ → ∞

•  で  (古典的に不安定)mW /mγ → 1 SB → 0
consistent

*ゲージとスカラーの質量は縮退と仮定
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[Domcke-YH, 2606.03008]Our result

•  &ストリングループの数密度Γ ≃
μ
2π

exp [−SB] ∼ e−Γ(t−ti)

→ はGWスペクトラムにdouble exponentialで効くSB

κ =
m2

M

μ
∼

8π
g2 (

vSU(2)

vU(1) )
2



PTA interpretation changes
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[Domcke-YH, 2606.03008]

*ゲージとスカラーの質量は縮退と仮定
• GUTを念頭に置くとg ≃ 0.7

• 一般の ではさらに大きなずれg

• 階層性を強める方に働く

→模型構築的には嬉しい

SU(2)
vSU(2)⟶ U(1)

vU(1)⟶ 1
mon. string

途中でインフレーションが必要

∵

mW

mγ

old

PTA
≃ 1.2 →

mW

mγ

new

PTA
≃ 1.6

= 2vSU(2)/vU(1)
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Summary

• 宇宙ひもは新物理の手がかりになりうる

• PTAで受かった重力波シグナルは、準安定宇宙ひも由来の可能性 

　 →特にGUT由来かもしれない

• 重力波スペクトラムは崩壊率にとても敏感 
　 →我々が初めて真面目に計算した→パラメータ空間のrefine



Future direction 1
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• SUSY double hybrid inflation模型 [Buchmüller ’21]

SU(2)R × U(1)B−L → U(1)R × U(1)B−L → U(1)Y

• PTA interpretation compatible w/ 
LVK bound, CMB, leptogenesis?

[in progress w/ Domcke]

• ふたつのinflaton , ϕ ϕ′￼

(i) が転がる→  がtachyonic →monopoleϕ Ua

Ua

S
Sc

ϕ
ϕ′￼

SU(2)R × U(1)B−L

(3,0)

(2, 3/8)
(2̄, − 3/8)

(1,0)

(1,0)
(ii) が転がる→  がtachyonic → stringϕ′￼ S, Sc

• metastable stringを実現するには(i)が先
に起きないといけない



Future direction 2
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• Metastable string in E6 GUT

 → 2種類のmetastable stringがいるE6 ∼ GSM × U(1) × U(1)

自明なケース:

非自明なケース:

string A string B 

• 特徴的なGW spectrum

[in progress w/ Chitose & Yamatsu]

bound state A+B

metastable string A &B →それぞれ崩壊

+

string A 成分が
先に崩壊

ＧＷ

→ PTAで と が識別できるか？E6 SO(10)



Backup



Conventional calculation of decay rate
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• Thin-string近似: SB ≃ π
m2

M

μ [Preskill-Vilenkin ’93]

PTA favors SB ∼ 64π ∼ 200

⚠ ただし  を仮定SB ≫ 2π2/g2 ∼ 40

微妙…? 🤔

• 集団座標法 [Shifman-Yung, ’02] [Chitose+, ’23]

厳密な上限だがかなりゆるい

stringと真空を繋ぐパラメータ  を導入 

→集団座標 のEOMを解く

β

β(ρE)

(from Chitose’s slide)

[2312.15662]

崩壊率: の を計算すべしΓ ≃
μ
2π

exp [−SB] SB



Conventional calculation of decay rate
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Decay rate per length: Γ ≃
μ
2π

exp [−SB]
• ストリングループの数密度 ∼ e−Γ(t−ti)

→ はGWスペクトラムにdouble exponentialで効くSB

: string tension μ

: monopole massmM
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PTA favors SB ∼ 64π ∼ 200

⚠ ただし  を仮定mM ≫ 2πμ /g ⇔ SB ≫ 2π2/g2 ∼ 40
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Conventional calculation of decay rate

28

Decay rate per length: Γ ≃
μ
2π

exp [−SB]
• ストリングループの数密度 ∼ e−Γ(t−ti)

→ はGWスペクトラムにdouble exponentialで効くSB

• thin-string近似: SB ≃ π
m2

M

μ
[Preskill-Vilenkin ’93]

PTA favors SB ∼ 64π ∼ 200

⚠ ただし  を仮定mM ≫ 2πμ /g ⇔ SB ≫ 2π2/g2 ∼ 40

okay…? 🤔

: string tension μ

: monopole massmM

→ uncertainty ~ 40/200 =0.2



Metastable cosmic string
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[Preskill-Vilenkin ’93]

cosmic string

U(1) ⟶ 1
vU(1)
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[Preskill-Vilenkin ’93]

cosmic string

SU(2) ⟶
vSU(2)

U(1) ⟶ 1
vU(1)

vSU(2) > vU(1)
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[Preskill-Vilenkin ’93]

cosmic string

SU(2) ⟶
vSU(2)

admits magnetic monopole 
(like GUT monopole)

U(1) ⟶ 1
vU(1)

vSU(2) > vU(1)



Metastable cosmic string
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[Preskill-Vilenkin ’93]

cosmic string

SU(2) ⟶
vSU(2)

admits magnetic monopole 
(like GUT monopole)

monopole

antimonopole

Quantum tunneling

U(1) ⟶ 1
vU(1)

vSU(2) > vU(1)



Metastable cosmic string
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cosmic string

SU(2) ⟶
vSU(2)

admits magnetic monopole 
(like GUT monopole)

Quantum tunneling

U(1) ⟶ 1
vU(1)

vSU(2) > vU(1)

Eventually disappear

[Preskill-Vilenkin ’93]



背景重力波の証拠@PTA
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δta ≡ tobs
a − tmodel

a

PGW( f )Γ(ξab)
F.T.∼ ∑

a,b

⟨δta(t)δtb(t)⟩

一様等方性を仮定した理論予言
(Hellings-Downs)と一致 

→背景重力波の証拠 ( )3-4σ

[NANOGrav, 2306.16213]

ΩGW ∼ f 5 PGW( f ) ∼
A2

GWB

H2
0

f 2
yr ( f

fyr )
5−γGWB

パルサータイミングのずれ：



Kibble-Zurek 機構
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• 相転移は一様には起き得ない → 欠陥としてソリトンが生じる

[Zurek ’85]

[Kibble ’76]

一次相転移二次相転移

• 初期宇宙でU(1)を破る相転移が起きたと期待



PTArcade
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°10 °8 °6 °4
log10 Gµ

7.5

8.0

8.5

9.0

p
∑

LV
K

(l
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.)
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.)

7.5 8.0 8.5 9.0p
∑

META-L + SMBHB

META-L

κ = SB/π



Metastable cosmic string
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cosmic string

SU(2) ⟶
vSU(2)

admits magnetic monopole 
(like GUT monopole)

Quantum tunneling

U(1) ⟶ 1
vU(1)

vSU(2) > vU(1)

Eventually disappear

[Preskill-Vilenkin ’93]



Future prospect of GW
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Gμ ≃ v2
st./M2

pl.

(fig from arXiv: 2212.05291)

宇宙ひもと重力波の時代!?

2037?

2023!

~203x?

done!

~203x?



宇宙ひもはアツい

36https://www2.yukawa.kyoto-u.ac.jp/~lunch.seminar/
files/120627_Hiramatsu.pdf

• 超伝導物質

• 我々の宇宙空間にもあるかも!

• 宇宙マイクロ波背景放射

• 重力波

• 発見されれば新しい物理の強い証拠

• 入り込んだ磁場は宇宙ひもと同じ

Cosmic String Network

Takashi Hiramatsu
Cosmic strings

1-dimensional topological defect, produced through the spontaneous symmetry
breaking (SSB) of the vacuum state of some kinds of fields. 

It's possible for various kinds of field to exist in the early epoch of the universe, 
and some of them can be responsible for the formation of CSs.

cosmic strings domain wallsour universe
(visible region)

• 超伝導体の相図と関係

宇宙ひもを使って標準模型を超える物理を探る
(例: 大統一理論, QCDアクシオン, etc)



GW is observed by PTA!

37

[NANOGrav, 2306.16213]


