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Topological Defects 

two-dimensional objects 

discrete symmetry breaking at a phase transition. 

partition the Universe into various 'cells'

Domain wall

one-dimensional (line-like) objects 

axial or cylindrical symmetry breaking

associated with GUT models

Cosmic string



Different types of Walls bounded by Strings

Strings form when the approximate U(1) is broken

When the explicit U(1) breaking term becomes significant,

the energy of the string gather to a particular angle

Axion strings and axion walls

Strings form when the U(1) is broken into Zn

Walls form when the Z  is brokenn

Breaking chain U(1) to Z  to {e}n

Vilenkin & Everett, 1982

Kibble, Lazarides & Shafi, 1982



“Domain walls eating strings”

Energy of the string 

Energy of the wall

Critical radius 

wall dominant

string dominant

wall formation

Dunsky, Ghoshal, Murayama, Sakakihara & White, 2022



Phenomenology

Gravitational wave spectrum

Dunsky, Ghoshal, Murayama, Sakakihara & White, 2022

Strings are pulled by the walls to collapse
soon after the walls dominate the dynamics



Phenomenology

Maji, Park, Shafi 2023 Lazarides, Maji, Shafi 2023 BF, Ghoshal, King & Rahat 2024

Such a gravitational wave spectrum has been applied to different models 

Type I 2HDM



Phenomenology

Maji, Park, Shafi 2023 Lazarides, Maji, Shafi 2023 BF, Ghoshal, King & Rahat 2024

Such a gravitational wave spectrum has been applied to different models 

2HDM

Is it correct?
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Long strings



Wall bounded by Long strings

Two strings winding in the opposite direction



Wall bounded by Long strings

Two strings winding in the same direction



loop formation

Wall bounded by Long strings

from two strings winding in

the same direction

relic string network

from two strings winding in

the opposite direction



loop formation

Wall bounded by Long strings

from two strings winding in

the same direction

relic string network

from two strings winding in

the opposite direction No topological charge

topological charge
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String tension

The tension of global string is given by



GravitationalGravitational wave waveGravitational wave



Evolution of the network

Walls are created on strings. The walls stretch the strings together, forming

loops or merging into strings with a larger winding angle, until all the walls

disappear. The string number density is reduced by 1/2 in this process.

02 Z  to {e}2

Strings winding from 0 to π are

generated. The string network evolves

normally and enters the scaling regime. 

01 U(1) to Z  2

As the string number density is lower than the scaling

regime, the chopping rate is lower, and thus the GW emitting

power is lower. The string number density starts to grow. 

03

Network

The string network reenters the scaling regime. 

04Back to scaling

Cooled network



wall formation

GW strength

Gravitational wave

BF,Ghoshal & King 2024



Possible future improvement

velocity-dependent

one-scale model

comoving Hubble distance grows

with  comoving time and finally

exceed the comoving size of the

simulation box

lattice simulation

new term from wall tension

different loop chopping efficiency

string with different winding

string network as initial condition

of simulation
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