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2 Why cosmic defects?

Alberto Mariotti (VUB) September 2026

★ They arise in cosmological phase transitions

★ Depends on structure of the vacuum manifold 
(symmetry breaking pattern) of the theory  

★ Predicted in many BSM scenarios

★ Sources of gravitational waves

★ Can have other impact in early Universe dynamics

★ Unique signal of BSM physics (connect particle physics 
with early Universe cosmology)

Metastable defects

Fig. from A. Rase



3 Intro on topological defects
[Zel'dovich et al. '74, Kibble '76]

★Their existence depends on the homotopy group of the vacuum manifold

Alberto Mariotti (VUB)

★Extended dynamical objects carrying energy

★Classification is based on topological properties of vacuum manifold
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M = G/H

★Non trivial solutions to the EoM with finite energy
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⇡n(M) 6= 1

★Symmetry group G broken to a subgroup H

Vacuum 
Manifold

Metastable defects September 2026
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Of the vacuum 

manifold
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⇡2(M)

Defect Dimension Homotopy

Domain Walls 2

Strings 1

Monopoles Point-like

Topological defects
Field theory: classical solutions to the EoM 

ℤ2 → ∅

σDW ∼ v3
s

Domain wall tension:

Simone Blasi - COSMIC WISPers - 06.09.2023
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Alberto Mariotti (VUB) Metastable defects

Fig. from Simone

A.Vilenkin and E.P.S.Shellard

Intro on topological defects
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Topological defects
Relics of PTs depending on topology of vacuum manifold M, not on the strength

Defect Dimension Homotopy
Domain walls 2 𝜋0(𝑀)

Strings 1 𝜋1(𝑀)
Monopoles Point-like 𝜋2(𝑀)

Textures - 𝜋3(𝑀)

[Zel’dovich et al. 74, Kibble 76]

Fig. from Ringeval
2010

𝑈 1 strings

Cosmic strings and other 
topological defects, 
Vilenkin & Shellard
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Of the vacuum 

manifold
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⇡2(M)

Defect Dimension Homotopy

Domain Walls 2

Strings 1

Monopoles Point-like
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Alberto Mariotti (VUB) Metastable defects

Abrikosov-Nielsen–Olesen
(ANO) String

Fig. from Ringeval 2010

A.Vilenkin and E.P.S.Shellard

Intro on topological defects

September 2026



6

Of the vacuum 

manifold
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⇡2(M)

Defect Dimension Homotopy

Domain Walls 2

Strings 1

Monopoles Point-like

4 TOPOLOGICAL DEFECTS 26

Figure 13: The hedgehog configuration of a monopole defect, where the arrows indicate
the phase of the scalar field in space. Figure taken from [53].

Conclusion

We conclude this section by summarizing the classification of topological defects in Table
1: given a theory with a spontaneous breaking of the symmetry G ! H, the existence
of topological defects can be found by inspecting the topology of the vacuum manifold
M = G/H. In particular, a non-trivial homotopy group of M will result in either a
topological domain wall, a topological cosmic string and/or a topological monopole. We
will return to a quantitative description of the field profile for the string and monopole
solutions in Section 5.

Topology Topological defect Codimension

⇡0(M) 6= 1 Domain walls (kinks) 1
⇡1(M) 6= 1 Strings (vortices) 2
⇡2(M) 6= 1 Monopoles 3

Table 1: Classification of topological defects based on the topology of the vacuum manifold
M together with their corresponding codimension: domain-walls are pointlike, strings are
line-like and domain walls are sheet-like.

Topological vs. non-topological defects It is important to point out that all of
the above applies strictly to topological defects. For instance, for the particular case
of strings, while a vacuum manifold with a non-trivial homotopy group, ⇡1(M) 6= 1,
guarantees the presence of topologically stable strings, the converse is not necessarily true:
a vacuum of trivial topology, ⇡1(M) = 1 does not completely rule out the existence of
cosmic strings altogether. It simply means that any such strings cannot carry a conserved
topological charge defined at spatial infinity. Nevertheless, a theory may still allow for field
configurations that mimic the structure of a topological cosmic string. These are known
as non-topological cosmic strings. Unlike topological strings, they are not protected by
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⇡2(SU(2)/U(1)) = Z

't Hooft–Polyakov Monopole
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★Symmetry group G restored at high temperatures

Two interesting consequences of cosmological PT:

Phase transition during the cooling of the Universe at critical temperature
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h�i = 0
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� : order parameter of a symmetry

High-T
<latexit sha1_base64="WoRMOt9EX9ZCws4u6uLRwgWHQN0=">AAACBHicbVC7SgNBFL3rM8bXqmWawSBYhV3xVQZtLCOYB2RDmJ3cJENmZ9eZWSGEFDb+io2FIrZ+hJ1/4yTZQhMPXDhzzr3MvSdMBNfG876dpeWV1bX13EZ+c2t7Z9fd26/pOFUMqywWsWqEVKPgEquGG4GNRCGNQoH1cHA98esPqDSP5Z0ZJtiKaE/yLmfUWKntFgJBZU8gCZI+J4HKHhLvidd2i17Jm4IsEj8jRchQabtfQSdmaYTSMEG1bvpeYlojqgxnAsf5INWYUDagPWxaKmmEujWaHjEmR1bpkG6sbElDpurviRGNtB5Goe2MqOnreW8i/uc1U9O9bI24TFKDks0+6qaCmJhMEiEdrpAZMbSEMsXtroT1qaLM2NzyNgR//uRFUjsp+eels9vTYvkqiyMHBTiEY/DhAspwAxWoAoNHeIZXeHOenBfn3fmYtS452cwB/IHz+QNxLpdU</latexit>

h�i 6= 0

<latexit sha1_base64="6cOonVdZb9HJxEjwDHehn1C+Snc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr2PQi8eIeUGyhNnJJBkyO7vM9AphySd48aCIV7/Im3/jJNmDJhY0FFXddHcFsRQGXffbya2srq1v5DcLW9s7u3vF/YOGiRLNeJ1FMtKtgBouheJ1FCh5K9achoHkzWB0N/WbT1wbEakajmPuh3SgRF8wilZ69M5q3WLJLbszkGXiZaQEGard4lenF7Ek5AqZpMa0PTdGP6UaBZN8UugkhseUjeiAty1VNOTGT2enTsiJVXqkH2lbCslM/T2R0tCYcRjYzpDi0Cx6U/E/r51g/8ZPhYoT5IrNF/UTSTAi079JT2jOUI4toUwLeythQ6opQ5tOwYbgLb68TBrnZe+qfPlwUarcZnHk4QiO4RQ8uIYK3EMV6sBgAM/wCm+OdF6cd+dj3ppzsplD+APn8weO041W</latexit>

1/TLow-T
<latexit sha1_base64="RAYq9R9naucl36FvrNupB9DPGOQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eIeUGyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHjRY0FFXddHcFieDauO6XU1hZXVvfKG6WtrZ3dvfK+wctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYxvZ377EZXmsWyYSYJ+RIeSh5xRY6WHRp/1yxW36s5B/hIvJxXIUe+XP3uDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzU+dkhOrDEgYK1vSkLn6cyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM/iYDrpAZMbGEMsXtrYSNqKLM2HRKNgRv+eW/pHVW9S6rF/fnldpNHkcRjuAYTsGDK6jBHdShCQyG8AQv8OoI59l5c94XrQUnnzmEX3A+vgEj4I24</latexit>

Tc
<latexit sha1_base64="hX/KC+JqtbSxp33mDv0zuR+O1oI=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiNkg2QIPZ2epEkvY3ePEIb8hBcPinj1d7z5N3aSOWjig4LHe1VU1YsSzoz1/W9vZXVtfWOzsFXc3tnd2y8dHDaNSjWhDaK40u0IG8qZpA3LLKftRFMsIk5b0ehu6reeqDZMybodJzQUeCBZzAi2Tmp3DROo3iO9Utmv+DOgZRLkpAw5ar3SV7evSCqotIRjYzqBn9gww9oywumk2E0NTTAZ4QHtOCqxoCbMZvdO0KlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhvfhBmTSWqpJPNFccqRVWj6POozTYnlY0cw0czdisgQa0ysi6joQggWX14mzfNKcFW5fLgoV2/zOApwDCdwBgFcQxXuoQYNIMDhGV7hzXv0Xrx372PeuuLlM0fwB97nD5SUj68=</latexit>⇠ Tc

A. If phase transition is first order: bubbles and GW
B. If homotopy of vacuum manifold non trivial: topological defects

How topological defects form?
★Consider Universe with high reheating temperature

Alberto Mariotti (VUB) Metastable defects September 2026



8 How topological defects form?

★Example of        Domain Walls 
<latexit sha1_base64="TvyJR49vxTx7Y+e+eWe4a1zifXM=">AAAB83icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPrAzlEyaaUMzmSHJCGXob7hxoYhbf8adf2OmnYW2HggczrmXe3KCRHBtHOcbrayurW9slrbK2zu7e/uVg8O2jlNFWYvGIlbdgGgmuGQtw41g3UQxEgWCdYLxbe53npjSPJYPZpIwPyJDyUNOibGS50XEjIIge5z26/1K1ak5M+Bl4hakCgWa/cqXN4hpGjFpqCBa91wnMX5GlOFUsGnZSzVLCB2TIetZKknEtJ/NMk/xqVUGOIyVfdLgmfp7IyOR1pMosJN5Rr3o5eJ/Xi814bWfcZmkhkk6PxSmApsY5wXgAVeMGjGxhFDFbVZMR0QRamxNZVuCu/jlZdKu19zL2sX9ebVxU9RRgmM4gTNw4QoacAdNaAGFBJ7hFd5Qil7QO/qYj66gYucI/gB9/gD7H5Gp</latexit>Z2

<latexit sha1_base64="TvyJR49vxTx7Y+e+eWe4a1zifXM=">AAAB83icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPrAzlEyaaUMzmSHJCGXob7hxoYhbf8adf2OmnYW2HggczrmXe3KCRHBtHOcbrayurW9slrbK2zu7e/uVg8O2jlNFWYvGIlbdgGgmuGQtw41g3UQxEgWCdYLxbe53npjSPJYPZpIwPyJDyUNOibGS50XEjIIge5z26/1K1ak5M+Bl4hakCgWa/cqXN4hpGjFpqCBa91wnMX5GlOFUsGnZSzVLCB2TIetZKknEtJ/NMk/xqVUGOIyVfdLgmfp7IyOR1pMosJN5Rr3o5eJ/Xi814bWfcZmkhkk6PxSmApsY5wXgAVeMGjGxhFDFbVZMR0QRamxNZVuCu/jlZdKu19zL2sX9ebVxU9RRgmM4gTNw4QoacAdNaAGFBJ7hFd5Qil7QO/qYj66gYucI/gB9/gD7H5Gp</latexit>Z2★       symmetry restored in early Universe and broken while 
temperature drops <latexit sha1_base64="1axVGfVD5JSDAnNUxMy5Z4vQ13k=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAyCjWE3+MIqaGMZwTwwuyyzk0kyZPbBzKwQljQ2/oqNhSK2/oOdf+NssoUmHhg4nHMvc8/xY86ksqxvo7CwuLS8Ulwtra1vbG6Z2ztNGSWC0AaJeCTaPpaUs5A2FFOctmNBceBz2vKH15nfeqBCsii8U6OYugHuh6zHCFZa8sx9J8Bq4Pvp/dirXiInHjDkqAgdZ8wzy1bFmgDNEzsnZchR98wvpxuRJKChIhxL2bGtWLkpFooRTsclJ5E0xmSI+7SjaYgDKt10kmKMDrXSRb1I6BcqNFF/b6Q4kHIU+Hoyu1nOepn4n9dJVO/CTVkYJ4qGZPpRL+FIx8wqQV0mKFF8pAkmgulbERlggYnSxZV0CfZs5HnSrFbss8rp7Um5dpXXUYQ9OIAjsOEcanADdWgAgUd4hld4M56MF+Pd+JiOFox8Zxf+wPj8ASqVl7o=</latexit>

Z2 : � ! ��

[Zel'dovich et al. '74, Kibble '76]

Alberto Mariotti (VUB) Metastable defects September 2026



9 How topological defects form?

★Example of        Domain Walls 
<latexit sha1_base64="TvyJR49vxTx7Y+e+eWe4a1zifXM=">AAAB83icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPrAzlEyaaUMzmSHJCGXob7hxoYhbf8adf2OmnYW2HggczrmXe3KCRHBtHOcbrayurW9slrbK2zu7e/uVg8O2jlNFWYvGIlbdgGgmuGQtw41g3UQxEgWCdYLxbe53npjSPJYPZpIwPyJDyUNOibGS50XEjIIge5z26/1K1ak5M+Bl4hakCgWa/cqXN4hpGjFpqCBa91wnMX5GlOFUsGnZSzVLCB2TIetZKknEtJ/NMk/xqVUGOIyVfdLgmfp7IyOR1pMosJN5Rr3o5eJ/Xi814bWfcZmkhkk6PxSmApsY5wXgAVeMGjGxhFDFbVZMR0QRamxNZVuCu/jlZdKu19zL2sX9ebVxU9RRgmM4gTNw4QoacAdNaAGFBJ7hFd5Qil7QO/qYj66gYucI/gB9/gD7H5Gp</latexit>Z2

<latexit sha1_base64="TvyJR49vxTx7Y+e+eWe4a1zifXM=">AAAB83icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPrAzlEyaaUMzmSHJCGXob7hxoYhbf8adf2OmnYW2HggczrmXe3KCRHBtHOcbrayurW9slrbK2zu7e/uVg8O2jlNFWYvGIlbdgGgmuGQtw41g3UQxEgWCdYLxbe53npjSPJYPZpIwPyJDyUNOibGS50XEjIIge5z26/1K1ak5M+Bl4hakCgWa/cqXN4hpGjFpqCBa91wnMX5GlOFUsGnZSzVLCB2TIetZKknEtJ/NMk/xqVUGOIyVfdLgmfp7IyOR1pMosJN5Rr3o5eJ/Xi814bWfcZmkhkk6PxSmApsY5wXgAVeMGjGxhFDFbVZMR0QRamxNZVuCu/jlZdKu19zL2sX9ebVxU9RRgmM4gTNw4QoacAdNaAGFBJ7hFd5Qil7QO/qYj66gYucI/gB9/gD7H5Gp</latexit>Z2★       symmetry restored in early Universe and broken while 
temperature drops <latexit sha1_base64="1axVGfVD5JSDAnNUxMy5Z4vQ13k=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAyCjWE3+MIqaGMZwTwwuyyzk0kyZPbBzKwQljQ2/oqNhSK2/oOdf+NssoUmHhg4nHMvc8/xY86ksqxvo7CwuLS8Ulwtra1vbG6Z2ztNGSWC0AaJeCTaPpaUs5A2FFOctmNBceBz2vKH15nfeqBCsii8U6OYugHuh6zHCFZa8sx9J8Bq4Pvp/dirXiInHjDkqAgdZ8wzy1bFmgDNEzsnZchR98wvpxuRJKChIhxL2bGtWLkpFooRTsclJ5E0xmSI+7SjaYgDKt10kmKMDrXSRb1I6BcqNFF/b6Q4kHIU+Hoyu1nOepn4n9dJVO/CTVkYJ4qGZPpRL+FIx8wqQV0mKFF8pAkmgulbERlggYnSxZV0CfZs5HnSrFbss8rp7Um5dpXXUYQ9OIAjsOEcanADdWgAgUd4hld4M56MF+Pd+JiOFox8Zxf+wPj8ASqVl7o=</latexit>

Z2 : � ! ��

Spontaneous Z_2 breaking

<latexit sha1_base64="8Gb7X2goMOpwj8ekfHUyXm8vn1I=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdfAQ9OIxQl6QLGF2MpsMmZ1dZnqFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7gkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD/1W09cGxGrOo4T7kd0oEQoGEUrterkltR7rFcquxV3BrJMvJyUIUetV/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3Ak5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophjd+JlSSIldsvihMJcGYTH8nfaE5Qzm2hDIt7K2EDammDG1CRRuCt/jyMmmeV7yryuXjRbl6l8dRgGM4gTPw4Bqq8AA1aACDETzDK7w5ifPivDsf89YVJ585gj9wPn8A9sOOsA==</latexit>

T < Tc

[Zel'dovich et al. '74, Kibble '76]

Alberto Mariotti (VUB) Metastable defects September 2026



Domain walls

−𝒗 −𝒗 +𝑣 +𝑣

−𝒗 −𝒗 −𝒗 +𝑣

+𝑣 +𝑣 −𝒗 −𝒗

Universe

Def.: Topological defects from spontaneously broken discrete symmetry

ℤ2 :𝜙 → - 𝜙

3

10 How topological defects form?

★Example of        Domain Walls 
<latexit sha1_base64="TvyJR49vxTx7Y+e+eWe4a1zifXM=">AAAB83icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPrAzlEyaaUMzmSHJCGXob7hxoYhbf8adf2OmnYW2HggczrmXe3KCRHBtHOcbrayurW9slrbK2zu7e/uVg8O2jlNFWYvGIlbdgGgmuGQtw41g3UQxEgWCdYLxbe53npjSPJYPZpIwPyJDyUNOibGS50XEjIIge5z26/1K1ak5M+Bl4hakCgWa/cqXN4hpGjFpqCBa91wnMX5GlOFUsGnZSzVLCB2TIetZKknEtJ/NMk/xqVUGOIyVfdLgmfp7IyOR1pMosJN5Rr3o5eJ/Xi814bWfcZmkhkk6PxSmApsY5wXgAVeMGjGxhFDFbVZMR0QRamxNZVuCu/jlZdKu19zL2sX9ebVxU9RRgmM4gTNw4QoacAdNaAGFBJ7hFd5Qil7QO/qYj66gYucI/gB9/gD7H5Gp</latexit>Z2

<latexit sha1_base64="TvyJR49vxTx7Y+e+eWe4a1zifXM=">AAAB83icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPrAzlEyaaUMzmSHJCGXob7hxoYhbf8adf2OmnYW2HggczrmXe3KCRHBtHOcbrayurW9slrbK2zu7e/uVg8O2jlNFWYvGIlbdgGgmuGQtw41g3UQxEgWCdYLxbe53npjSPJYPZpIwPyJDyUNOibGS50XEjIIge5z26/1K1ak5M+Bl4hakCgWa/cqXN4hpGjFpqCBa91wnMX5GlOFUsGnZSzVLCB2TIetZKknEtJ/NMk/xqVUGOIyVfdLgmfp7IyOR1pMosJN5Rr3o5eJ/Xi814bWfcZmkhkk6PxSmApsY5wXgAVeMGjGxhFDFbVZMR0QRamxNZVuCu/jlZdKu19zL2sX9ebVxU9RRgmM4gTNw4QoacAdNaAGFBJ7hFd5Qil7QO/qYj66gYucI/gB9/gD7H5Gp</latexit>Z2★       symmetry restored in early Universe and broken while 
temperature drops <latexit sha1_base64="1axVGfVD5JSDAnNUxMy5Z4vQ13k=">AAACBXicbVC7SgNBFL0bXzG+Vi21GAyCjWE3+MIqaGMZwTwwuyyzk0kyZPbBzKwQljQ2/oqNhSK2/oOdf+NssoUmHhg4nHMvc8/xY86ksqxvo7CwuLS8Ulwtra1vbG6Z2ztNGSWC0AaJeCTaPpaUs5A2FFOctmNBceBz2vKH15nfeqBCsii8U6OYugHuh6zHCFZa8sx9J8Bq4Pvp/dirXiInHjDkqAgdZ8wzy1bFmgDNEzsnZchR98wvpxuRJKChIhxL2bGtWLkpFooRTsclJ5E0xmSI+7SjaYgDKt10kmKMDrXSRb1I6BcqNFF/b6Q4kHIU+Hoyu1nOepn4n9dJVO/CTVkYJ4qGZPpRL+FIx8wqQV0mKFF8pAkmgulbERlggYnSxZV0CfZs5HnSrFbss8rp7Um5dpXXUYQ9OIAjsOEcanADdWgAgUd4hld4M56MF+Pd+JiOFox8Zxf+wPj8ASqVl7o=</latexit>

Z2 : � ! ��

Spontaneous Z_2 breaking

Domain Walls get formed

Universe

Universe get filled with “walls” 
separating regions with the two 

possible field values in the vacua 

<latexit sha1_base64="8Gb7X2goMOpwj8ekfHUyXm8vn1I=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdfAQ9OIxQl6QLGF2MpsMmZ1dZnqFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7gkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdD/1W09cGxGrOo4T7kd0oEQoGEUrterkltR7rFcquxV3BrJMvJyUIUetV/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3Ak5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophjd+JlSSIldsvihMJcGYTH8nfaE5Qzm2hDIt7K2EDammDG1CRRuCt/jyMmmeV7yryuXjRbl6l8dRgGM4gTPw4Bqq8AA1aACDETzDK7w5ifPivDsf89YVJ585gj9wPn8A9sOOsA==</latexit>

T < Tc

[Zel'dovich et al. '74, Kibble '76]

Alberto Mariotti (VUB) Metastable defects

Figures from Aaron

September 2026



11 Cosmological phase transitions in the SM

★In the Standard Model

✴QCD Phase Transition (T ~ GeV)? 
✴EW Phase Transition (T~ 100 GeV)?

(If very light Higgs it could have been strongly first order) '81 Witten

Phase transition during the cooling of the Universe at critical temperature

<latexit sha1_base64="a6mutp2q77nFPv7uaBw4qn+xzAQ=">AAACAXicbVDLSgNBEOz1GeMr6kXwMhgET2FXfF2EoBePEcwDskuYnXSSIbOzy8ysEEK8+CtePCji1b/w5t84SfagiQUNNVXdTHeFieDauO63s7C4tLyymlvLr29sbm0XdnZrOk4VwyqLRawaIdUouMSq4UZgI1FIo1BgPezfjP36AyrNY3lvBgkGEe1K3uGMGiu1Cvu+oLIrkPhJjxNfTR9XxG0Vim7JnYDMEy8jRchQaRW+/HbM0gilYYJq3fTcxARDqgxnAkd5P9WYUNanXWxaKmmEOhhOLhiRI6u0SSdWtqQhE/X3xJBGWg+i0HZG1PT0rDcW//OaqelcBkMuk9SgZNOPOqkgJibjOEibK2RGDCyhTHG7K2E9qigzNrS8DcGbPXme1E5K3nnp7O60WL7O4sjBARzCMXhwAWW4hQpUgcEjPMMrvDlPzovz7nxMWxecbGYP/sD5/AHLXpXT</latexit>

h�i = 0

<latexit sha1_base64="0h/ynXwUC6YGeOPM39UKi1IyiS8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFrJ76ZDQXrVmlt3ZyDLxCtIDQo0e9Wvbj9hWcwVMkmN6XhuikFONQom+aTSzQxPKRvRAe9YqmjMTZDPjp2QE6v0SZRoWwrJTP09kdPYmHEc2s6Y4tAselPxP6+TYXQd5EKlGXLF5ouiTBJMyPRz0heaM5RjSyjTwt5K2JBqytDmU7EheIsvL5PHs7p3Wb+4P681boo4ynAEx3AKHlxBA+6gCT4wEPAMr/DmKOfFeXc+5q0lp5g5hD9wPn8Abc+Ocw==</latexit>

� : order parameter of a symmetry

High-T
<latexit sha1_base64="WoRMOt9EX9ZCws4u6uLRwgWHQN0=">AAACBHicbVC7SgNBFL3rM8bXqmWawSBYhV3xVQZtLCOYB2RDmJ3cJENmZ9eZWSGEFDb+io2FIrZ+hJ1/4yTZQhMPXDhzzr3MvSdMBNfG876dpeWV1bX13EZ+c2t7Z9fd26/pOFUMqywWsWqEVKPgEquGG4GNRCGNQoH1cHA98esPqDSP5Z0ZJtiKaE/yLmfUWKntFgJBZU8gCZI+J4HKHhLvidd2i17Jm4IsEj8jRchQabtfQSdmaYTSMEG1bvpeYlojqgxnAsf5INWYUDagPWxaKmmEujWaHjEmR1bpkG6sbElDpurviRGNtB5Goe2MqOnreW8i/uc1U9O9bI24TFKDks0+6qaCmJhMEiEdrpAZMbSEMsXtroT1qaLM2NzyNgR//uRFUjsp+eels9vTYvkqiyMHBTiEY/DhAspwAxWoAoNHeIZXeHOenBfn3fmYtS452cwB/IHz+QNxLpdU</latexit>

h�i 6= 0

<latexit sha1_base64="6cOonVdZb9HJxEjwDHehn1C+Snc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr2PQi8eIeUGyhNnJJBkyO7vM9AphySd48aCIV7/Im3/jJNmDJhY0FFXddHcFsRQGXffbya2srq1v5DcLW9s7u3vF/YOGiRLNeJ1FMtKtgBouheJ1FCh5K9achoHkzWB0N/WbT1wbEakajmPuh3SgRF8wilZ69M5q3WLJLbszkGXiZaQEGard4lenF7Ek5AqZpMa0PTdGP6UaBZN8UugkhseUjeiAty1VNOTGT2enTsiJVXqkH2lbCslM/T2R0tCYcRjYzpDi0Cx6U/E/r51g/8ZPhYoT5IrNF/UTSTAi079JT2jOUI4toUwLeythQ6opQ5tOwYbgLb68TBrnZe+qfPlwUarcZnHk4QiO4RQ8uIYK3EMV6sBgAM/wCm+OdF6cd+dj3ppzsplD+APn8weO041W</latexit>

1/TLow-T
<latexit sha1_base64="RAYq9R9naucl36FvrNupB9DPGOQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eIeUGyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHjRY0FFXddHcFieDauO6XU1hZXVvfKG6WtrZ3dvfK+wctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYxvZ377EZXmsWyYSYJ+RIeSh5xRY6WHRp/1yxW36s5B/hIvJxXIUe+XP3uDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzU+dkhOrDEgYK1vSkLn6cyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM/iYDrpAZMbGEMsXtrYSNqKLM2HRKNgRv+eW/pHVW9S6rF/fnldpNHkcRjuAYTsGDK6jBHdShCQyG8AQv8OoI59l5c94XrQUnnzmEX3A+vgEj4I24</latexit>

Tc
<latexit sha1_base64="hX/KC+JqtbSxp33mDv0zuR+O1oI=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiNkg2QIPZ2epEkvY3ePEIb8hBcPinj1d7z5N3aSOWjig4LHe1VU1YsSzoz1/W9vZXVtfWOzsFXc3tnd2y8dHDaNSjWhDaK40u0IG8qZpA3LLKftRFMsIk5b0ehu6reeqDZMybodJzQUeCBZzAi2Tmp3DROo3iO9Utmv+DOgZRLkpAw5ar3SV7evSCqotIRjYzqBn9gww9oywumk2E0NTTAZ4QHtOCqxoCbMZvdO0KlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhvfhBmTSWqpJPNFccqRVWj6POozTYnlY0cw0czdisgQa0ysi6joQggWX14mzfNKcFW5fLgoV2/zOApwDCdwBgFcQxXuoQYNIMDhGV7hzXv0Xrx372PeuuLlM0fwB97nD5SUj68=</latexit>⇠ Tc

✴No stable defects created in the SM phase transitions (we’ll discuss this later)

Defects (or FOPT) would be signal of BSM

Alberto Mariotti (VUB) Metastable defects September 2026



4

the argument of B can take. However, as the function is
so slowly varying, µ ⇠ v2

µ within an order of magnitude.
Finally, let us consider monopoles which exist in the

case where the second homotopy group of the vacuum
manifold is non-trivial. That is, the vacuum is topo-
logically equivalent to a sphere. For a simple example,
consider a model with an SU(2) gauge symmetry

L =
1

2
Dµ�Dµ� � 1

4
Bµ⌫B

µ⌫ � �

4

�
�2 � v2

m

�2
, (13)

where � is a real SU(2) triplet. The ‘t Hooft-Polyakov
monopole [63, 64] has the behavior

� = r̂
h(vmer)

er

W i
a = ✏aij x̂

j 1 � f(vmer)

er
W 0

a = 0 , (14)

where, using the shorthand ⇠ = vmer for the product
of vm with the gauge coupling constant e and radial co-
ordinate r, the functions f and h are solutions to the
equations [63, 64]

⇠2 d2f

d⇠2
= f(⇠)h(⇠)2 + f(⇠)(f(⇠)2 � 1) (15)

⇠2 d2h

d⇠2
= 2f(⇠)2h(⇠) +

�

e2
h(⇠)(h(⇠)2 � ⇠2) . (16)

The boundary conditions satisfy lim⇠!0 f(⇠) � 1 =
lim⇠!0 h(⇠) ⇠ O(⇠) and lim⇠!1 f(⇠) = 0,
lim⇠!1 h(⇠) ⇠ ⇠. The monopole mass again comes from
solving the equations of motion and then calculating the
static Hamiltonian,

E = m =
4⇡vm

e

Z 1

0

d⇠

⇠2

"
⇠2

✓
df

d⇠

◆2

+
1

2

✓
⇠
dh

d⇠
� h

◆2

+
1

2
(f2 � 1)2 + f2h2 +

�

4e2
(h2 � ⇠2)2

�
. (17)

It has the form

m =
4⇡vm

e
f(�/e2) . (18)

The solution (17) has been calculated numerically for
multiple values, and one finds that for 0.1 < �/e2 < 101,
f(�/e2) is slowly varying O(1) function [63].

In conclusion there is a reasonably tight relationship
between the symmetry breaking scale and the string ten-
sion µ ⇠ v2

µ. However, domain walls can have a sig-
nificantly smaller surface tension than the cube of the
symmetry breaking scale and the monopole mass can be
well above vm. Even still, one should expect from nat-
uralness considerations for all relevant quantities to be
within a few orders of magnitude of the relevant powers
of the symmetry breaking scale.

SO(10)

<latexit sha1_base64="A6fNPCS1eRGsAPH8WEDx3lDW+bY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPRY9OLNivYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmlomitAGkVyqdoA15UzQhmGG03asKI4CTlvB6Hrqt56o0kyKBzOOqR/hgWAhI9hYqXl/W/bc016x5FbcGdAy8TJSggz1XvGr25ckiagwhGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKnBEtZ/Orp2gE6v0USiVLWHQTP09keJI63EU2M4Im6Fe9Kbif14nMeGlnzIRJ4YKMl8UJhwZiaavoz5TlBg+tgQTxeytiAyxwsTYgAo2BG/x5WXSPKt41cr5XbVUu8riyMMRHEMZPLiAGtxAHRpA4BGe4RXeHOm8OO/Ox7w152Qzh/AHzucP8syOEg==</latexit>

422D

<latexit sha1_base64="a50VuxnPmdVHMeWFrFa4us9Oo8Q=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktLXos6sFjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpHqtdjcsV9yquwBaJ15OKpCjNSx/DUYRSQSVhnCsdd9zY+OnWBlGOJ2XBommMSZTPKZ9SyUWVPvp4tY5urDKCIWRsiUNWqi/J1IstJ6JwHYKbCZ61cvE/7x+YsJrP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t69WrjoV5p3uRxFOEMzuESPLiCJtxDC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MH8FSNhg==</latexit>

3221D

<latexit sha1_base64="97/4fxFwct/YNMza47MShP2V0Yw=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHxRHYRo0eiHjxi4gIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkndRq7l3/XLFqTpz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWtWtWtVy8f6pXGTR5HEU7gFM7BhStowD00wQMKHJ7hFd6QRC/oHX0sWgsonzmGP0CfP17SjcA=</latexit>

3221

<latexit sha1_base64="pa7WfJBAezArAiv1PTKYj2NXzfk=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtLXosevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwy6apW84blilt1F0DrxMtJBXK0huWvwSgiiaDSEI617ntubPwUK8MIp/PSINE0xmSKx7RvqcSCaj9d3DpHF1YZoTBStqRBC/X3RIqF1jMR2E6BzUSvepn4n9dPTHjjp0zGiaGSLBeFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2npINwVt9eZ10alWvXm081CvN2zyOIpzBOVyCB9fQhHtoQRsITOAZXuHNEc6L8+58LFsLTj5zCn/gfP4A0gGNcg==</latexit>

3211

<latexit sha1_base64="LLnFtBIEhezeJkeHf5rGcpiO0UM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtLXosevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwy6armecNyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrzxUybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46tapXrzYe6pXmbR5HEc7gHC7Bg2towj20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8A0HyNcQ==</latexit>

Domain Walls

<latexit sha1_base64="bn28v/WzbYR053BJrcHfI0r+Y9E=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKewGRY9BPXiMYB6QLKF3MpsMmccyMyuEJb/hxYMiXv0Zb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCAzlTNKmZZbTTqIpiIjTdjS+nfntJ6oNU/LRThIaChhKFjMC1km9OyWASdwGzk2/XPGr/hx4lQQ5qaAcjX75qzdQJBVUWsLBmG7gJzbMQFtGOJ2WeqmhCZAxDGnXUQmCmjCb3zzFZ04Z4FhpV9Liufp7IgNhzERErlOAHZllbyb+53VTG1+HGZNJaqkki0VxyrFVeBYAHjBNieUTR4Bo5m7FZAQaiHUxlVwIwfLLq6RVqwYX1cuHWqV+k8dRRCfoFJ2jAF2hOrpHDdREBCXoGb2iNy/1Xrx372PRWvDymWP0B97nD6tkkXM=</latexit>

Strings

<latexit sha1_base64="iP1Y/AhjPigl1OJu+wGCIdYEuVQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2il9gNqoYamX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzcKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMficDoTlDObGEMi3srYSNqKYMbUIlG4K3/PIqadWq3kX18r5Wqd/kcRThBE7hHDy4gjrcQQOawGAMz/AKb07ivDjvzseiteDkM8fwB87nD4M2j7A=</latexit>

422

<latexit sha1_base64="PAJgjlueBHBJtm3dxPrLWU8eqtE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4r2lpoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3ddrtX654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdq3r16sVdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w9jxI04</latexit>

51

<latexit sha1_base64="MFDOzFGnUHxdNkpoaNusS/TU1ZE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UPP65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfnmVtC6q3mW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD/KijPw=</latexit>

5F1

<latexit sha1_base64="SDrqbupb8qHHCaXBgXpibuVPW0k=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrLXosCuKxgv3AdinZNNuGJtklyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwoQzbTzv2ymsrW9sbhW3Szu7e/sH7uFRS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfDPz209UaRbLBzNJaCDwULKIEWys9FjrZz0l0O3U77tlr+LNgVaJn5My5Gj03a/eICapoNIQjrXu+l5iggwrwwin01Iv1TTBZIyHtGupxILqIJtfPEVnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ua6CrImExSQyVZLIpSjkyMZu+jAVOUGD6xBBPF7K2IjLDCxNiQSjYEf/nlVdK6qPjVSu2+Wq5f53EU4QRO4Rx8uIQ63EEDmkBAwjO8wpujnRfn3flYtBacfOYY/sD5/AGpwJBE</latexit>

321Z2

<latexit sha1_base64="W0zjP+3lJPhrLgEvTiXGNErgnrU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiRI9ELx4xkY8IG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaS4N5OY+hEeChYygo2VWhcV76Ff6RdLbtmdA60SLyMlyNDoF796A0mSiApDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lAkdU++n82ik6s8oAhVLZEgbN1d8TKY60nkSB7YywGellbyb+53UTE175KRNxYqggi0VhwpGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGBD8JZfXiWtStmrlmt31VL9OosjDydwCufgwSXU4RYa0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8ANpeOPw==</latexit>

321

<latexit sha1_base64="UhQ6L7xXjeLFWcrMWBH9sg4wrOQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYRo0eiF48Y5ZHAhswOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1iOOE+xEdKBEKRtFKDxcVr1csuWV3DrJKvIyUIEO9V/zq9mOWRlwhk9SYjucm6E+oRsEknxa6qeEJZSM64B1LFY248SfzU6fkzCp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmU7AheMsvr5JmpexVy5f31VLtJosjDydwCufgwRXU4A7q0AAGA3iGV3hzpPPivDsfi9ack80cwx84nz9guo02</latexit>

321Z2

<latexit sha1_base64="W0zjP+3lJPhrLgEvTiXGNErgnrU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiRI9ELx4xkY8IG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaS4N5OY+hEeChYygo2VWhcV76Ff6RdLbtmdA60SLyMlyNDoF796A0mSiApDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lAkdU++n82ik6s8oAhVLZEgbN1d8TKY60nkSB7YywGellbyb+53UTE175KRNxYqggi0VhwpGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGBD8JZfXiWtStmrlmt31VL9OosjDydwCufgwSXU4RYa0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8ANpeOPw==</latexit>

3211

<latexit sha1_base64="LLnFtBIEhezeJkeHf5rGcpiO0UM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtLXosevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwy6armecNyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrzxUybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46tapXrzYe6pXmbR5HEc7gHC7Bg2towj20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8A0HyNcQ==</latexit>

3221

<latexit sha1_base64="pa7WfJBAezArAiv1PTKYj2NXzfk=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtLXosevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwy6apW84blilt1F0DrxMtJBXK0huWvwSgiiaDSEI617ntubPwUK8MIp/PSINE0xmSKx7RvqcSCaj9d3DpHF1YZoTBStqRBC/X3RIqF1jMR2E6BzUSvepn4n9dPTHjjp0zGiaGSLBeFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2npINwVt9eZ10alWvXm081CvN2zyOIpzBOVyCB9fQhHtoQRsITOAZXuHNEc6L8+58LFsLTj5zCn/gfP4A0gGNcg==</latexit>

3221D

<latexit sha1_base64="97/4fxFwct/YNMza47MShP2V0Yw=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHxRHYRo0eiHjxi4gIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkndRq7l3/XLFqTpz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWtWtWtVy8f6pXGTR5HEU7gFM7BhStowD00wQMKHJ7hFd6QRC/oHX0sWgsonzmGP0CfP17SjcA=</latexit>

321

<latexit sha1_base64="UhQ6L7xXjeLFWcrMWBH9sg4wrOQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYRo0eiF48Y5ZHAhswOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1iOOE+xEdKBEKRtFKDxcVr1csuWV3DrJKvIyUIEO9V/zq9mOWRlwhk9SYjucm6E+oRsEknxa6qeEJZSM64B1LFY248SfzU6fkzCp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmU7AheMsvr5JmpexVy5f31VLtJosjDydwCufgwRXU4A7q0AAGA3iGV3hzpPPivDsfi9ack80cwx84nz9guo02</latexit>

321Z2

<latexit sha1_base64="W0zjP+3lJPhrLgEvTiXGNErgnrU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiRI9ELx4xkY8IG9ItXah0203bNSEb/oMXDxrj1f/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCopWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaS4N5OY+hEeChYygo2VWhcV76Ff6RdLbtmdA60SLyMlyNDoF796A0mSiApDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lAkdU++n82ik6s8oAhVLZEgbN1d8TKY60nkSB7YywGellbyb+53UTE175KRNxYqggi0VhwpGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGBD8JZfXiWtStmrlmt31VL9OosjDydwCufgwSXU4RYa0AQCj/AMr/DmSOfFeXc+Fq05J5s5hj9wPn8ANpeOPw==</latexit>
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FIG. 1: A sample of SO(10) symmetry breaking paths down
to the Standard Model that produce hybrid defects. The
color of the arrows denote the type of topological defect pro-
duced; red corresponds to magnetic monopoles, blue to cosmic
strings, and green to domain walls. A glowing red path indi-
cates magnetic monopoles attaching to cosmic strings while
a glowing blue path indicates cosmic strings attaching to do-
main walls. Note that the lower dimensional (boundary) de-
fect of a hybrid defect always arises from an earlier stage of
symmetry breaking than the higher dimensional (bulk) defect.
As shown in Appendix A, this is generic feature of hybrid de-
fects. Red arrows with a dot indicate the monopoles need to
be inflated away after the formation. These chains can still
generate a gastronomy signal via nucleation of monopoles on
strings or strings on walls after inflation. Gray arrows with
red and blue glow indicate that the symmetry breaking leads
to no defects associated with strings bounded by monopoles
and domain walls bounded by strings, respectively.

B. Hybrid Defects in Grand Unified Theories

In the previous subsection, we considered the various
types of topological defects that can be generated during
a single symmetry breaking G ! H. Now, with the table
set, we consider how a sequence of multiple transitions,

G ! H ! K, (19)

can give rise to hybrid topological defects composed of
two di↵erent dimensional defects. For these hybrid de-
fects, the bulk topological defect converts its rest mass
to the kinetic energy of the boundary defect, leading to
the appearance of one defect consuming the other. The
relativistic motion of these defects leads to gravitational
wave emission and eventual decay of the composite de-
fect.

Consider first the case when the vacuum manifold
H/K is not simply connected but the full vacuum man-
ifold, G/K is. Then ⇡1(H/K) 6= I and strings form at
the transition H ! K. However, these strings are topo-
logically unstable since in the full theory, ⇡1(G/K) = I,
which does not permit stable strings below K. The topo-
logical instability of strings manifests itself by the nu-
cleation of magnetic monopole pairs that cut and ‘eat’
the string [28, 29] (see Fig. 2). A set of homotopy
selection rules proven in Appendix A show that the
monopoles that nucleate on the string boundaries must
always arise from the earlier phase transition G ! H so

12 Cosmological Phase Transitions in BSM
BSM theories typically implies extension of SM symmetry group 

with spontaneously broken symmetries

★Generic assumption is that symmetry are restored at high 
temperatures and broken while Universe cool down
★Cosmological Phase Transition are generic prediction of BSM 

theories with spontaneously broken symmetries
★If non-trivial homotopy, defects are formed !

★Few examples:

✴Grand Unified Groups like 

✴Gauged B-L:

✴Gauged Flavour Symmetries:

✴Symmetries related to Dark Matter Stability:

✴Composite Higgs, Supersymmetry
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of symmetry 


breaking

Fig. from arXiv:2111.08750
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Topological defects impact cosmology in many directions:

13 Impact of cosmological defects
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Defects are signal of BSM physics:
testable in GW

Topological defects impact cosmology in many directions:

14 Impact of cosmological defects

✴ Induce matter antimatter asymmetry

✴Seeds for first order (Electro-Weak) PT

✴Contribute to dark matter

✴Link to primordial black holes

✴Also observable effects on late time

✴Sources of gravitational waves

Figure 1: Three–dimensional representation of a critical bubble of broken electroweak

symmetry seeded by the QCD axion string. The string is shown in red, and it is taken to

be straight and aligned with the vertical z direction. The Higgs bubble in green is nucleated

around the string with a non–spherical shape, corresponding to the surface where the Higgs

field is h(r, z) ⇠ 25GeV for illustration purposes. Detailed information is given in Sec. 5.3.

Let us also mention that, as one expects a large hierarchy between the EW scale and

the PQ scale, our analysis will be based on an e↵ective field theory (EFT) for the Higgs field

where the heavy degrees of freedom (including the basic axion string) are integrated out 3.

Our EFT matches the known results for the SM + axion (or ALP) EFT, see e.g. [74–76],

but additionally allows to take into account the presence of the axion string in a simple way.

We will also comment on how the relevance of the di↵erent higher–dimensional operators in

the ALP EFT is modified in the string background. We believe that our approach provides

an e�cient framework to study the dynamics of EW–scale states coupled to strings of large

tension, which can be applied to many extensions of the SM.

This paper is organized as follows. In Sec. 2 we introduce our Lagrangian and comment

on the di↵erent realizations depending on whether the EW phase transition is first order

or not. We also present a brief overview of the possible QCD axion string solutions allowed

by the model. In Sec. 3 we derive the EFT for the Higgs field in the string background,

and carry out the relevant computations that are needed to study the thermal history of

the Higgs sector. This is discussed in detail in Sec. 4 for the minimal SM + PQ scenario,

and in Sec. 5 for a model with a first order EW phase transition. We conclude in Sec. 6.

2 Setup

Our setup consists of a complex scalar field � charged under a global U(1) Peccei–Quinn

symmetry coupled to the scalar sector of the Standard Model via a portal interaction of

3
See [72, 73] for a similar approach in the context of branes and strings with fluxes.

– 3 –

Blasi,  AM ’24
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★Strings correspond to vacuum manifold with non-contractible circle

★Consider an abelian Higgs model with U(1) gauge
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A.Vilenkin and E.P.S.Shellard
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⇡1(U(1)) = Z
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★Strings correspond to vacuum manifold with non-contractible circle

★Consider an abelian Higgs model with U(1) gauge
<latexit sha1_base64="+v+hCvIzfvP3yGGcLUgbbpxp2JQ="></latexit>

V (�) = �

✓
|�|2 � v2

2

◆2

<latexit sha1_base64="UXE+5fUifj9Ete8uu17+qROmV5o=">AAACB3icbVDJSgNBEO1xjXGLehSkMQh6CTPidhGCXjxGMImQiaGnU+M06ekZumuEMOTmxV/x4kERr/6CN//GznJwe1DweK+KqnpBKoVB1/10pqZnZufmCwvFxaXlldXS2nrDJJnmUOeJTPR1wAxIoaCOAiVcpxpYHEhoBr3zod+8A21Eoq6wn0I7ZrdKhIIztFKntOWnkaCnFG5yKqiiPkaAbEDDXV9HyV6nVHYr7gj0L/EmpEwmqHVKH3434VkMCrlkxrQ8N8V2zjQKLmFQ9DMDKeM9dgstSxWLwbTz0R8DumOVLg0TbUshHanfJ3IWG9OPA9sZM4zMb28o/ue1MgxP2rlQaYag+HhRmEmKCR2GQrtCA0fZt4RxLeytlEdMM442uqINwfv98l/S2K94R5XDy4Ny9WwSR4Fskm2ySzxyTKrkgtRInXByTx7JM3lxHpwn59V5G7dOOZOZDfIDzvsXjOiX2w==</latexit>

� = ein✓f(⇢)

String ansatz (cylindrically symmetric)

<latexit sha1_base64="NrK35NVkNtRmIpM3hO4kUbXahys=">AAACEnicbZC7SgNBFIZnvRtvUUubwSAkTdgVb40QtbFUMImQDWF2ctYMzs4uM2eFuOwz2PgqNhaK2FrZ+TZOLoUaDwx8/P85nDl/kEhh0HW/nKnpmdm5+YXFwtLyyupacX2jYeJUc6jzWMb6OmAGpFBQR4ESrhMNLAokNIPbs4HfvANtRKyusJ9AO2I3SoSCM7RSp1g56WQ+9gBZTo+pH2rGM5VnQH3di3Pq31unPOBKp1hyq+6w6CR4YyiRcV10ip9+N+ZpBAq5ZMa0PDfBdsY0Ci4hL/ipgYTxW3YDLYuKRWDa2fCknO5YpUvDWNunkA7VnxMZi4zpR4HtjBj2zF9vIP7ntVIMj9qZUEmKoPhoUZhKijEd5EO7QgNH2bfAuBb2r5T3mI0FbYoFG4L39+RJaOxWvYPq/uVeqXY6jmOBbJFtUiYeOSQ1ck4uSJ1w8kCeyAt5dR6dZ+fNeR+1TjnjmU3yq5yPb6vPnXw=</latexit>

A✓ =
n

e⇢
⇣(⇢)

✴ Static solutions to eqn of motion
✴ Vanishing energy at infinity

Winding

number

Abelian Gauged Cosmic strings

<latexit sha1_base64="G8bqSPj9q+UC2B8GxtQyPeKxTLo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnO8mY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9oapkqig0quVTtkGjkTGDDMMOxnSgkccixFY5up37rCZVmUjyYcYJBTAaC9RklxkrNboTckF654lW9Gdxl4uekAjnqvfJXN5I0jVEYyonWHd9LTJARZRjlOCl1U40JoSMywI6lgsSog2x27cQ9sUrk9qWyJYw7U39PZCTWehyHtjMmZqgXvan4n9dJTf86yJhIUoOCzhf1U+4a6U5fdyOmkBo+toRQxeytLh0SRaixAZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AJTMjyY=</latexit>

�

<latexit sha1_base64="I6lx7kJ3J2ctPwbk+TFgr5/RVcU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZk1wwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOyBjQg=</latexit>z

<latexit sha1_base64="k11aXVxtue3ceF+8Q+UD3RSospI=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZrND5rHMzAoh5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGn7Wh0m/vtJ6oNU/LBjlMaCjyULGYE21zq6UT1qzW/7s+AlklQkBoUaParX72BIpmg0hKOjekGfmrDCdaWEU6nlV5maIrJCA9p11GJBTXhZHbrFJ04ZYBipV1Ji2bq74kJFsaMReQ6BbaJWfRy8T+vm9n4OpwwmWaWSjJfFGccWYXyx9GAaUosHzuCiWbuVkQSrDGxLp6KCyFYfHmZPJ7Vg8v6xf15rXFTxFGGIziGUwjgChpwB01oAYEEnuEV3jzhvXjv3se8teQVM4fwB97nDyLsjlE=</latexit>⇢

<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓

A.Vilenkin and E.P.S.Shellard

<latexit sha1_base64="YQzQdjrAFrEhgCX1c4Kv3+mNxo0=">AAAB8XicbVDLTgIxFL2DL8QX6tJNIzHBDZkxvpZENy4xcYAIE9IpHWjotJO2Y0Im/IUbFxrj1r9x599YYBYKnqTJyTn3pvecMOFMG9f9dgorq2vrG8XN0tb2zu5eef+gqWWqCPWJ5FK1Q6wpZ4L6hhlO24miOA45bYWj26nfeqJKMykezDihQYwHgkWMYGOlR7/qnaKukcjrlStuzZ0BLRMvJxXI0eiVv7p9SdKYCkM41rrjuY kJMqwMI5xOSt1U0wSTER7QjqUCx1QH2eziCTqxSh9FUtknDJqpvzcyHGs9jkM7GWMz1IveVPzP66Qmug4yJpLUUEHmH0UpRzbiND7qM0WJ4WNLMFHM3orIECtMjC2pZEvwFiMvk+ZZzbusXdyfV+o3eR1FOIJjqIIHV1CHO2iADwQEPMMrvDnaeXHenY/5aMHJdw7hD5zPH1/Aj28=</latexit>

U(1) ! 1
<latexit sha1_base64="Gk9ysds5tXQBO/BJ25j5RSLxQGE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR2k1JxNdGKLpxWcG0YhPCZDpph04mYWYilFA3/oobF4q49S/c+TdO2iy09cCFwzn3cu89QcKoVJb1bZQWFpeWV8qrlbX1jc0tc3unLeNUYOLgmMXiLkCSMMqJo6hi5C4RBEUBI51geJX7nQciJI35rRolxItQn9OQYqS05Jt7bkJ9u+bU7HodXkA3QmoQBNn92DerVsOaAM4TuyBVUKDlm19uL8ZpRLjCDEnZta1EeRkSimJGxhU3lSRBeIj6pKspRxGRXjb5YAwPtdKDYSx0cQUn6u+JDEVSjqJAd+YXylkvF//zuqkKz72M8iRVhOPpojBlUMUwjwP2qCBYsZEmCAuqb4V4gATCSodW0SHYsy/Pk/ZRwz5tnNwcV5uXRRxlsA8OQA3Y4Aw0wTVoAQdg8AiewSt4M56MF+Pd+Ji2loxiZhf8gfH5A7XzlSs=</latexit>

⇡1(U(1)) = Z

Alberto Mariotti (VUB) Metastable defects September 2026



18 Abelian Gauged Cosmic strings
★Consider an abelian Higgs model with U(1) gauge
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Figure 17: Local string radial profiles f(⇢) and ⇣(⇢) with n = 1 and � = 0.5.

Figure 18: Local string radial profiles f(⇢) and ⇣(⇢) with n = 10 and � = 0.5.

String tension

The presence of the gauge field regularizes the energy contained in the string configuration
such that the now finite string tension can be computed numerically. As noted earlier, it
only depends on the ratio � and can be found by integrating over the Hamiltonian density.
It is found to be

µ(�, n) = 2⇡ h�i2 fT (�, n) (5.14)
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19 Abelian strings evolution and GW

★Cosmic string network reach scaling with  
                      defects per Hubble volume
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⌦cs ⇠ Gµ

★String network evolves with loops and kinks/cusps and emit GW

★A background of GW is generated during network evolution
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8.2 Gravitational waves from loops

The main contributions to the gravitational wave spectrum comes solely from loop dy-
namics. In view of this, in order to construct the spectrum, we now turn our attention
to the dynamics of loops in the network: their GW emission signature and their ensemble
properties.

Loops are formed from the chopping of long string segments. This chopping process
includes both the self-interaction of a string and the inter-commutation of two strings as
we have schematically shown in Figure 29. These are the very processes governed by the
inter-commutation probability P ⇡ 1 and loop chopping e�ciency c̃ in Eq. (8.2).

Figure 29: Formation of loops due to the chopping (indicated by the dashed lines) of long
strings. On the left, a loop is formed due to the self-interaction of a single long string. On
the right, a loop is formed due to the inter-commutation of two strings.

Power emitted from single loop: cusps and loop harmonics

A loop is characterized by its size, which can be related to the frequency f of its oscillations.
Since a loop supports two standing waves propagating in opposite directions, its size is
quantized and related to the emission frequency by

lk =
2k

f

a(t)

a(t0)
, (8.6)

where k is a positive integer. This relation also takes into account the redshift of the
frequency due to cosmic expansion. The size lk of a loop is relevant because loops with
di↵erent sizes have di↵erent energies µlk and thus give rise to di↵erent GW spectra. On
dimensional grounds, the total power emitted by a single loop is found to be

P = �Gµ2, (8.7)

where from numerical simulations � ⇡ 50 [83]. We will soon see how to further decompose
and model the total power in power harmonics.

A.Vilenkin and E.P.S.Shellard

Loops keeps 
forming

Alberto Mariotti (VUB) Metastable defects

[Allen, Shellard, 90

See e.g. also 1909.00819 and references therein

<latexit sha1_base64="6nRxBMhw2RVWOTIYNqxEy6DQNlk=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJWYqqTiNVawdCwSfUhNGjmu01q1nch2EFXUL2DhV1gYQIiVmY2/wW0zQMuRrnR0zr26954wYVRpx/m2VlbX1jc2C1vF7Z3dvX374LCl4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji6mfrteyIVjcWdHifE52ggaEQx0kYK7LInh3GQeZJDpSUVAzWBnqIceg+0V4UeT2G9Vw3sklNxZoDLxM1JCeRoBPaX149xyonQmCGluq6TaD9DUlPMyKTopYokCI/QgHQNFYgT5WezdyawbJQ+jGJpSmg4U39PZIgrNeah6eRID9WiNxX/87qpjq78jIok1UTg+aIoZVDHcJoN7FNJsGZjQxCW1NwK8RBJhLVJsGhCcBdfXiatasW9qJzfnpVq13kcBXAMTsApcMElqIE6aIAmwOARPINX8GY9WS/Wu/Uxb12x8pkj8AfW5w85ZJuQ</latexit>

⇢strings ⇠ ⇠
2
µH

2

September 2026

Ringeval, Suyama ’17;  Blanco-Pillado, Olum ‘17
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20 Abelian strings evolution and GW
★Typical GW spectrum from string network

★Adding stable string contribution to SMBH signal do not improve the PTA fit

Stringtension

The spectrum 

depends


on other parameters 

controlling the loop 

population

PTA excess region

★Spectral shape disfavoured by data: ✴Low tension: not enough amplitude
✴High tension: too flat spectrum

Nanograv collaboration 2306.16219

Fig. from Maxime

Alberto Mariotti (VUB) Metastable defects September 2026



21 Metastable defects Preskill Vilenkin ‘92

Can defects be only (meta)-stable?

If symmetry is not exact in the first place

If symmetry breaking is part of a longer chain

<latexit sha1_base64="QKGyXrjYEJlfZxmP76LLjfL3IcY=">AAACF3icbVDJSgNBEO2JW4zbqEcvjUHwFGbE7Rj0YI4RzALJMPR0OkmTXobuHjUM+Qsv/ooXD4p41Zt/YycZQRMfFDzeq6KqXhQzqo3nfTm5hcWl5ZX8amFtfWNzy93eqWuZKExqWDKpmhHShFFBaoYaRpqxIohHjDSiweXYb9wSpakUN2YYk4CjnqBdipGxUuiWrsK0rThEcazk/Qi2mRQ9RXt9g5SSd7AytX/80C16JW8COE/8jBRBhmrofrY7EiecCIMZ0rrle7EJUqQMxYyMCu1EkxjhAeqRlqUCcaKDdPLXCB5YpQO7UtkSBk7U3xMp4loPeWQ7OTJ9PeuNxf+8VmK650FKRZwYIvB0UTdh0Eg4Dgl2qCLYsKElCCtqb4W4jxTCxkZZsCH4sy/Pk/pRyT8tnVwfF8sXWRx5sAf2wSHwwRkogwqoghrA4AE8gRfw6jw6z86b8z5tzTnZzC74A+fjG9bioF0=</latexit>

Gapprox �! Happrox

with                  broken explicitly by small parameter        
<latexit sha1_base64="GNnL8JXwUiZdJaqv7h+cItiNu+w=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnxtSy60GUF+4B2LJk004YmmZBk1DL0P9y4UMSt/+LOvzF9LLT1wIXDOfdy7z2R4sxY3//2FhaXlldWc2v59Y3Nre3Czm7NJKkmtEoSnuhGhA3lTNKqZZbThtIUi4jTetS/Gvn1B6oNS+SdHSgaCtyVLGYEWyfdX7ezlhYIK6WTp2G7UPRL/hhongRTUoQpKu3CV6uTkFRQaQnHxjQDX9kww9oywukw30oNVZj0cZc2HZVYUBNm46uH6NApHRQn2pW0aKz+nsiwMGYgItcpsO2ZWW8k/uc1UxtfhBmTKrVUksmiOOXIJmgUAeowTYnlA0cw0czdikgPa0ysCyrvQghmX54nteNScFY6vT0pli+nceRgHw7gCAI4hzLcQAWqQEDDM7zCm/fovXjv3sekdcGbzuzBH3ifP6lHkqM=</latexit>

Gapprox

<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>

f

<latexit sha1_base64="7QQi9xmaN81iKnKhoFBc2TxvaWI=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCC7htlJbzJkdnaZmVVCyH948aCIV//Fm3/jJNmDJhY0FFXddHeFqeDauO63s7S8srq2Xtgobm5t7+yW9vYbOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxzcTPzmIyrNE3lvhikGMe1JHnFGjZUefEw1F4kkvhAk6pTKbsWdgiwSLydlyFHrlL78bsKyGKVhgmrd9tzUBCOqDGcCx0U/05hSNqA9bFsqaYw6GE2vHpNjq3RJlChb0pCp+ntiRGOth3FoO2Nq+nrem4j/ee3MRFfBiMs0MyjZbFGUCWISMomAdLlCZsTQEsoUt7cS1qeKMmODKtoQvPmXF0njtOJdVM7vzsrV6zyOAhzCEZyAB5dQhVuoQR0YKHiGV3hznpwX5935mLUuOfnMAfyB8/kDFM+SQA==</latexit>

✏ ⌧ f

Example: axion models with N_DW=1

<latexit sha1_base64="wW/FYuM+uQPEIsfDWGUcEmwyeqw=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVm71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHtfGM5A==</latexit>

V
<latexit sha1_base64="NwGGLh7KJH6m1IUq5ExMsb+mMPo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTAyO7uZmSUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwfuY3R6g0j+WjGSfoR7QvecgZNVaqjbrFklt25yCrxMtICTJUu8WvTi9maYTSMEG1bntuYvwJVYYzgdNCJ9WYUDakfWxbKmmE2p/MD52SM6v0SBgrW9KQufp7YkIjrcdRYDsjagZ62ZuJ/3nt1IS3/oTLJDUo2WJRmApiYjL7mvS4QmbE2BLKFLe3EjagijJjsynYELzll1dJ46LsXZevapelyl0WRx5O4BTOwYMbqMADVKEODBCe4RXenCfnxXl3PhatOSebOYY/cD5/AOZxjQQ=</latexit>v

Defects created in step                       might decay 
by exploring larger symmetry group at scale 

<latexit sha1_base64="wW/FYuM+uQPEIsfDWGUcEmwyeqw=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVm71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHtfGM5A==</latexit>

V

Example: metastable strings

Alberto Mariotti (VUB) Metastable defects

<latexit sha1_base64="ndDklGRIqNZicos63OiCPxgPqyI=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURX8uiC7usYB/QhjCZTtqhk0mYmQg19EvcuFDErZ/izr9xmmah1QPDHM65l3vvCRLOlHacL6u0srq2vlHerGxt7+xW7b39jopTSWibxDyWvQArypmgbc00p71EUhwFnHaDyc3c7z5QqVgs7vU0oV6ER4KFjGBtJN+u3qKBjlHTd/Pf9e2aU3dyoL/ELUgNCrR8+3MwjEkaUaEJx0r1XSfRXoalZoTTWWWQKppgMsEj2jdU4IgqL8sXn6FjowxRGEvzhEa5+rMjw5FS0ygwlRHWY7XszcX/vH6qwysvYyJJNRVkMShMOTInzlNAQyYp0XxqCCaSmV0RGWOJiTZZVUwI7vLJf0nntO5e1M/vzmqN6yKOMhzCEZyAC5fQgCa0oA0EUniCF3i1Hq1n6816X5SWrKLnAH7B+vgGVeiRmQ==</latexit>

G ! H1 ! 1

✴Suppose                             but
<latexit sha1_base64="c9lYHtSsiGWHHrM+xZz+ghxh+NI=">AAAB+nicbVDLSsNAFL2pr1pfrS7dDBahbkoivpZFN11WsA9oQphMJ+3QySTOTJQS+yluXCji1i9x5984fSy09cCFwzn3cu89QcKZ0rb9beVWVtfWN/Kbha3tnd29Ymm/peJUEtokMY9lJ8CKciZoUzPNaSeRFEcBp+1geDPx2w9UKhaLOz1KqBfhvmAhI1gbyS+W3IT5olL3nRPkCnqPHL9Ytqv2FGiZOHNShjkafvHL7cUkjajQhGOluo6daC/DUjPC6bjgpoommAxxn3YNFTiiysump4/RsVF6KIylKaHRVP09keFIqVEUmM4I64Fa9Cbif1431eGVlzGRpJoKMlsUphzpGE1yQD0mKdF8ZAgmkplbERlgiYk2aRVMCM7iy8ukdVp1Lqrnt2fl2vU8jjwcwhFUwIFLqEEdGtAEAo/wDK/wZj1ZL9a79TFrzVnzmQP4A+vzBxdVkps=</latexit>

⇡n(H1) 6= 1
<latexit sha1_base64="Nkot0kOwGAd9wyDyWUc5VxbFsh4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqkzE17LopssK9iHtUDJppg1NMkOSEcrQr3DjQhG3fo47/8a0nYVWDwQO59xL7jlhIrixvv/lFVZW19Y3ipulre2d3b3y/kHLxKmmrEljEetOSAwTXLGm5VawTqIZkaFg7XB8O/Pbj0wbHqt7O0lYIMlQ8YhTYp30UO9j1LMxwv1yxa/6c6C/BOekAjka/fJnbxDTVDJlqSDGdLGf2CAj2nIq2LTUSw1LCB2TIes6qohkJsjmB0/RiVMGKIq1e8qiufpzIyPSmIkM3aQkdmSWvZn4n9dNbXQdZFwlqWWKLj6KUoFcxFl6NOCaUSsmjhCqubsV0RHRhFrXUcmVgJcj/yWtsyq+rF7cnVdqN3kdRTiCYzgFDFdQgzo0oAkUJDzBC7x62nv23rz3xWjBy3cO4Re8j287xY9m</latexit>

H1 ! 1

September 2026

<latexit sha1_base64="TzfHLns+cTWOHE5i5u6DdGaTwCs=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr4sQ9KDHCOYB2SXMTmaTIbOzw8ysEJb8hhcPinj1Z7z5N06SPWhiQUNR1U13Vyg508Z1v52l5ZXVtfXCRnFza3tnt7S339RJqghtkIQnqh1iTTkTtGGY4bQtFcVxyGkrHN5O/NYTVZol4tGMJA1i3BcsYgQbK/m+ZF1RuTtB18jrlspu1Z0CLRIvJ2XIUe+WvvxeQtKYCkM41rrjudIEGVaGEU7HRT/VVGIyxH3asVTgmOogm948RsdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP95ndREV0HGhEwNFWS2KEo5MgmaBIB6TFFi+MgSTBSztyIywAoTY2Mq2hC8+ZcXSfO06l1Uzx/OyrWbPI4CHMIRVMCDS6jBPdShAQQkPMMrvDmp8+K8Ox+z1iUnnzmAP3A+fwDZPZBE</latexit>

⇡n(G) = 1
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Preskill Vilenkin ‘92

★They can decay via quantum tunnelling with suppressed rate

★If there is separation between     and      strings can be metastable 

★If monopoles are present at the moment of string formation, the entire  
network collapse

connection with

EW strings

<latexit sha1_base64="phU3QokKPkPVZIS0/7tnS9a0qes=">AAAB8nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLDAZQk+nJ2nSy9DdI4Qhn+HFgyJe/Rpv/o2d5aCJDwoe71VRVS9OOTPW97+9wsrq2vpGcbO0tb2zu1feP2galWlCG0RxpdsxNpQzSRuWWU7bqaZYxJy24uHtxG89UW2Yko92lNJI4L5kCSPYOinsaJE/EMypGXfLFb/qT4GWSTAnFZij3i1/dXqKZIJKSzg2Jgz81EY51pYRTselTmZoiskQ92noqMSCmiifnjxGJ07poURpV9Kiqfp7IsfCmJGIXafAdmAWvYn4nxdmNrmOcibTzFJJZouSjCOr0OR/1GOaEstHjmCimbsVkQHWmFiXUsmFECy+vEyaZ9Xgsnpxf16p3czjKMIRHMMpBHAFNbiDOjSAgIJneIU3z3ov3rv3MWstePOZQ/gD7/MHotCRgA==</latexit>

Scales

<latexit sha1_base64="NwGGLh7KJH6m1IUq5ExMsb+mMPo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTAyO7uZmSUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwfuY3R6g0j+WjGSfoR7QvecgZNVaqjbrFklt25yCrxMtICTJUu8WvTi9maYTSMEG1bntuYvwJVYYzgdNCJ9WYUDakfWxbKmmE2p/MD52SM6v0SBgrW9KQufp7YkIjrcdRYDsjagZ62ZuJ/3nt1IS3/oTLJDUo2WJRmApiYjL7mvS4QmbE2BLKFLe3EjagijJjsynYELzll1dJ46LsXZevapelyl0WRx5O4BTOwYMbqMADVKEODBCe4RXenCfnxXl3PhatOSebOYY/cD5/AOZxjQQ=</latexit>v

<latexit sha1_base64="UAEh12Ukll+MeiNzR6DZgJhiwW4=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgVpCTF17LoxmVF0xbaUCbTSTp0MhNmJkoJ/Qk3/oobF4q4Fdz5N07bLLT1wIXDOfdy7z1BwqjSjvNtLSwuLa+sFtaK6xubW9v2zm5DiVRi4mHBhGwFSBFGOfE01Yy0EklQHDDSDAZXY795T6Sigt/pYUL8GEWchhQjbaSufXzrlatHsMMEjySN+hpJKR6gV3bnRbdrl5yKMwGcJ25OSiBHvWt/dXoCpzHhGjOkVNt1Eu1nSGqKGRkVO6kiCcIDFJG2oRzFRPnZ5KsRPDRKD4ZCmuIaTtTfExmKlRrGgemMke6rWW8s/ue1Ux1e+BnlSaoJx9NFYcqgFnAcEexRSbBmQ0MQltTcCnEfSYS1CbJoQnBnX54njWrFPauc3pyUapd5HAWwDw5AGbjgHNTANagDD2DwCJ7BK3iznqwX6936mLYuWPnMHvgD6/MHct2dyg==</latexit>

SU(2) �! U(1) �! 1
Monopoles Strings

<latexit sha1_base64="NwGGLh7KJH6m1IUq5ExMsb+mMPo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTAyO7uZmSUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwfuY3R6g0j+WjGSfoR7QvecgZNVaqjbrFklt25yCrxMtICTJUu8WvTi9maYTSMEG1bntuYvwJVYYzgdNCJ9WYUDakfWxbKmmE2p/MD52SM6v0SBgrW9KQufp7YkIjrcdRYDsjagZ62ZuJ/3nt1IS3/oTLJDUo2WJRmApiYjL7mvS4QmbE2BLKFLe3EjagijJjsynYELzll1dJ46LsXZevapelyl0WRx5O4BTOwYMbqMADVKEODBCe4RXenCfnxXl3PhatOSebOYY/cD5/AOZxjQQ=</latexit>v

Why are these interesting?relevant for 

PTA GW signal

Metastable strings

★If monopoles have been espelled from the Universe, strings are metastable

<latexit sha1_base64="wW/FYuM+uQPEIsfDWGUcEmwyeqw=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVm71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHtfGM5A==</latexit>

V

<latexit sha1_base64="wW/FYuM+uQPEIsfDWGUcEmwyeqw=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVm71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHtfGM5A==</latexit>

V

<latexit sha1_base64="wW/FYuM+uQPEIsfDWGUcEmwyeqw=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVm71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHtfGM5A==</latexit>

V
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GW from metastable strings

Metastable defects

★Metastable strings evolve as abelian strings and emit GW

★Finite lifetime implies that GW spectrum has now IR cutoff when string decay
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8.2 Gravitational waves from loops

The main contributions to the gravitational wave spectrum comes solely from loop dy-
namics. In view of this, in order to construct the spectrum, we now turn our attention
to the dynamics of loops in the network: their GW emission signature and their ensemble
properties.

Loops are formed from the chopping of long string segments. This chopping process
includes both the self-interaction of a string and the inter-commutation of two strings as
we have schematically shown in Figure 29. These are the very processes governed by the
inter-commutation probability P ⇡ 1 and loop chopping e�ciency c̃ in Eq. (8.2).

Figure 29: Formation of loops due to the chopping (indicated by the dashed lines) of long
strings. On the left, a loop is formed due to the self-interaction of a single long string. On
the right, a loop is formed due to the inter-commutation of two strings.

Power emitted from single loop: cusps and loop harmonics

A loop is characterized by its size, which can be related to the frequency f of its oscillations.
Since a loop supports two standing waves propagating in opposite directions, its size is
quantized and related to the emission frequency by

lk =
2k

f

a(t)

a(t0)
, (8.6)

where k is a positive integer. This relation also takes into account the redshift of the
frequency due to cosmic expansion. The size lk of a loop is relevant because loops with
di↵erent sizes have di↵erent energies µlk and thus give rise to di↵erent GW spectra. On
dimensional grounds, the total power emitted by a single loop is found to be

P = �Gµ2, (8.7)

where from numerical simulations � ⇡ 50 [83]. We will soon see how to further decompose
and model the total power in power harmonics.

★Suppose long-lived metastable strings (no monopoles in the Universe)
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Once T ⌧ Tc, the fluctuations are insu�cient to lift the vacuum of one patch to the
vacuum of a neighbor patch. This e↵ectively results in the freeze-out of the stochastic con-
figuration of � together with all its defects [37, 54]. Therefore, this leads to the formation
of a randomly organized network of topological defects. In the case of strings, the network
results in a complex configuration of strings mimicking random walks [37]. For illustration,
a snapshot from a simulation of a network of cosmic strings is shown in Figure 14. We
shall come back to a description of a network of cosmic strings in Section 8, where we will
discuss the gravitational wave phenomenology emerging from similar networks.

Figure 14: A network of strings at formation. Figure taken from [37].

In the context of Grand Unified Theories, where the original symmetry G undergoes
multiple phase transitions, as the ones associated to the Georgi-Glashow GUT in Eq. (3.24)
or the Pati-Salam in Eq. (3.25), depending on the vacuum manifolds, a ‘zoo’ of - possibly
di↵erent - defects can be formed at each step, see e.g. [56] for a detailed discussion in the
context of a SO(10) GUT.

In the specific case of cosmic strings, it is argued that string defects may emerge from
a GUT breaking such as the Pati-Salam model due to the breaking of an intermediate
U(1)B�L subgroup, where B � L stands for baryon lepton symmetry. The breaking of
this symmetry can be implemented by assuming an intermediate breaking step in the
Pati-Salam GUT of Eq. (3.25) as

SO(10) ! SU(4)⇥ SU(2)L ⇥ SU(2)R (4.16)

! SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L

strings���! GSM (4.17)
Buchmuller, Domcke, Murayama, Schmitz ’19
Buchmuller, Domcke, Schmitz ‘21

classically stable and where they can hence be a viable candidate to explain the PTA signal.

In section 2 we review the basics of metastable strings and their GW spectrum, and how

it can fit the PTA signal. In section 3 we introduce the model and define the fundamental

parameters dictating the microscopic properties of the string. We follow this discussion with

a brief presentation of the monopole and string solutions together with their energetics in

section 4. In section 5 we perform a linear stability analysis about the ANO string solution

and identify which field fluctuations produce unstable modes. This is followed in section

6 by a discussion of our numerical results from which we identify the di↵erent instabilities

that are present and explain their physical origin. Lastly, in section 6 we translate our

results to predict their phenomenological implications, and in particular for which values

of the fundamental parameters the metastable strings are no longer expected to fit PTA.

2 Metastable Strings and Gravitational Waves

In this section we give a speedy review on the gravitational wave background generated

by metastable strings and its detectability at current and future experiments. In partic-

ular, metastable strings have been identified as one of the most promising candidates for

accommodating the signal observed at Pulsar Timing Arrays [5].

A network of metastable strings emits gravitational waves through the continuous for-

mation and dissipation of loops, as standard gauged cosmic strings (see e.g. [29] for a re-

view and references therein). However, due to the non-topological nature of the metastable

strings, they can decay via spontaneous nucleation of monopole anti-monopole pairs in a

finite lifetime 1. Therefore, depending on the microscopic properties (monopole mass and

string tension), the finite lifetime of the metastable string network implies an exponen-

tial suppression of the loop number density at the time of decay, resulting in an infrared

cuto↵ in the GW spectrum. Such modified spectrum for metastable strings was derived

in [30, 31] (see also [15, 32]), and we outline the main ingredients in Appendix A. The

relevant quantity controlling the spectrum is the time of network decay, or equivalently,

the decay temperature Td. Assuming infinitely long strings and considering the thin wall

approximation, the time (and thus the temperature) of decay is determined by the decay

rate per unit length [12, 32]:

�d =
µ

2⇡
e�⇡

,  ⌘ m
2

µ2
, (2.1)

where m is the mass of the monopole, and µ the tension of the string. When the decay

occurs during radiation domination, one obtains:

Td ' 10 MeV

✓
Gµ

10�13

◆1/4✓ �d/µ

10�30

◆1/4 ⇣
g?

10

⌘�1/4
. (2.2)

[MG: My version:]

Td ' 204 MeV

✓
Gµ

10�7

◆1/4✓ �d/µ

10�30

◆1/4 ⇣
g?

10

⌘�1/4
. (2.3)

1This scenario assumes that there are no pre-existing monopoles inside the horizon, e.g. due to a period

of inflation.
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PTA Nanograv Interpretation

Metastable defects

IR cutoff depends on decay rate

Network of metastable strings  
is promising candidate  

✴ Favourite values
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✴ Testable at LVK

✴ Better fit to the data because of steeper slope

✴ PTA points to moderate values of 

different factors affecting the GW spectrum from metastable
strings effectively leads to a better fit.

Let us comment on a few characteristic features of the
posterior distributions shown in Figure 10. First, we find that
the Glog10 m posterior in the META-LS model extends to slightly
larger values than in the META-L model, which demonstrates
the effect of the additional contribution to the GW signal from
string segments. In fact, in the region of highest posterior
density, the segment contribution dominates over the loop
contribution in the META-LS model. Second, we point out that
the 1D marginalized posterior distributions for Glog10 m exhibit
small local maxima at Glog 11 1010 ( )m ~ - , which corre-
spond to the stable-string limit within the metastable-string
models. This limit is realized for large values of the decay
parameter,  9k , which pushes the effect of the network
decay to frequencies below the PTA band. Next, we observe
that for META-L the Glog10 m posterior experiences a sharp
drop-off at Glog 510 m ~ - , whereas for META-LS there is a
small dip in the Glog10 m posterior at Glog 510 m ~ - . Both
features can be traced back to the Heaviside theta function in
Equation (46), which ensures that no more new loops are
formed during the decay regime of the network. Because of this
Heaviside theta function, the loop contribution to the GW
spectrum moves to frequencies above the PTA band if we raise

Glog10 m above Glog 510 m ~ - . In this sense, the drop-off and
the dip in the Glog10 m posteriors should be regarded as being
due to our simplified theoretical modeling of the GW spectrum.
More work is necessary to improve on the description in terms
of a simple Heaviside theta function and obtain a better
understanding of the evolution of the decaying network. We
expect that a more accurate description of the transition from
the scaling to the decay regime would result in smoother

Glog10 m posteriors. Finally, we note that some of the
fluctuations in the posteriors in Figure 10 can be attributed to
the fact that, in the case of the metastable-string models, we

have to work with tabulated data for the GW spectrum, based
on the numerical evaluation of Equation (40).
We also use the corner plots in Figure 10 to highlight the

relevant bounds on the parameter space spanned by Glog10 m
and k . The gray shaded areas notably indicate the K-ratio
bound, which marks the parameter regions that are ruled out by
the NANOGrav data. In these regions, the GW signal from
metastable strings exceeds the observed signal and hence is
unacceptably large. We find that the NANOGrav bound is
stronger than the well-known CMB bound, which demands that
a cosmic-string network that has not yet decayed by the time of
recombination must not have a cosmic-string tension larger
than Glog 710 m - (Ade et al. 2016; Charnock et al. 2016;
Lizarraga et al. 2016). In order to derive the CMB bound, we
estimate that a decaying network completely disappears
because of GW emission at times around
t G t2e s

1 2( ( ))mG , which is the time when the second term
in the exponent in Equation (50) becomes large. The teal
shaded areas in Figure 10 indicate where the conditions

Glog 710 m > - and te> trec; 370,000 yr are satisfied simulta-
neously. Last but not least, the yellow solid lines represent the
LVK bound in Equation (24), which translates to the upper
limit Gμ 2× 10−7.87

The LVK bound on the amplitude of the stochastic GWB
appears to be in tension with most of the parameter space
preferred by the NANOGrav data. In particular, the 68%
credible regions in the Glog10 m– k parameter plane are mostly

Figure 10. Same as in Figure 5 but for the metastable-string models META-L (GW emissions from loops only) in the left panel and META-LS (GW emission from loops
and segments) in the right panel. The gray shaded regions are strongly disfavored by the NG15 data, as they result in a K ratio of less than 1/10 (see Equation (10));
the teal shaded regions are ruled out by the CMB bound on cosmic strings (Ade et al. 2016; Charnock et al. 2016; Lizarraga et al. 2016), and the regions to the right of
the yellow contour lines violate the LVK bound in Equation (24). Figure 29 in Appendix C.4 shows extended versions of the two plots that include the SMBHB
parameters ABHB and γBHB.

87 In our analysis, we work with the upper limit on the amplitude of a generic
isotropic and stochastic GWB that was reported by the LVK Collaboration in
Abbott et al. (2021a). Combining this limit with our own GW spectra, we find
Gμ  2 × 10−7. This bound needs to be compared to the results of Abbott
et al. (2021b), a dedicated search for GWs from stable cosmic strings by the
LVK Collaboration. The analysis in Abbott et al. (2021b) models the GW
spectrum from cosmic strings based on slightly different assumptions. Model A
in Abbott et al. (2021b) is, however, similar to our approach and leads the same
bound on Gμ in the limit of a large number of kinks, Nk ? 1 (see the panel for
model A in Figure 3 of Abbott et al. 2021b at Nk ∼ 100L 200).
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<latexit sha1_base64="Mmy5IJpxYmHBVVB+oxLpri21eFU="></latexit>

p
 =

s
m2

M

µ
' 2

p
2⇡

g

V

v

Nanograv collaboration  
2306.16219

<latexit sha1_base64="UwMRRSv4DboDZZvRAdSApIltDUc=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppo3NJCHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0O/VbT1QbJsWDHSsaJnggWMwItk5qdkdYKdwrV/yqPwNaJkFOKpCj3it/dfuSpAkVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYETasJsdu0EnTilj2KpXQmLZurviQwnxoyTyHUm2A7NojcV//M6qY2vw4wJlVoqyHxRnHJkJZq+jvpMU2L52BFMNHO3IjLEGhPrAiq5EILFl5dJ86waXFYv7s8rtZs8jiIcwTGcQgBXUIM7qEMDCDzCM7zCmye9F+/d+5i3Frx85hD+wPv8AZlsjyk=</latexit>

<latexit sha1_base64="Jmo+IXUDxCU7MopFbFu1jyH/GlI=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFZK01XRXdOOygn1AG8pkOmmHzkzCzEQooR/hxoUibv0ed/6Nk7aCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD486qg4lZi0ccxi2QuRIowK0tZUM9JLJEE8ZKQbTq9zv3tPpKKxuNOzhAQcjQWNKEbaSF04UJRDf1iuOLbf8LyqDx3ba9SqXk7cuu/X6tC1nQUqYIXWsPw+GMU45URozJBSfddJdJAhqSlmZF4apIokCE/RmPQNFYgTFWSLc+fwzCgjGMXSlNBwoX6fyBBXasZD08mRnqjfXi7+5fVTHflBRkWSaiLwclGUMqhjmP8OR1QSrNnMEIQlNbdCPEESYW0SKpkQvj6F/5OOZ7sXdv22VmlereIoghNwCs6BCy5BE9yAFmgDDKbgATyBZyuxHq0X63XZWrBWM8fgB6y3T8+Fj0I=</latexit>⇠ 8

September 2026



26

Alberto Mariotti (VUB)

Are metastable string classically stable?

Metastable defects

★Even before correcting the quantum decay estimate we should verify that 
the strings are classically stable

Consider moderate hierarchy between V and v

Are strings in this model
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Monopoles Strings
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classically stable for which range of V/v and other couplings?

★If strings are classically unstable they just dissolve
No string network 


nor GW

To study this problem, we first remind simpler well known cases

EW strings!
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Intermezzo: Electro-weak strings

Metastable defects

6 STRINGS IN THE STANDARD MODEL 42

6 Strings in the Standard Model

Having explored elementary solutions that provide basic insights into the nature of cosmic
strings, it is natural to ask whether such configurations can also arise within the Standard
Model of particle physics. More specifically, we may ask whether stable cosmic string
solutions can exist within the electroweak sector, which is governed by a non-Abelian
Yang–Mills theory. After briefly reviewing the electroweak sector of the Standard Model
in Section 6.1, we turn to semi-local strings in Section 6.2, which represent the simplest class
of non-abelian cosmic strings. We then proceed in Section 6.3, to investigate a Standard
Model-like theory, exploring whether it admits stable string configurations composed of a
Higgs-like field and a Z boson-like field, collectively referred to as electroweak strings. The
following discussions are mainly based on the review [7].

6.1 Electroweak sector of the Standard Model

The electroweak sector of the Standard Model is described by a Yang-Mills theory with
gauge groups given by G = SU(2)L ⇥ U(1)Y , also known as the Glashow-Weinberg-Salam
(GWS) model 9. While this sector involves both fermionic spinor fields and bosonic gauge
fields we only focus on the bosonic sector with a Lagrangian

L = (Dµ�)
†Dµ�� �

✓
�†�� v2

2

◆2

� 1

4
W a

µ⌫
W aµ⌫ � 1

4
Bµ⌫B

µ⌫ , (6.1)

Here � is a scalar doublet � = (�u, �d)T charged under SU(2)L in the fundamental
representation. Its components �u and �d define two complex scalar fields. The covariant
derivative acting on the � doublet is given by

Dµ� =

✓
@µ � ig

�a

2
W a

µ
� ig0

Y

2
Bµ

◆
�, (6.2)

where g and g0 are the gauge couplings of SU(2)L and U(1)Y , respectively. The matrices
T a = �

a

2 (a = 1, 2, 3) are the generators of SU(2)L with �a being the three Pauli matrices
and Y denotes the hypercharge operator which is the identity matrix when acting on �.
Accordingly, the kinetic energy of the gauge fields are captured in the field strength Bµ⌫

for the U(1)Y group, and in W a

µ⌫
in the case of the non-abelian SU(2)L group, describing

all self-interactions between the gauge fields. The field strengths are

W a
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= @µW
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+ g✏abcW b

µ
W c

⌫
(6.3)

Bµ⌫ = @µB⌫ � @⌫Bµ (6.4)

Upon spontaneous symmetry breaking due to the presence of the potential V (�) in Eq.
(6.1), the scalar acquires a vacuum expectation value

h�i = vp
2

✓
0
1

◆
, (6.5)

9
Although not relevant for our purpose, we recall that the subindex L refers to the fact that only left

handed spinors are charged under SU(2)L

★Consider string associated to the U(1) aligned with the Z-boson: 
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Intermezzo: Electro-weak strings

Metastable defects

6 STRINGS IN THE STANDARD MODEL 42

6 Strings in the Standard Model

Having explored elementary solutions that provide basic insights into the nature of cosmic
strings, it is natural to ask whether such configurations can also arise within the Standard
Model of particle physics. More specifically, we may ask whether stable cosmic string
solutions can exist within the electroweak sector, which is governed by a non-Abelian
Yang–Mills theory. After briefly reviewing the electroweak sector of the Standard Model
in Section 6.1, we turn to semi-local strings in Section 6.2, which represent the simplest class
of non-abelian cosmic strings. We then proceed in Section 6.3, to investigate a Standard
Model-like theory, exploring whether it admits stable string configurations composed of a
Higgs-like field and a Z boson-like field, collectively referred to as electroweak strings. The
following discussions are mainly based on the review [7].

6.1 Electroweak sector of the Standard Model

The electroweak sector of the Standard Model is described by a Yang-Mills theory with
gauge groups given by G = SU(2)L ⇥ U(1)Y , also known as the Glashow-Weinberg-Salam
(GWS) model 9. While this sector involves both fermionic spinor fields and bosonic gauge
fields we only focus on the bosonic sector with a Lagrangian
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where g and g0 are the gauge couplings of SU(2)L and U(1)Y , respectively. The matrices
T a = �
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2 (a = 1, 2, 3) are the generators of SU(2)L with �a being the three Pauli matrices
and Y denotes the hypercharge operator which is the identity matrix when acting on �.
Accordingly, the kinetic energy of the gauge fields are captured in the field strength Bµ⌫
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SU(2)local ⇥ U(1)Ylocal ! U(1)EM
local

Z-string
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the Z string is

� = f(⇢)ein✓
✓
0
1

◆
and Zµ =

n⇣(⇢)

gZ⇢
, Aµ = W±

µ
= 0, (6.25)

where we recall for clarity that gZ =
p
g2 + g02. We also note that although n resembles

to a topological charge, its exact interpretation is subtle since the electroweak string does
not correspond to a topological defect. Consequently, n does not represent a topological
winding number, and is thus not conserved either. We also define the dynamical variable
from the mass ratio between the scalar and the Z particles as � = m2

H
/m2

Z
= 8�/g2

Z
.

Given the non-topological nature of electroweak strings, the stability of Z strings after
formation is not assured. However, from our previous results we know that in the limit
where sin2 ✓W = 1, the Z string reduces to the semi-local string which is thus classically
stable for �  1 and unstable once � > 1. To examine the more general case of di↵erent
values of sin2 ✓W , another stability analysis must be performed in the same spirit as for the
semi-local strings. In doing so, the ansatz for the electroweak string on the fields become
the background fields  ̄, on top of which we add a small perturbation � to all fields,
including those that have been set to zero. In our notation the perturbations on all the
physical fields are collectively denoted by

� =
�
��u, ��

⇤
u
, ��d, ��

⇤
d
, �W+µ, �W�µ, �Zµ, �Aµ

 
, (6.26)

where we recall that � = (�u, �d)T . Substituting  =  ̄+� into the equations of motion
(6.10) - (6.12), and collecting terms that are first order in the field perturbations � yields
equations of the form D � = 0 for D the stability matrix operator. The resulting sta-
bility equations are far more involved than the one of the semi-local string. Nevertheless,
they have been independently worked out along the lines of [9, 71], and have been solved
numerically. The details of the calculation steps have been written out in Appendix C.2
and we now only mention the core set-up and the obtained results.

At first glance, the stability equations appear to yield a system of eight coupled dif-
ferential equations; however, the specific ansatz of the Z string simplifies the problem
considerably. Indeed, the system decouples into the following four block equations

D1

✓
��u

�W+µ

◆
= 0, D2

0

@
��d

��⇤
d

�Zµ

1

A = 0, (6.27)

D†
1

✓
��⇤

u

�W�µ

◆
= 0 D3 �A

µ = 0 (6.28)

The equations associated to D1 and D†
1 are each others conjugates such that only one of

the two must be considered. Secondly, the equation of D2 probes the usual abelian di-
rection and reproduces the exact same equations as those for the local string discussed in

★Instability can arise from fluctuation of “other” doublet component  
(coupled with W boson)

Linear S
tabilit

y
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Metastable string: A concrete model

Metastable defects

Consider a concrete model for the symmetry breaking pattern
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9 Concrete model with metastable strings

After introducing metastable strings in Section 7, and after studying their phenomenology
in Section 8, we now turn to a concrete model associated to a multi-step phase transition
SU(2) ! U(1) ! 1 which admits metastable string configurations. This model and the
resulting metastable strings, introduced in Section 9.1, have originally been discussed in
[10] and refined in [11]. It has then been further analyzed in [12] and [76], where in the
former reference the decay rate has been investigated beyond the thin wall approximation,
while in the latter a scenario has been proposed in which this model is embedded in a
supersymmetric scenario, yielding a concrete implementation of an intermediate inflation
phase that expels the monopoles formed during the first phase transition, as discussed in
Section 7.1.

Despite the fact that several investigations have been performed on the quantum tunnel-
ing rate of this model, a classical stability analysis has never been performed. However, if
the string configuration is not classically stable, one simply expects that the strings emerg-
ing from the second phase transition in (7.3), immediately decay such that they generate
no significant GW signal, and result in no interesting phenomenological implications.

In what follows, in Section 9.2, we will thus further investigate this avenue. Through
a detailed stability analysis we will identify regions of the parameter space where the
string configuration is unstable to classical decay, indicating the fact that no detectable
gravitational wave background is to be expected within these regimes.

Based on this, in Section 9.3, we will select a set of benchmark points which we con-
nect to the gravitational wave phenomenology of metastable strings, relating them to the
prospect of future observation by several GW experiments. The identified instability re-
gions are then used to exclude certain GW spectra from being feasible, thus implying
important phenomenological implications. This entire analysis, i.e. the classical stability
analysis and their implications on the observable gravitational wave backgrounds, consti-
tutes our principal original contribution.

9.1 Model definition

The model we consider is the one that has initially been proposed in [10] and refined in
[11]. We consider a SU(2) gauge theory with a Lagrangian given by

L =
1

2
(Dµ�

a)(Dµ�a) + (Dµh)
†(Dµh)� 1

4
F a

µ⌫
F aµ⌫ � V (�, h), (9.1)

where �a (a = 1, 2, 3) denotes a real scalar triplet in the adjoint representation of SU(2),
while h = (h1, h2)T is a complex scalar doublet transforming under the fundamental rep-
resentation of SU(2). Accordingly, the covariant derivatives are given by

Dµh = @µh� ig

2
�aAa

µ
h, (9.2)

Dµ�
a = @µ�

a + g ✏abcAb

µ
�c, (9.3)
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with g the gauge coupling constant. The potential term V(�, h) in the Lagrangian corre-
sponds to the self-interactions between the two scalars and is written as

V (�, h) = �
⇣
h†
1h1 + h†

2h2 � v2
⌘2

+ �̃
�
�a�a � V 2

�2
+ �

����

✓
�a�a

2
� V

2

◆
h

����
2

. (9.4)

It contains three additional coupling constants �, �̃ , �, and two vacuum expectation val-
ues17 v and V . Note that this potential contains two Mexican hat potentials: one for
the field h and one for �a, as well as a portal term that couples the two scalar sectors.
Finally, the gauge vector sector is described by the non-abelian gauge fields Aa

µ
whose

self-interaction dynamics is contained in the corresponding field strength given by

F a

µ⌫
= @µA

a

⌫
� @⌫A

a

µ
+ g ✏abcAb

µ
Ac

⌫
. (9.5)

Assuming that there is a hierarchy between the two mass scales: V � v, the gauge
symmetry will be broken in two consecutive stages. First, as the Universe cools down
under a critical temperature, the adjoint scalar will acquire a non-zero vacuum expectation
value which minimizes its own Mexican hat potential. Accordingly, a first breaking of the
symmetry will occur in the �a sector. The degenerate vacuum configurations of �a all lie on
the 2-sphere S2 of radius V . Without loss of generality, we align the vacuum expectation
value of �a along the 3-axis in SU(2) space such that

h�ai = V �a,3. (9.6)

Therefore, the surviving symmetry is that which corresponds to SO(2) rotations around
the 3-axis in SU(2) space, which in other words is simply a U(1) invariance [12]. This
first breaking SU(2) ! U(1) may thus give rise to the formation of monopoles through
the Kibble-Zurek mechanism detailed in Section 4.4. A closer look to the properties of the
emerging monopoles is provided in Section 5.3 where we used the same conventions and
where for simplicity the fields h have been set to zero. Furthermore, in the process of this
breaking, while �3 acquires a mass, the fields �1 and �2 become massless Goldstone bosons
which are absorbed into the degrees of freedom of A1

µ
and A2

µ
, ultimately rendering them

massive. The resulting masses are given by

m�3 =
p
8�̃V, mW ⌘ mA1 = mA2 = gV, (9.7)

where we identified the masses of the A1
µ
and A2

µ
fields with that of a W -like boson field,

in view of future analogies with the electroweak sector outlined in Section 6.1.
Assuming that the Universe’s temperature cools down even further and reaches an

energy scale similar to v, the second Mexican hat potential will tend to push the h fields
towards a true minimum. This causes them in turn to also acquire a non-zero vacuum
expectation value as well, which we choose to be

hhi =
✓
v
0

◆
, (9.8)

17
Note that the convention for the expectation values are di↵erent in this potential than the one for the

local string. However, a proper rescaling yields identical equations of motion.

Mexican hat potentials Portal
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Figure 3: In the left panel: The profile solutions f(⇢̃) and ⇣(⇢̃) of Eq. (4.13) for di↵erent

values of �S = (mh1/mZ)2 and for unit winding n = 1. The value R̃S is defined as the

value for which f(R̃S) ⌘ 1�e�1, and indicates a value for the string width. On the right:

the string tension function integrated via Eq. (4.15) as a function of the parameter �S .

where the function fS is a function of the dimensionless parameter �S defined in Eq. (3.14)

and n the winding number. Explicitly, the function is found to be the following integral:

fS(�S , n) =

Z 1

0
⇢̃ d⇢̃

"✓
df

d⇢̃

◆2

+
n2

⇢̃2
(⇣ � 1)2 f2 +

n2

2⇢̃2

✓
d⇣

d⇢̃

◆2

+
�S
4

�
f2 � 1

�2
#
,

which we compute by a standard numerical integration scheme using the profiles computed

earlier. The result of this function for di↵erent values of �S and of the winding number

are shown in the left panel of Figure 3. Roughly, we note that around �S of order unity,

fS(�S ⇡ 1, n) ⇡ n, (as can also be seen in the zoomed in portion of Figure 3) for every

value of �S of order unity. At last, for small values of �S , the dimensionless string tension

function behaves like [43]

fS(�S ! 0, 1) ! 1

ln��1
S

(4.15)

while for large values of �S , the string tension diverges logarithmically according to

fS(�S ! 1, 1) ! ln�S . (4.16)

Magnetic flux Lastly, we also compute the magnetic flux associated to the string con-

figuration. The magnetic field associated to A3 is fully aligned on the z-axis and is given

by B3
z = F 3

12 = @xA3
y � @yA3

x. The corresponding magnetic flux �B is then obtained by a

surface integration over the magnetic field over the xy-plane, which, using Stokes’ theorem,

becomes a line integral evaluated at spatial infinity:

�B =

Z
d2x Bz =

I

⇢=1
A3

i dli =

Z
✓=2⇡

✓=0

✓
2n

g⇢

◆
(⇢d✓) =

4⇡n

g
(4.17)

and the tension is thus necessarily quantized. Furthermore, it is conserved in the case

where the strings are topological.

– 12 –

<latexit sha1_base64="RR/qiNj/LGgo0zlSkhXSwt08eps=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUmKr2XRjcsK9gFNLJPppB06k4SZSbGE/oobF4q49Ufc+TdO2yy09cCFwzn3cu89QcKZ0o7zbRXW1jc2t4rbpZ3dvf0D+7DcUnEqCW2SmMeyE2BFOYtoUzPNaSeRFIuA03Ywup357TGVisXRg54k1Bd4ELGQEayN1LPLnkiRp5hANeQlDI0faz274lSdOdAqcXNSgRyNnv3l9WOSChppwrFSXddJtJ9hqRnhdFryUkUTTEZ4QLuGRlhQ5Wfz26fo1Ch9FMbSVKTRXP09kWGh1EQEplNgPVTL3kz8z+umOrz2MxYlqaYRWSwKU450jGZBoD6TlGg+MQQTycytiAyxxESbuEomBHf55VXSqlXdy+rF/XmlfpPHUYRjOIEzcOEK6nAHDWgCgSd4hld4s6bWi/VufSxaC1Y+cwR/YH3+ACNlkzk=</latexit>

µ ⇠ 2⇡v2

Solution of equation 
of motion of full theory

Is it classically stable when 
considering other fields 

fluctuations?

<latexit sha1_base64="FOsTtwzbUQLpfzFhP07z/folP4o=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnk82Q2dllpjcQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpG9zO/NebaiFg94SThfkRDJQaCUbRSq0m6YUjGvXLFrbpzkFXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8WuqmhieUjWjIO5YqGnHjZ/Nzp+TMKn0yiLUthWSu/p7IaGTMJApsZ0RxaJa9mfif10lxcOtnQiUpcsUWiwapJBiT2e+kLzRnKCeWUKaFvZWwIdWUoU2oZEPwll9eJc2LqnddvXq8rNTu8jiKcAKncA4e3EANHqAODWAwgmd4hTcncV6cd+dj0Vpw8plj+APn8wdxWo8A</latexit>

V � v

Tension:

Portal gives a mass 

for second Higgs 

component

September 2026



31

Alberto Mariotti (VUB)

Linear stability analysis

Metastable defects

Rough idea of methodology, perturb everything

5 Stability analysis

In this section we investigate the classical stability of the string solution whose ansatz was

given in Eq. (4.9). When considered in the full model, the strings are non-topological and

their stability is no longer guaranteed. Stability can thus only be achieved dynamically and

only a rigorous stability analysis about the background string configuration will reveal the

distinction between dynamically stable and unstable strings. The results of this classical

stability analysis will determine which regions in the parameter space (i.e. for which values

of the fundamental parameters in (3.14)) seed the string ansatz to be classically unstable.

For such unstable strings the network (whether formed or not) immediately dissipates such

that no GWB is to expected. Alternatively, the stable string solutions provide a viable

source of a GWB of cosmological origin, as described in Section 2.

5.1 Linearized equations of motion

In order to probe the classical stability of the string ansatz, we consider perturbations

of all fields on top of the background string configuration. Therefore, all fields  =

{h, h†,�±,�3, A±
µ ,�

±} must be considered as dynamical in our analysis. This will namely

allow the strings to potentially decay by field perturbations exploring the non-abelian di-

rections. The theory is characterized by ten equations of motion:

DµD
µ�a = �4�̃

⇣
�b�b � V 2

⌘
�a � �

2
h† (�a � V �a)h, (5.1)

DµD
µh = �2�

⇣
h†h� v2

⌘
h� �

4
(�a�a � V )2 h, (5.2)

D⌫F
aµ⌫ = g✏abc�bDµ�c +

ig

2

⇣
h†�aDµh� (Dµh)†�ah

⌘
. (5.3)

General idea The analysis is carried out by perturbing the ten equations of motion and

by viewing the string Ansatz of Eq. (4.9) as the background field configuration which

we denote as  ̄. This is done by taking into account small perturbations on top of the

background configuration as  =  ̄+ ✏� , where � = {�h, �h†, ��±, ��3, �A±
µ , �A

3
µ} and ✏

is a book-keeping factor to be thought as an infinitesimal constant parameter. The general

idea of the analysis is then to substitute the perturbed fields  in the EoMs listed above,

and expand up to first order in ✏. This will lead to coupled linear di↵erential equations in

the perturbations: D� = 0. The stability can then be examined by considering small time

oscillations of frequency ! as in � = � (⇢, ✓)ei!t. Upon an ansatz for � respecting the

cylindrical symmetry, the linear matrix equations will result in Schrödinger-like equations

D� = !2� for the frequency squared !2 which enters the equation as an eigenvalue. If

an imaginary eigenvalue !2 < 0 is found in the spectral decomposition of D, the string

ansatz is classically unstable. On the other hand, if no negative !2 is found, the string is

classically stable, at least to linear order.

The stability sectors Carrying out the idea just discussed, we can now substitute

the perturbed background field configuration  =  ̄ + ✏� in the equations of motion

(5.1)-(5.3), and collecting only terms to linear order in ✏ results in a linear equation in

the perturbations as D� = 0. Fortunately, the symmetries of the background string
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µ , �A

3
µ} and ✏

is a book-keeping factor to be thought as an infinitesimal constant parameter. The general

idea of the analysis is then to substitute the perturbed fields  in the EoMs listed above,

and expand up to first order in ✏. This will lead to coupled linear di↵erential equations in

the perturbations: D� = 0. The stability can then be examined by considering small time

oscillations of frequency ! as in � = � (⇢, ✓)ei!t. Upon an ansatz for � respecting the

cylindrical symmetry, the linear matrix equations will result in Schrödinger-like equations

D� = !2� for the frequency squared !2 which enters the equation as an eigenvalue. If

an imaginary eigenvalue !2 < 0 is found in the spectral decomposition of D, the string

ansatz is classically unstable. On the other hand, if no negative !2 is found, the string is

classically stable, at least to linear order.

The stability sectors Carrying out the idea just discussed, we can now substitute

the perturbed background field configuration  =  ̄ + ✏� in the equations of motion

(5.1)-(5.3), and collecting only terms to linear order in ✏ results in a linear equation in

the perturbations as D� = 0. Fortunately, the symmetries of the background string
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�a � �

2
h† (�a � V �a)h, (5.1)

DµD
µh = �2�

⇣
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⌘
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4
(�a�a � V )2 h, (5.2)
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cylindrical symmetry, the linear matrix equations will result in Schrödinger-like equations

D� = !2� for the frequency squared !2 which enters the equation as an eigenvalue. If

an imaginary eigenvalue !2 < 0 is found in the spectral decomposition of D, the string

ansatz is classically unstable. On the other hand, if no negative !2 is found, the string is

classically stable, at least to linear order.
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(5.1)-(5.3), and collecting only terms to linear order in ✏ results in a linear equation in
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configuration make the apriori then coupled di↵erential equations decouple into a set of

four block equations:

D1

0

B@
�h1
�h†1
�A3µ

1

CA = 0, D2 ��
3 = 0, (5.4)

D3

0

B@
�h2
���

�A�
µ

1

CA = 0, D†
3

0

B@
�h†2
��+

�A+
µ

1

CA = 0. (5.5)

In what follows, we investigate the stability of the string in each of these sectors through

a systematic overview of the elements of the di↵erential stability operators.

Gauge fixing Before anything else, in order to simplify the expressions to come, and to

remove all non-physical degrees of freedom ahead in the field perturbations we propose,

based on [27, 48], the following R⇠-gauge fixing choice on the gauge field perturbations:

F1
�
A�

µ

�
= @µ�A

�µ + igĀ3
µ�A

�µ � igp
2
h̄†1�h2 � ig�̄3��� = 0 (5.6)

F2
�
A+

µ

�
= @µ�A

+µ � igĀ3
µ�A

+µ +
igp
2
h̄1�h

†
2 + ig�̄3��+ = 0 (5.7)

F3
�
A3µ

�
= @µ�A

3µ � ig

2

⇣
h̄†1�h1 � h̄1�h

†
1

⌘
= 0 (5.8)

In practice, these gauge fixings are imposed through the equations of motion by adding

the corresponding gauge functions to the Lagrangian LGF = 1
2

P3
i=1 |Fi|2. [MG: This last

term we should maybe remove]

5.2 The ghost degrees of freedom

Before going on, it is also important to notice that not all linear perturbations � corre-

spond to physical fluctuations. The gauge redundancy of the theory makes that certain

linear perturbations correspond to infinitesimal gauge transformations of the field. As such,

these directions of fluctuations need to be studied separately (as was done in e.g. [49]), and

a consistent gauge theory should contain no unstable ghost fluctuation mode. The fields

of the theory transform under an infinitesimal gauge transformation according to

�h =
i

2
�✓a(x)�ah̄ (5.9)

��a = �✏abc�✓b(x)�̄c (5.10)

�W a

µ =
1

g
@µ�✓

a(x)� ✏abc�✓b(x)W̄ c

µ, (5.11)

where the functions �✓a(x) characterize the gauge transformation. The gauge fixing of

Eqs. (5.6)-(5.8) does not fix the gauge completely. There are still residual degrees of

freedom which may cause trouble (in an inconsistent theory), and which for safety need to

be investigated. This is done by substituting the linear field perturbations as those from
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Figure 4: Classical stability analysis of the model parameter space with
p
�S = mh1/mZ

and ↵ = (mh2/mZ)2 for di↵erent values of the hierarchy of scales ⌘ = (mW /mZ)2. The

red regions indicate those in which the string ansatz of Eq. (4.14) is classically unstable.

The dashed line corresponds to the stability line in the limit of ⌘ ! 1 where the adjoints

and A
± bosons are frozen (see section B.2 for a derivation).

equation for the fluctuation of h2, as we show in Appendix B.2. The instability line of this

simplified problem is shown as a dashed line in Figure 4 for comparison. We also note that

in the limit of ↵ ! 0 and ⌘ ! 1, the string is classically stable for �S  1 and unstable

for �S > 1. This corresponds to the semi-local string limit; see e.g. [9, 29] for a review as

well as Appendix C.

In all the parameter space that we have explored, there is only one negative eigenvalue

in the unstable region. We now study the property of the corresponding eigenvector (see

Appendix B for more details on the eigenvalue spectrum and the eigenfunction shapes).

The direction associated to the negative eigenvalue involves the four-mode expansion � l =

{sl(⇢), al�n(⇢), w"l�n(⇢), w#l�n(⇢)} in (5.26) corresponding to the fluctuations of the fields

{�h2, ���
, �A

�
µ }. It is interesting to investigate which of the four components dominates in

the unstable direction by computing the relative norm fraction of the di↵erent components

via the norm definition in Eq. (5.38). This ratio can indicate if the instability is driven

primarily by the scalar doublet, or instead if it is driven by the triplet or gauge fields. We

consider the same parameter space as above and compute the relative norm fraction of

all the four components. By inspection, we find that the dominant contributions to the

eigenfunction are always given by the mode sl(⇢) of �h2 or w#l�n(⇢) of �A#, while the other

two components are subleading in the total norm contribution.

In Figure 5 we then plot, in the unstable region, the size of the relative �h2 norm. In

the blue region the eigenfunction is dominated by the mode sl(⇢) of �h2, while in the red

region by the mode w#l�n(⇢) of �A#. For large ⌘ the instability is mainly driven by the �h2
fluctuation. For small ⌘, instead, not only does the instability region get larger, but the

extra unstable region is dominated by the gauge field fluctuations leading to a gauge field

– 19 –
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Figure 6: The bounds from the stability analysis in the (
p
�S , ⌘)-plane for di↵erent val-

ues of the portal parameter ↵. The (overlapping) red regions indicate the regions in the

parameter space for which the string is unstable. The top panel shows it in the case

where �M = 1 and g = 1 with corresponding isocurves of
p
. The preferred PTA region

(
p
 2 [7.5, 8.5]) is also indicated. The bottom panel has been done in the case where

�M = 1 and g = 0.25, thus accommodating for larger values of
p
 via Eq. (6.1).

region
p
 ' 8 as favored by PTAs when assuming infinite long strings and the thin wall

approximation for the quantum tunneling (see Section 2). As we can see, depending on

the value of ↵, string solutions that would otherwise explain the PTA signal are actually

classically unstable.

In the right panel of Figure 6, we show the case of weak coupling, g = 0.25. Here,

the values of
p
 are generically larger than in the left panel for the region of cosmological

interest with ⌘ > 1. Such values of
p
 would not be compatible with the PTA signal

according to the analysis of [5], but may become viable when considering the additional

aspects pointed out in [25]. Even in this case with
p
 � 1, we observe the onset of

classical instability in a large part of the parameter space depending on ↵.

Overall, we find that next to the regions of classical stability, a significant portion

of the model parameter space relevant for PTAs can actually lead to classically unstable

strings. In the next section, we discuss the possible phenomenological implications of such

instability.

7 Following the instability

The stability analysis presented in the previous section shows the presence of unstable

fluctuations around the string background in regions of parameter space that are (or can

be) relevant for the metastable string interpretation of the PTA signal. In those regions,

the commonly adopted analysis of section 2 needs to be revised. However, the phenomeno-

logical implications of such instability can be very di↵erent depending on how it actually

develops. The exponential growth of fluctuations around the string can in fact have two

very di↵erent outcomes:

– 21 –
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Figure 6: The bounds from the stability analysis in the (
p
�S , ⌘)-plane for di↵erent val-

ues of the portal parameter ↵. The (overlapping) red regions indicate the regions in the

parameter space for which the string is unstable. The top panel shows it in the case

where �M = 1 and g = 1 with corresponding isocurves of
p
. The preferred PTA region

(
p
 2 [7.5, 8.5]) is also indicated. The bottom panel has been done in the case where

�M = 1 and g = 0.25, thus accommodating for larger values of
p
 via Eq. (6.1).

region
p
 ' 8 as favored by PTAs when assuming infinite long strings and the thin wall

approximation for the quantum tunneling (see Section 2). As we can see, depending on

the value of ↵, string solutions that would otherwise explain the PTA signal are actually

classically unstable.

In the right panel of Figure 6, we show the case of weak coupling, g = 0.25. Here,

the values of
p
 are generically larger than in the left panel for the region of cosmological

interest with ⌘ > 1. Such values of
p
 would not be compatible with the PTA signal

according to the analysis of [5], but may become viable when considering the additional

aspects pointed out in [25]. Even in this case with
p
 � 1, we observe the onset of

classical instability in a large part of the parameter space depending on ↵.

Overall, we find that next to the regions of classical stability, a significant portion

of the model parameter space relevant for PTAs can actually lead to classically unstable

strings. In the next section, we discuss the possible phenomenological implications of such

instability.

7 Following the instability

The stability analysis presented in the previous section shows the presence of unstable

fluctuations around the string background in regions of parameter space that are (or can

be) relevant for the metastable string interpretation of the PTA signal. In those regions,

the commonly adopted analysis of section 2 needs to be revised. However, the phenomeno-

logical implications of such instability can be very di↵erent depending on how it actually

develops. The exponential growth of fluctuations around the string can in fact have two

very di↵erent outcomes:

– 21 –

34

Alberto Mariotti (VUB)

Linear stability analysis

Metastable defects

Impact on parameter space of PTA pheno interpretation

★It can affect also large value of the monopole mass over tension ratio

<latexit sha1_base64="3MUkKiCoiAzY5Y40sOOBicuGr2A=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEnons8mY2Z1lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqyhpUCqnaAWomeMwahhvB2oliGAWCtYLR7dRvPTGluYwfzDhhfoSDmIecorFSs4siGWKvXHGr7gxkmXg5qUCOeq/81e1LmkYsNlSg1h3PTYyfoTKcCjYpdVPNEqQjHLCOpTFGTPvZ7NoJObFKn4RS2YoNmam/JzKMtB5Hge2M0Az1ojcV//M6qQmv/YzHSWpYTOeLwlQQI8n0ddLnilEjxpYgVdzeSugQFVJjAyrZELzFl5dJ86zqXVYv7s8rtZs8jiIcwTGcggdXUIM7qEMDKDzCM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AY7BjyI=</latexit>↵
Portal coupling 

Monopole mass
over tension

<latexit sha1_base64="ZiRLOEx1UrTFfvB+hS1XyClHzJ0=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSlJ8bYSiGzdCBfuAJpbJdNIOnZnEmYlQQtZu/BU3LhRx6xe482+ctllo64ELh3Pu5d57gphRpR3n25qbX1hcWi6sFFfX1jc27a3thooSiUkdRyySrQApwqggdU01I61YEsQDRprB4HLkNx+IVDQSt3oYE5+jnqAhxUgbqWPveepe6tQboDhGGTyHXigRTnnn+q6SpR5Pso5dcsrOGHCWuDkpgRy1jv3ldSOccCI0ZkiptuvE2k+R1BQzkhW9RJEY4QHqkbahAnGi/HT8SgYPjNKFYSRNCQ3H6u+JFHGlhjwwnRzpvpr2RuJ/XjvR4ZmfUhEnmgg8WRQmDOoIjnKBXSoJ1mxoCMKSmlsh7iOThTbpFU0I7vTLs6RRKbsn5eObo1L1Io+jAHbBPjgELjgFVXAFaqAOMHgEz+AVvFlP1ov1bn1MWuesfGYH/IH1+QOMwprS</latexit>

p
 =

m2
M

µ

S. Blasi, M. Grandjean, AM: 
arXiv:2605.03003

<latexit sha1_base64="G64BxOtuhPPvMKsrdF1P2GEqAfE=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokxddGKLpxWcG2QlPLZDpph04mYeamUEI2/oobF4q49TPc+TdO2yy09cC9HM65l5l7/FhwDY7zbRWWlldW14rrpY3Nre0de3evqaNEUdagkYjUg080E1yyBnAQ7CFWjIS+YC1/eDPxWyOmNI/kPYxj1glJX/KAUwJG6toHHgOCr7AXKELTavOxmqUj07p22ak4U+BF4uakjHLUu/aX14toEjIJVBCt264TQyclCjgVLCt5iWYxoUPSZ21DJQmZ7qTTAzJ8bJQeDiJlSgKeqr83UhJqPQ59MxkSGOh5byL+57UTCC47KZdxAkzS2UNBIjBEeJIG7nHFKIixIYQqbv6K6YCYKMBkVjIhuPMnL5JmteKeV87uTsu16zyOIjpER+gEuegC1dAtqqMGoihDz+gVvVlP1ov1bn3MRgtWvrOP/sD6/AF2e5W0</latexit>

⌘ =
2V 2

v2

September 2026



✴String Network forms
✴Different dynamics:

35

Alberto Mariotti (VUB)

Chasing the instability

Metastable defects

We showed that standard string solution is classically unstable  
in relevant portion of param space

★Where the instability goes?

String Unwinds
✴Analogous to EW string
✴Network does not even form
✴No GW generation

✴Decay rate
✴Friction 
✴GW
✴? ….?

String develop a core

S. Blasi, M. Grandjean, AM: 
arXiv:2605.03003

September 2026



36

Alberto Mariotti (VUB)

Chasing the instability

Metastable defects

We showed that standard string solution is classically unstable  
in relevant portion of param space

★Where the instability goes?

String Unwinds
✴Analogous to EW string
✴Network does not even form
✴No GW generation

<latexit sha1_base64="Qr5dfUXpWXQnz0Xt2uo35PwEGnw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr5MUvXisYNpCG8pmu2mXbjZhd1Iopb/BiwdFvPqDvPlv3LY5aPXBwOO9GWbmhakUBl33yymsrK6tbxQ3S1vbO7t75f2DhkkyzbjPEpnoVkgNl0JxHwVK3ko1p3EoeTMc3s385ohrIxL1iOOUBzHtKxEJRtFKfoPckFG3XHGr7hzkL/FyUoEc9W75s9NLWBZzhUxSY9qem2IwoRoFk3xa6mSGp5QNaZ+3LVU05iaYzI+dkhOr9EiUaFsKyVz9OTGhsTHjOLSdMcWBWfZm4n9eO8PoOpgIlWbIFVssijJJMCGzz0lPaM5Qji2hTAt7K2EDqilDm0/JhuAtv/yXNM6q3mX14uG8UrvN4yjCERzDKXhwBTW4hzr4wEDAE7zAq6OcZ+fNeV+0Fpx85hB+wfn4Br3PjgA=</latexit>

V > v
<latexit sha1_base64="F2mbaJ/1l62GBRJT2uL98IMYXhg=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe7Er8IiaGMZwUsCyRH2NnvJkr29Y3cuEEJ+g42FIrb+IDv/jZvkCo0+GHi8N8PMvDCVwqDrfjmFldW19Y3iZmlre2d3r7x/0DBJphn3WSIT3Qqp4VIo7qNAyVup5jQOJW+Gw7uZ3xxxbUSiHnGc8iCmfSUiwShayW+QGzLqlitu1Z2D/CVeTiqQo94tf3Z6CctirpBJakzbc1MMJlSjYJJPS53M8JSyIe3ztqWKxtwEk/mxU3JilR6JEm1LIZmrPycmNDZmHIe2M6Y4MMveTPzPa2cYXQcTodIMuWKLRVEmCSZk9jnpCc0ZyrEllGlhbyVsQDVlaPMp2RC85Zf/ksZZ1busXjycV2q3eRxFOIJjOAUPrqAG91AHHxgIeIIXeHWU8+y8Oe+L1oKTzxzCLzgf37rDjf4=</latexit>

V < v

In both scenarios impact for PTA interpretation with metastable strings

S. Blasi, M. Grandjean, AM: 
arXiv:2605.03003

✴String Network forms
✴Different dynamics: ✴Decay rate

✴Friction 
✴GW
✴? ….?

String develop a core

September 2026



37

Alberto Mariotti (VUB)

Conclusions

Metastable defects

Cosmic defects interesting for BSM applications and GW signals

★Prototypical examples: axion models

★Metastable strings interesting in light of PTA evidence of a GWB

Can nevertheless 

play a role 

in early Universe in 

BSM scenarios

String might be classical unstable in relevant portion of the parameter space

Implication for string network dynamics and GW generation

SM like theory

★Arise naturally in models with multiple step chain of group breaking

★Arise in models with broken symmetry groups

<latexit sha1_base64="qG/esH+4INSdbnH/9g1hQqXfEgY=">AAAB/XicbZDLTsJAFIZP8YZ4q5edm4nEBDekJd6WRDcuMVoggYZMhwEmTKfNzNQEG+KruHGhMW59D3e+jQN0oeCfTPLlP+dkzvmDmDOlHefbyi0tr6yu5dcLG5tb2zv27l5dRYkk1CMRj2QzwIpyJqinmea0GUuKw4DTRjC8ntQbD1QqFol7PYqpH+K+YD1GsDZWxz6480qVE9TWEfJK7gzcjl10ys5UaBHcDIqQqdaxv9rdiCQhFZpwrFTLdWLtp1hqRjgdF9qJojEmQ9ynLYMCh1T56XT7MTo2Thf1Imme0Gjq/p5IcajUKAxMZ4j1QM3XJuZ/tVaie5d+ykScaCrI7KNewpE5cRIF6jJJieYjA5hIZnZFZIAlJtoEVjAhuPMnL0K9UnbPy2e3p8XqVRZHHg7hCErgwgVU4QZq4AGBR3iGV3iznqwX6936mLXmrGxmH/7I+vwBejuSrg==</latexit>

SU(2) ! U(1) ! 1

September 2026

★Their dynamics in the early Universe can be linked to open SM questions

Cosmic defects can be only metastable when not topologically protected
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Thanks!

Metastable defects September 2026


