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Gravitational waves (GWs) as tools 
for charting the early-Universe cosmology and high-energy particle physics. 

(See also e,g., talks by Stefan Antusch, Stephen King, and many others.)
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Gravitational waves (GWs) as tools 
for charting the early-Universe cosmology and high-energy particle physics. 

Many GW sources…(mostly BSM physics)

Cosmic strings 
and other topological defects 
(e.g., from Grand Unified Theories, Axions)

Quantum fluctuation

[Harvard U.]

[C. Ringeval]

1st-order 
phase trans.

[2010.00971]

(See also e,g., talks by Stefan Antusch, Stephen King, and many others.)
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Gravitational waves (GWs) as tools 
for charting the early-Universe cosmology and high-energy particle physics. 

Many GW sources…(mostly BSM physics) Many ways to detect…

Cosmic strings 
and other topological defects 
(e.g., from Grand Unified Theories, Axions)

Quantum fluctuation

[Harvard U.]

[C. Ringeval]

1st-order 
phase trans.

[2010.00971]

Pulsar timing arrays

LISA

Einstein Telescope (ET)

LIGO/VIRGO/KAGRA

NANOGrav, EPTA, PPTA, …

NASA VIRGO

ET D. Champion

(See also e,g., talks by Stefan Antusch, Stephen King, and many others.)
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Ultrahigh-frequency 
(UHF) regime
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Gravitational-Wave Landscape

Excluded by primordial GW as ΔNeff
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Ultrahigh-frequency 
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Excluded by primordial GW as ΔNeff
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How about experiments ???
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Current status of UHF GW experiments
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Current status of UHF GW experiments
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Many techniques @ UHF
• Levitated-sensor detector (LSD) 
• Bulk acoustic wave (BAW) 
• Small-scale interferometers (e.g., Fermilab’s Holometer) 
• (inverse) Gertsenshtein effect (converting GW to photons, similar to axion-electro.)



PLANCK 2024, Lisbon (06.06.2024) — Peera Simakachorn (IFIC, Valencia U.)

10-4 10-1 102 105 108 1011
10-36

10-33

10-30

10-27

10-24

10-21

10-18

GW frequency today: fGW [Hz]

ch
ar
ac
te
ris
tic
G
W
st
ra
in
:h

c LISA

ET
CE

BBO AEDGE

LIGO

O2
O4
O5

μAres

LS
D

DMR

BAW

HOL

ED
G
ES

A
D
M
X

SQ
M
S

A
R
C
A
D
E IA
X
O

(H
ET

)
IA
X
O

(S
P
D
)

G
B

↑ Excluded by ΔN
eff-GW

4

Current status of UHF GW experiments
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Many techniques @ UHF
• Levitated-sensor detector (LSD) 
• Bulk acoustic wave (BAW) 
• Small-scale interferometers (e.g., Fermilab’s Holometer) 
• (inverse) Gertsenshtein effect (converting GW to photons, similar to axion-electro.)

The -GW bound is so far the strongest, but one should keep thinking 
because…

ΔNeff
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UHF regime = A golden window for new physics
• UHF window is clean from standard astro signals (e.g., from binaries of massive objects). Reasons:

Servant, Simakachorn [2312.09281]
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UHF regime = A golden window for new physics

• Signals from well-motivated sources, 
both SM and BSM @ ultrahigh energies

1/(size of GW source in )H−1
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UHF regime = A golden window for new physics

• Signals from well-motivated sources, 
both SM and BSM @ ultrahigh energies

1/(size of GW source in )H−1
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UHF regime = A golden window for new physics

• Signals from well-motivated sources, 
both SM and BSM @ ultrahigh energies

1/(size of GW source in )H−1
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Cosmic strings η= 5×10 16
GeV,κ= 26

For today!
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Cosmic strings and their GW background (GWB)

At late times, string’s width ≪ horizon size ⇨ 1D object    

String tension: Gμ ≃ ( η
mPl )

2

≃ 7 × 10−7 ( η
1016 GeV )

2

A topological defect from spontaneous 
(global or local) symmetry breaking 

at the energy scale  
[Kibble, ’76]

η

field space physical space
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Re(�)

[Allen, Shellard, ’90]

Network of 
strings

e.g., String’s width
<latexit sha1_base64="JMfvxV9zR3IZjjqQ5g0EQKrkexU=">AAACIXicbVDLSgMxFM3UV62vqks3wSLowjIjvpaiG5cVbCt0asmktzY0mZkmd5Qy9Ffc+CtuXCjSnfgzpg9BrQcCh3POTXJPEEth0HU/nMzM7Nz8QnYxt7S8srqWX9+omCjRHMo8kpG+CZgBKUIoo0AJN7EGpgIJ1aBzMfSr96CNiMJr7MVQV+wuFC3BGVqpkT99oL4RCrpUNVK/1Bb923Tf63+Lu77pakx9aW9sMisDsr1RopEvuEV3BDpNvAkpkAlKjfzAb0Y8URAil8yYmufGWE+ZRsEl9HN+YiBmvMPuoGZpyBSYejrasE93rNKkrUjbEyIdqT8nUqaM6anAJhXDtvnrDcX/vFqCrdN6KsI4QQj5+KFWIilGdFgXbQoNHGXPEsa1sH+lvM0042hLzdkSvL8rT5PKQdE7Lh5dHRbOzid1ZMkW2Sa7xCMn5IxckhIpE04eyTN5JW/Ok/PivDuDcTTjTGY2yS84n1/oP6Nd</latexit>

w ' m�1
� ' (

p
�⌘)�1

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa ‘23

<latexit sha1_base64="3bhKqkG0xgATluHHtoPIsGdvWkE=">AAACE3icbVDJSgNBFOyJW4xb1KOXxiAkgmFmcDsGvXiMYBbITEJP5yVp0rPY3SOESf7Bi7/ixYMiXr1482/sLAdNLGgoql7x+pUXcSaVaX4bqaXlldW19HpmY3Nreye7u1eVYSwoVGjIQ1H3iATOAqgopjjUIwHE9zjUvP712K89gJAsDO7UIALXJ92AdRglSkut7HE175R7rIAdyXy4xw7X2TbB+eFYHjbtEwcUadqFpt3K5syiOQFeJNaM5NAM5Vb2y2mHNPYhUJQTKRuWGSk3IUIxymGUcWIJEaF90oWGpgHxQbrJ5KYRPtJKG3dCoV+g8ET9nUiIL+XA9/SkT1RPzntj8T+vEavOpZuwIIoVBHS6qBNzrEI8Lgi3mQCq+EATQgXTf8W0RwShSteY0SVY8ycvkqpdtM6LZ7enudLVrI40OkCHKI8sdIFK6AaVUQVR9Iie0St6M56MF+Pd+JiOpoxZZh/9gfH5A+crnE4=</latexit>

V (�) ' �(|�|2 � ⌘2)2
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Cosmic strings and their GW background (GWB)

At late times, string’s width ≪ horizon size ⇨ 1D object    

String tension: Gμ ≃ ( η
mPl )

2

≃ 7 × 10−7 ( η
1016 GeV )

2

A topological defect from spontaneous 
(global or local) symmetry breaking 

at the energy scale  
[Kibble, ’76]

η

field space physical space

<latexit sha1_base64="m88rQAPO7OKhHDk+OpuW+KAQX1g=">AAACAnicdVDLSgNBEJz1GeNr1ZN4GQyCp7CreXgRRC8eIxgVsiHMTnqTwdkHM71C2AQv/ooXD4p49Su8+TfOxggqWtBQVHXT3eUnUmh0nHdranpmdm6+sFBcXFpeWbXX1i90nCoOTR7LWF35TIMUETRRoISrRAELfQmX/vVJ7l/egNIijs5xkEA7ZL1IBIIzNFLH3vQkBDj0Gn3hKdHr45AeUg+Q0Y5dcsq1emW/ukedsjNGTtyqU69Rd6KUyASNjv3mdWOehhAhl0zrlusk2M6YQsEljIpeqiFh/Jr1oGVoxELQ7Wz8wojuGKVLg1iZipCO1e8TGQu1HoS+6QwZ9vVvLxf/8lopBgftTERJihDxz0VBKinGNM+DdoUCjnJgCONKmFsp7zPFOJrUiiaEr0/p/+Rir+zWytWzSunoeBJHgWyRbbJLXFInR+SUNEiTcHJL7skjebLurAfr2Xr5bJ2yJjMb5Aes1w+/KZcG</latexit>

|�| = ⌘

<latexit sha1_base64="GTAlfBFyS/7hoBs7Aos0d1bIhno=">AAAB/nicdVBNS8NAEN34WetXVTx5WSyCp7ARm9aDIHrxWMFWoSlls900i5sPdidCSQv+FS8eFPHq7/Dmv3FjK6jog4HHezPMzPNTKTQQ8m7NzM7NLyyWlsrLK6tr65WNzbZOMsV4iyUyUdc+1VyKmLdAgOTXqeI08iW/8m/OCv/qlistkvgShinvRnQQi0AwCkbqVbY9yQMYec1QeEoMQhjhY0x6lSqxScNtOC4mdo0c1OoFIcQ9arjYMaRAFU3R7FXevH7CsojHwCTVuuOQFLo5VSCY5OOyl2meUnZDB7xjaEwjrrv55/ljvGeUPg4SZSoG/Kl+n8hppPUw8k1nRCHUv71C/MvrZBA0urmI0wx4zCaLgkxiSHCRBe4LxRnIoSGUKWFuxSykijIwiZVNCF+f4v9J+8B2XLt2cVg9OZ3GUUI7aBftIwfV0Qk6R03UQgzl6B49oifrznqwnq2XSeuMNZ3ZQj9gvX4A7pSVfQ==</latexit>

|�| = 0

GW emission from loops 
(+ particle production for global strings)

loop

<latexit sha1_base64="SMzLEVjWkwCkmu+/82yoQMiwmzc=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0Wom5DU2sRd0Y3uKtgHNLFMppN26EwSZiZKCf0PNy4Uceu/uPNvnD4EFT1w4XDOvdx7T5AwKpVlfRi5peWV1bX8emFjc2t7p7i715JxKjBp4pjFohMgSRiNSFNRxUgnEQTxgJF2MLqY+u07IiSNoxs1TojP0SCiIcVIaek28wSHV3xS9hpDetwrliyzWjtxXBdq4py5jj0n1YoNbdOaoQQWaPSK714/xiknkcIMSdm1rUT5GRKKYkYmBS+VJEF4hAakq2mEOJF+Nrt6Ao+00odhLHRFCs7U7xMZ4lKOeaA7OVJD+dubin953VSFrp/RKEkVifB8UZgyqGI4jQD2qSBYsbEmCAuqb4V4iATCSgdV0CF8fQr/J62KadfM0+tqqX6+iCMPDsAhKAMbOKAOLkEDNAEGAjyAJ/Bs3BuPxovxOm/NGYuZffADxtsnG0eSSg==</latexit>

Im(�)
<latexit sha1_base64="0/3MSGHLcsK2Z0Fth1rbB21wBU8=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0Wom5DU2sRd0Y3LKvYBTSyT6aQdOpOEmYlSQv/DjQtF3Pov7vwbpw9BRQ9cOJxzL/feEySMSmVZH0ZuaXlldS2/XtjY3NreKe7utWScCkyaOGax6ARIEkYj0lRUMdJJBEE8YKQdjC6mfvuOCEnj6EaNE+JzNIhoSDFSWrrNPMHhNZmUvcaQHveKJcus1k4c14WaOGeuY89JtWJD27RmKIEFGr3iu9ePccpJpDBDUnZtK1F+hoSimJFJwUslSRAeoQHpahohTqSfza6ewCOt9GEYC12RgjP1+0SGuJRjHuhOjtRQ/vam4l9eN1Wh62c0SlJFIjxfFKYMqhhOI4B9KghWbKwJwoLqWyEeIoGw0kEVdAhfn8L/Sati2jXz9Kpaqp8v4siDA3AIysAGDqiDS9AATYCBAA/gCTwb98aj8WK8zltzxmJmH/yA8fYJHNuSSw==</latexit>

Re(�)

[Allen, Shellard, ’90]

Network of 
strings

e.g., String’s width
<latexit sha1_base64="JMfvxV9zR3IZjjqQ5g0EQKrkexU=">AAACIXicbVDLSgMxFM3UV62vqks3wSLowjIjvpaiG5cVbCt0asmktzY0mZkmd5Qy9Ffc+CtuXCjSnfgzpg9BrQcCh3POTXJPEEth0HU/nMzM7Nz8QnYxt7S8srqWX9+omCjRHMo8kpG+CZgBKUIoo0AJN7EGpgIJ1aBzMfSr96CNiMJr7MVQV+wuFC3BGVqpkT99oL4RCrpUNVK/1Bb923Tf63+Lu77pakx9aW9sMisDsr1RopEvuEV3BDpNvAkpkAlKjfzAb0Y8URAil8yYmufGWE+ZRsEl9HN+YiBmvMPuoGZpyBSYejrasE93rNKkrUjbEyIdqT8nUqaM6anAJhXDtvnrDcX/vFqCrdN6KsI4QQj5+KFWIilGdFgXbQoNHGXPEsa1sH+lvM0042hLzdkSvL8rT5PKQdE7Lh5dHRbOzid1ZMkW2Sa7xCMn5IxckhIpE04eyTN5JW/Ok/PivDuDcTTjTGY2yS84n1/oP6Nd</latexit>

w ' m�1
� ' (

p
�⌘)�1

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa ‘23

<latexit sha1_base64="3bhKqkG0xgATluHHtoPIsGdvWkE=">AAACE3icbVDJSgNBFOyJW4xb1KOXxiAkgmFmcDsGvXiMYBbITEJP5yVp0rPY3SOESf7Bi7/ixYMiXr1482/sLAdNLGgoql7x+pUXcSaVaX4bqaXlldW19HpmY3Nreye7u1eVYSwoVGjIQ1H3iATOAqgopjjUIwHE9zjUvP712K89gJAsDO7UIALXJ92AdRglSkut7HE175R7rIAdyXy4xw7X2TbB+eFYHjbtEwcUadqFpt3K5syiOQFeJNaM5NAM5Vb2y2mHNPYhUJQTKRuWGSk3IUIxymGUcWIJEaF90oWGpgHxQbrJ5KYRPtJKG3dCoV+g8ET9nUiIL+XA9/SkT1RPzntj8T+vEavOpZuwIIoVBHS6qBNzrEI8Lgi3mQCq+EATQgXTf8W0RwShSteY0SVY8ycvkqpdtM6LZ7enudLVrI40OkCHKI8sdIFK6AaVUQVR9Iie0St6M56MF+Pd+JiOpoxZZh/9gfH5A+crnE4=</latexit>

V (�) ' �(|�|2 � ⌘2)2
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Cosmic strings and their GWB
Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa ‘23

Local strings!
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P. Simakachorn PhD Thesis

<latexit sha1_base64="aNnFWgpMGcORoimVVZzYFdEwcoc="></latexit>

⌦GW(fGW) =
1

⇢c,0

kmaxX

k=1

2k

fGW
· �(k)Gµ2

Z t0

tform

nloop(t̃)


a(t̃)

a(t0)

�5
dt̃,

GW from a loop # of loops produced along cosmic history 
(from production time until today)
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Cosmic strings and their GWB
Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa ‘23

Local strings!
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P. Simakachorn PhD Thesis

<latexit sha1_base64="aNnFWgpMGcORoimVVZzYFdEwcoc="></latexit>

⌦GW(fGW) =
1

⇢c,0

kmaxX

k=1

2k

fGW
· �(k)Gµ2

Z t0

tform

nloop(t̃)


a(t̃)

a(t0)

�5
dt̃,

GW from a loop # of loops produced along cosmic history 
(from production time until today)

Cosmic Evolution
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Cosmic strings and their GWB
Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa ‘23

Local strings!

10-10 10-6 10-2 102 106 1010 1014
10-16

10-14

10-12

10-10

10-8

frequency of GW fGW [Hz]

Ω
G
W
h2

LI
SA ET C
E

B
B
O

D
EC
IG
O

AE
D
GE

SK
A

EP
TA

P
TA

hi
nt
s

LIGO O5

fo
rm
at
io
n
cu
t-
off
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P. Simakachorn PhD Thesis

<latexit sha1_base64="aNnFWgpMGcORoimVVZzYFdEwcoc="></latexit>

⌦GW(fGW) =
1

⇢c,0

kmaxX

k=1

2k

fGW
· �(k)Gµ2

Z t0

tform

nloop(t̃)


a(t̃)

a(t0)

�5
dt̃,

GW from a loop # of loops produced along cosmic history 
(from production time until today)

LVK (LIGO-VIRGO-KAGRA) @ ~10 Hz

Not so large UHF signals due to 
observations @ low-frequency.

PTA (pulsar-timing arrays) @ ~ nHz
<latexit sha1_base64="70fmSWO/pXnoSt9H9xsoCdVXMt8="></latexit>

⌦GWh2 . 10�10 ) Gµ . 10�10

<latexit sha1_base64="fppz5t9+H+/k5/2Sb0vgv96qO5E="></latexit>

⌦GWh2 . 10�8 ) Gµ . 10�7
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Cosmic strings and their GWB
Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa ‘23

Local strings!

10-10 10-6 10-2 102 106 1010 1014
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P. Simakachorn PhD Thesis

<latexit sha1_base64="aNnFWgpMGcORoimVVZzYFdEwcoc="></latexit>

⌦GW(fGW) =
1

⇢c,0

kmaxX

k=1

2k

fGW
· �(k)Gµ2

Z t0

tform

nloop(t̃)


a(t̃)

a(t0)

�5
dt̃,

GW from a loop # of loops produced along cosmic history 
(from production time until today)

These low-frequency constraints do not apply 
if strings shut down the GW production at later times. 

LVK (LIGO-VIRGO-KAGRA) @ ~10 Hz

Not so large UHF signals due to 
observations @ low-frequency.

PTA (pulsar-timing arrays) @ ~ nHz
<latexit sha1_base64="70fmSWO/pXnoSt9H9xsoCdVXMt8="></latexit>

⌦GWh2 . 10�10 ) Gµ . 10�10

<latexit sha1_base64="fppz5t9+H+/k5/2Sb0vgv96qO5E="></latexit>

⌦GWh2 . 10�8 ) Gµ . 10�7
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Cosmic strings and their GWB
Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa ‘23

Local strings!

10-10 10-6 10-2 102 106 1010 1014
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<latexit sha1_base64="aNnFWgpMGcORoimVVZzYFdEwcoc="></latexit>

⌦GW(fGW) =
1

⇢c,0

kmaxX

k=1

2k

fGW
· �(k)Gµ2

Z t0

tform

nloop(t̃)


a(t̃)

a(t0)

�5
dt̃,

GW from a loop # of loops produced along cosmic history 
(from production time until today)

These low-frequency constraints do not apply 
if strings shut down the GW production at later times. 

LVK (LIGO-VIRGO-KAGRA) @ ~10 Hz

Not so large UHF signals due to 
observations @ low-frequency.

PTA (pulsar-timing arrays) @ ~ nHz
<latexit sha1_base64="70fmSWO/pXnoSt9H9xsoCdVXMt8="></latexit>

⌦GWh2 . 10�10 ) Gµ . 10�10

<latexit sha1_base64="fppz5t9+H+/k5/2Sb0vgv96qO5E="></latexit>

⌦GWh2 . 10�8 ) Gµ . 10�7

String network 
decays!
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Multiple-step phase transitions  Hybrid defects⇒
E.g., Grand unified theories, hybrid inflation models, post-inflationary axion 

Buchmüller, Domcke, Schmitz+ 
[1912.03695, 2102.08923, 2107.04578, 2307.04691]

Murayama+ [1908.03227, 2111.08750]
King, Pascoli, Turner, Zhou [2005.13549, 2106.15634]

Metastable cosmic strings

See also decaying defects 
via Hubble-induced phase transition [see the talk by Javier Rubio] 

Kamada, Yamada [1407.2882] Bettoni, Domènech, Rubio [1810.11117]

[Dunsky+ 2111.08750] String-domain wallstring-monopole

M. Gorghetto
M

<latexit sha1_base64="Sm1V1ynbm0R5ZgcO5kAVJBnpROM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbiDMncgl68CAmYBZIh9HR6kjY9C909Qgj5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVvSDlTCrL+jBya+sbm1v57cLO7t7+QfHwqCWTTBDaJAlPRCfAknIW06ZiitNOKiiOAk7bwfhq7rfvqZAsiW/VJKV+hIcxCxnBSkuNm36xZJle2XHcC2SZTtW13aomluc5bgXZprVACVao94vvvUFCsojGinAsZde2UuVPsVCMcDor9DJJU0zGeEi7msY4otKfLg6doTOtDFCYCF2xQgv1+8QUR1JOokB3RliN5G9vLv7ldTMVVv0pi9NM0ZgsF4UZRypB86/RgAlKFJ9ogolg+lZERlhgonQ2BR3C16fof9Iqm7Zjeg2nVLtcxZGHEziFc7ChAjW4hjo0gQCFB3iCZ+POeDRejNdla85YzRzDDxhvny3hjTk=</latexit>

M̄

<latexit sha1_base64="tqG1CuRmr/oz0GtXs42WJkzs7EE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSYa22RXdONGqGAf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxJ2epDSI8VCwiBGsjdTuhVjmN9N+uYJs5PvOeRUi+8L1qlXfEM8991ANOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7uFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y68oKciTTTVJDFoijjUCdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoZEL4+hT+T1pntuPa/q1bqV8u4yiCI3AMToEDaqAOrkEDNAEBY/AAnsCzlVqP1ov1umgtWMuZQ/AD1tsn8VeQAg==</latexit>

Vilenkin, Everett ‘82
Hiramatsu+ [1012.4558, 1202.5851]

and many others…

(Also see talks of S. Antusch and S. King)
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Example of metastable cosmic strings

M

<latexit sha1_base64="Sm1V1ynbm0R5ZgcO5kAVJBnpROM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbiDMncgl68CAmYBZIh9HR6kjY9C909Qgj5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVvSDlTCrL+jBya+sbm1v57cLO7t7+QfHwqCWTTBDaJAlPRCfAknIW06ZiitNOKiiOAk7bwfhq7rfvqZAsiW/VJKV+hIcxCxnBSkuNm36xZJle2XHcC2SZTtW13aomluc5bgXZprVACVao94vvvUFCsojGinAsZde2UuVPsVCMcDor9DJJU0zGeEi7msY4otKfLg6doTOtDFCYCF2xQgv1+8QUR1JOokB3RliN5G9vLv7ldTMVVv0pi9NM0ZgsF4UZRypB86/RgAlKFJ9ogolg+lZERlhgonQ2BR3C16fof9Iqm7Zjeg2nVLtcxZGHEziFc7ChAjW4hjo0gQCFB3iCZ+POeDRejNdla85YzRzDDxhvny3hjTk=</latexit>

M̄

<latexit sha1_base64="tqG1CuRmr/oz0GtXs42WJkzs7EE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSYa22RXdONGqGAf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxJ2epDSI8VCwiBGsjdTuhVjmN9N+uYJs5PvOeRUi+8L1qlXfEM8991ANOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7uFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y68oKciTTTVJDFoijjUCdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoZEL4+hT+T1pntuPa/q1bqV8u4yiCI3AMToEDaqAOrkEDNAEBY/AAnsCzlVqP1ov1umgtWMuZQ/AD1tsn8VeQAg==</latexit>

M

<latexit sha1_base64="Sm1V1ynbm0R5ZgcO5kAVJBnpROM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbiDMncgl68CAmYBZIh9HR6kjY9C909Qgj5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVvSDlTCrL+jBya+sbm1v57cLO7t7+QfHwqCWTTBDaJAlPRCfAknIW06ZiitNOKiiOAk7bwfhq7rfvqZAsiW/VJKV+hIcxCxnBSkuNm36xZJle2XHcC2SZTtW13aomluc5bgXZprVACVao94vvvUFCsojGinAsZde2UuVPsVCMcDor9DJJU0zGeEi7msY4otKfLg6doTOtDFCYCF2xQgv1+8QUR1JOokB3RliN5G9vLv7ldTMVVv0pi9NM0ZgsF4UZRypB86/RgAlKFJ9ogolg+lZERlhgonQ2BR3C16fof9Iqm7Zjeg2nVLtcxZGHEziFc7ChAjW4hjo0gQCFB3iCZ+POeDRejNdla85YzRzDDxhvny3hjTk=</latexit>

M̄

<latexit sha1_base64="tqG1CuRmr/oz0GtXs42WJkzs7EE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSYa22RXdONGqGAf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxJ2epDSI8VCwiBGsjdTuhVjmN9N+uYJs5PvOeRUi+8L1qlXfEM8991ANOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7uFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y68oKciTTTVJDFoijjUCdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoZEL4+hT+T1pntuPa/q1bqV8u4yiCI3AMToEDaqAOrkEDNAEBY/AAnsCzlVqP1ov1umgtWMuZQ/AD1tsn8VeQAg==</latexit>

Diluting monopoles, 
otherwise monopole domination.

Symmetry breaking #1

Inflation

Symmetry breaking #2

Decay of strings

Monopole formation @ energy scale mM

String formation @ energy scale η

Monopole nucleation and strings decay

energy 
scale
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Example of metastable cosmic strings

M

<latexit sha1_base64="Sm1V1ynbm0R5ZgcO5kAVJBnpROM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbiDMncgl68CAmYBZIh9HR6kjY9C909Qgj5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVvSDlTCrL+jBya+sbm1v57cLO7t7+QfHwqCWTTBDaJAlPRCfAknIW06ZiitNOKiiOAk7bwfhq7rfvqZAsiW/VJKV+hIcxCxnBSkuNm36xZJle2XHcC2SZTtW13aomluc5bgXZprVACVao94vvvUFCsojGinAsZde2UuVPsVCMcDor9DJJU0zGeEi7msY4otKfLg6doTOtDFCYCF2xQgv1+8QUR1JOokB3RliN5G9vLv7ldTMVVv0pi9NM0ZgsF4UZRypB86/RgAlKFJ9ogolg+lZERlhgonQ2BR3C16fof9Iqm7Zjeg2nVLtcxZGHEziFc7ChAjW4hjo0gQCFB3iCZ+POeDRejNdla85YzRzDDxhvny3hjTk=</latexit>

M̄

<latexit sha1_base64="tqG1CuRmr/oz0GtXs42WJkzs7EE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSYa22RXdONGqGAf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxJ2epDSI8VCwiBGsjdTuhVjmN9N+uYJs5PvOeRUi+8L1qlXfEM8991ANOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7uFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y68oKciTTTVJDFoijjUCdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoZEL4+hT+T1pntuPa/q1bqV8u4yiCI3AMToEDaqAOrkEDNAEBY/AAnsCzlVqP1ov1umgtWMuZQ/AD1tsn8VeQAg==</latexit>

M

<latexit sha1_base64="Sm1V1ynbm0R5ZgcO5kAVJBnpROM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbiDMncgl68CAmYBZIh9HR6kjY9C909Qgj5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVvSDlTCrL+jBya+sbm1v57cLO7t7+QfHwqCWTTBDaJAlPRCfAknIW06ZiitNOKiiOAk7bwfhq7rfvqZAsiW/VJKV+hIcxCxnBSkuNm36xZJle2XHcC2SZTtW13aomluc5bgXZprVACVao94vvvUFCsojGinAsZde2UuVPsVCMcDor9DJJU0zGeEi7msY4otKfLg6doTOtDFCYCF2xQgv1+8QUR1JOokB3RliN5G9vLv7ldTMVVv0pi9NM0ZgsF4UZRypB86/RgAlKFJ9ogolg+lZERlhgonQ2BR3C16fof9Iqm7Zjeg2nVLtcxZGHEziFc7ChAjW4hjo0gQCFB3iCZ+POeDRejNdla85YzRzDDxhvny3hjTk=</latexit>

M̄

<latexit sha1_base64="tqG1CuRmr/oz0GtXs42WJkzs7EE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSYa22RXdONGqGAf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxJ2epDSI8VCwiBGsjdTuhVjmN9N+uYJs5PvOeRUi+8L1qlXfEM8991ANOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7uFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y68oKciTTTVJDFoijjUCdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoZEL4+hT+T1pntuPa/q1bqV8u4yiCI3AMToEDaqAOrkEDNAEBY/AAnsCzlVqP1ov1umgtWMuZQ/AD1tsn8VeQAg==</latexit>

Diluting monopoles, 
otherwise monopole domination.

Symmetry breaking #1

Inflation

Symmetry breaking #2

Decay of strings

Monopole formation @ energy scale mM

String formation @ energy scale η

Monopole nucleation and strings decay

energy 
scale

Nucleation rate per unit length: 
(assuming thin strings and point-like monopole) 

Vilenkin  ’82, Preskill, Vilenkin ’93 Monin,+ ’08 
Beyond thin soliton approx. : 

Dvali+ 2210.14947, Chitose+ 2312.15662

<latexit sha1_base64="Z3NjiTV5z10+jgUHcbOomnNQXcw="></latexit>

�d =
µ

2⇡
e�⇡ with

p
 ⌘ mM

⌘


monopole scale

string scale

�
> 1

happens when
<latexit sha1_base64="DXI4fCQinQs175vTChZvFzg42+Y=">AAACEXicbVDLSsNAFJ34rPUVdelmsAh1UxLxtRGKLuyygn1AE8JkMmmHzkzCzEQoob/gxl9x40IRt+7c+TdOHwvbeuDC4Zx7ufeeMGVUacf5sZaWV1bX1gsbxc2t7Z1de2+/qZJMYtLACUtkO0SKMCpIQ1PNSDuVBPGQkVbYvx35rUciFU3Egx6kxOeoK2hMMdJGCuyyd4c4R0EEWVkHuSc5DGV/eAKvYW1GCOySU3HGgIvEnZISmKIe2N9elOCME6ExQ0p1XCfVfo6kppiRYdHLFEkR7qMu6RgqECfKz8cfDeGxUSIYJ9KU0HCs/p3IEVdqwEPTyZHuqXlvJP7ndTIdX/k5FWmmicCTRXHGoE7gKB4YUUmwZgNDEJbU3ApxD0mEtQmxaEJw519eJM3TintROb8/K1VvpnEUwCE4AmXggktQBTVQBw2AwRN4AW/g3Xq2Xq0P63PSumRNZw7ADKyvXziHnAQ=</latexit>

�dl(tbrk) = H(tbrk)
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Example of metastable cosmic strings

M

<latexit sha1_base64="Sm1V1ynbm0R5ZgcO5kAVJBnpROM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbiDMncgl68CAmYBZIh9HR6kjY9C909Qgj5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVvSDlTCrL+jBya+sbm1v57cLO7t7+QfHwqCWTTBDaJAlPRCfAknIW06ZiitNOKiiOAk7bwfhq7rfvqZAsiW/VJKV+hIcxCxnBSkuNm36xZJle2XHcC2SZTtW13aomluc5bgXZprVACVao94vvvUFCsojGinAsZde2UuVPsVCMcDor9DJJU0zGeEi7msY4otKfLg6doTOtDFCYCF2xQgv1+8QUR1JOokB3RliN5G9vLv7ldTMVVv0pi9NM0ZgsF4UZRypB86/RgAlKFJ9ogolg+lZERlhgonQ2BR3C16fof9Iqm7Zjeg2nVLtcxZGHEziFc7ChAjW4hjo0gQCFB3iCZ+POeDRejNdla85YzRzDDxhvny3hjTk=</latexit>

M̄

<latexit sha1_base64="tqG1CuRmr/oz0GtXs42WJkzs7EE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSYa22RXdONGqGAf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxJ2epDSI8VCwiBGsjdTuhVjmN9N+uYJs5PvOeRUi+8L1qlXfEM8991ANOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7uFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y68oKciTTTVJDFoijjUCdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoZEL4+hT+T1pntuPa/q1bqV8u4yiCI3AMToEDaqAOrkEDNAEBY/AAnsCzlVqP1ov1umgtWMuZQ/AD1tsn8VeQAg==</latexit>

M

<latexit sha1_base64="Sm1V1ynbm0R5ZgcO5kAVJBnpROM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbiDMncgl68CAmYBZIh9HR6kjY9C909Qgj5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVvSDlTCrL+jBya+sbm1v57cLO7t7+QfHwqCWTTBDaJAlPRCfAknIW06ZiitNOKiiOAk7bwfhq7rfvqZAsiW/VJKV+hIcxCxnBSkuNm36xZJle2XHcC2SZTtW13aomluc5bgXZprVACVao94vvvUFCsojGinAsZde2UuVPsVCMcDor9DJJU0zGeEi7msY4otKfLg6doTOtDFCYCF2xQgv1+8QUR1JOokB3RliN5G9vLv7ldTMVVv0pi9NM0ZgsF4UZRypB86/RgAlKFJ9ogolg+lZERlhgonQ2BR3C16fof9Iqm7Zjeg2nVLtcxZGHEziFc7ChAjW4hjo0gQCFB3iCZ+POeDRejNdla85YzRzDDxhvny3hjTk=</latexit>

M̄

<latexit sha1_base64="tqG1CuRmr/oz0GtXs42WJkzs7EE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSYa22RXdONGqGAf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxJ2epDSI8VCwiBGsjdTuhVjmN9N+uYJs5PvOeRUi+8L1qlXfEM8991ANOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7uFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y68oKciTTTVJDFoijjUCdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoZEL4+hT+T1pntuPa/q1bqV8u4yiCI3AMToEDaqAOrkEDNAEBY/AAnsCzlVqP1ov1umgtWMuZQ/AD1tsn8VeQAg==</latexit>

Diluting monopoles, 
otherwise monopole domination.

Symmetry breaking #1

Inflation

Symmetry breaking #2

Decay of strings

Monopole formation @ energy scale mM

String formation @ energy scale η

Monopole nucleation and strings decay

energy 
scale

Nucleation rate per unit length: 
(assuming thin strings and point-like monopole) 

Vilenkin  ’82, Preskill, Vilenkin ’93 Monin,+ ’08 
Beyond thin soliton approx. : 

Dvali+ 2210.14947, Chitose+ 2312.15662

<latexit sha1_base64="Z3NjiTV5z10+jgUHcbOomnNQXcw="></latexit>

�d =
µ

2⇡
e�⇡ with

p
 ⌘ mM

⌘


monopole scale

string scale

�
> 1

happens when
<latexit sha1_base64="DXI4fCQinQs175vTChZvFzg42+Y=">AAACEXicbVDLSsNAFJ34rPUVdelmsAh1UxLxtRGKLuyygn1AE8JkMmmHzkzCzEQoob/gxl9x40IRt+7c+TdOHwvbeuDC4Zx7ufeeMGVUacf5sZaWV1bX1gsbxc2t7Z1de2+/qZJMYtLACUtkO0SKMCpIQ1PNSDuVBPGQkVbYvx35rUciFU3Egx6kxOeoK2hMMdJGCuyyd4c4R0EEWVkHuSc5DGV/eAKvYW1GCOySU3HGgIvEnZISmKIe2N9elOCME6ExQ0p1XCfVfo6kppiRYdHLFEkR7qMu6RgqECfKz8cfDeGxUSIYJ9KU0HCs/p3IEVdqwEPTyZHuqXlvJP7ndTIdX/k5FWmmicCTRXHGoE7gKB4YUUmwZgNDEJbU3ApxD0mEtQmxaEJw519eJM3TintROb8/K1VvpnEUwCE4AmXggktQBTVQBw2AwRN4AW/g3Xq2Xq0P63PSumRNZw7ADKyvXziHnAQ=</latexit>

�dl(tbrk) = H(tbrk)

Two effects on loops:
<latexit sha1_base64="qNjub9KQHHZv/ZTprReRWSrucx0="></latexit>

nbrk
loop = nstable

loop ⇥(tbrk � ti)e
��d[l(t�tbrk)··· ]

1. Shut off loops production 2. Depleting loop number density
M

<latexit sha1_base64="Sm1V1ynbm0R5ZgcO5kAVJBnpROM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbiDMncgl68CAmYBZIh9HR6kjY9C909Qgj5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVvSDlTCrL+jBya+sbm1v57cLO7t7+QfHwqCWTTBDaJAlPRCfAknIW06ZiitNOKiiOAk7bwfhq7rfvqZAsiW/VJKV+hIcxCxnBSkuNm36xZJle2XHcC2SZTtW13aomluc5bgXZprVACVao94vvvUFCsojGinAsZde2UuVPsVCMcDor9DJJU0zGeEi7msY4otKfLg6doTOtDFCYCF2xQgv1+8QUR1JOokB3RliN5G9vLv7ldTMVVv0pi9NM0ZgsF4UZRypB86/RgAlKFJ9ogolg+lZERlhgonQ2BR3C16fof9Iqm7Zjeg2nVLtcxZGHEziFc7ChAjW4hjo0gQCFB3iCZ+POeDRejNdla85YzRzDDxhvny3hjTk=</latexit>

M̄

<latexit sha1_base64="tqG1CuRmr/oz0GtXs42WJkzs7EE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSYa22RXdONGqGAf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxJ2epDSI8VCwiBGsjdTuhVjmN9N+uYJs5PvOeRUi+8L1qlXfEM8991ANOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7uFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y68oKciTTTVJDFoijjUCdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoZEL4+hT+T1pntuPa/q1bqV8u4yiCI3AMToEDaqAOrkEDNAEBY/AAnsCzlVqP1ov1umgtWMuZQ/AD1tsn8VeQAg==</latexit>

M

<latexit sha1_base64="Sm1V1ynbm0R5ZgcO5kAVJBnpROM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbiDMncgl68CAmYBZIh9HR6kjY9C909Qgj5Ai8eFPHqJ3nzb+wsgoo+KHi8V0VVvSDlTCrL+jBya+sbm1v57cLO7t7+QfHwqCWTTBDaJAlPRCfAknIW06ZiitNOKiiOAk7bwfhq7rfvqZAsiW/VJKV+hIcxCxnBSkuNm36xZJle2XHcC2SZTtW13aomluc5bgXZprVACVao94vvvUFCsojGinAsZde2UuVPsVCMcDor9DJJU0zGeEi7msY4otKfLg6doTOtDFCYCF2xQgv1+8QUR1JOokB3RliN5G9vLv7ldTMVVv0pi9NM0ZgsF4UZRypB86/RgAlKFJ9ogolg+lZERlhgonQ2BR3C16fof9Iqm7Zjeg2nVLtcxZGHEziFc7ChAjW4hjo0gQCFB3iCZ+POeDRejNdla85YzRzDDxhvny3hjTk=</latexit>

M̄

<latexit sha1_base64="tqG1CuRmr/oz0GtXs42WJkzs7EE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSYa22RXdONGqGAf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxJ2epDSI8VCwiBGsjdTuhVjmN9N+uYJs5PvOeRUi+8L1qlXfEM8991ANOjaaowKWaPTL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7uFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y68oKciTTTVJDFoijjUCdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoZEL4+hT+T1pntuPa/q1bqV8u4yiCI3AMToEDaqAOrkEDNAEBY/AAnsCzlVqP1ov1umgtWMuZQ/AD1tsn8VeQAg==</latexit>

dominant factor to suppress GWB
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The GWB can saturate the -GW bound, 
even if no signal is observed at sub-kHz experiments.

ΔNeff

Large GWB @ UHF from metastable cosmic strings

ET CE

102 104 106 108 1010
10-10

10-9

10-8

10-7

GW frequency: fGW [Hz]

h2
Ω
G
W

BBN-GW ↑

cu
sp
cu
to
ff

stable network

GUT string: Gμ = 10-5

κ =
30

κ
=
26

κ
=
22

κ
=
18

κ
=
16

κ
=
14

Any UHF experiment with sensitivity 
slightly better than -GW bound probes into GUT-scale physics.ΔNeff

Cosmic Evolution

Servant, Simakachorn [2312.09281]

Strings get cut @ late times  
suppressed GW at low-frequencies

⇒
<latexit sha1_base64="dvi+wVi/nvSgYIVOBP72z8AsKXg="></latexit>

fmeta
GW ' MHz

�
10

�5/Gµ
� 1

2 e�
⇡
4 (�25)

Infrared (IR) cutoff:
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Other signatures of particle physics @ UHF: UV cutoffs

UHF signal from smaller loops at earlier times.
<latexit sha1_base64="T1KopGweBQ+Plgcii1MsTQh6zd0="></latexit>

fGW ' 50 kHz


T

1010 GeV

� 
10

�5

Gµ

� 1
2

<latexit sha1_base64="Nc5qJyr8w3+SvcJtvtB1MbJWjik="></latexit>

lloop ⇠ H
�1 ⇠ 10�10 GeV


1014 GeV

T

�2

Other UV cutoffs: the network formation, thermal friction, and particle production from kinks.

1D description breaks e.g., 
small-scale structures (e.g., cusp and kink).

2112.11093

Auclair, Steer, Vachaspati [1911.12066], Gouttenoire, Servant, Simakachorn [1912.02569], Servant, Simakachorn [2312.09281]
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E.g. GW emission is inefficiently 
due to particle production from cusps if

scalar 
self-coupling
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Other signatures of particle physics @ UHF: UV cutoffs

UHF signal from smaller loops at earlier times.
<latexit sha1_base64="T1KopGweBQ+Plgcii1MsTQh6zd0="></latexit>
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Other UV cutoffs: the network formation, thermal friction, and particle production from kinks.

1D description breaks e.g., 
small-scale structures (e.g., cusp and kink).

2112.11093

Auclair, Steer, Vachaspati [1911.12066], Gouttenoire, Servant, Simakachorn [1912.02569], Servant, Simakachorn [2312.09281]
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UV cutoff in the GW spectrum.

Servant, Simakachorn [2312.09281]
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Reconstruction of the scalar potential via GW
Servant, Simakachorn [2312.09281]

UV cutoff in the GW spectrum 
e.g., from cusp, 

moves with the string’s fatness

How to extract the UV cutoff if GWB is detected. 

• Detect directly the cutoff (need some luck) 

• Several detectors at different frequencies. 
Detect the flat part and the UV slope,  UV cutoff at the intersection (more generic)⇒
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V (�) ' �(|�|2 � ⌘2)2
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Conclusion

13

So far…the theoretical -GW bound is the strongest.ΔNeff

UHF regime (beyond kHz) = 
A golden window for new physics (above  GeV)1010

But any experiment slightly more sensitive than this bound 
will probe into the Universe at ultrahigh energy scales.

The reconstruction 
of scalar potential 
(e.g., self-coupling ) 

is possible via 
the observed UV cutoff 

in the spectrum!

λ

Large UHF signal 
from metastable strings.

Servant, Simakachorn [2312.09281]

E.g.,
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↑
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Conclusion

13

We also look at global strings or axionic strings…

So far…the theoretical -GW bound is the strongest.ΔNeff

UHF regime (beyond kHz) = 
A golden window for new physics (above  GeV)1010

But any experiment slightly more sensitive than this bound 
will probe into the Universe at ultrahigh energy scales.

The reconstruction 
of scalar potential 
(e.g., self-coupling ) 

is possible via 
the observed UV cutoff 

in the spectrum!

λ

Large UHF signal 
from metastable strings.

Servant, Simakachorn [2312.09281]

E.g.,

Inflation followed
by kination

↑

10-4 10-1 102 105 108 1011
10-36

10-33

10-30

10-27

10-24

10-21

10-18

GW frequency today: fGW [Hz]

ch
ar
ac
te
ris
tic
G
W
st
ra
in
:h

c LISA

ET
CE

BBO AEDGE

LIGO

O2
O4
O5

μAres

LS
D

DMR

BAW

HOL

ED
G
ES

A
D
M
X

SQ
M
S

A
R
C
A
D
E IA
X
O

(H
ET

)
IA
X
O

(S
P
D
)

G
B

↑ Excluded by ΔN
eff-GW

Thermal
plasma

Treh=
6×10

15 GeV

Cosmic strings η= 5×10 16
GeV,κ= 261st-order

phase trans.

Tp = 5×10 10
GeV

Inflation + kination

from
QCD-axion DM

Preheati
ng

Treh=
6×10

15 GeV



PLANCK 2024, Lisbon (06.06.2024) — Peera Simakachorn (IFIC, Valencia U.) 14

Axionic (or global) strings

Light axion ( ) 
 ~stable strings 

Small UHF signal

ma ≲ 10−22 eV
⇒

Servant, Simakachorn [2307.03121]

<latexit sha1_base64="LcqnRMIzAy1XWOeFHGJDGqi2QHs="></latexit>

⌦GW / ⌘4 or f4
a with : Peccei-Quinn symmetry-breaking scalefa

Cui, Chang ’21, Hardy, Nicoleuscu, Gorghetto ‘21

• -Goldstone boundΔNeff

<latexit sha1_base64="19ZT4Lqyt4kzBv5iKiplNIPya/A=">AAACGnicbVDLSsNAFJ34rPUVdelmsAiuSlKsdll0ocsK9gFNLZPpTTt0JgkzE6GE+Btu/BU3LhRxJ278G6ePhbYeuHA4517uvcePOVPacb6tpeWV1bX13EZ+c2t7Z9fe22+oKJEU6jTikWz5RAFnIdQ10xxasQQifA5Nf3g59pv3IBWLwls9iqEjSD9kAaNEG6lru0GXYI+DUooJnHpS4FKxkmFPMwEKu85d6pYz/DC1rqCRde2CU3QmwIvEnZECmqHWtT+9XkQTAaGmnCjVdp1Yd1IiNaMcsryXKIgJHZI+tA0NiVncSSevZfjYKD0cRNJUqPFE/T2REqHUSPimUxA9UPPeWPzPayc6qHRSFsaJhpBOFwUJxzrC45xwj0mgmo8MIVQycyumAyIJ1SbNvAnBnX95kTRKRfesWL45LVQvZnHk0CE6QifIReeoiq5RDdURRY/oGb2iN+vJerHerY9p65I1mzlAf2B9/QBk8J86</latexit>

fa . 2.8⇥ 1015 GeV

<latexit sha1_base64="9iiTrC6tU7SpikANPEg2flF3+rQ="></latexit>

fa . O(1� 3)⇥ 1015 GeV

• Pulsar-timing arrays 

String-domain wall

M. Gorghetto

<latexit sha1_base64="1XwiipQYdENYqU1YAXA1TEdiyHw=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAIruqMeKm7ogtdVugN2jpk0tM2NJkZk4xQhvFR3Pgqblwo0p34MqYXRFt/CPx85xxOzu+FnClt259WamFxaXklvZpZW9/Y3Mpu71RVEEkKFRrwQNY9ooAzHyqaaQ71UAIRHoea178a1WsPIBUL/LIehNASpOuzDqNEG+RmC2U3bkqB20AT3FRMYMe+u8CPeEyvoTqi91LHsXBJcvRDEzebs/P2WHjeOFOTQ1OV3Oyw2Q5oJMDXlBOlGo4d6lZMpGaUQ5JpRgpCQvukCw1jfSJAteLxhQk+MKSNO4E0z9d4TH9PxEQoNRCe6RRE99RsbQT/qzUi3Sm0YuaHkQafThZ1Io51gEdx4TaTQDUfGEOoZOavmPaIJFSbUDMmBGf25HlTPc47Z/nT25Nc8XIaRxrtoX10iBx0joroBpVQBVH0hF7QG3q3nq1X68MaTlpT1nRmF/2R9fUNIJmi7g==</latexit>

Tdec ⇠ 109 GeV
p

ma/GeVStrings attache to domain walls and collapse:
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Axionic (or global) strings

Light axion ( ) 
 ~stable strings 

Small UHF signal

ma ≲ 10−22 eV
⇒

Servant, Simakachorn [2307.03121]

<latexit sha1_base64="LcqnRMIzAy1XWOeFHGJDGqi2QHs="></latexit>

⌦GW / ⌘4 or f4
a with : Peccei-Quinn symmetry-breaking scalefa

Cui, Chang ’21, Hardy, Nicoleuscu, Gorghetto ‘21

• -Goldstone boundΔNeff

<latexit sha1_base64="19ZT4Lqyt4kzBv5iKiplNIPya/A=">AAACGnicbVDLSsNAFJ34rPUVdelmsAiuSlKsdll0ocsK9gFNLZPpTTt0JgkzE6GE+Btu/BU3LhRxJ278G6ePhbYeuHA4517uvcePOVPacb6tpeWV1bX13EZ+c2t7Z9fe22+oKJEU6jTikWz5RAFnIdQ10xxasQQifA5Nf3g59pv3IBWLwls9iqEjSD9kAaNEG6lru0GXYI+DUooJnHpS4FKxkmFPMwEKu85d6pYz/DC1rqCRde2CU3QmwIvEnZECmqHWtT+9XkQTAaGmnCjVdp1Yd1IiNaMcsryXKIgJHZI+tA0NiVncSSevZfjYKD0cRNJUqPFE/T2REqHUSPimUxA9UPPeWPzPayc6qHRSFsaJhpBOFwUJxzrC45xwj0mgmo8MIVQycyumAyIJ1SbNvAnBnX95kTRKRfesWL45LVQvZnHk0CE6QifIReeoiq5RDdURRY/oGb2iN+vJerHerY9p65I1mzlAf2B9/QBk8J86</latexit>

fa . 2.8⇥ 1015 GeV

<latexit sha1_base64="9iiTrC6tU7SpikANPEg2flF3+rQ="></latexit>

fa . O(1� 3)⇥ 1015 GeV

• Pulsar-timing arrays 

String-domain wall

M. Gorghetto

<latexit sha1_base64="1XwiipQYdENYqU1YAXA1TEdiyHw=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAIruqMeKm7ogtdVugN2jpk0tM2NJkZk4xQhvFR3Pgqblwo0p34MqYXRFt/CPx85xxOzu+FnClt259WamFxaXklvZpZW9/Y3Mpu71RVEEkKFRrwQNY9ooAzHyqaaQ71UAIRHoea178a1WsPIBUL/LIehNASpOuzDqNEG+RmC2U3bkqB20AT3FRMYMe+u8CPeEyvoTqi91LHsXBJcvRDEzebs/P2WHjeOFOTQ1OV3Oyw2Q5oJMDXlBOlGo4d6lZMpGaUQ5JpRgpCQvukCw1jfSJAteLxhQk+MKSNO4E0z9d4TH9PxEQoNRCe6RRE99RsbQT/qzUi3Sm0YuaHkQafThZ1Io51gEdx4TaTQDUfGEOoZOavmPaIJFSbUDMmBGf25HlTPc47Z/nT25Nc8XIaRxrtoX10iBx0joroBpVQBVH0hF7QG3q3nq1X68MaTlpT1nRmF/2R9fUNIJmi7g==</latexit>
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Conclusion!

Thank You!
GW signal in UHF from axion strings is suppressed, 

i.e., requiring at least sensitivity .  hc ≃ 10−31

So far…the theoretical -GW bound is the strongest.ΔNeff

UHF regime (beyond kHz) = 
A golden window for new physics (above  GeV)1010

E.g.,

The reconstruction 
of scalar potential 
(e.g., self-coupling ) 

is possible via 
the observed UV cutoff 

in the spectrum!

λ

Large UHF signal 
from metastable strings.

Servant, Simakachorn [2312.09281]

But any experiment slightly more sensitive than this bound 
will probe into the Universe at ultrahigh energy scales.
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Back-up
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UHF GWB from local and global (axionic) strings 
(Best cases) Servant, Simakachorn [2312.09281]
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UV cutoffs in cosmic-string GWB
Servant, Simakachorn [2312.09281]
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GWB from string segments
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Servant, Simakachorn [2312.09281]

For going beyond the thin soliton approximation 
see Dvali, Valbuena-Bermudez, Zantedeschi [2210.14947].

Currently, there are several uncertainties in calculating the GW from segments.
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See more details also in Buchmüller, Domcke, Schmitz [2107.04578]
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Pulsar timing array constraints 
on postinflationary axion
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Servant, Simakachorn [2307.03121]

Using NANOGrav 15-year data
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Axions decay into photonsAxion-matter domination
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Suppressed UHF GWB from axion strings
Servant, Simakachorn [2312.09281]
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The scale-invariant local-string GWB during radiation-domination  
(simple argument)

Gouttenoire, Servant, Simakachorn, 2111.01150
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26
GW from cosmic strings 

generated from spontaneous symmetry breaking at an energy scale η
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Local metastable strings can explain PTA data super well?

The best-fit region is excluded by LVK bound, 
and on top of that the strings with   are in tension with -GW boundGμ > 10−5 ΔNeff

-GW
↑

Δ
N

eff

The Bayes factor for explaining the PTA data should be smaller than NG15 analysis.

Modified from NANOGrav [2306.16219]


