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Some related works:
• Vachaspati, Vilenkin, PRD31, 3052 

• Allen [gr-qc/9604033] 

• Binétruy, Bohé, Caprini, Dufaux, JCAP1206, 027 

• Guedes, Avelino, Sousa, PRD98 123505 [astro-ph.CO/1809.10802] 

• Caldwell, Smith, Walker, PRD100, 043513 [astro-ph.CO/1812.07577] 

• Figueroa, Tanin, JCAP1908, 011 [astro-ph.CO/1905.11960] 

• Gouttenoire, Servant, Simakachorn [hep-ph/1912.02569, 1912.03245] 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Cosmic Scrambling

• CMB+BBN: 
           cosmology with                  up to 

• Thermalization scrambles (most) direct probes from earlier than this.

?

⇤CDM
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Gravitational Waves
• No scrambling (to a good approximation)! 

• Cosmological sources? 

• Inflation:

[Smith, Kamionkowski, Cooray 2005]

(But may be enhanced at high 
 frequencies in some cases!)
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Gravitational Waves
• No scrambling (to a good approximation)! 

• Cosmological sources? 

• Phase Transitions:

[AEDGE: Abou El-Neaj … Lewicki … et al. 2019]
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Gravitational Waves
• No scrambling (to a good approximation)! 

• Cosmological sources? 

• Cosmic Strings:

[LISA: Auclair et al. 2019]
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Cosmic Strings
• One-dimensional objects with tension = energy/length =  

• Can arise from spontaneous           breaking [Nielsen-Olesen, Kibble], 
or semi-fundamental objects in string theory [Copeland, Myers, Polchinski]. 

• Can be created cosmologically  
in a phase transition or during reheating. 

• Analogs of vortices seen in CM systems. 
e.g. vortex lattice in superfluid BEC

µ
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[E.Cornell Group, JILA]
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Cosmic Strings in Cosmology
• Formation mechanisms (e.g. Kibble-Zurek) usually produce closed loops 

and a few horizon-length long strings. 

[Ringeval 2010]



11

Cosmic Strings in Cosmology
• Formation mechanisms (e.g. Kibble-Zurek) usually produce closed loops 

and a few horizon-length long strings. 

• Without interactions: 
 
 

• But: 

• string self-interactions allow long strings to form loops. 

• loops oscillate and lose energy to radiation.

⇢long / a�2

⇢loop / a�3

<latexit sha1_base64="WMgIBmobtOxuuIKjzA3xR8HQ23A="></latexit>



12

Cosmic Strings in Cosmology
• Loop formation transfers energy from long strings to closed loops. 

• Closed loop oscillations transfer energy to (gravitational) radiation. 
 
 
 
 
 
 
 

• Cosmic String Scaling:

[Ringeval 2010]

⇢long ' Gµ ⇢tot
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[Jeong, Smoot 2016]

!!!
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Cosmic String Scaling
• Long string expansion, loop formation, and radiation reach a steady state. 

• Scaling: long string energy density tracks the total cosmological density. 
 
 
 
 
 

• Strong attractor solution provided                                      .  

• Cosmic strings are “safe” cosmic defects!

⇢long ' Gµ ⇢tot
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[Albrecht, Turok 1985; Bennett, Bouchet 1988; Allen, Shellard 1990;…]
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Direct Bounds on Cosmic Strings
• Cosmic strings induce gravitational lensing, seed perturbations,  

and distort the CMB. 

- 142 199
[Planck 2013]

Gµ  1.1⇥ 10�7
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[Charnock et al. 2016]
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Gravitational Waves from Cosmic Strings

• Loops oscillate and radiate - GWs can dominate if no other light modes. 

• GW emission is dominated by cusps, about one per loop oscillation: 

 
 

[Gouttenoire, Servant, Simakachorn 2019] [K. Olum]

GW
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Gravitational Waves from Cosmic Strings

• GW emission is dominated by cusps. 

• Total emission rate of GW from a loop: 
 
 

• Averaged emission can be treated as a sum of normal mode oscillations: 

✓
dE

dt

◆

loop

= �Gµ2

<latexit sha1_base64="G9MBMLzic8F/htKxred4vtDTCRg="></latexit>

[Vilenkin 1981; Turok 1984]
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Gravitational Waves from Cosmic Strings

• Unresolved GW emission from loops creates a stochastic GW background: 

• To compute it we need: 

• loop production rate (during cosmic string scaling) 

• loop evolution and emission 

• sum on loop emissions with redshifting 

• Recent cusps can produce resolvable “burst” signal but usually harder to detect.

⌦GW ⌘ f

⇢c

d⇢GW

df
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Loop Production
• Cosmic string scaling fixes the total rate of energy transfer to loops. 

• (Some) recent string simulations find: 

• 10% of energy goes to slow, large loops with  

• rest goes to relativistic loops that lose most of their energy to redshifting
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<latexit sha1_base64="MmiC13il+j/rEQ0mZF3fuzKucTA=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHoxWME84BkCb2TSTJmdmaZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1ZQ2qhNLtCA0TXLKG5VawdqIZxpFgrWh8O/NbT0wbruSDnSQsjHEo+YBTtE5qdlEkI+yVyn7Fn4OskiAnZchR75W+un1F05hJSwUa0wn8xIYZasupYNNiNzUsQTrGIes4KjFmJszm107JuVP6ZKC0K2nJXP09kWFszCSOXGeMdmSWvZn4n9dJ7eA6zLhMUsskXSwapIJYRWavkz7XjFoxcQSp5u5WQkeokVoXUNGFECy/vEqal5WgWqneV8u1mzyOApzCGVxAAFdQgzuoQwMoPMIzvMKbp7wX7937WLSuefnMCfyB9/kDjcePHw==</latexit>

[Blanco-Pillado, 
 Olum, Shlaer 2013]
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Loop Evolution and Emission
• Assume monochromatic loop formation with length 
 

• Loops oscillate, radiate, and shrink: 
 

• Frequency seen today from mode     emitted by loop           :

l(ti) = ↵ ti , ↵ ' 0.1

<latexit sha1_base64="breI6VljSfwNY8kpfCC+cen+WkE="></latexit>

l(t; ti) = l(ti)� �Gµ(t� ti)

<latexit sha1_base64="Wx3bBKh1slgtM9+qbjxHZFC+ph8="></latexit>

n

<latexit sha1_base64="ie1qa8bg8PtG/EQua5v6conPj/U=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCCB5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7AST27nfeUKleSwfzDRBP6IjyUPOqLFSUw7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqd3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB2j6M/A==</latexit>

f =

✓
a

a0

◆
2⇡n

l(t; ti)

<latexit sha1_base64="kW/S5ZCkUg1+jTv192WHXq4m9ZE="></latexit>

l(t; ti)

<latexit sha1_base64="ZMs+HZWCjvEvwdjrtJhFSwLAx8I=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXAgpeAiJ4jGAemCxhdjJJhszOLjO9QljyF148KOLVv/Hm3zhJ9qCJBQ1FVTfdXUEshUHX/XZya+sbm1v57cLO7t7+QfHwqGmiRDPeYJGMdDughkuheAMFSt6ONadhIHkrGN/M/NYT10ZE6gEnMfdDOlRiIBhFKz2msozX2BPn016x5FbcOcgq8TJSggz1XvGr249YEnKFTFJjOp4bo59SjYJJPi10E8NjysZ0yDuWKhpy46fzi6fkzCp9Moi0LYVkrv6eSGlozCQMbGdIcWSWvZn4n9dJcHDlp0LFCXLFFosGiSQYkdn7pC80ZygnllCmhb2VsBHVlKENqWBD8JZfXiXNi4pXrVTvq6XabRZHHk7gFMrgwSXU4A7q0AAGCp7hFd4c47w4787HojXnZDPH8AfO5w8PTZCI</latexit>
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Gravitational Waves from Cosmic Strings

• Sum over loops and add redshift to get the total stochastic GW spectrum. 

• Each frequency band is dominated by loops emitting at a specific time. 
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Gravitational Waves from Cosmic Strings

• Sum over loops and add redshift to get the total stochastic GW spectrum. 

• Each frequency band is dominated by loops emitting at a specific time. 

Gµ = 10�11

<latexit sha1_base64="V2gBdzGBqjkzP9bHTW/N2ajxDVE=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCG8tECroRii50WcE+oB1LJs20oUlmyEOoQ7/EjQtF3Pop7vwb08dCWw9cOJxzL/feE6WcaRME315uZXVtfSO/Wdja3tkt+nv7DZ1YRWidJDxRrQhrypmkdcMMp61UUSwiTpvR8HriNx+p0iyR92aU0lDgvmQxI9g4qesXbzrCwkuIgofsFKFx1y8F5WAKuEzQnJTAHLWu/9XpJcQKKg3hWOs2ClITZlgZRjgdFzpW0xSTIe7TtqMSC6rDbHr4GB47pQfjRLmSBk7V3xMZFlqPROQ6BTYDvehNxP+8tjXxRZgxmVpDJZktii2HJoGTFGCPKUoMHzmCiWLuVkgGWGFiXFYFFwJafHmZNM7KqFKu3FVK1at5HHlwCI7ACUDgHFTBLaiBOiDAgmfwCt68J+/Fe/c+Zq05bz5zAP7A+/wBS5KRkA==</latexit>
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Cosmic String GWs as a Probe
• Suppose the most recent era of (Standard Model) radiation domination 

extended back to time      and temperature       . 

• Possibilities for physics earlier than this: 

• new dominant energy source redshifting as  

• new degrees of freedom 

• inflation and (late) reheating 

• … 

• These would all modify the GW spectrum from cosmic strings! 

T�

<latexit sha1_base64="YFJj7ie8lsNtP9ZLDJTrgf355SI=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KokU9FjQQ48V+gVtKJvtpF262cTdiVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2Nza3tnt7BX3D84PDounZy2TZxqDi0ey1h3A2ZACgUtFCihm2hgUSChE0zu5n7nCbQRsWriNAE/YiMlQsEZWqnbHPTvQSIblMpuxV2ArhMvJ2WSozEoffWHMU8jUMglM6bnuQn6GdMouIRZsZ8aSBifsBH0LFUsAuNni3tn9NIqQxrG2pZCulB/T2QsMmYaBbYzYjg2q95c/M/rpRje+plQSYqg+HJRmEqKMZ0/T4dCA0c5tYRxLeytlI+ZZhxtREUbgrf68jppX1e8aqX6UC3X6nkcBXJOLsgV8cgNqZE6aZAW4USSZ/JK3pxH58V5dz6WrRtOPnNG/sD5/AHCX4/Q</latexit>

t�

<latexit sha1_base64="lGg7aTy5cA+rcmNv+x2UTVWzyx0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCHnqsYD+gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVA04T7kd0pEQoGEUrdXHQv+MS6aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFvTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmT9PhkJzhnJqCWVa2FsJG1NNGdqISjYEb/XlddK+qnq1au2+Vqk38jiKcAbncAkeXEMdGtCEFjCQ8Ayv8OY8Oi/Ou/OxbC04+cwp/IHz+QPzv4/w</latexit>

⇢ / a�n , n 6= 4

<latexit sha1_base64="T/PTfD54u2nFICh3m1fgvgoGnDE=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiQGqBIUCcZKLB2LRB9SEyrHdVqrjh1sB6mK2pWFX2FhACFWvoCNv8FtM0DLkSwdnXOvrs8JE0aVdpxva2l5ZXVtvbBR3Nza3tm19/YbSqQSkzoWTMhWiBRhlJO6ppqRViIJikNGmuHgeuI3H4hUVPBbPUxIEKMepxHFSBupYx/5si+gn0iRaAHRXXbOR9CHZ+Mxhz4n99Dr2CWn7EwBF4mbkxLIUevYX35X4DQmXGOGlGq7TqKDDElNMSOjop8qkiA8QD3SNpSjmKggm0YZwROjdGEkpHlcw6n6eyNDsVLDODSTMdJ9Ne9NxP+8dqqjqyCjPEk14Xh2KEoZNKknvcAulQRrNjQEYUnNXyHuI4mwNu0VTQnufORF0rgou17Zu/FKlWpeRwEcgmNwClxwCSqgCmqgDjB4BM/gFbxZT9aL9W59zEaXrHznAPyB9fkDej6Zfw==</latexit>
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Cosmic String GWs as a Probe
• Non-standard early cosmology (                                                ):n = {3, 6}; T� = {5, 200}GeV

<latexit sha1_base64="zb2ktNIdVXv9fjMqdSfaiSRiVz8=">AAACGXicbVDLSgNBEJz1bXxFPXoZDIKHEHY1PlAEQUGPCiYKmRBmJx0dnJ1dZnrFsOxvePFXvHhQxKOe/BsnMQdfBQ1FVTfdXWGipEXf//CGhkdGx8YnJgtT0zOzc8X5hbqNUyOgJmIVm4uQW1BSQw0lKrhIDPAoVHAeXh/0/PMbMFbG+gy7CTQjfqllRwqOTmoVfU33KMvWy5ss32U7Z62MHYJCnvfljfKa77OclRnCLWZHUM9bxZJf8fugf0kwICUywEmr+MbasUgj0CgUt7YR+Ak2M25QCgV5gaUWEi6u+SU0HNU8AtvM+p/ldMUpbdqJjSuNtK9+n8h4ZG03Cl1nxPHK/vZ64n9eI8XOdjOTOkkRtPha1EkVxZj2YqJtaUCg6jrChZHuViquuOECXZgFF0Lw++W/pL5WCaqV6mm1tH88iGOCLJFlskoCskX2yTE5ITUiyB15IE/k2bv3Hr0X7/WrdcgbzCySH/DePwGsjZ5N</latexit>
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Cosmic String GWs as a Probe
• New degrees of freedom (                                                     ):

Gµ = 10�11

<latexit sha1_base64="V2gBdzGBqjkzP9bHTW/N2ajxDVE=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCG8tECroRii50WcE+oB1LJs20oUlmyEOoQ7/EjQtF3Pop7vwb08dCWw9cOJxzL/feE6WcaRME315uZXVtfSO/Wdja3tkt+nv7DZ1YRWidJDxRrQhrypmkdcMMp61UUSwiTpvR8HriNx+p0iyR92aU0lDgvmQxI9g4qesXbzrCwkuIgofsFKFx1y8F5WAKuEzQnJTAHLWu/9XpJcQKKg3hWOs2ClITZlgZRjgdFzpW0xSTIe7TtqMSC6rDbHr4GB47pQfjRLmSBk7V3xMZFlqPROQ6BTYDvehNxP+8tjXxRZgxmVpDJZktii2HJoGTFGCPKUoMHzmCiWLuVkgGWGFiXFYFFwJafHmZNM7KqFKu3FVK1at5HHlwCI7ACUDgHFTBLaiBOiDAgmfwCt68J+/Fe/c+Zq05bz5zAP7A+/wBS5KRkA==</latexit>

�g⇤ = {102, 103}; T� = 200GeV

<latexit sha1_base64="AzGwmtL8328V5U4FP5bgtVd+9Rg="></latexit>
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Potential Reach Back in Time
• Direct correspondence between       and       for given        .f�

<latexit sha1_base64="coTD4nsvVRs9t3DpEcInv7W5hrk=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoMeCHnqsYD+wDWWznbRLN5uwOxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28Sp5tDisYx1N2AGpFDQQoESuokGFgUSOsHkdu53nkAbEasHnCbgR2ykRCg4Qys9hoOsfwcS2WxQrrhVdwG6TrycVEiO5qD81R/GPI1AIZfMmJ7nJuhnTKPgEmalfmogYXzCRtCzVLEIjJ8tLp7RC6sMaRhrWwrpQv09kbHImGkU2M6I4disenPxP6+XYnjjZ0IlKYLiy0VhKinGdP4+HQoNHOXUEsa1sLdSPmaacbQhlWwI3urL66R9VfVq1dp9rVJv5HEUyRk5J5fEI9ekThqkSVqEE0WeySt5c4zz4rw7H8vWgpPPnJI/cD5/AKc2kO4=</latexit>

T�

<latexit sha1_base64="fuLuQB9hTEThEHghfzX5kfiyAL4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KokU9FjQQ48V+oVtKJvtpl262YTdiVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2Nza3tnt7BX3D84PDounZy2TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu7nfeeLaiFg1cZpwP6IjJULBKFrpsTnI+vdcIp0NSmW34i5A1omXkzLkaAxKX/1hzNKIK2SSGtPz3AT9jGoUTPJZsZ8anlA2oSPes1TRiBs/W1w8I5dWGZIw1rYUkoX6eyKjkTHTKLCdEcWxWfXm4n9eL8Xw1s+ESlLkii0XhakkGJP5+2QoNGcop5ZQpoW9lbAx1ZShDaloQ/BWX14n7euKV61UH6rlWj2PowDncAFX4MEN1KAODWgBAwXP8ApvjnFenHfnY9m64eQzZ/AHzucPi0yQ3A==</latexit>

Gµ

<latexit sha1_base64="pT6tXlG7DNla+EequOPIQ8rDZ7Q=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHgwRwjmAckS5idzCZDZmaXeQhhyS948aCIV3/Im3/jbLIHTSxoKKq66e6KUs608f1vb2Nza3tnt7RX3j84PDqunJx2dGIVoW2S8ET1IqwpZ5K2DTOc9lJFsYg47UbTu9zvPlGlWSIfzSylocBjyWJGsMml+4Gww0rVr/kLoHUSFKQKBVrDytdglBArqDSEY637gZ+aMMPKMMLpvDywmqaYTPGY9h2VWFAdZotb5+jSKSMUJ8qVNGih/p7IsNB6JiLXKbCZ6FUvF//z+tbEt2HGZGoNlWS5KLYcmQTlj6MRU5QYPnMEE8XcrYhMsMLEuHjKLoRg9eV10rmuBfVa/aFebTSLOEpwDhdwBQHcQAOa0II2EJjAM7zCmye8F+/d+1i2bnjFzBn8gff5A/LLjjQ=</latexit>

-24

-22

-20

-18

-16

-14

-12
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Potential Reach Back in Time
• For moderate      , planned experiments can probe back to Gµ

<latexit sha1_base64="pT6tXlG7DNla+EequOPIQ8rDZ7Q=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHgwRwjmAckS5idzCZDZmaXeQhhyS948aCIV3/Im3/jbLIHTSxoKKq66e6KUs608f1vb2Nza3tnt7RX3j84PDqunJx2dGIVoW2S8ET1IqwpZ5K2DTOc9lJFsYg47UbTu9zvPlGlWSIfzSylocBjyWJGsMml+4Gww0rVr/kLoHUSFKQKBVrDytdglBArqDSEY637gZ+aMMPKMMLpvDywmqaYTPGY9h2VWFAdZotb5+jSKSMUJ8qVNGih/p7IsNB6JiLXKbCZ6FUvF//z+tbEt2HGZGoNlWS5KLYcmQTlj6MRU5QYPnMEE8XcrYhMsMLEuHjKLoRg9eV10rmuBfVa/aFebTSLOEpwDhdwBQHcQAOa0II2EJjAM7zCmye8F+/d+1i2bnjFzBn8gff5A/LLjjQ=</latexit>

T� � 5MeV

<latexit sha1_base64="m0jgU2hpOIAkmKx+cLoqPZgJ5dw=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4kDAjET0G9JCLECEbZELo6VSSJj0L3TViGHLx4q948aCIV//Bm39jZzlo4oOCx3tVVNXzYyk0Os63tbS8srq2ntnIbm5t7+zae/s1HSWKQ5VHMlINn2mQIoQqCpTQiBWwwJdQ9wfXY79+D0qLKKzgMIZWwHqh6ArO0Eht+6jSTr0bkMhG1Ov16IV35iE8YHoLtVHbzjl5ZwK6SNwZyZEZym37y+tEPAkgRC6Z1k3XibGVMoWCSxhlvURDzPiA9aBpaMgC0K108sWInhilQ7uRMhUinai/J1IWaD0MfNMZMOzreW8s/uc1E+xetVIRxglCyKeLuomkGNFxJLQjFHCUQ0MYV8LcSnmfKcbRBJc1IbjzLy+S2nneLeQLd4VcsTSLI0MOyTE5JS65JEVSImVSJZw8kmfySt6sJ+vFerc+pq1L1mzmgPyB9fkDm+CYCQ==</latexit>
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Some Caveats…
• Cosmic strings might not exist. 

• They may be more complicated than the simple Nambu-Goto picture. 
e.g. multiple types, internal structure, low reconnection probability … 

• Not everybody agrees on dominant GW emission for gauge theory strings. 
e.g. [Figueroa, Hindmarsh, Urrestilla 2013] — emission to massive modes 
e.g. [Matsunami et al. 2019] — emission mostly to GW above cutoff 

• Not everybody agrees on the distribution of loop sizes at production. 
e.g. [Blanco-Pillado, Olum, Shlaer 2013] vs. [Lorenz, Ringeval, Sakellariadou 2010]
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Some Caveats…
• Not everybody agrees on the distribution of loop sizes at production.

↵ 2 [10�3, 10�1]

<latexit sha1_base64="8G9k8+dYgLFjets1IwPm5suA9Qw=">AAACB3icbZDLSgMxFIbP1Futt6pLQYJFcFHLjBZ0WXDTZQV7gc5YMmmmDc1khiQjlGF2bnwVNy4UcesruPNtTC8Lbf0h8PGfc5Kc3485U9q2v63cyura+kZ+s7C1vbO7V9w/aKkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH91M6u0HKhWLxJ0ex9QL8UCwgBGsjdUrHruYx0OMXCZQ17Hv0/PLrOyWp+RkXq9Ysiv2VGgZnDmUYK5Gr/jl9iOShFRowrFS5s5YeymWmhFOs4KbKBpjMsID2jUocEiVl073yNCpcfooiKQ5QqOp+3sixaFS49A3nSHWQ7VYm5j/1bqJDq69lIk40VSQ2UNBwpGO0CQU1GeSEs3HBjCRzPwVkSGWmGgTXcGE4CyuvAyti4pTrVRvq6VafR5HHo7gBM7AgSuoQR0a0AQCj/AMr/BmPVkv1rv1MWvNWfOZQ/gj6/MHt4+XUQ==</latexit>
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Strings from Before/During Inflation?
• Suppose the CS network is formed before or at the start of inflation. 

• No scaling!  Long strings are diluted as 
 

• Long strings regrow after inflation as         until they start to self-interact. 

• Could such strings be observable?

⇢long / a�2 ! e�2(Ntot��N)

<latexit sha1_base64="arbzDIwe/egFVS6NY7cjNgs+muo="></latexit>

a�2

<latexit sha1_base64="vpfGK9ZabhCoZwqJsS71IWf98Q0=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7gLB1oGbCwsIpgPSM6wt9lL1uztHrt7QjjyH2wsFLH1/9j5b9wkV2jig4HHezPMzAsTzrRx3W+nsLa+sblV3C7t7O7tH5QPj1paporQJpFcqk6INeVM0KZhhtNOoiiOQ07b4fh65refqNJMinszSWgQ46FgESPYWKmFH7KL2rRfrrhVdw60SrycVCBHo1/+6g0kSWMqDOFY667nJibIsDKMcDot9VJNE0zGeEi7lgocUx1k82un6MwqAxRJZUsYNFd/T2Q41noSh7Yzxmakl72Z+J/XTU10FWRMJKmhgiwWRSlHRqLZ62jAFCWGTyzBRDF7KyIjrDAxNqCSDcFbfnmVtGpVz6/6d36lfpvHUYQTOIVz8OAS6nADDWgCgUd4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/HReO3Q==</latexit>
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Cosmic String Regrowth
• String dilution and regrowth depends on the amount of inflation. 

• Compare to curvature bound: |⌦� 1| = 0.007± 0.0037

<latexit sha1_base64="gbFVAiwQOKvn13HqAo8Dh3tSq7Q=">AAACBXicdZDLSsNAFIYn9VbrLepSF4NFcGNJ2mi6EQpuXAhWsBdoQplMp+3QmSTMTITSduPGV3HjQhG3voM738ZJW0FFfxj4+M85nDl/EDMqlWV9GJmFxaXllexqbm19Y3PL3N6pyygRmNRwxCLRDJAkjIakpqhipBkLgnjASCMYnKf1xi0RkkbhjRrGxOeoF9IuxUhpq23uj70rTnro2B7DM2gVLMv1Yj6Fkts28xpOXdcqaefEKZeKjoayY2uGtu5JlQdzVdvmu9eJcMJJqDBDUrZsK1b+CAlFMSOTnJdIEiM8QD3S0hgiTqQ/ml4xgYfa6cBuJPQLFZy63ydGiEs55IHu5Ej15e9aav5VayWqW/ZHNIwTRUI8W9RNGFQRTCOBHSoIVmyoAWFB9V8h7iOBsNLB5XQIX5fC/6FeLNhOwbl28pXLeRxZsAcOwBGwgQsq4AJUQQ1gcAcewBN4Nu6NR+PFeJ21Zoz5zC74IePtE+6TlbE=</latexit>

0
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15

10�2 100 102 104 106 108

(�
N

+
ln

⇣)
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in

z̃

|⌦I � 1| = 1
|⌦I � 1| = 0.1
|⌦I � 1| = 0.01

�N � 0 : # e-folds strings formed

after the start of inflation

<latexit sha1_base64="hmntrBTmY1CqzROG78ENCiagbpU="></latexit>

⇣2 = initial number of long strings

<latexit sha1_base64="Mw1Zq3fj9ohc36xtL2Y4+njWAVU=">AAACGHicbVDLSgNBEJz1bXxFPXoZDIKnuCsBvQgBLx4jmAdkY5id9MbB2ZllpleMSz7Di7/ixYMiXnPzb5w8Dr4KGoqqbpqqKJXCou9/enPzC4tLyyurhbX1jc2t4vZOw+rMcKhzLbVpRcyCFArqKFBCKzXAkkhCM7o9H/vNOzBWaHWFgxQ6CesrEQvO0End4lH4AMiuj+kZDRHuMRdKoGCSqiyJwFAdU6lVn1o0QvXtsFss+WV/AvqXBDNSIjPUusVR2NM8S0Ahl8zaduCn2MmZQcElDAthZiFl/Jb1oe2oYgnYTj4JNqQHTunRWBs3CulE/X6Rs8TaQRK5zYThjf3tjcX/vHaG8WnHZU0zBMWnj+JMUtR03BLtCQMc5cARxo1rhFN+wwzj6LosuBKC35H/ksZxOaiUK5eVUvViVscK2SP75JAE5IRUyQWpkTrh5JE8k1fy5j15L9679zFdnfNmN7vkB7zRF8MVoEY=</latexit>

[Planck 2018]

z̃ = redshift when long strings
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Cosmic String Regrowth
• String dilution and regrowth depends on the amount of inflation. 

• Input     as redshift when long strings start to interact.
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Cosmic String Bursts
• GW emission is dominated by bursts from loop cusps. 

• Unresolved emission dominates the stochastic signal. 

• Recent bursts can be resolved individually, but usually harder to observe. 

• Late string scaling reduces the stochastic signal, not bursts. 

• Bursts are beamed within angle      with distinctive waveform    :

GW

[K. Olum]

[Damour, Vilenkin 2000]
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Cosmic String Regrowth Signals
• Strings can come back, start to interact, approach scaling, make GWs. 

• Stochastic GW signal is suppressed, but recent bursts could be seen!
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Cosmic String Regrowth
• Strings can come back, start to interact, approach scaling, and make GWs. 

• Stochastic GW signal is suppressed, but recent bursts could be seen!
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Summary
• Gravitational waves avoid thermal scrambling. 

• An early source of GWs could teach us about the very early universe. 

• Cosmic strings are a motivated and understood GW source. 

• GWs from a cosmic string network could be observed in future detectors. 

• Their frequency spectrum would reflect the expansion history of the cosmos.
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Scaling and the VOS Model
• VOS = velocity-dependent one-scale model 
→ describes (long) cosmic string scaling and the approach to it 

•     = length parameter,     = velocity parameterL
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Scaling and the VOS Model
• VOS = velocity-dependent one-scale model 
→ describes (long) cosmic string scaling and the approach to it
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Loop Production Rate
• Energy loss to loops in the VOS model: 
 
 
 

• Production rate for large loops with length               , boost    , fraction    :
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Loop Emission Rate
• GW emission is dominated by cusps. 

• Total emission rate of GW from a loop: 
 
 

• Averaged emission can be treated as a sum of normal mode oscillations: 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Cosmic String Stochastic GW Signal
• Sum over loop emissions:
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Gravitational Waves
• No scrambling (to a good approximation)! 

• Cosmological sources? 

• Inflation:

[Smith, Kamionkowski, Cooray 2005]


