
arXiv: 2111.08750

Gravitational Wave Gastronomy

David Dunsky, Anish Ghoshal, Hitoshi Murayama, Yuki Sakakihara, and Graham White

New Observational Windows on High-Scale Physics Workshop, IPMU

https://arxiv.org/abs/2111.08750


Gravitational Wave Gastronomy

• A savory variation of Gravitational Wave Astronomy. 

• The search for gravitational wave signatures from the “eating” of one topological 
defect by another. Observed to occur in hybrid topological defects (i.e. domain walls 
bounded by strings, and strings bounded by monopoles.) 

• Seasoned with equal parts of gravitational wave physics, early universe cosmology, 
and grand unification.
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Outline

• Appetizers: Gravitational Wave (GWs) basics, as probes of the early 
universe, and relationship to Grand Unified Theories (GUTs)

• Entree: Dynamics and the GW signatures from hybrid topological defects 

• Dessert: Outlook for distinguishing GUT symmetry breaking chains by 
such GW signatures
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Gravitational Wave Basics: Emission
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• Electromagnetic waves oscillate charges up and down • Gravitational waves stretch and squeeze space
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Gravitational Wave Basics: Detection

• Most GW detectors take 
advantage of this incredibly 
small stretch and squeeze of 
space via laser interferometry 

• For ex, Laser Interferometer 
Gravitational-Wave 
Observatory (LIGO)

Nature



Gravity Waves as Probes of the Early Universe

• Early universe 
transparent to GWs

• Potentially 
remarkable probe 
of moments after 
Big Bang 
 

Electromagnetic waves (optical light)
Gravitational waves



Gravity Waves as Probes of the Early Universe

• Early universe 
transparent to GWs

• Potentially 
remarkable probe 
of moments after 
Big Bang 
 

Colliders

Gravitational waves



Gravitational Waves and GUTs

• Grand Unified Theories (GUTs) intimately tied to gravitational waves: 

• True symmetries of nature are restored at high temperatures in early universe

• As the universe expands and cools, gauge symmetries describing nature 
spontaneously break 
  

G ! Gi ! Gi+1 ! · · · ! GSM
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• Topological defects massive and can accelerate to relativistic speeds              source of GW!

Gravitational Waves and GUTs

• Grand Unified Theories (GUTs) intimately tied to gravitational waves: 

• When breaking, many gauge groups leave behind topological relics if non-
trivial vacuum

•

⇡2�D(Gj/Gj+1) 6= 0
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Hybrid Topological Defects

• For some chains, strings bounded by monopoles, or walls bounded by strings



Hybrid Topological Defects

• For some chains, strings bounded by monopoles, or walls bounded by strings
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Hybrid Topological Defects

• For some chains, strings bounded by monopoles, or walls bounded by strings
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Hybrid Topological Defects

• For some chains, strings bounded by monopoles, or walls bounded by strings
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G
strings����! H ⇥ Z2

<latexit sha1_base64="NNYwm4fpJSIqkWNAmnGssWq7+oE=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSCkCrshomXQwpQRzAOzyzI7mSRDZmeXmbtqWPILNv6KjYUitnZ2/o2TR6GJBy4czrmXe+8JYsE12Pa3lVlZXVvfyG7mtrZ3dvfy+wdNHSWKsgaNRKTaAdFMcMkawEGwdqwYCQPBWsHwcuK37pjSPJI3MIqZF5K+5D1OCRjJzxevsPugeH8ARKnoPnVViDUoLvt6jGvYBR4yjW/9sp8v2CV7CrxMnDkpoDnqfv7L7UY0CZkEKojWHceOwUuJAk4FG+fcRLOY0CHps46hkphFXjr9aIxPjNLFvUiZkoCn6u+JlIRaj8LAdIYEBnrRm4j/eZ0EeudeymWcAJN0tqiXCAwRnsSDu1wxCmJkCKGKm1sxHRBFKJgQcyYEZ/HlZdIsl5xK6fS6UqhezOPIoiN0jIrIQWeoimqojhqIokf0jF7Rm/VkvVjv1sesNWPNZw7RH1ifPyc5nTU=</latexit>



Hybrid Topological Defects

• For some chains, strings bounded by monopoles, or walls bounded by strings

G
monopoles������! H ⇥ U(1)

strings����! H

<latexit sha1_base64="iyLh6c7fEI16qg7yDdqAvWReNBo=">AAACMHicbVDLSgMxFM34rPVVdekmWATdlBlRdCm6aJcVHFvolJJJ0zaYx5DcUcvQT3Ljp+hGQRG3foWZ2oVaDwQO55xL7j1xIrgF33/xZmbn5hcWC0vF5ZXVtfXSxuaV1amhLKRaaNOMiWWCKxYCB8GaiWFExoI14uvz3G/cMGO5VpcwTFhbkr7iPU4JOKlTqlZxdGd4fwDEGH2bRUZiqZVOtGB2hGs4Ai6ZxeFesD+dtGC46ue5TqnsV/wx8DQJJqSMJqh3So9RV9NUMgVUEGtbgZ9AOyMGOBVsVIxSyxJCr0mftRxVxG3RzsYHj/CuU7q4p417CvBY/TmREWntUMYuKQkM7F8vF//zWin0TtoZV0kKTNHvj3qpwKBx3h7ucsMoiKEjhBrudsV0QAyh4DouuhKCvydPk6uDSnBYObo4LJ+eTeoooG20g/ZQgI7RKaqhOgoRRffoCb2iN+/Be/bevY/v6Iw3mdlCv+B9fgH82qor</latexit>

G
strings����! H ⇥ Z2

<latexit sha1_base64="NNYwm4fpJSIqkWNAmnGssWq7+oE=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSCkCrshomXQwpQRzAOzyzI7mSRDZmeXmbtqWPILNv6KjYUitnZ2/o2TR6GJBy4czrmXe+8JYsE12Pa3lVlZXVvfyG7mtrZ3dvfy+wdNHSWKsgaNRKTaAdFMcMkawEGwdqwYCQPBWsHwcuK37pjSPJI3MIqZF5K+5D1OCRjJzxevsPugeH8ARKnoPnVViDUoLvt6jGvYBR4yjW/9sp8v2CV7CrxMnDkpoDnqfv7L7UY0CZkEKojWHceOwUuJAk4FG+fcRLOY0CHps46hkphFXjr9aIxPjNLFvUiZkoCn6u+JlIRaj8LAdIYEBnrRm4j/eZ0EeudeymWcAJN0tqiXCAwRnsSDu1wxCmJkCKGKm1sxHRBFKJgQcyYEZ/HlZdIsl5xK6fS6UqhezOPIoiN0jIrIQWeoimqojhqIokf0jF7Rm/VkvVjv1sesNWPNZw7RH1ifPyc5nTU=</latexit>

G
strings����! H ⇥ Z2

walls���! H

<latexit sha1_base64="k8J9Pte/1KyFxn0VAuJzKbf1G04=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZaZUdFnqwi4r2Ad2hiGTpm1oJjMkd6xl6P+48Vdc6MIHbv0P08dCWw8EDuecS+49QSy4Btv+sFZW19Y3NjNb2e2d3b393MFhQ0eJoqxOIxGpVkA0E1yyOnAQrBUrRsJAsGYwuJr4zXumNI/kLYxi5oWkJ3mXUwJG8nOVa+w+KN7rA1EqGqauCrEGxWVPj3EVu8BDpvGdX1yODYkQk5Cfy9sFewq8TJw5yaM5an7uxe1ENAmZBCqI1m3HjsFLiQJOBRtn3USzmNAB6bG2oZKYFbx0eusYnxqlg7uRMk8Cnqq/J1ISaj0KA5MMCfT1ojcR//PaCXQvvZTLOAEm6eyjbiIwRHhSHO5wxSiIkSGEKm52xbRPFKFg6s2aEpzFk5dJo1hwSoXzm1K+XJnXkUHH6ASdIQddoDKqohqqI4oe0TN6Q+/Wk/VqfVpfs+iKNZ85Qn9gff8ASrioVA==</latexit>



Hybrid Topological Defects

• For some chains, strings bounded by monopoles, or walls bounded by strings

• Tension force of string or wall causes (relativistic) oscillations

G
monopoles������! H ⇥ U(1)

strings����! H

<latexit sha1_base64="iyLh6c7fEI16qg7yDdqAvWReNBo=">AAACMHicbVDLSgMxFM34rPVVdekmWATdlBlRdCm6aJcVHFvolJJJ0zaYx5DcUcvQT3Ljp+hGQRG3foWZ2oVaDwQO55xL7j1xIrgF33/xZmbn5hcWC0vF5ZXVtfXSxuaV1amhLKRaaNOMiWWCKxYCB8GaiWFExoI14uvz3G/cMGO5VpcwTFhbkr7iPU4JOKlTqlZxdGd4fwDEGH2bRUZiqZVOtGB2hGs4Ai6ZxeFesD+dtGC46ue5TqnsV/wx8DQJJqSMJqh3So9RV9NUMgVUEGtbgZ9AOyMGOBVsVIxSyxJCr0mftRxVxG3RzsYHj/CuU7q4p417CvBY/TmREWntUMYuKQkM7F8vF//zWin0TtoZV0kKTNHvj3qpwKBx3h7ucsMoiKEjhBrudsV0QAyh4DouuhKCvydPk6uDSnBYObo4LJ+eTeoooG20g/ZQgI7RKaqhOgoRRffoCb2iN+/Be/bevY/v6Iw3mdlCv+B9fgH82qor</latexit>

G
strings����! H ⇥ Z2

<latexit sha1_base64="NNYwm4fpJSIqkWNAmnGssWq7+oE=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSCkCrshomXQwpQRzAOzyzI7mSRDZmeXmbtqWPILNv6KjYUitnZ2/o2TR6GJBy4czrmXe+8JYsE12Pa3lVlZXVvfyG7mtrZ3dvfy+wdNHSWKsgaNRKTaAdFMcMkawEGwdqwYCQPBWsHwcuK37pjSPJI3MIqZF5K+5D1OCRjJzxevsPugeH8ARKnoPnVViDUoLvt6jGvYBR4yjW/9sp8v2CV7CrxMnDkpoDnqfv7L7UY0CZkEKojWHceOwUuJAk4FG+fcRLOY0CHps46hkphFXjr9aIxPjNLFvUiZkoCn6u+JlIRaj8LAdIYEBnrRm4j/eZ0EeudeymWcAJN0tqiXCAwRnsSDu1wxCmJkCKGKm1sxHRBFKJgQcyYEZ/HlZdIsl5xK6fS6UqhezOPIoiN0jIrIQWeoimqojhqIokf0jF7Rm/VkvVjv1sesNWPNZw7RH1ifPyc5nTU=</latexit>

G
strings����! H ⇥ Z2

walls���! H

<latexit sha1_base64="k8J9Pte/1KyFxn0VAuJzKbf1G04=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZaZUdFnqwi4r2Ad2hiGTpm1oJjMkd6xl6P+48Vdc6MIHbv0P08dCWw8EDuecS+49QSy4Btv+sFZW19Y3NjNb2e2d3b393MFhQ0eJoqxOIxGpVkA0E1yyOnAQrBUrRsJAsGYwuJr4zXumNI/kLYxi5oWkJ3mXUwJG8nOVa+w+KN7rA1EqGqauCrEGxWVPj3EVu8BDpvGdX1yODYkQk5Cfy9sFewq8TJw5yaM5an7uxe1ENAmZBCqI1m3HjsFLiQJOBRtn3USzmNAB6bG2oZKYFbx0eusYnxqlg7uRMk8Cnqq/J1ISaj0KA5MMCfT1ojcR//PaCXQvvZTLOAEm6eyjbiIwRHhSHO5wxSiIkSGEKm52xbRPFKFg6s2aEpzFk5dJo1hwSoXzm1K+XJnXkUHH6ASdIQddoDKqohqqI4oe0TN6Q+/Wk/VqfVpfs+iKNZ85Qn9gff8ASrioVA==</latexit>



Hybrid Topological Defects

• For some chains, strings bounded by monopoles, or walls bounded by strings

• Tension force of string or wall causes (relativistic) oscillations

G
monopoles������! H ⇥ U(1)

strings����! H

<latexit sha1_base64="iyLh6c7fEI16qg7yDdqAvWReNBo=">AAACMHicbVDLSgMxFM34rPVVdekmWATdlBlRdCm6aJcVHFvolJJJ0zaYx5DcUcvQT3Ljp+hGQRG3foWZ2oVaDwQO55xL7j1xIrgF33/xZmbn5hcWC0vF5ZXVtfXSxuaV1amhLKRaaNOMiWWCKxYCB8GaiWFExoI14uvz3G/cMGO5VpcwTFhbkr7iPU4JOKlTqlZxdGd4fwDEGH2bRUZiqZVOtGB2hGs4Ai6ZxeFesD+dtGC46ue5TqnsV/wx8DQJJqSMJqh3So9RV9NUMgVUEGtbgZ9AOyMGOBVsVIxSyxJCr0mftRxVxG3RzsYHj/CuU7q4p417CvBY/TmREWntUMYuKQkM7F8vF//zWin0TtoZV0kKTNHvj3qpwKBx3h7ucsMoiKEjhBrudsV0QAyh4DouuhKCvydPk6uDSnBYObo4LJ+eTeoooG20g/ZQgI7RKaqhOgoRRffoCb2iN+/Be/bevY/v6Iw3mdlCv+B9fgH82qor</latexit>

G
strings����! H ⇥ Z2

<latexit sha1_base64="NNYwm4fpJSIqkWNAmnGssWq7+oE=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSCkCrshomXQwpQRzAOzyzI7mSRDZmeXmbtqWPILNv6KjYUitnZ2/o2TR6GJBy4czrmXe+8JYsE12Pa3lVlZXVvfyG7mtrZ3dvfy+wdNHSWKsgaNRKTaAdFMcMkawEGwdqwYCQPBWsHwcuK37pjSPJI3MIqZF5K+5D1OCRjJzxevsPugeH8ARKnoPnVViDUoLvt6jGvYBR4yjW/9sp8v2CV7CrxMnDkpoDnqfv7L7UY0CZkEKojWHceOwUuJAk4FG+fcRLOY0CHps46hkphFXjr9aIxPjNLFvUiZkoCn6u+JlIRaj8LAdIYEBnrRm4j/eZ0EeudeymWcAJN0tqiXCAwRnsSDu1wxCmJkCKGKm1sxHRBFKJgQcyYEZ/HlZdIsl5xK6fS6UqhezOPIoiN0jIrIQWeoimqojhqIokf0jF7Rm/VkvVjv1sesNWPNZw7RH1ifPyc5nTU=</latexit>

G
strings����! H ⇥ Z2

walls���! H

<latexit sha1_base64="k8J9Pte/1KyFxn0VAuJzKbf1G04=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZaZUdFnqwi4r2Ad2hiGTpm1oJjMkd6xl6P+48Vdc6MIHbv0P08dCWw8EDuecS+49QSy4Btv+sFZW19Y3NjNb2e2d3b393MFhQ0eJoqxOIxGpVkA0E1yyOnAQrBUrRsJAsGYwuJr4zXumNI/kLYxi5oWkJ3mXUwJG8nOVa+w+KN7rA1EqGqauCrEGxWVPj3EVu8BDpvGdX1yODYkQk5Cfy9sFewq8TJw5yaM5an7uxe1ENAmZBCqI1m3HjsFLiQJOBRtn3USzmNAB6bG2oZKYFbx0eusYnxqlg7uRMk8Cnqq/J1ISaj0KA5MMCfT1ojcR//PaCXQvvZTLOAEm6eyjbiIwRHhSHO5wxSiIkSGEKm52xbRPFKFg6s2aEpzFk5dJo1hwSoXzm1K+XJnXkUHH6ASdIQddoDKqohqqI4oe0TN6Q+/Wk/VqfVpfs+iKNZ85Qn9gff8ASrioVA==</latexit>

Gravitational radiation (Unique fingerprints of chains)



Hybrid Topological Defects

• For some chains, strings bounded by monopoles, or walls bounded by strings

• Tension force of string or wall causes (relativistic) oscillations

G
monopoles������! H ⇥ U(1)

strings����! H

<latexit sha1_base64="iyLh6c7fEI16qg7yDdqAvWReNBo=">AAACMHicbVDLSgMxFM34rPVVdekmWATdlBlRdCm6aJcVHFvolJJJ0zaYx5DcUcvQT3Ljp+hGQRG3foWZ2oVaDwQO55xL7j1xIrgF33/xZmbn5hcWC0vF5ZXVtfXSxuaV1amhLKRaaNOMiWWCKxYCB8GaiWFExoI14uvz3G/cMGO5VpcwTFhbkr7iPU4JOKlTqlZxdGd4fwDEGH2bRUZiqZVOtGB2hGs4Ai6ZxeFesD+dtGC46ue5TqnsV/wx8DQJJqSMJqh3So9RV9NUMgVUEGtbgZ9AOyMGOBVsVIxSyxJCr0mftRxVxG3RzsYHj/CuU7q4p417CvBY/TmREWntUMYuKQkM7F8vF//zWin0TtoZV0kKTNHvj3qpwKBx3h7ucsMoiKEjhBrudsV0QAyh4DouuhKCvydPk6uDSnBYObo4LJ+eTeoooG20g/ZQgI7RKaqhOgoRRffoCb2iN+/Be/bevY/v6Iw3mdlCv+B9fgH82qor</latexit>

G
strings����! H ⇥ Z2

<latexit sha1_base64="NNYwm4fpJSIqkWNAmnGssWq7+oE=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSCkCrshomXQwpQRzAOzyzI7mSRDZmeXmbtqWPILNv6KjYUitnZ2/o2TR6GJBy4czrmXe+8JYsE12Pa3lVlZXVvfyG7mtrZ3dvfy+wdNHSWKsgaNRKTaAdFMcMkawEGwdqwYCQPBWsHwcuK37pjSPJI3MIqZF5K+5D1OCRjJzxevsPugeH8ARKnoPnVViDUoLvt6jGvYBR4yjW/9sp8v2CV7CrxMnDkpoDnqfv7L7UY0CZkEKojWHceOwUuJAk4FG+fcRLOY0CHps46hkphFXjr9aIxPjNLFvUiZkoCn6u+JlIRaj8LAdIYEBnrRm4j/eZ0EeudeymWcAJN0tqiXCAwRnsSDu1wxCmJkCKGKm1sxHRBFKJgQcyYEZ/HlZdIsl5xK6fS6UqhezOPIoiN0jIrIQWeoimqojhqIokf0jF7Rm/VkvVjv1sesNWPNZw7RH1ifPyc5nTU=</latexit>

G
strings����! H ⇥ Z2

walls���! H

<latexit sha1_base64="k8J9Pte/1KyFxn0VAuJzKbf1G04=">AAACK3icbVDLSgMxFM34rPVVdekmWARXZaZUdFnqwi4r2Ad2hiGTpm1oJjMkd6xl6P+48Vdc6MIHbv0P08dCWw8EDuecS+49QSy4Btv+sFZW19Y3NjNb2e2d3b393MFhQ0eJoqxOIxGpVkA0E1yyOnAQrBUrRsJAsGYwuJr4zXumNI/kLYxi5oWkJ3mXUwJG8nOVa+w+KN7rA1EqGqauCrEGxWVPj3EVu8BDpvGdX1yODYkQk5Cfy9sFewq8TJw5yaM5an7uxe1ENAmZBCqI1m3HjsFLiQJOBRtn3USzmNAB6bG2oZKYFbx0eusYnxqlg7uRMk8Cnqq/J1ISaj0KA5MMCfT1ojcR//PaCXQvvZTLOAEm6eyjbiIwRHhSHO5wxSiIkSGEKm52xbRPFKFg6s2aEpzFk5dJo1hwSoXzm1K+XJnXkUHH6ASdIQddoDKqohqqI4oe0TN6Q+/Wk/VqfVpfs+iKNZ85Qn9gff8ASrioVA==</latexit>

Gravitational radiation

Decay

(Unique fingerprints of chains)



Four Course Menu

• Monopoles eating strings (nucleation)

• Strings eating monopoles (collapse)

• Strings eating walls (nucleation)

• Walls eating strings (collapse)

See previous talk by Valerie Domcke!



Symmetry Breaking Chains

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>

321

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

3211

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

Monopoles

<latexit sha1_base64="je7KR5MVvHd0UDVlymiNdlqvWLI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHoxYsQwTwkWcLsZDYZMo9lZlYIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWjm6nfeqLaMCUf7DihocADyWJGsHXS452SKlGcml6p7Ff8GdAyCXJShhz1Xumr21ckFVRawrExncBPbJhhbRnhdFLspoYmmIzwgHYclVhQE2azgyfo1Cl9FCvtSlo0U39PZFgYMxaR6xTYDs2iNxX/8zqpja/CjMkktVSS+aI45cgqNP0e9ZmmxPKxI5ho5m5FZIg1JtZlVHQhBIsvL5NmtRKcVy7uq+XadR5HAY7hBM4ggEuowS3UoQEEBDzDK7x52nvx3r2PeeuKl88cwR94nz8RfJCW</latexit>

Inflation

<latexit sha1_base64="5s6062eDzbEoQetRjAltzxqR3a4=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozxaLLohvdVbAXaYeSSTNtaJIZkoxQhj6FGxeKuPVx3Pk2ptNZaOsPgY//nEPO+YOYM21c99sprK1vbG4Vt0s7u3v7B+XDo7aOEkVoi0Q8Ut0Aa8qZpC3DDKfdWFEsAk47weRmXu88UaVZJB/MNKa+wCPJQkawsdbjnQx5RoNyxa26mdAqeDlUIFdzUP7qDyOSCCoN4VjrnufGxk+xMoxwOiv1E01jTCZ4RHsWJRZU+2m28AydWWeIwkjZJw3K3N8TKRZaT0VgOwU2Y71cm5v/1XqJCa/8lMk4MVSSxUdhwpGJ0Px6NGSKEsOnFjBRzO6KyBgrTIzNqGRD8JZPXoV2repdVOv3tUrjOo+jCCdwCufgwSU04Baa0AICAp7hFd4c5bw4787HorXg5DPH8EfO5w/sfpB+</latexit>

Required

<latexit sha1_base64="CkXe1fWD4V1bvXgKDp3/6UCboWg=">AAAB73icbVDLSsNAFL2pr1pfVZdugkVwVZKi6LLoxmUV+4A2lMnkph06maQzE6GE/oQbF4q49Xfc+TdO2yy09cDA4Zx7mXuOn3CmtON8W4W19Y3NreJ2aWd3b/+gfHjUUnEqKTZpzGPZ8YlCzgQ2NdMcO4lEEvkc2/7odua3n1AqFotHPUnQi8hAsJBRoo3UecBxyiQG/XLFqTpz2KvEzUkFcjT65a9eENM0QqEpJ0p1XSfRXkakZpTjtNRLFSaEjsgAu4YKEqHysvm9U/vMKIEdxtI8oe25+nsjI5FSk8g3kxHRQ7XszcT/vG6qw2svYyJJNQq6+ChMua1jexbeDkxWqvnEEEIlM7fadEgkodpUVDIluMuRV0mrVnUvqpf3tUr9Jq+jCCdwCufgwhXU4Q4a0AQKHJ7hFd6ssfVivVsfi9GCle8cwx9Ynz8uvpAR</latexit>

Group abbreviations

D = D-Parity

<latexit sha1_base64="I81ijbAdeeu4WJqRfwzp33+pSMc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCF0siFb0IRXvwWMF+QBvKZrttl242YXcihlD/ihcPinj1h3jz37htc9DWBwOP92aYmedHgmtwnG8rt7K6tr6R3yxsbe/s7tn7B00dxoqyBg1FqNo+0UxwyRrAQbB2pBgJfMFa/vhm6rcemNI8lPeQRMwLyFDyAacEjNSzizV8hbvAHiGtndaJ4pBMenbJKTsz4GXiZqSEMtR79le3H9I4YBKoIFp3XCcCLyUKOBVsUujGmkWEjsmQdQyVJGDaS2fHT/CxUfp4ECpTEvBM/T2RkkDrJPBNZ0BgpBe9qfif14lhcOmlXEYxMEnniwaxwBDiaRK4zxWjIBJDCDWPc4rpiChCweRVMCG4iy8vk+ZZ2a2Uz+8qpep1FkceHaIjdIJcdIGq6BbVUQNRlKBn9IrerCfrxXq3PuatOSubKaI/sD5/ALv2lDU=</latexit>

51 = SU(5)⇥ U(1)X

5F1 = SU(5)flipped ⇥ U(1)flipped

422 = SU(4)c ⇥ SU(2)L ⇥ SU(2)R

3221 = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L

3211 = SU(3)c ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X

321 = SU(3)c ⇥ SU(2)L ⇥ U(1)Y

<latexit sha1_base64="KmMHT8y6nuUox52DgQ/MpJC08uI="></latexit>



Gravitational Wave Basics: Computing Signal

• Measure strain through ⌦GW ⌘ d⇢GW

d ln f

1

⇢crit

<latexit sha1_base64="bx2QjSaY/Ru8+p0oHSdKY+XxzMY="></latexit>

• Recipe:

/ Strain2

<latexit sha1_base64="kad1gJ2/WkbIlbbkLsfShwNWsUA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWZUtFl0Y3LivYB7VgyaaYNzWSG5I5YhrrxV9y4UMStf+HOvzFtZ6GtBwKHc+7l5hw/FlyD43xbuaXlldW1/HphY3Nre8fe3WvoKFGU1WkkItXyiWaCS1YHDoK1YsVI6AvW9IeXE795z5TmkbyFUcy8kPQlDzglYKSufdCJVRRDhDvAHiDFN6AIl+O7ctcuOiVnCrxI3IwUUYZa1/7q9CKahEwCFUTrtuvE4KVEAaeCjQudRLOY0CHps7ahkoRMe+k0wRgfG6WHg0iZJwFP1d8bKQm1HoW+mQwJDPS8NxH/89oJBOdeymWcAJN0dihIBDaJJ3XgHleMghgZQqji5q+YDogiFExpBVOCOx95kTTKJbdSOr2uFKsXWR15dIiO0Aly0RmqoitUQ3VE0SN6Rq/ozXqyXqx362M2mrOynX30B9bnD5lslv0=</latexit>

Estimate:

f ⇠ scale size of system�1 ⇥ Redshift

<latexit sha1_base64="v2kuaB4fI3/hn88a3+Lo+idfANw="></latexit>

⌦GW ⇠ ⇢GW

⇢BG
⇥ ⌦rad

<latexit sha1_base64="zISoCx11QPPoBDW8miYC/dhthok="></latexit>

Emission

Emission

⇢GW ⇠ PGW ⇥�t⇥ nsources

<latexit sha1_base64="TtTv9RgjRmj+i81ROrCdjBax1zI=">AAACLXicbVBNSwMxEM3Wr1q/qh69BIvgqexKRY9FC3qsYD+gW0o2TdvQJLsks0JZ+oe8+FdE8FARr/4N026F2vpg4M2bGWbmBZHgBlx34mTW1jc2t7LbuZ3dvf2D/OFR3YSxpqxGQxHqZkAME1yxGnAQrBlpRmQgWCMY3k7rjSemDQ/VI4wi1pakr3iPUwJW6uQrvh6EncTXEt81xtg3XOLqQg5cMoP9ChNAMPzmKu1IrzDjTr7gFt0Z8Crx5qSA5qh28m9+N6SxZAqoIMa0PDeCdkI0cCrYOOfHhkWEDkmftSxVxC5tJ7Nvx/jMKl3cC7UNBXimLk4kRBozkoHtlAQGZrk2Ff+rtWLoXbcTrqIYmKLpol4sMIR4ah3ucs0oiJElhGpub8V0QDShYA3OWRO85ZdXSf2i6JWKlw+lQvlmbkcWnaBTdI48dIXK6B5VUQ1R9Ixe0QR9OC/Ou/PpfKWtGWc+c4z+wPn+AXRgqE8=</latexit>

PGW ⇠ Gh
...
Q

2i

<latexit sha1_base64="RGIME5/YPU+Lmv222Cul/sQpM6E=">AAACFnicbZDLSsNAFIYn9VbrLerSzWAR3FiSUtFl0YUuW7AXaGKYTKbt0MkkzEyEEvIUbnwVNy4UcSvufBunaRba+sPAx3/O4cz5/ZhRqSzr2yitrK6tb5Q3K1vbO7t75v5BV0aJwKSDIxaJvo8kYZSTjqKKkX4sCAp9Rnr+5HpW7z0QIWnE79Q0Jm6IRpwOKUZKW5551vJSR4TwppdBR1IN0GGIjxiBThAEkUrb2X0dOiL3PLNq1axccBnsAqqgUMszv5wgwklIuMIMSTmwrVi5KRKKYkayipNIEiM8QSMy0MhRSKSb5mdl8EQ7ARxGQj+uYO7+nkhRKOU09HVniNRYLtZm5n+1QaKGl25KeZwowvF80TBhUEVwlhEMqCBYsakGhAXVf4V4jATCSidZ0SHYiycvQ7desxu183aj2rwq4iiDI3AMToENLkAT3IIW6AAMHsEzeAVvxpPxYrwbH/PWklHMHII/Mj5/AMd4nok=</latexit>



Gravitational Wave Basics: Computing Signal

• Measure strain through ⌦GW ⌘ d⇢GW

d ln f

1

⇢crit

<latexit sha1_base64="bx2QjSaY/Ru8+p0oHSdKY+XxzMY="></latexit>

• Recipe:

/ Strain2

<latexit sha1_base64="kad1gJ2/WkbIlbbkLsfShwNWsUA=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWZUtFl0Y3LivYB7VgyaaYNzWSG5I5YhrrxV9y4UMStf+HOvzFtZ6GtBwKHc+7l5hw/FlyD43xbuaXlldW1/HphY3Nre8fe3WvoKFGU1WkkItXyiWaCS1YHDoK1YsVI6AvW9IeXE795z5TmkbyFUcy8kPQlDzglYKSufdCJVRRDhDvAHiDFN6AIl+O7ctcuOiVnCrxI3IwUUYZa1/7q9CKahEwCFUTrtuvE4KVEAaeCjQudRLOY0CHps7ahkoRMe+k0wRgfG6WHg0iZJwFP1d8bKQm1HoW+mQwJDPS8NxH/89oJBOdeymWcAJN0dihIBDaJJ3XgHleMghgZQqji5q+YDogiFExpBVOCOx95kTTKJbdSOr2uFKsXWR15dIiO0Aly0RmqoitUQ3VE0SN6Rq/ozXqyXqx362M2mrOynX30B9bnD5lslv0=</latexit>

Estimate:

f ⇠ scale size of system�1 ⇥ Redshift

<latexit sha1_base64="v2kuaB4fI3/hn88a3+Lo+idfANw="></latexit>

⌦GW ⇠ ⇢GW

⇢BG
⇥ ⌦rad

<latexit sha1_base64="zISoCx11QPPoBDW8miYC/dhthok="></latexit>

Emission

Emission

⇢GW ⇠ PGW ⇥�t⇥ nsources

<latexit sha1_base64="TtTv9RgjRmj+i81ROrCdjBax1zI=">AAACLXicbVBNSwMxEM3Wr1q/qh69BIvgqexKRY9FC3qsYD+gW0o2TdvQJLsks0JZ+oe8+FdE8FARr/4N026F2vpg4M2bGWbmBZHgBlx34mTW1jc2t7LbuZ3dvf2D/OFR3YSxpqxGQxHqZkAME1yxGnAQrBlpRmQgWCMY3k7rjSemDQ/VI4wi1pakr3iPUwJW6uQrvh6EncTXEt81xtg3XOLqQg5cMoP9ChNAMPzmKu1IrzDjTr7gFt0Z8Crx5qSA5qh28m9+N6SxZAqoIMa0PDeCdkI0cCrYOOfHhkWEDkmftSxVxC5tJ7Nvx/jMKl3cC7UNBXimLk4kRBozkoHtlAQGZrk2Ff+rtWLoXbcTrqIYmKLpol4sMIR4ah3ucs0oiJElhGpub8V0QDShYA3OWRO85ZdXSf2i6JWKlw+lQvlmbkcWnaBTdI48dIXK6B5VUQ1R9Ixe0QR9OC/Ou/PpfKWtGWc+c4z+wPn+AXRgqE8=</latexit>

PGW ⇠ Gh
...
Q

2i

<latexit sha1_base64="RGIME5/YPU+Lmv222Cul/sQpM6E=">AAACFnicbZDLSsNAFIYn9VbrLerSzWAR3FiSUtFl0YUuW7AXaGKYTKbt0MkkzEyEEvIUbnwVNy4UcSvufBunaRba+sPAx3/O4cz5/ZhRqSzr2yitrK6tb5Q3K1vbO7t75v5BV0aJwKSDIxaJvo8kYZSTjqKKkX4sCAp9Rnr+5HpW7z0QIWnE79Q0Jm6IRpwOKUZKW5551vJSR4TwppdBR1IN0GGIjxiBThAEkUrb2X0dOiL3PLNq1axccBnsAqqgUMszv5wgwklIuMIMSTmwrVi5KRKKYkayipNIEiM8QSMy0MhRSKSb5mdl8EQ7ARxGQj+uYO7+nkhRKOU09HVniNRYLtZm5n+1QaKGl25KeZwowvF80TBhUEVwlhEMqCBYsakGhAXVf4V4jATCSidZ0SHYiycvQ7desxu183aj2rwq4iiDI3AMToENLkAT3IIW6AAMHsEzeAVvxpPxYrwbH/PWklHMHII/Mj5/AMd4nok=</latexit>

Expansion RedshiftSource Density Power

d⇢GW(t)

df
=

Z
dt0

a(t0)4

a(t)4

Z
dl
dn(l, t0)

dl

dP (l, t0)

df 0
df 0

df

<latexit sha1_base64="m7VkYWf1Opv+6AG32YmOvZK+yyQ="></latexit>

Exact: PGW(f) ⇠ G|TT
µ⌫(f)|2

<latexit sha1_base64="iLD18XHs8PqHHiICHtUOVzdJCHA=">AAACEnicbZDLSgMxFIYzXmu9jbp0EyxCuykzpaLLogtdVugNOtOSSTNtaJIZkoxQpn0GN76KGxeKuHXlzrcxvSy09UDg4//P4eT8Qcyo0o7zba2tb2xubWd2srt7+weH9tFxQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81geDP1mw9EKhqJmh7FxOeoL2hIMdJG6tqFajf1JIe3zUk+LEBPUcNwXDMqT6AnkkmnZoxxp9S1c07RmRVcBXcBObCoatf+8noRTjgRGjOkVNt1Yu2nSGqKGZlkvUSRGOEh6pO2QYE4UX46O2kCz43Sg2EkzRMaztTfEyniSo14YDo50gO17E3F/7x2osMrP6UiTjQReL4oTBjUEZzmA3tUEqzZyADCkpq/QjxAEmFtUsyaENzlk1ehUSq65eLFfTlXuV7EkQGn4AzkgQsuQQXcgSqoAwwewTN4BW/Wk/VivVsf89Y1azFzAv6U9fkDj8GcKQ==</latexit>

Weinberg ‘72



Strings Bounded by Monopoles



Monopoles Eating Strings (Nucleation)

• Occurs in following scenario

Monopole formation

See previous talk by Valerie Domcke!



Monopoles Eating Strings (Nucleation)

• Occurs in following scenario

Monopole formation Inflation



Monopoles Eating Strings (Nucleation)

• Occurs in following scenario

Monopole formation Inflation String formation



Monopoles Eating Strings (Nucleation)

• Occurs in following scenario

Monopole formation Inflation String formation Wait…



Monopoles Eating Strings (Nucleation)

• Occurs in following scenario

Monopole formation Inflation String formation Nucleation

• String rest mass converted to 
monopole kinetic energy 

Decay via gravitational radiation

• Before nucleation, strings evolve as pure string network
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Monopoles Eating Strings (Nucleation)

• Occurs in following scenario

Monopole formation Inflation String formation Nucleation

• String rest mass converted to 
monopole kinetic energy 

Decay via gravitational radiation

• Before nucleation, strings evolve as pure string network



Monopoles Eating Strings (Nucleation)

• Occurs in following scenario

Monopole formation Inflation String formation Nucleation

• String rest mass converted to 
monopole kinetic energy 

Decay via gravitational radiation

• Before nucleation, strings evolve as pure string network



Monopole Nucleation Spectrum

• Standard, flat, string spectrum 
at high frequencies,      decaying 
spectrum at lower frequencies

f2

<latexit sha1_base64="bFzx6gjbSbap1r4TyRdPEsJC35o=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbtJ1iS3oBePEc0DkjXMTmaTIbOzy8ysEEI+wYsHRbz6Rd78GycPQUULGoqqbrq7goQzpR3nw1pZXVvf2MxsZbd3dvf2cweHTRWnktAGiXks2wFWlDNBG5ppTtuJpDgKOG0Fo8uZ37qnUrFY3OpxQv0IDwQLGcHaSDfhXaGXyzu263rlSgUZcu54xaohhZJXLbrItZ058rBEvZd77/ZjkkZUaMKxUh3XSbQ/wVIzwuk0200VTTAZ4QHtGCpwRJU/mZ86RadG6aMwlqaERnP1+8QER0qNo8B0RlgP1W9vJv7ldVIdVvwJE0mqqSCLRWHKkY7R7G/UZ5ISzceGYCKZuRWRIZaYaJNO1oTw9Sn6nzQLtluyvetSvnaxjCMDx3ACZ+BCGWpwBXVoAIEBPMATPFvcerRerNdF64q1nDmCH7DePgFjx43k</latexit>

Monopoles Eating Strings (Nucleation)

See also Dror ’19, Buchmuller ‘21



Strings Eating Monopoles (Collapse)

• Occurs in following scenario
Inflation Monopole formation

• New menu items: 1) Enhanced Kibble-Zurek mechanism, 2) Monopole-antimonopole annihilation, 
and 3) GW spectrum Langacker-Pi ’80, Holman ’92, Vilken ’96 and ’97 

Zurek ’85, Murayama ‘09

nm ⇠ H
3 ⇥

✓
MPl

vm

◆2

<latexit sha1_base64="OmO/MMB0QnYBKng7in59oAOolhU="></latexit>

Originally estimate 
by Kibble

Zurek’s
Enhancement



Strings Eating Monopoles (Collapse)

Inflation Monopole formation

(Freeze-Out Abundance)

<latexit sha1_base64="z7/RJr29Zsv9Shx9UfhmZc3p0cE="></latexit>

• Occurs in following scenario

nm(T ) ⇡ 10�5 vm
MPl

T 3

<latexit sha1_base64="tGxAP0jwu6qf5A51sEL369Wkli4="></latexit>



Strings Eating Monopoles (Collapse)

• Occurs in following scenario

String formationInflation Monopole formation

• String rest mass converted to 
monopole kinetic energy 

Annihilation

l ⇡ 1

nm(T = vµ)1/3

<latexit sha1_base64="rm89jmMU8WzqvuX895U++TQYtNY="></latexit>

l

<latexit sha1_base64="ZgAhsmJEH7W/bm4GHDRGH2QNWIA=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadlNsia5Bb14jGgekCxhdjKbDJmdXWZmhRDyCV48KOLVL/Lm3zh5CCpa0FBUddPdFSScKe04H1ZmbX1jcyu7ndvZ3ds/yB8etVScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjK/mfvueSsVicacnCfUjPBQsZARrI90ixPv5gmO7rlepVpEhF45XqhlSLHu1kotc21mgACs0+vn33iAmaUSFJhwr1XWdRPtTLDUjnM5yvVTRBJMxHtKuoQJHVPnTxakzdGaUAQpjaUpotFC/T0xxpNQkCkxnhPVI/fbm4l9eN9Vh1Z8ykaSaCrJcFKYc6RjN/0YDJinRfGIIJpKZWxEZYYmJNunkTAhfn6L/Satou2XbuykX6perOLJwAqdwDi5UoA7X0IAmEBjCAzzBs8WtR+vFel22ZqzVzDH8gPX2CfLGjZo=</latexit>

Strings Eating Monopoles (Collapse)



Strings Eating Monopoles (Collapse)

• Occurs in following scenario

String formationInflation Monopole formation

• String rest mass converted to 
monopole kinetic energy 

Annihilation

l ⇡ 1

nm(T = vµ)1/3

<latexit sha1_base64="rm89jmMU8WzqvuX895U++TQYtNY="></latexit>

l

<latexit sha1_base64="ZgAhsmJEH7W/bm4GHDRGH2QNWIA=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadlNsia5Bb14jGgekCxhdjKbDJmdXWZmhRDyCV48KOLVL/Lm3zh5CCpa0FBUddPdFSScKe04H1ZmbX1jcyu7ndvZ3ds/yB8etVScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjK/mfvueSsVicacnCfUjPBQsZARrI90ixPv5gmO7rlepVpEhF45XqhlSLHu1kotc21mgACs0+vn33iAmaUSFJhwr1XWdRPtTLDUjnM5yvVTRBJMxHtKuoQJHVPnTxakzdGaUAQpjaUpotFC/T0xxpNQkCkxnhPVI/fbm4l9eN9Vh1Z8ykaSaCrJcFKYc6RjN/0YDJinRfGIIJpKZWxEZYYmJNunkTAhfn6L/Satou2XbuykX6perOLJwAqdwDi5UoA7X0IAmEBjCAzzBs8WtR+vFel22ZqzVzDH8gPX2CfLGjZo=</latexit>

Strings Eating Monopoles (Collapse)



Monopole Network Evolution

• String rest mass converted to monopole kinetic energy Decay via friction & 
gravitational radiation

• Potential gravitational wave signal if 

• String induced monopole motion generates friction with plasma

Strings Eating Monopoles (Collapse)

µl ⇡ 2⇥ 1

2
mv2max

<latexit sha1_base64="vj/raL/3Rgmpbi52OZpD+cDRNuQ="></latexit>

vmax ⇠ 1

<latexit sha1_base64="6i5VkStFoxaCrkg3AuOCNPYG0MQ=">AAAB+3icdVDLSgMxFM3UV62vWpdugkVwVWb6sO2u6MZlBWsLnaFk0kwbmmSGJFNahvkVNy4UceuPuPNvTB+Cih64cDjnXu69x48YVdq2P6zMxubW9k52N7e3f3B4lD8u3Kswlph0cMhC2fORIowK0tFUM9KLJEHcZ6TrT64XfndKpKKhuNPziHgcjQQNKEbaSIN8YTpIXMkhR7MUuopy6AzyRbvkOLV6owENubRrlaYh5WqtWXGgU7KXKII12oP8uzsMccyJ0JghpfqOHWkvQVJTzEiac2NFIoQnaET6hgrEifKS5e0pPDfKEAahNCU0XKrfJxLElZpz33RypMfqt7cQ//L6sQ4aXkJFFGsi8GpREDOoQ7gIAg6pJFizuSEIS2puhXiMJMLaxJUzIXx9Cv8n9+WSUy3VbqvF1tU6jiw4BWfgAjigDlrgBrRBB2AwAw/gCTxbqfVovVivq9aMtZ45AT9gvX0CrKKUOQ==</latexit>

Fstring ⇠ µ

<latexit sha1_base64="urRPcjCJ93dY/7fdz8NGuhz/A5A=">AAACAHicdVDLSgMxFM3UV62vqgsXboJFcFVm2o5td0VBXFawD+iUkkkzbWiSGZKMUIbZ+CtuXCji1s9w59+YPgQVPXDhcM693HuPHzGqtG1/WJmV1bX1jexmbmt7Z3cvv3/QVmEsMWnhkIWy6yNFGBWkpalmpBtJgrjPSMefXM78zh2RiobiVk8j0udoJGhAMdJGGuSPrgaJJzlUWlIxSqGnKIcejwf5gl10HLdaq0FDzm23XDekVHHrZQc6RXuOAliiOci/e8MQx5wIjRlSqufYke4nSGqKGUlzXqxIhPAEjUjPUIE4Uf1k/kAKT40yhEEoTQkN5+r3iQRxpabcN50c6bH67c3Ev7xerINaP6EiijUReLEoiBnUIZylAYdUEqzZ1BCEJTW3QjxGEmFtMsuZEL4+hf+TdqnoVIruTaXQuFjGkQXH4AScAQdUQQNcgyZoAQxS8ACewLN1bz1aL9brojVjLWcOwQ9Yb5/Yo5aZ</latexit>

Ffriction ⇠ T 2v

<latexit sha1_base64="9bBt4HfHLIuJO44mQ2mYu5vTWtY=">AAACBHicdVDLSsNAFJ3UV62vqstuBovgqiRtY9tdURCXFfqCJpbJdNIOnUnCzKRQQhdu/BU3LhRx60e482+cPgQVPXDhcM693HuPFzEqlWl+GKm19Y3NrfR2Zmd3b/8ge3jUlmEsMGnhkIWi6yFJGA1IS1HFSDcSBHGPkY43vpz7nQkRkoZBU00j4nI0DKhPMVJa6mdzV/3EERz6guK5MoOOpBw2b4tw0s/mzYJl2ZVqFWpybtqlmibFsl0rWdAqmAvkwQqNfvbdGYQ45iRQmCEpe5YZKTdBQlHMyCzjxJJECI/RkPQ0DRAn0k0WT8zgqVYG0A+FrkDBhfp9IkFcyin3dCdHaiR/e3PxL68XK7/qJjSIYkUCvFzkxwyqEM4TgQMqCFZsqgnCgupbIR4hgbDSuWV0CF+fwv9Ju1iwygX7ppyvX6ziSIMcOAFnwAIVUAfXoAFaAIM78ACewLNxbzwaL8brsjVlrGaOwQ8Yb58aJpfE</latexit>

vdrag ⇠ µ

T 2

<latexit sha1_base64="vISX3hzHKnlxcMkgDxyNT96Pkqc="></latexit>

balance

⌧ ⇡ E

|Pf |
⇡ µl

�T 2v2
(Monopole-bounded string lifetime)

<latexit sha1_base64="2Qbl14tVP4bgmwWdhexb35i39F0="></latexit>

Vilenkin ‘82



Exact recipe with       source of monopole-bounded strings at 

Monopole Burst Spectrum

•  

•  

•                        and          at high frequencies,  
                       at lower frequencies

Strings Eating Monopoles (Collapse)

f�1

<latexit sha1_base64="JoZwdrSiSNjCFA+QuBqCk3vZ7aA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXKnosevFYwX5Au5Zsmm1js8mSZIWy7H/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvpn67SeqNJPi3kxi6kd4KFjICDZWaoUP6ZmX9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOs1Iv0TTGZIyHtGupwBHVfjq7NkMnVhmgUCpbwqCZ+nsixZHWkyiwnRE2I73oTcX/vG5iwis/ZSJODBVkvihMODISTV9HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1Yu7WqV+ncdRhCM4hlPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz8gj47Y</latexit>

f3

<latexit sha1_base64="gpd4Nswch1KkotGZMKuPx+rL7PY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KolW9Fj04rGCaQttLZvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TJxqxn0Wy1i3Amq4FIr7KFDyVqI5jQLJm8Hoduo3n7g2IlYPOE54N6IDJULBKFrJDx+zi0mvVHYr7gxkmXg5KUOOeq/01enHLI24QiapMW3PTbCbUY2CST4pdlLDE8pGdMDblioacdPNZsdOyKlV+iSMtS2FZKb+nshoZMw4CmxnRHFoFr2p+J/XTjG87mZCJSlyxeaLwlQSjMn0c9IXmjOUY0so08LeStiQasrQ5lO0IXiLLy+TxnnFq1Yu76vl2k0eRwGO4QTOwIMrqMEd1MEHBgKe4RXeHOW8OO/Ox7x1xclnjuAPnM8fuNGOow==</latexit>

Leblond ‘09

⇢GW,burst ⇡ nm(vµ)⇥ PGW ⇥ ⌧

<latexit sha1_base64="El8ZZ7vZFp14YSSAxZP4fhGquGs="></latexit>

⇠ Gµ2

<latexit sha1_base64="n2ncU2CeDCS1vI3RcJFWEX4wzbA=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktFT0WPeixgv2A7lqyabYNTbJrki2U0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmhQln2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC4c3Mb42o0iyWD2ac0EDgvmQRI9hYKfA1E+gW+SJ9rKBuseSW3TnQKvEyUoIM9W7xy+/FJBVUGsKx1h3PTUwwwcowwum04KeaJpgMcZ92LJVYUB1M5kdP0ZlVeiiKlS1p0Fz9PTHBQuuxCG2nwGagl72Z+J/XSU10FUyYTFJDJVksilKOTIxmCaAeU5QYPrYEE8XsrYgMsMLE2JwKNgRv+eVV0qyUvWr54r5aql1nceThBE7hHDy4hBrcQR0aQOAJnuEV3pyR8+K8Ox+L1pyTzRzDHzifP0CzkR4=</latexit>

(Roughly same as pure strings)

ln f

<latexit sha1_base64="C+K1fWBy+1OFAyZS28dvFCMJzc0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ70lFon615tbdOcgq8QpSgwLNfvWrN0hYFnOFTFJjup6bYpBTjYJJPq30MsNTysZ0yLuWKhpzE+TzY6fkzCoDEiXalkIyV39P5DQ2ZhKHtjOmODLL3kz8z+tmGN0EuVBphlyxxaIokwQTMvucDITmDOXEEsq0sLcSNqKaMrT5VGwI3vLLq6R1Ufcu61cPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w9rWo5w</latexit>

⌦GW /

<latexit sha1_base64="vSFwRSiYS0ZHAeLpIuHpmdz1AC4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEKrosutCdFewDmlAm00k7dB5hZiKUkI2/4saFIm79DHf+jdM2C209cOFwzr3ce0+UMKqN5307S8srq2vrpY3y5tb2zq67t9/SMlWYNLFkUnUipAmjgjQNNYx0EkUQjxhpR6Prid9+JEpTKR7MOCEhRwNBY4qRsVLPPQzuOBmgXhYoDm/aOQwSJRMje27Fq3pTwEXiF6QCCjR67lfQlzjlRBjMkNZd30tMmCFlKGYkLwepJgnCIzQgXUsF4kSH2fSBHJ5YpQ9jqWwJA6fq74kMca3HPLKdHJmhnvcm4n9eNzXxZZhRkaSGCDxbFKcMGgknacA+VQQbNrYEYUXtrRAPkULY2MzKNgR//uVF0jqr+rXq+X2tUr8q4iiBI3AMToEPLkAd3IIGaAIMcvAMXsGb8+S8OO/Ox6x1ySlmDsAfOJ8/aj2WTg==</latexit>

��

<latexit sha1_base64="5NT3OhSQwhAvoda2Bdfy0uL9R1I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRih6LXjxWsB/QhrLZbNqlm03YnQil9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMM95kiUx0J6CGS6F4EwVK3kk1p3EgeTsY3c389hPXRiTqEccp92M6UCISjKKV2r2QS6QX/XLFrbpzkFXi5aQCORr98lcvTFgWc4VMUmO6npuiP6EaBZN8WuplhqeUjeiAdy1VNObGn8zPnZIzq4QkSrQthWSu/p6Y0NiYcRzYzpji0Cx7M/E/r5thdONPhEoz5IotFkWZJJiQ2e8kFJozlGNLKNPC3krYkGrK0CZUsiF4yy+vktZl1atVrx5qlfptHkcRTuAUzsGDa6jDPTSgCQxG8Ayv8Oakzovz7nwsWgtOPnMMf+B8/gD/rI9b</latexit>

vµ

<latexit sha1_base64="ABEoGTddYHl1qNUuss4qLDb89IE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoQ9lsN+3S3U3Y3RRC6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwoQzbVz32yltbG5t75R3K3v7B4dH1eOTto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044uZ/7nSlVmsXyyWQJDQQeSRYxgo2V/OmgL9JBtebW3QXQOvEKUoMCrUH1qz+MSSqoNIRjrXuem5ggx8owwums0k81TTCZ4BHtWSqxoDrIF8fO0IVVhiiKlS1p0EL9PZFjoXUmQtspsBnrVW8u/uf1UhPdBjmTSWqoJMtFUcqRidH8czRkihLDM0swUczeisgYK0yMzadiQ/BWX14n7au616hfPzZqzbsijjKcwTlcggc30IQHaIEPBBg8wyu8OdJ5cd6dj2VrySlmTuEPnM8f76COxw==</latexit>

⌦GW,burst ⇡
⇢GW,burst

⇢BG(vµ)
⇥ ⌦rad ⇠ 10�4 (Gµ)4/3

<latexit sha1_base64="YURgxWxmJj902ySkgIJhuu0mKmc="></latexit>

fburst ⇠
1

l

a(vµ)

a(t0)
⇠ 10

8
Hz

⇣ vm
1015GeV

⌘1/3

<latexit sha1_base64="2toGytDXkyusq7rUC7AHLvGtUys="></latexit>



Domain Walls Bounded by Strings

Kibble ’82,  Everett ‘82



Strings Eating Domain Walls (Nucleation)

• Occurs in following scenario

String formation



Strings Eating Domain Walls (Nucleation)

• Occurs in following scenario

String formation Inflation



Strings Eating Domain Walls (Nucleation)

• Occurs in following scenario

String formation Inflation Wall formation



Strings Eating Domain Walls (Nucleation)

• Occurs in following scenario

String formation Inflation Wall formation Wait…



Strings Eating Domain Walls (Nucleation)

• Occurs in following scenario

String formation Inflation Wall formation Nucleation

• Wall rest mass converted to string kinetic 
energy (string expands and eats wall)

• Before nucleation, walls evolve as pure wall network



Strings Eating Domain Walls (Nucleation)

• Occurs in following scenario

String formation Inflation Wall formation Nucleation

• Wall rest mass converted to string kinetic 
energy (string expands and eats wall)

• Before nucleation, walls evolve as pure wall network



Pure Wall Network Evolution

Typical separation and wall curvature same scale R

<latexit sha1_base64="ecQlZ9tOaOZv+X+GAOayOVoQEaY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK85jN4=</latexit>

⇢1 ⇠ �R2

R3
=

�

R

<latexit sha1_base64="lI1gaN7+zmZR5O2jAN5cI0sU8x0=">AAACJXicbZDLSgMxFIYz9VbrrerSTbAIrspMrehCoejGZS32Ap22ZNJMG5pkhiQjlGFexo2v4saFRQRXvoppOwvbeiDw8f/ncHJ+L2RUadv+tjJr6xubW9nt3M7u3v5B/vCooYJIYlLHAQtky0OKMCpIXVPNSCuUBHGPkaY3up/6zWciFQ3Ekx6HpMPRQFCfYqSN1MvfuHIY9GKXCl+PE+gqyqHrS4RjgwOOYK1bSuJa9yKBtwuGEZNevmAX7VnBVXBSKIC0qr38xO0HOOJEaMyQUm3HDnUnRlJTzEiScyNFQoRHaEDaBgXiRHXi2ZUJPDNKH/qBNE9oOFP/TsSIKzXmnunkSA/VsjcV//PakfavOzEVYaSJwPNFfsSgDuA0MtinkmDNxgYQltT8FeIhMlFoE2zOhOAsn7wKjVLRKRcvH8uFyl0aRxacgFNwDhxwBSrgAVRBHWDwAt7AB5hYr9a79Wl9zVszVjpzDBbK+vkFZwal0A==</latexit>

• One-scale model and “infinite” (superhorizon) wall network

Strings Eating Walls (Nucleation)

• Network reaches scaling regime, similar to infinite string network R/t = O(1) constant

<latexit sha1_base64="spU3TbzUTzC/Ex33MCZDAQluLdA=">AAACDnicbVA9SwNBEN3zM8avU0ubxRCITbyTiDZC0MbOKOYDciHsbTbJkr29Y3dODEd+gY1/xcZCEVtrO/+Ne0kKTXww8Hhvhpl5fiS4Bsf5thYWl5ZXVjNr2fWNza1te2e3psNYUValoQhVwyeaCS5ZFTgI1ogUI4EvWN0fXKZ+/Z4pzUN5B8OItQLSk7zLKQEjte387RHgc+wFBPqUiOR6VHAPsQfsARJMQ6mBSBi17ZxTdMbA88SdkhyaotK2v7xOSOOASaCCaN10nQhaCVHAqWCjrBdrFhE6ID3WNFSSgOlWMn5nhPNG6eBuqExJwGP190RCAq2HgW8607P1rJeK/3nNGLpnrYTLKAYm6WRRNxYYQpxmgztcMQpiaAihiptbMe0TRSiYBLMmBHf25XlSOy66peLJTSlXvpjGkUH76AAVkItOURldoQqqIooe0TN6RW/Wk/VivVsfk9YFazqzh/7A+vwBwzGbWQ==</latexit>

� ⇡ v3w (Wall mass per unit area)

<latexit sha1_base64="TQMURxd4dgmU7ERBxIwG25IoUZ0="></latexit>

• Domain wall energy density grows with respect to background energy density! 
(Leads to “domain wall problem”)



Domain Wall Gravitational Wave Amplitude

• Gravitational wave power sets amplitude of spectrum

Strings Eating Walls (Nucleation)

B ⇠ 1 for walls in scaling regime

<latexit sha1_base64="pyCJuxlX733aX8JrnqVRwzVYZBs="></latexit>

Hiramatsu 2014

d⇢GW

dt
+ 4H⇢GW = �nDWPGW ' G�

2

t
✓(t� � t)

<latexit sha1_base64="gdikpgB31EUZy//VSkBYom2m+Zk="></latexit>

⇢GW(t) ⇡

8
><

>:

G�2 t  t�

G�2

✓
a(t�)

a(t)

◆4

t > t�

<latexit sha1_base64="6AwXJyLyCMcF6c/AeA/Rr0J4Uww="></latexit>

fpeak ⇡ 1

t�

a(t�)

a(t0)
(Observed peak frequency)

<latexit sha1_base64="iL104nIdBDwuEg31mkMPSvz0nMY="></latexit>

PGW ⇡ G
X

i,j

h
...
Qij

...
Qiji ⇠ G(MwR

2 !3)2 = BG�Mw.

<latexit sha1_base64="AVyD69NKbhBlrcAJ3WrMeCQ1AHk="></latexit>

⌦GW,max ⇡⇢GW(t�)

⇢c(t�)
⌦rad ⇠ (G�t�)

2⌦rad

<latexit sha1_base64="LDkWRJQDGjHLQBjIeQIwIjcxzog="></latexit>



String Nucleation Rate

• We saw domain wall size grows with time 

• Eventually, energetically favorable to lose wall mass and nucleate strings

• WKB tunneling rate per unit area

Strings Eating Walls (Nucleation)

R2 ⇠ t2

<latexit sha1_base64="eVbM1MaZK796qc0uoRP/tykLKh0=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZK0se2u6MZlFfuAJi2T6aQdOpOEmYlQQn/DjQtF3Poz7vwbpw9BRQ9cOJxzL/feEySMSmVZH0ZubX1jcyu/XdjZ3ds/KB4etWWcCkxaOGax6AZIEkYj0lJUMdJNBEE8YKQTTK7mfueeCEnj6E5NE+JzNIpoSDFSWvJu+w70JOVQ9Z1BsWSZtu1WazWoyYXlluuaOBW3XrahbVoLlMAKzUHx3RvGOOUkUpghKXu2lSg/Q0JRzMis4KWSJAhP0Ij0NI0QJ9LPFjfP4JlWhjCMha5IwYX6fSJDXMopD3QnR2osf3tz8S+vl6qw5mc0SlJFIrxcFKYMqhjOA4BDKghWbKoJwoLqWyEeI4Gw0jEVdAhfn8L/Sdsx7Yrp3lRKjctVHHlwAk7BObBBFTTANWiCFsAgAQ/gCTwbqfFovBivy9acsZo5Bj9gvH0CDsyREw==</latexit>

E = µ2⇡R� �⇡R2

<latexit sha1_base64="VXNCSHckM3QnWGlbnoNd5Rh1Ux8="></latexit>

�d / �e�SE ,

<latexit sha1_base64="JF7Hzy3EY9mR6q0p8CZm171eDnY="></latexit>

SE =

Z Rtp

0
dr
p

µrE / µ3

�2

<latexit sha1_base64="i8GGSvjdORlWOC1EZ2Y+1H2SFJg="></latexit>



String Nucleation Rate

• We saw domain wall size grows with time 

• Eventually, energetically favorable to lose wall mass and nucleate strings

Strings Eating Walls (Nucleation)

R2 ⇠ t2

<latexit sha1_base64="eVbM1MaZK796qc0uoRP/tykLKh0=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZK0se2u6MZlFfuAJi2T6aQdOpOEmYlQQn/DjQtF3Poz7vwbpw9BRQ9cOJxzL/feEySMSmVZH0ZubX1jcyu/XdjZ3ds/KB4etWWcCkxaOGax6AZIEkYj0lJUMdJNBEE8YKQTTK7mfueeCEnj6E5NE+JzNIpoSDFSWvJu+w70JOVQ9Z1BsWSZtu1WazWoyYXlluuaOBW3XrahbVoLlMAKzUHx3RvGOOUkUpghKXu2lSg/Q0JRzMis4KWSJAhP0Ij0NI0QJ9LPFjfP4JlWhjCMha5IwYX6fSJDXMopD3QnR2osf3tz8S+vl6qw5mc0SlJFIrxcFKYMqhjOA4BDKghWbKoJwoLqWyEeI4Gw0jEVdAhfn8L/Sdsx7Yrp3lRKjctVHHlwAk7BObBBFTTANWiCFsAgAQ/gCTwbqfFovBivy9acsZo5Bj9gvH0CDsyREw==</latexit>

E = µ2⇡R� �⇡R2

<latexit sha1_base64="VXNCSHckM3QnWGlbnoNd5Rh1Ux8="></latexit>

• Bounce action formalism

• Exponentially sensitive! Large separation of string and 
domain wall scales         long-lived wall network

�d ⇠ �exp(�16⇡

3
s)

<latexit sha1_base64="CjDIwjhUH14Qi3S2MYmkLqxPPgE="></latexit>

s =
µ3

�2

<latexit sha1_base64="8P1UYRR5CpMfs1ZZLXqHiigzrX0="></latexit>



String Nucleation on Walls Spectrum

• Walls eaten when 

•           spectrum at high frequencies, 
       decaying spectrum at lower frequencies

Strings Eating Walls (Nucleation)

A > Amax ⇠ �dt
2

<latexit sha1_base64="44bGb0IzvvGpiJUzAheWLgUAowI="></latexit>

⌦GW(f) =
f

⇢c

d⇢GW(t0, f)

df

⇡ ⌦GW,max

8
>><

>>:

✓
f

fpeak

◆�1

f > fpeak
✓

f

fpeak

◆3

f  fpeak

<latexit sha1_base64="r3d0Ngz7BlwCpnOsBuEeDBzAdmM="></latexit>

Hiramatsu 2014

f�1

<latexit sha1_base64="LgXdV/KDWtJeoymbWfFjUJ63ZEM=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4cZi0Hdvuim5cVrAPaMeSSTNtbGYyJBmhDP0HNy4Ucev/uPNvTB+Cih64cDjnXu69x485U9pxPqzMyura+kZ2M7e1vbO7l98/aCmRSEKbRHAhOz5WlLOINjXTnHZiSXHoc9r2x5czv31PpWIiutGTmHohHkYsYARrI7WC2/QMTfv5gmMj5FaqVWjIueOWaoYUy26thCCynTkKYIlGP//eGwiShDTShGOlusiJtZdiqRnhdJrrJYrGmIzxkHYNjXBIlZfOr53CE6MMYCCkqUjDufp9IsWhUpPQN50h1iP125uJf3ndRAdVL2VRnGgakcWiIOFQCzh7HQ6YpETziSGYSGZuhWSEJSbaBJQzIXx9Cv8nraKNyrZ7XS7UL5ZxZMEROAanAIEKqIMr0ABNQMAdeABP4NkS1qP1Yr0uWjPWcuYQ/ID19gmRe48m</latexit>

f3

<latexit sha1_base64="GbSpGdpXawO/KtyyeNau1k1Z+nk=">AAAB7HicdVDJSgNBEK2JW4xb1KOXxiB4GmaymOQW9OIxglkgGUNPpydp0tMzdPcIYcg3ePGgiFc/yJt/Y2cRVPRBweO9Kqrq+TFnSjvOh5VZW9/Y3Mpu53Z29/YP8odHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k6u537mnUrFI3OppTL0QjwQLGMHaSK3gLi3NBvmCY7tupVqrIUMunEqpbkixXKmXXOTazgIFWKE5yL/3hxFJQio04VipnuvE2kux1IxwOsv1E0VjTCZ4RHuGChxS5aWLY2fozChDFETSlNBooX6fSHGo1DT0TWeI9Vj99ubiX14v0UHNS5mIE00FWS4KEo50hOafoyGTlGg+NQQTycytiIyxxESbfHImhK9P0f+kXbTdsl25KRcal6s4snACp3AOLlShAdfQhBYQYPAAT/BsCevRerFel60ZazVzDD9gvX0CKcyO8Q==</latexit>

t� ⇠ 1

A⇥ �d
⇠ 1

�1/3
exp

16⇡s

9

<latexit sha1_base64="xIQQlUTLYA49enN9ZGSdrjaaCOk="></latexit>



Walls Eating Strings (Collapse)

• Occurs in following scenario
Inflation String formation



Walls Eating Strings (Collapse)

• Occurs in following scenario
Inflation String formation Wall formation Eventual collapse

• Wall rest mass converted to string 
kinetic energy 

Wall-bounded strings oscillate and 
decay via gravitational radiation

fstring ⇡ µ

<latexit sha1_base64="WiCwEHEH/zH4FpF/FJdO0wLccRE=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjNS0WXRjcsK9gGdYcikmTY0yYQkI5ah4MZfceNCEbf+hDv/xrSdhbYeuHA4517uvSeWjGrjed/O0vLK6tp6aaO8ubW9s+vu7bd0milMmjhlqerESBNGBWkaahjpSEUQjxlpx8Prid++J0rTVNyZkSQhR31BE4qRsVLkHiZRHigOtVFU9McwQFKq9AEGPIvcilf1poCLxC9IBRRoRO5X0EtxxokwmCGtu74nTZgjZShmZFwOMk0kwkPUJ11LBeJEh/n0hzE8sUoPJqmyJQycqr8ncsS1HvHYdnJkBnrem4j/ed3MJJdhToXMDBF4tijJGDQpnAQCe1QRbNjIEoQVtbdCPEAKYWNjK9sQ/PmXF0nrrOrXque3tUr9qoijBI7AMTgFPrgAdXADGqAJMHgEz+AVvDlPzovz7nzMWpecYuYA/IHz+QMmOZfa</latexit>

fDW ⇡ �R

<latexit sha1_base64="gkCL5MgxX1ddzOyLkgT2ras1ztY=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIosuiLlxWsQ/oDCWTZtrQZBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfdEklFtPO/bKSwtr6yuFddLG5tb2zvu7l5Ti1Rh0sCCCdWOkCaMJqRhqGGkLRVBPGKkFQ0vJ37rnihNRXJnRpKEHPUTGlOMjJW6bjnuZoHi8Ko1hgGSUokHGGja5wjedt2KV/WmgIvEz0kF5Kh33a+gJ3DKSWIwQ1p3fE+aMEPKUMzIuBSkmkiEh6hPOpYmiBMdZtMnxvDQKj0YC2UrMXCq/p7IENd6xCPbyZEZ6HlvIv7ndVITn4cZTWRqSIJni+KUQSPgJBHYo4pgw0aWIKyovRXiAVIIG5tbyYbgz7+8SJrHVf+kenpzUqld5HEUQRkcgCPggzNQA9egDhoAg0fwDF7Bm/PkvDjvzsesteDkM/vgD5zPH8NKl4k=</latexit>

Rc ⌘
µ

�

<latexit sha1_base64="8KXfmz1WGrwW21waGOBBo3jUxio="></latexit>



Walls Eating Strings (Collapse)

• Occurs in following scenario
Inflation String formation Wall formation Eventual collapse

• Wall rest mass converted to string 
kinetic energy 

Wall-bounded strings oscillate and 
decay via gravitational radiation

fstring ⇡ µ

<latexit sha1_base64="WiCwEHEH/zH4FpF/FJdO0wLccRE=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjNS0WXRjcsK9gGdYcikmTY0yYQkI5ah4MZfceNCEbf+hDv/xrSdhbYeuHA4517uvSeWjGrjed/O0vLK6tp6aaO8ubW9s+vu7bd0milMmjhlqerESBNGBWkaahjpSEUQjxlpx8Prid++J0rTVNyZkSQhR31BE4qRsVLkHiZRHigOtVFU9McwQFKq9AEGPIvcilf1poCLxC9IBRRoRO5X0EtxxokwmCGtu74nTZgjZShmZFwOMk0kwkPUJ11LBeJEh/n0hzE8sUoPJqmyJQycqr8ncsS1HvHYdnJkBnrem4j/ed3MJJdhToXMDBF4tijJGDQpnAQCe1QRbNjIEoQVtbdCPEAKYWNjK9sQ/PmXF0nrrOrXque3tUr9qoijBI7AMTgFPrgAdXADGqAJMHgEz+AVvDlPzovz7nzMWpecYuYA/IHz+QMmOZfa</latexit>

fDW ⇡ �R

<latexit sha1_base64="gkCL5MgxX1ddzOyLkgT2ras1ztY=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIosuiLlxWsQ/oDCWTZtrQZBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfdEklFtPO/bKSwtr6yuFddLG5tb2zvu7l5Ti1Rh0sCCCdWOkCaMJqRhqGGkLRVBPGKkFQ0vJ37rnihNRXJnRpKEHPUTGlOMjJW6bjnuZoHi8Ko1hgGSUokHGGja5wjedt2KV/WmgIvEz0kF5Kh33a+gJ3DKSWIwQ1p3fE+aMEPKUMzIuBSkmkiEh6hPOpYmiBMdZtMnxvDQKj0YC2UrMXCq/p7IENd6xCPbyZEZ6HlvIv7ndVITn4cZTWRqSIJni+KUQSPgJBHYo4pgw0aWIKyovRXiAVIIG5tbyYbgz7+8SJrHVf+kenpzUqld5HEUQRkcgCPggzNQA9egDhoAg0fwDF7Bm/PkvDjvzsesteDkM/vgD5zPH8NKl4k=</latexit>

Rc ⌘
µ

�

<latexit sha1_base64="8KXfmz1WGrwW21waGOBBo3jUxio="></latexit>



Walls Eating Strings (Collapse)

• Occurs in following scenario
Inflation String formation Wall formation Eventual collapse

• Wall rest mass converted to string 
kinetic energy 

Wall-bounded strings oscillate and 
decay via gravitational radiation

fstring ⇡ µ

<latexit sha1_base64="WiCwEHEH/zH4FpF/FJdO0wLccRE=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjNS0WXRjcsK9gGdYcikmTY0yYQkI5ah4MZfceNCEbf+hDv/xrSdhbYeuHA4517uvSeWjGrjed/O0vLK6tp6aaO8ubW9s+vu7bd0milMmjhlqerESBNGBWkaahjpSEUQjxlpx8Prid++J0rTVNyZkSQhR31BE4qRsVLkHiZRHigOtVFU9McwQFKq9AEGPIvcilf1poCLxC9IBRRoRO5X0EtxxokwmCGtu74nTZgjZShmZFwOMk0kwkPUJ11LBeJEh/n0hzE8sUoPJqmyJQycqr8ncsS1HvHYdnJkBnrem4j/ed3MJJdhToXMDBF4tijJGDQpnAQCe1QRbNjIEoQVtbdCPEAKYWNjK9sQ/PmXF0nrrOrXque3tUr9qoijBI7AMTgFPrgAdXADGqAJMHgEz+AVvDlPzovz7nzMWpecYuYA/IHz+QMmOZfa</latexit>

fDW ⇡ �R

<latexit sha1_base64="gkCL5MgxX1ddzOyLkgT2ras1ztY=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIosuiLlxWsQ/oDCWTZtrQZBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfdEklFtPO/bKSwtr6yuFddLG5tb2zvu7l5Ti1Rh0sCCCdWOkCaMJqRhqGGkLRVBPGKkFQ0vJ37rnihNRXJnRpKEHPUTGlOMjJW6bjnuZoHi8Ko1hgGSUokHGGja5wjedt2KV/WmgIvEz0kF5Kh33a+gJ3DKSWIwQ1p3fE+aMEPKUMzIuBSkmkiEh6hPOpYmiBMdZtMnxvDQKj0YC2UrMXCq/p7IENd6xCPbyZEZ6HlvIv7ndVITn4cZTWRqSIJni+KUQSPgJBHYo4pgw0aWIKyovRXiAVIIG5tbyYbgz7+8SJrHVf+kenpzUqld5HEUQRkcgCPggzNQA9egDhoAg0fwDF7Bm/PkvDjvzsesteDkM/vgD5zPH8NKl4k=</latexit>

Rc ⌘
µ

�

<latexit sha1_base64="8KXfmz1WGrwW21waGOBBo3jUxio="></latexit>



Walls Eating Strings (Collapse)

• Occurs in following scenario
Inflation String formation Wall formation Eventual collapse

• Wall rest mass converted to string 
kinetic energy 

Wall-bounded strings oscillate and 
decay via gravitational radiation

fstring ⇡ µ

<latexit sha1_base64="WiCwEHEH/zH4FpF/FJdO0wLccRE=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjNS0WXRjcsK9gGdYcikmTY0yYQkI5ah4MZfceNCEbf+hDv/xrSdhbYeuHA4517uvSeWjGrjed/O0vLK6tp6aaO8ubW9s+vu7bd0milMmjhlqerESBNGBWkaahjpSEUQjxlpx8Prid++J0rTVNyZkSQhR31BE4qRsVLkHiZRHigOtVFU9McwQFKq9AEGPIvcilf1poCLxC9IBRRoRO5X0EtxxokwmCGtu74nTZgjZShmZFwOMk0kwkPUJ11LBeJEh/n0hzE8sUoPJqmyJQycqr8ncsS1HvHYdnJkBnrem4j/ed3MJJdhToXMDBF4tijJGDQpnAQCe1QRbNjIEoQVtbdCPEAKYWNjK9sQ/PmXF0nrrOrXque3tUr9qoijBI7AMTgFPrgAdXADGqAJMHgEz+AVvDlPzovz7nzMWpecYuYA/IHz+QMmOZfa</latexit>

fDW ⇡ �R

<latexit sha1_base64="gkCL5MgxX1ddzOyLkgT2ras1ztY=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsyIosuiLlxWsQ/oDCWTZtrQZBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfdEklFtPO/bKSwtr6yuFddLG5tb2zvu7l5Ti1Rh0sCCCdWOkCaMJqRhqGGkLRVBPGKkFQ0vJ37rnihNRXJnRpKEHPUTGlOMjJW6bjnuZoHi8Ko1hgGSUokHGGja5wjedt2KV/WmgIvEz0kF5Kh33a+gJ3DKSWIwQ1p3fE+aMEPKUMzIuBSkmkiEh6hPOpYmiBMdZtMnxvDQKj0YC2UrMXCq/p7IENd6xCPbyZEZ6HlvIv7ndVITn4cZTWRqSIJni+KUQSPgJBHYo4pgw0aWIKyovRXiAVIIG5tbyYbgz7+8SJrHVf+kenpzUqld5HEUQRkcgCPggzNQA9egDhoAg0fwDF7Bm/PkvDjvzsesteDkM/vgD5zPH8NKl4k=</latexit>

Rc ⌘
µ

�

<latexit sha1_base64="8KXfmz1WGrwW21waGOBBo3jUxio="></latexit>



Dynamics of Domain Wall Bounded Strings

• Combine domain wall and string Nambu-Goto actions 
S = �µ

Z
d2⇠

p
�� � �

Z
d3⇠

p
��.

<latexit sha1_base64="AKpftickwWT0wSV6CjKETsFiWSg="></latexit>

• Identify boundary of domain wall with string radius

E.O.M. of circular string boundary

String dominates dynamics for

Domain wall dominates dynamics for

|rs| < Rc

<latexit sha1_base64="0jDxZUTqsgyIt+uBd7bEoLN4t0w=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5CElFZwUXTjsop9QBvCZDpph04ezEyEmhZ/xY0LRdz6H+78GydtBRU9MHA4517umeMnjAppmh9aYWl5ZXWtuF7a2Nza3tF391oiTjkmTRyzmHd8JAijEWlKKhnpJJyg0Gek7Y8ucr99S7igcXQjxwlxQzSIaEAxkkry9INJL0Ry6AcZn3piAs/gtYc9vWwatmlXrBpUpFp1qhVFHNs2TyvQMswZymCBhqe/9/oxTkMSScyQEF3LTKSbIS4pZmRa6qWCJAiP0IB0FY1QSISbzdJP4bFS+jCIuXqRhDP1+0aGQiHGoa8m86jit5eLf3ndVAY1N6NRkkoS4fmhIGVQxjCvAvYpJ1iysSIIc6qyQjxEHGGpCiupEr5+Cv8nLduwHKNy5ZTr54s6iuAQHIETYIEqqINL0ABNgMEdeABP4Fm71x61F+11PlrQFjv74Ae0t0+Y6ZVV</latexit>

|rs| > Rc

<latexit sha1_base64="MVAIhyaAoZuSuBCvZYqXZDI71vY=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5CElNaNFN24rGIf0IYwmU7aoZMHMxOhpsVfceNCEbf+hzv/xklbQUUPDBzOuZd75vgJo0Ka5odWWFpeWV0rrpc2Nre2d/TdvZaIU45JE8cs5h0fCcJoRJqSSkY6CSco9Blp+6OL3G/fEi5oHN3IcULcEA0iGlCMpJI8/WDSC5Ec+kHGp56YwDN47WFPL5uGbdoVqwYVqVadakURx7bN0wq0DHOGMlig4envvX6M05BEEjMkRNcyE+lmiEuKGZmWeqkgCcIjNCBdRSMUEuFms/RTeKyUPgxirl4k4Uz9vpGhUIhx6KvJPKr47eXiX143lUHNzWiUpJJEeH4oSBmUMcyrgH3KCZZsrAjCnKqsEA8RR1iqwkqqhK+fwv9JyzYsx6hcOeX6+aKOIjgER+AEWKAK6uASNEATYHAHHsATeNbutUftRXudjxa0xc4++AHt7ROb+ZVX</latexit>

Walls Eating Strings (Collapse)



Evolution of String-Wall Network

• Effect of wall tension on the infinite string network?

• Recipe: 
1a) Solve velocity averaged Nambu-Goto 
E.O.M one-scale model (                      )

2) Piecewise connect with solution of 
circular string-bounded wall

⇢1 =
µR

R3
=

µ

R2

<latexit sha1_base64="r4HuGGYNnzlP73C+7KITjudOyD4=">AAACHHicbZDLSgMxFIYzXmu9jbp0EyyCqzLTVnQjFN24rMVeoFNLJs20oUlmSDJCGeZB3Pgqblwo4saF4NuYtrOwrT8Efr5zDifn9yNGlXacH2tldW19YzO3ld/e2d3btw8OmyqMJSYNHLJQtn2kCKOCNDTVjLQjSRD3GWn5o5tJvfVIpKKhuNfjiHQ5GggaUIy0QT277Mlh2Es8KgI9TuEV9AKJcOLxGNbTpP5QnmMTUkp7dsEpOlPBZeNmpgAy1Xr2l9cPccyJ0JghpTquE+lugqSmmJE078WKRAiP0IB0jBWIE9VNpsel8NSQPgxCaZ7QcEr/TiSIKzXmvunkSA/VYm0C/6t1Yh1cdhMqolgTgWeLgphBHcJJUrBPJcGajY1BWFLzV4iHyCShTZ55E4K7ePKyaZaKbqV4flcpVK+zOHLgGJyAM+CCC1AFt6AGGgCDJ/AC3sC79Wy9Wh/W56x1xcpmjsCcrO9fmOGhsA==</latexit>

1b) Once wall tension begins affecting 
evolution, infinite strings of curvature radius         
behave like wall bounded strings of radius 

R

<latexit sha1_base64="ecQlZ9tOaOZv+X+GAOayOVoQEaY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK85jN4=</latexit>

R

<latexit sha1_base64="ecQlZ9tOaOZv+X+GAOayOVoQEaY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK85jN4=</latexit>

Martins, Shellard ’96

tDW < Rc

<latexit sha1_base64="16eNp/eqM8SjQ2TRnvvTvQiFqCc=">AAAB+XicbVA9SwNBEN2LXzF+nVraLAbBKtyJooVFUAvLKOYDkuPY22ySJbt7x+5cIBz5JzYWitj6T+z8N26SKzTxwcDjvRlm5kWJ4AY879sprKyurW8UN0tb2zu7e+7+QcPEqaasTmMR61ZEDBNcsTpwEKyVaEZkJFgzGt5O/eaIacNj9QTjhAWS9BXvcUrASqHrQph1tMR3zQm+xo8hDd2yV/FmwMvEz0kZ5aiF7lenG9NUMgVUEGPavpdAkBENnAo2KXVSwxJCh6TP2pYqIpkJstnlE3xilS7uxdqWAjxTf09kRBozlpHtlAQGZtGbiv957RR6V0HGVZICU3S+qJcKDDGexoC7XDMKYmwJoZrbWzEdEE0o2LBKNgR/8eVl0jir+OeVi4fzcvUmj6OIjtAxOkU+ukRVdI9qqI4oGqFn9IrenMx5cd6dj3lrwclnDtEfOJ8/D5OSpA==</latexit>

Case 1:

Case 2:
tDW > Rc

<latexit sha1_base64="iWNgsJ6qPKSI9ypCbcHk05ziOH4=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBU9kVRU9S1IPHKvYD2mXJpmkbmmSXZLZQlv4TLx4U8eo/8ea/MW33oK0PBh7vzTAzL0oEN+B5305hZXVtfaO4Wdra3tndc/cPGiZONWV1GotYtyJimOCK1YGDYK1EMyIjwZrR8HbqN0dMGx6rJxgnLJCkr3iPUwJWCl0XwqyjJb5rTvA1fgxp6Ja9ijcDXiZ+TsooRy10vzrdmKaSKaCCGNP2vQSCjGjgVLBJqZMalhA6JH3WtlQRyUyQzS6f4BOrdHEv1rYU4Jn6eyIj0pixjGynJDAwi95U/M9rp9C7CjKukhSYovNFvVRgiPE0BtzlmlEQY0sI1dzeiumAaELBhlWyIfiLLy+TxlnFP69cPJyXqzd5HEV0hI7RKfLRJaqie1RDdUTRCD2jV/TmZM6L8+58zFsLTj5ziP7A+fwBEqOSpg==</latexit>

Walls Eating Strings (Collapse)



Evolution of String-Wall Network

• Network collapse at                              , as first 
proposed by 

t⇤ ⇡ Max(Rc, tDW)

<latexit sha1_base64="gZknpvC/RYJvgbZhKb9qWVQNjRA=">AAACD3icbVDLSgNBEJyNrxhfUY9eBoMSRcKuRPQY1IMXIYp5QDYss5OJGTL7YKZXEpb9Ay/+ihcPinj16s2/cZLsQRMLGoqqbrq73FBwBab5bWTm5hcWl7LLuZXVtfWN/OZWXQWRpKxGAxHIpksUE9xnNeAgWDOUjHiuYA23fzHyGw9MKh74dzAMWdsj9z7vckpAS05+H5xDbJMwlMEAx7b08DUZJMVbhx5hcMbCZSM5cPIFs2SOgWeJlZICSlF18l92J6CRx3yggijVsswQ2jGRwKlgSc6OFAsJ7ZN71tLUJx5T7Xj8T4L3tNLB3UDq8gGP1d8TMfGUGnqu7vQI9NS0NxL/81oRdM/aMffDCJhPJ4u6kcAQ4FE4uMMloyCGmhAqub4V0x6RhIKOMKdDsKZfniX145JVLp3clAuV8zSOLNpBu6iILHSKKugKVVENUfSIntErejOejBfj3fiYtGaMdGYb/YHx+QPhnptN</latexit>

tDW < Rc

<latexit sha1_base64="16eNp/eqM8SjQ2TRnvvTvQiFqCc=">AAAB+XicbVA9SwNBEN2LXzF+nVraLAbBKtyJooVFUAvLKOYDkuPY22ySJbt7x+5cIBz5JzYWitj6T+z8N26SKzTxwcDjvRlm5kWJ4AY879sprKyurW8UN0tb2zu7e+7+QcPEqaasTmMR61ZEDBNcsTpwEKyVaEZkJFgzGt5O/eaIacNj9QTjhAWS9BXvcUrASqHrQph1tMR3zQm+xo8hDd2yV/FmwMvEz0kZ5aiF7lenG9NUMgVUEGPavpdAkBENnAo2KXVSwxJCh6TP2pYqIpkJstnlE3xilS7uxdqWAjxTf09kRBozlpHtlAQGZtGbiv957RR6V0HGVZICU3S+qJcKDDGexoC7XDMKYmwJoZrbWzEdEE0o2LBKNgR/8eVl0jir+OeVi4fzcvUmj6OIjtAxOkU+ukRVdI9qqI4oGqFn9IrenMx5cd6dj3lrwclnDtEfOJ8/D5OSpA==</latexit>

Case 1:

Case 2:
tDW > Rc

<latexit sha1_base64="iWNgsJ6qPKSI9ypCbcHk05ziOH4=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBU9kVRU9S1IPHKvYD2mXJpmkbmmSXZLZQlv4TLx4U8eo/8ea/MW33oK0PBh7vzTAzL0oEN+B5305hZXVtfaO4Wdra3tndc/cPGiZONWV1GotYtyJimOCK1YGDYK1EMyIjwZrR8HbqN0dMGx6rJxgnLJCkr3iPUwJWCl0XwqyjJb5rTvA1fgxp6Ja9ijcDXiZ+TsooRy10vzrdmKaSKaCCGNP2vQSCjGjgVLBJqZMalhA6JH3WtlQRyUyQzS6f4BOrdHEv1rYU4Jn6eyIj0pixjGynJDAwi95U/M9rp9C7CjKukhSYovNFvVRgiPE0BtzlmlEQY0sI1dzeiumAaELBhlWyIfiLLy+TxlnFP69cPJyXqzd5HEV0hI7RKfLRJaqie1RDdUTRCD2jV/TmZM6L8+58zFsLTj5ziP7A+fwBEqOSpg==</latexit>

• After attaching to strings, network evolves like 
usual string network if

• After              , domain wall tension dominates, 
collapses (eating begins)

R > Rc

<latexit sha1_base64="+c9HmDrQm/unB3INHr40UlYcVV0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRE8S9OIxBvOAZAmzk95kyOzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5aMYJ+hEdSB5yRo2VWnVyQ+o91iuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+7pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nvpM8VMiPGllCmuL2VsCFVlBmbUMGG4C2/vEqaF2WvUr58qJSqt1kceTiBUzgHD66gCvdQgwYwGMEzvMKbkzgvzrvzsWjNOdnMMfyB8/kD8wuOrA==</latexit>

R < Rc

<latexit sha1_base64="yWULUUbT+Vm8l3qrdl42Di2PgyA=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kooVF0MYyBvMByRH2NnPJkr29Y3dPCCE/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWj2acoB/RgeQhZ9RYqVUnN6TeY71iyS27c5BV4mWkBBlqveJXtx+zNEJpmKBadzw3Mf6EKsOZwGmhm2pMKBvRAXYslTRC7U/m507JmVX6JIyVLWnIXP09MaGR1uMosJ0RNUO97M3E/7xOasJrf8JlkhqUbLEoTAUxMZn9TvpcITNibAllittbCRtSRZmxCRVsCN7yy6ukeVH2KuXLh0qpepvFkYcTOIVz8OAKqnAPNWgAgxE8wyu8OYnz4rw7H4vWnJPNHMMfOJ8/7/uOqg==</latexit>

• Domain wall bounded strings oscillate with 
constant mass before decaying via GW  

Everett, Vilenkin ’82 and Martin, Vilenkin ‘96

Walls Eating Strings (Collapse)



Gravitational Power of String-Bounded Wall

• In reality, expect highly relativistic string to dominate 
GW emission

• Numerically compute  
for circular string-bounded wall solution

• Quadrupole formula,                           , for string loop                       and wall                                                
                                

P (wall)
GW & P (string)

GW

<latexit sha1_base64="Mrs2p36uX2W88jN20N4Zs0Mj36Q=">AAACInicbVDLSgMxFM3UV62vqks3wSK0mzIjFXVXdKHLCvYBbS2ZNG1Dk8yQ3FHKMN/ixl9x40JRV4IfY/pYaOuBwOGce7i5xw8FN+C6X05qaXlldS29ntnY3Nreye7u1UwQacqqNBCBbvjEMMEVqwIHwRqhZkT6gtX94eXYr98zbXigbmEUsrYkfcV7nBKwUid7XunELS3xVT25i/Nj9kCEKCS41QebknjBN6C56heSTjbnFt0J8CLxZiSHZqh0sh+tbkAjyRRQQYxpem4I7Zho4FSwJNOKDAsJHZI+a1qqiGSmHU9OTPCRVbq4F2j7FOCJ+jsRE2nMSPp2UhIYmHlvLP7nNSPonbVjrsIImKLTRb1IYAjwuC/c5ZpRECNLCNXc/hXTAdGEgm01Y0vw5k9eJLXjolcqntyUcuWLWR1pdIAOUR556BSV0TWqoCqi6BE9o1f05jw5L8678zkdTTmzzD76A+f7B37Go6o=</latexit>

R > Rc

<latexit sha1_base64="+c9HmDrQm/unB3INHr40UlYcVV0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRE8S9OIxBvOAZAmzk95kyOzsMjMrhJCP8OJBEa9+jzf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5aMYJ+hEdSB5yRo2VWnVyQ+o91iuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+7pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nvpM8VMiPGllCmuL2VsCFVlBmbUMGG4C2/vEqaF2WvUr58qJSqt1kceTiBUzgHD66gCvdQgwYwGMEzvMKbkzgvzrvzsWjNOdnMMfyB8/kD8wuOrA==</latexit>

PGW ⇡ G

45
h
...
Qij

...
Qiji

<latexit sha1_base64="f+eEJMxx+nMBg1MFUbIn8wna/uI="></latexit>

P (string)
GW ⇠ Gµ2

<latexit sha1_base64="2MVZ5gLckk52BwUx0DkE4j7O7eA=">AAACD3icbZC7TsMwFIadcivlFmBksahAZamSqgjGCgYYi0QvUtNWjuu0Vm0nsh2kKuobsPAqLAwgxMrKxtvgtBmg5ZcsffrPOTo+vx8xqrTjfFu5ldW19Y38ZmFre2d3z94/aKowlpg0cMhC2faRIowK0tBUM9KOJEHcZ6Tlj6/TeuuBSEVDca8nEelyNBQ0oBhpY/Xt03o/8SSHN61pLymlpLSkYng2hZ6ixocej3uVvl10ys5McBncDIogU71vf3mDEMecCI0ZUqrjOpHuJkhqihmZFrxYkQjhMRqSjkGBOFHdZHbPFJ4YZwCDUJonNJy5vycSxJWacN90cqRHarGWmv/VOrEOLrsJFVGsicDzRUHMoA5hGg4cUEmwZhMDCEtq/grxCEmEtYmwYEJwF09ehmal7FbL53fVYu0qiyMPjsAxKAEXXIAauAV10AAYPIJn8ArerCfrxXq3PuatOSubOQR/ZH3+ADhtm4I=</latexit>

P (wall)
GW ⇠ G�MDW

<latexit sha1_base64="pXV/bNdKpoY1rCYzic9VkAxKUZA=">AAACGnicbVBLSwMxGMzWV62vVY9egkWol7IrFT0WFfQiVLAPaNclm6ZtaJJdkqxSlv0dXvwrXjwo4k28+G/Mtj1o60DIMDMfyTdBxKjSjvNt5RYWl5ZX8quFtfWNzS17e6ehwlhiUschC2UrQIowKkhdU81IK5IE8YCRZjA8z/zmPZGKhuJWjyLicdQXtEcx0kbybbfmJx3J4WUzvUtKGXtAjB2mEHYUNXJ29TmC15PYRTP17aJTdsaA88SdkiKYoubbn51uiGNOhMYMKdV2nUh7CZKaYkbSQidWJEJ4iPqkbahAnCgvGa+WwgOjdGEvlOYIDcfq74kEcaVGPDBJjvRAzXqZ+J/XjnXv1EuoiGJNBJ481IsZ1CHMeoJdKgnWbGQIwpKav0I8QBJhbdosmBLc2ZXnSeOo7FbKxzeVYvVsWkce7IF9UAIuOAFVcAVqoA4weATP4BW8WU/Wi/VufUyiOWs6swv+wPr6Adh/n4I=</latexit>

when

Weinberg ‘72

Walls Eating Strings (Collapse)

Pn =
G!2

n

⇡

Z
d⌦|TT

µ⌫(k,!n)|2

<latexit sha1_base64="0C20Lp6/0ybx59poKSA2IjfgNnw="></latexit>



• Energy density of largest wall bounded strings after collapse evolves as 

Gravitational Wave Amplitude

• Can estimate            and frequency of GW spectrum similar to strings  

tdecay ⇡ MDW

�(R)Gµ2

<latexit sha1_base64="lcxSs6rYgYjIaErgLKV4pHIy38E="></latexit>

⇢DW(t) = ⇢(t⇤)DW

✓
a(t⇤)
a(t)

◆3

<latexit sha1_base64="V0CpEIjiVMubF8emU92fTiwz+Ck="></latexit>

R & Rc

<latexit sha1_base64="cJ1O/hPyuBbQ8YTjx9oLfRHWAlI=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNRo9ELx6RyCOBDZkdZmHCzO4600tCCN/hxYPGePVjvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUMHGqGa+zWMa6FVDDpYh4HQVK3ko0pyqQvBkM72Z+c8S1EXH0iOOE+4r2IxEKRtFKfo10+mhdRWpd1i2W3LI7B1klXkZKkKHaLX51ejFLFY+QSWpM23MT9CdUo2CSTwud1PCEsiHt87alEVXc+JP50VNyZpUeCWNtK0IyV39PTKgyZqwC26koDsyyNxP/89ophjf+RERJijxii0VhKgnGZJYA6QnNGcqxJZRpYW8lbEA1ZWhzKtgQvOWXV0njouxdlq8eLkuV2yyOPJzAKZyDB9dQgXuoQh0YPMEzvMKbM3JenHfnY9Gac7KZY/gD5/MHAA+RnA==</latexit>

(Growth over string spectrum requires                      ) tDW � Rc

<latexit sha1_base64="7TKQRTPP+/cyiklyCxzybXbo+FA=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiSi6LKoC5dV7AOaECbTSTp0ZhJmJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57wpRRpR3n26qsrK6tb1Q3a1vbO7t79n69q5JMYtLBCUtkP0SKMCpIR1PNSD+VBPGQkV44vp76vUciFU3Eg56kxOcoFjSiGGkjBXZdB7knObzpFdCLY3gf4MBuOE1nBrhM3JI0QIl2YH95wwRnnAiNGVJq4Dqp9nMkNcWMFDUvUyRFeIxiMjBUIE6Un89uL+CxUYYwSqQpoeFM/T2RI67UhIemkyM9UoveVPzPG2Q6uvRzKtJME4Hni6KMQZ3AaRBwSCXBmk0MQVhScyvEIyQR1iaumgnBXXx5mXRPm+5Z8/zurNG6KuOogkNwBE6ACy5AC9yCNugADJ7AM3gFb1ZhvVjv1se8tWKVMwfgD6zPH883k6Y=</latexit>

fdecay ⇠ 1

R(t⇤)

a(t�)

a(t0)
⇠ 10

3
Hz

✓
t⇤
Rc

◆�1 ✓ �

(107GeV)3

◆1/2 ✓ µ

(1014GeV)2

◆�1

<latexit sha1_base64="PYdrxTWlmLGbEKfBcxVBtNs8Rjk="></latexit>

(Relatively high frequencies)

Walls Eating Strings (Collapse)

⇠ 1

G�

<latexit sha1_base64="vPWgQSAAXwjdB2XYEFlcTEmiVJA=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJpKLLogtdVrAPaEKZTCft0JkkzEyEErLxV9y4UMStn+HOv3HaZqGtBy6cOede5t4TJJwp7TjfVmlldW19o7xZ2dre2d2z9w/aKk4loS0S81h2A6woZxFtaaY57SaSYhFw2gnGN1O/80ilYnH0oCcJ9QUeRixkBGsj9e0jTzGBvFBikrl5dovMeyhw3rerTs2ZAS0TtyBVKNDs21/eICapoJEmHCvVc51E+xmWmhFO84qXKppgMsZD2jM0woIqP5sdkKNTowxQGEtTkUYz9fdEhoVSExGYToH1SC16U/E/r5fq8MrPWJSkmkZk/lGYcqRjNE0DDZikRPOJIZhIZnZFZIRNGNpkVjEhuIsnL5P2ec2t1y7u69XGdRFHGY7hBM7AhUtowB00oQUEcniGV3iznqwX6936mLeWrGLmEP7A+vwBZdOWSw==</latexit>

⌦DW

⌦strings
⇠

r
t⇤
Rc

<latexit sha1_base64="Bj/Np3Kf57V1btskpiBcZa64QMs="></latexit>

⌦GW

<latexit sha1_base64="hTHA2iepG+rF6xzsplerD2GjEYs=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiih6LHvRmBfsBTQib7aZdupuE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6acKe0431ZpZXVtfaO8Wdna3tmt2nv7bZVkktAWSXgiuyFWlLOYtjTTnHZTSbEIOe2Eo+up33mkUrEkftDjlPoCD2IWMYK1kQK76t0JOsBB7kmBbjqTwK45dWcGtEzcgtSgQDOwv7x+QjJBY004VqrnOqn2cyw1I5xOKl6maIrJCA9oz9AYC6r8fHb4BB0bpY+iRJqKNZqpvydyLJQai9B0CqyHatGbiv95vUxHl37O4jTTNCbzRVHGkU7QNAXUZ5ISzceGYCKZuRWRIZaYaJNVxYTgLr68TNqndfesfn5/VmtcFXGU4RCO4ARcuIAG3EITWkAgg2d4hTfryXqx3q2PeWvJKmYO4A+szx9N6pLe</latexit>

⌦DW ⇡ ⇢DW(tdecay)

⇢BG(tdecay)
⌦rad

<latexit sha1_base64="I5bTAWbk4TPCXctrZ0Yc2GinKQk="></latexit>



• Can confirm simple estimates more precisely

Gravitational Wave Amplitude

⌦GWh2 = f
d⇢GW

df

h2

⇢c

<latexit sha1_base64="rQox3Lsz+4IJcRmUqWw80wGCDj0="></latexit>

d⇢GW(t)

df
=

Z t

tsc

dt0
a(t0)4

a(t)4

Z
dl
dn(l, t0)

dl

dPl(l, t0)

df 0
df 0

df

<latexit sha1_base64="w7Ep4KyIcmZQ6altPexZk6g6bYY="></latexit>

• Standard, flat, string spectrum at high frequencies, 
       decaying spectrum at lower frequencies

• Domain wall “bump” before decay if 

Expansion RedshiftOne-scale model Power

f3

<latexit sha1_base64="NuU5LIuaxi0IZLJeCvGa7uz0GRw=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYVo0eiF48Y5ZEAktmhFybMzm5mZk3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oZuo3n1BpHskHM46xG9KB5AFn1FjpPng87xVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2ppCHqbjo7dUJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCa66KZdxYlCy+aIgEcREZPo36XOFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGWdmrlC/uKqXqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A9FCNlw==</latexit>

tDW � Rc

<latexit sha1_base64="7TKQRTPP+/cyiklyCxzybXbo+FA=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiSi6LKoC5dV7AOaECbTSTp0ZhJmJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57wpRRpR3n26qsrK6tb1Q3a1vbO7t79n69q5JMYtLBCUtkP0SKMCpIR1PNSD+VBPGQkV44vp76vUciFU3Eg56kxOcoFjSiGGkjBXZdB7knObzpFdCLY3gf4MBuOE1nBrhM3JI0QIl2YH95wwRnnAiNGVJq4Dqp9nMkNcWMFDUvUyRFeIxiMjBUIE6Un89uL+CxUYYwSqQpoeFM/T2RI67UhIemkyM9UoveVPzPG2Q6uvRzKtJME4Hni6KMQZ3AaRBwSCXBmk0MQVhScyvEIyQR1iaumgnBXXx5mXRPm+5Z8/zurNG6KuOogkNwBE6ACy5AC9yCNugADJ7AM3gFb1ZhvVjv1se8tWKVMwfgD6zPH883k6Y=</latexit>

Walls Eating Strings (Collapse)



Overview of Spectra 

IR UV Generally high 
frequency signal?

Monopoles eating strings 
(Nucleation)

Strings eating monopoles 
(Collapse)

Strings eating domain walls
(Nucleation) 

Domain walls eating strings
(Collapse) 

f0

<latexit sha1_base64="jSrCYgodpLtRunOaISWV/p0Cm5M=">AAAB6nicdVDLSsNAFJ34rPVVdanIYBFchaRtbLsrunHZon1AG8tkOmmHTiZhZiKU0KVLNy4UcetH9Dvc+Q3+hNNWQUUPXDiccy/33uNFjEplWW/GwuLS8spqai29vrG5tZ3Z2W3IMBaY1HHIQtHykCSMclJXVDHSigRBgcdI0xueT/3mDRGShvxKjSLiBqjPqU8xUlq69K+tbiZrmbbtFEslqMmp5eTLmuQKTjlvQ9u0ZshWDia199vDSbWbee30QhwHhCvMkJRt24qUmyChKGZknO7EkkQID1GftDXlKCDSTWanjuGxVnrQD4UuruBM/T6RoEDKUeDpzgCpgfztTcW/vHas/JKbUB7FinA8X+THDKoQTv+GPSoIVmykCcKC6lshHiCBsNLppHUIX5/C/0kjZ9oF06npNM7AHCmwD47ACbBBEVTABaiCOsCgD+7AA3g0mHFvPBnP89YF43NmD/yA8fIBTb6RiQ==</latexit>

f2

<latexit sha1_base64="AQ/xaU74rTenlsSrrY4ciSyOSOo=">AAAB6nicdVDLSsNAFJ34rPVVdanIYBFchaRtbLsrunHZon1AG8tkOmmHTiZhZiKU0KVLNy4UcetH9Dvc+Q3+hNNWQUUPXDiccy/33uNFjEplWW/GwuLS8spqai29vrG5tZ3Z2W3IMBaY1HHIQtHykCSMclJXVDHSigRBgcdI0xueT/3mDRGShvxKjSLiBqjPqU8xUlq69K9z3UzWMm3bKZZKUJNTy8mXNckVnHLehrZpzZCtHExq77eHk2o389rphTgOCFeYISnbthUpN0FCUczION2JJYkQHqI+aWvKUUCkm8xOHcNjrfSgHwpdXMGZ+n0iQYGUo8DTnQFSA/nbm4p/ee1Y+SU3oTyKFeF4vsiPGVQhnP4Ne1QQrNhIE4QF1bdCPEACYaXTSesQvj6F/5NGzrQLplPTaZyBOVJgHxyBE2CDIqiAC1AFdYBBH9yBB/BoMOPeeDKe560LxufMHvgB4+UDUMaRiw==</latexit>

f3

<latexit sha1_base64="SWbLPyKZTxXZDFuzJxH6YIwubVU=">AAAB7HicdVDLTsJAFJ3iC/GFutSYicTEFWmBCuyIblxCYoEEKpkOU5gwnTYzUxPSsHTtxoXGuPUb+A53foM/4QCaqNGT3OTknHtz7z1exKhUpvlmpJaWV1bX0uuZjc2t7Z3s7l5ThrHAxMEhC0XbQ5IwyomjqGKkHQmCAo+Rlje6mPmtGyIkDfmVGkfEDdCAU59ipLTk+NdJcdLL5sy8ZdnlSgVqcmbaxaomhZJdLVrQyptz5GqH08b77dG03su+dvshjgPCFWZIyo5lRspNkFAUMzLJdGNJIoRHaEA6mnIUEOkm82Mn8EQrfeiHQhdXcK5+n0hQIOU48HRngNRQ/vZm4l9eJ1Z+xU0oj2JFOF4s8mMGVQhnn8M+FQQrNtYEYUH1rRAPkUBY6XwyOoSvT+H/pFnIW6W83dBpnIMF0uAAHINTYIEyqIFLUAcOwICCO/AAHg1u3BtPxvOiNWV8zuyDHzBePgAWy5KY</latexit>

f3

<latexit sha1_base64="QRnq5/QXoG24sNoSUtPtMCPggqY=">AAAB6nicdVDLSsNAFJ34rPVVdanIYBFchaRtbLsrunHZon1AG8tkOmmHTiZhZiKU0KVLNy4UcetH9Dvc+Q3+hNNWQUUPXDiccy/33uNFjEplWW/GwuLS8spqai29vrG5tZ3Z2W3IMBaY1HHIQtHykCSMclJXVDHSigRBgcdI0xueT/3mDRGShvxKjSLiBqjPqU8xUlq69K/z3UzWMm3bKZZKUJNTy8mXNckVnHLehrZpzZCtHExq77eHk2o389rphTgOCFeYISnbthUpN0FCUczION2JJYkQHqI+aWvKUUCkm8xOHcNjrfSgHwpdXMGZ+n0iQYGUo8DTnQFSA/nbm4p/ee1Y+SU3oTyKFeF4vsiPGVQhnP4Ne1QQrNhIE4QF1bdCPEACYaXTSesQvj6F/5NGzrQLplPTaZyBOVJgHxyBE2CDIqiAC1AFdYBBH9yBB/BoMOPeeDKe560LxufMHvgB4+UDUkqRjA==</latexit>

f�1

<latexit sha1_base64="WyF2FYAxRFFeBVPCKl0PnuwXawE=">AAAB7XicdVDLTgIxFO3gC/GFutSYRmLiRjIFRmBHdOMSEnkkMJJO6UCl80jbMSETlu7duNAYt/4C3+HOb/AnLKCJGj3JTU7OuTf33uOEnEllmm9GYmFxaXkluZpaW9/Y3Epv7zRkEAlC6yTggWg5WFLOfFpXTHHaCgXFnsNp0xmeT/3mDRWSBf6lGoXU9nDfZy4jWGmp4V7FJ2jcTWfMLEJWsVSCmpyaVr6sSa5glfMIoqw5Q6ayP6m93x5Mqt30a6cXkMijviIcS9lGZqjsGAvFCKfjVCeSNMRkiPu0ramPPSrteHbtGB5ppQfdQOjyFZyp3ydi7Ek58hzd6WE1kL+9qfiX146UW7Jj5oeRoj6ZL3IjDlUAp6/DHhOUKD7SBBPB9K2QDLDAROmAUjqEr0/h/6SRy6JC1qrpNM7AHEmwBw7BMUCgCCrgAlRBHRBwDe7AA3g0AuPeeDKe560J43NmF/yA8fIBfnqSzQ==</latexit>

f3

<latexit sha1_base64="QRnq5/QXoG24sNoSUtPtMCPggqY=">AAAB6nicdVDLSsNAFJ34rPVVdanIYBFchaRtbLsrunHZon1AG8tkOmmHTiZhZiKU0KVLNy4UcetH9Dvc+Q3+hNNWQUUPXDiccy/33uNFjEplWW/GwuLS8spqai29vrG5tZ3Z2W3IMBaY1HHIQtHykCSMclJXVDHSigRBgcdI0xueT/3mDRGShvxKjSLiBqjPqU8xUlq69K/z3UzWMm3bKZZKUJNTy8mXNckVnHLehrZpzZCtHExq77eHk2o389rphTgOCFeYISnbthUpN0FCUczION2JJYkQHqI+aWvKUUCkm8xOHcNjrfSgHwpdXMGZ+n0iQYGUo8DTnQFSA/nbm4p/ee1Y+SU3oTyKFeF4vsiPGVQhnP4Ne1QQrNhIE4QF1bdCPEACYaXTSesQvj6F/5NGzrQLplPTaZyBOVJgHxyBE2CDIqiAC1AFdYBBH9yBB/BoMOPeeDKe560LxufMHvgB4+UDUkqRjA==</latexit>

f0

<latexit sha1_base64="jSrCYgodpLtRunOaISWV/p0Cm5M=">AAAB6nicdVDLSsNAFJ34rPVVdanIYBFchaRtbLsrunHZon1AG8tkOmmHTiZhZiKU0KVLNy4UcetH9Dvc+Q3+hNNWQUUPXDiccy/33uNFjEplWW/GwuLS8spqai29vrG5tZ3Z2W3IMBaY1HHIQtHykCSMclJXVDHSigRBgcdI0xueT/3mDRGShvxKjSLiBqjPqU8xUlq69K+tbiZrmbbtFEslqMmp5eTLmuQKTjlvQ9u0ZshWDia199vDSbWbee30QhwHhCvMkJRt24qUmyChKGZknO7EkkQID1GftDXlKCDSTWanjuGxVnrQD4UuruBM/T6RoEDKUeDpzgCpgfztTcW/vHas/JKbUB7FinA8X+THDKoQTv+GPSoIVmykCcKC6lshHiCBsNLppHUIX5/C/0kjZ9oF06npNM7AHCmwD47ACbBBEVTABaiCOsCgD+7AA3g0mHFvPBnP89YF43NmD/yA8fIBTb6RiQ==</latexit>

Monopole nucleation on strings String nucleation on monopoles

ln f !
f�1

<latexit sha1_base64="II8OJSeQCefuULXs/z2kU4u2VC0=">AAACBHicbVDLSsNAFJ34rPEVddnNYBHcWBKp6LLoxmUF+4Amlsl00g6dTMLMjVJCF278FTcuFHHrR7jzb5w+Ftp64MLhnHu5954wFVyD635bS8srq2vrhQ17c2t7Z9fZ22/oJFOU1WkiEtUKiWaCS1YHDoK1UsVIHArWDAdXY795z5TmibyFYcqCmPQkjzglYKSOU/SFxBH2Fe/1gSiVPGDft6O7/MQbdZySW3YnwIvEm5ESmqHWcb78bkKzmEmggmjd9twUgpwo4FSwke1nmqWEDkiPtQ2VJGY6yCdPjPCRUbo4SpQpCXii/p7ISaz1MA5NZ0ygr+e9sfif184gughyLtMMmKTTRVEmMCR4nAjucsUoiKEhhCpubsW0TxShYHKzTQje/MuLpHFa9irls5tKqXo5i6OAiugQHSMPnaMqukY1VEcUPaJn9IrerCfrxXq3PqatS9Zs5gD9gfX5A04Nlz4=</latexit>



Conclusions

• Gravitational waves provide amazing view into early universe and 
high energy physics 
 

• GUT symmetry chains with hybrid topological defects produce unique 
gravitational wave fingerprints upon being “eaten”

• These signatures may allow us to understand our universe at a 
fundamental level

10

<latexit sha1_base64="WUNowNkeEYBF0WU0zKZk05j5RiY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB88l/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWql/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP0DgjSE=</latexit>

104

<latexit sha1_base64="r6WJEQWaKTSP9fEdGeDrjm8S9Xk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0sWy2m3bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvc387hNVmkXywcxi6gs8lixkBJtM8tzHxrBac+tuDrRKvILUoEBrWP0ajCKSCCoN4VjrvufGxk+xMoxwOq8MEk1jTKZ4TPuWSiyo9tP81jk6s8oIhZGyJQ3K1d8TKRZaz0RgOwU2E73sZeJ/Xj8x4bWfMhknhkqyWBQmHJkIZY+jEVOUGD6zBBPF7K2ITLDCxNh4KjYEb/nlVdK5qHuN+uV9o9a8KeIowwmcwjl4cAVNuIMWtIHABJ7hFd4c4bw4787HorXkFDPH8AfO5w8TXo2d</latexit>

107

<latexit sha1_base64="yKBjxSwEDN1xf7QNrO1fNyxeIuk=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVlnosevFYwX5Au5Zsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMfG8Nyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz2UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46V1WvVq3f1yrNmzyOIpzBOVyCBw1owh20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AF+qNoA==</latexit>

1010

<latexit sha1_base64="Jhy54OoMrWOAogVyGB9PRrTHrfc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2iltuc+Zp477ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SloXVa9WvbyvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QNClI7g</latexit>

1013

<latexit sha1_base64="JUe9eUdADWENPq45a/lAdYEYMPw=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolW9Fj04rGC/YA2ls120i7dbMLuRiihP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGiu1PPcx8y4mvVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9m5E3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6e+kzxUyI8aWUKa4vZWwIVWUGZtQ0YbgLb68TJrnFa9aubyvlms3eRwFOIYTOAMPrqAGd1CHBjAYwTO8wpuTOC/Ou/Mxb11x8pkj+APn8wdHI47j</latexit>

1016

<latexit sha1_base64="N+GMB+x7KcYJciGpxr/GH8Sr2UQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJGmYnvcmQ2dllZlYISz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WDGSfoR3QgecgZNVZqee5j5l1OeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NzJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm099JnytkRowtoUxxeythQ6ooMzahkg3BW3x5mTTPqt559eL+vFK7yeMowhEcwyl4cAU1uIM6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx9Lso7m</latexit>

1019

<latexit sha1_base64="wUn0VWq+Sl2imObf6nIkqe6Bmgs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW9FLx4r2A9oY9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJYPZpygH9GB5CFn1Fip5bmPmXc96ZUrbtWdgSwTLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n83OnZATq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiESjYEb/HlZdI8q3rn1Yv780rtJo+jCEdwDKfgwSXU4A7q0AAGI3iGV3hzEufFeXc+5q0FJ585hD9wPn8AUEGO6Q==</latexit>

Energy

<latexit sha1_base64="DS4PiHQXDyFWwRZsZ2G8yP0Dt1k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRF0WNRBI8V7Ae0oWy2k3bpZhN2N0II/RFePCji1d/jzX/jps1BWx8MPN6bYWaeH3OmtON8W6W19Y3NrfJ2ZWd3b/+genjUUVEiKbZpxCPZ84lCzgS2NdMce7FEEvocu/70Nve7TygVi8SjTmP0QjIWLGCUaCN17wTKcVoZVmtO3ZnDXiVuQWpQoDWsfg1GEU1CFJpyolTfdWLtZURqRjnOKoNEYUzolIyxb6ggISovm587s8+MMrKDSJoS2p6rvycyEiqVhr7pDImeqGUvF//z+okOrr2MiTjRKOhiUZBwW0d2/rs9YhKp5qkhhEpmbrXphEhCtUkoD8FdfnmVdBp196J++dCoNW+KOMpwAqdwDi5cQRPuoQVtoDCFZ3iFNyu2Xqx362PRWrKKmWP4A+vzB8/Ijzo=</latexit>

(GeV)

<latexit sha1_base64="iUiKIfUVSpd4/JB3OetyB3dqjeY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BItQLyUpih6LHvRYwbSFNpTNdtIu3WzC7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxLOlHacb6uwtr6xuVXcLu3s7u0flA+PWipOJUWPxjyWnYAo5Eygp5nm2Ekkkijg2A7GtzO//YRSsVg86kmCfkSGgoWMEm0kr3qHrfN+ueLUnDnsVeLmpAI5mv3yV28Q0zRCoSknSnVdJ9F+RqRmlOO01EsVJoSOyRC7hgoSofKz+bFT+8woAzuMpSmh7bn6eyIjkVKTKDCdEdEjtezNxP+8bqrDaz9jIkk1CrpYFKbc1rE9+9weMIlU84khhEpmbrXpiEhCtcmnZEJwl19eJa16zb2oXT7UK42bPI4inMApVMGFK2jAPTTBAwoMnuEV3ixhvVjv1seitWDlM8fwB9bnD8psjgU=</latexit>

Colliders

<latexit sha1_base64="CJhawxT9eFp0Pl7JpFL5lYdwgf0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqswURZdFNy4r2Ie0Q8lkMm1okhmSjFCGfoUbF4q49XPc+Tem01lo64HA4Zxzyb0nSDjTxnW/ndLa+sbmVnm7srO7t39QPTzq6DhVhLZJzGPVC7CmnEnaNsxw2ksUxSLgtBtMbud+94kqzWL5YKYJ9QUeSRYxgo2VHm2As9D6w2rNrbs50CrxClKDAq1h9WsQxiQVVBrCsdZ9z02Mn2FlGOF0VhmkmiaYTPCI9i2VWFDtZ/nCM3RmlRBFsbJPGpSrvycyLLSeisAmBTZjvezNxf+8fmqiaz9jMkkNlWTxUZRyZGI0vx6FTFFi+NQSTBSzuyIyxgoTYzuo2BK85ZNXSadR9y7ql/eNWvOmqKMMJ3AK5+DBFTThDlrQBgICnuEV3hzlvDjvzsciWnKKmWP4A+fzB+fYkHs=</latexit>

Grand Unification?

<latexit sha1_base64="O7wFfQy1CycjF8TbRR9OgvKPTlc=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5IURW8WPeixgmkLbSibzaZdutmE3Y1YQv+KFw+KePWPePPfuG0DauuDgcd7M8zM8xPOlLbtL6uwsrq2vlHcLG1t7+zulfcrLRWnklCXxDyWHR8rypmgrmaa004iKY58Ttv+6Hrqtx+oVCwW93qcUC/CA8FCRrA2Ur9cuZFYBMj90S775apds2dAy8TJSRVyNPvlz14QkzSiQhOOleo6dqK9DEvNCKeTUi9VNMFkhAe0a6jAEVVeNrt9go6NEqAwlqaERjP190SGI6XGkW86I6yHatGbiv953VSHF17GRJJqKsh8UZhypGM0DQIFTFKi+dgQTCQztyIyxBITbeIqmRCcxZeXSatec05rZ3f1auMqj6MIh3AEJ+DAOTTgFprgAoFHeIIXeLUm1rP1Zr3PWwtWPnMAf2B9fAOYyZQp</latexit>



Thank you!


