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Landscapes

Theories with multiple vacua are very common in BSM

Cosmological Constant Problem

Electroweak Hierarchy Problem

String Theory

Experimental evidence of a vacuum different than ours would be revolutionary!



Scalar potential at finite density



Simple potential à la Coleman

� ⇠ 1
<latexit sha1_base64="/CIgL2H4p/9PxWanxNG9fFYJeQk=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj04rGC/YAmls1m0y7d3YTdiVJC/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXpoIbcN1vZ2V1bX1js7RV3t7Z3duvHBy2TZJpylo0EYnuhsQwwRVrAQfBuqlmRIaCdcLRzdTvPDJteKLuYZyyQJKB4jGnBKz04EdMAMG+4RJ7uF+pujV3BrxMvIJUUYFmv/LlRwnNJFNABTGm57kpBDnRwKlgk7KfGZYSOiID1rNUEclMkM+unuBTq0Q4TrQtBXim/p7IiTRmLEPbKQkMzaI3Ff/zehnEV0HOVZoBU3S+KM4EhgRPI8AR14yCGFtCqOb2VkyHRBMKNqiyDcFbfHmZtOs177xWv7uoNq6LOEroGJ2gM+ShS9RAt6iJWogijZ7RK3pznpwX5935mLeuOMXMEfoD5/MHMHiRpg==</latexit>

Deep minimum

⇤R ⌧ ⇤B
<latexit sha1_base64="cSCXVWnGgPccRcGgB4/fIS1YqeQ=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFcFVmqqDLUjcuXFSxD+gMQyaTaUMzD5KMUGoX/oobF4q49Tfc+Tem7QjaeiBwcs655Ob4KWdSWdaXUVhaXlldK66XNja3tnfM3b2WTDJBaJMkPBEdH0vKWUybiilOO6mgOPI5bfuDy4nfvqdCsiS+U8OUuhHuxSxkBCsteeaBc63DAfZuHc7Rz6XumWWrYk2BFomdkzLkaHjmpxMkJItorAjHUnZtK1XuCAvFCKfjkpNJmmIywD3a1TTGEZXuaLr/GB1rJUBhIvSJFZqqvydGOJJyGPk6GWHVl/PeRPzP62YqvHBHLE4zRWMyeyjMOFIJmpSBAiYoUXyoCSaC6V0R6WOBidKVlXQJ9vyXF0mrWrFPK9Wbs3KtntdRhEM4ghOw4RxqcAUNaAKBB3iCF3g1Ho1n4814n0ULRj6zD39gfHwD9pCVaw==</latexit>
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<latexit sha1_base64="EMeSA6etfy6lisVLYIcFe0qfbLQ=">AAACGHicbVC7TsMwFHXKq5RXgJElokJioSSlEoxVWRgYCqIPqUkrx7lprToPbKdSFfUzWPgVFgYQYu3G3+A+hKDlSJbOPede2/e4MaNCmuaXlllZXVvfyG7mtrZ3dvf0/YO6iBJOoEYiFvGmiwUwGkJNUsmgGXPAgcug4favJ35jAFzQKHyQwxicAHdD6lOCpZI6+rntAZO4XbThMaED68z2OSapfauu8HDnvl0a/RQVVXT0vFkwpzCWiTUneTRHtaOPbS8iSQChJAwL0bLMWDop5pISBqOcnQiIMenjLrQUDXEAwkmni42ME6V4hh9xdUJpTNXfEykOhBgGruoMsOyJRW8i/ue1EulfOSkN40RCSGYP+QkzZGRMUjI8yoFINlQEE07VXw3SwyoZqbLMqRCsxZWXSb1YsC4KxbtSvlyZx5FFR+gYnSILXaIyukFVVEMEPaEX9IbetWftVfvQPmetGW0+c4j+QBt/A130n/c=</latexit>
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<latexit sha1_base64="AjiaLsmgWBkQ7dL/OaXg6nuEFWA="></latexit>



Simple potential à la Coleman

� ⌧ 1
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� ⇠ 1
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Deep minimum Shallow minimum

⇤R ⇡ ⇤B
<latexit sha1_base64="1C59k+QygLbP/HHGZU30C4Rxeyk=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjNV0GWpGxcuqtgHdIYhk0nb0MwkJBmxDAU3/oobF4q49Sfc+Tem7QjaeiBwOOdcbu4JBaNKO86XtbC4tLyyWlgrrm9sbm3bO7tNxVOJSQNzxmU7RIowmpCGppqRtpAExSEjrXBwMfZbd0QqypNbPRTEj1EvoV2KkTZSYO97VyYcoeDGQ0JIfg9/hFpgl5yyMwGcJ25OSiBHPbA/vYjjNCaJxgwp1XEdof0MSU0xI6OilyoiEB6gHukYmqCYKD+b3DCCR0aJYJdL8xINJ+rviQzFSg3j0CRjpPtq1huL/3mdVHfP/YwmItUkwdNF3ZRBzeG4EBhRSbBmQ0MQltT8FeI+kghrU1vRlODOnjxPmpWye1KuXJ+WqrW8jgI4AIfgGLjgDFTBJaiDBsDgATyBF/BqPVrP1pv1Po0uWPnMHvgD6+MbW6yXVQ==</latexit>

⇤R ⌧ ⇤B
<latexit sha1_base64="cSCXVWnGgPccRcGgB4/fIS1YqeQ=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFcFVmqqDLUjcuXFSxD+gMQyaTaUMzD5KMUGoX/oobF4q49Tfc+Tem7QjaeiBwcs655Ob4KWdSWdaXUVhaXlldK66XNja3tnfM3b2WTDJBaJMkPBEdH0vKWUybiilOO6mgOPI5bfuDy4nfvqdCsiS+U8OUuhHuxSxkBCsteeaBc63DAfZuHc7Rz6XumWWrYk2BFomdkzLkaHjmpxMkJItorAjHUnZtK1XuCAvFCKfjkpNJmmIywD3a1TTGEZXuaLr/GB1rJUBhIvSJFZqqvydGOJJyGPk6GWHVl/PeRPzP62YqvHBHLE4zRWMyeyjMOFIJmpSBAiYoUXyoCSaC6V0R6WOBidKVlXQJ9vyXF0mrWrFPK9Wbs3KtntdRhEM4ghOw4RxqcAUNaAKBB3iCF3g1Ho1n4814n0ULRj6zD39gfHwD9pCVaw==</latexit>
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<latexit sha1_base64="EMeSA6etfy6lisVLYIcFe0qfbLQ=">AAACGHicbVC7TsMwFHXKq5RXgJElokJioSSlEoxVWRgYCqIPqUkrx7lprToPbKdSFfUzWPgVFgYQYu3G3+A+hKDlSJbOPede2/e4MaNCmuaXlllZXVvfyG7mtrZ3dvf0/YO6iBJOoEYiFvGmiwUwGkJNUsmgGXPAgcug4favJ35jAFzQKHyQwxicAHdD6lOCpZI6+rntAZO4XbThMaED68z2OSapfauu8HDnvl0a/RQVVXT0vFkwpzCWiTUneTRHtaOPbS8iSQChJAwL0bLMWDop5pISBqOcnQiIMenjLrQUDXEAwkmni42ME6V4hh9xdUJpTNXfEykOhBgGruoMsOyJRW8i/ue1EulfOSkN40RCSGYP+QkzZGRMUjI8yoFINlQEE07VXw3SwyoZqbLMqRCsxZWXSb1YsC4KxbtSvlyZx5FFR+gYnSILXaIyukFVVEMEPaEX9IbetWftVfvQPmetGW0+c4j+QBt/A130n/c=</latexit>
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<latexit sha1_base64="AjiaLsmgWBkQ7dL/OaXg6nuEFWA="></latexit>



Simple potential à la Coleman

� ⌧ 1
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� ⇠ 1
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Deep minimum Shallow minimum

⇤R ⇡ ⇤B
<latexit sha1_base64="1C59k+QygLbP/HHGZU30C4Rxeyk=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjNV0GWpGxcuqtgHdIYhk0nb0MwkJBmxDAU3/oobF4q49Sfc+Tem7QjaeiBwOOdcbu4JBaNKO86XtbC4tLyyWlgrrm9sbm3bO7tNxVOJSQNzxmU7RIowmpCGppqRtpAExSEjrXBwMfZbd0QqypNbPRTEj1EvoV2KkTZSYO97VyYcoeDGQ0JIfg9/hFpgl5yyMwGcJ25OSiBHPbA/vYjjNCaJxgwp1XEdof0MSU0xI6OilyoiEB6gHukYmqCYKD+b3DCCR0aJYJdL8xINJ+rviQzFSg3j0CRjpPtq1huL/3mdVHfP/YwmItUkwdNF3ZRBzeG4EBhRSbBmQ0MQltT8FeI+kghrU1vRlODOnjxPmpWye1KuXJ+WqrW8jgI4AIfgGLjgDFTBJaiDBsDgATyBF/BqPVrP1pv1Po0uWPnMHvgD6+MbW6yXVQ==</latexit>

⇤R ⌧ ⇤B
<latexit sha1_base64="cSCXVWnGgPccRcGgB4/fIS1YqeQ=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFcFVmqqDLUjcuXFSxD+gMQyaTaUMzD5KMUGoX/oobF4q49Tfc+Tem7QjaeiBwcs655Ob4KWdSWdaXUVhaXlldK66XNja3tnfM3b2WTDJBaJMkPBEdH0vKWUybiilOO6mgOPI5bfuDy4nfvqdCsiS+U8OUuhHuxSxkBCsteeaBc63DAfZuHc7Rz6XumWWrYk2BFomdkzLkaHjmpxMkJItorAjHUnZtK1XuCAvFCKfjkpNJmmIywD3a1TTGEZXuaLr/GB1rJUBhIvSJFZqqvydGOJJyGPk6GWHVl/PeRPzP62YqvHBHLE4zRWMyeyjMOFIJmpSBAiYoUXyoCSaC6V0R6WOBidKVlXQJ9vyXF0mrWrFPK9Wbs3KtntdRhEM4ghOw4RxqcAUNaAKBB3iCF3g1Ho1n4814n0ULRj6zD39gfHwD9pCVaw==</latexit>
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R

<latexit sha1_base64="zM9DXwCHqGUsYiHzbRQcudJztPg=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiQWqqRUgrECBgaGguhDakLkOE5r1U4i20Gqos4s/AoLAwix8gVs/A1uGyRoOZLl43Pv0fU9fsKoVJb1ZczNLywuLRdWiqtr6xub5tZ2U8apwKSBYxaLto8kYTQiDUUVI+1EEMR9Rlp+/3xUb90TIWkc3apBQlyOuhENKUZKS56551wQphB0rrQn0LekHB79PL2bu6pnlqyyNQacJXZOSiBH3TM/nSDGKSeRwgxJ2bGtRLkZEopiRoZFJ5UkQbiPuqSjaYQ4kW42XmUID7QSwDAW+kQKjtXfjgxxKQfc150cqZ6cro3E/2qdVIWnbkajJFUkwpNBYcqgiuEoFxhQQbBiA00QFlT/FeIeEggrnV5Rh2BPrzxLmpWyfVyuXFdLtbM8jgLYBfvgENjgBNTAJaiDBsDgATyBF/BqPBrPxpvxPmmdM3LPDvgD4+MbzS6ZDg==</latexit>
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<latexit sha1_base64="EMeSA6etfy6lisVLYIcFe0qfbLQ=">AAACGHicbVC7TsMwFHXKq5RXgJElokJioSSlEoxVWRgYCqIPqUkrx7lprToPbKdSFfUzWPgVFgYQYu3G3+A+hKDlSJbOPede2/e4MaNCmuaXlllZXVvfyG7mtrZ3dvf0/YO6iBJOoEYiFvGmiwUwGkJNUsmgGXPAgcug4favJ35jAFzQKHyQwxicAHdD6lOCpZI6+rntAZO4XbThMaED68z2OSapfauu8HDnvl0a/RQVVXT0vFkwpzCWiTUneTRHtaOPbS8iSQChJAwL0bLMWDop5pISBqOcnQiIMenjLrQUDXEAwkmni42ME6V4hh9xdUJpTNXfEykOhBgGruoMsOyJRW8i/ue1EulfOSkN40RCSGYP+QkzZGRMUjI8yoFINlQEE07VXw3SwyoZqbLMqRCsxZWXSb1YsC4KxbtSvlyZx5FFR+gYnSILXaIyukFVVEMEPaEX9IbetWftVfvQPmetGW0+c4j+QBt/A130n/c=</latexit>
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Density dependent potential

nN = hN̄�0Ni ⇡ hN̄Ni
<latexit sha1_base64="OEtW9MljHzxm2ZjBEhaCO11h2us=">AAACLXicbVDLSgMxFM34rPVVdekmWARXZaYKuhGKunBVKtgHdGq5k6ZtaJIZkoxYhv6QG39FBBcVcetvmLaz0NYDgcM553JzTxBxpo3rjp2l5ZXVtfXMRnZza3tnN7e3X9NhrAitkpCHqhGAppxJWjXMcNqIFAURcFoPBtcTv/5IlWahvDfDiLYE9CTrMgLGSu3cjWyXL7HPQfY49QNQSXnk90AIeHBxGftqamAfokiFT3PBcmq3c3m34E6BF4mXkjxKUWnn3vxOSGJBpSEctG56bmRaCSjDCKejrB9rGgEZQI82LZUgqG4l02tH+NgqHdwNlX3S4Kn6eyIBofVQBDYpwPT1vDcR//OaseletBImo9hQSWaLujHHJsST6nCHKUoMH1oCRDH7V0z6oIAYW3DWluDNn7xIasWCd1oo3p3lS1dpHRl0iI7QCfLQOSqhW1RBVUTQM3pFY/ThvDjvzqfzNYsuOenMAfoD5/sHNb+oxA==</latexit>

Nucleon number density:

NR-limit

(Hook, Huang ’19)



Density dependent potential

nN = hN̄�0Ni ⇡ hN̄Ni
<latexit sha1_base64="OEtW9MljHzxm2ZjBEhaCO11h2us=">AAACLXicbVDLSgMxFM34rPVVdekmWARXZaYKuhGKunBVKtgHdGq5k6ZtaJIZkoxYhv6QG39FBBcVcetvmLaz0NYDgcM553JzTxBxpo3rjp2l5ZXVtfXMRnZza3tnN7e3X9NhrAitkpCHqhGAppxJWjXMcNqIFAURcFoPBtcTv/5IlWahvDfDiLYE9CTrMgLGSu3cjWyXL7HPQfY49QNQSXnk90AIeHBxGftqamAfokiFT3PBcmq3c3m34E6BF4mXkjxKUWnn3vxOSGJBpSEctG56bmRaCSjDCKejrB9rGgEZQI82LZUgqG4l02tH+NgqHdwNlX3S4Kn6eyIBofVQBDYpwPT1vDcR//OaseletBImo9hQSWaLujHHJsST6nCHKUoMH1oCRDH7V0z6oIAYW3DWluDNn7xIasWCd1oo3p3lS1dpHRl0iI7QCfLQOSqhW1RBVUTQM3pFY/ThvDjvzqfzNYsuOenMAfoD5/sHNb+oxA==</latexit>

V (�) + f(�)N̄N
<latexit sha1_base64="pNjs7n2RmaPk+z1waWopUaQclcc=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaLUBFKUgVdFt24KhXsBZpSJtNJO3QyCTMToYRu3Pgqblwo4tZ3cOfbOG2z0OoPAx//OYcz5/djzpR2nC8rt7S8srqWXy9sbG5t79i7e00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPrab11T6VikbjT45h2QzwQLGAEa2P17MNmyYuH7ASdoiAjz8cyrU1QDfXsolN2ZkJ/wc2gCJnqPfvT60ckCanQhGOlOq4T626KpWaE00nBSxSNMRnhAe0YFDikqpvOrpigY+P0URBJ84RGM/fnRIpDpcahbzpDrIdqsTY1/6t1Eh1cdlMm4kRTQeaLgoQjHaFpJKjPJCWajw1gIpn5KyJDLDHRJriCCcFdPPkvNCtl96xcuT0vVq+yOPJwAEdQAhcuoAo3UIcGEHiAJ3iBV+vRerberPd5a87KZvbhl6yPb/Jmlk8=</latexit>

V (�) + f(�)nN
<latexit sha1_base64="GC5IZlhnEnnC/6ZJ2GOBuAv2Hs8=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQkUoSRV0WXTjSirYC7QhTKaTduhkEmYmQgkFX8WNC0Xc+hzufBunbRZa/WHg4z/ncM78QcKZ0o7zZRWWlldW14rrpY3Nre0de3evpeJUEtokMY9lJ8CKciZoUzPNaSeRFEcBp+1gdD2ttx+oVCwW93qcUC/CA8FCRrA2lm8ftCq9ZMhO0CkKcxL+rW+XnaozE/oLbg5lyNXw7c9ePyZpRIUmHCvVdZ1EexmWmhFOJ6VeqmiCyQgPaNegwBFVXjY7f4KOjdNHYSzNExrN3J8TGY6UGkeB6YywHqrF2tT8r9ZNdXjpZUwkqaaCzBeFKUc6RtMsUJ9JSjQfG8BEMnMrIkMsMdEmsZIJwV388l9o1aruWbV2d16uX+VxFOEQjqACLlxAHW6gAU0gkMETvMCr9Wg9W2/W+7y1YOUz+/BL1sc3Qa6Tvw==</latexit>

Density dependent potenial

Simple example:

Nucleon number density:

NR-limit

NR - nucleon 
background density

(Hook, Huang ’19)



Density dependent potential

nN = hN̄�0Ni ⇡ hN̄Ni
<latexit sha1_base64="OEtW9MljHzxm2ZjBEhaCO11h2us=">AAACLXicbVDLSgMxFM34rPVVdekmWARXZaYKuhGKunBVKtgHdGq5k6ZtaJIZkoxYhv6QG39FBBcVcetvmLaz0NYDgcM553JzTxBxpo3rjp2l5ZXVtfXMRnZza3tnN7e3X9NhrAitkpCHqhGAppxJWjXMcNqIFAURcFoPBtcTv/5IlWahvDfDiLYE9CTrMgLGSu3cjWyXL7HPQfY49QNQSXnk90AIeHBxGftqamAfokiFT3PBcmq3c3m34E6BF4mXkjxKUWnn3vxOSGJBpSEctG56bmRaCSjDCKejrB9rGgEZQI82LZUgqG4l02tH+NgqHdwNlX3S4Kn6eyIBofVQBDYpwPT1vDcR//OaseletBImo9hQSWaLujHHJsST6nCHKUoMH1oCRDH7V0z6oIAYW3DWluDNn7xIasWCd1oo3p3lS1dpHRl0iI7QCfLQOSqhW1RBVUTQM3pFY/ThvDjvzqfzNYsuOenMAfoD5/sHNb+oxA==</latexit>

V (�) + f(�)N̄N
<latexit sha1_base64="pNjs7n2RmaPk+z1waWopUaQclcc=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaLUBFKUgVdFt24KhXsBZpSJtNJO3QyCTMToYRu3Pgqblwo4tZ3cOfbOG2z0OoPAx//OYcz5/djzpR2nC8rt7S8srqWXy9sbG5t79i7e00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPrab11T6VikbjT45h2QzwQLGAEa2P17MNmyYuH7ASdoiAjz8cyrU1QDfXsolN2ZkJ/wc2gCJnqPfvT60ckCanQhGOlOq4T626KpWaE00nBSxSNMRnhAe0YFDikqpvOrpigY+P0URBJ84RGM/fnRIpDpcahbzpDrIdqsTY1/6t1Eh1cdlMm4kRTQeaLgoQjHaFpJKjPJCWajw1gIpn5KyJDLDHRJriCCcFdPPkvNCtl96xcuT0vVq+yOPJwAEdQAhcuoAo3UIcGEHiAJ3iBV+vRerberPd5a87KZvbhl6yPb/Jmlk8=</latexit>

V (�) + f(�)nN
<latexit sha1_base64="GC5IZlhnEnnC/6ZJ2GOBuAv2Hs8=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQkUoSRV0WXTjSirYC7QhTKaTduhkEmYmQgkFX8WNC0Xc+hzufBunbRZa/WHg4z/ncM78QcKZ0o7zZRWWlldW14rrpY3Nre0de3evpeJUEtokMY9lJ8CKciZoUzPNaSeRFEcBp+1gdD2ttx+oVCwW93qcUC/CA8FCRrA2lm8ftCq9ZMhO0CkKcxL+rW+XnaozE/oLbg5lyNXw7c9ePyZpRIUmHCvVdZ1EexmWmhFOJ6VeqmiCyQgPaNegwBFVXjY7f4KOjdNHYSzNExrN3J8TGY6UGkeB6YywHqrF2tT8r9ZNdXjpZUwkqaaCzBeFKUc6RtMsUJ9JSjQfG8BEMnMrIkMsMdEmsZIJwV388l9o1aruWbV2d16uX+VxFOEQjqACLlxAHW6gAU0gkMETvMCr9Wg9W2/W+7y1YOUz+/BL1sc3Qa6Tvw==</latexit>

Density dependent potenial

Simple example:

Nucleon number density:

Star: spherically symmetric dense object: nN = nN (r)
<latexit sha1_base64="LGx9Ngh6VfvfxaI7NTMi+o4riqI=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuFfQiFL14kgrWFtqlZNNsG5rNLsmsUEr/hhcPinj1z3jz35i2e9DWBzM83pshkxckUhh03W8nt7K6tr6R3yxsbe/s7hX3Dx5NnGrGGyyWsW4F1HApFG+gQMlbieY0CiRvBsObqd984tqIWD3gKOF+RPtKhIJRtFJHde/IFbG9rE+7xZJbcWcgy8TLSAky1LvFr04vZmnEFTJJjWl7boL+mGoUTPJJoZManlA2pH3etlTRiBt/PLt5Qk6s0iNhrG0pJDP198aYRsaMosBORhQHZtGbiv957RTDS38sVJIiV2z+UJhKgjGZBkB6QnOGcmQJZVrYWwkbUE0Z2pgKNgRv8cvL5LFa8c4q1fvzUu06iyMPR3AMZfDgAmpwC3VoAIMEnuEV3pzUeXHenY/5aM7Jdg7hD5zPHxsJkGw=</latexit>

NR-limit

NR - nucleon 
background density

Position dependent potential!

(Hook, Huang ’19)



Density dependent potential

Motivated and predictive class of models:

⇤4
B ! ⇤4

B(nN ) < ⇤4
B

<latexit sha1_base64="36FYH3ah/pWLtcuHMG8s206ts1Y=">AAACF3icbVA7T8MwGHTKq5RXgZHFokIqS5SUSjAwVGVhQKhI9CE1IXIcp7XqOJHtIFVR/wULf4WFAYRYYePf4D6G0nKSpfPd98m+8xNGpbKsHyO3srq2vpHfLGxt7+zuFfcPWjJOBSZNHLNYdHwkCaOcNBVVjHQSQVDkM9L2B1djv/1IhKQxv1fDhLgR6nEaUoyUlryi6dzo4QB59YcqdFQM5+5l7t2ewst5ySuWLNOaAC4Te0ZKYIaGV/x2ghinEeEKMyRl17YS5WZIKIoZGRWcVJIE4QHqka6mHEVEutkk1wieaCWAYSz04QpO1PmNDEVSDiNfT0ZI9eWiNxb/87qpCi/cjPIkVYTj6UNhyqDOPy4JBlQQrNhQE4QF1X+FuI8EwkpXWdAl2IuRl0mrYtpnZuWuWqrVZ3XkwRE4BmVgg3NQA9egAZoAgyfwAt7Au/FsvBofxud0NGfMdg7BHxhfvwcTnVI=</latexit>

Metastable minimum disappears at critical density: 

Deep minimum:

⇤4
B(nc) = ⇤4

R
<latexit sha1_base64="bz103na/fUaKQ3SHUeummDws2GY=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQN2WmFnQjlLpx4aKKfUA7HTKZtA3NZIYkI5ShOzf+ihsXirj1F9z5N6btCNp6IHA451xu7vEiRqWyrC8js7S8srqWXc9tbG5t75i7ew0ZxgKTOg5ZKFoekoRRTuqKKkZakSAo8BhpesPLid+8J0LSkN+pUUScAPU57VGMlJZc87BzrcM+cqvdcoG7+ARewB/ptlt2zbxVtKaAi8ROSR6kqLnmZ8cPcRwQrjBDUrZtK1JOgoSimJFxrhNLEiE8RH3S1pSjgEgnmd4xhsda8WEvFPpxBafq74kEBVKOAk8nA6QGct6biP957Vj1zp2E8ihWhOPZol7MoArhpBToU0GwYiNNEBZU/xXiARIIK11dTpdgz5+8SBqlon1aLN2U85VqWkcWHIAjUAA2OAMVcAVqoA4weABP4AW8Go/Gs/FmvM+iGSOd2Qd/YHx8Axeql4k=</latexit>

nN = 0
<latexit sha1_base64="Kt/MzATAnPTNnoTi0gwpUHv0U1Y=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXiSCqYttKFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjsrq2vrG5uFreL2zu7efungsKGTTDH0WSIS1QqpRsEl+oYbga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVW8mX3/trtlspuxZ2BLBMvJ2XIUe+Wvjq9hGUxSsME1brtuakJxlQZzgROip1MY0rZkPaxbamkMepgPDt2Qk6t0iNRomxJQ2bq74kxjbUexaHtjKkZ6EVvKv7ntTMTXQVjLtPMoGTzRVEmiEnI9HPS4wqZESNLKFPc3krYgCrKjM2naEPwFl9eJo1qxTuvVB8uyrWbPI4CHMMJnIEHl1CDO6iDDww4PMMrvDnSeXHenY9564qTzxzBHzifPxs+jjg=</latexit>

nN > nc
<latexit sha1_base64="U1fnoT8V/HKJrXYC9qMyerhS8JY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CRFL56kgv2ANoTNdtIu3WzC7kYopT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWSKYYNlohEtUOqUXCJDcONwHaqkMahwFY4vJ36rSdUmify0YxS9GPalzzijBortWRwfy0DFpTKbsWdgSwTLydlyFEPSl/dXsKyGKVhgmrd8dzU+GOqDGcCJ8VupjGlbEj72LFU0hi1P56dOyGnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/8zqZia78MZdpZlCy+aIoE8QkZPo76XGFzIiRJZQpbm8lbEAVZcYmVLQheIsvL5NmteKdV6oPF+XaTR5HAY7hBM7Ag0uowR3UoQEMhvAMr/DmpM6L8+58zFtXnHzmCP7A+fwB7pmPTQ==</latexit>

nN = nc
<latexit sha1_base64="9aJrKlHoWyuNQm/TO6xZuMm3lcY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXiSCvYD2hA220m7dLMJuxuhlP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0wF18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRJphg2WCIS1Q6pRsElNgw3AtupQhqHAlvh8Hbqt55QaZ7IRzNK0Y9pX/KIM2qs1JLB/bUMWFAquxV3BrJMvJyUIUc9KH11ewnLYpSGCap1x3NT44+pMpwJnBS7mcaUsiHtY8dSSWPU/nh27oScWqVHokTZkobM1N8TYxprPYpD2xlTM9CL3lT8z+tkJrryx1ymmUHJ5ouiTBCTkOnvpMcVMiNGllCmuL2VsAFVlBmbUNGG4C2+vEya1Yp3Xqk+XJRrN3kcBTiGEzgDDy6hBndQhwYwGMIzvMKbkzovzrvzMW9dcfKZI/gD5/MH7RKPTA==</latexit>



Metastable minimum disappears at critical density: 

Shallow minimum:

⇤4
B(nc) = ⇤4

R
<latexit sha1_base64="bz103na/fUaKQ3SHUeummDws2GY=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQN2WmFnQjlLpx4aKKfUA7HTKZtA3NZIYkI5ShOzf+ihsXirj1F9z5N6btCNp6IHA451xu7vEiRqWyrC8js7S8srqWXc9tbG5t75i7ew0ZxgKTOg5ZKFoekoRRTuqKKkZakSAo8BhpesPLid+8J0LSkN+pUUScAPU57VGMlJZc87BzrcM+cqvdcoG7+ARewB/ptlt2zbxVtKaAi8ROSR6kqLnmZ8cPcRwQrjBDUrZtK1JOgoSimJFxrhNLEiE8RH3S1pSjgEgnmd4xhsda8WEvFPpxBafq74kEBVKOAk8nA6QGct6biP957Vj1zp2E8ihWhOPZol7MoArhpBToU0GwYiNNEBZU/xXiARIIK11dTpdgz5+8SBqlon1aLN2U85VqWkcWHIAjUAA2OAMVcAVqoA4weABP4AW8Go/Gs/FmvM+iGSOd2Qd/YHx8Axeql4k=</latexit>

Density dependent potential

Motivated and predictive class of models:

⇤4
B ! ⇤4

B(nN ) < ⇤4
B

<latexit sha1_base64="36FYH3ah/pWLtcuHMG8s206ts1Y=">AAACF3icbVA7T8MwGHTKq5RXgZHFokIqS5SUSjAwVGVhQKhI9CE1IXIcp7XqOJHtIFVR/wULf4WFAYRYYePf4D6G0nKSpfPd98m+8xNGpbKsHyO3srq2vpHfLGxt7+zuFfcPWjJOBSZNHLNYdHwkCaOcNBVVjHQSQVDkM9L2B1djv/1IhKQxv1fDhLgR6nEaUoyUlryi6dzo4QB59YcqdFQM5+5l7t2ewst5ySuWLNOaAC4Te0ZKYIaGV/x2ghinEeEKMyRl17YS5WZIKIoZGRWcVJIE4QHqka6mHEVEutkk1wieaCWAYSz04QpO1PmNDEVSDiNfT0ZI9eWiNxb/87qpCi/cjPIkVYTj6UNhyqDOPy4JBlQQrNhQE4QF1X+FuI8EwkpXWdAl2IuRl0mrYtpnZuWuWqrVZ3XkwRE4BmVgg3NQA9egAZoAgyfwAt7Au/FsvBofxud0NGfMdg7BHxhfvwcTnVI=</latexit>

nN = 0
<latexit sha1_base64="Kt/MzATAnPTNnoTi0gwpUHv0U1Y=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUvXiSCqYttKFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjsrq2vrG5uFreL2zu7efungsKGTTDH0WSIS1QqpRsEl+oYbga1UIY1Dgc1weDv1m0+oNE/koxmlGMS0L3nEGTVW8mX3/trtlspuxZ2BLBMvJ2XIUe+Wvjq9hGUxSsME1brtuakJxlQZzgROip1MY0rZkPaxbamkMepgPDt2Qk6t0iNRomxJQ2bq74kxjbUexaHtjKkZ6EVvKv7ntTMTXQVjLtPMoGTzRVEmiEnI9HPS4wqZESNLKFPc3krYgCrKjM2naEPwFl9eJo1qxTuvVB8uyrWbPI4CHMMJnIEHl1CDO6iDDww4PMMrvDnSeXHenY9564qTzxzBHzifPxs+jjg=</latexit>

nN > nc
<latexit sha1_base64="U1fnoT8V/HKJrXYC9qMyerhS8JY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CRFL56kgv2ANoTNdtIu3WzC7kYopT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWSKYYNlohEtUOqUXCJDcONwHaqkMahwFY4vJ36rSdUmify0YxS9GPalzzijBortWRwfy0DFpTKbsWdgSwTLydlyFEPSl/dXsKyGKVhgmrd8dzU+GOqDGcCJ8VupjGlbEj72LFU0hi1P56dOyGnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/8zqZia78MZdpZlCy+aIoE8QkZPo76XGFzIiRJZQpbm8lbEAVZcYmVLQheIsvL5NmteKdV6oPF+XaTR5HAY7hBM7Ag0uowR3UoQEMhvAMr/DmpM6L8+58zFtXnHzmCP7A+fwB7pmPTQ==</latexit>



Bubble Dynamics



Bubble Dynamics

<latexit sha1_base64="9k6QJ10E200GGME7q5b+r+zEejY=">AAAB4XicbVDLSsNAFL3xWeMr2qWbwSK4sSRF1GXRjcsK9gFtKJPppA5NZkLmRiyhH+BO3Lpwq1/gt/g3TtsstPXAwOGce+7MmSCJhEbX/bZWVtfWNzZLW/b2zu7evnNw2NIqSxlvMhWptBNQzSMheRMFRryTpJzGQcTbwehm6rcfeaqFkvc4Trgf06EUoWAUjdR3yj3kT5g3UoXqLMgCk5v0nYpbdWcgy8QrSAUKNPrOV2+gWBZziSyiWnc9N0E/pykKZvbZvUzzhLIRHfKuoZLGXPv57PETcmKUAQlVao5EMlN/J3Iaaz2OAzMZU3zQi95U/M/rZhhe+bmQSYZcsvlFYRYRVGT6E4TYtmnqLfZaJq1a1buo1u7OK/XronMJjuAYTsGDS6jDLTSgCQzG8A4f8Gkx69l6sV7noytWkSnDH1hvPzhliVI=</latexit>

Proto-bubble

<latexit sha1_base64="KcQg9e4b6rSigp4prHiDcHhOU3c=">AAAB3nicbVC7TsMwFL0pr1JeAUYWiwqJqUoqBIwVLEyoSPQhtVFxXKdYTewovqmooq5siJWBFX6Bb+FvcNsM0HIkS0fn3HPtYz8OhUbH+bYKK6tr6xvFzdLW9s7unr1/0NQqTRhvMBWqpO1TzUMheQMFhrwdJ5xGfshb/vB66rdGPNFCyXscx9yL6ECKQDCKRurZdhf5E2a3ivipb0KTnl12Ks4MZJm4OSlDjnrP/ur2FUsjLpGFVOuO68ToZTRBwcy+UjfVPKZsSAe8Y6ikEddeNnv5hJwYpU8ClZgjkczU34mMRlqPI99MRhQf9aI3Ff/zOikGl14mZJwil2x+UZCGBBWZfgMhpZJp6i72WibNasU9r1Tvzsq1q7xzEY7gGE7BhQuowQ3UoQEMRvAOH/BpPVjP1ov1Oh8tWHnmEP7AevsBvJuH0A==</latexit>

No bubble

<latexit sha1_base64="eHYdNXY0KXOs/11APQeP/NuF7pg=">AAAB2XicbVC7TsMwFL3hWcKrwMhiUSExVUmFgLEqC2OR6ENKo8pxnWI1cUJ8jaiiDmyIlYEVvoJv4W9w2wzQciRLR+ece+3jII2EQsf5tlZW19Y3Nktb9vbO7t5++eCwrRKdMd5iSZRk3YAqHgnJWygw4t004zQOIt4JRtdTv/PIMyUSeYfjlPsxHUoRCkbRSH4P+RPmDR2Y/KRfrjhVZwayTNyCVKBAs1/+6g0SpmMukUVUKc91UvRzmqFgZp/d04qnlI3okHuGShpz5eezR0/IqVEGJEwycySSmfp7IqexUuM4MMmY4r1a9Kbif56nMbzycyFTjVyy+UWhjggmZPoDhNi2aeou9lom7VrVvajWbs8r9UbRuQTHcAJn4MIl1OEGmtACBg/wDh/waXnWs/Vivc6jK1YxcwR/YL39AGTWhoQ=</latexit>

Bubble
<latexit sha1_base64="PkQRD4WfRW3fwGD1DCDZhL1eRSc=">AAAB4nicbVDLSsNAFL2prxpf8bFzM1gEVyUpoi5L3bisYB/QhjKZ3tShk0nITMQa8gPuxK0Lt/oDfot/Y9pmoa0HLhzOuYeZc71IcKVt+9sorayurW+UN82t7Z3dPWv/oK3CJGbYYqEI465HFQousaW5FtiNYqSBJ7Djja+nfucBY8VDeacnEboBHUnuc0Z1Lg2so77GR502Ei9PEFSMRpgNrIpdtWcgy8QpSAUKNAfWV38YsiRAqZmgSvUcO9JuSmPNmcDM7CcKI8rGdIS9nEoaoHLT2e8zcporQ+KHcT5Sk5n6O5HSQKlJ4OWbAdX3atGbiv95vUT7V27KZZRolGz+kJ8IokMyPQUhppk3dRZ7LZN2repcVGu355V6o+hchmM4gTNw4BLqcANNaAGDJ3iHD/g0hsaz8WK8zldLRpE5hD8w3n4Apr+JjA==</latexit>

Bubble escape

Bubble formationNo bubble

Thin bubble Bubble escape



Bubble Dynamics

<latexit sha1_base64="9k6QJ10E200GGME7q5b+r+zEejY=">AAAB4XicbVDLSsNAFL3xWeMr2qWbwSK4sSRF1GXRjcsK9gFtKJPppA5NZkLmRiyhH+BO3Lpwq1/gt/g3TtsstPXAwOGce+7MmSCJhEbX/bZWVtfWNzZLW/b2zu7evnNw2NIqSxlvMhWptBNQzSMheRMFRryTpJzGQcTbwehm6rcfeaqFkvc4Trgf06EUoWAUjdR3yj3kT5g3UoXqLMgCk5v0nYpbdWcgy8QrSAUKNPrOV2+gWBZziSyiWnc9N0E/pykKZvbZvUzzhLIRHfKuoZLGXPv57PETcmKUAQlVao5EMlN/J3Iaaz2OAzMZU3zQi95U/M/rZhhe+bmQSYZcsvlFYRYRVGT6E4TYtmnqLfZaJq1a1buo1u7OK/XronMJjuAYTsGDS6jDLTSgCQzG8A4f8Gkx69l6sV7noytWkSnDH1hvPzhliVI=</latexit>

Proto-bubble

<latexit sha1_base64="KcQg9e4b6rSigp4prHiDcHhOU3c=">AAAB3nicbVC7TsMwFL0pr1JeAUYWiwqJqUoqBIwVLEyoSPQhtVFxXKdYTewovqmooq5siJWBFX6Bb+FvcNsM0HIkS0fn3HPtYz8OhUbH+bYKK6tr6xvFzdLW9s7unr1/0NQqTRhvMBWqpO1TzUMheQMFhrwdJ5xGfshb/vB66rdGPNFCyXscx9yL6ECKQDCKRurZdhf5E2a3ivipb0KTnl12Ks4MZJm4OSlDjnrP/ur2FUsjLpGFVOuO68ToZTRBwcy+UjfVPKZsSAe8Y6ikEddeNnv5hJwYpU8ClZgjkczU34mMRlqPI99MRhQf9aI3Ff/zOikGl14mZJwil2x+UZCGBBWZfgMhpZJp6i72WibNasU9r1Tvzsq1q7xzEY7gGE7BhQuowQ3UoQEMRvAOH/BpPVjP1ov1Oh8tWHnmEP7AevsBvJuH0A==</latexit>

No bubble

<latexit sha1_base64="eHYdNXY0KXOs/11APQeP/NuF7pg=">AAAB2XicbVC7TsMwFL3hWcKrwMhiUSExVUmFgLEqC2OR6ENKo8pxnWI1cUJ8jaiiDmyIlYEVvoJv4W9w2wzQciRLR+ece+3jII2EQsf5tlZW19Y3Nktb9vbO7t5++eCwrRKdMd5iSZRk3YAqHgnJWygw4t004zQOIt4JRtdTv/PIMyUSeYfjlPsxHUoRCkbRSH4P+RPmDR2Y/KRfrjhVZwayTNyCVKBAs1/+6g0SpmMukUVUKc91UvRzmqFgZp/d04qnlI3okHuGShpz5eezR0/IqVEGJEwycySSmfp7IqexUuM4MMmY4r1a9Kbif56nMbzycyFTjVyy+UWhjggmZPoDhNi2aeou9lom7VrVvajWbs8r9UbRuQTHcAJn4MIl1OEGmtACBg/wDh/waXnWs/Vivc6jK1YxcwR/YL39AGTWhoQ=</latexit>

Bubble
<latexit sha1_base64="PkQRD4WfRW3fwGD1DCDZhL1eRSc=">AAAB4nicbVDLSsNAFL2prxpf8bFzM1gEVyUpoi5L3bisYB/QhjKZ3tShk0nITMQa8gPuxK0Lt/oDfot/Y9pmoa0HLhzOuYeZc71IcKVt+9sorayurW+UN82t7Z3dPWv/oK3CJGbYYqEI465HFQousaW5FtiNYqSBJ7Djja+nfucBY8VDeacnEboBHUnuc0Z1Lg2so77GR502Ei9PEFSMRpgNrIpdtWcgy8QpSAUKNAfWV38YsiRAqZmgSvUcO9JuSmPNmcDM7CcKI8rGdIS9nEoaoHLT2e8zcporQ+KHcT5Sk5n6O5HSQKlJ4OWbAdX3atGbiv95vUT7V27KZZRolGz+kJ8IokMyPQUhppk3dRZ7LZN2repcVGu355V6o+hchmM4gTNw4BLqcANNaAGDJ3iHD/g0hsaz8WK8zldLRpE5hD8w3n4Apr+JjA==</latexit>

Bubble escape

Bubble formationNo bubble

Thin bubble Bubble escape



<latexit sha1_base64="9k6QJ10E200GGME7q5b+r+zEejY=">AAAB4XicbVDLSsNAFL3xWeMr2qWbwSK4sSRF1GXRjcsK9gFtKJPppA5NZkLmRiyhH+BO3Lpwq1/gt/g3TtsstPXAwOGce+7MmSCJhEbX/bZWVtfWNzZLW/b2zu7evnNw2NIqSxlvMhWptBNQzSMheRMFRryTpJzGQcTbwehm6rcfeaqFkvc4Trgf06EUoWAUjdR3yj3kT5g3UoXqLMgCk5v0nYpbdWcgy8QrSAUKNPrOV2+gWBZziSyiWnc9N0E/pykKZvbZvUzzhLIRHfKuoZLGXPv57PETcmKUAQlVao5EMlN/J3Iaaz2OAzMZU3zQi95U/M/rZhhe+bmQSYZcsvlFYRYRVGT6E4TYtmnqLfZaJq1a1buo1u7OK/XronMJjuAYTsGDS6jDLTSgCQzG8A4f8Gkx69l6sV7noytWkSnDH1hvPzhliVI=</latexit>

Proto-bubble

Bubble Formation

RT
<latexit sha1_base64="Uw6GdITr153VIEFPLD3oN9WdaMs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx6j5gXJEmYnvcmQ2dllZlYIIZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfmtJ1Sax7Juxgn6ER1IHnJGjZUeH3r1XrHklt05yCrxMlKCDLVe8avbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/NTp+TMKn0SxsqWNGSu/p6Y0EjrcRTYzoiaoV72ZuJ/Xic14bU/4TJJDUq2WBSmgpiYzP4mfa6QGTG2hDLF7a2EDamizNh0CjYEb/nlVdKslL2LcuX+slS9yeLIwwmcwjl4cAVVuIMaNIDBAJ7hFd4c4bw4787HojXnZDPH8AfO5w8IJo2h</latexit>

r < RT
<latexit sha1_base64="28wmiNUyDb4Hk5L4PS4Fpsh9pUY=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0MYySi4JJEfY2+wlS/Z2j909IRz5DTYWitj6g+z8N26SKzTxwcDjvRlm5oUJZ9q47rdTWFvf2Nwqbpd2dvf2D8qHRy0tU0WoTySXqhNiTTkT1DfMcNpJFMVxyGk7HN/N/PYTVZpJ0TSThAYxHgoWMYKNlXx189hv9ssVt+rOgVaJl5MK5Gj0y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6DjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5JWrepdVGsPl5X6bR5HEU7gFM7Bgyuowz00wAcCDJ7hFd4c4bw4787HorXg5DPH8AfO5w9cO45j</latexit>

for

Transition radiusDense enough

nN > nc
<latexit sha1_base64="U1fnoT8V/HKJrXYC9qMyerhS8JY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CRFL56kgv2ANoTNdtIu3WzC7kYopT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWSKYYNlohEtUOqUXCJDcONwHaqkMahwFY4vJ36rSdUmify0YxS9GPalzzijBortWRwfy0DFpTKbsWdgSwTLydlyFEPSl/dXsKyGKVhgmrd8dzU+GOqDGcCJ8VupjGlbEj72LFU0hi1P56dOyGnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/8zqZia78MZdpZlCy+aIoE8QkZPo76XGFzIiRJZQpbm8lbEAVZcYmVLQheIsvL5NmteKdV6oPF+XaTR5HAY7hBM7Ag0uowR3UoQEMhvAMr/DmpM6L8+58zFtXnHzmCP7A+fwB7pmPTQ==</latexit>



<latexit sha1_base64="9k6QJ10E200GGME7q5b+r+zEejY=">AAAB4XicbVDLSsNAFL3xWeMr2qWbwSK4sSRF1GXRjcsK9gFtKJPppA5NZkLmRiyhH+BO3Lpwq1/gt/g3TtsstPXAwOGce+7MmSCJhEbX/bZWVtfWNzZLW/b2zu7evnNw2NIqSxlvMhWptBNQzSMheRMFRryTpJzGQcTbwehm6rcfeaqFkvc4Trgf06EUoWAUjdR3yj3kT5g3UoXqLMgCk5v0nYpbdWcgy8QrSAUKNPrOV2+gWBZziSyiWnc9N0E/pykKZvbZvUzzhLIRHfKuoZLGXPv57PETcmKUAQlVao5EMlN/J3Iaaz2OAzMZU3zQi95U/M/rZhhe+bmQSYZcsvlFYRYRVGT6E4TYtmnqLfZaJq1a1buo1u7OK/XronMJjuAYTsGDS6jDLTSgCQzG8A4f8Gkx69l6sV7noytWkSnDH1hvPzhliVI=</latexit>

Proto-bubble

Bubble Formation

RT
<latexit sha1_base64="Uw6GdITr153VIEFPLD3oN9WdaMs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx6j5gXJEmYnvcmQ2dllZlYIIZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfmtJ1Sax7Juxgn6ER1IHnJGjZUeH3r1XrHklt05yCrxMlKCDLVe8avbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/NTp+TMKn0SxsqWNGSu/p6Y0EjrcRTYzoiaoV72ZuJ/Xic14bU/4TJJDUq2WBSmgpiYzP4mfa6QGTG2hDLF7a2EDamizNh0CjYEb/nlVdKslL2LcuX+slS9yeLIwwmcwjl4cAVVuIMaNIDBAJ7hFd4c4bw4787HojXnZDPH8AfO5w8IJo2h</latexit>

r < RT
<latexit sha1_base64="28wmiNUyDb4Hk5L4PS4Fpsh9pUY=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0MYySi4JJEfY2+wlS/Z2j909IRz5DTYWitj6g+z8N26SKzTxwcDjvRlm5oUJZ9q47rdTWFvf2Nwqbpd2dvf2D8qHRy0tU0WoTySXqhNiTTkT1DfMcNpJFMVxyGk7HN/N/PYTVZpJ0TSThAYxHgoWMYKNlXx189hv9ssVt+rOgVaJl5MK5Gj0y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6DjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5JWrepdVGsPl5X6bR5HEU7gFM7Bgyuowz00wAcCDJ7hFd4c4bw4787HorXg5DPH8AfO5w9cO45j</latexit>

for

Energy from vacuum  = Energy in gradient  

(�0)2 ⇠ �⇤
<latexit sha1_base64="whDA9d25RnHjHgPnoXfDqEMmE8U=">AAACBnicbVDLSgMxFM3UV62vUZciBItYN2WmCros6sKFiwr2AZ2xZNJMG5pkhiQjlKErN/6KGxeKuPUb3Pk3pu0stPXAhcM59yb3niBmVGnH+bZyC4tLyyv51cLa+sbmlr2901BRIjGp44hFshUgRRgVpK6pZqQVS4J4wEgzGFyO/eYDkYpG4k4PY+Jz1BM0pBhpI3Xs/ZIX9+nR8X0Feopy6F0RphH0bswTXdSxi07ZmQDOEzcjRZCh1rG/vG6EE06Exgwp1XadWPspkppiRkYFL1EkRniAeqRtqECcKD+dnDGCh0bpwjCSpoSGE/X3RIq4UkMemE6OdF/NemPxP6+d6PDcT6mIE00Enn4UJgzqCI4zgV0qCdZsaAjCkppdIe4jibA2yRVMCO7syfOkUSm7J+XK7WmxepHFkQd74ACUgAvOQBVcgxqoAwwewTN4BW/Wk/VivVsf09aclc3sgj+wPn8AsQiXXg==</latexit>

Transition radiusDense enough

nN > nc
<latexit sha1_base64="U1fnoT8V/HKJrXYC9qMyerhS8JY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CRFL56kgv2ANoTNdtIu3WzC7kYopT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWSKYYNlohEtUOqUXCJDcONwHaqkMahwFY4vJ36rSdUmify0YxS9GPalzzijBortWRwfy0DFpTKbsWdgSwTLydlyFEPSl/dXsKyGKVhgmrd8dzU+GOqDGcCJ8VupjGlbEj72LFU0hi1P56dOyGnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/8zqZia78MZdpZlCy+aIoE8QkZPo76XGFzIiRJZQpbm8lbEAVZcYmVLQheIsvL5NmteKdV6oPF+XaTR5HAY7hBM7Ag0uowR3UoQEMhvAMr/DmpM6L8+58zFtXnHzmCP7A+fwB7pmPTQ==</latexit>



<latexit sha1_base64="9k6QJ10E200GGME7q5b+r+zEejY=">AAAB4XicbVDLSsNAFL3xWeMr2qWbwSK4sSRF1GXRjcsK9gFtKJPppA5NZkLmRiyhH+BO3Lpwq1/gt/g3TtsstPXAwOGce+7MmSCJhEbX/bZWVtfWNzZLW/b2zu7evnNw2NIqSxlvMhWptBNQzSMheRMFRryTpJzGQcTbwehm6rcfeaqFkvc4Trgf06EUoWAUjdR3yj3kT5g3UoXqLMgCk5v0nYpbdWcgy8QrSAUKNPrOV2+gWBZziSyiWnc9N0E/pykKZvbZvUzzhLIRHfKuoZLGXPv57PETcmKUAQlVao5EMlN/J3Iaaz2OAzMZU3zQi95U/M/rZhhe+bmQSYZcsvlFYRYRVGT6E4TYtmnqLfZaJq1a1buo1u7OK/XronMJjuAYTsGDS6jDLTSgCQzG8A4f8Gkx69l6sV7noytWkSnDH1hvPzhliVI=</latexit>

Proto-bubble

Bubble Formation

RT
<latexit sha1_base64="Uw6GdITr153VIEFPLD3oN9WdaMs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx6j5gXJEmYnvcmQ2dllZlYIIZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfmtJ1Sax7Juxgn6ER1IHnJGjZUeH3r1XrHklt05yCrxMlKCDLVe8avbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/NTp+TMKn0SxsqWNGSu/p6Y0EjrcRTYzoiaoV72ZuJ/Xic14bU/4TJJDUq2WBSmgpiYzP4mfa6QGTG2hDLF7a2EDamizNh0CjYEb/nlVdKslL2LcuX+slS9yeLIwwmcwjl4cAVVuIMaNIDBAJ7hFd4c4bw4787HojXnZDPH8AfO5w8IJo2h</latexit>

r < RT
<latexit sha1_base64="28wmiNUyDb4Hk5L4PS4Fpsh9pUY=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0MYySi4JJEfY2+wlS/Z2j909IRz5DTYWitj6g+z8N26SKzTxwcDjvRlm5oUJZ9q47rdTWFvf2Nwqbpd2dvf2D8qHRy0tU0WoTySXqhNiTTkT1DfMcNpJFMVxyGk7HN/N/PYTVZpJ0TSThAYxHgoWMYKNlXx189hv9ssVt+rOgVaJl5MK5Gj0y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6DjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5JWrepdVGsPl5X6bR5HEU7gFM7Bgyuowz00wAcCDJ7hFd4c4bw4787HorXg5DPH8AfO5w9cO45j</latexit>

for

Energy from vacuum  = Energy in gradient  

(�0)2 ⇠ �⇤
<latexit sha1_base64="whDA9d25RnHjHgPnoXfDqEMmE8U=">AAACBnicbVDLSgMxFM3UV62vUZciBItYN2WmCros6sKFiwr2AZ2xZNJMG5pkhiQjlKErN/6KGxeKuPUb3Pk3pu0stPXAhcM59yb3niBmVGnH+bZyC4tLyyv51cLa+sbmlr2901BRIjGp44hFshUgRRgVpK6pZqQVS4J4wEgzGFyO/eYDkYpG4k4PY+Jz1BM0pBhpI3Xs/ZIX9+nR8X0Feopy6F0RphH0bswTXdSxi07ZmQDOEzcjRZCh1rG/vG6EE06Exgwp1XadWPspkppiRkYFL1EkRniAeqRtqECcKD+dnDGCh0bpwjCSpoSGE/X3RIq4UkMemE6OdF/NemPxP6+d6PDcT6mIE00Enn4UJgzqCI4zgV0qCdZsaAjCkppdIe4jibA2yRVMCO7syfOkUSm7J+XK7WmxepHFkQd74ACUgAvOQBVcgxqoAwwewTN4BW/Wk/VivVsf09aclc3sgj+wPn8AsQiXXg==</latexit>

Bubble fully formed when � ⇠ f
<latexit sha1_base64="vj7+GPlIKsU099ZBU76t3sFObHA=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84DdJcxOZpMh81hmZoUQ8hlePCji1a/x5t84SfagiQUNRVU33V1Jxpmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UbkmtEUUV7qbYEM5k7RlmeW0m2mKRcJpJxndzfzOE9WGKfloxxmNBR5IljKCrZPCKBsyFBkmUNqrVP2aPwdaJUFBqlCg2at8RX1FckGlJRwbEwZ+ZuMJ1pYRTqflKDc0w2SEBzR0VGJBTTyZnzxF507po1RpV9Kiufp7YoKFMWORuE6B7dAsezPxPy/MbXoTT5jMckslWSxKc46sQrP/UZ9pSiwfO4KJZu5WRIZYY2JdSmUXQrD88ipp12vBZa3+cFVt3BZxlOAUzuACAriGBtxDE1pAQMEzvMKbZ70X7937WLSuecXMCfyB9/kDoyaQ1A==</latexit>

f2

�R2
⇠ ⇤4

R
<latexit sha1_base64="ycBlrKZ4J5Qxer/D1J9SNh8dY/I=">AAACEHicbZC7TsMwFIYdrqXcAowsFhWCqUpKJRgrYGBgKBW9SE0aOY7TWnWcyHaQqqiPwMKrsDCAECsjG2+D22aAll+y9Ok/59g+v58wKpVlfRtLyyura+uFjeLm1vbOrrm335JxKjBp4pjFouMjSRjlpKmoYqSTCIIin5G2P7ya1NsPREga83s1SogboT6nIcVIacszT5xQIJyFvco4c64JUwg2NENH0gg6t/qiAHmNXtUzS1bZmgougp1DCeSqe+aXE8Q4jQhXmCEpu7aVKDdDQlHMyLjopJIkCA9Rn3Q1chQR6WbThcbwWDsBDGOhD1dw6v6eyFAk5SjydWeE1EDO1ybmf7VuqsILN6M8SRXhePZQmDKoYjhJBwZUEKzYSAPCguq/QjxAOiGlMyzqEOz5lRehVSnbZ+XKXbVUu8zjKIBDcAROgQ3OQQ3cgDpoAgwewTN4BW/Gk/FivBsfs9YlI585AH9kfP4AVo6cIA==</latexit>

Space that bubble needs to fully form �R
<latexit sha1_base64="iJ76COYRk6sKw8ouoEm8uDLQDmU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LevBYxX5Iu5Rsmm1Dk+ySZIWy9Fd48aCIV3+ON/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Drz209UaRbJBzOJqS/wULKQEWys9Ni7odxgdF/qlytu1Z0BLRMvJxXI0eiXv3qDiCSCSkM41rrrubHxU6wMI5xOS71E0xiTMR7SrqUSC6r9dHbwFJ1YZYDCSNmSBs3U3xMpFlpPRGA7BTYjvehl4n9eNzHhpZ8yGSeGSjJfFCYcmQhl36MBU5QYPrEEE8XsrYiMsMLE2IyyELzFl5dJq1b1zqq1u/NK/SqPowhHcAyn4MEF1OEWGtAEAgKe4RXeHOW8OO/Ox7y14OQzh/AHzucPlA2Pmg==</latexit>

Formation Condition RT & f

⇤2
R

<latexit sha1_base64="X8P6tGpRlXmCMXhFZiNovtWzN84=">AAACCnicbVA7T8MwGHR4lvIKMLIYKiSmKilIMFawMDCUqi+pCZHjOK1VO4lsB6mKMrPwV1gYQIiVX8DGv8FtM0DLSZZOd/fZ/s5PGJXKsr6NpeWV1bX10kZ5c2t7Z9fc2+/IOBWYtHHMYtHzkSSMRqStqGKklwiCuM9I1x9dT/zuAxGSxlFLjRPicjSIaEgxUlryzKOm14LOQOkEh04oEM7CPHNu9Q0B8pr3tdwzK1bVmgIuErsgFVCg4ZlfThDjlJNIYYak7NtWotwMCUUxI3nZSSVJEB6hAelrGiFOpJtNV8nhiVYCGMZCn0jBqfp7IkNcyjH3dZIjNZTz3kT8z+unKrx0MxolqSIRnj0UpgyqGE56gQEVBCs21gRhQfVfIR4i3YfS7ZV1Cfb8youkU6vaZ9Xa3XmlflXUUQKH4BicAhtcgDq4AQ3QBhg8gmfwCt6MJ+PFeDc+ZtElo5g5AH9gfP4A1viaXA==</latexit>

Transition radiusDense enough

nN > nc
<latexit sha1_base64="U1fnoT8V/HKJrXYC9qMyerhS8JY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CRFL56kgv2ANoTNdtIu3WzC7kYopT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWSKYYNlohEtUOqUXCJDcONwHaqkMahwFY4vJ36rSdUmify0YxS9GPalzzijBortWRwfy0DFpTKbsWdgSwTLydlyFEPSl/dXsKyGKVhgmrd8dzU+GOqDGcCJ8VupjGlbEj72LFU0hi1P56dOyGnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/8zqZia78MZdpZlCy+aIoE8QkZPo76XGFzIiRJZQpbm8lbEAVZcYmVLQheIsvL5NmteKdV6oPF+XaTR5HAY7hBM7Ag0uowR3UoQEMhvAMr/DmpM6L8+58zFtXnHzmCP7A+fwB7pmPTQ==</latexit>



Bubble Escape

Dynamics of thin wall bubbles can easily be understood:

E(R) = �4⇡

3
R3✏+ 4⇡R2�(R)

<latexit sha1_base64="jGVPEvYlNeW6fA+1/yyR+CPKYjo="></latexit>

✏ = ��⇤ ⇠ ⇤4
R

<latexit sha1_base64="6MbRZGSGnzYnkJM3dJILIoxWgVo=">AAACFXicbVDLSgMxFM3UV62vqks3wSK40DJTC7oRirpw4aKKfUBnLJn0tg3NZIYkI5TSn3Djr7hxoYhbwZ1/Y9qOoK0HQk7OuTfJPX7EmdK2/WWl5uYXFpfSy5mV1bX1jezmVlWFsaRQoSEPZd0nCjgTUNFMc6hHEkjgc6j5vfORX7sHqVgobnU/Ai8gHcHajBJtpGb2wIVIMR4KfIoPsXsBXBPsXpkLWmZXLPg5NG/uis1szs7bY+BZ4iQkhxKUm9lPtxXSOAChKSdKNRw70t6ASM0oh2HGjRVEhPZIBxqGChKA8gbjqYZ4zygt3A6lWULjsfq7Y0ACpfqBbyoDortq2huJ/3mNWLdPvAETUaxB0MlD7ZhjHeJRRLjFJFDN+4YQKpn5K6ZdIgnVJsiMCcGZHnmWVAt55yhfuC7mSmdJHGm0g3bRPnLQMSqhS1RGFUTRA3pCL+jVerSerTfrfVKaspKebfQH1sc3wAedTw==</latexit>

Main novelty: Position dependent barriers 

Radius dependent tension

As core of star grows, bubble becomes thinner



Dynamics of thin wall bubbles can easily be understood:

E(R) = �4⇡

3
R3✏+ 4⇡R2�(R)

<latexit sha1_base64="jGVPEvYlNeW6fA+1/yyR+CPKYjo="></latexit>

✏ = ��⇤ ⇠ ⇤4
R

<latexit sha1_base64="6MbRZGSGnzYnkJM3dJILIoxWgVo=">AAACFXicbVDLSgMxFM3UV62vqks3wSK40DJTC7oRirpw4aKKfUBnLJn0tg3NZIYkI5TSn3Djr7hxoYhbwZ1/Y9qOoK0HQk7OuTfJPX7EmdK2/WWl5uYXFpfSy5mV1bX1jezmVlWFsaRQoSEPZd0nCjgTUNFMc6hHEkjgc6j5vfORX7sHqVgobnU/Ai8gHcHajBJtpGb2wIVIMR4KfIoPsXsBXBPsXpkLWmZXLPg5NG/uis1szs7bY+BZ4iQkhxKUm9lPtxXSOAChKSdKNRw70t6ASM0oh2HGjRVEhPZIBxqGChKA8gbjqYZ4zygt3A6lWULjsfq7Y0ACpfqBbyoDortq2huJ/3mNWLdPvAETUaxB0MlD7ZhjHeJRRLjFJFDN+4YQKpn5K6ZdIgnVJsiMCcGZHnmWVAt55yhfuC7mSmdJHGm0g3bRPnLQMSqhS1RGFUTRA3pCL+jVerSerTfrfVKaspKebfQH1sc3wAedTw==</latexit>

Main novelty: Position dependent barriers 

Radius dependent tension

Thin bubble EOM �R̈ = ✏� 2�

R
� �0

<latexit sha1_base64="ntsZakI/3hOAnhGkhBzRr9Pg3nY=">AAACH3icbVDLSgMxFM34rPU16tJNsIhuWmaqqBuh6MZlFfuAzlAymUwbmkmGJCOUoX/ixl9x40IRcde/MW1noa0HAodzzuXmniBhVGnHGVtLyyura+uFjeLm1vbOrr2331QilZg0sGBCtgOkCKOcNDTVjLQTSVAcMNIKBrcTv/VEpKKCP+phQvwY9TiNKEbaSF37wlO0FyPohaHQ2cMIXkOPJIoywWHZiyTCWXUWGRm3DGf8pGuXnIozBVwkbk5KIEe9a397ocBpTLjGDCnVcZ1E+xmSmmJGRkUvVSRBeIB6pGMoRzFRfja9bwSPjRLCSEjzuIZT9fdEhmKlhnFgkjHSfTXvTcT/vE6qoys/ozxJNeF4tihKGdQCTsqCIZUEazY0BGFJzV8h7iNTijaVFk0J7vzJi6RZrbhnler9eal2k9dRAIfgCJwCF1yCGrgDddAAGDyDV/AOPqwX6836tL5m0SUrnzkAf2CNfwBOnqKD</latexit>

Additional contracting force

Bubble Escape
As core of star grows, bubble becomes thinner

Escape condition: ✏ & �0 ⇠ �(Rs)� �(RT )

Rs �RT
<latexit sha1_base64="Vvr5Bahu/l+JB3jtCm9ZkByeoTo="></latexit>

With stellar radius Rs
<latexit sha1_base64="ZWRa/pa6ZVQlP2HxqA/EkbAOSqs=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWN85AHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6xHHC/YgOlAgFo2ilh/ue6ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QM3Io3A</latexit>



Bubble Escape

Escape condition: ✏ & �0 ⇠ �(Rs)� �(RT )

RS �RT
<latexit sha1_base64="2qD/piRegKi9KC1b7B7pbHH8Ld0="></latexit>

Shallow

�2 ⌧ 1
<latexit sha1_base64="zOgvs6ekSxN9yN2Ak1UsWz7XZrI=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaWDabSbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpBm2WiET1AqpBcAlt5CiglyqgcSCgG4xvZ373CZTmiXzASQp+TIeSR5xRNJLnhSCQPjY8IdxBtebUnTnsVeIWpEYKtAbVLy9MWBaDRCao1n3XSdHPqULOBEwrXqYhpWxMh9A3VNIYtJ/Pb57aZ0YJ7ShRpiTac/X3RE5jrSdxYDpjiiO97M3E/7x+htG1n3OZZgiSLRZFmbAxsWcB2CFXwFBMDKFMcXOrzUZUUYYmpooJwV1+eZV0GnX3ot64v6w1b4o4yuSEnJJz4pIr0iR3pEXahJGUPJNX8mZl1ov1bn0sWktWMXNM/sD6/AF7dpFR</latexit>

Tension is gradient dominated

�(RS) ⇡ �(RT )
<latexit sha1_base64="BfMuZrh8ecNbENtB14zesck390I=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovQbkpSBV0W3bis2hc0IUymk3boJBNmJmIJ3bnxV9y4UMStv+DOv3HaBtHWAxcO59zLvff4MaNSWdaXkVtaXlldy68XNja3tnfM3b2W5InApIk546LjI0kYjUhTUcVIJxYEhT4jbX94OfHbd0RIyqOGGsXEDVE/ogHFSGnJMw8dSfshKt14t2UHxbHg9/BHapQ9s2hVrCngIrEzUgQZ6p756fQ4TkISKcyQlF3bipWbIqEoZmRccBJJYoSHqE+6mkYoJNJNp3+M4bFWejDgQlek4FT9PZGiUMpR6OvOEKmBnPcm4n9eN1HBuZvSKE4UifBsUZAwqDichAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSatasU8q1evTYu0iiyMPDsARKAEbnIEauAJ10AQYPIAn8AJejUfj2Xgz3metOSOb2Qd/YHx8A46/mHY=</latexit>

Every bubble that forms also escapes



Bubble Escape

Escape condition: ✏ & �0 ⇠ �(Rs)� �(RT )

RS �RT
<latexit sha1_base64="2qD/piRegKi9KC1b7B7pbHH8Ld0="></latexit>

Shallow

�2 ⌧ 1
<latexit sha1_base64="zOgvs6ekSxN9yN2Ak1UsWz7XZrI=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaWDabSbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpBm2WiET1AqpBcAlt5CiglyqgcSCgG4xvZ373CZTmiXzASQp+TIeSR5xRNJLnhSCQPjY8IdxBtebUnTnsVeIWpEYKtAbVLy9MWBaDRCao1n3XSdHPqULOBEwrXqYhpWxMh9A3VNIYtJ/Pb57aZ0YJ7ShRpiTac/X3RE5jrSdxYDpjiiO97M3E/7x+htG1n3OZZgiSLRZFmbAxsWcB2CFXwFBMDKFMcXOrzUZUUYYmpooJwV1+eZV0GnX3ot64v6w1b4o4yuSEnJJz4pIr0iR3pEXahJGUPJNX8mZl1ov1bn0sWktWMXNM/sD6/AF7dpFR</latexit>

Tension is gradient dominated

�(RS) ⇡ �(RT )
<latexit sha1_base64="BfMuZrh8ecNbENtB14zesck390I=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovQbkpSBV0W3bis2hc0IUymk3boJBNmJmIJ3bnxV9y4UMStv+DOv3HaBtHWAxcO59zLvff4MaNSWdaXkVtaXlldy68XNja3tnfM3b2W5InApIk546LjI0kYjUhTUcVIJxYEhT4jbX94OfHbd0RIyqOGGsXEDVE/ogHFSGnJMw8dSfshKt14t2UHxbHg9/BHapQ9s2hVrCngIrEzUgQZ6p756fQ4TkISKcyQlF3bipWbIqEoZmRccBJJYoSHqE+6mkYoJNJNp3+M4bFWejDgQlek4FT9PZGiUMpR6OvOEKmBnPcm4n9eN1HBuZvSKE4UifBsUZAwqDichAJ7VBCs2EgThAXVt0I8QAJhpaMr6BDs+ZcXSatasU8q1evTYu0iiyMPDsARKAEbnIEauAJ10AQYPIAn8AJejUfj2Xgz3metOSOb2Qd/YHx8A46/mHY=</latexit>

Deep

�2 ⇠ 1
<latexit sha1_base64="RoIVUMcKOpzca5WcxQKl8vm0LqY=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBT0WvXisYD+giWWz2bRLd5OwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzgpQzpR3n2yqtrW9sbpW3Kzu7e/tV++Cwo5JMEtomCU9kL8CKchbTtmaa014qKRYBp91gfDPzu49UKpbE93qSUl/gYcwiRrA20sCueiHlGj80kKeYQO7Arjl1Zw60StyC1KBAa2B/eWFCMkFjTThWqu86qfZzLDUjnE4rXqZoiskYD2nf0BgLqvx8fvgUnRolRFEiTcUazdXfEzkWSk1EYDoF1iO17M3E/7x+pqMrP2dxmmkak8WiKONIJ2iWAgqZpETziSGYSGZuRWSEJSbaZFUxIbjLL6+STqPuntcbdxe15nURRxmO4QTOwIVLaMIttKANBDJ4hld4s56sF+vd+li0lqxi5gj+wPr8AXuYklE=</latexit>

�(RS) ⇠ ⇤2
B/f � �(RT )

<latexit sha1_base64="g7rXnn5/n9FnMfo1ZSB4fHJIQYY=">AAACF3icbVC7TsMwFHXKq5RXgZHFokJql5IUJBirsjAwFOhLakLkuE5q1U4i20Gqov4FC7/CwgBCrLDxN7gPIWg5kqWjc87V9T1ezKhUpvllZJaWV1bXsuu5jc2t7Z387l5LRonApIkjFomOhyRhNCRNRRUjnVgQxD1G2t7gYuy374mQNAobahgTh6MgpD7FSGnJzZdtSQOOijfubQlqzqF9pad7yK3dVY59aAcB/Ik0Sm6+YJbNCeAisWakAGaou/lPuxfhhJNQYYak7FpmrJwUCUUxI6OcnUgSIzxAAelqGiJOpJNO7hrBI630oB8J/UIFJ+rviRRxKYfc00mOVF/Oe2PxP6+bKP/cSWkYJ4qEeLrITxhUERyXBHtUEKzYUBOEBdV/hbiPBMJKV5nTJVjzJy+SVqVsnZQr16eFam1WRxYcgENQBBY4A1VwCeqgCTB4AE/gBbwaj8az8Wa8T6MZYzazD/7A+PgGn0Kdsg==</latexit>

Every bubble that forms also escapes

RS �RT & f⇤2
B

⇤4
R

<latexit sha1_base64="rTn4v3IPxkpYV78d0c2F7OpxZvM=">AAACG3icbVDLSgMxFM3UV62vUZdugkVwY5mpBV2WunHhota+oNMOmTTThiYzQ5IRytD/cOOvuHGhiCvBhX9j2o6grQcCJ+fce5N7vIhRqSzry8isrK6tb2Q3c1vbO7t75v5BU4axwKSBQxaKtockYTQgDUUVI+1IEMQ9Rlre6Grqt+6JkDQM6mockS5Hg4D6FCOlJdcs1tw7eAZrbh06A6XrOHR8gXDiOzd6Sh+5lV5xkvxcar3SxDXzVsGaAS4TOyV5kKLqmh9OP8QxJ4HCDEnZsa1IdRMkFMWMTHJOLEmE8AgNSEfTAHEiu8lstwk80Uof+qHQJ1Bwpv7uSBCXcsw9XcmRGspFbyr+53Vi5V92ExpEsSIBnj/kxwyqEE6Dgn0qCFZsrAnCguq/QjxEOhql48zpEOzFlZdJs1iwzwvF21K+XEnjyIIjcAxOgQ0uQBlcgypoAAwewBN4Aa/Go/FsvBnv89KMkfYcgj8wPr8BI5ugRw==</latexit>

Escape condition:



Conditions for Phase Transition

Dense enough:

Large enough:

n > nc
<latexit sha1_base64="+y1Fs8NCZP1He89igg3raVJpN28=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpevFYwbSFNpTNdtIu3WzC7kYopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6ewtr6xuVXcLu3s7u0flA+PmjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU2ApHdzO/9YRK80Q+mnGKQUwHkkecUWMlX97IHuuVK27VnYOsEi8nFcjR6JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lzVrVu6jWHi4r9ds8jiKcwCmcgwdXUId7aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fmo2OjA==</latexit>

Shallow Deep

RS �RT & f⇤2
B

⇤4
R

<latexit sha1_base64="rTn4v3IPxkpYV78d0c2F7OpxZvM=">AAACG3icbVDLSgMxFM3UV62vUZdugkVwY5mpBV2WunHhota+oNMOmTTThiYzQ5IRytD/cOOvuHGhiCvBhX9j2o6grQcCJ+fce5N7vIhRqSzry8isrK6tb2Q3c1vbO7t75v5BU4axwKSBQxaKtockYTQgDUUVI+1IEMQ9Rlre6Grqt+6JkDQM6mockS5Hg4D6FCOlJdcs1tw7eAZrbh06A6XrOHR8gXDiOzd6Sh+5lV5xkvxcar3SxDXzVsGaAS4TOyV5kKLqmh9OP8QxJ4HCDEnZsa1IdRMkFMWMTHJOLEmE8AgNSEfTAHEiu8lstwk80Uof+qHQJ1Bwpv7uSBCXcsw9XcmRGspFbyr+53Vi5V92ExpEsSIBnj/kxwyqEE6Dgn0qCFZsrAnCguq/QjxEOhql48zpEOzFlZdJs1iwzwvF21K+XEnjyIIjcAxOgQ0uQBlcgypoAAwewBN4Aa/Go/FsvBnv89KMkfYcgj8wPr8BI5ugRw==</latexit>

RT & f

⇤2
R

<latexit sha1_base64="X8P6tGpRlXmCMXhFZiNovtWzN84=">AAACCnicbVA7T8MwGHR4lvIKMLIYKiSmKilIMFawMDCUqi+pCZHjOK1VO4lsB6mKMrPwV1gYQIiVX8DGv8FtM0DLSZZOd/fZ/s5PGJXKsr6NpeWV1bX10kZ5c2t7Z9fc2+/IOBWYtHHMYtHzkSSMRqStqGKklwiCuM9I1x9dT/zuAxGSxlFLjRPicjSIaEgxUlryzKOm14LOQOkEh04oEM7CPHNu9Q0B8pr3tdwzK1bVmgIuErsgFVCg4ZlfThDjlJNIYYak7NtWotwMCUUxI3nZSSVJEB6hAelrGiFOpJtNV8nhiVYCGMZCn0jBqfp7IkNcyjH3dZIjNZTz3kT8z+unKrx0MxolqSIRnj0UpgyqGE56gQEVBCs21gRhQfVfIR4i3YfS7ZV1Cfb8youkU6vaZ9Xa3XmlflXUUQKH4BicAhtcgDq4AQ3QBhg8gmfwCt6MJ+PFeDc+ZtElo5g5AH9gfP4A1viaXA==</latexit>

RT & f

⇤2
R

<latexit sha1_base64="X8P6tGpRlXmCMXhFZiNovtWzN84=">AAACCnicbVA7T8MwGHR4lvIKMLIYKiSmKilIMFawMDCUqi+pCZHjOK1VO4lsB6mKMrPwV1gYQIiVX8DGv8FtM0DLSZZOd/fZ/s5PGJXKsr6NpeWV1bX10kZ5c2t7Z9fc2+/IOBWYtHHMYtHzkSSMRqStqGKklwiCuM9I1x9dT/zuAxGSxlFLjRPicjSIaEgxUlryzKOm14LOQOkEh04oEM7CPHNu9Q0B8pr3tdwzK1bVmgIuErsgFVCg4ZlfThDjlJNIYYak7NtWotwMCUUxI3nZSSVJEB6hAelrGiFOpJtNV8nhiVYCGMZCn0jBqfp7IkNcyjH3dZIjNZTz3kT8z+unKrx0MxolqSIRnj0UpgyqGE56gQEVBCs21gRhQfVfIR4i3YfS7ZV1Cfb8youkU6vaZ9Xa3XmlflXUUQKH4BicAhtcgDq4AQ3QBhg8gmfwCt6MJ+PFeDc+ZtElo5g5AH9gfP4A1viaXA==</latexit>

RS �RT & f

⇤2
R

�2

<latexit sha1_base64="rgiGR7zx4awoQxVl96mBfo9jTVQ=">AAACGHicbVC5TgMxFPSGK4QrQEljESHREHYDEpQRNBQUIeSSssnK6/UmVryH7LdI0SqfQcOv0FCAEG06/gbnKCBhJEujmXm237ix4ApM89vIrKyurW9kN3Nb2zu7e/n9g4aKEklZnUYiki2XKCZ4yOrAQbBWLBkJXMGa7uB24jefmFQ8CmswjFknIL2Q+5wS0JKTP686j/gMV50atnugcwG2fUlo6o9S+17f4xGn2i2NbI8JIN2Sky+YRXMKvEysOSmgOSpOfmx7EU0CFgIVRKm2ZcbQSYkETgUb5exEsZjQAemxtqYhCZjqpNPFRvhEKx72I6lPCHiq/p5ISaDUMHB1MiDQV4veRPzPayfgX3dSHsYJsJDOHvITgSHCk5awxyWjIIaaECq5/iumfaJ7Ad1lTpdgLa68TBqlonVRLD1cFso38zqy6Agdo1NkoStURneoguqIomf0it7Rh/FivBmfxtcsmjHmM4foD4zxDzu4n08=</latexit>

Formation

Escape

Summary:



Bubble dynamics - full numerical solution

<latexit sha1_base64="9k6QJ10E200GGME7q5b+r+zEejY=">AAAB4XicbVDLSsNAFL3xWeMr2qWbwSK4sSRF1GXRjcsK9gFtKJPppA5NZkLmRiyhH+BO3Lpwq1/gt/g3TtsstPXAwOGce+7MmSCJhEbX/bZWVtfWNzZLW/b2zu7evnNw2NIqSxlvMhWptBNQzSMheRMFRryTpJzGQcTbwehm6rcfeaqFkvc4Trgf06EUoWAUjdR3yj3kT5g3UoXqLMgCk5v0nYpbdWcgy8QrSAUKNPrOV2+gWBZziSyiWnc9N0E/pykKZvbZvUzzhLIRHfKuoZLGXPv57PETcmKUAQlVao5EMlN/J3Iaaz2OAzMZU3zQi95U/M/rZhhe+bmQSYZcsvlFYRYRVGT6E4TYtmnqLfZaJq1a1buo1u7OK/XronMJjuAYTsGDS6jDLTSgCQzG8A4f8Gkx69l6sV7noytWkSnDH1hvPzhliVI=</latexit>

Proto-bubble

<latexit sha1_base64="KcQg9e4b6rSigp4prHiDcHhOU3c=">AAAB3nicbVC7TsMwFL0pr1JeAUYWiwqJqUoqBIwVLEyoSPQhtVFxXKdYTewovqmooq5siJWBFX6Bb+FvcNsM0HIkS0fn3HPtYz8OhUbH+bYKK6tr6xvFzdLW9s7unr1/0NQqTRhvMBWqpO1TzUMheQMFhrwdJ5xGfshb/vB66rdGPNFCyXscx9yL6ECKQDCKRurZdhf5E2a3ivipb0KTnl12Ks4MZJm4OSlDjnrP/ur2FUsjLpGFVOuO68ToZTRBwcy+UjfVPKZsSAe8Y6ikEddeNnv5hJwYpU8ClZgjkczU34mMRlqPI99MRhQf9aI3Ff/zOikGl14mZJwil2x+UZCGBBWZfgMhpZJp6i72WibNasU9r1Tvzsq1q7xzEY7gGE7BhQuowQ3UoQEMRvAOH/BpPVjP1ov1Oh8tWHnmEP7AevsBvJuH0A==</latexit>

No bubble

<latexit sha1_base64="eHYdNXY0KXOs/11APQeP/NuF7pg=">AAAB2XicbVC7TsMwFL3hWcKrwMhiUSExVUmFgLEqC2OR6ENKo8pxnWI1cUJ8jaiiDmyIlYEVvoJv4W9w2wzQciRLR+ece+3jII2EQsf5tlZW19Y3Nktb9vbO7t5++eCwrRKdMd5iSZRk3YAqHgnJWygw4t004zQOIt4JRtdTv/PIMyUSeYfjlPsxHUoRCkbRSH4P+RPmDR2Y/KRfrjhVZwayTNyCVKBAs1/+6g0SpmMukUVUKc91UvRzmqFgZp/d04qnlI3okHuGShpz5eezR0/IqVEGJEwycySSmfp7IqexUuM4MMmY4r1a9Kbif56nMbzycyFTjVyy+UWhjggmZPoDhNi2aeou9lom7VrVvajWbs8r9UbRuQTHcAJn4MIl1OEGmtACBg/wDh/waXnWs/Vivc6jK1YxcwR/YL39AGTWhoQ=</latexit>

Bubble
<latexit sha1_base64="PkQRD4WfRW3fwGD1DCDZhL1eRSc=">AAAB4nicbVDLSsNAFL2prxpf8bFzM1gEVyUpoi5L3bisYB/QhjKZ3tShk0nITMQa8gPuxK0Lt/oDfot/Y9pmoa0HLhzOuYeZc71IcKVt+9sorayurW+UN82t7Z3dPWv/oK3CJGbYYqEI465HFQousaW5FtiNYqSBJ7Djja+nfucBY8VDeacnEboBHUnuc0Z1Lg2so77GR502Ei9PEFSMRpgNrIpdtWcgy8QpSAUKNAfWV38YsiRAqZmgSvUcO9JuSmPNmcDM7CcKI8rGdIS9nEoaoHLT2e8zcporQ+KHcT5Sk5n6O5HSQKlJ4OWbAdX3atGbiv95vUT7V27KZZRolGz+kJ8IokMyPQUhppk3dRZ7LZN2repcVGu355V6o+hchmM4gTNw4BLqcANNaAGDJ3iHD/g0hsaz8WK8zldLRpE5hD8w3n4Apr+JjA==</latexit>

Bubble escape

Bubble formationNo bubble

Thin bubble Bubble escape



Are such phase transitions cosmologically viable?



Density induced phase transitions
Happens at very low redshift z . 20

<latexit sha1_base64="zG8BrWNRlkqynwd/gUQIJkixixI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac0oWy2k3bpZhN2N0It/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCalGwSU2DTcCO6lCGocC2+Hodua3H1FpnsgHM04xiOlA8ogzaqzkP/kCtdY8JjW3V664VXcOskq8nFQgR6NX/vL7CctilIYJqnXXc1MTTKgynAmclvxMY0rZiA6wa6mkMepgMr95Ss6s0idRomxJQ+bq74kJjbUex6HtjKkZ6mVvJv7ndTMTXQcTLtPMoGSLRVEmiEnILADS5wqZEWNLKFPc3krYkCrKjI2pZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExik8Ayv8OZkzovz7nwsWgtOPnMMf+B8/gB49pFO</latexit>

when first compact stars form



Density induced phase transitions
Happens at very low redshift z . 20
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when first compact stars form

Strong bounds on change of Cosmological Constant from 
 early vs late Hubble measurements 

Constraints on early dark energy recently studied in context of Hubble tension:
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Density induced phase transitions
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Typical NS radius Radius of largest known stars

Bound generically violated, only largest stars could lead to allowed PT

Strong bounds on change of Cosmological Constant from 
 early vs late Hubble measurements 

Constraints on early dark energy recently studied in context of Hubble tension:
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Karwal, Kamionkowski ‘16

Formation condition



Density induced phase transitions

Density induced PT have:
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Typical NS radius
Radius of largest known stars

Bound generically violated, only largest stars could lead to allowed PT

Strong constraints on models with metastable ground state!



Phase transitions from EM backgrounds
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Vacuum Dipole as model for magnetic NS:
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Gives bounds on metastable theories with coupling to photons (e.g. Technicolored Relaxion)

(Conditions similar to before)



Relaxion



Solving the Hierarchy Problem Dynamically: The Relaxion
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How does this solve the hierarchy problem?

Stopping point must be determined by small Higgs vev!

(e.g. Higgs dependent backreaction potential)



Solving the Hierarchy Problem Dynamically: The Relaxion

V(ϕ)

ϕ
ϕ0

(Graham, Kaplan, Rajendran ’15)

ϕ0

First minima are shallow
Further down: deep

+ couplings with Higgs

Banerjee et al. 2020 

V (�) = �⇤4
R
�

f
+ ⇤4

B(�) cos

✓
�

f

◆

<latexit sha1_base64="O6brpSNen//CCY5gBjyWunBlrBM="></latexit>



Solving the Hierarchy Problem Dynamically: The Relaxion

V(ϕ)

ϕ
ϕ0

(Graham, Kaplan, Rajendran ’15)

First minima are shallow

+ couplings with Higgs

Banerjee et al. 2020 

V (�) = �⇤4
R
�

f
+ ⇤4

B(�) cos

✓
�

f

◆

<latexit sha1_base64="O6brpSNen//CCY5gBjyWunBlrBM="></latexit>

�2l=1 ⇠
⇤4
QCD,C

v2M2
<latexit sha1_base64="lThSfmi+rQaNMbWTfDBSbtdr7r4="></latexit>

with cutoff M > TeV
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QCD axion like barriers:
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At finite density

⇤4
B(nN ) = ⇤4

B

✓
1� �NnN

m2
⇡f

2
⇡

◆

<latexit sha1_base64="4JAr3IqXRIgyA1rbHOO9dl3JNGc="></latexit>

hq̄qi ! hq̄qi(n)
<latexit sha1_base64="nUUD/vfPvLHrOamwmVenzLBbf8o=">AAACJHicdVDLSgMxFM3UV62vUZdugkWomzJTBQU3RTcuK9gHdIaSSW/b0ExmTDJCGfoxbvwVNy584MKN32LazkJbPdwLh3PuJbkniDlT2nE+rdzS8srqWn69sLG5tb1j7+41VJRICnUa8Ui2AqKAMwF1zTSHViyBhAGHZjC8mvjNe5CKReJWj2LwQ9IXrMco0Ubq2BceJ6LPAXsBkend2BT2ZCbp6H+3JI47dtEpO1PgReJmpIgy1Dr2m9eNaBKC0JQTpdquE2s/JVIzymFc8BIFMaFD0oe2oYKEoPx0euQYHxmli3uRNC00nqo/N1ISKjUKAzMZEj1Q895E/MtrJ7p37qdMxIkGQWcP9RKOdYQnieEuk0A1HxlCqGTmr5gOiCRUm1wLJgR3/uRF0qiU3ZNy5ea0WL3M4sijA3SISshFZ6iKrlEN1RFFD+gJvaBX69F6tt6tj9lozsp29tEvWF/fEJOlqQ==</latexit>

QCD axion like barriers:



The QCD Relaxion

Dense enough: Large enough:
First minima
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The QCD Relaxion

Dense enough: Large enough:
First minima
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Easily fulfilled for Neutron Stars and White Dwarfs for f . Mp
<latexit sha1_base64="knBbWZcNHMF+gao7AVAVRZ5PR2c=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL16ECOYByRJmJ73JkJnddWY2EEK+w4sHRbz6Md78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8aug4VQzrLBaxagVUo+AR1g03AluJQioDgc1geDvzmyNUmsfRoxkn6Evaj3jIGTVW8sOOQK01l+S+m3SLJbfszkFWiZeREmSodYtfnV7MUomRYYJq3fbcxPgTqgxnAqeFTqoxoWxI+9i2NKIStT+ZHz0lZ1bpkTBWtiJD5urviQmVWo9lYDslNQO97M3E/7x2asJrf8KjJDUYscWiMBXExGSWAOlxhcyIsSWUKW5vJWxAFWXG5lSwIXjLL6+SRqXsXZQrD5el6k0WRx5O4BTOwYMrqMId1KAODJ7gGV7hzRk5L86787FozTnZzDH8gfP5A51kkf4=</latexit>

✓QCD ⇠ ⇡

2
<latexit sha1_base64="PdpEsLsYYWzZH9JyU2Ls24h4fYo=">AAACD3icbVA9SwNBEN2L3/Hr1NJmMShW4S4KWgZjYalgPiAXwt5mLlmy98HunBiO+wc2/hUbC0Vsbe38N25iCk18MPB4b4aZeX4ihUbH+bIKC4tLyyura8X1jc2tbXtnt6HjVHGo81jGquUzDVJEUEeBElqJAhb6Epr+sDb2m3egtIijWxwl0AlZPxKB4AyN1LWPPBwAsm7mIdxjdlO7zHPqaRFSL1CMZ14i8qySd+2SU3YmoPPEnZISmeK6a396vZinIUTIJdO67ToJdjKmUHAJedFLNSSMD1kf2oZGLATdySb/5PTQKD0axMpUhHSi/p7IWKj1KPRNZ8hwoGe9sfif104xOO9kIkpShIj/LApSSTGm43BoTyjgKEeGMK6EuZXyATM5oImwaEJwZ1+eJ41K2T0pV25OS9WLaRyrZJ8ckGPikjNSJVfkmtQJJw/kibyQV+vRerberPef1oI1ndkjf2B9fAO+VJ0Z</latexit>

At shallow minimum

M & TeV
<latexit sha1_base64="2IlnePdbw0T1HErHcaH9yz0SG9s=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgKcxEQY9BL16ECNkgM4SeTiVp0rPQXSOGIf6KFw+KePVDvPk3dpaDJj4oeLxXRVW9IJFCo+N8W7m19Y3Nrfx2YWd3b//APjxq6jhVHBo8lrFqB0yDFBE0UKCEdqKAhYGEVjC6mfqtB1BaxFEdxwn4IRtEoi84QyN17eKdN0Bjh9RDeMSsDs1J1y45ZWcGukrcBSmRBWpd+8vrxTwNIUIumdYd10nQz5hCwSVMCl6qIWF8xAbQMTRiIWg/mx0/oadG6dF+rExFSGfq74mMhVqPw8B0hgyHetmbiv95nRT7V34moiRFiPh8UT+VFGM6TYL2hAKOcmwI40qYWykfMsU4mrwKJgR3+eVV0qyU3fNy5f6iVL1exJEnx+SEnBGXXJIquSU10iCcjMkzeSVv1pP1Yr1bH/PWnLWYKZI/sD5/AO7rlPQ=</latexit>

and

BUT



The Non - QCD Relaxion

⇤4
B = ⇤4

C
h2

v2
<latexit sha1_base64="kKms1WZNSfhRWKjvtUhF0rKzguU=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6KTO1oBuhtBsXLirYB3SmQybNtKGZzJBkCmXoN7jxV9y4UMStK3f+jWk7grYeSDj33HNJ7vFjRqWyrC9jZXVtfWMzt5Xf3tnd2zcPDpsySgQmDRyxSLR9JAmjnDQUVYy0Y0FQ6DPS8oe1ab81IkLSiN+rcUzcEPU5DShGSkueee7canMPedVuGV7Dn6qmKycQCKeDbmmSjvTlmQWraM0Al4mdkQLIUPfMT6cX4SQkXGGGpOzYVqzcFAlFMSOTvJNIEiM8RH3S0ZSjkEg3na00gada6cEgEvpwBWfq74kUhVKOQ187Q6QGcrE3Ff/rdRIVXLkp5XGiCMfzh4KEQRXBaT6wRwXBio01QVhQ/VeIB0gnoXSKeR2CvbjyMmmWivZFsXRXLlSqWRw5cAxOwBmwwSWogBtQBw2AwQN4Ai/g1Xg0no03431uXTGymSPwB8bHN/cVnG0=</latexit>



The Non - QCD Relaxion

At finite density h ! h(n)
<latexit sha1_base64="YVEYGguyHwpSmaMpEyhwRO9uJRc=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmCrosunFZwT6wHUomzXRCM8mQZIQy9C/cuFDErX/jzr8xbWehrQcCh3PuJfecIOFMG9f9dgpr6xubW8Xt0s7u3v5B+fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2d+54kqzaR4MJOE+jEeCRYygo2VHiPUNxJFVXE+KFfcmjsHWiVeTiqQozkof/WHkqQxFYZwrHXPcxPjZ1gZRjidlvqppgkmYzyiPUsFjqn2s/nFU3RmlSEKpbJPGDRXf29kONZ6Egd2MsYm0sveTPzP66UmvPYzJpLUUEEWH4UpRzblLD4aMkWJ4RNLMFHM3opIhBUmxpZUsiV4y5FXSbte8y5q9fvLSuMmr6MIJ3AKVfDgChpwB01oAQEBz/AKb452Xpx352MxWnDynWP4A+fzBy4Kj/A=</latexit>

⇤4
B(n) = ⇤4

B

✓
1� �NnN

m2
hv

2

◆

<latexit sha1_base64="yIeSXoloLs1gMMDeGT3n37vW2GU="></latexit>

⇤4
B = ⇤4

C
h2

v2
<latexit sha1_base64="kKms1WZNSfhRWKjvtUhF0rKzguU=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6KTO1oBuhtBsXLirYB3SmQybNtKGZzJBkCmXoN7jxV9y4UMStK3f+jWk7grYeSDj33HNJ7vFjRqWyrC9jZXVtfWMzt5Xf3tnd2zcPDpsySgQmDRyxSLR9JAmjnDQUVYy0Y0FQ6DPS8oe1ab81IkLSiN+rcUzcEPU5DShGSkueee7canMPedVuGV7Dn6qmKycQCKeDbmmSjvTlmQWraM0Al4mdkQLIUPfMT6cX4SQkXGGGpOzYVqzcFAlFMSOTvJNIEiM8RH3S0ZSjkEg3na00gada6cEgEvpwBWfq74kUhVKOQ187Q6QGcrE3Ff/rdRIVXLkp5XGiCMfzh4KEQRXBaT6wRwXBio01QVhQ/VeIB0gnoXSKeR2CvbjyMmmWivZFsXRXLlSqWRw5cAxOwBmwwSWogBtQBw2AwQN4Ai/g1Xg0no03431uXTGymSPwB8bHN/cVnG0=</latexit>



The Non - QCD Relaxion

At finite density

Dense enough: Large enough:
First minimum

h ! h(n)
<latexit sha1_base64="YVEYGguyHwpSmaMpEyhwRO9uJRc=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmCrosunFZwT6wHUomzXRCM8mQZIQy9C/cuFDErX/jzr8xbWehrQcCh3PuJfecIOFMG9f9dgpr6xubW8Xt0s7u3v5B+fCorWWqCG0RyaXqBlhTzgRtGWY47SaK4jjgtBOMb2d+54kqzaR4MJOE+jEeCRYygo2VHiPUNxJFVXE+KFfcmjsHWiVeTiqQozkof/WHkqQxFYZwrHXPcxPjZ1gZRjidlvqppgkmYzyiPUsFjqn2s/nFU3RmlSEKpbJPGDRXf29kONZ6Egd2MsYm0sveTPzP66UmvPYzJpLUUEEWH4UpRzblLD4aMkWJ4RNLMFHM3opIhBUmxpZUsiV4y5FXSbte8y5q9fvLSuMmr6MIJ3AKVfDgChpwB01oAQEBz/AKb452Xpx352MxWnDynWP4A+fzBy4Kj/A=</latexit>

⇤4
B(n) = ⇤4

B

✓
1� �NnN

m2
hv

2

◆

<latexit sha1_base64="yIeSXoloLs1gMMDeGT3n37vW2GU="></latexit>

Rs &
f

⇤2
C

<latexit sha1_base64="YfsE5lChlYLLY0lqrIO9ufCPdGU=">AAACCXicbVA7T8MwGHR4lvIKMLJYVEhMVVKQYKzowsBQEH1ITYgc12mt2k5kO0hVlJWFv8LCAEKs/AM2/g1umwFaTrJ0urvP9ndhwqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXDUmPidByIVjcWdHifE52ggaEQx0kYKbHgbKG+gTYBDL5IIZ1Geedfmgj4KGve1PLArTtWZAi4StyAVUKAZ2F9eP8YpJ0JjhpTquU6i/QxJTTEjedlLFUkQHqEB6RkqECfKz6ab5PDYKH0YxdIcoeFU/T2RIa7UmIcmyZEeqnlvIv7n9VIdXfgZFUmqicCzh6KUQR3DSS2wTyXBmo0NQVhS81eIh8j0oU15ZVOCO7/yImnXqu5ptXZzVqlfFnWUwCE4AifABeegDq5AE7QABo/gGbyCN+vJerHerY9ZdMkqZg7AH1ifP5gomkI=</latexit>

nN & ⇤4
Cv

2

M2�N
<latexit sha1_base64="5FCMsMA99ercrm1RBV8PseA5eaE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwVWZqQZfFblxoqWAf0GmHTJppQ5PMkGQKZehvuPFX3LhQxKWu/BvTx0JbDwQO55zLzT1BzKjSjvNtZdbWNza3stu5nd29/QP78KihokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjCsTP3miEhFI/GgxzHpcNQXNKQYaSP5tiP8KvT62iQ49EKJcOrdmvEe8ivdEhx1i5P0rluEnqJ9jvzqxLfzTsGZAa4Sd0HyYIGab396vQgnnAiNGVKq7Tqx7qRIaooZmeS8RJEY4SHqk7ahAnGiOunssgk8M0oPhpE0T2g4U39PpIgrNeaBSXKkB2rZm4r/ee1Eh1edlIo40UTg+aIwYVBHcFoT7FFJsGZjQxCW1PwV4gEy9WhTZs6U4C6fvEoaxYJ7USjel/Ll60UdWXACTsE5cMElKIMbUAN1gMEjeAav4M16sl6sd+tjHs1Yi5lj8AfW1w8+0p/S</latexit>

⇤4
B = ⇤4

C
h2

v2
<latexit sha1_base64="kKms1WZNSfhRWKjvtUhF0rKzguU=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6KTO1oBuhtBsXLirYB3SmQybNtKGZzJBkCmXoN7jxV9y4UMStK3f+jWk7grYeSDj33HNJ7vFjRqWyrC9jZXVtfWMzt5Xf3tnd2zcPDpsySgQmDRyxSLR9JAmjnDQUVYy0Y0FQ6DPS8oe1ab81IkLSiN+rcUzcEPU5DShGSkueee7canMPedVuGV7Dn6qmKycQCKeDbmmSjvTlmQWraM0Al4mdkQLIUPfMT6cX4SQkXGGGpOzYVqzcFAlFMSOTvJNIEiM8RH3S0ZSjkEg3na00gada6cEgEvpwBWfq74kUhVKOQ187Q6QGcrE3Ff/rdRIVXLkp5XGiCMfzh4KEQRXBaT6wRwXBio01QVhQ/VeIB0gnoXSKeR2CvbjyMmmWivZFsXRXLlSqWRw5cAxOwBmwwSWogBtQBw2AwQN4Ai/g1Xg0no03431uXTGymSPwB8bHN/cVnG0=</latexit>



The Non - QCD Relaxion

Dense enough: Large enough:
First minimum

Rs &
f

⇤2
C

<latexit sha1_base64="YfsE5lChlYLLY0lqrIO9ufCPdGU=">AAACCXicbVA7T8MwGHR4lvIKMLJYVEhMVVKQYKzowsBQEH1ITYgc12mt2k5kO0hVlJWFv8LCAEKs/AM2/g1umwFaTrJ0urvP9ndhwqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXDUmPidByIVjcWdHifE52ggaEQx0kYKbHgbKG+gTYBDL5IIZ1Geedfmgj4KGve1PLArTtWZAi4StyAVUKAZ2F9eP8YpJ0JjhpTquU6i/QxJTTEjedlLFUkQHqEB6RkqECfKz6ab5PDYKH0YxdIcoeFU/T2RIa7UmIcmyZEeqnlvIv7n9VIdXfgZFUmqicCzh6KUQR3DSS2wTyXBmo0NQVhS81eIh8j0oU15ZVOCO7/yImnXqu5ptXZzVqlfFnWUwCE4AifABeegDq5AE7QABo/gGbyCN+vJerHerY9ZdMkqZg7AH1ifP5gomkI=</latexit>

nN & ⇤4
Cv

2

M2�N
<latexit sha1_base64="5FCMsMA99ercrm1RBV8PseA5eaE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwVWZqQZfFblxoqWAf0GmHTJppQ5PMkGQKZehvuPFX3LhQxKWu/BvTx0JbDwQO55zLzT1BzKjSjvNtZdbWNza3stu5nd29/QP78KihokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjCsTP3miEhFI/GgxzHpcNQXNKQYaSP5tiP8KvT62iQ49EKJcOrdmvEe8ivdEhx1i5P0rluEnqJ9jvzqxLfzTsGZAa4Sd0HyYIGab396vQgnnAiNGVKq7Tqx7qRIaooZmeS8RJEY4SHqk7ahAnGiOunssgk8M0oPhpE0T2g4U39PpIgrNeaBSXKkB2rZm4r/ee1Eh1edlIo40UTg+aIwYVBHcFoT7FFJsGZjQxCW1PwV4gEy9WhTZs6U4C6fvEoaxYJ7USjel/Ll60UdWXACTsE5cMElKIMbUAN1gMEjeAav4M16sl6sd+tjHs1Yi5lj8AfW1w8+0p/S</latexit>

If conditions are satisfied: change in the CC too large!

Not dense enough

Not large enough
⇤R ⇠ ⇤C

<latexit sha1_base64="RE+64h+38gcxNkdm2NQrtdp+mQo=">AAACAXicbVBLSwMxGMzWV62vVS+Cl2ARPJXdKuix2IsHD1XsA7rLks1m29AkuyRZoZR68a948aCIV/+FN/+NabuCtg4EJjPzkXwTpowq7ThfVmFpeWV1rbhe2tjc2t6xd/daKskkJk2csER2QqQIo4I0NdWMdFJJEA8ZaYeD+sRv3xOpaCLu9DAlPkc9QWOKkTZSYB941yYcoeAWeopy+HOtB3bZqThTwEXi5qQMcjQC+9OLEpxxIjRmSKmu66TaHyGpKWZkXPIyRVKEB6hHuoYKxInyR9MNxvDYKBGME2mO0HCq/p4YIa7UkIcmyZHuq3lvIv7ndTMdX/gjKtJME4FnD8UZgzqBkzpgRCXBmg0NQVhS81eI+0girE1pJVOCO7/yImlVK+5ppXpzVq5d5nUUwSE4AifABeegBq5AAzQBBg/gCbyAV+vRerberPdZtGDlM/vgD6yPbyxXlhE=</latexit>



The Non - QCD Relaxion

Dense enough: Large enough:
First minimum

Rs &
f

⇤2
C

<latexit sha1_base64="YfsE5lChlYLLY0lqrIO9ufCPdGU=">AAACCXicbVA7T8MwGHR4lvIKMLJYVEhMVVKQYKzowsBQEH1ITYgc12mt2k5kO0hVlJWFv8LCAEKs/AM2/g1umwFaTrJ0urvP9ndhwqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXDUmPidByIVjcWdHifE52ggaEQx0kYKbHgbKG+gTYBDL5IIZ1Geedfmgj4KGve1PLArTtWZAi4StyAVUKAZ2F9eP8YpJ0JjhpTquU6i/QxJTTEjedlLFUkQHqEB6RkqECfKz6ab5PDYKH0YxdIcoeFU/T2RIa7UmIcmyZEeqnlvIv7n9VIdXfgZFUmqicCzh6KUQR3DSS2wTyXBmo0NQVhS81eIh8j0oU15ZVOCO7/yImnXqu5ptXZzVqlfFnWUwCE4AifABeegDq5AE7QABo/gGbyCN+vJerHerY9ZdMkqZg7AH1ifP5gomkI=</latexit>

nN & ⇤4
Cv

2

M2�N
<latexit sha1_base64="5FCMsMA99ercrm1RBV8PseA5eaE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwVWZqQZfFblxoqWAf0GmHTJppQ5PMkGQKZehvuPFX3LhQxKWu/BvTx0JbDwQO55zLzT1BzKjSjvNtZdbWNza3stu5nd29/QP78KihokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjCsTP3miEhFI/GgxzHpcNQXNKQYaSP5tiP8KvT62iQ49EKJcOrdmvEe8ivdEhx1i5P0rluEnqJ9jvzqxLfzTsGZAa4Sd0HyYIGab396vQgnnAiNGVKq7Tqx7qRIaooZmeS8RJEY4SHqk7ahAnGiOunssgk8M0oPhpE0T2g4U39PpIgrNeaBSXKkB2rZm4r/ee1Eh1edlIo40UTg+aIwYVBHcFoT7FFJsGZjQxCW1PwV4gEy9WhTZs6U4C6fvEoaxYJ7USjel/Ll60UdWXACTsE5cMElKIMbUAN1gMEjeAav4M16sl6sd+tjHs1Yi5lj8AfW1w8+0p/S</latexit>

If conditions are satisfied: change in the CC too large!

⇤R ⇠ ⇤C
<latexit sha1_base64="RE+64h+38gcxNkdm2NQrtdp+mQo=">AAACAXicbVBLSwMxGMzWV62vVS+Cl2ARPJXdKuix2IsHD1XsA7rLks1m29AkuyRZoZR68a948aCIV/+FN/+NabuCtg4EJjPzkXwTpowq7ThfVmFpeWV1rbhe2tjc2t6xd/daKskkJk2csER2QqQIo4I0NdWMdFJJEA8ZaYeD+sRv3xOpaCLu9DAlPkc9QWOKkTZSYB941yYcoeAWeopy+HOtB3bZqThTwEXi5qQMcjQC+9OLEpxxIjRmSKmu66TaHyGpKWZkXPIyRVKEB6hHuoYKxInyR9MNxvDYKBGME2mO0HCq/p4YIa7UkIcmyZHuq3lvIv7ndTMdX/gjKtJME4FnD8UZgzqBkzpgRCXBmg0NQVhS81eI+0girE1pJVOCO7/yImlVK+5ppXpzVq5d5nUUwSE4AifABeegBq5AAzQBBg/gCbyAV+vRerberPdZtGDlM/vgD6yPbyxXlhE=</latexit>



The Non - QCD Relaxion

Dense enough: Large enough:
First minimum

Rs &
f

⇤2
C

<latexit sha1_base64="YfsE5lChlYLLY0lqrIO9ufCPdGU=">AAACCXicbVA7T8MwGHR4lvIKMLJYVEhMVVKQYKzowsBQEH1ITYgc12mt2k5kO0hVlJWFv8LCAEKs/AM2/g1umwFaTrJ0urvP9ndhwqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXDUmPidByIVjcWdHifE52ggaEQx0kYKbHgbKG+gTYBDL5IIZ1Geedfmgj4KGve1PLArTtWZAi4StyAVUKAZ2F9eP8YpJ0JjhpTquU6i/QxJTTEjedlLFUkQHqEB6RkqECfKz6ab5PDYKH0YxdIcoeFU/T2RIa7UmIcmyZEeqnlvIv7n9VIdXfgZFUmqicCzh6KUQR3DSS2wTyXBmo0NQVhS81eIh8j0oU15ZVOCO7/yImnXqu5ptXZzVqlfFnWUwCE4AifABeegDq5AE7QABo/gGbyCN+vJerHerY9ZdMkqZg7AH1ifP5gomkI=</latexit>

nN & ⇤4
Cv

2

M2�N
<latexit sha1_base64="5FCMsMA99ercrm1RBV8PseA5eaE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwVWZqQZfFblxoqWAf0GmHTJppQ5PMkGQKZehvuPFX3LhQxKWu/BvTx0JbDwQO55zLzT1BzKjSjvNtZdbWNza3stu5nd29/QP78KihokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjCsTP3miEhFI/GgxzHpcNQXNKQYaSP5tiP8KvT62iQ49EKJcOrdmvEe8ivdEhx1i5P0rluEnqJ9jvzqxLfzTsGZAa4Sd0HyYIGab396vQgnnAiNGVKq7Tqx7qRIaooZmeS8RJEY4SHqk7ahAnGiOunssgk8M0oPhpE0T2g4U39PpIgrNeaBSXKkB2rZm4r/ee1Eh1edlIo40UTg+aIwYVBHcFoT7FFJsGZjQxCW1PwV4gEy9WhTZs6U4C6fvEoaxYJ7USjel/Ll60UdWXACTsE5cMElKIMbUAN1gMEjeAav4M16sl6sd+tjHs1Yi5lj8AfW1w8+0p/S</latexit>

If conditions are satisfied: change in the CC too large!

⇤R ⇠ ⇤C
<latexit sha1_base64="RE+64h+38gcxNkdm2NQrtdp+mQo=">AAACAXicbVBLSwMxGMzWV62vVS+Cl2ARPJXdKuix2IsHD1XsA7rLks1m29AkuyRZoZR68a948aCIV/+FN/+NabuCtg4EJjPzkXwTpowq7ThfVmFpeWV1rbhe2tjc2t6xd/daKskkJk2csER2QqQIo4I0NdWMdFJJEA8ZaYeD+sRv3xOpaCLu9DAlPkc9QWOKkTZSYB941yYcoeAWeopy+HOtB3bZqThTwEXi5qQMcjQC+9OLEpxxIjRmSKmu66TaHyGpKWZkXPIyRVKEB6hHuoYKxInyR9MNxvDYKBGME2mO0HCq/p4YIa7UkIcmyZHuq3lvIv7ndTMdX/gjKtJME4FnD8UZgzqBkzpgRCXBmg0NQVhS81eI+0girE1pJVOCO7/yImlVK+5ppXpzVq5d5nUUwSE4AifABeegBq5AAzQBBg/gCbyAV+vRerberPdZtGDlM/vgD6yPbyxXlhE=</latexit>



The Non - QCD Relaxion

Dense enough: Large enough:
First minimum

Rs &
f

⇤2
C

<latexit sha1_base64="YfsE5lChlYLLY0lqrIO9ufCPdGU=">AAACCXicbVA7T8MwGHR4lvIKMLJYVEhMVVKQYKzowsBQEH1ITYgc12mt2k5kO0hVlJWFv8LCAEKs/AM2/g1umwFaTrJ0urvP9ndhwqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXDUmPidByIVjcWdHifE52ggaEQx0kYKbHgbKG+gTYBDL5IIZ1Geedfmgj4KGve1PLArTtWZAi4StyAVUKAZ2F9eP8YpJ0JjhpTquU6i/QxJTTEjedlLFUkQHqEB6RkqECfKz6ab5PDYKH0YxdIcoeFU/T2RIa7UmIcmyZEeqnlvIv7n9VIdXfgZFUmqicCzh6KUQR3DSS2wTyXBmo0NQVhS81eIh8j0oU15ZVOCO7/yImnXqu5ptXZzVqlfFnWUwCE4AifABeegDq5AE7QABo/gGbyCN+vJerHerY9ZdMkqZg7AH1ifP5gomkI=</latexit>
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<latexit sha1_base64="5FCMsMA99ercrm1RBV8PseA5eaE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwVWZqQZfFblxoqWAf0GmHTJppQ5PMkGQKZehvuPFX3LhQxKWu/BvTx0JbDwQO55zLzT1BzKjSjvNtZdbWNza3stu5nd29/QP78KihokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjCsTP3miEhFI/GgxzHpcNQXNKQYaSP5tiP8KvT62iQ49EKJcOrdmvEe8ivdEhx1i5P0rluEnqJ9jvzqxLfzTsGZAa4Sd0HyYIGab396vQgnnAiNGVKq7Tqx7qRIaooZmeS8RJEY4SHqk7ahAnGiOunssgk8M0oPhpE0T2g4U39PpIgrNeaBSXKkB2rZm4r/ee1Eh1edlIo40UTg+aIwYVBHcFoT7FFJsGZjQxCW1PwV4gEy9WhTZs6U4C6fvEoaxYJ7USjel/Ll60UdWXACTsE5cMElKIMbUAN1gMEjeAav4M16sl6sd+tjHs1Yi5lj8AfW1w8+0p/S</latexit>

If conditions are satisfied: change in the CC too large!

⇤R ⇠ ⇤C
<latexit sha1_base64="RE+64h+38gcxNkdm2NQrtdp+mQo=">AAACAXicbVBLSwMxGMzWV62vVS+Cl2ARPJXdKuix2IsHD1XsA7rLks1m29AkuyRZoZR68a948aCIV/+FN/+NabuCtg4EJjPzkXwTpowq7ThfVmFpeWV1rbhe2tjc2t6xd/daKskkJk2csER2QqQIo4I0NdWMdFJJEA8ZaYeD+sRv3xOpaCLu9DAlPkc9QWOKkTZSYB941yYcoeAWeopy+HOtB3bZqThTwEXi5qQMcjQC+9OLEpxxIjRmSKmu66TaHyGpKWZkXPIyRVKEB6hHuoYKxInyR9MNxvDYKBGME2mO0HCq/p4YIa7UkIcmyZHuq3lvIv7ndTMdX/gjKtJME4FnD8UZgzqBkzpgRCXBmg0NQVhS81eI+0girE1pJVOCO7/yImlVK+5ppXpzVq5d5nUUwSE4AifABeegBq5AAzQBBg/gCbyAV+vRerberPdZtGDlM/vgD6yPbyxXlhE=</latexit>



Summary

Density can destabilise the vacuum

This leads to confined bubbles or phase transitions

Bounds on late time phase transitions

In Collaboration with 

Reuven Balkin, Javi Serra, Konstantin Springmann and Andreas Weiler
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(Hook, Huang ’19)

New bounds on relaxion models

Landscapes sensitive to SM densities are constrained from seeded phase transitions

Such seeded instabilities can still happen today!
(cf. arxiv: 0011262 and 1205.6260)

Can this be seen?



Backup Slides



Simple potential à la Coleman

�2 ⌘ 1� ⇤4
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<latexit sha1_base64="EMeSA6etfy6lisVLYIcFe0qfbLQ=">AAACGHicbVC7TsMwFHXKq5RXgJElokJioSSlEoxVWRgYCqIPqUkrx7lprToPbKdSFfUzWPgVFgYQYu3G3+A+hKDlSJbOPede2/e4MaNCmuaXlllZXVvfyG7mtrZ3dvf0/YO6iBJOoEYiFvGmiwUwGkJNUsmgGXPAgcug4favJ35jAFzQKHyQwxicAHdD6lOCpZI6+rntAZO4XbThMaED68z2OSapfauu8HDnvl0a/RQVVXT0vFkwpzCWiTUneTRHtaOPbS8iSQChJAwL0bLMWDop5pISBqOcnQiIMenjLrQUDXEAwkmni42ME6V4hh9xdUJpTNXfEykOhBgGruoMsOyJRW8i/ue1EulfOSkN40RCSGYP+QkzZGRMUjI8yoFINlQEE07VXw3SwyoZqbLMqRCsxZWXSb1YsC4KxbtSvlyZx5FFR+gYnSILXaIyukFVVEMEPaEX9IbetWftVfvQPmetGW0+c4j+QBt/A130n/c=</latexit>

� ⌧ 1
<latexit sha1_base64="MwcJ76nwqANxP2Y5shTeux9JnNg=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmlM1m0i7dbMLuRiilf8OLB0W8+me8+W/ctjlo64OBx3szzMwLM8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dZorhi2WilR1Q6pRcIktw43AbqaQJqHATji6m/mdJ1Sap/LRjDMMEjqQPOaMGiv5foTCUOIL4ZF+perW3DnIKvEKUoUCzX7ly49SlicoDRNU657nZiaYUGU4Ezgt+7nGjLIRHWDPUkkT1MFkfvOUnFslInGqbElD5urviQlNtB4noe1MqBnqZW8m/uf1chPfBBMus9ygZItFcS6IScksABJxhcyIsSWUKW5vJWxIFWXGxlS2IXjLL6+Sdr3mXdbqD1fVxm0RRwlO4QwuwINraMA9NKEFDDJ4hld4c3LnxXl3Phata04xcwJ/4Hz+AAGdkQE=</latexit>

� ⇠ 1
<latexit sha1_base64="/CIgL2H4p/9PxWanxNG9fFYJeQk=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fj04rGC/YAmls1m0y7d3YTdiVJC/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXpoIbcN1vZ2V1bX1js7RV3t7Z3duvHBy2TZJpylo0EYnuhsQwwRVrAQfBuqlmRIaCdcLRzdTvPDJteKLuYZyyQJKB4jGnBKz04EdMAMG+4RJ7uF+pujV3BrxMvIJUUYFmv/LlRwnNJFNABTGm57kpBDnRwKlgk7KfGZYSOiID1rNUEclMkM+unuBTq0Q4TrQtBXim/p7IiTRmLEPbKQkMzaI3Ff/zehnEV0HOVZoBU3S+KM4EhgRPI8AR14yCGFtCqOb2VkyHRBMKNqiyDcFbfHmZtOs177xWv7uoNq6LOEroGJ2gM+ShS9RAt6iJWogijZ7RK3pznpwX5935mLeuOMXMEfoD5/MHMHiRpg==</latexit>

Deep minimum Shallow minimum

⇤R ⇡ ⇤B
<latexit sha1_base64="1C59k+QygLbP/HHGZU30C4Rxeyk=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjNV0GWpGxcuqtgHdIYhk0nb0MwkJBmxDAU3/oobF4q49Sfc+Tem7QjaeiBwOOdcbu4JBaNKO86XtbC4tLyyWlgrrm9sbm3bO7tNxVOJSQNzxmU7RIowmpCGppqRtpAExSEjrXBwMfZbd0QqypNbPRTEj1EvoV2KkTZSYO97VyYcoeDGQ0JIfg9/hFpgl5yyMwGcJ25OSiBHPbA/vYjjNCaJxgwp1XEdof0MSU0xI6OilyoiEB6gHukYmqCYKD+b3DCCR0aJYJdL8xINJ+rviQzFSg3j0CRjpPtq1huL/3mdVHfP/YwmItUkwdNF3ZRBzeG4EBhRSbBmQ0MQltT8FeI+kghrU1vRlODOnjxPmpWye1KuXJ+WqrW8jgI4AIfgGLjgDFTBJaiDBsDgATyBF/BqPVrP1pv1Po0uWPnMHvgD6+MbW6yXVQ==</latexit>

⇤R ⌧ ⇤B
<latexit sha1_base64="cSCXVWnGgPccRcGgB4/fIS1YqeQ=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFcFVmqqDLUjcuXFSxD+gMQyaTaUMzD5KMUGoX/oobF4q49Tfc+Tem7QjaeiBwcs655Ob4KWdSWdaXUVhaXlldK66XNja3tnfM3b2WTDJBaJMkPBEdH0vKWUybiilOO6mgOPI5bfuDy4nfvqdCsiS+U8OUuhHuxSxkBCsteeaBc63DAfZuHc7Rz6XumWWrYk2BFomdkzLkaHjmpxMkJItorAjHUnZtK1XuCAvFCKfjkpNJmmIywD3a1TTGEZXuaLr/GB1rJUBhIvSJFZqqvydGOJJyGPk6GWHVl/PeRPzP62YqvHBHLE4zRWMyeyjMOFIJmpSBAiYoUXyoCSaC6V0R6WOBidKVlXQJ9vyXF0mrWrFPK9Wbs3KtntdRhEM4ghOw4RxqcAUNaAKBB3iCF3g1Ho1n4814n0ULRj6zD39gfHwD9pCVaw==</latexit>
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<latexit sha1_base64="zM9DXwCHqGUsYiHzbRQcudJztPg=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiQWqqRUgrECBgaGguhDakLkOE5r1U4i20Gqos4s/AoLAwix8gVs/A1uGyRoOZLl43Pv0fU9fsKoVJb1ZczNLywuLRdWiqtr6xub5tZ2U8apwKSBYxaLto8kYTQiDUUVI+1EEMR9Rlp+/3xUb90TIWkc3apBQlyOuhENKUZKS56551wQphB0rrQn0LekHB79PL2bu6pnlqyyNQacJXZOSiBH3TM/nSDGKSeRwgxJ2bGtRLkZEopiRoZFJ5UkQbiPuqSjaYQ4kW42XmUID7QSwDAW+kQKjtXfjgxxKQfc150cqZ6cro3E/2qdVIWnbkajJFUkwpNBYcqgiuEoFxhQQbBiA00QFlT/FeIeEggrnV5Rh2BPrzxLmpWyfVyuXFdLtbM8jgLYBfvgENjgBNTAJaiDBsDgATyBF/BqPBrPxpvxPmmdM3LPDvgD4+MbzS6ZDg==</latexit>
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<latexit sha1_base64="BLW+vOuZt7iSse2gs7k2LgR5k3Y=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlSRUgrEqCwNDkehDatLIcZzWqp1EtoNUVf0BFn6FhQGEWNnZ+BvcNgO0HOlKR+fca997gpRRqSzr2yisrK6tbxQ3S1vbO7t75v5BSyaZwKSJE5aIToAkYTQmTUUVI51UEMQDRtrB8Hrqtx+IkDSJ79UoJR5H/ZhGFCOlJd884b6bDmjPga6kHLohYQpB91a/ECK/3queRz3HN8tWxZoBLhM7J2WQo+GbX26Y4IyTWGGGpOzaVqq8MRKKYkYmJTeTJEV4iPqkq2mMOJHeeHbNBJ5qJYRRInTFCs7U3xNjxKUc8UB3cqQGctGbiv953UxFV96YxmmmSIznH0UZgyqB02hgSAXBio00QVhQvSvEAyQQVjrAkg7BXjx5mbScin1Rce6q5Vo9j6MIjsAxOAM2uAQ1cAMaoAkweATP4BW8GU/Gi/FufMxbC0Y+cwj+wPj8AVPnmnA=</latexit>
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<latexit sha1_base64="CZeMCHKKMfdlAjSdWuZXE0Ap+Ys=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiaxoMtSNy5cVLAPaNIwmU7aoTNJmJkIJXTlxl9x40IRt36DO//GaZuFth4YOJxzD3fuCRJGpbKsb6Owsrq2vlHcLG1t7+zumfsHLRmnApMmjlksOgGShNGINBVVjHQSQRAPGGkHo+up334gQtI4ulfjhHgcDSIaUoyUlnzzmPtuMqQ9B7qScuje6mgf+fVe9TzsOb5ZtirWDHCZ2DkpgxwN3/xy+zFOOYkUZkjKrm0lysuQUBQzMim5qSQJwiM0IF1NI8SJ9LLZGRN4qpU+DGOhX6TgTP2dyBCXcswDPcmRGspFbyr+53VTFV55GY2SVJEIzxeFKYMqhtNOYJ8KghUba4KwoPqvEA+RQFjp5kq6BHvx5GXScir2RcW5q5Zr9byOIjgCJ+AM2OAS1MANaIAmwOARPINX8GY8GS/Gu/ExHy0YeeYQ/IHx+QMrlJek</latexit>
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<latexit sha1_base64="AjiaLsmgWBkQ7dL/OaXg6nuEFWA="></latexit>



1. Bubble  
forming 
(Dense & Large)

2.Bubble  
escaping

<latexit sha1_base64="NwaImlyq2N23xp0lNRqlKp8G6j0=">AAACB3icbVC7TsMwAHTKq4RXgJHFokIqA1WCQMBWwcLAUCT6kJooclynWLWdKHYQVRR2voJPYANWBlaY+RvcNgO0nGTrdA9Z5yBmVCrb/jZKc/MLi0vlZXNldW19w9rcaskoTTBp4ohFSSdAkjAqSFNRxUgnTgjiASPtYHAx8tt3JJE0EjdqGBOPo76gIcVIacm3zqB7pdM95GeuIvdK31QMYRIxlufQ7Std5bBq12znwK45+w+TFGnlvlXR6hhwljgFqYACDd96dXsRTjkRCjMkZdexY+VlKFEUM5KbbipJjPAA9UlXU4E4kV42npjDPa30YBgl+ggFx+rvRoa4lEMe6CRH6lZOeyPxP6+bqvDUy6iIU0UEnjwUpgyqCI7+C0LT1Eud6V2zpHVYc45r9vVRpX5ebC6DHbALqsABJ6AOLkEDNAEGT+ADfIIv49F4Nl6Mt0m0ZBSdbfAHxvsPqAWXew==</latexit>

⇤roll & (0.01� 0.1) eV

3. Large change  
in CC

Parameter space
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Late change in CC: 
Ruled out by 
CMB and local 
      measurements<latexit sha1_base64="oQ6rK08CKT4EE3UsjErpwvc8U0c=">AAABz3icbU/LSsNAFL1TXzW+qi7dDBbBVZmIosuimy5btA9oQ5lMJ3XoZCZkJkoJFbcu3Oqn+C3+jWmahbYeuHA451zuPX4khbGEfKPS2vrG5lZ529nZ3ds/qBwedYxOYsbbTEsd93xquBSKt62wkveimNPQl7zrT+7mfveJx0Zo9WCnEfdCOlYiEIzaTLpvDMmwUiU1kgOvErcgVSjQHFa+BiPNkpAryyQ1pu+SyHopja1gks+cQWJ4RNmEjnk/o4qG3Hhp/uoMn2XKCAc6zkZZnKu/N1IaGjMN/SwZUvtolr25+J/XT2xw46VCRYnlii0OBYnEVuN5b4wdJ2vqLvdaJZ2LmntVI63Lav226FyGEziFc3DhGurQgCa0gcEY3uEDPlELPaMX9LqIllCxcwx/gN5+AGeIgY8=</latexit>

H0

e.g Karwal, Kamionkowski 1608.01309

Backup - parameter space exclusion



Backup - Time scales

Adiabatic, field evolves in quasi-static background

Time scale of field reaction:

tϕ ∼
f

Λ2
r

:tϕ ≪ To

Time scale of object formation:

To

Sudden, field only sees final density configuration:tϕ ≫ To

If final density distribution allows for classical rolling:

Only small difference due to kinetic energy
𝒪(1) factors)(

If final density does not allow for rolling, but intermediate does
Big difference!



Backup - Gravity

Fgrav = −
1

M2
p

MstarMbubble

r2
b

= −
1

M2
p

( 4π
3 r3

b ρ) (4πσr2
b)

r2
b

Using NDA R2
star ∼

M2
p

ρ

 we find O(1) change in eom:

Inside:

Outside:

σ ··r = ϵ −
2σ
r (1 +

2π
3

r2
b

R2
star ) −

dσ
dr

σ ··r = ϵ −
2σ
r (1 +

2π
3

Rstar

rb ) −
dσ
dr

rb < Rstar

rb > Rstar

https://arxiv.org/abs/2004.02899


Backup - Bubbles connecting multiple vacua

Δϕ = 2πfN

Tension of each sub-bubble in enhanced by N

Split bubble into sub-bubbles with Δϕ = 2πf

Furthermost sub-bubble can split off more easy 
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Backup - Coupled system NS - scalar



Outlook - Phase transition from EM fields

g���
�

f
Fµ⌫ F̃µ⌫

<latexit sha1_base64="g5QGzu2/9+umYQCHtDZ1E++GlEQ=">AAACKnicbVDLSgMxFM3UV62vqks3wSK4KjNV0GVVKC4r2Ad0xiGTZtrQJDMkGaEM8z1u/BU3XSjFrR9iOq2grQcu93DOvST3BDGjStv21CqsrW9sbhW3Szu7e/sH5cOjtooSiUkLRyyS3QApwqggLU01I91YEsQDRjrB6G7md56JVDQSj3ocE4+jgaAhxUgbyS/fDPzUjYfUHSDOEZy3DLqhRDg3sjTMYOMpdXniiiRzNWV9kjYy/0fxyxW7aueAq8RZkApYoOmXJ24/wgknQmOGlOo5dqy9FElNMSNZyU0UiREeoQHpGSoQJ8pL81MzeGaUPgwjaUpomKu/N1LElRrzwExypIdq2ZuJ/3m9RIfXXkpFnGgi8PyhMGFQR3CWG+xTSbBmY0MQltT8FeIhMilpk27JhOAsn7xK2rWqc1GtPVxW6reLOIrgBJyCc+CAK1AH96AJWgCDF/AG3sGH9WpNrKn1OR8tWIudY/AH1tc3jh6pNg==</latexit>

Vacuum Dipole as model for magnetic NS:

⇤4
R( ~E · ~B) > ⇤4

R
<latexit sha1_base64="6DPDK96AwddxGOtJY+Y+M0+QsiY=">AAACFnicbVDLSsNAFJ34rPVVdelmsAh1YUlqQVdSKoILF1XsA5oaJpNJO3TyYGZSKCFf4cZfceNCEbfizr9xmmZRWw8MHM45lzv32CGjQur6j7a0vLK6tp7byG9ube/sFvb2WyKIOCZNHLCAd2wkCKM+aUoqGemEnCDPZqRtD68mfntEuKCB/yDHIel5qO9Tl2IklWQVTs1bFXaQdf9YLZkjguPrxMROIFNeT07g5UzCKhT1sp4CLhIjI0WQoWEVvk0nwJFHfIkZEqJr6KHsxYhLihlJ8mYkSIjwEPVJV1EfeUT04vSsBB4rxYFuwNXzJUzV2YkYeUKMPVslPSQHYt6biP953Ui6F72Y+mEkiY+ni9yIQRnASUfQoZxgycaKIMyp+ivEA8QRlqrJvCrBmD95kbQqZeOsXLmrFmv1rI4cOARHoAQMcA5q4AY0QBNg8ARewBt41561V+1D+5xGl7Rs5gD8gfb1C+YCnpE=</latexit>

Bubbles can form!

~E · ~B ⇠
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<latexit sha1_base64="DnRAjd1nh508oew87+p/Zdsoxbg="></latexit>

Gives bounds on metastable theories with coupling to photons (e.g. Technicolored Relaxion)



Backup - Phase transition from EM fields

Analysis very similar to matter density

Escape condition

REM
T �Rs &

f⇤2
B

⇤4
R

<latexit sha1_base64="88wBVqsLE2Qd/qyJTYtQ1A71mx8="></latexit>

Technicolored Relaxion
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⇤TC ⇠ ⇤B
<latexit sha1_base64="chS1NU0T5cngrrLWrvmNGtUj9Rc=">AAACBHicbVDLSgMxFM34rPU16rKbYBFclZkq6LK0GxcuKvQF7TBkMpk2NMkMSUYoQxdu/BU3LhRx60e4829M2xG09UDgcM653NwTJIwq7Thf1tr6xubWdmGnuLu3f3BoHx13VJxKTNo4ZrHsBUgRRgVpa6oZ6SWSIB4w0g3GjZnfvSdS0Vi09CQhHkdDQSOKkTaSb5cGtyYcIj9rNaZwoCiHP0rdt8tOxZkDrhI3J2WQo+nbn4MwxiknQmOGlOq7TqK9DElNMSPT4iBVJEF4jIakb6hAnCgvmx8xhWdGCWEUS/OEhnP190SGuFITHpgkR3qklr2Z+J/XT3V07WVUJKkmAi8WRSmDOoazRmBIJcGaTQxBWFLzV4hHSCKsTW9FU4K7fPIq6VQr7kWlendZrtXzOgqgBE7BOXDBFaiBG9AEbYDBA3gCL+DVerSerTfrfRFds/KZE/AH1sc3mOGXaw==</latexit>



Outlook - Phase transitions from dark compact objects

Fermi pressure vs Gravity

Dark ‘neutron stars’ can seed PT (e.g. in non-QCD relaxion)

n ⇠ m3
 

<latexit sha1_base64="tlHVHGARm8ljjAGAmrUCwCiwS/w=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaL4KokraDLohuXFewFmhgm00k7dGYSZiZCDcVXceNCEbe+hzvfxmmahbb+MPDxn3M4Z/4wYVRpx/m2Siura+sb5c3K1vbO7p69f9BRcSoxaeOYxbIXIkUYFaStqWakl0iCeMhINxxfz+rdByIVjcWdniTE52goaEQx0sYK7CMReImi0FOUQ57zfSOwq07NyQWXwS2gCgq1AvvLG8Q45URozJBSfddJtJ8hqSlmZFrxUkUShMdoSPoGBeJE+Vl+/RSeGmcAo1iaJzTM3d8TGeJKTXhoOjnSI7VYm5n/1fqpji79jIok1UTg+aIoZVDHcBYFHFBJsGYTAwhLam6FeIQkwtoEVjEhuItfXoZOveY2avXb82rzqoijDI7BCTgDLrgATXADWqANMHgEz+AVvFlP1ov1bn3MW0tWMXMI/sj6/AHckJTW</latexit>

Dense enough: Large enough:

⇤B(n )4

⇤4
B

⇠ 1� �̃n 
⇤4
C

<latexit sha1_base64="fdpL3UmGwbXs/A6H0Fh+TjfCW9M="></latexit>

⇤B(n )
4 . ⇤R

<latexit sha1_base64="zmt/oOKL5C3gbCQr2jjZUUcaHXM=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQNyWpBV2WunHhoop9QBPDZDJth04mYWYilNAvcOOvuHGhiFvX7vwbp20EbT0wcDjnXO7c48eMSmVZX0ZuZXVtfSO/Wdja3tndM/cP2jJKBCYtHLFIdH0kCaOctBRVjHRjQVDoM9LxRxdTv3NPhKQRv1XjmLghGnDapxgpLXlmybnS4QB5jTL3nFjSk7uaw4iUkobwx7vxzKJVsWaAy8TOSBFkaHrmpxNEOAkJV5ghKXu2FSs3RUJRzMik4CSSxAiP0ID0NOUoJNJNZ+dMYEkrAexHQj+u4Ez9PZGiUMpx6OtkiNRQLnpT8T+vl6j+uZtSHieKcDxf1E8YVBGcdgMDKghWbKwJwoLqv0I8RAJhpRss6BLsxZOXSbtasU8r1etasd7I6siDI3AMysAGZ6AOLkETtAAGD+AJvIBX49F4Nt6M93k0Z2Qzh+APjI9vFyCbgQ==</latexit>

m . ⇤C

s
Mp

f
<latexit sha1_base64="B/WVCR9LA+ZElLxeZYijr+YqKMI=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuQlIFXRa7caFQwT6gCWEymbRDZ5I4MxFKyF+48VfcuFDEre78G6dtFtp6YOBwzj3cuSdIGZXKtr+NpeWV1bX1ykZ1c2t7Z9fc2+/IJBOYtHHCEtELkCSMxqStqGKklwqCeMBINxg1J373gQhJk/hOjVPicTSIaUQxUlryTYv7biopdBmRUlIO3WsdDpHfhK68Fyp3I4FwfuOnRR4VhW/WbMueAi4SpyQ1UKLlm19umOCMk1hhhqTsO3aqvBwJRTEjRdXNJEkRHqEB6WsaI06kl0/vKuCxVkIYJUK/WMGp+juRIy7lmAd6kiM1lPPeRPzP62cquvByGqeZIjGeLYoyBlUCJyXBkAqCFRtrgrCg+q8QD5EuQukqq7oEZ/7kRdKpW86pVb89qzUuyzoq4BAcgRPggHPQAFegBdoAg0fwDF7Bm/FkvBjvxsdsdMkoMwfgD4zPH/VNoHI=</latexit>

��⇤ ⇠ 6 · 10�3⇤0

⇣ m 

10keV

⌘4
✓

f

10TeV

◆2

<latexit sha1_base64="jGKTo0kQ1pcd3eedQF0UtPsJtkw="></latexit>

Rs ⇠
Mp

m2
 

<latexit sha1_base64="lYgI6xBUBYDZ8rgvC2vNnKVfamA=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclaQKuiy6cSNUsQ9oYphMJ+3QmUmYmQglZOXGX3HjQhG3foM7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rYXFpeWV1dJaeX1jc2vb3tltqTiVmDRxzGLZCZEijArS1FQz0kkkQTxkpB0OL8d++4FIRWNxp0cJ8TnqCxpRjLSRAvvgNlDQU5RDL5IIZ9dBkmc88BJF72t5YFecqjMBnCduQSqgQCOwv7xejFNOhMYMKdV1nUT7GZKaYkbyspcqkiA8RH3SNVQgTpSfTd7I4ZFRejCKpSmh4UT9PZEhrtSIh6aTIz1Qs95Y/M/rpjo69zMqklQTgaeLopRBHcNxJrBHJcGajQxBWFJzK8QDZOLQJrmyCcGdfXmetGpV96Rauzmt1C+KOEpgHxyCY+CCM1AHV6ABmgCDR/AMXsGb9WS9WO/Wx7R1wSpm9sAfWJ8/FBCY4g==</latexit>



Outlook - Phase transitions from dark compact objects

��⇤ ⇠ 6 · 10�3⇤0
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f
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<latexit sha1_base64="jGKTo0kQ1pcd3eedQF0UtPsJtkw="></latexit>

Ongoing work

V(ϕ)

ϕ

First bubbles at star formation

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

2f
<latexit sha1_base64="Y2qr3M3q1EDqFHfn8Ort2eZ2jnQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh1rYL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzBz0sjSo=</latexit>

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

Bubble collisions trigger subsequent bubbles

What is the GW signal?
Are there other observables?


