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[Credit:LIGO-Virgo/Aaron Geller/Northwestern University]
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Power Law + Peak

• Inconclusive evidence for upper mass gap

[LVK, PRX (2023)]

• Two peaks: <latexit sha1_base64="6WEFmwBFoqZe3AfYFWWplQ+vUGk=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjPidgx68SJEMAtkxtDT05M06Z4eumuUMOQ/vHhQxKv/4s2/sbMcNPFBweO9KqrqhangBlz32yksLa+srhXXSxubW9s75d29plGZpqxBlVC6HRLDBE9YAzgI1k41IzIUrBUOrsd+65Fpw1VyD8OUBZL0Eh5zSsBKD77hEnvubddXkYJuueJW3QnwIvFmpIJmqHfLX36kaCZZAlQQYzqem0KQEw2cCjYq+ZlhKaED0mMdSxMimQnyydUjfGSVCMdK20oAT9TfEzmRxgxlaDslgb6Z98bif14ng/gyyHmSZsASOl0UZwKDwuMIcMQ1oyCGlhCqub0V0z7RhIINqmRD8OZfXiTNk6p3Xj27O63UrmZxFNEBOkTHyEMXqIZuUB01EEUaPaNX9OY8OS/Ou/MxbS04s5l99AfO5w+cSpH0</latexit>⇠ 10M�
<latexit sha1_base64="dKuJPuVaQl53QXLitzVJoKAmpI4=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0VwVRK16rLoxo1QwT6giWUymbRD5xFmJkoJ/Q83LhRx67+482+ctllo64ELh3Pu5d57woRRbVz32yksLa+srhXXSxubW9s75d29lpapwqSJJZOqEyJNGBWkaahhpJMognjISDscXk/89iNRmkpxb0YJCTjqCxpTjIyVHnxNOTyt3fZ8GUnTK1fcqjsFXCReTiogR6NX/vIjiVNOhMEMad313MQEGVKGYkbGJT/VJEF4iPqka6lAnOggm149hkdWiWAslS1h4FT9PZEhrvWIh7aTIzPQ895E/M/rpia+DDIqktQQgWeL4pRBI+EkAhhRRbBhI0sQVtTeCvEAKYSNDapkQ/DmX14krZOqd16t3Z1V6ld5HEVwAA7BMfDABaiDG9AATYCBAs/gFbw5T86L8+58zFoLTj6zD/7A+fwBpxmR+w==</latexit>⇠ 35M�

• Monotonic decrease for <latexit sha1_base64="8KneX8uZ9XXHUwlxvAAdgK7FcY4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKUU8S9OJFiGAekKxhdnY2GTKzs8zMKmHJf3jxoIhX/8Wbf+PkcdDEgoaiqpvuriDhTBvX/XZyS8srq2v59cLG5tb2TnF3r6FlqgitE8mlagVYU85iWjfMcNpKFMUi4LQZDK7HfvORKs1kfG+GCfUF7sUsYgQbKz0IdIkqLrrtdmQoTbdYcsvuBGiReDNSghlq3eJXJ5QkFTQ2hGOt256bGD/DyjDC6ajQSTVNMBngHm1bGmNBtZ9Nrh6hI6uEKJLKVmzQRP09kWGh9VAEtlNg09fz3lj8z2unJrrwMxYnqaExmS6KUo6MROMIUMgUJYYPLcFEMXsrIn2sMDE2qIINwZt/eZE0TsreWblyd1qqXs3iyMMBHMIxeHAOVbiBGtSBgIJneIU358l5cd6dj2lrzpnN7MMfOJ8/gMaRPg==</latexit>

m > 50M�



GWTC-3 

Astrophysical origin
ST1M1 ST2 M2Time a

�[M�] � [M�][Myr] [R�]

MS63.60.0 MS 27.8 729.93

HG60.44.1 MS 27.7 757.5

HeMS24.64.12 MS 30.6 622.07

BH19.14.49 MS 30.6 692.7

BH19.17.21 CHeB 30.3 697.48

BH19.1 CHeB 29.77.42 706.33

BH19.17.42 HeMS 10.6 5.18

BH19.17.88 BH 5.7 8.82
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[Stevenson+, (2017)] [Tagawa+, (2020)]

[LVK, PRX (2023)]
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Primordial origin
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[LVK, PRX (2023)]

Primordial origin

[Bird+, PRL (2016)]
[Clesse+, Phys. Dark Univ. (2017)]

[Sasaki+, PRL (2016)]

[Franciolini+, PRD (2022)]

De Luca, Franciolini, Pani, Riotto, Hutsi, Veermae…

[Hutsi+, JCAP (2021)]
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+ baby universe



Bubbles from Inflation
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Slow-roll Inflation

[Garriga, Vilenkin, JZ, JCAP (2016)]



Bubbles from Inflation
<latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>x

<latexit sha1_base64="tmEvmksfb9cWDAa5xB1ckWUhUbQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVx71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH6v2NBw==</latexit>y

Slow-roll Inflation

de Sitter

[Garriga, Vilenkin, JZ, JCAP (2016)]
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[Garriga, Vilenkin, JZ, JCAP (2016)]
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[Garriga, Vilenkin, JZ, JCAP (2016)]
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Slow-roll Inflation

de Sitter

[Garriga, Vilenkin, JZ, JCAP (2016)]
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Size distribution
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Slow-roll Inflation
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<latexit sha1_base64="ySSPbiSfO6xTloTer7GyNK4O508=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrmEDgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPn5+PLQ==</latexit>�

<latexit sha1_base64="iuMZpgXpCJWifO9tCjkmLNuAb8Y=">AAACJXicbVDLSgMxFM34rPU16tJNsAiu6kx9LlwUXdiNUME+oDMdMmnahiYzY5IplKE/48ZfcePCIoIrf8W0HUFbDwQO55zLzT1+xKhUlvVpLCwuLa+sZtay6xubW9vmzm5VhrHApIJDFoq6jyRhNCAVRRUj9UgQxH1Gan7vZuzX+kRIGgYPahARl6NOQNsUI6Ulz7wqeY6kHY6gQx5j2ocFJ6Lw9keTlGtDoTTUPDm+8xJHcFhmw2bBM3NW3poAzhM7JTmQouyZI6cV4piTQGGGpGzYVqTcBAlFMSPDrBNLEiHcQx3S0DRAnEg3mVw5hIdaacF2KPQLFJyovycSxKUccF8nOVJdOeuNxf+8Rqzal25CgyhWJMDTRe2YQRXCcWWwRQXBig00QVhQ/VeIu0ggrHSxWV2CPXvyPKkW8vZ5/uz+NFe8TuvIgH1wAI6ADS5AEZRAGVQABk/gBbyBkfFsvBrvxsc0umCkM3vgD4yvbyu4pHQ=</latexit>
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<latexit sha1_base64="YKdFt7cKaZ3EM4A0ZCE9YPNrv5w="></latexit>
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<latexit sha1_base64="vHbLVoC0kNUHox5jphttNsr0fpM="></latexit>

Hb ⌘
p
3⇡G⇢b/3 ⇠ ⌘

2
b/MPl

<latexit sha1_base64="oewJ7H84I3EbZTV/R/5hUY50NGo=">AAACGnicbZDLSsNAFIYn9VbrLerSzWARXJVEvC2LbtwIFewFmhAm02k7dCYJMydCCX0ON76KGxeKuBM3vo3TNAttPTDMx/+fw8z5w0RwDY7zbZWWlldW18rrlY3Nre0de3evpeNUUdaksYhVJySaCR6xJnAQrJMoRmQoWDscXU/99gNTmsfRPYwT5ksyiHifUwJGCmzXY0ACT/OBJNhcEudCiD0hZshzvA0yT0ncEJPArjo1Jy+8CG4BVVRUI7A/vV5MU8kioIJo3XWdBPyMKOBUsEnFSzVLCB2RAesajIhk2s/y1Sb4yCg93I+VORHgXP09kRGp9ViGplMSGOp5byr+53VT6F/6GY+SFFhEZw/1U4EhxtOccI8rRkGMDRCquPkrpkOiCAWTZsWE4M6vvAitk5p7Xju7O63Wr4o4yugAHaJj5KILVEc3qIGaiKJH9Ixe0Zv1ZL1Y79bHrLVkFTP76E9ZXz8G9qA+</latexit>

⌘� ⇠ ⌘b ⌧ ⌘i ⌧ MPl
<latexit sha1_base64="fTgdQcGQM4aXCym/R1FSaSY8u3M=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyURX8uimy4r2Ac0IUymk3boZBJmJkIJdeOvuHGhiFv/wp1/47TNQlsPXO7hnHuZuSdMOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJOENknCE9kJsaKcCdrUTHPaSSXFcchpOxzeTvz2A5WKJeJej1Lqx7gvWMQI1kYK7MN64CnWjzHyOEf1ICw6C+yKU3WmQIvELUgFCjQC+8vrJSSLqdCEY6W6rpNqP8dSM8LpuOxliqaYDHGfdg0VOKbKz6cXjNGJUXooSqQpodFU/b2R41ipURyayRjrgZr3JuJ/XjfT0bWfM5FmmgoyeyjKONIJmsSBekxSovnIEEwkM39FZIAlJtqEVjYhuPMnL5LWWdW9rF7cnVdqN0UcJTiCYzgFF66gBnVoQBMIPMIzvMKb9WS9WO/Wx2x0ySp2DuAPrM8fn02Vug==</latexit>

H� ⌧ Hb ⌧ Hi



Bubbles from Inflation
<latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>x

<latexit sha1_base64="tmEvmksfb9cWDAa5xB1ckWUhUbQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVx71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH6v2NBw==</latexit>y

Schwarszchild-de Sitter

[Garriga, Vilenkin, JZ, JCAP (2016)]

Israel’s matching condition

<latexit sha1_base64="oJFZKMOIAQ08IQ33JUh7c32aHZI=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2dVD1Qt75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB5T+jyY=</latexit>⇢b

<latexit sha1_base64="z3oZ5izMHUOvqtHnL52hI3DivqI=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2dVD1eO9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+rF/fnldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5A5+ajy0=</latexit>⇢i

<latexit sha1_base64="ySSPbiSfO6xTloTer7GyNK4O508=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrmEDgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPn5+PLQ==</latexit>�
At the end of inflation

<latexit sha1_base64="TJlT5/CjA5RQveOQr5JD/vFDtRk=">AAACHHicbVC7TsMwFHXKq5RXgJHFokJiqpJSHmMFS8eC6ENqQuS4TmvVToLtIFVRPoSFX2FhACEWBiT+BrfNAC1Hsu7ROffq+h4/ZlQqy/o2CkvLK6trxfXSxubW9o65u9eWUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6mvidByIkjcJbNY6Jy9EgpAHFSGnJM0+cfqTSG49m0JGUk3voBAJhuzaracOjd9VMF+0OOMqgbvXMslWxpoCLxM5JGeRoeuan3oITTkKFGZKyZ1uxclMkFMWMZCUnkSRGeIQGpKdpiDiRbjo9LoNHWunDIBL6hQpO1d8TKeJSjrmvOzlSQznvTcT/vF6iggs3pWGcKBLi2aIgYVBFcJIU7FNBsGJjTRAWVP8V4iHSoSidZ0mHYM+fvEja1Yp9Vjm9rpXrl3kcRXAADsExsME5qIMGaIIWwOARPINX8GY8GS/Gu/Exay0Y+cw++APj6wc30aF2</latexit>
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<latexit sha1_base64="DnRZgqtldxKXuJb0UIHqsUCQEZ4="></latexit>
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<latexit sha1_base64="6uaLpFHHK0gsseXvseO40uwjWhY="></latexit>
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<latexit sha1_base64="iuMZpgXpCJWifO9tCjkmLNuAb8Y=">AAACJXicbVDLSgMxFM34rPU16tJNsAiu6kx9LlwUXdiNUME+oDMdMmnahiYzY5IplKE/48ZfcePCIoIrf8W0HUFbDwQO55zLzT1+xKhUlvVpLCwuLa+sZtay6xubW9vmzm5VhrHApIJDFoq6jyRhNCAVRRUj9UgQxH1Gan7vZuzX+kRIGgYPahARl6NOQNsUI6Ulz7wqeY6kHY6gQx5j2ocFJ6Lw9keTlGtDoTTUPDm+8xJHcFhmw2bBM3NW3poAzhM7JTmQouyZI6cV4piTQGGGpGzYVqTcBAlFMSPDrBNLEiHcQx3S0DRAnEg3mVw5hIdaacF2KPQLFJyovycSxKUccF8nOVJdOeuNxf+8Rqzal25CgyhWJMDTRe2YQRXCcWWwRQXBig00QVhQ/VeIu0ggrHSxWV2CPXvyPKkW8vZ5/uz+NFe8TuvIgH1wAI6ADS5AEZRAGVQABk/gBbyBkfFsvBrvxsc0umCkM3vgD4yvbyu4pHQ=</latexit>
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<latexit sha1_base64="YKdFt7cKaZ3EM4A0ZCE9YPNrv5w="></latexit>
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<latexit sha1_base64="vHbLVoC0kNUHox5jphttNsr0fpM="></latexit>
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<latexit sha1_base64="oewJ7H84I3EbZTV/R/5hUY50NGo=">AAACGnicbZDLSsNAFIYn9VbrLerSzWARXJVEvC2LbtwIFewFmhAm02k7dCYJMydCCX0ON76KGxeKuBM3vo3TNAttPTDMx/+fw8z5w0RwDY7zbZWWlldW18rrlY3Nre0de3evpeNUUdaksYhVJySaCR6xJnAQrJMoRmQoWDscXU/99gNTmsfRPYwT5ksyiHifUwJGCmzXY0ACT/OBJNhcEudCiD0hZshzvA0yT0ncEJPArjo1Jy+8CG4BVVRUI7A/vV5MU8kioIJo3XWdBPyMKOBUsEnFSzVLCB2RAesajIhk2s/y1Sb4yCg93I+VORHgXP09kRGp9ViGplMSGOp5byr+53VT6F/6GY+SFFhEZw/1U4EhxtOccI8rRkGMDRCquPkrpkOiCAWTZsWE4M6vvAitk5p7Xju7O63Wr4o4yugAHaJj5KILVEc3qIGaiKJH9Ixe0Zv1ZL1Y79bHrLVkFTP76E9ZXz8G9qA+</latexit>

⌘� ⇠ ⌘b ⌧ ⌘i ⌧ MPl
<latexit sha1_base64="fTgdQcGQM4aXCym/R1FSaSY8u3M=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyURX8uimy4r2Ac0IUymk3boZBJmJkIJdeOvuHGhiFv/wp1/47TNQlsPXO7hnHuZuSdMOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJOENknCE9kJsaKcCdrUTHPaSSXFcchpOxzeTvz2A5WKJeJej1Lqx7gvWMQI1kYK7MN64CnWjzHyOEf1ICw6C+yKU3WmQIvELUgFCjQC+8vrJSSLqdCEY6W6rpNqP8dSM8LpuOxliqaYDHGfdg0VOKbKz6cXjNGJUXooSqQpodFU/b2R41ipURyayRjrgZr3JuJ/XjfT0bWfM5FmmgoyeyjKONIJmsSBekxSovnIEEwkM39FZIAlJtqEVjYhuPMnL5LWWdW9rF7cnVdqN0UcJTiCYzgFF66gBnVoQBMIPMIzvMKb9WS9WO/Wx2x0ySp2DuAPrM8fn02Vug==</latexit>

H� ⌧ Hb ⌧ Hi



Post-inflation evolution
Initial Condition <latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>x

<latexit sha1_base64="tmEvmksfb9cWDAa5xB1ckWUhUbQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVx71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH6v2NBw==</latexit>y

[Garriga, Vilenkin, JZ, JCAP (2016)]

<latexit sha1_base64="oJFZKMOIAQ08IQ33JUh7c32aHZI=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2dVD1Qt75YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB5T+jyY=</latexit>⇢b

<latexit sha1_base64="ySSPbiSfO6xTloTer7GyNK4O508=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrmEDgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPn5+PLQ==</latexit>�

<latexit sha1_base64="VY3zBGZF+H++kR/zTs1MHcdFOw0=">AAACEnicbVA7T8MwGHTKq5RXgJHFokJqlypB5TFWsDAWRB9SUyLHcVqrjhNsB6mK8htY+CssDCDEysTGv8FtM0DLSbZOd9/J/s6LGZXKsr6NwtLyyupacb20sbm1vWPu7rVllAhMWjhikeh6SBJGOWkpqhjpxoKg0GOk440uJ37ngQhJI36rxjHph2jAaUAxUlpyzarPK8qlVUfSkNxDh+moj6ATCIRTH964NEv1dVfPXLNs1awp4CKxc1IGOZqu+eX4EU5CwhVmSMqebcWqnyKhKGYkKzmJJDHCIzQgPU05Consp9OVMnikFR8GkdCHKzhVfydSFEo5Dj09GSI1lPPeRPzP6yUqOO+nlMeJIhzPHgoSBlUEJ/1AnwqCFRtrgrCg+q8QD5FuQ+kWS7oEe37lRdI+rtmntZPrerlxkddRBAfgEFSADc5AA1yBJmgBDB7BM3gFb8aT8WK8Gx+z0YKRZ/bBHxifP205nVg=</latexit>

dn(ti) ' �
dRi

R4
i

<latexit sha1_base64="DnRZgqtldxKXuJb0UIHqsUCQEZ4="></latexit>
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Post-inflation evolution
A pedagogical model
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1 Spherical domain wall in dust cosmology

R = 2GMS R = 0 R = 2GMbh, T ! 1 R = 2GMbh, T ! �1 ⇢ = �2GM ⇢ = const. r = 0 r = r0 ⇢ =
⇢0 t = 0 t = ti H

�1 = 2GMbh

V (z) z
Consider a spherical domain wall embedded in a spatially flat matter dominated universe. Two

di↵erent time-scales are relevant to the dynamics of such a wall. One is the cosmological scale t ⇠ H
�1,

and the other is the acceleration time-scale due to the repulsive gravitational field of the domain wall
t� ⇠ (G�)�1.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t

2
/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
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1 Spherical domain wall in dust cosmology

R = 2GMS R = 0 R = 2GMbh, T ! 1 R = 2GMbh, T ! �1 ⇢ = �2GM ⇢ = const. r = 0 r = r0 ⇢ =
⇢0 t = 0 t = ti H

�1 = 2GMbh

V (z) z
Consider a spherical domain wall embedded in a spatially flat matter dominated universe. Two

di↵erent time-scales are relevant to the dynamics of such a wall. One is the cosmological scale t ⇠ H
�1,

and the other is the acceleration time-scale due to the repulsive gravitational field of the domain wall
t� ⇠ (G�)�1.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t

2
/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
the matter around it while its size grows faster than the ambient expansion rate. As we shall see, this
leads to the formation of a wormhole. The dust which was originally in the interior of the wall goes into
a baby universe, and in the ambient FRW universe we are left with a black hole remnant cysted in a
spherical region of of vacuum.

Before we consider the e↵ect of the domain wall, let us first discuss the matching of Schwarzschild
and a dust cosmology.

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric
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where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of ⌧ and ⇢ can be found from (3) as:
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1 Spherical domain wall in dust cosmology

R = 2GMS R = 0 R = 2GMbh, T ! 1 R = 2GMbh, T ! �1 ⇢ = �2GM ⇢ = const. r = 0 r = r0 ⇢ =
⇢0 t = 0 t = ti H

�1 = 2GMbh

Consider a spherical domain wall embedded in a spatially flat matter dominated universe. Two
di↵erent time-scales are relevant to the dynamics of such a wall. One is the cosmological scale t ⇠ H

�1,
and the other is the acceleration time-scale due to the repulsive gravitational field of the domain wall
t� ⇠ (G�)�1.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t

2
/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
the matter around it while its size grows faster than the ambient expansion rate. As we shall see, this
leads to the formation of a wormhole. The dust which was originally in the interior of the wall goes into
a baby universe, and in the ambient FRW universe we are left with a black hole remnant cysted in a
spherical region of of vacuum.

Before we consider the e↵ect of the domain wall, let us first discuss the matching of Schwarzschild
and a dust cosmology.

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric
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expression for T as a function of ⌧ and ⇢ can be found from (3) as:
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with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and ⌧ is the
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1 Spherical domain wall in dust cosmology

R = 2GMS R = 0 R = 2GMbh, T ! 1 R = 2GMbh, T ! �1 ⇢ = �2GM ⇢ = const. r = 0 r = r0 ⇢ =
⇢0 t = 0 t = ti H

�1 = 2GMbh

V (z) z
Consider a spherical domain wall embedded in a spatially flat matter dominated universe. Two

di↵erent time-scales are relevant to the dynamics of such a wall. One is the cosmological scale t ⇠ H
�1,

and the other is the acceleration time-scale due to the repulsive gravitational field of the domain wall
t� ⇠ (G�)�1.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t

2
/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
the matter around it while its size grows faster than the ambient expansion rate. As we shall see, this
leads to the formation of a wormhole. The dust which was originally in the interior of the wall goes into
a baby universe, and in the ambient FRW universe we are left with a black hole remnant cysted in a
spherical region of of vacuum.

Before we consider the e↵ect of the domain wall, let us first discuss the matching of Schwarzschild
and a dust cosmology.

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric
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where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of ⌧ and ⇢ can be found from (3) as:
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Consider a spherical domain wall embedded in a spatially flat matter dominated universe. Two

di↵erent time-scales are relevant to the dynamics of such a wall. One is the cosmological scale t ⇠ H
�1,

and the other is the acceleration time-scale due to the repulsive gravitational field of the domain wall
t� ⇠ (G�)�1.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t

2
/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
the matter around it while its size grows faster than the ambient expansion rate. As we shall see, this
leads to the formation of a wormhole. The dust which was originally in the interior of the wall goes into
a baby universe, and in the ambient FRW universe we are left with a black hole remnant cysted in a
spherical region of of vacuum.

Before we consider the e↵ect of the domain wall, let us first discuss the matching of Schwarzschild
and a dust cosmology.

1.1 Matching Schwarzschild to a dust cosmology
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1 Spherical domain wall in dust cosmology

R = 2GMS R = 0 R = 2GMbh, T ! 1 R = 2GMbh, T ! �1 ⇢ = �2GM ⇢ = const. r = 0 r = r0 ⇢ =
⇢0 t = 0 t = ti H

�1 = 2GMbh

Consider a spherical domain wall embedded in a spatially flat matter dominated universe. Two
di↵erent time-scales are relevant to the dynamics of such a wall. One is the cosmological scale t ⇠ H

�1,
and the other is the acceleration time-scale due to the repulsive gravitational field of the domain wall
t� ⇠ (G�)�1.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t

2
/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
the matter around it while its size grows faster than the ambient expansion rate. As we shall see, this
leads to the formation of a wormhole. The dust which was originally in the interior of the wall goes into
a baby universe, and in the ambient FRW universe we are left with a black hole remnant cysted in a
spherical region of of vacuum.

Before we consider the e↵ect of the domain wall, let us first discuss the matching of Schwarzschild
and a dust cosmology.

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric
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Subtracting (3) from (4), we have
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where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of ⌧ and ⇢ can be found from (3) as:
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with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and ⌧ is the
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Radiation FRW



No interaction with radiation 

Post-inflation evolution

[Deng, JCAP (2020)]
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Implications from GWTC-3

Intrinsic parameters
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L(⇤|d)

HyperparametersHierarchical Bayesian Inference

Posterior 

Merger rate

Mass distribution [LVC, Astrophys. J. Lett. (2021)]

Detect fraction

[He, Deng, Piao, JZ (2023)]



Posterior Mass distribution 

[He, Deng, Piao, JZ (2023)]

Implications from GWTC-3



• No subcritical bubble

•  

[He, Deng, Piao, JZ (2023)]

Implications from GWTC-3



Posterior Mass distribution 

[He, Deng, Piao, JZ (2023)]
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• Bubble dynamics in FRW universe

Outlook

• Digging more information from GWTC-3

• Possibility of seeding supermassive black holes

[Huang, JZ, Piao, in progress]

[in the next version]
• Analyzing with more sophisticated ABH model
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