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Primordial black holes
Zeldovich and Novikov 1967, Hawking 1971, Hawking & Carr 1974, …

• Dark matter candidate
• Reheat the universe after inflation
• Catalysers for particle dark matter or other BSM production
• Baryogenesis
• Seeds of supermassive black holes
• Possible BH merger outliers in LIGO/Virgo/Kagra
• Possible BH microlensing events
• PTA indications of a stochastic GW background
• Theoretical/experimental tool to learn about the early universe



10-22 eV

1 eV

1 TeV

1 GeV

6·1038 GeV

Axion and Co.

Fuzzy DM

WIMPS

(pre-BBN) PBHs

<latexit sha1_base64="5VijDaOHya6PWlEDPeonQUXO34c=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQktS6mNZdONGqGAf0MQwmUzaoZNMmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd77/ETRqWyrG+jsLS8srpWXC9tbG5t75jl3bbkqcCkhTnjousjSRiNSUtRxUg3EQRFPiMdf3g18TsPREjK4zs1SogboX5MQ4qR0pJnlm3rPjs5rY+d4xvP4QFXnlmxqtYUcJHYOamAHE3P/HICjtOIxAozJGXPthLlZkgoihkZl5xUkgThIeqTnqYxioh0s+npY3iolQCGXOiKFZyqvycyFEk5inzdGSE1kPPeRPzP66UqvHAzGiepIjGeLQpTBhWHkxxgQAXBio00QVhQfSvEAyQQVjqtkg7Bnn95kbRrVfusWrutVxqXeRxFsA8OwBGwwTlogGvQBC2AwSN4Bq/gzXgyXox342PWWjDymT3wB8bnD5T7ku8=</latexit>

10�54 M�

<latexit sha1_base64="wI+ry647WNFG19dKReSaOzsCsYY=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQktSpHZZdONGqGAf0MQwmUzaoZNMmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd77/ETRqWyrG+jsLK6tr5R3Cxtbe/s7pnl/Y7kqcCkjTnjoucjSRiNSVtRxUgvEQRFPiNdf3Q19bsPREjK4zs1TogboUFMQ4qR0pJnlm3rPjurNybO6Y3n8IArz6xYVWsGuEzsnFRAjpZnfjkBx2lEYoUZkrJvW4lyMyQUxYxMSk4qSYLwCA1IX9MYRUS62ez0CTzWSgBDLnTFCs7U3xMZiqQcR77ujJAaykVvKv7n9VMVNtyMxkmqSIzni8KUQcXhNAcYUEGwYmNNEBZU3wrxEAmElU6rpEOwF19eJp1a1a5Xa7fnleZlHkcRHIIjcAJscAGa4Bq0QBtg8AiewSt4M56MF+Pd+Ji3Fox85gD8gfH5A5zCkvQ=</latexit>

10�68 M�

<latexit sha1_base64="Wtspfyyo9kg9MNcYmx28R7cqFac=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFcaEmK+NgV3bgRKtgHNDFMJtN26GQmzEyUEvspblwo4tYvceffOG2z0NYDFw7n3Mu994QJo0o7zre1sLi0vLJaWCuub2xubdulnaYSqcSkgQUTsh0iRRjlpKGpZqSdSILikJFWOLga+60HIhUV/E4PE+LHqMdpl2KkjRTYJde5z44vnJF3dBN4IhI6sMtOxZkAzhM3J2WQox7YX14kcBoTrjFDSnVcJ9F+hqSmmJFR0UsVSRAeoB7pGMpRTJSfTU4fwQOjRLArpCmu4UT9PZGhWKlhHJrOGOm+mvXG4n9eJ9Xdcz+jPEk14Xi6qJsyqAUc5wAjKgnWbGgIwpKaWyHuI4mwNmkVTQju7MvzpFmtuKeV6u1JuXaZx1EAe2AfHAIXnIEauAZ10AAYPIJn8ArerCfrxXq3PqatC1Y+swv+wPr8AZT/ku8=</latexit>

10�90 M�

1 keV

1 meV

WDM

<latexit sha1_base64="LjEUOy0zKr0x7HNHRN72FU5Z5u8=">AAACEHicbVA9SwNBEN2LXzF+RS1tFoNoEcJdFLURgjY2QgSTCLkz7G02yZK922N3TgxHfoKNf8XGQhFbSzv/jZvkCk18MPB4b4aZeX4kuAbb/rYyc/MLi0vZ5dzK6tr6Rn5zq65lrCirUSmkuvWJZoKHrAYcBLuNFCOBL1jD71+M/MY9U5rL8AYGEfMC0g15h1MCRmrl9x23eNVyZVsCPsNlF3jANHbsu+TQHrpFF9gDJP3usJUv2CV7DDxLnJQUUIpqK//ltiWNAxYCFUTrpmNH4CVEAaeCDXNurFlEaJ90WdPQkJi9XjJ+aIj3jNLGHalMhYDH6u+JhARaDwLfdAYEenraG4n/ec0YOqdewsMoBhbSyaJOLDBIPEoHt7liFMTAEEIVN7di2iOKUDAZ5kwIzvTLs6ReLjnHpfL1UaFynsaRRTtoFx0gB52gCrpEVVRDFD2iZ/SK3qwn68V6tz4mrRkrndlGf2B9/gBJrJuJ</latexit>

1M� = 2⇥ 1030 kg

<latexit sha1_base64="imcdADbzJt38SHXFiBbxmgpotOA=">AAACAnicbVDLSsNAFJ34rPVVdSVuBovgxpIUn7uiGzdCBfuAtobJdNIOnWTCzI1QQnHjr7hxoYhbv8Kdf+OkzUJbD1w4nHMv997jRYJrsO1va25+YXFpObeSX11b39gsbG3XtYwVZTUqhVRNj2gmeMhqwEGwZqQYCTzBGt7gKvUbD0xpLsM7GEasE5BeyH1OCRjJLeyetIEHTGPHvk+OnIsRvnHbsish7xaKdskeA88SJyNFlKHqFr7aXUnjgIVABdG65dgRdBKigFPBRvl2rFlE6ID0WMvQkJi1nWT8wggfGKWLfalMhYDH6u+JhARaDwPPdAYE+nraS8X/vFYM/nkn4WEUAwvpZJEfCwwSp3ngLleMghgaQqji5lZM+0QRCia1NARn+uVZUi+XnNNS+fa4WLnM4sihPbSPDpGDzlAFXaMqqiGKHtEzekVv1pP1Yr1bH5PWOSub2UF/YH3+ALMolbU=</latexit>

5⇥ 10�19M�

dark matters

<latexit sha1_base64="CGA5as7kUNoCTvVbmjvlNfvFzI0=">AAACCHicbVA9SwNBEN2LXzF+RS0tXAyCVbgTiZZBG8sI5gOSEPY2k2TJ7t2xOxcMR0ob/4qNhSK2/gQ7/42bSwpNfDDweG+GmXl+JIVB1/12Miura+sb2c3c1vbO7l5+/6BmwlhzqPJQhrrhMwNSBFBFgRIakQamfAl1f3gz9esj0EaEwT2OI2gr1g9ET3CGVurkj1tGKNpCeECtEhixKNSpRaVQAiedfMEtuinoMvHmpEDmqHTyX61uyGMFAXLJjGl6boTthGkUXMIk14oNRIwPWR+algZMgWkn6SMTemqVLu2F2laANFV/TyRMGTNWvu1UDAdm0ZuK/3nNGHtX7UQEUYwQ8NmiXiwphnSaCu0KDRzl2BLGtbC3Uj5gmnG02eVsCN7iy8ukdl70SsXS3UWhfD2PI0uOyAk5Ix65JGVySyqkSjh5JM/klbw5T86L8+58zFozznzmkPyB8/kD6OKakA==</latexit>

⇠ evaporation limit



PBHs and other dark matter candidates

* WIMPs: possibly largely incompatible (absence of annihilation signals)

                                                                     (e.g. Lacki+ 2018, Adamek+2019, Gaggero+2019)

* axions: no problem
(as far as I know)



dark matter density:
<latexit sha1_base64="GCWIc6rz/73x3+fEGIunsxhURRc="></latexit>

10→24 g cm→3 → 10→2 M↑ pc→3

radius of the orbit of Neptune: 
<latexit sha1_base64="/9g73NMUEMpqLa6gLVVKvjFwzQM=">AAACGHicbZC7TsMwFIadcivlFmBksaiQGKAkqBTYKlgYi0QvUhMqx3Vbq3YS2Q5SFeUxWHgVFgYQYu3G2+CkGaDlSJZ+/d85Oj6/FzIqlWV9G4Wl5ZXVteJ6aWNza3vH3N1rySASmDRxwALR8ZAkjPqkqahipBMKgrjHSNsb36a8/USEpIH/oCYhcTka+nRAMVLa6plntvUYn1YT5wTGjuAwxIkjKYcXjqKcSJjia00zOOZJzyxbFSsruCjsXJRBXo2eOXX6AY448RVmSMqubYXKjZFQFDOSlJxIkhDhMRqSrpY+0lvdODssgUfa6cNBIPTzFczc3xMx4lJOuKc7OVIjOc9S8z/WjdTgyo2pH0aK+Hi2aBAxqAKYpgT7VBCs2EQLhAXVf4V4hATCSmdZ0iHY8ycvitZ5xa5VavfVcv0mj6MIDsAhOAY2uAR1cAcaoAkweAav4B18GC/Gm/FpfM1aC0Y+sw/+lDH9ATIlnq0=</latexit>

10→4 pc → 5↑ 109 km

1 PBH in the Solar System

Hubble radius:

<latexit sha1_base64="z14+UEpnf3dMK9uOIySYdIrxvPA=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rd0eqx6MVjBfsB3W3JpmkbmmSXJKuUpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMC2POtHHdbye3srq2vpHfLGxt7+zuFfcPGjpKFKF1EvFItUKsKWeS1g0znLZiRbEIOW2Go9up33ykSrNIPphxTAOBB5L1GcHGSh3P7Vz6Z6mvBIrJpFssuWV3BrRMvIyUIEOtW/zyexFJBJWGcKx123NjE6RYGUY4nRT8RNMYkxEe0LalEguqg3R29QSdWKWH+pGyJQ2aqb8nUiy0HovQdgpshnrRm4r/ee3E9K+DlMk4MVSS+aJ+wpGJ0DQC1GOKEsPHlmCimL0VkSFWmBgbVMGG4C2+vEwa52WvUq7cX5SqN1kceTiCYzgFD66gCndQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kDNLWRsw==</latexit>

105 pcradius of a galaxy's halo:

PBH in a Hubble patch

<latexit sha1_base64="C2jr1EkXFbTrD7B4e63zEGrZF+4=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkoipbosunEjVLAPaGKZTCft0JlJmJkoJeZT3LhQxK1f4s6/cdpmoa0HLhzOuZd77wliRpV2nG+rsLK6tr5R3Cxtbe/s7tnl/baKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfhq6nceiFQ0End6EhOfo6GgIcVIG6lvl13nPq1l3mnqSQ5vYpz17YpTdWaAy8TNSQXkaPbtL28Q4YQToTFDSvVcJ9Z+iqSmmJGs5CWKxAiP0ZD0DBWIE+Wns9MzeGyUAQwjaUpoOFN/T6SIKzXhgenkSI/UojcV//N6iQ4v/JSKONFE4PmiMGFQR3CaAxxQSbBmE0MQltTcCvEISYS1SatkQnAXX14m7bOqW6/Wb2uVxmUeRxEcgiNwAlxwDhrgGjRBC2DwCJ7BK3iznqwX6936mLcWrHzmAPyB9fkDGGOTRg==</latexit>

104 Mpc
<latexit sha1_base64="KCCYZsxXVjO5h9NpWtvX+xeKlWw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2iltuc+ZpfetF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzH4nA6E5QzmxhDIt7K2EjaimDG1CJRuCt/zyKmldVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w9JpY7n</latexit>

1041

PBH in a halo
<latexit sha1_base64="N8qA3L2QoUdKzB6i10rqwTF7f6o=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWMF+wFtLJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94CThfkSHSoSCUbRS23Mfs2pt2i+V3Yo7B1klXk7KkKPRL331BjFLI66QSWpM13MT9DOqUTDJp8VeanhC2ZgOeddSRSNu/Gx+7pScW2VAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZr+TgdCcoZxYQpkW9lbCRlRThjahog3BW355lbSqFa9Wqd1flus3eRwFOIUzuAAPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaF1z8pkT+APn8wdOMo7q</latexit>

1026

PBH mass: 
<latexit sha1_base64="b8GPVm6WXI9ZVrOViBYyoJC0RQk=">AAACIHicbVBNSwMxFMz6WevXqkcvwSJ40LJbxXosevEiVLAqdOuSTdMaTDZL8lYoy/4UL/4VLx4U0Zv+GtO6B20dCAwz83h5EyWCG/C8T2dqemZ2br60UF5cWl5ZddfWL41KNWUtqoTS1xExTPCYtYCDYNeJZkRGgl1FdydD/+qeacNVfAGDhHUk6ce8xykBK4Vu3fdusj1/Pw92s0BLfJaHWaC6CvLAcIlrAXDJDB6map4N4VGqn4duxat6I+BJ4hekggo0Q/cj6CqaShYDFcSYtu8l0MmIBk4Fy8tBalhC6B3ps7alMbFrO9nowBxvW6WLe0rbFwMeqb8nMiKNGcjIJiWBWzPuDcX/vHYKvaNOxuMkBRbTn0W9VGBQeNgW7nLNKIiBJYRqbv+K6S3RhILttGxL8MdPniSXtap/WD08P6g0jos6SmgTbaEd5KM6aqBT1EQtRNEDekIv6NV5dJ6dN+f9JzrlFDMb6A+cr28qSaHF</latexit>

10→13 M↑ → 2↑ 1020 g

NASA

ESA

ESA - Planck CMB



10�16M�
<latexit sha1_base64="rl/lEinJp2//eY7DJ700XC1RzC0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgxpJUUZdFN26ECvYBbQyTybQdOpkJMxOlxH6KGxeKuPVL3Pk3TtostPXAhcM593LvPUHMqNKO820VlpZXVteK66WNza3tHbu821IikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORleZ334gUlHB7/Q4Jl6EBpz2KUbaSL5ddp379Ng9m8AbvydCoUu+XXGqzhRwkbg5qYAcDd/+6oUCJxHhGjOkVNd1Yu2lSGqKGZmUeokiMcIjNCBdQzmKiPLS6ekTeGiUEPaFNMU1nKq/J1IUKTWOAtMZIT1U814m/ud1E92/8FLK40QTjmeL+gmDWsAsBxhSSbBmY0MQltTcCvEQSYS1SSsLwZ1/eZG0alX3pFq7Pa3UL/M4imAfHIAj4IJzUAfXoAGaAINH8AxewZv1ZL1Y79bHrLVg5TN74A+szx8CEZKM</latexit>

<latexit sha1_base64="tkWPkn7r62ucyBJb0uXAnPXMjrs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiFy9CBfsBbSibzaZdusmG3YlQSn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF6RSGHTdb6ewtr6xuVXcLu3s7u0flA+PWkZlmvEmU1LpTkANlyLhTRQoeSfVnMaB5O1gdDvz209cG6GSRxyn3I/pIBGRYBSt1L7v91SosF+uuFV3DrJKvJxUIEejX/7qhYplMU+QSWpM13NT9CdUo2CST0u9zPCUshEd8K6lCY258Sfzc6fkzCohiZS2lSCZq78nJjQ2ZhwHtjOmODTL3kz8z+tmGF37E5GkGfKELRZFmSSoyOx3EgrNGcqxJZRpYW8lbEg1ZWgTKtkQvOWXV0mrVvUuq7WHi0r9Jo+jCCdwCufgwRXU4Q4a0AQGI3iGV3hzUufFeXc+Fq0FJ585hj9wPn8AP/mPhQ==</latexit>

M�
<latexit sha1_base64="CPpE9kb2AA2nRwJqUVfLcpeW7xE=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgQcpuFfVY9OKxgv2A7lKyadqGJtk1mS2Wpb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMC2PBDbjut5NbWV1b38hvFra2d3b3ivsHDRMlmrI6jUSkWyExTHDF6sBBsFasGZGhYM1weDv1myOmDY/UA4xjFkjSV7zHKQErBef+GfaBPUE6lJNOseSW3RnwMvEyUkIZap3il9+NaCKZAiqIMW3PjSFIiQZOBZsU/MSwmNAh6bO2pYpIZoJ0dvQEn1ili3uRtqUAz9TfEymRxoxlaDslgYFZ9Kbif147gd51kHIVJ8AUnS/qJQJDhKcJ4C7XjIIYW0Ko5vZWTAdEEwo2p4INwVt8eZk0KmXvsly5vyhVb7I48ugIHaNT5KErVEV3qIbqiKJH9Ixe0Zszcl6cd+dj3ppzsplD9AfO5w9MBJHP</latexit>

3 km

<latexit sha1_base64="ph3/s2gcu9IA9zYQzDguWymwxyM=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSBFEvQtGDXoQKthXaGDbbTbt088HuRighF/+KFw+KePVnePPfuG1z0NYHA4/3ZpiZ5yecSWVZ30ZpYXFpeaW8Wllb39jcMrd3WjJOBaFNEvNY3PtYUs4i2lRMcXqfCIpDn9O2P7wc++1HKiSLozs1Sqgb4n7EAkaw0pJn7glPonPUDQQmmYOu0E2ekQcn98yqVbMmQPPELkgVCjQ886vbi0ka0kgRjqXs2Fai3AwLxQineaWbSppgMsR92tE0wiGVbjZ5IEeHWumhIBa6IoUm6u+JDIdSjkJfd4ZYDeSsNxb/8zqpCs7cjEVJqmhEpouClCMVo3EaqMcEJYqPNMFEMH0rIgOss1A6s4oOwZ59eZ60nJp9UnNuj6v1iyKOMuzDARyBDadQh2toQBMI5PAMr/BmPBkvxrvxMW0tGcXMLvyB8fkDvbqVOg==</latexit>

rs =
2GM

c2
<latexit sha1_base64="XMSt1SZnDxE0LrOgW1YcAKpzgPg=">AAAB9HicbVBNSwMxEM36WetX1aOXYBE8SNktoh6LXrwIFewHdJeSzWbb0GyyJrOFUvo7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvDAV3IDrfjsrq2vrG5uFreL2zu7efungsGlUpilrUCWUbofEMMElawAHwdqpZiQJBWuFg9up3xoybbiSjzBKWZCQnuQxpwSsFHiu65/j+66vIgXdUtmtuDPgZeLlpIxy1LulLz9SNEuYBCqIMR3PTSEYEw2cCjYp+plhKaED0mMdSyVJmAnGs6Mn+NQqEY6VtiUBz9TfE2OSGDNKQtuZEOibRW8q/ud1MoivgzGXaQZM0vmiOBMYFJ4mgCOuGQUxsoRQze2tmPaJJhRsTkUbgrf48jJpViveZaX6cFGu3eRxFNAxOkFnyENXqIbuUB01EEVP6Bm9ojdn6Lw4787HvHXFyWeO0B84nz8EAJD6</latexit>

100M�
<latexit sha1_base64="1Dn210si2LQwuRhqT3Bf6RFlEGw=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIHqQkVdRj0YvHCvYDmlA22027dLMJuxOxhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0gE1+A431ZhZXVtfaO4Wdra3tkt23v7LR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6Gbqtx+Y0jyW9zBOmB+RgeQhpwSM1LPLZ47jnWIP2CNko2jSsytO1ZkBLxM3JxWUo9Gzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGipJxLSfzQ6f4GOj9HEYK1MS8Ez9PZGRSOtxFJjOiMBQL3pT8T+vm0J45WdcJikwSeeLwlRgiPE0BdznilEQY0MIVdzciumQKELBZFUyIbiLLy+TVq3qXlRrd+eV+nUeRxEdoiN0glx0ieroFjVQE1GUomf0it6sJ+vFerc+5q0FK585QH9gff4ApFiSdA==</latexit>

300 km

Courtesy 
Caltech/MIT/LIGO Laboratory

<latexit sha1_base64="uFtvGUC8mtK3ao/w1+YU+OjyUEc=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5SkiHoseumxgv2AJpTNdtMu3WzC7kRsQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2ttfWNza7uwU9zd2z8o2YdHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6G7mtx+Z0jyWDzBOmB+RgeQhpwSM1LNLruN4F9gD9gRZfTLt2WWn4syBV4mbkzLK0ejZX14/pmnEJFBBtO66TgJ+RhRwKti06KWaJYSOyIB1DZUkYtrP5odP8ZlR+jiMlSkJeK7+nshIpPU4CkxnRGCol72Z+J/XTSG88TMukxSYpItFYSowxHiWAu5zxSiIsSGEKm5uxXRIFKFgsiqaENzll1dJq1pxryrV+8ty7TaPo4BO0Ck6Ry66RjVURw3URBSl6Bm9ojdrYr1Y79bHonXNymeO0R9Ynz9/o5Jc</latexit>

100Hz

<latexit sha1_base64="gxCR+Jp8bRkUEF3B3BUeule8NBM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2WK/WLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6dXjNg=</latexit>
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• 2016: LIGO: merger with ~30 Solar masses BH

• Did LIGO detect (THE) dark matter? (Bird et al 2016…)

• Most likely NO. Or at least, most likely not the main component of it. 

• Two mechanisms to form PBHs binaries:

- Late Universe (in dark matter halos)

- Early Universe (before matter radiation equality). Nakamura et al 1997

• MAX 0.1% — 1% of the DM in the range 1-100 Solar Masses

21

3

1

2

1 Merge today. Observable by LIGO-Virgo if 
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FIG. 3. All constraints on the fraction of DM in the form of PBHs, fPBHs, with mass MPBH, coming from PBH evaporation,
microlensing, gravitational waves, PBH accretion and dynamical constraints. Each region shows the envelope of constraints
from the corresponding panel in Fig. 2. Digitised bounds and plotting codes are available online at PBHbounds.

H. Indirect constraints

In this subsection we look at constraints on the amplitude of large primordial perturbations, which lead to indirect
constraints on the abundance of PBHs formed via the collapse of large density perturbations during radiation domi-
nation (Sec. II A). These constraints do not apply to PBHs formed via other mechanisms (see Sec. II D). As discussed
in Sec. IIA, there are large uncertainties in the calculation of the abundance of PBHs formed from a given primordial
power spectrum.

First order scalar perturbations generate tensor perturbations at second order [247, 248]. If the density perturbations
are su�ciently large then the amplitude of the resulting ‘scalar induced gravitational waves’ (SIGWs) is larger than
that of the GWs generated by the primordial tensor perturbations. Constraints on the energy density of stochastic
GWs, from e.g. Pulsar Timing Arrays, therefore limit the abundance of PBHs formed via the collapse of large
density perturbations [249]. These constraints depend on the shape of the primordial power spectrum, and also the
assumed probability distribution of the density perturbations, and are therefore (inflation) model dependent [250–
252]. Models which produce a broad peak in the primordial power spectrum are most tightly constrained [251, 252].
For PBHs forming from large density perturbations during radiation domination, Refs. [59, 108] find fPBH < 1 for
10�2 . MPBH/M� . 1. Reference [109] finds, using data from NANOGrav, fPBH < 10�23 for MPBH = 0.1M� and
fPBH < 10�6 for 0.002 < MPBH/M� < 0.4. However this calculation makes approximations which have a huge e↵ect
on the constraint on fPBH (including setting the PBH formation threshold equal to unity, and �

2 = A). There are
also tight constraints on the abundance of light, MPBH ⇠ 1013�15 g, PBHs from limits on SIGWs from LIGO [253].
Such light PBHs are expected to have evaporated by the present day, however if Hawking evaporation is not realised

Green, Kavanagh (review). 2020



Evaporation by Hawking radiation

2

decades. We also estimate the expected improvement in
the bounds from a putative future experiment. We do so
by assuming that such a (more sensitive) experiment will
resolve a significantly larger number of individual AGNs
and blazars and will therefore provide a lower isotropic
unresolved background for energies above ⇠ 200 keV. We
show that, under this assumption, a significantly better
upper limit on the PBH abundance than the current one
may be placed in the future. This result motivates the
investment in future gamma- and X-ray experiments in
this range, as well as in further theoretical studies geared
towards a more precise modeling of astrophysical sources.

II. HAWKING RADIATION FROM PBHS

The photon emission from a population of PBHs of
mass M accounting for a fraction f = ⌦PBH/⌦DM of
the total DM density in the Universe is

�M =
dN

dE dt
= f

c ⇢

4⇡M

Z
dz

e
�⌧(z)

H(z)
 M [(1 + z)E] , (1)

where ⇢ = 2.17⇥ 10�30g/cm3 is the current DM density
of the Universe [28], and H(z) is the Hubble rate of ex-
pansion as a function of redshift. The function  M [E]
denotes the di↵erential flux emitted by a single PBH, as
a function of the energy E, per unit of energy and time.
For PBHs of masses above 1016 g is well approximated
by the primary2 Hawking emission:

 M [E] = (2⇡~)�1�s/(exp(E/kBT )� 1) , (2)

where the so-called grey factor �s is a function of M and
E. In the high-energy limit E � kBT , the grey fac-
tor approximately satisfies �s / (M/mP )2(E/mP c

2)2;
whereas for E ⌧ kBT , �s / (M/mP )4(E/mP c

2)4 [22].
These expressions are insu�cient to render adequately
the peak height and position of  M [E], which is best
computed numerically. To do so we use the public code
BlackHawk [29], which also allows to include the (sub-
dominant) secondary emission. We find that the di↵er-
ential flux for BHs of mass between 1016g and 1020g can
be approximated by

 M [E] '
2.5⇥ 1021 GeV�1s�1

(M18 E/E0)�2.7 + (M18 E/E0)6.7
, (3)

where E0 = 6.54⇥ 10�5 GeV and M18 ⌘ M/1018g. This
approximation is accurate to better than ⇠ 1% around
the emission’s peak (until  M [E] decreases an order of
magnitude), which is enough for our purposes. Neverthe-
less, we obtain the bounds on the PBH abundance from
the instantaneous spectra given by BlackHawk.

2
The spectrum of BHs may feature a secondary emission compo-

nent, depending on their mass, which is due to the interactions

among the primary emitted particles, see e.g. [4].
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FIG. 1. Cosmic X-ray background spectrum, as measured by
various experiments. Overimposed are the Ueda+14 model
(blue dashed line), the fit to a double power-law (black dashed
line) of Eq. 4, and the corrections to the latter due to two
hypothetical monochromatic PBH distributions with di↵erent
masses M and cosmological abundances f = ⌦PBH/⌦DM .

The factor (1+z) inside  M [(1+z)E] accounts for the
Doppler shift from the time of emission to the time of ar-
rival to the detector. The optical depth ⌧(z) describes the
attenuation due to the propagation of the signal over the
relevant cosmological redshifts. Unlike for hard gamma
rays, this is negligible for soft gamma-rays and X-rays.
The integrand in (1) decreases very rapidly with z and ac-
curate results are obtained integrating up to z ⇠ O(100).

III. THE X-RAY AND GAMMA-RAY AGN
BACKGROUND

There has been a considerable e↵ort dedicated to in-
terpreting the measurements of the X-ray and gamma-
ray background from keV energies all the way up to
⇠ 100 GeV in terms of a superposition of a large number
of unresolved extra-Galactic sources. In particular, the
data in the range ⇠ 5–200 keV observed by Swift/BAT
[30], MAXI [31], ASCA [32], XMM-Newton [33], Chan-
dra [34] and ROSAT [35] are well reproduced by a pop-
ulation synthesis model of active galactic nuclei (AGNs)
developed by Ueda et al. in [36] (see the blue dotted line
in Figure 1). AGNs are powered by gas accretion onto
a supermassive black hole and are very e�cient X-ray
emitters. The model of [36] is based on the extrapolation
of the luminosity functions of AGNs in di↵erent redshift
ranges inferred by a sample of 4039 AGNs in soft (up to
2 keV) and/or hard X-ray bands (>2 keV). The objects
in the sample include both Compton-thin and Compton-
thick AGNs (with the latter being heavily obscured by
dust). As can be seen if Figure 1, this AGN modeling
fails to describe adequately the SMM data.
Indeed, for energies above ⇠ 50 � 100 keV the contri-

bution from blazars is expected to become progressively
more important. These objects correspond to the AGNs

Figure from GB, Coronado-Blázquez, Gaggero, 2019
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Figure 6. Future femtolensing sensitivity to primordial black holes compared to other probes. In
particular, we compare our projected limits (blue dashed contours) to limits based on extragalactic
background photons (EG�) from PBH evaporation [13], from the non-destruction of white dwarfs
(WD) [18], from microlensing searches by Subaru HSC [4], Kepler [57], MACHO [1], EROS [2], and
OGLE [3], from the dynamics of ultra-faint dwarf galaxies [58], and from CMB distortions due to
accretion onto PBHs [59]. (Stronger CMB limits are obtained if more aggressive assumptions on
accretion by PBHs are adopted [60].) The Subaru HSC limits are cut off at M ⇠ 10�11

M� because
below that mass, the geometric optics approximation employed in ref. [4] is not valid. We also do
not include neutron star limits [15] because of their dependence on controversial assumptions about
the DM density in globular clusters. We have taken the limits shown here from the compilation in
ref. [36]. In computing our projected limits, we have assumed the redshift of all GRBs in the sample
to be zS = 1, we have used the BAND model for the GRB spectrum, and we have assumed a 5%
systematic uncertainty, uncorrelated between energy bins.

is not true that photons travel from the source to the detector along one of just two discrete
paths. In fact, when the time delay becomes comparable to the inverse photon frequency
(which for point-like lenses is equivalent to the photon wave length becoming comparable
to the Schwarzschild radius of the lens), wave optics effects become non-negligible. It is
then necessary to integrate the photon amplitude over the whole lens plane. This leads to
O(1) corrections to the interference pattern at the lower end of the photon energy spectrum.
Second, while the approximation of a point-like lens works for primordial black holes, it is
not satisfied for ultra-compact mini-halos, and even less so for NFW-like structures. We
have therefore computed femtolensing effects for generic power-law density profiles, and have
explicitly shown numerical results for the self-similar infall profile with ⇢(r) / r

�9/4.
The most important correction in femtolensing of GRBs is coming from the non-negligible

size aS of the GRB source itself. In fact, we have argued that a GRB could only be treated
as point-like for the purpose of femtolensing if the photon emission region was smaller than
aS ⇠ 108 cm. And while estimates for the size of the emission region can vary by a few
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See also Montero-Camacho et al. 2019
Smyth et al. 2019

Figure from Katz et al. 2018 
(modified)

Situation before ~2019

Eros



Mechanisms for PBH formation

• Large primordial fluctuations (inflation)

• Reheating after inflation

• 1st order phase transitions

• Collapse of topological defects

• False vacuum decay

• …



PBH dark matter (from inflation)
Credit: ESA/Planck

Credit: M Blanton  
and SDSS

CMB

LSS

Quantum fluctuations  
of space-time 



PBH dark matter (from inflation)

Curvature fluctuations
<latexit sha1_base64="uFhAotuJ0QXbCXxsQpodd1kYyh0=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy6r2AdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJ56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjbWRcw==</latexit>

R
<latexit sha1_base64="m3n0G0kW2CkwOu96XPI5SskedvI=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIVJdFNy4r2Ac0odxMJ+3QySTMTIQ29EvcuFDErZ/izr9x0mahrQcGDufcyz1zgoQzpR3n2yptbG5t75R3K3v7B4dV++i4o+JUEtomMY9lLwBFORO0rZnmtJdIClHAaTeY3OV+94lKxWLxqKcJ9SMYCRYyAtpIA7vqRaDHBHjmzaiG+cCuOXVnAbxO3ILUUIHWwP7yhjFJIyo04aBU33US7WcgNSOcziteqmgCZAIj2jdUQESVny2Cz/G5UYY4jKV5QuOF+nsjg0ipaRSYyTymWvVy8T+vn+rwxs+YSFJNBVkeClOOdYzzFvCQSUo0nxoCRDKTFZMxSCDadFUxJbirX14nncu626g3Hq5qzduijjI6RWfoArnoGjXRPWqhNiIoRc/oFb1ZM+vFerc+lqMlq9g5QX9gff4AUiiTig==</latexit>

ω(or )

<latexit sha1_base64="1YfbTwr0XOD88o2QCgMVdbxk8tM=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBKR6rGoB48V+gVNKJvtpl262YTdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXJJwp7Tjf1tr6xubWdmmnvLu3f3BoH1U6Kk4loW0S81j2AqwoZ4K2NdOc9hJJcRRw2g0mtzO/+0ilYrFo6WlC/QiPBAsZwdpIA7vihRKTzLujXGPUyrNWPrCrTs2ZA60StyBVKNAc2F/eMCZpRIUmHCvVd51E+xmWmhFO87KXKppgMsEj2jdU4IgqP5vfnqMzowxRGEtTQqO5+nsiw5FS0ygwnRHWY7XszcT/vH6qw2s/YyJJNRVksShMOdIxmgWBhkxSovnUEEwkM7ciMsYmDG3iKpsQ3OWXV0nnoubWa/WHy2rjpoijBCdwCufgwhU04B6a0AYCT/AMr/Bm5daL9W59LFrXrGLmGP7A+vwB6LuUYA==</latexit>

!T

T

<latexit sha1_base64="8dY4sT/Ez+CoEZLOfJ/+qmAuWsU=">AAACE3icbVDLSgMxFM34rPU16tJNsAjiosyIVJdFXbgRKtgHdIYhk2ba0CQzJBmhDPMPbvwVNy4UcevGnX9j2s7Cth64cHLOveTeEyaMKu04P9bS8srq2nppo7y5tb2za+/tt1ScSkyaOGax7IRIEUYFaWqqGekkkiAeMtIOh9djv/1IpKKxeNCjhPgc9QWNKEbaSIF96kUS4czrEaYR9OQgDjJPcnhzl+fZ7DOwK07VmQAuErcgFVCgEdjfXi/GKSdCY4aU6rpOov0MSU0xI3nZSxVJEB6iPukaKhAnys8mN+Xw2Cg9GMXSlNBwov6dyBBXasRD08mRHqh5byz+53VTHV36GRVJqonA04+ilEEdw3FAsEclwZqNDEFYUrMrxANkQtImxrIJwZ0/eZG0zqpurVq7P6/Ur4o4SuAQHIET4IILUAe3oAGaAIMn8ALewLv1bL1aH9bntHXJKmYOwAysr1+MLp6Y</latexit>

ωεDM

εDM

CMB

LSS

<latexit sha1_base64="2uKPJXhy5MEJcVpRILHsrStDZJY=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEpLosunFZwT6gCWUyvWmHTjJhZiKUUDf+ihsXirj1L9z5N07TLLT1wL0czrmXmXuChDOlHefbKq2srq1vlDcrW9s7u3v2/kFbiVRSaFHBhewGRAFnMbQ00xy6iQQSBRw6wfhm5nceQCom4ns9ScCPyDBmIaNEG6lvH3mhJDTzBsA1wZ4ciWmW975ddWpODrxM3IJUUYFm3/7yBoKmEcSacqJUz3US7WdEakY5TCteqiAhdEyG0DM0JhEoP8svmOJTowxwKKSpWONc/b2RkUipSRSYyYjokVr0ZuJ/Xi/V4ZWfsThJNcR0/lCYcqwFnsWBB0wC1XxiCKGSmb9iOiImEm1Cq5gQ3MWTl0n7vObWa/W7i2rjuoijjI7RCTpDLrpEDXSLmqiFKHpEz+gVvVlP1ov1bn3MR0tWsXOI/sD6/AEoW5de</latexit>

ωε

ε
of radiation

(for the most common  
PBH formation scenarios)

<latexit sha1_base64="NRzeF0xhZWCB0zLSn+kh/3H6oxM=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAdklzA725sMmX1kZjYQQr7DiwdFvPox3vwbJ8keNLGgoajqprvLTwVX2ra/rcLG5tb2TnG3tLd/cHhUPj5pqSSTDJssEYns+FSh4DE2NdcCO6lEGvkC2/7wfu63xygVT+InPUnRi2g/5iFnVBvJcwMUmhIXRxkf98oVu2ovQNaJk5MK5Gj0yl9ukLAswlgzQZXqOnaqvSmVmjOBs5KbKUwpG9I+dg2NaYTKmy6OnpELowQkTKSpWJOF+ntiSiOlJpFvOiOqB2rVm4v/ed1Mh7felMdppjFmy0VhJohOyDwBEnCJTIuJIZRJbm4lbEAlZdrkVDIhOKsvr5PWVdWpVWuP15X6XR5HEc7gHC7BgRuowwM0oAkMRvAMr/Bmja0X6936WLYWrHzmFP7A+vwBsz2SEw==</latexit>

ω →

<latexit sha1_base64="i44rFBLLHwA9inkqrpdBFGJNbGk=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiQi1WXRjcsq9gFtCJPppB06mYSZSaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uWdOkHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wvsv9zoRKxWLxpKcJ9SI8FCxkBGsj+bbdj7AeEcyzpv84q44vfLvi1Jw50CpxC1KBAk3f/uoPYpJGVGjCsVI910m0l2GpGeF0Vu6niiaYjPGQ9gwVOKLKy+bJZ+jcKAMUxtI8odFc/b2R4UipaRSYyTynWvZy8T+vl+rwxsuYSFJNBVkcClOOdIzyGtCASUo0nxqCiWQmKyIjLDHRpqyyKcFd/vIqaV/W3Hqt/nBVadwWdZTgFM6gCi5cQwPuoQktIDCBZ3iFNyuzXqx362MxumYVOyfwB9bnD/4mk0E=</latexit>

PR(k)

(primordial power spectrum)



P (�)
<latexit sha1_base64="TuaezjJNQVB5Iqhpw3TvcV8Wp18=">AAAB8nicbVDLSsNAFJ34rPFVdelmsAh1UxIf6LLoxmUF+4A0lMlk0g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaeuDC4Zx7ufeeIBVcg+N8Wyura+sbm5Ute3tnd2+/enDY0UmmKGvTRCSqFxDNBJesDRwE66WKkTgQrBuM7wq/+8SU5ol8hEnK/JgMJY84JWAkr1Xvh0wAObPtQbXmNJwZ8DJxS1JDJVqD6lc/TGgWMwlUEK0910nBz4kCTgWb2v1Ms5TQMRkyz1BJYqb9fHbyFJ8aJcRRokxJwDP190ROYq0ncWA6YwIjvegV4n+el0F04+dcphkwSeeLokxgSHDxPw65YhTExBBCFTe3YjoiilAwKRUhuIsvL5POecO9aFw9XNaat2UcFXSMTlAduegaNdE9aqE2oihBz+gVvVlgvVjv1se8dcUqZ47QH1ifP2sSkAo=</latexit>

<latexit sha1_base64="2+/0pby7pXt1LR8foKPvsQaRtpY=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqewWUY+lXnqsYD9gu5Rsmm1Ds8mSzIpl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJx6hUU9amSijdC4lhgkvWBg6C9RLNSBwK1g0nd3O/+8i04Uo+wDRhQUxGkkecErCS3wf2BFmr0TSzQbniVt0F8DrxclJBOVqD8ld/qGgaMwlUEGN8z00gyIgGTgWblfqpYQmhEzJivqWSxMwE2eLkGb6wyhBHStuSgBfq74mMxMZM49B2xgTGZtWbi/95fgrRbZBxmaTAJF0uilKBQeH5/3jINaMgppYQqrm9FdMx0YSCTalkQ/BWX14nnVrVu67W7q8q9UYeRxGdoXN0iTx0g+qoiVqojShS6Bm9ojcHnBfn3flYthacfOYU/YHz+QNlOZFV</latexit>

PBHs

H
�1

<latexit sha1_base64="2mUk98xg3kOTYzWH8sg89yGa8EE=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHcWJIq6LLopssK9gFtLJPppB06mYSZSaGE/IkbF4q49U/c+TdO2iy09cDA4Zx7uWeOH3OmtON8W2vrG5tb26Wd8u7e/sGhfXTcVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/uc/9zpRKxSLxqGcx9UI8EixgBGsjDWy7H2I9JpinjewpvXSzgV1xqs4caJW4BalAgebA/uoPI5KEVGjCsVI914m1l2KpGeE0K/cTRWNMJnhEe4YKHFLlpfPkGTo3yhAFkTRPaDRXf2+kOFRqFvpmMs+plr1c/M/rJTq49VIm4kRTQRaHgoQjHaG8BjRkkhLNZ4ZgIpnJisgYS0y0KatsSnCXv7xK2rWqe1WtPVxX6ndFHSU4hTO4ABduoA4NaEILCEzhGV7hzUqtF+vd+liMrlnFzgn8gfX5A1vNk3k=</latexit>

<latexit sha1_base64="9giJizj2eu5p1ZEi3k1SCcU/ppk=">AAAB+nicbZDLSsNAFIYnXmu9pbp0M1gEVyURqa6k6MZlBXuBNoTJ5KQdOpmEmYlSYh/FjQtF3Pok7nwbp20W2vrDwMd/zuGc+YOUM6Ud59taWV1b39gsbZW3d3b39u3KQVslmaTQoglPZDcgCjgT0NJMc+imEkgccOgEo5tpvfMAUrFE3OtxCl5MBoJFjBJtLN+u9EPgmuArPAef+nbVqTkz4WVwC6iiQk3f/uqHCc1iEJpyolTPdVLt5URqRjlMyv1MQUroiAygZ1CQGJSXz06f4BPjhDhKpHlC45n7eyInsVLjODCdMdFDtVibmv/VepmOLr2ciTTTIOh8UZRxrBM8zQGHTALVfGyAUMnMrZgOiSRUm7TKJgR38cvL0D6rufVa/e682rgu4iihI3SMTpGLLlAD3aImaiGKHtEzekVv1pP1Yr1bH/PWFauYOUR/ZH3+AFWbk2w=</latexit>

� > �c

<latexit sha1_base64="GoWKcjpgHT0V03PLlAlq9RXaioI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwFRLR6rLoxmUF+4AmhMnkph06eTAzEWoo/oobF4q49T/c+TdO2yy09cCFwzn3cu89QcaZVLb9bSwtr6yurVc2qptb2zu75t5+W6a5oNCiKU9FNyASOEugpZji0M0EkDjg0AmGNxO/8wBCsjS5V6MMvJj0ExYxSpSWfPPQDYEr4lOXg5SSxdi2LnyzZlv2FHiROCWpoRJN3/xyw5TmMSSKciJlz7Ez5RVEKEY5jKtuLiEjdEj60NM0ITFIr5heP8YnWglxlApdicJT9fdEQWIpR3GgO2OiBnLem4j/eb1cRVdewZIsV5DQ2aIo51ileBIFDpkAqvhIE0IF07diOiCCUKUDq+oQnPmXF0n7zHLqVv3uvNa4LuOooCN0jE6Rgy5RA92iJmohih7RM3pFb8aT8WK8Gx+z1iWjnDlAf2B8/gClZJS1</latexit>

�c . 0.5
�

<latexit sha1_base64="EMMHKZ/MhfYHZW8h7UFl5pv5DNQ=">AAAB73icbVBNS8NAEN3Ur1q/qh69BIvgqSR+oMeiF48V7Ae0oWw2k3bpZhN3J0IJ/RNePCji1b/jzX/jps1BWx8MPN6bYWaenwiu0XG+rdLK6tr6RnmzsrW9s7tX3T9o6zhVDFosFrHq+lSD4BJayFFAN1FAI19Axx/f5n7nCZTmsXzASQJeRIeSh5xRNFK3H4BAWqkMqjWn7sxgLxO3IDVSoDmofvWDmKURSGSCat1znQS9jCrkTMC00k81JJSN6RB6hkoagfay2b1T+8QogR3GypREe6b+nshopPUk8k1nRHGkF71c/M/rpRheexmXSYog2XxRmAobYzt/3g64AoZiYghliptbbTaiijI0EeUhuIsvL5P2Wd09r1/eX9QaN0UcZXJEjskpcckVaZA70iQtwoggz+SVvFmP1ov1bn3MW0tWMXNI/sD6/AEA449L</latexit>

<latexit sha1_base64="DMB0g65vux6SA9y05cOhVAQKJp8=">AAACKHicbVDLSgNBEJyNrxhfUY9eBoOQoIRdEfUiBr14jGASIRvC7KQ3GZx9MNMrhiWf48Vf8SKiSK5+iZPHIRoLBoqqLnq6vFgKjbY9tDILi0vLK9nV3Nr6xuZWfnunrqNEcajxSEbq3mMapAihhgIl3McKWOBJaHgP1yO/8QhKiyi8w34MrYB1Q+ELztBI7fylq3pREY9S1/Pp06BEL6grwceic+h2QCKb8Vwluj0sUddjahSjRSy18wW7bI9B54kzJQUyRbWdf3c7EU8CCJFLpnXTsWNspUyh4BIGOTfREDP+wLrQNDRkAehWOj50QA+M0qF+pMwLkY7V2UTKAq37gWcmA4Y9/dcbif95zQT981YqwjhBCPlkkZ9IihEdtUY7QgFH2TeEcSXMXynvMcU4mm5zpgTn78nzpH5cdk7Lp7cnhcrVtI4s2SP7pEgcckYq5IZUSY1w8kxeyQf5tF6sN+vLGk5GM9Y0s0t+wfr+AXKwpGc=</latexit>

ω(t,x) = (1 + ε(t,x)) ω̄(t)



�
<latexit sha1_base64="EMMHKZ/MhfYHZW8h7UFl5pv5DNQ=">AAAB73icbVBNS8NAEN3Ur1q/qh69BIvgqSR+oMeiF48V7Ae0oWw2k3bpZhN3J0IJ/RNePCji1b/jzX/jps1BWx8MPN6bYWaenwiu0XG+rdLK6tr6RnmzsrW9s7tX3T9o6zhVDFosFrHq+lSD4BJayFFAN1FAI19Axx/f5n7nCZTmsXzASQJeRIeSh5xRNFK3H4BAWqkMqjWn7sxgLxO3IDVSoDmofvWDmKURSGSCat1znQS9jCrkTMC00k81JJSN6RB6hkoagfay2b1T+8QogR3GypREe6b+nshopPUk8k1nRHGkF71c/M/rpRheexmXSYog2XxRmAobYzt/3g64AoZiYghliptbbTaiijI0EeUhuIsvL5P2Wd09r1/eX9QaN0UcZXJEjskpcckVaZA70iQtwoggz+SVvFmP1ov1bn3MW0tWMXNI/sD6/AEA449L</latexit>

<latexit sha1_base64="2+/0pby7pXt1LR8foKPvsQaRtpY=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqewWUY+lXnqsYD9gu5Rsmm1Ds8mSzIpl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJx6hUU9amSijdC4lhgkvWBg6C9RLNSBwK1g0nd3O/+8i04Uo+wDRhQUxGkkecErCS3wf2BFmr0TSzQbniVt0F8DrxclJBOVqD8ld/qGgaMwlUEGN8z00gyIgGTgWblfqpYQmhEzJivqWSxMwE2eLkGb6wyhBHStuSgBfq74mMxMZM49B2xgTGZtWbi/95fgrRbZBxmaTAJF0uilKBQeH5/3jINaMgppYQqrm9FdMx0YSCTalkQ/BWX14nnVrVu67W7q8q9UYeRxGdoXN0iTx0g+qoiVqojShS6Bm9ojcHnBfn3flYthacfOYU/YHz+QNlOZFV</latexit>

PBHs

P (�)
<latexit sha1_base64="TuaezjJNQVB5Iqhpw3TvcV8Wp18=">AAAB8nicbVDLSsNAFJ34rPFVdelmsAh1UxIf6LLoxmUF+4A0lMlk0g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaeuDC4Zx7ufeeIBVcg+N8Wyura+sbm5Ute3tnd2+/enDY0UmmKGvTRCSqFxDNBJesDRwE66WKkTgQrBuM7wq/+8SU5ol8hEnK/JgMJY84JWAkr1Xvh0wAObPtQbXmNJwZ8DJxS1JDJVqD6lc/TGgWMwlUEK0910nBz4kCTgWb2v1Ms5TQMRkyz1BJYqb9fHbyFJ8aJcRRokxJwDP190ROYq0ncWA6YwIjvegV4n+el0F04+dcphkwSeeLokxgSHDxPw65YhTExBBCFTe3YjoiilAwKRUhuIsvL5POecO9aFw9XNaat2UcFXSMTlAduegaNdE9aqE2oihBz+gVvVlgvVjv1se8dcUqZ47QH1ifP2sSkAo=</latexit>

<latexit sha1_base64="GoWKcjpgHT0V03PLlAlq9RXaioI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwFRLR6rLoxmUF+4AmhMnkph06eTAzEWoo/oobF4q49T/c+TdO2yy09cCFwzn3cu89QcaZVLb9bSwtr6yurVc2qptb2zu75t5+W6a5oNCiKU9FNyASOEugpZji0M0EkDjg0AmGNxO/8wBCsjS5V6MMvJj0ExYxSpSWfPPQDYEr4lOXg5SSxdi2LnyzZlv2FHiROCWpoRJN3/xyw5TmMSSKciJlz7Ez5RVEKEY5jKtuLiEjdEj60NM0ITFIr5heP8YnWglxlApdicJT9fdEQWIpR3GgO2OiBnLem4j/eb1cRVdewZIsV5DQ2aIo51ileBIFDpkAqvhIE0IF07diOiCCUKUDq+oQnPmXF0n7zHLqVv3uvNa4LuOooCN0jE6Rgy5RA92iJmohih7RM3pFb8aT8WK8Gx+z1iWjnDlAf2B8/gClZJS1</latexit>

�c . 0.5

M ⇠ 10�14

✓
1013 Mpc�1

k

◆2

M�
<latexit sha1_base64="cl2iu0DZQcetZt0XA8pRSj9WbQ0="></latexit>

Mass:

(for PBHs formed during 
radiation domination)



M ⇠ 10�14

✓
1013 Mpc�1

k

◆2

M�
<latexit sha1_base64="cl2iu0DZQcetZt0XA8pRSj9WbQ0="></latexit>

⌦PBH

⌦DM

⇠ 1
<latexit sha1_base64="93IydYwUFWBPPjunbO1FmLEojHI=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFRIf6LJUF92IFewDmhAm00k7dCYJMxOhhPyFG3/FjQtF3OrOv3HaZmGrBy4czrmXe+8JEkalsu1vo7S0vLK6Vl6vbGxube+Yu3ttGacCkxaOWSy6AZKE0Yi0FFWMdBNBEA8Y6QSjq4nfeSBC0ji6V+OEeBwNIhpSjJSWfNNyQ4Fw5t5yMkB+5goOm/VGns8p1zd57krKoeObVduyp4B/iVOQKijQ9M0vtx/jlJNIYYak7Dl2orwMCUUxI3nFTSVJEB6hAelpGiFOpJdN/8rhkVb6MIyFrkjBqfp7IkNcyjEPdCdHaigXvYn4n9dLVXjpZTRKUkUiPFsUpgyqGE5Cgn0qCFZsrAnCgupbIR4iHZTSUVZ0CM7iy39J+8RyTq3zu7NqrV7EUQYH4BAcAwdcgBpogCZoAQwewTN4BW/Gk/FivBsfs9aSUczsgzkYnz/YZ5+1</latexit>

=)
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where aend is the value of the scale factor at the end of
inflation and ak is its value when the scale k equalled aH
during inflation.2 We will use Nhor to indicate N(a0H0).

To determine the number of e-foldings corresponding
to a scale measured in terms of the present Hubble scale,
we need a complete model for the history of the Uni-
verse. At least from nucleosynthesis onwards, this is now
well in place, but at earlier epochs there are consider-
able uncertainties. At this stage, we make the following
simple assumptions for the sequence of events after infla-
tion, considering possible alternatives in the next section.
We assume that inflation is followed by a period of re-
heating, during which the Universe expands as matter
dominated (this assumption is not true in all models —
see subsection II C). This then gives way to a period of
radiation domination, which according to the Standard
Cosmological Model lasts until a redshift of a few thou-
sand before giving way to matter domination, and then
finally at a redshift below one to a cosmological constant
or quintessence dominated era. We assume sudden tran-
sitions between these epochs, labelling the end of the re-
heating period by ‘reh’ and the matter–radiation equality
epoch by ‘eq’. This is illustrated in Figure 1.

We can therefore write

k

a0H0
=

akHk

a0H0
= e−N(k) aend

areh

areh

aeq

Hk

Heq

aeqHeq

a0H0
(2)

Some useful factors are (see e.g. Ref. [4])

aeqHeq

a0H0
= 219 Ω0h ; (3)

Heq = 5.25 × 106 h3 Ω2
0H0 ; (4)

H0 = 1.75 × 10−61 h mPl with h " 0.7 (5)

Using the slow-roll approximation during inflation to
write H2

k " 8πVk/3m2
Pl, we obtain

N(k) = − ln
k

a0H0
+

1

3
ln

ρreh

ρend
+

1

4
ln

ρeq

ρreh

+ ln

√

8πVk

3m2
Pl

1

Heq
+ ln 219Ω0h . (6)

which agrees with Refs. [4, 5] while being more precise
about the prefactor. In fact ultimately the dependence
on the matter density Ω0 will cancel out, and though a
dependence on h remains this parameter is now accu-
rately determined by observations.

2 As discussed by Liddle, Parsons and Barrow [3], it makes more
logical sense to define the amount of inflation as the ratio of aH,
rather than a. More on that later; for now we follow the standard
usage.

Inflation

Rad
iat

ion
Matter

LambdaPresent horizon scale

ln a

Reheating

lnH   /a−1

FIG. 1: A plot of ln(H−1/a) versus ln a shows the different
epochs in the e-foldings calculation. The solid curve shows the
evolution from the initial horizon crossing to the present, with
the dashed lines showing likely extrapolations into the past
and future. The condition for inflation is that ln(H−1/a) be
decreasing. Lines of constant Hubble parameter (not shown)
lie at 45 degrees (running top left to bottom right). The limit
of exponential inflation gives a line at this angle, otherwise
the inflation line is shallower. During reheating and matter
domination H−1/a ∝ a1/2, while during radiation domina-
tion H−1/a ∝ a. The recent domination by dark energy has
initiated a new era of inflation. The horizontal dotted line
indicates the present horizon scale. The number of e-foldings
of inflation is the horizontal distance between the time when
H−1/a first crosses that value and the end of inflation.

A. A plausible upper limit

The evolution of the Universe as described above is a
plausible model for its entire history. Nevertheless, there
are significant uncertainties in applying Eq. (6). Vk is
a quantity we would hope to extract from the perturba-
tions, but presently only upper limits exist, as the density
perturbation amplitude depends on a combination of the
potential and its slope, being unable to constrain either
separately. Detection of primordial gravitational waves,
which so far has not been achieved, is needed to break
this degeneracy. We do not know how prolonged the re-
heating epoch might be, which is needed to determine
ρreh, nor how much lower the energy density ρend at the
end of inflation might be as compared to Vk.

Nevertheless, we can impose a plausible maximum
on the number of e-foldings by making an assumption,
namely that there is no significant drop in energy density
during these last stages of inflation, so that Vk = ρend.
Note however that this is not the correct way to maximize
Eq. (6), a topic we return to in subsection II D, and so is
a non-trivial assumption. Having made it, the inflation
line in Figure 1 lies at 45 degrees, and we can maximize
the number of e-foldings by assuming that reheating is
instantaneous, so that ρreh = ρend. Focussing now on the
current horizon scale, this gives a maximum number of

Matter

PBH 

Equation of state after inflation
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In the in6ationary scenario of the early Universe the
spectrum of the primordial perturbations is determined
by the potential V(y) of the scalar field y ("inflaton").
Note that in more complicated theories it can be sev-
eral infiatons (see for example [9—14]). In the most sim-
ple theory with smooth, featureless V(y) the spectr»m
very slightly depends on scale [15—20] and cannot produce
PBH's in a large amount. The requirement that the spec-
trum increases with a decrease of scale as a power leads
to special "trigonometric" potentials [4] and also cannot
explain the large PBH production (see above and [4]).
The introduction of two or more infiatons or taking the
potential to have one break [21] may produce the bump
in the spectrum, but such a type of spectrum possesses
additional power at large scales [10,21]. Thus normal-
ized at COBE data, spectra of this type seem not to
produce a large amount of PBH's. From this discussion
it follows that the most natural way for large PBH pro-
duction to occur is to introduce the specially engineering
local feature to the infiation potential at PBH scales. Al-
though the known particle physics may not support such
features, the possible discovery of PBH's may turn the
problem around and demand the existence of such fea-
tures in any realistic particle physics. The purpose of our
paper is the following. We shall demonstrate that an in-
fiation potential V(y) leading to the formation of a great
number of PBH's must have a feature of the "plateau"-
type in some range yq & y & y2, and we shall calculate
the mass spectrum of PBH's for such a V(y).
Qualitatively the conclusion about the plateau in V(y)

follows from a well-known estimate for the spectrum of
primordial metric fiuctuations in the model of chaotic
infiation ass~+ning the friction-dominated and slow-roll
conditions, (y( « H~y( and y && V(y), respectively.
Here the overdot denotes differentiation with respect to
time, and H is the expansion rate. The power spectrum
P(k) in this case can be written as [9]

V3
P(k) k

k=aH(~)

0'
0

FIG. l. Schematic representation of the potential V(y) of
the scalar field y (infiaton). The potential has a plateau in
the range y~ ( y & yq and is of the power-law type outside
of this range. The breaks of the potential are smoothed out
in small ranges Ayq &( yq and Ayq &( yq around p~ and y2
correspondingly.

sky [21] (for a potential with one break), and Demiansky,
Ivanov, and Novikov [22] for any number of breaks. Sec.
III is devoted to the analysis of the mass spectrum of the
PBH's. In Sec. IV we discuss the possible role of the
"gas" of PBH's in the origin of the large-scale structure
of the Universe, and summarize the main conclusions.

II. SPECTRUM OF SCALAR METRIC
PERTURBATIONS IN THE INFLATIONARY
SCENARIO W'ITH A "PLATEAU" IN THE

POTENTIAL V(y)

The simple approach to the in6aton based on one
scalar field y is to specify the physics by choosing an
appropriate form for V(y) and assuming the friction-
dominated and slow-roll conditions [9]:

Iyl «»lyl, (y)'«2V(y),
where H(y) is the value of the Hubble parameter at the
moment when the Universe has the value p of the in-
fiaton field and a is the scale factor. If the potential
V(y) has a plateau in the range yq & y & y2, V(y) =
const and BV/By ~ 0, then the spectral amplitude P(k)
is strongly increased [see the formula (1)]. Outside the
range yq & y & y2, V(y) has a standard (for example
a power law) shape. In the range k « k2 and k )) kq,
where k; = a(y;)H(y;), the corresponding P(k) has also
a standard shape [for example it can be the Harrison-
Zeldovich spectr»~ P(k) = A2k, with A = 5 x 10 s].
The structure of the paper is the following. In Sec. II

the mo+Rcation of the in8aton scenario with the plateau-
type peculiarity in V(y) is discussed, and we calculate the
distortion of the spectr»m of the primordial metric Buc-
tuations due to this peculiarity. For simplicity we shall
use the simple approximation with two breaks for poten-
tial form (see Fig. 1). The spectrum of adiabatic pertur-
bations in such type theories was calculated by Starobin-

where H = a/a; a(t) is the scale factor. In this regime
Fourier components of the scalar metric perturbations
are b-correlated random values with a Gaussian distribu-
tion.
Our task is to increase the spectral amplitude in some

range k2 ( k ( kq, where k is a wave number, without
changing the standard spectrum of perturbations outside
this range. We propose to introduce the potential V(y) of
the inaaton p, which is depicted in Fig. 1. This potential
has a plateau in the range yq & y ( y2 and is a power-
law type outside of this range.
There are two breaks of the potential at p = yq and

y = y2. We suppose that these breaks are smoothed out
in small ranges Ayg &( pg and Ap2 (& (p2 around yg and
y2 correspondingly (see Fig. 1).
The conditions (2) are violated in these ranges.

Starobinsky has pointed out [10] that this violation re-
sults is a nonmonotonic spectrum of perturbations. In
the vicinities of breaks of the potential V(y), but outside
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Inflation and primordial black holes as dark matter
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We discuss the hypothesis that a large (or even a major) fraction of dark matter in the Universe
consists of primordial black holes (PBH's). PBH's may arise &om adiabatic quantum Suctuations
appearing during inSation. We demonstrate that the inSation potential V(rp) leading to the for-
mation of a great number of PBH's should have a feature of the "plateau"-type in some range
y~ & y g yq of the inaation Beld y. The mass spectrum of PBH's for such a potential is calculated.

PACS number(s): 98.80.Cq, 95.35.+d, 97.60.Lf, 98.70.Vc

I. INTRODUCTION

The nature of dark matter (DM) in the Universe is one
of the greatest puzzles of modern cosmology. The DM
may consist of baryons, weakly interacting massive exotic
particles predicted by grand»nified theory (GUT), pri-
mordial black holes, or some combination of these species.
In this paper we shall consider the hypothesis that the

DM consists mainly of primordial black holes (PBH's).
(The earlier works on PBH's are [1,2] see also [3] and [4].)
Recently the possible discovery of microlensing of stars

in the Large Magellanic Cloud by massive compact halo
objects (MACHO's) with probable masses 0.1 solar
mass was reported [5,6]. It was supposed (among other
possibilities) that such objects might be black holes. We
would like to emphasize that black holes with masses
of the order of 0.1MD can only be of primordial origin.
Thus, this discovery gives additional ar@|~ents for con-
sidering the possibility of the PBH nature of DM.
Let us consider the conditions for PBH formation in

the early Universe. The simple estimates (see, for exam-
ple, [4,7]) show that for the formation of PBH's with a
total mass density close to the critical one (OpsH = 1),
and with a mass MpgH around 0.1MG one needs a
rms amplitude h, ,(0.1Mo) of the Gaussian distribu-
tion of the scalar metric auctuations of the order of
h;" (0.1M~) 0.06. This estimate depends on OpsH and
MpBH only logarit&rnically. For example, h;"~ = 0.04 at
10 g and her't = 0.08 at 10 Mo. On the other hand, the

Cosmic Background Explorer (COBE) measurements of
the anisotropy of the cosmic microwave background ra-
diation and other satellite, balloon, and ground-based
radio telescope measurements, and also deep surveys of
galaxy distributions, strongly indicate that on scales of
galaxies and greater scales (up to the horizon scale) the
amplitude of b,~, was significantly less, probably around
10 -5 x 10
It is worth noting that COBE data are compatible

with a power spectral' of the adiabatic perturbations
P(k) oc k" with n = 1.15+a'ss (see [8]). This means
that a direct extrapolation of the COBE data to smaller
scales even with the maximal possible value n 1.6, can
give b, , great enough for the formation of an essential
nnmber of black holes only for MpsH less than 10 g
[4]. However, such small PBH's would have evaporated a
long time ago and could not contribute to DM [1].~ No-
tice that if we believe that the main part of a PBH has
some specific mass M„ then the spectrum of the primor-
dial fiuctuations must have a decrease or a cutoff from
the side of smaller mass at MpsH M, .
Thus, for the hypothesis of PBH DM one needs the fol-

lowing behaviors of the spectrum of the primordial scalar
metric perturbations. The rms amplitude must be the or-
der of 10 at large scales, must increase by a factor 104
at the scales corresponding to the masses of the PBH,
and must decrease at smaller scales.

Permanent address.

Note that if one supposes that evaporating PBH's leave
stable Planck mass relics, these relics could contribute to DM
and constrain the spectrum [32], but we shall not discuss this
possibility helot.

0556-2821/94/50(12)/7173(6)/$06. 00 50 7173 1994 The American Physical Society

η > η0. Incidentally, this behavior is quite similar to the
behavior of the lowest order decaying mode v0(η) given
in Eq. (13). In other words, the growing mode can be
substantially contaminated by a component that behaves
like the decaying mode, and it can no longer be assumed
as being constant on large scales.
The above discussion suggests that we may take ad-

vantage of the ambiguity in defining the growing mode
to redefine u accurate to O(k2) by

u = [1 + F (η)]u0 − Fk v0(η) , (17)

where Fk = F (ηk). The growing mode will be now ap-
proximately constant on superhorizon scales: u ≈ u0, or
at least u(ηk) = u(η∗). However, u′/u at η = ηk will no
longer be negligible. We find

[

u′

u

]

η=ηk

= −Fk

[

v′0
v0

]

η=ηk

=
3Hk

Dk
Fk . (18)

Then Eq. (10) for α may be approximated as

α ≈ 1 +
Dk

3Hk

R′
c

Rc
− Fk , (19)

where Dk and Fk are those given in the long-wavelength
approximation, Eqs. (14) and (16), and for definiteness
we will take (k/Hk)2 = 0.1.
In slow-roll inflation, the time variation of φ̇ is small

and z increases rapidly, approximately proportional to
the scale factor a. Hence neither the integral Dk nor
Fk cannot become large. Soon after horizon crossing
R′

c/Rc ≪ H, so that α ≈ 1 and the standard result
Rc(η) ≈ Rc(ηk) holds. However, if the slow-roll condi-
tion is violated, φ̇ may become very small and z may
decrease substantially to give a large value of Dk and
Fk. (The case where z actually crosses zero is treated
separately in an Appendix.) Then at late times, we have

Rc(η∗) = αu(η∗) ≈ αu(ηk) = αRc(ηk) . (20)

Thus the final amplitude will be enhanced by a factor
|α|, which can be large if Dk ≫ 1 or Fk ≫ 1.

IV. STAROBINSKY’S MODEL

As an example we consider the model discussed by
Starobinsky [8], where the potential has a sudden change
in its slope at φ = φ0 such that

V (φ) =

{

V0 +A+(φ− φ0) for φ > φ0

V0 +A−(φ− φ0) for φ < φ0
. (21)

If the change in the slope is sufficiently abrupt [8] then
the slow-roll can be violated and for A+ > A− > 0 the
field enters a friction-dominated transient (or “fast-roll”)
solution with φ̈ ≈ −3Hφ̇ [3] until the slow-roll conditions
are once again satisfied

3H0 φ̇ =

{

−A+ for φ > φ0

−A− − (A+ −A−)e−3H0∆t for φ < φ0
.

(22)

For φ < φ0 we have

z ≃ −a0
A−eH0∆t + (A+ −A−)e−2H0∆t

3H2
0

. (23)

This decreases rapidly to a minimum value zmin ≈
(A−/A+)2/3z0 for A+ ≫ A−, which can cause a signifi-
cant change in Rc on superhorizon scales.
First let us discuss the behavior of D(η). For a mode

that leaves the horizon in the slow-roll regime z grows
proportional to a while φ > φ0, so that the integrand of
D(η) remains small. Hence D(η) ≈ Dk, which implies
Rc(η) ≈ Rc(ηk) until η = η0. Even after the slow-roll
condition is violated Rc(η) still remains constant until
z becomes smaller than zk and the integrand of D(η)
becomes large again. Then D(η) may increase rapidly
until Rc approaches the asymptotic value for η → η∗,
given by Eq. (20). Substituting the above solution for z
in Eq. (23) into Eq. (14) we obtain

Dk ≈

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 +
A+

A−

(

k

Hk

H0

k

)3

for k > (k/Hk)H0

1 +
A+

A−

(

Hk

k

k

H0

)3

for k < (k/Hk)H0

,

(24)

which shows that for A+/A− ≫ 1, we have Dk ≫ 1 on
scales (A−/A+)1/3H0

<
∼ k <

∼ (A+/A−)1/3H0.
A similar behavior is expected for F (η). Using again

the solution for z in Eq. (23), the double integral in
Eq. (15) is evaluated to give

Fk ≈

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1

15

A+

A−

(

k

Hk

H0

k

)5

for k > (k/Hk)H0

2

5

A+

A−

(

k

H0

)2

for k < (k/Hk)H0

. (25)

Thus Fk ≫ 1 for (A−/A+)1/2H0
<
∼ k <

∼ (A+/A−)1/5H0.
Combining the effects of Dk and Fk, we see that the

correction due to Fk dominates on scales k < H0 and Dk

on scales k > H0. In particular the spiky dip in the spec-
trum seen in Fig. 1 at k ∼ (A−/A+)1/2H0 is caused by
Fk, i.e., it is the O(k2) effect in the perturbation equa-
tion (3). To summarize, the curvature perturbation is
significantly affected by the discontinuity at φ ∼ φ0 even
on superhorizon scales from k ∼ (A−/A+)1/2H0 up to
k ∼ (A+/A−)1/3H0.
Similar behavior was observed in the model studied by

Leach & Liddle [3] for false-vacuum inflation with a quar-
tic self-interaction potential [9], whose power spectrum is
shown in Fig. 2. In this model there is no discontinuity
in the potential, so the oscillations seen in Starobinsky’s
model are washed out.
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where the ellipsis stand for higher powers of the logarithm, coming from higher order loops, which we

are neglecting. Therefore, we see that a plateau may arise from the interplay of the one- and two-loop

corrections to the e↵ective potential. Actually, the expression (2.7) shows that a plateau can arise

already at the two-loop leading log level, as we will discuss next.

Another way of understanding the potential is the following. Starting anew with the Coleman-

Weinberg expansion (2.3), we choose the renormalization scale to be µ = " � and keep only the terms

containing the fourth power of �. With this choice, the logarithms are e↵ectively resummed into an

e↵ective quartic coupling �(�), which multiplies �4, as we anticipated in (2.2). This e↵ective coupling

�(�) includes the quartic terms at all orders, arising from the the Coleman-Weinberg potential in the

large field limit. Then, we expand �(�) around the location of the plateau, �0, obtaining an expression

analogous to (2.5), i.e.

�(�) = �(�0) +
1

2
��(�0) log

�2

�2
0

+
1

8
�0
�
(�0)

✓
log

�2

�2
0

◆2

+ · · · . (2.8)

This shows explicitly that the coe�cients c1, c2, etc. of (2.5) are related to the beta function of the

e↵ective quartic coupling,

�� =
@�

@ logµ
, (2.9)

and its logarithmic derivatives, indicated with primes in (2.8). Therefore, the conditions (2.6) can be

interpreted in terms of the variation of the beta function of the e↵ective quartic coupling at the plateau.

The need of including two loops to describe a plateau also becomes automatically apparent in this

way, since �0
�
is of order two in the loop expansion. By construction, evaluating the e↵ective quartic

coupling � at �0 corresponds to evaluating the original couplings of the Lagrangian (and their beta

functions) at " �0 since we have chosen our renormalization scale to be µ0 = " �0. It is also important

to stress that ��, the beta function of the e↵ective quartic coupling �(�), is not the same as the one

of its tree-level counterpart, because �(�) absorbs the loop corrections from the Coleman-Weinberg

expansion.8 In the large field limit, a logarithmic expansion of the tree-level quartic coupling around

�0 would obviously lead to an expression for the potential with the same functional form as (2.4), but

failing to reproduce the loop e↵ects appropriately.

Coming back to the choice of renormalization scale, µ, it should be pointed out that the Callan-

Symanzik equation guarantees that the the e↵ective potential is independent of it, when computed to

all loop orders. The truncation of the loop expansion (needed for practical computations) introduces a

marginal scale dependence which is never worse than the precision of the truncation. In other words,

upon truncation, the e↵ective potential remains scale-invariant up to subleading terms. However, as

we mentioned before, the numerical e↵ect of these subleading terms at large field values can actually be

better accounted for with the choice µ / �, because it can suppress the potentially large logarithms of

the form (logM2
i
(�)/µ2) [68]. It is worth remarking that the energies of the virtual fluctuations inside

loops are related to their inflaton-dependent masses, which may remain well below the Planck mass

even when the field takes Planckian values (as it is generically the case in chaotic large-field inflation) if

the couplings are su�ciently small. This will be ensured in our concrete examples, for which successful

inflation demands a very flat potential, which implies that ⌘ ⌘ M2
P
V 00/V ⌧ 1, where MP denotes the

8In concrete examples, it is nonetheless straightforward to obtain �� and �0
� from the expression of �(�) in terms of

the rest of the couplings and their beta functions.
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V(�)

PBHs CMB
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Figure 2. Schematic representation of the kind of inflationary potential required to fit the CMB data,
produce PBHs and reheat the Universe after inflation.

this happens twice for each k-mode; first during inflation itself, when H = H/a is approximately
constant; and then after the end of it, when H

�1 grows in the subsequent epochs. In the usual
single field slow-roll framework, the cosmological perturbations of wavenumber k generated during
inflation remain essentially constant in between these two crossing times, with an amplitude, As,
that is approximately given by4

As =
1

24⇡2M2
P

V

✏V
, where ✏V =

M
2
P

2

✓
V

0

V

◆2

, (1.2)

V and V
0 are the inflationary potential and its first derivative and MP = 1/

p
8⇡G = 2.8435 ⇥

1018 GeV is the reduced Planck mass. Therefore, the mass of the PBHs is determined by the
dynamics of the Universe during inflation and can be linked to the number of e-folds of expansion
elapsed since the largest observable distance today became equal to H�1 during inflation.

The CMB constrains As to be of the order of 10�9 at those scales, whereas the values required
for creating PBHs are much larger, typically As ⇠ 10�3–10�2. If we assume that the potential
V is nearly constant during inflation (which is indeed the case in standard slow-roll, leading to a
quasi-de Sitter universe), the expression (1.2) tells that the required enhancement of As may be
achieved by significantly reducing the value of the slow-roll parameter ✏V . Since this parameter
quantifies the flatness of the potential, PBHs are produced provided that the rolling field encounters
a sufficiently flat region of the potential during the course of inflation, which generates a peak in
the spectrum of primordial fluctuations. To the best of our knowledge, this idea was first proposed
in [35], where it was pointed out that a single-field inflationary potential that produces a PBH
population capable of accounting for the DM must feature a near-inflection point.

A renormalizable potential that can have an inflection point is (see e.g. [36, 37]):

V (�) = a2 �
2 + a3 �

3 + a4 �
4
, (1.3)

4We will later show that this approximation cannot be safely used in the cases of interest, and we will indeed
require a more accurate expression. However, it is sufficient to illustrate well the point we want to convey now.
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where the ellipsis stand for higher powers of the logarithm, coming from higher order loops, which we

are neglecting. Therefore, we see that a plateau may arise from the interplay of the one- and two-loop

corrections to the e↵ective potential. Actually, the expression (2.7) shows that a plateau can arise

already at the two-loop leading log level, as we will discuss next.

Another way of understanding the potential is the following. Starting anew with the Coleman-

Weinberg expansion (2.3), we choose the renormalization scale to be µ = " � and keep only the terms

containing the fourth power of �. With this choice, the logarithms are e↵ectively resummed into an

e↵ective quartic coupling �(�), which multiplies �4, as we anticipated in (2.2). This e↵ective coupling

�(�) includes the quartic terms at all orders, arising from the the Coleman-Weinberg potential in the

large field limit. Then, we expand �(�) around the location of the plateau, �0, obtaining an expression

analogous to (2.5), i.e.

�(�) = �(�0) +
1

2
��(�0) log

�2

�2
0

+
1

8
�0
�
(�0)

✓
log

�2

�2
0

◆2

+ · · · . (2.8)

This shows explicitly that the coe�cients c1, c2, etc. of (2.5) are related to the beta function of the

e↵ective quartic coupling,

�� =
@�

@ logµ
, (2.9)

and its logarithmic derivatives, indicated with primes in (2.8). Therefore, the conditions (2.6) can be

interpreted in terms of the variation of the beta function of the e↵ective quartic coupling at the plateau.

The need of including two loops to describe a plateau also becomes automatically apparent in this

way, since �0
�
is of order two in the loop expansion. By construction, evaluating the e↵ective quartic

coupling � at �0 corresponds to evaluating the original couplings of the Lagrangian (and their beta

functions) at " �0 since we have chosen our renormalization scale to be µ0 = " �0. It is also important

to stress that ��, the beta function of the e↵ective quartic coupling �(�), is not the same as the one

of its tree-level counterpart, because �(�) absorbs the loop corrections from the Coleman-Weinberg

expansion.8 In the large field limit, a logarithmic expansion of the tree-level quartic coupling around

�0 would obviously lead to an expression for the potential with the same functional form as (2.4), but

failing to reproduce the loop e↵ects appropriately.

Coming back to the choice of renormalization scale, µ, it should be pointed out that the Callan-

Symanzik equation guarantees that the the e↵ective potential is independent of it, when computed to

all loop orders. The truncation of the loop expansion (needed for practical computations) introduces a

marginal scale dependence which is never worse than the precision of the truncation. In other words,

upon truncation, the e↵ective potential remains scale-invariant up to subleading terms. However, as

we mentioned before, the numerical e↵ect of these subleading terms at large field values can actually be

better accounted for with the choice µ / �, because it can suppress the potentially large logarithms of

the form (logM2
i
(�)/µ2) [68]. It is worth remarking that the energies of the virtual fluctuations inside

loops are related to their inflaton-dependent masses, which may remain well below the Planck mass

even when the field takes Planckian values (as it is generically the case in chaotic large-field inflation) if

the couplings are su�ciently small. This will be ensured in our concrete examples, for which successful

inflation demands a very flat potential, which implies that ⌘ ⌘ M2
P
V 00/V ⌧ 1, where MP denotes the

8In concrete examples, it is nonetheless straightforward to obtain �� and �0
� from the expression of �(�) in terms of

the rest of the couplings and their beta functions.
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Figure 2. Schematic representation of the kind of inflationary potential required to fit the CMB data,
produce PBHs and reheat the Universe after inflation.

this happens twice for each k-mode; first during inflation itself, when H = H/a is approximately
constant; and then after the end of it, when H

�1 grows in the subsequent epochs. In the usual
single field slow-roll framework, the cosmological perturbations of wavenumber k generated during
inflation remain essentially constant in between these two crossing times, with an amplitude, As,
that is approximately given by4

As =
1

24⇡2M2
P

V

✏V
, where ✏V =

M
2
P

2

✓
V

0

V

◆2

, (1.2)

V and V
0 are the inflationary potential and its first derivative and MP = 1/

p
8⇡G = 2.8435 ⇥

1018 GeV is the reduced Planck mass. Therefore, the mass of the PBHs is determined by the
dynamics of the Universe during inflation and can be linked to the number of e-folds of expansion
elapsed since the largest observable distance today became equal to H�1 during inflation.

The CMB constrains As to be of the order of 10�9 at those scales, whereas the values required
for creating PBHs are much larger, typically As ⇠ 10�3–10�2. If we assume that the potential
V is nearly constant during inflation (which is indeed the case in standard slow-roll, leading to a
quasi-de Sitter universe), the expression (1.2) tells that the required enhancement of As may be
achieved by significantly reducing the value of the slow-roll parameter ✏V . Since this parameter
quantifies the flatness of the potential, PBHs are produced provided that the rolling field encounters
a sufficiently flat region of the potential during the course of inflation, which generates a peak in
the spectrum of primordial fluctuations. To the best of our knowledge, this idea was first proposed
in [35], where it was pointed out that a single-field inflationary potential that produces a PBH
population capable of accounting for the DM must feature a near-inflection point.

A renormalizable potential that can have an inflection point is (see e.g. [36, 37]):

V (�) = a2 �
2 + a3 �

3 + a4 �
4
, (1.3)

4We will later show that this approximation cannot be safely used in the cases of interest, and we will indeed
require a more accurate expression. However, it is sufficient to illustrate well the point we want to convey now.
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Agreement with the CMB 
(          within         )    

Enough  inflation

⌦PBH

⌦DM
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Does perturbation theory break in these models?
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Breakdown of perturbation theory in USR inflation?

Claim: a large enough tree-level primordial spectrum for PBH DM implies perturbation theory 
breaks at CMB scales. 

(with sharp transitions)
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0
<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t
SR USR SR

Kristiano and Yokoyama, 2022 & 2023 

c

c

<latexit sha1_base64="kyK+FhMsoIrxNiA0iXZH98o5tbU=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclUSkuiy6cVnBPqANYTK9aYdOJmFmotTYT3HjQhG3fok7/8ZJm4W2Hhg4nHMv98wJEs6Udpxva2V1bX1js7RV3t7Z3du3KwdtFaeSQovGPJbdgCjgTEBLM82hm0ggUcChE4yvc79zD1KxWNzpSQJeRIaChYwSbSTfrvQjokeU8Kw59fuPoIlvV52aMwNeJm5BqqhA07e/+oOYphEITTlRquc6ifYyIjWjHKblfqogIXRMhtAzVJAIlJfNok/xiVEGOIyleULjmfp7IyORUpMoMJN5ULXo5eJ/Xi/V4aWXMZGkGgSdHwpTjnWM8x7wgEmgmk8MIVQykxXTEZGEatNW2ZTgLn55mbTPam69Vr89rzauijpK6Agdo1PkogvUQDeoiVqIogf0jF7Rm/VkvVjv1sd8dMUqdg7RH1ifP7H+lE0=</latexit>P⇣

<latexit sha1_base64="NsjKO6FvOGDmdJJbvTvwmNzF414=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kD1heM+g==</latexit>

k

CMB (SR)

USR

15 decades

<latexit sha1_base64="4jm+qx9R8oiHpYv8vyJc4w8X+zc=">AAACEHicbZDLSgMxFIYzXmu9VV26CRbRhZQZkepGKLrpsoK9QKeUTHqmDWYyQ3JGKEMfwY2v4saFIm5duvNtTC+Ctx8CH/85J8n5g0QKg6774czNLywuLedW8qtr6xubha3tholTzaHOYxnrVsAMSKGgjgIltBINLAokNIOby3G9eQvaiFhd4zCBTsT6SoSCM7RWt3DgAzJ6Tv1QM575vRh9SIyQsRplX+QfVUfdQtEtuRPRv+DNoEhmqnUL7/YynkagkEtmTNtzE+xkTKPgEkZ5PzWQMH7D+tC2qFgEppNNFhrRfev0aBhrexTSift9ImORMcMosJ0Rw4H5XRub/9XaKYZnnUyoJEVQfPpQmEqKMR2nQ3tCA0c5tMC4FvavlA+YjQZthnkbgvd75b/QOC555VL56qRYuZjFkSO7ZI8cEo+ckgqpkhqpE07uyAN5Is/OvfPovDiv09Y5ZzazQ37IefsEKXCdVg==</latexit>

⌘ =
✏̇

✏H

<latexit sha1_base64="Y78vCyfzGonFwZ1m7TfgOTHQJR4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4sSQi1WPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0cF7tlcpuxZ2BLBMvJ2XIUe+Vvrr9mKURSsME1brjuYnxM6oMZwInxW6qMaFsRAfYsVTSCLWfzS6dkFOr9EkYK1vSkJn6eyKjkdbjKLCdETVDvehNxf+8TmrCaz/jMkkNSjZfFKaCmJhM3yZ9rpAZMbaEMsXtrYQNqaLM2HCKNgRv8eVl0ryoeNVK9f6yXLvJ4yjAMZzAGXhwBTW4gzo0gEEIz/AKb87IeXHenY9564qTzxzBHzifP+8IjPw=</latexit>�6

<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

7 decades



NOT FOR DISTRIBUTION JCAP_071P_0424 v1

<latexit sha1_base64="jcvXY04AVuqhNhoHmyJM2FP9uf0=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KolI9Vj04kkq2A9oQ9lsJu3SzSbuToRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaZJMc2jwRCa6HTADUihooEAJ7VQDiwMJrWB4M/VbT6CNSNQDjlLwY9ZXIhKcoZXa3RAkMnrXK5XdijsDXSZeTsokR71X+uqGCc9iUMglM6bjuSn6Y6ZRcAmTYjczkDI+ZH3oWKpYDMYfz+6d0FOrhDRKtC2FdKb+nhiz2JhRHNjOmOHALHpT8T+vk2F05Y+FSjMExeeLokxSTOj0eRoKDRzlyBLGtbC3Uj5gmnG0ERVtCN7iy8ukeV7xqpXq/UW5dp3HUSDH5IScEY9ckhq5JXXSIJxI8kxeyZvz6Lw4787HvHXFyWeOyB84nz+Kr4+p</latexit>

�N

<latexit sha1_base64="rGmj0FNlLA+qsdJ2ZrOZDA+FgRU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXiSCOYByRJmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0fXUbz5xbUSkHnAccz+kAyX6glG0UqtzwyVSctctltyyOwNZJl5GSpCh1i1+dXoRS0KukElqTNtzY/RTqlEwySeFTmJ4TNmIDnjbUkVDbvx0du+EnFilR/qRtqWQzNTfEykNjRmHge0MKQ7NojcV//PaCfYv/VSoOEGu2HxRP5EEIzJ9nvSE5gzl2BLKtLC3EjakmjK0ERVsCN7iy8ukcVb2KuXK/XmpepXFkYcjOIZT8OACqnALNagDAwnP8ApvzqPz4rw7H/PWnJPNHMIfOJ8/WW+PiQ==</latexit>

�N
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Figure 4. The dotted curves represent lines of constant P⇣ (with values 1, 10�2, 10�4 and 10�6

from top to bottom), computed at tree-level. In the shaded region, the one-loop contribution to P⇣ is
larger than its tree-level counterpart at the scales near the maximum of the latter. The three black
dots correspond to the three examples shown in Figure 5. The region where P1l

⇣ > Ptl
⇣ is approximately

scale invariant, as can be seen in Figure 8.

the counterterms cannot absorb its finite part for all k. Therefore, the only relevant contri-
bution at one-loop –and the only one we include– comes from P1l,V3

⇣
⌘ P1l

⇣
. Since the only

UV divergence appearing in the one-loop calculation is reabsorbed with the counterterms,
the two-point correlation is, after this procedure, completely finite.

We note that in Figure 2 there are diagrams that are not relevant in our calculation
at one-loop. These diagrams fall in one of the following three categories: 1) bubble dia-
grams (whose contribution vanishes), 2) diagrams that do not contribute to P⇣ ,11 and 3)
diagrams proportional to the tadpole (which vanishes imposing h��i = 0 at loop level, using
counterterms, as shown in Appendix E).

5 Discussion

A full renormalization procedure would require imposing a set of conditions on P⇣ allowing
us to extract the finite part of the counterterms that make the theoretical prediction of the
total power spectrum coincide with the one inferred from observations, which is currently
unconstrained at small enough scales. Although we have not performed a full renormalization,
which would have required working with a tractable functional form for the potential, we can
use our results to draw conclusions about the validity of perturbation theory. The validity of
eq. (3.1), which is the basis of our analysis, assumes P1l

⇣
⌧ Ptl

⇣
. For consistency, eq. (3.1) also

requires Pct
⇣

⇠ P1l
⇣

⌧ Ptl
⇣
. The contributions to P⇣ coming from the counterterms must be

of the same order as those coming from the loops because otherwise the divergences cannot
be absorbed. Taking the condition P1l

⇣
⇠ Ptl

⇣
as a proxy for perturbation theory breakdown,

we find that whether perturbation theory breaks or not depends on the values chosen for

11
We have only one diagram in this category, the disconnected one formed by two tadpoles (last diagram

of the last row of Figure 2). Although this diagram does a↵ect the two-point correlation, its momentum

structure is di↵erent from that of the power spectrum, so it does not modify P⇣ .

– 9 –

<latexit sha1_base64="j5bNDWvQMCXKD1rUzv97id769xM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBjSURqW6EohuXFewDmhgm00k7dDIJMxOhhoAbf8WNC0Xc+hPu/BsnbRbaeuDC4Zx7ufceP2ZUKsv6NkoLi0vLK+XVytr6xuaWub3TllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/usr9zj0Rkkb8Vo1j4oZowGlAMVJa8sw9J0RqiBFLm5nnPBCFLqBt3aXH9cwzq1bNmgDOE7sgVVCg6ZlfTj/CSUi4wgxJ2bOtWLkpEopiRrKKk0gSIzxCA9LTlKOQSDed/JDBQ630YRAJXVzBifp7IkWhlOPQ1535xXLWy8X/vF6ignM3pTxOFOF4uihIGFQRzAOBfSoIVmysCcKC6lshHiKBsNKxVXQI9uzL86R9UrPrtfrNabVxWcRRBvvgABwBG5yBBrgGTdACGDyCZ/AK3own48V4Nz6mrSWjmNkFf2B8/gAD45ce</latexit>

P⇣ = 10�6

<latexit sha1_base64="nZR5xMRzrMMswnxP0lQQDogtQSs=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbArIXoMevEYwTwgiWF20psMmZ1dZmaFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7/FhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGptk81Ci6xYbgR2I4V0tAX2PLHtzO/9YRK80g+mEmMvZAOJQ84o8ZKLc99TC8q036x5JbdOcgq8TJSggz1fvGrO4hYEqI0TFCtO54bm15KleFM4LTQTTTGlI3pEDuWShqi7qXzc6fkzCoDEkTKljRkrv6eSGmo9ST0bWdIzUgvezPxP6+TmOC6l3IZJwYlWywKEkFMRGa/kwFXyIyYWEKZ4vZWwkZUUWZsQgUbgrf88ippXpa9arl6XynVbrI48nACp3AOHlxBDe6gDg1gMIZneIU3J3ZenHfnY9Gac7KZY/gD5/MHQ4qO4w==</latexit>

10�4

<latexit sha1_base64="oiCe2Y2rKkrNfidsguYWJuHW0fs=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbJHoMevEYwTwgWcPsZJIMmZ1dZnqFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7glgKg6777eTW1jc2t/LbhZ3dvf2D4uFR00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwvp35rSeujYjUA05i7od0qMRAMIpWannuY3pRmfaKJbfszkFWiZeREmSo94pf3X7EkpArZJIa0/HcGP2UahRM8mmhmxgeUzamQ96xVNGQGz+dnzslZ1bpk0GkbSkkc/X3REpDYyZhYDtDiiOz7M3E/7xOgoNrPxUqTpArtlg0SCTBiMx+J32hOUM5sYQyLeythI2opgxtQgUbgrf88ippVspetVy9vyzVbrI48nACp3AOHlxBDe6gDg1gMIZneIU3J3ZenHfnY9Gac7KZY/gD5/MHQICO4Q==</latexit>

10�2

<latexit sha1_base64="XQRjBdJFSIxUyA9itaQkFe3lFEY=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIVDdC0Y3LCvYBTQg300k7dPJgZiK0ofgrblwo4tb/cOffOGmz0NYDA4dz7uWeOX7CmVSW9W2UVlbX1jfKm5Wt7Z3dPXP/oC3jVBDaIjGPRdcHSTmLaEsxxWk3ERRCn9OOP7rN/c4jFZLF0YMaJ9QNYRCxgBFQWvLMIycENSTAs+bUcyZUAb62PbNq1awZ8DKxC1JFBZqe+eX0Y5KGNFKEg5Q920qUm4FQjHA6rTippAmQEQxoT9MIQirdbJZ+ik+10sdBLPSLFJ6pvzcyCKUch76ezLPKRS8X//N6qQqu3IxFSapoROaHgpRjFeO8CtxnghLFx5oAEUxnxWQIAojShVV0Cfbil5dJ+7xm12v1+4tq46aoo4yO0Qk6Qza6RA10h5qohQiaoGf0it6MJ+PFeDc+5qMlo9g5RH9gfP4ADgeU+Q==</latexit>P⇣ = 1PT breaks

(USR  duration)

(Transition duration)

Does perturbation theory (PT) break?

PT does not break

<latexit sha1_base64="u9rEoSLffu9kw9hATs7aMv7DK70=">AAACAHicbVDJSgNBEO2JW4xb1IMHL41B8GKYEYkeg148SQSzQBJCT6cmadKz2F0TDMNc/BUvHhTx6md482/sLAdNfFDweK+KqnpuJIVG2/62MkvLK6tr2fXcxubW9k5+d6+mw1hxqPJQhqrhMg1SBFBFgRIakQLmuxLq7uB67NeHoLQIg3scRdD2WS8QnuAMjdTJH9zSFjzEYkhbCI+YwKkXyq5OO/mCXbQnoIvEmZECmaHSyX+1uiGPfQiQS6Z107EjbCdMoeAS0lwr1hAxPmA9aBoaMB90O5k8kNJjo3SpFypTAdKJ+nsiYb7WI981nT7Dvp73xuJ/XjNG77KdiCCKEQI+XeTFkmJIx2nQrlDAUY4MYVwJcyvlfaYYR5NZzoTgzL+8SGpnRadULN2dF8pXsziy5JAckRPikAtSJjekQqqEk5Q8k1fyZj1ZL9a79TFtzVizmX3yB9bnD5zmlnM=</latexit>

N → e-folds



�
<latexit sha1_base64="EMMHKZ/MhfYHZW8h7UFl5pv5DNQ=">AAAB73icbVBNS8NAEN3Ur1q/qh69BIvgqSR+oMeiF48V7Ae0oWw2k3bpZhN3J0IJ/RNePCji1b/jzX/jps1BWx8MPN6bYWaenwiu0XG+rdLK6tr6RnmzsrW9s7tX3T9o6zhVDFosFrHq+lSD4BJayFFAN1FAI19Axx/f5n7nCZTmsXzASQJeRIeSh5xRNFK3H4BAWqkMqjWn7sxgLxO3IDVSoDmofvWDmKURSGSCat1znQS9jCrkTMC00k81JJSN6RB6hkoagfay2b1T+8QogR3GypREe6b+nshopPUk8k1nRHGkF71c/M/rpRheexmXSYog2XxRmAobYzt/3g64AoZiYghliptbbTaiijI0EeUhuIsvL5P2Wd09r1/eX9QaN0UcZXJEjskpcckVaZA70iQtwoggz+SVvFmP1ov1bn3MW0tWMXNI/sD6/AEA449L</latexit>

<latexit sha1_base64="2+/0pby7pXt1LR8foKPvsQaRtpY=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqewWUY+lXnqsYD9gu5Rsmm1Ds8mSzIpl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJx6hUU9amSijdC4lhgkvWBg6C9RLNSBwK1g0nd3O/+8i04Uo+wDRhQUxGkkecErCS3wf2BFmr0TSzQbniVt0F8DrxclJBOVqD8ld/qGgaMwlUEGN8z00gyIgGTgWblfqpYQmhEzJivqWSxMwE2eLkGb6wyhBHStuSgBfq74mMxMZM49B2xgTGZtWbi/95fgrRbZBxmaTAJF0uilKBQeH5/3jINaMgppYQqrm9FdMx0YSCTalkQ/BWX14nnVrVu67W7q8q9UYeRxGdoXN0iTx0g+qoiVqojShS6Bm9ojcHnBfn3flYthacfOYU/YHz+QNlOZFV</latexit>

PBHs

P (�)
<latexit sha1_base64="TuaezjJNQVB5Iqhpw3TvcV8Wp18=">AAAB8nicbVDLSsNAFJ34rPFVdelmsAh1UxIf6LLoxmUF+4A0lMlk0g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaeuDC4Zx7ufeeIBVcg+N8Wyura+sbm5Ute3tnd2+/enDY0UmmKGvTRCSqFxDNBJesDRwE66WKkTgQrBuM7wq/+8SU5ol8hEnK/JgMJY84JWAkr1Xvh0wAObPtQbXmNJwZ8DJxS1JDJVqD6lc/TGgWMwlUEK0910nBz4kCTgWb2v1Ms5TQMRkyz1BJYqb9fHbyFJ8aJcRRokxJwDP190ROYq0ncWA6YwIjvegV4n+el0F04+dcphkwSeeLokxgSHDxPw65YhTExBBCFTe3YjoiilAwKRUhuIsvL5POecO9aFw9XNaat2UcFXSMTlAduegaNdE9aqE2oihBz+gVvVlgvVjv1se8dcUqZ47QH1ifP2sSkAo=</latexit>

<latexit sha1_base64="YlULB4PnOTyqFsGjyb6oCJJuakw="></latexit>

⌦PBH

⌦DM

=

Z 1

�c

f(�) d�

The problem of the abundance

<latexit sha1_base64="GoWKcjpgHT0V03PLlAlq9RXaioI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwFRLR6rLoxmUF+4AmhMnkph06eTAzEWoo/oobF4q49T/c+TdO2yy09cCFwzn3cu89QcaZVLb9bSwtr6yurVc2qptb2zu75t5+W6a5oNCiKU9FNyASOEugpZji0M0EkDjg0AmGNxO/8wBCsjS5V6MMvJj0ExYxSpSWfPPQDYEr4lOXg5SSxdi2LnyzZlv2FHiROCWpoRJN3/xyw5TmMSSKciJlz7Ez5RVEKEY5jKtuLiEjdEj60NM0ITFIr5heP8YnWglxlApdicJT9fdEQWIpR3GgO2OiBnLem4j/eb1cRVdewZIsV5DQ2aIo51ileBIFDpkAqvhIE0IF07diOiCCUKUDq+oQnPmXF0n7zHLqVv3uvNa4LuOooCN0jE6Rgy5RA92iJmohih7RM3pFb8aT8WK8Gx+z1iWjnDlAf2B8/gClZJS1</latexit>

�c . 0.5



How does the tail of the PDF look like?



<latexit sha1_base64="PgLwopMQLDELr4rbEWuoWVFVXTA="></latexit>

The relation between R and ω is non-linear

<latexit sha1_base64="eAbUG6At7Ja00GPDvu2LG8eS4Dc=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+BCy4xIdVl041LFtkJbyp30tgYzmSG5I5ahv+PGX3GjoKhbf8RM7cLXDYHDOfeQnBMmSlry/TdvYnJqemZ2br6wsLi0vFJcXavbODUCayJWsbkMwaKSGmskSeFlYhCiUGEjvD7O9cYNGitjfUGDBNsR9LXsSQHkqE6x2oqArgSo7HzY2nGH8JYyaXe41LyPGg2oHJOR2jqXUgOuY73bh9RaCXrYKZb8sj8a/hcEY1Bi4zntFJ9a3VikEWoSCqxtBn5C7QwMSaFwWGilFhMQ19DHpoMaIrTtbJR0yLcc0+W92LiriY/Y744MImsHUeg281z2t5aT/2nNlHqH7UzqJCXU4uuhXqo4xTyvjXelQUEufFeCMNL9lYsrMCDIlVtwJQS/I/8F9b1yUClXzvZL1aNxHXNsg22ybRawA1ZlJ+yU1Zhgd+yBPbMX79579F6996/VCW/sWWc/xvv4BM94p6A=</latexit>

R is, in general, intrinsically non-gaussian

<latexit sha1_base64="b2GXgHpB9QmvDTaYoxdX/4PDVDI="></latexit>

Several indications of non-gaussian tails, for largeR
<latexit sha1_base64="4hptLdNKz5ZpV13bAHIJjcW7gTs=">AAACFnicbVDLSgMxFM34tr6qLt0Ei6ALy4xIdSm6calgW6EtJZPescE8huSOWIZ+hRt/xY0LRdyKO//GtHahrQcCh3POTXJPnErhMAy/gqnpmdm5+YXFwtLyyupacX2j5kxmOVS5kcZex8yBFBqqKFDCdWqBqVhCPb49G/j1O7BOGH2FvRRait1okQjO0Evt4n4T4R7z3cQaRbXR+4OLmKUpWMxsPExRBdg1HbfXbxdLYTkcgk6SaERKZISLdvGz2TE8U6CRS+ZcIwpTbOXMouAS+oVm5iBl/JbdQMNTzRS4Vj5cq093vNKhibH+aKRD9fdEzpRzPRX7pGLYdePeQPzPa2SYHLdyodMMQfOfh5JMUjR00BHtCAscZc8Txq3wf6W8yyzj6Jss+BKi8ZUnSe2gHFXKlcvD0snpqI4FskW2yS6JyBE5IefkglQJJw/kibyQ1+AxeA7egvef6FQwmtkkfxB8fAMdGZ/8</latexit>

(from non-linear perturbation methods)



Gravitational wave signatures of PBH DM

✴  Gravitational wave emission from PBH mergers

✴  Second order induced gravitational waves
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FIG. 1: Color code in this figure as in the rest of the paper. Colored regions with solid/dashed boundaries: signals. Gray region without
boundary and central dot-dashed line: stochastic gravitational wave background from binary black holes and binary neutron stars
with its uncertainty. Colored regions with dotted boundaries: projected experimental/observational sensitivities. Colored regions with
solid boundaries and diagonal meshes: existing bounds. Left panel: Fractional abundance of PBHs with respect to the dark matter
abundance as a function of the PBHmass for the parameter values discussed in the text, with and without higher-dimensional oper-
ators (HDO). Right panel: Fraction of the energy density in gravitational waves relative to the critical energy density of the Universe as
a function of the frequency (again, without and with HDO).

ref. [23]). The region shaded in pink with dashed boundary refers to a projected sensitivity of femto-lensing searches
assuming 20 suitable gamma-ray burst events [2].
As we shall discuss in section III, all the inflationary solutions that are capable of producing a sizable fraction of the

dark matter in the form of PBHs obtained by means of the potential in eq. (1) are characterized by a spectral index at
CMB scales ns . 0.95. At face value, this number is slightly smaller compared to what is preferred by cosmological
measurements, namely ns ' 0.96, thus creating a 3� tension with the latest Planck constraints [24]. As it was already
pointed out in [12], and as we shall argue in more detail in section III, this is not necessarily enough to rule out our
solutions but it might be the indication (assuming the correctness of eq. (1)) of some non-standard cosmology beyond
the base ⇤CDMmodel. However, having a 3� tension may be unsettling, and invoking a non-standard cosmological
setup may not be the most appealing solution. For this reason, we will discuss in section IV a simple –and arguably
natural– way of circumventing the aforementioned ns tension. The latter is based on just a slight deformation of the
potential in eq. (1), by including higher-dimensional operators (HDO) of the form

V (�) = a2�
2
+ a3�

3
+ a4�

4
+

X

n>5

an�
n . (2)

We shall argue that a natural organization of the series of HDO leads to good inflationary solutions with a value of the
spectral index in perfect agreement with Planck data. In fact, a single five-dimensional operator with a naturally small
coefficient and negligible higher-order terms is sufficient. We show the abundance of PBHs generated by one of these
solutions in the left panel of fig. 1 (region shaded in cyan with dashed boundary). In this case we find that having 100%
of dark matter in the form of PBHs is in excellent agreement with CMB observations. It is also worth noticing that this
population of PBHs satisfies the bound discussed in refs. [20, 21] based on the observation of the 511 keV gamma-ray
line from positrons in the Galactic center, which is stronger than the Hawking evaporation bound obtained using the
isotropic gamma-ray background.
We also discuss gravitational wave signatures. In the right panel of fig. 1 –where we plot the gravitational wave en-

ergy density in units of the critical energy density as a function of frequency– we show the gravitational wave signal
that comoving curvature perturbations generate as a second-order effect [25–27]. We superimpose the signal (region
shaded in green with solid boundary for the quartic example in the left panel) on the expected sensitivity curves of
the future gravitational wave detectors LISA (assuming the C1 configuration, see ref. [28]), DECIGO [29] and MAGIS-
100 [30] (shaded regions with dashed boundaries, see caption for details). We find that the signal could be detected by
LISA and DECIGO, and it stands out over the stochastic gravitational wave background from binary black holes (BBH)

3

FIG. 2: Left panel: Fraction of theUniverse’smass in PBHs at their formation time as a function of the PBHmass. The bounds are taken
from ref. [14]. Right panel. Fraction of the energy density in gravitational waves relative to the critical energy density of the Universe
as a function of the frequency. The inflationary solution shown in this plot provides a good fit to all cosmological observables at CMB
scales and can be obtained either with the quartic polynomial potential or with its generalization that includes HDO. In the first case,
the solution is characterized by a spectral index ns ' 0.955 while in the second case we find ns ' 0.965, the latter in full agreement
with the central value indicated by Planck data.

and binary neutron stars (BNS), which has been computed following ref. [31].
The position of the peak amplitude of the power spectrum of curvature perturbations, the peak height in the PBH

mass distribution and the frequency of the peak of the gravitational wave signal are related by:
✓
MPBH

1017 g

◆�1/2

'
k

2 · 1014 Mpc
�1

'
f

0.3Hz
. (3)

A peak in the power spectrum of curvature perturbations at k ' 2 · 10
16 Mpc�1 generates a gravitational wave signal

with frequency f ' 30 Hz. This is an interesting frequency for the ground-based Advanced LIGO-Virgo detector net-
work, which already placed important limits on the energy density in gravitational waves by combining data from the
first (O1) and second (O2) observing runs [32] (region shaded in yellow with diagonal meshes and solid boundary in
fig. 1; we also show the design sensitivity with dashed boundary). A gravitational wave signal at frequency f ' 30 Hz
would correspond to PBHs withmassMPBH ' 10

13 g. These PBHs cannot constitute the observed abundance of dark
matter since they would have completely evaporated through the emission of Hawking radiation from their formation
to the present day. Nevertheless, a population of PBHswithmass aroundMPBH ' 10

13 g, although extinct today, is still
subject to experimental constraints associated with the effects of their evaporation on big bang nucleosynthesis [14].
In the left panel of fig. 2we consider the case inwhich the PBHmass distribution peaks atMPBH ' 10

13 g. We show the
corresponding bounds in terms of the quantity �(MPBH)which is related to the fraction of theUniverse’smass in PBHs
at their formation time (see ref. [14] for details). In the right panel of fig. 2 we show the corresponding second-order
gravitational wave signal. In agreement with the scaling of eq. (3), the frequency of the peak is around f ' 30Hz. This
signal can be an appealing target for the updated Advanced LIGO sensitivity, as shown in fig. 2, where we superimpose
on the signal the bound obtained by combining the first and second observing runs [32] (region shaded in yellow with
diagonal meshes) and the design sensitivity curve (region shaded in brown with dotted boundary) [33]. To make con-
tact with the analysis in ref. [32], we have used the explicit valueH0 = 67.9 km s�1Mpc�1 for the present day Hubble
expansion rate. To fully establish the relevance of the proposed signal, it is important –if not crucial– to understand
to what extent it can be distinguished from the expected astrophysical stochastic gravitational wave background from
coalescing (astrophysical) binary black holes (BBH) and binary neutron stars (BNS). A comprehensive analysis of this
issue is left for future work. In the present note, we just compare the signal with the prediction of the astrophysical
stochastic BBH+BNS background. The latter is shown in the right panel of fig. 2 with a purple dashed line together with
a gray band that represents the statistical Poisson uncertainty in the local binary merger rate [32, 34]. As this graphical
comparison suggests, we may expect to be able to detect these signals, because the stochastic background from light
PBHs (if present) lies well above the astrophysical one.

<latexit sha1_base64="HwwK6Ai44UdMDMs4w0q//lPtQ8Y=">AAACH3icbZDLSsNAFIYnXmu9RV26GSxC3ZSkSHVZdKE7q9gLNDFMptN26EwSZiZCCXkTN76KGxeKiLu+jZM2oLb+MPDznXOYc34/YlQqy5oYS8srq2vrhY3i5tb2zq65t9+SYSwwaeKQhaLjI0kYDUhTUcVIJxIEcZ+Rtj+6zOrtRyIkDYN7NY6Iy9EgoH2KkdLIM2vODScD5CWO4PCqnTqScuhwpIYYsaSResOMlH+Id5eePFQ9s2RVrKngorFzUwK5Gp755fRCHHMSKMyQlF3bipSbIKEoZiQtOrEkEcIjNCBdbQPEiXST6X0pPNakB/uh0C9QcEp/TySISznmvu7M9pTztQz+V+vGqn/uJjSIYkUCPPuoHzOoQpiFBXtUEKzYWBuEBdW7QjxEAmGlIy3qEOz5kxdNq1qxaxX79rRUv8jjKIBDcATKwAZnoA6uQQM0AQZP4AW8gXfj2Xg1PozPWeuSkc8cgD8yJt9ON6Mh</latexit>

⌦GW ⇠ Ph ⇠ (PR)2

* LISA: for PBH DM

* PTA: if PBHs of ~ 0.1 Solar masses

Second-order induced gravitational waves

* LIGO/Virgo/KAGRA: if PBHs already evaporated

<latexit sha1_base64="kBER24NsPkaIeCKJtrEbv5kYrnM="></latexit>
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✴

   

See e.g. Ballesteros, Rey, Taoso, Urbano 2020
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FIG. 2: Left panel: Fraction of theUniverse’smass in PBHs at their formation time as a function of the PBHmass. The bounds are taken
from ref. [14]. Right panel. Fraction of the energy density in gravitational waves relative to the critical energy density of the Universe
as a function of the frequency. The inflationary solution shown in this plot provides a good fit to all cosmological observables at CMB
scales and can be obtained either with the quartic polynomial potential or with its generalization that includes HDO. In the first case,
the solution is characterized by a spectral index ns ' 0.955 while in the second case we find ns ' 0.965, the latter in full agreement
with the central value indicated by Planck data.

and binary neutron stars (BNS), which has been computed following ref. [31].
The position of the peak amplitude of the power spectrum of curvature perturbations, the peak height in the PBH

mass distribution and the frequency of the peak of the gravitational wave signal are related by:
✓
MPBH

1017 g

◆�1/2

'
k

2 · 1014 Mpc
�1

'
f

0.3Hz
. (3)

A peak in the power spectrum of curvature perturbations at k ' 2 · 10
16 Mpc�1 generates a gravitational wave signal

with frequency f ' 30 Hz. This is an interesting frequency for the ground-based Advanced LIGO-Virgo detector net-
work, which already placed important limits on the energy density in gravitational waves by combining data from the
first (O1) and second (O2) observing runs [32] (region shaded in yellow with diagonal meshes and solid boundary in
fig. 1; we also show the design sensitivity with dashed boundary). A gravitational wave signal at frequency f ' 30 Hz
would correspond to PBHs withmassMPBH ' 10

13 g. These PBHs cannot constitute the observed abundance of dark
matter since they would have completely evaporated through the emission of Hawking radiation from their formation
to the present day. Nevertheless, a population of PBHswithmass aroundMPBH ' 10

13 g, although extinct today, is still
subject to experimental constraints associated with the effects of their evaporation on big bang nucleosynthesis [14].
In the left panel of fig. 2we consider the case inwhich the PBHmass distribution peaks atMPBH ' 10

13 g. We show the
corresponding bounds in terms of the quantity �(MPBH)which is related to the fraction of theUniverse’smass in PBHs
at their formation time (see ref. [14] for details). In the right panel of fig. 2 we show the corresponding second-order
gravitational wave signal. In agreement with the scaling of eq. (3), the frequency of the peak is around f ' 30Hz. This
signal can be an appealing target for the updated Advanced LIGO sensitivity, as shown in fig. 2, where we superimpose
on the signal the bound obtained by combining the first and second observing runs [32] (region shaded in yellow with
diagonal meshes) and the design sensitivity curve (region shaded in brown with dotted boundary) [33]. To make con-
tact with the analysis in ref. [32], we have used the explicit valueH0 = 67.9 km s�1Mpc�1 for the present day Hubble
expansion rate. To fully establish the relevance of the proposed signal, it is important –if not crucial– to understand
to what extent it can be distinguished from the expected astrophysical stochastic gravitational wave background from
coalescing (astrophysical) binary black holes (BBH) and binary neutron stars (BNS). A comprehensive analysis of this
issue is left for future work. In the present note, we just compare the signal with the prediction of the astrophysical
stochastic BBH+BNS background. The latter is shown in the right panel of fig. 2 with a purple dashed line together with
a gray band that represents the statistical Poisson uncertainty in the local binary merger rate [32, 34]. As this graphical
comparison suggests, we may expect to be able to detect these signals, because the stochastic background from light
PBHs (if present) lies well above the astrophysical one.

GB, Rey, Taoso, Urbano, 2020

Second-order induced gravitational waves✴
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Second-order induced gravitational waves

~ NHz
<latexit sha1_base64="TaYbwX5BPVr5lf1EdqbdX02tuQs=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIVJdFN26ECvYBTQiTyaQdOo8wMxFq6Je4caGIWz/FnX/j9LHQ1gMXDufcy733xBmj2njet1NaW9/Y3CpvV3Z29/ar7sFhR8tcYdLGkknVi5EmjArSNtQw0ssUQTxmpBuPbqZ+95EoTaV4MOOMhBwNBE0pRsZKkVsNNOXQ9+BdFMhEmsiteXVvBrhK/AWpgQVakfsVJBLnnAiDGdK673uZCQukDMWMTCpBrkmG8AgNSN9SgTjRYTE7fAJPrZLAVCpbwsCZ+nuiQFzrMY9tJ0dmqJe9qfif189NehUWVGS5IQLPF6U5g0bCaQowoYpgw8aWIKyovRXiIVIIG5tVxYbgL7+8Sjrndb9Rb9xf1JrXizjK4BicgDPgg0vQBLegBdoAgxw8g1fw5jw5L8678zFvLTmLmSPwB87nD2zkklA=</latexit>⇠ 10M�

PTA experiments

✴

   

NASA

NASA



High frequency GW from PBH DM mergers

Asteroid mass PBH mergers: GW frequency  GHz
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No known astrophysical sources of GWs at GHz

Very small characteristic  strain
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(BIG experimental challenge)
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ALPS II. DESY / Heiner Müller-Elsner

High frequency GW from PBH DM mergers

Inverse Gertsenshtein effect. Connection with axion physics
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Conclusions

• Asteroid-mass PBHs are a strong contender to explain the DM.

• PBH from inflation. Interesting for phenomenology and theory playground

• GWs: indirect probe of PBH DM. Technical challenges.

• Goal 1: Narrow the asteroid-mass window. How?

• Goal 2: Detect subsolar BH with lensing, GW interferometry, etc. 


