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PBH dictionary I: Masses

• Standard formation scenario: collapse of radiation overdensities 

• PBH mass is approximately the mass of the cosmological horizon  

(The mass spectrum does not possess gaps) 

• Model independent parametrisation of the mass function:
<latexit sha1_base64="MjXl+VnMqH36+9Uy3+0MBbYDEAA="></latexit>
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<latexit sha1_base64="G2MZyrdnP3hmlEknlJxxBHJEpzM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiFy9CBfsBbSib7aZdursJuxOhlP4FLx4U8eof8ua/MWlz0NYHA4/3ZpiZF8RSWHTdb6ewtr6xuVXcLu3s7u0flA+PWjZKDONNFsnIdAJquRSaN1Gg5J3YcKoCydvB+Dbz20/cWBHpR5zE3Fd0qEUoGMVMuu+zUr9ccavuHGSVeDmpQI5Gv/zVG0QsUVwjk9TarufG6E+pQcEkn5V6ieUxZWM65N2Uaqq49afzW2fkLFUGJIxMWhrJXP09MaXK2okK0k5FcWSXvUz8z+smGF77U6HjBLlmi0VhIglGJHucDIThDOUkJZQZkd5K2IgayjCNJwvBW355lbRqVe+yWnu4qNRv8jiKcAKncA4eXEEd7qABTWAwgmd4hTdHOS/Ou/OxaC04+cwx/IHz+QNNX43C</latexit>

Mc : central value of mass distribution
<latexit sha1_base64="HbEQl5usnaSWMi8H2ZvR6Lt1dOY=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBE8ld0i6rHoxWMF+wHtUrJptg1NskuSFcrSH+HFgyJe/T3e/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64STu9zvPDFteKwe7TRhgSQjxSNOiXVSp2/4SJLyoFL1at4ceJX4BalCgeag8tUfxjSVTFkqiDE930tskBFtORVsVu6nhiWETsiI9RxVRDITZPNzZ/jcKUMcxdqVsniu/p7IiDRmKkPXKYkdm2UvF//zeqmNboKMqyS1TNHFoigV2MY4/x0PuWbUiqkjhGrubsV0TDSh1iWUh+Avv7xK2vWaf1WrP1xWG7dFHCU4hTO4AB+uoQH30IQWUJjAM7zCG0rQC3pHH4vWNVTMnMAfoM8f1SyPPg==</latexit>� : width of PBH mass distribution

(not the chirp mass)

Density perturbation
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• Large          :  
weak accretion, small spins 

• Small          :  
strong accretion, large spins

PBH dictionary II: Spins and accretion

<latexit sha1_base64="ICjB7a0gyq7Yqro7jYYoVa5M6Rg=">AAACAHicbVBNS8NAEN3Ur1q/qh48eFksghdLUkQ9Fr14rGA/oC1hs920Sze7YXcixpCLf8WLB0W8+jO8+W9M2xy09cHA470ZZuZ5oeAGbPvbKiwtr6yuFddLG5tb2zvl3b2WUZGmrEmVULrjEcMEl6wJHATrhJqRwBOs7Y2vJ377nmnDlbyDOGT9gAwl9zklkElu+eDR7QF7gKQHXMaYRnCqfD8tueWKXbWnwIvEyUkF5Wi45a/eQNEoYBKoIMZ0HTuEfkI0cCpYWupFhoWEjsmQdTMqScBMP5k+kOLjTBlgX+msJOCp+nsiIYExceBlnQGBkZn3JuJ/XjcC/7KfcBlGwCSdLfIjgUHhSRp4wDWjIOKMEKp5diumI6IJhSyzSQjO/MuLpFWrOufV2u1ZpX6Vx1FEh+gInSAHXaA6ukEN1EQUpegZvaI368l6sd6tj1lrwcpn9tEfWJ8/zZaWiA==</latexit>zcut-off :  i) correlated with the mass function  

  ii) crucially affects the spin distribution

• Small spins at formation   
• Baryonic disk accretion can spin up PBHs 
• Large uncertainties over the efficiency and when it 

becomes negligible (around the reionization epoch)

Impact on PBH spin
<latexit sha1_base64="ICjB7a0gyq7Yqro7jYYoVa5M6Rg=">AAACAHicbVBNS8NAEN3Ur1q/qh48eFksghdLUkQ9Fr14rGA/oC1hs920Sze7YXcixpCLf8WLB0W8+jO8+W9M2xy09cHA470ZZuZ5oeAGbPvbKiwtr6yuFddLG5tb2zvl3b2WUZGmrEmVULrjEcMEl6wJHATrhJqRwBOs7Y2vJ377nmnDlbyDOGT9gAwl9zklkElu+eDR7QF7gKQHXMaYRnCqfD8tueWKXbWnwIvEyUkF5Wi45a/eQNEoYBKoIMZ0HTuEfkI0cCpYWupFhoWEjsmQdTMqScBMP5k+kOLjTBlgX+msJOCp+nsiIYExceBlnQGBkZn3JuJ/XjcC/7KfcBlGwCSdLfIjgUHhSRp4wDWjIOKMEKp5diumI6IJhSyzSQjO/MuLpFWrOufV2u1ZpX6Vx1FEh+gInSAHXaA6ukEN1EQUpegZvaI368l6sd6tj1lrwcpn9tEfWJ8/zZaWiA==</latexit>zcut-off

<latexit sha1_base64="ICjB7a0gyq7Yqro7jYYoVa5M6Rg=">AAACAHicbVBNS8NAEN3Ur1q/qh48eFksghdLUkQ9Fr14rGA/oC1hs920Sze7YXcixpCLf8WLB0W8+jO8+W9M2xy09cHA470ZZuZ5oeAGbPvbKiwtr6yuFddLG5tb2zvl3b2WUZGmrEmVULrjEcMEl6wJHATrhJqRwBOs7Y2vJ377nmnDlbyDOGT9gAwl9zklkElu+eDR7QF7gKQHXMaYRnCqfD8tueWKXbWnwIvEyUkF5Wi45a/eQNEoYBKoIMZ0HTuEfkI0cCpYWupFhoWEjsmQdTMqScBMP5k+kOLjTBlgX+msJOCp+nsiIYExceBlnQGBkZn3JuJ/XjcC/7KfcBlGwCSdLfIjgUHhSRp4wDWjIOKMEKp5diumI6IJhSyzSQjO/MuLpFWrOufV2u1ZpX6Vx1FEh+gInSAHXaA6ukEN1EQUpegZvaI368l6sd6tj1lrwcpn9tEfWJ8/zZaWiA==</latexit>zcut-off
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<latexit sha1_base64="DEPIuCBHo6RooEACjyzaK02enAs=">AAACF3icbVBNS8NAEN34WetX1KOXxSJ4KkkRFfFQEMFjBatCE8pmO7FLN5uwOymW0H/hxb/ixYMiXvXmv3H7cfDrwcDjvRlm5kWZFAY979OZmZ2bX1gsLZWXV1bX1t2NzSuT5ppDk6cy1TcRMyCFgiYKlHCTaWBJJOE66p2O/Os+aCNSdYmDDMKE3SoRC87QSm23GiDcYXEWx8BR9IGaTKhjOqQB74r2xAxQqAGFOB6W227Fq3pj0L/En5IKmaLRdj+CTsrzBBRyyYxp+V6GYcE0Ci5hWA5yAxnjPXYLLUsVS8CExfivId21SofGqbalkI7V7xMFS4wZJJHtTBh2zW9vJP7ntXKMj8JCqCxHUHyyKM4lxZSOQqIdoW0ccmAJ41rYWynvMs042ihHIfi/X/5LrmpV/6Bau9iv1E+mcZTINtkhe8Qnh6ROzkmDNAkn9+SRPJMX58F5cl6dt0nrjDOd2SI/4Lx/AUtDn/k=</latexit>

E↵ective spin: �eff

<latexit sha1_base64="xFWF5OAabPaFcAmrVrtwj2++whw=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjNFVMRFwY0boYJ9wHQomTRtQ5PJkNwRh6Ef4MZfceNCEbd+gDv/xvSx0NYDgcM55ya5J4wFN+C6305uaXlldS2/XtjY3NreKe7uNYxKNGV1qoTSrZAYJnjE6sBBsFasGZGhYM1weDX2m/dMG66iO0hjFkjSj3iPUwJW6hRLbWAPkNU0l0SnWBJjLvAIy47n33TaqqsgKNiUW3YnwIvEm5ESmqHWKX61u4omkkVAhb3R99wYgoxo4FSwUaGdGBYTOiR95lsaEclMkE2WGeEjq3RxT2l7IsAT9fdERqQxqQxtUhIYmHlvLP7n+Qn0zoOMR3ECLKLTh3qJwKDwuBnc5ZpREKklhGpu/4rpgGhCwfY3LsGbX3mRNCpl77RcuT0pVS9ndeTRATpEx8hDZ6iKrlEN1RFFj+gZvaI358l5cd6dj2k058xm9tEfOJ8/262a0g==</latexit> P
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De Luca, G.F., Pani, Riotto (2020)
<latexit sha1_base64="/altuuWN9TQ86J4rpoCwSigd7/M=">AAACGHicbVA9T8MwEHX4LOWrwMhiUSGxUJKCgLGChbFIFJCaKHJch1o4dmRfqpaoP4OFv8LCAEKs3fg3OG0Hvp500tN7d7q7F6WCG3DdT2dmdm5+YbG0VF5eWV1br2xsXhuVacpaVAmlbyNimOCStYCDYLepZiSJBLuJ7s8L/6bHtOFKXsEgZUFC7iSPOSVgpbBy8BD6wPqQ+8DlANMM9lUcD7EPXU7vSZpq1ceei/0O7+FDtxxWqm7NHQP/Jd6UVNEUzbAy8juKZgmTQAUxpu25KQQ50cCpYMOynxmWErvqjrUtlSRhJsjHjw3xrlU6OFbalgQ8Vr9P5CQxZpBEtjMh0DW/vUL8z2tnEJ8GOZdpBkzSyaI4ExgULlLCHa4ZBTGwhFDN7a2YdokmFGyWRQje75f/kut6zTuu1S+Pqo2zaRwltI120B7y0AlqoAvURC1E0SN6Rq/ozXlyXpx352PSOuNMZ7bQDzijL45tn2Q=</latexit>

zcut-off t 10÷ 30

4

De Luca, Desjacques, G.F., Malhotra, Riotto (2019)
<latexit sha1_base64="4wGHbscXzgxIlsZxfrTgbqS6mXY=">AAAB/nicbVDLSgNBEOz1GeNrVTx5GQyCF8NuEPUkAS8eI5gHZNcwO5lNhszMLjOzQlgC/ooXD4p49Tu8+TdOHgdNLGgoqrrp7opSzrTxvG9naXlldW29sFHc3Nre2XX39hs6yRShdZLwRLUirClnktYNM5y2UkWxiDhtRoObsd98pEqzRN6bYUpDgXuSxYxgY6WOexiQPkMBp1prJpDvPeRnlVHHLXllbwK0SPwZKcEMtY77FXQTkgkqDeFY67bvpSbMsTKMcDoqBpmmKSYD3KNtSyUWVIf55PwROrFKF8WJsiUNmqi/J3IstB6KyHYKbPp63huL/3ntzMRXYc5kmhkqyXRRnHFkEjTOAnWZosTwoSWYKGZvRaSPFSbGJla0IfjzLy+SRqXsX5Qrd+el6vUsjgIcwTGcgg+XUIVbqEEdCOTwDK/w5jw5L8678zFtXXJmMwfwB87nD9malMI=</latexit>

� . 10�2

(uncorrelated spin orientations)



PBH dictionary III: PBH abundance

<latexit sha1_base64="pq5x8ehmWOFjvzkBS85UrzB9U7E=">AAACOHicbVC7SgNBFJ31bXxFLW0Gg2AVdkXUMkQLGzGCUSEbwuzkrhmcnV1n7gbDsp9l42fYiY2FIrZ+gZNHoYkHBg7nnMude4JECoOu++JMTc/Mzs0vLBaWlldW14rrG1cmTjWHOo9lrG8CZkAKBXUUKOEm0cCiQMJ1cHfc96+7oI2I1SX2EmhG7FaJUHCGVmoVz8OWj/CAmY9C9WiteppTH+5T0aV+qBnPqK878UQm/0c/OcvzQqtYcsvuAHSSeCNSIiPUWsVnvx3zNAKFXDJjGp6bYDNjGgWXkBf81EDC+B27hYalikVgmtng8JzuWKVNw1jbp5AO1N8TGYuM6UWBTUYMO2bc64v/eY0Uw6NmJlSSIig+XBSmkmJM+y3SttDAUfYsYVwL+1fKO8z2hbbrfgne+MmT5Gqv7B2U9y72S5XqqI4FskW2yS7xyCGpkFNSI3XCySN5Je/kw3ly3pxP52sYnXJGM5vkD5zvHz79rd0=</latexit>

fPBH ⌘ ⇢PBH

⇢DM

• PBH abundance expressed in terms of the dark matter

(can be thought as a proxy for the average PBH number density)

<latexit sha1_base64="mGA//8FTJtPapBuZLRHTP7sgm0c=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUUY+lXnqsYD+gCWGz3bRLN5uwOxFDqH/FiwdFvPpDvPlvTNsctPXBwOO9GWbm+bHgGizr2yhtbG5t75R3K3v7B4dH5vFJT0eJoqxLIxGpgU80E1yyLnAQbBArRkJfsL4/vZ37/QemNI/kPaQxc0MyljzglEAueWY18Bxgj5A5wGWKO632rOKZNatuLYDXiV2QGirQ8cwvZxTRJGQSqCBaD20rBjcjCjgVbFZxEs1iQqdkzIY5lSRk2s0Wx8/wea6McBCpvCTghfp7IiOh1mno550hgYle9ebif94wgeDGzbiME2CSLhcFicAQ4XkSeMQVoyDSnBCqeH4rphOiCIU8r3kI9urL66TXqNtX9cbdZa3ZKuIoo1N0hi6Qja5RE7VRB3URRSl6Rq/ozXgyXox342PZWjKKmSr6A+PzByjFlHI=</latexit>

fPBH
: determines the PBH merger rate

<latexit sha1_base64="2K9nroTnaYWG8n2JY/l0hDqKYZw=">AAACCHicbVC7TsMwFHV4lvIqMDJgUSExVUmFgLEqS8eC6ENqQuW4TmvVcSL7BlFFHVn4FRYGEGLlE9j4G5y2A7QcydLROffq+hw/FlyDbX9bS8srq2vruY385tb2zm5hb7+po0RR1qCRiFTbJ5oJLlkDOAjWjhUjoS9Yyx9eZX7rninNI3kLo5h5IelLHnBKwEjdwtENdmMVxRDhoOsCe4DUBS5HuF6tje/K+W6haJfsCfAicWakiGaodwtfbi+iScgkUEG07jh2DF5KFHAq2DjvJprFhA5Jn3UMlSRk2ksnQcb4xCg9HETKPAl4ov7eSEmo9Sj0zWRIYKDnvUz8z+skEFx6KZdxAkzS6aEgEdjEzlrBPa4YBTEyhFDFzV8xHRBFKJjushKc+ciLpFkuOeel8vVZsVKd1ZFDh+gYnSIHXaAKqqE6aiCKHtEzekVv1pP1Yr1bH9PRJWu2c4D+wPr8AZSYmQw=</latexit>

R / f2
PBH

• A PBH merger rate in the ballpark of LIGO/Virgo implies: 

• The abundance sets the merger rate:

<latexit sha1_base64="QtFMy7jUfETgUIItOdN/+jwWSpU=">AAACEXicbVA9TwJBEN3zE/ELtbTZSExoJHdo1JJgQ4mJfCQckr1lDzbs7V125wzkwl+w8a/YWGiMrZ2d/8YFrlDwJZO8vDeTmXleJLgG2/62VlbX1jc2M1vZ7Z3dvf3cwWFDh7GirE5DEaqWRzQTXLI6cBCsFSlGAk+wpje8mfrNB6Y0D+UdjCPWCUhfcp9TAkbq5gp+1wU2gsQFLse4VqlOsAsDTockilQ4wo59n5ydT7LdXN4u2jPgZeKkJI9S1Lq5L7cX0jhgEqggWrcdO4JOQhRwKtgk68aaRcTs6bO2oZIETHeS2UcTfGqUHvZDZUoCnqm/JxISaD0OPNMZEBjoRW8q/ue1Y/CvOwmXUQxM0vkiPxYYQjyNB/e4YhTE2BBCFTe3YjogilAwIU5DcBZfXiaNUtG5LJZuL/LlShpHBh2jE1RADrpCZVRFNVRHFD2iZ/SK3qwn68V6tz7mrStWOnOE/sD6/AFK1Jyk</latexit>

fPBH t 10�3

Raidal et al. (2019)

Hutsi et al. (2021), 
Wong et al. (2021), …
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PBH dictionary IV: The merger rate evolution

6

• Initial spatial Poisson distribution 

• Random decoupling of binary systems from 
the Hubble flow  

• Binary formation happening before matter-
radiation equality 

• The distribution of initial semi-major axis and 
eccentricity determines the merger rate                

  (Peters’ time-scale                           )

Raidal+ (2018), …

<latexit sha1_base64="dc+hK8tsW+gH6kl5mQR2ri2Qcy0="></latexit>

tGW / a4(1� e2)7/2

Nakamura (1997), …

<latexit sha1_base64="Efk25Gb3RPEQA4Xqd77CXxEgCuk=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQvBh3k2A8ScCLxyjmAckaZiezyZDZBzO9YliCF3/FiwdFvPoV3vwbJ8keNFrQUFR1093lRoIrsKwvI7OwuLS8kl3Nra1vbG6Z2zsNFcaSsjoNRShbLlFM8IDVgYNgrUgy4ruCNd3hxcRv3jGpeBjcwChijk/6Afc4JaClrrl3jTsw4HRIokiG9xhuk+NS+aRUGXfNvFWwpsB/iZ2SPEpR65qfnV5IY58FQAVRqm1bETgJkcCpYONcJ1YsInpTn7U1DYjPlJNMXxjjQ630sBdKXQHgqfpzIiG+UiPf1Z0+gYGa9ybif147Bu/MSXgQxcACOlvkxQJDiCd54B6XjIIYaUKo5PpWTAdEEgo6tZwOwZ5/+S9pFAv2aaF4Vc5Xz9M4smgfHaAjZKMKqqJLVEN1RNEDekIv6NV4NJ6NN+N91pox0pld9AvGxzeMr5Y6</latexit>

R t t�34/37,  monotonic up to redshift
<latexit sha1_base64="YfA1sHzokdiYSSup3UH1Y1RkiqY=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqexWUS9CwYvHCvYD2m3Jptk2NMkuyaxSl/4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4gFN+C6305uZXVtfSO/Wdja3tndK+4fNEyUaMrqNBKRbgXEMMEVqwMHwVqxZkQGgjWD0c3Ubz4wbXik7mEcM1+SgeIhpwSs1H3CnQFYV2LP7Z71iiW37M6Al4mXkRLKUOsVvzr9iCaSKaCCGNP23Bj8lGjgVLBJoZMYFhM6IgPWtlQRyYyfzq6e4BOr9HEYaVsK8Ez9PZESacxYBrZTEhiaRW8q/ue1Ewiv/JSrOAGm6HxRmAgMEZ5GgPtcMwpibAmhmttbMR0STSjYoAo2BG/x5WXSqJS9i3Ll7rxUvc7iyKMjdIxOkYcuURXdohqqI4o0ekav6M15dF6cd+dj3ppzsplD9AfO5w8yLpGm</latexit>

z & 103

Redshift evolution can be used to distinguish 
primordial from astrophysical binaries…



Search for Primordial binaries using 3G detectors
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astro from Ng et al. (2020) and refs. therein

• No astrophysical contamination 
above redshift  

• 3G detectors can reach much 
larger redshift! 

<latexit sha1_base64="Y6TLgFSgVgPK9idlDVVufrgtX5k=">AAAB+nicbVDLTgJBEJz1ifha9OhlIjHxRHbR+LiRePGIiTwS2JDZYRYmzM5sZnpVRD7FiweN8eqXePNvHGAPClbSSaWqO91dYSK4Ac/7dpaWV1bX1nMb+c2t7Z1dt7BXNyrVlNWoEko3Q2KY4JLVgINgzUQzEoeCNcLB1cRv3DFtuJK3MExYEJOe5BGnBKzUcQuPuA19TgckSbR6wCdexy16JW8KvEj8jBRRhmrH/Wp3FU1jJoEKYkzL9xIIRkQDp4KN8+3UsITYDT3WslSSmJlgND19jI+s0sWR0rYk4Kn6e2JEYmOGcWg7YwJ9M+9NxP+8VgrRRTDiMkmBSTpbFKUCg8KTHHCXa0ZBDC0hVHN7K6Z9ogkFm1behuDPv7xI6uWSf1Yq35wWK5dZHDl0gA7RMfLROaqga1RFNUTRPXpGr+jNeXJenHfnY9a65GQz++gPnM8ffVaTeQ==</latexit>

z t 30
Koushiappas, Loeb (2017)

PBH merger rate evolution 
with arbitrary normalisation 

Raidal+ (2018), …
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We can show the potential of 3G detectors 
using a PBH population which is compatible 

with current GW data

8

• We performed a population inference on 
current GW data (GWTC-2) mixing a PBH 
population with astrophysical channels

Map the PBH population 
to forecast high redshift 

events at 3G
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Astrophysical models adopted in our work

• Isolated formation channel:  

   - Common envelope (CE) 

• Dynamical formation channels:  

   - Globular Clusters (GC) 

   - Nuclear Star Clusters (NSC)

We take the astrophysical models from Zevin et al. (2021) 
(made available at doi:10.5281/zenodo.4448170)

<latexit sha1_base64="vK1300rCj/gWexKhgOwjJGj9fKI=">AAACHnicbVDLSsNAFJ3UV62vqks3g0VwUcKkWHUlhSK4rGBVaEKYTCd26GQSZm7EEvolbvwVNy4UEVzp35i0Xfg6cC+Hc+5l5p4gkcIAIZ9WaW5+YXGpvFxZWV1b36hubl2aONWMd1ksY30dUMOlULwLAiS/TjSnUSD5VTBsF/7VLddGxOoCRgn3InqjRCgYhVzyq02XymRAfRf4HWQuCDXC7dMxdoXCPWI36pjYzTp2bFLHjaI1beJV/GqN2GQC/Jc4M1JDM3T86rvbj1kacQVMUmN6DknAy6gGwSQfV9zU8ISyIb3hvZwqGnHjZZPzxngvV/o4jHVeCvBE/b6R0ciYURTkkxGFgfntFeJ/Xi+F8NjLhEpS4IpNHwpTiSHGRVa4LzRnIEc5oUyL/K+YDaimDPJEixCc3yf/JZcN2zm0G+cHtdbJLI4y2kG7aB856Ai10BnqoC5i6B49omf0Yj1YT9ar9TYdLVmznW30A9bHF4xUnZw=</latexit>

↵CE 2 [0.2, 0.5, 1.0, 2.0, 5.0]

<latexit sha1_base64="EAWXIGPvxLqlOdahcwGy9Kr/cCQ=">AAACDXicbVDLSsNAFJ34rPUVdelmsBZcSEiKr5UU3LisYB+QhDCZTtqhk0mYmQgl9Afc+CtuXCji1r07/8ZJm4W2HpjL4Zy53HtPmDIqlW1/G0vLK6tr65WN6ubW9s6uubffkUkmMGnjhCWiFyJJGOWkrahipJcKguKQkW44uin87gMRkib8Xo1T4sdowGlEMVJaCsxjDw9pkHsihuEEepRD1z6FtuUUpVGUc78amDXbsqeAi8QpSQ2UaAXml9dPcBYTrjBDUrqOnSo/R0JRzMik6mWSpAiP0IC4mnIUE+nn02smsK6VPowSoR9XcKr+7shRLOU41uvWY6SGct4rxP88N1PRlZ9TnmaKcDwbFGUMqgQW0cA+FQQrNtYEYUH1rhAPkUBY6QCLEJz5kxdJp2E5F1bj7qzWvC7jqIBDcAROgAMuQRPcghZoAwwewTN4BW/Gk/FivBsfs69LRtlzAP7A+PwBGgKXtQ==</latexit>

�b 2 [0, 0.1, 0.2, 0.5]

Hyperparameters:

CE efficiency

Natal spin

COSMIC Breivik et al. (2019) 
MESA Paxton et al. (2019) 
POSYDON Fragos et al. (2021), in prep.

Rodriguez et al. (2019)

Antonini et al. (2019)
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Population inference (including GW190521)
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Model M CE+GC CE+GC+NSC CE+GC+PBH CE+GC+NSC+PBH

log10 BM
CE+GC 0 -0.15 2.38 2.30

PBH population
<latexit sha1_base64="W/AM6CxZbSlYLFqGpoCvRhxr7gY="></latexit>
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Population inference (including GW190521)
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<latexit sha1_base64="AqqQflDIHjNC2mfYwy7mW+d2gC0=">AAACEHicbVC7SgNBFJ31GeMramkzGESrsBtERSwCaWwCEcwDsssyO5kkQ2Z3lpm7YljyCTb+io2FIraWdv6Nk2QLTTxw4XDOvTP3niAWXINtf1tLyyura+u5jfzm1vbObmFvv6lloihrUCmkagdEM8Ej1gAOgrVjxUgYCNYKhtWJ37pnSnMZ3cEoZl5I+hHvcUrASH7hxAX2AGl1wFWMQ6L1FR7j1KVE4NoYd2q+K7sSvLxfKNolewq8SJyMFFGGul/4cruSJiGLgArzbsexY/BSooBTwcZ5N9EsJnRI+qxjaERCpr10etAYHxuli3tSmYoAT9XfEykJtR6FgekMCQz0vDcR//M6CfQuvZRHcQIsorOPeonAIPEkHdzlilEQI0MIVdzsiumAKELBZDgJwZk/eZE0yyXnvFS+PStWrrM4cugQHaFT5KALVEE3qI4aiKJH9Ixe0Zv1ZL1Y79bHrHXJymYO0B9Ynz9dtJwg</latexit>

Chirp mass: M[M�]
<latexit sha1_base64="RqUQ+O5Vji1WcdwyNl2YHOhtsAo=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZIiriouDGjVDBPqAdSiZN29BMZkzuiGXswl9x40IRt/6GO//GTDsLbT1w4XDOvcm9x48E1+A431ZuYXFpeSW/Wlhb39jcsrd36jqMFWU1GopQNX2imeCS1YCDYM1IMRL4gjX84WXqN+6Z0jyUtzCKmBeQvuQ9TgkYqWPvtYE9QHJNtMYq1c7xGN8VOnbRKTkT4HniZqSIMlQ79le7G9I4YBKoMI+1XCcCLyEKOBVsXGjHmkWEDkmftQyVJGDaSyb7j/GhUbq4FypTEvBE/T2RkEDrUeCbzoDAQM96qfif14qhd+YlXEYxMEmnH/VigSHEaRi4yxWjIEaGEKq42RXTAVGEgoksDcGdPXme1Msl96RUvjkuVi6yOPJoHx2gI+SiU1RBV6iKaoiiR/SMXtGb9WS9WO/Wx7Q1Z2Uzu+gPrM8f/ruVaQ==</latexit>

Mass ratio: q

• PBHs can easily reach the mass gap event 
• PBHs can help in explaining the “bulk” of events at 

<latexit sha1_base64="1jVnEbOQYPvfEPZj57lnDyT+OTo=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNgFe6iqJUEbGwCEcwH5I5jb7NJluzdHrtzYjhS2/hXbCwUsfUX2Plv3EtSaOKDgcd7M8zMC2LBNdj2t5VbWl5ZXcuvFzY2t7Z3irt7TS0TRVmDSiFVOyCaCR6xBnAQrB0rRsJAsFYwvM781j1TmsvoDkYx80LSj3iPUwJG8ouHqUuJwLUxdmHA6ZDEsZIP+NTGNd+VXQkFv1iyy/YEeJE4M1JCM9T94pfblTQJWQRUEK07jh2DlxIFnAo2LriJZjExq/qsY2hEQqa9dPLKGB8bpYt7UpmKAE/U3xMpCbUehYHpDAkM9LyXif95nQR6l17KozgBFtHpol4iMEic5YK7XDEKYmQIoYqbWzEdEEUomPSyEJz5lxdJs1J2zsuV27NS9WoWRx4doCN0ghx0garoBtVRA1H0iJ7RK3qznqwX6936mLbmrNnMPvoD6/MHgbGZfQ==</latexit>

M t 30M�
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GW190521

(A similar result also found excluding GW190521 from the dataset)
Franciolini et al. (2021)

• Need to extend the analysis with additional astro channels, more 
extensive treatment of astrophysical uncertainties, more data…



High redshift observations with 3G detectors:

De Luca, G.F., Pani, Riotto (2021)
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• this PBH population implies 
high-z observations:    

where there is no astrophysical 
contamination!

<latexit sha1_base64="RrBJCFHSmTUbY5ceUOFQBJhcsP4="></latexit>
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Hall, Evans (2019)
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Higher performance of ET for this PBH population due to the 
differences between CE and ET designs



13

V. Baibhav, E. Berti, V. De Luca, G.F., K. Ng, P. Pani, A. Riotto, S. Vitale, K. Wong, in preparation

- Problem of reconstructing the source redshift for distant events 

- Population studies focusing on rate evolution at high z 

- 3G detectors have the potential of discover a PBH population 
undetected by current GW experiments! 

Vitale, Evans (2017), …

Ng et al. (2020), …

High-z at 3G detectors: Challenges and opportunities



Conclusions:

• Current data accommodates the hypothesis that a sub-population 
of PBH binaries may have already been detected                       
(to be tested including more astro-model uncertainties and more data)

• PBHs may explain GW190521 as well as a fraction of massive 
events in the current GW catalog

• PBHs are mostly degenerate with the GC channel

3G detectors have the unique opportunity to 
uncontroversially discover a PBH population of mergers!
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• Peculiar PBH merger rate evolution can be exploited using 3G 
detectors


