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PBHs and Gravitational Waves



PBHs: BHs formed in the early Universe through a non-stellar way 

Zel’dovich and Novikov  1960s 
Hawking 1970s 
Hawking and Carr 1970s

Why PBHs? 

Formation mechanism provides information about the early Universe 

Can alter the evolution of the Universe (Non-Standard Cosmologies, Stasis) 

Provide a Gravitational production channel for (heavy) particles via Hawking evaporation 

Provide a DM candidate which (unlike WIMPs, axions, sterile neutrinos,…) is NOT a new particle 
(however their formation does usually require Beyond the Standard Model physics, e.g. inflation).

B. Carr, et al., 2002.12778



Formation mechanism: 

Collapse of primordial overdensities (standard scenario) 
Collapse of topological defects 
Particle Trapping by Bubble Walls 
Scalar Fifth Force 
Scalar-Field Fragmentation 
Confinement (heavy quarks)

image credit: https://slideplayer.com/slide/7773485/

BHs can be described by: 
mass, spin, charge

mass and spin: a wide range,  
monochromatic or extended distribution  
(depending on formation mechanism, cosmological epoch, …)



image credit: QuantamagazineHawking Evaporation of Kerr BHs:
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numerical tools:

Page factors



Simpler case: Schwarzschild BHs 
(ignoring grabbed factors)
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Ni =
120 ⇣(3)

⇡3

gi
g⇤(TBH)

M2

BH

M2

Pl

, TBH > mi
<latexit sha1_base64="pH/4x3jQLPtCzSsFPdrspQa3zSo="></latexit><latexit sha1_base64="pH/4x3jQLPtCzSsFPdrspQa3zSo="></latexit><latexit sha1_base64="pH/4x3jQLPtCzSsFPdrspQa3zSo="></latexit><latexit sha1_base64="pH/4x3jQLPtCzSsFPdrspQa3zSo="></latexit>

Ni =
15 ⇣(3)

8⇡5

gi
g⇤(TBH)

M2

Pl

m2

i

, TBH < mi
<latexit sha1_base64="KH068AnJJTNYZQjFCjOPObuILTg="></latexit><latexit sha1_base64="KH068AnJJTNYZQjFCjOPObuILTg="></latexit><latexit sha1_base64="KH068AnJJTNYZQjFCjOPObuILTg="></latexit><latexit sha1_base64="KH068AnJJTNYZQjFCjOPObuILTg="></latexit>

bosons:

fermions:
<latexit sha1_base64="4V2PE8oFFNi2ggm1PyPeLoOsino=">AAACCnicbZDLSsNAFIZPvNZ6i7p0Ey2Cq5JoUTdCqVBclQr2Am0Ik+mkHTqZhJmJUELWbnwVNy4UcesTuPNtnF4W2npgho//P4eZ8/sxo1LZ9rextLyyurae28hvbm3v7Jp7+00ZJQKTBo5YJNo+koRRThqKKkbasSAo9Blp+cObsd96IELSiN+rUUzcEPU5DShGSkueeVTzqtfdQCCcnmdpKZti36tm+qpkNa/imQW7aE/KWgRnBgWYVd0zv7q9CCch4QozJGXHsWPlpkgoihnJ8t1EkhjhIeqTjkaOQiLddLJKZp1opWcFkdCHK2ui/p5IUSjlKPR1Z4jUQM57Y/E/r5Oo4MpNKY8TRTiePhQkzFKRNc7F6lFBsGIjDQgLqv9q4QHSYSidXl6H4MyvvAjNs6JzUSzdlQrlyiyOHBzCMZyCA5dQhluoQwMwPMIzvMKb8WS8GO/Gx7R1yZjNHMCfMj5/AOPxmmg=</latexit>

NF =
3

4

gF
gB

NB

<latexit sha1_base64="rx3m9MEZ/7ytTsHCq08FC9gTM24="></latexit>

TBH =
M2

Pl

8⇡MBH

' 1013
✓

1 g

MBH

◆
GeV

<latexit sha1_base64="g8J6XxihjEnLEQN3EP2p7dBi3ZU=">AAACFnicbVDLSgMxFM3UV62vqks3wSJU0DIj9bERim7cCBWcttCpJZOmbWiSGZJMoQzzFW78FTcuFHEr7vwbM20X2nrgwuGce7n3Hj9kVGnb/rYyC4tLyyvZ1dza+sbmVn57p6aCSGLi4oAFsuEjRRgVxNVUM9IIJUHcZ6TuD65Tvz4kUtFA3OtRSFoc9QTtUoy0kdr5Y0+jqHh76dgPsXOaeEexJznsJYeeohymZnusuIIOS0k7X7BL9hhwnjhTUgBTVNv5L68T4IgToTFDSjUdO9StGElNMSNJzosUCREeoB5pGioQJ6oVj99K4IFROrAbSFNCw7H6eyJGXKkR900nR7qvZr1U/M9rRrp70YqpCCNNBJ4s6kYM6gCmGcEOlQRrNjIEYUnNrRD3kURYmyRzJgRn9uV5UjspOWel8l25ULmaxpEFe2AfFIEDzkEF3IAqcAEGj+AZvII368l6sd6tj0lrxprO7II/sD5/AFD5nkM=</latexit>

⌧(M = 1015 g) ⇠ ⌧Univ.

0.1 g . MBH . 109 g
<latexit sha1_base64="qrAMZ9fgwN7bzynKf7tuwE/NlzQ=">AAACInicbVDJSgNBFOxxjXGLevTSGAQPEmZE0NxCvOQiRDALZGLo6bwkTXoWut+IYci3ePFXvHhQ1JPgx9hZcEksaCiq6vH6lRdJodG2P6yFxaXlldXUWnp9Y3NrO7OzW9VhrDhUeChDVfeYBikCqKBACfVIAfM9CTWvfzHya7egtAiDaxxE0PRZNxAdwRkaqZXJ2znHPXYR7jDpDl0JWmvh08vWRCqWhvRbdOyb/E+2lcnaOXsMOk+cKcmSKcqtzJvbDnnsQ4BcMq0bjh1hM2EKBZcwTLuxhojxPutCw9CA+aCbyfjEIT00Spt2QmVegHSs/p5ImK/1wPdM0mfY07PeSPzPa8TYOW8mIohihIBPFnViSTGko75oWyjgKAeGMK6E+SvlPaYYR9Nq2pTgzJ48T6onOcf0fHWaLRSndaTIPjkgR8QhZ6RASqRMKoSTe/JInsmL9WA9Wa/W+yS6YE1n9sgfWJ9f4j2j4w==</latexit><latexit sha1_base64="qrAMZ9fgwN7bzynKf7tuwE/NlzQ=">AAACInicbVDJSgNBFOxxjXGLevTSGAQPEmZE0NxCvOQiRDALZGLo6bwkTXoWut+IYci3ePFXvHhQ1JPgx9hZcEksaCiq6vH6lRdJodG2P6yFxaXlldXUWnp9Y3NrO7OzW9VhrDhUeChDVfeYBikCqKBACfVIAfM9CTWvfzHya7egtAiDaxxE0PRZNxAdwRkaqZXJ2znHPXYR7jDpDl0JWmvh08vWRCqWhvRbdOyb/E+2lcnaOXsMOk+cKcmSKcqtzJvbDnnsQ4BcMq0bjh1hM2EKBZcwTLuxhojxPutCw9CA+aCbyfjEIT00Spt2QmVegHSs/p5ImK/1wPdM0mfY07PeSPzPa8TYOW8mIohihIBPFnViSTGko75oWyjgKAeGMK6E+SvlPaYYR9Nq2pTgzJ48T6onOcf0fHWaLRSndaTIPjkgR8QhZ6RASqRMKoSTe/JInsmL9WA9Wa/W+yS6YE1n9sgfWJ9f4j2j4w==</latexit><latexit sha1_base64="qrAMZ9fgwN7bzynKf7tuwE/NlzQ=">AAACInicbVDJSgNBFOxxjXGLevTSGAQPEmZE0NxCvOQiRDALZGLo6bwkTXoWut+IYci3ePFXvHhQ1JPgx9hZcEksaCiq6vH6lRdJodG2P6yFxaXlldXUWnp9Y3NrO7OzW9VhrDhUeChDVfeYBikCqKBACfVIAfM9CTWvfzHya7egtAiDaxxE0PRZNxAdwRkaqZXJ2znHPXYR7jDpDl0JWmvh08vWRCqWhvRbdOyb/E+2lcnaOXsMOk+cKcmSKcqtzJvbDnnsQ4BcMq0bjh1hM2EKBZcwTLuxhojxPutCw9CA+aCbyfjEIT00Spt2QmVegHSs/p5ImK/1wPdM0mfY07PeSPzPa8TYOW8mIohihIBPFnViSTGko75oWyjgKAeGMK6E+SvlPaYYR9Nq2pTgzJ48T6onOcf0fHWaLRSndaTIPjkgR8QhZ6RASqRMKoSTe/JInsmL9WA9Wa/W+yS6YE1n9sgfWJ9f4j2j4w==</latexit><latexit sha1_base64="qrAMZ9fgwN7bzynKf7tuwE/NlzQ=">AAACInicbVDJSgNBFOxxjXGLevTSGAQPEmZE0NxCvOQiRDALZGLo6bwkTXoWut+IYci3ePFXvHhQ1JPgx9hZcEksaCiq6vH6lRdJodG2P6yFxaXlldXUWnp9Y3NrO7OzW9VhrDhUeChDVfeYBikCqKBACfVIAfM9CTWvfzHya7egtAiDaxxE0PRZNxAdwRkaqZXJ2znHPXYR7jDpDl0JWmvh08vWRCqWhvRbdOyb/E+2lcnaOXsMOk+cKcmSKcqtzJvbDnnsQ4BcMq0bjh1hM2EKBZcwTLuxhojxPutCw9CA+aCbyfjEIT00Spt2QmVegHSs/p5ImK/1wPdM0mfY07PeSPzPa8TYOW8mIohihIBPFnViSTGko75oWyjgKAeGMK6E+SvlPaYYR9Nq2pTgzJ48T6onOcf0fHWaLRSndaTIPjkgR8QhZ6RASqRMKoSTe/JInsmL9WA9Wa/W+yS6YE1n9sgfWJ9f4j2j4w==</latexit>

evaporate before BBN
CMB: constraint on the size of 
Horizon at the end of inflation

Not constrained by cosmology
HI . 10�5

MPl
<latexit sha1_base64="7zF8ZThEJgykprHkZ5NsXtdDhik=">AAACB3icbVDJSgNBEO1xjXEb9ShIYxC8GGZE0WPQSzwIEcwCSRx6OpWkSc9Cd40Yhty8+CtePCji1V/w5t/YWQ6a+KDg8V4VVfX8WAqNjvNtzc0vLC4tZ1ayq2vrG5v21nZFR4niUOaRjFTNZxqkCKGMAiXUYgUs8CVU/d7l0K/eg9IiCm+xH0MzYJ1QtAVnaCTP3it6Vw0JWmsRUNe5S49OB9deA+EB05IceHbOyTsj0FniTkiOTFDy7K9GK+JJACFyybSuu06MzZQpFFzCINtINMSM91gH6oaGLADdTEd/DOiBUVq0HSlTIdKR+nsiZYHW/cA3nQHDrp72huJ/Xj3B9nkzFWGcIIR8vKidSIoRHYZCW0IBR9k3hHElzK2Ud5liHE10WROCO/3yLKkc510n796c5AoXkzgyZJfsk0PikjNSIEVSImXCySN5Jq/kzXqyXqx362PcOmdNZnbIH1ifPysWmN0=</latexit><latexit sha1_base64="7zF8ZThEJgykprHkZ5NsXtdDhik=">AAACB3icbVDJSgNBEO1xjXEb9ShIYxC8GGZE0WPQSzwIEcwCSRx6OpWkSc9Cd40Yhty8+CtePCji1V/w5t/YWQ6a+KDg8V4VVfX8WAqNjvNtzc0vLC4tZ1ayq2vrG5v21nZFR4niUOaRjFTNZxqkCKGMAiXUYgUs8CVU/d7l0K/eg9IiCm+xH0MzYJ1QtAVnaCTP3it6Vw0JWmsRUNe5S49OB9deA+EB05IceHbOyTsj0FniTkiOTFDy7K9GK+JJACFyybSuu06MzZQpFFzCINtINMSM91gH6oaGLADdTEd/DOiBUVq0HSlTIdKR+nsiZYHW/cA3nQHDrp72huJ/Xj3B9nkzFWGcIIR8vKidSIoRHYZCW0IBR9k3hHElzK2Ud5liHE10WROCO/3yLKkc510n796c5AoXkzgyZJfsk0PikjNSIEVSImXCySN5Jq/kzXqyXqx362PcOmdNZnbIH1ifPysWmN0=</latexit><latexit sha1_base64="7zF8ZThEJgykprHkZ5NsXtdDhik=">AAACB3icbVDJSgNBEO1xjXEb9ShIYxC8GGZE0WPQSzwIEcwCSRx6OpWkSc9Cd40Yhty8+CtePCji1V/w5t/YWQ6a+KDg8V4VVfX8WAqNjvNtzc0vLC4tZ1ayq2vrG5v21nZFR4niUOaRjFTNZxqkCKGMAiXUYgUs8CVU/d7l0K/eg9IiCm+xH0MzYJ1QtAVnaCTP3it6Vw0JWmsRUNe5S49OB9deA+EB05IceHbOyTsj0FniTkiOTFDy7K9GK+JJACFyybSuu06MzZQpFFzCINtINMSM91gH6oaGLADdTEd/DOiBUVq0HSlTIdKR+nsiZYHW/cA3nQHDrp72huJ/Xj3B9nkzFWGcIIR8vKidSIoRHYZCW0IBR9k3hHElzK2Ud5liHE10WROCO/3yLKkc510n796c5AoXkzgyZJfsk0PikjNSIEVSImXCySN5Jq/kzXqyXqx362PcOmdNZnbIH1ifPysWmN0=</latexit><latexit sha1_base64="7zF8ZThEJgykprHkZ5NsXtdDhik=">AAACB3icbVDJSgNBEO1xjXEb9ShIYxC8GGZE0WPQSzwIEcwCSRx6OpWkSc9Cd40Yhty8+CtePCji1V/w5t/YWQ6a+KDg8V4VVfX8WAqNjvNtzc0vLC4tZ1ayq2vrG5v21nZFR4niUOaRjFTNZxqkCKGMAiXUYgUs8CVU/d7l0K/eg9IiCm+xH0MzYJ1QtAVnaCTP3it6Vw0JWmsRUNe5S49OB9deA+EB05IceHbOyTsj0FniTkiOTFDy7K9GK+JJACFyybSuu06MzZQpFFzCINtINMSM91gH6oaGLADdTEd/DOiBUVq0HSlTIdKR+nsiZYHW/cA3nQHDrp72huJ/Xj3B9nkzFWGcIIR8vKidSIoRHYZCW0IBR9k3hHElzK2Ud5liHE10WROCO/3yLKkc510n796c5AoXkzgyZJfsk0PikjNSIEVSImXCySN5Jq/kzXqyXqx362PcOmdNZnbIH1ifPysWmN0=</latexit>

(Planck)

mass range in this talk:



⇢PBH / a�3, ⇢rad / a�4

<latexit sha1_base64="7aQTojfmm2T4sQwZLc+S79HBVFM=">AAACLHicbVDLSgMxFM34rPVVdelmsAgutMxoQZel3XRZwT6gMw6ZNG1DM5MhuSOWYT7Ijb8iiAuLuPU7TB+ibb0hcDjnXJJz/IgzBZY1MlZW19Y3NjNb2e2d3b393MFhQ4lYElonggvZ8rGinIW0Dgw4bUWS4sDntOkPKmO9+UClYiK8g2FE3QD3QtZlBIOmvFzFkX3hOUAfIamVq6kTSRGBMPF9cnGVnjs/59clcWfOVUy9XN4qWJMxl4E9A3k0m5qXe3U6gsQBDYFwrFTbtiJwEyyBEU7TrBMrGmEywD3a1jDEAVVuMgmbmqea6ZhdIfUNwZywfzcSHCg1DHztDDD01aI2Jv/T2jF0b9yEhVEMNCTTh7oxN3XOcXNmh0lKgA81wEQy/VeT9LHEBHS/WV2CvRh5GTQuC7ZVsG+L+VJ5VkcGHaMTdIZsdI1KqIpqqI4IekIv6B2NjGfjzfgwPqfWFWO2c4Tmxvj6BnA8qE8=</latexit><latexit sha1_base64="7aQTojfmm2T4sQwZLc+S79HBVFM=">AAACLHicbVDLSgMxFM34rPVVdelmsAgutMxoQZel3XRZwT6gMw6ZNG1DM5MhuSOWYT7Ijb8iiAuLuPU7TB+ibb0hcDjnXJJz/IgzBZY1MlZW19Y3NjNb2e2d3b393MFhQ4lYElonggvZ8rGinIW0Dgw4bUWS4sDntOkPKmO9+UClYiK8g2FE3QD3QtZlBIOmvFzFkX3hOUAfIamVq6kTSRGBMPF9cnGVnjs/59clcWfOVUy9XN4qWJMxl4E9A3k0m5qXe3U6gsQBDYFwrFTbtiJwEyyBEU7TrBMrGmEywD3a1jDEAVVuMgmbmqea6ZhdIfUNwZywfzcSHCg1DHztDDD01aI2Jv/T2jF0b9yEhVEMNCTTh7oxN3XOcXNmh0lKgA81wEQy/VeT9LHEBHS/WV2CvRh5GTQuC7ZVsG+L+VJ5VkcGHaMTdIZsdI1KqIpqqI4IekIv6B2NjGfjzfgwPqfWFWO2c4Tmxvj6BnA8qE8=</latexit><latexit sha1_base64="7aQTojfmm2T4sQwZLc+S79HBVFM=">AAACLHicbVDLSgMxFM34rPVVdelmsAgutMxoQZel3XRZwT6gMw6ZNG1DM5MhuSOWYT7Ijb8iiAuLuPU7TB+ibb0hcDjnXJJz/IgzBZY1MlZW19Y3NjNb2e2d3b393MFhQ4lYElonggvZ8rGinIW0Dgw4bUWS4sDntOkPKmO9+UClYiK8g2FE3QD3QtZlBIOmvFzFkX3hOUAfIamVq6kTSRGBMPF9cnGVnjs/59clcWfOVUy9XN4qWJMxl4E9A3k0m5qXe3U6gsQBDYFwrFTbtiJwEyyBEU7TrBMrGmEywD3a1jDEAVVuMgmbmqea6ZhdIfUNwZywfzcSHCg1DHztDDD01aI2Jv/T2jF0b9yEhVEMNCTTh7oxN3XOcXNmh0lKgA81wEQy/VeT9LHEBHS/WV2CvRh5GTQuC7ZVsG+L+VJ5VkcGHaMTdIZsdI1KqIpqqI4IekIv6B2NjGfjzfgwPqfWFWO2c4Tmxvj6BnA8qE8=</latexit><latexit sha1_base64="7aQTojfmm2T4sQwZLc+S79HBVFM=">AAACLHicbVDLSgMxFM34rPVVdelmsAgutMxoQZel3XRZwT6gMw6ZNG1DM5MhuSOWYT7Ijb8iiAuLuPU7TB+ibb0hcDjnXJJz/IgzBZY1MlZW19Y3NjNb2e2d3b393MFhQ4lYElonggvZ8rGinIW0Dgw4bUWS4sDntOkPKmO9+UClYiK8g2FE3QD3QtZlBIOmvFzFkX3hOUAfIamVq6kTSRGBMPF9cnGVnjs/59clcWfOVUy9XN4qWJMxl4E9A3k0m5qXe3U6gsQBDYFwrFTbtiJwEyyBEU7TrBMrGmEywD3a1jDEAVVuMgmbmqea6ZhdIfUNwZywfzcSHCg1DHztDDD01aI2Jv/T2jF0b9yEhVEMNCTTh7oxN3XOcXNmh0lKgA81wEQy/VeT9LHEBHS/WV2CvRh5GTQuC7ZVsG+L+VJ5VkcGHaMTdIZsdI1KqIpqqI4IekIv6B2NjGfjzfgwPqfWFWO2c4Tmxvj6BnA8qE8=</latexit>

⇢PBH(tearly-eq)/⇢rad(tearly-eq) ⇠ 1
<latexit sha1_base64="leUrs93fazX69D0Yek7lwGjqypQ=">AAACNHicbVDLSgMxFM34tr6qLt0Ei6AL64wIuix1I7ipYK3QGUomvbWhmYfJHXEY+lFu/BA3IrhQxK3fYNrOQtseCJyccy7JPX4shUbbfrNmZufmFxaXlgsrq2vrG8XNrRsdJYpDnUcyUrc+0yBFCHUUKOE2VsACX0LD750P/MYDKC2i8BrTGLyA3YWiIzhDI7WKl67qRi0X4RGzWvWiv4/5BZiS6SHc9w+O/kQUa0+LuFoE1GkVS3bZHoJOEicnJZKj1iq+uO2IJwGEyCXTuunYMXoZUyi4hH7BTTTEjPfYHTQNDVkA2suGS/fpnlHatBMpc0KkQ/XvRMYCrdPAN8mAYVePewNxmtdMsHPmZSKME4SQjx7qJJJiRAcN0rZQwFGmhjCuhPkr5V2mGEfTc8GU4IyvPElujsuOXXauTkqVal7HEtkhu2SfOOSUVMgFqZE64eSJvJIP8mk9W+/Wl/U9is5Y+cw2+Qfr5xfru6zD</latexit><latexit sha1_base64="leUrs93fazX69D0Yek7lwGjqypQ=">AAACNHicbVDLSgMxFM34tr6qLt0Ei6AL64wIuix1I7ipYK3QGUomvbWhmYfJHXEY+lFu/BA3IrhQxK3fYNrOQtseCJyccy7JPX4shUbbfrNmZufmFxaXlgsrq2vrG8XNrRsdJYpDnUcyUrc+0yBFCHUUKOE2VsACX0LD750P/MYDKC2i8BrTGLyA3YWiIzhDI7WKl67qRi0X4RGzWvWiv4/5BZiS6SHc9w+O/kQUa0+LuFoE1GkVS3bZHoJOEicnJZKj1iq+uO2IJwGEyCXTuunYMXoZUyi4hH7BTTTEjPfYHTQNDVkA2suGS/fpnlHatBMpc0KkQ/XvRMYCrdPAN8mAYVePewNxmtdMsHPmZSKME4SQjx7qJJJiRAcN0rZQwFGmhjCuhPkr5V2mGEfTc8GU4IyvPElujsuOXXauTkqVal7HEtkhu2SfOOSUVMgFqZE64eSJvJIP8mk9W+/Wl/U9is5Y+cw2+Qfr5xfru6zD</latexit><latexit sha1_base64="leUrs93fazX69D0Yek7lwGjqypQ=">AAACNHicbVDLSgMxFM34tr6qLt0Ei6AL64wIuix1I7ipYK3QGUomvbWhmYfJHXEY+lFu/BA3IrhQxK3fYNrOQtseCJyccy7JPX4shUbbfrNmZufmFxaXlgsrq2vrG8XNrRsdJYpDnUcyUrc+0yBFCHUUKOE2VsACX0LD750P/MYDKC2i8BrTGLyA3YWiIzhDI7WKl67qRi0X4RGzWvWiv4/5BZiS6SHc9w+O/kQUa0+LuFoE1GkVS3bZHoJOEicnJZKj1iq+uO2IJwGEyCXTuunYMXoZUyi4hH7BTTTEjPfYHTQNDVkA2suGS/fpnlHatBMpc0KkQ/XvRMYCrdPAN8mAYVePewNxmtdMsHPmZSKME4SQjx7qJJJiRAcN0rZQwFGmhjCuhPkr5V2mGEfTc8GU4IyvPElujsuOXXauTkqVal7HEtkhu2SfOOSUVMgFqZE64eSJvJIP8mk9W+/Wl/U9is5Y+cw2+Qfr5xfru6zD</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="nuNKWDk89Y3K+N17cKDZaWw2nNM=">AAACKXicbVDLSgMxFL1TX7VWrW7dBEWoC+uMG12KbgpuKtgqdErJpLc2NPMwuSOWoR/lxg9xI4ILRfwP03YWvg4ETs45l+SeIFHSkOu+OIW5+YXFpeJyaaW8urZe2Si3TJxqgU0Rq1hfB9ygkhE2SZLC60QjDwOFV8HwbOJf3aE2Mo4uaZRgJ+Q3kexLwclK3cq5rwdx1ye8p6xxWh9XKb8g12q0j7fjvYNvEc17/0V8I0PmdSs7bs2dgv0lXk52IEejW3nye7FIQ4xIKG5M23MT6mRckxQKxyU/NZhwMeQ32LY04iGaTjZdesx2rdJj/VjbExGbqt8nMh4aMwoDmww5DcxvbyL+57VT6h93MhklKWEkZg/1U8UoZpMGWU9qFKRGlnChpf0rEwOuuSDbc8mW4P1e+S9pHdY8t+ZduFCELdiGKnhwBCdQhwY0QcADPMMbvDuPzqvzMaur4OS9bcIPOJ9fhyGrJA==</latexit><latexit sha1_base64="nuNKWDk89Y3K+N17cKDZaWw2nNM=">AAACKXicbVDLSgMxFL1TX7VWrW7dBEWoC+uMG12KbgpuKtgqdErJpLc2NPMwuSOWoR/lxg9xI4ILRfwP03YWvg4ETs45l+SeIFHSkOu+OIW5+YXFpeJyaaW8urZe2Si3TJxqgU0Rq1hfB9ygkhE2SZLC60QjDwOFV8HwbOJf3aE2Mo4uaZRgJ+Q3kexLwclK3cq5rwdx1ye8p6xxWh9XKb8g12q0j7fjvYNvEc17/0V8I0PmdSs7bs2dgv0lXk52IEejW3nye7FIQ4xIKG5M23MT6mRckxQKxyU/NZhwMeQ32LY04iGaTjZdesx2rdJj/VjbExGbqt8nMh4aMwoDmww5DcxvbyL+57VT6h93MhklKWEkZg/1U8UoZpMGWU9qFKRGlnChpf0rEwOuuSDbc8mW4P1e+S9pHdY8t+ZduFCELdiGKnhwBCdQhwY0QcADPMMbvDuPzqvzMaur4OS9bcIPOJ9fhyGrJA==</latexit><latexit sha1_base64="+xeiV+gSUEK6MFIH8EpYwiaaWBk=">AAACNHicbVDLSgMxFM34tr6qLt0Ei6AL64wbXRbdFNxUsA/olJJJ79hg5mFyRyzDfJQbP8SNCC4Uces3mLazqLYHAifnnEtyjxdLodG236y5+YXFpeWV1cLa+sbmVnF7p6GjRHGo80hGquUxDVKEUEeBElqxAhZ4Epre3eXQbz6A0iIKb3AQQydgt6HwBWdopG7xylX9qOsiPGJau6hmh5hfgCk5OIb77OhkIqJYb1bE1SKgTrdYssv2CHSaODkpkRy1bvHF7UU8CSBELpnWbceOsZMyhYJLyApuoiFm/I7dQtvQkAWgO+lo6YweGKVH/UiZEyIdqZMTKQu0HgSeSQYM+/q/NxRnee0E/fNOKsI4QQj5+CE/kRQjOmyQ9oQCjnJgCONKmL9S3meKcTQ9F0wJzv+Vp0njtOzYZefaLlUu8jpWyB7ZJ4fEIWekQqqkRuqEkyfySj7Ip/VsvVtf1vc4OmflM7vkD6yfX+p7rL8=</latexit><latexit sha1_base64="leUrs93fazX69D0Yek7lwGjqypQ=">AAACNHicbVDLSgMxFM34tr6qLt0Ei6AL64wIuix1I7ipYK3QGUomvbWhmYfJHXEY+lFu/BA3IrhQxK3fYNrOQtseCJyccy7JPX4shUbbfrNmZufmFxaXlgsrq2vrG8XNrRsdJYpDnUcyUrc+0yBFCHUUKOE2VsACX0LD750P/MYDKC2i8BrTGLyA3YWiIzhDI7WKl67qRi0X4RGzWvWiv4/5BZiS6SHc9w+O/kQUa0+LuFoE1GkVS3bZHoJOEicnJZKj1iq+uO2IJwGEyCXTuunYMXoZUyi4hH7BTTTEjPfYHTQNDVkA2suGS/fpnlHatBMpc0KkQ/XvRMYCrdPAN8mAYVePewNxmtdMsHPmZSKME4SQjx7qJJJiRAcN0rZQwFGmhjCuhPkr5V2mGEfTc8GU4IyvPElujsuOXXauTkqVal7HEtkhu2SfOOSUVMgFqZE64eSJvJIP8mk9W+/Wl/U9is5Y+cw2+Qfr5xfru6zD</latexit><latexit sha1_base64="leUrs93fazX69D0Yek7lwGjqypQ=">AAACNHicbVDLSgMxFM34tr6qLt0Ei6AL64wIuix1I7ipYK3QGUomvbWhmYfJHXEY+lFu/BA3IrhQxK3fYNrOQtseCJyccy7JPX4shUbbfrNmZufmFxaXlgsrq2vrG8XNrRsdJYpDnUcyUrc+0yBFCHUUKOE2VsACX0LD750P/MYDKC2i8BrTGLyA3YWiIzhDI7WKl67qRi0X4RGzWvWiv4/5BZiS6SHc9w+O/kQUa0+LuFoE1GkVS3bZHoJOEicnJZKj1iq+uO2IJwGEyCXTuunYMXoZUyi4hH7BTTTEjPfYHTQNDVkA2suGS/fpnlHatBMpc0KkQ/XvRMYCrdPAN8mAYVePewNxmtdMsHPmZSKME4SQjx7qJJJiRAcN0rZQwFGmhjCuhPkr5V2mGEfTc8GU4IyvPElujsuOXXauTkqVal7HEtkhu2SfOOSUVMgFqZE64eSJvJIP8mk9W+/Wl/U9is5Y+cw2+Qfr5xfru6zD</latexit><latexit sha1_base64="leUrs93fazX69D0Yek7lwGjqypQ=">AAACNHicbVDLSgMxFM34tr6qLt0Ei6AL64wIuix1I7ipYK3QGUomvbWhmYfJHXEY+lFu/BA3IrhQxK3fYNrOQtseCJyccy7JPX4shUbbfrNmZufmFxaXlgsrq2vrG8XNrRsdJYpDnUcyUrc+0yBFCHUUKOE2VsACX0LD750P/MYDKC2i8BrTGLyA3YWiIzhDI7WKl67qRi0X4RGzWvWiv4/5BZiS6SHc9w+O/kQUa0+LuFoE1GkVS3bZHoJOEicnJZKj1iq+uO2IJwGEyCXTuunYMXoZUyi4hH7BTTTEjPfYHTQNDVkA2suGS/fpnlHatBMpc0KkQ/XvRMYCrdPAN8mAYVePewNxmtdMsHPmZSKME4SQjx7qJJJiRAcN0rZQwFGmhjCuhPkr5V2mGEfTc8GU4IyvPElujsuOXXauTkqVal7HEtkhu2SfOOSUVMgFqZE64eSJvJIP8mk9W+/Wl/U9is5Y+cw2+Qfr5xfru6zD</latexit><latexit sha1_base64="leUrs93fazX69D0Yek7lwGjqypQ=">AAACNHicbVDLSgMxFM34tr6qLt0Ei6AL64wIuix1I7ipYK3QGUomvbWhmYfJHXEY+lFu/BA3IrhQxK3fYNrOQtseCJyccy7JPX4shUbbfrNmZufmFxaXlgsrq2vrG8XNrRsdJYpDnUcyUrc+0yBFCHUUKOE2VsACX0LD750P/MYDKC2i8BrTGLyA3YWiIzhDI7WKl67qRi0X4RGzWvWiv4/5BZiS6SHc9w+O/kQUa0+LuFoE1GkVS3bZHoJOEicnJZKj1iq+uO2IJwGEyCXTuunYMXoZUyi4hH7BTTTEjPfYHTQNDVkA2suGS/fpnlHatBMpc0KkQ/XvRMYCrdPAN8mAYVePewNxmtdMsHPmZSKME4SQjx7qJJJiRAcN0rZQwFGmhjCuhPkr5V2mGEfTc8GU4IyvPElujsuOXXauTkqVal7HEtkhu2SfOOSUVMgFqZE64eSJvJIP8mk9W+/Wl/U9is5Y+cw2+Qfr5xfru6zD</latexit><latexit sha1_base64="leUrs93fazX69D0Yek7lwGjqypQ=">AAACNHicbVDLSgMxFM34tr6qLt0Ei6AL64wIuix1I7ipYK3QGUomvbWhmYfJHXEY+lFu/BA3IrhQxK3fYNrOQtseCJyccy7JPX4shUbbfrNmZufmFxaXlgsrq2vrG8XNrRsdJYpDnUcyUrc+0yBFCHUUKOE2VsACX0LD750P/MYDKC2i8BrTGLyA3YWiIzhDI7WKl67qRi0X4RGzWvWiv4/5BZiS6SHc9w+O/kQUa0+LuFoE1GkVS3bZHoJOEicnJZKj1iq+uO2IJwGEyCXTuunYMXoZUyi4hH7BTTTEjPfYHTQNDVkA2suGS/fpnlHatBMpc0KkQ/XvRMYCrdPAN8mAYVePewNxmtdMsHPmZSKME4SQjx7qJJJiRAcN0rZQwFGmhjCuhPkr5V2mGEfTc8GU4IyvPElujsuOXXauTkqVal7HEtkhu2SfOOSUVMgFqZE64eSJvJIP8mk9W+/Wl/U9is5Y+cw2+Qfr5xfru6zD</latexit><latexit sha1_base64="leUrs93fazX69D0Yek7lwGjqypQ=">AAACNHicbVDLSgMxFM34tr6qLt0Ei6AL64wIuix1I7ipYK3QGUomvbWhmYfJHXEY+lFu/BA3IrhQxK3fYNrOQtseCJyccy7JPX4shUbbfrNmZufmFxaXlgsrq2vrG8XNrRsdJYpDnUcyUrc+0yBFCHUUKOE2VsACX0LD750P/MYDKC2i8BrTGLyA3YWiIzhDI7WKl67qRi0X4RGzWvWiv4/5BZiS6SHc9w+O/kQUa0+LuFoE1GkVS3bZHoJOEicnJZKj1iq+uO2IJwGEyCXTuunYMXoZUyi4hH7BTTTEjPfYHTQNDVkA2suGS/fpnlHatBMpc0KkQ/XvRMYCrdPAN8mAYVePewNxmtdMsHPmZSKME4SQjx7qJJJiRAcN0rZQwFGmhjCuhPkr5V2mGEfTc8GU4IyvPElujsuOXXauTkqVal7HEtkhu2SfOOSUVMgFqZE64eSJvJIP8mk9W+/Wl/U9is5Y+cw2+Qfr5xfru6zD</latexit>

PBH Energy Content:
� ⌘ ⇢PBH(ti)

⇢rad(ti)
<latexit sha1_base64="CPmj8EToxXHMOxY8yJRu6cPQmDE=">AAACJnicbZBNS8NAEIY3ftb6FfXoZbEI9VISEfQiiF56rGCr0JSw2U7apZsPdyfFEvprvPhXvHioiHjzp7itOaj1hYWXZ2aYnTdIpdDoOB/WwuLS8spqaa28vrG5tW3v7LZ0kikOTZ7IRN0FTIMUMTRRoIS7VAGLAgm3weBqWr8dgtIiiW9wlEInYr1YhIIzNMi3z70AkHlwn4kh9ULFeO6pfuJ7CA+YNy7r4yr64mj8kyrWLahvV5yaMxOdN25hKqRQw7cnXjfhWQQxcsm0brtOip2cKRRcwrjsZRpSxgesB21jYxaB7uSzM8f00JAuDRNlXox0Rn9O5CzSehQFpjNi2Nd/a1P4X62dYXjWyUWcZggx/14UZpJiQqeZ0a5QwFGOjGFcCfNXyvvMZIUm2bIJwf178rxpHddcp+Zen1QuLos4SmSfHJAqcckpuSB10iBNwskjeSYT8mo9WS/Wm/X+3bpgFTN75Jeszy9ylab4</latexit><latexit sha1_base64="CPmj8EToxXHMOxY8yJRu6cPQmDE=">AAACJnicbZBNS8NAEIY3ftb6FfXoZbEI9VISEfQiiF56rGCr0JSw2U7apZsPdyfFEvprvPhXvHioiHjzp7itOaj1hYWXZ2aYnTdIpdDoOB/WwuLS8spqaa28vrG5tW3v7LZ0kikOTZ7IRN0FTIMUMTRRoIS7VAGLAgm3weBqWr8dgtIiiW9wlEInYr1YhIIzNMi3z70AkHlwn4kh9ULFeO6pfuJ7CA+YNy7r4yr64mj8kyrWLahvV5yaMxOdN25hKqRQw7cnXjfhWQQxcsm0brtOip2cKRRcwrjsZRpSxgesB21jYxaB7uSzM8f00JAuDRNlXox0Rn9O5CzSehQFpjNi2Nd/a1P4X62dYXjWyUWcZggx/14UZpJiQqeZ0a5QwFGOjGFcCfNXyvvMZIUm2bIJwf178rxpHddcp+Zen1QuLos4SmSfHJAqcckpuSB10iBNwskjeSYT8mo9WS/Wm/X+3bpgFTN75Jeszy9ylab4</latexit><latexit sha1_base64="CPmj8EToxXHMOxY8yJRu6cPQmDE=">AAACJnicbZBNS8NAEIY3ftb6FfXoZbEI9VISEfQiiF56rGCr0JSw2U7apZsPdyfFEvprvPhXvHioiHjzp7itOaj1hYWXZ2aYnTdIpdDoOB/WwuLS8spqaa28vrG5tW3v7LZ0kikOTZ7IRN0FTIMUMTRRoIS7VAGLAgm3weBqWr8dgtIiiW9wlEInYr1YhIIzNMi3z70AkHlwn4kh9ULFeO6pfuJ7CA+YNy7r4yr64mj8kyrWLahvV5yaMxOdN25hKqRQw7cnXjfhWQQxcsm0brtOip2cKRRcwrjsZRpSxgesB21jYxaB7uSzM8f00JAuDRNlXox0Rn9O5CzSehQFpjNi2Nd/a1P4X62dYXjWyUWcZggx/14UZpJiQqeZ0a5QwFGOjGFcCfNXyvvMZIUm2bIJwf178rxpHddcp+Zen1QuLos4SmSfHJAqcckpuSB10iBNwskjeSYT8mo9WS/Wm/X+3bpgFTN75Jeszy9ylab4</latexit><latexit sha1_base64="CPmj8EToxXHMOxY8yJRu6cPQmDE=">AAACJnicbZBNS8NAEIY3ftb6FfXoZbEI9VISEfQiiF56rGCr0JSw2U7apZsPdyfFEvprvPhXvHioiHjzp7itOaj1hYWXZ2aYnTdIpdDoOB/WwuLS8spqaa28vrG5tW3v7LZ0kikOTZ7IRN0FTIMUMTRRoIS7VAGLAgm3weBqWr8dgtIiiW9wlEInYr1YhIIzNMi3z70AkHlwn4kh9ULFeO6pfuJ7CA+YNy7r4yr64mj8kyrWLahvV5yaMxOdN25hKqRQw7cnXjfhWQQxcsm0brtOip2cKRRcwrjsZRpSxgesB21jYxaB7uSzM8f00JAuDRNlXox0Rn9O5CzSehQFpjNi2Nd/a1P4X62dYXjWyUWcZggx/14UZpJiQqeZ0a5QwFGOjGFcCfNXyvvMZIUm2bIJwf178rxpHddcp+Zen1QuLos4SmSfHJAqcckpuSB10iBNwskjeSYT8mo9WS/Wm/X+3bpgFTN75Jeszy9ylab4</latexit>

initial abundance of PBHs

critical initial abundance

evaporation happens in a RD Universe

evaporation happens in a MD (PBH dominated) Universe  
(PBHs reheat the Universe)

�crit ⇠
MPl

MBH
<latexit sha1_base64="oRpCuzdRoFHFMV+TztrnOuPtyQM=">AAACHXicbZDLSsNAFIYn9VbrLerSTbAIrkoigi5L3XQjVLBVaEqYTE/aoTNJmDkRS8iLuPFV3LhQxIUb8W2cXhBvPwz8859zOJwvTAXX6LofVmlhcWl5pbxaWVvf2Nyyt3c6OskUgzZLRKKuQ6pB8BjayFHAdaqAylDAVTg6m9SvbkBpnsSXOE6hJ+kg5hFnFE0U2Md+CEiD3FcyZ4pjUfiaSz9SlOXngY9wi3lLFMXXp9EsisCuujV3Kuev8eamSuZqBfab309YJiFGJqjWXc9NsZdThZwJKCp+piGlbEQH0DU2phJ0L59eVzgHJuk7UaLMi9GZpt8nciq1HsvQdEqKQ/27Ngn/q3UzjE57OY/TDCFms0VRJhxMnAkqp88VMBRjY+iEDWcOG1JDBg3QioHg/T75r+kc1Ty35l0cV+uNOY4y2SP75JB45ITUSZO0SJswckceyBN5tu6tR+vFep21lqz5zC75Iev9E+gapEQ=</latexit><latexit sha1_base64="oRpCuzdRoFHFMV+TztrnOuPtyQM=">AAACHXicbZDLSsNAFIYn9VbrLerSTbAIrkoigi5L3XQjVLBVaEqYTE/aoTNJmDkRS8iLuPFV3LhQxIUb8W2cXhBvPwz8859zOJwvTAXX6LofVmlhcWl5pbxaWVvf2Nyyt3c6OskUgzZLRKKuQ6pB8BjayFHAdaqAylDAVTg6m9SvbkBpnsSXOE6hJ+kg5hFnFE0U2Md+CEiD3FcyZ4pjUfiaSz9SlOXngY9wi3lLFMXXp9EsisCuujV3Kuev8eamSuZqBfab309YJiFGJqjWXc9NsZdThZwJKCp+piGlbEQH0DU2phJ0L59eVzgHJuk7UaLMi9GZpt8nciq1HsvQdEqKQ/27Ngn/q3UzjE57OY/TDCFms0VRJhxMnAkqp88VMBRjY+iEDWcOG1JDBg3QioHg/T75r+kc1Ty35l0cV+uNOY4y2SP75JB45ITUSZO0SJswckceyBN5tu6tR+vFep21lqz5zC75Iev9E+gapEQ=</latexit><latexit sha1_base64="oRpCuzdRoFHFMV+TztrnOuPtyQM=">AAACHXicbZDLSsNAFIYn9VbrLerSTbAIrkoigi5L3XQjVLBVaEqYTE/aoTNJmDkRS8iLuPFV3LhQxIUb8W2cXhBvPwz8859zOJwvTAXX6LofVmlhcWl5pbxaWVvf2Nyyt3c6OskUgzZLRKKuQ6pB8BjayFHAdaqAylDAVTg6m9SvbkBpnsSXOE6hJ+kg5hFnFE0U2Md+CEiD3FcyZ4pjUfiaSz9SlOXngY9wi3lLFMXXp9EsisCuujV3Kuev8eamSuZqBfab309YJiFGJqjWXc9NsZdThZwJKCp+piGlbEQH0DU2phJ0L59eVzgHJuk7UaLMi9GZpt8nciq1HsvQdEqKQ/27Ngn/q3UzjE57OY/TDCFms0VRJhxMnAkqp88VMBRjY+iEDWcOG1JDBg3QioHg/T75r+kc1Ty35l0cV+uNOY4y2SP75JB45ITUSZO0SJswckceyBN5tu6tR+vFep21lqz5zC75Iev9E+gapEQ=</latexit><latexit sha1_base64="oRpCuzdRoFHFMV+TztrnOuPtyQM=">AAACHXicbZDLSsNAFIYn9VbrLerSTbAIrkoigi5L3XQjVLBVaEqYTE/aoTNJmDkRS8iLuPFV3LhQxIUb8W2cXhBvPwz8859zOJwvTAXX6LofVmlhcWl5pbxaWVvf2Nyyt3c6OskUgzZLRKKuQ6pB8BjayFHAdaqAylDAVTg6m9SvbkBpnsSXOE6hJ+kg5hFnFE0U2Md+CEiD3FcyZ4pjUfiaSz9SlOXngY9wi3lLFMXXp9EsisCuujV3Kuev8eamSuZqBfab309YJiFGJqjWXc9NsZdThZwJKCp+piGlbEQH0DU2phJ0L59eVzgHJuk7UaLMi9GZpt8nciq1HsvQdEqKQ/27Ngn/q3UzjE57OY/TDCFms0VRJhxMnAkqp88VMBRjY+iEDWcOG1JDBg3QioHg/T75r+kc1Ty35l0cV+uNOY4y2SP75JB45ITUSZO0SJswckceyBN5tu6tR+vFep21lqz5zC75Iev9E+gapEQ=</latexit>

� < �crit
<latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit>

� � �crit
<latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit>

tearly-eq . teva
<latexit sha1_base64="CmEKoTkde2kkRwxNC+bAnVCpGl8=">AAACD3icbVDLSgNBEJz1GeNr1aOXwaB4MeyKoMegF48RzAOSsMxOOsmQ2YczvcGw5A+8+CtePCji1as3/8ZJsogmFjQUVd10d/mxFBod58taWFxaXlnNreXXNza3tu2d3aqOEsWhwiMZqbrPNEgRQgUFSqjHCljgS6j5/auxXxuA0iIKb3EYQytg3VB0BGdoJM8+Qq+JcI8pMCWHJ3A3akrQWouA/jgDNvLsglN0JqDzxM1IgWQoe/Znsx3xJIAQuWRaN1wnxlbKFAouYZRvJhpixvusCw1DQxaAbqWTf0b00Cht2omUqRDpRP09kbJA62Hgm86AYU/PemPxP6+RYOeilYowThBCPl3USSTFiI7DoW2hgKMcGsK4EuZWyntMMY4mwrwJwZ19eZ5UT4uuU3RvzgqlyyyOHNknB+SYuOSclMg1KZMK4eSBPJEX8mo9Ws/Wm/U+bV2wspk98gfWxzfuqJ3X</latexit><latexit sha1_base64="CmEKoTkde2kkRwxNC+bAnVCpGl8=">AAACD3icbVDLSgNBEJz1GeNr1aOXwaB4MeyKoMegF48RzAOSsMxOOsmQ2YczvcGw5A+8+CtePCji1as3/8ZJsogmFjQUVd10d/mxFBod58taWFxaXlnNreXXNza3tu2d3aqOEsWhwiMZqbrPNEgRQgUFSqjHCljgS6j5/auxXxuA0iIKb3EYQytg3VB0BGdoJM8+Qq+JcI8pMCWHJ3A3akrQWouA/jgDNvLsglN0JqDzxM1IgWQoe/Znsx3xJIAQuWRaN1wnxlbKFAouYZRvJhpixvusCw1DQxaAbqWTf0b00Cht2omUqRDpRP09kbJA62Hgm86AYU/PemPxP6+RYOeilYowThBCPl3USSTFiI7DoW2hgKMcGsK4EuZWyntMMY4mwrwJwZ19eZ5UT4uuU3RvzgqlyyyOHNknB+SYuOSclMg1KZMK4eSBPJEX8mo9Ws/Wm/U+bV2wspk98gfWxzfuqJ3X</latexit><latexit sha1_base64="CmEKoTkde2kkRwxNC+bAnVCpGl8=">AAACD3icbVDLSgNBEJz1GeNr1aOXwaB4MeyKoMegF48RzAOSsMxOOsmQ2YczvcGw5A+8+CtePCji1as3/8ZJsogmFjQUVd10d/mxFBod58taWFxaXlnNreXXNza3tu2d3aqOEsWhwiMZqbrPNEgRQgUFSqjHCljgS6j5/auxXxuA0iIKb3EYQytg3VB0BGdoJM8+Qq+JcI8pMCWHJ3A3akrQWouA/jgDNvLsglN0JqDzxM1IgWQoe/Znsx3xJIAQuWRaN1wnxlbKFAouYZRvJhpixvusCw1DQxaAbqWTf0b00Cht2omUqRDpRP09kbJA62Hgm86AYU/PemPxP6+RYOeilYowThBCPl3USSTFiI7DoW2hgKMcGsK4EuZWyntMMY4mwrwJwZ19eZ5UT4uuU3RvzgqlyyyOHNknB+SYuOSclMg1KZMK4eSBPJEX8mo9Ws/Wm/U+bV2wspk98gfWxzfuqJ3X</latexit><latexit sha1_base64="CmEKoTkde2kkRwxNC+bAnVCpGl8=">AAACD3icbVDLSgNBEJz1GeNr1aOXwaB4MeyKoMegF48RzAOSsMxOOsmQ2YczvcGw5A+8+CtePCji1as3/8ZJsogmFjQUVd10d/mxFBod58taWFxaXlnNreXXNza3tu2d3aqOEsWhwiMZqbrPNEgRQgUFSqjHCljgS6j5/auxXxuA0iIKb3EYQytg3VB0BGdoJM8+Qq+JcI8pMCWHJ3A3akrQWouA/jgDNvLsglN0JqDzxM1IgWQoe/Znsx3xJIAQuWRaN1wnxlbKFAouYZRvJhpixvusCw1DQxaAbqWTf0b00Cht2omUqRDpRP09kbJA62Hgm86AYU/PemPxP6+RYOeilYowThBCPl3USSTFiI7DoW2hgKMcGsK4EuZWyntMMY4mwrwJwZ19eZ5UT4uuU3RvzgqlyyyOHNknB+SYuOSclMg1KZMK4eSBPJEX8mo9Ws/Wm/U+bV2wspk98gfWxzfuqJ3X</latexit>

�
<latexit sha1_base64="8MzdY9xWePsViGumrVRX3IPm9UE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMFWwttKJvtpF262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIY8rxvp7S2vrG5Vd6u7Ozu7R9UD4/aJsk0xxZPZKI7ITMohcIWCZLYSTWyOJT4GI5vZ/7jE2ojEvVAkxSDmA2ViARnZKVWL0Ri/WrNq3tzuKvEL0gNCjT71a/eIOFZjIq4ZMZ0fS+lIGeaBJc4rfQygynjYzbErqWKxWiCfH7s1D2zysCNEm1LkTtXf0/kLDZmEoe2M2Y0MsveTPzP62YUXQe5UGlGqPhiUZRJlxJ39rk7EBo5yYkljGthb3X5iGnGyeZTsSH4yy+vkvZF3ffq/v1lrXFTxFGGEziFc/DhChpwB01oAQcBz/AKb45yXpx352PRWnKKmWP4A+fzB8PWjqQ=</latexit><latexit sha1_base64="8MzdY9xWePsViGumrVRX3IPm9UE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMFWwttKJvtpF262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIY8rxvp7S2vrG5Vd6u7Ozu7R9UD4/aJsk0xxZPZKI7ITMohcIWCZLYSTWyOJT4GI5vZ/7jE2ojEvVAkxSDmA2ViARnZKVWL0Ri/WrNq3tzuKvEL0gNCjT71a/eIOFZjIq4ZMZ0fS+lIGeaBJc4rfQygynjYzbErqWKxWiCfH7s1D2zysCNEm1LkTtXf0/kLDZmEoe2M2Y0MsveTPzP62YUXQe5UGlGqPhiUZRJlxJ39rk7EBo5yYkljGthb3X5iGnGyeZTsSH4yy+vkvZF3ffq/v1lrXFTxFGGEziFc/DhChpwB01oAQcBz/AKb45yXpx352PRWnKKmWP4A+fzB8PWjqQ=</latexit><latexit sha1_base64="8MzdY9xWePsViGumrVRX3IPm9UE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMFWwttKJvtpF262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIY8rxvp7S2vrG5Vd6u7Ozu7R9UD4/aJsk0xxZPZKI7ITMohcIWCZLYSTWyOJT4GI5vZ/7jE2ojEvVAkxSDmA2ViARnZKVWL0Ri/WrNq3tzuKvEL0gNCjT71a/eIOFZjIq4ZMZ0fS+lIGeaBJc4rfQygynjYzbErqWKxWiCfH7s1D2zysCNEm1LkTtXf0/kLDZmEoe2M2Y0MsveTPzP62YUXQe5UGlGqPhiUZRJlxJ39rk7EBo5yYkljGthb3X5iGnGyeZTsSH4yy+vkvZF3ffq/v1lrXFTxFGGEziFc/DhChpwB01oAQcBz/AKb45yXpx352PRWnKKmWP4A+fzB8PWjqQ=</latexit><latexit sha1_base64="8MzdY9xWePsViGumrVRX3IPm9UE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMFWwttKJvtpF262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIY8rxvp7S2vrG5Vd6u7Ozu7R9UD4/aJsk0xxZPZKI7ITMohcIWCZLYSTWyOJT4GI5vZ/7jE2ojEvVAkxSDmA2ViARnZKVWL0Ri/WrNq3tzuKvEL0gNCjT71a/eIOFZjIq4ZMZ0fS+lIGeaBJc4rfQygynjYzbErqWKxWiCfH7s1D2zysCNEm1LkTtXf0/kLDZmEoe2M2Y0MsveTPzP62YUXQe5UGlGqPhiUZRJlxJ39rk7EBo5yYkljGthb3X5iGnGyeZTsSH4yy+vkvZF3ffq/v1lrXFTxFGGEziFc/DhChpwB01oAQcBz/AKb45yXpx352PRWnKKmWP4A+fzB8PWjqQ=</latexit>

C. J. Shallue, J. B. Munoz, G. Z. Krnjaic 2406.08535



Dark Matter Production



if DM only interacts gravitationally: D. Baumann, P. J. Steinhardt, N. Turok, 0703250

T. Fujita, et. al., 1401.1909 

L. Morrison, S. Profumo and Y. Yu, 1812.10606 

O. Lennon, et. al., 1712.07664

R. Allahverdi, J. Dent, J. Osinski, 1711.10511 

D. Hooper, G. Krnjaic, S. D. McDermott, 1905.01301

Light DM can be hot

Assuming PBHs with monochromatic  
mass function,  
formed during RD,  
with a mass of the order of  
the Horizon mass at formation time:

evaporation in a RD Universe:
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<latexit sha1_base64="1z7ZvmcWx9dP9JLcHwV8vY7dQ4I="></latexit><latexit sha1_base64="1z7ZvmcWx9dP9JLcHwV8vY7dQ4I="></latexit><latexit sha1_base64="1z7ZvmcWx9dP9JLcHwV8vY7dQ4I="></latexit><latexit sha1_base64="1z7ZvmcWx9dP9JLcHwV8vY7dQ4I="></latexit>
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<latexit sha1_base64="yqPkvOyQEu52BfWMyzm5m4kwsbc="></latexit><latexit sha1_base64="yqPkvOyQEu52BfWMyzm5m4kwsbc="></latexit><latexit sha1_base64="yqPkvOyQEu52BfWMyzm5m4kwsbc="></latexit><latexit sha1_base64="yqPkvOyQEu52BfWMyzm5m4kwsbc="></latexit>

evaporation in MD Universe:
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<latexit sha1_base64="jwU5rp7ePO/WpIq1oWVvt+18UIE="></latexit><latexit sha1_base64="jwU5rp7ePO/WpIq1oWVvt+18UIE="></latexit><latexit sha1_base64="jwU5rp7ePO/WpIq1oWVvt+18UIE="></latexit><latexit sha1_base64="jwU5rp7ePO/WpIq1oWVvt+18UIE="></latexit>

⌦�h
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<latexit sha1_base64="HuKvPbyvEUO2vJLNpBP0EFqowNM="></latexit><latexit sha1_base64="HuKvPbyvEUO2vJLNpBP0EFqowNM="></latexit><latexit sha1_base64="HuKvPbyvEUO2vJLNpBP0EFqowNM="></latexit><latexit sha1_base64="HuKvPbyvEUO2vJLNpBP0EFqowNM="></latexit>

� < �crit
<latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit>

� � �crit
<latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit>

In this case the yield is independent of initial abundance of PBHs.
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Adding non-gravitational interactions: 
Interplay between PBH evaporation and other DM production mechanism

• Freeze-out (WIMP, SIMP) 

• Freeze-in 

<latexit sha1_base64="IuFlKui5uYSY8Zp1Sapk3PZYzhY="></latexit>

⌦SM

� (m�,�) + ⌦PBH

� (m�,MPBH,�)  ⌦CDM

• or other gravitational production channels: 
    Gravitational production of superheavy DM
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Paolo Gondolo, Pearl Sandick, BSE, 2020

PBHs can affect DM models.



Populating a Dark Sector 
(Asymmetric Reheating)



Direct Production from Inflaton

Inflaton

Visible SectorDark Sector

Gravity

issue: two sectors can exchange inflaton and thermalize

Reheating

P. Adshead, Y. Cui, J. Shelton, 1604.02458 

E. Hardy, J. Unwin, 1703.07642

P. Adshead, P. Ralegankar, J. Shelton,1906.02755 



A different Scenario:

Inflaton

Gravity

PBH formation

Hawking Evaporation

Reheating (only into visible sector)

Dark Sector Visible Sector

(Reheating)

P. Sandick, BSE, K. Sinha 2108.08329



Populating a self-interacting dark sector by relativistic 
and far from equilibrium particles:

1 . � . 4⇡
<latexit sha1_base64="D3zILh2PX6vfir6yqd3P8o7xAEM=">AAACBXicbVDLSgMxFL1TX7W+Rl3qYrAIrsqMFHRZdOOygn1AZyiZTKYNTTJDkhHK0I0bf8WNC0Xc+g/u/BvTdgRtPRA4OeceknvClFGlXffLKq2srq1vlDcrW9s7u3v2/kFbJZnEpIUTlshuiBRhVJCWppqRbioJ4iEjnXB0PfU790Qqmog7PU5JwNFA0JhipI3Ut489nxGlFOU+M6kI/Vzrfkr7dtWtuTM4y8QrSBUKNPv2px8lOONEaMyQUj3PTXWQI6kpZmRS8TNFUoRHaEB6hgrEiQry2RYT59QokRMn0hyhnZn6O5EjrtSYh2aSIz1Ui95U/M/rZTq+DHIq0kwTgecPxRlzdOJMK3EiKgnWbGwIwpKavzp4iCTC2hRXMSV4iysvk/Z5zXNr3m292rgq6ijDEZzAGXhwAQ24gSa0AMMDPMELvFqP1rP1Zr3PR0tWkTmEP7A+vgHompjS</latexit><latexit sha1_base64="D3zILh2PX6vfir6yqd3P8o7xAEM=">AAACBXicbVDLSgMxFL1TX7W+Rl3qYrAIrsqMFHRZdOOygn1AZyiZTKYNTTJDkhHK0I0bf8WNC0Xc+g/u/BvTdgRtPRA4OeceknvClFGlXffLKq2srq1vlDcrW9s7u3v2/kFbJZnEpIUTlshuiBRhVJCWppqRbioJ4iEjnXB0PfU790Qqmog7PU5JwNFA0JhipI3Ut489nxGlFOU+M6kI/Vzrfkr7dtWtuTM4y8QrSBUKNPv2px8lOONEaMyQUj3PTXWQI6kpZmRS8TNFUoRHaEB6hgrEiQry2RYT59QokRMn0hyhnZn6O5EjrtSYh2aSIz1Ui95U/M/rZTq+DHIq0kwTgecPxRlzdOJMK3EiKgnWbGwIwpKavzp4iCTC2hRXMSV4iysvk/Z5zXNr3m292rgq6ijDEZzAGXhwAQ24gSa0AMMDPMELvFqP1rP1Zr3PR0tWkTmEP7A+vgHompjS</latexit><latexit sha1_base64="D3zILh2PX6vfir6yqd3P8o7xAEM=">AAACBXicbVDLSgMxFL1TX7W+Rl3qYrAIrsqMFHRZdOOygn1AZyiZTKYNTTJDkhHK0I0bf8WNC0Xc+g/u/BvTdgRtPRA4OeceknvClFGlXffLKq2srq1vlDcrW9s7u3v2/kFbJZnEpIUTlshuiBRhVJCWppqRbioJ4iEjnXB0PfU790Qqmog7PU5JwNFA0JhipI3Ut489nxGlFOU+M6kI/Vzrfkr7dtWtuTM4y8QrSBUKNPv2px8lOONEaMyQUj3PTXWQI6kpZmRS8TNFUoRHaEB6hgrEiQry2RYT59QokRMn0hyhnZn6O5EjrtSYh2aSIz1Ui95U/M/rZTq+DHIq0kwTgecPxRlzdOJMK3EiKgnWbGwIwpKavzp4iCTC2hRXMSV4iysvk/Z5zXNr3m292rgq6ijDEZzAGXhwAQ24gSa0AMMDPMELvFqP1rP1Zr3PR0tWkTmEP7A+vgHompjS</latexit><latexit sha1_base64="D3zILh2PX6vfir6yqd3P8o7xAEM=">AAACBXicbVDLSgMxFL1TX7W+Rl3qYrAIrsqMFHRZdOOygn1AZyiZTKYNTTJDkhHK0I0bf8WNC0Xc+g/u/BvTdgRtPRA4OeceknvClFGlXffLKq2srq1vlDcrW9s7u3v2/kFbJZnEpIUTlshuiBRhVJCWppqRbioJ4iEjnXB0PfU790Qqmog7PU5JwNFA0JhipI3Ut489nxGlFOU+M6kI/Vzrfkr7dtWtuTM4y8QrSBUKNPv2px8lOONEaMyQUj3PTXWQI6kpZmRS8TNFUoRHaEB6hgrEiQry2RYT59QokRMn0hyhnZn6O5EjrtSYh2aSIz1Ui95U/M/rZTq+DHIq0kwTgecPxRlzdOJMK3EiKgnWbGwIwpKavzp4iCTC2hRXMSV4iysvk/Z5zXNr3m292rgq6ijDEZzAGXhwAQ24gSa0AMMDPMELvFqP1rP1Zr3PR0tWkTmEP7A+vgHompjS</latexit>

Dark Sector

2 $ 2
<latexit sha1_base64="9lUJ1IHPZx9wcHi6ASoxHWKwc78=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIi6LHoxWMF+wFtKZvtpl26yYbdiVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXJFIY9LxvZ219Y3Nru7BT3N3bPzh0j0pNo1LNeIMpqXQ7oIZLEfMGCpS8nWhOo0DyVjC+mfmtB66NUPE9ThLei+gwFqFgFK3Ud0vVruQhajEcIdVaPZJq3y17FW8Oskr8nJQhR73vfnUHiqURj5FJakzH9xLsZVSjYJJPi93U8ISyMR3yjqUxjbjpZfPbp+TMKgMSKm0rRjJXf09kNDJmEgW2M6I4MsveTPzP66QYXvUyEScp8pgtFoWpJKjILAgyEJozlBNLKNPC3krYiGrK0MZVtCH4yy+vkma14nsV/+6iXLvO4yjACZzCOfhwCTW4hTo0gMETPMMrvDlT58V5dz4WrWtOPnMMf+B8/gCx6pQz</latexit><latexit sha1_base64="9lUJ1IHPZx9wcHi6ASoxHWKwc78=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIi6LHoxWMF+wFtKZvtpl26yYbdiVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXJFIY9LxvZ219Y3Nru7BT3N3bPzh0j0pNo1LNeIMpqXQ7oIZLEfMGCpS8nWhOo0DyVjC+mfmtB66NUPE9ThLei+gwFqFgFK3Ud0vVruQhajEcIdVaPZJq3y17FW8Oskr8nJQhR73vfnUHiqURj5FJakzH9xLsZVSjYJJPi93U8ISyMR3yjqUxjbjpZfPbp+TMKgMSKm0rRjJXf09kNDJmEgW2M6I4MsveTPzP66QYXvUyEScp8pgtFoWpJKjILAgyEJozlBNLKNPC3krYiGrK0MZVtCH4yy+vkma14nsV/+6iXLvO4yjACZzCOfhwCTW4hTo0gMETPMMrvDlT58V5dz4WrWtOPnMMf+B8/gCx6pQz</latexit><latexit sha1_base64="9lUJ1IHPZx9wcHi6ASoxHWKwc78=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIi6LHoxWMF+wFtKZvtpl26yYbdiVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXJFIY9LxvZ219Y3Nru7BT3N3bPzh0j0pNo1LNeIMpqXQ7oIZLEfMGCpS8nWhOo0DyVjC+mfmtB66NUPE9ThLei+gwFqFgFK3Ud0vVruQhajEcIdVaPZJq3y17FW8Oskr8nJQhR73vfnUHiqURj5FJakzH9xLsZVSjYJJPi93U8ISyMR3yjqUxjbjpZfPbp+TMKgMSKm0rRjJXf09kNDJmEgW2M6I4MsveTPzP66QYXvUyEScp8pgtFoWpJKjILAgyEJozlBNLKNPC3krYiGrK0MZVtCH4yy+vkma14nsV/+6iXLvO4yjACZzCOfhwCTW4hTo0gMETPMMrvDlT58V5dz4WrWtOPnMMf+B8/gCx6pQz</latexit><latexit sha1_base64="9lUJ1IHPZx9wcHi6ASoxHWKwc78=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIi6LHoxWMF+wFtKZvtpl26yYbdiVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXJFIY9LxvZ219Y3Nru7BT3N3bPzh0j0pNo1LNeIMpqXQ7oIZLEfMGCpS8nWhOo0DyVjC+mfmtB66NUPE9ThLei+gwFqFgFK3Ud0vVruQhajEcIdVaPZJq3y17FW8Oskr8nJQhR73vfnUHiqURj5FJakzH9xLsZVSjYJJPi93U8ISyMR3yjqUxjbjpZfPbp+TMKgMSKm0rRjJXf09kNDJmEgW2M6I4MsveTPzP66QYXvUyEScp8pgtFoWpJKjILAgyEJozlBNLKNPC3krYiGrK0MZVtCH4yy+vkma14nsV/+6iXLvO4yjACZzCOfhwCTW4hTo0gMETPMMrvDlT58V5dz4WrWtOPnMMf+B8/gCx6pQz</latexit>

2 $ 3
<latexit sha1_base64="ElMOLJxs77ABUVbjDaK61eKi6Xw=">AAAB+3icbVBNSwMxEM3Wr1q/1nr0EiyCp7JbBT0WvXisYD+gXUo2zbah2WRJZtWy9K948aCIV/+IN/+NabsHbX0w8Hhvhpl5YSK4Ac/7dgpr6xubW8Xt0s7u3v6Be1huGZVqyppUCaU7ITFMcMmawEGwTqIZiUPB2uH4Zua3H5g2XMl7mCQsiMlQ8ohTAlbqu+VaT7AINB+OgGitHvF53614VW8OvEr8nFRQjkbf/eoNFE1jJoEKYkzX9xIIMqKBU8GmpV5qWELomAxZ11JJYmaCbH77FJ9aZYAjpW1JwHP190RGYmMmcWg7YwIjs+zNxP+8bgrRVZBxmaTAJF0silKBQeFZEHjANaMgJpYQqrm9FdMR0YSCjatkQ/CXX14lrVrV96r+3UWlfp3HUUTH6ASdIR9dojq6RQ3URBQ9oWf0it6cqfPivDsfi9aCk88coT9wPn8As26UNA==</latexit><latexit sha1_base64="ElMOLJxs77ABUVbjDaK61eKi6Xw=">AAAB+3icbVBNSwMxEM3Wr1q/1nr0EiyCp7JbBT0WvXisYD+gXUo2zbah2WRJZtWy9K948aCIV/+IN/+NabsHbX0w8Hhvhpl5YSK4Ac/7dgpr6xubW8Xt0s7u3v6Be1huGZVqyppUCaU7ITFMcMmawEGwTqIZiUPB2uH4Zua3H5g2XMl7mCQsiMlQ8ohTAlbqu+VaT7AINB+OgGitHvF53614VW8OvEr8nFRQjkbf/eoNFE1jJoEKYkzX9xIIMqKBU8GmpV5qWELomAxZ11JJYmaCbH77FJ9aZYAjpW1JwHP190RGYmMmcWg7YwIjs+zNxP+8bgrRVZBxmaTAJF0silKBQeFZEHjANaMgJpYQqrm9FdMR0YSCjatkQ/CXX14lrVrV96r+3UWlfp3HUUTH6ASdIR9dojq6RQ3URBQ9oWf0it6cqfPivDsfi9aCk88coT9wPn8As26UNA==</latexit><latexit sha1_base64="ElMOLJxs77ABUVbjDaK61eKi6Xw=">AAAB+3icbVBNSwMxEM3Wr1q/1nr0EiyCp7JbBT0WvXisYD+gXUo2zbah2WRJZtWy9K948aCIV/+IN/+NabsHbX0w8Hhvhpl5YSK4Ac/7dgpr6xubW8Xt0s7u3v6Be1huGZVqyppUCaU7ITFMcMmawEGwTqIZiUPB2uH4Zua3H5g2XMl7mCQsiMlQ8ohTAlbqu+VaT7AINB+OgGitHvF53614VW8OvEr8nFRQjkbf/eoNFE1jJoEKYkzX9xIIMqKBU8GmpV5qWELomAxZ11JJYmaCbH77FJ9aZYAjpW1JwHP190RGYmMmcWg7YwIjs+zNxP+8bgrRVZBxmaTAJF0silKBQeFZEHjANaMgJpYQqrm9FdMR0YSCjatkQ/CXX14lrVrV96r+3UWlfp3HUUTH6ASdIR9dojq6RQ3URBQ9oWf0it6cqfPivDsfi9aCk88coT9wPn8As26UNA==</latexit><latexit sha1_base64="ElMOLJxs77ABUVbjDaK61eKi6Xw=">AAAB+3icbVBNSwMxEM3Wr1q/1nr0EiyCp7JbBT0WvXisYD+gXUo2zbah2WRJZtWy9K948aCIV/+IN/+NabsHbX0w8Hhvhpl5YSK4Ac/7dgpr6xubW8Xt0s7u3v6Be1huGZVqyppUCaU7ITFMcMmawEGwTqIZiUPB2uH4Zua3H5g2XMl7mCQsiMlQ8ohTAlbqu+VaT7AINB+OgGitHvF53614VW8OvEr8nFRQjkbf/eoNFE1jJoEKYkzX9xIIMqKBU8GmpV5qWELomAxZ11JJYmaCbH77FJ9aZYAjpW1JwHP190RGYmMmcWg7YwIjs+zNxP+8bgrRVZBxmaTAJF0silKBQeFZEHjANaMgJpYQqrm9FdMR0YSCjatkQ/CXX14lrVrV96r+3UWlfp3HUUTH6ASdIR9dojq6RQ3URBQ9oWf0it6cqfPivDsfi9aCk88coT9wPn8As26UNA==</latexit>
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<latexit sha1_base64="D+z5sT6IHex2mkPEm4cbvcC4HQc="></latexit><latexit sha1_base64="D+z5sT6IHex2mkPEm4cbvcC4HQc="></latexit><latexit sha1_base64="D+z5sT6IHex2mkPEm4cbvcC4HQc="></latexit><latexit sha1_base64="D+z5sT6IHex2mkPEm4cbvcC4HQc="></latexit>

kinetic equilibrium
Chemical equilibrium
Cannibalism/decoupling (freeze-out)

Thermal History Early Radiation Domination Early Matter Domination

NRNC (non-relativistic, no cannibalism) �kin . � . �NRC MBH, NRC . MBH . MBH, kin

NRC (non-relativistic, cannibalism) �NRC . � . �rel MBH, rel . MBH . MBH, NRC

RNC (relativistic, no cannibalism) �rel . � . �RC MBH, RC . MBH . MBH, rel

RC (relativistic, cannibalism) �RC . � . �crit MBH . MBH, RC
<latexit sha1_base64="yQDm0D9DFow6RtsmEC3gv4FnyB8="></latexit><latexit sha1_base64="yQDm0D9DFow6RtsmEC3gv4FnyB8="></latexit><latexit sha1_base64="yQDm0D9DFow6RtsmEC3gv4FnyB8="></latexit><latexit sha1_base64="yQDm0D9DFow6RtsmEC3gv4FnyB8="></latexit>



� < �crit
<latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit>

� � �crit
<latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit>

relativistic: cannibalism is inevitable
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no equilibriumTBH < m�
<latexit sha1_base64="0pEP0NTXZy4M9nwsuSQkcSSodok=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lE0IOHUi89VugXNCFstpt26WYTdifSEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMvCDhTIFtfxulre2d3b3yfuXg8Oj4xDyt9lScSkK7JOaxHARYUc4E7QIDTgeJpDgKOO0H04eF33+iUrFYdGCeUC/CY8FCRjBoyTerHd8FOoOs2crvI98lE+abNbtuL2FtEqcgNVSg7Ztf7igmaUQFEI6VGjp2Al6GJTDCaV5xU0UTTKZ4TIeaChxR5WXL23PrUisjK4ylLgHWUv09keFIqXkU6M4Iw0StewvxP2+YQnjnZUwkKVBBVovClFsQW4sgrBGTlACfa4KJZPpWi0ywxAR0XBUdgrP+8ibpXdcdu+483tQazSKOMjpHF+gKOegWNVALtVEXETRDz+gVvRm58WK8Gx+r1pJRzJyhPzA+fwDZKZRN</latexit><latexit sha1_base64="0pEP0NTXZy4M9nwsuSQkcSSodok=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lE0IOHUi89VugXNCFstpt26WYTdifSEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMvCDhTIFtfxulre2d3b3yfuXg8Oj4xDyt9lScSkK7JOaxHARYUc4E7QIDTgeJpDgKOO0H04eF33+iUrFYdGCeUC/CY8FCRjBoyTerHd8FOoOs2crvI98lE+abNbtuL2FtEqcgNVSg7Ztf7igmaUQFEI6VGjp2Al6GJTDCaV5xU0UTTKZ4TIeaChxR5WXL23PrUisjK4ylLgHWUv09keFIqXkU6M4Iw0StewvxP2+YQnjnZUwkKVBBVovClFsQW4sgrBGTlACfa4KJZPpWi0ywxAR0XBUdgrP+8ibpXdcdu+483tQazSKOMjpHF+gKOegWNVALtVEXETRDz+gVvRm58WK8Gx+r1pJRzJyhPzA+fwDZKZRN</latexit><latexit sha1_base64="0pEP0NTXZy4M9nwsuSQkcSSodok=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lE0IOHUi89VugXNCFstpt26WYTdifSEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMvCDhTIFtfxulre2d3b3yfuXg8Oj4xDyt9lScSkK7JOaxHARYUc4E7QIDTgeJpDgKOO0H04eF33+iUrFYdGCeUC/CY8FCRjBoyTerHd8FOoOs2crvI98lE+abNbtuL2FtEqcgNVSg7Ztf7igmaUQFEI6VGjp2Al6GJTDCaV5xU0UTTKZ4TIeaChxR5WXL23PrUisjK4ylLgHWUv09keFIqXkU6M4Iw0StewvxP2+YQnjnZUwkKVBBVovClFsQW4sgrBGTlACfa4KJZPpWi0ywxAR0XBUdgrP+8ibpXdcdu+483tQazSKOMjpHF+gKOegWNVALtVEXETRDz+gVvRm58WK8Gx+r1pJRzJyhPzA+fwDZKZRN</latexit><latexit sha1_base64="0pEP0NTXZy4M9nwsuSQkcSSodok=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lE0IOHUi89VugXNCFstpt26WYTdifSEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMvCDhTIFtfxulre2d3b3yfuXg8Oj4xDyt9lScSkK7JOaxHARYUc4E7QIDTgeJpDgKOO0H04eF33+iUrFYdGCeUC/CY8FCRjBoyTerHd8FOoOs2crvI98lE+abNbtuL2FtEqcgNVSg7Ztf7igmaUQFEI6VGjp2Al6GJTDCaV5xU0UTTKZ4TIeaChxR5WXL23PrUisjK4ylLgHWUv09keFIqXkU6M4Iw0StewvxP2+YQnjnZUwkKVBBVovClFsQW4sgrBGTlACfa4KJZPpWi0ywxAR0XBUdgrP+8ibpXdcdu+483tQazSKOMjpHF+gKOegWNVALtVEXETRDz+gVvRm58WK8Gx+r1pJRzJyhPzA+fwDZKZRN</latexit>

Thermal Histories

P. Sandick, BSE, K. Sinha 2108.08329



Constraints: relic abundance, Bullet Cluster
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� < �crit
<latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit><latexit sha1_base64="7h9urd8iQDEm3Kn2rzILm7BOOIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXThoujGZQVbC00Ik+lNO3TyYOZGLCEbf8WNC0Xc+hnu/BuTNAttPTDD4Zx7uZzjxYIrNM1vrba0vLK6Vl9vbGxube/ou3s9FSWSQZdFIpJ9jyoQPIQuchTQjyXQwBNw702uC//+AaTiUXiH0xicgI5C7nNGMZdc/cD2AOll+bs2wiOmTHLMXL1ptswSxiKxKtIkFTqu/mUPI5YEECITVKmBZcbopFQiZwKyhp0oiCmb0BEMchrSAJSTlgEy4zhXhoYfyfyFaJTq742UBkpNAy+fDCiO1bxXiP95gwT9CyflYZwghGx2yE+EgZFRtGEMuQSGYpoTWuTmzGBjKinDvLNGXoI1H3mR9E5bltmybs+a7auqjjo5JEfkhFjknLTJDemQLmEkI8/klbxpT9qL9q59zEZrWrWzT/5A+/wBX/6W5w==</latexit>

� � �crit
<latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit><latexit sha1_base64="3Wf69EOz98932FLmGO9UZUE6j/Y=">AAACA3icbZBLS8NAFIUn9VXrK+pON8EiuCqJCLosunFZwT6gCWEyvWmHTh7O3IglFNz4V9y4UMStf8Kd/8YkzUJbDwx8nHMvwz1eLLhC0/zWKkvLK6tr1fXaxubW9o6+u9dRUSIZtFkkItnzqALBQ2gjRwG9WAINPAFdb3yV5917kIpH4S1OYnACOgy5zxnFzHL1A9sDpPYQ7gpwbYQHTJnkOHX1utkwCxmLYJVQJ6Varv5lDyKWBBAiE1SpvmXG6KRUImcCpjU7URBTNqZD6GcY0gCUkxY3TI3jzBkYfiSzF6JRuL83UhooNQm8bDKgOFLzWW7+l/UT9C+clIdxghCy2Ud+IgyMjLwQY8AlMBSTDGh+N2cGG1FJGWa11bISrPmTF6Fz2rDMhnVzVm9elnVUySE5IifEIuekSa5Ji7QJI4/kmbySN+1Je9HetY/ZaEUrd/bJH2mfPwAOmGI=</latexit>
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Dark Sector Temperature:
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Dark Radiation



PBHs can impact cosmology by emitting massless particles 
the effective number of relativistic degrees of freedom   

massless particle: graviton 

Spinning BHs have enhanced emission of particles with higher spin.  

Graviton is spin 2! 

How large is the spin of PBHs? 
Depends on the formation mechanism and environment: 

formation in RD: small angular momentum 

formation in MD: tidal forces and density  
fluctuations can make collapsing regions non-spherical,  
which can lead to very large PBH spins  

merger also gives rise to high spin. 

�Ne↵
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The effect becomes important for PBH domination, when 
PBH evaporation reheats the Universe.
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EMDE: 1st order EMDE: 2nd order

Spin distribution

1st order: deviation of the boundary  
of the volume from a sphere.

2nd order: density fluctuations in  
the comoving region.

Fishbach, Holz, Farr 1703.06869

spin distribution is a function  
of the mean variance of the  
density perturbations at horizon entry

�H = h�s(tH)2i1/2
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1st order

2nd order

A. Arbey, J. Auffinger, P. Sandick, BSE, K. Sinha, 2104.04051
CMB1(TT+low E) 
CMB2(TT,TE,EE+low E)



Inspirals:

A. Arbey, J. Auffinger, P. Sandick, BSE, K. Sinha, 2104.04051



D. Hooper, G. Krnjaic, S. D. McDermott, 1905.01301
O. Lennon, et. al., 1712.07664

regardless of reheating temperature
light and feebly-coupled scalars



Baryogenesis



PBHs produce a BSM particle X that has baryon number


 and CP violating decays to the SM. 
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T. C. Gehrman, BSE, K. Sinha, T. Xu, 2211.08431



Gravitational Waves  
from PBHs



  

GWs associated with PBH formation:

scalar induced GWs from primordial overdensities 

first order phase transition …

GWs amplified by PBH reheating: 

sudden transition from EMD to RD enhance the production of induced GWs  

(due to fast oscillations of sub-horizon scalar modes)

 GWs from PBH binary mergers

GWs from Hawking evaporation R. Anantua, R. Easther, and J. T. Giblin, 0812.0825

A. D. Dolgov and D. Ejlli, 1105.2303

R. Dong, W. H. Kinney, and D. Stojkovic, 1511.05642 

J. L. Zagorac, R. Easther, and N. Padmanabhan,1903.05053 

K. Inomata, K. Kohri, T. Nakama, and T. Terada ,1904.12879 
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Summary

PBHs: 

provide important information about the early Universe. 
Also provide a gravitational production channel. 

lead to non-standard cosmologies. 

can be used to probe EMDEs. 

populate dark sectors with interesting thermal histories. 

associated with high frequency GWs.
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