
Precision Calculation of Dark Radiation  
from Spinning Primordial Black Holes  

and Early Matter Dominated Eras

Barmak Shams
U. Utah

with: Alexandre Arbey, Jeremy Auffinger, 
 Pearl Sandick, and Kuver Sinha

PHENO

May 26, 2021

arXiv:2104.04051



Outline

- Formation and evaporation of spinning primordial black holes (PBHs) in 
an early matter dominated era (EMDE)

- Precision calculation of dark radiation (graviton) emitted by spinning 
PBHs

- Constraints on PBHs from BBN, CMB, and the projected sensitivity of 
CMB Stage 4
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BHs can be fully characterized by their mass, spin, and charge  

PBHs: motivated by many different scenarios
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Radiation-dominated: small angular momentum

Matter-dominated: large angular momentum

mass distribution: 

1) monochromatic, e.g., if the PBH production occurs 
    at a precise time. 

 2) extended, e.g., if the power spectrum of primordial  
     inhomogeneities embeds a wide peak around some spatial scale  

mass:
Mi ⇠
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spin (more involved):

can also gain spin either through early accretion or hierarchical merger
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Hawking evaporation of Schwarzschild BHs:
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Hawking evaporation of Kerr BHs:
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<latexit sha1_base64="H59Rx1Q3Gi0mdSx/fvD0yLV8tME="></latexit><latexit sha1_base64="H59Rx1Q3Gi0mdSx/fvD0yLV8tME="></latexit><latexit sha1_base64="H59Rx1Q3Gi0mdSx/fvD0yLV8tME="></latexit><latexit sha1_base64="H59Rx1Q3Gi0mdSx/fvD0yLV8tME="></latexit>

E0 ⌘ E �m⌦ = E �ma⇤/2r+
<latexit sha1_base64="nvZJ4f3wqFIMFjUSP2pOjMKQVo8=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQi3WmCLoRilJwZwX7gE5bMultG5rMjEmmUEo/wo2/4saFIm5duPNvTB8LrR64cHLOveTe40ecKe04X1ZiYXFpeSW5mlpb39jcsrd3yiqMJYUSDXkoqz5RwFkAJc00h2okgQifQ8XvXY39Sh+kYmFwpwcR1AXpBKzNKNFGatqZQsOLJBOAPbiPWR8X8DEW3o2ADsEX0xdpHJ3kZDPTtNNO1pkA/yXujKTRDMWm/em1QhoLCDTlRKma60S6PiRSM8phlPJiBRGhPdKBmqEBEaDqw8lRI3xglBZuh9JUoPFE/TkxJEKpgfBNpyC6q+a9sfifV4t1+7w+ZEEUawjo9KN2zLEO8Tgh3GISqOYDQwiVzOyKaZdIQrXJMWVCcOdP/kvKuazrZN3b03T+chZHEu2hfXSIXHSG8ugaFVEJUfSAntALerUerWfrzXqftias2cwu+gXr4xvbiZuB</latexit><latexit sha1_base64="nvZJ4f3wqFIMFjUSP2pOjMKQVo8=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQi3WmCLoRilJwZwX7gE5bMultG5rMjEmmUEo/wo2/4saFIm5duPNvTB8LrR64cHLOveTe40ecKe04X1ZiYXFpeSW5mlpb39jcsrd3yiqMJYUSDXkoqz5RwFkAJc00h2okgQifQ8XvXY39Sh+kYmFwpwcR1AXpBKzNKNFGatqZQsOLJBOAPbiPWR8X8DEW3o2ADsEX0xdpHJ3kZDPTtNNO1pkA/yXujKTRDMWm/em1QhoLCDTlRKma60S6PiRSM8phlPJiBRGhPdKBmqEBEaDqw8lRI3xglBZuh9JUoPFE/TkxJEKpgfBNpyC6q+a9sfifV4t1+7w+ZEEUawjo9KN2zLEO8Tgh3GISqOYDQwiVzOyKaZdIQrXJMWVCcOdP/kvKuazrZN3b03T+chZHEu2hfXSIXHSG8ugaFVEJUfSAntALerUerWfrzXqftias2cwu+gXr4xvbiZuB</latexit><latexit sha1_base64="nvZJ4f3wqFIMFjUSP2pOjMKQVo8=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQi3WmCLoRilJwZwX7gE5bMultG5rMjEmmUEo/wo2/4saFIm5duPNvTB8LrR64cHLOveTe40ecKe04X1ZiYXFpeSW5mlpb39jcsrd3yiqMJYUSDXkoqz5RwFkAJc00h2okgQifQ8XvXY39Sh+kYmFwpwcR1AXpBKzNKNFGatqZQsOLJBOAPbiPWR8X8DEW3o2ADsEX0xdpHJ3kZDPTtNNO1pkA/yXujKTRDMWm/em1QhoLCDTlRKma60S6PiRSM8phlPJiBRGhPdKBmqEBEaDqw8lRI3xglBZuh9JUoPFE/TkxJEKpgfBNpyC6q+a9sfifV4t1+7w+ZEEUawjo9KN2zLEO8Tgh3GISqOYDQwiVzOyKaZdIQrXJMWVCcOdP/kvKuazrZN3b03T+chZHEu2hfXSIXHSG8ugaFVEJUfSAntALerUerWfrzXqftias2cwu+gXr4xvbiZuB</latexit><latexit sha1_base64="nvZJ4f3wqFIMFjUSP2pOjMKQVo8=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQi3WmCLoRilJwZwX7gE5bMultG5rMjEmmUEo/wo2/4saFIm5duPNvTB8LrR64cHLOveTe40ecKe04X1ZiYXFpeSW5mlpb39jcsrd3yiqMJYUSDXkoqz5RwFkAJc00h2okgQifQ8XvXY39Sh+kYmFwpwcR1AXpBKzNKNFGatqZQsOLJBOAPbiPWR8X8DEW3o2ADsEX0xdpHJ3kZDPTtNNO1pkA/yXujKTRDMWm/em1QhoLCDTlRKma60S6PiRSM8phlPJiBRGhPdKBmqEBEaDqw8lRI3xglBZuh9JUoPFE/TkxJEKpgfBNpyC6q+a9sfifV4t1+7w+ZEEUawjo9KN2zLEO8Tgh3GISqOYDQwiVzOyKaZdIQrXJMWVCcOdP/kvKuazrZN3b03T+chZHEu2hfXSIXHSG8ugaFVEJUfSAntALerUerWfrzXqftias2cwu+gXr4xvbiZuB</latexit>

BlackHawk
<latexit sha1_base64="USw0NIWc0Unxxe+UfwXVr8C/bkU=">AAAB+3icbVBNT8JAEN3iF+JXxaOXRmLiibTGRI8ELxwxETCBhmyXATZst83uVCFN/4oXDxrj1T/izX/jAj0o+JJJXt6b2Z15QSy4Rtf9tgobm1vbO8Xd0t7+weGRfVxu6yhRDFosEpF6CKgGwSW0kKOAh1gBDQMBnWByO/c7j6A0j+Q9zmLwQzqSfMgZRSP17XIPYYqIaV1QNmnQp0nWtytu1V3AWSdeTiokR7Nvf/UGEUtCkMgE1brruTH6KVXImYCs1Es0xOZ1OoKuoZKGoP10sXvmnBtl4AwjZUqis1B/T6Q01HoWBqYzpDjWq95c/M/rJji88VMu4wRBsuVHw0Q4GDnzIJwBV8BQzAyhTHGzq8PGVFGGJq6SCcFbPXmdtC+rnlv17q4qtXoeR5GckjNyQTxyTWqkQZqkRRiZkmfySt6szHqx3q2PZWvBymdOyB9Ynz+X6JTI</latexit><latexit sha1_base64="USw0NIWc0Unxxe+UfwXVr8C/bkU=">AAAB+3icbVBNT8JAEN3iF+JXxaOXRmLiibTGRI8ELxwxETCBhmyXATZst83uVCFN/4oXDxrj1T/izX/jAj0o+JJJXt6b2Z15QSy4Rtf9tgobm1vbO8Xd0t7+weGRfVxu6yhRDFosEpF6CKgGwSW0kKOAh1gBDQMBnWByO/c7j6A0j+Q9zmLwQzqSfMgZRSP17XIPYYqIaV1QNmnQp0nWtytu1V3AWSdeTiokR7Nvf/UGEUtCkMgE1brruTH6KVXImYCs1Es0xOZ1OoKuoZKGoP10sXvmnBtl4AwjZUqis1B/T6Q01HoWBqYzpDjWq95c/M/rJji88VMu4wRBsuVHw0Q4GDnzIJwBV8BQzAyhTHGzq8PGVFGGJq6SCcFbPXmdtC+rnlv17q4qtXoeR5GckjNyQTxyTWqkQZqkRRiZkmfySt6szHqx3q2PZWvBymdOyB9Ynz+X6JTI</latexit><latexit sha1_base64="USw0NIWc0Unxxe+UfwXVr8C/bkU=">AAAB+3icbVBNT8JAEN3iF+JXxaOXRmLiibTGRI8ELxwxETCBhmyXATZst83uVCFN/4oXDxrj1T/izX/jAj0o+JJJXt6b2Z15QSy4Rtf9tgobm1vbO8Xd0t7+weGRfVxu6yhRDFosEpF6CKgGwSW0kKOAh1gBDQMBnWByO/c7j6A0j+Q9zmLwQzqSfMgZRSP17XIPYYqIaV1QNmnQp0nWtytu1V3AWSdeTiokR7Nvf/UGEUtCkMgE1brruTH6KVXImYCs1Es0xOZ1OoKuoZKGoP10sXvmnBtl4AwjZUqis1B/T6Q01HoWBqYzpDjWq95c/M/rJji88VMu4wRBsuVHw0Q4GDnzIJwBV8BQzAyhTHGzq8PGVFGGJq6SCcFbPXmdtC+rnlv17q4qtXoeR5GckjNyQTxyTWqkQZqkRRiZkmfySt6szHqx3q2PZWvBymdOyB9Ynz+X6JTI</latexit><latexit sha1_base64="USw0NIWc0Unxxe+UfwXVr8C/bkU=">AAAB+3icbVBNT8JAEN3iF+JXxaOXRmLiibTGRI8ELxwxETCBhmyXATZst83uVCFN/4oXDxrj1T/izX/jAj0o+JJJXt6b2Z15QSy4Rtf9tgobm1vbO8Xd0t7+weGRfVxu6yhRDFosEpF6CKgGwSW0kKOAh1gBDQMBnWByO/c7j6A0j+Q9zmLwQzqSfMgZRSP17XIPYYqIaV1QNmnQp0nWtytu1V3AWSdeTiokR7Nvf/UGEUtCkMgE1brruTH6KVXImYCs1Es0xOZ1OoKuoZKGoP10sXvmnBtl4AwjZUqis1B/T6Q01HoWBqYzpDjWq95c/M/rJji88VMu4wRBsuVHw0Q4GDnzIJwBV8BQzAyhTHGzq8PGVFGGJq6SCcFbPXmdtC+rnlv17q4qtXoeR5GckjNyQTxyTWqkQZqkRRiZkmfySt6szHqx3q2PZWvBymdOyB9Ynz+X6JTI</latexit>

Arbey, Auffinger1905.04268

Kerr BHs have enhanced emission of particles with higher spin. 

Gravitons: impact the effective number of relativistic degrees of freedom �Ne↵
<latexit sha1_base64="fv1BvRmN06SOzbaQtKpRGFeM+iY=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Argh6DevAkEcwDsiHMTnqTIbMPZnrFsMRf8eJBEa9+iDf/xkmyB00saCiquunu8hMpNDrOt1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmjq6nfegClRRzd4ziBbsgGkQgEZ2iknl32rkEio7c9D+ERMwiCSc+uOFVnBrpM3JxUSI56z/7y+jFPQ4iQS6Z1x3US7GZMoeASJiUv1ZAwPmID6BgasRB0N5sdP6HHRunTIFamIqQz9fdExkKtx6FvOkOGQ73oTcX/vE6KwUU3E1GSIkR8vihIJcWYTpOgfaGAoxwbwrgS5lbKh0wxjiavkgnBXXx5mTRPq65Tde/OKrXLPI4iOSRH5IS45JzUyA2pkwbhZEyeySt5s56sF+vd+pi3Fqx8pkz+wPr8Aan/lMY=</latexit><latexit sha1_base64="fv1BvRmN06SOzbaQtKpRGFeM+iY=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Argh6DevAkEcwDsiHMTnqTIbMPZnrFsMRf8eJBEa9+iDf/xkmyB00saCiquunu8hMpNDrOt1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmjq6nfegClRRzd4ziBbsgGkQgEZ2iknl32rkEio7c9D+ERMwiCSc+uOFVnBrpM3JxUSI56z/7y+jFPQ4iQS6Z1x3US7GZMoeASJiUv1ZAwPmID6BgasRB0N5sdP6HHRunTIFamIqQz9fdExkKtx6FvOkOGQ73oTcX/vE6KwUU3E1GSIkR8vihIJcWYTpOgfaGAoxwbwrgS5lbKh0wxjiavkgnBXXx5mTRPq65Tde/OKrXLPI4iOSRH5IS45JzUyA2pkwbhZEyeySt5s56sF+vd+pi3Fqx8pkz+wPr8Aan/lMY=</latexit><latexit sha1_base64="fv1BvRmN06SOzbaQtKpRGFeM+iY=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Argh6DevAkEcwDsiHMTnqTIbMPZnrFsMRf8eJBEa9+iDf/xkmyB00saCiquunu8hMpNDrOt1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmjq6nfegClRRzd4ziBbsgGkQgEZ2iknl32rkEio7c9D+ERMwiCSc+uOFVnBrpM3JxUSI56z/7y+jFPQ4iQS6Z1x3US7GZMoeASJiUv1ZAwPmID6BgasRB0N5sdP6HHRunTIFamIqQz9fdExkKtx6FvOkOGQ73oTcX/vE6KwUU3E1GSIkR8vihIJcWYTpOgfaGAoxwbwrgS5lbKh0wxjiavkgnBXXx5mTRPq65Tde/OKrXLPI4iOSRH5IS45JzUyA2pkwbhZEyeySt5s56sF+vd+pi3Fqx8pkz+wPr8Aan/lMY=</latexit><latexit sha1_base64="fv1BvRmN06SOzbaQtKpRGFeM+iY=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Argh6DevAkEcwDsiHMTnqTIbMPZnrFsMRf8eJBEa9+iDf/xkmyB00saCiquunu8hMpNDrOt1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmjq6nfegClRRzd4ziBbsgGkQgEZ2iknl32rkEio7c9D+ERMwiCSc+uOFVnBrpM3JxUSI56z/7y+jFPQ4iQS6Z1x3US7GZMoeASJiUv1ZAwPmID6BgasRB0N5sdP6HHRunTIFamIqQz9fdExkKtx6FvOkOGQ73oTcX/vE6KwUU3E1GSIkR8vihIJcWYTpOgfaGAoxwbwrgS5lbKh0wxjiavkgnBXXx5mTRPq65Tde/OKrXLPI4iOSRH5IS45JzUyA2pkwbhZEyeySt5s56sF+vd+pi3Fqx8pkz+wPr8Aan/lMY=</latexit>

5



�Ne↵
<latexit sha1_base64="fv1BvRmN06SOzbaQtKpRGFeM+iY=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Argh6DevAkEcwDsiHMTnqTIbMPZnrFsMRf8eJBEa9+iDf/xkmyB00saCiquunu8hMpNDrOt1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmjq6nfegClRRzd4ziBbsgGkQgEZ2iknl32rkEio7c9D+ERMwiCSc+uOFVnBrpM3JxUSI56z/7y+jFPQ4iQS6Z1x3US7GZMoeASJiUv1ZAwPmID6BgasRB0N5sdP6HHRunTIFamIqQz9fdExkKtx6FvOkOGQ73oTcX/vE6KwUU3E1GSIkR8vihIJcWYTpOgfaGAoxwbwrgS5lbKh0wxjiavkgnBXXx5mTRPq65Tde/OKrXLPI4iOSRH5IS45JzUyA2pkwbhZEyeySt5s56sF+vd+pi3Fqx8pkz+wPr8Aan/lMY=</latexit><latexit sha1_base64="fv1BvRmN06SOzbaQtKpRGFeM+iY=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Argh6DevAkEcwDsiHMTnqTIbMPZnrFsMRf8eJBEa9+iDf/xkmyB00saCiquunu8hMpNDrOt1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmjq6nfegClRRzd4ziBbsgGkQgEZ2iknl32rkEio7c9D+ERMwiCSc+uOFVnBrpM3JxUSI56z/7y+jFPQ4iQS6Z1x3US7GZMoeASJiUv1ZAwPmID6BgasRB0N5sdP6HHRunTIFamIqQz9fdExkKtx6FvOkOGQ73oTcX/vE6KwUU3E1GSIkR8vihIJcWYTpOgfaGAoxwbwrgS5lbKh0wxjiavkgnBXXx5mTRPq65Tde/OKrXLPI4iOSRH5IS45JzUyA2pkwbhZEyeySt5s56sF+vd+pi3Fqx8pkz+wPr8Aan/lMY=</latexit><latexit sha1_base64="fv1BvRmN06SOzbaQtKpRGFeM+iY=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Argh6DevAkEcwDsiHMTnqTIbMPZnrFsMRf8eJBEa9+iDf/xkmyB00saCiquunu8hMpNDrOt1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmjq6nfegClRRzd4ziBbsgGkQgEZ2iknl32rkEio7c9D+ERMwiCSc+uOFVnBrpM3JxUSI56z/7y+jFPQ4iQS6Z1x3US7GZMoeASJiUv1ZAwPmID6BgasRB0N5sdP6HHRunTIFamIqQz9fdExkKtx6FvOkOGQ73oTcX/vE6KwUU3E1GSIkR8vihIJcWYTpOgfaGAoxwbwrgS5lbKh0wxjiavkgnBXXx5mTRPq65Tde/OKrXLPI4iOSRH5IS45JzUyA2pkwbhZEyeySt5s56sF+vd+pi3Fqx8pkz+wPr8Aan/lMY=</latexit><latexit sha1_base64="fv1BvRmN06SOzbaQtKpRGFeM+iY=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Argh6DevAkEcwDsiHMTnqTIbMPZnrFsMRf8eJBEa9+iDf/xkmyB00saCiquunu8hMpNDrOt1VYWV1b3yhulra2d3b37P2Dpo5TxaHBYxmrts80SBFBAwVKaCcKWOhLaPmjq6nfegClRRzd4ziBbsgGkQgEZ2iknl32rkEio7c9D+ERMwiCSc+uOFVnBrpM3JxUSI56z/7y+jFPQ4iQS6Z1x3US7GZMoeASJiUv1ZAwPmID6BgasRB0N5sdP6HHRunTIFamIqQz9fdExkKtx6FvOkOGQ73oTcX/vE6KwUU3E1GSIkR8vihIJcWYTpOgfaGAoxwbwrgS5lbKh0wxjiavkgnBXXx5mTRPq65Tde/OKrXLPI4iOSRH5IS45JzUyA2pkwbhZEyeySt5s56sF+vd+pi3Fqx8pkz+wPr8Aan/lMY=</latexit>

�Ne↵ =
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<latexit sha1_base64="d9ZNUFKxAX8hbTNvrBP2FF2p2wE="></latexit><latexit sha1_base64="d9ZNUFKxAX8hbTNvrBP2FF2p2wE="></latexit><latexit sha1_base64="d9ZNUFKxAX8hbTNvrBP2FF2p2wE="></latexit><latexit sha1_base64="d9ZNUFKxAX8hbTNvrBP2FF2p2wE="></latexit>

⇢DR(tEQ)

⇢R(tEQ)
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⇢DR(tRH)

⇢R(tRH)
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g⇤(TRH)

g⇤(TEQ)

◆✓
g⇤,S(TEQ)

g⇤,S(TRH)

◆4/3

<latexit sha1_base64="r312flPgZLiwVwxEkXsciXjhj4M="></latexit><latexit sha1_base64="r312flPgZLiwVwxEkXsciXjhj4M="></latexit><latexit sha1_base64="r312flPgZLiwVwxEkXsciXjhj4M="></latexit><latexit sha1_base64="r312flPgZLiwVwxEkXsciXjhj4M="></latexit>

N⌫ = 3.046
<latexit sha1_base64="TkpEKsQlesMvWGyWYYsEgwT2W4A=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgadnVol6EohdPUsF+wHYp2TRtQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz86JEcAOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdOoVFPWoEoo3Y6IYYJL1gAOgrUTzUgcCdaKRrdTv/XEtOFKPsI4YWFMBpL3OSVgpeC+25Hp9bnrVS+65YrnejPgZeLnpIJy1Lvlr05P0TRmEqggxgS+l0CYEQ2cCjYpdVLDEkJHZMACSyWJmQmz2ckTfGKVHu4rbUsCnqm/JzISGzOOI9sZExiaRW8q/ucFKfSvwozLJAUm6XxRPxUYFJ7+j3tcMwpibAmhmttbMR0STSjYlEo2BH/x5WXSPHN9z/UfqpXaTR5HER2hY3SKfHSJaugO1VEDUaTQM3pFbw44L8678zFvLTj5zCH6A+fzB3ajkAw=</latexit><latexit sha1_base64="TkpEKsQlesMvWGyWYYsEgwT2W4A=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgadnVol6EohdPUsF+wHYp2TRtQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz86JEcAOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdOoVFPWoEoo3Y6IYYJL1gAOgrUTzUgcCdaKRrdTv/XEtOFKPsI4YWFMBpL3OSVgpeC+25Hp9bnrVS+65YrnejPgZeLnpIJy1Lvlr05P0TRmEqggxgS+l0CYEQ2cCjYpdVLDEkJHZMACSyWJmQmz2ckTfGKVHu4rbUsCnqm/JzISGzOOI9sZExiaRW8q/ucFKfSvwozLJAUm6XxRPxUYFJ7+j3tcMwpibAmhmttbMR0STSjYlEo2BH/x5WXSPHN9z/UfqpXaTR5HER2hY3SKfHSJaugO1VEDUaTQM3pFbw44L8678zFvLTj5zCH6A+fzB3ajkAw=</latexit><latexit sha1_base64="TkpEKsQlesMvWGyWYYsEgwT2W4A=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgadnVol6EohdPUsF+wHYp2TRtQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz86JEcAOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdOoVFPWoEoo3Y6IYYJL1gAOgrUTzUgcCdaKRrdTv/XEtOFKPsI4YWFMBpL3OSVgpeC+25Hp9bnrVS+65YrnejPgZeLnpIJy1Lvlr05P0TRmEqggxgS+l0CYEQ2cCjYpdVLDEkJHZMACSyWJmQmz2ckTfGKVHu4rbUsCnqm/JzISGzOOI9sZExiaRW8q/ucFKfSvwozLJAUm6XxRPxUYFJ7+j3tcMwpibAmhmttbMR0STSjYlEo2BH/x5WXSPHN9z/UfqpXaTR5HER2hY3SKfHSJaugO1VEDUaTQM3pFbw44L8678zFvLTj5zCH6A+fzB3ajkAw=</latexit><latexit sha1_base64="TkpEKsQlesMvWGyWYYsEgwT2W4A=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgadnVol6EohdPUsF+wHYp2TRtQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz86JEcAOe9+0UVlbX1jeKm6Wt7Z3dvfL+QdOoVFPWoEoo3Y6IYYJL1gAOgrUTzUgcCdaKRrdTv/XEtOFKPsI4YWFMBpL3OSVgpeC+25Hp9bnrVS+65YrnejPgZeLnpIJy1Lvlr05P0TRmEqggxgS+l0CYEQ2cCjYpdVLDEkJHZMACSyWJmQmz2ckTfGKVHu4rbUsCnqm/JzISGzOOI9sZExiaRW8q/ucFKfSvwozLJAUm6XxRPxUYFJ7+j3tcMwpibAmhmttbMR0STSjYlEo2BH/x5WXSPHN9z/UfqpXaTR5HER2hY3SKfHSJaugO1VEDUaTQM3pFbw44L8678zFvLTj5zCH6A+fzB3ajkAw=</latexit>

assuming PBHs are abundant enough to initiate an EMDE 
and reheat the universe via Hawking evaporation:

current experimental limits and projected sensitivities of future experiments: 
CMB(two are taken from the Planck)

CMB1
<latexit sha1_base64="u23uyeiQOn1mrewX/Zn3hch8umg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeQXLwIEcwDsmuYncwmQ2YfzPSKYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3+YkUGm372yqsrW9sbhW3Szu7e/sH5cOjto5TxXiLxTJWXZ9qLkXEWyhQ8m6iOA19yTv+uDHzO49caRFH9zhJuBfSYSQCwSgayXWRP2HWuK1PH5x+uWJX7TnIKnFyUoEczX75yx3ELA15hExSrXuOnaCXUYWCST4tuanmCWVjOuQ9QyMacu1l85un5MwoAxLEylSEZK7+nshoqPUk9E1nSHGkl72Z+J/XSzG49jIRJSnyiC0WBakkGJNZAGQgFGcoJ4ZQpoS5lbARVZShialkQnCWX14l7YuqY1edu8tKrZ7HUYQTOIVzcOAKanADTWgBgwSe4RXerNR6sd6tj0VrwcpnjuEPrM8fqmuRbA==</latexit><latexit sha1_base64="u23uyeiQOn1mrewX/Zn3hch8umg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeQXLwIEcwDsmuYncwmQ2YfzPSKYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3+YkUGm372yqsrW9sbhW3Szu7e/sH5cOjto5TxXiLxTJWXZ9qLkXEWyhQ8m6iOA19yTv+uDHzO49caRFH9zhJuBfSYSQCwSgayXWRP2HWuK1PH5x+uWJX7TnIKnFyUoEczX75yx3ELA15hExSrXuOnaCXUYWCST4tuanmCWVjOuQ9QyMacu1l85un5MwoAxLEylSEZK7+nshoqPUk9E1nSHGkl72Z+J/XSzG49jIRJSnyiC0WBakkGJNZAGQgFGcoJ4ZQpoS5lbARVZShialkQnCWX14l7YuqY1edu8tKrZ7HUYQTOIVzcOAKanADTWgBgwSe4RXerNR6sd6tj0VrwcpnjuEPrM8fqmuRbA==</latexit><latexit sha1_base64="u23uyeiQOn1mrewX/Zn3hch8umg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeQXLwIEcwDsmuYncwmQ2YfzPSKYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3+YkUGm372yqsrW9sbhW3Szu7e/sH5cOjto5TxXiLxTJWXZ9qLkXEWyhQ8m6iOA19yTv+uDHzO49caRFH9zhJuBfSYSQCwSgayXWRP2HWuK1PH5x+uWJX7TnIKnFyUoEczX75yx3ELA15hExSrXuOnaCXUYWCST4tuanmCWVjOuQ9QyMacu1l85un5MwoAxLEylSEZK7+nshoqPUk9E1nSHGkl72Z+J/XSzG49jIRJSnyiC0WBakkGJNZAGQgFGcoJ4ZQpoS5lbARVZShialkQnCWX14l7YuqY1edu8tKrZ7HUYQTOIVzcOAKanADTWgBgwSe4RXerNR6sd6tj0VrwcpnjuEPrM8fqmuRbA==</latexit><latexit sha1_base64="u23uyeiQOn1mrewX/Zn3hch8umg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeQXLwIEcwDsmuYncwmQ2YfzPSKYclvePGgiFd/xpt/4yTZgyYWNBRV3XR3+YkUGm372yqsrW9sbhW3Szu7e/sH5cOjto5TxXiLxTJWXZ9qLkXEWyhQ8m6iOA19yTv+uDHzO49caRFH9zhJuBfSYSQCwSgayXWRP2HWuK1PH5x+uWJX7TnIKnFyUoEczX75yx3ELA15hExSrXuOnaCXUYWCST4tuanmCWVjOuQ9QyMacu1l85un5MwoAxLEylSEZK7+nshoqPUk9E1nSHGkl72Z+J/XSzG49jIRJSnyiC0WBakkGJNZAGQgFGcoJ4ZQpoS5lbARVZShialkQnCWX14l7YuqY1edu8tKrZ7HUYQTOIVzcOAKanADTWgBgwSe4RXerNR6sd6tj0VrwcpnjuEPrM8fqmuRbA==</latexit>

CMB2
<latexit sha1_base64="mdkf2rUjb8fuOvbTdrrEpitlY1Q=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DEkFy9CBPOA7BpmJ7PJkNkHM71iWPIbXjwo4tWf8ebfOEn2oIkFDUVVN91dfiKFRtv+ttbWNza3tgs7xd29/YPD0tFxW8epYrzFYhmrrk81lyLiLRQoeTdRnIa+5B1/3Jj5nUeutIije5wk3AvpMBKBYBSN5LrInzBr3NanD9V+qWxX7DnIKnFyUoYczX7pyx3ELA15hExSrXuOnaCXUYWCST4tuqnmCWVjOuQ9QyMacu1l85un5NwoAxLEylSEZK7+nshoqPUk9E1nSHGkl72Z+J/XSzG49jIRJSnyiC0WBakkGJNZAGQgFGcoJ4ZQpoS5lbARVZShialoQnCWX14l7WrFsSvO3WW5Vs/jKMApnMEFOHAFNbiBJrSAQQLP8ApvVmq9WO/Wx6J1zcpnTuAPrM8fq++RbQ==</latexit><latexit sha1_base64="mdkf2rUjb8fuOvbTdrrEpitlY1Q=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DEkFy9CBPOA7BpmJ7PJkNkHM71iWPIbXjwo4tWf8ebfOEn2oIkFDUVVN91dfiKFRtv+ttbWNza3tgs7xd29/YPD0tFxW8epYrzFYhmrrk81lyLiLRQoeTdRnIa+5B1/3Jj5nUeutIije5wk3AvpMBKBYBSN5LrInzBr3NanD9V+qWxX7DnIKnFyUoYczX7pyx3ELA15hExSrXuOnaCXUYWCST4tuqnmCWVjOuQ9QyMacu1l85un5NwoAxLEylSEZK7+nshoqPUk9E1nSHGkl72Z+J/XSzG49jIRJSnyiC0WBakkGJNZAGQgFGcoJ4ZQpoS5lbARVZShialoQnCWX14l7WrFsSvO3WW5Vs/jKMApnMEFOHAFNbiBJrSAQQLP8ApvVmq9WO/Wx6J1zcpnTuAPrM8fq++RbQ==</latexit><latexit sha1_base64="mdkf2rUjb8fuOvbTdrrEpitlY1Q=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DEkFy9CBPOA7BpmJ7PJkNkHM71iWPIbXjwo4tWf8ebfOEn2oIkFDUVVN91dfiKFRtv+ttbWNza3tgs7xd29/YPD0tFxW8epYrzFYhmrrk81lyLiLRQoeTdRnIa+5B1/3Jj5nUeutIije5wk3AvpMBKBYBSN5LrInzBr3NanD9V+qWxX7DnIKnFyUoYczX7pyx3ELA15hExSrXuOnaCXUYWCST4tuqnmCWVjOuQ9QyMacu1l85un5NwoAxLEylSEZK7+nshoqPUk9E1nSHGkl72Z+J/XSzG49jIRJSnyiC0WBakkGJNZAGQgFGcoJ4ZQpoS5lbARVZShialoQnCWX14l7WrFsSvO3WW5Vs/jKMApnMEFOHAFNbiBJrSAQQLP8ApvVmq9WO/Wx6J1zcpnTuAPrM8fq++RbQ==</latexit><latexit sha1_base64="mdkf2rUjb8fuOvbTdrrEpitlY1Q=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DEkFy9CBPOA7BpmJ7PJkNkHM71iWPIbXjwo4tWf8ebfOEn2oIkFDUVVN91dfiKFRtv+ttbWNza3tgs7xd29/YPD0tFxW8epYrzFYhmrrk81lyLiLRQoeTdRnIa+5B1/3Jj5nUeutIije5wk3AvpMBKBYBSN5LrInzBr3NanD9V+qWxX7DnIKnFyUoYczX7pyx3ELA15hExSrXuOnaCXUYWCST4tuqnmCWVjOuQ9QyMacu1l85un5NwoAxLEylSEZK7+nshoqPUk9E1nSHGkl72Z+J/XSzG49jIRJSnyiC0WBakkGJNZAGQgFGcoJ4ZQpoS5lbARVZShialoQnCWX14l7WrFsSvO3WW5Vs/jKMApnMEFOHAFNbiBJrSAQQLP8ApvVmq9WO/Wx6J1zcpnTuAPrM8fq++RbQ==</latexit>

(TT+low E, conservative)

(TT,TE,EE+low E, more stringent)

Hooper, Krnjaic, McDermott 1905.01301

BBN: AlterBBN 
the sensitivity of the future CMB Stage 4 (CMB-S4) experiment 6



Z 1
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dn

da⇤
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<latexit sha1_base64="rMAS8v6ots7jKstDjMDMe+EsYX4=">AAACEXicbVBNS8MwGE79nPOr6tFLcAhDZLQi6EUYevE4wX3A2pU0TbewNC1JKozSv+DFv+LFgyJevXnz35h1PejmA8n78DzvS/I+fsKoVJb1bSwtr6yurVc2qptb2zu75t5+R8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr++Gbqdx+IkDTm92qSEDdCQ05DipHSkmfWHcqVl1n5wIZOEAqEswDyXF9ocJI7p0WFV9D2zJrVsArARWKXpAZKtDzzywlinEaEK8yQlH3bSpSbIaEoZiSvOqkkCcJjNCR9TTmKiHSzYqMcHmslgGEs9OEKFurviQxFUk4iX3dGSI3kvDcV//P6qQov3YzyJFWE49lDYcqgiuE0HhhQQbBiE00QFlT/FeIR0rEoHWJVh2DPr7xIOmcN22rYd+e15nUZRwUcgiNQBza4AE1wC1qgDTB4BM/gFbwZT8aL8W58zFqXjHLmAPyB8fkDXvibZg==</latexit><latexit sha1_base64="rMAS8v6ots7jKstDjMDMe+EsYX4=">AAACEXicbVBNS8MwGE79nPOr6tFLcAhDZLQi6EUYevE4wX3A2pU0TbewNC1JKozSv+DFv+LFgyJevXnz35h1PejmA8n78DzvS/I+fsKoVJb1bSwtr6yurVc2qptb2zu75t5+R8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr++Gbqdx+IkDTm92qSEDdCQ05DipHSkmfWHcqVl1n5wIZOEAqEswDyXF9ocJI7p0WFV9D2zJrVsArARWKXpAZKtDzzywlinEaEK8yQlH3bSpSbIaEoZiSvOqkkCcJjNCR9TTmKiHSzYqMcHmslgGEs9OEKFurviQxFUk4iX3dGSI3kvDcV//P6qQov3YzyJFWE49lDYcqgiuE0HhhQQbBiE00QFlT/FeIR0rEoHWJVh2DPr7xIOmcN22rYd+e15nUZRwUcgiNQBza4AE1wC1qgDTB4BM/gFbwZT8aL8W58zFqXjHLmAPyB8fkDXvibZg==</latexit><latexit sha1_base64="rMAS8v6ots7jKstDjMDMe+EsYX4=">AAACEXicbVBNS8MwGE79nPOr6tFLcAhDZLQi6EUYevE4wX3A2pU0TbewNC1JKozSv+DFv+LFgyJevXnz35h1PejmA8n78DzvS/I+fsKoVJb1bSwtr6yurVc2qptb2zu75t5+R8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr++Gbqdx+IkDTm92qSEDdCQ05DipHSkmfWHcqVl1n5wIZOEAqEswDyXF9ocJI7p0WFV9D2zJrVsArARWKXpAZKtDzzywlinEaEK8yQlH3bSpSbIaEoZiSvOqkkCcJjNCR9TTmKiHSzYqMcHmslgGEs9OEKFurviQxFUk4iX3dGSI3kvDcV//P6qQov3YzyJFWE49lDYcqgiuE0HhhQQbBiE00QFlT/FeIR0rEoHWJVh2DPr7xIOmcN22rYd+e15nUZRwUcgiNQBza4AE1wC1qgDTB4BM/gFbwZT8aL8W58zFqXjHLmAPyB8fkDXvibZg==</latexit><latexit sha1_base64="rMAS8v6ots7jKstDjMDMe+EsYX4=">AAACEXicbVBNS8MwGE79nPOr6tFLcAhDZLQi6EUYevE4wX3A2pU0TbewNC1JKozSv+DFv+LFgyJevXnz35h1PejmA8n78DzvS/I+fsKoVJb1bSwtr6yurVc2qptb2zu75t5+R8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr++Gbqdx+IkDTm92qSEDdCQ05DipHSkmfWHcqVl1n5wIZOEAqEswDyXF9ocJI7p0WFV9D2zJrVsArARWKXpAZKtDzzywlinEaEK8yQlH3bSpSbIaEoZiSvOqkkCcJjNCR9TTmKiHSzYqMcHmslgGEs9OEKFurviQxFUk4iX3dGSI3kvDcV//P6qQov3YzyJFWE49lDYcqgiuE0HhhQQbBiE00QFlT/FeIR0rEoHWJVh2DPr7xIOmcN22rYd+e15nUZRwUcgiNQBza4AE1wC1qgDTB4BM/gFbwZT8aL8W58zFqXjHLmAPyB8fkDXvibZg==</latexit>

⇢DR/SM(tRH) =

Z 1

0

da⇤
dn

da⇤

Z tRH

0

dt

Z +1

0

dE E
d2NDR/SM

dtdE
(M,a⇤)

<latexit sha1_base64="Endjh0hm1HCRwhdZEEaWdoEV/PM="></latexit><latexit sha1_base64="Endjh0hm1HCRwhdZEEaWdoEV/PM="></latexit><latexit sha1_base64="Endjh0hm1HCRwhdZEEaWdoEV/PM="></latexit><latexit sha1_base64="Endjh0hm1HCRwhdZEEaWdoEV/PM="></latexit>

- extended spin distribution

- reheating temperature

1) RH time = time at which last PBH (with lowest spin evaporates)

2) RH time = the average PBH lifetime, weighted by the spin distribution

- degrees of freedom

g⇤(T ), g⇤,S(T )
<latexit sha1_base64="MvIAYuzWQRDjjASjMsQwh3/mqL4=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFqKWUGRF0WXTjsmJf0A5DJs20oZkHSUYoYxf+ihsXirj1N9z5N6btLLT1hMDJOfdyb44XcyaVZX0buZXVtfWN/GZha3tnd8/cP2jJKBGENknEI9HxsKSchbSpmOK0EwuKA4/Ttje6mfrtByoki8KGGsfUCfAgZD4jWGnJNY8GbrnUOKv09EEDNy1X7if67ZpFq2rNgJaJnZEiZKi75levH5EkoKEiHEvZta1YOSkWihFOJ4VeImmMyQgPaFfTEAdUOuls/wk61Uof+ZHQN1Ropv7uSHEg5TjwdGWA1VAuelPxP6+bKP/KSVkYJ4qGZD7ITzhSEZqGgfpMUKL4WBNMBNO7IjLEAhOlIyvoEOzFLy+T1nnVtqr23UWxdp3FkYdjOIES2HAJNbiFOjSBwCM8wyu8GU/Gi/FufMxLc0bWcwh/YHz+AAPmk4Q=</latexit><latexit sha1_base64="MvIAYuzWQRDjjASjMsQwh3/mqL4=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFqKWUGRF0WXTjsmJf0A5DJs20oZkHSUYoYxf+ihsXirj1N9z5N6btLLT1hMDJOfdyb44XcyaVZX0buZXVtfWN/GZha3tnd8/cP2jJKBGENknEI9HxsKSchbSpmOK0EwuKA4/Ttje6mfrtByoki8KGGsfUCfAgZD4jWGnJNY8GbrnUOKv09EEDNy1X7if67ZpFq2rNgJaJnZEiZKi75levH5EkoKEiHEvZta1YOSkWihFOJ4VeImmMyQgPaFfTEAdUOuls/wk61Uof+ZHQN1Ropv7uSHEg5TjwdGWA1VAuelPxP6+bKP/KSVkYJ4qGZD7ITzhSEZqGgfpMUKL4WBNMBNO7IjLEAhOlIyvoEOzFLy+T1nnVtqr23UWxdp3FkYdjOIES2HAJNbiFOjSBwCM8wyu8GU/Gi/FufMxLc0bWcwh/YHz+AAPmk4Q=</latexit><latexit sha1_base64="MvIAYuzWQRDjjASjMsQwh3/mqL4=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFqKWUGRF0WXTjsmJf0A5DJs20oZkHSUYoYxf+ihsXirj1N9z5N6btLLT1hMDJOfdyb44XcyaVZX0buZXVtfWN/GZha3tnd8/cP2jJKBGENknEI9HxsKSchbSpmOK0EwuKA4/Ttje6mfrtByoki8KGGsfUCfAgZD4jWGnJNY8GbrnUOKv09EEDNy1X7if67ZpFq2rNgJaJnZEiZKi75levH5EkoKEiHEvZta1YOSkWihFOJ4VeImmMyQgPaFfTEAdUOuls/wk61Uof+ZHQN1Ropv7uSHEg5TjwdGWA1VAuelPxP6+bKP/KSVkYJ4qGZD7ITzhSEZqGgfpMUKL4WBNMBNO7IjLEAhOlIyvoEOzFLy+T1nnVtqr23UWxdp3FkYdjOIES2HAJNbiFOjSBwCM8wyu8GU/Gi/FufMxLc0bWcwh/YHz+AAPmk4Q=</latexit><latexit sha1_base64="MvIAYuzWQRDjjASjMsQwh3/mqL4=">AAAB/3icbVDLSgMxFL1TX7W+RgU3boJFqKWUGRF0WXTjsmJf0A5DJs20oZkHSUYoYxf+ihsXirj1N9z5N6btLLT1hMDJOfdyb44XcyaVZX0buZXVtfWN/GZha3tnd8/cP2jJKBGENknEI9HxsKSchbSpmOK0EwuKA4/Ttje6mfrtByoki8KGGsfUCfAgZD4jWGnJNY8GbrnUOKv09EEDNy1X7if67ZpFq2rNgJaJnZEiZKi75levH5EkoKEiHEvZta1YOSkWihFOJ4VeImmMyQgPaFfTEAdUOuls/wk61Uof+ZHQN1Ropv7uSHEg5TjwdGWA1VAuelPxP6+bKP/KSVkYJ4qGZD7ITzhSEZqGgfpMUKL4WBNMBNO7IjLEAhOlIyvoEOzFLy+T1nnVtqr23UWxdp3FkYdjOIES2HAJNbiFOjSBwCM8wyu8GU/Gi/FufMxLc0bWcwh/YHz+AAPmk4Q=</latexit>

SuperIso Relic

<latexit sha1_base64="x70RyGoNHH0yuRtvl1GHJDl8NhE=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZEfQY9KK3uGSBZAg9nUrSpGehu0YMQ7z4K148KOLVv/Dm39hJ5qCJDwoe71V1Vz0/lkKj43xbuYXFpeWV/GphbX1jc8ve3qnpKFEcqjySkWr4TIMUIVRRoIRGrIAFvoS6P7gY+/V7UFpE4R0OY/AC1gtFV3CGRmrbe7SF8ICI6W0Sg7rSEb0xj/FR2y46JWcCOk/cjBRJhkrb/mp1Ip4EECKXTOum68TopUyh4BJGhVaiIWZ8wHrQNDRkAWgvnVwwoodG6dBupEyFSCfq74mUBVoPA990Bgz7etYbi/95zQS7Z14qwjhBCPn0o24iKUZ0HAftCAUc5dAQxpUwu1LeZ4pxNKEVTAju7MnzpHZccp2Se31SLJ9nceTJPjkgR8Qlp6RMLkmFVAknj+SZvJI368l6sd6tj2lrzspmdskfWJ8/rNmXBQ==</latexit><latexit sha1_base64="x70RyGoNHH0yuRtvl1GHJDl8NhE=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZEfQY9KK3uGSBZAg9nUrSpGehu0YMQ7z4K148KOLVv/Dm39hJ5qCJDwoe71V1Vz0/lkKj43xbuYXFpeWV/GphbX1jc8ve3qnpKFEcqjySkWr4TIMUIVRRoIRGrIAFvoS6P7gY+/V7UFpE4R0OY/AC1gtFV3CGRmrbe7SF8ICI6W0Sg7rSEb0xj/FR2y46JWcCOk/cjBRJhkrb/mp1Ip4EECKXTOum68TopUyh4BJGhVaiIWZ8wHrQNDRkAWgvnVwwoodG6dBupEyFSCfq74mUBVoPA990Bgz7etYbi/95zQS7Z14qwjhBCPn0o24iKUZ0HAftCAUc5dAQxpUwu1LeZ4pxNKEVTAju7MnzpHZccp2Se31SLJ9nceTJPjkgR8Qlp6RMLkmFVAknj+SZvJI368l6sd6tj2lrzspmdskfWJ8/rNmXBQ==</latexit><latexit sha1_base64="x70RyGoNHH0yuRtvl1GHJDl8NhE=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZEfQY9KK3uGSBZAg9nUrSpGehu0YMQ7z4K148KOLVv/Dm39hJ5qCJDwoe71V1Vz0/lkKj43xbuYXFpeWV/GphbX1jc8ve3qnpKFEcqjySkWr4TIMUIVRRoIRGrIAFvoS6P7gY+/V7UFpE4R0OY/AC1gtFV3CGRmrbe7SF8ICI6W0Sg7rSEb0xj/FR2y46JWcCOk/cjBRJhkrb/mp1Ip4EECKXTOum68TopUyh4BJGhVaiIWZ8wHrQNDRkAWgvnVwwoodG6dBupEyFSCfq74mUBVoPA990Bgz7etYbi/95zQS7Z14qwjhBCPn0o24iKUZ0HAftCAUc5dAQxpUwu1LeZ4pxNKEVTAju7MnzpHZccp2Se31SLJ9nceTJPjkgR8Qlp6RMLkmFVAknj+SZvJI368l6sd6tj2lrzspmdskfWJ8/rNmXBQ==</latexit><latexit sha1_base64="x70RyGoNHH0yuRtvl1GHJDl8NhE=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZEfQY9KK3uGSBZAg9nUrSpGehu0YMQ7z4K148KOLVv/Dm39hJ5qCJDwoe71V1Vz0/lkKj43xbuYXFpeWV/GphbX1jc8ve3qnpKFEcqjySkWr4TIMUIVRRoIRGrIAFvoS6P7gY+/V7UFpE4R0OY/AC1gtFV3CGRmrbe7SF8ICI6W0Sg7rSEb0xj/FR2y46JWcCOk/cjBRJhkrb/mp1Ip4EECKXTOum68TopUyh4BJGhVaiIWZ8wHrQNDRkAWgvnVwwoodG6dBupEyFSCfq74mUBVoPA990Bgz7etYbi/95zQS7Z14qwjhBCPn0o24iKUZ0HAftCAUc5dAQxpUwu1LeZ4pxNKEVTAju7MnzpHZccp2Se31SLJ9nceTJPjkgR8Qlp6RMLkmFVAknj+SZvJI368l6sd6tj2lrzspmdskfWJ8/rNmXBQ==</latexit>

precision calculation:
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benchmark spin distributions:
1) Early matter domination era (EMDE):

spin source: 
- the first-order contribution: from deviation of the boundary of the volume from a sphere. 

- the second-order contribution: density fluctuations in the comoving region. 

The first-order effect usually dominates  
(when the initial deviation of the boundary of collapsing region from a sphere is large)

EMDE: 1st order EMDE: 2nd order

In both cases, spin distribution is a function  
of the mean variance of the density perturbations at horizon entry �H = h�s(tH)2i1/2

<latexit sha1_base64="paTTAMJ//HnJ3Q3Hag3M1MGWncg=">AAACKXicbVBNSwMxFMz6bf2qevQSLEK91N0i6EUoevGoYLXQrSWbvrbBJLskb4Wy7N/x4l/xoqCoV/+IaS2i1oHAMDOPlzdRIoVF33/zpqZnZufmFxYLS8srq2vF9Y1LG6eGQ53HMjaNiFmQQkMdBUpoJAaYiiRcRTcnQ//qFowVsb7AQQItxXpadAVn6KR2sRZa0VOsnYVGZad5To9oKJnuSaBhByQ6x+a0jN+B3etqaEaB6yzYq+btYsmv+CPQSRKMSYmMcdYuPoWdmKcKNHLJrG0GfoKtjBkUXEJeCFMLCeM3rAdNRzVTYFvZ6NKc7jilQ7uxcU8jHak/JzKmrB2oyCUVw7796w3F/7xmit3DViZ0kiJo/rWom0qKMR3WRjvCAEc5cIRxI9xfKe8zwzi6cguuhODvyZPksloJ/Epwvl+qHY/rWCBbZJuUSUAOSI2ckjNSJ5zckQfyTF68e+/Re/Xev6JT3nhmk/yC9/EJ/u6nCg==</latexit><latexit sha1_base64="paTTAMJ//HnJ3Q3Hag3M1MGWncg=">AAACKXicbVBNSwMxFMz6bf2qevQSLEK91N0i6EUoevGoYLXQrSWbvrbBJLskb4Wy7N/x4l/xoqCoV/+IaS2i1oHAMDOPlzdRIoVF33/zpqZnZufmFxYLS8srq2vF9Y1LG6eGQ53HMjaNiFmQQkMdBUpoJAaYiiRcRTcnQ//qFowVsb7AQQItxXpadAVn6KR2sRZa0VOsnYVGZad5To9oKJnuSaBhByQ6x+a0jN+B3etqaEaB6yzYq+btYsmv+CPQSRKMSYmMcdYuPoWdmKcKNHLJrG0GfoKtjBkUXEJeCFMLCeM3rAdNRzVTYFvZ6NKc7jilQ7uxcU8jHak/JzKmrB2oyCUVw7796w3F/7xmit3DViZ0kiJo/rWom0qKMR3WRjvCAEc5cIRxI9xfKe8zwzi6cguuhODvyZPksloJ/Epwvl+qHY/rWCBbZJuUSUAOSI2ckjNSJ5zckQfyTF68e+/Re/Xev6JT3nhmk/yC9/EJ/u6nCg==</latexit><latexit sha1_base64="paTTAMJ//HnJ3Q3Hag3M1MGWncg=">AAACKXicbVBNSwMxFMz6bf2qevQSLEK91N0i6EUoevGoYLXQrSWbvrbBJLskb4Wy7N/x4l/xoqCoV/+IaS2i1oHAMDOPlzdRIoVF33/zpqZnZufmFxYLS8srq2vF9Y1LG6eGQ53HMjaNiFmQQkMdBUpoJAaYiiRcRTcnQ//qFowVsb7AQQItxXpadAVn6KR2sRZa0VOsnYVGZad5To9oKJnuSaBhByQ6x+a0jN+B3etqaEaB6yzYq+btYsmv+CPQSRKMSYmMcdYuPoWdmKcKNHLJrG0GfoKtjBkUXEJeCFMLCeM3rAdNRzVTYFvZ6NKc7jilQ7uxcU8jHak/JzKmrB2oyCUVw7796w3F/7xmit3DViZ0kiJo/rWom0qKMR3WRjvCAEc5cIRxI9xfKe8zwzi6cguuhODvyZPksloJ/Epwvl+qHY/rWCBbZJuUSUAOSI2ckjNSJ5zckQfyTF68e+/Re/Xev6JT3nhmk/yC9/EJ/u6nCg==</latexit><latexit sha1_base64="paTTAMJ//HnJ3Q3Hag3M1MGWncg=">AAACKXicbVBNSwMxFMz6bf2qevQSLEK91N0i6EUoevGoYLXQrSWbvrbBJLskb4Wy7N/x4l/xoqCoV/+IaS2i1oHAMDOPlzdRIoVF33/zpqZnZufmFxYLS8srq2vF9Y1LG6eGQ53HMjaNiFmQQkMdBUpoJAaYiiRcRTcnQ//qFowVsb7AQQItxXpadAVn6KR2sRZa0VOsnYVGZad5To9oKJnuSaBhByQ6x+a0jN+B3etqaEaB6yzYq+btYsmv+CPQSRKMSYmMcdYuPoWdmKcKNHLJrG0GfoKtjBkUXEJeCFMLCeM3rAdNRzVTYFvZ6NKc7jilQ7uxcU8jHak/JzKmrB2oyCUVw7796w3F/7xmit3DViZ0kiJo/rWom0qKMR3WRjvCAEc5cIRxI9xfKe8zwzi6cguuhODvyZPksloJ/Epwvl+qHY/rWCBbZJuUSUAOSI2ckjNSJ5zckQfyTF68e+/Re/Xev6JT3nhmk/yC9/EJ/u6nCg==</latexit>

Harada,Yoo, Kohri, Nakao 1707.03595 
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2) distribution from inspirals:

Fishbach, Holz, Farr 1703.06869
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PBH spins compares to the monochromatic approximation
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Early Matter domination:

EMDE: 
1st order

EMDE: 
 2nd order
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near-extremal PBH spins (monochromatic spin distribution):

Low and high cut-off for CMB -S4:
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- CMB-S4 will probe all near-extremal  
monochromatic spin distributions. 

- Larget PBH masses already excluded.

- The smallest monochromatic spin for which CMB-S4  
will be sensitive to the entire mass rang:

a⇤min, all = 0.81
<latexit sha1_base64="LT0HjaWUOGDR2Z7aPb0xK0OUtEI=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8EgiEjYFcFchKAXjxHMA5J1mZ1MkiEzs8tMrxiWePFXvHhQxKt/4c2/cfI4aGJBQ1HVTXdXGAtuwHW/nczC4tLySnY1t7a+sbmV396pmSjRlFVpJCLdCIlhgitWBQ6CNWLNiAwFq4f9q5Ffv2fa8EjdwiBmviRdxTucErBSkN8jQQvYA6SSqxNMhBjeHV+4xZIX5Atu0R0DzxNvSgpoikqQ/2q1I5pIpoAKYkzTc2PwU6KBU8GGuVZiWExon3RZ01JFJDN+Ov5giA+t0sadSNtSgMfq74mUSGMGMrSdkkDPzHoj8T+vmUCn5KdcxQkwRSeLOonAEOFRHLjNNaMgBpYQqrm9FdMe0YSCDS1nQ/BmX54ntdOi5xa9m7NC+XIaRxbtowN0hDx0jsroGlVQFVH0iJ7RK3pznpwX5935mLRmnOnMLvoD5/MHy7mVyQ==</latexit><latexit sha1_base64="LT0HjaWUOGDR2Z7aPb0xK0OUtEI=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8EgiEjYFcFchKAXjxHMA5J1mZ1MkiEzs8tMrxiWePFXvHhQxKt/4c2/cfI4aGJBQ1HVTXdXGAtuwHW/nczC4tLySnY1t7a+sbmV396pmSjRlFVpJCLdCIlhgitWBQ6CNWLNiAwFq4f9q5Ffv2fa8EjdwiBmviRdxTucErBSkN8jQQvYA6SSqxNMhBjeHV+4xZIX5Atu0R0DzxNvSgpoikqQ/2q1I5pIpoAKYkzTc2PwU6KBU8GGuVZiWExon3RZ01JFJDN+Ov5giA+t0sadSNtSgMfq74mUSGMGMrSdkkDPzHoj8T+vmUCn5KdcxQkwRSeLOonAEOFRHLjNNaMgBpYQqrm9FdMe0YSCDS1nQ/BmX54ntdOi5xa9m7NC+XIaRxbtowN0hDx0jsroGlVQFVH0iJ7RK3pznpwX5935mLRmnOnMLvoD5/MHy7mVyQ==</latexit><latexit sha1_base64="LT0HjaWUOGDR2Z7aPb0xK0OUtEI=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8EgiEjYFcFchKAXjxHMA5J1mZ1MkiEzs8tMrxiWePFXvHhQxKt/4c2/cfI4aGJBQ1HVTXdXGAtuwHW/nczC4tLySnY1t7a+sbmV396pmSjRlFVpJCLdCIlhgitWBQ6CNWLNiAwFq4f9q5Ffv2fa8EjdwiBmviRdxTucErBSkN8jQQvYA6SSqxNMhBjeHV+4xZIX5Atu0R0DzxNvSgpoikqQ/2q1I5pIpoAKYkzTc2PwU6KBU8GGuVZiWExon3RZ01JFJDN+Ov5giA+t0sadSNtSgMfq74mUSGMGMrSdkkDPzHoj8T+vmUCn5KdcxQkwRSeLOonAEOFRHLjNNaMgBpYQqrm9FdMe0YSCDS1nQ/BmX54ntdOi5xa9m7NC+XIaRxbtowN0hDx0jsroGlVQFVH0iJ7RK3pznpwX5935mLRmnOnMLvoD5/MHy7mVyQ==</latexit><latexit sha1_base64="LT0HjaWUOGDR2Z7aPb0xK0OUtEI=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8EgiEjYFcFchKAXjxHMA5J1mZ1MkiEzs8tMrxiWePFXvHhQxKt/4c2/cfI4aGJBQ1HVTXdXGAtuwHW/nczC4tLySnY1t7a+sbmV396pmSjRlFVpJCLdCIlhgitWBQ6CNWLNiAwFq4f9q5Ffv2fa8EjdwiBmviRdxTucErBSkN8jQQvYA6SSqxNMhBjeHV+4xZIX5Atu0R0DzxNvSgpoikqQ/2q1I5pIpoAKYkzTc2PwU6KBU8GGuVZiWExon3RZ01JFJDN+Ov5giA+t0sadSNtSgMfq74mUSGMGMrSdkkDPzHoj8T+vmUCn5KdcxQkwRSeLOonAEOFRHLjNNaMgBpYQqrm9FdMe0YSCDS1nQ/BmX54ntdOi5xa9m7NC+XIaRxbtowN0hDx0jsroGlVQFVH0iJ7RK3pznpwX5935mLRmnOnMLvoD5/MHy7mVyQ==</latexit>

- The largest monochromatic spin for which CMB-S4  
will not be sensitive to any part of the mass range:

a⇤
max, no

= 0.69
<latexit sha1_base64="WB2sF6lAQspAU0E4DqK2xlqLLhg=">AAACAHicbVDJSgNBEO2JW4xb1IMHL41BEJEwI+JyEIJePEYwCyTj0NPpJE26e4buGkkYcvFXvHhQxKuf4c2/sbMcNPqg4PFeFVX1wlhwA6775WTm5hcWl7LLuZXVtfWN/OZW1USJpqxCIxHpekgME1yxCnAQrB5rRmQoWC3sXY/82gPThkfqDgYx8yXpKN7mlICVgvwOCZrA+pBK0j/CKhreH166xdOLIF9wi+4Y+C/xpqSApigH+c9mK6KJZAqoIMY0PDcGPyUaOBVsmGsmhsWE9kiHNSxVRDLjp+MHhnjfKi3cjrQtBXis/pxIiTRmIEPbKQl0zaw3Ev/zGgm0z/2UqzgBpuhkUTsRGCI8SgO3uGYUxMASQjW3t2LaJZpQsJnlbAje7Mt/SfW46LlF7/akULqaxpFFu2gPHSAPnaESukFlVEEUDdETekGvzqPz7Lw575PWjDOd2Ua/4Hx8Ax68lWs=</latexit><latexit sha1_base64="WB2sF6lAQspAU0E4DqK2xlqLLhg=">AAACAHicbVDJSgNBEO2JW4xb1IMHL41BEJEwI+JyEIJePEYwCyTj0NPpJE26e4buGkkYcvFXvHhQxKuf4c2/sbMcNPqg4PFeFVX1wlhwA6775WTm5hcWl7LLuZXVtfWN/OZW1USJpqxCIxHpekgME1yxCnAQrB5rRmQoWC3sXY/82gPThkfqDgYx8yXpKN7mlICVgvwOCZrA+pBK0j/CKhreH166xdOLIF9wi+4Y+C/xpqSApigH+c9mK6KJZAqoIMY0PDcGPyUaOBVsmGsmhsWE9kiHNSxVRDLjp+MHhnjfKi3cjrQtBXis/pxIiTRmIEPbKQl0zaw3Ev/zGgm0z/2UqzgBpuhkUTsRGCI8SgO3uGYUxMASQjW3t2LaJZpQsJnlbAje7Mt/SfW46LlF7/akULqaxpFFu2gPHSAPnaESukFlVEEUDdETekGvzqPz7Lw575PWjDOd2Ua/4Hx8Ax68lWs=</latexit><latexit sha1_base64="WB2sF6lAQspAU0E4DqK2xlqLLhg=">AAACAHicbVDJSgNBEO2JW4xb1IMHL41BEJEwI+JyEIJePEYwCyTj0NPpJE26e4buGkkYcvFXvHhQxKuf4c2/sbMcNPqg4PFeFVX1wlhwA6775WTm5hcWl7LLuZXVtfWN/OZW1USJpqxCIxHpekgME1yxCnAQrB5rRmQoWC3sXY/82gPThkfqDgYx8yXpKN7mlICVgvwOCZrA+pBK0j/CKhreH166xdOLIF9wi+4Y+C/xpqSApigH+c9mK6KJZAqoIMY0PDcGPyUaOBVsmGsmhsWE9kiHNSxVRDLjp+MHhnjfKi3cjrQtBXis/pxIiTRmIEPbKQl0zaw3Ev/zGgm0z/2UqzgBpuhkUTsRGCI8SgO3uGYUxMASQjW3t2LaJZpQsJnlbAje7Mt/SfW46LlF7/akULqaxpFFu2gPHSAPnaESukFlVEEUDdETekGvzqPz7Lw575PWjDOd2Ua/4Hx8Ax68lWs=</latexit><latexit sha1_base64="WB2sF6lAQspAU0E4DqK2xlqLLhg=">AAACAHicbVDJSgNBEO2JW4xb1IMHL41BEJEwI+JyEIJePEYwCyTj0NPpJE26e4buGkkYcvFXvHhQxKuf4c2/sbMcNPqg4PFeFVX1wlhwA6775WTm5hcWl7LLuZXVtfWN/OZW1USJpqxCIxHpekgME1yxCnAQrB5rRmQoWC3sXY/82gPThkfqDgYx8yXpKN7mlICVgvwOCZrA+pBK0j/CKhreH166xdOLIF9wi+4Y+C/xpqSApigH+c9mK6KJZAqoIMY0PDcGPyUaOBVsmGsmhsWE9kiHNSxVRDLjp+MHhnjfKi3cjrQtBXis/pxIiTRmIEPbKQl0zaw3Ev/zGgm0z/2UqzgBpuhkUTsRGCI8SgO3uGYUxMASQjW3t2LaJZpQsJnlbAje7Mt/SfW46LlF7/akULqaxpFFu2gPHSAPnaESukFlVEEUDdETekGvzqPz7Lw575PWjDOd2Ua/4Hx8Ax68lWs=</latexit>



Early matter domination era leading to a PBH-dominated era:
a gravitationally coupled modulus field

t

tRH t� tf tdec tPBH teva
⇢R + ⇢�

RD
(⇢R � ⇢�)

⇢R + ⇢�

MD
(⇢� � ⇢R)

⇢R + ⇢� + ⇢PBH

MD
(⇢� + ⇢PBH � ⇢R)

⇢R + ⇢PBH

RD
(⇢R � ⇢PBH)

MD
(⇢PBH � ⇢R)

⇢R

RD

⌧�

⌧PBH

σ� = ����
σ� = ����
σ� = ���

�����-����� ������
������-����� ������

��� �� ��� ��� ��� ���

���

����

����

����

��� (�)

�
ϕ
(�
��

)

13



Conclusions:

- The first precision study of dark radiation emission by Kerr PBHs 

- Precision study includes: extended spin distributions, careful prescription 
for reheating time, precise evaluation of degrees of freedom. 

- precision results for PBHs formed during an EMDE. 

-  Provided PBHs dominate the energy density of the Universe before 
evaporation, CMB-S4 will be sensitive to nearly all EMDE distributions 
and monochromatic spins greater than 0.69.
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