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CMB probes of cosmological inflation: 
current status and future prospects



Our window to the early universe

ESA/Planck



A simple early universe

• Evolved passively from very early times

• Gaussian, adiabatic and nearly scale-invariant

• No evidence (yet) for non-scalar modes

• Super-Hubble (apparently acausal) correlations

Fluctuations:

Planck Collaboration 2018



Cosmic inflation: origin of structure

Credit: Baumann



Inflation theory – single-field, slow-roll

Two massless fields in unitary gauge ( ):δϕ = 0
<latexit sha1_base64="BD8I8W7zelqedfhw4kRESWnYTNk="></latexit>
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Gaussian
Adiabatic
Nearly scale-invariant

Observed: Not yet observed
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Energy scales involved
Energy

Hubble rate
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MPl = 2.4⇥ 1018 GeV
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Hinf < 4⇥ 1013 GeV
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More complete picture …
Energy

Hubble rate
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MPl = 2.4⇥ 1018 GeV
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m � Hinf

Integrate out to give local self 
interactions (EFT)                                     

 equilateral and orthogonal NG→
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m ⌧ Hinf  local-model NG→

Non-local interactions                    
 “cosmological collider physics”→
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Primordial scalar power 
spectrum



CMB power measurements

Choi+ 2020 Multipole `
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<latexit sha1_base64="j/W8RxO/FN1ZnTunCZuuA0nZyHk=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPrANZTK9aYdOJmFmIpTQv3DjQhG3/o07/8ZpmoW2Hhg4nHMvc+4JEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5nfudJ1Sax/LBTBP0IzqSPOSMGis99iNqxjrM6rNBperW3BxklXgFqUKB5qDy1R/GLI1QGiao1j3PTYyfUWU4Ezgr91ONCWUTOsKepZJGqP0sTzwj51YZkjBW9klDcvX3RkYjradRYCfzhMveXPzP66UmvPYzLpPUoGSLj8JUEBOT+flkyBUyI6aWUKa4zUrYmCrKjC2pbEvwlk9eJe16zXNr3v1ltXFT1FGCUziDC/DgChpwB01oAQMJz/AKb452Xpx352MxuuYUOyfwB87nD6zjkOc=</latexit><latexit sha1_base64="j/W8RxO/FN1ZnTunCZuuA0nZyHk=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPrANZTK9aYdOJmFmIpTQv3DjQhG3/o07/8ZpmoW2Hhg4nHMvc+4JEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5nfudJ1Sax/LBTBP0IzqSPOSMGis99iNqxjrM6rNBperW3BxklXgFqUKB5qDy1R/GLI1QGiao1j3PTYyfUWU4Ezgr91ONCWUTOsKepZJGqP0sTzwj51YZkjBW9klDcvX3RkYjradRYCfzhMveXPzP66UmvPYzLpPUoGSLj8JUEBOT+flkyBUyI6aWUKa4zUrYmCrKjC2pbEvwlk9eJe16zXNr3v1ltXFT1FGCUziDC/DgChpwB01oAQMJz/AKb452Xpx352MxuuYUOyfwB87nD6zjkOc=</latexit><latexit sha1_base64="j/W8RxO/FN1ZnTunCZuuA0nZyHk=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPrANZTK9aYdOJmFmIpTQv3DjQhG3/o07/8ZpmoW2Hhg4nHMvc+4JEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5nfudJ1Sax/LBTBP0IzqSPOSMGis99iNqxjrM6rNBperW3BxklXgFqUKB5qDy1R/GLI1QGiao1j3PTYyfUWU4Ezgr91ONCWUTOsKepZJGqP0sTzwj51YZkjBW9klDcvX3RkYjradRYCfzhMveXPzP66UmvPYzLpPUoGSLj8JUEBOT+flkyBUyI6aWUKa4zUrYmCrKjC2pbEvwlk9eJe16zXNr3v1ltXFT1FGCUziDC/DgChpwB01oAQMJz/AKb452Xpx352MxuuYUOyfwB87nD6zjkOc=</latexit><latexit sha1_base64="j/W8RxO/FN1ZnTunCZuuA0nZyHk=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPrANZTK9aYdOJmFmIpTQv3DjQhG3/o07/8ZpmoW2Hhg4nHMvc+4JEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5nfudJ1Sax/LBTBP0IzqSPOSMGis99iNqxjrM6rNBperW3BxklXgFqUKB5qDy1R/GLI1QGiao1j3PTYyfUWU4Ezgr91ONCWUTOsKepZJGqP0sTzwj51YZkjBW9klDcvX3RkYjradRYCfzhMveXPzP66UmvPYzLpPUoGSLj8JUEBOT+flkyBUyI6aWUKa4zUrYmCrKjC2pbEvwlk9eJe16zXNr3v1ltXFT1FGCUziDC/DgChpwB01oAQMJz/AKb452Xpx352MxuuYUOyfwB87nD6zjkOc=</latexit>

500
<latexit sha1_base64="NtjqY7Sc6cHSKZF9Z93/mXdgur4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqmRE0WXRjcsK9gGdoWTSTBuayQxJRihDf8ONC0Xc+jPu/Bsz01lo64HA4Zx7uScnSATXBuNvp7K2vrG5Vd2u7ezu7R/UD4+6Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gumd7nfe2JK81g+mlnC/IiMJQ85JcZKnhcRM9FhdoXxfFhv4CYugFaJW5IGlGgP61/eKKZpxKShgmg9cHFi/Iwow6lg85qXapYQOiVjNrBUkohpPysyz9GZVUYojJV90qBC/b2RkUjrWRTYySLjspeL/3mD1IQ3fsZlkhom6eJQmApkYpQXgEZcMWrEzBJCFbdZEZ0QRaixNdVsCe7yl1dJ96Lp4qb7cNlo3ZZ1VOEETuEcXLiGFtxDGzpAIYFneIU3J3VenHfnYzFaccqdY/gD5/MHlJ2RXg==</latexit><latexit sha1_base64="NtjqY7Sc6cHSKZF9Z93/mXdgur4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqmRE0WXRjcsK9gGdoWTSTBuayQxJRihDf8ONC0Xc+jPu/Bsz01lo64HA4Zx7uScnSATXBuNvp7K2vrG5Vd2u7ezu7R/UD4+6Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gumd7nfe2JK81g+mlnC/IiMJQ85JcZKnhcRM9FhdoXxfFhv4CYugFaJW5IGlGgP61/eKKZpxKShgmg9cHFi/Iwow6lg85qXapYQOiVjNrBUkohpPysyz9GZVUYojJV90qBC/b2RkUjrWRTYySLjspeL/3mD1IQ3fsZlkhom6eJQmApkYpQXgEZcMWrEzBJCFbdZEZ0QRaixNdVsCe7yl1dJ96Lp4qb7cNlo3ZZ1VOEETuEcXLiGFtxDGzpAIYFneIU3J3VenHfnYzFaccqdY/gD5/MHlJ2RXg==</latexit><latexit sha1_base64="NtjqY7Sc6cHSKZF9Z93/mXdgur4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqmRE0WXRjcsK9gGdoWTSTBuayQxJRihDf8ONC0Xc+jPu/Bsz01lo64HA4Zx7uScnSATXBuNvp7K2vrG5Vd2u7ezu7R/UD4+6Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gumd7nfe2JK81g+mlnC/IiMJQ85JcZKnhcRM9FhdoXxfFhv4CYugFaJW5IGlGgP61/eKKZpxKShgmg9cHFi/Iwow6lg85qXapYQOiVjNrBUkohpPysyz9GZVUYojJV90qBC/b2RkUjrWRTYySLjspeL/3mD1IQ3fsZlkhom6eJQmApkYpQXgEZcMWrEzBJCFbdZEZ0QRaixNdVsCe7yl1dJ96Lp4qb7cNlo3ZZ1VOEETuEcXLiGFtxDGzpAIYFneIU3J3VenHfnYzFaccqdY/gD5/MHlJ2RXg==</latexit><latexit sha1_base64="NtjqY7Sc6cHSKZF9Z93/mXdgur4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqmRE0WXRjcsK9gGdoWTSTBuayQxJRihDf8ONC0Xc+jPu/Bsz01lo64HA4Zx7uScnSATXBuNvp7K2vrG5Vd2u7ezu7R/UD4+6Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gumd7nfe2JK81g+mlnC/IiMJQ85JcZKnhcRM9FhdoXxfFhv4CYugFaJW5IGlGgP61/eKKZpxKShgmg9cHFi/Iwow6lg85qXapYQOiVjNrBUkohpPysyz9GZVUYojJV90qBC/b2RkUjrWRTYySLjspeL/3mD1IQ3fsZlkhom6eJQmApkYpQXgEZcMWrEzBJCFbdZEZ0QRaixNdVsCe7yl1dJ96Lp4qb7cNlo3ZZ1VOEETuEcXLiGFtxDGzpAIYFneIU3J3VenHfnYzFaccqdY/gD5/MHlJ2RXg==</latexit>

1000
<latexit sha1_base64="c2oJy+BTNuObCKBTKWr7001schc=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclUQEXRbduKxgH9AOJZNm2tBMZkwyhTL0O9y4UMStH+POvzGdzkJbDwQO59zLPTlBIoWxGH97a+sbm1vbpZ3y7t7+wWHl6Lhl4lQz3mSxjHUnoIZLoXjTCit5J9GcRoHk7WB8N/fbE66NiNWjnSbcj+hQiVAwap3k9yJqRybMCMZ41q9UcQ3nQKuEFKQKBRr9yldvELM04soySY3pEpxYP6PaCib5rNxLDU8oG9Mh7zqqaMSNn+WhZ+jcKQMUxto9ZVGu/t7IaGTMNArcZB5y2ZuL/3nd1IY3fiZUklqu2OJQmEpkYzRvAA2E5szKqSOUaeGyIjaimjLreiq7Esjyl1dJ67JGcI08XFXrt0UdJTiFM7gAAtdQh3toQBMYPMEzvMKbN/FevHfvYzG65hU7J/AH3ucPAGWRlA==</latexit><latexit sha1_base64="c2oJy+BTNuObCKBTKWr7001schc=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclUQEXRbduKxgH9AOJZNm2tBMZkwyhTL0O9y4UMStH+POvzGdzkJbDwQO59zLPTlBIoWxGH97a+sbm1vbpZ3y7t7+wWHl6Lhl4lQz3mSxjHUnoIZLoXjTCit5J9GcRoHk7WB8N/fbE66NiNWjnSbcj+hQiVAwap3k9yJqRybMCMZ41q9UcQ3nQKuEFKQKBRr9yldvELM04soySY3pEpxYP6PaCib5rNxLDU8oG9Mh7zqqaMSNn+WhZ+jcKQMUxto9ZVGu/t7IaGTMNArcZB5y2ZuL/3nd1IY3fiZUklqu2OJQmEpkYzRvAA2E5szKqSOUaeGyIjaimjLreiq7Esjyl1dJ67JGcI08XFXrt0UdJTiFM7gAAtdQh3toQBMYPMEzvMKbN/FevHfvYzG65hU7J/AH3ucPAGWRlA==</latexit><latexit sha1_base64="c2oJy+BTNuObCKBTKWr7001schc=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclUQEXRbduKxgH9AOJZNm2tBMZkwyhTL0O9y4UMStH+POvzGdzkJbDwQO59zLPTlBIoWxGH97a+sbm1vbpZ3y7t7+wWHl6Lhl4lQz3mSxjHUnoIZLoXjTCit5J9GcRoHk7WB8N/fbE66NiNWjnSbcj+hQiVAwap3k9yJqRybMCMZ41q9UcQ3nQKuEFKQKBRr9yldvELM04soySY3pEpxYP6PaCib5rNxLDU8oG9Mh7zqqaMSNn+WhZ+jcKQMUxto9ZVGu/t7IaGTMNArcZB5y2ZuL/3nd1IY3fiZUklqu2OJQmEpkYzRvAA2E5szKqSOUaeGyIjaimjLreiq7Esjyl1dJ67JGcI08XFXrt0UdJTiFM7gAAtdQh3toQBMYPMEzvMKbN/FevHfvYzG65hU7J/AH3ucPAGWRlA==</latexit><latexit sha1_base64="c2oJy+BTNuObCKBTKWr7001schc=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclUQEXRbduKxgH9AOJZNm2tBMZkwyhTL0O9y4UMStH+POvzGdzkJbDwQO59zLPTlBIoWxGH97a+sbm1vbpZ3y7t7+wWHl6Lhl4lQz3mSxjHUnoIZLoXjTCit5J9GcRoHk7WB8N/fbE66NiNWjnSbcj+hQiVAwap3k9yJqRybMCMZ41q9UcQ3nQKuEFKQKBRr9yldvELM04soySY3pEpxYP6PaCib5rNxLDU8oG9Mh7zqqaMSNn+WhZ+jcKQMUxto9ZVGu/t7IaGTMNArcZB5y2ZuL/3nd1IY3fiZUklqu2OJQmEpkYzRvAA2E5szKqSOUaeGyIjaimjLreiq7Esjyl1dJ67JGcI08XFXrt0UdJTiFM7gAAtdQh3toQBMYPMEzvMKbN/FevHfvYzG65hU7J/AH3ucPAGWRlA==</latexit> 2000

<latexit sha1_base64="XkvpenoEkoySMHimFMEdhjzKbtU=">AAAB9HicbVDLSgMxFL1TX7W+Rl26CRbBVckUQZdFNy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e4829Mp7PQ1gOBwzn3ck9OkAiuDcbfTmljc2t7p7xb2ds/ODxyj0/aOk4VZS0ai1h1A6KZ4JK1DDeCdRPFSBQI1gkmdwu/M2VK81g+mlnC/IiMJA85JcZKfj8iZqzDrI4xng/cKq7hHGideAWpQoHmwP3qD2OaRkwaKojWPQ8nxs+IMpwKNq/0U80SQidkxHqWShIx7Wd56Dm6sMoQhbGyTxqUq783MhJpPYsCO5mHXPUW4n9eLzXhjZ9xmaSGSbo8FKYCmRgtGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgRv9cvrpF2vebjmPVxVG7dFHWU4g3O4BA+uoQH30IQWUHiCZ3iFN2fqvDjvzsdytOQUO6fwB87nDwHtkZU=</latexit><latexit sha1_base64="XkvpenoEkoySMHimFMEdhjzKbtU=">AAAB9HicbVDLSgMxFL1TX7W+Rl26CRbBVckUQZdFNy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e4829Mp7PQ1gOBwzn3ck9OkAiuDcbfTmljc2t7p7xb2ds/ODxyj0/aOk4VZS0ai1h1A6KZ4JK1DDeCdRPFSBQI1gkmdwu/M2VK81g+mlnC/IiMJA85JcZKfj8iZqzDrI4xng/cKq7hHGideAWpQoHmwP3qD2OaRkwaKojWPQ8nxs+IMpwKNq/0U80SQidkxHqWShIx7Wd56Dm6sMoQhbGyTxqUq783MhJpPYsCO5mHXPUW4n9eLzXhjZ9xmaSGSbo8FKYCmRgtGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgRv9cvrpF2vebjmPVxVG7dFHWU4g3O4BA+uoQH30IQWUHiCZ3iFN2fqvDjvzsdytOQUO6fwB87nDwHtkZU=</latexit><latexit sha1_base64="XkvpenoEkoySMHimFMEdhjzKbtU=">AAAB9HicbVDLSgMxFL1TX7W+Rl26CRbBVckUQZdFNy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e4829Mp7PQ1gOBwzn3ck9OkAiuDcbfTmljc2t7p7xb2ds/ODxyj0/aOk4VZS0ai1h1A6KZ4JK1DDeCdRPFSBQI1gkmdwu/M2VK81g+mlnC/IiMJA85JcZKfj8iZqzDrI4xng/cKq7hHGideAWpQoHmwP3qD2OaRkwaKojWPQ8nxs+IMpwKNq/0U80SQidkxHqWShIx7Wd56Dm6sMoQhbGyTxqUq783MhJpPYsCO5mHXPUW4n9eLzXhjZ9xmaSGSbo8FKYCmRgtGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgRv9cvrpF2vebjmPVxVG7dFHWU4g3O4BA+uoQH30IQWUHiCZ3iFN2fqvDjvzsdytOQUO6fwB87nDwHtkZU=</latexit><latexit sha1_base64="XkvpenoEkoySMHimFMEdhjzKbtU=">AAAB9HicbVDLSgMxFL1TX7W+Rl26CRbBVckUQZdFNy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e4829Mp7PQ1gOBwzn3ck9OkAiuDcbfTmljc2t7p7xb2ds/ODxyj0/aOk4VZS0ai1h1A6KZ4JK1DDeCdRPFSBQI1gkmdwu/M2VK81g+mlnC/IiMJA85JcZKfj8iZqzDrI4xng/cKq7hHGideAWpQoHmwP3qD2OaRkwaKojWPQ8nxs+IMpwKNq/0U80SQidkxHqWShIx7Wd56Dm6sMoQhbGyTxqUq783MhJpPYsCO5mHXPUW4n9eLzXhjZ9xmaSGSbo8FKYCmRgtGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgRv9cvrpF2vebjmPVxVG7dFHWU4g3O4BA+uoQH30IQWUHiCZ3iFN2fqvDjvzsdytOQUO6fwB87nDwHtkZU=</latexit>

3000
<latexit sha1_base64="BThdHTrxrw9Ry/usUNndkbAALc0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqmRU0GXRjcsK9gHtUDJppg3NZMYkUyhDv8ONC0Xc+jHu/Bsz01lo64HA4Zx7uSfHjwXXBuNvp7S2vrG5Vd6u7Ozu7R9UD4/aOkoUZS0aiUh1faKZ4JK1DDeCdWPFSOgL1vEnd5nfmTKleSQfzSxmXkhGkgecEmMlrx8SM9ZBeokxng+qNVzHOdAqcQtSgwLNQfWrP4xoEjJpqCBa91wcGy8lynAq2LzSTzSLCZ2QEetZKknItJfmoefozCpDFETKPmlQrv7eSEmo9Sz07WQectnLxP+8XmKCGy/lMk4Mk3RxKEgEMhHKGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgR3+curpH1Rd3HdfbiqNW6LOspwAqdwDi5cQwPuoQktoPAEz/AKb87UeXHenY/FaMkpdo7hD5zPHwN1kZY=</latexit><latexit sha1_base64="BThdHTrxrw9Ry/usUNndkbAALc0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqmRU0GXRjcsK9gHtUDJppg3NZMYkUyhDv8ONC0Xc+jHu/Bsz01lo64HA4Zx7uSfHjwXXBuNvp7S2vrG5Vd6u7Ozu7R9UD4/aOkoUZS0aiUh1faKZ4JK1DDeCdWPFSOgL1vEnd5nfmTKleSQfzSxmXkhGkgecEmMlrx8SM9ZBeokxng+qNVzHOdAqcQtSgwLNQfWrP4xoEjJpqCBa91wcGy8lynAq2LzSTzSLCZ2QEetZKknItJfmoefozCpDFETKPmlQrv7eSEmo9Sz07WQectnLxP+8XmKCGy/lMk4Mk3RxKEgEMhHKGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgR3+curpH1Rd3HdfbiqNW6LOspwAqdwDi5cQwPuoQktoPAEz/AKb87UeXHenY/FaMkpdo7hD5zPHwN1kZY=</latexit><latexit sha1_base64="BThdHTrxrw9Ry/usUNndkbAALc0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqmRU0GXRjcsK9gHtUDJppg3NZMYkUyhDv8ONC0Xc+jHu/Bsz01lo64HA4Zx7uSfHjwXXBuNvp7S2vrG5Vd6u7Ozu7R9UD4/aOkoUZS0aiUh1faKZ4JK1DDeCdWPFSOgL1vEnd5nfmTKleSQfzSxmXkhGkgecEmMlrx8SM9ZBeokxng+qNVzHOdAqcQtSgwLNQfWrP4xoEjJpqCBa91wcGy8lynAq2LzSTzSLCZ2QEetZKknItJfmoefozCpDFETKPmlQrv7eSEmo9Sz07WQectnLxP+8XmKCGy/lMk4Mk3RxKEgEMhHKGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgR3+curpH1Rd3HdfbiqNW6LOspwAqdwDi5cQwPuoQktoPAEz/AKb87UeXHenY/FaMkpdo7hD5zPHwN1kZY=</latexit><latexit sha1_base64="BThdHTrxrw9Ry/usUNndkbAALc0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqmRU0GXRjcsK9gHtUDJppg3NZMYkUyhDv8ONC0Xc+jHu/Bsz01lo64HA4Zx7uSfHjwXXBuNvp7S2vrG5Vd6u7Ozu7R9UD4/aOkoUZS0aiUh1faKZ4JK1DDeCdWPFSOgL1vEnd5nfmTKleSQfzSxmXkhGkgecEmMlrx8SM9ZBeokxng+qNVzHOdAqcQtSgwLNQfWrP4xoEjJpqCBa91wcGy8lynAq2LzSTzSLCZ2QEetZKknItJfmoefozCpDFETKPmlQrv7eSEmo9Sz07WQectnLxP+8XmKCGy/lMk4Mk3RxKEgEMhHKGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgR3+curpH1Rd3HdfbiqNW6LOspwAqdwDi5cQwPuoQktoPAEz/AKb87UeXHenY/FaMkpdo7hD5zPHwN1kZY=</latexit>

4000
<latexit sha1_base64="mTHafXYp6efa21q+Gpijt9MffZM=">AAAB9HicbVDLSgMxFL1TX7W+Rl26CRbBVclIQZdFNy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e4829Mp7PQ1gOBwzn3ck9OkAiuDcbfTmljc2t7p7xb2ds/ODxyj0/aOk4VZS0ai1h1A6KZ4JK1DDeCdRPFSBQI1gkmdwu/M2VK81g+mlnC/IiMJA85JcZKfj8iZqzDrI4xng/cKq7hHGideAWpQoHmwP3qD2OaRkwaKojWPQ8nxs+IMpwKNq/0U80SQidkxHqWShIx7Wd56Dm6sMoQhbGyTxqUq783MhJpPYsCO5mHXPUW4n9eLzXhjZ9xmaSGSbo8FKYCmRgtGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgRv9cvrpH1V83DNe6hXG7dFHWU4g3O4BA+uoQH30IQWUHiCZ3iFN2fqvDjvzsdytOQUO6fwB87nDwT9kZc=</latexit><latexit sha1_base64="mTHafXYp6efa21q+Gpijt9MffZM=">AAAB9HicbVDLSgMxFL1TX7W+Rl26CRbBVclIQZdFNy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e4829Mp7PQ1gOBwzn3ck9OkAiuDcbfTmljc2t7p7xb2ds/ODxyj0/aOk4VZS0ai1h1A6KZ4JK1DDeCdRPFSBQI1gkmdwu/M2VK81g+mlnC/IiMJA85JcZKfj8iZqzDrI4xng/cKq7hHGideAWpQoHmwP3qD2OaRkwaKojWPQ8nxs+IMpwKNq/0U80SQidkxHqWShIx7Wd56Dm6sMoQhbGyTxqUq783MhJpPYsCO5mHXPUW4n9eLzXhjZ9xmaSGSbo8FKYCmRgtGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgRv9cvrpH1V83DNe6hXG7dFHWU4g3O4BA+uoQH30IQWUHiCZ3iFN2fqvDjvzsdytOQUO6fwB87nDwT9kZc=</latexit><latexit sha1_base64="mTHafXYp6efa21q+Gpijt9MffZM=">AAAB9HicbVDLSgMxFL1TX7W+Rl26CRbBVclIQZdFNy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e4829Mp7PQ1gOBwzn3ck9OkAiuDcbfTmljc2t7p7xb2ds/ODxyj0/aOk4VZS0ai1h1A6KZ4JK1DDeCdRPFSBQI1gkmdwu/M2VK81g+mlnC/IiMJA85JcZKfj8iZqzDrI4xng/cKq7hHGideAWpQoHmwP3qD2OaRkwaKojWPQ8nxs+IMpwKNq/0U80SQidkxHqWShIx7Wd56Dm6sMoQhbGyTxqUq783MhJpPYsCO5mHXPUW4n9eLzXhjZ9xmaSGSbo8FKYCmRgtGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgRv9cvrpH1V83DNe6hXG7dFHWU4g3O4BA+uoQH30IQWUHiCZ3iFN2fqvDjvzsdytOQUO6fwB87nDwT9kZc=</latexit><latexit sha1_base64="mTHafXYp6efa21q+Gpijt9MffZM=">AAAB9HicbVDLSgMxFL1TX7W+Rl26CRbBVclIQZdFNy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e4829Mp7PQ1gOBwzn3ck9OkAiuDcbfTmljc2t7p7xb2ds/ODxyj0/aOk4VZS0ai1h1A6KZ4JK1DDeCdRPFSBQI1gkmdwu/M2VK81g+mlnC/IiMJA85JcZKfj8iZqzDrI4xng/cKq7hHGideAWpQoHmwP3qD2OaRkwaKojWPQ8nxs+IMpwKNq/0U80SQidkxHqWShIx7Wd56Dm6sMoQhbGyTxqUq783MhJpPYsCO5mHXPUW4n9eLzXhjZ9xmaSGSbo8FKYCmRgtGkBDrhg1YmYJoYrbrIiOiSLU2J4qtgRv9cvrpH1V83DNe6hXG7dFHWU4g3O4BA+uoQH30IQWUHiCZ3iFN2fqvDjvzsdytOQUO6fwB87nDwT9kZc=</latexit>



Scalar spectral index

• Single-field inflation:

Planck Collaboration 2013, 2018

Expect ns ≲ 1

Planck TT,TE,EE+lowE:

Scale-invariance strongly ruled out:
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ns = 0.9649± 0.0044 (68%CL)

• Robust to most model assumptions (e.g., Neff, curvature, etc.)
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Consistent picture from polarization

Efstathiou & Gratton 2019

80% of sky with 
545 GHz cleaning

Similar to Planck 
2018
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Primordial power spectrum reconstruction

Planck Collaboration 2018
Handley+ 2019
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Primordial power spectrum reconstruction

Planck Collaboration 2018
Handley+ 2019
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Pushing to smaller scales

Simons Observatory Collaboration 2018
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SO Baseline

SO Goal
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10-fold improvement over Planck at 0.2 Mpc-1 from high-l polarization

Better E-mode data will also help with primordial feature searches



Primordial tensor power 
spectrum



Primordial gravitational waves
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• Direct probe of energy scale associated with inflation:

• Tensor-to-scalar ratio:
Canonical, single-field
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Primordial gravitational waves in CMB

Curvature ζ Gravitational waves
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Constraints from Planck T and E

Planck Collaboration 2018
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• Weakens for extended 
models (e.g., running):
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TT (anomalously low):
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B-mode power measurements

BICEP/Keck Collaboration 2021



Planck Collaboration 2018; BICEP/Keck Collaboration 2021

B-mode constraints
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Implications for dynamics of inflation
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Non-detection of GWs:
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Single-field model constraints

Planck Collaboration 2018
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<latexit sha1_base64="B4AskZWPK+iGhO4foWPkU2KwQDQ=">AAAB/XicbVDLSgMxFL3js9bX+Ni5GSyCqzqjRV24KLhxWcE+oB1LJs20oZkkJBmhDsVfceNCEbf+hzv/xvSx0NYDIYdz7uXeeyLJqDa+/+0sLC4tr6zm1vLrG5tb2+7Obk2LVGFSxYIJ1YiQJoxyUjXUMNKQiqAkYqQe9a9Hfv2BKE0FvzMDScIEdTmNKUbGSm13v+a1pBLSCPv36H1WOjkbtt2CX/TH8OZJMCUFmKLSdr9aHYHThHCDGdK6GfjShBlShmJGhvlWqolEuI+6pGkpRwnRYTbefugdWaXjxULZx403Vn93ZCjRepBEtjJBpqdnvZH4n9dMTXwZZpTL1BCOJ4PilHn21lEUXocqgg0bWIKwonZXD/eQQtjYwPI2hGD25HlSOy0G50X/tlQoX03jyMEBHMIxBHABZbiBClQBwyM8wyu8OU/Oi/PufExKF5xpzx78gfP5A3ctlJE=</latexit>

V / �4/3

<latexit sha1_base64="8x9wvof0p29Vtb9uo48ceo64+JI=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqAsXBTcuK9gHtGPJpJk2NJOEJKOUof/hxoUibv0Xd/6NaTsLbT0QcjjnXu69J1KcGev7315hZXVtfaO4Wdra3tndK+8fNI1MNaENIrnU7QgbypmgDcssp22lKU4iTlvR6Gbqtx6pNkyKeztWNEzwQLCYEWyd9NBEXaWlstL9Q9YrV/yqPwNaJkFOKpCj3it/dfuSpAkVlnBsTCfwlQ0zrC0jnE5K3dRQhckID2jHUYETasJstvUEnTilj2Kp3RMWzdTfHRlOjBknkatMsB2aRW8q/ud1UhtfhRkTKrVUkPmgOOXIXTmNAPWZpsTysSOYaOZ2RWSINSbWBVVyIQSLJy+T5lk1uKj6d+eV2nUeRxGO4BhOIYBLqMEt1KEBBDQ8wyu8eU/ei/fufcxLC17ecwh/4H3+ABK+kjg=</latexit>

V / �

<latexit sha1_base64="vCk3cRqIM1FS0qjmDY7L0vwhNP0=">AAAB/XicbVDLSgMxFL3js9bX+Ni5GSyCqzpTRV24KLhxWcE+oB1LJs20oZkkJBmhDsVfceNCEbf+hzv/xvSx0NYDIYdz7uXeeyLJqDa+/+0sLC4tr6zm1vLrG5tb2+7Obk2LVGFSxYIJ1YiQJoxyUjXUMNKQiqAkYqQe9a9Hfv2BKE0FvzMDScIEdTmNKUbGSm13v+a1pBLSCPv36H1WOjkdtt2CX/TH8OZJMCUFmKLSdr9aHYHThHCDGdK6GfjShBlShmJGhvlWqolEuI+6pGkpRwnRYTbefugdWaXjxULZx403Vn93ZCjRepBEtjJBpqdnvZH4n9dMTXwZZpTL1BCOJ4PilHn21lEUXocqgg0bWIKwonZXD/eQQtjYwPI2hGD25HlSKxWD86J/e1YoX03jyMEBHMIxBHABZbiBClQBwyM8wyu8OU/Oi/PufExKF5xpzx78gfP5A3QflI8=</latexit>

V / �2/3

<latexit sha1_base64="3opveN0PxkJzf30Wbm+Yls7lcsQ=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRIDKhKKgQMDJVYGAuiD6kNleM6rVXHiewbRBVl4VdYGECIlc9g429w0w7QcixLR+fcK/scPxZcg+N8WwuLS8srq4W14vrG5ta2vbPb0FGiKKvTSESq5RPNBJesDhwEa8WKkdAXrOkPr8Z+84EpzSN5B6OYeSHpSx5wSsBIXXv/9r7SOTEH2COkXAYiN7KuXXLKTg48T9wpKaEpal37q9OLaBIyCVQQrduuE4OXEgWcCpYVO4lmMaFD0mdtQyUJmfbSPECGj4zSw0GkzJWAc/X3RkpCrUehbyZDAgM9643F/7x2AsGFZ2LFCTBJJw8FicAQ4XEbuMcVoyBGhhCquPkrpgOiCAXTWdGU4M5GnieNStk9Kzs3p6Xq5bSOAjpAh+gYuegcVdE1qqE6oihDz+gVvVlP1ov1bn1MRhes6c4e+gPr8weJZ5Zf</latexit>

R2 inflation
<latexit sha1_base64="2BHtS7cMhe1nA3mpy1JoH+fGQms="></latexit>

ns � 1 / 1

N⇤
r / 1

N2
⇤



Planck low-l constraints

de Belsunce+ in prep.
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r
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P

Planck 2018
2 ∑ ` ∑ 30

PixLike (Q+U)
r < 0.274 (95% C.L.)

momento (EE+EB+BE+BB)
r < 0.408 (95% C.L.)

Challenges:

• Instrumental systematics

• Foreground removal and 
propagation of uncertainties

• Likelihood approximations



Forthcoming ground-based constraints

SO-LAT
SO-SATs

• Stage-3 experiments (SPO and SO) targeting
<latexit sha1_base64="r4ul5oJLD0tiqAat2joPH4EU3BU=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlUqhuh4MZlBfuANpTJdNIOnUzCzEQpsZ/ixoUibv0Sd/6NkzYLbT1wuYdz7mXuHD/mTGnH+bZWVtfWNzYLW8Xtnd29fbt00FJRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P77J/PYDlYpF4l5PYuqFeChYwAjWRurbpZ5iwxBX5Cm6Rk7Vcc77djnrGdAycXNShhyNvv3VG0QkCanQhGOluq4Tay/FUjPC6bTYSxSNMRnjIe0aKnBIlZfOTp+iE6MMUBBJU0Kjmfp7I8WhUpPQN5Mh1iO16GXif1430cGVlzIRJ5oKMn8oSDjSEcpyQAMmKdF8YggmkplbERlhiYk2aRVNCO7il5dJ66zq1qrO3UW5XsvjKMARHEMFXLiEOtxCA5pA4BGe4RXerCfrxXq3PuajK1a+cwh/YH3+ACHzkew=</latexit>

�(r) = 0.003

• Conclusive search for monomial potentials and start to 
reach into plateau models with

<latexit sha1_base64="03gerrh3uz81sBf5I0jsf0R0NB8=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVWeKVJcFN66kgn1AZxwyaaYNzSQhyQi1FH/FjQtF3Pof7vwb03YW2nrgwuGce7n3nlgyqo3nfTtLyyura+uFjeLm1vbOrru339QiU5g0sGBCtWOkCaOcNAw1jLSlIiiNGWnFg6uJ33ogSlPB78xQkjBFPU4TipGxUuQeKhhIJaQR0D+7iQKkzX0lckte2ZsCLhI/JyWQox65X0FX4Cwl3GCGtO74njThCClDMSPjYpBpIhEeoB7pWMpRSnQ4ml4/hidW6cJEKFvcwKn6e2KEUq2HaWw7U2T6et6biP95ncwkl+GIcpkZwvFsUZIxaH+dRAG7VBFs2NAShBW1t0LcRwphYwMr2hD8+ZcXSbNS9qtl7/a8VKvmcRTAETgGp8AHF6AGrkEdNAAGj+AZvII358l5cd6dj1nrkpPPHIA/cD5/ADFGlF8=</latexit>

r / 1/N2
⇤
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ns
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r
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R2 Starobinsky inflation

SO Collaboration 
Astro2020 White Paper 



Main challenges

SO-LAT
SO-SATs

• Tiny signal:

- Requires tens of thousands of detectors

- Exquisite control of systematic effects

• Galactic foregrounds (mostly dust)

• Gravitational lensing-induced B modes

<latexit sha1_base64="o25hks1dkZTjibmpW/GVXsW6M44="></latexit>

rms B-mode = 10 nK
�
r/10�3

�1/2



Lensing B-modes

Like  white noise5 μK arcmin

BK15               (150 GHz)

BICEP Array     (150 GHz)

SO (goal)         (150 GHz)

3 μK arcmin
1 μK arcmin
3 μK arcmin

Note: post-component 
separation noise 
higher!



Delensing

Hanson+ 2014

<latexit sha1_base64="dQC3OIZS9f5DjUa8M0SmuT4NQto=">AAACAnicbVDLSgNBEJyNrxhfUU/iZTARPIVdkegxIIrHCOYBSQizs51kyOyDmV4xLMGLv+LFgyJe/Qpv/o2TZA+aWNBQVHXT3eVGUmi07W8rs7S8srqWXc9tbG5t7+R39+o6jBWHGg9lqJou0yBFADUUKKEZKWC+K6HhDi8nfuMelBZhcIejCDo+6weiJzhDI3XzB22EB0yuhURQ4NHiVZH6oQd63M0X7JI9BV0kTkoKJEW1m/9qeyGPfQiQS6Z1y7Ej7CRMoeASxrl2rCFifMj60DI0YD7oTjJ9YUyPjeLRXqhMBUin6u+JhPlaj3zXdPoMB3rem4j/ea0YexedRARRjBDw2aJeLCmGdJIH9YQCjnJkCONKmFspHzDFuMlD50wIzvzLi6R+WnLKJfv2rFApp3FkySE5IifEIeekQm5IldQIJ4/kmbySN+vJerHerY9Za8ZKZ/bJH1ifP3pSlss=</latexit>

Filtered E modes
<latexit sha1_base64="uWQQaz5ZdcRe0RM0uwCjq5i64Tw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw4rGC/cAmlM120y7dbMLuRCih/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx7czvPHFtRKIecJLyIKZDJSLBKFrp0R9RzP10JKb9StWtuXOQVeIVpAoFmv3Klz9IWBZzhUxSY3qem2KQU42CST4t+5nhKWVjOuQ9SxWNuQny+cVTcm6VAYkSbUshmau/J3IaGzOJQ9sZUxyZZW8m/uf1MoxuglyoNEOu2GJRlEmCCZm9TwZCc4ZyYgllWthbCRtRTRnakMo2BG/55VXSvqx59Zp7f1Vt1Is4SnAKZ3ABHlxDA+6gCS1goOAZXuHNMc6L8+58LFrXnGLmBP7A+fwB4wuRBQ==</latexit>

�̂
<latexit sha1_base64="EYKkjGhYhhx9O41HApnOPGK3taA=">AAAB/nicbVBNS8NAEN34WetXVDx5CRbBU0lEqseiF48V7Ae0sWy2k3bpZhN2J2IJAf+KFw+KePV3ePPfuP04aOuDgcd7M8zMCxLBNbrut7W0vLK6tl7YKG5ube/s2nv7DR2nikGdxSJWrYBqEFxCHTkKaCUKaBQIaAbD67HffACleSzvcJSAH9G+5CFnFI3UtQ87A4rZVX6fdRAeMRMgdZ537ZJbdidwFok3IyUyQ61rf3V6MUsjkMgE1brtuQn6GVXImYC82Ek1JJQNaR/ahkoagfazyfm5c2KUnhPGypREZ6L+nshopPUoCkxnRHGg572x+J/XTjG89DMukxRBsumiMBUOxs44C6fHFTAUI0MoU9zc6rABVZShSaxoQvDmX14kjbOyVym7t+elamUWR4EckWNySjxyQarkhtRInTCSkWfySt6sJ+vFerc+pq1L1mzmgPyB9fkDc32Wag==</latexit>

B̂lens

<latexit sha1_base64="LdNgHYZVt0GT4kv2rgyk0YV75pE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUkS8jQIl7yWaUxVI3g2md7nffeLaiDh6xFnCfUXHkQgFo5hLA2pwWK25dXcBsk68gtSgQGtY/RqMYpYqHiGT1Ji+5yboZ1SjYJLPK4PU8ISyKR3zvqURVdz42eLWObmwyoiEsbYVIVmovycyqoyZqcB2KooTs+rl4n9eP8Xw1s9ElKTII7ZcFKaSYEzyx8lIaM5QziyhTAt7K2ETqilDG0/FhuCtvrxOOld1r1F3H65rzUYRRxnO4BwuwYMbaMI9tKANDCbwDK/w5ijnxXl3PpatJaeYOYU/cD5/ABwbjj8=</latexit>⇤ <latexit sha1_base64="/APWBA5Awbdch8xpz1NUMPfqp2A=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38389hMqzWP5YCYJ+hEdSh5yRo2VGrf9UtmtuHOQVeLlpAw56v3SV28QszRCaZigWnc9NzF+RpXhTOC02Es1JpSN6RC7lkoaofaz+aFTcm6VAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03RhuAtv7xKWpcVr1pxG1flWjWPowCncAYX4ME11OAe6tAEBgjP8ApvzqPz4rw7H4vWNSefOYE/cD5/AIrXjLo=</latexit>=

<latexit sha1_base64="md6ltqqwYJzF/DOr+Lg3nk1QvRM=">AAACK3icbZBNS8NAEIY3flu/oh69LBbBiyURqV6EoggeFawWmlo222m7dLMJuxOxhPwfL/4VD3rwA6/+D7e1iFZfWHh5ZobZecNECoOe9+pMTE5Nz8zOzRcWFpeWV9zVtUsTp5pDlccy1rWQGZBCQRUFSqglGlgUSrgKe8eD+tUNaCNidYH9BBoR6yjRFpyhRU336Og6CxBuMWuBBGXynB7SbxaHA7BDT36BgBmkQZdhFiRdkTfdolfyhqJ/jT8yRTLSWdN9DFoxTyNQyCUzpu57CTYyplFwCXkhSA0kjPdYB+rWKhaBaWTDW3O6ZUmLtmNtn0I6pD8nMhYZ049C2xkx7Jrx2gD+V6un2D5oZEIlKYLiX4vaqaQY00FwtCU0cJR9axjXwv6V8i7TjKONt2BD8MdP/msud0t+ueSd7xUr5VEcc2SDbJJt4pN9UiGn5IxUCSd35IE8kxfn3nly3pz3r9YJZzSzTn7J+fgEuAWpLQ==</latexit>

Bdelens = Bobs � Eobs ⇤ �̂ Some proxy for  
lensing potential

• Want high S/N E modes and highly correlated tracer of lensing

• For SO, should be able to remove 60% of lensing power halving 
error on r; even more critical for BICEP Array and CMB-S4



Multi-tracer delensing

Scales for peak smoothing

Scales for lensing B-modes

Reconstruction very noisy

Planck Collaboration 2018

MV + CIB 60% 
correlated with lensing



Delensing now improving σ(r)

<latexit sha1_base64="JwQGp1mTZLbZnpMAWbBQhxs3gx8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBg5RERD0WvHisYGuhDWWznbRLN5uwOxFL6M/w4kERr/4ab/4bN20O2vpg2cd7M8zMCxIpDLrut1NaWV1b3yhvVra2d3b3qvsHbROnmkOLxzLWnYAZkEJBCwVK6CQaWBRIeAjGN7n/8AjaiFjd4yQBP2JDJULBGVqp20N4wsytu+60X63lfw66TLyC1EiBZr/61RvEPI1AIZfMmK7nJuhnTKPgEqaVXmogYXzMhtC1VLEIjJ/NVp7SE6sMaBhr+xTSmfq7I2ORMZMosJURw5FZ9HLxP6+bYnjtZ0IlKYLi80FhKinGNL+fDoQGjnJiCeNa2F0pHzHNONqUKjYEb/HkZdI+r3uXdffuotY4K+IokyNyTE6JR65Ig9ySJmkRTmLyTF7Jm4POi/PufMxLS07Rc0j+wPn8AYP9kK4=</latexit>

0.00
<latexit sha1_base64="9pe24fZzS+kBQDETIbbQOkmV3QQ=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKeqx4MVjBfsB7VKyabYNzWaXZFYsS3+GFw+KePXXePPfmLZ70NYHIY/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9ybUSsHnCScD+iQyVCwShaqdtD/oSZW3Vr0365Yv85yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/OVp+TMKgMSxto+hWSu/u7IaGTMJApsZURxZJa9mfif100xvPEzoZIUuWKLQWEqCcZkdj8ZCM0ZyokllGlhdyVsRDVlaFMq2RC85ZNXSeuy6l1V3ftapX6Rx1GEEziFc/DgGupwBw1oAoMYnuEV3hx0Xpx352NRWnDynmP4A+fzB4oRkLI=</latexit>

0.04
<latexit sha1_base64="Ht4/V5Ny0St0Jk3H7V7U7XbhHcI=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgQcquiPZY8OKxgv2AdinZdLYNzWaXZFYsS3+GFw+KePXXePPfmLZ70NYHIY/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONYcmj2WsOwEzIIWCJgqU0Ek0sCiQ0A7GtzO//QjaiFg94CQBP2JDJULBGVqp20N4wsyturVpv1yx/xx0lXg5qZAcjX75qzeIeRqBQi6ZMV3PTdDPmEbBJUxLvdRAwviYDaFrqWIRGD+brzylZ1YZ0DDW9imkc/V3R8YiYyZRYCsjhiOz7M3E/7xuimHNz4RKUgTFF4PCVFKM6ex+OhAaOMqJJYxrYXelfMQ042hTKtkQvOWTV0nrsupdV937q0r9Io+jSE7IKTknHrkhdXJHGqRJOInJM3klbw46L86787EoLTh5zzH5A+fzB5AlkLY=</latexit>

0.08
<latexit sha1_base64="1qnio3wUasiq8/bgzL6A/gkJuHs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBg4SkiHosePFYwX5AGspmu2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NyKGCS5ZCzgI1k01I0kkWCca3878ziPThiv5AJOUhQkZSh5zSsBKQQ/YE+Se69en/WrNc7058CrxC1JDBZr96ldvoGiWMAlUEGMC30shzIkGTgWbVnqZYSmhYzJkgaWSJMyE+fzkKT6zygDHStuSgOfq74mcJMZMksh2JgRGZtmbif95QQbxTZhzmWbAJF0sijOBQeHZ/3jANaMgJpYQqrm9FdMR0YSCTaliQ/CXX14l7brrX7ne/WWtcVHEUUYn6BSdIx9dowa6Q03UQhQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AGIjZCx</latexit>

0.12
<latexit sha1_base64="U4sJ7cWifB3JRzdYLAlKXFGPeUM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RERD0WvHisYGshDWWz3bRLN5uwOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v5B2ySZZrzFEpnoTkgNl0LxFgqUvJNqTuNQ8odwdDP1Hx65NiJR9zhOeRDTgRKRYBSt5HeRP2Hu1r3LSa9ac+vuDGSZeAWpQYFmr/rV7Scsi7lCJqkxvuemGORUo2CSTyrdzPCUshEdcN9SRWNugnx28oScWKVPokTbUkhm6u+JnMbGjOPQdsYUh2bRm4r/eX6G0XWQC5VmyBWbL4oySTAh0/9JX2jOUI4toUwLeythQ6opQ5tSxYbgLb68TNrnNrC6e3dRa5wVcZThCI7hFDy4ggbcQhNawCCBZ3iFNwedF+fd+Zi3lpxi5hD+wPn8AY6hkLU=</latexit>

0.16
<latexit sha1_base64="nY84HVDughs++6pMl6QEpwo7QgI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5RERD0WvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKDdUvV9yqOwdZJV5OKpCj3i9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IS3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukdVn1rqtu46pSu8jjKMIJnMI5eHADNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP2CmM5Q==</latexit>r

<latexit sha1_base64="Bz9rrjId8DPIt1Mxu41WIoiYPKY=">AAACKXicbVDLSgMxFM34rPU16tJNsAh1U2ZKqW6EghuXFewDOqVk0ts2NPMguaOWob/jxl9xo6CoW3/E9LHQ1gMhh3Puvbk5fiyFRsf5tFZW19Y3NjNb2e2d3b19++CwrqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wauI37kBpEYW3OIqhHbB+KHqCMzRSx654CA84nZMq6I5TT4t+wPLqjF5Sp+AUS2PqKdEfIFMquqeLdrFj58w9BV0m7pzkyBzVjv3qdSOeBBAil0zrluvE2E6ZQsEljLNeoiFmfMj60DI0ZAHodjrdcExPjdKlvUiZEyKdqr87UhZoPQp8UxkwHOhFbyL+57US7F20UxHGCULIZw/1EkkxopPYaFco4ChHhjCuhNmV8gFTjKMJN2tCcBe/vEzqxYJbLjg3pVylPI8jQ47JCckTl5yTCrkmVVIjnDySZ/JG3q0n68X6sL5mpSvWvOeI/IH1/QNms6S0</latexit>

�(r) = 0.024 ! �(r) = 0.022

delensed

BICEP/Keck and SPT Collaborations  2021

From Planck CIB



CMB-S4 (reference design)

• 3% of sky to depth of  at 
0.5 deg resolution from South Pole

• 20–270 GHz

• Dedicated delensing survey to depth of 
 at 1.5 arcmin resolution

1 μK arcmin

1 μK arcmin

Deep “r” survey Deep-wide survey

500,000 detectors in total

• 70% of sky to depth of 
 from Chile

• 1.5 arcmin resolution

1 μK arcmin

<latexit sha1_base64="oQDPp0YyfUX1GWeqW6ttbrkmagU=">AAAB+3icbZDLSgMxFIbP1Futt7Eu3QSLUDclI1rdCAU3LivYC7RDyaSZNjSTGZKMWEpfxY0LRdz6Iu58G9N2Ftr6Q+DjP+dwTv4gEVwbjL+d3Nr6xuZWfruws7u3f+AeFps6ThVlDRqLWLUDopngkjUMN4K1E8VIFAjWCka3s3rrkSnNY/lgxgnzIzKQPOSUGGv13GJX80FEyuoM3SBcwRhf9tzSHKzQKngZlCBTved+dfsxTSMmDRVE646HE+NPiDKcCjYtdFPNEkJHZMA6FiWJmPYn89un6NQ6fRTGyj5p0Nz9PTEhkdbjKLCdETFDvVybmf/VOqkJr/0Jl0lqmKSLRWEqkInRLAjU54pRI8YWCFXc3orokChCjY2rYEPwlr+8Cs3zilet4PuLUq2axZGHYziBMnhwBTW4gzo0gMITPMMrvDlT58V5dz4WrTknmzmCP3I+fwCXeZIo</latexit>

�(r) = 0.0005



Direct detection?

Moore+ 2015

<latexit sha1_base64="p0X/8PB+6ekI4KLVNK0qagFYNts=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1oS0eqy4MaNUME+oEnLZDpph04ezNyIJQT8FTcuFHHrd7jzb5y2WWj1wIXDOfdy7z1eLLgCy/oyCguLS8srxdXS2vrG5pa5vdNUUSIpa9BIRLLtEcUED1kDOAjWjiUjgSdYyxtdTfzWPZOKR+EdjGPmBmQQcp9TAlrqmXu21T13jh1gD5DexDTrpid21jPLVsWaAv8ldk7KKEe9Z3 46/YgmAQuBCqJUx7ZicFMigVPBspKTKBYTOiID1tE0JAFTbjo9P8OHWuljP5K6QsBT9edESgKlxoGnOwMCQzXvTcT/vE4C/qWb8jBOgIV0tshPBIYIT7LAfS4ZBTHWhFDJ9a2YDokkFHRiJR2CPf/yX9I8rdjVinV7Vq5V8ziKaB8doCNkowtUQ9eojhqIohQ9oRf0ajwaz8ab8T5rLRj5zC76BePjGwtWlN8=</latexit>

105 Mpc�1
<latexit sha1_base64="Br4xE6FqRhhRcfpqEcgGdenOf94=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NB8KBhVzR6DHjxIkQwD8huwuxkkgyZfTDTK4ZlvfgrXjwo4tW/8ObfOEn2oIkFDUVVN91dXiS4Asv6NnILi0vLK/nVwtr6xuaWub1TV2EsKavRUISy6RHFBA9YDTgI1owkI74nWMMbXo39xj2TiofBHYwi5vqkH/AepwS01DH3bKud2Oepc+wAe4DkJqJpOzmx045ZtErWBHie2BkpogzVjvnldEMa+ywAKohSLduKwE2IBE4FSwtOrFhE6JD0WUvTgPhMucnkgxQfaqWLe6HUFQCeqL8nEuIrNfI93ekTGKhZbyz+57Vi6F26CQ+iGFhAp4t6scAQ4nEcuMsloyBGmhAqub4V0wGRhIIOraBDsGdfnif105JdLlm3Z8VKOYsjj/bRATpCNrpAFXSNqqiGKHpEz+gVvRlPxovxbnxMW3NGNrOL/sD4/AFVHZYm</latexit>

1015 Mpc�1

Inflation (r=0.003)



Primordial non-Gaussianity



Primordial bispectrum

Schmittfull+ 2013

<latexit sha1_base64="kfOCladOZyy3qCukNqzWytI6blo="></latexit>

h⇣(k1)⇣(k2)⇣(k3)i / �(3)(k1 + k2 + k3)B(k1, k2, k3)

• Arises in models with non-linear interactions/dynamics

Bispectrum probing cubic interactions

Local Equilateral Orthogonal

Multi-field inflation Non-canonical kinetic terms
Higher-derivative terms



Primordial non-Gaussianity targets

Alvarez+ 2014

Local Equilateral Orthogonal

Multi-field inflation Non-canonical kinetic terms
Higher-derivative terms

<latexit sha1_base64="I02V1wPcD7hcSVb5c6Yo3r+fUzg="></latexit>

f loc
NL . 1 f loc

NL & 1

f eq,orth
NL . 1 Single-field slow-roll Multi-field

f eq,orth
NL & 1 Single-field non-slow-roll Multi-field



Primordial non-Gaussianity: CMB

Primordial bispectrum CMB bispectrum

CMB transfer

<latexit sha1_base64="F1IQNXbwc+is1rHpcfhZseiBAcQ="></latexit>

B̂l1l2l3 ⇠
X

m1m2m3

✓
l1 l2 l3
m1 m2 m3

◆
al1m1al2m2al3m3



TTT EEE

+ …

+ pol

Planck bispectrum constraints

Planck Collaboration 2019

<latexit sha1_base64="Zvxy34zVtASnvIiqUNW6huHXuUE="></latexit>

f loc
NL = �0.5± 5.6

f eq
NL = 7± 66

forth
NL = �15± 36

<latexit sha1_base64="A5+26m0VoHgPBxACehRGhgdVYVY="></latexit>

f loc
NL = �0.9± 5.1

f eq
NL = �18± 47

forth
NL = �37± 23



Future CMB constraints

Local Equilateral Orthogonal

Threshold  will remain out of reach with CMB bispectrumσ( fNL) ∼ 1

Simons Observatory Collaboration 2018

<latexit sha1_base64="i6gdWWhEs2PdAFpMXSZRNrMChYg=">AAACO3icjVC7SgNBFJ31GeNr1dJmMCixCbs+oo0QsLEQiWJiIBvD7GQ2GTL7YOauGJb9Lxt/ws7GxkIRW3snyRa+Cg8MHM45lzv3uJHgCizr0ZiYnJqemc3N5ecXFpeWzZXVugpjSVmNhiKUDZcoJnjAasBBsEYkGfFdwa7c/vHQv7phUvEwuIRBxFo+6Qbc45SAltrmhaN41ydFr504wG4hOTtN0+uMi5Cm6TbeOsL72HHy/4vuts2CVbJGwL+JnZECylBtmw9OJ6SxzwKggijVtK0IWgmRwKlgad6JFYsI7ZMua2oaEJ+pVjK6PcWbWulgL5T6BYBH6teJhPhKDXxXJ30CPfXTG4p/ec0YvMNWwoMoBhbQ8SIvFhhCPCwSd7hkFMRAE0Il13/FtEckoaDrzusS7J8n/yb1nZJdLlnne4VKOasjh9bRBioiGx2gCjpBVVRDFN2hJ/SCXo1749l4M97H0Qkjm1lD32B8fAJF864e</latexit>

�(f loc
NL) = 5

�(f loc
NL) = 3

Planck

SO (goal)

Significant improvements in tensor non-Gaussianity, e.g.,          ,             
from B-mode measurements

<latexit sha1_base64="Do7mxTW+29aMcN0fRNaTLqRGJxI=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXBjcsK9gGdUu6kt21okhmSjFBLP8CNv+LGhSJu/QB3/o3pA9HWAwmHc84luSdKBDfW97+8zMrq2vpGdjO3tb2zu5ffP6iZONUMqywWsW5EYFBwhVXLrcBGohFkJLAeDa4mfv0OteGxurXDBFsSeop3OQPrpHa+EApQPYE07IGUQMN7tD+3nlku5Rf9KegyCeakQOaotPOfYSdmqURlmQBjmoGf2NYItOVM4DgXpgYTYAPoYdNRBRJNazRdZkxPnNKh3Vi7oyydqr8nRiCNGcrIJSXYvln0JuJ/XjO13cvWiKsktajY7KFuKqiN6aQZ2uEamRVDR4Bp7v5KWR80MOv6y7kSgsWVl0ntrBiUiv7NeaFcmteRJUfkmJySgFyQMrkmFVIljDyQJ/JCXr1H79l7895n0Yw3nzkkf+B9fAPIVZrF</latexit>

h�⇣⇣i

<latexit sha1_base64="hVE77Sbjj3dTcMhQCHw40Pk43E8=">AAACO3icjVC7SgNBFJ31bXxFLW0Gg6JN2A1BbQTBxkIkilEhG8Ps5G4cMvtw5q4Ylv0vG3/CzsbGQhFbeyfJFr4KDwwczjmXO/d4sRQabfvRGhkdG5+YnJouzMzOzS8UF5fOdJQoDnUeyUhdeEyDFCHUUaCEi1gBCzwJ5153v++f34DSIgpPsRdDM2CdUPiCMzRSq3jiatEJ2IbfSl2EW0yPDrPsMudwnWWbdH2XVrep6xb+Fa1UW8WSXbYHoL+Jk5MSyVFrFR/cdsSTAELkkmndcOwYmylTKLiErOAmGmLGu6wDDUNDFoBupoPbM7pmlDb1I2VeiHSgfp1IWaB1L/BMMmB4pX96ffEvr5Ggv9NMRRgnCCEfLvITSTGi/SJpWyjgKHuGMK6E+SvlV0wxjqbuginB+Xnyb3JWKTtbZfu4WtrbyuuYIitklWwQh2yTPXJAaqROOLkjT+SFvFr31rP1Zr0PoyNWPrNMvsH6+ASevK23</latexit>

�(f eq
NL) = 47

�(f eq
NL) = 24

<latexit sha1_base64="evZBqnqXqP/m45kP1+phxXjHdx4=">AAACP3icjVA9SwNBFNyL3+fXqaXNYlBiE+6iqI0g2FiIKJgYyJ1hb7OXLNn7YPedGI77Zzb+BTtbGwtFbO3cxCvUWDiwMMzM4+0bPxFcgW0/GqWJyanpmdk5c35hcWnZWlltqDiVlNVpLGLZ9IligkesDhwEayaSkdAX7MrvHw/9qxsmFY+jSxgkzAtJN+IBpwS01LYaruLdkFSCduYCu4Xs7DTPrwseS+jl+TbeOsS1Hey65j/Dzk7bKttVewQ8TpyClFGB87b14HZimoYsAiqIUi3HTsDLiAROBctNN1UsIbRPuqylaURCprxsdH+ON7XSwUEs9YsAj9TvExkJlRqEvk6GBHrqtzcU//JaKQQHXsajJAUW0a9FQSowxHhYJu5wySiIgSaESq7/immPSEJBV27qEpzfJ4+TRq3q7FXti93y0V5RxyxaRxuoghy0j47QCTpHdUTRHXpCL+jVuDeejTfj/StaMoqZNfQDxscnbqavpQ==</latexit>

�(forth
NL ) = 23

�(forth
NL ) = 13



Pimentel+ 2022 [Snowmass 2021 – Inflation: theory and observations]

Reaching  with LSS?σ (f loc
NL) < 1



LSS: scale-dependent halo bias

Dalal+ 2008

<latexit sha1_base64="i7DRJn00RCUQt4e5O519ILuAoZ8=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuCqJiLpQKLhxIVLBXqCNYTKdtEMnF2ZOxBKyc+OruHGhiFtfwZ1v47TNQlt/GPj4zzmcOb8XC67Asr6Nwtz8wuJScbm0srq2vmFubjVUlEjK6jQSkWx5RDHBQ1YHDoK1YslI4AnW9AYXo3rznknFo/AWhjFzAtILuc8pAW255q7vph1gD5BeX2XZXc4iolmGz7HlmmWrYo2FZ8HOoYxy1Vzzq9ONaBKwEKggSrVtKwYnJRI4FSwrdRLFYkIHpMfaGkMSMOWk4zsyvK+dLvYjqV8IeOz+nkhJoNQw8HRnQKCvpmsj879aOwH/1El5GCfAQjpZ5CcCQ4RHoeAul4yCGGogVHL9V0z7RBIKOrqSDsGePnkWGocV+7hi3RyVq2d5HEW0g/bQAbLRCaqiS1RDdUTRI3pGr+jNeDJejHfjY9JaMPKZbfRHxucPb8uZoA==</latexit>

f loc
NL = 0

<latexit sha1_base64="+i5qmvJwgtdSmur7KUNmMlNdmUU=">AAACCXicbZC7SgNBFIZn4y3G26qlzWAQrMKueCsUAjYWIhHMBZJ1mZ3MJkNmL8ycFcOyrY2vYmOhiK1vYOfbOEm20MQfBj7+cw5nzu/FgiuwrG+jMDe/sLhUXC6trK6tb5ibWw0VJZKyOo1EJFseUUzwkNWBg2CtWDISeII1vcHFqN68Z1LxKLyFYcycgPRC7nNKQFuuiX037QB7gPT6KsvuchYRzTJ8jo8syzXLVsUaC8+CnUMZ5aq55lenG9EkYCFQQZRq21YMTkokcCpYVuokisWEDkiPtTWGJGDKSceXZHhPO13sR1K/EPDY/T2RkkCpYeDpzoBAX03XRuZ/tXYC/qmT8jBOgIV0sshPBIYIj2LBXS4ZBTHUQKjk+q+Y9okkFHR4JR2CPX3yLDQOKvZxxbo5LFfP8jiKaAfton1koxNURZeohuqIokf0jF7Rm/FkvBjvxsektWDkM9voj4zPH2s4mhk=</latexit>

f loc
NL = 500

<latexit sha1_base64="FkIQ+wfCJq2a7v0CIMsNCmpbwLY=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuCqJiLoQKbhxIVLBXqCNYTKdtEMnF2ZOxBKyc+OruHGhiFtfwZ1v47TNQlt/GPj4zzmcOb8XC67Asr6Nwtz8wuJScbm0srq2vmFubjVUlEjK6jQSkWx5RDHBQ1YHDoK1YslI4AnW9AYXo3rznknFo/AWhjFzAtILuc8pAW255q7vph1gD5BeX2XZXc4iolmGz7HlmmWrYo2FZ8HOoYxy1Vzzq9ONaBKwEKggSrVtKwYnJRI4FSwrdRLFYkIHpMfaGkMSMOWk4zsyvK+dLvYjqV8IeOz+nkhJoNQw8HRnQKCvpmsj879aOwH/1El5GCfAQjpZ5CcCQ4RHoeAul4yCGGogVHL9V0z7RBIKOrqSDsGePnkWGocV+7hi3RyVq2d5HEW0g/bQAbLRCaqiS1RDdUTRI3pGr+jNeDJejHfjY9JaMPKZbfRHxucPcVGZoQ==</latexit>

f loc
NL > 0

<latexit sha1_base64="i7DRJn00RCUQt4e5O519ILuAoZ8=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuCqJiLpQKLhxIVLBXqCNYTKdtEMnF2ZOxBKyc+OruHGhiFtfwZ1v47TNQlt/GPj4zzmcOb8XC67Asr6Nwtz8wuJScbm0srq2vmFubjVUlEjK6jQSkWx5RDHBQ1YHDoK1YslI4AnW9AYXo3rznknFo/AWhjFzAtILuc8pAW255q7vph1gD5BeX2XZXc4iolmGz7HlmmWrYo2FZ8HOoYxy1Vzzq9ONaBKwEKggSrVtKwYnJRI4FSwrdRLFYkIHpMfaGkMSMOWk4zsyvK+dLvYjqV8IeOz+nkhJoNQw8HRnQKCvpmsj879aOwH/1El5GCfAQjpZ5CcCQ4RHoeAul4yCGGogVHL9V0z7RBIKOrqSDsGePnkWGocV+7hi3RyVq2d5HEW0g/bQAbLRCaqiS1RDdUTRI3pGr+jNeDJejHfjY9JaMPKZbfRHxucPb8uZoA==</latexit>

f loc
NL = 0

<latexit sha1_base64="tB1t/dbHLxd/T/9Oo2w6Dy0vOUE="></latexit>

� = �G + f loc
NL

�
�2
G � h�2

Gi
�

(� = 3⇣/5)

) �s ⇡ �s,G
�
1 + 2f loc

NL�l,G

� Modulation of small-scale power 
by long modes of primordial 
potential



Munchmeyer+ 2019; Seljak 2008; Schmittfull & Seljak 2018

Sample-variance cancellation

Galaxy overdensity
<latexit sha1_base64="sVPOsErYgPs5EQRl4sSST93vL6M="></latexit>

�g(k) = b(k, f local
NL )�m(k) + shot noise

Tracer of matter density
<latexit sha1_base64="2aO3xYmAFKrljkz/+qvFkvcOMwg="></latexit>

�̂m(k) ⇠ �m(k) + reconstruction noise

Scale-dependent bias without 
cosmic variance from 

<latexit sha1_base64="r7k5Jx1HfsF2k8y8Md4gDnBtqWU=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0Wom5qI1C4LblxWsA9oSphMpu3QySTM3Agl9Ffc+CtuXCjSnfgzTtoutPXAMIdz7uXee4JEcA2O82UVNja3tneKu6W9/YPDI/v4pK3jVFHWorGIVTcgmgkuWQs4CNZNFCNRIFgnGN/lfueJKc1j+QiThPUjMpR8wCkBI/l23QuZAOIPK14Qi1BPIvNl4+nllTcikC3cqR+t2ti3y07VmQOvE3dJymiJpm/PvDCmacQkUEG07rlOAv2MKOBUsGnJSzVLCB2TIesZKknEdD+bXzjFF0YJ8SBW5knAc/V3R0YinS9nKiMCI73q5eJ/Xi+FQb2fcZmkwCRdDBqkAkOM87hwyBWjICaGEKq42RXTEVGEggm1ZEJwV09eJ+3rqlurOg835UZtGUcRnaFzVEEuukUNdI+aqIUoekav6B19WC/Wm/VpzRalBWvZc4r+wPr+AQoQpKA=</latexit>

�g(k)/�̂m(k)

Want highly correlated matter tracer

       From radial velocity from kSZ

           or CMB lensing



Munchmeyer+ 2019

Sample-variance cancellation: kSZ

Galaxy overdensity (LSST)

Galaxy overdensity + kSZ (CMB-S4)
<latexit sha1_base64="Bq2g8Xg6T4R1LEU2Fx4rojcTmhg=">AAACEXicbZC7SgNBFIZn4y3GW9TSZjAIsQm7otFGCNhYiEQwF0jWZXYymwyZvTBzVgzLvoKNr2JjoYitnZ1v4yTZQhN/GPj4zzmcOb8bCa7ANL+N3MLi0vJKfrWwtr6xuVXc3mmqMJaUNWgoQtl2iWKCB6wBHARrR5IR3xWs5Q4vxvXWPZOKh8EtjCJm+6QfcI9TAtpyiuWu4n2flD0n6QJ7gOT6Kk3vMhYhTdNDfI7NyolTLJkVcyI8D1YGJZSp7hS/ur2Qxj4LgAqiVMcyI7ATIoFTwdJCN1YsInRI+qyjMSA+U3YyuSjFB9rpYS+U+gWAJ+7viYT4So18V3f6BAZqtjY2/6t1YvDO7IQHUQwsoNNFXiwwhHgcD+5xySiIkQZCJdd/xXRAJKGgQyzoEKzZk+eheVSxqhXz5rhUq2Zx5NEe2kdlZKFTVEOXqI4aiKJH9Ixe0ZvxZLwY78bHtDVnZDO76I+Mzx8iq50f</latexit>

�(f loc
NL) = 0.5

<latexit sha1_base64="/lvP6KsZfYyIgJjEDX1k+y77QEQ=">AAACEXicbZC7SgNBFIZn4y3GW9TSZjAIsQm7otFGCNhYiEQwF0jWZXYymwyZvTBzVgzLvoKNr2JjoYitnZ1v4yTZQhN/GPj4zzmcOb8bCa7ANL+N3MLi0vJKfrWwtr6xuVXc3mmqMJaUNWgoQtl2iWKCB6wBHARrR5IR3xWs5Q4vxvXWPZOKh8EtjCJm+6QfcI9TAtpyiuWu4n2flD0n6QJ7gOT6Kk3vMhYhTdNDfI6tyolTLJkVcyI8D1YGJZSp7hS/ur2Qxj4LgAqiVMcyI7ATIoFTwdJCN1YsInRI+qyjMSA+U3YyuSjFB9rpYS+U+gWAJ+7viYT4So18V3f6BAZqtjY2/6t1YvDO7IQHUQwsoNNFXiwwhHgcD+5xySiIkQZCJdd/xXRAJKGgQyzoEKzZk+eheVSxqhXz5rhUq2Zx5NEe2kdlZKFTVEOXqI4aiKJH9Ixe0ZvxZLwY78bHtDVnZDO76I+Mzx8kMZ0g</latexit>

�(f loc
NL) = 1.5



Summary

• Single-field, slow-roll inflation is an excellent fit to current 
observations with no statistically-significant departures for CMB 
data

• Measured scalar spectral index and non-detection of primordial 
GWs imply               ruling out most monomial potentials

• Clear path forward to probe                models (e.g., R2 inflation)

• Vacuum fluctuations from such models undetectable with future 
space-based GW interferometers

• Large-scale structure probes hold promise to reach 

<latexit sha1_base64="zfCE4kVecHj1HuUwp0fBihB+tms=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzpTpLosuHElFewDOuOQSTNtaCYJSUYotQt/xY0LRdz6G+78G9N2Ftp64MLhnHu5955YMqqN5307S8srq2vrhY3i5tb2zq67t9/UIlOYNLBgQrVjpAmjnDQMNYy0pSIojRlpxYOrid96IEpTwe/MUJIwRT1OE4qRsVLkHioYSCWkEdCHZ/AmCpA295XILXllbwq4SPyclECOeuR+BV2Bs5RwgxnSuuN70oQjpAzFjIyLQaaJRHiAeqRjKUcp0eFoev8YnlilCxOhbHEDp+rviRFKtR6mse1MkenreW8i/ud1MpNchiPKZWYIx7NFScag/XYSBuxSRbBhQ0sQVtTeCnEfKYSNjaxoQ/DnX14kzUrZr5a92/NSrZrHUQBH4BicAh9cgBq4BnXQABg8gmfwCt6cJ+fFeXc+Zq1LTj5zAP7A+fwB5s+Usw==</latexit>

r / 1/N2
⇤

<latexit sha1_base64="21EFrVxpW+HWIWYYl31Ew/IoHFw=">AAACD3icbZC7SgNBFIZn4y3G26qlzWBQYhN2RaKFRcDGQiSCuUA2htnJbDJk9sLMWTEs+wY2voqNhSK2tna+jZNkC038YeDjP+dw5vxuJLgCy/o2cguLS8sr+dXC2vrG5pa5vdNQYSwpq9NQhLLlEsUED1gdOAjWiiQjvitY0x1ejOvNeyYVD4NbGEWs45N+wD1OCWirax46ivd9UvK6iQPsAZLrqzS9y1iENE2P8Dm2u2bRKlsT4XmwMyiiTLWu+eX0Qhr7LAAqiFJt24qgkxAJnAqWFpxYsYjQIemztsaA+Ex1ksk9KT7QTg97odQvADxxf08kxFdq5Lu60ycwULO1sflfrR2Dd9ZJeBDFwAI6XeTFAkOIx+HgHpeMghhpIFRy/VdMB0QSCjrCgg7Bnj15HhrHZbtStm5OitVKFkce7aF9VEI2OkVVdIlqqI4oekTP6BW9GU/Gi/FufExbc0Y2s4v+yPj8ASS0nKg=</latexit>

�(f loc
NL) < 1

<latexit sha1_base64="y/yADmoNbPHw6QqVu1vFdGHVRPc=">AAACBnicbZDLSsNAFIZPvNZ6i7oUYbAIrkpSpLosuHFZwV6gCWUynbRDJ5MwMxFK2pUbX8WNC0Xc+gzufBunbRBt/WHg4z/ncOb8QcKZ0o7zZa2srq1vbBa2its7u3v79sFhU8WpJLRBYh7LdoAV5UzQhmaa03YiKY4CTlvB8Hpab91TqVgs7vQooX6E+4KFjGBtrK594tFEMW7QRR7naIx+jAoad+2SU3ZmQsvg5lCCXPWu/en1YpJGVGjCsVId10m0n2GpGeF0UvRSRRNMhrhPOwYFjqjys9kZE3RmnB4KY2me0Gjm/p7IcKTUKApMZ4T1QC3WpuZ/tU6qwys/YyJJNRVkvihMOdIxmmaCekxSovnIACaSmb8iMsASE22SK5oQ3MWTl6FZKbvVsnN7UapV8zgKcAyncA4uXEINbqAODSDwAE/wAq/Wo/VsvVnv89YVK585gj+yPr4BKh+YPw==</latexit>

✏1 ⌧ |✏2|



Constraints from BOSS galaxy P(k)

Ivanov+ 2020
See also D’Amico+ 2020 & Philcox+ 2020

<latexit sha1_base64="63DQcxef4jXKhWqsEFPDJ5cXPIo=">AAACBHicbVDLSgMxFM3UV62vqstugkVwVWZEdDZC0Y3LCvYBbSmZNNOGJpkhuSOWYRZu/BU3LhRx60e4829MHwttPRDu4Zx7ubkniAU34LrfTm5ldW19I79Z2Nre2d0r7h80TJRoyuo0EpFuBcQwwRWrAwfBWrFmRAaCNYPR9cRv3jNteKTuYByzriQDxUNOCVipVyypXtoB9gCpyTJ8id2K73diaavr94plW6bAy8SbkzKao9YrfnX6EU0kU0AFMabtuTF0U6KBU8GyQicxLCZ0RAasbakikpluOj0iw8dW6eMw0vYpwFP190RKpDFjGdhOSWBoFr2J+J/XTiD0uylXcQJM0dmiMBEYIjxJBPe5ZhTE2BJCNbd/xXRINKFgcyvYELzFk5dJ47TinVfc27Ny9WoeRx6V0BE6QR66QFV0g2qojih6RM/oFb05T86L8+58zFpzznzmEP2B8/kDLAqWeQ==</latexit>

ns = 0.88± 0.08
(BBN/Planck prior on baryon density)



Pre-recombination dark energy?

Hill+ 2021

<latexit sha1_base64="ARFEJ7lCq6UEKxlOUlu+bRlcoIE="></latexit>

H0 = 74.4+2.2
�3.0 km s�1 Mpc�1

S8 = 0.791+0.040
0.046

ns = 0.985+0.011
�0.018

EdE not favoured 
by Planck high-l 
TT



BICEP/Keck (2006–)

• Small-aperture telescope(s) (deg. 
resolution) at South Pole

• Latest incarnation: BICEP Array

- 6 frequencies (30–270 GHz)

- 30,000 detectors when 
completed

- Surveying 600 deg2



Planck Collaboration 2018

Single-field, slow-roll consistency relation
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<latexit sha1_base64="oRzv+c15/obY5P3BfwUVKXf+qiE=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCF0sioj0oFLx4rGA/oA1hs922SzebsDsRS4h/xYsHRbz6Q7z5b9y2OWjrg4HHezPMzAtiwTU4zrdVWFldW98obpa2tnd29+z9g5aOEkVZk0YiUp2AaCa4ZE3gIFgnVoyEgWDtYHwz9dsPTGkeyXuYxMwLyVDyAacEjOTbZYWv8WkNSz/tAXuEFLLMtytO1ZkBLxM3JxWUo+HbX71+RJOQSaCCaN11nRi8lCjgVLCs1Es0iwkdkyHrGipJyLSXzo7P8LFR+ngQKVMS8Ez9PZGSUOtJGJjOkMBIL3pT8T+vm8Cg5qVcxgkwSeeLBonAEOFpErjPFaMgJoYQqri5FdMRUYSCyatkQnAXX14mrbOqe1F17s4r9as8jiI6REfoBLnoEtXRLWqgJqJogp7RK3qznqwX6936mLcWrHymjP7A+vwBuUSULg==</latexit>

r = �8nt

Planck TT,TE,EE+lowE+lensing+BK15

+LIGO & VIRGO 2016

<latexit sha1_base64="0ILHagjpTgCO9eUh+6bgEag10ps="></latexit>

⌦gw(k = 1.3⇥ 1016 Mpc�1) < 1.7⇥ 10�7

20 Hz

Extrapolating 18 orders of 
magnitude!



Galactic foregrounds
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Foreground emission
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` ), Baseline, opt. `knee
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Simons Observatory Collaboration 2018

<latexit sha1_base64="PbS4Q3Ml2yCZWU1i/VIgU0+UO9g=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSkepFKHjxWMF+QBvKZrtpl242cXcilNI/4cWDIl79O978N27aHLT1hYWHd2bYmTdIpDDout9OYW19Y3OruF3a2d3bPygfHrVMnGrGmyyWse4E1HApFG+iQMk7ieY0CiRvB+PbrN5+4tqIWD3gJOF+RIdKhIJRtFZH37hV1/Vq/XIlg0xkFbwcKpCr0S9/9QYxSyOukElqTNdzE/SnVKNgks9KvdTwhLIxHfKuRUUjbvzpfN8ZObPOgISxtk8hmbu/J6Y0MmYSBbYzojgyy7XM/K/WTTG89qdCJSlyxRYfhakkGJPseDIQmjOUEwuUaWF3JWxENWVoIyrZELzlk1ehdVH1alX3/rJSr+VxFOEETuEcPLiCOtxBA5rAQMIzvMKb8+i8OO/Ox6K14OQzx/BHzucP/ZuOlw==</latexit>

r = 0.0016

<latexit sha1_base64="kVYG5SVoc/wuiz9hh4KNO4Yo83o=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4kJKoVL0VPNhjBfsBTSyb7aZdutmE3YlaQ/+HFw+KePW/ePPfuG1z0NYHA4/3ZpiZ58eCa7Dtb2thcWl5ZTW3ll/f2NzaLuzsNnSUKMrqNBKRavlEM8ElqwMHwVqxYiT0BWv6g6ux37xnSvNI3sIwZl5IepIHnBIw0t3lqXvsAnuE9Lr6NOoUinbJngDPEycjRZSh1il8ud2IJiGTQAXRuu3YMXgpUcCpYKO8m2gWEzogPdY2VJKQaS+dXD3Ch0bp4iBSpiTgifp7IiWh1sPQN50hgb6e9cbif147geDCS7mME2CSThcFicAQ4XEEuMsVoyCGhhCquLkV0z5RhIIJKm9CcGZfnieNk5JTLtk3Z8VKOYsjh/bRATpCDjpHFVRFNVRHFCn0jF7Rm/VgvVjv1se0dcHKZvbQH1ifP+HlkhU=</latexit>

93GHz

<latexit sha1_base64="daTs/LCbw+/yh7sDAvRb8cFy53w=">AAAB+HicbVBNS8NAEN34WetHox69LBbBg5REavVY8GCPFewHNKFsttt26WYTdidiG/pLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCAWXIPjfFtr6xubW9u5nfzu3v5BwT48auooUZQ1aCQi1Q6IZoJL1gAOgrVjxUgYCNYKRrczv/XIlOaRfIBxzPyQDCTvc0rASF274JavvAsP2BOkd7XJtGsXnZIzB14lbkaKKEO9a395vYgmIZNABdG64zox+ClRwKlg07yXaBYTOiID1jFUkpBpP50fPsVnRunhfqRMScBz9fdESkKtx2FgOkMCQ73szcT/vE4C/Rs/5TJOgEm6WNRPBIYIz1LAPa4YBTE2hFDFza2YDokiFExWeROCu/zyKmleltxKybkvF6uVLI4cOkGn6By56BpVUQ3VUQNRlKBn9IrerIn1Yr1bH4vWNSubOUZ/YH3+AMbkkn4=</latexit>

145GHz

FG power in SAT survey

Residual power 
after multi-
frequency 
cleaning
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Fiducial analysis

Cleaning analysis

Dust-cleaned cross-power

BICEP2/Keck + Planck Collaborations 2015

Before dust cleaning

After dust cleaning



LiteBIRD

• JAXA-led mission with planned 
launch around 2027

-  Operate for 3 years

• Degree-scale resolution but 20x 
sensitivity of Planck

• 15 frequencies (40–400 GHz)

• Targeting primordial B-modes from 
recombination and reionization



LiteBIRD spectra forecasts
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LiteBIRD

90± 1± 0.2± 0.1±
Angular scale

Hazumi+ 2021

Reionization

 measurement 
if r > 0.01
5 σ

Recombination

 measurement 
if r > 0.01
5 σ

Total error budget for r = 0:
<latexit sha1_base64="i3BunkdrBm5wwthkfs7KIj7qWCI=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBahbkoiUl24KLhxWcE+oA1lMp20Q2eSMDNRSuynuHGhiFu/xJ1/46TNQlsPXO7hnHuZO8ePOVPacb6twtr6xuZWcbu0s7u3f2CXD9sqSiShLRLxSHZ9rChnIW1ppjntxpJi4XPa8Sc3md95oFKxKLzX05h6Ao9CFjCCtZEGdrmv2EjgqjxD18ipOY47sCtZz4BWiZuTCuRoDuyv/jAiiaChJhwr1XOdWHsplpoRTmelfqJojMkEj2jP0BALqrx0fvoMnRpliIJImgo1mqu/N1IslJoK30wKrMdq2cvE/7xeooMrL2VhnGgaksVDQcKRjlCWAxoySYnmU0MwkczcisgYS0y0SatkQnCXv7xK2uc1t15z7i4qjXoeRxGO4QSq4MIlNOAWmtACAo/wDK/wZj1ZL9a79bEYLVj5zhH8gfX5Ax1hkek=</latexit>

�(r) < 0.001



Euclid VRO-LSST DESI

SPHEREx Roman Space Telescope



No evidence for isocurvature modes

Planck Collaboration 2018
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Less than 2% contribution to CMB (T) variance from generally correlated 
non-adiabatic modes

<latexit sha1_base64="tfC6MZAmzzZbz6/KFF3STNbs9qs="></latexit>

Fraction of h(�T )2il2500 from non-adiabatic modes

TT+TE+EE
+lensing

TT+lensing



Bispectrum contaminants

Planck Collaboration 2019;  Hill 2018; Pettinari+ 2013 etc.

• ISW-lensing has to be subtracted: 

• Intrinsic bispectrum small correction:                  

<latexit sha1_base64="RvmRJEgYbEpY0k1TXi9c0bxruwA=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQyCpzAjoh48BPSgt4jZIDOGnk4ladKz0F0jhiHgr3jxoIhXv8Obf2NnOWjig4LHe1VU1fNjKTTa9reVWVhcWl7JrubW1jc2t/LbOzUdJYpDlUcyUg2faZAihCoKlNCIFbDAl1D3+5cjv/4ASosorOAgBi9g3VB0BGdopFZ+z70CiYxW7lMX4RHTm7v6cNjKF+yiPQadJ86UFMgU5Vb+y21HPAkgRC6Z1k3HjtFLmULBJQxzbqIhZrzPutA0NGQBaC8dnz+kh0Zp006kTIVIx+rviZQFWg8C33QGDHt61huJ/3nNBDvnXirCOEEI+WRRJ5EUIzrKgraFAo5yYAjjSphbKe8xxTiaxHImBGf25XlSOy46p0X79qRQupjGkSX75IAcEYeckRK5JmVSJZyk5Jm8kjfryXqx3q2PSWvGms7skj+wPn8AJPWVmA==</latexit>

�T ISW

<latexit sha1_base64="cGXO+S0GbXnGDHyChkI+lHm0QvE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1INIwYvHCvYD21Am2027dLMJuxuhhP4LLx4U8eq/8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53Cyura+kZxs7S1vbO7V94/aOo4VZQ1aCxi1Q5QM8ElaxhuBGsnimEUCNYKRrdTv/XElOaxfDDjhPkRDiQPOUVjpcfuCJMEyQ1xe+WKW3VnIMvEy0kFctR75a9uP6ZpxKShArXueG5i/AyV4VSwSambapYgHeGAdSyVGDHtZ7OLJ+TEKn0SxsqWNGSm/p7IMNJ6HAW2M0Iz1IveVPzP66QmvPIzLpPUMEnni8JUEBOT6fukzxWjRowtQaq4vZXQISqkxoZUsiF4iy8vk+ZZ1buouvfnldp1HkcRjuAYTsGDS6jBHdShARQkPMMrvDnaeXHenY95a8HJZw7hD5zPHzw+j/Q=</latexit>

 > 0

<latexit sha1_base64="3lY98bWAd9w5runDIwpeYxDRhnM=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1CJFwMYygvnA5Ahzm71kyd7esbsnhCP/wsZCEVv/jZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVFHWpLGIVSdAzQSXrGm4EayTKIZRIFg7GN/O/PYTU5rH8sFMEuZHOJQ85BSNlR57Y0wSJDXi9ssVt+rOQVaJl5MK5Gj0y1+9QUzTiElDBWrd9dzE+Bkqw6lg01Iv1SxBOsYh61oqMWLaz+YXT8mZVQYkjJUtachc/T2RYaT1JApsZ4RmpJe9mfif101NeONnXCapYZIuFoWpICYms/fJgCtGjZhYglRxeyuhI1RIjQ2pZEPwll9eJa2LqndVde8vK/VaHkcRTuAUzsGDa6jDHTSgCRQkPMMrvDnaeXHenY9Fa8HJZ47hD5zPHzkyj/I=</latexit>

 < 0 <latexit sha1_base64="FkIQ+wfCJq2a7v0CIMsNCmpbwLY=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuCqJiLoQKbhxIVLBXqCNYTKdtEMnF2ZOxBKyc+OruHGhiFtfwZ1v47TNQlt/GPj4zzmcOb8XC67Asr6Nwtz8wuJScbm0srq2vmFubjVUlEjK6jQSkWx5RDHBQ1YHDoK1YslI4AnW9AYXo3rznknFo/AWhjFzAtILuc8pAW255q7vph1gD5BeX2XZXc4iolmGz7HlmmWrYo2FZ8HOoYxy1Vzzq9ONaBKwEKggSrVtKwYnJRI4FSwrdRLFYkIHpMfaGkMSMOWk4zsyvK+dLvYjqV8IeOz+nkhJoNQw8HRnQKCvpmsj879aOwH/1El5GCfAQjpZ5CcCQ4RHoeAul4yCGGogVHL9V0z7RBIKOrqSDsGePnkWGocV+7hi3RyVq2d5HEW0g/bQAbLRCaqiS1RDdUTRI3pGr+jNeDJejHfjY9JaMPKZbfRHxucPcVGZoQ==</latexit>

f loc
NL > 0

<latexit sha1_base64="gSwRBaJaxOFh+dwbInxATx9C9cY="></latexit>

�f loc
NL = 7.3

�forth
NL = �23

<latexit sha1_base64="5j23SNPQaiU0ySOe58v00QxmLvM=">AAACGHicbZC7SgNBFIZnvRtvUUubwSBYxV3xVlgIWliIKBgTyMYwOzmbDM7uLDNnxbDuY9j4KjYWitja+TZO4hbefhj4+M85nDl/kEhh0HU/nJHRsfGJyanp0szs3PxCeXHp0qhUc6hxJZVuBMyAFDHUUKCERqKBRYGEenB9OKjXb0AboeIL7CfQilg3FqHgDK3VLm/c+UcgkdGwnfkIt5idnuT5VcFS8Ty/oz5LEq1uqVvdbpcrbtUdiv4Fr4AKKXTWLr/7HcXTCGLkkhnT9NwEWxnTKLiEvOSnBhLGr1kXmhZjFoFpZcPDcrpmnQ4NlbYvRjp0v09kLDKmHwW2M2LYM79rA/O/WjPFcK+ViThJEWL+tShMJUVFBynRjtDAUfYtMK6F/SvlPaYZR5tlyYbg/T75L1xuVr2dqnu+VTnYL+KYIitklawTj+ySA3JMzkiNcHJPHskzeXEenCfn1Xn7ah1xipll8kPO+ye2c6DE</latexit>

|�f loc
NL| ⇡ 0.5



Bispectrum contaminants: single frequency

Hill 2018; Coulton, Miranthis & AC in prep.

Not including ISW-lensing

WebSky simulations



Bispectrum contaminants: single frequency

Hill 2018; Coulton, Miranthis & AC in prep.



Bispectrum contaminants: ILC cleaning

Hill 2018; Coulton, Miranthis & AC in prep.

Not including ISW-lensing

• Effectiveness of base ILC relies on cancellation between CIB- and tSZ-
related biases

• Deprojecting both CIB and tSZ recommended for SO

WebSky simulations



Scale-dependent halo bias: eBOSS QSOs

Castorina+ 2019

<latexit sha1_base64="iuKZJKOxFzXqbX4SEA9Lr07h/lM=">AAACDXicbZC7SgNBFIZnvcZ4W7W0GYyCjWE3eCtSBGwsRCKYCyRrmJ3MJkNmL8ycFcOyL2Djq9hYKGJrb+fbOEm20MQfBj7+cw5nzu9GgiuwrG9jbn5hcWk5t5JfXVvf2DS3tusqjCVlNRqKUDZdopjgAasBB8GakWTEdwVruIOLUb1xz6TiYXALw4g5PukF3OOUgLY65v7RiY3L2OskbWAPkFxfpeldxiKkaVrGJbtjFqyiNRaeBTuDAspU7Zhf7W5IY58FQAVRqmVbETgJkcCpYGm+HSsWETogPdbSGBCfKScZX5PiA+10sRdK/QLAY/f3REJ8pYa+qzt9An01XRuZ/9VaMXjnTsKDKAYW0MkiLxYYQjyKBne5ZBTEUAOhkuu/YtonklDQAeZ1CPb0ybNQLxXt06J1c1yolLM4cmgX7aFDZKMzVEGXqIpqiKJH9Ixe0ZvxZLwY78bHpHXOyGZ20B8Znz8oOpr9</latexit>

�51 < f loc
NL < 21

• Quasars: highly biased and large volumes (eBOSS DR14: 0.8 < z < 2.2)

• Prediction for full eBOSS:                          (similar to current CMB)
<latexit sha1_base64="ovwpOQhTXB0rsbFqu+RcbpE+HyA="></latexit>

�
�
f loc
NL

�
= 5–8


