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Hubble tension

Depends on the cosmological 
model

 tension with Planck!5σ

<latexit sha1_base64="TzFo2PbwnZt3jlTtTEBRfRrZuyE=">AAACEnicbZDLSsNAFIYn9VbrrerSzWARFCRNtFg3QtFNN0IFe4EmhMl02g6dScLMRCihz+DGV3HjQhG3rtz5Nk7TLLT1h4GP/5zDnPP7EaNSWda3kVtaXlldy68XNja3tneKu3stGcYCkyYOWSg6PpKE0YA0FVWMdCJBEPcZafujm2m9/UCEpGFwr8YRcTkaBLRPMVLa8oondc+CV7B6bloV6EQc2imcQocjNRQ8GfGyLN9GeOIVS5ZppYKLYGdQApkaXvHL6YU45iRQmCEpu7YVKTdBQlHMyKTgxJJECI/QgHQ1BogT6SbpSRN4pJ0e7IdCv0DB1P09kSAu5Zj7unO6qJyvTc3/at1Y9S/dhAZRrEiAZx/1YwZVCKf5wB4VBCs21oCwoHpXiIdIIKx0igUdgj1/8iK0zkz7wqzcVUq16yyOPDgAh+AY2KAKaqAOGqAJMHgEz+AVvBlPxovxbnzMWnNGNrMP/sj4/AFvzZpI</latexit>

H0 = 73.04± 1.04 km/s/Mpc

New SHOES result (Riess et al 2021):

Systematics or new physics?

<latexit sha1_base64="tZtQkgcFpe2VxKtENug5tVzMC00=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoQtJESutGKLrpRqhgH9CEMplO26EzSZiZCCX0F9z4K25cKOLWnTv/xkmbhbYeuHA4517uvcePGJXKtr+N3Nr6xuZWfruws7u3f2AeHrVlGAtMWjhkoej6SBJGA9JSVDHSjQRB3Gek409uUr/zQISkYXCvphHxOBoFdEgxUlrqm6VG34ZXsFqzao4bcWhbFRu659DlSI0FTya8LMu3EZ71zaJt2XPAVeJkpAgyNPvmlzsIccxJoDBDUvYcO1JegoSimJFZwY0liRCeoBHpaRogTqSXzD+awTOtDOAwFLoCBefq74kEcSmn3Ned6aFy2UvF/7xerIaXXkKDKFYkwItFw5hBFcI0HjiggmDFppogLKi+FeIxEggrHWJBh+Asv7xK2heWU7Uqd5Vi/TqLIw9OwCkoAQfUQB00QBO0AAaP4Bm8gjfjyXgx3o2PRWvOyGaOwR8Ynz8d6pok</latexit>

H0 = 67.71± 0.40 km/s/Mpc

(Planck+BAO+Sn)

Indirect

Direct



Hubble tension

Depends on the cosmological 
model

 tension with Planck!5σ

<latexit sha1_base64="TzFo2PbwnZt3jlTtTEBRfRrZuyE=">AAACEnicbZDLSsNAFIYn9VbrrerSzWARFCRNtFg3QtFNN0IFe4EmhMl02g6dScLMRCihz+DGV3HjQhG3rtz5Nk7TLLT1h4GP/5zDnPP7EaNSWda3kVtaXlldy68XNja3tneKu3stGcYCkyYOWSg6PpKE0YA0FVWMdCJBEPcZafujm2m9/UCEpGFwr8YRcTkaBLRPMVLa8oondc+CV7B6bloV6EQc2imcQocjNRQ8GfGyLN9GeOIVS5ZppYKLYGdQApkaXvHL6YU45iRQmCEpu7YVKTdBQlHMyKTgxJJECI/QgHQ1BogT6SbpSRN4pJ0e7IdCv0DB1P09kSAu5Zj7unO6qJyvTc3/at1Y9S/dhAZRrEiAZx/1YwZVCKf5wB4VBCs21oCwoHpXiIdIIKx0igUdgj1/8iK0zkz7wqzcVUq16yyOPDgAh+AY2KAKaqAOGqAJMHgEz+AVvBlPxovxbnzMWnNGNrMP/sj4/AFvzZpI</latexit>

H0 = 73.04± 1.04 km/s/Mpc

New SHOES result (Riess et al 2021):

Systematics or new physics?
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H0 = 67.71± 0.40 km/s/Mpc

(Planck+BAO+Sn)

Indirect

Direct



Measuring H0

L. Knox

rs(z⇤) ! Sound horizon at lss

DA(z⇤) ! Angular diameter distance

✓s(z⇤) ! Angular scale of the sound horizon

<latexit sha1_base64="1WX45TcOvGT93ry84BHTPPJ/3zI="></latexit>

Measured with a 0.03% precision by Planck 2018 

INDIRECT

CMB



rs(z⇤) ! Sound horizon at lss

DA(z⇤) ! Angular diameter distance

✓s(z⇤) ! Angular scale of the sound horizon

<latexit sha1_base64="hkQKsJmh4B0gJy58V+PuI+ty+z4="></latexit>

✓s(z⇤) =
rs(z⇤)

DA(z⇤)
=

R1
z⇤

cs(z) dz /H(z)
R z⇤
0 c dz /H(z)

Measured with a 0.03% 
precision by Planck 2018 

: post-recombination physics  information on H0DA ⟶

: pre-recombination physics  depend on physical densities (b, r, cdm, )rs ⟶ ν

How to solve the H0 tension?

INDIRECT

Introducing new physics



Measured with a 0.03% precision by Planck 2018 

Early vs late time solutions to the Hubble tension

EARLY UNIVERSE SOLUTIONS

Change only late time physics: early universe unaffected

Shown to not solve the tension, only alleviates!

LATE UNIVERSE SOLUTIONS

<latexit sha1_base64="hkQKsJmh4B0gJy58V+PuI+ty+z4="></latexit>

✓s(z⇤) =
rs(z⇤)

DA(z⇤)
=

R1
z⇤

cs(z) dz /H(z)
R z⇤
0 c dz /H(z)

To increase :H0

Change only early time physics, late time almost unaffected

<latexit sha1_base64="l9JxP38FsQj6ABBM3V6eboUKfuw=">AAAB+HicbVBNS8NAEN34WetHox69LBaheiiJFPVY9OKxgv2ANoTNdtMu3WzC7kRoQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2ttfWNza7uwU9zd2z8o2YdHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6G7mt5+Y0jyWjzBOmBeRgeQhpwSM5NulHgwZEF9XJn52MT337bJTdebAq8TNSRnlaPj2V68f0zRiEqggWnddJwEvIwo4FWxa7KWaJYSOyIB1DZUkYtrL5odP8ZlR+jiMlSkJeK7+nshIpPU4CkxnRGCol72Z+J/XTSG88TIukxSYpItFYSowxHiWAu5zxSiIsSGEKm5uxXRIFKFgsiqaENzll1dJ67LqXlVrD7Vy/TaPo4BO0CmqIBddozq6Rw3URBSl6Bm9ojdrYr1Y79bHonXNymeO0R9Ynz9IUJLa</latexit>

✓s(z⇤)

Fixed

: decrease
<latexit sha1_base64="skSvqjC3emlFEzuT36Cow6jfwvw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBaheiiJFPVY9OKxgv3ANoTNdtMu3WzC7kaoIf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zM82POlLbtb6uwsrq2vlHcLG1t7+zulfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxxzdTv/NIpWKRuNeTmLohHgoWMIK1kR6kp6pPXnqWnXrlil2zZ0DLxMlJBXI0vfJXfxCRJKRCE46V6jl2rN0US80Ip1mpnygaYzLGQ9ozVOCQKjedXZyhE6MMUBBJU0Kjmfp7IsWhUpPQN50h1iO16E3F/7xeooMrN2UiTjQVZL4oSDjSEZq+jwZMUqL5xBBMJDO3IjLCEhNtQiqZEJzFl5dJ+7zmXNTqd/VK4zqPowhHcAxVcOASGnALTWgBAQHP8ApvlrJerHfrY95asPKZQ/gD6/MH91yQdw==</latexit>

rs(z⇤) ⟹ decreases
<latexit sha1_base64="sraCK8z+fE9QmgbK0SnFhWdhgwM=">AAAB8XicbVDLSsNAFL2pr1pfVZduBotQXZREirqsj4XLCvaBbQiT6aQdOpmEmYlQQ//CjQtF3Po37vwbp20W2nrgwuGce7n3Hj/mTGnb/rZyS8srq2v59cLG5tb2TnF3r6miRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3g98VuPVCoWiXs9iqkb4r5gASNYG+nhxrssP3npyfjYK5bsij0FWiRORkqQoe4Vv7q9iCQhFZpwrFTHsWPtplhqRjgdF7qJojEmQ9ynHUMFDqly0+nFY3RklB4KImlKaDRVf0+kOFRqFPqmM8R6oOa9ifif10l0cOGmTMSJpoLMFgUJRzpCk/dRj0lKNB8Zgolk5lZEBlhiok1IBROCM//yImmeVpyzSvWuWqpdZXHk4QAOoQwOnEMNbqEODSAg4Ble4c1S1ov1bn3MWnNWNrMPf2B9/gBi4JAX</latexit>

DA(z⇤)⟹

Increases
<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0

Verde + (2019),Poulin (2019), Agrawal + (2019), Lin +(2019), Smith + (2019), Knox and Milea (2019)

Little room for changes in the physics (?)



Early time solutions to the Hubble tension

<latexit sha1_base64="aNst2+8TaZPlyAqp7VEifeqCDeg=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgashoR9tdsS5cKFSwD+gMJZOmbWjmQZIRylB/xY0LRdz6Ie78GzNtBRU9EDicey735PgxZ1Ih9GHklpZXVtfy64WNza3tHXN3ryWjRBDaJBGPRMfHknIW0qZiitNOLCgOfE7b/riezdt3VEgWhbdqElMvwMOQDRjBSks9s+heaXMfuwFWIxGk9Yvrac8sIQs5VcdGEFkOsqsnGalWK2XHgbaFZiiBBRo9893tRyQJaKgIx1J2bRQrL8VCMcLptOAmksaYjPGQdjUNcUCll87CT+GhVvpwEAn9QgVn6veNFAdSTgJfO7OM8vcsE/+adRM1qHgpC+NE0ZDMDw0SDlUEsyZgnwlKFJ9ogolgOiskIywwUbqvgi7h66fwf9I6tuxTq3xTLtXOF3XkwT44AEfABmegBi5BAzQBARPwAJ7As3FvPBovxuvcmjMWO0XwA8bbJwl5lQ4=</latexit>

⇤CDM
<latexit sha1_base64="vTJLvqv/rzQrOMW2wNKN8aLDIr8=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw0wd2rorasFlBfuAzlAyaaYNTTJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDufcyz05YcKo0o7zYa2srq1vbBa2its7u3v7pYPDjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh5Cr3u/dEKhqLOz1NSMDRSNCIYqSN5Psc6bHkWfO6ORuUyo59Ua9WvCp0bMepuRU3J5Wad+5B1yg5ymCJ1qD07g9jnHIiNGZIqb7rJDrIkNQUMzIr+qkiCcITNCJ9QwXiRAXZPPMMnhplCKNYmic0nKvfNzLElZry0EzmGdVvLxf/8vqpjupBRkWSaiLw4lCUMqhjmBcAh1QSrNnUEIQlNVkhHiOJsDY1FU0JXz+F/5NOxXartnfrlRuXyzoK4BicgDPgghpogBvQAm2AQQIewBN4tlLr0XqxXhejK9Zy5wj8gPX2CVevkeg=</latexit>

EDE
<latexit sha1_base64="wBIpb+WhiBulcA5psBrq8WjVPvM="></latexit>

rs(z⇤) =

Z 1

z⇤

dz

H(z)
cs(t)

<latexit sha1_base64="l9JxP38FsQj6ABBM3V6eboUKfuw=">AAAB+HicbVBNS8NAEN34WetHox69LBaheiiJFPVY9OKxgv2ANoTNdtMu3WzC7kRoQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2ttfWNza7uwU9zd2z8o2YdHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6G7mt5+Y0jyWjzBOmBeRgeQhpwSM5NulHgwZEF9XJn52MT337bJTdebAq8TNSRnlaPj2V68f0zRiEqggWnddJwEvIwo4FWxa7KWaJYSOyIB1DZUkYtrL5odP8ZlR+jiMlSkJeK7+nshIpPU4CkxnRGCol72Z+J/XTSG88TIukxSYpItFYSowxHiWAu5zxSiIsSGEKm5uxXRIFKFgsiqaENzll1dJ67LqXlVrD7Vy/TaPo4BO0CmqIBddozq6Rw3URBSl6Bm9ojdrYr1Y79bHonXNymeO0R9Ynz9IUJLa</latexit>

✓s(z⇤)

Fixed

: decrease
<latexit sha1_base64="skSvqjC3emlFEzuT36Cow6jfwvw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBaheiiJFPVY9OKxgv3ANoTNdtMu3WzC7kaoIf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zM82POlLbtb6uwsrq2vlHcLG1t7+zulfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxxzdTv/NIpWKRuNeTmLohHgoWMIK1kR6kp6pPXnqWnXrlil2zZ0DLxMlJBXI0vfJXfxCRJKRCE46V6jl2rN0US80Ip1mpnygaYzLGQ9ozVOCQKjedXZyhE6MMUBBJU0Kjmfp7IsWhUpPQN50h1iO16E3F/7xeooMrN2UiTjQVZL4oSDjSEZq+jwZMUqL5xBBMJDO3IjLCEhNtQiqZEJzFl5dJ+7zmXNTqd/VK4zqPowhHcAxVcOASGnALTWgBAQHP8ApvlrJerHfrY95asPKZQ/gD6/MH91yQdw==</latexit>

rs(z⇤) ⟹ decreases
<latexit sha1_base64="sraCK8z+fE9QmgbK0SnFhWdhgwM=">AAAB8XicbVDLSsNAFL2pr1pfVZduBotQXZREirqsj4XLCvaBbQiT6aQdOpmEmYlQQ//CjQtF3Po37vwbp20W2nrgwuGce7n3Hj/mTGnb/rZyS8srq2v59cLG5tb2TnF3r6miRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3g98VuPVCoWiXs9iqkb4r5gASNYG+nhxrssP3npyfjYK5bsij0FWiRORkqQoe4Vv7q9iCQhFZpwrFTHsWPtplhqRjgdF7qJojEmQ9ynHUMFDqly0+nFY3RklB4KImlKaDRVf0+kOFRqFPqmM8R6oOa9ifif10l0cOGmTMSJpoLMFgUJRzpCk/dRj0lKNB8Zgolk5lZEBlhiok1IBROCM//yImmeVpyzSvWuWqpdZXHk4QAOoQwOnEMNbqEODSAg4Ble4c1S1ov1bn3MWnNWNrMPf2B9/gBi4JAX</latexit>

DA(z⇤) Increases
<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0⟹

• Sound horizon at last scattering dominated by contributions near the lower bound of  the integral 
• Sensitive to H(z) at times shortly after recombination 

  If  we decrease  by  (keeping  and  fixed) we can solve the  tension⟹ rs 10 Mpc rs/rd rs/req H0



Change  :H(z) increasing  before recombination with additional componentsH(z)
- Light Relics  
- Early Dark Energy (Karwal+ 2016, …)

Early time solutions to the Hubble tension

<latexit sha1_base64="aNst2+8TaZPlyAqp7VEifeqCDeg=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgashoR9tdsS5cKFSwD+gMJZOmbWjmQZIRylB/xY0LRdz6Ie78GzNtBRU9EDicey735PgxZ1Ih9GHklpZXVtfy64WNza3tHXN3ryWjRBDaJBGPRMfHknIW0qZiitNOLCgOfE7b/riezdt3VEgWhbdqElMvwMOQDRjBSks9s+heaXMfuwFWIxGk9Yvrac8sIQs5VcdGEFkOsqsnGalWK2XHgbaFZiiBBRo9893tRyQJaKgIx1J2bRQrL8VCMcLptOAmksaYjPGQdjUNcUCll87CT+GhVvpwEAn9QgVn6veNFAdSTgJfO7OM8vcsE/+adRM1qHgpC+NE0ZDMDw0SDlUEsyZgnwlKFJ9ogolgOiskIywwUbqvgi7h66fwf9I6tuxTq3xTLtXOF3XkwT44AEfABmegBi5BAzQBARPwAJ7As3FvPBovxuvcmjMWO0XwA8bbJwl5lQ4=</latexit>

⇤CDM
<latexit sha1_base64="vTJLvqv/rzQrOMW2wNKN8aLDIr8=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw0wd2rorasFlBfuAzlAyaaYNTTJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDufcyz05YcKo0o7zYa2srq1vbBa2its7u3v7pYPDjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh5Cr3u/dEKhqLOz1NSMDRSNCIYqSN5Psc6bHkWfO6ORuUyo59Ua9WvCp0bMepuRU3J5Wad+5B1yg5ymCJ1qD07g9jnHIiNGZIqb7rJDrIkNQUMzIr+qkiCcITNCJ9QwXiRAXZPPMMnhplCKNYmic0nKvfNzLElZry0EzmGdVvLxf/8vqpjupBRkWSaiLw4lCUMqhjmBcAh1QSrNnUEIQlNVkhHiOJsDY1FU0JXz+F/5NOxXartnfrlRuXyzoK4BicgDPgghpogBvQAm2AQQIewBN4tlLr0XqxXhejK9Zy5wj8gPX2CVevkeg=</latexit>

EDE

<latexit sha1_base64="wBIpb+WhiBulcA5psBrq8WjVPvM="></latexit>

rs(z⇤) =

Z 1

z⇤

dz

H(z)
cs(t)

<latexit sha1_base64="l9JxP38FsQj6ABBM3V6eboUKfuw=">AAAB+HicbVBNS8NAEN34WetHox69LBaheiiJFPVY9OKxgv2ANoTNdtMu3WzC7kRoQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2ttfWNza7uwU9zd2z8o2YdHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6G7mt5+Y0jyWjzBOmBeRgeQhpwSM5NulHgwZEF9XJn52MT337bJTdebAq8TNSRnlaPj2V68f0zRiEqggWnddJwEvIwo4FWxa7KWaJYSOyIB1DZUkYtrL5odP8ZlR+jiMlSkJeK7+nshIpPU4CkxnRGCol72Z+J/XTSG88TIukxSYpItFYSowxHiWAu5zxSiIsSGEKm5uxXRIFKFgsiqaENzll1dJ67LqXlVrD7Vy/TaPo4BO0CmqIBddozq6Rw3URBSl6Bm9ojdrYr1Y79bHonXNymeO0R9Ynz9IUJLa</latexit>

✓s(z⇤)

Fixed

: decrease
<latexit sha1_base64="skSvqjC3emlFEzuT36Cow6jfwvw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBaheiiJFPVY9OKxgv3ANoTNdtMu3WzC7kaoIf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zM82POlLbtb6uwsrq2vlHcLG1t7+zulfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxxzdTv/NIpWKRuNeTmLohHgoWMIK1kR6kp6pPXnqWnXrlil2zZ0DLxMlJBXI0vfJXfxCRJKRCE46V6jl2rN0US80Ip1mpnygaYzLGQ9ozVOCQKjedXZyhE6MMUBBJU0Kjmfp7IsWhUpPQN50h1iO16E3F/7xeooMrN2UiTjQVZL4oSDjSEZq+jwZMUqL5xBBMJDO3IjLCEhNtQiqZEJzFl5dJ+7zmXNTqd/VK4zqPowhHcAxVcOASGnALTWgBAQHP8ApvlrJerHfrY95asPKZQ/gD6/MH91yQdw==</latexit>

rs(z⇤) ⟹ decreases
<latexit sha1_base64="sraCK8z+fE9QmgbK0SnFhWdhgwM=">AAAB8XicbVDLSsNAFL2pr1pfVZduBotQXZREirqsj4XLCvaBbQiT6aQdOpmEmYlQQ//CjQtF3Po37vwbp20W2nrgwuGce7n3Hj/mTGnb/rZyS8srq2v59cLG5tb2TnF3r6miRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3g98VuPVCoWiXs9iqkb4r5gASNYG+nhxrssP3npyfjYK5bsij0FWiRORkqQoe4Vv7q9iCQhFZpwrFTHsWPtplhqRjgdF7qJojEmQ9ynHUMFDqly0+nFY3RklB4KImlKaDRVf0+kOFRqFPqmM8R6oOa9ifif10l0cOGmTMSJpoLMFgUJRzpCk/dRj0lKNB8Zgolk5lZEBlhiok1IBROCM//yImmeVpyzSvWuWqpdZXHk4QAOoQwOnEMNbqEODSAg4Ble4c1S1ov1bn3MWnNWNrMPf2B9/gBi4JAX</latexit>

DA(z⇤) Increases
<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0⟹

  If  we decrease  by  (keeping  and  fixed) we can solve the  tension⟹ rs 10 Mpc rs/rd rs/req H0

Many ideas on how to do this:

Change          (e.g. Boddy + 2018)cs

Change : change recombination physics - primordial B (Jedamzik + 2020); change  or   (Sekiguchi+ 2020)z* me me, Ωk



Change  :H(z) increasing  before recombination with additional componentsH(z)
- Light Relics  
- Early Dark Energy

Early time solutions to the Hubble tension

<latexit sha1_base64="aNst2+8TaZPlyAqp7VEifeqCDeg=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgashoR9tdsS5cKFSwD+gMJZOmbWjmQZIRylB/xY0LRdz6Ie78GzNtBRU9EDicey735PgxZ1Ih9GHklpZXVtfy64WNza3tHXN3ryWjRBDaJBGPRMfHknIW0qZiitNOLCgOfE7b/riezdt3VEgWhbdqElMvwMOQDRjBSks9s+heaXMfuwFWIxGk9Yvrac8sIQs5VcdGEFkOsqsnGalWK2XHgbaFZiiBBRo9893tRyQJaKgIx1J2bRQrL8VCMcLptOAmksaYjPGQdjUNcUCll87CT+GhVvpwEAn9QgVn6veNFAdSTgJfO7OM8vcsE/+adRM1qHgpC+NE0ZDMDw0SDlUEsyZgnwlKFJ9ogolgOiskIywwUbqvgi7h66fwf9I6tuxTq3xTLtXOF3XkwT44AEfABmegBi5BAzQBARPwAJ7As3FvPBovxuvcmjMWO0XwA8bbJwl5lQ4=</latexit>

⇤CDM
<latexit sha1_base64="vTJLvqv/rzQrOMW2wNKN8aLDIr8=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw0wd2rorasFlBfuAzlAyaaYNTTJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDufcyz05YcKo0o7zYa2srq1vbBa2its7u3v7pYPDjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh5Cr3u/dEKhqLOz1NSMDRSNCIYqSN5Psc6bHkWfO6ORuUyo59Ua9WvCp0bMepuRU3J5Wad+5B1yg5ymCJ1qD07g9jnHIiNGZIqb7rJDrIkNQUMzIr+qkiCcITNCJ9QwXiRAXZPPMMnhplCKNYmic0nKvfNzLElZry0EzmGdVvLxf/8vqpjupBRkWSaiLw4lCUMqhjmBcAh1QSrNnUEIQlNVkhHiOJsDY1FU0JXz+F/5NOxXartnfrlRuXyzoK4BicgDPgghpogBvQAm2AQQIewBN4tlLr0XqxXhejK9Zy5wj8gPX2CVevkeg=</latexit>

EDE

<latexit sha1_base64="wBIpb+WhiBulcA5psBrq8WjVPvM="></latexit>

rs(z⇤) =

Z 1

z⇤

dz

H(z)
cs(t)

<latexit sha1_base64="l9JxP38FsQj6ABBM3V6eboUKfuw=">AAAB+HicbVBNS8NAEN34WetHox69LBaheiiJFPVY9OKxgv2ANoTNdtMu3WzC7kRoQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2ttfWNza7uwU9zd2z8o2YdHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6G7mt5+Y0jyWjzBOmBeRgeQhpwSM5NulHgwZEF9XJn52MT337bJTdebAq8TNSRnlaPj2V68f0zRiEqggWnddJwEvIwo4FWxa7KWaJYSOyIB1DZUkYtrL5odP8ZlR+jiMlSkJeK7+nshIpPU4CkxnRGCol72Z+J/XTSG88TIukxSYpItFYSowxHiWAu5zxSiIsSGEKm5uxXRIFKFgsiqaENzll1dJ67LqXlVrD7Vy/TaPo4BO0CmqIBddozq6Rw3URBSl6Bm9ojdrYr1Y79bHonXNymeO0R9Ynz9IUJLa</latexit>

✓s(z⇤)

Fixed

: decrease
<latexit sha1_base64="skSvqjC3emlFEzuT36Cow6jfwvw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBaheiiJFPVY9OKxgv3ANoTNdtMu3WzC7kaoIf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zM82POlLbtb6uwsrq2vlHcLG1t7+zulfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxxzdTv/NIpWKRuNeTmLohHgoWMIK1kR6kp6pPXnqWnXrlil2zZ0DLxMlJBXI0vfJXfxCRJKRCE46V6jl2rN0US80Ip1mpnygaYzLGQ9ozVOCQKjedXZyhE6MMUBBJU0Kjmfp7IsWhUpPQN50h1iO16E3F/7xeooMrN2UiTjQVZL4oSDjSEZq+jwZMUqL5xBBMJDO3IjLCEhNtQiqZEJzFl5dJ+7zmXNTqd/VK4zqPowhHcAxVcOASGnALTWgBAQHP8ApvlrJerHfrY95asPKZQ/gD6/MH91yQdw==</latexit>

rs(z⇤) ⟹ decreases
<latexit sha1_base64="sraCK8z+fE9QmgbK0SnFhWdhgwM=">AAAB8XicbVDLSsNAFL2pr1pfVZduBotQXZREirqsj4XLCvaBbQiT6aQdOpmEmYlQQ//CjQtF3Po37vwbp20W2nrgwuGce7n3Hj/mTGnb/rZyS8srq2v59cLG5tb2TnF3r6miRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3g98VuPVCoWiXs9iqkb4r5gASNYG+nhxrssP3npyfjYK5bsij0FWiRORkqQoe4Vv7q9iCQhFZpwrFTHsWPtplhqRjgdF7qJojEmQ9ynHUMFDqly0+nFY3RklB4KImlKaDRVf0+kOFRqFPqmM8R6oOa9ifif10l0cOGmTMSJpoLMFgUJRzpCk/dRj0lKNB8Zgolk5lZEBlhiok1IBROCM//yImmeVpyzSvWuWqpdZXHk4QAOoQwOnEMNbqEODSAg4Ble4c1S1ov1bn3MWnNWNrMPf2B9/gBi4JAX</latexit>

DA(z⇤) Increases
<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0⟹

  If  we decrease  by  (keeping  and  fixed) we can solve the  tension⟹ rs 10 Mpc rs/rd rs/req H0

Many ideas on how to do this:

Change          (e.g. Boddy + 2018)cs

Change : change recombination physics - primordial B (Jedamzik + 2020); change  or   (Sekiguchi+ 2020)z* me me, Ωk

<latexit sha1_base64="6m4dEE/jj0U5zD0taW7cO1YBtTc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BPXiSCOaByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0fXUbz5xbUSkHnAccz+kAyX6glG00mPnhkuk5K4bd4slt+zOQJaJl5ESZKh1i1+dXsSSkCtkkhrT9twY/ZRqFEzySaGTGB5TNqID3rZU0ZAbP51dPCEnVumRfqRtKSQz9fdESkNjxmFgO0OKQ7PoTcX/vHaC/Us/FSpOkCs2X9RPJMGITN8nPaE5Qzm2hDIt7K2EDammDG1IBRuCt/jyMmmclb3zcuW+UqpeZXHk4QiO4RQ8uIAq3EIN6sBAwTO8wptjnBfn3fmYt+acbOYQ/sD5/AHiQ5Bq</latexit>

�Np

The  Olympics: A fair ranking  
of  proposed models, 

Schöneberg + (2021)

H0



Change  :H(z) increasing  before recombination with additional componentsH(z)
- Light Relics  
- Early Dark Energy

Early time solutions to the Hubble tension

<latexit sha1_base64="aNst2+8TaZPlyAqp7VEifeqCDeg=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgashoR9tdsS5cKFSwD+gMJZOmbWjmQZIRylB/xY0LRdz6Ie78GzNtBRU9EDicey735PgxZ1Ih9GHklpZXVtfy64WNza3tHXN3ryWjRBDaJBGPRMfHknIW0qZiitNOLCgOfE7b/riezdt3VEgWhbdqElMvwMOQDRjBSks9s+heaXMfuwFWIxGk9Yvrac8sIQs5VcdGEFkOsqsnGalWK2XHgbaFZiiBBRo9893tRyQJaKgIx1J2bRQrL8VCMcLptOAmksaYjPGQdjUNcUCll87CT+GhVvpwEAn9QgVn6veNFAdSTgJfO7OM8vcsE/+adRM1qHgpC+NE0ZDMDw0SDlUEsyZgnwlKFJ9ogolgOiskIywwUbqvgi7h66fwf9I6tuxTq3xTLtXOF3XkwT44AEfABmegBi5BAzQBARPwAJ7As3FvPBovxuvcmjMWO0XwA8bbJwl5lQ4=</latexit>

⇤CDM
<latexit sha1_base64="vTJLvqv/rzQrOMW2wNKN8aLDIr8=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw0wd2rorasFlBfuAzlAyaaYNTTJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDufcyz05YcKo0o7zYa2srq1vbBa2its7u3v7pYPDjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh5Cr3u/dEKhqLOz1NSMDRSNCIYqSN5Psc6bHkWfO6ORuUyo59Ua9WvCp0bMepuRU3J5Wad+5B1yg5ymCJ1qD07g9jnHIiNGZIqb7rJDrIkNQUMzIr+qkiCcITNCJ9QwXiRAXZPPMMnhplCKNYmic0nKvfNzLElZry0EzmGdVvLxf/8vqpjupBRkWSaiLw4lCUMqhjmBcAh1QSrNnUEIQlNVkhHiOJsDY1FU0JXz+F/5NOxXartnfrlRuXyzoK4BicgDPgghpogBvQAm2AQQIewBN4tlLr0XqxXhejK9Zy5wj8gPX2CVevkeg=</latexit>

EDE

<latexit sha1_base64="wBIpb+WhiBulcA5psBrq8WjVPvM="></latexit>

rs(z⇤) =

Z 1

z⇤

dz

H(z)
cs(t)

<latexit sha1_base64="l9JxP38FsQj6ABBM3V6eboUKfuw=">AAAB+HicbVBNS8NAEN34WetHox69LBaheiiJFPVY9OKxgv2ANoTNdtMu3WzC7kRoQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2ttfWNza7uwU9zd2z8o2YdHLR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6G7mt5+Y0jyWjzBOmBeRgeQhpwSM5NulHgwZEF9XJn52MT337bJTdebAq8TNSRnlaPj2V68f0zRiEqggWnddJwEvIwo4FWxa7KWaJYSOyIB1DZUkYtrL5odP8ZlR+jiMlSkJeK7+nshIpPU4CkxnRGCol72Z+J/XTSG88TIukxSYpItFYSowxHiWAu5zxSiIsSGEKm5uxXRIFKFgsiqaENzll1dJ67LqXlVrD7Vy/TaPo4BO0CmqIBddozq6Rw3URBSl6Bm9ojdrYr1Y79bHonXNymeO0R9Ynz9IUJLa</latexit>

✓s(z⇤)

Fixed

: decrease
<latexit sha1_base64="skSvqjC3emlFEzuT36Cow6jfwvw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBaheiiJFPVY9OKxgv3ANoTNdtMu3WzC7kaoIf/CiwdFvPpvvPlv3LY5aOuDgcd7M8zM82POlLbtb6uwsrq2vlHcLG1t7+zulfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxxzdTv/NIpWKRuNeTmLohHgoWMIK1kR6kp6pPXnqWnXrlil2zZ0DLxMlJBXI0vfJXfxCRJKRCE46V6jl2rN0US80Ip1mpnygaYzLGQ9ozVOCQKjedXZyhE6MMUBBJU0Kjmfp7IsWhUpPQN50h1iO16E3F/7xeooMrN2UiTjQVZL4oSDjSEZq+jwZMUqL5xBBMJDO3IjLCEhNtQiqZEJzFl5dJ+7zmXNTqd/VK4zqPowhHcAxVcOASGnALTWgBAQHP8ApvlrJerHfrY95asPKZQ/gD6/MH91yQdw==</latexit>

rs(z⇤) ⟹ decreases
<latexit sha1_base64="sraCK8z+fE9QmgbK0SnFhWdhgwM=">AAAB8XicbVDLSsNAFL2pr1pfVZduBotQXZREirqsj4XLCvaBbQiT6aQdOpmEmYlQQ//CjQtF3Po37vwbp20W2nrgwuGce7n3Hj/mTGnb/rZyS8srq2v59cLG5tb2TnF3r6miRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3g98VuPVCoWiXs9iqkb4r5gASNYG+nhxrssP3npyfjYK5bsij0FWiRORkqQoe4Vv7q9iCQhFZpwrFTHsWPtplhqRjgdF7qJojEmQ9ynHUMFDqly0+nFY3RklB4KImlKaDRVf0+kOFRqFPqmM8R6oOa9ifif10l0cOGmTMSJpoLMFgUJRzpCk/dRj0lKNB8Zgolk5lZEBlhiok1IBROCM//yImmeVpyzSvWuWqpdZXHk4QAOoQwOnEMNbqEODSAg4Ble4c1S1ov1bn3MWnNWNrMPf2B9/gBi4JAX</latexit>

DA(z⇤) Increases
<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0⟹

  If  we decrease  by  (keeping  and  fixed) we can solve the  tension⟹ rs 10 Mpc rs/rd rs/req H0

Many ideas on how to do this:

Change          (e.g. Boddy + 2018)cs

Change : change recombination physics - primordial B (Jedamzik + 2020); change  or   (Sekiguchi+ 2020)z* me me, Ωk
Hubble hunter’s guide,  
Knox & Milea  (2019)

<latexit sha1_base64="6m4dEE/jj0U5zD0taW7cO1YBtTc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BPXiSCOaByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0fXUbz5xbUSkHnAccz+kAyX6glG00mPnhkuk5K4bd4slt+zOQJaJl5ESZKh1i1+dXsSSkCtkkhrT9twY/ZRqFEzySaGTGB5TNqID3rZU0ZAbP51dPCEnVumRfqRtKSQz9fdESkNjxmFgO0OKQ7PoTcX/vHaC/Us/FSpOkCs2X9RPJMGITN8nPaE5Qzm2hDIt7K2EDammDG1IBRuCt/jyMmmclb3zcuW+UqpeZXHk4QiO4RQ8uIAq3EIN6sBAwTO8wptjnBfn3fmYt+acbOYQ/sD5/AHiQ5Bq</latexit>

�Np

The  Olympics: A fair ranking  
of  proposed models, 

Schöneberg + (2021)

H0



Early dark energy

Based on Laura Herold, EF 2210.1629 
         & Laura Herold, EF and Eiichiro Komatsu 2112.12140,  
        & A. Reeves, L. Herold, S. Vagnozzi , B. Sherwin, EF 2207.01501



Early dark energy
Idea: add an extra component (to increase ) that starts acting around equality, 
behaves as DE and dilutes faster than matter 

H(z)

<latexit sha1_base64="klASWl1vEH0KT3pSLRW3IhG7usA=">AAACH3icbVDLSsNAFJ34rPUVdelmsAgVoSRaqhuh6KbLCvYBTSiTyaQdOnkwMxFKyJ+48VfcuFBE3PVvnKRZ1NYDA2fOuffO3ONEjAppGDNtbX1jc2u7tFPe3ds/ONSPjrsijDkmHRyykPcdJAijAelIKhnpR5wg32Gk50weMr/3TLigYfAkpxGxfTQKqEcxkkoa6g3LdUOZWNGYpvASXregtXi3PI5w4narmXCRJm5u3BlDvWLUjBxwlZgFqYAC7aH+o+bi2CeBxAwJMTCNSNoJ4pJiRtKyFQsSITxBIzJQNEA+EXaS75fCc6W40Au5OoGEubrYkSBfiKnvqEofybFY9jLxP28QS+/WTmgQxZIEeP6QFzMoQ5iFBV3KCZZsqgjCnKq/QjxGKhKpIi2rEMzllVdJ96pmNmr1x3qleV/EUQKn4AxUgQluQBO0QBt0AAYv4A18gE/tVXvXvrTveemaVvScgD/QZr+OjKIT</latexit>

�̈+ 3H�̇+
dV (�)

d�
= 0

This can be done by adding a pseudo-scalar field in FRW:

<latexit sha1_base64="eQJALjnsTwH+jaxZ54ZfgnZsUjk=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4xkUcCGzI7NDAyu7POzJrghn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0DJRDOtMCqlaAdUoeIR1w43AVqyQhoHAZjC6nvrNR1Say+jOjGP0QzqIeJ8zaqzUeOqm+DDpFktu2Z2BLBMvIyXIUOsWvzo9yZIQI8ME1brtubHxU6oMZwInhU6iMaZsRAfYtjSiIWo/nV07ISdW6ZG+VLYiQ2bq74mUhlqPw8B2htQM9aI3Ff/z2onpX/opj+LEYMTmi/qJIEaS6eukxxUyI8aWUKa4vZWwIVWUGRtQwYbgLb68TBpnZe+8XLmtlKpXWRx5OIJjOAUPLqAKN1CDOjC4h2d4hTdHOi/Ou/Mxb8052cwh/IHz+QP3sY9m</latexit>zeq
<latexit sha1_base64="cQ7r5LB7hKADZBFfUq64mXCDoLY=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae0Q8mkmTY0kxmSO0Id+hFuXCji1u9x59+YtrPQ1gOBwzn3kntOkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2il9lM/05xN++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGv7FJK5+nsjo5ExkyiwkxHFkVn2ZuJ/XjfF8NrPhEpS5IotPgpTSTAms+xkIGxYlBNLKNPC3krYiGrK0DZUsiV4y5FXSeui6l1Wa/e1Sv0mr6MIJ3AK5+DBFdThDhrQBAZjeIZXeHMS58V5dz4WowUn3zmGP3A+fwC22o/U</latexit>zrec



Early dark energy
Idea: add a component that starts acting around equality, behaves as DE and 
dilutes faster than matter 

<latexit sha1_base64="Wwg7A6b7ZA6SZl2VoO5p1O3oqh8="></latexit>

V (�) = V0 [1� cos (�/f)]n

<latexit sha1_base64="klASWl1vEH0KT3pSLRW3IhG7usA=">AAACH3icbVDLSsNAFJ34rPUVdelmsAgVoSRaqhuh6KbLCvYBTSiTyaQdOnkwMxFKyJ+48VfcuFBE3PVvnKRZ1NYDA2fOuffO3ONEjAppGDNtbX1jc2u7tFPe3ds/ONSPjrsijDkmHRyykPcdJAijAelIKhnpR5wg32Gk50weMr/3TLigYfAkpxGxfTQKqEcxkkoa6g3LdUOZWNGYpvASXregtXi3PI5w4narmXCRJm5u3BlDvWLUjBxwlZgFqYAC7aH+o+bi2CeBxAwJMTCNSNoJ4pJiRtKyFQsSITxBIzJQNEA+EXaS75fCc6W40Au5OoGEubrYkSBfiKnvqEofybFY9jLxP28QS+/WTmgQxZIEeP6QFzMoQ5iFBV3KCZZsqgjCnKq/QjxGKhKpIi2rEMzllVdJ96pmNmr1x3qleV/EUQKn4AxUgQluQBO0QBt0AAYv4A18gE/tVXvXvrTveemaVvScgD/QZr+OjKIT</latexit>

�̈+ 3H�̇+
dV (�)

d�
= 0

This can be done by adding a pseudo-scalar field in FRW:

<latexit sha1_base64="h6xuxrBGsAX7ygboB7OlNkBCRt8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeJ/3yxWv6s2BV4mfkwrkaPTLX72BomnMpKWCGNP1vcQGGdGWU8GmpV5qWELomAxZ11FJYmaCbH7tFJ85ZYAjpV1Ji+fq74mMxMZM4tB1xsSOzLI3E//zuqmNroOMyyS1TNLFoigV2Co8ex0PuGbUiokjhGrubsV0RDSh1gVUciH4yy+vktZF1b+s1u5rlfpNHkcRTuAUzsGHK6jDHTSgCRQe4Rle4Q0p9ILe0ceitYDymWP4A/T5A5MUjyQ=</latexit>

�i Initially frozen

Slow-rolls

Canonical EDE (toy model)

<latexit sha1_base64="ZWlfRVnndLZo8kMtpxjhQk9fRs8="></latexit>(
w = �1 , for z > zc
w = n�1

n+1 , for z < zc

<latexit sha1_base64="a/lVLvGvbXvhvDsm8op/6Po39r4="></latexit>(
⇢EDE(z > zc) = ⇢EDE(zc)

⇢EDE(z < zc) = ⇢0EDE (1 + z)3(wn+1)

Credit: Tristan Smith



Early dark energy
<latexit sha1_base64="Wwg7A6b7ZA6SZl2VoO5p1O3oqh8="></latexit>

V (�) = V0 [1� cos (�/f)]n

3 free parameters: ++
•   or      ( ) : the field is ultra-light 

•    (spont. sym. breaking scale)  

•  : controls the decay  needs to be hidden at late times

V0 m V0 = m2 f 2

f

n →

<latexit sha1_base64="xTzUI/eRAumzYZPgBn9L2Bm7wMQ=">AAACG3icbVBNS8NAEN3Ur1q/oh69LBZFQUtSxHoseumxgq1CE8tmO7WLu0nc3Qg15H948a948aCIJ8GD/8Ztm4NfDwYe780wMy+IOVPacT6twtT0zOxccb60sLi0vGKvrrVVlEgKLRrxSF4ERAFnIbQ00xwuYglEBBzOg+uTkX9+C1KxKDzTwxh8Qa5C1meUaCN17arA255iAjd27rop3GS7GHterrnOZbpfrWXeHvYE0QMpUmhnXbvsVJwx8F/i5qSMcjS79rvXi2giINSUE6U6rhNrPyVSM8ohK3mJgpjQa3IFHUNDIkD56fi3DG8ZpYf7kTQVajxWv0+kRCg1FIHpHJ2ofnsj8T+vk+j+kZ+yME40hHSyqJ9wrCM8Cgr3mASq+dAQQiUzt2I6IJJQbeIsmRDc3y//Je1qxT2sHJwelOvHeRxFtIE20Q5yUQ3VUQM1UQtRdI8e0TN6sR6sJ+vVepu0Fqx8Zh39gPXxBfTfnvA=</latexit>

m ⇠ H(zeq)

⇠ 10�27 eV

<latexit sha1_base64="J7OmyukVgbAiFRoVoh8hxISrBgw=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FBKIkU9Fr14rGA/oAlls920SzebsDsRSqgX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7Cyura+UdwsbW3v7O7Z+wctHaeKsiaNRaw6AdFMcMmawEGwTqIYiQLB2sHoZuq3H5jSPJb3ME6YH5GB5CGnBIzUs488wULwMhxVcFjBEnuKD4bgTXp22ak6M+Bl4uakjHI0evaX149pGjEJVBCtu66TgJ8RBZwKNil5qWYJoSMyYF1DJYmY9rPZBxN8apQ+DmNlSgKeqb8nMhJpPY4C0xkRGOpFbyr+53VTCK/8jMskBSbpfFGYCgwxnsaB+1wxCmJsCKGKm1sxHRJFKJjQSiYEd/HlZdI6r7oX1dpdrVy/zuMoomN0gs6Qiy5RHd2iBmoiih7RM3pFb9aT9WK9Wx/z1oKVzxyiP7A+fwDtN5Xu</latexit>

{m, f, n}

<latexit sha1_base64="xaR6fhzPMmQXm8rgdTxsrg9UMtM=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpSKgkpQLGChbGItGH1ESV4zqtVccJtgOqoi4s/AoLAwix8g9s/A1OmwFaztWVjs65V/Y9XsSoVJb1beQWFpeWV/KrhbX1jc0tc3unKcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1veJX6rXsiJA35rRpFxA1Qn1OfYqS01DX3OXT65A5WoHOcFiw9TAX75PSoaxatsjUBnCd2RoogQ71rfjm9EMcB4QozJGXHtiLlJkgoihkZF5xYkgjhIeqTjqYcBUS6yeSKMTzUSg/6odDNFZyovzcSFEg5Cjw9GSA1kLNeKv7ndWLlX7gJ5VGsCMfTh/yYQRXCNBLYo4JgxUaaICyo/ivEAyQQVjq4gg7Bnj15njQrZfusXL2pFmuXWRx5sAcOQAnY4BzUwDWogwbA4BE8g1fwZjwZL8a78TEdzRnZzi74A+PzB2TulVE=</latexit>

n � 2 (w � 1/3)

Hill et al 2019

IC:        ϕi



Early dark energy
<latexit sha1_base64="Wwg7A6b7ZA6SZl2VoO5p1O3oqh8="></latexit>

V (�) = V0 [1� cos (�/f)]n

3 free parameters: ++ IC:        ϕi

•   or      ( ) : the field is ultra-light 

•    (spont. sym. breaking scale)  

•  : controls the decay  needs to be hidden at late times

V0 m V0 = m2 f 2

f

n →

<latexit sha1_base64="xTzUI/eRAumzYZPgBn9L2Bm7wMQ=">AAACG3icbVBNS8NAEN3Ur1q/oh69LBZFQUtSxHoseumxgq1CE8tmO7WLu0nc3Qg15H948a948aCIJ8GD/8Ztm4NfDwYe780wMy+IOVPacT6twtT0zOxccb60sLi0vGKvrrVVlEgKLRrxSF4ERAFnIbQ00xwuYglEBBzOg+uTkX9+C1KxKDzTwxh8Qa5C1meUaCN17arA255iAjd27rop3GS7GHterrnOZbpfrWXeHvYE0QMpUmhnXbvsVJwx8F/i5qSMcjS79rvXi2giINSUE6U6rhNrPyVSM8ohK3mJgpjQa3IFHUNDIkD56fi3DG8ZpYf7kTQVajxWv0+kRCg1FIHpHJ2ofnsj8T+vk+j+kZ+yME40hHSyqJ9wrCM8Cgr3mASq+dAQQiUzt2I6IJJQbeIsmRDc3y//Je1qxT2sHJwelOvHeRxFtIE20Q5yUQ3VUQM1UQtRdI8e0TN6sR6sJ+vVepu0Fqx8Zh39gPXxBfTfnvA=</latexit>

m ⇠ H(zeq)

⇠ 10�27 eV

<latexit sha1_base64="J7OmyukVgbAiFRoVoh8hxISrBgw=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FBKIkU9Fr14rGA/oAlls920SzebsDsRSqgX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7Cyura+UdwsbW3v7O7Z+wctHaeKsiaNRaw6AdFMcMmawEGwTqIYiQLB2sHoZuq3H5jSPJb3ME6YH5GB5CGnBIzUs488wULwMhxVcFjBEnuKD4bgTXp22ak6M+Bl4uakjHI0evaX149pGjEJVBCtu66TgJ8RBZwKNil5qWYJoSMyYF1DJYmY9rPZBxN8apQ+DmNlSgKeqb8nMhJpPY4C0xkRGOpFbyr+53VTCK/8jMskBSbpfFGYCgwxnsaB+1wxCmJsCKGKm1sxHRJFKJjQSiYEd/HlZdI6r7oX1dpdrVy/zuMoomN0gs6Qiy5RHd2iBmoiih7RM3pFb9aT9WK9Wx/z1oKVzxyiP7A+fwDtN5Xu</latexit>

{m, f, n}

<latexit sha1_base64="xaR6fhzPMmQXm8rgdTxsrg9UMtM=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpSKgkpQLGChbGItGH1ESV4zqtVccJtgOqoi4s/AoLAwix8g9s/A1OmwFaztWVjs65V/Y9XsSoVJb1beQWFpeWV/KrhbX1jc0tc3unKcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1veJX6rXsiJA35rRpFxA1Qn1OfYqS01DX3OXT65A5WoHOcFiw9TAX75PSoaxatsjUBnCd2RoogQ71rfjm9EMcB4QozJGXHtiLlJkgoihkZF5xYkgjhIeqTjqYcBUS6yeSKMTzUSg/6odDNFZyovzcSFEg5Cjw9GSA1kLNeKv7ndWLlX7gJ5VGsCMfTh/yYQRXCNBLYo4JgxUaaICyo/ivEAyQQVjq4gg7Bnj15njQrZfusXL2pFmuXWRx5sAcOQAnY4BzUwDWogwbA4BE8g1fwZjwZL8a78TEdzRnZzi74A+PzB2TulVE=</latexit>

n � 2 (w � 1/3)

Phenomenological parameters
<latexit sha1_base64="hr9TIIVTrElgvwSQ1BZhS3L/ZX0=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiQxtHVXdOOyon1AG8pkOmmHTh7MTIQa+gluXCji1i9y5984aSuo6IELh3Pu5d57/IQzqSzrwyisrK6tbxQ3S1vbO7t75f2DtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34k8vc79xRIVkc3appQr0QjyIWMIKVlm7uB2RQrljmeb3quFVkmZZVsx07J07NPXORrZUcFViiOSi/94cxSUMaKcKxlD3bSpSXYaEY4XRW6qeSJphM8Ij2NI1wSKWXzU+doROtDFEQC12RQnP1+0SGQymnoa87Q6zG8reXi395vVQFdS9jUZIqGpHFoiDlSMUo/xsNmaBE8akmmAimb0VkjAUmSqdT0iF8fYr+J23HtKume+1WGhfLOIpwBMdwCjbUoAFX0IQWEBjBAzzBs8GNR+PFeF20FozlzCH8gPH2Cb2Bjh8=</latexit>zc

<latexit sha1_base64="5z1oh4AuPyGMTMQjcrc3F0X0iOQ=">AAAB/nicdVDLSsNAFJ3UV62vqrhyM1iEuglJDG3dFbXgsoJ9QBvCZDpph04ezEyEGgr+ihsXirj1O9z5N07aCip6YOBwzr3cM8eLGRXSMD603NLyyupafr2wsbm1vVPc3WuLKOGYtHDEIt71kCCMhqQlqWSkG3OCAo+Rjje+yPzOLeGCRuGNnMTECdAwpD7FSCrJLR74btoPkBzxIG1cNqbT8p2LT9xiydDPahXLrkBDN4yqaZkZsar2qQ1NpWQogQWabvG9P4hwEpBQYoaE6JlGLJ0UcUkxI9NCPxEkRniMhqSnaIgCIpx0Fn8Kj5UygH7E1QslnKnfN1IUCDEJPDWZJRW/vUz8y+sl0q85KQ3jRJIQzw/5CYMyglkXcEA5wZJNFEGYU5UV4hHiCEvVWEGV8PVT+D9pW7pZ0e1ru1Q/X9SRB4fgCJSBCaqgDq5AE7QABil4AE/gWbvXHrUX7XU+mtMWO/vgB7S3T1MOlb0=</latexit>

fEDE(zc)

<latexit sha1_base64="q7rJjypQkHrUyPakOcxK4EhFPQQ="></latexit>

fEDE(zc) ⌘
⇢EDE

⇢tot

���
zc

=
⇢EDE

(3M2
plH

2)

���
zc

<latexit sha1_base64="2SirdADu4Z1XzItNeb4XnW4ISGA="></latexit>

{fEDE(zc), zc, n, ✓i = �i/f}
<latexit sha1_base64="7F54XXzayLcIvaHkTAf5Ua8An4c="></latexit>

' V (✓i)

⇢tot(zc)
=

m2f2

⇢tot(zc)
(1� cos ✓i)

Hill et al 2019



Early dark energy
<latexit sha1_base64="Wwg7A6b7ZA6SZl2VoO5p1O3oqh8="></latexit>

V (�) = V0 [1� cos (�/f)]n

3 free parameters: ++ IC:        ϕi

•   or      ( ) : the field is ultra-light 

•    (spont. sym. breaking scale)  

•  : controls the decay  needs to be hidden at late times

V0 m V0 = m2 f 2

f

n →

<latexit sha1_base64="xTzUI/eRAumzYZPgBn9L2Bm7wMQ=">AAACG3icbVBNS8NAEN3Ur1q/oh69LBZFQUtSxHoseumxgq1CE8tmO7WLu0nc3Qg15H948a948aCIJ8GD/8Ztm4NfDwYe780wMy+IOVPacT6twtT0zOxccb60sLi0vGKvrrVVlEgKLRrxSF4ERAFnIbQ00xwuYglEBBzOg+uTkX9+C1KxKDzTwxh8Qa5C1meUaCN17arA255iAjd27rop3GS7GHterrnOZbpfrWXeHvYE0QMpUmhnXbvsVJwx8F/i5qSMcjS79rvXi2giINSUE6U6rhNrPyVSM8ohK3mJgpjQa3IFHUNDIkD56fi3DG8ZpYf7kTQVajxWv0+kRCg1FIHpHJ2ofnsj8T+vk+j+kZ+yME40hHSyqJ9wrCM8Cgr3mASq+dAQQiUzt2I6IJJQbeIsmRDc3y//Je1qxT2sHJwelOvHeRxFtIE20Q5yUQ3VUQM1UQtRdI8e0TN6sR6sJ+vVepu0Fqx8Zh39gPXxBfTfnvA=</latexit>

m ⇠ H(zeq)

⇠ 10�27 eV

<latexit sha1_base64="J7OmyukVgbAiFRoVoh8hxISrBgw=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FBKIkU9Fr14rGA/oAlls920SzebsDsRSqgX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7Cyura+UdwsbW3v7O7Z+wctHaeKsiaNRaw6AdFMcMmawEGwTqIYiQLB2sHoZuq3H5jSPJb3ME6YH5GB5CGnBIzUs488wULwMhxVcFjBEnuKD4bgTXp22ak6M+Bl4uakjHI0evaX149pGjEJVBCtu66TgJ8RBZwKNil5qWYJoSMyYF1DJYmY9rPZBxN8apQ+DmNlSgKeqb8nMhJpPY4C0xkRGOpFbyr+53VTCK/8jMskBSbpfFGYCgwxnsaB+1wxCmJsCKGKm1sxHRJFKJjQSiYEd/HlZdI6r7oX1dpdrVy/zuMoomN0gs6Qiy5RHd2iBmoiih7RM3pFb9aT9WK9Wx/z1oKVzxyiP7A+fwDtN5Xu</latexit>

{m, f, n}

<latexit sha1_base64="xaR6fhzPMmQXm8rgdTxsrg9UMtM=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpSKgkpQLGChbGItGH1ESV4zqtVccJtgOqoi4s/AoLAwix8g9s/A1OmwFaztWVjs65V/Y9XsSoVJb1beQWFpeWV/KrhbX1jc0tc3unKcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1veJX6rXsiJA35rRpFxA1Qn1OfYqS01DX3OXT65A5WoHOcFiw9TAX75PSoaxatsjUBnCd2RoogQ71rfjm9EMcB4QozJGXHtiLlJkgoihkZF5xYkgjhIeqTjqYcBUS6yeSKMTzUSg/6odDNFZyovzcSFEg5Cjw9GSA1kLNeKv7ndWLlX7gJ5VGsCMfTh/yYQRXCNBLYo4JgxUaaICyo/ivEAyQQVjq4gg7Bnj15njQrZfusXL2pFmuXWRx5sAcOQAnY4BzUwDWogwbA4BE8g1fwZjwZL8a78TEdzRnZzi74A+PzB2TulVE=</latexit>

n � 2 (w � 1/3)

Phenomenological parameters

<latexit sha1_base64="q7rJjypQkHrUyPakOcxK4EhFPQQ="></latexit>

fEDE(zc) ⌘
⇢EDE

⇢tot

���
zc

=
⇢EDE

(3M2
plH

2)

���
zc

<latexit sha1_base64="2SirdADu4Z1XzItNeb4XnW4ISGA="></latexit>

{fEDE(zc), zc, n, ✓i = �i/f} We usually fix
<latexit sha1_base64="fDdc8e3ah/4+9DhlrOI5gvqVjIA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUC9C0IvHiOYByRJmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0e3Ubz5xbUSkHnEccz+kAyX6glG00oO6Pu8WS27ZnYEsEy8jJchQ6xa/Or2IJSFXyCQ1pu25Mfop1SiY5JNCJzE8pmxEB7xtqaIhN346O3VCTqzSI/1I21JIZurviZSGxozDwHaGFIdm0ZuK/3ntBPtXfipUnCBXbL6on0iCEZn+TXpCc4ZybAllWthbCRtSTRnadAo2BG/x5WXSOCt7F+XKfaVUvcniyMMRHMMpeHAJVbiDGtSBwQCe4RXeHOm8OO/Ox7w152Qzh/AHzucPzrGNfw==</latexit>

n = 3

<latexit sha1_base64="BfQvb37R/zLk1PX5p/bzPISSLVo="></latexit>

{fEDE(zc), zc, ✓i}

Smith et al 2019

Matteo Braglia et al 2020,  Adrià Gómez-Valent et al 2021, …

⟹



Early dark energy

Does EDE really solves the  tension?H0



Early dark energy can resolve the Hubble tension

- For: Planck + BOSS DR12 BAO/RSD + 6dFGS + Pantheon 
+ SHOES 2016

V. Poulin, T. Smith, T. Karwal, 
M. Kamionkowski, 2019 EDE from CMB

Solves the tension! 

<latexit sha1_base64="Mr4N0dKamf/vqdMSfBHSlBaEL3o=">AAACHHicbVDLSsNAFJ34rPUVdelmsAgupCRa1GVRC11WsA9oQphMJu3QyaMzE6WEfogbf8WNC0XcuBD8GydtFrX1wMDhnHOZe48bMyqkYfxoS8srq2vrhY3i5tb2zq6+t98SUcIxaeKIRbzjIkEYDUlTUslIJ+YEBS4jbXdwk/ntB8IFjcJ7OYqJHaBeSH2KkVSSo59bSYw4jx6hdQp9J7UCJPs8SGu3tfEYWsNhgjw4m6k7hqOXjLIxAVwkZk5KIEfD0b8sL8JJQEKJGRKiaxqxtFPEJcWMjItWIkiM8AD1SFfREAVE2OnkuDE8VooH/YirF0o4UWcnUhQIMQpclcx2F/NeJv7ndRPpX9kpDeNEkhBPP/ITBmUEs6agRznBko0UQZhTtSvEfcQRlqrPoirBnD95kbTOyuZFuXJXKVWv8zoK4BAcgRNggktQBXXQAE2AwRN4AW/gXXvWXrUP7XMaXdLymQPwB9r3L6ReoRE=</latexit>

" fEDE " H0

2019

<latexit sha1_base64="VcB8qV/VvB5p9dtLzPW3HcvSv7U=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkpSiroRim7cWcE+oIlhMpm0Q2eSMDNRSujKjb/ixoUibv0Gd/6N0zYLbT1w4cw59zL3Hj9hVCrL+jYKC4tLyyvF1dLa+sbmlrm905JxKjBp4pjFouMjSRiNSFNRxUgnEQRxn5G2P7gc++17IiSNo1s1TIjLUS+iIcVIackz9x+8DAd8BM+hc81JD+VP5xj276qeWbYq1gRwntg5KYMcDc/8coIYp5xECjMkZde2EuVmSCiKGRmVnFSSBOEB6pGuphHiRLrZ5IwRPNRKAMNY6IoUnKi/JzLEpRxyX3dypPpy1huL/3ndVIVnbkajJFUkwtOPwpRBFcNxJjCggmDFhpogLKjeFeI+EggrnVxJh2DPnjxPWtWKfVKp3dTK9Ys8jiLYAwfgCNjgFNTBFWiAJsDgETyDV/BmPBkvxrvxMW0tGPnMLvgD4/MHjRaX5Q==</latexit>

wcdm = ⌦cdm h2
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H0 = 71.49± 1.20 km/s/Mpc
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fEDE = 0.107+0.035
�0.030



Early dark energy can resolve the Hubble tension
V. Poulin, T. Smith, T. Karwal, 
M. Kamionkowski, 2019 EDE from CMB

Solves the tension! 

But with: 
-  More DM                           -  Higher ns

<latexit sha1_base64="Mr4N0dKamf/vqdMSfBHSlBaEL3o=">AAACHHicbVDLSsNAFJ34rPUVdelmsAgupCRa1GVRC11WsA9oQphMJu3QyaMzE6WEfogbf8WNC0XcuBD8GydtFrX1wMDhnHOZe48bMyqkYfxoS8srq2vrhY3i5tb2zq6+t98SUcIxaeKIRbzjIkEYDUlTUslIJ+YEBS4jbXdwk/ntB8IFjcJ7OYqJHaBeSH2KkVSSo59bSYw4jx6hdQp9J7UCJPs8SGu3tfEYWsNhgjw4m6k7hqOXjLIxAVwkZk5KIEfD0b8sL8JJQEKJGRKiaxqxtFPEJcWMjItWIkiM8AD1SFfREAVE2OnkuDE8VooH/YirF0o4UWcnUhQIMQpclcx2F/NeJv7ndRPpX9kpDeNEkhBPP/ITBmUEs6agRznBko0UQZhTtSvEfcQRlqrPoirBnD95kbTOyuZFuXJXKVWv8zoK4BAcgRNggktQBXXQAE2AwRN4AW/gXXvWXrUP7XMaXdLymQPwB9r3L6ReoRE=</latexit>

" fEDE " H0

2019
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H0 = 71.49± 1.20 km/s/Mpc

- For: Planck + BOSS DR12 BAO/RSD + 6dFGS + Pantheon 
+ SHOES 2016
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wcdm = ⌦cdm h2



Early dark energy does NOT restore cosmological concordance
EDE from LSS

Use LSS to constrain EDE 

• CMB: Planck 2018 TT, TE, EE 
• LSS 

• Planck lensing 
• “Compressed” likelihood 

• BAO 
• Weak lensing from KIDS+VIKING-450 + HSC 

•

Uniform prior in the phenomenological parameters
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fEDE, zc, ✓i

2020



Early dark energy does NOT restore cosmological concordance
EDE from LSS

No SHOES No solution to  !H0

“Concordance" of   EDE: 
 

Hubble tension 

fEDE ∼ 10 % > 0 at 3.1σ

→ 1.7σ

 

 tension with SHOES !!

fEDE < 0.06 (95 % CL)

3.3σ

<latexit sha1_base64="r0pszzK4vRm3lPbIV8nh5lsx4r8="></latexit>

H
⇤CDM
0 = 68.33± 0.36 km/s/Mpc

<latexit sha1_base64="HBgesmQQjbEAWww8ZyaMO4qjbCA="></latexit>

H0 = 68.92+0.57
�0.59 km/s/Mpc

(                                        )  Without SHOES, EDE not 
preferred by Planck CMB alone 
⟹

fEDE < 0.087

- For: Planck + BOSS DR12 BAO/RSD + 6dFGS + Pantheon 
+ SHOES 2016 + DES + KiDS + VIKING

Weak lensing strongly constraints , and EDEσ8



Early dark energy does NOT restore cosmological concordance
EDE from LSS

Use LSS to constrain EDE 

• CMB: Planck 2018 TT, TE, EE 
• LSS 

• Planck lensing 
• “Compressed” likelihood 

• BAO 
• Weak lensing from KIDS+VIKING-450 + HSC 

• FULL SHAPE OF THE PS

More DM changes the matter power spectrum 
on small scales  full-shape analysis can 

constrain small scale clustering 
⟶

2020

* Similar results in D’Amico, Senatore, Zhang, Zheng 2020

Allows to model the galaxy PS up to mildly 
non-linear scales ( ) k ∼ 0.5 h /Mpc



Early dark energy does NOT restore cosmological concordance
EDE from LSS

 

 tension with SHOES !!

fEDE < 0.072 (95 % CL)

3.6σ

<latexit sha1_base64="WqQYbUA9P/cLzf+bsovNniqkGp0="></latexit>

H0 = 68.54+0.52
�0.95 km/s/Mpc

Adding  prior S8 ⟶ fEDE < 0.058

- For: Planck + BOSS DR12 BAO/RSD + SHOES 2016 + 
full-shape of  PS



Early dark energy does NOT restore cosmological concordance
EDE from LSS

Main messages: 

• EDE to solve the H0 tension it must fit a wide set of  cosmological data sets available, not just a subset (e.g CMB). 

• No evidence for EDE from CMB (Planck) alone or CMB+LSS (no SHOES)  in tension with SHOES 

• Reason: higher  requires higher , which increases CDM  worse fit to LSS data 

• Get H0 consistent with SHOES without including SHOES (only include the local SH0ES prior if  you are sure your model can go a 
good way towards solving the H0 tension). 

⟶

H0 fEDE ⟶

Early dark energy does NOT solve Hubble tension!

2020



Wait…
Not all groups agree with this result

- Previous result can be a consequence of  choice of  priors of  the EDE 
parameters

Volume effects:  , any value of   and , degenerate with CDM fEDE → 0 log(zc) θi Λ

Marginalization: preference for  fEDE ∼ 0

•  and  are not well constrained by datalog(zc) θi

   Ivanov et al checked for volume effects in their paper, finding no evidence→



Wait…
Not all groups agree with this result Early dark energy is NOT excluded by current LSS data 

T. Smith et al (2020) 
Niedermann, Sloth (2019) 

GP: Gaussian priors in  and 

EFT: full-shape analysis

log(zc) θi

Attempt to mitigate volume effects by considering a  
1 parameter model  EDE: only  free with  and fEDE log(zc) = 3.569 θi = 2.775

Conclusion: - 1pEDE allows for large   
                    - Potential resolution to the Hubble tension 
                    - Volume effects? 

fEDE

- For: Planck + BOSS DR12 BAO/RSD + SHOES 2016 + 
Pantheon + full-shape of  PS

Same data set as in Ivanov et al and D’Amico et al!

Volume effects? 
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fEDE = 0.72± 0.034

BUT, this is not the full analysis (1 parameter only) 
Dependence on the values of   and  ?zc θi



Summary - status
Early time solutions to the Hubble tension
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✓s(z⇤)

Fixed

:
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DA(z⇤)
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H0⟹

Early dark energy

2019 2020 2021

EDE can resolve the 
Hubble tension

EDE cannot resolve the 
Hubble tension

CMB + SHOES

 tension with SHOES !!3.6σ

<latexit sha1_base64="WqQYbUA9P/cLzf+bsovNniqkGp0="></latexit>

H0 = 68.54+0.52
�0.95 km/s/Mpc

CMB + LSS (including FS)

(Maybe) EDE is back

ACT  (+ Planck + BAO)
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H0 = 70.9+1.0
�2.0 km/s/Mpc

- Why those results do not agree?  
- Volume effects?

??

The status of  EDE is still open. Many open questions: 

EDE can resolve the 
Hubble tension

CMB + LSS (FS) - 1pm

- Systematics in ACT? 
- New window function for FS
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H0 = 71.49± 1.20 km/s/Mpc



Prior volume effects
Bayesian marginalization of  the full-dimensional posterior involves integrating out the nuisance dimensions

Since in addition to the value of  the posterior, an integral is sensitive to 
the volume in these directions

Large parameter regions (of  possibly non-maximal posterior 
values) are emphasized compared to smaller regions 
(of  possibly larger posterior values). 

Inescapable feature of  the Bayesian method!! 
(volume effect can occur even with flat priors)



Prior volume effects
Prior volume effects or marginalization effects: ...appear if  the posterior is dominated by the prior volume 

When they appears: 

• Model has too many parameters / data is not constraining.  

• Posterior is very non-Gaussian.  

• Parameter structure of  the model generates large volume differences. 



Prior volume effects
Prior volume effects or marginalization effects: ...appear if  the posterior is dominated by the prior volume 

When they appears: 

• Model has too many parameters / data is not constraining.  

• Posterior is very non-Gaussian.  

• Parameter structure of  the model generates large volume differences. 

 Bias* in the marginalized posterior⟶

* offset induced by a projection effect 

Relevant to study the extent to which one’s results are affected by volume effects! 



Prior volume effects
Prior volume effects or marginalization effects: ...appear if  the posterior is dominated by the prior volume 

When they appears: 

• Model has too many parameters / data is not constraining.  

• Posterior is very non-Gaussian.  

• Parameter structure of  the model generates large volume differences. 

Prior weight effect: non-flat priors will affect the posterior in a direct way when they do 
not align with the likelihood. This can manifest in, for example, a shift of  the posterior 
peak or a scaling of  its width. 

Other effects: 



Prior volume effects
Prior volume effects or marginalization effects: ...appear if  the posterior is dominated by the prior volume 

When they appears: 

• Model has too many parameters / data is not constraining.  

• Posterior is very non-Gaussian.  

• Parameter structure of  the model generates large volume differences. 

 Bias in the marginalized posterior⟶

Idea: Profile likelihood not subjected to volume effects



Profile likelihood
Motivation:  
Frequentist method for comparison with Bayesian to check for prior or marginalization effects 

What is the profile likelihood  or  ?  
Profile likelihood is a method in frequentist statistics, that allows to treat nuisance parameters

L(θ) χ2(θ)

By splitting the full parameter space Θ into two categories: 
- θ of  N parameters  
- ν of  M (nuisance) parameters 

  Profile likelihood of  θ is obtained by maximization over all 
parameters in the complementary set of  (nuisance) parameters ν for fixed θ
⇒

Nuisance 
parameters

Full likelihood function



Profile likelihood
Motivation:  
Frequentist method for comparison with Bayesian to check for prior or marginalization effects 

Confidence interval:  
• A confidence region, can be extracted from the likelihood ratio statistic: 

 

• For parabolic , and one dof, the c.i. is given by:  
     for 68, 90 and 95%, respectively   Neyman construction

Δχ2(θ) = χ2(θ) − χ2
min = − 2 ln(ℒ/ℒmax)

χ2(θ)
Δχ2 = 1, 2.7, 3.84 ⟶

Planck intermediate results XVI, 2014

What is the profile likelihood ?  
• Fix the parameters of  interested  to different values 
• Maximize the likelihood  L (minimizes ) wrt to the other 

parameters for different values of  the parameter of  interest 
• For Gaussian distribution this gives a parabola  fit a parabola

χ2(θ)

θ

χ2 = − 2 ln L

→

 is obtained from global maximum likelihood estimate given the entire set of parametersχ2
min



Profile likelihood
Advantages:  
• Not affected by volume effects (no priors) 
• Invariant under reparametrizations (since  is a MLE) 
• Allows construction of  confidence intervals close to boundaries

L(θ)
CMB

CMB+lensing

CMB+lensing+BAO

Planck intermediate results XVI, 2014

Disadvantages:  
• Computationally expensive

"Larger confidence intervals"



Profile likelihood for fEDE

<latexit sha1_base64="ovqLivyoFN3ABx9S/zZo+uYiGls="></latexit>

f (base)
EDE = 0.087± 0.037

(68%CL)

Baseline: Planck+BOSS FS
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fEDE = 0.072± 0.036

Old window function



Profile likelihood for fEDE Check for volume effects:  
comparison to previous results

3-parameter model

1-parameter model
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fEDE < 0.072 (95%CL)
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fEDE = 0.072± 0.034

(68%CL)

Baseline: Planck+BOSS FS

<latexit sha1_base64="ovqLivyoFN3ABx9S/zZo+uYiGls="></latexit>

f (base)
EDE = 0.087± 0.037

(68%CL)



Baseline: Planck+BOSS FS
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H
EDE,(base)
0 = 70.57± 1.36±

(68%CL)

Profile likelihood for H0

Consistent with SHOES at  !1.4σ



Profile likelihood for H0

Baseline: Planck+BOSS FS

Consistent with SHOES at  !< 1.4σ

EDE can solve the H0 tension



Baseline: Planck+BOSS FS

Profile likelihood for H0

S8 = 0.828

S8 = 0.840

S8 = 0.812

S8 = 0.817

S8 = 0.0.776± 0.017

<latexit sha1_base64="XtE1EMFBTMGlLW9qosJJKeSIqgg="></latexit>

Baseline

⇤CDM

EDE(fEDE = 0.09)

Baseline +DES

⇤CDM

EDE(fEDE = 0.06)

DES

⇤CDM



Going back to the behavior of  EDE
EDE from CMB

EDE fits the CMB power spectra remarkable well. 
BUT  this comes at the cost of  shifting some cosmological parameters from the LCDM best-fit

C. Hill, E. McDonough, M. Toomey, S. Alexander,  2020

EDE LCDM

Shifts leave an imprint on cosmological observables: 
•  EDE makes the growth of  perturbations less efficient at the time of  CMB 
•  This is compensated by increasing amount of  CDM (higher     higher     higher ) 

•  After EDE decays, large amount of  CDM remains and enhances structure formation at 
late times. 

• Worsens the  tension!

σ8 → S8 → f σ8

S8

2019

Important to use LSS observables to constrain the amount of  CDM CDM ( ) wcdm



 tension ?S8
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S8 ⌘ �8

p
⌦m/0.3

:   RMS fluctuation of  the linear density field 
within a spherical top-hat of  radius 8 Mpc/h
σ8



 tension ?S8

EDE makes the  tension to go towards the 
wrong direction, worsening the tension

S8

Lucas Secco et al., 2022



 tension ?S8

EDE makes the  tension to go towards the 
wrong direction, worsening the tension

S8

PRELIMINARY

To appear: in collaboration with Mico Benetti, Laura Herold, 
Leila Graef  & Igor Pedreira



Can neutrinos increase EDE?

EDE: 

Higher                 More DM  fEDE

Hill et al. 2020

Neutrinos:

- Suppress structure formation on small scales 
- Shift in the BAO peak

J. Lesgourgues et al. 2012

Influence of  a higher neutrino mass sum Mν on EDE? 

In collaboration with Laura Herold, Alex Reeves, Sunny Vagnozzi 
and Blake Sherwin

Solve S8 (or at least not make it worse)?



Can neutrinos increase EDE?
EDE + neutrinos

- Positive correlation between  and  
- EDE can increase H0 but at the cost of  increasing , high neutrino masses slow down structure formation and decrease S8 
- EDE+  model can alleviate the Hubble tension to the same amount as the EDE model without worsening 

the S8 discrepancy.

Mν fEDE
σ8

Mν

In collaboration with Alex Reeves, Laura Herold, Sunny Vagnozzi 
and Blake Sherwin



 tension ?S8

EDE + neutrinos at least doesn’t make the 
tension worse

PRELIMINARY

To appear: in collaboration with Mico Benetti, Laura Herold, 
Leila Graef  & Igor Pedreira



Profile likelihood: general

• Using profile likelihood and other complimentary statistical methods is going to be more and more 
important in cosmology:

• Beyond LCDM model 

• New observables or systematics
extra dofs

Ex.: EDE, decaying DM, nEDE, …

Ex.: full-shape (nuisance parameters),  clusters, …

Refs: 

- Herold + Ferreira, 2022; + Komatsu, 2021

- Campetti, Komatsu, 2022

- Cosmology with 6 parameters in the Stage-IV era: efficient 

marginalisation over nuisance parameters, Hadzhiyska et al, 2023

- Other works to come…

Important new analysis to be incorporated in 
observational collaborations!

Ex.: Euclid

PFS and LiteBIRD?



Other beyond LCDM models…
• Decaying dark matter • New EDE

- Previous MCMC analysis find a strong preference for 
either very long-lived or very short-lived dark matter.

- This preference is due to volume effects - drives the model 
towards the standard ΛCDM limit

- Using profile likelihoods, they instead find that best-fitting 
parameters are in an intermediate regime - ~3% of  cold 
dark matter decays just prior to recombination. 

This work:

Holm et al. 2022

(See also (Holm et al. 2022 - DWDM)

Cruz et al. 2023
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{fNEDE, zdecay, wNEDE}

- Stronger evidence for NEDE with PL, than MCMC

- Shows that fixing the trigger mass an s an appropriate 
method of  avoiding volume effects



Prior effects in EFTofLSS analyses of  full-shape BOSS and eBOSS data

• Previous MCMC analysis have shown that the constraints from BOSS full-shape data using EFTofLSS depend 
on the choice of  prior on the EFT nuisance parameters

E.Holm, L. Herold, T. Simon, EF, S. Hannestad, V. Poulin, T. Tram 2023

• We explore this prior dependence using profile likelihood for BOSS, eBOSS and Planck

• We find that the priors on the EFT parameters in the Bayesian inference are informative and that prior volume 
effects are important.

BOSS eBOSS
Shift of  
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1� (BOSS)

1.6� (eBOSS)

Widening of  
intervals by 
factors of
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1.9 (BOSS)

1.6 (eBOSS)



Prior effects in EFTofLSS analyses of  full-shape BOSS and eBOSS data

• EC vs. WC parametrizations and comparison to MCMC

E.Holm, L. Herold, T. Simon, EF, S. Hannestad, V. Poulin, T. Tram 2023

Marginalized MCMC posteriors (dashed) and profile likelihoods (solid) of  σ8 within the WC (blue) and EC 
parametrizations (orange), for BOSS+BAO data



Prior effects in EFTofLSS analyses of  full-shape BOSS and eBOSS data

• EC vs. WC parametrizations and comparison to MCMC

E.Holm, L. Herold, T. Simon, EF, S. Hannestad, V. Poulin, T. Tram 2023

Marginalized MCMC posteriors (dashed) and profile 
likelihoods (solid) of  σ8 within the WC (blue) and EC 
parametrizations (orange), for BOSS+BAO data, 
including profile likelihoods with Gaussian data likelihoods on 
the EFT parameters



Other  estimatesσ8

• DES x KIDS analysis

Identified and quantified the marginalization (prior volume or projection) effects given some 
choices in the analysis.  

Using MAP (maximum a posteriori)



Projection effects
With the increase statistical power of  new observations that have the goal to lead to a more precise 

determination of  the cosmological parameters, new systematic effects are present leading to a larger number 
of  nuisance parameter that also need to be fitted in the data analysis.

This inflation of  the number of  parameters can lead to difficulties in the statistical analysis and bias 
the inference of  cosmological parameters. 

Ex.: Prior volume effects, weight volume effects, …

For the standard MCMC analysis these are:

Need complementary statistical methods to deal with that, like for example, the profile likelihood

Relevant to study the extent to which one’s results are affected by volume effects! 

Inescapable feature of  the 
Bayesian method!



EDE can resolve the Hubble tension!

Early Dark Energy

Prior/marginalization effects

Inherent from Bayesian analysis. When strong, can influence inferred parameters

Volume effects are important: full MCMC result differs from the profile likelihood

PL analysis:  
Compatible with SHOES at  

HEDE,(base)
0 = 70.57 ± 1.36

1.4σ

Inflation in the number of  nuisance parameters or beyond LCDM parameters that enter the statistical 
analysis leading to possible marginalization or prior volume effects in standard MCMC analysis

Complementary statistical methods necessary for current and future parameter 
inference analysis - profile likelihood

Summary



Thank you!


