
Azadeh Moradinezhad

Supek Physics Colloquium, Ruđer Bošković Institute  
Croatia, July 1st - 2026

(CNRS - CPJ @ LAPTh - Annecy)

Precision Tests of Fundamental Physics  
With Cosmic Large-Scale Structure

LABORATOIRE D’ANNECY 
DE PHYSIQUE THÉRIQUE



2

Roadmap 
From Galaxy Distributions to Fundamental Physics

• The standard cosmological model — where new physics may enter 

• Large-scale structure as a testing ground for fundamental physics 

❖ Physics of inflation and its imprints on the LSS 

❖ Beyond the power spectrum: extracting non-Gaussian information 

❖ Pushing into nonlinear scales: simulation-based inference 

• Conclusions



Timeline of the Universe
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MP
<latexit sha1_base64="g8wy4Xx7AKEflVc/YBx+O8O7zcg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hE0GPRixehgmkLbSib7bRdutmE3Y1QQn+DFw+KePUHefPfuGkr+Plg2cd7M8zMi1LBtfG8d6e0tLyyulZer2xsbm3vVHf3mjrJFMOAJSJR7YhqFFxiYLgR2E4V0jgS2IrGl4XfukOleSJvzSTFMKZDyQecUWOl4LqXN6a9as1zT70C5Dfx3dnv1WCBRq/61u0nLItRGiao1h3fS02YU2U4EzitdDONKWVjOsSOpZLGqMN8tuyUHFmlTwaJsk8aMlO/duQ01noSR7Yypmakf3qF+JfXyczgPMy5TDODks0HDTJBTEKKy0mfK2RGTCyhTHG7K2EjqigzNp+KDeHzUvI/aZ64vuf6N6e1+sUijjIcwCEcgw9nUIcraEAADDjcwyM8OdJ5cJ6dl3lpyVn07MM3OK8fzwWOrA==</latexit><latexit sha1_base64="g8wy4Xx7AKEflVc/YBx+O8O7zcg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hE0GPRixehgmkLbSib7bRdutmE3Y1QQn+DFw+KePUHefPfuGkr+Plg2cd7M8zMi1LBtfG8d6e0tLyyulZer2xsbm3vVHf3mjrJFMOAJSJR7YhqFFxiYLgR2E4V0jgS2IrGl4XfukOleSJvzSTFMKZDyQecUWOl4LqXN6a9as1zT70C5Dfx3dnv1WCBRq/61u0nLItRGiao1h3fS02YU2U4EzitdDONKWVjOsSOpZLGqMN8tuyUHFmlTwaJsk8aMlO/duQ01noSR7Yypmakf3qF+JfXyczgPMy5TDODks0HDTJBTEKKy0mfK2RGTCyhTHG7K2EjqigzNp+KDeHzUvI/aZ64vuf6N6e1+sUijjIcwCEcgw9nUIcraEAADDjcwyM8OdJ5cJ6dl3lpyVn07MM3OK8fzwWOrA==</latexit><latexit sha1_base64="g8wy4Xx7AKEflVc/YBx+O8O7zcg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hE0GPRixehgmkLbSib7bRdutmE3Y1QQn+DFw+KePUHefPfuGkr+Plg2cd7M8zMi1LBtfG8d6e0tLyyulZer2xsbm3vVHf3mjrJFMOAJSJR7YhqFFxiYLgR2E4V0jgS2IrGl4XfukOleSJvzSTFMKZDyQecUWOl4LqXN6a9as1zT70C5Dfx3dnv1WCBRq/61u0nLItRGiao1h3fS02YU2U4EzitdDONKWVjOsSOpZLGqMN8tuyUHFmlTwaJsk8aMlO/duQ01noSR7Yypmakf3qF+JfXyczgPMy5TDODks0HDTJBTEKKy0mfK2RGTCyhTHG7K2EjqigzNp+KDeHzUvI/aZ64vuf6N6e1+sUijjIcwCEcgw9nUIcraEAADDjcwyM8OdJ5cJ6dl3lpyVn07MM3OK8fzwWOrA==</latexit><latexit sha1_base64="g8wy4Xx7AKEflVc/YBx+O8O7zcg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hE0GPRixehgmkLbSib7bRdutmE3Y1QQn+DFw+KePUHefPfuGkr+Plg2cd7M8zMi1LBtfG8d6e0tLyyulZer2xsbm3vVHf3mjrJFMOAJSJR7YhqFFxiYLgR2E4V0jgS2IrGl4XfukOleSJvzSTFMKZDyQecUWOl4LqXN6a9as1zT70C5Dfx3dnv1WCBRq/61u0nLItRGiao1h3fS02YU2U4EzitdDONKWVjOsSOpZLGqMN8tuyUHFmlTwaJsk8aMlO/duQ01noSR7Yypmakf3qF+JfXyczgPMy5TDODks0HDTJBTEKKy0mfK2RGTCyhTHG7K2EjqigzNp+KDeHzUvI/aZ64vuf6N6e1+sUijjIcwCEcgw9nUIcraEAADDjcwyM8OdJ5cJ6dl3lpyVn07MM3OK8fzwWOrA==</latexit>

< 1014 GeV
<latexit sha1_base64="DJGO6vV8QIbLuhvR8SSfna6NVKA=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXA0ZKejCRdGFLivYB3TGkkkzbWgyMyQZoYyz8FfcuFDErb/hzr8x01bweeByD+fcS25OkHCmNELvVmlufmFxqbxcWVldW9+wN7daKk4loU0S81h2AqwoZxFtaqY57SSSYhFw2g5GZ4XfvqFSsTi60uOE+gIPIhYygrWRevbOCXTRdebWcujBzJMCntNWDnt2FTk1VAD+Jq4z6agKZmj07DevH5NU0EgTjpXquijRfoalZoTTvOKliiaYjPCAdg2NsKDKzyb353DfKH0YxtJUpOFE/bqRYaHUWARmUmA9VD+9QvzL66Y6PPYzFiWpphGZPhSmHOoYFmHAPpOUaD42BBPJzK2QDLHERJvIKiaEz5/C/0nr0HGR417WqvXTWRxlsAv2wAFwwRGogwvQAE1AwC24B4/gybqzHqxn62U6WrJmO9vgG6zXD+s2lBw=</latexit><latexit sha1_base64="DJGO6vV8QIbLuhvR8SSfna6NVKA=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXA0ZKejCRdGFLivYB3TGkkkzbWgyMyQZoYyz8FfcuFDErb/hzr8x01bweeByD+fcS25OkHCmNELvVmlufmFxqbxcWVldW9+wN7daKk4loU0S81h2AqwoZxFtaqY57SSSYhFw2g5GZ4XfvqFSsTi60uOE+gIPIhYygrWRevbOCXTRdebWcujBzJMCntNWDnt2FTk1VAD+Jq4z6agKZmj07DevH5NU0EgTjpXquijRfoalZoTTvOKliiaYjPCAdg2NsKDKzyb353DfKH0YxtJUpOFE/bqRYaHUWARmUmA9VD+9QvzL66Y6PPYzFiWpphGZPhSmHOoYFmHAPpOUaD42BBPJzK2QDLHERJvIKiaEz5/C/0nr0HGR417WqvXTWRxlsAv2wAFwwRGogwvQAE1AwC24B4/gybqzHqxn62U6WrJmO9vgG6zXD+s2lBw=</latexit><latexit sha1_base64="DJGO6vV8QIbLuhvR8SSfna6NVKA=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXA0ZKejCRdGFLivYB3TGkkkzbWgyMyQZoYyz8FfcuFDErb/hzr8x01bweeByD+fcS25OkHCmNELvVmlufmFxqbxcWVldW9+wN7daKk4loU0S81h2AqwoZxFtaqY57SSSYhFw2g5GZ4XfvqFSsTi60uOE+gIPIhYygrWRevbOCXTRdebWcujBzJMCntNWDnt2FTk1VAD+Jq4z6agKZmj07DevH5NU0EgTjpXquijRfoalZoTTvOKliiaYjPCAdg2NsKDKzyb353DfKH0YxtJUpOFE/bqRYaHUWARmUmA9VD+9QvzL66Y6PPYzFiWpphGZPhSmHOoYFmHAPpOUaD42BBPJzK2QDLHERJvIKiaEz5/C/0nr0HGR417WqvXTWRxlsAv2wAFwwRGogwvQAE1AwC24B4/gybqzHqxn62U6WrJmO9vgG6zXD+s2lBw=</latexit><latexit sha1_base64="DJGO6vV8QIbLuhvR8SSfna6NVKA=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXA0ZKejCRdGFLivYB3TGkkkzbWgyMyQZoYyz8FfcuFDErb/hzr8x01bweeByD+fcS25OkHCmNELvVmlufmFxqbxcWVldW9+wN7daKk4loU0S81h2AqwoZxFtaqY57SSSYhFw2g5GZ4XfvqFSsTi60uOE+gIPIhYygrWRevbOCXTRdebWcujBzJMCntNWDnt2FTk1VAD+Jq4z6agKZmj07DevH5NU0EgTjpXquijRfoalZoTTvOKliiaYjPCAdg2NsKDKzyb353DfKH0YxtJUpOFE/bqRYaHUWARmUmA9VD+9QvzL66Y6PPYzFiWpphGZPhSmHOoYFmHAPpOUaD42BBPJzK2QDLHERJvIKiaEz5/C/0nr0HGR417WqvXTWRxlsAv2wAFwwRGogwvQAE1AwC24B4/gybqzHqxn62U6WrJmO9vgG6zXD+s2lBw=</latexit>

1018 GeV
<latexit sha1_base64="6ptJ7kKgB2TxyuvUU6AadTd3xZc=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqyEjBbssutBlBfuAzlgyaaYNzWSGJCPUYfBX3LhQxK3/4c6/MdNW8Hngcg/n3EtuTpBwpjRC71ZpYXFpeaW8Wllb39jcsrd32ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxmeF37mhUrFYXOlJQv0IDwULGcHaSH17z0XXmVvPoQczT0bwnLZz2LeryKmhAvA3cZ1pR1UwR7Nvv3mDmKQRFZpwrFTPRYn2Myw1I5zmFS9VNMFkjIe0Z6jAEVV+Nr0+h4dGGcAwlqaEhlP160aGI6UmUWAmI6xH6qdXiH95vVSHdT9jIkk1FWT2UJhyqGNYRAEHTFKi+cQQTCQzt0IywhITbQKrmBA+fwr/J+1jx0WOe1mrNk7ncZTBPjgAR8AFJ6ABLkATtAABt+AePIIn6856sJ6tl9loyZrv7IJvsF4/ABROk7A=</latexit><latexit sha1_base64="6ptJ7kKgB2TxyuvUU6AadTd3xZc=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqyEjBbssutBlBfuAzlgyaaYNzWSGJCPUYfBX3LhQxK3/4c6/MdNW8Hngcg/n3EtuTpBwpjRC71ZpYXFpeaW8Wllb39jcsrd32ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxmeF37mhUrFYXOlJQv0IDwULGcHaSH17z0XXmVvPoQczT0bwnLZz2LeryKmhAvA3cZ1pR1UwR7Nvv3mDmKQRFZpwrFTPRYn2Myw1I5zmFS9VNMFkjIe0Z6jAEVV+Nr0+h4dGGcAwlqaEhlP160aGI6UmUWAmI6xH6qdXiH95vVSHdT9jIkk1FWT2UJhyqGNYRAEHTFKi+cQQTCQzt0IywhITbQKrmBA+fwr/J+1jx0WOe1mrNk7ncZTBPjgAR8AFJ6ABLkATtAABt+AePIIn6856sJ6tl9loyZrv7IJvsF4/ABROk7A=</latexit><latexit sha1_base64="6ptJ7kKgB2TxyuvUU6AadTd3xZc=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqyEjBbssutBlBfuAzlgyaaYNzWSGJCPUYfBX3LhQxK3/4c6/MdNW8Hngcg/n3EtuTpBwpjRC71ZpYXFpeaW8Wllb39jcsrd32ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxmeF37mhUrFYXOlJQv0IDwULGcHaSH17z0XXmVvPoQczT0bwnLZz2LeryKmhAvA3cZ1pR1UwR7Nvv3mDmKQRFZpwrFTPRYn2Myw1I5zmFS9VNMFkjIe0Z6jAEVV+Nr0+h4dGGcAwlqaEhlP160aGI6UmUWAmI6xH6qdXiH95vVSHdT9jIkk1FWT2UJhyqGNYRAEHTFKi+cQQTCQzt0IywhITbQKrmBA+fwr/J+1jx0WOe1mrNk7ncZTBPjgAR8AFJ6ABLkATtAABt+AePIIn6856sJ6tl9loyZrv7IJvsF4/ABROk7A=</latexit><latexit sha1_base64="6ptJ7kKgB2TxyuvUU6AadTd3xZc=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqyEjBbssutBlBfuAzlgyaaYNzWSGJCPUYfBX3LhQxK3/4c6/MdNW8Hngcg/n3EtuTpBwpjRC71ZpYXFpeaW8Wllb39jcsrd32ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxmeF37mhUrFYXOlJQv0IDwULGcHaSH17z0XXmVvPoQczT0bwnLZz2LeryKmhAvA3cZ1pR1UwR7Nvv3mDmKQRFZpwrFTPRYn2Myw1I5zmFS9VNMFkjIe0Z6jAEVV+Nr0+h4dGGcAwlqaEhlP160aGI6UmUWAmI6xH6qdXiH95vVSHdT9jIkk1FWT2UJhyqGNYRAEHTFKi+cQQTCQzt0IywhITbQKrmBA+fwr/J+1jx0WOe1mrNk7ncZTBPjgAR8AFJ6ABLkATtAABt+AePIIn6856sJ6tl9loyZrv7IJvsF4/ABROk7A=</latexit>

Hinflation
<latexit sha1_base64="sVGWMJqYgfPo+llUDK/iU98ObBg=">AAAB+nicdVDLSsNAFL2pr1pfqS7dDBbBVUikoMuimy4r2Ae0JUymk3boZBJmJkqJ/RQ3LhRx65e482+cpBV8Hrjcwzn3MndOkHCmtOu+W6WV1bX1jfJmZWt7Z3fPru53VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtML3O/e0OlYrG41rOEDiM8FixkBGsj+Xa16WcDGSEmQl5Ic9+uuU7dzYF+E88puluDJVq+/TYYxSSNqNCEY6X6npvoYYalZoTTeWWQKppgMsVj2jdU4IiqYVacPkfHRhmhMJamhEaF+nUjw5FSsygwkxHWE/XTy8W/vH6qw/NhxkSSairI4qEw5UjHKM8BjZikRPOZIZhIZm5FZIIlJtqkVTEhfP4U/U86p47nOt5Vvda4WMZRhkM4ghPw4Awa0IQWtIHALdzDIzxZd9aD9Wy9LEZL1nLnAL7Bev0AdSCUHw==</latexit><latexit sha1_base64="sVGWMJqYgfPo+llUDK/iU98ObBg=">AAAB+nicdVDLSsNAFL2pr1pfqS7dDBbBVUikoMuimy4r2Ae0JUymk3boZBJmJkqJ/RQ3LhRx65e482+cpBV8Hrjcwzn3MndOkHCmtOu+W6WV1bX1jfJmZWt7Z3fPru53VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtML3O/e0OlYrG41rOEDiM8FixkBGsj+Xa16WcDGSEmQl5Ic9+uuU7dzYF+E88puluDJVq+/TYYxSSNqNCEY6X6npvoYYalZoTTeWWQKppgMsVj2jdU4IiqYVacPkfHRhmhMJamhEaF+nUjw5FSsygwkxHWE/XTy8W/vH6qw/NhxkSSairI4qEw5UjHKM8BjZikRPOZIZhIZm5FZIIlJtqkVTEhfP4U/U86p47nOt5Vvda4WMZRhkM4ghPw4Awa0IQWtIHALdzDIzxZd9aD9Wy9LEZL1nLnAL7Bev0AdSCUHw==</latexit><latexit sha1_base64="sVGWMJqYgfPo+llUDK/iU98ObBg=">AAAB+nicdVDLSsNAFL2pr1pfqS7dDBbBVUikoMuimy4r2Ae0JUymk3boZBJmJkqJ/RQ3LhRx65e482+cpBV8Hrjcwzn3MndOkHCmtOu+W6WV1bX1jfJmZWt7Z3fPru53VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtML3O/e0OlYrG41rOEDiM8FixkBGsj+Xa16WcDGSEmQl5Ic9+uuU7dzYF+E88puluDJVq+/TYYxSSNqNCEY6X6npvoYYalZoTTeWWQKppgMsVj2jdU4IiqYVacPkfHRhmhMJamhEaF+nUjw5FSsygwkxHWE/XTy8W/vH6qw/NhxkSSairI4qEw5UjHKM8BjZikRPOZIZhIZm5FZIIlJtqkVTEhfP4U/U86p47nOt5Vvda4WMZRhkM4ghPw4Awa0IQWtIHALdzDIzxZd9aD9Wy9LEZL1nLnAL7Bev0AdSCUHw==</latexit><latexit sha1_base64="sVGWMJqYgfPo+llUDK/iU98ObBg=">AAAB+nicdVDLSsNAFL2pr1pfqS7dDBbBVUikoMuimy4r2Ae0JUymk3boZBJmJkqJ/RQ3LhRx65e482+cpBV8Hrjcwzn3MndOkHCmtOu+W6WV1bX1jfJmZWt7Z3fPru53VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtML3O/e0OlYrG41rOEDiM8FixkBGsj+Xa16WcDGSEmQl5Ic9+uuU7dzYF+E88puluDJVq+/TYYxSSNqNCEY6X6npvoYYalZoTTeWWQKppgMsVj2jdU4IiqYVacPkfHRhmhMJamhEaF+nUjw5FSsygwkxHWE/XTy8W/vH6qw/NhxkSSairI4qEw5UjHKM8BjZikRPOZIZhIZm5FZIIlJtqkVTEhfP4U/U86p47nOt5Vvda4WMZRhkM4ghPw4Awa0IQWtIHALdzDIzxZd9aD9Wy9LEZL1nLnAL7Bev0AdSCUHw==</latexit>

LHC
<latexit sha1_base64="GoiMage0Gu5upkHcnxkdhOVLX0Q=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6L3XThooJ9SDuUTJppQ5PMkGSEMvQr3LhQxK2f486/MdNW8Hkg5HDOvdx7T5hwpo3nvTuFldW19Y3iZmlre2d3r7x/0NZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknnNRzv3NHlWaxvDHThAYCjySLGMHGSrdZXwl01ajPBuWK51a9HOg38d3571Vgieag/NYfxiQVVBrCsdY930tMkGFlGOF0VuqnmiaYTPCI9iyVWFAdZPOFZ+jEKkMUxco+adBc/dqRYaH1VIS2UmAz1j+9XPzL66UmuggyJpPUUEkWg6KUIxOj/Ho0ZIoSw6eWYKKY3RWRMVaYGJtRyYbweSn6n7TPXN9z/etqpXa5jKMIR3AMp+DDOdSgAU1oAQEB9/AIT45yHpxn52VRWnCWPYfwDc7rB0KPkAo=</latexit><latexit sha1_base64="GoiMage0Gu5upkHcnxkdhOVLX0Q=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6L3XThooJ9SDuUTJppQ5PMkGSEMvQr3LhQxK2f486/MdNW8Hkg5HDOvdx7T5hwpo3nvTuFldW19Y3iZmlre2d3r7x/0NZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknnNRzv3NHlWaxvDHThAYCjySLGMHGSrdZXwl01ajPBuWK51a9HOg38d3571Vgieag/NYfxiQVVBrCsdY930tMkGFlGOF0VuqnmiaYTPCI9iyVWFAdZPOFZ+jEKkMUxco+adBc/dqRYaH1VIS2UmAz1j+9XPzL66UmuggyJpPUUEkWg6KUIxOj/Ho0ZIoSw6eWYKKY3RWRMVaYGJtRyYbweSn6n7TPXN9z/etqpXa5jKMIR3AMp+DDOdSgAU1oAQEB9/AIT45yHpxn52VRWnCWPYfwDc7rB0KPkAo=</latexit><latexit sha1_base64="GoiMage0Gu5upkHcnxkdhOVLX0Q=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6L3XThooJ9SDuUTJppQ5PMkGSEMvQr3LhQxK2f486/MdNW8Hkg5HDOvdx7T5hwpo3nvTuFldW19Y3iZmlre2d3r7x/0NZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknnNRzv3NHlWaxvDHThAYCjySLGMHGSrdZXwl01ajPBuWK51a9HOg38d3571Vgieag/NYfxiQVVBrCsdY930tMkGFlGOF0VuqnmiaYTPCI9iyVWFAdZPOFZ+jEKkMUxco+adBc/dqRYaH1VIS2UmAz1j+9XPzL66UmuggyJpPUUEkWg6KUIxOj/Ho0ZIoSw6eWYKKY3RWRMVaYGJtRyYbweSn6n7TPXN9z/etqpXa5jKMIR3AMp+DDOdSgAU1oAQEB9/AIT45yHpxn52VRWnCWPYfwDc7rB0KPkAo=</latexit><latexit sha1_base64="GoiMage0Gu5upkHcnxkdhOVLX0Q=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6L3XThooJ9SDuUTJppQ5PMkGSEMvQr3LhQxK2f486/MdNW8Hkg5HDOvdx7T5hwpo3nvTuFldW19Y3iZmlre2d3r7x/0NZxqghtkZjHqhtiTTmTtGWY4bSbKIpFyGknnNRzv3NHlWaxvDHThAYCjySLGMHGSrdZXwl01ajPBuWK51a9HOg38d3571Vgieag/NYfxiQVVBrCsdY930tMkGFlGOF0VuqnmiaYTPCI9iyVWFAdZPOFZ+jEKkMUxco+adBc/dqRYaH1VIS2UmAz1j+9XPzL66UmuggyJpPUUEkWg6KUIxOj/Ho0ZIoSw6eWYKKY3RWRMVaYGJtRyYbweSn6n7TPXN9z/etqpXa5jKMIR3AMp+DDOdSgAU1oAQEB9/AIT45yHpxn52VRWnCWPYfwDc7rB0KPkAo=</latexit>

104 GeV
<latexit sha1_base64="OoZ/SYQ1ru5vc44QpBnCJmiMg8Y=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFcDRkp6LLoQpcV7AM6Y8mkmTY0yQxJRiljP8WNC0Xc+iXu/BszbQWfBy73cM695OZEKWfaIPTuLCwuLa+sltbK6xubW9tuZaelk0wR2iQJT1QnwppyJmnTMMNpJ1UUi4jTdjQ6K/z2DVWaJfLKjFMaCjyQLGYEGyv13IqPrmswgHmgBITntDXpuVXk1VAB+Jv43rSjKpij0XPfgn5CMkGlIRxr3fVRasIcK8MIp5NykGmaYjLCA9q1VGJBdZhPT5/AA6v0YZwoW9LAqfp1I8dC67GI7KTAZqh/eoX4l9fNTHwS5kymmaGSzB6KMw5NAoscYJ8pSgwfW4KJYvZWSIZYYWJsWmUbwudP4f+kdeT5yPMva9X66TyOEtgD++AQ+OAY1MEFaIAmIOAW3INH8OTcOQ/Os/MyG11w5ju74Buc1w/H7pJl</latexit><latexit sha1_base64="OoZ/SYQ1ru5vc44QpBnCJmiMg8Y=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFcDRkp6LLoQpcV7AM6Y8mkmTY0yQxJRiljP8WNC0Xc+iXu/BszbQWfBy73cM695OZEKWfaIPTuLCwuLa+sltbK6xubW9tuZaelk0wR2iQJT1QnwppyJmnTMMNpJ1UUi4jTdjQ6K/z2DVWaJfLKjFMaCjyQLGYEGyv13IqPrmswgHmgBITntDXpuVXk1VAB+Jv43rSjKpij0XPfgn5CMkGlIRxr3fVRasIcK8MIp5NykGmaYjLCA9q1VGJBdZhPT5/AA6v0YZwoW9LAqfp1I8dC67GI7KTAZqh/eoX4l9fNTHwS5kymmaGSzB6KMw5NAoscYJ8pSgwfW4KJYvZWSIZYYWJsWmUbwudP4f+kdeT5yPMva9X66TyOEtgD++AQ+OAY1MEFaIAmIOAW3INH8OTcOQ/Os/MyG11w5ju74Buc1w/H7pJl</latexit><latexit sha1_base64="OoZ/SYQ1ru5vc44QpBnCJmiMg8Y=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFcDRkp6LLoQpcV7AM6Y8mkmTY0yQxJRiljP8WNC0Xc+iXu/BszbQWfBy73cM695OZEKWfaIPTuLCwuLa+sltbK6xubW9tuZaelk0wR2iQJT1QnwppyJmnTMMNpJ1UUi4jTdjQ6K/z2DVWaJfLKjFMaCjyQLGYEGyv13IqPrmswgHmgBITntDXpuVXk1VAB+Jv43rSjKpij0XPfgn5CMkGlIRxr3fVRasIcK8MIp5NykGmaYjLCA9q1VGJBdZhPT5/AA6v0YZwoW9LAqfp1I8dC67GI7KTAZqh/eoX4l9fNTHwS5kymmaGSzB6KMw5NAoscYJ8pSgwfW4KJYvZWSIZYYWJsWmUbwudP4f+kdeT5yPMva9X66TyOEtgD++AQ+OAY1MEFaIAmIOAW3INH8OTcOQ/Os/MyG11w5ju74Buc1w/H7pJl</latexit><latexit sha1_base64="OoZ/SYQ1ru5vc44QpBnCJmiMg8Y=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFcDRkp6LLoQpcV7AM6Y8mkmTY0yQxJRiljP8WNC0Xc+iXu/BszbQWfBy73cM695OZEKWfaIPTuLCwuLa+sltbK6xubW9tuZaelk0wR2iQJT1QnwppyJmnTMMNpJ1UUi4jTdjQ6K/z2DVWaJfLKjFMaCjyQLGYEGyv13IqPrmswgHmgBITntDXpuVXk1VAB+Jv43rSjKpij0XPfgn5CMkGlIRxr3fVRasIcK8MIp5NykGmaYjLCA9q1VGJBdZhPT5/AA6v0YZwoW9LAqfp1I8dC67GI7KTAZqh/eoX4l9fNTHwS5kymmaGSzB6KMw5NAoscYJ8pSgwfW4KJYvZWSIZYYWJsWmUbwudP4f+kdeT5yPMva9X66TyOEtgD++AQ+OAY1MEFaIAmIOAW3INH8OTcOQ/Os/MyG11w5ju74Buc1w/H7pJl</latexit>

m⇤
<latexit sha1_base64="qKsxCzIr7HlxrHl/2b7b/eXocms=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6Lbly4qGAf0g4lk8m0oUlmSDJCGfoVblwo4tbPceffmGkr+LwQcjjnXO69J0w508bz3p3S0vLK6lp5vbKxubW9U93da+skU4S2SMIT1Q2xppxJ2jLMcNpNFcUi5LQTji8KvXNHlWaJvDGTlAYCDyWLGcHGUrdi0L+y5ggPqjXPrXtFod/Ad2e/V4NFNQfVt36UkExQaQjHWvd8LzVBjpVhhNNppZ9pmmIyxkPas1BiQXWQzxaeoiPLRChOlH3SoBn7tSPHQuuJCK1TYDPSP7WC/EvrZSY+C3Im08xQSeaD4owjk6DiehQxRYnhEwswUczuisgIK0yMzahiQ/i8FP0P2ieu77n+db3WOF/EUYYDOIRj8OEUGnAJTWgBAQH38AhPjnIenGfnZW4tOYueffhWzusHokOQSQ==</latexit><latexit sha1_base64="qKsxCzIr7HlxrHl/2b7b/eXocms=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6Lbly4qGAf0g4lk8m0oUlmSDJCGfoVblwo4tbPceffmGkr+LwQcjjnXO69J0w508bz3p3S0vLK6lp5vbKxubW9U93da+skU4S2SMIT1Q2xppxJ2jLMcNpNFcUi5LQTji8KvXNHlWaJvDGTlAYCDyWLGcHGUrdi0L+y5ggPqjXPrXtFod/Ad2e/V4NFNQfVt36UkExQaQjHWvd8LzVBjpVhhNNppZ9pmmIyxkPas1BiQXWQzxaeoiPLRChOlH3SoBn7tSPHQuuJCK1TYDPSP7WC/EvrZSY+C3Im08xQSeaD4owjk6DiehQxRYnhEwswUczuisgIK0yMzahiQ/i8FP0P2ieu77n+db3WOF/EUYYDOIRj8OEUGnAJTWgBAQH38AhPjnIenGfnZW4tOYueffhWzusHokOQSQ==</latexit><latexit sha1_base64="qKsxCzIr7HlxrHl/2b7b/eXocms=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6Lbly4qGAf0g4lk8m0oUlmSDJCGfoVblwo4tbPceffmGkr+LwQcjjnXO69J0w508bz3p3S0vLK6lp5vbKxubW9U93da+skU4S2SMIT1Q2xppxJ2jLMcNpNFcUi5LQTji8KvXNHlWaJvDGTlAYCDyWLGcHGUrdi0L+y5ggPqjXPrXtFod/Ad2e/V4NFNQfVt36UkExQaQjHWvd8LzVBjpVhhNNppZ9pmmIyxkPas1BiQXWQzxaeoiPLRChOlH3SoBn7tSPHQuuJCK1TYDPSP7WC/EvrZSY+C3Im08xQSeaD4owjk6DiehQxRYnhEwswUczuisgIK0yMzahiQ/i8FP0P2ieu77n+db3WOF/EUYYDOIRj8OEUGnAJTWgBAQH38AhPjnIenGfnZW4tOYueffhWzusHokOQSQ==</latexit><latexit sha1_base64="qKsxCzIr7HlxrHl/2b7b/eXocms=">AAAB8HicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6Lbly4qGAf0g4lk8m0oUlmSDJCGfoVblwo4tbPceffmGkr+LwQcjjnXO69J0w508bz3p3S0vLK6lp5vbKxubW9U93da+skU4S2SMIT1Q2xppxJ2jLMcNpNFcUi5LQTji8KvXNHlWaJvDGTlAYCDyWLGcHGUrdi0L+y5ggPqjXPrXtFod/Ad2e/V4NFNQfVt36UkExQaQjHWvd8LzVBjpVhhNNppZ9pmmIyxkPas1BiQXWQzxaeoiPLRChOlH3SoBn7tSPHQuuJCK1TYDPSP7WC/EvrZSY+C3Im08xQSeaD4owjk6DiehQxRYnhEwswUczuisgIK0yMzahiQ/i8FP0P2ieu77n+db3WOF/EUYYDOIRj8OEUGnAJTWgBAQH38AhPjnIenGfnZW4tOYueffhWzusHokOQSQ==</latexit>⌃m⌫

<latexit sha1_base64="IK5SgxUPw31rySwNfL8GkI5f9yM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6LblxWtK3QGUsmzbShSWZIMkoZ+h9uXCji1n9x59+YaSv4PHC5h3PuJTcnSjnTxvPendLC4tLySnm1sra+sblV3d5p6yRThLZIwhN1HWFNOZO0ZZjh9DpVFIuI0040Oiv8zi1VmiXyyoxTGgo8kCxmBBsr3QSXbCAwEr08kNmkV615bt0rgH4T3512rwZzNHvVt6CfkExQaQjHWnd9LzVhjpVhhNNJJcg0TTEZ4QHtWiqxoDrMp1dP0IFV+ihOlC1p0FT9upFjofVYRHZSYDPUP71C/MvrZiY+CXMm08xQSWYPxRlHJkFFBKjPFCWGjy3BRDF7KyJDrDAxNqiKDeHzp+h/0j5yfc/1L+q1xuk8jjLswT4cgg/H0IBzaEILCCi4h0d4cu6cB+fZeZmNlpz5zi58g/P6AYHrkoI=</latexit><latexit sha1_base64="IK5SgxUPw31rySwNfL8GkI5f9yM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6LblxWtK3QGUsmzbShSWZIMkoZ+h9uXCji1n9x59+YaSv4PHC5h3PuJTcnSjnTxvPendLC4tLySnm1sra+sblV3d5p6yRThLZIwhN1HWFNOZO0ZZjh9DpVFIuI0040Oiv8zi1VmiXyyoxTGgo8kCxmBBsr3QSXbCAwEr08kNmkV615bt0rgH4T3512rwZzNHvVt6CfkExQaQjHWnd9LzVhjpVhhNNJJcg0TTEZ4QHtWiqxoDrMp1dP0IFV+ihOlC1p0FT9upFjofVYRHZSYDPUP71C/MvrZiY+CXMm08xQSWYPxRlHJkFFBKjPFCWGjy3BRDF7KyJDrDAxNqiKDeHzp+h/0j5yfc/1L+q1xuk8jjLswT4cgg/H0IBzaEILCCi4h0d4cu6cB+fZeZmNlpz5zi58g/P6AYHrkoI=</latexit><latexit sha1_base64="IK5SgxUPw31rySwNfL8GkI5f9yM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6LblxWtK3QGUsmzbShSWZIMkoZ+h9uXCji1n9x59+YaSv4PHC5h3PuJTcnSjnTxvPendLC4tLySnm1sra+sblV3d5p6yRThLZIwhN1HWFNOZO0ZZjh9DpVFIuI0040Oiv8zi1VmiXyyoxTGgo8kCxmBBsr3QSXbCAwEr08kNmkV615bt0rgH4T3512rwZzNHvVt6CfkExQaQjHWnd9LzVhjpVhhNNJJcg0TTEZ4QHtWiqxoDrMp1dP0IFV+ihOlC1p0FT9upFjofVYRHZSYDPUP71C/MvrZiY+CXMm08xQSWYPxRlHJkFFBKjPFCWGjy3BRDF7KyJDrDAxNqiKDeHzp+h/0j5yfc/1L+q1xuk8jjLswT4cgg/H0IBzaEILCCi4h0d4cu6cB+fZeZmNlpz5zi58g/P6AYHrkoI=</latexit><latexit sha1_base64="IK5SgxUPw31rySwNfL8GkI5f9yM=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6LblxWtK3QGUsmzbShSWZIMkoZ+h9uXCji1n9x59+YaSv4PHC5h3PuJTcnSjnTxvPendLC4tLySnm1sra+sblV3d5p6yRThLZIwhN1HWFNOZO0ZZjh9DpVFIuI0040Oiv8zi1VmiXyyoxTGgo8kCxmBBsr3QSXbCAwEr08kNmkV615bt0rgH4T3512rwZzNHvVt6CfkExQaQjHWnd9LzVhjpVhhNNJJcg0TTEZ4QHtWiqxoDrMp1dP0IFV+ihOlC1p0FT9upFjofVYRHZSYDPUP71C/MvrZiY+CXMm08xQSWYPxRlHJkFFBKjPFCWGjy3BRDF7KyJDrDAxNqiKDeHzp+h/0j5yfc/1L+q1xuk8jjLswT4cgg/H0IBzaEILCCi4h0d4cu6cB+fZeZmNlpz5zi58g/P6AYHrkoI=</latexit>

0.1 eV
<latexit sha1_base64="UEoshQnrgD/CRWnxX+EA+urKltU=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6LblxWsA/ojCWTZtrQJDMkGaUM/Q83LhRx67+482/MtBV8Hrjcwzn3kpsTpZxp43nvTmlpeWV1rbxe2djc2t6p7u61dZIpQlsk4YnqRlhTziRtGWY47aaKYhFx2onGF4XfuaVKs0Rem0lKQ4GHksWMYGOlG8/1UYDyQAlE29N+tea5da8A+k18d9a9GizQ7FffgkFCMkGlIRxr3fO91IQ5VoYRTqeVINM0xWSMh7RnqcSC6jCfXT1FR1YZoDhRtqRBM/XrRo6F1hMR2UmBzUj/9ArxL6+XmfgszJlMM0MlmT8UZxyZBBURoAFTlBg+sQQTxeytiIywwsTYoCo2hM+fov9J+8T1bXhX9VrjfBFHGQ7gEI7Bh1NowCU0oQUEFNzDIzw5d86D8+y8zEdLzmJnH77Bef0AoAORSw==</latexit><latexit sha1_base64="UEoshQnrgD/CRWnxX+EA+urKltU=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6LblxWsA/ojCWTZtrQJDMkGaUM/Q83LhRx67+482/MtBV8Hrjcwzn3kpsTpZxp43nvTmlpeWV1rbxe2djc2t6p7u61dZIpQlsk4YnqRlhTziRtGWY47aaKYhFx2onGF4XfuaVKs0Rem0lKQ4GHksWMYGOlG8/1UYDyQAlE29N+tea5da8A+k18d9a9GizQ7FffgkFCMkGlIRxr3fO91IQ5VoYRTqeVINM0xWSMh7RnqcSC6jCfXT1FR1YZoDhRtqRBM/XrRo6F1hMR2UmBzUj/9ArxL6+XmfgszJlMM0MlmT8UZxyZBBURoAFTlBg+sQQTxeytiIywwsTYoCo2hM+fov9J+8T1bXhX9VrjfBFHGQ7gEI7Bh1NowCU0oQUEFNzDIzw5d86D8+y8zEdLzmJnH77Bef0AoAORSw==</latexit><latexit sha1_base64="UEoshQnrgD/CRWnxX+EA+urKltU=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6LblxWsA/ojCWTZtrQJDMkGaUM/Q83LhRx67+482/MtBV8Hrjcwzn3kpsTpZxp43nvTmlpeWV1rbxe2djc2t6p7u61dZIpQlsk4YnqRlhTziRtGWY47aaKYhFx2onGF4XfuaVKs0Rem0lKQ4GHksWMYGOlG8/1UYDyQAlE29N+tea5da8A+k18d9a9GizQ7FffgkFCMkGlIRxr3fO91IQ5VoYRTqeVINM0xWSMh7RnqcSC6jCfXT1FR1YZoDhRtqRBM/XrRo6F1hMR2UmBzUj/9ArxL6+XmfgszJlMM0MlmT8UZxyZBBURoAFTlBg+sQQTxeytiIywwsTYoCo2hM+fov9J+8T1bXhX9VrjfBFHGQ7gEI7Bh1NowCU0oQUEFNzDIzw5d86D8+y8zEdLzmJnH77Bef0AoAORSw==</latexit><latexit sha1_base64="UEoshQnrgD/CRWnxX+EA+urKltU=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapiRgi6LblxWsA/ojCWTZtrQJDMkGaUM/Q83LhRx67+482/MtBV8Hrjcwzn3kpsTpZxp43nvTmlpeWV1rbxe2djc2t6p7u61dZIpQlsk4YnqRlhTziRtGWY47aaKYhFx2onGF4XfuaVKs0Rem0lKQ4GHksWMYGOlG8/1UYDyQAlE29N+tea5da8A+k18d9a9GizQ7FffgkFCMkGlIRxr3fO91IQ5VoYRTqeVINM0xWSMh7RnqcSC6jCfXT1FR1YZoDhRtqRBM/XrRo6F1hMR2UmBzUj/9ArxL6+XmfgszJlMM0MlmT8UZxyZBBURoAFTlBg+sQQTxeytiIywwsTYoCo2hM+fov9J+8T1bXhX9VrjfBFHGQ7gEI7Bh1NowCU0oQUEFNzDIzw5d86D8+y8zEdLzmJnH77Bef0AoAORSw==</latexit>

10�33 eV
<latexit sha1_base64="j2QS+1RxofQHJ5sBvgvB93r2+1Q=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgxiFjC7osunFZwT6gM5ZMmmlDM5khyQjDUH/FjQtF3Poh7vwbM20Fnwcu93DOveTmBAlnSiP0bpWWlldW18rrlY3Nre0de3evo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gclH43VsqFYvFtc4S6kd4JFjICNZGGthVF93kx/X6FHow92QEaWc6sGvIaaAC8DdxnVlHNbBAa2C/ecOYpBEVmnCsVN9FifZzLDUjnE4rXqpogskEj2jfUIEjqvx8dvwUHhplCMNYmhIaztSvGzmOlMqiwExGWI/VT68Q//L6qQ7P/JyJJNVUkPlDYcqhjmGRBBwySYnmmSGYSGZuhWSMJSba5FUxIXz+FP5POieOixz3qlFrni/iKIN9cACOgAtOQRNcghZoAwIycA8ewZN1Zz1Yz9bLfLRkLXaq4Bus1w+KupNp</latexit><latexit sha1_base64="j2QS+1RxofQHJ5sBvgvB93r2+1Q=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgxiFjC7osunFZwT6gM5ZMmmlDM5khyQjDUH/FjQtF3Poh7vwbM20Fnwcu93DOveTmBAlnSiP0bpWWlldW18rrlY3Nre0de3evo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gclH43VsqFYvFtc4S6kd4JFjICNZGGthVF93kx/X6FHow92QEaWc6sGvIaaAC8DdxnVlHNbBAa2C/ecOYpBEVmnCsVN9FifZzLDUjnE4rXqpogskEj2jfUIEjqvx8dvwUHhplCMNYmhIaztSvGzmOlMqiwExGWI/VT68Q//L6qQ7P/JyJJNVUkPlDYcqhjmGRBBwySYnmmSGYSGZuhWSMJSba5FUxIXz+FP5POieOixz3qlFrni/iKIN9cACOgAtOQRNcghZoAwIycA8ewZN1Zz1Yz9bLfLRkLXaq4Bus1w+KupNp</latexit><latexit sha1_base64="j2QS+1RxofQHJ5sBvgvB93r2+1Q=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgxiFjC7osunFZwT6gM5ZMmmlDM5khyQjDUH/FjQtF3Poh7vwbM20Fnwcu93DOveTmBAlnSiP0bpWWlldW18rrlY3Nre0de3evo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gclH43VsqFYvFtc4S6kd4JFjICNZGGthVF93kx/X6FHow92QEaWc6sGvIaaAC8DdxnVlHNbBAa2C/ecOYpBEVmnCsVN9FifZzLDUjnE4rXqpogskEj2jfUIEjqvx8dvwUHhplCMNYmhIaztSvGzmOlMqiwExGWI/VT68Q//L6qQ7P/JyJJNVUkPlDYcqhjmGRBBwySYnmmSGYSGZuhWSMJSba5FUxIXz+FP5POieOixz3qlFrni/iKIN9cACOgAtOQRNcghZoAwIycA8ewZN1Zz1Yz9bLfLRkLXaq4Bus1w+KupNp</latexit><latexit sha1_base64="j2QS+1RxofQHJ5sBvgvB93r2+1Q=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgxiFjC7osunFZwT6gM5ZMmmlDM5khyQjDUH/FjQtF3Poh7vwbM20Fnwcu93DOveTmBAlnSiP0bpWWlldW18rrlY3Nre0de3evo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gclH43VsqFYvFtc4S6kd4JFjICNZGGthVF93kx/X6FHow92QEaWc6sGvIaaAC8DdxnVlHNbBAa2C/ecOYpBEVmnCsVN9FifZzLDUjnE4rXqpogskEj2jfUIEjqvx8dvwUHhplCMNYmhIaztSvGzmOlMqiwExGWI/VT68Q//L6qQ7P/JyJJNVUkPlDYcqhjmGRBBwySYnmmSGYSGZuhWSMJSba5FUxIXz+FP5POieOixz3qlFrni/iKIN9cACOgAtOQRNcghZoAwIycA8ewZN1Zz1Yz9bLfLRkLXaq4Bus1w+KupNp</latexit>

z  1
<latexit sha1_base64="6DdQ3FTFz+40fuNwyla++/coTn4=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BIvgqWTbUuut4MVjhX5Bu5RsOtuGZrNrkhVq6Y/w4kERr/4eb/4b03YFFX0w8Hhvhpl5fiy4NoR8OJm19Y3Nrex2bmd3b/8gf3jU1lGiGLRYJCLV9akGwSW0DDcCurECGvoCOv7kauF37kBpHsmmmcbghXQkecAZNVbq3PcF3GJ3kC+QYu2ySmplTIpkCUtct1qulLCbKgWUojHIv/eHEUtCkIYJqnXPJbHxZlQZzgTMc/1EQ0zZhI6gZ6mkIWhvtjx3js+sMsRBpGxJg5fq94kZDbWehr7tDKkZ69/eQvzL6yUmqHkzLuPEgGSrRUEisInw4nc85AqYEVNLKFPc3orZmCrKjE0oZ0P4+hT/T9olG0uR3FQK9WYaRxadoFN0jlx0geroGjVQCzE0QQ/oCT07sfPovDivq9aMk84cox9w3j4BDaePbg==</latexit><latexit sha1_base64="6DdQ3FTFz+40fuNwyla++/coTn4=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BIvgqWTbUuut4MVjhX5Bu5RsOtuGZrNrkhVq6Y/w4kERr/4eb/4b03YFFX0w8Hhvhpl5fiy4NoR8OJm19Y3Nrex2bmd3b/8gf3jU1lGiGLRYJCLV9akGwSW0DDcCurECGvoCOv7kauF37kBpHsmmmcbghXQkecAZNVbq3PcF3GJ3kC+QYu2ySmplTIpkCUtct1qulLCbKgWUojHIv/eHEUtCkIYJqnXPJbHxZlQZzgTMc/1EQ0zZhI6gZ6mkIWhvtjx3js+sMsRBpGxJg5fq94kZDbWehr7tDKkZ69/eQvzL6yUmqHkzLuPEgGSrRUEisInw4nc85AqYEVNLKFPc3orZmCrKjE0oZ0P4+hT/T9olG0uR3FQK9WYaRxadoFN0jlx0geroGjVQCzE0QQ/oCT07sfPovDivq9aMk84cox9w3j4BDaePbg==</latexit><latexit sha1_base64="6DdQ3FTFz+40fuNwyla++/coTn4=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BIvgqWTbUuut4MVjhX5Bu5RsOtuGZrNrkhVq6Y/w4kERr/4eb/4b03YFFX0w8Hhvhpl5fiy4NoR8OJm19Y3Nrex2bmd3b/8gf3jU1lGiGLRYJCLV9akGwSW0DDcCurECGvoCOv7kauF37kBpHsmmmcbghXQkecAZNVbq3PcF3GJ3kC+QYu2ySmplTIpkCUtct1qulLCbKgWUojHIv/eHEUtCkIYJqnXPJbHxZlQZzgTMc/1EQ0zZhI6gZ6mkIWhvtjx3js+sMsRBpGxJg5fq94kZDbWehr7tDKkZ69/eQvzL6yUmqHkzLuPEgGSrRUEisInw4nc85AqYEVNLKFPc3orZmCrKjE0oZ0P4+hT/T9olG0uR3FQK9WYaRxadoFN0jlx0geroGjVQCzE0QQ/oCT07sfPovDivq9aMk84cox9w3j4BDaePbg==</latexit><latexit sha1_base64="6DdQ3FTFz+40fuNwyla++/coTn4=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BIvgqWTbUuut4MVjhX5Bu5RsOtuGZrNrkhVq6Y/w4kERr/4eb/4b03YFFX0w8Hhvhpl5fiy4NoR8OJm19Y3Nrex2bmd3b/8gf3jU1lGiGLRYJCLV9akGwSW0DDcCurECGvoCOv7kauF37kBpHsmmmcbghXQkecAZNVbq3PcF3GJ3kC+QYu2ySmplTIpkCUtct1qulLCbKgWUojHIv/eHEUtCkIYJqnXPJbHxZlQZzgTMc/1EQ0zZhI6gZ6mkIWhvtjx3js+sMsRBpGxJg5fq94kZDbWehr7tDKkZ69/eQvzL6yUmqHkzLuPEgGSrRUEisInw4nc85AqYEVNLKFPc3orZmCrKjE0oZ0P4+hT/T9olG0uR3FQK9WYaRxadoFN0jlx0geroGjVQCzE0QQ/oCT07sfPovDivq9aMk84cox9w3j4BDaePbg==</latexit>

<latexit sha1_base64="M9LjsRw3QeBALuDY1ZnkGuL74DE=">AAAB7nicdVBNS8NAEN3Ur1q/qh69LBbBU0jaUuut4MVjhX5BG8pmO2mXbjZxdyPU0B/hxYMiXv093vw3btsIKvpg4PHeDDPz/JgzpR3nw8qtrW9sbuW3Czu7e/sHxcOjjooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PWnVwu/ewdSsUi09CwGLyRjwQJGiTZS937A4RaXh8WSY9cva069gh3bWcIQ161VqmXsZkoJZWgOi++DUUSTEISmnCjVd51YeymRmlEO88IgURATOiVj6BsqSAjKS5fnzvGZUUY4iKQpofFS/T6RklCpWeibzpDoifrtLcS/vH6ig7qXMhEnGgRdLQoSjnWEF7/jEZNANZ8ZQqhk5lZMJ0QSqk1CBRPC16f4f9Ip227Nrt1US41WFkcenaBTdI5cdIEa6Bo1URtRNEUP6Ak9W7H1aL1Yr6vWnJXNHKMfsN4+ARK7j3o=</latexit>

z  2

S3 & S4 Galaxy SurveysCMB

Inflation (ICs) Gravitational Evolution of Energy-Density Constituents+

21-cm line

other emission lines, CO, [CII], …



Cosmic Microwave Background

Era of Precision Cosmology
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Large Scales Small Scales

Planck 2018

ΛCDM

⟨δT( ̂n)δT( ̂n′ )⟩

  Galaxy/Quasar Distributions

⟨δg(x)δg(x′ )⟩

Large Scales Small Scales

Planck 2018, DESI 2026
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Concordance Model & Beyond

• Consistently (?) describe the origin, 
composition, and evolution with a 
simple phenomenological model

<latexit sha1_base64="qvBFmwWviLlNyn2RHG9aK+h0s9w=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWRs1bor1oULhQr2AZ2hZDKZNjTzIMkUytA/ceNCEbf+iTv/xrQdQUUPBA7nnMu9OV7CmVQIfRiFpeWV1bXiemljc2t7x9zda8s4FYS2SMxj0fWwpJxFtKWY4rSbCIpDj9OON2rM/M6YCsni6F5NEuqGeBCxgBGstNQ3TedGh32cOSKEjavbad8sI6tyoVGDyKoihGyUE1SBtoXmKIMczb757vgxSUMaKcKxlD0bJcrNsFCMcDotOamkCSYjPKA9TSMcUulm88un8EgrPgxioV+k4Fz9PpHhUMpJ6OlkiNVQ/vZm4l9eL1VBzc1YlKSKRmSxKEg5VDGc1QB9JihRfKIJJoLpWyEZYoGJ0mWVdAlfP4X/k/aJZZ9Zp3fVcv0yr6MIDsAhOAY2OAd1cA2aoAUIGIMH8ASejcx4NF6M10W0YOQz++AHjLdPFoyTVA==</latexit>

⇤CDM

Where do we stand?

+ single-field inflation  
+ massive neutrinos

Key open questions

Snowmass2021 - CF5 report

New Physics Beyond the Standard Model?

• Test the model with higher precision data 

• Test the consistency of different datasets 

• Test the model where it has not been tested 
(high redshift & horizon scales)

Path forward 

} • Tensions in : new physics vs systematics 

• Increased ability to do model-dependent searches  
of subtle beyond  imprints 

ΛCDM

ΛCDM

?
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Cosmic Large-Scale Structure (LSS)
formed under the influence of gravity from inflationary-era primordial fluctuations

Nbody simulations: Kravtsov & Klypin

z = 10 z = 0

Promise 

•  Sensitive to ICs, constituents, and  
evolution of the Universe 

•  Lower cosmic variance (3D vs 2D)

Nature of dark matter

Dalal et al 

�5000
<latexit sha1_base64="eju3VRxKziuEAncNq1CqSQab+bQ=">AAAB7XicdVDJSgNBEK2JWxK3qEcvjUHw4tBj3HILevEYwSyQDLGn00na9Cx09whhyD948RARr/6PN//GnoyCij4oeLxXRVU9LxJcaYzfrdzC4tLySr5QXF1b39gsbW03VRhLyho0FKFse0QxwQPW0FwL1o4kI74nWMsbX6Z+655JxcPgRk8i5vpkGPABp0QbqXmITjDGvVIZ29UUpygjlaoh+NjBlQpybDxHuVaIZrcAUO+V3rr9kMY+CzQVRKmOgyPtJkRqTgWbFruxYhGhYzJkHUMD4jPlJvNrp2jfKH00CKWpQKO5+n0iIb5SE98znT7RI/XbS8W/vE6sB+duwoMo1iyg2aJBLJAOUfo66nPJqBYTQwiV3NyK6IhIQrUJqGhC+PoU/U+aR7aDbefapHEBGfKwC3twAA6cQQ2uoA4NoHAHDzCDJyu0Hq1n6yVrzVmfMzvwA9brB3Quj+Q=</latexit><latexit sha1_base64="GPSBl3glpbLoQL67GyzP9WEtflw=">AAAB7XicdVDLSgMxFM34bOur6tJNsAhuHDLWV3dFNy4r2Ae2Q8mkmTY2MxmSjFiG/oMbFxVx69J/cefXaKajoKIHLhzOuZd77/EizpRG6M2amZ2bX1jM5QtLyyura8X1jYYSsSS0TgQXsuVhRTkLaV0zzWkrkhQHHqdNb3iW+s0bKhUT4aUeRdQNcD9kPiNYG6mxBw8RQt1iCdmVFEcwI+WKIejAQeUydGw0RamajyZXL7fvtW7xtdMTJA5oqAnHSrUdFGk3wVIzwum40IkVjTAZ4j5tGxrigCo3mV47hjtG6UFfSFOhhlP1+0SCA6VGgWc6A6wH6reXin957Vj7J27CwijWNCTZIj/mUAuYvg57TFKi+cgQTCQzt0IywBITbQIqmBC+PoX/k8a+7SDbuTBpnIIMObAFtsEucMAxqIJzUAN1QMA1uAMT8GAJ6956tJ6y1hnrc2YT/ID1/AFKv5IE</latexit><latexit sha1_base64="GPSBl3glpbLoQL67GyzP9WEtflw=">AAAB7XicdVDLSgMxFM34bOur6tJNsAhuHDLWV3dFNy4r2Ae2Q8mkmTY2MxmSjFiG/oMbFxVx69J/cefXaKajoKIHLhzOuZd77/EizpRG6M2amZ2bX1jM5QtLyyura8X1jYYSsSS0TgQXsuVhRTkLaV0zzWkrkhQHHqdNb3iW+s0bKhUT4aUeRdQNcD9kPiNYG6mxBw8RQt1iCdmVFEcwI+WKIejAQeUydGw0RamajyZXL7fvtW7xtdMTJA5oqAnHSrUdFGk3wVIzwum40IkVjTAZ4j5tGxrigCo3mV47hjtG6UFfSFOhhlP1+0SCA6VGgWc6A6wH6reXin957Vj7J27CwijWNCTZIj/mUAuYvg57TFKi+cgQTCQzt0IywBITbQIqmBC+PoX/k8a+7SDbuTBpnIIMObAFtsEucMAxqIJzUAN1QMA1uAMT8GAJ6956tJ6y1hnrc2YT/ID1/AFKv5IE</latexit><latexit sha1_base64="xfHnm8y/vEr5E7L1ddsS4y+MMSs=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgxWXW+Mot6MVjBPOAZAmzk0kyZnZnmZkVwpJ/8OJBEa/+jzf/xtkkgooWNBRV3XR3BbHg2mD84eQWFpeWV/KrhbX1jc2t4vZOQ8tEUVanUkjVCohmgkesbrgRrBUrRsJAsGYwusr85j1Tmsvo1oxj5odkEPE+p8RYqXGETjHG3WIJu5UMZ2hGyhVL8ImHy2XkuXiKEsxR6xbfOz1Jk5BFhgqiddvDsfFTogyngk0KnUSzmNARGbC2pREJmfbT6bUTdGCVHupLZSsyaKp+n0hJqPU4DGxnSMxQ//Yy8S+vnZj+hZ/yKE4Mi+hsUT8RyEiUvY56XDFqxNgSQhW3tyI6JIpQYwMq2BC+PkX/k8ax62HXu8Gl6uU8jjzswT4cggfnUIVrqEEdKNzBAzzBsyOdR+fFeZ215pz5zC78gPP2CSpMjjI=</latexit>

5000
<latexit sha1_base64="29n5nWKnTH3/u9F0omuHIA/Ahjs=">AAAB63icdZDLSgMxFIbPeK31VnXpJlgEV0PGeutCLLpxWcFeoB1KJs20oZkLSUYoQ8EncONCEbc+i3t3vo2ZjoKK/hD4+P9zyDnHiwVXGuN3a2Z2bn5hsbBUXF5ZXVsvbWw2VZRIyho0EpFse0QxwUPW0FwL1o4lI4EnWMsbXWR564ZJxaPwWo9j5gZkEHKfU6Iz6xBj3CuVsV3NdIRyqFQN4AMHVyrIsfFU5bPX4uktANR7pbduP6JJwEJNBVGq4+BYuymRmlPBJsVuolhM6IgMWMdgSAKm3HQ66wTtGqeP/EiaF2o0db93pCRQahx4pjIgeqh+Z5n5V9ZJtH/ipjyME81Cmn/kJwLpCGWLoz6XjGoxNkCo5GZWRIdEEqrNeYrmCF+bov+huW872HaucLl2DrkKsA07sAcOHEMNLqEODaAwhDt4gEcrsO6tJ+s5L52xPnu24Ieslw/Zio+e</latexit><latexit sha1_base64="3TragZNAXlJOZnsvR9LGxHHZDlo=">AAAB63icdZDLSgMxFIYz9VbHW9Wlm2ARXA0Z660LsejGZQV7gXYomTTThmYyQ5IRytBXcONCEXfis7h3I76NmY6Civ4Q+Pj/c8g5x485Uxqhd6swMzs3v1BctJeWV1bXSusbTRUlktAGiXgk2z5WlDNBG5ppTtuxpDj0OW35o/Msb11TqVgkrvQ4pl6IB4IFjGCdWQcIoV6pjJxqpkOYQ6VqAO27qFKBroOmKp++2Cfx05td75Veu/2IJCEVmnCsVMdFsfZSLDUjnE7sbqJojMkID2jHoMAhVV46nXUCd4zTh0EkzRMaTt3vHSkOlRqHvqkMsR6q31lm/pV1Eh0ceykTcaKpIPlHQcKhjmC2OOwzSYnmYwOYSGZmhWSIJSbanMc2R/jaFP4PzT3HRY57icq1M5CrCLbANtgFLjgCNXAB6qABCBiCG3AH7q3QurUerMe8tGB99myCH7KePwDLGZES</latexit><latexit sha1_base64="3TragZNAXlJOZnsvR9LGxHHZDlo=">AAAB63icdZDLSgMxFIYz9VbHW9Wlm2ARXA0Z660LsejGZQV7gXYomTTThmYyQ5IRytBXcONCEXfis7h3I76NmY6Civ4Q+Pj/c8g5x485Uxqhd6swMzs3v1BctJeWV1bXSusbTRUlktAGiXgk2z5WlDNBG5ppTtuxpDj0OW35o/Msb11TqVgkrvQ4pl6IB4IFjGCdWQcIoV6pjJxqpkOYQ6VqAO27qFKBroOmKp++2Cfx05td75Veu/2IJCEVmnCsVMdFsfZSLDUjnE7sbqJojMkID2jHoMAhVV46nXUCd4zTh0EkzRMaTt3vHSkOlRqHvqkMsR6q31lm/pV1Eh0ceykTcaKpIPlHQcKhjmC2OOwzSYnmYwOYSGZmhWSIJSbanMc2R/jaFP4PzT3HRY57icq1M5CrCLbANtgFLjgCNXAB6qABCBiCG3AH7q3QurUerMe8tGB99myCH7KePwDLGZES</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="4ftvbFYFRvfSlht3hUkB1GNlpeA=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcFUyguhScOOygv2BdiiZ9LYNTTJDkhHK0Fdw40IRn8qdb2Om7UJbDwQ+zknIvSdOpbCO0u+gtLW9s7tX3q8cVA+Pjmsn1bZNMsOxxROZmG7MLEqhseWEk9hNDTIVS+zE0/si7zyjsSLRT26WYqTYWIuR4MwV1jWldFCr0wZdiGxCuII6rNQc1L76w4RnCrXjklnbC2nqopwZJ7jEeaWfWUwZn7Ix9jxqptBG+WLWObnwzpCMEuOPdmTh/n6RM2XtTMX+pmJuYtezwvwv62VudBvlQqeZQ82XH40ySVxCisXJUBjkTs48MG6En5XwCTOMO19PxZcQrq+8Ce2rRkgb4SOFMpzBOVxCCDdwBw/QhBZwmMALvMF7oILX4GNZVylY9XYKfxR8/gCyKIwR</latexit><latexit sha1_base64="h75/Xh9bglPhYyiiM61/mCvaNjE=">AAAB4HicdZDNSgMxFIXv1L9aq1a3boJFcDVkrH/dCW5cVrC20A4lk2ba0CQzJBmhDH0FNy4U8anc+TZm2goqeiDwcU5C7j1RKrixGH94pZXVtfWN8mZlq7q9s1vbq96bJNOUtWkiEt2NiGGCK9a23ArWTTUjMhKsE02ui7zzwLThibqz05SFkowUjzkltrDOMMaDWh37zULnaAGNpgN8GuBGAwU+nqsOS7UGtff+MKGZZMpSQYzpBTi1YU605VSwWaWfGZYSOiEj1nOoiGQmzOezztCRc4YoTrQ7yqK5+/1FTqQxUxm5m5LYsfmdFeZfWS+z8WWYc5Vmlim6+CjOBLIJKhZHQ64ZtWLqgFDN3ayIjokm1Lp6Kq6Er03R/3B/4gfYD24xlOEADuEYAriAK7iBFrSBwhge4RlePOk9ea+Lukresrd9+CHv7RNOI4x/</latexit><latexit sha1_base64="EhIOo6q924BDC7K5SxGC5Dr/WGk=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgaZk1vnILevEYwTwgWcLsZDYZMju7zMwKYckvePGgiFd/yJt/42wSQUULGoqqbrq7gkRwbTD+cApLyyura8X10sbm1vZOeXevpeNUUdaksYhVJyCaCS5Z03AjWCdRjESBYO1gfJ377XumNI/lnZkkzI/IUPKQU2Jy6Qxj3C9XsFvLcY7mpFqzBJ96uFpFnotnqMACjX75vTeIaRoxaaggWnc9nBg/I8pwKti01Es1SwgdkyHrWipJxLSfzW6doiOrDFAYK1vSoJn6fSIjkdaTKLCdETEj/dvLxb+8bmrCSz/jMkkNk3S+KEwFMjHKH0cDrhg1YmIJoYrbWxEdEUWosfGUbAhfn6L/SevE9bDr3eJK/WoRRxEO4BCOwYMLqMMNNKAJFEbwAE/w7ETOo/PivM5bC85iZh9+wHn7BGpSjdE=</latexit><latexit sha1_base64="EhIOo6q924BDC7K5SxGC5Dr/WGk=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgaZk1vnILevEYwTwgWcLsZDYZMju7zMwKYckvePGgiFd/yJt/42wSQUULGoqqbrq7gkRwbTD+cApLyyura8X10sbm1vZOeXevpeNUUdaksYhVJyCaCS5Z03AjWCdRjESBYO1gfJ377XumNI/lnZkkzI/IUPKQU2Jy6Qxj3C9XsFvLcY7mpFqzBJ96uFpFnotnqMACjX75vTeIaRoxaaggWnc9nBg/I8pwKti01Es1SwgdkyHrWipJxLSfzW6doiOrDFAYK1vSoJn6fSIjkdaTKLCdETEj/dvLxb+8bmrCSz/jMkkNk3S+KEwFMjHKH0cDrhg1YmIJoYrbWxEdEUWosfGUbAhfn6L/SevE9bDr3eJK/WoRRxEO4BCOwYMLqMMNNKAJFEbwAE/w7ETOo/PivM5bC85iZh9+wHn7BGpSjdE=</latexit><latexit sha1_base64="3TragZNAXlJOZnsvR9LGxHHZDlo=">AAAB63icdZDLSgMxFIYz9VbHW9Wlm2ARXA0Z660LsejGZQV7gXYomTTThmYyQ5IRytBXcONCEXfis7h3I76NmY6Civ4Q+Pj/c8g5x485Uxqhd6swMzs3v1BctJeWV1bXSusbTRUlktAGiXgk2z5WlDNBG5ppTtuxpDj0OW35o/Msb11TqVgkrvQ4pl6IB4IFjGCdWQcIoV6pjJxqpkOYQ6VqAO27qFKBroOmKp++2Cfx05td75Veu/2IJCEVmnCsVMdFsfZSLDUjnE7sbqJojMkID2jHoMAhVV46nXUCd4zTh0EkzRMaTt3vHSkOlRqHvqkMsR6q31lm/pV1Eh0ceykTcaKpIPlHQcKhjmC2OOwzSYnmYwOYSGZmhWSIJSbanMc2R/jaFP4PzT3HRY57icq1M5CrCLbANtgFLjgCNXAB6qABCBiCG3AH7q3QurUerMe8tGB99myCH7KePwDLGZES</latexit><latexit sha1_base64="3TragZNAXlJOZnsvR9LGxHHZDlo=">AAAB63icdZDLSgMxFIYz9VbHW9Wlm2ARXA0Z660LsejGZQV7gXYomTTThmYyQ5IRytBXcONCEXfis7h3I76NmY6Civ4Q+Pj/c8g5x485Uxqhd6swMzs3v1BctJeWV1bXSusbTRUlktAGiXgk2z5WlDNBG5ppTtuxpDj0OW35o/Msb11TqVgkrvQ4pl6IB4IFjGCdWQcIoV6pjJxqpkOYQ6VqAO27qFKBroOmKp++2Cfx05td75Veu/2IJCEVmnCsVMdFsfZSLDUjnE7sbqJojMkID2jHoMAhVV46nXUCd4zTh0EkzRMaTt3vHSkOlRqHvqkMsR6q31lm/pV1Eh0ceykTcaKpIPlHQcKhjmC2OOwzSYnmYwOYSGZmhWSIJSbanMc2R/jaFP4PzT3HRY57icq1M5CrCLbANtgFLjgCNXAB6qABCBiCG3AH7q3QurUerMe8tGB99myCH7KePwDLGZES</latexit><latexit sha1_base64="3TragZNAXlJOZnsvR9LGxHHZDlo=">AAAB63icdZDLSgMxFIYz9VbHW9Wlm2ARXA0Z660LsejGZQV7gXYomTTThmYyQ5IRytBXcONCEXfis7h3I76NmY6Civ4Q+Pj/c8g5x485Uxqhd6swMzs3v1BctJeWV1bXSusbTRUlktAGiXgk2z5WlDNBG5ppTtuxpDj0OW35o/Msb11TqVgkrvQ4pl6IB4IFjGCdWQcIoV6pjJxqpkOYQ6VqAO27qFKBroOmKp++2Cfx05td75Veu/2IJCEVmnCsVMdFsfZSLDUjnE7sbqJojMkID2jHoMAhVV46nXUCd4zTh0EkzRMaTt3vHSkOlRqHvqkMsR6q31lm/pV1Eh0ceykTcaKpIPlHQcKhjmC2OOwzSYnmYwOYSGZmhWSIJSbanMc2R/jaFP4PzT3HRY57icq1M5CrCLbANtgFLjgCNXAB6qABCBiCG3AH7q3QurUerMe8tGB99myCH7KePwDLGZES</latexit><latexit sha1_base64="3TragZNAXlJOZnsvR9LGxHHZDlo=">AAAB63icdZDLSgMxFIYz9VbHW9Wlm2ARXA0Z660LsejGZQV7gXYomTTThmYyQ5IRytBXcONCEXfis7h3I76NmY6Civ4Q+Pj/c8g5x485Uxqhd6swMzs3v1BctJeWV1bXSusbTRUlktAGiXgk2z5WlDNBG5ppTtuxpDj0OW35o/Msb11TqVgkrvQ4pl6IB4IFjGCdWQcIoV6pjJxqpkOYQ6VqAO27qFKBroOmKp++2Cfx05td75Veu/2IJCEVmnCsVMdFsfZSLDUjnE7sbqJojMkID2jHoMAhVV46nXUCd4zTh0EkzRMaTt3vHSkOlRqHvqkMsR6q31lm/pV1Eh0ceykTcaKpIPlHQcKhjmC2OOwzSYnmYwOYSGZmhWSIJSbanMc2R/jaFP4PzT3HRY57icq1M5CrCLbANtgFLjgCNXAB6qABCBiCG3AH7q3QurUerMe8tGB99myCH7KePwDLGZES</latexit><latexit sha1_base64="EhIOo6q924BDC7K5SxGC5Dr/WGk=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgaZk1vnILevEYwTwgWcLsZDYZMju7zMwKYckvePGgiFd/yJt/42wSQUULGoqqbrq7gkRwbTD+cApLyyura8X10sbm1vZOeXevpeNUUdaksYhVJyCaCS5Z03AjWCdRjESBYO1gfJ377XumNI/lnZkkzI/IUPKQU2Jy6Qxj3C9XsFvLcY7mpFqzBJ96uFpFnotnqMACjX75vTeIaRoxaaggWnc9nBg/I8pwKti01Es1SwgdkyHrWipJxLSfzW6doiOrDFAYK1vSoJn6fSIjkdaTKLCdETEj/dvLxb+8bmrCSz/jMkkNk3S+KEwFMjHKH0cDrhg1YmIJoYrbWxEdEUWosfGUbAhfn6L/SevE9bDr3eJK/WoRRxEO4BCOwYMLqMMNNKAJFEbwAE/w7ETOo/PivM5bC85iZh9+wHn7BGpSjdE=</latexit>

0
<latexit sha1_base64="3hbUAfp9t/o91NqWN+qn1T8bYGo=">AAAB6HicdZBLSwMxFIXv1FcdX1WXboJFcFUyVtQuxKIbly3YB7RDyaRpG5t5kGSEMhTcu3GhiFv/jHt3/hszHQUVPRD4OOdecu/1IsGVxvjdys3NLywu5ZftldW19Y3C5lZThbGkrEFDEcq2RxQTPGANzbVg7Ugy4nuCtbzxRZq3bphUPAyu9CRirk+GAR9wSrSx6rhXKOJSJdURyqBcMYAPHVwuI6eEZyqevdqntwBQ6xXeuv2Qxj4LNBVEqY6DI+0mRGpOBZva3VixiNAxGbKOwYD4TLnJbNAp2jNOHw1CaV6g0cz93pEQX6mJ75lKn+iR+p2l5l9ZJ9aDEzfhQRRrFtDso0EskA5RujXqc8moFhMDhEpuZkV0RCSh2tzGNkf42hT9D82DkoNLTh0Xq+eQKQ87sAv74MAxVOESatAACgzu4AEerWvr3nqynrPSnPXZsw0/ZL18AIfGjus=</latexit><latexit sha1_base64="59gi4rNV9hQHhSpE66piiSuHSSM=">AAAB6HicdZDLSgMxFIYzXut4q7p0EyyCqyFjRe1CLLpx2YK9QDuUTJppYzOZIckIZegTuHGhiFt9GPduxLcx01FQ0R8CH/9/Djnn+DFnSiP0bs3Mzs0vLBaW7OWV1bX14sZmU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DzLW9dUKhaJSz2OqRfigWABI1gbq456xRJyKpkOYQ7ligF04KJyGboOmqp0+mKfxM9vdq1XfO32I5KEVGjCsVIdF8XaS7HUjHA6sbuJojEmIzygHYMCh1R56XTQCdw1Th8GkTRPaDh1v3ekOFRqHPqmMsR6qH5nmflX1kl0cOylTMSJpoLkHwUJhzqC2dawzyQlmo8NYCKZmRWSIZaYaHMb2xzha1P4PzT3HRc5bh2VqmcgVwFsgx2wB1xwBKrgAtRAAxBAwQ24A/fWlXVrPViPeemM9dmzBX7IevoAeVWQXw==</latexit><latexit sha1_base64="59gi4rNV9hQHhSpE66piiSuHSSM=">AAAB6HicdZDLSgMxFIYzXut4q7p0EyyCqyFjRe1CLLpx2YK9QDuUTJppYzOZIckIZegTuHGhiFt9GPduxLcx01FQ0R8CH/9/Djnn+DFnSiP0bs3Mzs0vLBaW7OWV1bX14sZmU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6DzLW9dUKhaJSz2OqRfigWABI1gbq456xRJyKpkOYQ7ligF04KJyGboOmqp0+mKfxM9vdq1XfO32I5KEVGjCsVIdF8XaS7HUjHA6sbuJojEmIzygHYMCh1R56XTQCdw1Th8GkTRPaDh1v3ekOFRqHPqmMsR6qH5nmflX1kl0cOylTMSJpoLkHwUJhzqC2dawzyQlmo8NYCKZmRWSIZaYaHMb2xzha1P4PzT3HRc5bh2VqmcgVwFsgx2wB1xwBKrgAtRAAxBAwQ24A/fWlXVrPViPeemM9dmzBX7IevoAeVWQXw==</latexit><latexit sha1_base64="n+xHcyIyKgnDbZxFvYPmDsnNfJc=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbB05K1ovZW9OKxBfsB7VKyabaNZrNLkhXK0l/gxYMiXv1J3vw3ZtsKKvpg4PHeDDPzgkRwbTD+cApLyyura8X10sbm1vZOeXevreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ3g7ir3O/dMaR7LGzNJmB+RkeQhp8RYqYkH5Qp2aznO0JxUa5bgUw9Xq8hz8QwVWKAxKL/3hzFNIyYNFUTrnocT42dEGU4Fm5b6qWYJoXdkxHqWShIx7WezQ6foyCpDFMbKljRopn6fyEik9SQKbGdEzFj/9nLxL6+XmvDCz7hMUsMknS8KU4FMjPKv0ZArRo2YWEKo4vZWRMdEEWpsNiUbwten6H/SPnE97HpNXKlfLuIowgEcwjF4cA51uIYGtIACgwd4gmfn1nl0XpzXeWvBWczsww84b58Yjo0e</latexit>

�500
<latexit sha1_base64="vnYROCDQCD7am44fxyVSbzwlAoA=">AAAB7HicdVBNSwMxEJ31s61fVY9egkXw4pK1fvVW9OKxgtsW2qVm07QNzWaXJCuU0t/gxYNFvPqDvPlvTLsKKvpg4PHeDDPzwkRwbTB+dxYWl5ZXVnP5wtr6xuZWcXunruNUUebTWMSqGRLNBJfMN9wI1kwUI1EoWCMcXs38xj1Tmsfy1owSFkSkL3mPU2Ks5B+hU4w7xRJ2KzOcoYyUK5bgEw+Xy8hz8Rylaj6Z3gFArVN8a3djmkZMGiqI1i0PJyYYE2U4FWxSaKeaJYQOSZ+1LJUkYjoYz4+doAOrdFEvVrakQXP1+8SYRFqPotB2RsQM9G9vJv7ltVLTuwjGXCapYZJmi3qpQCZGs89RlytGjRhZQqji9lZEB0QRamw+BRvC16fof1I/dj3sejc2jUvIkIM92IdD8OAcqnANNfCBAocHeIKpI51H59l5yVoXnM+ZXfgB5/UDBaCPqg==</latexit><latexit sha1_base64="EZoaQSNSGgt8reh1pahcQMc7GWU=">AAAB7HicdVDLSgMxFM3UV1tfVZdugkVw45CxvrorunFZwWmL7VAyadqGZjJDkhHL0G9w48Iibt36L+78Gs10FFT0wIXDOfdy7z1+xJnSCL1Zubn5hcWlfKG4vLK6tl7a2GyoMJaEuiTkoWz5WFHOBHU105y2Iklx4HPa9Efnqd+8oVKxUFzpcUS9AA8E6zOCtZHcfXiEULdURnY1xTHMSKVqCDp0UKUCHRvNUK4Voun1y+17vVt67fRCEgdUaMKxUm0HRdpLsNSMcDopdmJFI0xGeEDbhgocUOUls2MncNcoPdgPpSmh4Uz9PpHgQKlx4JvOAOuh+u2l4l9eO9b9Uy9hIoo1FSRb1I851CFMP4c9JinRfGwIJpKZWyEZYomJNvkUTQhfn8L/SePAdpDtXJo0zkCGPNgGO2APOOAE1MAFqAMXEMDAHXgAU0tY99aj9ZS15qzPmS3wA9bzB9wikco=</latexit><latexit sha1_base64="EZoaQSNSGgt8reh1pahcQMc7GWU=">AAAB7HicdVDLSgMxFM3UV1tfVZdugkVw45CxvrorunFZwWmL7VAyadqGZjJDkhHL0G9w48Iibt36L+78Gs10FFT0wIXDOfdy7z1+xJnSCL1Zubn5hcWlfKG4vLK6tl7a2GyoMJaEuiTkoWz5WFHOBHU105y2Iklx4HPa9Efnqd+8oVKxUFzpcUS9AA8E6zOCtZHcfXiEULdURnY1xTHMSKVqCDp0UKUCHRvNUK4Voun1y+17vVt67fRCEgdUaMKxUm0HRdpLsNSMcDopdmJFI0xGeEDbhgocUOUls2MncNcoPdgPpSmh4Uz9PpHgQKlx4JvOAOuh+u2l4l9eO9b9Uy9hIoo1FSRb1I851CFMP4c9JinRfGwIJpKZWyEZYomJNvkUTQhfn8L/SePAdpDtXJo0zkCGPNgGO2APOOAE1MAFqAMXEMDAHXgAU0tY99aj9ZS15qzPmS3wA9bzB9wikco=</latexit><latexit sha1_base64="GuZPJZvLUViKChypVS0j5HlIHoc=">AAAB7HicdVBNSwMxEJ31s9avqkcvwSJ4cclav3orevFYwW0L7VKyadqGZrNLkhXK0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkRwbTD+cBYWl5ZXVgtrxfWNza3t0s5uQ8eposynsYhVKySaCS6Zb7gRrJUoRqJQsGY4us795j1TmsfyzowTFkRkIHmfU2Ks5B+jM4y7pTJ2qznO0YxUqpbgUw9XKshz8RRlmKPeLb13ejFNIyYNFUTrtocTE2REGU4FmxQ7qWYJoSMyYG1LJYmYDrLpsRN0aJUe6sfKljRoqn6fyEik9TgKbWdEzFD/9nLxL6+dmv5lkHGZpIZJOlvUTwUyMco/Rz2uGDVibAmhittbER0SRaix+RRtCF+fov9J48T1sOvd4nLtah5HAfbhAI7AgwuowQ3UwQcKHB7gCZ4d6Tw6L87rrHXBmc/swQ84b5+7r434</latexit>

500
<latexit sha1_base64="gJbEKNX3ymqwtuCWBmjzv4cxP24=">AAAB6nicdZDLSgMxFIbP1Futt6pLN8EiuBoy1lsXYtGNy4r2Am0pmTTThmYyQ5IRylDwBdy4UMSt7+LenW9j2iqo6A+Bj/8/h5xz/FhwbTB+dzIzs3PzC9nF3NLyyupafn2jpqNEUValkYhUwyeaCS5Z1XAjWCNWjIS+YHV/cD7O6zdMaR7JazOMWTskPckDTomx1tUBxp18AbulsQ7RFIolC3jfw8Ui8lw8UeH0NXdyCwCVTv6t1Y1oEjJpqCBaNz0cm3ZKlOFUsFGulWgWEzogPda0KEnIdDudjDpCO9bpoiBS9kmDJu73jpSEWg9D31aGxPT172xs/pU1ExMct1Mu48QwSacfBYlAJkLjvVGXK0aNGFogVHE7K6J9ogg19jo5e4SvTdH/UNtzPex6l7hQPoOpsrAF27ALHhxBGS6gAlWg0IM7eIBHRzj3zpPzPC3NOJ89m/BDzssHa02PZA==</latexit><latexit sha1_base64="AHspzVRNuWTOGvGzJfkepgJTPqo=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2ARXA0Z660LsejGZUV7gXYomTRTQzOZIckIZegjuHGhiEt9F/duxLcx01FQ0R8CH/9/Djnn+DFnSiP0bhWmpmdm54rz9sLi0vJKaXWtqaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/eJrlrWsqFYvEpR7F1AvxQLCAEayNdbGHUK9URk410z7MoVI1gHZdVKlA10ETlY9f7KP46c2u90qv3X5EkpAKTThWquOiWHsplpoRTsd2N1E0xmSIB7RjUOCQKi+djDqGW8bpwyCS5gkNJ+73jhSHSo1C31SGWF+p31lm/pV1Eh0ceikTcaKpIPlHQcKhjmC2N+wzSYnmIwOYSGZmheQKS0y0uY5tjvC1KfwfmjuOixz3HJVrJyBXEWyATbANXHAAauAM1EEDEDAAN+AO3FvcurUerMe8tGB99qyDH7KePwBc3JDY</latexit><latexit sha1_base64="AHspzVRNuWTOGvGzJfkepgJTPqo=">AAAB6nicdZDLSgMxFIYz9VbHW9Wlm2ARXA0Z660LsejGZUV7gXYomTRTQzOZIckIZegjuHGhiEt9F/duxLcx01FQ0R8CH/9/Djnn+DFnSiP0bhWmpmdm54rz9sLi0vJKaXWtqaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/eJrlrWsqFYvEpR7F1AvxQLCAEayNdbGHUK9URk410z7MoVI1gHZdVKlA10ETlY9f7KP46c2u90qv3X5EkpAKTThWquOiWHsplpoRTsd2N1E0xmSIB7RjUOCQKi+djDqGW8bpwyCS5gkNJ+73jhSHSo1C31SGWF+p31lm/pV1Eh0ceikTcaKpIPlHQcKhjmC2N+wzSYnmIwOYSGZmheQKS0y0uY5tjvC1KfwfmjuOixz3HJVrJyBXEWyATbANXHAAauAM1EEDEDAAN+AO3FvcurUerMe8tGB99qyDH7KePwBc3JDY</latexit><latexit sha1_base64="c2ZfK4QotJG1ef9WUeJyzRTFt+c=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZk1vnILevEY0TwgWcLsZDYZnJ1dZmaFsOQTvHhQxKtf5M2/cTaJoKIFDUVVN91dQSK4Nhh/OIWFxaXlleJqaW19Y3OrvL3T0nGqKGvSWMSqExDNBJesabgRrJMoRqJAsHZwd5n77XumNI/lrRknzI/IUPKQU2KsdHOCcb9cwW4txymakWrNEnzs4WoVeS6eogJzNPrl994gpmnEpKGCaN31cGL8jCjDqWCTUi/VLCH0jgxZ11JJIqb9bHrqBB1YZYDCWNmSBk3V7xMZibQeR4HtjIgZ6d9eLv7ldVMTnvsZl0lqmKSzRWEqkIlR/jcacMWoEWNLCFXc3oroiChCjU2nZEP4+hT9T1pHrodd7xpX6hfzOIqwB/twCB6cQR2uoAFNoDCEB3iCZ0c4j86L8zprLTjzmV34AeftE/wGjZc=</latexit>

Primordial non-Gaussianity

•  The rich structure carries distinct      
imprints of new physics
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  Galaxy/Quasar Distributions

Galaxy Weak Lensing (magnification & shear)

Probes of the LSS  
Visible Matter as a Tracer of Dark Matter 

Line Intensity Mapping (21cm, CO, [CII], …)

CMB Weak Lensing
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LSS Observational Landscape: Why Now?

z = 10 z = 0

Euclid

Eiichiro Komatsu (Max-Planck-Institute for Astrophysics / Kavli IPMU) 
The 237th AAS Meeting, January 15, 2021

Prime Focus Spectrograph: 
Cosmology Program
On behalf of the PFS Cosmology  
Science Working Group Cosmology SWG  

Co-chairs

Tomomi Sunayama 
 (Nagoya U./Kavli IPMU)

Ryu Makiya 
 (ASIAA/Kavli IPMU)

1

DESI

Nancy Grace Roman

SPHEREx

Stage4 Galaxy Surveys

10m South Pole Telescope
SPT-3G: 16,400 detectors 
95, 150, 220 GHz

South Pole CMB  (Stage II & III)

BICEP3
2560 detectors 
95 GHz

Photo	credit	Cynthia	Chiang

Photo:	Rahul	Datta	&	Alessandro	Schillaci

CLASS 1.5m x 4
72 detectors at 38 GHz 

512 at 95 GHz 
2000 at 147 and 217 GHz

Simons Array
(Polarbear 2.5m x 3)

22,764 detectors 
90, 150, 220, 280 GHz

ACT 6m
AdvACTpol: 

88 detectors at 28 & 41 GHz 
1712 at 95 GHz 

2718 at 150 GHz 
1006 at 230 GHz

Atacama CMB  (Stage II & III)

Keck Array
2500 detectors 
150 & 220 GHz

Upgrading to BICEP Array: 
30,000 detectors 
35, 95, 150, 220, 270 GHz

CMB Experiments

Intensity Mapping Surveys 

FYST CCAT-prime

The TIME Collaboration
● Dr. Abigail Crites
● Dr. Michael Zemcov
● Dr. Jamie Bock
● Dr. Matt Bradford
● Dr. Dan Marrone 
● Dr. Tzu-Ching Chang
● Dr. Jonathan Hunacek
● Dr. Geoffrey Bower
● Dr. Dongwoo Chung
● Dr. Asantha Cooray
● Dr. Jenna Freudenburg
● Dr. Clifford Frez
● Dr. Ian Lowe
● Dang Pham
● Dr. Chao-Te Li
● Ryan Keenan
● Dr. Ibrahim Shehzad

● Guochao (Jason) Sun
● Dr. Yun-Ting Cheng
● Dr. Isaac Trumper
● Dr. Anthony Turner
● Dr. Ta-Shun Wei
● Dr. Victoria Butler
● Paulo Madonia
● Evan Mayer
● Dr. Lorenzo Moncelsi
● Sukhman Singh
● Benjamin Vaughan
● Samantha Berek
● Lisa Nasu-Yu
● Baria Khan
● Tessalie Caze-Cortes
● Sofia Piereira
● Sarah Gates

Benjamin Vaughan LIM2023

Present and future of line-intensity mapping, MPA, 20 April 2023

Relation between galaxy 
evolution and (sub)millimeter 
line intensity mapping

Matthieu Béthermin 
ObAS / LAM

projects in development exploring new
platforms and technologies (see talks on Friday pm)

TIM (240–420 microns, balloon-borne, grating spectrometer, KID)

Figure: Vieira+20, arXiv:2009.14340

(27 / 42) Dongwoo Chung (CITA/Dunlap, Toronto) Present & Future of LIM, MPIA, 2022/04/20 2023/04/20

TIM

COMAP

SPHEREx

CHIME

MeerKAT

Present and Future of Line Intensity Mapping

5

T. Cecil, C. Chang, M. Lisovenko, Z. Pan 

Adam Anderson, B. Benson, M. Young

M. Dobbs, J. Montgomery, M. Rouble, G. Smecher

P. S. Barry, G. Robson

E. Brooks, J. Carlstrom, K. Dibert, K. Fichman, E. Shirokoff, J. Avva Zebrowski

D. Marrone, D. Kim, T. James-Brendel

K. Karkare
Students
Postdocs
co-PIs

Karto Keating

SPT-SLIM

MeerKAT
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  Galaxy/Quasar Distributions

Focus of This Talk

δg(x, z) =
Ng(x, z)

N̄(z)
− 1

⟨δg(x1)δg(x2)⟩ ⟨δg(x1)δg(x2)δg(x3)⟩ …

Physics of Inflation  
(number of degrees of freedom, 

Interactions among them, Symmetries)

Challenges: non-linear nature of structure formation 

• Accurate forward modeling beyond linear theory 

• Choosing sufficient statistics: beyond 2-point correlation functions 

• Extracting information from scales in non-perturbative regime
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Cosmic Inflation: Background 

Why is the universe so smooth?

Courtesy of  W. Kinney

! V (�)
<latexit sha1_base64="7ygsli5go9R/bhsjyQCdTKJholI=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTAjBV0W3bisYB/QGUomk+mEZpIxySilFNz4K25cKOLWn3Dn35hpK/g8cLmHc+4luSfMGFXadd+tufmFxaXl0kp5dW19Y9Pe2m4pkUtMmlgwITshUoRRTpqaakY6mSQoDRlph4Ozwm9fE6mo4Jd6mJEgRX1OY4qRNlLP3vUl7ScaSSluoH+VowjCVtXPEnrYsyuuU3MLwN/EcybdrYAZGj37zY8EzlPCNWZIqa7nZjoYIakpZmRc9nNFMoQHqE+6hnKUEhWMJjeM4YFRIhgLaYprOFG/boxQqtQwDc1kinSifnqF+JfXzXV8Eowoz3JNOJ4+FOcMagGLQGBEJcGaDQ1BWFLzV4gTJBHWJrayCeHzUvg/aR05nut4F7VK/XQWRwnsgX1QBR44BnVwDhqgCTC4BffgETxZd9aD9Wy9TEfnrNnODvgG6/UD8rqXCw==</latexit><latexit sha1_base64="7ygsli5go9R/bhsjyQCdTKJholI=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTAjBV0W3bisYB/QGUomk+mEZpIxySilFNz4K25cKOLWn3Dn35hpK/g8cLmHc+4luSfMGFXadd+tufmFxaXl0kp5dW19Y9Pe2m4pkUtMmlgwITshUoRRTpqaakY6mSQoDRlph4Ozwm9fE6mo4Jd6mJEgRX1OY4qRNlLP3vUl7ScaSSluoH+VowjCVtXPEnrYsyuuU3MLwN/EcybdrYAZGj37zY8EzlPCNWZIqa7nZjoYIakpZmRc9nNFMoQHqE+6hnKUEhWMJjeM4YFRIhgLaYprOFG/boxQqtQwDc1kinSifnqF+JfXzXV8Eowoz3JNOJ4+FOcMagGLQGBEJcGaDQ1BWFLzV4gTJBHWJrayCeHzUvg/aR05nut4F7VK/XQWRwnsgX1QBR44BnVwDhqgCTC4BffgETxZd9aD9Wy9TEfnrNnODvgG6/UD8rqXCw==</latexit><latexit sha1_base64="7ygsli5go9R/bhsjyQCdTKJholI=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTAjBV0W3bisYB/QGUomk+mEZpIxySilFNz4K25cKOLWn3Dn35hpK/g8cLmHc+4luSfMGFXadd+tufmFxaXl0kp5dW19Y9Pe2m4pkUtMmlgwITshUoRRTpqaakY6mSQoDRlph4Ozwm9fE6mo4Jd6mJEgRX1OY4qRNlLP3vUl7ScaSSluoH+VowjCVtXPEnrYsyuuU3MLwN/EcybdrYAZGj37zY8EzlPCNWZIqa7nZjoYIakpZmRc9nNFMoQHqE+6hnKUEhWMJjeM4YFRIhgLaYprOFG/boxQqtQwDc1kinSifnqF+JfXzXV8Eowoz3JNOJ4+FOcMagGLQGBEJcGaDQ1BWFLzV4gTJBHWJrayCeHzUvg/aR05nut4F7VK/XQWRwnsgX1QBR44BnVwDhqgCTC4BffgETxZd9aD9Wy9TEfnrNnODvgG6/UD8rqXCw==</latexit><latexit sha1_base64="7ygsli5go9R/bhsjyQCdTKJholI=">AAACA3icdVDLSgMxFM34rPU16k43wSLUzTAjBV0W3bisYB/QGUomk+mEZpIxySilFNz4K25cKOLWn3Dn35hpK/g8cLmHc+4luSfMGFXadd+tufmFxaXl0kp5dW19Y9Pe2m4pkUtMmlgwITshUoRRTpqaakY6mSQoDRlph4Ozwm9fE6mo4Jd6mJEgRX1OY4qRNlLP3vUl7ScaSSluoH+VowjCVtXPEnrYsyuuU3MLwN/EcybdrYAZGj37zY8EzlPCNWZIqa7nZjoYIakpZmRc9nNFMoQHqE+6hnKUEhWMJjeM4YFRIhgLaYprOFG/boxQqtQwDc1kinSifnqF+JfXzXV8Eowoz3JNOJ4+FOcMagGLQGBEJcGaDQ1BWFLzV4gTJBHWJrayCeHzUvg/aR05nut4F7VK/XQWRwnsgX1QBR44BnVwDhqgCTC4BffgETxZd9aD9Wy9TEfnrNnODvgG6/UD8rqXCw==</latexit>

Has to End, Dynamic 

⇤
<latexit sha1_base64="7aSRdqBrzbhcT8Z7MWwXPKQVGOA=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhlH6EGxeKuPV73Pk3TtoKPi8MczjnXO69J8wE18bz3p3S0vLK6lp5vbKxubW9U93da+k0V5Q1aSpS1QlRM8ElaxpuBOtkimESCtYOR5eF3r5jSvNU3ppxxoIEB5LHnKKxVLt3ba0R9qs1zz31iiK/ge/Ofq8Gi2r0q2+9KKV5wqShArXu+l5mggkqw6lg00ov1yxDOsIB61ooMWE6mMzWnZIjy0QkTpV90pAZ+7VjgonW4yS0zgTNUP/UCvIvrZub+DyYcJnlhkk6HxTngpiUFLeTiCtGjRhbgFRxuyuhQ1RIjU2oYkP4vJT8D1onru+5/s1prX6xiKMMB3AIx+DDGdThChrQBAojuIdHeHIy58F5dl7m1pKz6NmHb+W8fgAdIY9p</latexit><latexit sha1_base64="7aSRdqBrzbhcT8Z7MWwXPKQVGOA=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhlH6EGxeKuPV73Pk3TtoKPi8MczjnXO69J8wE18bz3p3S0vLK6lp5vbKxubW9U93da+k0V5Q1aSpS1QlRM8ElaxpuBOtkimESCtYOR5eF3r5jSvNU3ppxxoIEB5LHnKKxVLt3ba0R9qs1zz31iiK/ge/Ofq8Gi2r0q2+9KKV5wqShArXu+l5mggkqw6lg00ov1yxDOsIB61ooMWE6mMzWnZIjy0QkTpV90pAZ+7VjgonW4yS0zgTNUP/UCvIvrZub+DyYcJnlhkk6HxTngpiUFLeTiCtGjRhbgFRxuyuhQ1RIjU2oYkP4vJT8D1onru+5/s1prX6xiKMMB3AIx+DDGdThChrQBAojuIdHeHIy58F5dl7m1pKz6NmHb+W8fgAdIY9p</latexit><latexit sha1_base64="7aSRdqBrzbhcT8Z7MWwXPKQVGOA=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhlH6EGxeKuPV73Pk3TtoKPi8MczjnXO69J8wE18bz3p3S0vLK6lp5vbKxubW9U93da+k0V5Q1aSpS1QlRM8ElaxpuBOtkimESCtYOR5eF3r5jSvNU3ppxxoIEB5LHnKKxVLt3ba0R9qs1zz31iiK/ge/Ofq8Gi2r0q2+9KKV5wqShArXu+l5mggkqw6lg00ov1yxDOsIB61ooMWE6mMzWnZIjy0QkTpV90pAZ+7VjgonW4yS0zgTNUP/UCvIvrZub+DyYcJnlhkk6HxTngpiUFLeTiCtGjRhbgFRxuyuhQ1RIjU2oYkP4vJT8D1onru+5/s1prX6xiKMMB3AIx+DDGdThChrQBAojuIdHeHIy58F5dl7m1pKz6NmHb+W8fgAdIY9p</latexit><latexit sha1_base64="7aSRdqBrzbhcT8Z7MWwXPKQVGOA=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhlH6EGxeKuPV73Pk3TtoKPi8MczjnXO69J8wE18bz3p3S0vLK6lp5vbKxubW9U93da+k0V5Q1aSpS1QlRM8ElaxpuBOtkimESCtYOR5eF3r5jSvNU3ppxxoIEB5LHnKKxVLt3ba0R9qs1zz31iiK/ge/Ofq8Gi2r0q2+9KKV5wqShArXu+l5mggkqw6lg00ov1yxDOsIB61ooMWE6mMzWnZIjy0QkTpV90pAZ+7VjgonW4yS0zgTNUP/UCvIvrZub+DyYcJnlhkk6HxTngpiUFLeTiCtGjRhbgFRxuyuhQ1RIjU2oYkP4vJT8D1onru+5/s1prX6xiKMMB3AIx+DDGdThChrQBAojuIdHeHIy58F5dl7m1pKz6NmHb+W8fgAdIY9p</latexit>

Phase of accelerated expansion: Elegant 

Why is the universe so flat? 

⌦k = 0.0007± 0.0019
<latexit sha1_base64="qq1RfO1BCxgQwxtdxNTYJBGa6UE=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDRkpVBdC0Y07K9gHdIYhk2ba0GRmSDJCKd258VfcuFDErb/gzr8xM63g88DlHs65l+SeMOVMaYTerbn5hcWl5dJKeXVtfWPT3tpuqSSThDZJwhPZCbGinMW0qZnmtJNKikXIaTscnud++4ZKxZL4Wo9S6gvcj1nECNZGCuw971LQPg6GEJ5C5CCEatBLRUHdExjYFeRUUQ74m7hO0VEFzNAI7Devl5BM0FgTjpXquijV/hhLzQink7KXKZpiMsR92jU0xoIqf1zcMYEHRunBKJGmYg0L9evGGAulRiI0kwLrgfrp5eJfXjfT0bE/ZnGaaRqT6UNRxqFOYB4K7DFJieYjQzCRzPwVkgGWmGgTXdmE8Hkp/J+0jhwXOe5VtVI/m8VRArtgHxwCF9RAHVyABmgCAm7BPXgET9ad9WA9Wy/T0TlrtrMDvsF6/QDh0pV1</latexit><latexit sha1_base64="qq1RfO1BCxgQwxtdxNTYJBGa6UE=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDRkpVBdC0Y07K9gHdIYhk2ba0GRmSDJCKd258VfcuFDErb/gzr8xM63g88DlHs65l+SeMOVMaYTerbn5hcWl5dJKeXVtfWPT3tpuqSSThDZJwhPZCbGinMW0qZnmtJNKikXIaTscnud++4ZKxZL4Wo9S6gvcj1nECNZGCuw971LQPg6GEJ5C5CCEatBLRUHdExjYFeRUUQ74m7hO0VEFzNAI7Devl5BM0FgTjpXquijV/hhLzQink7KXKZpiMsR92jU0xoIqf1zcMYEHRunBKJGmYg0L9evGGAulRiI0kwLrgfrp5eJfXjfT0bE/ZnGaaRqT6UNRxqFOYB4K7DFJieYjQzCRzPwVkgGWmGgTXdmE8Hkp/J+0jhwXOe5VtVI/m8VRArtgHxwCF9RAHVyABmgCAm7BPXgET9ad9WA9Wy/T0TlrtrMDvsF6/QDh0pV1</latexit><latexit sha1_base64="qq1RfO1BCxgQwxtdxNTYJBGa6UE=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDRkpVBdC0Y07K9gHdIYhk2ba0GRmSDJCKd258VfcuFDErb/gzr8xM63g88DlHs65l+SeMOVMaYTerbn5hcWl5dJKeXVtfWPT3tpuqSSThDZJwhPZCbGinMW0qZnmtJNKikXIaTscnud++4ZKxZL4Wo9S6gvcj1nECNZGCuw971LQPg6GEJ5C5CCEatBLRUHdExjYFeRUUQ74m7hO0VEFzNAI7Devl5BM0FgTjpXquijV/hhLzQink7KXKZpiMsR92jU0xoIqf1zcMYEHRunBKJGmYg0L9evGGAulRiI0kwLrgfrp5eJfXjfT0bE/ZnGaaRqT6UNRxqFOYB4K7DFJieYjQzCRzPwVkgGWmGgTXdmE8Hkp/J+0jhwXOe5VtVI/m8VRArtgHxwCF9RAHVyABmgCAm7BPXgET9ad9WA9Wy/T0TlrtrMDvsF6/QDh0pV1</latexit><latexit sha1_base64="qq1RfO1BCxgQwxtdxNTYJBGa6UE=">AAACB3icdVDLSgMxFM34rPU16lKQYBFcDRkpVBdC0Y07K9gHdIYhk2ba0GRmSDJCKd258VfcuFDErb/gzr8xM63g88DlHs65l+SeMOVMaYTerbn5hcWl5dJKeXVtfWPT3tpuqSSThDZJwhPZCbGinMW0qZnmtJNKikXIaTscnud++4ZKxZL4Wo9S6gvcj1nECNZGCuw971LQPg6GEJ5C5CCEatBLRUHdExjYFeRUUQ74m7hO0VEFzNAI7Devl5BM0FgTjpXquijV/hhLzQink7KXKZpiMsR92jU0xoIqf1zcMYEHRunBKJGmYg0L9evGGAulRiI0kwLrgfrp5eJfXjfT0bE/ZnGaaRqT6UNRxqFOYB4K7DFJieYjQzCRzPwVkgGWmGgTXdmE8Hkp/J+0jhwXOe5VtVI/m8VRArtgHxwCF9RAHVyABmgCAm7BPXgET9ad9WA9Wy/T0TlrtrMDvsF6/QDh0pV1</latexit>

Planck 2018
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particle production: virtual to real

Fig: Courtesy of W. Kinney

inflation + QM = fluctuations

Did it actually happen?

Primordial Fluctuations

• Tensor Modes 

• Scalar Modes

Cosmic Inflation: Perturbations 

ζ(k) ∝ δϕ

Probe statistical properties to shed light 
on physics of the very early Universe

……



Scale-invariant 

Gaussian 

Gravitational waves

Cosmic Inflation: Fluctuations
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<latexit sha1_base64="68eMh8Jgy9OEzvhNFb9WZ3mADJM="></latexit>

f loc
NL = �0.9± 5.1 f eq

NL = �26± 47 forth
NL = 38± 24

<latexit sha1_base64="Ny1aMP0sakBYqUZok6jrV2jO6Hc=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjK21gouim5cVrAPaYeSSTNtaJIZkoxQhn6FGxeKuPVz3Pk3pu0IKnrgwuGce7n3niDmTBuEPpzc0vLK6lp+vbCxubW9U9zda+koUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK9mfvueKs0ieWsmMfUFHkoWMoKNle4UvIDIRafVfrGE3PK5Rc0KFYSQhzKCytBz0RwlkKHRL773BhFJBJWGcKx110Ox8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BQeWWUAw0jZkgbO1e8TKRZaT0RgOwU2I/3bm4l/ed3EhDU/ZTJODJVksShMODQRnH0PB0xRYvjEEkwUs7dCMsIKE2MzKtgQvj6F/5PWietV3epNpVS/zOLIgwNwCI6BB85AHVyDBmgCAgR4AE/g2VHOo/PivC5ac042sw9+wHn7BJy8jwE=</latexit>

r < 0.056

<latexit sha1_base64="Htw/AAjNIoyip2m+U3jWsLczl+E=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4GrI2Dq2C6HoxmUF+4B2KJk004ZmMkOSEUrpxl9x40IRt36GO//GtB1BRQ9cOJxzL/feEyScKY3Qh5VbWl5ZXcuvFzY2t7Z37N29popTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC0dXMb91RqVgsbvU4oX6EB4KFjGBtpJ59IHoKXkDkVD3vDHaTyFCESpWeXUROqWpQMUoZIeSijKASdB00RxFkqPfs924/JmlEhSYcK9VxUaL9CZaaEU6nhW6qaILJCA9ox1CBI6r8yfyBKTw2Sh+GsTQlNJyr3ycmOFJqHAWmM8J6qH57M/Evr5PqsOJPmEhSTQVZLApTDnUMZ2nAPpOUaD42BBPJzK2QDLHERJvMCiaEr0/h/6R56rie492Ui7XLLI48OARH4AS44BzUwDWogwYgYAoewBN4tu6tR+vFel205qxsZh/8gPX2Cew8k24=</latexit>

ns = 0.9665± 0.0038

Field Content and dynamics during inflation: LSS

reheating

Courtesy of D. Baumann

Energy-scale of inflation: CMB

Bicep/Keck (2022)

k3Pζ(k) = (2π2)As(k /k*)ns−1
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<latexit sha1_base64="4H/GzeTZkzKdIVxoEegKq3cCZKo="></latexit>

h⇣(k1)⇣(k2)⇣(k3)i = (2⇡)3�D(k1 + k2 + k3)B⇣(k1, k2, k3)

<latexit sha1_base64="QHilO5ZfZ5OCVRsXNwNUH+nzKZM="></latexit>

B⇣(k1, k2, k3) = fNLk
�2
1 k�2

2 k�2
3 S(k1, k2, k3)

Local: Multifield

Equilateral: single-fieldOrthogonal: single-field

k3

k1

k2

Many more inflationary scenarios:  
• non Bunch-Davies vacuum state 
• cosmological collider  

(massive particle with spin) 
• …

Field Content and Interactions during Inflation

Distinct shapes characterizing 
specific inflation models
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Fundamental Symmetries in Early Universe

• Is the Universe invariant under a point reflection?      

• General relativity and hydrodynamics preserve parity

f(x, y, t) ?= f(−x, − y, t)

CMB 
Polarization

Galaxy 
Shapes

Galaxy 
Clustering

Galaxy Spin

• Can there be physical mechanisms in early or late Universe that violate parity?  

• In which sector? Scalar vs tensor imprints

Chiral Gravity  
(eg. Chern-Simons)

Chiral Gauge  
Dynamics during 

Inflation

Ghost Inflation Cosmological 
Collider

Helical Primordial 
Magnetic Fields

U(1) Gauge field 
coupled to inflation

Parity-violation 
along photon 

trajectory
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• Scalar sector parity violation appears at the lowest-order in 4-point correlation function 

• Lowest-order scalar observables are CMB and galaxy clustering 4pt-CFs

Parity-odd signature in Scalar Observables

Figure by J. Hou

• Non-Bunch-Davies initial condition 

• Cosmological collider 

• U(1) Gauge field coupled to inflation 

• Helical primordial magnetic fields

Tensor-sector parity violation can 
also induce scalar signatures



Early- and Late-Time Probes of PNG and Parity
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…

Non-linear Physics {DM evolution 
DM-galaxy relation 
Peculiar Velocities

<latexit sha1_base64="Mzlr+Ea5qUoTnQl8QiYIAKFnoNU=">AAACI3icdVDLSgNBEJz1GeMr6tHLYBA8yDJrgq9T0IvHCCYK2TXMTjpxyOzsMjMrhJB/8eKvePGgBC8e/BcnySo+CxqKqm66u8JEcG0IeXWmpmdm5+ZzC/nFpeWV1cLael3HqWJQY7GI1VVINQguoWa4EXCVKKBRKOAy7J6O/MtbUJrH8sL0Eggi2pG8zRk1VmoWjn1BZUcA9lsgDG128HUJ+2qi7eLfbvnTbRaKxC0dWRxi4pYJIR7JCClhzyVjFFGGarMw9FsxSyOQhgmqdcMjiQn6VBnOBAzyfqohoaxLO9CwVNIIdNAf/zjA21Zp4XasbEmDx+rXiT6NtO5Foe2MqLnRP72R+JfXSE37MOhzmaQGJJssaqcCmxiPAsMtroAZ0bOEMsXtrZjdUEWZsbHmbQgfn+L/SX3P9fbd/fNysXKSxZFDm2gL7SAPHaAKOkNVVEMM3aEH9ISenXvn0Rk6L5PWKSeb2UDf4Ly9A/i/o0Q=</latexit>

h�3gi, h�4gi

<latexit sha1_base64="INIU7uinSYvolz4gbH2AA3ztWYo=">AAACGnicdVBNSwMxEM36WetX1aOXYBE8yJK1pdZb0YvHCrYK3Vqy6bQGs9klyQq19Hd48a948aCIN/HivzHdbkFFHwy8vDdDZl4QC64NIZ/OzOzc/MJibim/vLK6tl7Y2GzqKFEMGiwSkboMqAbBJTQMNwIuYwU0DARcBDcnY//iFpTmkTw3gxjaIe1L3uOMGit1Cp4vqOwLwP4dGHpVwr5K3/v4p1GeGrhTKBK3dGRRxcQtE0I8khFSwp5LUhRRhnqn8O53I5aEIA0TVOuWR2LTHlJlOBMwyvuJhpiyG9qHlqWShqDbw/S0Ed61Shf3ImVLGpyq3yeGNNR6EAa2M6TmWv/2xuJfXisxvWp7yGWcGJBs8lEvEdhEeJwT7nIFzIiBJZQpbnfF7JoqyoxNM29DmF6K/yfNA9eruJWzcrF2nMWRQ9toB+0hDx2iGjpFddRADN2jR/SMXpwH58l5dd4mrTNONrOFfsD5+AId/KBS</latexit>

h⇣3i, h⇣4i

Linear Physics

…

<latexit sha1_base64="fni32Cf6hV3iFMTNr+hbPVDoSHg=">AAACIHicdVDJSgNBEO1xjXEb9eilMQgeZOgxIYk30YvHCNkgE0NPpxIbe3qG7h4hBD/Fi7/ixYMietOvsbOB64OCx3tVVNULE8G1IeTdmZtfWFxazqxkV9fWNzbdre26jlPFoMZiEatmSDUILqFmuBHQTBTQKBTQCK/PRn7jBpTmsayaQQLtiPYl73FGjZU6bikQVPYF4KALwlBcvczjQI2lQ/zLK8w83HFzxMsfW5Qx8QqEEJ9MCclj3yNj5NAUlY77FnRjlkYgDRNU65ZPEtMeUmU4E3CbDVINCWXXtA8tSyWNQLeH4wdv8b5VurgXK1vS4LH6dWJII60HUWg7I2qu9E9vJP7ltVLTK7eHXCapAckmi3qpwCbGo7RwlytgRgwsoUxxeytmV1RRZmymWRvC7FP8P6kfeX7RK14Ucien0zgyaBftoQPkoxI6QeeogmqIoTv0gJ7Qs3PvPDovzuukdc6Zzuygb3A+PgHDuKIi</latexit>

h�T 3i, h�T 4i
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Going Beyond 2-point Statistics 

…
⟨δ(x1)δ(x2)δ(x3)⟩ ⟨δ(x1)δ(x2)δ(x3)δ(x4)⟩

Cheng et al (2020)

• Two-point statistics are lossy compression of the nonlinear large-scale structure

⟨δ(x1)δ(x2)⟩

• Lack of sensitivity of 2pt statistics to some imprints of new physics 
(e.g., field content and symmetries during inflation)

• Parameter degeneracies limit the constraining power 
(cosmo & nuisance params: galaxy biases, stochasticity, …)

• Additional information in higher-order statistics  
(e.g. multi-field inflation)
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CDM (on Euclid-like H-alpha HOD mocks) 

• Considerable improvement by P+B 

on  (reduced degeneracy) 

• Negligible improvement on  (high-significance  
detection of baryon acoustic oscillations in P)

Λ

As, ωc

h

Lossy Compression & Degeneracies

Euclid Consortium: Linde & Moradinezhad et al  (internal review)

• Tight constraints on nonlinear galaxy biases 
❖ degeneracies (biases & cosmo params) 
❖ insight into galaxy properties (?)

Dennis Linde 
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•  Tighter constraints at higher z where  is larger:  

  larger P response, enhanced PNG to Gaussian ratio in B 

• B outperform P (30-45)%, P+B  improves P by (38-53)% ~ 2x larger survey volume  

• (1 - 2.3)  detection of  from P+B

bϕ

σ fNL

Account for poorly-understood galaxy formation and  degeneracy{fNL, bϕ}

Additional Information: Local PNG

Euclid Consortium: Linde & Moradinezhad et al  (2026)
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Lack of Sensitivity to New Physics

4

All in all, our final model for the galaxy power spectra

and bispectra in redshift space is given by

P (k) = PG(k) + fNL

✓
P12(k) +

2b⇣Z1(k)k2

k
2
NL

P11(k)

T (k)

◆
,

B(k1,k2,k3) = BG(k1,k2,k3)

+ fNLZ1(k1)Z1(k2)Z1(k3)B111(k1, k2, k3) ,

(12)

where PG and BG are the standard Gaussian power

spectrum and bispectrum models [26, 58]. In practice,

we compute the Legendre redshift-space multipoles P`

(` = 0, 2, 4) of the galaxy power spectrum and use the

angle-averaged (monopole) bispectrum. We also imple-

ment IR resummation in redshift space [59–64] (to ac-

count for long-wavelength displacement e↵ects) and the

Alcock-Paczynski e↵ect [65] (to account for coordinate

conversions [33]).

Our model has 14 nuisance parameters: 13 standard

bias parameters and counterterms of Gaussian redshift-

space power spectra and bispectra (present in previous

analyses), plus the scale-dependent PNG bias b⇣ (10). ,

Data and Analysis — We use the twelfth data release

(DR12) [66] of BOSS. The data is split into two redshift

bins with e↵ective means z = 0.38, 0.61, in each of the

Northern and Southern galactic caps, resulting in four in-

dependent data chunks. The survey contains ⇠ 1.2⇥ 106

galaxy positions with a total volume of 6 (h�1Gpc)3.

From each chunk, we use the power spectrum multipoles

(` = 0, 2, 4) for k 2 [0.01, 0.17)hMpc�1, the real-space

power spectrum Q0 for k 2 [0.17, 0.4)hMpc�1 [67], the

redshift-space bispectrum monopoles for triangle config-

urations within the range of ki 2 [0.01, 0.08)hMpc�1 (62

triangles), and the BAO parameters extracted from the

post-reconstructed power spectrum data [68], as in [27].

The power spectra and bispectra are measured with the

window-free estimators [41, 42]. The covariances for each

data chunk are computed from a suite of 2048 MultiDark-

Patchy mocks [69].

We perform the full-shape analysis of the redshift clus-

tering data following the methodology of [27, 33, 34, 68].

We implement the complete theory model for the power

spectra and bispectra of galaxies in redshift space in

an extension of the CLASS-PT code [51] 7 that includes

7 Code available at github.com/Michalychforever/CLASS-

FIG. 1. Marginalized constraints on parameters

(f equil
NL , f

ortho
NL ) from the BOSS data obtained in the conser-

vative baseline analysis (BOSS DR12 (B), gray), and in the

aggressive analysis (BOSS DR12 (A), blue). We also show

results from the full Nseries simulation suite (red), whose

volume is 40 times larger than BOSS. Dashed lines indicate

f
equil
NL = 0, fortho

NL = 0.

all non-Gaussian corrections described above (computed

using the FFTlog approach [70]). We consistently re-

compute the shape of these corrections as we scan over

di↵erent cosmologies in a Markov Chain Monte Carlo

(MCMC) analysis. Up to additional NG contributions,

our analysis is identical to [27].

In our baseline analysis we fix the baryon density to

the BBN measurement [71], the primordial power spec-

trum tilt to the Planck best-fit value [43], and the neu-

trino mass to the minimal value allowed by oscillation

experiments
P

m⌫ = 0.06 eV. We vary the physical

dark matter density !cdm, the reduced Hubble param-

eter h, the amplitude of the primordial scalar fluctua-

tions ln(1010As), and (f equil
NL , f

ortho
NL ) within flat infinitely

wide priors. We use the same priors for nuisance param-

eters as [27]. We also marginalize over the linear PNG

bias, b⇣ = 1.686 ·
18
5 (b1 � 1)b̃⇣ within a Gaussian prior

PT, with custom MontePython likelihoods available at

github.com/oliverphilcox/full shape likelihoods.

11

FIG. 2. Marginalized constraint on f local
NL from the mean

of 84 Nseries simulations, with a total volume approxi-

mately 40⇥ larger than that of BOSS. Note that we do

not rescale the covariance to the BOSS volume, but use

that appropriate for the entire Nseries volume, allowing

a robust probe of theoretical systematics. Here, we find

f local
NL = �4.9± 5.0 at 68%CL.

FIG. 3. Marginalized constraints on local-type primordial non-

Gaussianity from the BOSS power spectrum (blue) and power

spectrum plus bispectrum (red). We find f local
NL = 9+33

�35 and

�33 ± 28 in the two cases respectively at 68%CL, with the bis-

pectrum tightening the constraints by ⇡ 20%. These are the main

results of this work.

to limit systematic e↵ects related to stellar contamination and residual radial and atmospheric systematics, as well

as integral constraints.3

The power spectra and bispectra used in this work are extracted using the window-free estimators [25, 26]. The

covariances for our total datavector {P0, P2, P4, Q0, B0, ↵k, ↵?} for each data chunk are extracted from a suite of 2048

MultiDark-Patchy mocks [74], using the standard empirical covariance matrix estimator.4

Our full-shape analysis matches the ones of [48, 50, 52, 70]. Unlike these works, we explicitly fix all cosmological

parameters to the Planck 2018 priors [7]. This is done because in this work we are interested only in the constraints

on f local
NL from the BOSS survey. Formally, this corresponds to a combination of the CMB power spectra and BOSS

power+bispectrum data. Thus, in our MCMC analysis we only fit f local
NL with an infinitely large flat prior, plus the

Gaussian EFT nuisance parameters (encompassing biases, stochasticity, and counterterms).

As discussed in Section 2.6, our fiducial analysis fixes the PNG bias coe�cients to values predicted by the dark

matter halo relations as functions of the corresponding linear bias b1 for each data chunk. This choice is optional. In

principle, we can fit both b� and b�� directly from the data, but the current limits on these parameters are not very

constraining, as shown in Section 6. Therefore, they are fully consistent with the fits from simulations (44), making

it reasonable to fix them for the primary purposes of this paper.

Our analysis is based on the publicly available class-pt code [60]. Since we do not vary cosmology in this study,

we compute the full one-loop power spectrum corrections including the LPNG terms only once, utilizing the Planck

cosmology, and only vary the bias parameters and f local
NL in the likelihood. For the Nseries mocks we recompute the

relevant templates to match the Nseries fiducial cosmology. We plan to implement the full cosmology-dependent

LPNG calculation in a future update of class-pt, using which we will systematically study the sensitivity of the

f local
NL constraints to uncertainties in cosmological parameters. Our Markov Chain Monte Carlo (MCMC) analysis is

3
As shown in Fig. 19 of [72], weight-based approaches to removing large-scale systematics (such as those applied in [73] and herein)

produce comparable results to more sophisticated methods on comparatively large scales. For k . 0.01 hMpc
�1

, the di↵erences between

di↵erent approaches become significant (and the systematics become larger than the statistical errors, if uncorrected), thus these modes

are excised from our analysis.

4
See [75–79] for alternative covariance matrix estimation techniques.

Primordial Non-Gaussianity

Cabass et al (2022a, 2022b)

[see also D’Amico et al (2022a, 2022b)]

 Parity Violation 
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FIG. 4. Empirical distribution of the pseudo-�2 test statistic defined in (18) from 2048 Patchy mocks and the BOSS data. This
is a proxy for the standard �

2 parameter, but uses the theoretical covariance matrix of §III C. The data (shown as a vertical
dashed line) has a CDF of 99.6%; this is inconsistent with the null hypothesis of parity-invariance at 2.9�. Note that this test
does not assume Gaussianity of the likelihood, and naturally encompasses any spurious parity-odd contributions appearing in
both the Patchy mocks and the BOSS data. The significant detection of parity-violation found by this test indicates either
parity-violating physics or unresolved systematics. The above plot represents the main result of this work.

V. NULL-TEST RESULTS

We now proceed to assess whether the BOSS data contains signatures of parity-violation. Firstly, we consider
the raw 4PCF measurements, displayed in Fig. 2 for a selection of multiplets {`1, `2, `3}. As expected, the mean
parity-odd 4PCF of Patchy mocks appears close to zero. This functions as a useful consistency test for the analysis
pipeline; errors in the 4PCF computation could have led to a detectable signal in Patchy mocks, especially given
that the parity-even 4PCF is large [54]. For the standard-deviations, we find a rough scaling of (r1r2r3)�1, with
enhanced amplitudes found for the SGC region due to its smaller volume (§III). Moving to the BOSS results, we find
considerable (highly correlated) scatter around zero, but no obvious signatures of parity-violation.

To examine this further, we turn to the non-parametric rank test of §IVA. In Fig. 4, we plot the empirical distribution
of the pseudo-�2 test statistic; this appears to have broader tails than a standard �

2 distribution (most likely due
to imperfections in the theoretical covariance C̃), highlighting the importance of a non-parametric treatment. The
BOSS data has a rank of 2040/2048, and an associated detection probability of 99.6% (equivalent to 2.9�).
This is inconsistent with a random draw from the empirical distribution of Patchy mocks, and gives evidence for
parity-violation. A greater number of simulations would be needed to probe this detection at higher significance.

An additional test is given by the projected �
2-based analysis discussed in §IVB. Whilst this assumes a Gaussian

distribution for the compressed statistic (somewhat justified by the reduced number of bins), it uses the sample
covariance rather than the theoretical covariance, and thus optimally weights the data. In the top panel of Fig. 5, we
show the theoretical and empirical distributions of the projected sample statistics T 2 and H

2 (§IVB) from Patchy,
with the latter obtained via bootstrapping. For small Neig, the empirical distributions of both statistics seem well-fit
by their theory models, which is expected since Nmocks is considerably larger than Neig. At larger Neig we begin to
see discrepancies between the H

2 statistic and the accompanying �
2 theory model, with the former having a slightly

narrower distribution. Considering the detection CDFs shown in the lower panel of Fig. 5, the distribution of Patchy
mocks appear somewhat non-uniform for the H

2 statistic at Neig > 100. In particular, 152 (199) mocks lie in the
outermost 5% of the theory distribution for Neig = 100 (Neig = 250), in contrast to the 102±10 expected. This echoes
the conclusion of [84]; if Neig is close to Nmocks, improper treatment of covariance matrix noise may be dangerous, and
could lead to false detections of parity-violation. For the T

2 distribution (which correctly treats such e↵ects) we find
somewhat better agreement, with 135 and 162 mocks in the outer 5% region respectively. However, the distribution
still appears to be somewhat skewed. We attribute this to intrinsic non-Gaussianity of the 4PCF likelihood (see [e.g.,
59] and Appendix A), whose e↵ect increases as the size of the data vector increases, and the Central Limit Theorem
becomes less applicable.

For the BOSS data, the compressed Gaussian analysis gives detection significances of 59.2%, 77.8%, 83.3%, and
100.0% for Neig = 10, 50, 100, and 250 respectively, equivalent to 1.3�, 1.7�, 1.9�, and 3.9� in a two-tail test. The
fact that these results are a strong function of Neig suggests that our projection scheme is ine�cient, i.e. that 4PCF

[see also Hou et al (2022)]

χ̃2 ≡ [ζTC̃−1ζ]NGC + [ζTC̃−1ζ]SGC



21

Higher-Order Statistics in Stage-IV Galaxy Surveys

• Challenges:  

❖ Computational cost due to dimensionality of the observables 
(measurement, theoretical prediction, covariance estimation, inference) 

❖ Observational systematics, survey geometry, …

Limited by observational/theoretical systematics 
instead of statistical error 

(often not well-tested beyond 2pt statistics)

• Increasing volume of survey and size of samples:          

❖ Higher S/N detection of the higher-order statistics

Euclid collaboration 
Mellier et al (2024) 

❖ Enhanced computational challenge and robust 
modeling of systematics
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Challenges of Survey Analysis

•  Untreated observational systematics can 

❖ Bias inferred cosmological parameters 

❖ Mimic signatures of new physics 

Marina Cagliari 
Postdoc @ LAPTh

Louis Christoph 
PhD @ LAPTh

• For now, focus on three types of systematics for Euclid first data release (DR1)

survey geometry redshift errors: noise and line interlopers
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Extensive Tests on Simulated Data

Euclid Large Mocks (ELMs): 1000 simulations with expected systematics of data
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Extensive Tests on Simulated Data
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First Look at the Euclid DR1

NGC

SGC

First measurements in, preparing for analysis (summer 2027) 
(efficient and robust pipeline, accurate noise estimation, cosmological inference)

TR1: 500 deg2   
DR1: ~2000  deg2
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Higher-Order Statistics in Stage-IV Galaxy Surveys

• Challenges:  

❖ Computational cost due to dimensionality of the observables 
(measurement, theoretical prediction, covariance estimation, inference) 

❖ Observational systematics, survey geometry, …

• Increasing volume of survey and size of samples:          

❖ Higher S/N detection of the higher-order statistics

Euclid collaboration 
Mellier et al (2024) 

❖ Enhanced computational challenge and robust 
modeling of systematics

Alternative proxy statistics for N-point functions? 
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Composite-Field Spectra: Efficient Proxies
• Low dimensional observables as proxies for N-point functions 

⟨Dn[δ](k)Dm[δ](k′ )⟩ = (2π)3δD(k + k′ )𝒫Dn[δ],Dm[δ](k)

Dn[δ](k) = ∫k1

⋯∫kn−1

Dn(q1⋯qn−1k − q1 − ⋯ − qn−1)δR(q1)⋯δR(qn−1)δR(k1 − ⋯ − qn−1)

𝒟n[δ](x) =
n

∏
i=1

𝒟i(x)δ(x)

T : ⟨δδδδ⟩ → ⟨D2[δ]D2[δ]⟩ & ⟨D3[δ]D1[δ]⟩
Measure galaxy biases: Abidi & Baldauf (2018),  

Lazeyras & Schmidt (2018)

• Trispectrum: kurto spectra

Parity-odd trispectrum?

?

Schmittfull et al (2015), Schmittfull & Moradinezhad (2020)

B : ⟨δδδ⟩ → ⟨D2[δ]D1[δ]⟩

• Bispectrum: skew spectra: 
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Moradinezhad et al (2019),  
Hou & Moradinezhad et al (2022), 
SimBIG Collaboration: Hou & Moradinezhad et al (2024)



Probing Parity with Scalar Observables

• Full analysis of 4pt CF is very challenging (measurement, noise estimation, inference)

Philcox & Ereza (2024)

χ̃2 ≡ ζTC̃−1ζ Hou et al (2022), Philcox (2022) 
Hou et al (2025), Slepian et al (2025)

• Instead perform a non-parametric test to examine the hypothesis of zero parity-odd 4PCF 
by comparing data and mock χ̃2

rely on analytic covariance: dimensionality 
of 4pt CF (under-estimated error)

highly sensitive to the employed 
mocks (data-mock mismatch)

SDSS-BOSS

ζ

11

FIG. 4. Empirical distribution of the pseudo-�2 test statistic defined in (18) from 2048 Patchy mocks and the BOSS data. This
is a proxy for the standard �

2 parameter, but uses the theoretical covariance matrix of §III C. The data (shown as a vertical
dashed line) has a CDF of 99.6%; this is inconsistent with the null hypothesis of parity-invariance at 2.9�. Note that this test
does not assume Gaussianity of the likelihood, and naturally encompasses any spurious parity-odd contributions appearing in
both the Patchy mocks and the BOSS data. The significant detection of parity-violation found by this test indicates either
parity-violating physics or unresolved systematics. The above plot represents the main result of this work.

V. NULL-TEST RESULTS

We now proceed to assess whether the BOSS data contains signatures of parity-violation. Firstly, we consider
the raw 4PCF measurements, displayed in Fig. 2 for a selection of multiplets {`1, `2, `3}. As expected, the mean
parity-odd 4PCF of Patchy mocks appears close to zero. This functions as a useful consistency test for the analysis
pipeline; errors in the 4PCF computation could have led to a detectable signal in Patchy mocks, especially given
that the parity-even 4PCF is large [54]. For the standard-deviations, we find a rough scaling of (r1r2r3)�1, with
enhanced amplitudes found for the SGC region due to its smaller volume (§III). Moving to the BOSS results, we find
considerable (highly correlated) scatter around zero, but no obvious signatures of parity-violation.

To examine this further, we turn to the non-parametric rank test of §IVA. In Fig. 4, we plot the empirical distribution
of the pseudo-�2 test statistic; this appears to have broader tails than a standard �

2 distribution (most likely due
to imperfections in the theoretical covariance C̃), highlighting the importance of a non-parametric treatment. The
BOSS data has a rank of 2040/2048, and an associated detection probability of 99.6% (equivalent to 2.9�).
This is inconsistent with a random draw from the empirical distribution of Patchy mocks, and gives evidence for
parity-violation. A greater number of simulations would be needed to probe this detection at higher significance.

An additional test is given by the projected �
2-based analysis discussed in §IVB. Whilst this assumes a Gaussian

distribution for the compressed statistic (somewhat justified by the reduced number of bins), it uses the sample
covariance rather than the theoretical covariance, and thus optimally weights the data. In the top panel of Fig. 5, we
show the theoretical and empirical distributions of the projected sample statistics T 2 and H

2 (§IVB) from Patchy,
with the latter obtained via bootstrapping. For small Neig, the empirical distributions of both statistics seem well-fit
by their theory models, which is expected since Nmocks is considerably larger than Neig. At larger Neig we begin to
see discrepancies between the H

2 statistic and the accompanying �
2 theory model, with the former having a slightly

narrower distribution. Considering the detection CDFs shown in the lower panel of Fig. 5, the distribution of Patchy
mocks appear somewhat non-uniform for the H

2 statistic at Neig > 100. In particular, 152 (199) mocks lie in the
outermost 5% of the theory distribution for Neig = 100 (Neig = 250), in contrast to the 102±10 expected. This echoes
the conclusion of [84]; if Neig is close to Nmocks, improper treatment of covariance matrix noise may be dangerous, and
could lead to false detections of parity-violation. For the T

2 distribution (which correctly treats such e↵ects) we find
somewhat better agreement, with 135 and 162 mocks in the outer 5% region respectively. However, the distribution
still appears to be somewhat skewed. We attribute this to intrinsic non-Gaussianity of the 4PCF likelihood (see [e.g.,
59] and Appendix A), whose e↵ect increases as the size of the data vector increases, and the Central Limit Theorem
becomes less applicable.

For the BOSS data, the compressed Gaussian analysis gives detection significances of 59.2%, 77.8%, 83.3%, and
100.0% for Neig = 10, 50, 100, and 250 respectively, equivalent to 1.3�, 1.7�, 1.9�, and 3.9� in a two-tail test. The
fact that these results are a strong function of Neig suggests that our projection scheme is ine�cient, i.e. that 4PCF

 detection of parity violation ??3σ − 7σ

P
D

F

χ̃2

Philcox (2022)

Alternative Summary Statistics?
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Parity-Odd Kurto Spectra

Zucheng Gao 
Postdoc @ LAPTh

T : ⟨δδδδ⟩ → ⟨D2[δ]D2[δ]⟩ & ⟨D3[δ]D1[δ]⟩

TPO → ⟨Di
2[δ]Dj

2[δ]⟩ & ⟨D3[δ]D1[δ]⟩

• Apply to Nbody simulations with parity-odd ICs (Quijote parity-odd suite) Coulton et al (2023)

Vab
i ( ⃗x) = δa( ⃗x)∂iδb( ⃗x)

Aab
i ( ⃗x) = ϵijk∂j∂−2Va′ b′ 

k ( ⃗x)
𝒫PO

2×2(k) = ∫
dΩk

4π
⟨Vab(k) ⋅ Acd(−k)⟩

𝒫PO
3×1(k) = ∫

dΩk

4π
⟨δ(k2)Ψabc(k1)⟩

Ψabc(x) = ∇δa(x) ⋅ Bbc(x)
Bbc(x) = ∇δb(x) × ∇δc(x)

See also Jaimieson et al (2024)

vector, pseudo-vector

pseudo-scalar

Gao, Moradinezhad, Vlah (2025)
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Quijote Parity-odd Simulations
Depends on derivative structure 
of the couplings, model 

K (3)
NL,PO(k1, k2, k3) = k1⋅(k2 × k3) S(k1, k2, k3)ϕ(k) = ϕG(k) + ϕ(3)

NG(k)

• Parity-odd initial conditions

• Nobody simulations (Gadget), box of , evolving   particles 

• Total of 1000 simulations with  and their corresponding phase-matched  

V = 1 (Gpc/h)3 5123

gPO
NL = {+106, − 106} gPO

NL = 0

Tϕ(k1, k2, k3, k4) = i gPO
NL K (3)

NL,PO(k1, k2, k3) Pϕ(k1) Pϕ(k2) Pϕ(k3) + 23 perms,
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• Dark matter: substantial noise from parity-even contributions on a single realization 

• Averaged over 40 realizations still noisy, fiducial subtraction brings out the signal 

• Distinct shapes of kurto spectra, sensitivity to different trispectrum configurations 

Matter & Halo Parity-Odd Kurto Spectra

Dark matter, 40 realizations ~ full Euclid Volume

Halos, 500 realization

• Halos: very noisy [even in a volume of 500 (Gpc/h)^3] 

• Origin of noise: differing stochasticity

Gao, Moradinezhad, Vlah (2025)
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Non-Parametric Tests on Galaxy Survey Data

Zucheng Gao 
Postdoc @ LAPTh

Marina Cagliari 
Postdoc @ LAPTh

• Null hypothesis: no cosmological parity violating (PV) signal

χ2 = ξTC−1ξ

Signal: {𝒫2×2, 𝒫3×1} covariance; numerical

• Use a  statistics to verify null hypothesis: χ2

Compare its value on observed and simulated galaxy mocks

Gao, Cagliari, Moradinezhad, Vlah (2026)
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Survey Data: Measurements 

Gao, Cagliari, Moradinezhad, Vlah (2026)

SDSS-BOSS (DR12) 

Area (deg2): 7429 (NGC) + 2823  (SGC) 

Redshift range: 0.43 < z < 0.7  

Mean number density: 3.5 × 10−4 (h /Mpc)3

DESI (DR1) 

Area (deg2): 3650 (NGC) + 2089  (SGC) 

Redshift range: 0.4 < z < 1.1  

Mean number density: 5 × 10−4 (h /Mpc)3
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• Substantially lower-dimensional than 4pt CF: directly use mocks for covariance estimation  

• More robust (less sensitive) to the choice of mocks compared to 4pt CF

Gao, Cagliari, Moradinezhad, Vlah (2026)

Survey Data (BOSS): Testing Null Hypothesis

Philcox & Ereza (2024)

•  perfectly consistent with zero independent of the mock, confirming no PO signalχ2
×

𝒫2×2
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• Substantially lower-dimensional than 4pt CF: directly use mocks for covariance estimation  

• More robust (less sensitive) to the choice of mocks compared to 4pt CF

Gao, Cagliari, Moradinezhad, Vlah (2026)

Survey Data (BOSS): Testing Null Hypothesis

Philcox & Ereza (2024)

•  perfectly consistent with zero independent of the mock, confirming no PO signalχ2
×

𝒫2×2
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• Here  , mocks are better representation of data compared to BOSS (?)χ2
data > χ2

mocks

Survey Data (DESI): Testing Null Hypothesis

𝒫2×2

𝒫3×1

•   consistent with zero independent of the mock usedχ2
×

• No detection of parity-odd signal (up to  discrepancy due to a few points on small scales) 

• Kurto spectra less sensitive than 4pt-CF to small-scale modeling (e.g. fiber collision) 

3σ

DESI 4pt-CF: Hou et al (2025)
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Future Detection/Tighter Constraints?

Data  

• More complete sample 

• More dense sample  

• Multiple tracers: BGS, ELG, LRG, Quasars  

• Higher redshift sample (e.g. DESI-II & S5)

DESI collaboration: Hou et al (2025)

Analysis 

• Optimal weighting of galaxies 

• Template search for broader 
classes of inflation model  

• Beyond null detection: inference
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Simulation-Based Inference (SBI) 

Theoretical Model
• perturbation theory

Data Compression

Summary Statistics

• 2-point correlation function

Ivanov et al (2019)

Observed Galaxy Distribution

Ωb

Ωc

ns

As

h Σmν
fNL

Neff

…

Likelihood

Inferred Cosmology

p(θ |x) ∝ p(x |θ) p(θ)
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Likelihood PriorPosterior
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θ

x

Simulation-based (likelihood-free) Inference 

• SBI addresses three shortcomings of traditional analysis by  

❖  Using high-fidelity simulations to model the signal instead of PT-based models 

❖  No strong assumption on the form of the likelihood instead of Gaussian form 

❖  Accurate forward modeling of the observational systematics instead of applying 
approximate correction schemes
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Simulation-Based Inference on BOSS Data

Joint Distribution 
{x, Θ}

N-body Simulations

 
    
    Data

Compression

Summary Statistics 

- power spectrum 

- bispectrum 

- CNN compression 

- wavelet-scattering 
transforms  

- skew spectra 

- marked power 
spectrum

Power spectrum: Hahn et al (incl. Moradinezhad) (2022a, 2022b) 
Bispectrum: Hahn et al (incl. Moradinezhad) (2023c, 2023d) 
CNN: Lemon & Parker et al (incl. Moradinezhad) (2023) 
WST: Regaldo et al (incl. Moradinezhad) (2023) 
Skew spectra: Hou & Moradinezhad et al (2024) 
Marked power spectrum: Massara et al (incl. Moradinezhad) (2024)
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SimBIG Forward Model

Fig. 2. Angular distribution of galaxies from the CMASS sample (top) and a galaxy
sample generated using the SimBIG forward model (bottom). Comparison of the
angular distributions highlights the detailed CMASS angular selection that we include
in our forward model to account for observational systematics.

connection between galaxies and halos. For further details on
our forward model, we refer readers to H22b. In the bottom
panels of Fig. 1, we present the three-dimensional spatial
distribution of galaxies in our forward model. We present
the angular distribution of galaxies in our forward model in
Fig. 2. The forward model accurately reproduces the survey
geometry and angular footprint of the observed BOSS sample.
For additional comparisons of the 3D distributions of galaxies
in CMASS and our forward model, we refer readers to � �.

B. Training Dataset for Simulation-Based Inference. Using
our forward model, we construct 20,000 simulated galaxy
catalogs. They are constructed from 2,000 Quijote N -body
simulations with 10 di�erent sets of HOD parameters, sampled
from a broad prior. The N -body simulations are arranged in
a Latin Hypercube configuration, which therefore imposes uni-
form priors on the cosmological parameters that conservatively
encompasses the Planck cosmological constraints (58).

In principle, SimBIG can be directly applied to the full
galaxy catalog if the forward model is capable of accurately
modeling observations at all scales. Even with N -body sim-
ulations, however, this is not the case due to limitations on

�https://youtube.com/playlist?list=PLQk8Faa2x0twK3fgs55ednnHD2vbIzo4z

mass and time resolution and inadequacies of halo occupation
models. Instead, we use summary statistics of the galaxy
sample, where we can impose cuts, e.g., based on physical
scales, to which our forward model is accurate. Since the
primary goal of this work is to present and demonstrate the
SimBIG framework, we use the most commonly used summary
statistic: the galaxy power spectrum multipole, P¸(k). We
also include the average galaxy number density of the sample,
n̄g.

In this work, we use the redshift-space galaxy power spec-
trum monopole, quadrupole, and hexadecapole (¸ = 0, 2, and
4). We measure P0, P2, and P4 for each of the simulated
galaxy catalogs using the (59) algorithm. In this work, we
impose a conservative k < kmax = 0.5 h/Mpc limit on the P¸,
based on the convergence of matter clustering of the Quijote
simulations (see H22b for further details). We also measure
the power spectrum for the BOSS CMASS-SGC galaxy sample
with the same algorithm. For the observed P̂¸(k) we include
systematics weights for redshift failures, stellar density, and
seeing conditions, which are e�ects not included in our forward
model but shown to be successfully accounted for using the
weights (17, 23).

By using P¸, we can compare the constraints inferred us-
ing SimBIG with previous constraints (e.g. 10, 11) as further
validation of SimBIG. To be further consistent with previ-
ous analyses, we include a nuisance parameter, Ashot, that is
typically included to account for residual shot noise contribu-
tion (e.g. 9–11). In Fig. 3, we present P¸(k) of our forward
modeled galaxy catalogs. We randomly select 100 out of the to-
tal 20,000 power spectra for clarity. The left, center, and right
panels present the monopole, quadrupole, and hexadecapole.
These P¸ measurements and n̄g serve as the training dataset
{(◊Õ, xÕ)} for our SBI posterior estimation using normalizing
flows.

C. Simulation-Based Inference with Normalizing Flows. Nor-
malizing flow models use an invertible bijective transformation,
f : z ‘æ ◊, to map a complex target distribution to a simple
base distribution, fi(z), that is fast to evaluate. For SBI, the
target distribution is the posterior, p(◊|x) while fi(z) is typi-
cally a multivariate Gaussian. The transformation f must be
invertible and have a tractable Jacobian so that we can evalu-
ate the target distribution from fi(z) by change of variables.
Since fi(z) is easy to sample and evaluate, we can also easily
sample and evaluate the target distribution. A neural network
with parameters „ is trained to obtain f .

Among the various normalizing flow-based neural density
estimators now available in the literature, we use a Masked
Autoregressive Flow (MAF; 34). MAF combines normalizing
flows with an autoregressive design (60), which is well-suited
for estimating conditional probability distributions such as a
posterior. A MAF model is built by stacking multiple Masked
Autoencoder for Distribution Estimation (MADE; 38) models
so that it has the autoregressive structure of MADE models
but with additional flexibility to describe complex probability
distributions. We use the MAF implementation of the sbi
Python package (61, 62).

In training, our goal is to determine the parameters, „,
of our normalizing flow, q„(◊ | x), so that it accurately esti-
mates the posterior, p(◊ | x). We can formulate this into an
optimization problem of minimizing the Kullback-Leibler (KL)
divergence between p(◊, x) = p(◊ | x)p(x) and q„(◊ | x)p(x),
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Fig. 2. Angular distribution of galaxies from the CMASS sample (top) and a galaxy
sample generated using the SimBIG forward model (bottom). Comparison of the
angular distributions highlights the detailed CMASS angular selection that we include
in our forward model to account for observational systematics.

connection between galaxies and halos. For further details on
our forward model, we refer readers to H22b. In the bottom
panels of Fig. 1, we present the three-dimensional spatial
distribution of galaxies in our forward model. We present
the angular distribution of galaxies in our forward model in
Fig. 2. The forward model accurately reproduces the survey
geometry and angular footprint of the observed BOSS sample.
For additional comparisons of the 3D distributions of galaxies
in CMASS and our forward model, we refer readers to � �.

B. Training Dataset for Simulation-Based Inference. Using
our forward model, we construct 20,000 simulated galaxy
catalogs. They are constructed from 2,000 Quijote N -body
simulations with 10 di�erent sets of HOD parameters, sampled
from a broad prior. The N -body simulations are arranged in
a Latin Hypercube configuration, which therefore imposes uni-
form priors on the cosmological parameters that conservatively
encompasses the Planck cosmological constraints (58).

In principle, SimBIG can be directly applied to the full
galaxy catalog if the forward model is capable of accurately
modeling observations at all scales. Even with N -body sim-
ulations, however, this is not the case due to limitations on
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mass and time resolution and inadequacies of halo occupation
models. Instead, we use summary statistics of the galaxy
sample, where we can impose cuts, e.g., based on physical
scales, to which our forward model is accurate. Since the
primary goal of this work is to present and demonstrate the
SimBIG framework, we use the most commonly used summary
statistic: the galaxy power spectrum multipole, P¸(k). We
also include the average galaxy number density of the sample,
n̄g.

In this work, we use the redshift-space galaxy power spec-
trum monopole, quadrupole, and hexadecapole (¸ = 0, 2, and
4). We measure P0, P2, and P4 for each of the simulated
galaxy catalogs using the (59) algorithm. In this work, we
impose a conservative k < kmax = 0.5 h/Mpc limit on the P¸,
based on the convergence of matter clustering of the Quijote
simulations (see H22b for further details). We also measure
the power spectrum for the BOSS CMASS-SGC galaxy sample
with the same algorithm. For the observed P̂¸(k) we include
systematics weights for redshift failures, stellar density, and
seeing conditions, which are e�ects not included in our forward
model but shown to be successfully accounted for using the
weights (17, 23).

By using P¸, we can compare the constraints inferred us-
ing SimBIG with previous constraints (e.g. 10, 11) as further
validation of SimBIG. To be further consistent with previ-
ous analyses, we include a nuisance parameter, Ashot, that is
typically included to account for residual shot noise contribu-
tion (e.g. 9–11). In Fig. 3, we present P¸(k) of our forward
modeled galaxy catalogs. We randomly select 100 out of the to-
tal 20,000 power spectra for clarity. The left, center, and right
panels present the monopole, quadrupole, and hexadecapole.
These P¸ measurements and n̄g serve as the training dataset
{(◊Õ, xÕ)} for our SBI posterior estimation using normalizing
flows.

C. Simulation-Based Inference with Normalizing Flows. Nor-
malizing flow models use an invertible bijective transformation,
f : z ‘æ ◊, to map a complex target distribution to a simple
base distribution, fi(z), that is fast to evaluate. For SBI, the
target distribution is the posterior, p(◊|x) while fi(z) is typi-
cally a multivariate Gaussian. The transformation f must be
invertible and have a tractable Jacobian so that we can evalu-
ate the target distribution from fi(z) by change of variables.
Since fi(z) is easy to sample and evaluate, we can also easily
sample and evaluate the target distribution. A neural network
with parameters „ is trained to obtain f .

Among the various normalizing flow-based neural density
estimators now available in the literature, we use a Masked
Autoregressive Flow (MAF; 34). MAF combines normalizing
flows with an autoregressive design (60), which is well-suited
for estimating conditional probability distributions such as a
posterior. A MAF model is built by stacking multiple Masked
Autoencoder for Distribution Estimation (MADE; 38) models
so that it has the autoregressive structure of MADE models
but with additional flexibility to describe complex probability
distributions. We use the MAF implementation of the sbi
Python package (61, 62).

In training, our goal is to determine the parameters, „,
of our normalizing flow, q„(◊ | x), so that it accurately esti-
mates the posterior, p(◊ | x). We can formulate this into an
optimization problem of minimizing the Kullback-Leibler (KL)
divergence between p(◊, x) = p(◊ | x)p(x) and q„(◊ | x)p(x),
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(kmax = 0.28)

Ivanov et al.(2020)
P`(k < 0.25)

Figure 1. Left: Posteriors of cosmological parameters inferred from B0 (blue) and CNN (orange) using
SimBIG. All posteriors include a !b prior from BBN studies. The diagonal panels presents the marginalized
1D posteriors while the others present the 2D posteriors between two parameters. The contours mark the 68
and 95 percentiles. For comparison, we include the posterior from the SimBIG P` analysis (gray). Right: We
focus on the posteriors of ⌦m and �8, the parameters that can be most significantly constrained by galaxy
clustering. We include the posterior from the Ivanov et al. (2020) PT-based P`(k < 0.25 h/Mpc) analysis
for reference (black dashed). SimBIG analyses beyond P` extract additional non-Gaussian cosmological
information from galaxy clustering on non-linear scales.

prior on !b = ⌦bh
2 = 0.02268 ± 0.00038 from BBN studies (Aver et al. 2015; Cooke et al. 2018;

Schöneberg et al. 2019), typically included in clustering analyses (e.g. Ivanov et al. 2020; Philcox &
Ivanov 2022). We list the marginalized parameter constraints in Table 3.

Focusing first on B0(k123 < 0.5 h/Mpc), we find that our ⇤CDM constraints are significantly
tighter than, yet consistent with, P` constraints. For instance, compared to the SimBIG P` con-
straints, the SimBIG B0 constraints are 2.78, 3.17, 1.91, 1.77, and 1.53⇥ tighter for ⌦b, h, ns, ⌦m,
and �8. Compare to the Ivanov et al. (2020) P` constraints, the SimBIG B0 constraints are 1.59,
1.51, 1.68, 1.17, and 2.04⇥ tighter for ⌦b, h, ns, ⌦m, and �8, respectively. The improvement on �8 is
even larger, since Ivanov et al. (2020) does not include the non-linear scales (0.25 < k < 0.5h/Mpc)
included in the SimBIG P` analyses.

Similarly, our constraints from the SimBIG CNN analysis are significantly tighter, yet consistent
with, the P` constraints. For ⌦b, h, ns, ⌦m, and �8, the SimBIG CNN constraints are 2.51, 2.51,1.46,
1.42, and 1.75⇥ tighter than the SimBIG P` constraints. In comparison to the PT P` analysis, the
⌦b, h, ns, and �8 constraints are 1.44, 1.20, 1.28, and 2.33⇥ tighter while the ⌦m constraint is slightly

SimBIG: Power Spectrum, Bispectrum, CNN 

• Significant improvement over   
(x3 in , x1.8 in ) 

• Notable improvement over standard 
 analysis (x1.5 in , x2 in )

Pℓ
h σ8

Pℓ h σ8

Hahn et al (including Moradinezhad) et al (2023b)

Analyzing 10% of BOSS survey (CMASS-SGC) Challenges moving to Stage-IV surveys 

❖ Simulations with larger volume and 
better mass resolution  

❖ Increasingly accurate forward models

•  Specs for SimBIG-I (Quijote simulations) 
❖ Cost of 10 million CPU hours,  
❖ Small volume of 1Gpc/h 
❖ Coarse resolution (restricted to HOD 

and not more accurate galaxy models) 
❖ Limited to LCDM

SimBIG-II : New simulation suite for DESI-LRG  
                  & cross correlation w. CMB lensing                        
                  ( ) w0waMν − CDM
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Conclusions

• Large-scale structure is becoming a precision lab for fundamental physics 
Constrain early-Universe physics, nature of dark components, and law of gravity 

• Extracting non-Gaussian information is essential  
Nonlinear structure information and some new physics imprints 

• The central challenge is robust and efficient extraction of information  
Interpretable summary statistics and robust inference 

• Looking ahead: rapidly-growing simulation-based analysis w. machine learning 
standard analysis (perturbative model + Gaussian likelihood) vs simulation-based Inference 


