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The universe as a physics laboratory

Cosmology from Home 2020

The Planck scale The Horizon

( Based on ESA cosmic history )

Inflation Hydrogen
Recombination

Dark 
Matter Dark Energy

13.8
billion years

<latexit sha1_base64="X9HJqnp9o0x9Fq5WzF2Z1IjpB8c=">AAACEHicbVC7TgJBFJ3FF+ILtdRiIjGxIrtYSGVIbCwxETBhCbk7XHDC7CMzd41kQ+Mn+BW2WtkZW//Awn9xWbdQ8FQn59ybe8/xIiUN2fanVVhaXlldK66XNja3tnfKu3ttE8ZaYEuEKtQ3HhhUMsAWSVJ4E2kE31PY8cYXM79zh9rIMLimSYQ9H0aBHEoBlEr98qFzWq1z1+Wu74X3iSeVSnU+QdBm2i9X7KqdgS8SJycVlqPZL3+5g1DEPgYkFBjTdeyIeglokkLhtOTGBiMQYxhhN6UB+Gh6SZZiyo9jAxTyCDWXimci/t5IwDdm4nvppA90a+a9mfif141pWO8lMohiwkDMDpFUmB0yQsu0HuQDqZEIZp8jlwEXoIEIteQgRCrGaV+ltA9nPv0iadeqjl11rmqVxnneTJEdsCN2whx2xhrskjVZiwn2wJ7YM3uxHq1X6816/xktWPnOPvsD6+MbLzWcOw==</latexit><latexit sha1_base64="X9HJqnp9o0x9Fq5WzF2Z1IjpB8c=">AAACEHicbVC7TgJBFJ3FF+ILtdRiIjGxIrtYSGVIbCwxETBhCbk7XHDC7CMzd41kQ+Mn+BW2WtkZW//Awn9xWbdQ8FQn59ybe8/xIiUN2fanVVhaXlldK66XNja3tnfKu3ttE8ZaYEuEKtQ3HhhUMsAWSVJ4E2kE31PY8cYXM79zh9rIMLimSYQ9H0aBHEoBlEr98qFzWq1z1+Wu74X3iSeVSnU+QdBm2i9X7KqdgS8SJycVlqPZL3+5g1DEPgYkFBjTdeyIeglokkLhtOTGBiMQYxhhN6UB+Gh6SZZiyo9jAxTyCDWXimci/t5IwDdm4nvppA90a+a9mfif141pWO8lMohiwkDMDpFUmB0yQsu0HuQDqZEIZp8jlwEXoIEIteQgRCrGaV+ltA9nPv0iadeqjl11rmqVxnneTJEdsCN2whx2xhrskjVZiwn2wJ7YM3uxHq1X6816/xktWPnOPvsD6+MbLzWcOw==</latexit><latexit sha1_base64="X9HJqnp9o0x9Fq5WzF2Z1IjpB8c=">AAACEHicbVC7TgJBFJ3FF+ILtdRiIjGxIrtYSGVIbCwxETBhCbk7XHDC7CMzd41kQ+Mn+BW2WtkZW//Awn9xWbdQ8FQn59ybe8/xIiUN2fanVVhaXlldK66XNja3tnfKu3ttE8ZaYEuEKtQ3HhhUMsAWSVJ4E2kE31PY8cYXM79zh9rIMLimSYQ9H0aBHEoBlEr98qFzWq1z1+Wu74X3iSeVSnU+QdBm2i9X7KqdgS8SJycVlqPZL3+5g1DEPgYkFBjTdeyIeglokkLhtOTGBiMQYxhhN6UB+Gh6SZZiyo9jAxTyCDWXimci/t5IwDdm4nvppA90a+a9mfif141pWO8lMohiwkDMDpFUmB0yQsu0HuQDqZEIZp8jlwEXoIEIteQgRCrGaV+ltA9nPv0iadeqjl11rmqVxnneTJEdsCN2whx2xhrskjVZiwn2wJ7YM3uxHq1X6816/xktWPnOPvsD6+MbLzWcOw==</latexit><latexit sha1_base64="X9HJqnp9o0x9Fq5WzF2Z1IjpB8c=">AAACEHicbVC7TgJBFJ3FF+ILtdRiIjGxIrtYSGVIbCwxETBhCbk7XHDC7CMzd41kQ+Mn+BW2WtkZW//Awn9xWbdQ8FQn59ybe8/xIiUN2fanVVhaXlldK66XNja3tnfKu3ttE8ZaYEuEKtQ3HhhUMsAWSVJ4E2kE31PY8cYXM79zh9rIMLimSYQ9H0aBHEoBlEr98qFzWq1z1+Wu74X3iSeVSnU+QdBm2i9X7KqdgS8SJycVlqPZL3+5g1DEPgYkFBjTdeyIeglokkLhtOTGBiMQYxhhN6UB+Gh6SZZiyo9jAxTyCDWXimci/t5IwDdm4nvppA90a+a9mfif141pWO8lMohiwkDMDpFUmB0yQsu0HuQDqZEIZp8jlwEXoIEIteQgRCrGaV+ltA9nPv0iadeqjl11rmqVxnneTJEdsCN2whx2xhrskjVZiwn2wJ7YM3uxHq1X6816/xktWPnOPvsD6+MbLzWcOw==</latexit>

400
million years

<latexit sha1_base64="iH8VvgtWc/lxwjsh6QApK/hHtWw=">AAACD3icbVC7TgJBFJ3FF+ILtaSZSEysyC4x0cqQ2FhiIo+EJeTucMEJM7ubmbtGsqHwE/wKW63sjK2fYOG/uCCFgqc6Oefe3HtOECtpyXU/ndzK6tr6Rn6zsLW9s7tX3D9o2igxAhsiUpFpB2BRyRAbJElhOzYIOlDYCkaXU791h8bKKLyhcYxdDcNQDqQAyqResXTqutz3ua+D6D7VUqlM5mMEYye9YtmtuDPwZeLNSZnNUe8Vv/x+JBKNIQkF1nY8N6ZuCoakUDgp+InFGMQIhtjJaAgabTedhZjw48QCRTxGw6XiMxF/b6SgrR3rIJvUQLd20ZuK/3mdhAbn3VSGcUIYiukhkgpnh6wwMmsHeV8aJILp58hlyAUYIEIjOQiRiUlWVyHrw1tMv0ya1YrnVrzrarl2MW8mz0rsiJ0wj52xGrtiddZggj2wJ/bMXpxH59V5c95/RnPOfOeQ/YHz8Q3Bz5wG</latexit><latexit sha1_base64="iH8VvgtWc/lxwjsh6QApK/hHtWw=">AAACD3icbVC7TgJBFJ3FF+ILtaSZSEysyC4x0cqQ2FhiIo+EJeTucMEJM7ubmbtGsqHwE/wKW63sjK2fYOG/uCCFgqc6Oefe3HtOECtpyXU/ndzK6tr6Rn6zsLW9s7tX3D9o2igxAhsiUpFpB2BRyRAbJElhOzYIOlDYCkaXU791h8bKKLyhcYxdDcNQDqQAyqResXTqutz3ua+D6D7VUqlM5mMEYye9YtmtuDPwZeLNSZnNUe8Vv/x+JBKNIQkF1nY8N6ZuCoakUDgp+InFGMQIhtjJaAgabTedhZjw48QCRTxGw6XiMxF/b6SgrR3rIJvUQLd20ZuK/3mdhAbn3VSGcUIYiukhkgpnh6wwMmsHeV8aJILp58hlyAUYIEIjOQiRiUlWVyHrw1tMv0ya1YrnVrzrarl2MW8mz0rsiJ0wj52xGrtiddZggj2wJ/bMXpxH59V5c95/RnPOfOeQ/YHz8Q3Bz5wG</latexit><latexit sha1_base64="iH8VvgtWc/lxwjsh6QApK/hHtWw=">AAACD3icbVC7TgJBFJ3FF+ILtaSZSEysyC4x0cqQ2FhiIo+EJeTucMEJM7ubmbtGsqHwE/wKW63sjK2fYOG/uCCFgqc6Oefe3HtOECtpyXU/ndzK6tr6Rn6zsLW9s7tX3D9o2igxAhsiUpFpB2BRyRAbJElhOzYIOlDYCkaXU791h8bKKLyhcYxdDcNQDqQAyqResXTqutz3ua+D6D7VUqlM5mMEYye9YtmtuDPwZeLNSZnNUe8Vv/x+JBKNIQkF1nY8N6ZuCoakUDgp+InFGMQIhtjJaAgabTedhZjw48QCRTxGw6XiMxF/b6SgrR3rIJvUQLd20ZuK/3mdhAbn3VSGcUIYiukhkgpnh6wwMmsHeV8aJILp58hlyAUYIEIjOQiRiUlWVyHrw1tMv0ya1YrnVrzrarl2MW8mz0rsiJ0wj52xGrtiddZggj2wJ/bMXpxH59V5c95/RnPOfOeQ/YHz8Q3Bz5wG</latexit><latexit sha1_base64="iH8VvgtWc/lxwjsh6QApK/hHtWw=">AAACD3icbVC7TgJBFJ3FF+ILtaSZSEysyC4x0cqQ2FhiIo+EJeTucMEJM7ubmbtGsqHwE/wKW63sjK2fYOG/uCCFgqc6Oefe3HtOECtpyXU/ndzK6tr6Rn6zsLW9s7tX3D9o2igxAhsiUpFpB2BRyRAbJElhOzYIOlDYCkaXU791h8bKKLyhcYxdDcNQDqQAyqResXTqutz3ua+D6D7VUqlM5mMEYye9YtmtuDPwZeLNSZnNUe8Vv/x+JBKNIQkF1nY8N6ZuCoakUDgp+InFGMQIhtjJaAgabTedhZjw48QCRTxGw6XiMxF/b6SgrR3rIJvUQLd20ZuK/3mdhAbn3VSGcUIYiukhkgpnh6wwMmsHeV8aJILp58hlyAUYIEIjOQiRiUlWVyHrw1tMv0ya1YrnVrzrarl2MW8mz0rsiJ0wj52xGrtiddZggj2wJ/bMXpxH59V5c95/RnPOfOeQ/YHz8Q3Bz5wG</latexit>

1
second

<latexit sha1_base64="4oac3lkH9X5MLnII5OXchcnfS7k=">AAACC3icbZC7TsNAEEXHPIN5GSgoaFZESFSRnQYqFImGMkjkIcVWtN5MwirrtbW7RoqsfAJfQQsVHaLlIyj4F2zjAhJudTV3ZmfnhIng2rjup7Wyura+sVnbsrd3dvf2nYPDro5TxbDDYhGrfkg1Ci6xY7gR2E8U0igU2Aun10Xee0CleSzvzCzBIKITycecUZOXhs6xz1AaVFxObI/4PrE1sliOhk7dbbilyLLxKlOHSu2h8+WPYpZG+WtMUK0HnpuYIKPKcCZwbvupxoSyKZ3gILeSRqiDrDxgTs5STU1MElSEC1IW8fdERiOtZ1GYd0bU3OvFrCj+lw1SM74MMi6T1KBkxSLDBZaLNFM8J4NkxBUaQ4ufI+GSMKqoKZAQygo4aY7Kznl4i9cvm26z4bkN77ZZb11VZGpwAqdwDh5cQAtuoA0dYDCHJ3iGF+vRerXerPef1hWrmjmCP7I+vgH/H5nk</latexit><latexit sha1_base64="4oac3lkH9X5MLnII5OXchcnfS7k=">AAACC3icbZC7TsNAEEXHPIN5GSgoaFZESFSRnQYqFImGMkjkIcVWtN5MwirrtbW7RoqsfAJfQQsVHaLlIyj4F2zjAhJudTV3ZmfnhIng2rjup7Wyura+sVnbsrd3dvf2nYPDro5TxbDDYhGrfkg1Ci6xY7gR2E8U0igU2Aun10Xee0CleSzvzCzBIKITycecUZOXhs6xz1AaVFxObI/4PrE1sliOhk7dbbilyLLxKlOHSu2h8+WPYpZG+WtMUK0HnpuYIKPKcCZwbvupxoSyKZ3gILeSRqiDrDxgTs5STU1MElSEC1IW8fdERiOtZ1GYd0bU3OvFrCj+lw1SM74MMi6T1KBkxSLDBZaLNFM8J4NkxBUaQ4ufI+GSMKqoKZAQygo4aY7Kznl4i9cvm26z4bkN77ZZb11VZGpwAqdwDh5cQAtuoA0dYDCHJ3iGF+vRerXerPef1hWrmjmCP7I+vgH/H5nk</latexit><latexit sha1_base64="4oac3lkH9X5MLnII5OXchcnfS7k=">AAACC3icbZC7TsNAEEXHPIN5GSgoaFZESFSRnQYqFImGMkjkIcVWtN5MwirrtbW7RoqsfAJfQQsVHaLlIyj4F2zjAhJudTV3ZmfnhIng2rjup7Wyura+sVnbsrd3dvf2nYPDro5TxbDDYhGrfkg1Ci6xY7gR2E8U0igU2Aun10Xee0CleSzvzCzBIKITycecUZOXhs6xz1AaVFxObI/4PrE1sliOhk7dbbilyLLxKlOHSu2h8+WPYpZG+WtMUK0HnpuYIKPKcCZwbvupxoSyKZ3gILeSRqiDrDxgTs5STU1MElSEC1IW8fdERiOtZ1GYd0bU3OvFrCj+lw1SM74MMi6T1KBkxSLDBZaLNFM8J4NkxBUaQ4ufI+GSMKqoKZAQygo4aY7Kznl4i9cvm26z4bkN77ZZb11VZGpwAqdwDh5cQAtuoA0dYDCHJ3iGF+vRerXerPef1hWrmjmCP7I+vgH/H5nk</latexit><latexit sha1_base64="4oac3lkH9X5MLnII5OXchcnfS7k=">AAACC3icbZC7TsNAEEXHPIN5GSgoaFZESFSRnQYqFImGMkjkIcVWtN5MwirrtbW7RoqsfAJfQQsVHaLlIyj4F2zjAhJudTV3ZmfnhIng2rjup7Wyura+sVnbsrd3dvf2nYPDro5TxbDDYhGrfkg1Ci6xY7gR2E8U0igU2Aun10Xee0CleSzvzCzBIKITycecUZOXhs6xz1AaVFxObI/4PrE1sliOhk7dbbilyLLxKlOHSu2h8+WPYpZG+WtMUK0HnpuYIKPKcCZwbvupxoSyKZ3gILeSRqiDrDxgTs5STU1MElSEC1IW8fdERiOtZ1GYd0bU3OvFrCj+lw1SM74MMi6T1KBkxSLDBZaLNFM8J4NkxBUaQ4ufI+GSMKqoKZAQygo4aY7Kznl4i9cvm26z4bkN77ZZb11VZGpwAqdwDh5cQAtuoA0dYDCHJ3iGF+vRerXerPef1hWrmjmCP7I+vgH/H5nk</latexit>

380 000
years

<latexit sha1_base64="yx/ZvWI5WxYws5iCqBbyxmIjma4=">AAACEHicbZC7TsMwFIadcivhVmCEwaJCYqqcMtAJVWJhLBK9SE1VnbinxarjRLaDVFVdeASeghUmNsTKGzDwLiShA7T806/zn+Pj8wWxFMYy9ukUVlbX1jeKm+7W9s7uXmn/oGWiRHNs8khGuhOAQSkUNq2wEjuxRggDie1gfJXl7XvURkTq1k5i7IUwUmIoONi01C8d+xyVRS3UyD2vMcoYo75P3QmCNv1SmVVYLrpsvLkpk7ka/dKXP4h4EqZPcgnGdD0W294UtBVc4sz1E4Mx8DGMsJtaBSGa3jS/YkZPEwM2ojFqKiTNi/h7YgqhMZMwSDtDsHdmMcuK/2XdxA5rvalQcWJR8WyRFRLzRYZrkeJBOhAarYXs50iFohw02IwLBZ4RSlJebsrDW7x+2bSqFY9VvJtquX45J1MkR+SEnBGPXJA6uSYN0iScPJAn8kxenEfn1Xlz3n9aC8585pD8kfPxDQhjmtg=</latexit><latexit sha1_base64="yx/ZvWI5WxYws5iCqBbyxmIjma4=">AAACEHicbZC7TsMwFIadcivhVmCEwaJCYqqcMtAJVWJhLBK9SE1VnbinxarjRLaDVFVdeASeghUmNsTKGzDwLiShA7T806/zn+Pj8wWxFMYy9ukUVlbX1jeKm+7W9s7uXmn/oGWiRHNs8khGuhOAQSkUNq2wEjuxRggDie1gfJXl7XvURkTq1k5i7IUwUmIoONi01C8d+xyVRS3UyD2vMcoYo75P3QmCNv1SmVVYLrpsvLkpk7ka/dKXP4h4EqZPcgnGdD0W294UtBVc4sz1E4Mx8DGMsJtaBSGa3jS/YkZPEwM2ojFqKiTNi/h7YgqhMZMwSDtDsHdmMcuK/2XdxA5rvalQcWJR8WyRFRLzRYZrkeJBOhAarYXs50iFohw02IwLBZ4RSlJebsrDW7x+2bSqFY9VvJtquX45J1MkR+SEnBGPXJA6uSYN0iScPJAn8kxenEfn1Xlz3n9aC8585pD8kfPxDQhjmtg=</latexit><latexit sha1_base64="yx/ZvWI5WxYws5iCqBbyxmIjma4=">AAACEHicbZC7TsMwFIadcivhVmCEwaJCYqqcMtAJVWJhLBK9SE1VnbinxarjRLaDVFVdeASeghUmNsTKGzDwLiShA7T806/zn+Pj8wWxFMYy9ukUVlbX1jeKm+7W9s7uXmn/oGWiRHNs8khGuhOAQSkUNq2wEjuxRggDie1gfJXl7XvURkTq1k5i7IUwUmIoONi01C8d+xyVRS3UyD2vMcoYo75P3QmCNv1SmVVYLrpsvLkpk7ka/dKXP4h4EqZPcgnGdD0W294UtBVc4sz1E4Mx8DGMsJtaBSGa3jS/YkZPEwM2ojFqKiTNi/h7YgqhMZMwSDtDsHdmMcuK/2XdxA5rvalQcWJR8WyRFRLzRYZrkeJBOhAarYXs50iFohw02IwLBZ4RSlJebsrDW7x+2bSqFY9VvJtquX45J1MkR+SEnBGPXJA6uSYN0iScPJAn8kxenEfn1Xlz3n9aC8585pD8kfPxDQhjmtg=</latexit><latexit sha1_base64="yx/ZvWI5WxYws5iCqBbyxmIjma4=">AAACEHicbZC7TsMwFIadcivhVmCEwaJCYqqcMtAJVWJhLBK9SE1VnbinxarjRLaDVFVdeASeghUmNsTKGzDwLiShA7T806/zn+Pj8wWxFMYy9ukUVlbX1jeKm+7W9s7uXmn/oGWiRHNs8khGuhOAQSkUNq2wEjuxRggDie1gfJXl7XvURkTq1k5i7IUwUmIoONi01C8d+xyVRS3UyD2vMcoYo75P3QmCNv1SmVVYLrpsvLkpk7ka/dKXP4h4EqZPcgnGdD0W294UtBVc4sz1E4Mx8DGMsJtaBSGa3jS/YkZPEwM2ojFqKiTNi/h7YgqhMZMwSDtDsHdmMcuK/2XdxA5rvalQcWJR8WyRFRLzRYZrkeJBOhAarYXs50iFohw02IwLBZ4RSlJebsrDW7x+2bSqFY9VvJtquX45J1MkR+SEnBGPXJA6uSYN0iScPJAn8kxenEfn1Xlz3n9aC8585pD8kfPxDQhjmtg=</latexit>

⇠ 10�32

seconds
<latexit sha1_base64="B5nzgPwVtp35TLh6xqxAx/mgBLM=">AAACGnicbZC7TsMwFIadcivhFmBksWhBLFRJGWBClVgYi0QvUhMqxz0tFrYT2Q5SFfUNeASeghUmNsTKwsC7kIQO0PJPv85/jo/PF8acaeO6n1ZpYXFpeaW8aq+tb2xuOds7bR0likKLRjxS3ZBo4ExCyzDDoRsrICLk0AnvLvK8cw9Ks0hem3EMgSAjyYaMEpOV+s6hT0EaUEyO7KqvmcCee5Men9QnVez72NZAIznQfafi1txCeN54U1NBUzX7zpc/iGgisscpJ1r3PDc2QUqUYZTDxPYTDTGhd2QEvcxKIkAHaXHPBB8kmpgIx6Aw47gowu+JlAitxyLMOgUxt3o2y4v/Zb3EDM+ClMk4MSBpvsgwDsUiTRXLQAEeMAXGkPzngJnElChickKY0JxVkpGzMx7e7PXzpl2veW7Nu6pXGudTMmW0h/bREfLQKWqgS9RELUTRA3pCz+jFerRerTfr/ae1ZE1ndtEfWR/f6vmfEg==</latexit><latexit sha1_base64="B5nzgPwVtp35TLh6xqxAx/mgBLM=">AAACGnicbZC7TsMwFIadcivhFmBksWhBLFRJGWBClVgYi0QvUhMqxz0tFrYT2Q5SFfUNeASeghUmNsTKwsC7kIQO0PJPv85/jo/PF8acaeO6n1ZpYXFpeaW8aq+tb2xuOds7bR0likKLRjxS3ZBo4ExCyzDDoRsrICLk0AnvLvK8cw9Ks0hem3EMgSAjyYaMEpOV+s6hT0EaUEyO7KqvmcCee5Men9QnVez72NZAIznQfafi1txCeN54U1NBUzX7zpc/iGgisscpJ1r3PDc2QUqUYZTDxPYTDTGhd2QEvcxKIkAHaXHPBB8kmpgIx6Aw47gowu+JlAitxyLMOgUxt3o2y4v/Zb3EDM+ClMk4MSBpvsgwDsUiTRXLQAEeMAXGkPzngJnElChickKY0JxVkpGzMx7e7PXzpl2veW7Nu6pXGudTMmW0h/bREfLQKWqgS9RELUTRA3pCz+jFerRerTfr/ae1ZE1ndtEfWR/f6vmfEg==</latexit><latexit sha1_base64="B5nzgPwVtp35TLh6xqxAx/mgBLM=">AAACGnicbZC7TsMwFIadcivhFmBksWhBLFRJGWBClVgYi0QvUhMqxz0tFrYT2Q5SFfUNeASeghUmNsTKwsC7kIQO0PJPv85/jo/PF8acaeO6n1ZpYXFpeaW8aq+tb2xuOds7bR0likKLRjxS3ZBo4ExCyzDDoRsrICLk0AnvLvK8cw9Ks0hem3EMgSAjyYaMEpOV+s6hT0EaUEyO7KqvmcCee5Men9QnVez72NZAIznQfafi1txCeN54U1NBUzX7zpc/iGgisscpJ1r3PDc2QUqUYZTDxPYTDTGhd2QEvcxKIkAHaXHPBB8kmpgIx6Aw47gowu+JlAitxyLMOgUxt3o2y4v/Zb3EDM+ClMk4MSBpvsgwDsUiTRXLQAEeMAXGkPzngJnElChickKY0JxVkpGzMx7e7PXzpl2veW7Nu6pXGudTMmW0h/bREfLQKWqgS9RELUTRA3pCz+jFerRerTfr/ae1ZE1ndtEfWR/f6vmfEg==</latexit><latexit sha1_base64="B5nzgPwVtp35TLh6xqxAx/mgBLM=">AAACGnicbZC7TsMwFIadcivhFmBksWhBLFRJGWBClVgYi0QvUhMqxz0tFrYT2Q5SFfUNeASeghUmNsTKwsC7kIQO0PJPv85/jo/PF8acaeO6n1ZpYXFpeaW8aq+tb2xuOds7bR0likKLRjxS3ZBo4ExCyzDDoRsrICLk0AnvLvK8cw9Ks0hem3EMgSAjyYaMEpOV+s6hT0EaUEyO7KqvmcCee5Men9QnVez72NZAIznQfafi1txCeN54U1NBUzX7zpc/iGgisscpJ1r3PDc2QUqUYZTDxPYTDTGhd2QEvcxKIkAHaXHPBB8kmpgIx6Aw47gowu+JlAitxyLMOgUxt3o2y4v/Zb3EDM+ClMk4MSBpvsgwDsUiTRXLQAEeMAXGkPzngJnElChickKY0JxVkpGzMx7e7PXzpl2veW7Nu6pXGudTMmW0h/bREfLQKWqgS9RELUTRA3pCz+jFerRerTfr/ae1ZE1ndtEfWR/f6vmfEg==</latexit>

Energy
1028 eV

<latexit sha1_base64="CoMoirjQZTUAKpY+r3TB+mNp9Zs=">AAACB3icbVC7TsNAEDyHVwgvQ0qaExESBYrsgETKCBrKIJGHFIfofNmEU84P3a2RIssfwFfQQkWHaPkMCv4F27iAhKlGM7va2XFDKTRa1qdRWlldW98ob1a2tnd298z9g64OIsWhwwMZqL7LNEjhQwcFSuiHCpjnSui5s6vM7z2A0iLwb3EewtBjU19MBGeYSiOzalt3caOZUOeUxo7yKHSTkVmz6lYOukzsgtRIgfbI/HLGAY888JFLpvXAtkIcxkyh4BKSihNpCBmfsSkMUuozD/QwzsMn9DjSDAMagqJC0lyE3xsx87See2466TG814teJv7nDSKcNIex8MMIwefZIRQS8kOaK5G2AnQsFCCyLDlQ4VPOFEMEJSjjPBWjtKZK2oe9+P0y6Tbq9lm9cXNea10WzZTJITkiJ8QmF6RFrkmbdAgnc/JEnsmL8Wi8Gm/G+89oySh2quQPjI9vXqCX6Q==</latexit>

10�33 eV
<latexit sha1_base64="ec989knEvuMakDZXysNf+VclV3w=">AAACCHicbVC7TsNAEDyHVwiv8OhoTkRIFBDZCRKUETSUQSIPKTbR+bIJp5zP1t0aKVj+Ab6CFio6RMtfUPAvOCEFJEw1mtnVzo4fSWHQtj+t3MLi0vJKfrWwtr6xuVXc3mmaMNYcGjyUoW77zIAUChooUEI70sACX0LLH16O/dY9aCNCdYOjCLyADZToC84wk7rFPce+TU6q1ZS6xzRxdUChmXaLJbtsT0DniTMlJTJFvVv8cnshjwNQyCUzpuPYEXoJ0yi4hLTgxgYixodsAJ2MKhaA8ZJJ+pQexoZhSCPQVEg6EeH3RsICY0aBn00GDO/MrDcW//M6MfbPvUSoKEZQfHwIhYTJIcO1yGoB2hMaENk4OVChKGeaIYIWlHGeiXHWUyHrw5n9fp40K2WnWq5cn5ZqF9Nm8mSfHJAj4pAzUiNXpE4ahJMH8kSeyYv1aL1ab9b7z2jOmu7skj+wPr4Bx2OYHA==</latexit>
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The modern picture of our Universe

Cosmology from Home 2020

CMB-S4

( and many more… )
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In search of Dark Energy

Cosmology from Home 2020

O(100) models have been tested

How did we do so far?
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In search of Dark Energy

Cosmology from Home 2020

O(100) models have been tested

How did we do so far?

five models detected at 2 sigma
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In search of Dark Energy

Cosmology from Home 2020

O(100) models have been tested

How did we do so far?

five models detected at 2 sigma

one model detected at 3 sigma
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In search of Dark Energy

Cosmology from Home 2020

O(100) models have been tested

How did we do so far?

five models detected at 2 sigma

one model detected at 3 sigma

Not even one
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In search of Dark Energy

Cosmology from Home 2020

O(100) models have been tested

How did we do so far?

five models detected at 2 sigma

one model detected at 3 sigma

Not even one
correlated trials
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In search of Dark Energy

Cosmology from Home 2020

O(100) models have been tested

How did we do so far?

five models detected at 2 sigma

one model detected at 3 sigma

Not even one
correlated trials

in the wrong direction
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EFT approach to Dark Energy

Cosmology from Home 2020

When it comes to DE and MG we have poor theoretical guidance

… but we have plenty data power …
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EFT approach to Dark Energy

Cosmology from Home 2020

When it comes to DE and MG we have poor theoretical guidance

Bottom-up approach

“Blind” Effective Field Theory techniques

( arXiv:1210.0201, arXiv:1211.7054 and the EFT of inflation literature, arXiv:1907.03150 for a review )

… but we have plenty data power …
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EFT approach to Dark Energy

Cosmology from Home 2020

symmetries of FRW linear cosmological scales

Most general description of Gravity and DE 
models compatible with FRW symmetries

( arXiv:1210.0201, arXiv:1211.7054 and the EFT of inflation literature, arXiv:1907.03150 for a review )
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{⇤(t),M2
P (t),↵K(t),↵B(t),↵T (t)}

<latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit><latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit><latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit><latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit>
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EFT approach to Dark Energy

Cosmology from Home 2020

Gravity and DE models at linear scales:
 one extra scalar

 at most two derivatives
universal and minimal coupling to matter (WEP)

( Gubitosi et al arXiv:1210.0201, Bloomfield et al arXiv:1211.7054, Bellini and Sawicki arXiv:1404.3713 )
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{⇤(t),M2
P (t),↵K(t),↵B(t),↵T (t)}

<latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit><latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit><latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit><latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit>

14

EFT approach to Dark Energy

Cosmology from Home 2020

Gravity and DE models at linear scales:
 one extra scalar

 at most two derivatives
universal and minimal coupling to matter (WEP)

( Gubitosi et al arXiv:1210.0201, Bloomfield et al arXiv:1211.7054, Bellini and Sawicki arXiv:1404.3713 )

Cosmological constant
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{⇤(t),M2
P (t),↵K(t),↵B(t),↵T (t)}

<latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit><latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit><latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit><latexit sha1_base64="UArNszMAm4TB/5vOt6aEVYXng0E=">AAACNXicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Bj1IqgQwSRCNi69k1YHZx/M9Aphyff4CX6FV8WDN/HqLzhZc4iPOlVXddPdFaZKGnLdV2dsfGJyanpmtjQ3v7C4VF5eaZok0wIbIlGJvgzBoJIxNkiSwstUI0ShwlZ4dzTwW/eojUziC+ql2IngJpbXUgBZKSgf+Dn3T21/FzZpa5ufBfWrnYL5oNJbCE5Gi8PR4sIW3O8H5YpbdQvwv8Qbkgoboh6U3/xuIrIIYxIKjGl7bkqdHDRJobBf8jODKYg7uMG2pTFEaDp58Wqfb2QGKOEpai4VL0QcncghMqYXhbYzAro1v72B+J/Xzuh6v5PLOM0IYzFYRFJhscgILW2GyLtSIxEMLkcuYy5AAxFqyUEIK2Y21JLNw/v9/V/S3Kl6btU7363UDofJzLA1ts42mcf2WI0dszprMMEe2BN7Zi/Oo/PmvDsf361jznBmlf2A8/kFtnioAA==</latexit>
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EFT approach to Dark Energy

Cosmology from Home 2020

Gravity and DE models at linear scales:
 one extra scalar

 at most two derivatives
universal and minimal coupling to matter (WEP)

( Gubitosi et al arXiv:1210.0201, Bloomfield et al arXiv:1211.7054, Bellini and Sawicki arXiv:1404.3713 )

Cosmological constant

Planck mass
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{⇤(t),M2
P (t),↵K(t),↵B(t),↵T (t)}
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EFT approach to Dark Energy

Cosmology from Home 2020

Gravity and DE models at linear scales:
 one extra scalar

 at most two derivatives
universal and minimal coupling to matter (WEP)

( Gubitosi et al arXiv:1210.0201, Bloomfield et al arXiv:1211.7054, Bellini and Sawicki arXiv:1404.3713 )

Cosmological constant

Planck mass

Kinetic energy
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EFT approach to Dark Energy

Cosmology from Home 2020

Gravity and DE models at linear scales:
 one extra scalar

 at most two derivatives
universal and minimal coupling to matter (WEP)

( Gubitosi et al arXiv:1210.0201, Bloomfield et al arXiv:1211.7054, Bellini and Sawicki arXiv:1404.3713 )

Cosmological constant

Planck mass

Kinetic energy

Derivative couplings
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EFT approach to Dark Energy

Cosmology from Home 2020

Gravity and DE models at linear scales:
 one extra scalar

 at most two derivatives
universal and minimal coupling to matter (WEP)

( Gubitosi et al arXiv:1210.0201, Bloomfield et al arXiv:1211.7054, Bellini and Sawicki arXiv:1404.3713 )

Cosmological constant

Planck mass

Kinetic energy Speed of GWs

Derivative couplings
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Measuring functions of time from the data

Cosmology from Home 2020

Measuring functions of time from the data?

Space of 1d functions is infinite dimensional
Our data is (inconveniently) finite

Descope: reconstruct over band-limited 
functions
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Measuring functions of time from the data

Cosmology from Home 2020

Descope: reconstruct over band-limited 
functions

Gaussian processes and machine learning

Descope: reconstruct over band-limited 
functions

( with some differences: non-Gaussian posterior, not working directly in data space )
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Smoothness priors as a low pass filter

Cosmology from Home 2020
( R.Crittenden, GB.Zhao, L.Pogosian et al., arXiv:1112.1693 and some Gaussian process literature )

10°3 10°2 10°1 100 101 102
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100
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Model training

Cosmology from Home 2020
( MR, P.Bull, A.Silvestri, L.Pogosian, arXiv:1703.05297, J.Espejo, S.Peirone, MR, K.Koyama, L.Pogosian, A.Silvestri, arXiv:1809.01121 )

Training on (some billions of) existing models:
1/3 of an e-fold is a good time-scale
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Gearing up for the task

Cosmology from Home 2020
( a lot of hard work with G. Benevento, N.Frusciante, B.Hu, S.Peirone, A.Silvestri )

Noemi
Frusciante

Bin
Hu

Simone
Peirone

Giampaolo
Benevento

Alessandra
Silvestri
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Gearing up for the task

Cosmology from Home 2020

Planck CMB temperature, polarization and lensing


Supernovae (Pantheon)


BAO measurements (BOSS)


Local Hubble constant measurements


(linear) CFHTLenS shear measurements

Stack all available data power
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d) reconstruction
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Complete gravity reconstruction

Cosmology from Home 2020
( MR, arXiv:1902.01366 )
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Complete gravity reconstruction

Cosmology from Home 2020
( MR, arXiv:1902.01366 )
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Complete gravity reconstruction

Cosmology from Home 2020
( MR, arXiv:1902.01366 )
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<latexit sha1_base64="Z55o0fInyfTDWPG8E5xZdPPeOAc=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBYhd0gmEYIamElEcwDkiXcndzEIbMPZ+4KIaTwK2y1shNbP8XCf3E3bqGJpzqccy/33ONFShqy7U8rt7S8srqWXy9sbG5t7xR395omjLXAhghVqNseGFQywAZJUtiONILvKWx5o4vUbz2gNjIMbmkcoevDMJADKYASye1eoiLg1/yMV6q9Ysku2zPwReJkpMQy1HvFr24/FLGPAQkFxnQcOyJ3ApqkUDgtdGODEYgRDLGT0AB8NO5kFnrKj2IDFPIINZeKz0T8vTEB35ix7yWTPtCdmfdS8T+vE9Og6k5kEMWEgUgPkVQ4O2SElkkbyPtSIxGkyZHLgAvQQIRachAiEeOknkLShzP//SJpVsqOXXZuTkq186yZPDtgh+yYOeyU1dgVq7MGE+yePbFn9mI9Wq/Wm/X+M5qzsp199gfWxzc/Z5Uc</latexit><latexit sha1_base64="Z55o0fInyfTDWPG8E5xZdPPeOAc=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBYhd0gmEYIamElEcwDkiXcndzEIbMPZ+4KIaTwK2y1shNbP8XCf3E3bqGJpzqccy/33ONFShqy7U8rt7S8srqWXy9sbG5t7xR395omjLXAhghVqNseGFQywAZJUtiONILvKWx5o4vUbz2gNjIMbmkcoevDMJADKYASye1eoiLg1/yMV6q9Ysku2zPwReJkpMQy1HvFr24/FLGPAQkFxnQcOyJ3ApqkUDgtdGODEYgRDLGT0AB8NO5kFnrKj2IDFPIINZeKz0T8vTEB35ix7yWTPtCdmfdS8T+vE9Og6k5kEMWEgUgPkVQ4O2SElkkbyPtSIxGkyZHLgAvQQIRachAiEeOknkLShzP//SJpVsqOXXZuTkq186yZPDtgh+yYOeyU1dgVq7MGE+yePbFn9mI9Wq/Wm/X+M5qzsp199gfWxzc/Z5Uc</latexit><latexit sha1_base64="Z55o0fInyfTDWPG8E5xZdPPeOAc=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBYhd0gmEYIamElEcwDkiXcndzEIbMPZ+4KIaTwK2y1shNbP8XCf3E3bqGJpzqccy/33ONFShqy7U8rt7S8srqWXy9sbG5t7xR395omjLXAhghVqNseGFQywAZJUtiONILvKWx5o4vUbz2gNjIMbmkcoevDMJADKYASye1eoiLg1/yMV6q9Ysku2zPwReJkpMQy1HvFr24/FLGPAQkFxnQcOyJ3ApqkUDgtdGODEYgRDLGT0AB8NO5kFnrKj2IDFPIINZeKz0T8vTEB35ix7yWTPtCdmfdS8T+vE9Og6k5kEMWEgUgPkVQ4O2SElkkbyPtSIxGkyZHLgAvQQIRachAiEeOknkLShzP//SJpVsqOXXZuTkq186yZPDtgh+yYOeyU1dgVq7MGE+yePbFn9mI9Wq/Wm/X+M5qzsp199gfWxzc/Z5Uc</latexit><latexit sha1_base64="Z55o0fInyfTDWPG8E5xZdPPeOAc=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBYhd0gmEYIamElEcwDkiXcndzEIbMPZ+4KIaTwK2y1shNbP8XCf3E3bqGJpzqccy/33ONFShqy7U8rt7S8srqWXy9sbG5t7xR395omjLXAhghVqNseGFQywAZJUtiONILvKWx5o4vUbz2gNjIMbmkcoevDMJADKYASye1eoiLg1/yMV6q9Ysku2zPwReJkpMQy1HvFr24/FLGPAQkFxnQcOyJ3ApqkUDgtdGODEYgRDLGT0AB8NO5kFnrKj2IDFPIINZeKz0T8vTEB35ix7yWTPtCdmfdS8T+vE9Og6k5kEMWEgUgPkVQ4O2SElkkbyPtSIxGkyZHLgAvQQIRachAiEeOknkLShzP//SJpVsqOXXZuTkq186yZPDtgh+yYOeyU1dgVq7MGE+yePbFn9mI9Wq/Wm/X+M5qzsp199gfWxzc/Z5Uc</latexit>

Number of extra measured parameters:
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Role of the Hubble constant tension

( MR, arXiv:1902.01366 )

This is doing part of 
the H0 tension

H0=71 vs H0=73.5

Cosmology from Home 2020

best fit reconstruction

Observational no-go
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Role of the Hubble constant tension

( MR, arXiv:1902.01366 )

relies on this 
small feature

Cosmology from Home 2020

In model space this is 
achieved by changing 

both           and            ,    
and stabilizing the 

model with             . 

MP (z)
<latexit sha1_base64="clp2hMypAM88r8c8YK/kZo6QpR0=">AAAB+HicbVC7TsNAEDyHVwivACXNiQgpNJEdkKCMoKFBChJ5SIkVnS+bcOR8tu7WSImVf6CFig7R8jcU/Au2cQGBqUYzu9rZ8UIpDNr2h1VYWl5ZXSuulzY2t7Z3yrt7bRNEmkOLBzLQXY8ZkEJBCwVK6IYamO9J6HiTy9TvPIA2IlC3OA3B9dlYiZHgDBOpfT1oVmfHg3LFrtkZ6F/i5KRCcjQH5c/+MOCRDwq5ZMb0HDtEN2YaBZcwL/UjAyHjEzaGXkIV88G4cZZ2To8iwzCgIWgqJM1E+LkRM9+Yqe8lkz7DO7PopeJ/Xi/C0bkbCxVGCIqnh1BIyA4ZrkVSA9Ch0IDI0uRAhaKcaYYIWlDGeSJGSS+lpA9n8fu/pF2vOSe1+s1ppXGRN1MkB+SQVIlDzkiDXJEmaRFO7skjeSLP1sx6sV6tt+/RgpXv7JNfsN6/AE+bkwY=</latexit>

↵B(z)
<latexit sha1_base64="KtPcTHY9+I6RIrYn22sPsGXbLBs=">AAAB/XicbVA9TwJBEN3DL8Qv1NJmIzHBhtyhiZYEG0tMBEzgQuaWATbsfWR3zgQvxF9hq5WdsfW3WPhfvEMKBV/18t5M5s3zIiUN2fanlVtZXVvfyG8WtrZ3dveK+wctE8ZaYFOEKtR3HhhUMsAmSVJ4F2kE31PY9sZXmd++R21kGNzSJELXh2EgB1IApVKnCyoaQa9efjjtFUt2xZ6BLxNnTkpsjkav+NXthyL2MSChwJiOY0fkJqBJCoXTQjc2GIEYwxA7KQ3AR+Mms8hTfhIboJBHqLlUfCbi740EfGMmvpdO+kAjs+hl4n9eJ6bBpZvIIIoJA5EdIqlwdsgILdMukPelRiLIkiOXAReggQi15CBEKsZpOYW0D2fx+2XSqlacs0r15rxUq8+bybMjdszKzGEXrMauWYM1mWAhe2LP7MV6tF6tN+v9ZzRnzXcO2R9YH99BzJU/</latexit>

⇤(z)
<latexit sha1_base64="Q1gac4lSYsUdyhYm+yEueeHEtfg=">AAAB/HicbVA9TwJBEN3DL8Qv1NJmIzHBhtypiZZEGwsLTOQjAiFzy4Ab9vYuu3MmeMFfYauVnbH1v1j4XzyQQsFXvbz3JjPz/EhJS6776WQWFpeWV7KrubX1jc2t/PZOzYaxEVgVoQpNwweLSmqskiSFjcggBL7Cuj+4GPv1ezRWhvqGhhG2A+hr2ZMCKJVuW1dptAvFh8NOvuCW3An4PPGmpMCmqHTyX61uKOIANQkF1jY9N6J2AoakUDjKtWKLEYgB9LGZUg0B2nYyuXjED2ILFPIIDZeKT0T8PZFAYO0w8NNkAHRnZ72x+J/XjKl31k6kjmJCLcaLSCqcLLLCyLQK5F1pkAjGlyOXmgswQIRGchAiFeO0m1zahzf7/TypHZW849LR9UmhfD5tJsv22D4rMo+dsjK7ZBVWZYJp9sSe2Yvz6Lw6b877TzTjTGd22R84H995KJTP</latexit>
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The role of BAO

( MR, arXiv:1902.01366 )

improved fit 
to SN and BAO

this is the 
small feature

Cosmology from Home 2020

Feature to look at as
data improves 
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Summary and outlook

Cosmology from Home 2020

There is enough data power to constrain DE and Gravity 
on cosmological scales, as a function of time. What did 
we learn for specific models?


Current constraints are still O(10%). Future constraints? 

Guaranteed to find features in the data (if there). Will they 
remain there?


At present observational no-go for late time solutions of 
the Hubble constant tension
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Summary and outlook

Cosmology from Home 2020
( Reinterpretation of Galileo’s leaning tower of Pisa experiment )

Learning gravity

Testing gravity

Practical feasibility scales 
logarithmically


