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The plan

Is this the end of cosmic concordance?

The standard cosmological model

The Hubble constant tension

Tension detection  
…when things get complicated…

Growth tensions
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The Standard 
Cosmological  

Model
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The universe as a physics laboratory

( Based on ESA cosmic history )

Inflation Hydrogen

Recombination

Dark 

Matter

Dark Energy

The Planck scale The Horizon

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>
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High resolution pictures of our Universe

( from the Planck satellite )

Snapshot of the burning universe 300k years 
after the big bang
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High resolution pictures of our Universe

Dark Energy Survey

( from the Dark Energy Survey )

Snapshot of cosmic structures ~14 billion 

years  later…
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The modern picture of our Universe

( according to all cosmological data sets we have now… )

Dark Matter
25%

Dark Energy
70%

Ordinary matter
5%

⇤CDM
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Inferred at about 1% precision
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The modern picture of our Universe

( a small Marco close to the surveys I am involved in… )

CMB-S4
SIMONS OBSERVATORY

Dark Energy 

Spectroscopic 


Instrument

Dark Energy Survey

WMAP
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The Hubble  
tension
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The Hubble constant tension:



The Hubble constant has physical 

dimensions [ ]

Absolute (not relative) calibration of 

the expansion rate

H0 [km/s/Mpc]

T−1

( image credit NASA/WMAP Science Team )
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The Hubble constant tension: direct measurement

Measure distance of ~ nearby objects, measure redshifts 
 km/s/Mpc→ H0 = 73.15 ± 0.97

( Hubble's 1929 paper and arXiv:2208.01045 )

Conceptually not (too) different from original method
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The Hubble constant tension: direct measurement

Today’s more complicated distance ladder to mitigate systematics:

tradeoff between going far and going faint 

( image credit NASA )
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The Hubble constant tension: CMB inference

( image credit NASA )

Take a Fourier transform (on the sphere..) 

4th KMI school 2022



 
 

Marco Raveri 14

Consonance and dissonance

( Planck 2018 cosmological parameters, arXiv:1807.06209 )
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Consonance and dissonance: gravitational ringing

( credit Wayne Hu )

Potential wells = inflationary seeds of structure

Photons and baryons fall into wells

 pressure due to Thompson scattering resists: 


acoustic oscillations

4th KMI school 2022



 
 

Marco Raveri 16

Consonance and dissonance: seeing sound

( Planck 2018 cosmological parameters, arXiv:1807.06209 )
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Consonance and dissonance: timbre of the Universe

 (physical and relative densities)


Peak heights and pre-recombination physics: 

 and   sound horizon

ρX ∼ ΩXh2

Ωrh2, Ωbh2 Ωdmh2 → rs

Conceptually like a musical instrument:

different instruments (models) playing the same pitch are 

distinguished by the structure of the spectrum 
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Consonance and dissonance: timbre of the Universe

( image credit Tristan Smith ) 

Angular scale and distance to recombination: Ωdm + Ωb

 θs = rs/D ≃ rsH0

  km/s/MpcH0 = 67.4 ± 0.5
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Gaussian estimators of 1D tensions

The usual recipe

(exact for Gaussian models with only 1 parameter) 

1D parameter shifts

T1 ⌘ |✓1 � ✓2|p
�2
1 + �2

2
<latexit sha1_base64="G7G8nrvWsOpzaHL28gfltOeJr7c="></latexit>

( can be shown to be unique in 1D )
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The Hubble constant tension:

discrepancy between early and late

time calibration of distances detected at


 

∼ 8 %

∼ 5σ

From CMB inference  km/s/MpcH0 = 67.4 ± 0.5

 From direct measurement  km/s/MpcH0 = 73.15 ± 0.97
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Measuring tensions
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Agreement or disagreement?

Seemingly easy question: do experiments agree?

( Based on some work in DES )
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Testing concordance: the challenges

( for the cosmologists, it is Euclid )

data complexity

Example of a data vector 

for a next generation 

experiment 


…  data points!O(106)
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Testing concordance: the challenges

Complicated models come with 
high dimensional parameter 

spaces.


In cosmology it is customary to work with 
~30-50 parameters.


Only 6 are related to fundamental physics.

model complexity
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Testing concordance: the challenges

0.01 0.02 0.03 0.04
≠bh2

P
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0.0 0.2 0.4
≠ch2

0.8 0.9 1.0 1.1 1.2
100µMC

Projections of the parameter space might hide discrepancies

What are these data sets?

Do they agree?
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Testing concordance: the challenges
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≠ch2

0.8 0.9 1.0 1.1 1.2
100µMC

Projections of the parameter space might hide discrepancies

What are these data sets? Planck CMB and local Hubble constant

Do they agree? No, to 5 sigma
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Testing concordance: the challenges

( made up posteriors from Lemos, MR et al arXiv:2012.09554 )

What is going on?

°0.5 0.0 0.5

µ1

°0.5

0.0

0.5

µ 2

°0.5 0.0 0.5

µ2

data set A

data set B
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Testing concordance: the challenges

( made up posteriors from Lemos, MR et al arXiv:2012.09554 )

We are being tricked by low dimensional projections

°0.5 0.0 0.5

µ1

°0.5

0.0

0.5

µ 2

°0.5 0.0 0.5

µ2

data set A

data set B
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Testing concordance: the tools of the trade

Theoretical papers that I will talk about:


• Raveri and Hu, “Concordance and Discordance in Cosmology”  
arXiv 1806.04649


• Raveri, Zacharegkas, Hu, “Quantifying concordance of correlated cosmological 
data sets” arXiv 1912.04880


• Raveri and Doux, “Non-Gaussian estimates of tensions in cosmological 
parameters” arXiv  2105.03324

Code implementation (in Python, with several example notebooks)

Relies on GetDist for handling parameter distributions

…and tensorflow for ML methods … which complicates installation...
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Gaussian estimators: parameter differences 1D

The usual recipe

(exact for Gaussian models with only 1 parameter) 

1D parameter shifts

T1 ⌘ |✓1 � ✓2|p
�2
1 + �2

2
<latexit sha1_base64="G7G8nrvWsOpzaHL28gfltOeJr7c="></latexit>
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Gaussian estimators: parameter differences ND

( see R&H 1806.04649 for the proof )

ND parameter shifts

QDM ⌘ (✓1p � ✓2p)
T (Cp1 + Cp2 � Cp1C�1

⇧ Cp2 � Cp2C�1
⇧ Cp1)�1(✓1p � ✓2p)

⇠�2(rank[Cp1 + Cp2 � Cp1C�1
⇧ Cp2 � Cp2C�1

⇧ Cp1]) .

Significantly more complicated…


The complication arises from the removal of the prior. 

A prior constrained parameter combination cannot 

contribute to tensions…


I am still searching for a numerically reliable way of 
computing this…
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Gaussian estimators: parameter differences ND

( see R&H 1806.04649 for the proof )

ND parameter shifts (in update form)

Same as standard parameter shifts, kind of magic…


Weights directions that dataset 2 improves over 1, in this way 
can be computed reliably


Offers mitigation of non-Gaussianities 

(1 can be the most Gaussian of the two datasets)
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Gaussian estimators: compatibility with the prior

ND prior compatibility

The update parameter shift estimator offers a nice additional 
internal consistency check


Sometimes we have Gaussian priors and the posterior is an 
update of the prior

QUDM ⌘ (✓⇧ � ✓p)
T (C⇧ � Cp)�1(✓⇧ � ✓p)

<latexit sha1_base64="zl5Z2mRwpXNOsJq9MKJMhTLEO/M="></latexit>
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Non-gaussian estimators: parameter differences

( Raveri & Hu arXiv:1806.04649, Raveri & Doux arXiv:2105.03324 )

Full dimensional distribution of differences in parameters

P1(✓1)P2(✓2)
<latexit sha1_base64="K1VVUaG8XApNthcxXfGRb5kpFWY=">AAACD3icbVC7TgJREL3rE/GFWtLcSEygIbtooiXRxhITeSRANrOXAW64+8i9syaEUPgJfoWtVnbG1k+w8F9ccE0UPNWZc2YyM8eLlDRk2x/Wyura+sZmZiu7vbO7t587OGyYMNYC6yJUoW55YFDJAOskSWEr0gi+p7Dpja5mfvMOtZFhcEvjCLs+DALZlwIokdxcvuY6xQ4NkcB1SrzmVn6qSsnNFeyyPQdfJk5KCixFzc19dnqhiH0MSCgwpu3YEXUnoEkKhdNsJzYYgRjBANsJDcBH053Mn5jyk9gAhTxCzaXicxF/T0zAN2bse0mnDzQ0i95M/M9rx9S/6E5kEMWEgZgtIqlwvsgILZN0kPekRiKYXY5cBlyABiLUkoMQiRgncWWTPJzF75dJo1J2TsuVm7NC9TJNJsPy7JgVmcPOWZVdsxqrM8Hu2SN7Ys/Wg/VivVpv360rVjpzxP7Aev8CxoWayg==</latexit>

P1(✓1)P2(✓1 ��✓)
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P (�✓) =

Z
P1(✓1)P2(✓1 ��✓)d✓1

<latexit sha1_base64="vAsQ/F8e3kKaXl4kQ7vM22bHxK4="></latexit>

Start with:

change variables:

integrate out

Distrib
ution of 


parameter differences
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Non-gaussian estimators: parameter differences

( Raveri & Hu arXiv:1806.04649, Raveri & Doux arXiv:2105.03324 )

P (�✓) =

Z
P1(✓1)P2(✓1 ��✓)d✓1

<latexit sha1_base64="vAsQ/F8e3kKaXl4kQ7vM22bHxK4="></latexit>

� =

Z

P (�✓)>P (0)
P (�✓)d�✓
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Our goal:

Distribution of 


parameter differences

Probability of non-zero 

difference
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Parameter differences: the bad news…

P (�✓) =

Z
P1(✓1)P2(✓1 ��✓)d✓1

<latexit sha1_base64="vAsQ/F8e3kKaXl4kQ7vM22bHxK4="></latexit>

Usually very high dimensional integral

� =

Z

P (�✓)>P (0)
P (�✓)d�✓
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Usually very high dimensional integral

Distribution of 


parameter differences

Probability of non-zero 

difference
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First integral can be done from MCMC chains:

difference of samples is a sample of parameter 

differences

37

Parameter differences in practice

( Raveri and Doux arXiv:2105.03324 )

P (�✓) =

Z
P1(✓1)P2(✓1 ��✓)d✓1

<latexit sha1_base64="vAsQ/F8e3kKaXl4kQ7vM22bHxK4="></latexit>

Usually very high dimensional integral

Distribution of 


parameter differences
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Second integral can be done with KDE but is very expensive

38

Parameter differences in practice

( Raveri and Doux arXiv:2105.03324 )

� =

Z

P (�✓)>P (0)
P (�✓)d�✓
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Naive algorithm is N^2 (not doable) 
R&D arXiv:2105.03324 has the NlogN algorithm which is still 

very expensive (curse of dimensionality of KDEs)

Probability of non-zero 

difference
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Parameter differences and machine learning

( Raveri and Doux arXiv:2105.03324 )

Solution: 

learn the parameter 

difference posterior


…then MC integrate

P (�✓)
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difference
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Normalizing flows

( Papamakarios, Pavlakou, Murray arXiv:1705.07057 )

MAF normalizing flows

y1 =µ1 + �1z1

yi =µ(y1...i�1) + �(y1...i�1)zi
<latexit sha1_base64="E5o7VIvx2SIBsF/v++vT9PH0Z/0="></latexit>

Stacked with permutations to ensure no coordinate is unlucky
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Normalizing flows performances

( Raveri and Doux arXiv:2105.03324 )

…trained PDFs are indistinguishable from real (KDE) ones…
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Normalizing flows performances

( Raveri and Doux arXiv:2105.03324 )

Matches or outperforms KDE based methods in all our tests
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End to end consistency check pipeline

Computational tools

With several examples
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Growth tension(s)
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Gravitational lensing

( video credit ESA )
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Gravitational lensing

Both the CMB and galaxy 
shapes are distorted

Weak lensing surveys try to 
detect the lensing effect from 

large scale structures in front of 
other galaxies
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Structure’s probe 1: galaxies

Amplitude 

of fluctuations


in the late universe

First calibrator: power spectrum of galaxy clustering

Dark Energy Survey
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Structure’s probe 1: galaxies

Physical intuition is easy  amplitude of the signal

Model parameter dependency is complicated

→

( see arXiv:2112.05737  for best constrained parameters )
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Structure’s probe 2: CMB

( Planck 2018 cosmological parameters, arXiv:1807.06209 )

Second calibrator: power spectrum of CMB temperature fluctuations
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Structure’s probe 2: CMB

The amplitude of the CMB signal is a composite of the 
primordial amplitude of fluctuations ( ) and optical 

depth from us to recombination ( ) and is  
As

τ ∝ As ⋅ e−2τ

The CMB can self-calibrate in two ways:

1- CMB lensing


2- large scale polarization
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Structure’s probe 2: CMB

1- lensing: smears the CMB acoustic peaks
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Structure’s probe 2: CMB

2- large scale polarization: re-scattering of photons 
generates polarization anisotropies

( credit Wayne Hu tutorials )

4th KMI school 2022



 
 

Marco Raveri 53

Exercise with current data sets

( based on work in DES )

DES linear vs CMB temperature  

if considering 1d then  look elsewhere effect

⇒ P = 0.03 (2.1σ)
⇒ 2.6σ ⇒
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Growth tension 1: CMB-galaxies

( based on work in DES )

DES linear vs CMB temp + pol 

Update (temp vs temp + pol) in full agreement 

⇒ P = 0.001 (3.2σ)
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Exercise with current data sets

( based on work in DES )

DES vs CMB temp+pol+large scale pol ⇒ P = 0.006 (2.7σ)
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Growth tension 2: CMB lensing

( based on work in DES )

Update adding large scale polarization is in some tension 
⇒ P = 0.003 (3σ)
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Growth tension 2: CMB lensing
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Application to growth probes

( based on work in DES )

Best constrained parameters see arXiv:2112.05737
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Conclusions
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Outlook

Concordance in cosmology: a puzzle with multiple pieces


Three main (calibration) tensions on the way to 1%: 


Hubble constant


Growth of structures


Lensing of the CMB 

They all seem to involve hi vs low redshift…
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Join the search for tensions

Contributions are very welcome!

(whatever field you work in)
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