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Propagation vs generation

GWs can probe both:   

GWs Meet EFTs, Benasque, 22/08/23T. Baker

Strong-field regime GW generation

Weak-field regime GW propagation

Today I will focus on propagation effects. 

How cleanly can propagation & generation be separated? Difficult (but important) problem.



Propagation Beyond GR
GW propagating on FRW background in GR:
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GW propagating on FRW background in modified gravity:

Extra polarisation 
modes possible

Modified propagation speed

Graviton mass Non-zero 
source term

Best constrained RareMost genericLeast constrained
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Modified `friction’                 
→ changes GW amplitude
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GW propagating on FRW background in modified gravity:

Modified `friction’                 
→ changes GW amplitude

Modified propagation speed

Best constrainedMost generic
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⌫(z) )
<latexit sha1_base64="vgMMaVeNBzTqyhM+Psl/DO+Epn8="></latexit><latexit sha1_base64="vgMMaVeNBzTqyhM+Psl/DO+Epn8="></latexit><latexit sha1_base64="vgMMaVeNBzTqyhM+Psl/DO+Epn8="></latexit><latexit sha1_base64="vgMMaVeNBzTqyhM+Psl/DO+Epn8="></latexit>

Propagation Beyond GR

7 GWs Meet EFTs, Benasque, 22/08/23T. Baker

0
<latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit>



Sirens: the bright, the dark & the spectral
(but mainly the dark)

(( because they’re the most fun ))



h00
ij

<latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit><latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit><latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit><latexit sha1_base64="pwFRx9mLpPzdRdF10BKUFdxjzVU="></latexit>

+
<latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit>

(
<latexit sha1_base64="upw96pbZMAwPOHB64Irw/8BljNc="></latexit><latexit sha1_base64="upw96pbZMAwPOHB64Irw/8BljNc="></latexit><latexit sha1_base64="upw96pbZMAwPOHB64Irw/8BljNc="></latexit><latexit sha1_base64="upw96pbZMAwPOHB64Irw/8BljNc="></latexit>

2
<latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit><latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit><latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit><latexit sha1_base64="S1ySdLP996ZcatL4DA0B/iRI3JQ="></latexit>

+
<latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit>

H h0
ij+

<latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit><latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit><latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit><latexit sha1_base64="GZ1LlI07wKAJnHOoHz7endZowDg="></latexit>

+
<latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit><latexit sha1_base64="U0qGz63dPYMWu5o4zra2D5r9Hrs="></latexit>

k2
<latexit sha1_base64="uNJrj2LIYUsyhZ7YCksefWSmEM0="></latexit><latexit sha1_base64="uNJrj2LIYUsyhZ7YCksefWSmEM0="></latexit><latexit sha1_base64="uNJrj2LIYUsyhZ7YCksefWSmEM0="></latexit><latexit sha1_base64="uNJrj2LIYUsyhZ7YCksefWSmEM0="></latexit>

hij =
<latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit><latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit><latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit><latexit sha1_base64="b7oy9H5yamSqOCip4nVyLGM9dCY="></latexit>

GW propagating on FRW background in modified gravity:

Modified `friction’                 
→ changes GW amplitude

Most generic

1
<latexit sha1_base64="wAGuNgSdVJqBVadM9oLfpD1N08w=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadkxC5pb0IvHBMwDkiXMTmaTMbOzy8ysEEK+wIsHRbz6Sd78GycvUNGChqKqm+6uMBVcG8/7dHJr6xubW/ntws7u3v5B8fCoqZNMUdagiUhUOySaCS5Zw3AjWDtVjMShYK1wdDPzWw9MaZ7IOzNOWRCTgeQRp8RYqY57xZLnVipl3/fRguAVKWOEXW+OEixR6xU/uv2EZjGThgqidQd7qQkmRBlOBZsWuplmKaEjMmAdSyWJmQ4m80On6MwqfRQlypY0aK5+n5iQWOtxHNrOmJih/u3NxL+8Tmaiq2DCZZoZJuliUZQJZBI0+xr1uWLUiLElhCpub0V0SBShxmZTsCGsPkX/k+aFiz0X1/1S9XoZRx5O4BTOAcMlVOEWatAACgwe4RlenHvnyXl13hatOWc5cww/4Lx/AQA+jRE=</latexit><latexit sha1_base64="wAGuNgSdVJqBVadM9oLfpD1N08w=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadkxC5pb0IvHBMwDkiXMTmaTMbOzy8ysEEK+wIsHRbz6Sd78GycvUNGChqKqm+6uMBVcG8/7dHJr6xubW/ntws7u3v5B8fCoqZNMUdagiUhUOySaCS5Zw3AjWDtVjMShYK1wdDPzWw9MaZ7IOzNOWRCTgeQRp8RYqY57xZLnVipl3/fRguAVKWOEXW+OEixR6xU/uv2EZjGThgqidQd7qQkmRBlOBZsWuplmKaEjMmAdSyWJmQ4m80On6MwqfRQlypY0aK5+n5iQWOtxHNrOmJih/u3NxL+8Tmaiq2DCZZoZJuliUZQJZBI0+xr1uWLUiLElhCpub0V0SBShxmZTsCGsPkX/k+aFiz0X1/1S9XoZRx5O4BTOAcMlVOEWatAACgwe4RlenHvnyXl13hatOWc5cww/4Lx/AQA+jRE=</latexit><latexit sha1_base64="wAGuNgSdVJqBVadM9oLfpD1N08w=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadkxC5pb0IvHBMwDkiXMTmaTMbOzy8ysEEK+wIsHRbz6Sd78GycvUNGChqKqm+6uMBVcG8/7dHJr6xubW/ntws7u3v5B8fCoqZNMUdagiUhUOySaCS5Zw3AjWDtVjMShYK1wdDPzWw9MaZ7IOzNOWRCTgeQRp8RYqY57xZLnVipl3/fRguAVKWOEXW+OEixR6xU/uv2EZjGThgqidQd7qQkmRBlOBZsWuplmKaEjMmAdSyWJmQ4m80On6MwqfRQlypY0aK5+n5iQWOtxHNrOmJih/u3NxL+8Tmaiq2DCZZoZJuliUZQJZBI0+xr1uWLUiLElhCpub0V0SBShxmZTsCGsPkX/k+aFiz0X1/1S9XoZRx5O4BTOAcMlVOEWatAACgwe4RlenHvnyXl13hatOWc5cww/4Lx/AQA+jRE=</latexit><latexit sha1_base64="wAGuNgSdVJqBVadM9oLfpD1N08w=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadkxC5pb0IvHBMwDkiXMTmaTMbOzy8ysEEK+wIsHRbz6Sd78GycvUNGChqKqm+6uMBVcG8/7dHJr6xubW/ntws7u3v5B8fCoqZNMUdagiUhUOySaCS5Zw3AjWDtVjMShYK1wdDPzWw9MaZ7IOzNOWRCTgeQRp8RYqY57xZLnVipl3/fRguAVKWOEXW+OEixR6xU/uv2EZjGThgqidQd7qQkmRBlOBZsWuplmKaEjMmAdSyWJmQ4m80On6MwqfRQlypY0aK5+n5iQWOtxHNrOmJih/u3NxL+8Tmaiq2DCZZoZJuliUZQJZBI0+xr1uWLUiLElhCpub0V0SBShxmZTsCGsPkX/k+aFiz0X1/1S9XoZRx5O4BTOAcMlVOEWatAACgwe4RlenHvnyXl13hatOWc5cww/4Lx/AQA+jRE=</latexit>

⌫(z) )
<latexit sha1_base64="vgMMaVeNBzTqyhM+Psl/DO+Epn8="></latexit><latexit sha1_base64="vgMMaVeNBzTqyhM+Psl/DO+Epn8="></latexit><latexit sha1_base64="vgMMaVeNBzTqyhM+Psl/DO+Epn8="></latexit><latexit sha1_base64="vgMMaVeNBzTqyhM+Psl/DO+Epn8="></latexit>

Propagation Beyond GR

9 GWs Meet EFTs, Benasque, 22/08/23T. Baker

0
<latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit><latexit sha1_base64="PmSYps7+EOv8SJdZDlJkjQoIMhI="></latexit>



Luminosity distances

<latexit sha1_base64="PhvdcyRSvVVZxYhIwiIx/FIUP/c="></latexit>

h̃+,⇥(f) / M2
z

dL
(⇡Mz f)

� 7
6 (polarisation angles)⇥

<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

⇥
<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

⇥
<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

(inclination factor)

Deviations from GR affect GW luminosity distances:

Luminosity distance

<latexit sha1_base64="RcFZT/0BEyEDBNM2P3VGZvwHWQE="></latexit>

dL(z) = (1 + z)

Z z

0

dz̃

H(z̃)

10 GWs Meet EFTs, Benasque, 22/08/23T. Baker



<latexit sha1_base64="PhvdcyRSvVVZxYhIwiIx/FIUP/c="></latexit>

h̃+,⇥(f) / M2
z

dL
(⇡Mz f)

� 7
6 (polarisation angles)⇥

<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

⇥
<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

⇥
<latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit><latexit sha1_base64="LNhAoHD86kEte+sXvWFb54SDXh0=">AAAB7XicdVDLSgNBEJyNrxhfUY9eBoPgadnVBc0t6MVjBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZMXqGhBQ1HVTXdXlApuwPM+ncLK6tr6RnGztLW9s7tX3j9oGpVpyhpUCaXbETFMcMkawEGwdqoZSSLBWtHoeuq3Hpg2XMk7GKcsTMhA8phTAlZqdoEnzPTKFc+tVs+DIMBz4i/JuY9915uhghao98of3b6iWcIkUEGM6fheCmFONHAq2KTUzQxLCR2RAetYKoldEuazayf4xCp9HCttSwKeqd8ncpIYM04i25kQGJrf3lT8y+tkEF+GOZdpBkzS+aI4ExgUnr6O+1wzCmJsCaGa21sxHRJNKNiASjaE5af4f9I8c33P9W+DSu1qEUcRHaFjdIp8dIFq6AbVUQNRdI8e0TN6cZTz5Lw6b/PWgrOYOUQ/4Lx/ATvMj5A=</latexit>

(inclination factor)
<latexit sha1_base64="gNL3XWRrzutMuFIFCD+o5EadasA=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiSlWN0VXeiygn1gG8pkMmmHTiZhZiKU0L9w40IRt/6NO//GSVuKih4Y5nDOvdx7j59wprTjfFqFldW19Y3iZmlre2d3r7x/0FZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP77K/c4DlYrF4k5PEupFeChYyAjWRroPBllfRui6Mx2UK459kaOOXNuZATl2Lf/dpVKBBZqD8kc/iEkaUaEJx0r1XCfRXoalZoTTaamfKppgMsZD2jNU4IgqL5ttPEUnRglQGEvzhEYz9XtHhiOlJpFvKiOsR+q3l4t/eb1Uh+dexkSSairIfFCYcqRjlJ+PAiYp0XxiCCaSmV0RGWGJiTYhlUwIy9v/J+2q7Z7Z1dtapXG5iKMIR3AMp+BCHRpwA01oAQEBj/AML5aynqxX621eWrAWPYfwA9b7F4MFkNM=</latexit>

dGW

GW Luminosity distance
<latexit sha1_base64="oeD3pgNimRtVA1y4nkbNUzFrftg="></latexit>

dGW

dL

<latexit sha1_base64="fwZKymCXbuMbffj5ihNr3jd9hFg="></latexit>

6= 1
parameterisation

Belgacem et al. (2018)

Deviations from GR affect GW luminosity distances:

= exp

Z z

0

⌫(z̃)

1 + z̃
dz̃

�

<latexit sha1_base64="SbgEj9hFK/jQy94gZYe4lAjZczI="></latexit><latexit sha1_base64="SbgEj9hFK/jQy94gZYe4lAjZczI="></latexit><latexit sha1_base64="SbgEj9hFK/jQy94gZYe4lAjZczI="></latexit><latexit sha1_base64="SbgEj9hFK/jQy94gZYe4lAjZczI="></latexit>

Luminosity distances

11 GWs Meet EFTs, Benasque, 22/08/23T. Baker

<latexit sha1_base64="0F9Hg0VK9k6GUVPrEDdgDspS/ZQ="></latexit>

= ⌅0 +
(1� ⌅0)

(1 + z)n

<latexit sha1_base64="oeD3pgNimRtVA1y4nkbNUzFrftg="></latexit>

dGW

dL

or



Bright & dark sirens
To obtain dL we need a redshift & a cosmological model.

EM counterpart → single redshift

Strong constraints from one event

No EM counterpart 

1. Galaxy catalogue → many possible hosts

2. Features in the mass spectrum contribute


Need to stack events & lines of sight


Spectral sirens 


No galaxy catalogue used

Features in the mass spectrum only

12 GWs Meet EFTs, Benasque, 22/08/23T. Baker

Image: Soares-Santos et al. 2017.

Bright sirens Dark sirens 
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<latexit sha1_base64="YRWw/zRRJgkMkU7d3WA0aE9ZoS8=">AAACBXicdVDLSgMxFM3UV62vqktdBItQEYaZamtdCEU3LivYB7RlyGQybWgyMyQZoQ7duPFX3LhQxK3/4M6/MW1HUNEDF07OuZfce9yIUaks68PIzM0vLC5ll3Mrq2vrG/nNraYMY4FJA4csFG0XScJoQBqKKkbakSCIu4y03OHFxG/dECFpGFyrUUR6HPUD6lOMlJac/C53kq7g0CNqDM9g+pLjon14e+DkC5ZZtuzTyhG0TGuKKanapSq0U6UAUtSd/HvXC3HMSaAwQ1J2bCtSvQQJRTEj41w3liRCeIj6pKNpgDiRvWR6xRjua8WDfih0BQpO1e8TCeJSjrirOzlSA/nbm4h/eZ1Y+dVeQoMoViTAs4/8mEEVwkkk0KOCYMVGmiAsqN4V4gESCCsdXE6H8HUp/J80S6ZdMctXx4XaeRpHFuyAPVAENjgBNXAJ6qABMLgDD+AJPBv3xqPxYrzOWjNGOrMNfsB4+wTdxpeK</latexit>

mdet = ms(1 + z)



Bright sirens: constraints from GW170817
This would constrain GW friction, but it needs to be at a ‘reasonable’ distance to be useful.

<latexit sha1_base64="oeD3pgNimRtVA1y4nkbNUzFrftg="></latexit>

dGW

dL
= exp

Z z

0

⌫(z̃)

1 + z̃
dz̃

�

<latexit sha1_base64="SbgEj9hFK/jQy94gZYe4lAjZczI="></latexit><latexit sha1_base64="SbgEj9hFK/jQy94gZYe4lAjZczI="></latexit><latexit sha1_base64="SbgEj9hFK/jQy94gZYe4lAjZczI="></latexit><latexit sha1_base64="SbgEj9hFK/jQy94gZYe4lAjZczI="></latexit>
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<latexit sha1_base64="JR/bt8/s2miP4r85Z94rLoVg2Ec=">AAAB9HicbVDLSgNBEOyNrxhfUY9eFoMQL2FXfF2EoBcvQgTzgGQJvZNJMmR2dp2ZDcQl3+HFgyJe/Rhv/o2TZA+aWNBQVHXT3eVHnCntON9WZml5ZXUtu57b2Nza3snv7tVUGEtCqyTkoWz4qChnglY105w2Ikkx8Dmt+4ObiV8fUqlYKB70KKJegD3BuoygNpLXQh71sX1XfLpyjtv5glNyprAXiZuSAqSotPNfrU5I4oAKTTgq1XSdSHsJSs0Ip+NcK1Y0QjLAHm0aKjCgykumR4/tI6N07G4oTQltT9XfEwkGSo0C33QGqPtq3puI/3nNWHcvvYSJKNZUkNmibsxtHdqTBOwOk5RoPjIEiWTmVpv0USLRJqecCcGdf3mR1E5K7nnp7P60UL5O48jCARxCEVy4gDLcQgWqQOARnuEV3qyh9WK9Wx+z1oyVzuzDH1ifP4ZakUw=</latexit>

↵M (z = 0)

⌫ <latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit>⌫ <latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit>

⌫
<latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit><latexit sha1_base64="QzPQlzp7LG42rVgcii2BXB1/0uo=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoaeyvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AV7jjdc=</latexit>

weak constraints only 
(GW170817 nearby)

13 GWs Meet EFTs, Benasque, 22/08/23T. Baker



…is that currently we have little idea how long it will take to get a useful number (say at least ~25).

The Trouble with Bright Sirens

Meanwhile, we have all 
these lovely black holes.

14 GWs Meet EFTs, Benasque, 22/08/23T. Baker



Here comes the technical part



Dark Sirens Formalism

16 GWs Meet EFTs, Benasque, 22/08/23T. Baker

Full calculation: Mandel et al. (2019)
Gray et al. (2019)

Finke et al. (2021)

Gray et al. (2023)

p (⇤| {xGW}) / p(⇤) p(Ndet|⇤)
NdetY

i

p (xGW,i|⇤)
<latexit sha1_base64="XMCAfsxL3vTmq0hFORtgAqwfIEs="></latexit><latexit sha1_base64="XMCAfsxL3vTmq0hFORtgAqwfIEs="></latexit><latexit sha1_base64="XMCAfsxL3vTmq0hFORtgAqwfIEs="></latexit><latexit sha1_base64="XMCAfsxL3vTmq0hFORtgAqwfIEs="></latexit>

⇤ = {⇤cosmo, ⇤hyper}
<latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit><latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit><latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit><latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit>

wherewhere

GW data set priors

No. of detections Likelihood for one event

E.g. H0, ⌅0
<latexit sha1_base64="0PpVD/Acr4/0Eitwr5VpUpD2XNw="></latexit><latexit sha1_base64="0PpVD/Acr4/0Eitwr5VpUpD2XNw="></latexit><latexit sha1_base64="0PpVD/Acr4/0Eitwr5VpUpD2XNw="></latexit><latexit sha1_base64="0PpVD/Acr4/0Eitwr5VpUpD2XNw="></latexit>

E.g. µg, Mmax
<latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit>
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µg, Mmax
<latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit>

µg, Mmax
<latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit>

<latexit sha1_base64="YRWw/zRRJgkMkU7d3WA0aE9ZoS8=">AAACBXicdVDLSgMxFM3UV62vqktdBItQEYaZamtdCEU3LivYB7RlyGQybWgyMyQZoQ7duPFX3LhQxK3/4M6/MW1HUNEDF07OuZfce9yIUaks68PIzM0vLC5ll3Mrq2vrG/nNraYMY4FJA4csFG0XScJoQBqKKkbakSCIu4y03OHFxG/dECFpGFyrUUR6HPUD6lOMlJac/C53kq7g0CNqDM9g+pLjon14e+DkC5ZZtuzTyhG0TGuKKanapSq0U6UAUtSd/HvXC3HMSaAwQ1J2bCtSvQQJRTEj41w3liRCeIj6pKNpgDiRvWR6xRjua8WDfih0BQpO1e8TCeJSjrirOzlSA/nbm4h/eZ1Y+dVeQoMoViTAs4/8mEEVwkkk0KOCYMVGmiAsqN4V4gESCCsdXE6H8HUp/J80S6ZdMctXx4XaeRpHFuyAPVAENjgBNXAJ6qABMLgDD+AJPBv3xqPxYrzOWjNGOrMNfsB4+wTdxpeK</latexit>

mdet = ms(1 + z)



Dark Sirens Formalism

17 GWs Meet EFTs, Benasque, 22/08/23T. Baker

Full calculation: Mandel et al. (2019)
Gray et al. (2019)

Finke et al. (2021)

Gray et al. (2023)

p (⇤| {xGW}) / p(⇤) p(Ndet|⇤)
NdetY

i

p (xGW,i|⇤)
<latexit sha1_base64="XMCAfsxL3vTmq0hFORtgAqwfIEs="></latexit><latexit sha1_base64="XMCAfsxL3vTmq0hFORtgAqwfIEs="></latexit><latexit sha1_base64="XMCAfsxL3vTmq0hFORtgAqwfIEs="></latexit><latexit sha1_base64="XMCAfsxL3vTmq0hFORtgAqwfIEs="></latexit>

⇤ = {⇤cosmo, ⇤hyper}
<latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit><latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit><latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit><latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit>

wherewhere

GW data set priors

No. of detections Likelihood for one event

E.g. H0, ⌅0
<latexit sha1_base64="0PpVD/Acr4/0Eitwr5VpUpD2XNw="></latexit><latexit sha1_base64="0PpVD/Acr4/0Eitwr5VpUpD2XNw="></latexit><latexit sha1_base64="0PpVD/Acr4/0Eitwr5VpUpD2XNw="></latexit><latexit sha1_base64="0PpVD/Acr4/0Eitwr5VpUpD2XNw="></latexit>

Complicated!

 - merger rates

- mass distribution

- detector sensitivity

- parameter estimation

NdetY

i

p (xGW,i|⇤)
<latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit>

NdetY

i

p (xGW,i|⇤)
<latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit>

E.g. µg, Mmax
<latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit>



Dark Sirens Formalism

18 GWs Meet EFTs, Benasque, 22/08/23T. Baker

Full calculation: Mandel et al. (2019)
Gray et al. (2019)

Finke et al. (2021)

Gray et al. (2023)

NdetY

i

p (xGW,i|⇤)
<latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit>

/ #
<latexit sha1_base64="xEit3U5pQFcPZBi584mm7PQzGtw="></latexit><latexit sha1_base64="xEit3U5pQFcPZBi584mm7PQzGtw="></latexit><latexit sha1_base64="xEit3U5pQFcPZBi584mm7PQzGtw="></latexit><latexit sha1_base64="xEit3U5pQFcPZBi584mm7PQzGtw="></latexit>

Z
p (xGW,i|⇤, ✓) p (✓|⇤) d✓

<latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit>

Z
p (xGW,i|⇤, ✓) p (✓|⇤) d✓

<latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit>

Z
p (xGW,i|⇤, ✓) p (✓|⇤) d✓

<latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit>

Z
p (xGW,i|⇤, ✓) p (✓|⇤) d✓

<latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit>

Mass model

Parameters of the binary 
(mass, spin, etc)

`Selection effects’

→ which sources are detected 
for a given detector network



Dark Sirens Formalism

19 GWs Meet EFTs, Benasque, 22/08/23T. Baker

Full calculation: Mandel et al. (2019)
Gray et al. (2019)

Finke et al. (2021)

Gray et al. (2023)

NdetY

i

p (xGW,i|⇤)
<latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit><latexit sha1_base64="KXvNoCi/AmvAjhvV6aJnAglb93I="></latexit>

/ #
<latexit sha1_base64="xEit3U5pQFcPZBi584mm7PQzGtw="></latexit><latexit sha1_base64="xEit3U5pQFcPZBi584mm7PQzGtw="></latexit><latexit sha1_base64="xEit3U5pQFcPZBi584mm7PQzGtw="></latexit><latexit sha1_base64="xEit3U5pQFcPZBi584mm7PQzGtw="></latexit>

Z
p (xGW,i|⇤, ✓) p (✓|⇤) d✓

<latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit>

Redshift distribution of sources

Z
p (xGW,i|⇤, ✓) p (✓|⇤) d✓

<latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit>

Z
p (xGW,i|⇤, ✓) p (✓|⇤) d✓

<latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit>

Z
p (xGW,i|⇤, ✓) p (✓|⇤) d✓

<latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit>

p (z|⇤) dz
<latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit>

Z
p (xGW,i|⇤, ✓) p (✓|⇤) d✓

<latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit><latexit sha1_base64="5HhCfbDAYV8BCGhZk9zDXYlCsEk="></latexit>

Mass model

Parameters of the binary 
(mass, spin, etc)

<latexit sha1_base64="vqwd/Kq+bcTfSferkHNHHxwfsvU="></latexit>

dz



Dark Sirens Formalism

20 GWs Meet EFTs, Benasque, 22/08/23T. Baker

p (z|⇤) dz
<latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit>

Where are the GW sources in redshift?  🤷
Galaxy catalogs tell us where (some) potential hosts are.

p (z|⇤) dz
<latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit>

p (z|⇤) dz
<latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit><latexit sha1_base64="uBDlQU+ITLupgnlXAJa1SArxIAY="></latexit>

, ⌦j
<latexit sha1_base64="cfKI71egnAX0trCUvj1J51gZ4BU="></latexit><latexit sha1_base64="cfKI71egnAX0trCUvj1J51gZ4BU="></latexit><latexit sha1_base64="cfKI71egnAX0trCUvj1J51gZ4BU="></latexit><latexit sha1_base64="cfKI71egnAX0trCUvj1J51gZ4BU="></latexit>

+ p
�
Ḡ|⇤, ⌦j

� Z 1

mag limit
p(z,M) dM

<latexit sha1_base64="8Tmt5UTCgpaZry+ThCDc4VAmUrU="></latexit><latexit sha1_base64="8Tmt5UTCgpaZry+ThCDc4VAmUrU="></latexit><latexit sha1_base64="8Tmt5UTCgpaZry+ThCDc4VAmUrU="></latexit><latexit sha1_base64="8Tmt5UTCgpaZry+ThCDc4VAmUrU="></latexit>

= p (G|⇤, ⌦j)
mag limitX

p(z|zobs)
<latexit sha1_base64="zF62LYBYEogGIatepQH2zdm1qyw="></latexit><latexit sha1_base64="zF62LYBYEogGIatepQH2zdm1qyw="></latexit><latexit sha1_base64="zF62LYBYEogGIatepQH2zdm1qyw="></latexit><latexit sha1_base64="zF62LYBYEogGIatepQH2zdm1qyw="></latexit>

Galaxy catalog — 
measured redshifts

Assume distribution for missing galaxies:

default is homogeneous in comoving volume 

sky pixel

G → galaxy in catalogue

G → galaxy not in catalogue‾



Dark Sirens Summary

21 GWs Meet EFTs, Benasque, 22/08/23T. Baker

= line of sight redshift distribution

= likelihood for one event

+

galaxy catalogue incompleteness 
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<latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit>

µg, Mmax
<latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit><latexit sha1_base64="X93asvumgD/QO6YWKRtwIHSZrHA="></latexit>

+

+

GW data
mass distribution+

= joint posteriors for ⇤ = {⇤cosmo, ⇤hyper}
<latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit><latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit><latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit><latexit sha1_base64="ckyRDfPnuqtU8SrZA3E43wyy71g="></latexit>

NB: must jointly infer cosmo & astro params.

<latexit sha1_base64="KSlB+OgoWom/Arpsi3tdTCCJMMk=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXw0xta7srutBlBfvAdiiZTKYNTTJDkhHK0L9w40IRt/6NO//GTFuhih64cDjnXu69x48ZVdpxPq2V1bX1jc3cVn57Z3dvv3Bw2FZRIjFp4YhFsusjRRgVpKWpZqQbS4K4z0jHH19lfueBSEUjcacnMfE4GgoaUoy0ke6DQdqXHF53poNC0bWdGaBj1yu10nk9I/Wq45bht1UECzQHhY9+EOGEE6ExQ0r1XCfWXoqkppiRab6fKBIjPEZD0jNUIE6Ul84unsJTowQwjKQpoeFMXZ5IEVdqwn3TyZEeqd9eJv7l9RId1ryUijjRROD5ojBhUEcwex8GVBKs2cQQhCU1t0I8QhJhbULKL4fwP2mXbLdqV27LxcblIo4cOAYn4Ay44AI0wA1oghbAQIBH8AxeLGU9Wa/W27x1xVrMHIEfsN6/AI0BkN4=</latexit>

dGW



Dark sirens —  current results



Dark Sirens Mock Data

23 GWs Meet EFTs, Benasque, 22/08/23T. Baker

Using 249 
mock BNS.

 Gray et al. 2019.
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Dark Sirens Results: H0

24 GWs Meet EFTs, Benasque, 22/08/23T. Baker

Using the 
gwcosmo 

dark sirens code

 Gray et al. 2023.

arXiv 2308.02281

(Public version on GitLab)

Rachel Gray 

(U. Glasgow)

<latexit sha1_base64="9ldPWbwJHkS5vblAJARI6M6Eozk="></latexit>

H0 = 69+12
�7 km s�1 Mpc�1



Dark Sirens 
Results: 
MG friction

25 GWs Meet EFTs, Benasque, 22/08/23T. Baker

<latexit sha1_base64="0F9Hg0VK9k6GUVPrEDdgDspS/ZQ="></latexit>

= ⌅0 +
(1� ⌅0)

(1 + z)n

<latexit sha1_base64="oeD3pgNimRtVA1y4nkbNUzFrftg="></latexit>

dGW

dL

Anson Chen

<latexit sha1_base64="VV9T9AeaBLXqaewtgMXiyA9p2Gw=">AAAB/XicdVBdSwJBFJ21L7Ov7eOtlyEJjEB2TU3fpF56NEgT3E1mx1EHZ3aHmdlARforvfRQRK/9j976N40fgUUduHA4517uvScQjCrtOJ9WYml5ZXUtuZ7a2Nza3rF39+oqiiUmNRyxSDYCpAijIalpqhlpCEkQDxi5DfqXE//2nkhFo/BGDwTxOeqGtEMx0kZq2QeekJHQEcy4p8OTO6+LOEctO+1mnSmgky0XSrmz8oSUi46bh99WGsxRbdkfXjvCMSehxgwp1XQdof0RkppiRsYpL1ZEINxHXdI0NEScKH80vX4Mj43Shp1Imgo1nKqLEyPElRrwwHRypHvqtzcR//Kase6U/BENRaxJiGeLOjGD5ttJFLBNJcGaDQxBWFJzK8Q9JBHWJrDUYgj/k3ou6xazhet8unIxjyMJDsERyAAXnIMKuAJVUAMYDMEjeAYv1oP1ZL1ab7PWhDWf2Qc/YL1/Aa8XlMM=</latexit>

/ (1 + z)�Merger rate
<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="VuAgi3+2n7DBFhWuOH37A1LdUWI=">AAAB/XicbZC7TsMwFIadcivlFi4bi0WFxFQliNtYlaVjkehFakPkuE5r1XYi20GUKOJVWBhAiJX3YONtcNMO0PJLlj795xyd4z+IGVXacb6twtLyyupacb20sbm1vWPv7rVUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDkbXk3r7nkhFI3GrxzHxOBoIGlKMtLF8+4D7aU9yyNFDdpdTrZ75dtmpOLngIrgzKIOZGr791etHOOFEaMyQUl3XibWXIqkpZiQr9RJFYoRHaEC6BgXiRHlpfn0Gj43Th2EkzRMa5u7viRRxpcY8MJ0c6aGar03M/2rdRIdXXkpFnGgi8HRRmDCoIziJAvapJFizsQGEJTW3QjxEEmFtAiuZENz5Ly9C67TiXlTOb87K1dosjiI4BEfgBLjgElRBHTRAE2DwCJ7BK3iznqwX6936mLYWrNnMPvgj6/MHRGuVHQ==</latexit>

mBH

max

<latexit sha1_base64="ZQ/j6/feVljEF82NUfLrFFePZ1s=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIrgkkS5idzCZDZmaXeQhhyTd48aCIVz/Im3/jJNmDJhY0FFXddHfFGWfa+P63V1pZXVvfKG9WtrZ3dveq+wePOrWK0JCkPFXtGGvKmaShYYbTdqYoFjGnrXh0O/VbT1RplsoHM85oJPBAsoQRbJwUdoXtDXrVml/3Z0DLJChIDQo0e9Wvbj8lVlBpCMdadwI/M1GOlWGE00mlazXNMBnhAe04KrGgOspnx07QiVP6KEmVK2nQTP09kWOh9VjErlNgM9SL3lT8z+tYk1xHOZOZNVSS+aLEcmRSNP0c9ZmixPCxI5go5m5FZIgVJsblU3EhBIsvL5PHs3pwWb+4P681boo4ynAEx3AKAVxBA+6gCSEQYPAMr/DmSe/Fe/c+5q0lr5g5hD/wPn8A2XKOug==</latexit>µg
<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0
<latexit sha1_base64="PH4JEaheS58CUmoo20c5GsicogA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFrJ77ZFz+1Va27dnYEsE68gNSjQ7FW/uv2EZTFXyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjqaIxN0E+O3ZCTqzSJ1GibSkkM/X3RE5jY8ZxaDtjikOz6E3F/7xOhtF1kAuVZsgVmy+KMkkwIdPPSV9ozlCOLaFMC3srYUOqKUObT8WG4C2+vEwez+reZf3i/rzWuCniKMMRHMMpeHAFDbiDJvjAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBU7uOYg==</latexit>

⌅0
<latexit sha1_base64="zrAoX5WZl/tVsNb6yPWAMQONjzc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVZa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2lGM/A==</latexit>n

<latexit sha1_base64="VuAgi3+2n7DBFhWuOH37A1LdUWI=">AAAB/XicbZC7TsMwFIadcivlFi4bi0WFxFQliNtYlaVjkehFakPkuE5r1XYi20GUKOJVWBhAiJX3YONtcNMO0PJLlj795xyd4z+IGVXacb6twtLyyupacb20sbm1vWPv7rVUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDkbXk3r7nkhFI3GrxzHxOBoIGlKMtLF8+4D7aU9yyNFDdpdTrZ75dtmpOLngIrgzKIOZGr791etHOOFEaMyQUl3XibWXIqkpZiQr9RJFYoRHaEC6BgXiRHlpfn0Gj43Th2EkzRMa5u7viRRxpcY8MJ0c6aGar03M/2rdRIdXXkpFnGgi8HRRmDCoIziJAvapJFizsQGEJTW3QjxEEmFtAiuZENz5Ly9C67TiXlTOb87K1dosjiI4BEfgBLjgElRBHTRAE2DwCJ7BK3iznqwX6936mLYWrNnMPvgj6/MHRGuVHQ==</latexit> m
B
H

m
a
x

<latexit sha1_base64="ZQ/j6/feVljEF82NUfLrFFePZ1s=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIrgkkS5idzCZDZmaXeQhhyTd48aCIVz/Im3/jJNmDJhY0FFXddHfFGWfa+P63V1pZXVvfKG9WtrZ3dveq+wePOrWK0JCkPFXtGGvKmaShYYbTdqYoFjGnrXh0O/VbT1RplsoHM85oJPBAsoQRbJwUdoXtDXrVml/3Z0DLJChIDQo0e9Wvbj8lVlBpCMdadwI/M1GOlWGE00mlazXNMBnhAe04KrGgOspnx07QiVP6KEmVK2nQTP09kWOh9VjErlNgM9SL3lT8z+tYk1xHOZOZNVSS+aLEcmRSNP0c9ZmixPCxI5go5m5FZIgVJsblU3EhBIsvL5PHs3pwWb+4P681boo4ynAEx3AKAVxBA+6gCSEQYPAMr/DmSe/Fe/c+5q0lr5g5hD/wPn8A2XKOug==</latexit> µ
g

<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit> H
0

<latexit sha1_base64="PH4JEaheS58CUmoo20c5GsicogA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFrJ77ZFz+1Va27dnYEsE68gNSjQ7FW/uv2EZTFXyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjqaIxN0E+O3ZCTqzSJ1GibSkkM/X3RE5jY8ZxaDtjikOz6E3F/7xOhtF1kAuVZsgVmy+KMkkwIdPPSV9ozlCOLaFMC3srYUOqKUObT8WG4C2+vEwez+reZf3i/rzWuCniKMMRHMMpeHAFDbiDJvjAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBU7uOYg==</latexit> ⌅
0

<latexit sha1_base64="zrAoX5WZl/tVsNb6yPWAMQONjzc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVZa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB2lGM/A==</latexit> n



Dark Sirens Results: MG friction

26 GWs Meet EFTs, Benasque, 22/08/23T. Baker

 Chen et al. 2023.

(next week or two)
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Stay tuned for O4 results, but H0 and
tests of gravity…
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PARAMETERISATIONS
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TO-DO
• Some mass hyper-parameters still poorly constrained.


• Better galaxy catalogue completion.


• Stage 4 surveys → deeper catalogues.


• Weighting of host galaxies.
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