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  LIGO-VIRGO

  LISA: space based GW observatory 

 PTA: detecting GWs with Pulsar Timing Array. 
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Gravitational wave landscape
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Basic principle of GW detection
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Simplified scheme of ground-based GW detectors
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Sensitivity of GW detectors is limites by: seismic noise at low frequencies, thermal noise in 
mid. freqs and quantum shot noise at high freq.
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GW observatories
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Detecting GW: Matched filtering
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We use matched filtering: searching for a particular pattern in the noisy data: 
tracking amplitude and phase.
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Matched filtering 
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Matched filtering 
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Matched filtering 
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Parameter estimation
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Noise = data - signal 

Data

Signal Residuals

(Credits: M. Vallisneri)
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Согласованный фильтр и оценка параметров

!12

(Credits: M. Vallisneri)

Noise = Data - signal

Data

Signal Residuals
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~✓2
<latexit sha1_base64="7bKbB/IhTBT5qN91NUx+F7SYDf8=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KkkR1FvRi8cKxhaaWDbbSbt088HupFJC/4cXDype/THe/Ddu2xy09cHA470ZZuYFqRQabfvbWlldW9/YLG2Vt3d29/YrB4cPOskUB5cnMlHtgGmQIgYXBUpopwpYFEhoBcObqd8agdIiie9xnIIfsX4sQsEZGunRGwHPPRwAskm33q1U7Zo9A10mTkGqpECzW/nyegnPIoiRS6Z1x7FT9HOmUHAJk7KXaUgZH7I+dAyNWQTaz2dXT+ipUXo0TJSpGOlM/T2Rs0jrcRSYzojhQC96U/E/r5NheOnnIk4zhJjPF4WZpJjQaQS0JxRwlGNDGFfC3Er5gCnG0QRVNiE4iy8vE7deu6o5d+fVxnWRRokckxNyRhxyQRrkljSJSzhR5Jm8kjfryXqx3q2PeeuKVcwckT+wPn8AFaySbw==</latexit><latexit sha1_base64="7bKbB/IhTBT5qN91NUx+F7SYDf8=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KkkR1FvRi8cKxhaaWDbbSbt088HupFJC/4cXDype/THe/Ddu2xy09cHA470ZZuYFqRQabfvbWlldW9/YLG2Vt3d29/YrB4cPOskUB5cnMlHtgGmQIgYXBUpopwpYFEhoBcObqd8agdIiie9xnIIfsX4sQsEZGunRGwHPPRwAskm33q1U7Zo9A10mTkGqpECzW/nyegnPIoiRS6Z1x7FT9HOmUHAJk7KXaUgZH7I+dAyNWQTaz2dXT+ipUXo0TJSpGOlM/T2Rs0jrcRSYzojhQC96U/E/r5NheOnnIk4zhJjPF4WZpJjQaQS0JxRwlGNDGFfC3Er5gCnG0QRVNiE4iy8vE7deu6o5d+fVxnWRRokckxNyRhxyQRrkljSJSzhR5Jm8kjfryXqx3q2PeeuKVcwckT+wPn8AFaySbw==</latexit><latexit sha1_base64="7bKbB/IhTBT5qN91NUx+F7SYDf8=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KkkR1FvRi8cKxhaaWDbbSbt088HupFJC/4cXDype/THe/Ddu2xy09cHA470ZZuYFqRQabfvbWlldW9/YLG2Vt3d29/YrB4cPOskUB5cnMlHtgGmQIgYXBUpopwpYFEhoBcObqd8agdIiie9xnIIfsX4sQsEZGunRGwHPPRwAskm33q1U7Zo9A10mTkGqpECzW/nyegnPIoiRS6Z1x7FT9HOmUHAJk7KXaUgZH7I+dAyNWQTaz2dXT+ipUXo0TJSpGOlM/T2Rs0jrcRSYzojhQC96U/E/r5NheOnnIk4zhJjPF4WZpJjQaQS0JxRwlGNDGFfC3Er5gCnG0QRVNiE4iy8vE7deu6o5d+fVxnWRRokckxNyRhxyQRrkljSJSzhR5Jm8kjfryXqx3q2PeeuKVcwckT+wPn8AFaySbw==</latexit><latexit sha1_base64="7bKbB/IhTBT5qN91NUx+F7SYDf8=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KkkR1FvRi8cKxhaaWDbbSbt088HupFJC/4cXDype/THe/Ddu2xy09cHA470ZZuYFqRQabfvbWlldW9/YLG2Vt3d29/YrB4cPOskUB5cnMlHtgGmQIgYXBUpopwpYFEhoBcObqd8agdIiie9xnIIfsX4sQsEZGunRGwHPPRwAskm33q1U7Zo9A10mTkGqpECzW/nyegnPIoiRS6Z1x7FT9HOmUHAJk7KXaUgZH7I+dAyNWQTaz2dXT+ipUXo0TJSpGOlM/T2Rs0jrcRSYzojhQC96U/E/r5NheOnnIk4zhJjPF4WZpJjQaQS0JxRwlGNDGFfC3Er5gCnG0QRVNiE4iy8vE7deu6o5d+fVxnWRRokckxNyRhxyQRrkljSJSzhR5Jm8kjfryXqx3q2PeeuKVcwckT+wPn8AFaySbw==</latexit>

~✓3
<latexit sha1_base64="8aikBEZ5rbEmOydw0iZ1hdtMsq8=">AAAB9HicbVBNS8NAEN34WetX1aOXYBE8lUQF9Vb04rGCsYUmls120i7dbMLupFJC/4cXDype/THe/Ddu2xy09cHA470ZZuaFqeAaHefbWlpeWV1bL22UN7e2d3Yre/sPOskUA48lIlGtkGoQXIKHHAW0UgU0DgU0w8HNxG8OQWmeyHscpRDEtCd5xBlFIz36Q2C5j31AOu6cdSpVp+ZMYS8StyBVUqDRqXz53YRlMUhkgmrddp0Ug5wq5EzAuOxnGlLKBrQHbUMljUEH+fTqsX1slK4dJcqURHuq/p7Iaaz1KA5NZ0yxr+e9ifif184wugxyLtMMQbLZoigTNib2JAK7yxUwFCNDKFPc3GqzPlWUoQmqbEJw519eJN5p7arm3p1X69dFGiVySI7ICXHJBamTW9IgHmFEkWfySt6sJ+vFerc+Zq1LVjFzQP7A+vwBFy+ScA==</latexit><latexit sha1_base64="8aikBEZ5rbEmOydw0iZ1hdtMsq8=">AAAB9HicbVBNS8NAEN34WetX1aOXYBE8lUQF9Vb04rGCsYUmls120i7dbMLupFJC/4cXDype/THe/Ddu2xy09cHA470ZZuaFqeAaHefbWlpeWV1bL22UN7e2d3Yre/sPOskUA48lIlGtkGoQXIKHHAW0UgU0DgU0w8HNxG8OQWmeyHscpRDEtCd5xBlFIz36Q2C5j31AOu6cdSpVp+ZMYS8StyBVUqDRqXz53YRlMUhkgmrddp0Ug5wq5EzAuOxnGlLKBrQHbUMljUEH+fTqsX1slK4dJcqURHuq/p7Iaaz1KA5NZ0yxr+e9ifif184wugxyLtMMQbLZoigTNib2JAK7yxUwFCNDKFPc3GqzPlWUoQmqbEJw519eJN5p7arm3p1X69dFGiVySI7ICXHJBamTW9IgHmFEkWfySt6sJ+vFerc+Zq1LVjFzQP7A+vwBFy+ScA==</latexit><latexit sha1_base64="8aikBEZ5rbEmOydw0iZ1hdtMsq8=">AAAB9HicbVBNS8NAEN34WetX1aOXYBE8lUQF9Vb04rGCsYUmls120i7dbMLupFJC/4cXDype/THe/Ddu2xy09cHA470ZZuaFqeAaHefbWlpeWV1bL22UN7e2d3Yre/sPOskUA48lIlGtkGoQXIKHHAW0UgU0DgU0w8HNxG8OQWmeyHscpRDEtCd5xBlFIz36Q2C5j31AOu6cdSpVp+ZMYS8StyBVUqDRqXz53YRlMUhkgmrddp0Ug5wq5EzAuOxnGlLKBrQHbUMljUEH+fTqsX1slK4dJcqURHuq/p7Iaaz1KA5NZ0yxr+e9ifif184wugxyLtMMQbLZoigTNib2JAK7yxUwFCNDKFPc3GqzPlWUoQmqbEJw519eJN5p7arm3p1X69dFGiVySI7ICXHJBamTW9IgHmFEkWfySt6sJ+vFerc+Zq1LVjFzQP7A+vwBFy+ScA==</latexit><latexit sha1_base64="8aikBEZ5rbEmOydw0iZ1hdtMsq8=">AAAB9HicbVBNS8NAEN34WetX1aOXYBE8lUQF9Vb04rGCsYUmls120i7dbMLupFJC/4cXDype/THe/Ddu2xy09cHA470ZZuaFqeAaHefbWlpeWV1bL22UN7e2d3Yre/sPOskUA48lIlGtkGoQXIKHHAW0UgU0DgU0w8HNxG8OQWmeyHscpRDEtCd5xBlFIz36Q2C5j31AOu6cdSpVp+ZMYS8StyBVUqDRqXz53YRlMUhkgmrddp0Ug5wq5EzAuOxnGlLKBrQHbUMljUEH+fTqsX1slK4dJcqURHuq/p7Iaaz1KA5NZ0yxr+e9ifif184wugxyLtMMQbLZoigTNib2JAK7yxUwFCNDKFPc3GqzPlWUoQmqbEJw519eJN5p7arm3p1X69dFGiVySI7ICXHJBamTW9IgHmFEkWfySt6sJ+vFerc+Zq1LVjFzQP7A+vwBFy+ScA==</latexit>

~✓(ML)
2

<latexit sha1_base64="W0LyYt+Ef6OsVQ1PJyvdGRRn7qY=">AAAB/XicdVDLSsNAFJ34rPUVFVdugkWom5IUQd0V3bhQqGBsoYlhMr1ph04ezNwUSij4K25cqLj1P9z5N6YPob4OXDiccy/3cPxEcIWm+aHNzS8sLi0XVoqra+sbm/rW9q2KU8nAZrGIZdOnCgSPwEaOApqJBBr6Ahp+73zkN/ogFY+jGxwk4Ia0E/GAM4q55Om7Th9Y5mAXkA696l1Wvro8HHp6yaqYYxjmL/JllcgUdU9/d9oxS0OIkAmqVMsyE3QzKpEzAcOikypIKOvRDrRyGtEQlJuN4w+Ng1xpG0Es84nQGKuzFxkNlRqEfr4ZUuyqn95I/MtrpRicuBmPkhQhYpNHQSoMjI1RF0abS2AoBjmhTPI8q8G6VFKGeWPF2RL+J3a1clqxro9KtbNpGwWyR/ZJmVjkmNTIBakTmzCSkQfyRJ61e+1Re9FeJ6tz2vRmh3yD9vYJJ5GVJw==</latexit><latexit sha1_base64="W0LyYt+Ef6OsVQ1PJyvdGRRn7qY=">AAAB/XicdVDLSsNAFJ34rPUVFVdugkWom5IUQd0V3bhQqGBsoYlhMr1ph04ezNwUSij4K25cqLj1P9z5N6YPob4OXDiccy/3cPxEcIWm+aHNzS8sLi0XVoqra+sbm/rW9q2KU8nAZrGIZdOnCgSPwEaOApqJBBr6Ahp+73zkN/ogFY+jGxwk4Ia0E/GAM4q55Om7Th9Y5mAXkA696l1Wvro8HHp6yaqYYxjmL/JllcgUdU9/d9oxS0OIkAmqVMsyE3QzKpEzAcOikypIKOvRDrRyGtEQlJuN4w+Ng1xpG0Es84nQGKuzFxkNlRqEfr4ZUuyqn95I/MtrpRicuBmPkhQhYpNHQSoMjI1RF0abS2AoBjmhTPI8q8G6VFKGeWPF2RL+J3a1clqxro9KtbNpGwWyR/ZJmVjkmNTIBakTmzCSkQfyRJ61e+1Re9FeJ6tz2vRmh3yD9vYJJ5GVJw==</latexit><latexit sha1_base64="W0LyYt+Ef6OsVQ1PJyvdGRRn7qY=">AAAB/XicdVDLSsNAFJ34rPUVFVdugkWom5IUQd0V3bhQqGBsoYlhMr1ph04ezNwUSij4K25cqLj1P9z5N6YPob4OXDiccy/3cPxEcIWm+aHNzS8sLi0XVoqra+sbm/rW9q2KU8nAZrGIZdOnCgSPwEaOApqJBBr6Ahp+73zkN/ogFY+jGxwk4Ia0E/GAM4q55Om7Th9Y5mAXkA696l1Wvro8HHp6yaqYYxjmL/JllcgUdU9/d9oxS0OIkAmqVMsyE3QzKpEzAcOikypIKOvRDrRyGtEQlJuN4w+Ng1xpG0Es84nQGKuzFxkNlRqEfr4ZUuyqn95I/MtrpRicuBmPkhQhYpNHQSoMjI1RF0abS2AoBjmhTPI8q8G6VFKGeWPF2RL+J3a1clqxro9KtbNpGwWyR/ZJmVjkmNTIBakTmzCSkQfyRJ61e+1Re9FeJ6tz2vRmh3yD9vYJJ5GVJw==</latexit><latexit sha1_base64="W0LyYt+Ef6OsVQ1PJyvdGRRn7qY=">AAAB/XicdVDLSsNAFJ34rPUVFVdugkWom5IUQd0V3bhQqGBsoYlhMr1ph04ezNwUSij4K25cqLj1P9z5N6YPob4OXDiccy/3cPxEcIWm+aHNzS8sLi0XVoqra+sbm/rW9q2KU8nAZrGIZdOnCgSPwEaOApqJBBr6Ahp+73zkN/ogFY+jGxwk4Ia0E/GAM4q55Om7Th9Y5mAXkA696l1Wvro8HHp6yaqYYxjmL/JllcgUdU9/d9oxS0OIkAmqVMsyE3QzKpEzAcOikypIKOvRDrRyGtEQlJuN4w+Ng1xpG0Es84nQGKuzFxkNlRqEfr4ZUuyqn95I/MtrpRicuBmPkhQhYpNHQSoMjI1RF0abS2AoBjmhTPI8q8G6VFKGeWPF2RL+J3a1clqxro9KtbNpGwWyR/ZJmVjkmNTIBakTmzCSkQfyRJ61e+1Re9FeJ6tz2vRmh3yD9vYJJ5GVJw==</latexit>



Matched filtering: GW150914

!13

H1 L1

[LOSC: https://losc.ligo.org/tutorials/]



Parameter estimation

!14



 GW signal from merging BHs

!15



Parameter estimation

!16

Detected binary systems

Component 
of spins along 

orbital momentum

Components of spins 
in orbital plane



Testing GR

!17
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If graviton has a mass (     ) then we 
should observe dispersion of the GW

The data is consistent with GR: can set 
an upper limit on the mass/ lower limit 

on the corresponding Compton 
wavelength: 

mg
<latexit sha1_base64="FK4C7fv4TTKsck2cWaoCgabca2E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3S3U3YnQgl9C948aDi1V/kzX9j0uag1QcDj/dmmJkXJlJYdN0vp7Kyura+Ud2sbW3v7O7V9w8ebJwaxn0Wy9h0Q2q5FJr7KFDybmI4VaHknXByU/idR26siPU9ThMeKDrSIhKMYiGpwag2qDfcpjsH+Uu8kjSgRHtQ/+wPY5YqrpFJam3PcxMMMmpQMMlntX5qeULZhI54L6eaKm6DbH7rjJzkypBEsclLI5mrPycyqqydqjDvVBTHdtkrxP+8XorRZZAJnaTINVssilJJMCbF42QoDGcopzmhzIj8VsLG1FCGeTxFCN7yy3+Jf9a8anp3543WdZlGFY7gGE7BgwtowS20wQcGY3iCF3h1lPPsvDnvi9aKU84cwi84H9/vmI2z</latexit><latexit sha1_base64="FK4C7fv4TTKsck2cWaoCgabca2E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3S3U3YnQgl9C948aDi1V/kzX9j0uag1QcDj/dmmJkXJlJYdN0vp7Kyura+Ud2sbW3v7O7V9w8ebJwaxn0Wy9h0Q2q5FJr7KFDybmI4VaHknXByU/idR26siPU9ThMeKDrSIhKMYiGpwag2qDfcpjsH+Uu8kjSgRHtQ/+wPY5YqrpFJam3PcxMMMmpQMMlntX5qeULZhI54L6eaKm6DbH7rjJzkypBEsclLI5mrPycyqqydqjDvVBTHdtkrxP+8XorRZZAJnaTINVssilJJMCbF42QoDGcopzmhzIj8VsLG1FCGeTxFCN7yy3+Jf9a8anp3543WdZlGFY7gGE7BgwtowS20wQcGY3iCF3h1lPPsvDnvi9aKU84cwi84H9/vmI2z</latexit><latexit sha1_base64="FK4C7fv4TTKsck2cWaoCgabca2E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3S3U3YnQgl9C948aDi1V/kzX9j0uag1QcDj/dmmJkXJlJYdN0vp7Kyura+Ud2sbW3v7O7V9w8ebJwaxn0Wy9h0Q2q5FJr7KFDybmI4VaHknXByU/idR26siPU9ThMeKDrSIhKMYiGpwag2qDfcpjsH+Uu8kjSgRHtQ/+wPY5YqrpFJam3PcxMMMmpQMMlntX5qeULZhI54L6eaKm6DbH7rjJzkypBEsclLI5mrPycyqqydqjDvVBTHdtkrxP+8XorRZZAJnaTINVssilJJMCbF42QoDGcopzmhzIj8VsLG1FCGeTxFCN7yy3+Jf9a8anp3543WdZlGFY7gGE7BgwtowS20wQcGY3iCF3h1lPPsvDnvi9aKU84cwi84H9/vmI2z</latexit><latexit sha1_base64="FK4C7fv4TTKsck2cWaoCgabca2E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsN+3S3U3YnQgl9C948aDi1V/kzX9j0uag1QcDj/dmmJkXJlJYdN0vp7Kyura+Ud2sbW3v7O7V9w8ebJwaxn0Wy9h0Q2q5FJr7KFDybmI4VaHknXByU/idR26siPU9ThMeKDrSIhKMYiGpwag2qDfcpjsH+Uu8kjSgRHtQ/+wPY5YqrpFJam3PcxMMMmpQMMlntX5qeULZhI54L6eaKm6DbH7rjJzkypBEsclLI5mrPycyqqydqjDvVBTHdtkrxP+8XorRZZAJnaTINVssilJJMCbF42QoDGcopzmhzIj8VsLG1FCGeTxFCN7yy3+Jf9a8anp3543WdZlGFY7gGE7BgwtowS20wQcGY3iCF3h1lPPsvDnvi9aKU84cwi84H9/vmI2z</latexit>

�g = h/(cmg)
<latexit sha1_base64="5YtXTemUIX69iG3RDY8Y9j/bLSY=">AAAB/nicbVDNSsNAGNzUv1r/ooIXL4tFqJeaiKAehKIXjxWMLbQhbDabdOlmE3Y3Qok9+CpePKh49Tm8+TZu2hy0dWBhmJmP79vxU0alsqxvo7KwuLS8Ul2tra1vbG6Z2zv3MskEJg5OWCK6PpKEUU4cRRUj3VQQFPuMdPzhdeF3HoiQNOF3apQSN0YRpyHFSGnJM/f6TIcD5EXwEg6OGxjGXnRU88y61bQmgPPELkkdlGh75lc/SHAWE64wQ1L2bCtVbo6EopiRca2fSZIiPEQR6WnKUUykm0/uH8NDrQQwTIR+XMGJ+nsiR7GUo9jXyRipgZz1CvE/r5ep8NzNKU8zRTieLgozBlUCizJgQAXBio00QVhQfSvEAyQQVrqyogR79svzxDlpXjTt29N666psowr2wQFoABucgRa4AW3gAAwewTN4BW/Gk/FivBsf02jFKGd2wR8Ynz9+rJQD</latexit><latexit sha1_base64="5YtXTemUIX69iG3RDY8Y9j/bLSY=">AAAB/nicbVDNSsNAGNzUv1r/ooIXL4tFqJeaiKAehKIXjxWMLbQhbDabdOlmE3Y3Qok9+CpePKh49Tm8+TZu2hy0dWBhmJmP79vxU0alsqxvo7KwuLS8Ul2tra1vbG6Z2zv3MskEJg5OWCK6PpKEUU4cRRUj3VQQFPuMdPzhdeF3HoiQNOF3apQSN0YRpyHFSGnJM/f6TIcD5EXwEg6OGxjGXnRU88y61bQmgPPELkkdlGh75lc/SHAWE64wQ1L2bCtVbo6EopiRca2fSZIiPEQR6WnKUUykm0/uH8NDrQQwTIR+XMGJ+nsiR7GUo9jXyRipgZz1CvE/r5ep8NzNKU8zRTieLgozBlUCizJgQAXBio00QVhQfSvEAyQQVrqyogR79svzxDlpXjTt29N666psowr2wQFoABucgRa4AW3gAAwewTN4BW/Gk/FivBsf02jFKGd2wR8Ynz9+rJQD</latexit><latexit sha1_base64="5YtXTemUIX69iG3RDY8Y9j/bLSY=">AAAB/nicbVDNSsNAGNzUv1r/ooIXL4tFqJeaiKAehKIXjxWMLbQhbDabdOlmE3Y3Qok9+CpePKh49Tm8+TZu2hy0dWBhmJmP79vxU0alsqxvo7KwuLS8Ul2tra1vbG6Z2zv3MskEJg5OWCK6PpKEUU4cRRUj3VQQFPuMdPzhdeF3HoiQNOF3apQSN0YRpyHFSGnJM/f6TIcD5EXwEg6OGxjGXnRU88y61bQmgPPELkkdlGh75lc/SHAWE64wQ1L2bCtVbo6EopiRca2fSZIiPEQR6WnKUUykm0/uH8NDrQQwTIR+XMGJ+nsiR7GUo9jXyRipgZz1CvE/r5ep8NzNKU8zRTieLgozBlUCizJgQAXBio00QVhQfSvEAyQQVrqyogR79svzxDlpXjTt29N666psowr2wQFoABucgRa4AW3gAAwewTN4BW/Gk/FivBsf02jFKGd2wR8Ynz9+rJQD</latexit><latexit sha1_base64="5YtXTemUIX69iG3RDY8Y9j/bLSY=">AAAB/nicbVDNSsNAGNzUv1r/ooIXL4tFqJeaiKAehKIXjxWMLbQhbDabdOlmE3Y3Qok9+CpePKh49Tm8+TZu2hy0dWBhmJmP79vxU0alsqxvo7KwuLS8Ul2tra1vbG6Z2zv3MskEJg5OWCK6PpKEUU4cRRUj3VQQFPuMdPzhdeF3HoiQNOF3apQSN0YRpyHFSGnJM/f6TIcD5EXwEg6OGxjGXnRU88y61bQmgPPELkkdlGh75lc/SHAWE64wQ1L2bCtVbo6EopiRca2fSZIiPEQR6WnKUUykm0/uH8NDrQQwTIR+XMGJ+nsiR7GUo9jXyRipgZz1CvE/r5ep8NzNKU8zRTieLgozBlUCizJgQAXBio00QVhQfSvEAyQQVrqyogR79svzxDlpXjTt29N666psowr2wQFoABucgRa4AW3gAAwewTN4BW/Gk/FivBsf02jFKGd2wR8Ynz9+rJQD</latexit>

[LVC PRL (2016)]



Testing GR

!18

We can check self consistency of GR: analyze two parts of the same signal 
independently and check if estimated parameters overlap
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Modelling GW signal from coalescing  BH  binaries

!19

GW signal can be conditionally split into 3 parts: inspiral (slow orbital 
evolution under radiation reaction, merger, and ringdown (remnant BH 

releases excitations as quasinormal oscillations)



Other GW sources (LIGO-VIRGO)

!20

Credit: I. Bartos/Based on arXiv:1212.2289

Image from https://physics.anu.edu.au/quantum/cgp/research/datatheory/neutronstars.php

 Core collapse of a massive star
 Merging Neutron stars
Merging Neutron star - Black hole
 Monochrtomatic GW from defform 

single NS
 Stochastic GW signal from processes in 

the early Universe

http://arxiv.org/abs/1212.2289
https://physics.anu.edu.au/quantum/cgp/research/datatheory/neutronstars.php


Laser Interferometer Space Antenna (LISA) 

!21
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   LISA:  GW observatory in space. Launch data 2032-2034

   LISAPathfinder - Technology mission to demonstrate technical readiness of 
LISA - one of the most successful ESA mission.



LISA (cartoon)

!22



What is special about LISA data

!23

 GW signals are long lived (monts-years) and strong
 LISA data will contain thousands of GW signals simultaneously present in 
the data (overlapping in time and in frequency). We need to separate and 
characterize each signal. 
 The noise is non-stationary (gaps, glitches, “breathing”)



Massive BH binaries

!24

 We think the all galaxies contain massive BHs in their nuclei: MBH with mass 
4mln. solar mass is in the centre of our Galaxy   
  MBHs are formed together with galaxies and accumulate mass by accreting a 
gas and through merging with other MBHs
 Galaxies merge (observations), as result we could have a MBH binary which 
could merge in a reasonable time
 Stars and/or gas are required to dissipate orbital momentum from MBH binary 
and bring it in GW driven regime   

Image: Hubble telescope
Credits: Hassinger+,  VLA, Chandra , NASA



EMRIs (extreme mass ratio inspirals)

!25

  Massive BHs could be embeded in the stellar cusps (high density stellar 
environment)

  Massive BH could capture a compact object (NS, stellar mass BH) which 
starts moving in a very eccentric orbit which shrinks under GW radiation

  EMRI: Binary system with an extreme mass ratio: 10-7 -  10-5

  Compact object completes ~  106  orbits in the close vicinity of a MBH 
before plunge



EMRI

!26

Credits: S Draco, CalTech



White dwarf binaries in our Galaxy

!27

We expect to have ~107  white dwarf binaries in the LISA band, and about 104 will 
be indiviually detected, other form stochastic GW signal (foreground)
GW signal is almost monochromatic
We have guaranteed (verification) binaries observed in e/m (GAIA, LSST)



Pulsar Timing Array: PTA

!28

The main idea behind pulsar timing array (PTA) is to use ultra-stable 
millisecond pulsars as beacons for detecting GW in the nano-Hz range 10-9 - 
10-7 Hz

Credits: D. Champion



Millisecond pulsars

!29

Pulsars are neutron stars with rapid rotation and strong magnetic field. 
Period from few seconds to few milliseconds (MSP). MSP - usually old, 
recycled pulsars, often in binaries.



Pulsar timing

!30

Figs: credits 
S. Burke-Spolar & L. Lentati

  Each pulse has a lot of micro-structure but stable is averaged over 
hour. 
 We use average pulse profile to get time-of-arrival (TOA) for the pulses
 We know well the pin of pulsars: can predict TOAs and subtract from 
measured: residuals 



Timing residuals
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The complete timing model for TOAs depend on many parameters
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period of pulsar, its spin-down, glitches. 
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difference in local clock and terrestrial 
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delay caused by interstellar medium 
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translation from observatory frame to SSB
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<latexit sha1_base64="8lrn9IUtbBV+wlFR8q5oDPVS1xs=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CD/AYwTWB7BJ6J51kyOyDmdlAWPIbXjyoePVrvPk3ziZ70MSChqKqm+6uIBFcadv+tkorq2vrG+XNytb2zu5edf/gScWpZOiyWMSyHYBCwSN0NdcC24lECAOBrWB0k/utMUrF4+hRTxL0QxhEvM8ZaCN53hjkLQoN3btKt1qz6/YMdJk4BamRAs1u9cvrxSwNMdJMgFIdx060n4HUnAmcVrxUYQJsBAPsGBpBiMrPZjdP6YlRerQfS1ORpjP190QGoVKTMDCdIeihWvRy8T+vk+r+pZ/xKEk1Rmy+qJ8KqmOaB0B7XCLTYmIIMMnNrZQNQQLTJqY8BGfx5WXintWv6s7Dea1xXaRRJkfkmJwSh1yQBrknTeISRhLyTF7Jm5VaL9a79TFvLVnFzCH5A+vzB7fbkQM=</latexit><latexit sha1_base64="8lrn9IUtbBV+wlFR8q5oDPVS1xs=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CD/AYwTWB7BJ6J51kyOyDmdlAWPIbXjyoePVrvPk3ziZ70MSChqKqm+6uIBFcadv+tkorq2vrG+XNytb2zu5edf/gScWpZOiyWMSyHYBCwSN0NdcC24lECAOBrWB0k/utMUrF4+hRTxL0QxhEvM8ZaCN53hjkLQoN3btKt1qz6/YMdJk4BamRAs1u9cvrxSwNMdJMgFIdx060n4HUnAmcVrxUYQJsBAPsGBpBiMrPZjdP6YlRerQfS1ORpjP190QGoVKTMDCdIeihWvRy8T+vk+r+pZ/xKEk1Rmy+qJ8KqmOaB0B7XCLTYmIIMMnNrZQNQQLTJqY8BGfx5WXintWv6s7Dea1xXaRRJkfkmJwSh1yQBrknTeISRhLyTF7Jm5VaL9a79TFvLVnFzCH5A+vzB7fbkQM=</latexit><latexit sha1_base64="8lrn9IUtbBV+wlFR8q5oDPVS1xs=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CD/AYwTWB7BJ6J51kyOyDmdlAWPIbXjyoePVrvPk3ziZ70MSChqKqm+6uIBFcadv+tkorq2vrG+XNytb2zu5edf/gScWpZOiyWMSyHYBCwSN0NdcC24lECAOBrWB0k/utMUrF4+hRTxL0QxhEvM8ZaCN53hjkLQoN3btKt1qz6/YMdJk4BamRAs1u9cvrxSwNMdJMgFIdx060n4HUnAmcVrxUYQJsBAPsGBpBiMrPZjdP6YlRerQfS1ORpjP190QGoVKTMDCdIeihWvRy8T+vk+r+pZ/xKEk1Rmy+qJ8KqmOaB0B7XCLTYmIIMMnNrZQNQQLTJqY8BGfx5WXintWv6s7Dea1xXaRRJkfkmJwSh1yQBrknTeISRhLyTF7Jm5VaL9a79TFvLVnFzCH5A+vzB7fbkQM=</latexit><latexit sha1_base64="8lrn9IUtbBV+wlFR8q5oDPVS1xs=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CD/AYwTWB7BJ6J51kyOyDmdlAWPIbXjyoePVrvPk3ziZ70MSChqKqm+6uIBFcadv+tkorq2vrG+XNytb2zu5edf/gScWpZOiyWMSyHYBCwSN0NdcC24lECAOBrWB0k/utMUrF4+hRTxL0QxhEvM8ZaCN53hjkLQoN3btKt1qz6/YMdJk4BamRAs1u9cvrxSwNMdJMgFIdx060n4HUnAmcVrxUYQJsBAPsGBpBiMrPZjdP6YlRerQfS1ORpjP190QGoVKTMDCdIeihWvRy8T+vk+r+pZ/xKEk1Rmy+qJ8KqmOaB0B7XCLTYmIIMMnNrZQNQQLTJqY8BGfx5WXintWv6s7Dea1xXaRRJkfkmJwSh1yQBrknTeISRhLyTF7Jm5VaL9a79TFvLVnFzCH5A+vzB7fbkQM=</latexit>

accounts for the time dilation from oving pulsar and grav. redshift 
caused by Sun, planets or binary component
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<latexit sha1_base64="CQjx330XaFB4W4cWXZffDPIHOQc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FPXisaGyhCWWynbZLNx/sbgol9G948aDi1V/jzX/jps1BWx8MPN6bYWZekAiutG1/W6WV1bX1jfJmZWt7Z3evun/wpOJUMnRZLGLZDkCh4BG6mmuB7UQihIHAVjC6yf3WGKXicfSoJwn6IQwi3ucMtJE8bwzyFoWG7kOlW63ZdXsGukycgtRIgWa3+uX1YpaGGGkmQKmOYyfaz0BqzgROK16qMAE2ggF2DI0gROVns5un9MQoPdqPpalI05n6eyKDUKlJGJjOEPRQLXq5+J/XSXX/0s94lKQaIzZf1E8F1THNA6A9LpFpMTEEmOTmVsqGIIFpE1MegrP48jJxz+pXdef+vNa4LtIokyNyTE6JQy5Ig9yRJnEJIwl5Jq/kzUqtF+vd+pi3lqxi5pD8gfX5A80TkRE=</latexit><latexit sha1_base64="CQjx330XaFB4W4cWXZffDPIHOQc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FPXisaGyhCWWynbZLNx/sbgol9G948aDi1V/jzX/jps1BWx8MPN6bYWZekAiutG1/W6WV1bX1jfJmZWt7Z3evun/wpOJUMnRZLGLZDkCh4BG6mmuB7UQihIHAVjC6yf3WGKXicfSoJwn6IQwi3ucMtJE8bwzyFoWG7kOlW63ZdXsGukycgtRIgWa3+uX1YpaGGGkmQKmOYyfaz0BqzgROK16qMAE2ggF2DI0gROVns5un9MQoPdqPpalI05n6eyKDUKlJGJjOEPRQLXq5+J/XSXX/0s94lKQaIzZf1E8F1THNA6A9LpFpMTEEmOTmVsqGIIFpE1MegrP48jJxz+pXdef+vNa4LtIokyNyTE6JQy5Ig9yRJnEJIwl5Jq/kzUqtF+vd+pi3lqxi5pD8gfX5A80TkRE=</latexit><latexit sha1_base64="CQjx330XaFB4W4cWXZffDPIHOQc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FPXisaGyhCWWynbZLNx/sbgol9G948aDi1V/jzX/jps1BWx8MPN6bYWZekAiutG1/W6WV1bX1jfJmZWt7Z3evun/wpOJUMnRZLGLZDkCh4BG6mmuB7UQihIHAVjC6yf3WGKXicfSoJwn6IQwi3ucMtJE8bwzyFoWG7kOlW63ZdXsGukycgtRIgWa3+uX1YpaGGGkmQKmOYyfaz0BqzgROK16qMAE2ggF2DI0gROVns5un9MQoPdqPpalI05n6eyKDUKlJGJjOEPRQLXq5+J/XSXX/0s94lKQaIzZf1E8F1THNA6A9LpFpMTEEmOTmVsqGIIFpE1MegrP48jJxz+pXdef+vNa4LtIokyNyTE6JQy5Ig9yRJnEJIwl5Jq/kzUqtF+vd+pi3lqxi5pD8gfX5A80TkRE=</latexit><latexit sha1_base64="CQjx330XaFB4W4cWXZffDPIHOQc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FPXisaGyhCWWynbZLNx/sbgol9G948aDi1V/jzX/jps1BWx8MPN6bYWZekAiutG1/W6WV1bX1jfJmZWt7Z3evun/wpOJUMnRZLGLZDkCh4BG6mmuB7UQihIHAVjC6yf3WGKXicfSoJwn6IQwi3ucMtJE8bwzyFoWG7kOlW63ZdXsGukycgtRIgWa3+uX1YpaGGGkmQKmOYyfaz0BqzgROK16qMAE2ggF2DI0gROVns5un9MQoPdqPpalI05n6eyKDUKlJGJjOEPRQLXq5+J/XSXX/0s94lKQaIzZf1E8F1THNA6A9LpFpMTEEmOTmVsqGIIFpE1MegrP48jJxz+pXdef+vNa4LtIokyNyTE6JQy5Ig9yRJnEJIwl5Jq/kzUqtF+vd+pi3lqxi5pD8gfX5A80TkRE=</latexit>

(Shapiro delay) extra time required by the pulse to travel through the 
curved space-time



Supermassive BH binaries

!32

  

Signal from a MBHB populationSignal from a MBHB population

Contribution of individual sources

Brightest sources in each 

frequency bin

Resolvable systems: Resolvable systems: i.e. 

systems whose signal is larger 

than the sum of all the other 

signals falling in their frequency 

bin

Total signal

Unresolved background

Theoretical 'average' spectrum

Spectrum averaged over 1000 

Monte Carlo realizations

 The main GW source in PTA: population of supermassive BH binaries (mass 107 - 
1010 solar) on the broad orbits (period ~ year)
 GW is monochromatic over decades: many signals form stochastic GW signal at low 
frequencies



Correlation 
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Fig. from IOP, Physics World

Simulated data

 The key feature of stochastic GW signal: it is correlated across pulsars in the 
array with characteristic quadrupolar pattern given by  Hellings-Downs curve: 
the correlation depends only on the angular separation of pair of pulsars



Upper limit on GW in nano-Hz band

!34

  GW are not yet detected by PTA: require long monitoring of pulsars 
(decades) to integrate the signal oput of noise + more stable pulsars. 
 We can set un upper limit on the strength of GWs in the nano-Hz band:

 upper limit on the strain of individual signals.

[Babak+ MNRAS (2015), EPTA]



 Upper limit on the stochastic GW signal 
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We can rule out some over-optimistic astrophysical models.

[Nanograv, arXiv: 1801.02617]



Conclusion
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  LIGO-VIRGO completed two observational runs: detected handful of  GW 
signals from colaesing binaries. Next run will start next year with (hopefully) 
improved sensitivity. More signals (surprises?)

 LISA is in the phase “A”: it will deliver info on evolution of MBHs and their 
environment, structure of Galaxy, fundamental physics, cosmography. 

 PTA:  detection of GWs in the nano-Hz band is inevitable: we need long 
integration time. New large radiotelescopes (FAST, SKA) will discover new 
pulsars and improve on the existing. 


