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 Laser interferometer in space: LISA

 Sources and event rate

 Data analysis: Part 1



LIGO/VIRGO
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h ⇡ 10�22, ! L = 4km, ! �L ⇡ 10�16cm
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LIGO/VIRGO noise
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The noise in LIGO/VIRGO is stationary only on relatively short time scale
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The noise is not Gaussian: need to introduce additional 
consistency checks into the detection statistic 

Real Instrumental 



Other GW sources in LIGO/VIRGO frequency band
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Credit: I. Bartos/Based on arXiv:1212.2289

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

 Core collapse
 Merging NS binary systems
 Binary: NS-BH 
 Monochromatic signal from deformed 
single NSs 
 Stochastic GW signal from the 
energetic processes in early Universe
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http://arxiv.org/abs/1212.2289
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LISA: Laser Interferometric Space Antenna
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   LISA:  GW observatory in space: The launch date 2032 - 2034. Leading by 
European Space Agency.
   LISAPathfinder - Technological mission to prove the technical readiness of 
LISA - fantastic results, order of magnitude better than minimum requirement



LISA (cartoon)
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LISA
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Principle of measurement

S(ender)

r(eciever)

LISA: three satelites in free falling orbits around the sun,
constellation forms equelateral triangle 

L1~L2~L3= 2.5 mln. km. 
Operates in freq. range 0.1 mHz - 0.1 Hz.

Exchange laser light - measurement of the proper distance 
between satellites.

L!GW = 1 ! fGW ⇡ 20mHz
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Long wavelength is not applicable 

n̂l
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We cannot cover the detector by LIF, use “TT” frame: in this frame GW can be seen as affecting 
the phase (or frequency) of the laser light.
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unperturbed freq. 
of a laser

Change in laser freq.
due to GWs

direction of GW 
propagation

�hij = hij(ts)� hij(tr)
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t = tr, ts = t� |~Rr(t)� ~Rs(ts)| ⇡ t� |~Rr(t)� ~Rs(t)| ⇡ Ll
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LISA

!10

1

2

3

n̂1
<latexit sha1_base64="d7GF0oL/Jt6LWq7udFfTxmTAHdk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOJsmQmdllplcIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFpR9RyKTRvoEDJ24nhVEWSt6Lx7cxvPXFjRawfcJLwUNGhFgPBKDrpsTuimOlpL+iVK37Vn4OskiAnFchR75W/uv2YpYprZJJa2wn8BMOMGhRM8mmpm1qeUDamQ95xVFPFbZjND56SM6f0ySA2rjSSufp7IqPK2omKXKeiOLLL3kz8z+ukOLgOM6GTFLlmi0WDVBKMyex70heGM5QTRygzwt1K2IgaytBlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADBc/wCm+e8V68d+9j0Vrw8plj+APv8wfLmJBj</latexit><latexit sha1_base64="d7GF0oL/Jt6LWq7udFfTxmTAHdk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOJsmQmdllplcIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFpR9RyKTRvoEDJ24nhVEWSt6Lx7cxvPXFjRawfcJLwUNGhFgPBKDrpsTuimOlpL+iVK37Vn4OskiAnFchR75W/uv2YpYprZJJa2wn8BMOMGhRM8mmpm1qeUDamQ95xVFPFbZjND56SM6f0ySA2rjSSufp7IqPK2omKXKeiOLLL3kz8z+ukOLgOM6GTFLlmi0WDVBKMyex70heGM5QTRygzwt1K2IgaytBlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADBc/wCm+e8V68d+9j0Vrw8plj+APv8wfLmJBj</latexit><latexit sha1_base64="d7GF0oL/Jt6LWq7udFfTxmTAHdk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOJsmQmdllplcIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFpR9RyKTRvoEDJ24nhVEWSt6Lx7cxvPXFjRawfcJLwUNGhFgPBKDrpsTuimOlpL+iVK37Vn4OskiAnFchR75W/uv2YpYprZJJa2wn8BMOMGhRM8mmpm1qeUDamQ95xVFPFbZjND56SM6f0ySA2rjSSufp7IqPK2omKXKeiOLLL3kz8z+ukOLgOM6GTFLlmi0WDVBKMyex70heGM5QTRygzwt1K2IgaytBlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADBc/wCm+e8V68d+9j0Vrw8plj+APv8wfLmJBj</latexit><latexit sha1_base64="d7GF0oL/Jt6LWq7udFfTxmTAHdk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOJsmQmdllplcIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFpR9RyKTRvoEDJ24nhVEWSt6Lx7cxvPXFjRawfcJLwUNGhFgPBKDrpsTuimOlpL+iVK37Vn4OskiAnFchR75W/uv2YpYprZJJa2wn8BMOMGhRM8mmpm1qeUDamQ95xVFPFbZjND56SM6f0ySA2rjSSufp7IqPK2omKXKeiOLLL3kz8z+ukOLgOM6GTFLlmi0WDVBKMyex70heGM5QTRygzwt1K2IgaytBlVHIhBMsvr5LmRTXwq8H9ZaV2k8dRhBM4hXMI4ApqcAd1aAADBc/wCm+e8V68d+9j0Vrw8plj+APv8wfLmJBj</latexit>

n̂2
<latexit sha1_base64="eAdyfLyYwgqsgUk5TTNpmGZehSE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DHoxWME85BkCbOTSTJkZnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNk4N4w0Wy9i0I2q5FJo3UKDk7cRwqiLJW9H4dua3nrixItYPOEl4qOhQi4FgFJ302B1RzPS0V+2Vyn7Fn4OskiAnZchR75W+uv2YpYprZJJa2wn8BMOMGhRM8mmxm1qeUDamQ95xVFPFbZjND56Sc6f0ySA2rjSSufp7IqPK2omKXKeiOLLL3kz8z+ukOLgOM6GTFLlmi0WDVBKMyex70heGM5QTRygzwt1K2IgaytBlVHQhBMsvr5JmtRL4leD+sly7yeMowCmcwQUEcAU1uIM6NICBgmd4hTfPeC/eu/exaF3z8pkT+APv8wfNHJBk</latexit><latexit sha1_base64="eAdyfLyYwgqsgUk5TTNpmGZehSE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DHoxWME85BkCbOTSTJkZnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNk4N4w0Wy9i0I2q5FJo3UKDk7cRwqiLJW9H4dua3nrixItYPOEl4qOhQi4FgFJ302B1RzPS0V+2Vyn7Fn4OskiAnZchR75W+uv2YpYprZJJa2wn8BMOMGhRM8mmxm1qeUDamQ95xVFPFbZjND56Sc6f0ySA2rjSSufp7IqPK2omKXKeiOLLL3kz8z+ukOLgOM6GTFLlmi0WDVBKMyex70heGM5QTRygzwt1K2IgaytBlVHQhBMsvr5JmtRL4leD+sly7yeMowCmcwQUEcAU1uIM6NICBgmd4hTfPeC/eu/exaF3z8pkT+APv8wfNHJBk</latexit><latexit sha1_base64="eAdyfLyYwgqsgUk5TTNpmGZehSE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DHoxWME85BkCbOTSTJkZnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNk4N4w0Wy9i0I2q5FJo3UKDk7cRwqiLJW9H4dua3nrixItYPOEl4qOhQi4FgFJ302B1RzPS0V+2Vyn7Fn4OskiAnZchR75W+uv2YpYprZJJa2wn8BMOMGhRM8mmxm1qeUDamQ95xVFPFbZjND56Sc6f0ySA2rjSSufp7IqPK2omKXKeiOLLL3kz8z+ukOLgOM6GTFLlmi0WDVBKMyex70heGM5QTRygzwt1K2IgaytBlVHQhBMsvr5JmtRL4leD+sly7yeMowCmcwQUEcAU1uIM6NICBgmd4hTfPeC/eu/exaF3z8pkT+APv8wfNHJBk</latexit><latexit sha1_base64="eAdyfLyYwgqsgUk5TTNpmGZehSE=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DHoxWME85BkCbOTSTJkZnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNk4N4w0Wy9i0I2q5FJo3UKDk7cRwqiLJW9H4dua3nrixItYPOEl4qOhQi4FgFJ302B1RzPS0V+2Vyn7Fn4OskiAnZchR75W+uv2YpYprZJJa2wn8BMOMGhRM8mmxm1qeUDamQ95xVFPFbZjND56Sc6f0ySA2rjSSufp7IqPK2omKXKeiOLLL3kz8z+ukOLgOM6GTFLlmi0WDVBKMyex70heGM5QTRygzwt1K2IgaytBlVHQhBMsvr5JmtRL4leD+sly7yeMowCmcwQUEcAU1uIM6NICBgmd4hTfPeC/eu/exaF3z8pkT+APv8wfNHJBk</latexit>

n̂3
<latexit sha1_base64="tyNY2RBGkaRtmy2yHuCHqbUtu1g=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoYxnBxEgSwt5mL1myu3fszgnhyK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvTKSw6PvfXmFldW19o7hZ2tre2d0r7x80bZwaxhsslrFphdRyKTRvoEDJW4nhVIWSP4Sjm6n/8MSNFbG+x3HCu4oOtIgEo+ikx86QYqYnvfNeueJX/RnIMglyUoEc9V75q9OPWaq4Riapte3AT7CbUYOCST4pdVLLE8pGdMDbjmqquO1ms4Mn5MQpfRLFxpVGMlN/T2RUWTtWoetUFId20ZuK/3ntFKOrbiZ0kiLXbL4oSiXBmEy/J31hOEM5doQyI9ythA2poQxdRiUXQrD48jJpnlUDvxrcXVRq13kcRTiCYziFAC6hBrdQhwYwUPAMr/DmGe/Fe/c+5q0FL585hD/wPn8AzqCQZQ==</latexit><latexit sha1_base64="tyNY2RBGkaRtmy2yHuCHqbUtu1g=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoYxnBxEgSwt5mL1myu3fszgnhyK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvTKSw6PvfXmFldW19o7hZ2tre2d0r7x80bZwaxhsslrFphdRyKTRvoEDJW4nhVIWSP4Sjm6n/8MSNFbG+x3HCu4oOtIgEo+ikx86QYqYnvfNeueJX/RnIMglyUoEc9V75q9OPWaq4Riapte3AT7CbUYOCST4pdVLLE8pGdMDbjmqquO1ms4Mn5MQpfRLFxpVGMlN/T2RUWTtWoetUFId20ZuK/3ntFKOrbiZ0kiLXbL4oSiXBmEy/J31hOEM5doQyI9ythA2poQxdRiUXQrD48jJpnlUDvxrcXVRq13kcRTiCYziFAC6hBrdQhwYwUPAMr/DmGe/Fe/c+5q0FL585hD/wPn8AzqCQZQ==</latexit><latexit sha1_base64="tyNY2RBGkaRtmy2yHuCHqbUtu1g=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoYxnBxEgSwt5mL1myu3fszgnhyK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvTKSw6PvfXmFldW19o7hZ2tre2d0r7x80bZwaxhsslrFphdRyKTRvoEDJW4nhVIWSP4Sjm6n/8MSNFbG+x3HCu4oOtIgEo+ikx86QYqYnvfNeueJX/RnIMglyUoEc9V75q9OPWaq4Riapte3AT7CbUYOCST4pdVLLE8pGdMDbjmqquO1ms4Mn5MQpfRLFxpVGMlN/T2RUWTtWoetUFId20ZuK/3ntFKOrbiZ0kiLXbL4oSiXBmEy/J31hOEM5doQyI9ythA2poQxdRiUXQrD48jJpnlUDvxrcXVRq13kcRTiCYziFAC6hBrdQhwYwUPAMr/DmGe/Fe/c+5q0FL585hD/wPn8AzqCQZQ==</latexit><latexit sha1_base64="tyNY2RBGkaRtmy2yHuCHqbUtu1g=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoYxnBxEgSwt5mL1myu3fszgnhyK+wsVDE1p9j579xk1yhiQ8GHu/NMDMvTKSw6PvfXmFldW19o7hZ2tre2d0r7x80bZwaxhsslrFphdRyKTRvoEDJW4nhVIWSP4Sjm6n/8MSNFbG+x3HCu4oOtIgEo+ikx86QYqYnvfNeueJX/RnIMglyUoEc9V75q9OPWaq4Riapte3AT7CbUYOCST4pdVLLE8pGdMDbjmqquO1ms4Mn5MQpfRLFxpVGMlN/T2RUWTtWoetUFId20ZuK/3ntFKOrbiZ0kiLXbL4oSiXBmEy/J31hOEM5doQyI9ythA2poQxdRiUXQrD48jJpnlUDvxrcXVRq13kcRTiCYziFAC6hBrdQhwYwUPAMr/DmGe/Fe/c+5q0FL585hD/wPn8AzqCQZQ==</latexit>

L1
<latexit sha1_base64="E+eigGGS7XvZiDDx2gzZv4dNqUg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg93fa9frrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NQpObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYZXfiZUkiJXbLEoTCXBmMz+JgOhOUM5sYQyLeythI2opgxtOiUbgrf88ippXVQ9t+rdX1bq13kcRTiBUzgHD2pQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4AyJmNdA==</latexit><latexit sha1_base64="E+eigGGS7XvZiDDx2gzZv4dNqUg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg93fa9frrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NQpObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYZXfiZUkiJXbLEoTCXBmMz+JgOhOUM5sYQyLeythI2opgxtOiUbgrf88ippXVQ9t+rdX1bq13kcRTiBUzgHD2pQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4AyJmNdA==</latexit><latexit sha1_base64="E+eigGGS7XvZiDDx2gzZv4dNqUg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg93fa9frrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NQpObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYZXfiZUkiJXbLEoTCXBmMz+JgOhOUM5sYQyLeythI2opgxtOiUbgrf88ippXVQ9t+rdX1bq13kcRTiBUzgHD2pQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4AyJmNdA==</latexit><latexit sha1_base64="E+eigGGS7XvZiDDx2gzZv4dNqUg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg93fa9frrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NQpObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYZXfiZUkiJXbLEoTCXBmMz+JgOhOUM5sYQyLeythI2opgxtOiUbgrf88ippXVQ9t+rdX1bq13kcRTiBUzgHD2pQh1toQBMYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4AyJmNdA==</latexit>

L2
<latexit sha1_base64="B/FS7Mt9x5GoBjY+y7hLK0d/9KU=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSqlU9t+rdX1Tq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwByh2NdQ==</latexit><latexit sha1_base64="B/FS7Mt9x5GoBjY+y7hLK0d/9KU=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSqlU9t+rdX1Tq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwByh2NdQ==</latexit><latexit sha1_base64="B/FS7Mt9x5GoBjY+y7hLK0d/9KU=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSqlU9t+rdX1Tq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwByh2NdQ==</latexit><latexit sha1_base64="B/FS7Mt9x5GoBjY+y7hLK0d/9KU=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSqlU9t+rdX1Tq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwByh2NdQ==</latexit>

L3
<latexit sha1_base64="RV8KO2kv2nAzi23HawyfY+gjDw0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoY2ER0XxAcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Gbqt55QaR7LRzNO0I/oQPKQM2qs9HDXO++VK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIrP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7v6jUrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDy6GNdg==</latexit><latexit sha1_base64="RV8KO2kv2nAzi23HawyfY+gjDw0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoY2ER0XxAcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Gbqt55QaR7LRzNO0I/oQPKQM2qs9HDXO++VK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIrP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7v6jUrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDy6GNdg==</latexit><latexit sha1_base64="RV8KO2kv2nAzi23HawyfY+gjDw0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoY2ER0XxAcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Gbqt55QaR7LRzNO0I/oQPKQM2qs9HDXO++VK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIrP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7v6jUrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDy6GNdg==</latexit><latexit sha1_base64="RV8KO2kv2nAzi23HawyfY+gjDw0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoY2ER0XxAcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Gbqt55QaR7LRzNO0I/oQPKQM2qs9HDXO++VK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIrP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7v6jUrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDy6GNdg==</latexit>

~q1
<latexit sha1_base64="YvSxL7IrDDsUD96frv1jx36k3xI=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0s4m7m0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3xqg0j+WDmSToR3QgecgZNVZ67I6RZU/TntcrV9yqOwdZJV5OKpCj3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bHzwlZ1bpkzBWtqQhc/X3REYjrSdRYDsjaoZ62ZuJ/3md1ITXfsZlkhqUbLEoTAUxMZl9T/pcITNiYgllittbCRtSRZmxGZVsCN7yy6ukeVH13Kp3f1mp3eRxFOEETuEcPLiCGtxBHRrAIIJneIU3RzkvzrvzsWgtOPnMMfyB8/kD0daQZw==</latexit><latexit sha1_base64="YvSxL7IrDDsUD96frv1jx36k3xI=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0s4m7m0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3xqg0j+WDmSToR3QgecgZNVZ67I6RZU/TntcrV9yqOwdZJV5OKpCj3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bHzwlZ1bpkzBWtqQhc/X3REYjrSdRYDsjaoZ62ZuJ/3md1ITXfsZlkhqUbLEoTAUxMZl9T/pcITNiYgllittbCRtSRZmxGZVsCN7yy6ukeVH13Kp3f1mp3eRxFOEETuEcPLiCGtxBHRrAIIJneIU3RzkvzrvzsWgtOPnMMfyB8/kD0daQZw==</latexit><latexit sha1_base64="YvSxL7IrDDsUD96frv1jx36k3xI=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0s4m7m0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3xqg0j+WDmSToR3QgecgZNVZ67I6RZU/TntcrV9yqOwdZJV5OKpCj3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bHzwlZ1bpkzBWtqQhc/X3REYjrSdRYDsjaoZ62ZuJ/3md1ITXfsZlkhqUbLEoTAUxMZl9T/pcITNiYgllittbCRtSRZmxGZVsCN7yy6ukeVH13Kp3f1mp3eRxFOEETuEcPLiCGtxBHRrAIIJneIU3RzkvzrvzsWgtOPnMMfyB8/kD0daQZw==</latexit><latexit sha1_base64="YvSxL7IrDDsUD96frv1jx36k3xI=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbSbt0s4m7m0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3xqg0j+WDmSToR3QgecgZNVZ67I6RZU/TntcrV9yqOwdZJV5OKpCj3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bHzwlZ1bpkzBWtqQhc/X3REYjrSdRYDsjaoZ62ZuJ/3md1ITXfsZlkhqUbLEoTAUxMZl9T/pcITNiYgllittbCRtSRZmxGZVsCN7yy6ukeVH13Kp3f1mp3eRxFOEETuEcPLiCGtxBHRrAIIJneIU3RzkvzrvzsWgtOPnMMfyB8/kD0daQZw==</latexit>

O

L1 ⇡ L2 ⇡ L3 ⇡ L
<latexit sha1_base64="MGC9udqnu+uC9dUhQ3+AxOnDFis=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApuCozVdBl0Y2LLirYC7TDkEkzbWgmCUlGLKVP4MZXceNCEbeu3fk2pu0sausPgY//nMPJ+SPJqDae9+Pk1tY3Nrfy24Wd3b39A/fwqKlFqjBpYMGEakdIE0Y5aRhqGGlLRVASMdKKhjfTeuuBKE0FvzcjSYIE9TmNKUbGWqFbqoU+7CIplXiEtbCywOcL7Ba9sjcTXAU/gyLIVA/d725P4DQh3GCGtO74njTBGClDMSOTQjfVRCI8RH3SschRQnQwnp0zgSXr9GAslH3cwJm7ODFGidajJLKdCTIDvVybmv/VOqmJr4Ix5TI1hOP5ojhl0Ag4zQb2qCLYsJEFhBW1f4V4gBTCxiZYsCH4yyevQrNS9r2yf3dRrF5nceTBCTgFZ8AHl6AKbkEdNAAGT+AFvIF359l5dT6cz3lrzslmjsEfOV+/uPKaog==</latexit><latexit sha1_base64="MGC9udqnu+uC9dUhQ3+AxOnDFis=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApuCozVdBl0Y2LLirYC7TDkEkzbWgmCUlGLKVP4MZXceNCEbeu3fk2pu0sausPgY//nMPJ+SPJqDae9+Pk1tY3Nrfy24Wd3b39A/fwqKlFqjBpYMGEakdIE0Y5aRhqGGlLRVASMdKKhjfTeuuBKE0FvzcjSYIE9TmNKUbGWqFbqoU+7CIplXiEtbCywOcL7Ba9sjcTXAU/gyLIVA/d725P4DQh3GCGtO74njTBGClDMSOTQjfVRCI8RH3SschRQnQwnp0zgSXr9GAslH3cwJm7ODFGidajJLKdCTIDvVybmv/VOqmJr4Ix5TI1hOP5ojhl0Ag4zQb2qCLYsJEFhBW1f4V4gBTCxiZYsCH4yyevQrNS9r2yf3dRrF5nceTBCTgFZ8AHl6AKbkEdNAAGT+AFvIF359l5dT6cz3lrzslmjsEfOV+/uPKaog==</latexit><latexit sha1_base64="MGC9udqnu+uC9dUhQ3+AxOnDFis=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApuCozVdBl0Y2LLirYC7TDkEkzbWgmCUlGLKVP4MZXceNCEbeu3fk2pu0sausPgY//nMPJ+SPJqDae9+Pk1tY3Nrfy24Wd3b39A/fwqKlFqjBpYMGEakdIE0Y5aRhqGGlLRVASMdKKhjfTeuuBKE0FvzcjSYIE9TmNKUbGWqFbqoU+7CIplXiEtbCywOcL7Ba9sjcTXAU/gyLIVA/d725P4DQh3GCGtO74njTBGClDMSOTQjfVRCI8RH3SschRQnQwnp0zgSXr9GAslH3cwJm7ODFGidajJLKdCTIDvVybmv/VOqmJr4Ix5TI1hOP5ojhl0Ag4zQb2qCLYsJEFhBW1f4V4gBTCxiZYsCH4yyevQrNS9r2yf3dRrF5nceTBCTgFZ8AHl6AKbkEdNAAGT+AFvIF359l5dT6cz3lrzslmjsEfOV+/uPKaog==</latexit><latexit sha1_base64="MGC9udqnu+uC9dUhQ3+AxOnDFis=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2ApuCozVdBl0Y2LLirYC7TDkEkzbWgmCUlGLKVP4MZXceNCEbeu3fk2pu0sausPgY//nMPJ+SPJqDae9+Pk1tY3Nrfy24Wd3b39A/fwqKlFqjBpYMGEakdIE0Y5aRhqGGlLRVASMdKKhjfTeuuBKE0FvzcjSYIE9TmNKUbGWqFbqoU+7CIplXiEtbCywOcL7Ba9sjcTXAU/gyLIVA/d725P4DQh3GCGtO74njTBGClDMSOTQjfVRCI8RH3SschRQnQwnp0zgSXr9GAslH3cwJm7ODFGidajJLKdCTIDvVybmv/VOqmJr4Ix5TI1hOP5ojhl0Ag4zQb2qCLYsJEFhBW1f4V4gBTCxiZYsCH4yyevQrNS9r2yf3dRrF5nceTBCTgFZ8AHl6AKbkEdNAAGT+AFvIF359l5dT6cz3lrzslmjsEfOV+/uPKaog==</latexit>

— but not exactly!

�⌫

⌫0
! yslr

<latexit sha1_base64="bmq7+GHzQr38GicmFFyzTrcQ4fs=">AAACDXicbVC7TsMwFL3hWcorwMhiUZCYqgQhwVgBA2OR6ENqoshxndaq40S2g1RF+QEWfoWFAYRY2dn4G9w2A7QcydbROffKPidMOVPacb6tpeWV1bX1ykZ1c2t7Z9fe22+rJJOEtkjCE9kNsaKcCdrSTHPaTSXFcchpJxxdT/zOA5WKJeJej1Pqx3ggWMQI1kYK7GMvkpjk3g3lGiNPZEVursApkKcTNA5yxWUR2DWn7kyBFolbkhqUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNOi6mWKppiM8ID2DBU4psrPp2kKdGKUPooSaY7QaKr+3shxrNQ4Ds1kjPVQzXsT8T+vl+no0s+ZSDNNBZk9FGUcmaCTalCfSUo0HxuCiWTmr4gMsalHmwKrpgR3PvIiaZ/VXafu3p3XGldlHRU4hCM4BRcuoAG30IQWEHiEZ3iFN+vJerHerY/Z6JJV7hzAH1ifP96EnA4=</latexit><latexit sha1_base64="bmq7+GHzQr38GicmFFyzTrcQ4fs=">AAACDXicbVC7TsMwFL3hWcorwMhiUZCYqgQhwVgBA2OR6ENqoshxndaq40S2g1RF+QEWfoWFAYRY2dn4G9w2A7QcydbROffKPidMOVPacb6tpeWV1bX1ykZ1c2t7Z9fe22+rJJOEtkjCE9kNsaKcCdrSTHPaTSXFcchpJxxdT/zOA5WKJeJej1Pqx3ggWMQI1kYK7GMvkpjk3g3lGiNPZEVursApkKcTNA5yxWUR2DWn7kyBFolbkhqUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNOi6mWKppiM8ID2DBU4psrPp2kKdGKUPooSaY7QaKr+3shxrNQ4Ds1kjPVQzXsT8T+vl+no0s+ZSDNNBZk9FGUcmaCTalCfSUo0HxuCiWTmr4gMsalHmwKrpgR3PvIiaZ/VXafu3p3XGldlHRU4hCM4BRcuoAG30IQWEHiEZ3iFN+vJerHerY/Z6JJV7hzAH1ifP96EnA4=</latexit><latexit sha1_base64="bmq7+GHzQr38GicmFFyzTrcQ4fs=">AAACDXicbVC7TsMwFL3hWcorwMhiUZCYqgQhwVgBA2OR6ENqoshxndaq40S2g1RF+QEWfoWFAYRY2dn4G9w2A7QcydbROffKPidMOVPacb6tpeWV1bX1ykZ1c2t7Z9fe22+rJJOEtkjCE9kNsaKcCdrSTHPaTSXFcchpJxxdT/zOA5WKJeJej1Pqx3ggWMQI1kYK7GMvkpjk3g3lGiNPZEVursApkKcTNA5yxWUR2DWn7kyBFolbkhqUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNOi6mWKppiM8ID2DBU4psrPp2kKdGKUPooSaY7QaKr+3shxrNQ4Ds1kjPVQzXsT8T+vl+no0s+ZSDNNBZk9FGUcmaCTalCfSUo0HxuCiWTmr4gMsalHmwKrpgR3PvIiaZ/VXafu3p3XGldlHRU4hCM4BRcuoAG30IQWEHiEZ3iFN+vJerHerY/Z6JJV7hzAH1ifP96EnA4=</latexit><latexit sha1_base64="bmq7+GHzQr38GicmFFyzTrcQ4fs=">AAACDXicbVC7TsMwFL3hWcorwMhiUZCYqgQhwVgBA2OR6ENqoshxndaq40S2g1RF+QEWfoWFAYRY2dn4G9w2A7QcydbROffKPidMOVPacb6tpeWV1bX1ykZ1c2t7Z9fe22+rJJOEtkjCE9kNsaKcCdrSTHPaTSXFcchpJxxdT/zOA5WKJeJej1Pqx3ggWMQI1kYK7GMvkpjk3g3lGiNPZEVursApkKcTNA5yxWUR2DWn7kyBFolbkhqUaAb2l9dPSBZToQnHSvVcJ9V+jqVmhNOi6mWKppiM8ID2DBU4psrPp2kKdGKUPooSaY7QaKr+3shxrNQ4Ds1kjPVQzXsT8T+vl+no0s+ZSDNNBZk9FGUcmaCTalCfSUo0HxuCiWTmr4gMsalHmwKrpgR3PvIiaZ/VXafu3p3XGldlHRU4hCM4BRcuoAG30IQWEHiEZ3iFN+vJerHerY/Z6JJV7hzAH1ifP96EnA4=</latexit>

— for a single link

Consider GW signal from a binary system 

yGW
slr = �i
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2 (1�k̂.n̂l)

<latexit sha1_base64="WIC1bWA/dtXiaeHE5kC0Vgc3q34="></latexit><latexit sha1_base64="WIC1bWA/dtXiaeHE5kC0Vgc3q34="></latexit><latexit sha1_base64="WIC1bWA/dtXiaeHE5kC0Vgc3q34="></latexit><latexit sha1_base64="WIC1bWA/dtXiaeHE5kC0Vgc3q34="></latexit>

         Amplitude of GW times antenna beam function Al
<latexit sha1_base64="ZluEsHJha5mkaSSpUzyY/Gfsy6c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeqF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cN0X/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifPxFSjaQ=</latexit><latexit sha1_base64="ZluEsHJha5mkaSSpUzyY/Gfsy6c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeqF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cN0X/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifPxFSjaQ=</latexit><latexit sha1_base64="ZluEsHJha5mkaSSpUzyY/Gfsy6c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeqF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cN0X/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifPxFSjaQ=</latexit><latexit sha1_base64="ZluEsHJha5mkaSSpUzyY/Gfsy6c=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeqF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cN0X/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifPxFSjaQ=</latexit>

 Sinc —  zero of sinc function gives freq. of GW signal which cannot be measured (f-n of sky 
position) - wiggles in the sensitivity at high frequencies

Phase:                         Doppler modulation (dominant) due to relative motion of the detector 
and the source

t� k̂.~R0(t)
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LISA
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 The localization of the sources in the sky comes from the Doppler modulation of the phase 
and from the amplitude modulation (time dependent antenna beam f-n)

  The term(s) dependent on the position of each spacecraft explicitely (q-vectors): important 
at very high frequency: constellation “feels” GW propagation

TDI — Time Delay Interferometry: technique which we apply to cancel the laser noise (in post-
processing the data) 

Equal arm Michelson Unequal arm Michelson



GW sources in LISA band
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  GW signals in LISA are strong and long-lived.
 LISA data will contain thousands of GW signals simultaneously: need to separate 
and characterize them
 Non-stationary noise



LISA sources
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 We believe that all galactic nuclei host Massive Black Holes: Milky Way has 4 
mln. solar mass BH
 Galaxies merge: we can form Massive Black Hole Binary (MBHB) system
 We need stars and gas to bring MBHs close together for GW to be efficient 
(binary is merging within Hubble time)  

[Image: Hubble telescope][Credits: Hassinger+,  VLA, Chandra , NASA] !13



LISA sources: MBHB

!14

[Credits: Gabriella De Lucia]

MBHs are formed from the initial BH seed. Those seeds could be “light” 
remnant of the first generation of stars or “heavy” from the direct collapse of a 
giant gas cloud. BHs accumulated the mas through gas accretion and merging.



LISA: GW signal from MBHB
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The signal from MBHB is similar to what we have observed in LIGO (scaled 
up in the amplitude and streched in time). GW signal from MBHB is expected 
to be the strongest signal (seen by eye in the simulated data). Imposes 
stringent demands on the accuracy of GW signal modelling



Precessing binary
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EMRIs (extreme mass ratio inspirals)
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  Massive BHs in galactic nuclei surrounded by stars and gas with 
quite high density

  MBH could capture a compact object (BH, NS, WD) which is thrown 
on a  very eccentric orbit (due to N-body interaction). The orbit 
shrinks and circularizes due to grav. radiation.

  EMRI: binary system with extreme mass ratio of component 10-7 -  
10-5

  Compact object revolves 106  orbits in the proximity of MBH before 
the plunge.



EMRI
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[Credits: S Draco, CalTech]



EMRI
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  Orbital motion: (almost) elliptical with a strong relativistic precession + 
orbital precession due to spin-orbital coupling  
 Signal is very rich in structure (hard to detect but gives a lot of information)
  Ultra-precise parameter determination (if detected). Can map spacetime of 

a heavy object:  holiodesy



Galactic white dwarf binaries
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We expect to have  107  WD binaries all emitting GWs in the LISA band, only 104 
can be resolved individually, other form stochastic GW signal (foreground)
 GW signal is almost monochromatic
Verification binaries: known from current e/m observations (+GAIA,+ LSST)



Expected event rate in LISA 
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  MBHB : high uncertainties in the event rate - from few to few 
hundreds per year

  EMRIs: even more uncertain - from few to few thousands of 
detectable GW signals per year.

  GW signal from solar mass BBH (LIGO/VIRGO sources). We expect 
to observe about 10 sources: GW signal first observed in LISA and 
then 5-10 years later with the ground based detectors.

  Possible detection of the stochastic GW signal from energetic 
processes in the early Universe.



LISA data
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LISA  data analysis is quite a complex task. We organize the  LISA data 
challenge: https://lisa-ldc.lal.in2p3.fr/home . We simulate LISA data (noise 
and GW signals) and anyone can download the data and analyse it. 

https://lisa-ldc.lal.in2p3.fr/home


Data analysis: Matched filtering
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Matched filtering: is used when we are searching for a signal of known form in the noisy data.
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Matched filtering 
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GW151226



Matched filtering 
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GW151226



Matched filtering 
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GW151226



Matched filtering and parameter estimation
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Noise = data - template

Data

template residuals

(Credits: M. Vallisneri)
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Matched filtering and parameter estimation
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(Credits: M. Vallisneri)
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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>

template
Noise = data - template

Data

residuals



Matched filtering for GW150914

!29

H1 L1

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



Likelihood

!30

Let us assume that the data contains the signal.: hypothesis (model) H1 

d(t) = n(t) + s(t, ✓i)
<latexit sha1_base64="KQDWjNHnGfUioyZb7bOZVnCLQGM=">AAACBnicbVDLSgMxFM3UV62vUZciBIvQopQZEXQjFN24rGAf0A5DJk3b0ExmSO4IpXTlxl9x40IRt36DO//GTDsLbT1wuYdz7iW5J4gF1+A431ZuaXlldS2/XtjY3NresXf3GjpKFGV1GolItQKimeCS1YGDYK1YMRIGgjWD4U3qNx+Y0jyS9zCKmReSvuQ9TgkYybcPuyUo4yss03aCdQlOcQcGDIjPy9i3i07FmQIvEjcjRZSh5ttfnW5Ek5BJoIJo3XadGLwxUcCpYJNCJ9EsJnRI+qxtqCQh0954esYEHxuli3uRMiUBT9XfG2MSaj0KAzMZEhjoeS8V//PaCfQuvTGXcQJM0tlDvURgiHCaCe5yxSiIkSGEKm7+iumAKELBJFcwIbjzJy+SxlnFdSru3Xmxep3FkUcH6AiVkIsuUBXdohqqI4oe0TN6RW/Wk/VivVsfs9Gcle3soz+wPn8AdYOV7w==</latexit><latexit sha1_base64="KQDWjNHnGfUioyZb7bOZVnCLQGM=">AAACBnicbVDLSgMxFM3UV62vUZciBIvQopQZEXQjFN24rGAf0A5DJk3b0ExmSO4IpXTlxl9x40IRt36DO//GTDsLbT1wuYdz7iW5J4gF1+A431ZuaXlldS2/XtjY3NresXf3GjpKFGV1GolItQKimeCS1YGDYK1YMRIGgjWD4U3qNx+Y0jyS9zCKmReSvuQ9TgkYybcPuyUo4yss03aCdQlOcQcGDIjPy9i3i07FmQIvEjcjRZSh5ttfnW5Ek5BJoIJo3XadGLwxUcCpYJNCJ9EsJnRI+qxtqCQh0954esYEHxuli3uRMiUBT9XfG2MSaj0KAzMZEhjoeS8V//PaCfQuvTGXcQJM0tlDvURgiHCaCe5yxSiIkSGEKm7+iumAKELBJFcwIbjzJy+SxlnFdSru3Xmxep3FkUcH6AiVkIsuUBXdohqqI4oe0TN6RW/Wk/VivVsfs9Gcle3soz+wPn8AdYOV7w==</latexit><latexit sha1_base64="KQDWjNHnGfUioyZb7bOZVnCLQGM=">AAACBnicbVDLSgMxFM3UV62vUZciBIvQopQZEXQjFN24rGAf0A5DJk3b0ExmSO4IpXTlxl9x40IRt36DO//GTDsLbT1wuYdz7iW5J4gF1+A431ZuaXlldS2/XtjY3NresXf3GjpKFGV1GolItQKimeCS1YGDYK1YMRIGgjWD4U3qNx+Y0jyS9zCKmReSvuQ9TgkYybcPuyUo4yss03aCdQlOcQcGDIjPy9i3i07FmQIvEjcjRZSh5ttfnW5Ek5BJoIJo3XadGLwxUcCpYJNCJ9EsJnRI+qxtqCQh0954esYEHxuli3uRMiUBT9XfG2MSaj0KAzMZEhjoeS8V//PaCfQuvTGXcQJM0tlDvURgiHCaCe5yxSiIkSGEKm7+iumAKELBJFcwIbjzJy+SxlnFdSru3Xmxep3FkUcH6AiVkIsuUBXdohqqI4oe0TN6RW/Wk/VivVsfs9Gcle3soz+wPn8AdYOV7w==</latexit><latexit sha1_base64="KQDWjNHnGfUioyZb7bOZVnCLQGM=">AAACBnicbVDLSgMxFM3UV62vUZciBIvQopQZEXQjFN24rGAf0A5DJk3b0ExmSO4IpXTlxl9x40IRt36DO//GTDsLbT1wuYdz7iW5J4gF1+A431ZuaXlldS2/XtjY3NresXf3GjpKFGV1GolItQKimeCS1YGDYK1YMRIGgjWD4U3qNx+Y0jyS9zCKmReSvuQ9TgkYybcPuyUo4yss03aCdQlOcQcGDIjPy9i3i07FmQIvEjcjRZSh5ttfnW5Ek5BJoIJo3XadGLwxUcCpYJNCJ9EsJnRI+qxtqCQh0954esYEHxuli3uRMiUBT9XfG2MSaj0KAzMZEhjoeS8V//PaCfQuvTGXcQJM0tlDvURgiHCaCe5yxSiIkSGEKm7+iumAKELBJFcwIbjzJy+SxlnFdSru3Xmxep3FkUcH6AiVkIsuUBXdohqqI4oe0TN6RW/Wk/VivVsfs9Gcle3soz+wPn8AdYOV7w==</latexit>

data = noise + signal

signal “s” depends on parameters ✓i
<latexit sha1_base64="T92PsT4hUuCLbZ+LPtZtZc91/zg=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOepMhM7PLTK8QQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZDg2eyMS0I2ZBCg0NFCihnRpgKpLQika3M7/1BMaKRD/gOIVQsYEWseAMnfRIuzgEZD3RK1f8qj8HXSVBTiokR71X/ur2E54p0Mgls7YT+CmGE2ZQcAnTUjezkDI+YgPoOKqZAhtO5gdP6ZlT+jROjCuNdK7+npgwZe1YRa5TMRzaZW8m/ud1Moyvw4nQaYag+WJRnEmKCZ19T/vCAEc5doRxI9ytlA+ZYRxdRiUXQrD88ippXlQDvxrcX1ZqN3kcRXJCTsk5CcgVqZE7UicNwokiz+SVvHnGe/HevY9Fa8HLZ47JH3ifP3jIkC4=</latexit><latexit sha1_base64="T92PsT4hUuCLbZ+LPtZtZc91/zg=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOepMhM7PLTK8QQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZDg2eyMS0I2ZBCg0NFCihnRpgKpLQika3M7/1BMaKRD/gOIVQsYEWseAMnfRIuzgEZD3RK1f8qj8HXSVBTiokR71X/ur2E54p0Mgls7YT+CmGE2ZQcAnTUjezkDI+YgPoOKqZAhtO5gdP6ZlT+jROjCuNdK7+npgwZe1YRa5TMRzaZW8m/ud1Moyvw4nQaYag+WJRnEmKCZ19T/vCAEc5doRxI9ytlA+ZYRxdRiUXQrD88ippXlQDvxrcX1ZqN3kcRXJCTsk5CcgVqZE7UicNwokiz+SVvHnGe/HevY9Fa8HLZ47JH3ifP3jIkC4=</latexit><latexit sha1_base64="T92PsT4hUuCLbZ+LPtZtZc91/zg=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOepMhM7PLTK8QQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZDg2eyMS0I2ZBCg0NFCihnRpgKpLQika3M7/1BMaKRD/gOIVQsYEWseAMnfRIuzgEZD3RK1f8qj8HXSVBTiokR71X/ur2E54p0Mgls7YT+CmGE2ZQcAnTUjezkDI+YgPoOKqZAhtO5gdP6ZlT+jROjCuNdK7+npgwZe1YRa5TMRzaZW8m/ud1Moyvw4nQaYag+WJRnEmKCZ19T/vCAEc5doRxI9ytlA+ZYRxdRiUXQrD88ippXlQDvxrcX1ZqN3kcRXJCTsk5CcgVqZE7UicNwokiz+SVvHnGe/HevY9Fa8HLZ47JH3ifP3jIkC4=</latexit><latexit sha1_base64="T92PsT4hUuCLbZ+LPtZtZc91/zg=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOepMhM7PLTK8QQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZDg2eyMS0I2ZBCg0NFCihnRpgKpLQika3M7/1BMaKRD/gOIVQsYEWseAMnfRIuzgEZD3RK1f8qj8HXSVBTiokR71X/ur2E54p0Mgls7YT+CmGE2ZQcAnTUjezkDI+YgPoOKqZAhtO5gdP6ZlT+jROjCuNdK7+npgwZe1YRa5TMRzaZW8m/ud1Moyvw4nQaYag+WJRnEmKCZ19T/vCAEc5doRxI9ytlA+ZYRxdRiUXQrD88ippXlQDvxrcX1ZqN3kcRXJCTsk5CcgVqZE7UicNwokiz+SVvHnGe/HevY9Fa8HLZ47JH3ifP3jIkC4=</latexit>

If the template matches the GW signal exactly h(t, ✓i) = s(t, ✓i)
<latexit sha1_base64="W5ZKbF3sYnKaLQSqnWj0zukS6tM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoICURQTdC0Y3LCvYBbQiT6aQdOpmEmRuhhG7d+CtuXCji1j9w5984bQNq64ELZ865l7n3BIngGhznyyosLa+srhXXSxubW9s79u5eU8epoqxBYxGrdkA0E1yyBnAQrJ0oRqJAsFYwvJ74rXumNI/lHYwS5kWkL3nIKQEj+TbGgwqc4C4MGBCfH+NLrI3w8/btslN1psCLxM1JGeWo+/ZntxfTNGISqCBad1wnAS8jCjgVbFzqppolhA5Jn3UMlSRi2suml4zxkVF6OIyVKQl4qv6eyEik9SgKTGdEYKDnvYn4n9dJIbzwMi6TFJiks4/CVGCI8SQW3OOKURAjQwhV3OyK6YAoQsGEVzIhuPMnL5LmadV1qu7tWbl2lcdRRAfoEFWQi85RDd2gOmogih7QE3pBr9aj9Wy9We+z1oKVz+yjP7A+vgH8vZf5</latexit><latexit sha1_base64="W5ZKbF3sYnKaLQSqnWj0zukS6tM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoICURQTdC0Y3LCvYBbQiT6aQdOpmEmRuhhG7d+CtuXCji1j9w5984bQNq64ELZ865l7n3BIngGhznyyosLa+srhXXSxubW9s79u5eU8epoqxBYxGrdkA0E1yyBnAQrJ0oRqJAsFYwvJ74rXumNI/lHYwS5kWkL3nIKQEj+TbGgwqc4C4MGBCfH+NLrI3w8/btslN1psCLxM1JGeWo+/ZntxfTNGISqCBad1wnAS8jCjgVbFzqppolhA5Jn3UMlSRi2suml4zxkVF6OIyVKQl4qv6eyEik9SgKTGdEYKDnvYn4n9dJIbzwMi6TFJiks4/CVGCI8SQW3OOKURAjQwhV3OyK6YAoQsGEVzIhuPMnL5LmadV1qu7tWbl2lcdRRAfoEFWQi85RDd2gOmogih7QE3pBr9aj9Wy9We+z1oKVz+yjP7A+vgH8vZf5</latexit><latexit sha1_base64="W5ZKbF3sYnKaLQSqnWj0zukS6tM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoICURQTdC0Y3LCvYBbQiT6aQdOpmEmRuhhG7d+CtuXCji1j9w5984bQNq64ELZ865l7n3BIngGhznyyosLa+srhXXSxubW9s79u5eU8epoqxBYxGrdkA0E1yyBnAQrJ0oRqJAsFYwvJ74rXumNI/lHYwS5kWkL3nIKQEj+TbGgwqc4C4MGBCfH+NLrI3w8/btslN1psCLxM1JGeWo+/ZntxfTNGISqCBad1wnAS8jCjgVbFzqppolhA5Jn3UMlSRi2suml4zxkVF6OIyVKQl4qv6eyEik9SgKTGdEYKDnvYn4n9dJIbzwMi6TFJiks4/CVGCI8SQW3OOKURAjQwhV3OyK6YAoQsGEVzIhuPMnL5LmadV1qu7tWbl2lcdRRAfoEFWQi85RDd2gOmogih7QE3pBr9aj9Wy9We+z1oKVz+yjP7A+vgH8vZf5</latexit><latexit sha1_base64="W5ZKbF3sYnKaLQSqnWj0zukS6tM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoICURQTdC0Y3LCvYBbQiT6aQdOpmEmRuhhG7d+CtuXCji1j9w5984bQNq64ELZ865l7n3BIngGhznyyosLa+srhXXSxubW9s79u5eU8epoqxBYxGrdkA0E1yyBnAQrJ0oRqJAsFYwvJ74rXumNI/lHYwS5kWkL3nIKQEj+TbGgwqc4C4MGBCfH+NLrI3w8/btslN1psCLxM1JGeWo+/ZntxfTNGISqCBad1wnAS8jCjgVbFzqppolhA5Jn3UMlSRi2suml4zxkVF6OIyVKQl4qv6eyEik9SgKTGdEYKDnvYn4n9dJIbzwMi6TFJiks4/CVGCI8SQW3OOKURAjQwhV3OyK6YAoQsGEVzIhuPMnL5LmadV1qu7tWbl2lcdRRAfoEFWQi85RDd2gOmogih7QE3pBr9aj9Wy9We+z1oKVz+yjP7A+vgH8vZf5</latexit>

d(t)� h(t, ✓i) = n(t)
<latexit sha1_base64="33gxYVFHCReGaWEuL/XKCrFpVRw=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFiEFrQkIuhFKHrxWMF+QBvKZrtpl242YXcilNCLF/+KFw+KePU/ePPfuG1z0NYHA4/3ZpiZ58eCa3Ccbyu3tLyyupZfL2xsbm3v2Lt7DR0lirI6jUSkWj7RTHDJ6sBBsFasGAl9wZr+8GbiNx+Y0jyS9zCKmReSvuQBpwSM1LUPeyUo41M8KMEJ7sCAAenyMr7C0uhdu+hUnCnwInEzUkQZal37q9OLaBIyCVQQrduuE4OXEgWcCjYudBLNYkKHpM/ahkoSMu2l0y/G+NgoPRxEypQEPFV/T6Qk1HoU+qYzJDDQ895E/M9rJxBceimXcQJM0tmiIBEYIjyJBPe4YhTEyBBCFTe3YjogilAwwRVMCO78y4ukcVZxnYp7d16sXmdx5NEBOkIl5KILVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHrDVnZTP76A+szx8Q45W8</latexit><latexit sha1_base64="33gxYVFHCReGaWEuL/XKCrFpVRw=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFiEFrQkIuhFKHrxWMF+QBvKZrtpl242YXcilNCLF/+KFw+KePU/ePPfuG1z0NYHA4/3ZpiZ58eCa3Ccbyu3tLyyupZfL2xsbm3v2Lt7DR0lirI6jUSkWj7RTHDJ6sBBsFasGAl9wZr+8GbiNx+Y0jyS9zCKmReSvuQBpwSM1LUPeyUo41M8KMEJ7sCAAenyMr7C0uhdu+hUnCnwInEzUkQZal37q9OLaBIyCVQQrduuE4OXEgWcCjYudBLNYkKHpM/ahkoSMu2l0y/G+NgoPRxEypQEPFV/T6Qk1HoU+qYzJDDQ895E/M9rJxBceimXcQJM0tmiIBEYIjyJBPe4YhTEyBBCFTe3YjogilAwwRVMCO78y4ukcVZxnYp7d16sXmdx5NEBOkIl5KILVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHrDVnZTP76A+szx8Q45W8</latexit><latexit sha1_base64="33gxYVFHCReGaWEuL/XKCrFpVRw=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFiEFrQkIuhFKHrxWMF+QBvKZrtpl242YXcilNCLF/+KFw+KePU/ePPfuG1z0NYHA4/3ZpiZ58eCa3Ccbyu3tLyyupZfL2xsbm3v2Lt7DR0lirI6jUSkWj7RTHDJ6sBBsFasGAl9wZr+8GbiNx+Y0jyS9zCKmReSvuQBpwSM1LUPeyUo41M8KMEJ7sCAAenyMr7C0uhdu+hUnCnwInEzUkQZal37q9OLaBIyCVQQrduuE4OXEgWcCjYudBLNYkKHpM/ahkoSMu2l0y/G+NgoPRxEypQEPFV/T6Qk1HoU+qYzJDDQ895E/M9rJxBceimXcQJM0tmiIBEYIjyJBPe4YhTEyBBCFTe3YjogilAwwRVMCO78y4ukcVZxnYp7d16sXmdx5NEBOkIl5KILVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHrDVnZTP76A+szx8Q45W8</latexit><latexit sha1_base64="33gxYVFHCReGaWEuL/XKCrFpVRw=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFiEFrQkIuhFKHrxWMF+QBvKZrtpl242YXcilNCLF/+KFw+KePU/ePPfuG1z0NYHA4/3ZpiZ58eCa3Ccbyu3tLyyupZfL2xsbm3v2Lt7DR0lirI6jUSkWj7RTHDJ6sBBsFasGAl9wZr+8GbiNx+Y0jyS9zCKmReSvuQBpwSM1LUPeyUo41M8KMEJ7sCAAenyMr7C0uhdu+hUnCnwInEzUkQZal37q9OLaBIyCVQQrduuE4OXEgWcCjYudBLNYkKHpM/ahkoSMu2l0y/G+NgoPRxEypQEPFV/T6Qk1HoU+qYzJDDQ895E/M9rJxBceimXcQJM0tmiIBEYIjyJBPe4YhTEyBBCFTe3YjogilAwwRVMCO78y4ukcVZxnYp7d16sXmdx5NEBOkIl5KILVEW3qIbqiKJH9Ixe0Zv1ZL1Y79bHrDVnZTP76A+szx8Q45W8</latexit>

 Assume that the noise is Gaussian (but not necessarily white): non white noise has different 
variance at different frequencies. The the likelihood can be written as 

p(d(t)|H1, s̄(t,�)) = p(d(t)� s(t,~�)) = pn
<latexit sha1_base64="q6OE9mCklNM85yvxSUc19QtwlV8="></latexit><latexit sha1_base64="q6OE9mCklNM85yvxSUc19QtwlV8="></latexit><latexit sha1_base64="q6OE9mCklNM85yvxSUc19QtwlV8="></latexit><latexit sha1_base64="q6OE9mCklNM85yvxSUc19QtwlV8="></latexit>

The inner product: matched filtering (a|b) ⌘ 4<
Z 1

0

ã(f)b̃⇤(f)

Sn(f)
df

<latexit sha1_base64="/oExm6UXu7fSHN3s7YTdJO3Gt+U="></latexit><latexit sha1_base64="/oExm6UXu7fSHN3s7YTdJO3Gt+U="></latexit><latexit sha1_base64="/oExm6UXu7fSHN3s7YTdJO3Gt+U="></latexit><latexit sha1_base64="/oExm6UXu7fSHN3s7YTdJO3Gt+U="></latexit>

 We search for parameters which maximize the likelihood: making the residuals most 
noise-like — maximum likelihood estimators for parameters ✓̂i

<latexit sha1_base64="iC2dDgHxuRlbUhK+QrEyQN5OPVQ=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjBfkAby2Y7aZZuNmF3opTQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFqRQGXffbWVldW9/YLG2Vt3d29/YrB4ctk2SaQ5MnMtGdgBmQQkETBUropBpYHEhoB6Obqd9+BG1Eou5xnIIfs6ESoeAMrfTQixjmPYwA2aQv+pWqW3NnoMvEK0iVFGj0K1+9QcKzGBRyyYzpem6Kfs40Ci5hUu5lBlLGR2wIXUsVi8H4+ezqCT21yoCGibalkM7U3xM5i40Zx4HtjBlGZtGbiv953QzDKz8XKs0QFJ8vCjNJMaHTCOhAaOAox5YwroW9lfKIacbRBlW2IXiLLy+T1nnNc2ve3UW1fl3EUSLH5IScEY9ckjq5JQ3SJJxo8kxeyZvz5Lw4787HvHXFKWaOyB84nz/+HpLR</latexit><latexit sha1_base64="iC2dDgHxuRlbUhK+QrEyQN5OPVQ=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjBfkAby2Y7aZZuNmF3opTQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFqRQGXffbWVldW9/YLG2Vt3d29/YrB4ctk2SaQ5MnMtGdgBmQQkETBUropBpYHEhoB6Obqd9+BG1Eou5xnIIfs6ESoeAMrfTQixjmPYwA2aQv+pWqW3NnoMvEK0iVFGj0K1+9QcKzGBRyyYzpem6Kfs40Ci5hUu5lBlLGR2wIXUsVi8H4+ezqCT21yoCGibalkM7U3xM5i40Zx4HtjBlGZtGbiv953QzDKz8XKs0QFJ8vCjNJMaHTCOhAaOAox5YwroW9lfKIacbRBlW2IXiLLy+T1nnNc2ve3UW1fl3EUSLH5IScEY9ckjq5JQ3SJJxo8kxeyZvz5Lw4787HvHXFKWaOyB84nz/+HpLR</latexit><latexit sha1_base64="iC2dDgHxuRlbUhK+QrEyQN5OPVQ=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjBfkAby2Y7aZZuNmF3opTQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFqRQGXffbWVldW9/YLG2Vt3d29/YrB4ctk2SaQ5MnMtGdgBmQQkETBUropBpYHEhoB6Obqd9+BG1Eou5xnIIfs6ESoeAMrfTQixjmPYwA2aQv+pWqW3NnoMvEK0iVFGj0K1+9QcKzGBRyyYzpem6Kfs40Ci5hUu5lBlLGR2wIXUsVi8H4+ezqCT21yoCGibalkM7U3xM5i40Zx4HtjBlGZtGbiv953QzDKz8XKs0QFJ8vCjNJMaHTCOhAaOAox5YwroW9lfKIacbRBlW2IXiLLy+T1nnNc2ve3UW1fl3EUSLH5IScEY9ckjq5JQ3SJJxo8kxeyZvz5Lw4787HvHXFKWaOyB84nz/+HpLR</latexit><latexit sha1_base64="iC2dDgHxuRlbUhK+QrEyQN5OPVQ=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68VjBfkAby2Y7aZZuNmF3opTQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFqRQGXffbWVldW9/YLG2Vt3d29/YrB4ctk2SaQ5MnMtGdgBmQQkETBUropBpYHEhoB6Obqd9+BG1Eou5xnIIfs6ESoeAMrfTQixjmPYwA2aQv+pWqW3NnoMvEK0iVFGj0K1+9QcKzGBRyyYzpem6Kfs40Ci5hUu5lBlLGR2wIXUsVi8H4+ezqCT21yoCGibalkM7U3xM5i40Zx4HtjBlGZtGbiv953QzDKz8XKs0QFJ8vCjNJMaHTCOhAaOAox5YwroW9lfKIacbRBlW2IXiLLy+T1nnNc2ve3UW1fl3EUSLH5IScEY9ckjq5JQ3SJJxo8kxeyZvz5Lw4787HvHXFKWaOyB84nz/+HpLR</latexit>

p(d|H1, ✓i) / e�
1
2 (d�h(✓i)|d�h(✓i)

<latexit sha1_base64="SOuMuy2hQZhXuOraDoLeOS3GnLA="></latexit><latexit sha1_base64="SOuMuy2hQZhXuOraDoLeOS3GnLA="></latexit><latexit sha1_base64="SOuMuy2hQZhXuOraDoLeOS3GnLA="></latexit><latexit sha1_base64="SOuMuy2hQZhXuOraDoLeOS3GnLA="></latexit>

Likelihood: 


