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GW SIGNALS

La

̂pa
<latexit sha1_base64="HWvDdxracKm6bYHZedk9dAkjM8Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh0af9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAbEo2z</latexit>

Pa
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GW SIGNALS

Ω̂

La

̂pa

<latexit sha1_base64="QihGWRoDl+avzIP7OqFgZnKMVwc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahgpREpHosevFYwX5AG8JmO23XbjZhd1MtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yNGpbLtbyO3srq2vpHfLGxt7+zumcX9pgxjQaBBQhaKto8lMMqhoahi0I4E4MBn0PJH11O/NQYhacjv1CQCN8ADTvuUYKUlzywOvYTep2V12h0DSR7TE88s2RV7BmuZOBkpoQx1z/zq9kISB8AVYVjKjmNHyk2wUJQwSAvdWEKEyQgPoKMpxwFIN5mdnlrHWulZ/VDo4sqaqb8nEhxIOQl83RlgNZSL3lT8z+vEqn/pJpRHsQJO5ov6MbNUaE1zsHpUAFFsogkmgupbLTLEAhOl0yroEJzFl5dJ86ziVCvV2/NS7SqLI48O0REqIwddoBq6QXXUQAQ9oGf0it6MJ+PFeDc+5q05I5s5QH9gfP4AHquT7Q==</latexit>

hij(t, ~x)

<latexit sha1_base64="HWvDdxracKm6bYHZedk9dAkjM8Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh0af9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAbEo2z</latexit>

Pa
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GW SIGNALS

Ω̂

La

̂pa

<latexit sha1_base64="wPoffz+PhnMOx98Wr+KONpjxMXM="></latexit>

�Pa(t)

Pa
=

p̂iap̂
j
a

2(1 + ⌦̂ · p̂a)

h
hij(t,~0)� hij(t� La, Lap̂a)

i

<latexit sha1_base64="QihGWRoDl+avzIP7OqFgZnKMVwc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahgpREpHosevFYwX5AG8JmO23XbjZhd1MtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yNGpbLtbyO3srq2vpHfLGxt7+zumcX9pgxjQaBBQhaKto8lMMqhoahi0I4E4MBn0PJH11O/NQYhacjv1CQCN8ADTvuUYKUlzywOvYTep2V12h0DSR7TE88s2RV7BmuZOBkpoQx1z/zq9kISB8AVYVjKjmNHyk2wUJQwSAvdWEKEyQgPoKMpxwFIN5mdnlrHWulZ/VDo4sqaqb8nEhxIOQl83RlgNZSL3lT8z+vEqn/pJpRHsQJO5ov6MbNUaE1zsHpUAFFsogkmgupbLTLEAhOl0yroEJzFl5dJ86ziVCvV2/NS7SqLI48O0REqIwddoBq6QXXUQAQ9oGf0it6MJ+PFeDc+5q05I5s5QH9gfP4AHquT7Q==</latexit>

hij(t, ~x)

<latexit sha1_base64="HWvDdxracKm6bYHZedk9dAkjM8Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh0af9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAbEo2z</latexit>

Pa
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GW SIGNALS

Ω̂

La

̂pa

<latexit sha1_base64="wPoffz+PhnMOx98Wr+KONpjxMXM="></latexit>

�Pa(t)

Pa
=

p̂iap̂
j
a

2(1 + ⌦̂ · p̂a)

h
hij(t,~0)� hij(t� La, Lap̂a)

i

Earth term pulsar term

<latexit sha1_base64="MOcSDNfQBQUcHYmIW6K3cFXmw64=">AAAB+nicdVDLSgMxFM3UV62vqS7dBItQQYZMbWe6LLpxWcG2QltKJk3b2MyDJFMp43yKGxeKuPVL3Pk3pg9BRQ9cOJxzL/fe40WcSYXQh5FZWV1b38hu5ra2d3b3zPx+U4axILRBQh6KGw9LyllAG4opTm8iQbHvcdryxhczvzWhQrIwuFbTiHZ9PAzYgBGstNQz86Newm7TojrtTChJUHrSMwvIQuVKFVUhss7cqltxNHHcUsUpQ9tCcxTAEvWe+d7phyT2aaAIx1K2bRSpboKFYoTTNNeJJY0wGeMhbWsaYJ/KbjI/PYXHWunDQSh0BQrO1e8TCfalnPqe7vSxGsnf3kz8y2vHalDtJiyIYkUDslg0iDlUIZzlAPtMUKL4VBNMBNO3QjLCAhOl08rpEL4+hf+TZsmyHcu5Khdq58s4suAQHIEisIELauAS1EEDEHAHHsATeDbujUfjxXhdtGaM5cwB+AHj7RM0c5QA</latexit>

hij(t,~0)

<latexit sha1_base64="3xVc+2NDXCQJlFSCRzsm18zsJ84="></latexit>

hij(t� La, Lap̂a)

<latexit sha1_base64="QihGWRoDl+avzIP7OqFgZnKMVwc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahgpREpHosevFYwX5AG8JmO23XbjZhd1MtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yNGpbLtbyO3srq2vpHfLGxt7+zumcX9pgxjQaBBQhaKto8lMMqhoahi0I4E4MBn0PJH11O/NQYhacjv1CQCN8ADTvuUYKUlzywOvYTep2V12h0DSR7TE88s2RV7BmuZOBkpoQx1z/zq9kISB8AVYVjKjmNHyk2wUJQwSAvdWEKEyQgPoKMpxwFIN5mdnlrHWulZ/VDo4sqaqb8nEhxIOQl83RlgNZSL3lT8z+vEqn/pJpRHsQJO5ov6MbNUaE1zsHpUAFFsogkmgupbLTLEAhOl0yroEJzFl5dJ86ziVCvV2/NS7SqLI48O0REqIwddoBq6QXXUQAQ9oGf0it6MJ+PFeDc+5q05I5s5QH9gfP4AHquT7Q==</latexit>

hij(t, ~x)
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GW SIGNALS

Ω̂

La

̂pa

<latexit sha1_base64="wPoffz+PhnMOx98Wr+KONpjxMXM="></latexit>

�Pa(t)

Pa
=

p̂iap̂
j
a

2(1 + ⌦̂ · p̂a)

h
hij(t,~0)� hij(t� La, Lap̂a)

i

geometric response

Earth term pulsar term

<latexit sha1_base64="MOcSDNfQBQUcHYmIW6K3cFXmw64=">AAAB+nicdVDLSgMxFM3UV62vqS7dBItQQYZMbWe6LLpxWcG2QltKJk3b2MyDJFMp43yKGxeKuPVL3Pk3pg9BRQ9cOJxzL/fe40WcSYXQh5FZWV1b38hu5ra2d3b3zPx+U4axILRBQh6KGw9LyllAG4opTm8iQbHvcdryxhczvzWhQrIwuFbTiHZ9PAzYgBGstNQz86Newm7TojrtTChJUHrSMwvIQuVKFVUhss7cqltxNHHcUsUpQ9tCcxTAEvWe+d7phyT2aaAIx1K2bRSpboKFYoTTNNeJJY0wGeMhbWsaYJ/KbjI/PYXHWunDQSh0BQrO1e8TCfalnPqe7vSxGsnf3kz8y2vHalDtJiyIYkUDslg0iDlUIZzlAPtMUKL4VBNMBNO3QjLCAhOl08rpEL4+hf+TZsmyHcu5Khdq58s4suAQHIEisIELauAS1EEDEHAHHsATeDbujUfjxXhdtGaM5cwB+AHj7RM0c5QA</latexit>

hij(t,~0)

<latexit sha1_base64="3xVc+2NDXCQJlFSCRzsm18zsJ84="></latexit>

hij(t� La, Lap̂a)

<latexit sha1_base64="QihGWRoDl+avzIP7OqFgZnKMVwc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahgpREpHosevFYwX5AG8JmO23XbjZhd1MtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yNGpbLtbyO3srq2vpHfLGxt7+zumcX9pgxjQaBBQhaKto8lMMqhoahi0I4E4MBn0PJH11O/NQYhacjv1CQCN8ADTvuUYKUlzywOvYTep2V12h0DSR7TE88s2RV7BmuZOBkpoQx1z/zq9kISB8AVYVjKjmNHyk2wUJQwSAvdWEKEyQgPoKMpxwFIN5mdnlrHWulZ/VDo4sqaqb8nEhxIOQl83RlgNZSL3lT8z+vEqn/pJpRHsQJO5ov6MbNUaE1zsHpUAFFsogkmgupbLTLEAhOl0yroEJzFl5dJ86ziVCvV2/NS7SqLI48O0REqIwddoBq6QXXUQAQ9oGf0it6MJ+PFeDc+5q05I5s5QH9gfP4AHquT7Q==</latexit>

hij(t, ~x)
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GW SIGNALS

Ω̂

La

̂pa

<latexit sha1_base64="wPoffz+PhnMOx98Wr+KONpjxMXM="></latexit>

�Pa(t)

Pa
=

p̂iap̂
j
a

2(1 + ⌦̂ · p̂a)

h
hij(t,~0)� hij(t� La, Lap̂a)

i

geometric response

Earth term pulsar term

<latexit sha1_base64="MOcSDNfQBQUcHYmIW6K3cFXmw64=">AAAB+nicdVDLSgMxFM3UV62vqS7dBItQQYZMbWe6LLpxWcG2QltKJk3b2MyDJFMp43yKGxeKuPVL3Pk3pg9BRQ9cOJxzL/fe40WcSYXQh5FZWV1b38hu5ra2d3b3zPx+U4axILRBQh6KGw9LyllAG4opTm8iQbHvcdryxhczvzWhQrIwuFbTiHZ9PAzYgBGstNQz86Newm7TojrtTChJUHrSMwvIQuVKFVUhss7cqltxNHHcUsUpQ9tCcxTAEvWe+d7phyT2aaAIx1K2bRSpboKFYoTTNNeJJY0wGeMhbWsaYJ/KbjI/PYXHWunDQSh0BQrO1e8TCfalnPqe7vSxGsnf3kz8y2vHalDtJiyIYkUDslg0iDlUIZzlAPtMUKL4VBNMBNO3QjLCAhOl08rpEL4+hf+TZsmyHcu5Khdq58s4suAQHIEisIELauAS1EEDEHAHHsATeDbujUfjxXhdtGaM5cwB+AHj7RM0c5QA</latexit>

hij(t,~0)

<latexit sha1_base64="3xVc+2NDXCQJlFSCRzsm18zsJ84="></latexit>

hij(t� La, Lap̂a)

<latexit sha1_base64="QihGWRoDl+avzIP7OqFgZnKMVwc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahgpREpHosevFYwX5AG8JmO23XbjZhd1MtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yNGpbLtbyO3srq2vpHfLGxt7+zumcX9pgxjQaBBQhaKto8lMMqhoahi0I4E4MBn0PJH11O/NQYhacjv1CQCN8ADTvuUYKUlzywOvYTep2V12h0DSR7TE88s2RV7BmuZOBkpoQx1z/zq9kISB8AVYVjKjmNHyk2wUJQwSAvdWEKEyQgPoKMpxwFIN5mdnlrHWulZ/VDo4sqaqb8nEhxIOQl83RlgNZSL3lT8z+vEqn/pJpRHsQJO5ov6MbNUaE1zsHpUAFFsogkmgupbLTLEAhOl0yroEJzFl5dJ86ziVCvV2/NS7SqLI48O0REqIwddoBq6QXXUQAQ9oGf0it6MJ+PFeDc+5q05I5s5QH9gfP4AHquT7Q==</latexit>

hij(t, ~x)

<latexit sha1_base64="hDQlS0Xd0DyEDAerTxreBe+cpsU=">AAACK3icbVDLSsNAFJ34tr6qLt0MFlEXlkREBRFENy4rWBWaWiaTGzt0MgkzN0IJ+R83/ooLXfjArf/htGbh68DA4ZxzuXNPkEph0HVfnZHRsfGJyanpyszs3PxCdXHpwiSZ5tDkiUz0VcAMSKGgiQIlXKUaWBxIuAx6JwP/8ha0EYk6x34K7ZjdKBEJztBKneqxH4JERrHDNnCTHlJfKLxGv2tSxiHf2kmxCHHdP/AjzXheph uD9PpmkVtSdKo1t+4OQf8SryQ1UqLRqT76YcKzGBRyyYxpeW6K7ZxpFFxCUfEzA3Z7j91Ay1LFYjDtfHhrQdesEtIo0fYppEP1+0TOYmP6cWCTMcOu+e0NxP+8VobRfjsXKs0QFP9aFGWSYkIHxdFQaOAo+5YwroX9K+VdZktBW2/FluD9Pvkvudiue7v13bOd2tFxWccUWSGrZIN4ZI8ckVPSIE3CyR15IM/kxbl3npw35/0rOuKUM8vkB5yPT9PQptw=</latexit>

�ta(t) =

Z t

dt0
�Pa(t0)

Pa
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CONTINUOUS WAVE

<latexit sha1_base64="rh4Co0IjcOtFpNwB8uWocz2gRjw="></latexit>

hij(t, ~x) =
X

A

hA(t� ⌦̂ · ~x) eAij(⌦̂)

assuming:  
• constant orbital frequency,  

• plane of the orbit is  to the line of sight
ω

⊥

<latexit sha1_base64="mEmx529Oq4ScvYkav7lSp2AfNeU=">AAACDXicjVDLSgMxFM34rPU16tJNsAotQpkRqW6EohuXFewDOuOQSTOd0CQzJBlpKf0BN/6KGxeKuHXvzr8xfSxUFDxw4XDOvdx7T5gyqrTjfFhz8wuLS8u5lfzq2vrGpr213VBJJjGp44QlshUiRRgVpK6pZqSVSoJ4yEgz7F2M/eYtkYom4loPUuJz1BU0ohhpIwX2fnzjacqJKvZL8AzGgeMpKopewkkXwf6hl8a0FNgFt+xMAP8mBTBDLbDfvU6CM06Exgwp1XadVPtDJDXFjIzyXqZIinAPdUnbUIHMAf5w8s0IHhilA6NEmhIaTtSvE0PElRrw0HRypGP10xuLv3ntTEen/pCKNNNE4OmiKGNQJ3AcDexQSbBmA0MQltTcCnGMJMLaBJj/XwiNo7JbKVeujgvV81kcObAL9kARuOAEVMElqIE6wOAOPIAn8GzdW4/Wi/U6bZ2zZjM74Bust08o/Jpe</latexit>

h⇥(x) = h0 sin(!x+ �)
<latexit sha1_base64="g0kPrpFhgaqRY1IpRZgoK1xJuFw=">AAACCHicjVDLSsNAFJ3UV62vqEsXDhahpVASkepGKLpxWcE+oIlhMp00QyczYWYiLaFLN/6KGxeKuPUT3Pk3po+FioIHLhzOuZd77/FjRpW2rA8jt7C4tLySXy2srW9sbpnbOy0lEolJEwsmZMdHijDKSVNTzUgnlgRFPiNtf3Ax8du3RCoq+LUexcSNUJ/TgGKkM8kz98ObSmlYhmcw9CwHC1VyRET6CA4rThzSsmcW7ao1BfybFMEcDc98d3oCJxHhGjOkVNe2Yu2mSGqKGRkXnESRGOEB6pNuRjmKiHLT6SNjeJgpPRgImRXXcKp+nUhRpNQo8rPOCOlQ/fQm4m9eN9HBqZtSHieacDxbFCQMagEnqcAelQRrNsoIwpJmt0IcIomwzrIr/C+E1lHVrlVrV8fF+vk8jjzYAwegBGxwAurgEjRAE2BwBx7AE3g27o1H48V4nbXmjPnMLvgG4+0TlZWX1A==</latexit>

h+(x) = h0 cos(!x+ �)
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CONTINUOUS WAVE

<latexit sha1_base64="rh4Co0IjcOtFpNwB8uWocz2gRjw="></latexit>

hij(t, ~x) =
X

A

hA(t� ⌦̂ · ~x) eAij(⌦̂)

δt

t

umkum

man
f

H( f )

assuming:  
• constant orbital frequency,  

• plane of the orbit is  to the line of sight
ω

⊥

<latexit sha1_base64="mEmx529Oq4ScvYkav7lSp2AfNeU=">AAACDXicjVDLSgMxFM34rPU16tJNsAotQpkRqW6EohuXFewDOuOQSTOd0CQzJBlpKf0BN/6KGxeKuHXvzr8xfSxUFDxw4XDOvdx7T5gyqrTjfFhz8wuLS8u5lfzq2vrGpr213VBJJjGp44QlshUiRRgVpK6pZqSVSoJ4yEgz7F2M/eYtkYom4loPUuJz1BU0ohhpIwX2fnzjacqJKvZL8AzGgeMpKopewkkXwf6hl8a0FNgFt+xMAP8mBTBDLbDfvU6CM06Exgwp1XadVPtDJDXFjIzyXqZIinAPdUnbUIHMAf5w8s0IHhilA6NEmhIaTtSvE0PElRrw0HRypGP10xuLv3ntTEen/pCKNNNE4OmiKGNQJ3AcDexQSbBmA0MQltTcCnGMJMLaBJj/XwiNo7JbKVeujgvV81kcObAL9kARuOAEVMElqIE6wOAOPIAn8GzdW4/Wi/U6bZ2zZjM74Bust08o/Jpe</latexit>

h⇥(x) = h0 sin(!x+ �)
<latexit sha1_base64="g0kPrpFhgaqRY1IpRZgoK1xJuFw=">AAACCHicjVDLSsNAFJ3UV62vqEsXDhahpVASkepGKLpxWcE+oIlhMp00QyczYWYiLaFLN/6KGxeKuPUT3Pk3po+FioIHLhzOuZd77/FjRpW2rA8jt7C4tLySXy2srW9sbpnbOy0lEolJEwsmZMdHijDKSVNTzUgnlgRFPiNtf3Ax8du3RCoq+LUexcSNUJ/TgGKkM8kz98ObSmlYhmcw9CwHC1VyRET6CA4rThzSsmcW7ao1BfybFMEcDc98d3oCJxHhGjOkVNe2Yu2mSGqKGRkXnESRGOEB6pNuRjmKiHLT6SNjeJgpPRgImRXXcKp+nUhRpNQo8rPOCOlQ/fQm4m9eN9HBqZtSHieacDxbFCQMagEnqcAelQRrNsoIwpJmt0IcIomwzrIr/C+E1lHVrlVrV8fF+vk8jjzYAwegBGxwAurgEjRAE2BwBx7AE3g27o1H48V4nbXmjPnMLvgG4+0TlZWX1A==</latexit>

h+(x) = h0 cos(!x+ �)

<latexit sha1_base64="PK2FUigVmqYXWL7yyhxbhyamybw=">AAACCnicjVDLSgNBEJyNrxhfqx69jAYhHgyJSPSYKIjHCOYBSVxmJ51kyOzuMNMrhJCzF3/FiwdFvPoF3vwbJ4+DioIF3RRV3cx0+UoKg7nch5OYm19YXEoup1ZW19Y33M2tqolizaHCIxnpus8MSBFCBQVKqCsNLPAl1Pz++div3YI2IgqvcaCgFbBuKDqCM7SS5+422yCRUWwqHSmM6IVXopmeV7qBw3FXB56bzmdzE9C/SZrMUPbc92Y74nEAIXLJjGnkcwpbQ6ZRcAmjVDM2oBjvsy40LA1ZAKY1nJwyovtWadNOpG2FSCfq140hC4wZBL6dDBj2zE9vLP7mNWLsnLaGIlQxQsinD3ViSe3J41xoW2jgKAeWMK6F/SvlPaYZR5te6n8hVI+y+UK2cHWcLp7N4kiSHbJHMiRPTkiRXJIyqRBO7sgDeSLPzr3z6Lw4r9PRhDPb2Sbf4Lx9Ah0gmUI=</latexit>

�t / FA(h
e
A � hp

A)
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

“Fourier” components

polarization tensors

plane waves
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

“Fourier” components

polarization tensors

plane waves

the complex functions  are treated as random variablesh̃A( f, Ω̂)
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

“Fourier” components

polarization tensors

plane waves

the complex functions  are treated as random variablesh̃A( f, Ω̂)

<latexit sha1_base64="axKEcegnLrbsk75pYPAI5LEN+h4=">AAACFHicjVDLSgNBEJz1bXxFPXoZDEJECRsR9SL4uHhTwTwgG0LvpDcZnJ1dZnqFsOQjvPgrXjwo4tWDN//GTcxBRcGChqKqm+4uP1bSkuu+O2PjE5NT0zOzubn5hcWl/PJK1UaJEVgRkYpM3QeLSmqskCSF9dgghL7Cmn99OvBrN2isjPQV9WJshtDRMpACKJNa+S1Pge4o9EiqNqbdfuu4GGx7XSDvPMQObHpm6PND7rbyhXLJHYL/TQpshItW/s1rRyIJUZNQYG2j7MbUTMGQFAr7OS+xGIO4hg42MqohRNtMh0/1+UamtHkQmaw08aH6dSKF0Npe6GedIVDX/vQG4m9eI6HgoJlKHSeEWnwuChLFKeKDhHhbGhSkehkBYWR2KxddMCAoyzH3vxCqO6XyXmnvcrdwdDKKY4atsXVWZGW2z47YGbtgFSbYLbtnj+zJuXMenGfn5bN1zBnNrLJvcF4/AKEonec=</latexit>

hh̃A(f, ⌦̂)i = 0
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

“Fourier” components

polarization tensors

plane waves

the complex functions  are treated as random variablesh̃A( f, Ω̂)

<latexit sha1_base64="axKEcegnLrbsk75pYPAI5LEN+h4=">AAACFHicjVDLSgNBEJz1bXxFPXoZDEJECRsR9SL4uHhTwTwgG0LvpDcZnJ1dZnqFsOQjvPgrXjwo4tWDN//GTcxBRcGChqKqm+4uP1bSkuu+O2PjE5NT0zOzubn5hcWl/PJK1UaJEVgRkYpM3QeLSmqskCSF9dgghL7Cmn99OvBrN2isjPQV9WJshtDRMpACKJNa+S1Pge4o9EiqNqbdfuu4GGx7XSDvPMQObHpm6PND7rbyhXLJHYL/TQpshItW/s1rRyIJUZNQYG2j7MbUTMGQFAr7OS+xGIO4hg42MqohRNtMh0/1+UamtHkQmaw08aH6dSKF0Npe6GedIVDX/vQG4m9eI6HgoJlKHSeEWnwuChLFKeKDhHhbGhSkehkBYWR2KxddMCAoyzH3vxCqO6XyXmnvcrdwdDKKY4atsXVWZGW2z47YGbtgFSbYLbtnj+zJuXMenGfn5bN1zBnNrLJvcF4/AKEonec=</latexit>

hh̃A(f, ⌦̂)i = 0

<latexit sha1_base64="MjtAjS86QKZ0LJxonWeJVntAu0Y="></latexit>

hh̃A(f, ⌦̂)
⇤
h̃A(f

0
, ⌦̂0)i = �AA0�(⌦̂, ⌦̂0)�(f � f

0)H(f)

GWB power spectrum
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

“Fourier” components

polarization tensors

plane waves

the complex functions  are treated as random variablesh̃A( f, Ω̂)

<latexit sha1_base64="axKEcegnLrbsk75pYPAI5LEN+h4=">AAACFHicjVDLSgNBEJz1bXxFPXoZDEJECRsR9SL4uHhTwTwgG0LvpDcZnJ1dZnqFsOQjvPgrXjwo4tWDN//GTcxBRcGChqKqm+4uP1bSkuu+O2PjE5NT0zOzubn5hcWl/PJK1UaJEVgRkYpM3QeLSmqskCSF9dgghL7Cmn99OvBrN2isjPQV9WJshtDRMpACKJNa+S1Pge4o9EiqNqbdfuu4GGx7XSDvPMQObHpm6PND7rbyhXLJHYL/TQpshItW/s1rRyIJUZNQYG2j7MbUTMGQFAr7OS+xGIO4hg42MqohRNtMh0/1+UamtHkQmaw08aH6dSKF0Npe6GedIVDX/vQG4m9eI6HgoJlKHSeEWnwuChLFKeKDhHhbGhSkehkBYWR2KxddMCAoyzH3vxCqO6XyXmnvcrdwdDKKY4atsXVWZGW2z47YGbtgFSbYLbtnj+zJuXMenGfn5bN1zBnNrLJvcF4/AKEonec=</latexit>

hh̃A(f, ⌦̂)i = 0
<latexit sha1_base64="Gv1TLdSXp1RyJy49nrtJLQt7szI=">AAACCHicjZA7SwNBFIVn4yvGV9TSwsEgxCZsRKKNELSxjGAekA3h7uQmGTI7u8zcFUJIaeNfsbFQxNafYOe/cfMoVBQ8MHD4zr3MzPEjJS257oeTWlhcWl5Jr2bW1jc2t7LbOzUbxkZgVYQqNA0fLCqpsUqSFDYigxD4Cuv+4HKS12/RWBnqGxpG2Aqgp2VXCqAEtbP7ngLdU+h1UBFwakOejjwzZfycu+1srlhwp+J/mxybq9LOvnudUMQBahIKrG0W3YhaIzAkhcJxxostRiAG0MNmYjUEaFuj6UfG/DAhHd4NTXI08Sn9ujGCwNph4CeTAVDf/swm8LesGVP3rDWSOooJtZhd1I0Vp5BPWuEdaVCQGiYGhJHJW7nogwFBSXeZ/5VQOy4US4XS9UmufDGvI8322AHLsyI7ZWV2xSqsygS7Yw/siT07986j8+K8zkZTznxnl32T8/YJG4aYvw==</latexit>

h�ta(t)i = 0

<latexit sha1_base64="MjtAjS86QKZ0LJxonWeJVntAu0Y="></latexit>

hh̃A(f, ⌦̂)
⇤
h̃A(f

0
, ⌦̂0)i = �AA0�(⌦̂, ⌦̂0)�(f � f

0)H(f)

<latexit sha1_base64="VjVkqK6+iexfsxPT087f1+oP7ZM="></latexit>

h�ta(ti)�tb(tj)i / �ab

Z
df H(f) e2⇡if(ti�tj)

GWB power spectrum
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GW BACKGROUND
<latexit sha1_base64="VjVkqK6+iexfsxPT087f1+oP7ZM="></latexit>

h�ta(ti)�tb(tj)i / �ab

Z
df H(f) e2⇡if(ti�tj)
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GW BACKGROUND
<latexit sha1_base64="VjVkqK6+iexfsxPT087f1+oP7ZM="></latexit>

h�ta(ti)�tb(tj)i / �ab

Z
df H(f) e2⇡if(ti�tj)

timing residual in the -th pulsar at time a ti
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GW BACKGROUND
<latexit sha1_base64="VjVkqK6+iexfsxPT087f1+oP7ZM="></latexit>

h�ta(ti)�tb(tj)i / �ab

Z
df H(f) e2⇡if(ti�tj)

δt

t

in

the signal is time-correlatedtiming residual in the -th pulsar at time a ti
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GW BACKGROUND
<latexit sha1_base64="VjVkqK6+iexfsxPT087f1+oP7ZM="></latexit>

h�ta(ti)�tb(tj)i / �ab

Z
df H(f) e2⇡if(ti�tj)

δt

t

in

the signal is time-correlated

f

in

<latexit sha1_base64="ZbLQZkU+ErzbT0trEJxR6PsosjQ=">AAAB63icjVBNS8NAEJ34WetX1aOXxSLUS0lEqseilx4r2A9oQ9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5yV1bX1jc3CVnF7Z3dvv3Rw2DZRohm2WCQi3Q2oQcEVtiy3AruxRioDgZ1gcpP7nXvUhkfqzk5j9CUdKR5yRm0uNSrh2aBU9qruHORvUoYlmoPSe38YsUSiskxQY3qeG1s/pdpyJnBW7CcGY8omdIS9jCoq0fjp/NYZOc2UIQkjnZWyZK5+nUipNGYqg6xTUjs2P71c/M3rJTa88lOu4sSiYotFYSKIjUj+OBlyjcyKaUYo0zy7lbAx1ZTZLJ7i/0Jon1e9WrV2e1GuXy/jKMAxnEAFPLiEOjSgCS1gMIYHeIJnRzqPzovzumhdcZYzR/ANztsnKyqNrw==</latexit>

H(f)

the power spectrum 
of the GWB-induced 

signal is common 
across pulsars

timing residual in the -th pulsar at time a ti
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GW BACKGROUND
<latexit sha1_base64="VjVkqK6+iexfsxPT087f1+oP7ZM="></latexit>

h�ta(ti)�tb(tj)i / �ab

Z
df H(f) e2⇡if(ti�tj)

the signal is correlated among pulsars

<latexit sha1_base64="llzUROMtUH1+isUBTBXOfWOcH8I="></latexit>

�ab =

Z
d⌦̂

X

A

FA
a (⌦̂)FA

b (⌦̂)[1 + �ab]

<latexit sha1_base64="Cf6x8iqwlZIss/+ibwt1IEgkp24="></latexit>

FA
a (⌦̂) =

p̂iap̂
j
a

2(1 + ⌦̂ · p̂a)
eAij(⌦̂)
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HELLINGS & DOWNS CURVE
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HELLINGS & DOWNS CURVE
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HELLINGS & DOWNS CURVE
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HELLINGS & DOWNS CURVE
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CORRELATIONS EXAMPLE
Toy model examples of common “uncorrelated” and common 

“correlated” red noise processes

18

Γab = (
1 0 0
0 1 0
0 0 1)

CURN

Γab =
1 0.5 0.5

0.5 1 0.5
0.5 0.5 1

moderate correlaDons

Γab =
1 0.95 0.95

0.95 1 0.95
0.95 0.95 1

strong correlaDons

“real-world” example: stock prices for three companies

uncorrelated moderately correlated strongly correlated

slide from Joe Romano



searching for a GWB means searching for stochastic delays in the TOAs that are 
common across pulsars and spatially correlated
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EVIDENCE FOR GWB

Agazie et al. [2306.16213]

NANOGrav 15-year 

we find evidence for Hellings & Downs correlation with a -value of  (approx. )p 5 × 10−5 − 1.9 × 10−4 3.5 − 4σ

https://arxiv.org/abs/2306.16213


what is the source?
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SMBHBs

VS

SMBINFLATION

ASTRO OR COSMO?
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SMBHBs

VS

INFLATION

PHASE TRANSITION

ASTRO OR COSMO?
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SMBHBs INFLATION

PHASE TRANSITIONCOSMIC DEFECTS

VS

ASTRO OR COSMO?
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SMBHBs

VS

INFLATION

PHASE TRANSITIONCOSMIC DEFECTSSIGW

ASTRO OR COSMO?
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SMBHBs

VS

INFLATION

PHASE TRANSITIONCOSMIC DEFECTSSIGW

ASTRO OR COSMO?
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what are the distinguishing features of astrophysical and cosmological signals?

cosmologicalVSastrophysical

turn over at low and high frequencies ???

no resolvable sources
GW signal from individual sources can 

be resolved from the background

~ isotropicsizable anisotropies in the GWB sky 

 at intermediate frequenciesΩGW ∝ f 2/3  at low frequencies (?)ΩGW ∝ f3

HOW TO TELL THE DIFFERENCE
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what are the distinguishing features of astrophysical and cosmological signals?

cosmologicalVSastrophysical

turn over at low and high frequencies ???

no resolvable sources
GW signal from individual sources can 

be resolved from the background

~ isotropicsizable anisotropies in the GWB sky 

 at intermediate frequenciesΩGW ∝ f 2/3  at low frequencies (?)ΩGW ∝ f3

HOW? Afzal et al. (NANOGrav) [2306.16219]

https://arxiv.org/abs/2306.16219
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what are the distinguishing features of astrophysical and cosmological signals?

cosmologicalVSastrophysical

turn over at low and high frequencies ???

no resolvable sources
GW signal from individual sources can 

be resolved from the background

~ isotropicsizable anisotropies in the GWB sky 

 at intermediate frequenciesΩGW ∝ f 2/3  at low frequencies (?)ΩGW ∝ f3

HOW? Afzal et al. (NANOGrav) [2306.16219]

https://arxiv.org/abs/2306.16219
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what are the distinguishing features of astrophysical and cosmological signals?

cosmologicalVSastrophysical

 at intermediate frequenciesΩGW ∝ f 2/3

turn over at low and high frequencies
 at low frequencies (?)ΩGW ∝ f3

???

no resolvable sources
GW signal from individual sources can 

be resolved from the background

~ isotropicsizable anisotropies in the GWB sky 

HOW TO TELL THE DIFFERENCE
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what are the distinguishing features of astrophysical and cosmological signals?

cosmologicalVSastrophysical

 at intermediate frequenciesΩGW ∝ f 2/3

turn over at low and high frequencies
 at low frequencies (?)ΩGW ∝ f3

???

no resolvable sources
GW signal from individual sources can 

be resolved from the background

~ isotropicsizable anisotropies in the GWB sky 

HOW?
Agazie et al. (NANOGrav) [2306.16222]

https://arxiv.org/abs/2306.16222
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what are the distinguishing features of astrophysical and cosmological signals?

cosmologicalVSastrophysical

turn over at low and high frequencies ???

no resolvable sources
GW signal from individual sources can 

be resolved from the background

~ isotropicsizable anisotropies in the GWB sky 

 at intermediate frequenciesΩGW ∝ f 2/3  at low frequencies (?)ΩGW ∝ f3

HOW TO TELL THE DIFFERENCE
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what are the distinguishing features of astrophysical and cosmological signals?

cosmologicalVSastrophysical

turn over at low and high frequencies ???

no resolvable sources
GW signal from individual sources can 

be resolved from the background

~ isotropicsizable anisotropies in the GWB sky 

 at intermediate frequenciesΩGW ∝ f 2/3  at low frequencies (?)ΩGW ∝ f3

HOW?

2.00      2.25      2.50      2.75      3.00      3.25      3.50      3.75
1e-14

A |P(Ω̂) − Pmonopole | [sr−1/2]



a deep dive on anisotropies
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THE BASIC IDEA

<latexit sha1_base64="GPve8RfSwMYN6VsQuv72KrwFlzg="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0, ⌦̂0)i / �(⌦̂, ⌦̂0)

isotropic GWB
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THE BASIC IDEA

<latexit sha1_base64="+kL52ske/EbEtCszvtAY6+yO8I4="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0, ⌦̂0)i / �(⌦̂, ⌦̂0)P (⌦̂)

anisotropic GWB

pulsars 
correlations

geometric 
response

GWB power

<latexit sha1_base64="6lETS9hK/Oi9eNxwc/JtUu5aXKA="></latexit>

FA
a,k =

p̂iap̂
j
a

2(1 + ⌦̂k · p̂a)
eAij(⌦̂k)

<latexit sha1_base64="VCVp/2KHn4EvShCYF4H68eV7cmA="></latexit>

h⇢abi /
X

A

X

k

FA
a,kF

A
b,k Pk



46

THE BASIC IDEA

<latexit sha1_base64="+kL52ske/EbEtCszvtAY6+yO8I4="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0, ⌦̂0)i / �(⌦̂, ⌦̂0)P (⌦̂)

anisotropic GWB

pulsars 
correlations

geometric 
response

GWB power

<latexit sha1_base64="6lETS9hK/Oi9eNxwc/JtUu5aXKA="></latexit>

FA
a,k =

p̂iap̂
j
a

2(1 + ⌦̂k · p̂a)
eAij(⌦̂k)

<latexit sha1_base64="VCVp/2KHn4EvShCYF4H68eV7cmA="></latexit>

h⇢abi /
X

A

X

k

FA
a,kF

A
b,k Pk



47

THE BASIC IDEA

<latexit sha1_base64="+kL52ske/EbEtCszvtAY6+yO8I4="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0, ⌦̂0)i / �(⌦̂, ⌦̂0)P (⌦̂)

anisotropic GWB

pulsars 
correlations

geometric 
response

GWB power

<latexit sha1_base64="6lETS9hK/Oi9eNxwc/JtUu5aXKA="></latexit>

FA
a,k =

p̂iap̂
j
a

2(1 + ⌦̂k · p̂a)
eAij(⌦̂k)

<latexit sha1_base64="VCVp/2KHn4EvShCYF4H68eV7cmA="></latexit>

h⇢abi /
X

A

X

k

FA
a,kF

A
b,k Pk
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THE BASIC IDEA

<latexit sha1_base64="+kL52ske/EbEtCszvtAY6+yO8I4="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0, ⌦̂0)i / �(⌦̂, ⌦̂0)P (⌦̂)

anisotropic GWB

pulsars 
correlations

geometric 
response

GWB power

<latexit sha1_base64="6lETS9hK/Oi9eNxwc/JtUu5aXKA="></latexit>

FA
a,k =

p̂iap̂
j
a

2(1 + ⌦̂k · p̂a)
eAij(⌦̂k)

<latexit sha1_base64="VCVp/2KHn4EvShCYF4H68eV7cmA="></latexit>

h⇢abi /
X

A

X

k

FA
a,kF

A
b,k Pk
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THE BASIC IDEA

<latexit sha1_base64="dyl/AH4lZjtdLuqyj6PPrn0YErM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00OiP++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMqOo29</latexit>

Pk

<latexit sha1_base64="dyl/AH4lZjtdLuqyj6PPrn0YErM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00OiP++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMqOo29</latexit>

Pk

<latexit sha1_base64="VCVp/2KHn4EvShCYF4H68eV7cmA="></latexit>

h⇢abi /
X

A

X

k

FA
a,kF

A
b,k Pk
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THE BASIC IDEA

<latexit sha1_base64="dyl/AH4lZjtdLuqyj6PPrn0YErM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00OiP++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMqOo29</latexit>

Pk

<latexit sha1_base64="dyl/AH4lZjtdLuqyj6PPrn0YErM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00OiP++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuql6tWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMqOo29</latexit>
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one realization of the null hypothesis

“true value”
noise
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GENERATING NULL DISTRIBUTIONS

one realization of the null hypothesis

“true value”
noise

reconstruct sky map 
and get SNR
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one realization of the null hypothesis

“true value”
noise

repeat 
many times

reconstruct sky map 
and get SNR
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each of this pixel can be thought as 

emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)



74

WHY IS LIFE SO HARD?!
each of this pixel can be thought as 

emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables



75

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables



76

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

given a set of , the cross correlation coefficients can be uniquely derived{hA
k,i, ϕA

k,i}

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables



77

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

given a set of , the cross correlation coefficients can be uniquely derived{hA
k,i, ϕA

k,i}

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables

ugly equation incoming



78

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

given a set of , the cross correlation coefficients can be uniquely derived{hA
k,i, ϕA

k,i}

<latexit sha1_base64="TyU9SMq+d7ftfJfcrhaZ6tRm98g="></latexit>

⇢ab = �f2�⌦̂2
X

jj0

X

kk0

X

AA0

RA⇤
akjR

A0

bk0j0 h
A
kjh

A0

k0j0 exp(i��AA0

kk0,jj0)sinc(⇡(j � j0)) + c.c.

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables



79

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

given a set of , the cross correlation coefficients can be uniquely derived{hA
k,i, ϕA

k,i}

<latexit sha1_base64="TyU9SMq+d7ftfJfcrhaZ6tRm98g="></latexit>

⇢ab = �f2�⌦̂2
X

jj0

X

kk0

X

AA0

RA⇤
akjR

A0

bk0j0 h
A
kjh

A0

k0j0 exp(i��AA0

kk0,jj0)sinc(⇡(j � j0)) + c.c.

sum over frequencies, 
pixels, and polarizations

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables



80

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

given a set of , the cross correlation coefficients can be uniquely derived{hA
k,i, ϕA

k,i}

<latexit sha1_base64="TyU9SMq+d7ftfJfcrhaZ6tRm98g="></latexit>

⇢ab = �f2�⌦̂2
X

jj0

X

kk0

X

AA0

RA⇤
akjR

A0

bk0j0 h
A
kjh

A0

k0j0 exp(i��AA0

kk0,jj0)sinc(⇡(j � j0)) + c.c.

response functions for 
pulsars  and a b

<latexit sha1_base64="B8/KdNqy+X+xX9HY2bxHl6S6+CA="></latexit>

RA
a (f, ⌦̂) ⌘ FA

a (⌦̂)
h
1� e2⇡ifLa(1+p̂a·⌦̂)

i

<latexit sha1_base64="bsPuPWl2VOJuewGG3Qz99XDxfXI="></latexit>

FA
a (⌦̂) ⌘ piap

j
a

2(1 + ⌦̂ · p̂a)
eAij(⌦̂)

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables



81

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

given a set of , the cross correlation coefficients can be uniquely derived{hA
k,i, ϕA

k,i}

<latexit sha1_base64="TyU9SMq+d7ftfJfcrhaZ6tRm98g="></latexit>

⇢ab = �f2�⌦̂2
X

jj0

X

kk0

X

AA0

RA⇤
akjR

A0

bk0j0 h
A
kjh

A0

k0j0 exp(i��AA0

kk0,jj0)sinc(⇡(j � j0)) + c.c.

pixel amplitudes

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables



82

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

given a set of , the cross correlation coefficients can be uniquely derived{hA
k,i, ϕA

k,i}

<latexit sha1_base64="TyU9SMq+d7ftfJfcrhaZ6tRm98g="></latexit>

⇢ab = �f2�⌦̂2
X

jj0

X

kk0

X

AA0

RA⇤
akjR

A0

bk0j0 h
A
kjh

A0

k0j0 exp(i��AA0

kk0,jj0)sinc(⇡(j � j0)) + c.c.

interference between 
different pixels

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables



83

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

given a set of , the cross correlation coefficients can be uniquely derived{hA
k,i, ϕA

k,i}

<latexit sha1_base64="TyU9SMq+d7ftfJfcrhaZ6tRm98g="></latexit>

⇢ab = �f2�⌦̂2
X

jj0

X

kk0

X

AA0

RA⇤
akjR

A0

bk0j0 h
A
kjh

A0

k0j0 exp(i��AA0

kk0,jj0)sinc(⇡(j � j0)) + c.c.

interference between 
different frequencies

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables



84

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

given a set of , the cross correlation coefficients can be uniquely derived{hA
k,i, ϕA

k,i}

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables

if we average over many realizations of the GWB this reduces to the usual expression

<latexit sha1_base64="04V77p0xvXHL4mn7wRKfX0WtTmM="></latexit>

h⇢abi /
X

k

Rab,kPk

<latexit sha1_base64="VCVp/2KHn4EvShCYF4H68eV7cmA="></latexit>

h⇢abi /
X

A

X

k

FA
a,kF

A
b,k Pk



85

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

each realization of an isotropic GWB 
will produce cross correlation that 

fluctuate around the HD value

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables
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WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables
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Konstandin, Lemke, AM, Perboni “The impact of cosmic variance on PTAs anisotropy searches”, [2498.07741]



87

WHY IS LIFE SO HARD?!
one realization of a GWB can 
be thought as a collection of  

one amplitude and phase for 
each, pixel, frequency, and 

polarization

<latexit sha1_base64="Jv4qctj1Iv7iVK+j5aTCPWOvvEI="></latexit>

�A
k,i

<latexit sha1_base64="nCRuebvCThqDuG4mYWtFZhKvkvs="></latexit>

hA
k,i

each of this pixel can be thought as 
emitting a GW plane wave 

<latexit sha1_base64="qWly6WWMAmQK/tKZVt09KX7Njis="></latexit>

hij(t, ~x) =
X

A

hA eAij(k) e
i2⇡f(t�k·x+�)

random variables
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æ
to

t

0 50 100 150

°1.0

°0.5

0.0

0.5
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hΩ
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æ
co

sm
ic

all w/o pulsar k-int. pulsar term amp. fluc. pol. int.

Konstandin, Lemke, AM, Perboni “The impact of cosmic variance on PTAs anisotropy searches”, [2498.07741]
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NULL DISTRIBUTIONS v2.0
given an isotropic GWB as null hypothesis

<latexit sha1_base64="n5uovGpmkMR5RvRFm/O6H9uBa9I="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0
, ⌦̂0)i = �AA0�(f � f

0)�(⌦̂, ⌦̂0)H(f)

take one realization of the 
null hypothesis

<latexit sha1_base64="zd7PXxODnR9f0FOdwJPXNXdxWPw=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KCURqS6rblxWsA9oYphMJ83QySTMTIQSAm78FTcuFHHrT7jzb5y2EbT1wIUz59zL3Hv8hFGpLOvLWFhcWl5ZLa2V1zc2t7bNnd22jFOBSQvHLBZdH0nCKCctRRUj3UQQFPmMdPzh1djv3BMhacxv1SghboQGnAYUI6Ulz9x3stDLhlWa311UnSSkPw8n98yKVbMmgPPELkgFFGh65qfTj3EaEa4wQ1L2bCtRboaEopiRvOykkiQID9GA9DTlKCLSzSY35PBIK30YxEIXV3Ci/p7IUCTlKPJ1Z4RUKGe9sfif10tVcO5mlCepIhxPPwpSBlUMx4HAPhUEKzbSBGFB9a4Qh0ggrHRsZR2CPXvyPGmf1Ox6rX5zWmlcFnGUwAE4BMfABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vgGggJeH</latexit>

{hA
k,i,�

A
k,i}
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NULL DISTRIBUTIONS v2.0
given an isotropic GWB as null hypothesis

<latexit sha1_base64="n5uovGpmkMR5RvRFm/O6H9uBa9I="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0
, ⌦̂0)i = �AA0�(f � f

0)�(⌦̂, ⌦̂0)H(f)

take one realization of the 
null hypothesis

<latexit sha1_base64="zd7PXxODnR9f0FOdwJPXNXdxWPw=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KCURqS6rblxWsA9oYphMJ83QySTMTIQSAm78FTcuFHHrT7jzb5y2EbT1wIUz59zL3Hv8hFGpLOvLWFhcWl5ZLa2V1zc2t7bNnd22jFOBSQvHLBZdH0nCKCctRRUj3UQQFPmMdPzh1djv3BMhacxv1SghboQGnAYUI6Ulz9x3stDLhlWa311UnSSkPw8n98yKVbMmgPPELkgFFGh65qfTj3EaEa4wQ1L2bCtRboaEopiRvOykkiQID9GA9DTlKCLSzSY35PBIK30YxEIXV3Ci/p7IUCTlKPJ1Z4RUKGe9sfif10tVcO5mlCepIhxPPwpSBlUMx4HAPhUEKzbSBGFB9a4Qh0ggrHRsZR2CPXvyPGmf1Ox6rX5zWmlcFnGUwAE4BMfABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vgGggJeH</latexit>

{hA
k,i,�

A
k,i}

compute induced cross 
correlations

<latexit sha1_base64="UdfA7ous80vTm3boKj84nN6hET0="></latexit>

⇢̂ab = ugly equation(hA
k,i,�

A
k,i)
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NULL DISTRIBUTIONS v2.0
given an isotropic GWB as null hypothesis

<latexit sha1_base64="n5uovGpmkMR5RvRFm/O6H9uBa9I="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0
, ⌦̂0)i = �AA0�(f � f

0)�(⌦̂, ⌦̂0)H(f)

take one realization of the 
null hypothesis

<latexit sha1_base64="zd7PXxODnR9f0FOdwJPXNXdxWPw=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KCURqS6rblxWsA9oYphMJ83QySTMTIQSAm78FTcuFHHrT7jzb5y2EbT1wIUz59zL3Hv8hFGpLOvLWFhcWl5ZLa2V1zc2t7bNnd22jFOBSQvHLBZdH0nCKCctRRUj3UQQFPmMdPzh1djv3BMhacxv1SghboQGnAYUI6Ulz9x3stDLhlWa311UnSSkPw8n98yKVbMmgPPELkgFFGh65qfTj3EaEa4wQ1L2bCtRboaEopiRvOykkiQID9GA9DTlKCLSzSY35PBIK30YxEIXV3Ci/p7IUCTlKPJ1Z4RUKGe9sfif10tVcO5mlCepIhxPPwpSBlUMx4HAPhUEKzbSBGFB9a4Qh0ggrHRsZR2CPXvyPGmf1Ox6rX5zWmlcFnGUwAE4BMfABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vgGggJeH</latexit>

{hA
k,i,�

A
k,i}

compute induced cross 
correlations

add noise

<latexit sha1_base64="UdfA7ous80vTm3boKj84nN6hET0="></latexit>

⇢̂ab = ugly equation(hA
k,i,�

A
k,i)

<latexit sha1_base64="MCjWiGLuiVvfqmBvmDa3Cn4kqi4=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSJUlJIUqW6EohtXUtE+oCnhZjpphk4ezEyEEvofbvwVNy4UcSW48G+ctkG09cDAmXPu5d573JhRIU3zS8stLC4tr+RXC2vrG5tb+vZOU0QJx6SBIxbxtguCMBqShqSSkXbMCQQuIy13cDn2W/eECxqFd3IYk24A/ZB6FINUkqNXbO5HTgru6Nz2Qf78juwApI+Bpdejknls39J+ABPn0NGLZtmcwJgnVkaKKEPd0T/sXoSTgIQSMxCiY5mx7KbAJcWMjAp2IkgMeAB90lE0hICIbjq5bWQcKKVneBFXL5TGRP3dkUIgxDBwVeV4YzHrjcX/vE4ivbNuSsM4kSTE00FewgwZGeOgjB7lBEs2VAQwp2pXA/vAAUsVZ0GFYM2ePE+albJVLVdvToq1iyyOPNpD+6iELHSKaugK1VEDYfSAntALetUetWftTXuflua0rGcX/YH2+Q2M7aG5</latexit>

⇢ab = ⇢̂ab +N (0,⌃ab)
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NULL DISTRIBUTIONS v2.0
given an isotropic GWB as null hypothesis

<latexit sha1_base64="n5uovGpmkMR5RvRFm/O6H9uBa9I="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0
, ⌦̂0)i = �AA0�(f � f

0)�(⌦̂, ⌦̂0)H(f)

take one realization of the 
null hypothesis

<latexit sha1_base64="zd7PXxODnR9f0FOdwJPXNXdxWPw=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KCURqS6rblxWsA9oYphMJ83QySTMTIQSAm78FTcuFHHrT7jzb5y2EbT1wIUz59zL3Hv8hFGpLOvLWFhcWl5ZLa2V1zc2t7bNnd22jFOBSQvHLBZdH0nCKCctRRUj3UQQFPmMdPzh1djv3BMhacxv1SghboQGnAYUI6Ulz9x3stDLhlWa311UnSSkPw8n98yKVbMmgPPELkgFFGh65qfTj3EaEa4wQ1L2bCtRboaEopiRvOykkiQID9GA9DTlKCLSzSY35PBIK30YxEIXV3Ci/p7IUCTlKPJ1Z4RUKGe9sfif10tVcO5mlCepIhxPPwpSBlUMx4HAPhUEKzbSBGFB9a4Qh0ggrHRsZR2CPXvyPGmf1Ox6rX5zWmlcFnGUwAE4BMfABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vgGggJeH</latexit>

{hA
k,i,�

A
k,i}

compute induced cross 
correlations

add noise

<latexit sha1_base64="UdfA7ous80vTm3boKj84nN6hET0="></latexit>

⇢̂ab = ugly equation(hA
k,i,�

A
k,i)

<latexit sha1_base64="MCjWiGLuiVvfqmBvmDa3Cn4kqi4=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSJUlJIUqW6EohtXUtE+oCnhZjpphk4ezEyEEvofbvwVNy4UcSW48G+ctkG09cDAmXPu5d573JhRIU3zS8stLC4tr+RXC2vrG5tb+vZOU0QJx6SBIxbxtguCMBqShqSSkXbMCQQuIy13cDn2W/eECxqFd3IYk24A/ZB6FINUkqNXbO5HTgru6Nz2Qf78juwApI+Bpdejknls39J+ABPn0NGLZtmcwJgnVkaKKEPd0T/sXoSTgIQSMxCiY5mx7KbAJcWMjAp2IkgMeAB90lE0hICIbjq5bWQcKKVneBFXL5TGRP3dkUIgxDBwVeV4YzHrjcX/vE4ivbNuSsM4kSTE00FewgwZGeOgjB7lBEs2VAQwp2pXA/vAAUsVZ0GFYM2ePE+albJVLVdvToq1iyyOPNpD+6iELHSKaugK1VEDYfSAntALetUetWftTXuflua0rGcX/YH2+Q2M7aG5</latexit>

⇢ab = ⇢̂ab +N (0,⌃ab)

run anisotropy search on 
these mock correlations and 

get an reconstructed sky
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NULL DISTRIBUTIONS v2.0
given an isotropic GWB as null hypothesis

<latexit sha1_base64="n5uovGpmkMR5RvRFm/O6H9uBa9I="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0
, ⌦̂0)i = �AA0�(f � f

0)�(⌦̂, ⌦̂0)H(f)

take one realization of the 
null hypothesis

<latexit sha1_base64="zd7PXxODnR9f0FOdwJPXNXdxWPw=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KCURqS6rblxWsA9oYphMJ83QySTMTIQSAm78FTcuFHHrT7jzb5y2EbT1wIUz59zL3Hv8hFGpLOvLWFhcWl5ZLa2V1zc2t7bNnd22jFOBSQvHLBZdH0nCKCctRRUj3UQQFPmMdPzh1djv3BMhacxv1SghboQGnAYUI6Ulz9x3stDLhlWa311UnSSkPw8n98yKVbMmgPPELkgFFGh65qfTj3EaEa4wQ1L2bCtRboaEopiRvOykkiQID9GA9DTlKCLSzSY35PBIK30YxEIXV3Ci/p7IUCTlKPJ1Z4RUKGe9sfif10tVcO5mlCepIhxPPwpSBlUMx4HAPhUEKzbSBGFB9a4Qh0ggrHRsZR2CPXvyPGmf1Ox6rX5zWmlcFnGUwAE4BMfABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vgGggJeH</latexit>

{hA
k,i,�

A
k,i}

compute induced cross 
correlations

add noise

<latexit sha1_base64="UdfA7ous80vTm3boKj84nN6hET0="></latexit>

⇢̂ab = ugly equation(hA
k,i,�

A
k,i)

<latexit sha1_base64="MCjWiGLuiVvfqmBvmDa3Cn4kqi4=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSJUlJIUqW6EohtXUtE+oCnhZjpphk4ezEyEEvofbvwVNy4UcSW48G+ctkG09cDAmXPu5d573JhRIU3zS8stLC4tr+RXC2vrG5tb+vZOU0QJx6SBIxbxtguCMBqShqSSkXbMCQQuIy13cDn2W/eECxqFd3IYk24A/ZB6FINUkqNXbO5HTgru6Nz2Qf78juwApI+Bpdejknls39J+ABPn0NGLZtmcwJgnVkaKKEPd0T/sXoSTgIQSMxCiY5mx7KbAJcWMjAp2IkgMeAB90lE0hICIbjq5bWQcKKVneBFXL5TGRP3dkUIgxDBwVeV4YzHrjcX/vE4ivbNuSsM4kSTE00FewgwZGeOgjB7lBEs2VAQwp2pXA/vAAUsVZ0GFYM2ePE+albJVLVdvToq1iyyOPNpD+6iELHSKaugK1VEDYfSAntALetUetWftTXuflua0rGcX/YH2+Q2M7aG5</latexit>

⇢ab = ⇢̂ab +N (0,⌃ab)

run anisotropy search on 
these mock correlations and 

get an reconstructed sky
compute anisotropic SNR
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NULL DISTRIBUTIONS v2.0
given an isotropic GWB as null hypothesis

<latexit sha1_base64="n5uovGpmkMR5RvRFm/O6H9uBa9I="></latexit>

hh̃⇤
A(f, ⌦̂)h̃A(f

0
, ⌦̂0)i = �AA0�(f � f

0)�(⌦̂, ⌦̂0)H(f)

take one realization of the 
null hypothesis

<latexit sha1_base64="zd7PXxODnR9f0FOdwJPXNXdxWPw=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KCURqS6rblxWsA9oYphMJ83QySTMTIQSAm78FTcuFHHrT7jzb5y2EbT1wIUz59zL3Hv8hFGpLOvLWFhcWl5ZLa2V1zc2t7bNnd22jFOBSQvHLBZdH0nCKCctRRUj3UQQFPmMdPzh1djv3BMhacxv1SghboQGnAYUI6Ulz9x3stDLhlWa311UnSSkPw8n98yKVbMmgPPELkgFFGh65qfTj3EaEa4wQ1L2bCtRboaEopiRvOykkiQID9GA9DTlKCLSzSY35PBIK30YxEIXV3Ci/p7IUCTlKPJ1Z4RUKGe9sfif10tVcO5mlCepIhxPPwpSBlUMx4HAPhUEKzbSBGFB9a4Qh0ggrHRsZR2CPXvyPGmf1Ox6rX5zWmlcFnGUwAE4BMfABmegAa5BE7QABg/gCbyAV+PReDbejPdp64JRzOyBPzA+vgGggJeH</latexit>

{hA
k,i,�

A
k,i}

compute induced cross 
correlations

add noise

<latexit sha1_base64="UdfA7ous80vTm3boKj84nN6hET0="></latexit>

⇢̂ab = ugly equation(hA
k,i,�

A
k,i)

<latexit sha1_base64="MCjWiGLuiVvfqmBvmDa3Cn4kqi4=">AAACG3icbVDLSsNAFJ3UV62vqEs3wSJUlJIUqW6EohtXUtE+oCnhZjpphk4ezEyEEvofbvwVNy4UcSW48G+ctkG09cDAmXPu5d573JhRIU3zS8stLC4tr+RXC2vrG5tb+vZOU0QJx6SBIxbxtguCMBqShqSSkXbMCQQuIy13cDn2W/eECxqFd3IYk24A/ZB6FINUkqNXbO5HTgru6Nz2Qf78juwApI+Bpdejknls39J+ABPn0NGLZtmcwJgnVkaKKEPd0T/sXoSTgIQSMxCiY5mx7KbAJcWMjAp2IkgMeAB90lE0hICIbjq5bWQcKKVneBFXL5TGRP3dkUIgxDBwVeV4YzHrjcX/vE4ivbNuSsM4kSTE00FewgwZGeOgjB7lBEs2VAQwp2pXA/vAAUsVZ0GFYM2ePE+albJVLVdvToq1iyyOPNpD+6iELHSKaugK1VEDYfSAntALetUetWftTXuflua0rGcX/YH2+Q2M7aG5</latexit>

⇢ab = ⇢̂ab +N (0,⌃ab)

run anisotropy search on 
these mock correlations and 

get an reconstructed sky

repeat 
many times compute anisotropic SNR
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NULL DISTRIBUTIONS v2.0
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Konstandin, Lemke, AM, Perboni “The impact of cosmic variance on PTAs anisotropy searches”, [2498.07741]
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NULL DISTRIBUTIONS v2.0
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Konstandin, Lemke, AM, Perboni “The impact of cosmic variance on PTAs anisotropy searches”, [2498.07741]
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MAP RECONSTRUCTION IS ALOS NOT GREAT
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Radiometer basis
Konstandin, Lemke, AM, Perboni “The impact of cosmic variance on PTAs anisotropy searches”, [2498.07741]
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SO, HAVE WE DETECTED ANISOTROPIES?!

for the reconstructed GWB map in the NG15 data  

 SNR~4      .⇒ p ∼ 0.05



98

SO, HAVE WE DETECTED ANISOTROPIES?!

for the reconstructed GWB map in the NG15 data  

 SNR~4   ⇒ p ∼ 0.05 0.7
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THE PATH FORWARD
what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB?
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THE PATH FORWARD
what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, [2407.04464]
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THE PATH FORWARD
what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No…yet
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, [2407.04464]
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THE PATH FORWARD
what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No…yet
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, [2407.04464]

can we learn something about the properties of the SMBHB population?
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THE PATH FORWARD
what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No…yet

can we learn something about the properties of the SMBHB population? Yes
Gardiner,  Kelley, Lemke, AM, “Beyond the Background: Gravitational-wave Anisotropy and Continuous Waves from Supermassive Black Hole Binaries”, ApJ 965, 2, 264 (2024)

Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, [2407.04464]
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strong evidence for a GWB in the nHz band

cosmology or astrophysics?

CW and anisotropies will help us discriminating



strong evidence for a GWB in the nHz band

cosmology or astrophysics?

CW and anisotropies will help us discriminating

we need to develop tools to characterize the GWB



backup
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HOW TO SAMPLE A GWB

<latexit sha1_base64="r/Orcqw6fYa6Jzk4rppF/27rt/w="></latexit>

hh̃A⇤
kj h̃

A0

k0j0i = �AA0�kk0�jj0
Hj

�⌦̂�f

<latexit sha1_base64="cniBr0YozQJ7AbRYzRyNpwvFROE=">AAACVnicbVFNS8MwGE4753R+VT16CQ6Z7DBakelF8OPicYJTYZ0lTd9t2dK0JKkwSv+kXvSneBGzuYNuvhB4eD54kydhypnSrvth2aWV8mplbb26sbm1vePs7j2oJJMUOjThiXwKiQLOBHQ00xyeUgkkDjk8huObqf74AlKxRNzrSQq9mAwE6zNKtKECJ/Y5EQMO2NeMR4CHz/lVEeTjUfGLqE+Z+qhe+HJmvvgn1FhONRZjbuDU3KY7G7wMvDmoofm0A+fVjxKaxSA05USpruemupcTqRnlUFT9TEFK6JgMoGugIDGoXj6rpcBHholwP5HmCI1n7O9ETmKlJnFonDHRQ7WoTcn/tG6m++e9nIk00yDoz6J+xrFO8LRjHDEJVPOJAYRKZu6K6ZBIQrX5iaopwVt88jJ4OGl6rWbr7rR2eT2vYw0doEN0jDx0hi7RLWqjDqLoDX1atlWy3q0vu2xXfqy2Nc/soz9jO9+hBbRR</latexit>

hh̃A
kj h̃

A0

k0j0i = hh̃A⇤
kj h̃

A0⇤
k0j0i = 0

<latexit sha1_base64="gUmhLp5gTWB06PfbJmMNoAVNBFw=">AAACGHicbVDLTgIxFO34RHyNunTTSExc4Ywx6BJ14xITeSQMkE7nDlQ6D9sOCZnwGW78FTcuNMYtO//GAhOj4EmanHvOvbm9x405k8qyvoyl5ZXVtfXcRn5za3tn19zbr8koERSqNOKRaLhEAmchVBVTHBqxABK4HOpu/2bi1wcgJIvCezWMoRWQbsh8RonSUsc8dRTjHuBeJ+0/jNpXDjwmbPBTYminzIl7LKtHHbNgFa0p8CKxM1JAGSodc+x4EU0CCBXlRMqmbcWqlRKhGOUwyjuJhJjQPulCU9OQBCBb6fSwET7Wiof9SOgXKjxVf0+kJJByGLi6MyCqJ+e9ifif10yUf9lKWRgnCkI6W+QnHKsIT1LCHhNAFR9qQqhg+q+Y9oggVOks8zoEe/7kRVI7K9qlYunuvFC+zuLIoUN0hE6QjS5QGd2iCqoiip7QC3pD78az8Wp8GJ+z1iUjmzlAf2CMvwGtmqDS</latexit>

h̃A
kj ⌘ hA

kje
i�A

kj

<latexit sha1_base64="uPVOAODFNydfvfnfZkCqL1Amveg=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0WoC2sSSnUjFN24rGAf0LRlMp00YycPZiZCCfkRN/6KGxeKuHAj/o3TNovaeuDC4Zx7ufceJ2JUSMP40XIrq2vrG/nNwtb2zu6evn/QFGHMMWngkIW87SBBGA1IQ1LJSDviBPkOIy1ndDPxW4+ECxoG93Icka6PhgF1KUZSSX29EpW8U3gFoe1yhBMvTSw7oragQx/1H3pWSnrJmdezzq05ra8XjbIxBVwmZkaKIEO9r3/ZgxDHPgkkZkiIjmlEspsgLilmJC3YsSARwiM0JB1FA+QT0U2m36XwRCkD6IZcVSDhVJ2fSJAvxNh3VKePpCcWvYn4n9eJpXvZTWgQxZIEeLbIjRmUIZxEBQeUEyzZWBGEOVW3QuwhFZNUgRZUCObiy8ukaZXNarl6VynWrrM48uAIHIMSMMEFqIFbUAcNgMETeAFv4F171l61D+1z1prTsplD8Afa9y+RM6EI</latexit>

p(h) =
h

2⇡�2
j

e�h2/2�2
j

<latexit sha1_base64="6aEI8lPKBpRME4k6Lmcl3ornoU8=">AAACC3icbVDLSgMxFM3UV62vUZduQotQoZSZItWNUHTjsoLTFmaGkknTNjSZCUlGKEP3bvwVNy4UcesPuPNvTB8LbT1w4XDOvdx7TyQYVdpxvq3c2vrG5lZ+u7Czu7d/YB8etVSSSkw8nLBEdiKkCKMx8TTVjHSEJIhHjLSj0c3Ubz8QqWgS3+uxICFHg5j2KUbaSF27KMqBGNIzeAVhFkgOPeMmkk98pxJUaoGgYdcuOVVnBrhK3AUpgQWaXfsr6CU45STWmCGlfNcROsyQ1BQzMikEqSIC4REaEN/QGHGiwmz2ywSeGqUHzQmmYg1n6u+JDHGlxjwynRzpoVr2puJ/np/q/mWY0VikmsR4vqifMqgTOA0G9qgkWLOxIQhLam6FeIgkwtrEVzAhuMsvr5JWrerWq/W781LjehFHHpyAIigDF1yABrgFTeABDB7BM3gFb9aT9WK9Wx/z1py1mDkGf2B9/gAfp5k7</latexit>

p(�) = Uniform[0, 2⇡]

<latexit sha1_base64="MfkP34unAl1I8H6Ci+IracQlryI="></latexit>

�
2
j = Hj/(2�⌦̂�f)
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RESULTS IN THE PIXEL BASIS

21h 18h 15h 12h 9h 6h 3h

-60° -60°

-30° -30°

0° 0°

30° 30°

60° 60°
w/o cosmic variance

190 534 878 1222 1566 1910

Pixel upper limits, Pmax(≠̂)

21h 18h 15h 12h 9h 6h 3h

-60° -60°

-30° -30°

0° 0°

30° 30°

60° 60°
w/ cosmic variance

510 1738 2966 4194 5422 6650

Pixel upper limits, Pmax(≠̂)

Konstandin, Lemke, AM, Perboni “The impact of cosmic variance on PTAs anisotropy searches”, [2498.07741]
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BUILDING A TIMING MODEL

the goal is to relate the arrival time in Terrestrial Time (TT) to the emission time in the pulsar reference frame

<latexit sha1_base64="FBfjD8MtJooGZIleVWjpOWVM68Q="></latexit>

tpsre = tobsa ��� ��IS ��B
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BUILDING A TIMING MODEL
<latexit sha1_base64="TSS8e5rmyhWN/QcZM/N7TWLYwU0="></latexit>

tpsre = tobsa ��� ��IS ��B

SSB

BB

first step transform from the from the TT time to the SSB time
<latexit sha1_base64="e9f91nupzs6g9kq4ihi7BQVKKpI=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVC9CUQ8eK9gP6C4lm822odlkTWYLpfR3ePGgiFd/jDf/jWm7B60+GHi8N8PMvDAV3IDrfjmFldW19Y3iZmlre2d3r7x/0DIq05Q1qRJKd0JimOCSNYGDYJ1UM5KEgrXD4c3Mb4+YNlzJBxinLEhIX/KYUwJWCvxbJoD0fBUpuOqVK27VnQP/JV5OKihHo1f+9CNFs4RJoIIY0/XcFIIJ0cCpYNOSnxmWEjokfda1VJKEmWAyP3qKT6wS4VhpWxLwXP05MSGJMeMktJ0JgYFZ9mbif143g/gymHCZZsAkXSyKM4FB4VkCOOKaURBjSwjV3N6K6YBoQsHmVLIheMsv/yWts6pXq9buzyv16zyOIjpCx+gUeegC1dEdaqAmougRPaEX9OqMnGfnzXlftBacfOYQ/YLz8Q2O95H7</latexit>

�� =
<latexit sha1_base64="gMZCdRvF0+9uvNvzYklFcL9bIrc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI/xcfAYwTwgu4bZSW8yZGZ2mZlVwpL/8OJBEa/+izf/xkmyB40WNBRV3XR3hQln2rjul1NYWl5ZXSuulzY2t7Z3yrt7LR2nikKTxjxWnZBo4ExC0zDDoZMoICLk0A5HV1O//QBKs1jemXECgSADySJGibHSvX8N3JBe5iuBLya9csWtujPgv8TLSQXlaPTKn34/pqkAaSgnWnc9NzFBRpRhlMOk5KcaEkJHZABdSyURoINsdvUEH1mlj6NY2ZIGz9SfExkRWo9FaDsFMUO96E3F/7xuaqLzIGMySQ1IOl8UpRybGE8jwH2mgBo+toRQxeytmA6JItTYoEo2BG/x5b+kdVL1atXa7WmlfpnHUUQH6BAdIw+doTq6QQ3URBQp9IRe0Kvz6Dw7b877vLXg5DP76Becj28hc5JK</latexit>

�A

<latexit sha1_base64="jYgrUIyY0B+Bapc99mm6PtRk6oU=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlEqsuiLlxWsQ9oQphMJu3QSSbM3Ag1BH/FjQtF3Pof7vwbp4+Fth64cDjnXu69J0g5U2Db30ZpaXllda28XtnY3NreMXf32kpkktAWEVzIboAV5SyhLWDAaTeVFMcBp51geDX2Ow9UKiaSexil1ItxP2ERIxi05JsH7jXlgP3clXF+V7giFFD4ZtWu2RNYi8SZkSqaoembX24oSBbTBAjHSvUcOwUvxxIY4bSouJmiKSZD3Kc9TRMcU+Xlk+sL61groRUJqSsBa6L+nshxrNQoDnRnjGGg5r2x+J/XyyC68HKWpBnQhEwXRRm3QFjjKKyQSUqAjzTBRDJ9q0UGWGICOrCKDsGZf3mRtE9rTr1Wvz2rNi5ncZTRITpCJ8hB56iBblATtRBBj+gZvaI348l4Md6Nj2lryZjN7KM/MD5/ACVGlbI=</latexit>

�R�

<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+

<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+
<latexit sha1_base64="OjAhY3qA3VYBXdbXQUSt0bGPtIc=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LevBYwX5Ady3ZNNuGJtklySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Hrqtx+p0iyW92ac0EDggWQRI9hY6cG/odzgXuYrgZJJr1xxq+4MaJl4OalAjkav/OX3Y5IKKg3hWOuu5yYmyLAyjHA6KfmppgkmIzygXUslFlQH2ezqCTqxSh9FsbIlDZqpvycyLLQei9B2CmyGetGbiv953dREl0HGZJIaKsl8UZRyZGI0jQD1maLE8LElmChmb0VkiBUmxgZVsiF4iy8vk9ZZ1atVa3fnlfpVHkcRjuAYTsGDC6jDLTSgCQQUPMMrvDlPzovz7nzMWwtOPnMIf+B8/gBo3pJ5</latexit>

�p

<latexit sha1_base64="ALuR99Q1KieYrHEtMs09Mp+fJ0w=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlEqsuiXbisYB/QhDCZTNuhk0yYuRFqCP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHCmQLb/jZKK6tr6xvlzcrW9s7unrl/0FEilYS2ieBC9gKsKGcxbQMDTnuJpDgKOO0G45up332gUjER38MkoV6EhzEbMIJBS7555DYpB+xnroyyZu6KUEDum1W7Zs9gLROnIFVUoOWbX24oSBrRGAjHSvUdOwEvwxIY4TSvuKmiCSZjPKR9TWMcUeVls+tz61QroTUQUlcM1kz9PZHhSKlJFOjOCMNILXpT8T+vn8LgystYnKRAYzJfNEi5BcKaRmGFTFICfKIJJpLpWy0ywhIT0IFVdAjO4svLpHNec+q1+t1FtXFdxFFGx+gEnSEHXaIGukUt1EYEPaJn9IrejCfjxXg3PuatJaOYOUR/YHz+AA+slaQ=</latexit>

�D�

<latexit sha1_base64="1ZYNYEMCThDycqu8Ph3bAghEJh8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlEqsviA1xWsA9oQphMpu3QSSbM3Ag1BH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDhTIFtfxulpeWV1bXyemVjc2t7x9zdayuRSkJbRHAhuwFWlLOYtoABp91EUhwFnHaC0dXE7zxQqZiI72GcUC/Cg5j1GcGgJd88cK8pB+xnroyym9wVoYDcN6t2zZ7CWiROQaqoQNM3v9xQkDSiMRCOleo5dgJehiUwwmlecVNFE0xGeEB7msY4osrLptfn1rFWQqsvpK4YrKn6eyLDkVLjKNCdEYahmvcm4n9eL4X+hZexOEmBxmS2qJ9yC4Q1icIKmaQE+FgTTCTTt1pkiCUmoAOr6BCc+ZcXSfu05tRr9buzauOyiKOMDtEROkEOOkcNdIuaqIUIekTP6BW9GU/Gi/FufMxaS0Yxs4/+wPj8ARE3laU=</latexit>

�E�

<latexit sha1_base64="AOap2FfYWlgppgIDbdfDsovY7+c=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlEqsuiLlxWtA9oQphMJu3QSSbM3Ag1BH/FjQtF3Pof7vwbp4+Fth64cDjnXu69J0g5U2Db30ZpaXllda28XtnY3NreMXf32kpkktAWEVzIboAV5SyhLWDAaTeVFMcBp51geDX2Ow9UKiaSexil1ItxP2ERIxi05JsH7jXlgP3clXF+V7giFFD4ZtWu2RNYi8SZkSqaoembX24oSBbTBAjHSvUcOwUvxxIY4bSouJmiKSZD3Kc9TRMcU+Xlk+sL61groRUJqSsBa6L+nshxrNQoDnRnjGGg5r2x+J/XyyC68HKWpBnQhEwXRRm3QFjjKKyQSUqAjzTBRDJ9q0UGWGICOrCKDsGZf3mRtE9rTr1Wvz2rNi5ncZTRITpCJ8hB56iBblATtRBBj+gZvaI348l4Md6Nj2lryZjN7KM/MD5/ACbRlbM=</latexit>

�S�

<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+

<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+

<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+

atmospheric delay: group velocity of radio waves in the 
atmosphere differs from the vacuum speed of light

Roemer delay: difference in the arrival time of the pulse 
at the observatory and at the SSB

Parallax term: delay due to the curvature of spherical 
wavefront

dispersion term: due to radio waves propagation in 
interplanetary medium

Einstein delay: difference in the arrival time due to 
acceleration and potential of the Earth

Shapiro delay: due to propagation of radio pulses 
through potential wells of solar systems bodies
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BUILDING A TIMING MODEL
<latexit sha1_base64="TSS8e5rmyhWN/QcZM/N7TWLYwU0="></latexit>

tpsre = tobsa ��� ��IS ��B

SSB

BB

second step transform from the from SSB to the BB time
<latexit sha1_base64="F8WQMmVuzC8nifprEIb+AuchZyA=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lEqhehqAe9VbQf0ISw2U7bpZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz88KEM6Ud59sqrKyurW8UN0tb2zu7e/b+QVPFqaTQoDGPZTskCjgT0NBMc2gnEkgUcmiFw5up3xqBVCwWT3qcgB+RvmA9Rok2UmDb3i1wTYLMkxG+f5xcBXbZqTgz4GXi5qSMctQD+8vrxjSNQGjKiVId10m0nxGpGeUwKXmpgoTQIelDx1BBIlB+Nrt8gk+M0sW9WJoSGs/U3xMZiZQaR6HpjIgeqEVvKv7ndVLdu/QzJpJUg6DzRb2UYx3jaQy4yyRQzceGECqZuRXTAZGEahNWyYTgLr68TJpnFbdaqT6cl2vXeRxFdISO0Sly0QWqoTtURw1E0Qg9o1f0ZmXWi/VufcxbC1Y+c4j+wPr8AdRnkyc=</latexit>

�IS =
<latexit sha1_base64="CNndM+TeML7yUENSkEa0WspJwPg=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj0W9eCxgv2AJoTNdtIu3U3C7kaoob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0tr6xuVXeruzs7u1X7YPDjkoySaFNE57IXkgUcBZDWzPNoZdKICLk0A3HNzO/+whSsSR+0JMUfEGGMYsYJdpIgV31boFrEuSeFLjTmgZ2zak7c+BV4hakhgq0AvvLGyQ0ExBryolSfddJtZ8TqRnlMK14mYKU0DEZQt/QmAhQfj4/fIpPjTLAUSJNxRrP1d8TORFKTURoOgXRI7XszcT/vH6moys/Z3GaaYjpYlGUcawTPEsBD5gEqvnEEEIlM7diOiKSUG2yqpgQ3OWXV0nnvO426o37i1rzuoijjI7RCTpDLrpETXSHWqiNKMrQM3pFb9aT9WK9Wx+L1pJVzByhP7A+fwBcf5Lq</latexit>

�VP

<latexit sha1_base64="jyiE8h0bzt0CZ6OdPBkp7BkSJow=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEqseiPeitov2AJoTNdtsu3WzC7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZFyacKe0431ZhbX1jc6u4XdrZ3ds/sA+PWipOJaFNEvNYdkKsKGeCNjXTnHYSSXEUctoOR7czvz2mUrFYPOlJQv0IDwTrM4K1kQLb9uqUaxxknozQ/WN9Gthlp+LMgVaJm5My5GgE9pfXi0kaUaEJx0p1XSfRfoalZoTTaclLFU0wGeEB7RoqcESVn80vn6Izo/RQP5amhEZz9fdEhiOlJlFoOiOsh2rZm4n/ed1U96/9jIkk1VSQxaJ+ypGO0SwG1GOSEs0nhmAimbkVkSGWmGgTVsmE4C6/vEpaFxW3Wqk+XJZrN3kcRTiBUzgHF66gBnfQgCYQGMMzvMKblVkv1rv1sWgtWPnMMfyB9fkD3sqTLg==</latexit>

�ISD

<latexit sha1_base64="WVcd4kt4zr3qrdqLP95c2Gb8lNc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS6LD3BZ0T6gCWEynbZDJ5MwMxFq6Je4caGIWz/FnX/jtM1CWw9cOJxzL/feEyacKe0431ZhZXVtfaO4Wdra3tkt23v7LRWnktAmiXksOyFWlDNBm5ppTjuJpDgKOW2Ho6up336kUrFYPOhxQv0IDwTrM4K1kQK77F1TrnGQeTJCN/eTwK44VWcGtEzcnFQgRyOwv7xeTNKICk04VqrrOon2Myw1I5xOSl6qaILJCA9o11CBI6r8bHb4BB0bpYf6sTQlNJqpvycyHCk1jkLTGWE9VIveVPzP66a6f+FnTCSppoLMF/VTjnSMpimgHpOUaD42BBPJzK2IDLHERJusSiYEd/HlZdI6rbq1au3urFK/zOMowiEcwQm4cA51uIUGNIFACs/wCm/Wk/VivVsf89aClc8cwB9Ynz9HKJLc</latexit>

�ES

vacuum propagation delay: vacuum light travel time

dispersion term: due to propagation through the 
interstellar medium

Einstein delay: due to the secular motion of the SSB
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BUILDING A TIMING MODEL
<latexit sha1_base64="TSS8e5rmyhWN/QcZM/N7TWLYwU0="></latexit>

tpsre = tobsa ��� ��IS ��B

SSB

BB

last step transform from the from BB to the pulsar time
<latexit sha1_base64="CkKM4eV5EM8iiJeFyszir7kmoUc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiUr0IpXrwWMF+QBPCZrttl+4mYXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5oUJZ0o7zrdVWFvf2Nwqbpd2dvf2y/bBYVvFqSS0RWIey26IFeUsoi3NNKfdRFIsQk474fhm5nceqVQsjh70JKG+wMOIDRjB2kiBXfZuKdc4yDwpUGN6HdgVp+rMgVaJm5MK5GgG9pfXj0kqaKQJx0r1XCfRfoalZoTTaclLFU0wGeMh7RkaYUGVn80Pn6JTo/TRIJamIo3m6u+JDAulJiI0nQLrkVr2ZuJ/Xi/Vgys/Y1GSahqRxaJBypGO0SwF1GeSEs0nhmAimbkVkRGWmGiTVcmE4C6/vEra51W3Vq3dX1TqjTyOIhzDCZyBC5dQhztoQgsIpPAMr/BmPVkv1rv1sWgtWPnMEfyB9fkDIWiSww==</latexit>

�B =
<latexit sha1_base64="gmcaqbInT7wazcqFD4XKw+agEHE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj2W6sFjFfsBTQib7bZdutmE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyaCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3ZBoJrhkLeAgWDdRjEShYJ1wfD3zO49MaR7LB5gkzI/IUPIBpwSMFNhl74YJIEHmqQjfN6aBXXGqzhx4lbg5qaAczcD+8voxTSMmgQqidc91EvAzooBTwaYlL9UsIXRMhqxnqCQR0342P3yKT43Sx4NYmZKA5+rviYxEWk+i0HRGBEZ62ZuJ/3m9FAZXfsZlkgKTdLFokAoMMZ6lgPtcMQpiYgihiptbMR0RRSiYrEomBHf55VXSPq+6tWrt7qJSb+RxFNExOkFnyEWXqI5uURO1EEUpekav6M16sl6sd+tj0Vqw8pkj9AfW5w9BIZLY</latexit>

�RB

<latexit sha1_base64="WufSPxZ0DvVH3+d5DVfHQCfjFzM=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj2WquCxgv2AJoTNdtsu3U3C7kSoob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCxPBNTjOt1VYW9/Y3Cpul3Z29/bL9sFhW8epoqxFYxGrbkg0EzxiLeAgWDdRjMhQsE44vp75nUemNI+jB5gkzJdkGPEBpwSMFNhl74YJIEHmKYlvG9PArjhVZw68StycVFCOZmB/ef2YppJFQAXRuuc6CfgZUcCpYNOSl2qWEDomQ9YzNCKSaT+bHz7Fp0bp40GsTEWA5+rviYxIrScyNJ2SwEgvezPxP6+XwuDKz3iUpMAiulg0SAWGGM9SwH2uGAUxMYRQxc2tmI6IIhRMViUTgrv88ippn1fdWrV2f1GpN/I4iugYnaAz5KJLVEd3qIlaiKIUPaNX9GY9WS/Wu/WxaC1Y+cwR+gPr8wctU5LL</latexit>

�EB

<latexit sha1_base64="7lDpJPaTQ9FUAHIwyMu2+OCpvEQ=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj2W6sFjRfsBTQib7bZdutmE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyaCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3ZBoJrhkLeAgWDdRjEShYJ1wfD3zO49MaR7LB5gkzI/IUPIBpwSMFNhl74YJIEHmqQjfN6aBXXGqzhx4lbg5qaAczcD+8voxTSMmgQqidc91EvAzooBTwaYlL9UsIXRMhqxnqCQR0342P3yKT43Sx4NYmZKA5+rviYxEWk+i0HRGBEZ62ZuJ/3m9FAZXfsZlkgKTdLFokAoMMZ6lgPtcMQpiYgihiptbMR0RRSiYrEomBHf55VXSPq+6tWrt7qJSb+RxFNExOkFnyEWXqI5uURO1EEUpekav6M16sl6sd+tj0Vqw8pkj9AfW5w9Cp5LZ</latexit>

�SB

Roemer delay: delay due to the orbital motion of the 
pulsar 

Shapiro delay: effect of the gravitational potential of the 
binary companion 

Einstein delay: difference in the emission time from the 
pulsar inertial reference frame and the binary barycenter



117

BUILDING A TIMING MODEL
<latexit sha1_base64="TSS8e5rmyhWN/QcZM/N7TWLYwU0="></latexit>

tpsre = tobsa ��� ��IS ��B

SSB

BB

arXiv: 0603381

https://arxiv.org/pdf/astro-ph/0603381.pdf
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BUILDING A TIMING MODEL <latexit sha1_base64="AnOXpHF8mc3/PLiSd/qLiJ4hhnY=">AAAB+nicbVDLSgMxFM34rPU11aWbYBHqpsyIr2XRjcsK9gGdsWTSTBuaZEKSUcrYT3HjQhG3fok7/8a0nYW2HrhwOOde7r0nkoxq43nfztLyyuraemGjuLm1vbPrlvaaOkkVJg2csES1I6QJo4I0DDWMtKUiiEeMtKLh9cRvPRClaSLuzEiSkKO+oDHFyFip65YCOaAVc58FikOp1fi465a9qjcFXCR+TsogR73rfgW9BKecCIMZ0rrje9KEGVKGYkbGxSDVRCI8RH3SsVQgTnSYTU8fwyOr9GCcKFvCwKn6eyJDXOsRj2wnR2ag572J+J/XSU18GWZUyNQQgWeL4pRBk8BJDrBHFcGGjSxBWFF7K8QDpBA2Nq2iDcGff3mRNE+q/nn17Pa0XLvK4yiAA3AIKsAHF6AGbkAdNAAGj+AZvII358l5cd6dj1nrkpPP7IM/cD5/AOTmk8c=</latexit>

�(tpsr)

<latexit sha1_base64="Ci5BNdwK5QgHgaFnGMT3fqPZyLo="></latexit>

�(tpsr) = �0 + ⌫0(t
psr � t0) +

1

2
⌫̇0(t

psr � t0)
2

unknown quantities
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BUILDING A TIMING MODEL <latexit sha1_base64="AnOXpHF8mc3/PLiSd/qLiJ4hhnY=">AAAB+nicbVDLSgMxFM34rPU11aWbYBHqpsyIr2XRjcsK9gGdsWTSTBuaZEKSUcrYT3HjQhG3fok7/8a0nYW2HrhwOOde7r0nkoxq43nfztLyyuraemGjuLm1vbPrlvaaOkkVJg2csES1I6QJo4I0DDWMtKUiiEeMtKLh9cRvPRClaSLuzEiSkKO+oDHFyFip65YCOaAVc58FikOp1fi465a9qjcFXCR+TsogR73rfgW9BKecCIMZ0rrje9KEGVKGYkbGxSDVRCI8RH3SsVQgTnSYTU8fwyOr9GCcKFvCwKn6eyJDXOsRj2wnR2ag572J+J/XSU18GWZUyNQQgWeL4pRBk8BJDrBHFcGGjSxBWFF7K8QDpBA2Nq2iDcGff3mRNE+q/nn17Pa0XLvK4yiAA3AIKsAHF6AGbkAdNAAGj+AZvII358l5cd6dj1nrkpPP7IM/cD5/AOTmk8c=</latexit>

�(tpsr)

<latexit sha1_base64="Ci5BNdwK5QgHgaFnGMT3fqPZyLo="></latexit>

�(tpsr) = �0 + ⌫0(t
psr � t0) +

1

2
⌫̇0(t

psr � t0)
2

unknown quantities

unknown timing models parameters are fitted to the TOAs

<latexit sha1_base64="4FPLoGxr3M+q+8PsF7+9IOAwiN8="></latexit>

�2 =
X

i

 
�(tpsre,i )�Ni

�i

!2
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BUILDING A TIMING MODEL <latexit sha1_base64="AnOXpHF8mc3/PLiSd/qLiJ4hhnY=">AAAB+nicbVDLSgMxFM34rPU11aWbYBHqpsyIr2XRjcsK9gGdsWTSTBuaZEKSUcrYT3HjQhG3fok7/8a0nYW2HrhwOOde7r0nkoxq43nfztLyyuraemGjuLm1vbPrlvaaOkkVJg2csES1I6QJo4I0DDWMtKUiiEeMtKLh9cRvPRClaSLuzEiSkKO+oDHFyFip65YCOaAVc58FikOp1fi465a9qjcFXCR+TsogR73rfgW9BKecCIMZ0rrje9KEGVKGYkbGxSDVRCI8RH3SsVQgTnSYTU8fwyOr9GCcKFvCwKn6eyJDXOsRj2wnR2ag572J+J/XSU18GWZUyNQQgWeL4pRBk8BJDrBHFcGGjSxBWFF7K8QDpBA2Nq2iDcGff3mRNE+q/nn17Pa0XLvK4yiAA3AIKsAHF6AGbkAdNAAGj+AZvII358l5cd6dj1nrkpPP7IM/cD5/AOTmk8c=</latexit>

�(tpsr)

<latexit sha1_base64="Ci5BNdwK5QgHgaFnGMT3fqPZyLo="></latexit>

�(tpsr) = �0 + ⌫0(t
psr � t0) +

1

2
⌫̇0(t

psr � t0)
2

unknown quantities

unknown timing models parameters are fitted to the TOAs

closest integer

<latexit sha1_base64="4FPLoGxr3M+q+8PsF7+9IOAwiN8="></latexit>

�2 =
X

i

 
�(tpsre,i )�Ni

�i

!2
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BUILDING A TIMING MODEL <latexit sha1_base64="AnOXpHF8mc3/PLiSd/qLiJ4hhnY=">AAAB+nicbVDLSgMxFM34rPU11aWbYBHqpsyIr2XRjcsK9gGdsWTSTBuaZEKSUcrYT3HjQhG3fok7/8a0nYW2HrhwOOde7r0nkoxq43nfztLyyuraemGjuLm1vbPrlvaaOkkVJg2csES1I6QJo4I0DDWMtKUiiEeMtKLh9cRvPRClaSLuzEiSkKO+oDHFyFip65YCOaAVc58FikOp1fi465a9qjcFXCR+TsogR73rfgW9BKecCIMZ0rrje9KEGVKGYkbGxSDVRCI8RH3SsVQgTnSYTU8fwyOr9GCcKFvCwKn6eyJDXOsRj2wnR2ag572J+J/XSU18GWZUyNQQgWeL4pRBk8BJDrBHFcGGjSxBWFF7K8QDpBA2Nq2iDcGff3mRNE+q/nn17Pa0XLvK4yiAA3AIKsAHF6AGbkAdNAAGj+AZvII358l5cd6dj1nrkpPP7IM/cD5/AOTmk8c=</latexit>

�(tpsr)

<latexit sha1_base64="Ci5BNdwK5QgHgaFnGMT3fqPZyLo="></latexit>

�(tpsr) = �0 + ⌫0(t
psr � t0) +

1

2
⌫̇0(t

psr � t0)
2

unknown quantities

unknown timing models parameters are fitted to the TOAs

closest integer

time of emission in the 
pulsar reference frame

<latexit sha1_base64="4FPLoGxr3M+q+8PsF7+9IOAwiN8="></latexit>

�2 =
X

i

 
�(tpsre,i )�Ni

�i

!2
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FACE-OFF

vs

<latexit sha1_base64="bzF3lE9Dwynfs/DLi0vyXRZoIqU="></latexit>

h
2⌦GW / A

2

H
2
0

✓
f

yr�1

◆5��

yr�2

free parameters

<latexit sha1_base64="022yVDRFm+5JrIUKXT70sRF+uYY=">AAACB3icbVDJSgNBEO1xjXGLehSkMQjxEmaCG+QS9KA3I2SDTAw9nZqkSffM0N0jhCE3L/6KFw+KePUXvPk3dpaDJj4oeLxXRVU9L+JMadv+thYWl5ZXVlNr6fWNza3tzM5uTYWxpFClIQ9lwyMKOAugqpnm0IgkEOFxqHv9q5FffwCpWBhU9CCCliDdgPmMEm2kduagd19wbwV0STtxpcDX9WHOL7pFt9IDTY7bmaydt8fA88SZkiyaotzOfLmdkMYCAk05Uarp2JFuJURqRjkM026sICK0T7rQNDQgAlQrGf8xxEdG6WA/lKYCjcfq74mECKUGwjOdguiemvVG4n9eM9b+RSthQRRrCOhkkR9zrEM8CgV3mASq+cAQQiUzt2LaI5JQbaJLmxCc2ZfnSa2Qd87yp3cn2dLlNI4U2keHKIccdI5K6AaVURVR9Iie0St6s56sF+vd+pi0LljTmT30B9bnDz8RmEk=</latexit>

h2⌦GW(f ; ⇥)

free parameters
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FACE-OFF
<latexit sha1_base64="qUmn3HDWGgp5FMLhbv0OgPkHm18="></latexit>

Z =

Z
d⇥ P (D|⇥,H)⇥ P (⇥|H)

<latexit sha1_base64="0J4hmRWHG5aoVkqC9ivdHh9cw5c=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARXJVEvG2UEjddSQV7wSaEyXTSDp1cmJkIJeRt3PgqbgQV0aVv4qQNoq0/DPx85xzmnN+LGRXSMD610sLi0vJKebWytr6xuaVv77RFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxtd5fXOPeGCRuGtHMfECdAgpD7FSCrk6pd2gOQQI5Za2YXtc4TTH3KXuanNA3jdzLJ5ajWsLHP1qlEzJoLzxixMFRRquvqL3Y9wEpBQYoaE6JlGLJ0UcUkxI1nFTgSJER6hAekpG6KACCed3JnBA0X60I+4eqGEE/p7IkWBEOPAU535tmK2lsP/ar1E+udOSsM4kSTE04/8hEEZwTw02KecYMnGyiDMqdoV4iFSYUkVbUWFYM6ePG/aRzXztHZyc1ytW0UcZbAH9sEhMMEZqIMGaIIWwOABPIFX8KY9as/au/YxbS1pxcwu+CPt6xuLUaeU</latexit>

B =
ZNP

ZBHB
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FACE-OFF
<latexit sha1_base64="qUmn3HDWGgp5FMLhbv0OgPkHm18="></latexit>

Z =

Z
d⇥ P (D|⇥,H)⇥ P (⇥|H)

likelihood function

<latexit sha1_base64="0J4hmRWHG5aoVkqC9ivdHh9cw5c=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARXJVEvG2UEjddSQV7wSaEyXTSDp1cmJkIJeRt3PgqbgQV0aVv4qQNoq0/DPx85xzmnN+LGRXSMD610sLi0vJKebWytr6xuaVv77RFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxtd5fXOPeGCRuGtHMfECdAgpD7FSCrk6pd2gOQQI5Za2YXtc4TTH3KXuanNA3jdzLJ5ajWsLHP1qlEzJoLzxixMFRRquvqL3Y9wEpBQYoaE6JlGLJ0UcUkxI1nFTgSJER6hAekpG6KACCed3JnBA0X60I+4eqGEE/p7IkWBEOPAU535tmK2lsP/ar1E+udOSsM4kSTE04/8hEEZwTw02KecYMnGyiDMqdoV4iFSYUkVbUWFYM6ePG/aRzXztHZyc1ytW0UcZbAH9sEhMMEZqIMGaIIWwOABPIFX8KY9as/au/YxbS1pxcwu+CPt6xuLUaeU</latexit>

B =
ZNP

ZBHB
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FACE-OFF
<latexit sha1_base64="qUmn3HDWGgp5FMLhbv0OgPkHm18="></latexit>

Z =

Z
d⇥ P (D|⇥,H)⇥ P (⇥|H)

likelihood function

prior distributions

<latexit sha1_base64="0J4hmRWHG5aoVkqC9ivdHh9cw5c=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARXJVEvG2UEjddSQV7wSaEyXTSDp1cmJkIJeRt3PgqbgQV0aVv4qQNoq0/DPx85xzmnN+LGRXSMD610sLi0vJKebWytr6xuaVv77RFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxtd5fXOPeGCRuGtHMfECdAgpD7FSCrk6pd2gOQQI5Za2YXtc4TTH3KXuanNA3jdzLJ5ajWsLHP1qlEzJoLzxixMFRRquvqL3Y9wEpBQYoaE6JlGLJ0UcUkxI1nFTgSJER6hAekpG6KACCed3JnBA0X60I+4eqGEE/p7IkWBEOPAU535tmK2lsP/ar1E+udOSsM4kSTE04/8hEEZwTw02KecYMnGyiDMqdoV4iFSYUkVbUWFYM6ePG/aRzXztHZyc1ytW0UcZbAH9sEhMMEZqIMGaIIWwOABPIFX8KY9as/au/YxbS1pxcwu+CPt6xuLUaeU</latexit>

B =
ZNP

ZBHB
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FACE-OFF
<latexit sha1_base64="0J4hmRWHG5aoVkqC9ivdHh9cw5c=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARXJVEvG2UEjddSQV7wSaEyXTSDp1cmJkIJeRt3PgqbgQV0aVv4qQNoq0/DPx85xzmnN+LGRXSMD610sLi0vJKebWytr6xuaVv77RFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxtd5fXOPeGCRuGtHMfECdAgpD7FSCrk6pd2gOQQI5Za2YXtc4TTH3KXuanNA3jdzLJ5ajWsLHP1qlEzJoLzxixMFRRquvqL3Y9wEpBQYoaE6JlGLJ0UcUkxI1nFTgSJER6hAekpG6KACCed3JnBA0X60I+4eqGEE/p7IkWBEOPAU535tmK2lsP/ar1E+udOSsM4kSTE04/8hEEZwTw02KecYMnGyiDMqdoV4iFSYUkVbUWFYM6ePG/aRzXztHZyc1ytW0UcZbAH9sEhMMEZqIMGaIIWwOABPIFX8KY9as/au/YxbS1pxcwu+CPt6xuLUaeU</latexit>
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