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PULSARS AS COSMIC CLOCKS
we see a pulse of radiation each time a full rotation is completed

<latexit sha1_base64="ZdwZZRY4yltDKU6D4D7eibOERsM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBh0Y3g</latexit>⌫

<latexit sha1_base64="gETKDAs+18tsYq7Gec1xSNxYrdo=">AAACEnicbVC7TgJBFJ3FF+ILtbSZSEygIbuGqI0J0cYSE3kkLCGzwwUmzD6cuUskhG+w8VdsLDTG1srOv3GALRQ8ySQn59ybued4kRQabfvbSq2srq1vpDczW9s7u3vZ/YOaDmPFocpDGaqGxzRIEUAVBUpoRAqY70moe4PrqV8fgtIiDO5wFEHLZ71AdAVnaKR2tuBGfeHCfSyGrgiQukGcxwLt4KWL8IDKHxsVeqAm7WzOLtoz0GXiJCRHElTa2S+3E/LYhwC5ZFo3HTvC1pgpFFzCJOPGGiLGB6wHTUMD5oNujWeRJvTEKB3aDZV55qyZ+ntjzHytR75nJn2Gfb3oTcX/vGaM3YuWCRXFCAGff9SNJcWQTvuhHaGAoxwZwrgS5lbK+0wxjqbFjCnBWYy8TGqnReesWLot5cpXSR1pckSOSZ445JyUyQ2pkCrh5JE8k1fyZj1ZL9a79TEfTVnJziH5A+vzBwIVnlc=</latexit>

� ⌘
Z

⌫(t)dt = integer

for millisecond pulsar the rotation frequency is extremely stable 

the pulse arrival times, , can be accurately determined ⃗tTOA,p

<latexit sha1_base64="LVteeHKNn/Qrqzndxqz4hklinVw=">AAACJ3icbZDLSsNAFIYnXmu9RV26GSyCCy2JiLoSLxt3VmhVaEKZTE916OTizEmhhLyNG1/FjaAiuvRNnKZdqPWHgZ/vnMOZ8weJFBod59OamJyanpktzZXnFxaXlu2V1Ssdp4pDg8cyVjcB0yBFBA0UKOEmUcDCQMJ10D0b1K97oLSIozr2E/BDdhuJjuAMDWrZR14PeOa1QSKjmHtwn4oeLSDmrSzzVEjrFyd5vjPOtpO8ZVecqlOIjht3ZCpkpFrLfvHaMU9DiJBLpnXTdRL0M6ZQcAl52Us1JIx32S00jY1YCNrPijtzumlIm3ZiZV6EtKA/JzIWat0PA9MZMrzTf2sD+F+tmWLn0M9ElKQIER8u6qSSYkwHodG2UMBR9o1hXAnzV8rvmGIcTbRlE4L79+Rxc7Vbdfere5d7lePTURwlsk42yBZxyQE5JuekRhqEkwfyRF7Jm/VoPVvv1sewdcIazayRX7K+vgELeKdD</latexit>

~�t ⌘ ~tTOA � ~tTOA,p

timing residuals

<latexit sha1_base64="ts6OmCOtSHiaEnmEO/t8kzePr9U=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxCRSmJFHUjFN24rGAf0IYwmU7q0MkkzNwIJRQ3/oobF4q49Svc+TdO0yy09cAwh3PuYeYeP+ZMgW1/G4WFxaXlleJqaW19Y3PL3N5pqSiRhDZJxCPZ8bGinAnaBAacdmJJcehz2vaH1xO//UClYpG4g1FM3RAPBAsYwaAlz9zriaQCR5f68uzjXj+CjPVOwDPLdtXOYM0TJydllKPhmV86TpKQCiAcK9V17BjcFEtghNNxqZcoGmMyxAPa1VTgkCo3zVYYW4da6VtBJPURYGXq70SKQ6VGoa8nQwz3atabiP953QSCCzdlIk6ACjJ9KEi4BZE16cPqM0kJ8JEmmEim/2qReywxAd1aSZfgzK48T1qnVeesWrutletXeR1FtI8OUAU56BzV0Q1qoCYi6BE9o1f0ZjwZL8a78TEdLRh5Zhf9gfH5A6lDllU=</latexit>

⌫(t) = ⌫0 + ⌫̇0 t
<latexit sha1_base64="vjccrPOXvQvlAqEqnNu8QCcCaC0=">AAACF3icbZC7TsMwFIadcivlVmBksaiQGGhISgWMFSwdi0QvUlMqx3Vaq7YT2Q5SifIWLLwKCwMIscLG2+BeBmj5JUuf/nOO7fP7EaNKO863lVlaXlldy67nNja3tnfyu3sNFcYSkzoOWShbPlKEUUHqmmpGWpEkiPuMNP3h9bjevCdS0VDc6lFEOhz1BQ0oRtpY3bztibjrnHq9UE/IU5S7zl1SLJ2lxSk4qXeSeJLD6kPazRcc25kILoI7gwKYqdbNf5mrccyJ0JghpdquE+lOgqSmmJE058WKRAgPUZ+0DQrEieokk71SeGScHgxCaY7QcOL+nkgQV2rEfdPJkR6o+drY/K/WjnVw2UmoiGJNBJ4+FMQM6hCOQ4I9KgnWbGQAYUnNXyEeIImwNlHmTAju/MqL0CjZ7rldvikXKlezOLLgAByCY+CCC1ABVVADdYDBI3gGr+DNerJerHfrY9qasWYz++CPrM8f9NKd7A==</latexit>

⌫0/⌫̇0 ⇠ 10
�23 � 10

�20
Hz
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THE TIMING RESIDUALS

<latexit sha1_base64="jfiWcfjbn/yV2zH/uDm2pJ6SAdM=">AAACH3icbVBNS8NAEN34WetX1aOXxSIIQkmkVC+CKIgXQcFWoSlls53YpZtN2J0IJfSfePGvePGgiHjrv3HT5uDXwMJ7b+YxOy9IpDDoumNnZnZufmGxtFReXlldW69sbLZMnGoOTR7LWN8FzIAUCpooUMJdooFFgYTbYHCW928fQBsRqxscJtCJ2L0SoeAMrdStNPwH4H4PJDKKxznJ1Gg/84OQno9yStmUXU6YD4kRMjdW3Zo7KfoXeAWokqKuupVPvxfzNAKFXDJj2p6bYCdjGgWXMCr7qYGE8QG7h7aFikVgOtnkvhHdtUqPhrG2TyGdqN8dGYuMGUaBnYwY9s3vXi7+12unGB51MqGSFEHx6aIwlRRjmodFe0IDRzm0gHEt7F8p7zPNONpIyzYE7/fJf0HroOY1avXrevXktIijRLbJDtkjHjkkJ+SCXJEm4eSRPJNX8uY8OS/Ou/MxHZ1xCs8W+VHO+AshzaMN</latexit>

~�t = ~n+ F~a+M~✏
<latexit sha1_base64="W8U+N2t6ZKaUUUBa6831/SZuvwQ=">AAAB/HicbVDLSgNBEJz1GeMrmqOXwSBEhLArQT0GvXiMYB6QLGF20psMmX0w0xsIS/wVLx4U8eqHePNvnE1y0MSCpouqbqanvFgKjbb9ba2tb2xubed28rt7+weHhaPjpo4SxaHBIxmptsc0SBFCAwVKaMcKWOBJaHmju8xvjUFpEYWPOInBDdggFL7gDI3UKxQvumPgdFjOWheHgOy8VyjZFXsGukqcBSmRBeq9wle3H/EkgBC5ZFp3HDtGN2UKBZcwzXcTDTHjIzaAjqEhC0C76ez4KT0zSp/6kTIVIp2pvzdSFmg9CTwzGTAc6mUvE//zOgn6N24qwjhBCPn8IT+RFCOaJUH7QgFHOTGEcSXMrZQPmWIcTV55E4Kz/OVV0rysOFeV6kO1VLtdxJEjJ+SUlIlDrkmN3JM6aRBOJuSZvJI368l6sd6tj/nomrXYKZI/sD5/AJlLlBw=</latexit>

+~h(~✓)
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THE TIMING RESIDUALS

<latexit sha1_base64="jfiWcfjbn/yV2zH/uDm2pJ6SAdM=">AAACH3icbVBNS8NAEN34WetX1aOXxSIIQkmkVC+CKIgXQcFWoSlls53YpZtN2J0IJfSfePGvePGgiHjrv3HT5uDXwMJ7b+YxOy9IpDDoumNnZnZufmGxtFReXlldW69sbLZMnGoOTR7LWN8FzIAUCpooUMJdooFFgYTbYHCW928fQBsRqxscJtCJ2L0SoeAMrdStNPwH4H4PJDKKxznJ1Gg/84OQno9yStmUXU6YD4kRMjdW3Zo7KfoXeAWokqKuupVPvxfzNAKFXDJj2p6bYCdjGgWXMCr7qYGE8QG7h7aFikVgOtnkvhHdtUqPhrG2TyGdqN8dGYuMGUaBnYwY9s3vXi7+12unGB51MqGSFEHx6aIwlRRjmodFe0IDRzm0gHEt7F8p7zPNONpIyzYE7/fJf0HroOY1avXrevXktIijRLbJDtkjHjkkJ+SCXJEm4eSRPJNX8uY8OS/Ou/MxHZ1xCs8W+VHO+AshzaMN</latexit>

~�t = ~n+ F~a+M~✏

white noise

<latexit sha1_base64="49JfNVNGyx+cZZaf9pKpaRrsBdg="></latexit>

hni,µnj,⌫i = E2
µ�i�ij�µ⌫ +Q2

µ�ij�µ⌫

EFAC EQUAD

<latexit sha1_base64="W8U+N2t6ZKaUUUBa6831/SZuvwQ=">AAAB/HicbVDLSgNBEJz1GeMrmqOXwSBEhLArQT0GvXiMYB6QLGF20psMmX0w0xsIS/wVLx4U8eqHePNvnE1y0MSCpouqbqanvFgKjbb9ba2tb2xubed28rt7+weHhaPjpo4SxaHBIxmptsc0SBFCAwVKaMcKWOBJaHmju8xvjUFpEYWPOInBDdggFL7gDI3UKxQvumPgdFjOWheHgOy8VyjZFXsGukqcBSmRBeq9wle3H/EkgBC5ZFp3HDtGN2UKBZcwzXcTDTHjIzaAjqEhC0C76ez4KT0zSp/6kTIVIp2pvzdSFmg9CTwzGTAc6mUvE//zOgn6N24qwjhBCPn8IT+RFCOaJUH7QgFHOTGEcSXMrZQPmWIcTV55E4Kz/OVV0rysOFeV6kO1VLtdxJEjJ+SUlIlDrkmN3JM6aRBOJuSZvJI368l6sd6tj/nomrXYKZI/sD5/AJlLlBw=</latexit>

+~h(~✓)
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THE TIMING RESIDUALS

<latexit sha1_base64="MtWUQAjjmPVZ+MWlXPolkO7eMjU="></latexit>

F =

0

BBB@

sin(2⇡t1/T ) cos(2⇡t1/T ) . . . sin(2⇡Nf t1/T ) cos(2⇡Nf t1/T )
sin(2⇡t2/T ) cos(2⇡t2/T ) . . . sin(2⇡Nf t2/T ) cos(2⇡Nf t2/T )

...
...

...
...

...
sin(2⇡tN/T ) cos(2⇡tN/T ) . . . sin(2⇡Nf tN/T ) cos(2⇡Nf tN/T )

1

CCCA

red noise

<latexit sha1_base64="jfiWcfjbn/yV2zH/uDm2pJ6SAdM=">AAACH3icbVBNS8NAEN34WetX1aOXxSIIQkmkVC+CKIgXQcFWoSlls53YpZtN2J0IJfSfePGvePGgiHjrv3HT5uDXwMJ7b+YxOy9IpDDoumNnZnZufmGxtFReXlldW69sbLZMnGoOTR7LWN8FzIAUCpooUMJdooFFgYTbYHCW928fQBsRqxscJtCJ2L0SoeAMrdStNPwH4H4PJDKKxznJ1Gg/84OQno9yStmUXU6YD4kRMjdW3Zo7KfoXeAWokqKuupVPvxfzNAKFXDJj2p6bYCdjGgWXMCr7qYGE8QG7h7aFikVgOtnkvhHdtUqPhrG2TyGdqN8dGYuMGUaBnYwY9s3vXi7+12unGB51MqGSFEHx6aIwlRRjmodFe0IDRzm0gHEt7F8p7zPNONpIyzYE7/fJf0HroOY1avXrevXktIijRLbJDtkjHjkkJ+SCXJEm4eSRPJNX8uY8OS/Ou/MxHZ1xCs8W+VHO+AshzaMN</latexit>

~�t = ~n+ F~a+M~✏
<latexit sha1_base64="W8U+N2t6ZKaUUUBa6831/SZuvwQ=">AAAB/HicbVDLSgNBEJz1GeMrmqOXwSBEhLArQT0GvXiMYB6QLGF20psMmX0w0xsIS/wVLx4U8eqHePNvnE1y0MSCpouqbqanvFgKjbb9ba2tb2xubed28rt7+weHhaPjpo4SxaHBIxmptsc0SBFCAwVKaMcKWOBJaHmju8xvjUFpEYWPOInBDdggFL7gDI3UKxQvumPgdFjOWheHgOy8VyjZFXsGukqcBSmRBeq9wle3H/EkgBC5ZFp3HDtGN2UKBZcwzXcTDTHjIzaAjqEhC0C76ez4KT0zSp/6kTIVIp2pvzdSFmg9CTwzGTAc6mUvE//zOgn6N24qwjhBCPn8IT+RFCOaJUH7QgFHOTGEcSXMrZQPmWIcTV55E4Kz/OVV0rysOFeV6kO1VLtdxJEjJ+SUlIlDrkmN3JM6aRBOJuSZvJI368l6sd6tj/nomrXYKZI/sD5/AJlLlBw=</latexit>

+~h(~✓)
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THE TIMING RESIDUALS

<latexit sha1_base64="MtWUQAjjmPVZ+MWlXPolkO7eMjU="></latexit>

F =

0

BBB@

sin(2⇡t1/T ) cos(2⇡t1/T ) . . . sin(2⇡Nf t1/T ) cos(2⇡Nf t1/T )
sin(2⇡t2/T ) cos(2⇡t2/T ) . . . sin(2⇡Nf t2/T ) cos(2⇡Nf t2/T )

...
...

...
...

...
sin(2⇡tN/T ) cos(2⇡tN/T ) . . . sin(2⇡Nf tN/T ) cos(2⇡Nf tN/T )

1

CCCA

<latexit sha1_base64="lLls2PJMqTwpRPo34Ka3tz4JeSo="></latexit>

p(~a|⌘) =
exp

�
� 1

2~a
T��1~a

�
p
det(2⇡�)

red noise

<latexit sha1_base64="bx2tg2yMJGNEJhGBb0a844CLwpA="></latexit>

[�](ak)(bj) = �ab⇢k�kj + ak�kj�ab

common 
process

intrinsic 
noise

<latexit sha1_base64="jfiWcfjbn/yV2zH/uDm2pJ6SAdM=">AAACH3icbVBNS8NAEN34WetX1aOXxSIIQkmkVC+CKIgXQcFWoSlls53YpZtN2J0IJfSfePGvePGgiHjrv3HT5uDXwMJ7b+YxOy9IpDDoumNnZnZufmGxtFReXlldW69sbLZMnGoOTR7LWN8FzIAUCpooUMJdooFFgYTbYHCW928fQBsRqxscJtCJ2L0SoeAMrdStNPwH4H4PJDKKxznJ1Gg/84OQno9yStmUXU6YD4kRMjdW3Zo7KfoXeAWokqKuupVPvxfzNAKFXDJj2p6bYCdjGgWXMCr7qYGE8QG7h7aFikVgOtnkvhHdtUqPhrG2TyGdqN8dGYuMGUaBnYwY9s3vXi7+12unGB51MqGSFEHx6aIwlRRjmodFe0IDRzm0gHEt7F8p7zPNONpIyzYE7/fJf0HroOY1avXrevXktIijRLbJDtkjHjkkJ+SCXJEm4eSRPJNX8uY8OS/Ou/MxHZ1xCs8W+VHO+AshzaMN</latexit>

~�t = ~n+ F~a+M~✏
<latexit sha1_base64="W8U+N2t6ZKaUUUBa6831/SZuvwQ=">AAAB/HicbVDLSgNBEJz1GeMrmqOXwSBEhLArQT0GvXiMYB6QLGF20psMmX0w0xsIS/wVLx4U8eqHePNvnE1y0MSCpouqbqanvFgKjbb9ba2tb2xubed28rt7+weHhaPjpo4SxaHBIxmptsc0SBFCAwVKaMcKWOBJaHmju8xvjUFpEYWPOInBDdggFL7gDI3UKxQvumPgdFjOWheHgOy8VyjZFXsGukqcBSmRBeq9wle3H/EkgBC5ZFp3HDtGN2UKBZcwzXcTDTHjIzaAjqEhC0C76ez4KT0zSp/6kTIVIp2pvzdSFmg9CTwzGTAc6mUvE//zOgn6N24qwjhBCPn8IT+RFCOaJUH7QgFHOTGEcSXMrZQPmWIcTV55E4Kz/OVV0rysOFeV6kO1VLtdxJEjJ+SUlIlDrkmN3JM6aRBOJuSZvJI368l6sd6tj/nomrXYKZI/sD5/AJlLlBw=</latexit>

+~h(~✓)
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THE TIMING RESIDUALS

timing-ephemeris model variations

<latexit sha1_base64="bcIn+eh8vgB4XdHFDfiSwUbCsJY=">AAACFHicbVDNS8MwHE39nPOr6tFLcAiCMFoZ6kUYevEiTHAfsJaSZumWLU1Lkgqj9I/w4r/ixYMiXj14878x3Yro5oPAy/t9JO/5MaNSWdaXsbC4tLyyWlorr29sbm2bO7stGSUCkyaOWCQ6PpKEUU6aiipGOrEgKPQZafujq7zevidC0ojfqXFM3BD1OQ0oRkpLnnl846V0mF04gUA4dWIkFEUMKo9mPzfHJwp5w8wzK1bVmgDOE7sgFVCg4ZmfTi/CSUi4wgxJ2bWtWLlpvhUzkpWdRJIY4RHqk66mHIVEuunEVAYPtdKDQST04QpO1N8TKQqlHIe+7gyRGsjZWi7+V+smKjh3U8rjRBGOpw8FifYcwTwh2KOCYMXGmiAsqP4rxAOk41E6x7IOwZ61PE9aJ1X7tFq7rVXql0UcJbAPDsARsMEZqINr0ABNgMEDeAIv4NV4NJ6NN+N92rpgFDN74A+Mj29hRJ+t</latexit>

Mij =
@ti
@�j

<latexit sha1_base64="oV86FGb2FD2wNitpFyL12YHGjYs=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2ARXGiZkaJuhKIblxXsBTrDkEnPtGkzF5KMUIZu3fgqblwo4tY3cOfbmLaz0NYDIR//fw7J+f2EM6ks69soLC2vrK4V10sbm1vbO+buXlPGqaDQoDGPRdsnEjiLoKGY4tBOBJDQ59DyhzcTv/UAQrI4ulejBNyQ9CIWMEqUljwTO5BIxjUO8BV2fFDEG5zO7sw6GYw9s2xVrGnhRbBzKKO86p755XRjmoYQKcqJlB3bSpSbEaEY5TAuOamEhNAh6UFHY0RCkG423WSMj7TSxUEs9IkUnqq/JzISSjkKfd0ZEtWX895E/M/rpCq4dDMWJamCiM4eClKOVYwnseAuE0AVH2kgVDD9V0z7RBCqdHglHYI9v/IiNM8q9nmlelct167zOIroAB2iY2SjC1RDt6iOGoiiR/SMXtGb8WS8GO/Gx6y1YOQz++hPGZ8/fVKZkw==</latexit>

✏j = �j � �0,j

<latexit sha1_base64="jfiWcfjbn/yV2zH/uDm2pJ6SAdM=">AAACH3icbVBNS8NAEN34WetX1aOXxSIIQkmkVC+CKIgXQcFWoSlls53YpZtN2J0IJfSfePGvePGgiHjrv3HT5uDXwMJ7b+YxOy9IpDDoumNnZnZufmGxtFReXlldW69sbLZMnGoOTR7LWN8FzIAUCpooUMJdooFFgYTbYHCW928fQBsRqxscJtCJ2L0SoeAMrdStNPwH4H4PJDKKxznJ1Gg/84OQno9yStmUXU6YD4kRMjdW3Zo7KfoXeAWokqKuupVPvxfzNAKFXDJj2p6bYCdjGgWXMCr7qYGE8QG7h7aFikVgOtnkvhHdtUqPhrG2TyGdqN8dGYuMGUaBnYwY9s3vXi7+12unGB51MqGSFEHx6aIwlRRjmodFe0IDRzm0gHEt7F8p7zPNONpIyzYE7/fJf0HroOY1avXrevXktIijRLbJDtkjHjkkJ+SCXJEm4eSRPJNX8uY8OS/Ou/MxHZ1xCs8W+VHO+AshzaMN</latexit>

~�t = ~n+ F~a+M~✏
<latexit sha1_base64="W8U+N2t6ZKaUUUBa6831/SZuvwQ=">AAAB/HicbVDLSgNBEJz1GeMrmqOXwSBEhLArQT0GvXiMYB6QLGF20psMmX0w0xsIS/wVLx4U8eqHePNvnE1y0MSCpouqbqanvFgKjbb9ba2tb2xubed28rt7+weHhaPjpo4SxaHBIxmptsc0SBFCAwVKaMcKWOBJaHmju8xvjUFpEYWPOInBDdggFL7gDI3UKxQvumPgdFjOWheHgOy8VyjZFXsGukqcBSmRBeq9wle3H/EkgBC5ZFp3HDtGN2UKBZcwzXcTDTHjIzaAjqEhC0C76ez4KT0zSp/6kTIVIp2pvzdSFmg9CTwzGTAc6mUvE//zOgn6N24qwjhBCPn8IT+RFCOaJUH7QgFHOTGEcSXMrZQPmWIcTV55E4Kz/OVV0rysOFeV6kO1VLtdxJEjJ+SUlIlDrkmN3JM6aRBOJuSZvJI368l6sd6tj/nomrXYKZI/sD5/AJlLlBw=</latexit>

+~h(~✓)
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THE TIMING RESIDUALS

deterministic signal

<latexit sha1_base64="jfiWcfjbn/yV2zH/uDm2pJ6SAdM=">AAACH3icbVBNS8NAEN34WetX1aOXxSIIQkmkVC+CKIgXQcFWoSlls53YpZtN2J0IJfSfePGvePGgiHjrv3HT5uDXwMJ7b+YxOy9IpDDoumNnZnZufmGxtFReXlldW69sbLZMnGoOTR7LWN8FzIAUCpooUMJdooFFgYTbYHCW928fQBsRqxscJtCJ2L0SoeAMrdStNPwH4H4PJDKKxznJ1Gg/84OQno9yStmUXU6YD4kRMjdW3Zo7KfoXeAWokqKuupVPvxfzNAKFXDJj2p6bYCdjGgWXMCr7qYGE8QG7h7aFikVgOtnkvhHdtUqPhrG2TyGdqN8dGYuMGUaBnYwY9s3vXi7+12unGB51MqGSFEHx6aIwlRRjmodFe0IDRzm0gHEt7F8p7zPNONpIyzYE7/fJf0HroOY1avXrevXktIijRLbJDtkjHjkkJ+SCXJEm4eSRPJNX8uY8OS/Ou/MxHZ1xCs8W+VHO+AshzaMN</latexit>

~�t = ~n+ F~a+M~✏
<latexit sha1_base64="W8U+N2t6ZKaUUUBa6831/SZuvwQ=">AAAB/HicbVDLSgNBEJz1GeMrmqOXwSBEhLArQT0GvXiMYB6QLGF20psMmX0w0xsIS/wVLx4U8eqHePNvnE1y0MSCpouqbqanvFgKjbb9ba2tb2xubed28rt7+weHhaPjpo4SxaHBIxmptsc0SBFCAwVKaMcKWOBJaHmju8xvjUFpEYWPOInBDdggFL7gDI3UKxQvumPgdFjOWheHgOy8VyjZFXsGukqcBSmRBeq9wle3H/EkgBC5ZFp3HDtGN2UKBZcwzXcTDTHjIzaAjqEhC0C76ez4KT0zSp/6kTIVIp2pvzdSFmg9CTwzGTAc6mUvE//zOgn6N24qwjhBCPn8IT+RFCOaJUH7QgFHOTGEcSXMrZQPmWIcTV55E4Kz/OVV0rysOFeV6kO1VLtdxJEjJ+SUlIlDrkmN3JM6aRBOJuSZvJI368l6sd6tj/nomrXYKZI/sD5/AJlLlBw=</latexit>

+~h(~✓)



THE PTA LIKELIHOOD
<latexit sha1_base64="r4dp4PqQNuGaCcLJhsuDBjX0c3o="></latexit>

B =

✓
1 0
0 �

◆<latexit sha1_base64="0MMVPjNSSVwpB5mmbsUn4JpsY1s="></latexit>

~b =


~✏
~a

�
<latexit sha1_base64="Oy62+V0X2Tp0aJopSfpbAvmJtns=">AAACBHicdZDLSsNAFIYn9Vbrreqym8EiuCghqTHWhVAUxI1Qoa2FJpTJdNIOnVyYmQglZOHGV3HjQhG3PoQ738bpRVDRHwY+/nMOZ87vxYwKaRgfWm5hcWl5Jb9aWFvf2Nwqbu+0RZRwTFo4YhHveEgQRkPSklQy0ok5QYHHyI03Op/Ub24JFzQKm3IcEzdAg5D6FCOprF6xlDqeD5vZaXcKV1nFqUzpInN7xbKhm1X70DagodtHZs2yFBhGzTqxoalgojKYq9Ervjv9CCcBCSVmSIiuacTSTRGXFDOSFZxEkBjhERqQrsIQBUS46fSIDO4rpw/9iKsXSjh1v0+kKBBiHHiqM0ByKH7XJuZftW4i/Zqb0jBOJAnxbJGfMCgjOEkE9iknWLKxAoQ5VX+FeIg4wlLlVlAhfF0K/4d2VTdt3bq2yvWzeRx5UAJ74ACY4BjUwSVogBbA4A48gCfwrN1rj9qL9jprzWnzmV3wQ9rbJ15Ql08=</latexit>

T = [M, F]
<latexit sha1_base64="YbiUSPDSsy1DTCGx15YzpvlnL/o="></latexit>

~⌘ = {EFAC, EQUAD,�}

<latexit sha1_base64="nsr2ya6BQpJb26JNwrc9ZvABOig="></latexit>

p(~�t|~b, ~⌘) =
exp

⇣
� 1

2 (
~�t�T~b)TN�1(~�t�T~b)

⌘

p
det(2⇡N)

⇥
exp

⇣
� 1

2
~bTB�1~b

⌘

p
det(2⇡B)

⇥ p(~⌘)

priors
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THE PTA LIKELIHOOD
<latexit sha1_base64="r4dp4PqQNuGaCcLJhsuDBjX0c3o="></latexit>

B =

✓
1 0
0 �

◆<latexit sha1_base64="0MMVPjNSSVwpB5mmbsUn4JpsY1s="></latexit>

~b =


~✏
~a

�
<latexit sha1_base64="Oy62+V0X2Tp0aJopSfpbAvmJtns=">AAACBHicdZDLSsNAFIYn9Vbrreqym8EiuCghqTHWhVAUxI1Qoa2FJpTJdNIOnVyYmQglZOHGV3HjQhG3PoQ738bpRVDRHwY+/nMOZ87vxYwKaRgfWm5hcWl5Jb9aWFvf2Nwqbu+0RZRwTFo4YhHveEgQRkPSklQy0ok5QYHHyI03Op/Ub24JFzQKm3IcEzdAg5D6FCOprF6xlDqeD5vZaXcKV1nFqUzpInN7xbKhm1X70DagodtHZs2yFBhGzTqxoalgojKYq9Ervjv9CCcBCSVmSIiuacTSTRGXFDOSFZxEkBjhERqQrsIQBUS46fSIDO4rpw/9iKsXSjh1v0+kKBBiHHiqM0ByKH7XJuZftW4i/Zqb0jBOJAnxbJGfMCgjOEkE9iknWLKxAoQ5VX+FeIg4wlLlVlAhfF0K/4d2VTdt3bq2yvWzeRx5UAJ74ACY4BjUwSVogBbA4A48gCfwrN1rj9qL9jprzWnzmV3wQ9rbJ15Ql08=</latexit>

T = [M, F]
<latexit sha1_base64="YbiUSPDSsy1DTCGx15YzpvlnL/o="></latexit>

~⌘ = {EFAC, EQUAD,�}

<latexit sha1_base64="nsr2ya6BQpJb26JNwrc9ZvABOig="></latexit>

p(~�t|~b, ~⌘) =
exp

⇣
� 1

2 (
~�t�T~b)TN�1(~�t�T~b)

⌘

p
det(2⇡N)

⇥
exp

⇣
� 1

2
~bTB�1~b

⌘

p
det(2⇡B)

⇥ p(~⌘)

priors

we do not care about the specific noise realization, all the physics is in the parameters controlling the noise statistical properties (i.e. )η

<latexit sha1_base64="Zg5kCgUrsEQNANA8OD5T6TYdeFo="></latexit>

p({~�t}|~⌘) =
Z

p({~�t}|{~b}, ~⌘) dNp~b =
exp

⇣
� 1

2
~�t

T
C�1~�t

⌘

p
det(2⇡C)

⇥ p(~⌘)

<latexit sha1_base64="0jlzOTaPmbRZB+mfxIcYRG195og="></latexit>

C = N+TBTT
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A FIRST GLIMPSE? NANOGrav 12.5 yr [2009.04496]

SMBHB

<latexit sha1_base64="ablei6f7P0skt8AIczQk3amEioU="></latexit>

⇢(f) =
A2

12⇡2

✓
f

1 yr�1

◆��

yr2

https://arxiv.org/abs/2009.04496
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A FIRST GLIMPSE?
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PPTA DR2 [2107.12112]

<latexit sha1_base64="ablei6f7P0skt8AIczQk3amEioU="></latexit>

⇢(f) =
A2

12⇡2

✓
f

1 yr�1

◆��

yr2

https://arxiv.org/abs/2107.12112
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A FIRST GLIMPSE? EPTA DR2 [2110.13184]

<latexit sha1_base64="ablei6f7P0skt8AIczQk3amEioU="></latexit>

⇢(f) =
A2

12⇡2

✓
f

1 yr�1

◆��

yr2

https://arxiv.org/abs/2110.13184
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A FIRST GLIMPSE? IPTA DR2 [2201.03980]

<latexit sha1_base64="ablei6f7P0skt8AIczQk3amEioU="></latexit>

⇢(f) =
A2

12⇡2

✓
f

1 yr�1

◆��

yr2

https://arxiv.org/abs/2201.03980
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WHAT ABOUT CORRELATIONS?
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NANOGrav 12.5 yr [2009.04496] PPTA DR2 [2107.12112]

no evidence for monopole correlation (error in reference clocks)

no evidence for dipole correlation (error in  position of SSB)

evidences for Hellings and Downs correlation not yet conclusive 

https://arxiv.org/abs/2009.04496
https://arxiv.org/abs/2107.12112
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EXPECTATIONS

NANOGrav [2010.11950]

https://arxiv.org/abs/2010.11950


GWB from Supermassive Black Holes Binaries 
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THE PRIMARY SUSPECT

Super Massive Black Holes Binaries (SMBHBs) formed in galaxy mergers 

Aaron Evans [HST Proposal 10592] Mayer et al. [0706.1562]

https://hubblesite.org/contents/media/images/2018/28/4238-Image.html?page=2&keyword=quasars&filterUUID=4c394bbb-b21e-43ab-a160-2a4521d70243
https://arxiv.org/abs/0706.1562


19

BHBMs GW SPECTRUM

<latexit sha1_base64="WcL6FU20sIl1Jpp5dlCsY/DEa98="></latexit>

hc(f) = AGWB

✓
f

yr�1

◆�2/3
<latexit sha1_base64="4Vg9IlZ3xxR6+CnZeaOKd3c1tXs=">AAAB+HicbVA9SwNBEN3zM8aPnFraLAbBKtwFUcugjYVFBPMByRH2NnvJkr3dY3dOiUd+iY2FIrb+FDv/jZvkCk18MPB4b4aZeWEiuAHP+3ZWVtfWNzYLW8Xtnd29krt/0DQq1ZQ1qBJKt0NimOCSNYCDYO1EMxKHgrXC0fXUbz0wbbiS9zBOWBCTgeQRpwSs1HNL3VsWgeaDIRCt1WPPLXsVbwa8TPyclFGOes/96vYVTWMmgQpiTMf3EggyooFTwSbFbmpYQuiIDFjHUkliZoJsdvgEn1iljyOlbUnAM/X3REZiY8ZxaDtjAkOz6E3F/7xOCtFlkHGZpMAknS+KUoFB4WkKuM81oyDGlhCqub0V0yHRhILNqmhD8BdfXibNasU/r1Tvzsq1qzyOAjpCx+gU+egC1dANqqMGoihFz+gVvTlPzovz7nzMW1ecfOYQ/YHz+QM6gJN4</latexit>,

<latexit sha1_base64="/hozU8BnQConHh6w2z2FXrrQ+JQ="></latexit>

h2
c(f) ⇠ f�4/3

Z
dzdM dN2

dzdM
M5/3

(1 + z)1/3
<latexit sha1_base64="pIrMcesnHai7uUapaYDNPUtQ3K8=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFZIY2rqrdaHLCvYBbSyT6aQdOpnEmUmhhH6HGxeKuPVj3Pk3TtoKKnrgwuGce7n3Hj9mVCrL+jByK6tr6xv5zcLW9s7uXnH/oCWjRGDSxBGLRMdHkjDKSVNRxUgnFgSFPiNtf3yZ+e0JEZJG/FZNY+KFaMhpQDFSWvIu+mlPhPCqXZ/dOf1iyTLPq2XHLUPLtKyK7dgZcSrumQttrWQogSUa/eJ7bxDhJCRcYYak7NpWrLwUCUUxI7NCL5EkRniMhqSrKUchkV46P3oGT7QygEEkdHEF5+r3iRSFUk5DX3eGSI3kby8T//K6iQqqXkp5nCjC8WJRkDCoIpglAAdUEKzYVBOEBdW3QjxCAmGlcyroEL4+hf+TlmPaZdO5cUu1+jKOPDgCx+AU2KACauAaNEATYHAPHsATeDYmxqPxYrwuWnPGcuYQ/IDx9gkPzJGo</latexit>

A2
GWB

merger 
rate

chirp 
mass

spectral 
shape

<latexit sha1_base64="c7M0Ali7MkAp14TfurlcoS8e50c="></latexit>

Sab(f) = �ab
A2

GWB

12⇡2

✓
f

fyr

◆�13/3

Many open questions: Origin?  Delay after galaxy merger?  Final-parsec problem?  ...

Phinney [astro-ph:/0108028]

https://arxiv.org/abs/astro-ph/0108028
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IS THE AMPLITUDE RIGHT?
IPTA DR2 [2201.03980]

local SMBHB density, , needs to be larger than previous estimates, e.g., 1708.03491, by a factor of  in order 
to explain the observed signal.

ΦBHB,0 #(20)

https://arxiv.org/abs/2201.03980
https://arxiv.org/abs/1708.03491


GWB from cosmological phase transitions
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TEXT

<latexit sha1_base64="JRWwWvX48WWM5deEx+uekT/1LoE=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKaIui25cVrAXaEKZTE/aoZNJmJkIJdSNr+LGhSJufQt3vo3TNAtt/WHg4z/ncOb8QcKZ0o7zbZVWVtfWN8qbla3tnd09e/+greJUUmjRmMeyGxAFnAloaaY5dBMJJAo4dILxzazeeQCpWCzu9SQBPyJDwUJGiTZW3z7yOBFDDthLRsyTOXsCsNO3q07NyYWXwS2gigo1+/aXN4hpGoHQlBOleq6TaD8jUjPKYVrxUgUJoWMyhJ5BQSJQfpZfMMWnxhngMJbmCY1z9/dERiKlJlFgOiOiR2qxNjP/q/VSHV75GRNJqkHQ+aIw5VjHeBYHHjAJVPOJAUIlM3/FdEQkodqEVjEhuIsnL0O7XnMvavW782rjuoijjI7RCTpDLrpEDXSLmqiFKHpEz+gVvVlP1ov1bn3MW0tWMXOI/sj6/AHcXpaC</latexit>

h�i 6= 0

sound wave 
collisions 

bubble walls 
collisions

bubble walls 
collisionsturbulence in 

the plasma

<latexit sha1_base64="0o7nPsow5HNKy1G3nLxJkl1Fgvo=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiuCpJEXUjFN24rGAv0IQymU7aoZNJmJkINRRfxY0LRdz6Hu58G6dpFtr6w8DHf87hnPmDhDOlHefbWlpeWV1bL22UN7e2d3btvf2WilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPRzbTefqBSsVjc63FC/QgPBAsZwdpYPfvQ41gMOPWSIfNkjldOz644VScXWgS3gAoUavTsL68fkzSiQhOOleq6TqL9DEvNCKeTspcqmmAywgPaNShwRJWf5ddP0Ilx+iiMpXlCo9z9PZHhSKlxFJjOCOuhmq9Nzf9q3VSHl37GRJJqKshsUZhypGM0jQL1maRE87EBTCQztyIyxBITbQIrmxDc+S8vQqtWdc+rtbuzSv26iKMER3AMp+DCBdThFhrQBAKP8Ayv8GY9WS/Wu/Uxa12yipkD+CPr8wdZz5Uo</latexit>

h�i = 0

three sources of GW
<latexit sha1_base64="SGlAmyg1dKsfad2oMwn3lzQZpOs=">AAACMnicbZBNS8MwGMfT+TbnW9Wjl+AQJsJoh6gXYehBPTnBvcBaSpqlW1jSliRVRtln8uInETzoQRGvfgizrYe5+YfAP7/neUievx8zKpVlvRm5hcWl5ZX8amFtfWNzy9zeacgoEZjUccQi0fKRJIyGpK6oYqQVC4K4z0jT71+O6s0HIiSNwns1iInLUTekAcVIaeSZN84tJ13kpY7g8Ko5LAWH5xly4h7V16PpDvk4nEUqEf4IembRKltjwXljZ6YIMtU888XpRDjhJFSYISnbthUrN0VCUczIsOAkksQI91GXtLUNESfSTccrD+GBJh0YREKfUMExnZ5IEZdywH3dyZHqydnaCP5XaycqOHNTGsaJIiGePBQkDKoIjvKDHSoIVmygDcKC6r9C3EMCYaVTLugQ7NmV502jUrZPypW742L1IosjD/bAPigBG5yCKrgGNVAHGDyBV/ABPo1n4934Mr4nrTkjm9kFf2T8/AL36alm</latexit>

⌦GW(f) = ⌦�(f) + ⌦sw(f) + ⌦turb(f)

<latexit sha1_base64="7Gy0ZW49+Byo51YNunpyloqX7L8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26l6z3ni4qrVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEV0o5G</latexit>

�

<latexit sha1_base64="m0pfLb78xi/ShH4NOemANGU9Xb8=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpewWUY9FLx4r2A9ol5JNs21oNhuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvVIIb63nfaG19Y3Nru7BT3N3bPzgsHR23TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7HdzO//cS04Yl8tBPFgpgMJY84JdZJ7Valp0b8ol8qe1VvDrxK/JyUIUejX/rqDRKaxkxaKogxXd9TNsiItpwKNi32UsMUoWMyZF1HJYmZCbL5uVN87pQBjhLtSlo8V39PZCQ2ZhKHrjMmdmSWvZn4n9dNbXQTZFyq1DJJF4uiVGCb4NnveMA1o1ZMHCFUc3crpiOiCbUuoaILwV9+eZW0alX/qlp7uCzXb/M4CnAKZ1ABH66hDvfQgCZQGMMzvMIbUugFvaOPResaymdO4A/Q5w+GKo8L</latexit>

V (�)

<latexit sha1_base64="P/NmSU7AUHaMK2YWoGbYUfuQwio="></latexit>

1/T
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SPECTRUM PARAMETRIZATION

: transition strength<latexit sha1_base64="lwV3CZgvrhe/jV5KmF5Ya8MPmvU=">AAAB73icdVDLSsNAFJ3UV62vqks3g0UQFyGJoa27ohuXFewD2lBuppN26OThzEQooT/hxoUibv0dd/6Nk7aCih64cDjnXu69x084k8qyPozCyura+kZxs7S1vbO7V94/aMs4FYS2SMxj0fVBUs4i2lJMcdpNBIXQ57TjT65yv3NPhWRxdKumCfVCGEUsYASUlrp94MkYBmeDcsUyL+pVx61iy7Ssmu3YOXFq7rmLba3kqKAlmoPye38YkzSkkSIcpOzZVqK8DIRihNNZqZ9KmgCZwIj2NI0gpNLL5vfO8IlWhjiIha5I4bn6fSKDUMpp6OvOENRY/vZy8S+vl6qg7mUsSlJFI7JYFKQcqxjnz+MhE5QoPtUEiGD6VkzGIIAoHVFJh/D1Kf6ftB3TrprOjVtpXC7jKKIjdIxOkY1qqIGuURO1EEEcPaAn9GzcGY/Gi/G6aC0Yy5lD9APG2ycMnY/+</latexit>↵⇤

: transition timescale 

: transition temperature 
<latexit sha1_base64="cRms9kjzgUss6Buqn2V4K7vpcJg="></latexit>

T⇤

<latexit sha1_base64="C3yYD8yJX5URGXFR/ttwGdpDw90=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAjSRZzUGOuu6KbLKvYBbQiT6aQdOnkwMxFK6Ee4caGIW7/HnX/jpK2gogcuHM65l3vv8RPOpELow1haXlldWy9sFDe3tnd2S3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx9e537mnQrI4ulOThLohHkYsYAQrLXUaXuX01qt4pTIyrapz5iCITOfcqtm2JgjV7EsHWprkKIMFml7pvT+ISRrSSBGOpexZKFFuhoVihNNpsZ9KmmAyxkPa0zTCIZVuNjt3Co+1MoBBLHRFCs7U7xMZDqWchL7uDLEayd9eLv7l9VIV1NyMRUmqaETmi4KUQxXD/Hc4YIISxSeaYCKYvhWSERaYKJ1QUYfw9Sn8n7SrpuWY9o1drl8t4iiAQ3AEToAFLkAdNEATtAABY/AAnsCzkRiPxovxOm9dMhYzB+AHjLdPT+SO7Q==</latexit>

H⇤/R⇤

<latexit sha1_base64="ECWOwzpFEQccU2OWuLJpGDW29uk="></latexit>

⌦(f) = R�(vw)

✓
↵⇤

1 + ↵⇤

◆p ✓
H⇤
R⇤

◆q

S(f/f0
⇤ )

<latexit sha1_base64="6qD9U3woD83kMDwSzpBISdl2U9c=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSqyfUEEf9csWrenPgVeLnpAI5Gv3yV2+gaBozaakgxnR9L7FBRrTlVLBpqZcalhA6JkPWdVSSmJkgm187xWdOGeBIaVfS4rn6eyIjsTGTOHSdMbEjs+zNxP+8bmqj6yDjMkktk3SxKEoFtgrPXscDrhm1YuIIoZq7WzEdEU2odQGVXAj+8surpHVR9S+rtftapX6Tx1GEEziFc/DhCupwBw1oAoVHeIZXeEMKvaB39LFoLaB85hj+AH3+ADBSjuM=</latexit>

log f

<latexit sha1_base64="1QPjYwLVmIbQajMp8d175Ki+5p8=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkUtRl0YXurGAf0IQwmU7aoTOTMDMRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r0nTBhV2nG+raXlldW19dJGeXNre2fX3ttvqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+55FIRWPxoMcJ8TkaCBpRjLSRAvvQY/EAenecDFCQeZLDm05ejU4Du+LUnCngInELUgEFmoH95fVjnHIiNGZIqZ7rJNrPkNQUM5KXvVSRBOERGpCeoQJxovxs+kAOT4zSh1EsTQkNp+rviQxxpcY8NJ0c6aGa9ybif14v1dGln1GRpJoIPFsUpQzqGE7SgH0qCdZsbAjCkppbIR4iibA2mZVNCO78y4ukfVZzz2v1+3qlcVXEUQJH4BhUgQsuQAPcgiZoAQxy8AxewZv1ZL1Y79bHrHXJKmYOwB9Ynz9l2ZWk</latexit> lo
g
⌦

G
W
(f
)

<latexit sha1_base64="cRms9kjzgUss6Buqn2V4K7vpcJg="></latexit>

T⇤
<latexit sha1_base64="cRms9kjzgUss6Buqn2V4K7vpcJg="></latexit>

T⇤

<latexit sha1_base64="lwV3CZgvrhe/jV5KmF5Ya8MPmvU=">AAAB73icdVDLSsNAFJ3UV62vqks3g0UQFyGJoa27ohuXFewD2lBuppN26OThzEQooT/hxoUibv0dd/6Nk7aCih64cDjnXu69x084k8qyPozCyura+kZxs7S1vbO7V94/aMs4FYS2SMxj0fVBUs4i2lJMcdpNBIXQ57TjT65yv3NPhWRxdKumCfVCGEUsYASUlrp94MkYBmeDcsUyL+pVx61iy7Ssmu3YOXFq7rmLba3kqKAlmoPye38YkzSkkSIcpOzZVqK8DIRihNNZqZ9KmgCZwIj2NI0gpNLL5vfO8IlWhjiIha5I4bn6fSKDUMpp6OvOENRY/vZy8S+vl6qg7mUsSlJFI7JYFKQcqxjnz+MhE5QoPtUEiGD6VkzGIIAoHVFJh/D1Kf6ftB3TrprOjVtpXC7jKKIjdIxOkY1qqIGuURO1EEEcPaAn9GzcGY/Gi/G6aC0Yy5lD9APG2ycMnY/+</latexit>↵⇤

<latexit sha1_base64="lwV3CZgvrhe/jV5KmF5Ya8MPmvU=">AAAB73icdVDLSsNAFJ3UV62vqks3g0UQFyGJoa27ohuXFewD2lBuppN26OThzEQooT/hxoUibv0dd/6Nk7aCih64cDjnXu69x084k8qyPozCyura+kZxs7S1vbO7V94/aMs4FYS2SMxj0fVBUs4i2lJMcdpNBIXQ57TjT65yv3NPhWRxdKumCfVCGEUsYASUlrp94MkYBmeDcsUyL+pVx61iy7Ssmu3YOXFq7rmLba3kqKAlmoPye38YkzSkkSIcpOzZVqK8DIRihNNZqZ9KmgCZwIj2NI0gpNLL5vfO8IlWhjiIha5I4bn6fSKDUMpp6OvOENRY/vZy8S+vl6qg7mUsSlJFI7JYFKQcqxjnz+MhE5QoPtUEiGD6VkzGIIAoHVFJh/D1Kf6ftB3TrprOjVtpXC7jKKIjdIxOkY1qqIGuURO1EEEcPaAn9GzcGY/Gi/G6aC0Yy5lD9APG2ycMnY/+</latexit>↵⇤

<latexit sha1_base64="C3yYD8yJX5URGXFR/ttwGdpDw90=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAjSRZzUGOuu6KbLKvYBbQiT6aQdOnkwMxFK6Ee4caGIW7/HnX/jpK2gogcuHM65l3vv8RPOpELow1haXlldWy9sFDe3tnd2S3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx9e537mnQrI4ulOThLohHkYsYAQrLXUaXuX01qt4pTIyrapz5iCITOfcqtm2JgjV7EsHWprkKIMFml7pvT+ISRrSSBGOpexZKFFuhoVihNNpsZ9KmmAyxkPa0zTCIZVuNjt3Co+1MoBBLHRFCs7U7xMZDqWchL7uDLEayd9eLv7l9VIV1NyMRUmqaETmi4KUQxXD/Hc4YIISxSeaYCKYvhWSERaYKJ1QUYfw9Sn8n7SrpuWY9o1drl8t4iiAQ3AEToAFLkAdNEATtAABY/AAnsCzkRiPxovxOm9dMhYzB+AHjLdPT+SO7Q==</latexit>

H⇤/R⇤

<latexit sha1_base64="C3yYD8yJX5URGXFR/ttwGdpDw90=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAjSRZzUGOuu6KbLKvYBbQiT6aQdOnkwMxFK6Ee4caGIW7/HnX/jpK2gogcuHM65l3vv8RPOpELow1haXlldWy9sFDe3tnd2S3v7bRmngtAWiXksuj6WlLOIthRTnHYTQXHoc9rxx9e537mnQrI4ulOThLohHkYsYAQrLXUaXuX01qt4pTIyrapz5iCITOfcqtm2JgjV7EsHWprkKIMFml7pvT+ISRrSSBGOpexZKFFuhoVihNNpsZ9KmmAyxkPa0zTCIZVuNjt3Co+1MoBBLHRFCs7U7xMZDqWchL7uDLEayd9eLv7l9VIV1NyMRUmqaETmi4KUQxXD/Hc4YIISxSeaYCKYvhWSERaYKJ1QUYfw9Sn8n7SrpuWY9o1drl8t4iiAQ3AEToAFLkAdNEATtAABY/AAnsCzkRiPxovxOm9dMhYzB+AHjLdPT+SO7Q==</latexit>

H⇤/R⇤
<latexit sha1_base64="ljexg3LMioGgiqpxBmsrIThZ4gg="></latexit>

f0
⇤ ⇠ 10

�10
Hz

✓
�

R⇤

◆✓
T⇤

MeV

◆

<latexit sha1_base64="ZsqdBmBBMUSIekpKsqRECiPbOiw="></latexit>

⌦gw(f) ⌘
1

⇢c

d⇢gw

d log f
=

4⇡2

3H2
0

f
3
Sh(f)
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SPECTRUM PARAMETRIZATION

: transition strength↵⇤

: transition timescale 

: transition temperature 
<latexit sha1_base64="cRms9kjzgUss6Buqn2V4K7vpcJg="></latexit>

T⇤

H⇤/R⇤

<latexit sha1_base64="ECWOwzpFEQccU2OWuLJpGDW29uk="></latexit>

⌦(f) = R�(vw)

✓
↵⇤

1 + ↵⇤

◆p ✓
H⇤
R⇤

◆q

S(f/f0
⇤ )

<latexit sha1_base64="6qD9U3woD83kMDwSzpBISdl2U9c=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSqyfUEEf9csWrenPgVeLnpAI5Gv3yV2+gaBozaakgxnR9L7FBRrTlVLBpqZcalhA6JkPWdVSSmJkgm187xWdOGeBIaVfS4rn6eyIjsTGTOHSdMbEjs+zNxP+8bmqj6yDjMkktk3SxKEoFtgrPXscDrhm1YuIIoZq7WzEdEU2odQGVXAj+8surpHVR9S+rtftapX6Tx1GEEziFc/DhCupwBw1oAoVHeIZXeEMKvaB39LFoLaB85hj+AH3+ADBSjuM=</latexit>

log f

lo
g
⌦

G
W
(f
)

<latexit sha1_base64="cRms9kjzgUss6Buqn2V4K7vpcJg="></latexit>

T⇤
<latexit sha1_base64="cRms9kjzgUss6Buqn2V4K7vpcJg="></latexit>

T⇤

<latexit sha1_base64="lwV3CZgvrhe/jV5KmF5Ya8MPmvU=">AAAB73icdVDLSsNAFJ3UV62vqks3g0UQFyGJoa27ohuXFewD2lBuppN26OThzEQooT/hxoUibv0dd/6Nk7aCih64cDjnXu69x084k8qyPozCyura+kZxs7S1vbO7V94/aMs4FYS2SMxj0fVBUs4i2lJMcdpNBIXQ57TjT65yv3NPhWRxdKumCfVCGEUsYASUlrp94MkYBmeDcsUyL+pVx61iy7Ssmu3YOXFq7rmLba3kqKAlmoPye38YkzSkkSIcpOzZVqK8DIRihNNZqZ9KmgCZwIj2NI0gpNLL5vfO8IlWhjiIha5I4bn6fSKDUMpp6OvOENRY/vZy8S+vl6qg7mUsSlJFI7JYFKQcqxjnz+MhE5QoPtUEiGD6VkzGIIAoHVFJh/D1Kf6ftB3TrprOjVtpXC7jKKIjdIxOkY1qqIGuURO1EEEcPaAn9GzcGY/Gi/G6aC0Yy5lD9APG2ycMnY/+</latexit>↵⇤

<latexit sha1_base64="lwV3CZgvrhe/jV5KmF5Ya8MPmvU=">AAAB73icdVDLSsNAFJ3UV62vqks3g0UQFyGJoa27ohuXFewD2lBuppN26OThzEQooT/hxoUibv0dd/6Nk7aCih64cDjnXu69x084k8qyPozCyura+kZxs7S1vbO7V94/aMs4FYS2SMxj0fVBUs4i2lJMcdpNBIXQ57TjT65yv3NPhWRxdKumCfVCGEUsYASUlrp94MkYBmeDcsUyL+pVx61iy7Ssmu3YOXFq7rmLba3kqKAlmoPye38YkzSkkSIcpOzZVqK8DIRihNNZqZ9KmgCZwIj2NI0gpNLL5vfO8IlWhjiIha5I4bn6fSKDUMpp6OvOENRY/vZy8S+vl6qg7mUsSlJFI7JYFKQcqxjnz+MhE5QoPtUEiGD6VkzGIIAoHVFJh/D1Kf6ftB3TrprOjVtpXC7jKKIjdIxOkY1qqIGuURO1EEEcPaAn9GzcGY/Gi/G6aC0Yy5lD9APG2ycMnY/+</latexit>↵⇤

H⇤/R⇤

H⇤/R⇤

interactive spectrum is publicly available

https://hub.gke2.mybinder.org/user/amitridate-bokeh-riqtizzu/proxy/5006/bokeh-app?token=bdZueeo1TLeES5zbaJWvvg
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SOME RESULTS
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ULDM signals in PTAs



30

ULDM FIELD

<latexit sha1_base64="49xkPfrphmjmdXvHOFJ9RvuD8I8="></latexit>

�(~x, t) =

p
2⇢�
m�

�̂(~x) cos (m�t+ �(~x))

<latexit sha1_base64="bJaolJc4/we4IyCGVlANvbFwTb4=">AAACFnicbVBNS8NAEN34WetX1KOXxSJ4aUlKUcFL0YvHCvYDmlg222m7dDcJuxuhhP4KL/4VLx4U8Sre/Ddu2wja+mDg8d4MM/OCmDOlHefLWlpeWV1bz23kN7e2d3btvf2GihJJoU4jHslWQBRwFkJdM82hFUsgIuDQDIZXE795D1KxKLzVoxh8Qfoh6zFKtJE6dtF17tJiuTL2LlJPCgyNscdBKcUEFh0vHjCPc/xjdeyCU3KmwIvEzUgBZah17E+vG9FEQKgpJ0q1XSfWfkqkZpTDOO8lCmJCh6QPbUNDIkD56fStMT42Shf3Imkq1Hiq/p5IiVBqJALTKYgeqHlvIv7ntRPdO/dTFsaJhpDOFvUSjnWEJxnhLpNANR8ZQqhk5lZMB0QSqk2SeROCO//yImmUS+5pqXJTKVQvszhy6BAdoRPkojNURdeohuqIogf0hF7Qq/VoPVtv1vusdcnKZg7QH1gf3/e/nqw=</latexit>

10�24 eV . m� ⌧ eV

lower masses are already ruled out by CMB observables

<latexit sha1_base64="Z3HvvXJth9m66vEZ9VsDmkUzpbA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBahbkoiRV0W3bisYB/QhDKZTpqhkwczk2qJ/RQ3LhRx65e482+ctllo64ELh3Pu5d57vIQzqSzr2yisrW9sbhW3Szu7e/sHZvmwLeNUENoiMY9F18OSchbRlmKK024iKA49Tjve6Gbmd8ZUSBZH92qSUDfEw4j5jGClpb5ZdgKsnCRgVWdMSfY4PeubFatmzYFWiZ2TCuRo9s0vZxCTNKSRIhxL2bOtRLkZFooRTqclJ5U0wWSEh7SnaYRDKt1sfvoUnWplgPxY6IoUmqu/JzIcSjkJPd0ZYhXIZW8m/uf1UuVfuRmLklTRiCwW+SlHKkazHNCACUoUn2iCiWD6VkQCLDBROq2SDsFefnmVtM9r9kWtflevNK7zOIpwDCdQBRsuoQG30IQWEHiAZ3iFN+PJeDHejY9Fa8HIZ47gD4zPHyPHk+8=</latexit>

�̂(~x)

random amplitude with zero mean and unit variance

<latexit sha1_base64="EYQxOSxyhZQpLqVSOngI2lW3xlk=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARBDUkWtRl0YUuK9gLNDFMppN26EwSZiZCCXkIN76KGxeKuHXhzrdx2mah1R8GPv5zDmfOHySMSmXbX0Zpbn5hcam8XFlZXVvfMDe3WjJOBSZNHLNYdAIkCaMRaSqqGOkkgiAeMNIOhpfjevueCEnj6FaNEuJx1I9oSDFS2vLNA1cMYt9NBtSVlEPbqrmHmSs4vCKtvEDM87vs6CT3zapt2RPBv+AUUAWFGr756fZinHISKcyQlF3HTpSXIaEoZiSvuKkkCcJD1CddjRHiRHrZ5Kgc7mmnB8NY6BcpOHF/TmSISznige7kSA3kbG1s/lfrpio89zIaJakiEZ4uClMGVQzHCcEeFQQrNtKAsKD6rxAPkEBY6RwrOgRn9uS/0Dq2nFOrdlOr1i+KOMpgB+yCfeCAM1AH16ABmgCDB/AEXsCr8Wg8G2/G+7S1ZBQz2+CXjI9vFN2dmA==</latexit>

⇢� ⇠ 0.4GeV cm�3

local ULDM density

<latexit sha1_base64="0WuL56g0QwgM4eCd6hV8T4Fg8tA=">AAACGXicbVBNS8NAFNz4WetX1KOXYBEqQklE1ItQ9OJRwarQhLLZvNalu0nYfRFL6N/w4l/x4kERj3ry37hNc9DqwMIwM4+3b8JUcI2u+2VNTc/Mzs1XFqqLS8srq/ba+pVOMsWgxRKRqJuQahA8hhZyFHCTKqAyFHAd9k9H/vUdKM2T+BIHKQSS9mLe5YyikTq26/eolLTu3wHL74c7xwXpD30WJViKuz5yEcE42bFrbsMt4PwlXklqpMR5x/7wo4RlEmJkgmrd9twUg5wq5EzAsOpnGlLK+rQHbUNjKkEHeXHZ0Nk2SuR0E2VejE6h/pzIqdR6IEOTlBRv9aQ3Ev/z2hl2j4Kcx2mGELPxom4mHEycUU1OxBUwFANDKFPc/NVht1RRhqbMqinBmzz5L7naa3gHjf2L/VrzpKyjQjbJFqkTjxySJjkj56RFGHkgT+SFvFqP1rP1Zr2Po1NWObNBfsH6/Ab+Q6GQ</latexit>

�(~x) = ~k · ~x+ �̃

phase of the signal
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PREVIOIUS SEARCHES - gravitational

<latexit sha1_base64="FhCcoUtLAxHsMOxB5Tj1seMpzPc="></latexit>

⇢�(t) ) �gµ⌫(t) )
�!

!
⇠

Z
�̇ dz

<latexit sha1_base64="bZcDw/R48bczOsHuD7FthuXZ5NI=">AAACG3icbVDLSgMxFM3UV62vqks3wSLUTZmpRV0WXeiygn1Ap5ZMmmlDk8mQ3BHK0P9w46+4caGIK8GFf2P6WKj1QMjJOfdyc08QC27Adb+czNLyyupadj23sbm1vZPf3WsYlWjK6lQJpVsBMUzwiNWBg2CtWDMiA8GawfBy4jfvmTZcRbcwillHkn7EQ04JWKmbL5siHPuGSz/UhKZXvh6orh8P+DiV0/vuZOxTZYrl2RPDcTdfcEvuFHiReHNSQHPUuvkPv6doIlkEVBBj2p4bQyclGjgVbJzzE8NiQoekz9qWRkQy00mnu43xkVV6OFTangjwVP3ZkRJpzEgGtlISGJi/3kT8z2snEJ53Uh7FCbCIzgaFicCg8CQo3OOaURAjSwjV3P4V0wGxIYGNM2dD8P6uvEga5ZJ3WqrcVArVi3kcWXSADlEReegMVdE1qqE6ougBPaEX9Oo8Os/Om/M+K80485599AvO5zcW26Fw</latexit>

s(t) ⇠ G⇢�
m3

�

cos(2m�t)

• Pulsar timing signal from ultralight scalar dark matter 

• Search for ultralight scalar dark matter with NANOGrav pulsar timing arrays 

• Constraints on ultralight scalar dark matter from pulsar timing 

• Parkes Pulsar Timing Array constraints on ultralight scalar-field dark matter 
31

PPTA [1810.03227]

https://iopscience.iop.org/article/10.1088/1475-7516/2014/02/019
https://iopscience.iop.org/article/10.1088/1475-7516/2020/09/036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.062008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.102002
https://arxiv.org/abs/1810.03227
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PREVIOIUS SEARCHES - direct couplings
•Doppler shift

•Scalar DM
<latexit sha1_base64="TnZijDx7Y+qK3ElzrCwXGJwG9do=">AAAB/XicbVDLSgNBEJyNrxhf6+PmZTAInsKuBPUY9OIxgnlANoTeyWwyZGZ2mZkV4hL8FS8eFPHqf3jzb5wke9DEgoaiqpvurjDhTBvP+3YKK6tr6xvFzdLW9s7unrt/0NRxqghtkJjHqh2CppxJ2jDMcNpOFAURctoKRzdTv/VAlWaxvDfjhHYFDCSLGAFjpZ57FIRRBpNAMxFICDkEyZD13LJX8WbAy8TPSRnlqPfcr6Afk1RQaQgHrTu+l5huBsowwumkFKSaJkBGMKAdSyUIqrvZ7PoJPrVKH0exsiUNnqm/JzIQWo9FaDsFmKFe9Kbif14nNdFVN2MySQ2VZL4oSjk2MZ5GgftMUWL42BIgitlbMRmCAmJsYCUbgr/48jJpnlf8i0r1rlquXedxFNExOkFnyEeXqIZuUR01EEGP6Bm9ojfnyXlx3p2PeWvByWcO0R84nz/9wZWV</latexit>

a ⇠ r� velocity suppressed

•Vector DM
<latexit sha1_base64="z7NsGVGIMJ73tljWFTE8iRrCAU4=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzIjRV0WRXBZwT6gM5RMmmlDk0xIMkIZ6sZfceNCEbf+hTv/xkw7C209cOFwzr3JvSeSjGrjed/O0vLK6tp6aaO8ubW9s+vu7bd0kipMmjhhiepESBNGBWkaahjpSEUQjxhpR6Pr3G8/EKVpIu7NWJKQo4GgMcXIWKnnHgZRnN1MAk15IJEyFLGeCeSQ9tyKV/WmgIvEL0gFFGj03K+gn+CUE2EwQ1p3fU+aMMvfxIxMykGqiUR4hAaka6lAnOgwm14wgSdW6cM4UbaEgVP190SGuNZjHtlOjsxQz3u5+J/XTU18GWZUyNQQgWcfxSmDJoF5HLBPFcGGjS1BWFG7K8RDpBA2NrSyDcGfP3mRtM6q/nm1dler1K+KOErgCByDU+CDC1AHt6ABmgCDR/AMXsGb8+S8OO/Ox6x1ySlmDsAfOJ8/NDuXYw==</latexit>

E ⇠ @t�
High-precision search for dark photon dark matter with the Parkes Pulsar Timing Array - 
Phys. Rev. Research 4, L012022 (2022) 

•Fifth force
•Test of the Equivalence Principle Using a Rotating Torsion Balance - Phys. Rev. Lett. 100, 041101 (2008)

•MICROSCOPE Mission: First Constraints on the Violation of the Weak Equivalence Principle by a Light Scalar Dilaton - Phys. Rev. Lett. 120, 141101 (2018)

•Atomic clock shifts
•Dark Matter Direct Detection with Accelerometers - [1512.06165] 

•Precision Metrology Meets Cosmology: Improved Constraints on Ultralight Dark Matter from Atom-Cavity Frequency Comparisons - PRL 125, 201302 (2020)

•Orbital period in binary pulsars
•Ultralight Dark Matter Resonates with Binary Pulsars - Phys. Rev. Lett. 118, 261102 (2017)

https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.4.L012022
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.4.L012022
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.041101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.141101
https://arxiv.org/abs/1512.06165
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201302
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261102


NEW PTA SIGNALS - spin fluctuations
<latexit sha1_base64="APNH734PcoVjDVBQD26Jcjxg0Eo="></latexit>
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NEW PTA SIGNALS - spin fluctuations
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NEW PTA SIGNALS - spin fluctuations
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T. Damour, J. F. Donoghue [1007.2792]

in the simplest model of a spherical non-
rotating neutron star

https://arxiv.org/abs/1007.2792
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NEW PTA SIGNALS - spin fluctuations
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NEW PTA SIGNALS - clock shift

pulses arrival time are measured with atomic clocks (most of them based on the hyperfine transition
of the ground state of the Cesium atom)
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NEW PTA SIGNALS - clock shift

pulses arrival time are measured with atomic clocks (most of them based on the hyperfine transition
of the ground state of the Cesium atom)

<latexit sha1_base64="ieyRrOa9Hs9blKIVryxKt3P3J88="></latexit>

f /
⇣
me↵

2
⌘h

↵2Frel(Z↵)
i✓

µ
me

mp

◆⇣

atomic 
energy scale

relativistic 
correction

hyperfine 
splitting



42

NEW PTA SIGNALS - clock shift

pulses arrival time are measured with atomic clocks (most of them based on the hyperfine transition
of the ground state of the Cesium atom)
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NEW PTA SIGNALS - clock shift

pulses arrival time are measured with atomic clocks (most of them based on the hyperfine transition
of the ground state of the Cesium atom)
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NEW PTA SIGNALS - clock shift

pulses arrival time are measured with atomic clocks (most of them based on the hyperfine transition
of the ground state of the Cesium atom)
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where  contains the ULDM couplings an  contains the sensitivity parameters: ⃗d ⃗y
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COSMIC STRINGS

<latexit sha1_base64="6qD9U3woD83kMDwSzpBISdl2U9c=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSqyfUEEf9csWrenPgVeLnpAI5Gv3yV2+gaBozaakgxnR9L7FBRrTlVLBpqZcalhA6JkPWdVSSmJkgm187xWdOGeBIaVfS4rn6eyIjsTGTOHSdMbEjs+zNxP+8bmqj6yDjMkktk3SxKEoFtgrPXscDrhm1YuIIoZq7WzEdEU2odQGVXAj+8surpHVR9S+rtftapX6Tx1GEEziFc/DhCupwBw1oAoVHeIZXeEMKvaB39LFoLaB85hj+AH3+ADBSjuM=</latexit>
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<latexit sha1_base64="1QPjYwLVmIbQajMp8d175Ki+5p8=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkUtRl0YXurGAf0IQwmU7aoTOTMDMRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r0nTBhV2nG+raXlldW19dJGeXNre2fX3ttvqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+55FIRWPxoMcJ8TkaCBpRjLSRAvvQY/EAenecDFCQeZLDm05ejU4Du+LUnCngInELUgEFmoH95fVjnHIiNGZIqZ7rJNrPkNQUM5KXvVSRBOERGpCeoQJxovxs+kAOT4zSh1EsTQkNp+rviQxxpcY8NJ0c6aGa9ybif14v1dGln1GRpJoIPFsUpQzqGE7SgH0qCdZsbAjCkppbIR4iibA2mZVNCO78y4ukfVZzz2v1+3qlcVXEUQJH4BhUgQsuQAPcgiZoAQxy8AxewZv1ZL1Y79bHrHXJKmYOwB9Ynz9l2ZWk</latexit> lo
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: string tension<latexit sha1_base64="9W6W5mEAPHuoMKZo9Hi0v0h0Abk=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBgTI3f</latexit>µ
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DM SUBSTRUCTURES & PBH
single transiting objects give 

deterministic signal that can be easily 
parametrized

<latexit sha1_base64="BGdN415GQ2osE7qjidzT+RbB3HU=">AAAB83icbVBNSwMxEM36WetX1aOXYBHqpexqUY9FLx4r2A/oriWbZtvQJLsks0JZ+je8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8MBHcgOt+Oyura+sbm4Wt4vbO7t5+6eCwZeJUU9aksYh1JySGCa5YEzgI1kk0IzIUrB2Obqd++4lpw2P1AOOEBZIMFI84JWAlf1iBM99wieHxolcqu1V3BrxMvJyUUY5Gr/Tl92OaSqaACmJM13MTCDKigVPBJkU/NSwhdEQGrGupIpKZIJvdPMGnVunjKNa2FOCZ+nsiI9KYsQxtpyQwNIveVPzP66YQXQcZV0kKTNH5oigVGGI8DQD3uWYUxNgSQjW3t2I6JJpQsDEVbQje4svLpHVe9S6rtftauX6Tx1FAx+gEVZCHrlAd3aEGaiKKEvSMXtGbkzovzrvzMW9dcfKZI/QHzucP4keQ8g==</latexit>

h(t) ⇠ t3

<latexit sha1_base64="rhGviSggWRiqEtfO6LvPseqdlk0=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovQLiyJFHVZdOOygn1AE8JkOmmGTh7M3AildOXGX3HjQhG3foM7/8Zpm4W2Hrhw5px7mXuPnwquwLK+jcLK6tr6RnGztLW9s7tn7h+0VZJJylo0EYns+kQxwWPWAg6CdVPJSOQL1vGHN1O/88Ck4kl8D6OUuREZxDzglICWPPM4rEDVUTzCFTgDz6o6EDIg+cMzy1bNmgEvEzsnZZSj6ZlfTj+hWcRioIIo1bOtFNwxkcCpYJOSkymWEjokA9bTNCYRU+54dsYEn2qlj4NE6ooBz9TfE2MSKTWKfN0ZEQjVojcV//N6GQRX7pjHaQYspvOPgkxgSPA0E9znklEQI00IlVzvimlIJKGgkyvpEOzFk5dJ+7xmX9Tqd/Vy4zqPo4iO0AmqIBtdoga6RU3UQhQ9omf0it6MJ+PFeDc+5q0FI585RH9gfP4AV7mXJA==</latexit>

h(t) ⇠ (t� t0)✓(t� t0)

dynamic events ( )τ ≪ Tobs

static events ( )τ ≫ Tobs

at low masses the single event is not 
detectable but the “noise” induce by 
the entire population could. Still an 

open problem!



48

CONCLUSIONS

PTAs can be a powerful discovery tool (see Phase Transitions, Cosmic Strings, DM substructures …)

Are we close to the detection of a GWB (?)

Astrophysical or new-physics?

PTAs can set stringent constraint on new-physics model 

work needs to be done to fully exploit PTAs as anomalies detectors


