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What can GW interferometers tell us about

the nature of dark matter (more specifically ultralight dark matter)?



Ultralight dark matter (ULDM)



Ultralight (wave) dark matter

m . 10 eV

<latexit sha1_base64="jV9JhtBMzRBVLOixXepGtkAGt4U=">AAACI3icbVDLSsNAFJ3UV62vqCtxM1gEF1ISqeiy6MZlBfuAJpTJ9LYdOpOEmUmxhOLXdKsf4k7cuPAr/AGnbRa29cCFwzn3cu89QcyZ0o7zZeXW1jc2t/LbhZ3dvf0D+/CorqJEUqjRiEeyGRAFnIVQ00xzaMYSiAg4NILB/dRvDEEqFoVPehSDL0gvZF1GiTZS2z4R2OOglGICuw72LnHqSYGhPm7bRafkzIBXiZuRIspQbds/XieiiYBQU06UarlOrP2USM0oh3HBSxTEhA5ID1qGhkSA8tPZC2N8bpQO7kbSVKjxTP07kRKh1EgEplMQ3VfL3lT8z2t1hixW2a7n+bLFS3T31k9ZGCcaQjo/pJtwrCM8zQt3mASq+cgQQiUzv2DaJ5JQbVItFExK7nImq6R+VXLLpevHcrFyl+WVR6foDF0gF92gCnpAVVRDFL2gCXpFb9bEerc+rM95a87KZo7RAqzvX9glo70=</latexit>

Terminology: 

Nocc ⇠ ndm�
3 ⇠

⇣10 eV
m

⌘4

<latexit sha1_base64="9a/6NhRSxxADTfWY3zhHUYnkPfw="></latexit>



Schive, Chiueh, Broadhurst (14)

* characteristic soliton at the center has been observed

* small scale structures are erased



Veltmaat, Niemeyer, Schwabe (18)

Mocz et al (17)



The granule structure

�⇢

⇢
⇠ O(1)

<latexit sha1_base64="NVdtFreBLRGfqmH3KG0FJP96VtA="></latexit>

over the scale of 

� =
2⇡

mv
' 0.6 kpc

⇣10�22 eV

m

⌘⇣200 km/sec

v

⌘

<latexit sha1_base64="0k9jnXeaSTn7uJtS+xsiycYNDCE="></latexit>



An intuitive understanding of the granule structure:

Quasiparticle

` ⇠ � =
1

mv

<latexit sha1_base64="pidey3Bq/zO/55SIfS1fhamj7Hk=">AAACKXicbVDLSsNAFJ3UV42vqEsXDhbBVUmkohuh6MZlBfuAJpTJZNIOnUnCzKRYQpZ+Tbf6Ie7UrZ/gDzhts7CtBy4czrmXe+/xE0alsu1Po7S2vrG5Vd42d3b39g+sw6OWjFOBSRPHLBYdH0nCaESaiipGOokgiPuMtP3h/dRvj4iQNI6e1DghHkf9iIYUI6WlnnXqEsagKymHLtNjAYK3bigQzpw846O8Z1Xsqj0DXCVOQSqgQKNn/bhBjFNOIoUZkrLr2InyMiQUxYzkpptKkiA8RH3S1TRCnEgvmz2Sw3OtBDCMha5IwZn6dyJDXMox93UnR2ogl72p+J/XDUY0kcWu5/myxUtUeONlNEpSRSI8PyRMGVQxnKYGAyoIVmysCcKC6l8gHiAdk9LZmqZOyVnOZJW0LqtOrXr1WKvU74q8yuAEnIEL4IBrUAcPoAGaAIMXMAGv4M2YGO/Gh/E1by0ZxcwxWIDx/Qt1AadN</latexit>

me↵ ⇠ ⇢DM`3

<latexit sha1_base64="ZrxXbjW/Ms+c78qIFtP5+PKrNJ0=">AAACL3icbVDLTgJBEJzFF+IL9ehlIiHxRHYVo0eiHryYYCKPhEUyO/TChJndzcwskWz4Ar+Gq36I8WK8evYHHGAPglbSSaWqO91dXsSZ0rb9bmVWVtfWN7Kbua3tnd29/P5BXYWxpFCjIQ9l0yMKOAugppnm0IwkEOFxaHiD66nfGIJULAwe9CiCtiC9gPmMEm2kTr4oOokrBQbfH2NXMYFd2Q/n2s2dkYDzx7NOvmCX7BnwX+KkpIBSVDv5b7cb0lhAoCknSrUcO9LthEjNKIdxzo0VRIQOSA9ahgZEgGons3fGuGiULvZDaSrQeKb+nkiIUGokPNMpiO6rZW8q/ue1ukMWqXTX03zZ4iXav2wnLIhiDQGdH+LHHOsQT7PDXSaBaj4yhFDJzC+Y9okkVJuEczmTkrOcyV9SPy055dL5fblQuUrzyqIjdIxOkIMuUAXdoiqqIYqe0QS9oFdrYr1ZH9bnvDVjpTOHaAHW1w+mhqlc</latexit>



AU

<latexit sha1_base64="QGsMwlNP9H4cqtDaSG6lKfXaUdU=">AAACEHicbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXqxiUmFkigIdPpFCbMtM3MlEgafoKtfog749Y/8Dv8AQfoQsCTTHJyzr25Z46fcKa0bX9bhY3Nre2d4m5pb//g8Kh8fNJUcSoJdUnMY9n2saKcRdTVTHPaTiTFwue05Q8fZn5rRKVicfSsxwn1BO5HLGQEayO1s64U6M6d9MoVu2rPgdaJk5MK5Gj0yj/dICapoJEmHCvVcexEexmWmhFOJ6VuqmiCyRD3acfQCAuqvGyed4IujBKgMJbmRRrN1b8bGRZKjYVvJgXWA7XqzcT/vE4wYonKb70sji0n0eGtl7EoSTWNyCJImHKkYzQrBwVMUqL52BBMJDN/QWSAJSbaVFgqmZac1U7WSfOq6tSq10+1Sv0+76sIZ3AOl+DADdThERrgAgEOU3iFN2tqvVsf1uditGDlO6ewBOvrF8HinYs=</latexit>

R�

<latexit sha1_base64="SnMEwirj8hnS1AocPSDQ1hekur4=">AAACEHicbVDLTgIxFO3gC8cX6tJNIzFxRWYMRpdENy7RyCOBCel0OtDQaZu2QyQTfoKtfog749Y/8Dv8AQvMQsCTNDk5597c0xNKRrXxvG+nsLG5tb1T3HX39g8Oj0rHJ00tUoVJAwsmVDtEmjDKScNQw0hbKoKSkJFWOLyf+a0RUZoK/mzGkgQJ6nMaU4yMldpPva6QLNW9UtmreHPAdeLnpAxy1Huln24kcJoQbjBDWnd8T5ogQ8pQzMjE7aaaSISHqE86lnKUEB1k87wTeGGVCMZC2ccNnKt/NzKUaD1OQjuZIDPQq95M/M/rRCMqdX7rZXFsOYmJb4OMcpkawvEiSJwyaASclQMjqgg2bGwJworav0A8QAphYyt0XduSv9rJOmleVfxq5fqxWq7d5X0VwRk4B5fABzegBh5AHTQABgxMwSt4c6bOu/PhfC5GC06+cwqW4Hz9AlD3neI=</latexit>

Human scale (~kg)

Asteroids

Earth



AU

<latexit sha1_base64="QGsMwlNP9H4cqtDaSG6lKfXaUdU=">AAACEHicbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXqxiUmFkigIdPpFCbMtM3MlEgafoKtfog749Y/8Dv8AQfoQsCTTHJyzr25Z46fcKa0bX9bhY3Nre2d4m5pb//g8Kh8fNJUcSoJdUnMY9n2saKcRdTVTHPaTiTFwue05Q8fZn5rRKVicfSsxwn1BO5HLGQEayO1s64U6M6d9MoVu2rPgdaJk5MK5Gj0yj/dICapoJEmHCvVcexEexmWmhFOJ6VuqmiCyRD3acfQCAuqvGyed4IujBKgMJbmRRrN1b8bGRZKjYVvJgXWA7XqzcT/vE4wYonKb70sji0n0eGtl7EoSTWNyCJImHKkYzQrBwVMUqL52BBMJDN/QWSAJSbaVFgqmZac1U7WSfOq6tSq10+1Sv0+76sIZ3AOl+DADdThERrgAgEOU3iFN2tqvVsf1uditGDlO6ewBOvrF8HinYs=</latexit>

R�

<latexit sha1_base64="SnMEwirj8hnS1AocPSDQ1hekur4=">AAACEHicbVDLTgIxFO3gC8cX6tJNIzFxRWYMRpdENy7RyCOBCel0OtDQaZu2QyQTfoKtfog749Y/8Dv8AQvMQsCTNDk5597c0xNKRrXxvG+nsLG5tb1T3HX39g8Oj0rHJ00tUoVJAwsmVDtEmjDKScNQw0hbKoKSkJFWOLyf+a0RUZoK/mzGkgQJ6nMaU4yMldpPva6QLNW9UtmreHPAdeLnpAxy1Huln24kcJoQbjBDWnd8T5ogQ8pQzMjE7aaaSISHqE86lnKUEB1k87wTeGGVCMZC2ccNnKt/NzKUaD1OQjuZIDPQq95M/M/rRCMqdX7rZXFsOYmJb4OMcpkawvEiSJwyaASclQMjqgg2bGwJworav0A8QAphYyt0XduSv9rJOmleVfxq5fqxWq7d5X0VwRk4B5fABzegBh5AHTQABgxMwSt4c6bOu/PhfC5GC06+cwqW4Hz9AlD3neI=</latexit>

Human scale (~kg)

Asteroids

Earth

me↵ ⇠ O(104)M�

<latexit sha1_base64="cpT/0rgPwOrHDlfUmnpFT5B/ZH4="></latexit>

` ⇠ O(102)pc

<latexit sha1_base64="beMuoO1KW21JsY+ZZSoYFLIOH8A=">AAACK3icbVDLTgIxFO3gC/GFunRTJSa4ITMEo0uiG3diIo+EGUmnU6ChnWnaDpFMWPs1bPVDXGnc+gX+gAVmIeBJmpyec2/uvccXjCpt2x9WZm19Y3Mru53b2d3bP8gfHjVUFEtM6jhikWz5SBFGQ1LXVDPSEpIg7jPS9Ae3U785JFLRKHzUI0E8jnoh7VKMtJE6+VOXMAZdRTlMXIwYvB8XHfupfGG+kkOBx518wS7ZM8BV4qSkAFLUOvkfN4hwzEmoMUNKtR1baC9BUlPMyDjnxooIhAeoR9qGhogT5SWzU8bw3CgB7EbSvFDDmfq3I0FcqRH3TSVHuq+Wvan4n9cOhlSodNbzfNjiJrp77SU0FLEmIZ4v0o0Z1BGc5gYDKgnWbGQIwpKaWyDuI4mwNunmciYlZzmTVdIol5xK6fKhUqjepHllwQk4A0XggCtQBXegBuoAgxcwAa/gzZpY79an9TUvzVhpzzFYgPX9C8v/psY=</latexit>

m ⇠ 10�22 eV

<latexit sha1_base64="ixjJ9nC+y4tEuAf0ocRRr53CPVM=">AAACI3icbVDLSsNAFJ3UV42vqCtxM1gEF1qSUtFl0Y3LCvYBTSyTyaQdOpOEmUmxhOLXdKsf4k7cuPAr/AGnbRa2euDC4Zx7ufceP2FUKtv+NAorq2vrG8VNc2t7Z3fP2j9oyjgVmDRwzGLR9pEkjEakoahipJ0IgrjPSMsf3E791pAISePoQY0S4nHUi2hIMVJa6lpHHLqScujYj9lFpTJ2zzNXcEia465Vssv2DPAvcXJSAjnqXevbDWKcchIpzJCUHcdOlJchoShmZGy6qSQJwgPUIx1NI8SJ9LLZC2N4qpUAhrHQFSk4U39PZIhLOeK+7uRI9eWyNxX/8zrBkCYy3/U0X7Z4iQqvvYxGSapIhOeHhCmDKobTvGBABcGKjTRBWFD9C8R9JBBWOlXT1Ck5y5n8Jc1K2amWL++rpdpNnlcRHIMTcAYccAVq4A7UQQNg8Awm4AW8GhPjzXg3PuatBSOfOQQLML5+ALibo60=</latexit>



AU

<latexit sha1_base64="QGsMwlNP9H4cqtDaSG6lKfXaUdU=">AAACEHicbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXqxiUmFkigIdPpFCbMtM3MlEgafoKtfog749Y/8Dv8AQfoQsCTTHJyzr25Z46fcKa0bX9bhY3Nre2d4m5pb//g8Kh8fNJUcSoJdUnMY9n2saKcRdTVTHPaTiTFwue05Q8fZn5rRKVicfSsxwn1BO5HLGQEayO1s64U6M6d9MoVu2rPgdaJk5MK5Gj0yj/dICapoJEmHCvVcexEexmWmhFOJ6VuqmiCyRD3acfQCAuqvGyed4IujBKgMJbmRRrN1b8bGRZKjYVvJgXWA7XqzcT/vE4wYonKb70sji0n0eGtl7EoSTWNyCJImHKkYzQrBwVMUqL52BBMJDN/QWSAJSbaVFgqmZac1U7WSfOq6tSq10+1Sv0+76sIZ3AOl+DADdThERrgAgEOU3iFN2tqvVsf1uditGDlO6ewBOvrF8HinYs=</latexit>

R�

<latexit sha1_base64="SnMEwirj8hnS1AocPSDQ1hekur4=">AAACEHicbVDLTgIxFO3gC8cX6tJNIzFxRWYMRpdENy7RyCOBCel0OtDQaZu2QyQTfoKtfog749Y/8Dv8AQvMQsCTNDk5597c0xNKRrXxvG+nsLG5tb1T3HX39g8Oj0rHJ00tUoVJAwsmVDtEmjDKScNQw0hbKoKSkJFWOLyf+a0RUZoK/mzGkgQJ6nMaU4yMldpPva6QLNW9UtmreHPAdeLnpAxy1Huln24kcJoQbjBDWnd8T5ogQ8pQzMjE7aaaSISHqE86lnKUEB1k87wTeGGVCMZC2ccNnKt/NzKUaD1OQjuZIDPQq95M/M/rRCMqdX7rZXFsOYmJb4OMcpkawvEiSJwyaASclQMjqgg2bGwJworav0A8QAphYyt0XduSv9rJOmleVfxq5fqxWq7d5X0VwRk4B5fABzegBh5AHTQABgxMwSt4c6bOu/PhfC5GC06+cwqW4Hz9AlD3neI=</latexit>

Human scale (~kg)

Asteroids

Earth

m ⇠ 10�16 eV

<latexit sha1_base64="w7UuttBhEyCtamboSgAhNJ/Hjtg=">AAACI3icbVDLSsNAFJ3UV42vqCtxM1gEF1oSqY9l0Y3LCvYBTSyTybQdOpOEmUmxhODXdKsf4k7cuPAr/AGnbRa2euDC4Zx7ufceP2ZUKtv+NApLyyura8V1c2Nza3vH2t1ryCgRmNRxxCLR8pEkjIakrqhipBULgrjPSNMf3E785pAISaPwQY1i4nHUC2mXYqS01LEOOHQl5dCxH9Mz5zJzT1NXcEgaWccq2WV7CviXODkpgRy1jvXtBhFOOAkVZkjKtmPHykuRUBQzkpluIkmM8AD1SFvTEHEivXT6QgaPtRLAbiR0hQpO1d8TKeJSjrivOzlSfbnoTcT/vHYwpLHMdz3Nls1forrXXkrDOFEkxLNDugmDKoKTvGBABcGKjTRBWFD9C8R9JBBWOlXT1Ck5i5n8JY3zslMpX9xXStWbPK8iOARH4AQ44ApUwR2ogTrA4BmMwQt4NcbGm/FufMxaC0Y+sw/mYHz9AL2qo7A=</latexit>

me↵ ⇠ O(1017) kg

<latexit sha1_base64="F3yLa30IcXC7beSfjZDZs0ZwId8=">AAACN3icbVDLSsNAFJ3UV42vqks3g0WooCWRSl0W3bizgn1AE8tkOmmHziRhZlIsIV/h13SrX+HKnbgVf8Bpm4WtHrhwOOde7r3HixiVyrLejNzK6tr6Rn7T3Nre2d0r7B80ZRgLTBo4ZKFoe0gSRgPSUFQx0o4EQdxjpOUNb6Z+a0SEpGHwoMYRcTnqB9SnGCktdQvnvJs4gkPi+yl0JOUwcTBi8C4t2dZjYlfTU +iczVqG/bRbKFplawb4l9gZKYIM9W7h2+mFOOYkUJghKTu2FSk3QUJRzEhqOrEkEcJD1CcdTQPEiXST2VspPNFKD/qh0BUoOFN/TySISznmnu7kSA3ksjcV//M6vRGNZLbrab5s8RLlX7kJDaJYkQDPD/FjBlUIpxnCHhUEKzbWBGFB9S8QD5BAWOmkTVO nZC9n8pc0L8p2pXx5XynWrrO88uAIHIMSsEEV1MAtqIMGwOAZTMALeDUmxrvxYXzOW3NGNnMIFmB8/QB9gquq</latexit>

` ⇠ O(10)AU

<latexit sha1_base64="K5T/u8sjzfEy7NuG2atTRHQXbsc=">AAACKXicbVDLTsJAFJ36RHxVXbpwIjHBDWkNRpeoG3diYoGENmQ6ncKEmbaZmRJJw9KvYasf4k7d+gn+gAN0IeBJJjlzzr259x4/YVQqy/o0VlbX1jc2C1vF7Z3dvX3z4LAh41Rg4uCYxaLlI0kYjYijqGKklQiCuM9I0+/fTfzmgAhJ4+hJDRPicdSNaEgxUlrqmCcuYQy6knKYuRgx+DAq29a5/ggOb5xRxyxZFWsKuEzsnJRAjnrH/HGDGKecRAozJGXbthLlZUgoihkZFd1UkgThPuqStqYR4kR62fSQETzTSgDDWOgXKThV/3ZkiEs55L6u5Ej15KI3Ef/z2sGAJjKf9TwbNr+JCq+9jEZJqkiEZ4uEKYMqhpPUYEAFwYoNNUFYUH0LxD0kEFY622JRp2QvZrJMGhcVu1q5fKyWard5XgVwDE5BGdjgCtTAPagDB2DwAsbgFbwZY+Pd+DC+ZqUrRt5zBOZgfP8CG6+l5Q==</latexit>



AU

<latexit sha1_base64="QGsMwlNP9H4cqtDaSG6lKfXaUdU=">AAACEHicbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXqxiUmFkigIdPpFCbMtM3MlEgafoKtfog749Y/8Dv8AQfoQsCTTHJyzr25Z46fcKa0bX9bhY3Nre2d4m5pb//g8Kh8fNJUcSoJdUnMY9n2saKcRdTVTHPaTiTFwue05Q8fZn5rRKVicfSsxwn1BO5HLGQEayO1s64U6M6d9MoVu2rPgdaJk5MK5Gj0yj/dICapoJEmHCvVcexEexmWmhFOJ6VuqmiCyRD3acfQCAuqvGyed4IujBKgMJbmRRrN1b8bGRZKjYVvJgXWA7XqzcT/vE4wYonKb70sji0n0eGtl7EoSTWNyCJImHKkYzQrBwVMUqL52BBMJDN/QWSAJSbaVFgqmZac1U7WSfOq6tSq10+1Sv0+76sIZ3AOl+DADdThERrgAgEOU3iFN2tqvVsf1uditGDlO6ewBOvrF8HinYs=</latexit>

R�

<latexit sha1_base64="SnMEwirj8hnS1AocPSDQ1hekur4=">AAACEHicbVDLTgIxFO3gC8cX6tJNIzFxRWYMRpdENy7RyCOBCel0OtDQaZu2QyQTfoKtfog749Y/8Dv8AQvMQsCTNDk5597c0xNKRrXxvG+nsLG5tb1T3HX39g8Oj0rHJ00tUoVJAwsmVDtEmjDKScNQw0hbKoKSkJFWOLyf+a0RUZoK/mzGkgQJ6nMaU4yMldpPva6QLNW9UtmreHPAdeLnpAxy1Huln24kcJoQbjBDWnd8T5ogQ8pQzMjE7aaaSISHqE86lnKUEB1k87wTeGGVCMZC2ccNnKt/NzKUaD1OQjuZIDPQq95M/M/rRCMqdX7rZXFsOYmJb4OMcpkawvEiSJwyaASclQMjqgg2bGwJworav0A8QAphYyt0XduSv9rJOmleVfxq5fqxWq7d5X0VwRk4B5fABzegBh5AHTQABgxMwSt4c6bOu/PhfC5GC06+cwqW4Hz9AlD3neI=</latexit>

Human scale (~kg)

Asteroids

Earth

m ⇠ 10�11 eV

<latexit sha1_base64="IEMGfe5DbPNZrRymKt3ZcnuMTms=">AAACI3icbVDLSsNAFJ3UV42vqCtxM1gEF1oSqeiy6MZlBfuAJpbJZNoOnUnCzKRYQvBrutUPcSduXPgV/oDTNgvbeuDC4Zx7ufceP2ZUKtv+Mgorq2vrG8VNc2t7Z3fP2j9oyCgRmNRxxCLR8pEkjIakrqhipBULgrjPSNMf3E385pAISaPwUY1i4nHUC2mXYqS01LGOOHQl5dCxn9ILx8nc89QVHJJG1rFKdtmeAi4TJyclkKPWsX7cIMIJJ6HCDEnZduxYeSkSimJGMtNNJIkRHqAeaWsaIk6kl05fyOCpVgLYjYSuUMGp+nciRVzKEfd1J0eqLxe9ifif1w6GNJb5rufZsvlLVPfGS2kYJ4qEeHZIN2FQRXCSFwyoIFixkSYIC6p/gbiPBMJKp2qaOiVnMZNl0rgsO5Xy1UOlVL3N8yqCY3ACzoADrkEV3IMaqAMMXsAYvII3Y2y8Gx/G56y1YOQzh2AOxvcvtTqjqw==</latexit>

me↵ ⇠ O(103) kg

<latexit sha1_base64="BtJ++mUJiVpcBNEjOe3xDaQ4unM="></latexit>

` ⇠ O(103)km

<latexit sha1_base64="qEJQYu/Jv4w5QBM8ujlP4QhFm/w=">AAACK3icbVC7TsMwFHXKq4RXgJHFUCGVpUqgCMYKFjaKRB9SEyrHdVurdhLZTkUVZeZrusKHMIFY+QJ+ALfNQFuOZOn4nHt17z1+xKhUtv1h5FZW19Y38pvm1vbO7p61f1CXYSwwqeGQhaLpI0kYDUhNUcVIMxIEcZ+Rhj+4nfiNIRGShsGjGkXE46gX0C7FSGmpbR27hDHoSsph4mLE4H1adOynizP9FRwOeNq2CnbJngIuEycjBZCh2rZ+3E6IY04ChRmSsuXYkfISJBTFjKSmG0sSITxAPdLSNECcSC+ZnpLCU610YDcU+gUKTtW/HQniUo64rys5Un256E3E/7xWZ0gjmc16ng2b30R1r72EBlGsSIBni3RjBlUIJ7nBDhUEKzbSBGFB9S0Q95FAWOl0TVOn5Cxmskzq5yWnXLp8KBcqN1leeXAETkAROOAKVMAdqIIawOAFjMEreDPGxrvxaXzNSnNG1nMI5mB8/wLV56bM</latexit>



Veltmaat, Niemeyer, Schwabe (18)

Mocz et al (17)



GW interferometers



P = P0 sin
2(k�L)

<latexit sha1_base64="SL/t9w9N/faphdyrbTN2rnCY1dU=">AAACJnicbVDLSsNAFJ3UV62vqEtdDBahbkpSKroRirpw4aKCfUBbw2QyaYdOJmFmUiyhG7+mW/0QdyLu/Ad/wGmbhW09cOFwzr3ce48bMSqVZX0ZmZXVtfWN7GZua3tnd8/cP6jLMBaY1HDIQtF0kSSMclJTVDHSjARBgctIw+3fTPzGgAhJQ/6ohhHpBKjLqU8xUlpyzOMqvIJVx4JtSflTqQD7sH1LmELwHp45Zt4qWlPAZWKnJA9SVB3zp+2FOA4IV5ghKVu2FalOgoSimJFRrh1LEiHcR13S0pSjgMhOMv1iBE+14kE/FLq4glP170SCAimHgas7A6R6ctGbiP95LW9AI5nuep4tm79E+ZedhPIoVoTj2SF+zKAK4SQy6FFBsGJDTRAWVP8CcQ8JhJUONpfTKdmLmSyTeqlol4vnD+V85TrNKwuOwAkoABtcgAq4A1VQAxi8gDF4BW/G2Hg3PozPWWvGSGcOwRyM71+UZqNr</latexit>





S1/2
n (f) ⇠ S1/2

�L/L(f)

<latexit sha1_base64="uy73UVQ6nhFcaoVWlJsWy9xd4z0="></latexit>

hx2i =
Z

df Sx(f)

<latexit sha1_base64="Hbz2nA76BkY1lUiFjC245Fl8J3Q="></latexit>



Imagine placing these sensitive GW interferometers 
in the sea of ultralight dark matter





Two questions: 

1. Do we have to worry about ULDM-induced noise  
in the current and future gravitational waves? 

2. Can current and future GW interferometers 

probe ultralight dark matter gravitationally?



�a = a1 � a2 =
GMe↵

(L+ �)2
� GMe↵

�2

<latexit sha1_base64="KNO109SZj7Ki/wDT/pum1sfKVa0="></latexit>

L

<latexit sha1_base64="mt3WL2pK03GsnFExVKKUtOM/OtQ=">AAACCXicbVDLSsNAFJ3UV42vqks3g0VwVRJRdFl048JFC/YBbSiTyU07dDIJM5NiCf2CbvVD3Ilbv8Lv8AectlnY1gMDh3Pu5Z45fsKZ0o7zbRU2Nre2d4q79t7+weFR6fikqeJUUmjQmMey7RMFnAloaKY5tBMJJPI5tPzhw8xvjUAqFotnPU7Ai0hfsJBRoo1Uf+qVyk7FmQOvEzcnZZSj1iv9dIOYphEITTlRquM6ifYyIjWjHCZ2N1WQEDokfegYKkgEysvmQSf4wigBDmNpntB4rv7dyEik1DjyzWRE9ECtejPxP68TjFii8lsvi2PLSXR452VMJKkGQRdBwpRjHeNZKzhgEqjmY0MIlcz8BdMBkYRq051tm5bc1U7WSfOq4l5XburX5ep93lcRnaFzdIlcdIuq6BHVUANRBGiKXtGbNbXerQ/rczFasPKdU7QE6+sXZ2+aqA==</latexit>

�

<latexit sha1_base64="WjGAKKm0sbAYJDXH+qe2bE+0BsU=">AAACD3icbVDLTsJAFL3FF9YX6tLNRGLiirQGokuiG5eYyCOBhkynU5gwnTYzUyJp+Ai2+iHujFs/we/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX/0MPfbYyoVi8WzniTUi/BAsJARrI3U7nEzGuB+qexUnAXQJnFzUoYcjX7ppxfEJI2o0IRjpbquk2gvw1IzwunU7qWKJpiM8IB2DRU4osrLFnGn6MooAQpjaZ7QaKH+3chwpNQk8s1khPVQrXtz8T+vG4xZovJbL8tjq0l0eOdlTCSppoIsg4QpRzpG825QwCQlmk8MwUQy8xdEhlhiok2Dtm1actc72SStm4pbrdSequX6fd5XES7gEq7BhVuowyM0oAkERjCDV3izZta79WF9LkcLVr5zDiuwvn4BUgKdVQ==</latexit>

' GMe↵

�2
= G⇢�

<latexit sha1_base64="rEcylzI6FbSDc5KBEQM4wRlNfDI="></latexit>

Me↵ = ⇢�3

<latexit sha1_base64="6v2ysd5AbCSBsYEdVsoVKsrKnpI=">AAACJnicbVDLSsNAFJ34rPEVdamLwSK4KolWdCMU3bgRKtgHNLFMJpN26EwSZibFErrxa7rVD3En4s5/8AectlnY1gMXDufcy733+AmjUtn2l7G0vLK6tl7YMDe3tnd2rb39uoxTgUkNxywWTR9JwmhEaooqRpqJIIj7jDT83u3Yb/SJkDSOHtUgIR5HnYiGFCOlpbZ1dN/OXMEhCcMhvIau6MbQZXo+QE/nbatol+wJ4CJxclIEOapt68cNYpxyEinMkJQtx06UlyGhKGZkaLqpJAnCPdQhLU0jxIn0sskXQ3iilQCGsdAVKThR/05kiEs54L7u5Eh15bw3Fv/zWkGfJjLf9TxdNnuJCq+8jEZJqkiEp4eEKYMqhuPIYEAFwYoNNEFYUP0LxF0kEFY6WNPUKTnzmSyS+lnJKZcuHsrFyk2eVwEcgmNwChxwCSrgDlRBDWDwAkbgFbwZI+Pd+DA+p61LRj5zAGZgfP8C4NKlWw==</latexit>

Back-of-envelope estimation� = 1/mv

<latexit sha1_base64="PJO28VQSCIkNTQpYLR/b0OZsJY4=">AAACGnicbVDLSgMxFM34rONr1KWbYBFc1Rmp6EYounFZwT6gHUomk2lDk8yQZAbL0D/pVj/Enbh143f4A6btLGzrgcDhnHu5JydIGFXadb+ttfWNza3t0o69u7d/cOgcHTdVnEpMGjhmsWwHSBFGBWloqhlpJ5IgHjDSCoYPU7+VEaloLJ71KCE+R31BI4qRNlLPcbrMDIcI3kEPXkKe9ZyyW3FngKvEK0gZFKj3nJ9uGOOUE6ExQ0p1PDfRfo6kppiRsd1NFUkQHqI+6RgqECfKz2fJx/DcKCGMYmme0HCm/t3IEVdqxAMzyZEeqGVvKv7ndcKMJqq49TI/tphER7d+TkWSaiLwPEiUMqhjOK0JhlQSrNnIEIQlNX+BeIAkwtqUadumJW+5k1XSvKp41cr1U7Vcuy/6KoFTcAYugAduQA08gjpoAAwyMAGv4M2aWO/Wh/U5H12zip0TsADr6xeEwJ/g</latexit>



Back-of-envelope estimation

�a = a1 � a2 =
GMe↵

(L+ �)2
� GMe↵

�2

<latexit sha1_base64="KNO109SZj7Ki/wDT/pum1sfKVa0="></latexit>

�

<latexit sha1_base64="WjGAKKm0sbAYJDXH+qe2bE+0BsU=">AAACD3icbVDLTsJAFL3FF9YX6tLNRGLiirQGokuiG5eYyCOBhkynU5gwnTYzUyJp+Ai2+iHujFs/we/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX/0MPfbYyoVi8WzniTUi/BAsJARrI3U7nEzGuB+qexUnAXQJnFzUoYcjX7ppxfEJI2o0IRjpbquk2gvw1IzwunU7qWKJpiM8IB2DRU4osrLFnGn6MooAQpjaZ7QaKH+3chwpNQk8s1khPVQrXtz8T+vG4xZovJbL8tjq0l0eOdlTCSppoIsg4QpRzpG825QwCQlmk8MwUQy8xdEhlhiok2Dtm1actc72SStm4pbrdSequX6fd5XES7gEq7BhVuowyM0oAkERjCDV3izZta79WF9LkcLVr5zDiuwvn4BUgKdVQ==</latexit>

' GMe↵

�2
= G⇢�

<latexit sha1_base64="rEcylzI6FbSDc5KBEQM4wRlNfDI="></latexit>

Me↵ = ⇢�3

<latexit sha1_base64="6v2ysd5AbCSBsYEdVsoVKsrKnpI=">AAACJnicbVDLSsNAFJ34rPEVdamLwSK4KolWdCMU3bgRKtgHNLFMJpN26EwSZibFErrxa7rVD3En4s5/8AectlnY1gMXDufcy733+AmjUtn2l7G0vLK6tl7YMDe3tnd2rb39uoxTgUkNxywWTR9JwmhEaooqRpqJIIj7jDT83u3Yb/SJkDSOHtUgIR5HnYiGFCOlpbZ1dN/OXMEhCcMhvIau6MbQZXo+QE/nbatol+wJ4CJxclIEOapt68cNYpxyEinMkJQtx06UlyGhKGZkaLqpJAnCPdQhLU0jxIn0sskXQ3iilQCGsdAVKThR/05kiEs54L7u5Eh15bw3Fv/zWkGfJjLf9TxdNnuJCq+8jEZJqkiEp4eEKYMqhuPIYEAFwYoNNEFYUP0LxF0kEFY6WNPUKTnzmSyS+lnJKZcuHsrFyk2eVwEcgmNwChxwCSrgDlRBDWDwAkbgFbwZI+Pd+DA+p61LRj5zAGZgfP8C4NKlWw==</latexit>

' GMe↵

�2

L

�
= G⇢L

<latexit sha1_base64="MkHUQb25+t8AjsY6mdGEL3j+jsA="></latexit>

� = 1/mv

<latexit sha1_base64="PJO28VQSCIkNTQpYLR/b0OZsJY4=">AAACGnicbVDLSgMxFM34rONr1KWbYBFc1Rmp6EYounFZwT6gHUomk2lDk8yQZAbL0D/pVj/Enbh143f4A6btLGzrgcDhnHu5JydIGFXadb+ttfWNza3t0o69u7d/cOgcHTdVnEpMGjhmsWwHSBFGBWloqhlpJ5IgHjDSCoYPU7+VEaloLJ71KCE+R31BI4qRNlLPcbrMDIcI3kEPXkKe9ZyyW3FngKvEK0gZFKj3nJ9uGOOUE6ExQ0p1PDfRfo6kppiRsd1NFUkQHqI+6RgqECfKz2fJx/DcKCGMYmme0HCm/t3IEVdqxAMzyZEeqGVvKv7ndcKMJqq49TI/tphER7d+TkWSaiLwPEiUMqhjOK0JhlQSrNnIEIQlNX+BeIAkwtqUadumJW+5k1XSvKp41cr1U7Vcuy/6KoFTcAYugAduQA08gjpoAAwyMAGv4M2aWO/Wh/U5H12zip0TsADr6xeEwJ/g</latexit>

L

<latexit sha1_base64="mt3WL2pK03GsnFExVKKUtOM/OtQ=">AAACCXicbVDLSsNAFJ3UV42vqks3g0VwVRJRdFl048JFC/YBbSiTyU07dDIJM5NiCf2CbvVD3Ilbv8Lv8AectlnY1gMDh3Pu5Z45fsKZ0o7zbRU2Nre2d4q79t7+weFR6fikqeJUUmjQmMey7RMFnAloaKY5tBMJJPI5tPzhw8xvjUAqFotnPU7Ai0hfsJBRoo1Uf+qVyk7FmQOvEzcnZZSj1iv9dIOYphEITTlRquM6ifYyIjWjHCZ2N1WQEDokfegYKkgEysvmQSf4wigBDmNpntB4rv7dyEik1DjyzWRE9ECtejPxP68TjFii8lsvi2PLSXR452VMJKkGQRdBwpRjHeNZKzhgEqjmY0MIlcz8BdMBkYRq051tm5bc1U7WSfOq4l5XburX5ep93lcRnaFzdIlcdIuq6BHVUANRBGiKXtGbNbXerQ/rczFasPKdU7QE6+sXZ2+aqA==</latexit>



Back-of-envelope estimation

�a ' G⇢L

<latexit sha1_base64="5idT9KsrMRCuHRp+hou3kOKbUd8=">AAACInicbVDLSgNBEJz1GeMr6kXwMhgET2FXInoMKujBQwTzgGwIs5PeZMjM7jozGwxL/Jpc9UO8iSfBv/AHnCR7MIkFDUVVN91dXsSZ0rb9ZS0tr6yurWc2sptb2zu7ub39qgpjSaFCQx7KukcUcBZARTPNoR5JIMLjUPN612O/1gepWBg86kEETUE6AfMZJdpIrdyhewNcE0ywq5iAJ3yLXdkN8X0rl7cL9gR4kTgpyaMU5Vbux22HNBYQaMqJUg3HjnQzIVIzymGYdWMFEaE90oGGoQERoJrJ5IMhPjFKG/uhNBVoPFH/TiREKDUQnukURHfVvDcW//Ma7T6LVLrrebps9hLtXzYTFkSxhoBOD/FjjnWIx3HhNpNANR8YQqhk5hdMu0QSqk2o2axJyZnPZJFUzwpOsXD+UMyXrtK8MugIHaNT5KALVEJ3qIwqiKIXNEKv6M0aWe/Wh/U5bV2y0pkDNAPr+xc5/6Nt</latexit>

' 10�28 ms�2

<latexit sha1_base64="QNyRswQRY11u+F7RbMFHlqyLTVk=">AAACLHicbVDLTsJAFJ3iC/GFunQzgZi4QNISjCyJblxiIo+EIpkOU5gw09aZKZE03fs1bPVD3Bjj1h/wB5xCFwKe5CYn59ybe+9xAkalMs0PI7OxubW9k93N7e0fHB7lj09a0g8FJk3sM190HCQJox5pKqoY6QSCIO4w0nbGt4nfnhAhqe89qGlAehwNPepSjJSW+vmCLSknT9AyH6PLSi22S5EtOOTQLkGZSHHczxfNsjkHXCdWSoogRaOf/7EHPg458RRmSMquZQaqFyGhKGYkztmhJAHCYzQkXU09xInsRfNfYniulQF0faHLU3Cu/p2IEJdyyh3dyZEayVUvEf/zuoMJDWS663mxbPkS5dZ6EfWCUBEPLw5xQwaVD5Pg4IAKghWbaoKwoPoXiEdIIKx0vLmcTslazWSdtCplq1q+uq8W6zdpXllwBgrgAljgGtTBHWiAJsDgBczAK3gzZsa78Wl8LVozRjpzCpZgfP8COfam+A==</latexit>

L = 4km

<latexit sha1_base64="+zwbJww8l/BdGg3wvJ1Z9Gchcb8=">AAACGnicbVDLSgMxFM3UVx1foy7dBIvgQsqMVHQjFN24cFHBPqAzlEwmbUOTzJBkimXon3SrH+JO3LrxO/wB03YWtvVA4HDOvdyTEyaMKu2631ZhbX1jc6u4be/s7u0fOIdHDRWnEpM6jlksWyFShFFB6ppqRlqJJIiHjDTDwf3Ubw6JVDQWz3qUkICjnqBdipE2UsdxHuEtrED/IvMlhwM+7jglt+zOAFeJl5MSyFHrOD9+FOOUE6ExQ0q1PTfRQYakppiRse2niiQID1CPtA0ViBMVZLPkY3hmlAh2Y2me0HCm/t3IEFdqxEMzyZHuq2VvKv7ntaMhTVR+62V+bDGJ7t4EGRVJqonA8yDdlEEdw2lNMKKSYM1GhiAsqfkLxH0kEdamTNs2LXnLnaySxmXZq5Svniql6l3eVxGcgFNwDjxwDargAdRAHWAwBBPwCt6sifVufVif89GCle8cgwVYX7+bBJ/z</latexit>

LIGO VIRGO … 

' 10�22 ms�2

<latexit sha1_base64="F/VMOqJWUBsGSBAgpooYYlywEds=">AAACLHicbVDLTsJAFJ36xPqqunQzgZi4QNISjC6JblxiIo+EIpkOA0yYaevMlEia7v0atvohboxx6w/4A06hCwFPcpOTc+7Nvfd4IaNS2faHsba+sbm1ndsxd/f2Dw6to+OGDCKBSR0HLBAtD0nCqE/qiipGWqEgiHuMNL3Rbeo3x0RIGvgPahKSDkcDn/YpRkpLXSvvSsrJE3Tsx/iiXE7cYuwKDjl0i1CmUpJ0rYJdsmeAq8TJSAFkqHWtH7cX4IgTX2GGpGw7dqg6MRKKYkYS040kCREeoQFpa+ojTmQnnv2SwDOt9GA/ELp8BWfq34kYcSkn3NOdHKmhXPZS8T+v3RvTUGa7nufLFi9R/etOTP0wUsTH80P6EYMqgGlwsEcFwYpNNEFYUP0LxEMkEFY6XtPUKTnLmaySRrnkVEqX95VC9SbLKwdOQR6cAwdcgSq4AzVQBxi8gCl4BW/G1Hg3Po2veeuakc2cgAUY378voKby</latexit>

L = 2.5Mkm

<latexit sha1_base64="O3DVMfquHT71vdMoGGUp/86CWq4=">AAACI3icbVDLSsNAFJ34rPEVdSVuBovgQkJSWnQjFN24UKhgH9CWMplM26EzSZiZFEsofk23+iHuxI0Lv8IfcJpmYVsPXDiccy/33uNFjErlOF/Gyura+sZmbsvc3tnd27cODmsyjAUmVRyyUDQ8JAmjAakqqhhpRIIg7jFS9wa3U78+JELSMHhSo4i0OeoFtEsxUlrqWMf38BoW7FLSEhw+jGHrImUDPu5Yecd2UsBl4mYkDzJUOtZPyw9xzEmgMENSNl0nUu0ECUUxI2OzFUsSITxAPdLUNECcyHaSvjCGZ1rxYTcUugIFU/XvRIK4lCPu6U6OVF8uelPxP6/pD2kks13Ps2Xzl6juVTuhQRQrEuDZId2YQRXCaV7Qp4JgxUaaICyo/gXiPhIIK52qaeqU3MVMlkmtYLtFu/RYzJdvsrxy4AScgnPggktQBnegAqoAgxcwAa/gzZgY78aH8TlrXTGymSMwB+P7FxC3o04=</latexit>

LISA

�a ⇠ [Sh(2⇡f)
4L2�f ]1/2

<latexit sha1_base64="QJHJtetLGdybhbIJ8rpfEPChOlI="></latexit>

⇠ 10�14 ms�2

<latexit sha1_base64="GvhsCxa6FLoQxGGkawr/H0JrRe4=">AAACKXicbVDLTsJAFJ3iC+ur6tKFE4mJCyQtweiS6MYlJvJIaCXTYYAJM20zMyWSpku/hq1+iDt16yf4Aw7QhYAnucnJOffm3nv8iFGpbPvTyK2tb2xu5bfNnd29/QPr8Kghw1hgUschC0XLR5IwGpC6ooqRViQI4j4jTX94N/WbIyIkDYNHNY6Ix1E/oD2KkdJSxzp1JeXQsZ+SS6eSusXEFRxytwilVspp2rEKdsmeAa4SJyMFkKHWsX7cbohjTgKFGZKy7diR8hIkFMWMpKYbSxIhPER90tY0QJxIL5k9ksJzrXRhLxS6AgVn6t+JBHEpx9zXnRypgVz2puJ/Xrs7opHMdj3Ply1eono3XkKDKFYkwPNDejGDKoTT1GCXCoIVG2uCsKD6F4gHSCCsdLamqVNyljNZJY1yyamUrh4qheptllcenIAzcAEccA2q4B7UQB1g8AIm4BW8GRPj3fgwvuatOSObOQYLML5/AQlWpd8=</latexit>

LIGO (~50 Hz)

⇠ 10�16 ms�2

<latexit sha1_base64="DpmvFJ8r/ufphbhd5paSXI+xNBA=">AAACKXicbVDLTsJAFJ36xPqqunThRGLiAklL8LEkunGJiTwSWsl0GGDCTNvMTImk6dKvYasf4k7d+gn+gAN0IeBJbnJyzr259x4/YlQq2/40VlbX1jc2c1vm9s7u3r51cFiXYSwwqeGQhaLpI0kYDUhNUcVIMxIEcZ+Rhj+4m/iNIRGShsGjGkXE46gX0C7FSGmpbZ24knLo2E/JhXOVuoXEFRxytwClVkpp2rbydtGeAi4TJyN5kKHatn7cTohjTgKFGZKy5diR8hIkFMWMpKYbSxIhPEA90tI0QJxIL5k+ksIzrXRgNxS6AgWn6t+JBHEpR9zXnRypvlz0JuJ/XqszpJHMdj3Pls1foro3XkKDKFYkwLNDujGDKoST1GCHCoIVG2mCsKD6F4j7SCCsdLamqVNyFjNZJvVS0SkXLx/K+cptllcOHINTcA4ccA0q4B5UQQ1g8ALG4BW8GWPj3fgwvmatK0Y2cwTmYHz/AgzGpeE=</latexit>

LISA (~0.1 mHz)

⇠ 10�18 ms�2

<latexit sha1_base64="BAoqq9TKqGvTMslBSWUVxXohQig=">AAACKXicbVDLTsJAFJ36xPqqunThRGLiAklLMLIkunGJiTwSWsl0GGDCTNvMTImk6dKvYasf4k7d+gn+gAN0IeBJbnJyzr259x4/YlQq2/401tY3Nre2czvm7t7+waF1dNyQYSwwqeOQhaLlI0kYDUhdUcVIKxIEcZ+Rpj+8m/rNERGShsGjGkfE46gf0B7FSGmpY525knLo2E/JlVNJ3ULiCg65W4BSK6U07Vh5u2jPAFeJk5E8yFDrWD9uN8QxJ4HCDEnZduxIeQkSimJGUtONJYkQHqI+aWsaIE6kl8weSeGFVrqwFwpdgYIz9e9EgriUY+7rTo7UQC57U/E/r90d0Uhmu57nyxYvUb2Kl9AgihUJ8PyQXsygCuE0NdilgmDFxpogLKj+BeIBEggrna1p6pSc5UxWSaNUdMrF64dyvnqb5ZUDp+AcXAIH3IAquAc1UAcYvIAJeAVvxsR4Nz6Mr3nrmpHNnIAFGN+/EDal4w==</latexit>

μAres strawman mission concept (~ μHz)

' 10�20 ms�2

<latexit sha1_base64="yXyFVriN3sVHqTtZUXLcVx+bycQ=">AAACLHicbVDLTsJAFJ36xPqqunQzgZi4QNISjC6JblxiIo+EIpkOA0yYaevMlEia7v0atvohboxx6w/4A06hCwFPcpOTc+7Nvfd4IaNS2faHsba+sbm1ndsxd/f2Dw6to+OGDCKBSR0HLBAtD0nCqE/qiipGWqEgiHuMNL3Rbeo3x0RIGvgPahKSDkcDn/YpRkpLXSvvSsrJE3Tsx/iibCduMXYFhxy6RShTKUm6VsEu2TPAVeJkpAAy1LrWj9sLcMSJrzBDUrYdO1SdGAlFMSOJ6UaShAiP0IC0NfURJ7ITz35J4JlWerAfCF2+gjP170SMuJQT7ulOjtRQLnup+J/X7o1pKLNdz/Nli5eo/nUnpn4YKeLj+SH9iEEVwDQ42KOCYMUmmiAsqP4F4iESCCsdr2nqlJzlTFZJo1xyKqXL+0qhepPllQOnIA/OgQOuQBXcgRqoAwxewBS8gjdjarwbn8bXvHXNyGZOwAKM718sLqbw</latexit>

L = 400Mkm

<latexit sha1_base64="wfhBxnODSfbjDM1UrP5K5EHD8C4=">AAACI3icbVDLSsNAFJ34rPEVdSVuBovgQkoiFd0IRTcuFCrYB7SlTCaTduhMEmYmxRKCX9Otfog7cePCr/AHnKZZ2NYDFw7n3Mu997gRo1LZ9pextLyyurZe2DA3t7Z3dq29/boMY4FJDYcsFE0XScJoQGqKKkaakSCIu4w03MHtxG8MiZA0DJ7UKCIdjnoB9SlGSktd6/AeXsOybSdtweFDCttnGRvwtGsV7ZKdAS4SJydFkKPatX7aXohjTgKFGZKy5diR6iRIKIoZSc12LEmE8AD1SEvTAHEiO0n2QgpPtOJBPxS6AgUz9e9EgriUI+7qTo5UX857E/E/r+UNaSTzXc/TZbOXKP+qk9AgihUJ8PQQP2ZQhXCSF/SoIFixkSYIC6p/gbiPBMJKp2qaOiVnPpNFUj8vOeXSxWO5WLnJ8yqAI3AMToEDLkEF3IEqqAEMXsAYvII3Y2y8Gx/G57R1ychnDsAMjO9fDwajTQ==</latexit>

μAres or Asteroid?
[Sesana et al (19)]

[Fedderke et al (21)]



Two questions: 

1. Do we have to worry about ULDM-induced noise  
in the current and future gravitational waves? 

2. Can current and future GW interferometers 

probe ultralight dark matter gravitationally?

to completely answer these questions, we need 
detailed computation for noise power spectrum from ultralight dark matter 



Some statistical properties of ULDM

� =
X

i

1p
2mV

h
aie

�ikx + a†ie
ikx

i

<latexit sha1_base64="Dmgx0pp4q1xXAtjusNRcUfo/NgE="></latexit>

Operators

Wave func.

⇢̂ =
Y

i

⇢̂i⌦

<latexit sha1_base64="qdqPYlyvHj+SRxfNRArkMmYdEnw=">AAACMHicbVDLSsNAFJ3UV62vqEs3g0VxVRKp6EYounFZwT6gKWUymbZDJ5kwc1MspX/g13SrH6IrcevWH3DSZmFbL1w4nHMv597jx4JrcJwPK7e2vrG5ld8u7Ozu7R/Yh0d1LRNFWY1KIVXTJ5oJHrEacBCsGStGQl+whj+4T/XGkCnNZfQEo5i1Q9KLeJdTAobq2Oden4Cn+hLfYi9WMuhwnFI45VIsgYdMd+yiU3JmhVeBm4EiyqrasX+8QNIkZBFQQbRuuU4M7TFRwKlgk4KXaBYTOiA91jIwIsakPZ79M8FnhglwVyrTEeAZ+3djTEKtR6FvJkMCfb2speR/WisY8lhnXs9zs8VLoHvTHvMoToBFdH5INxEYJE7DwwFXjIIYGUCo4uYXTPtEEQom4kLBpOQuZ7IK6pclt1y6eiwXK3dZXnl0gk7RBXLRNaqgB1RFNUTRC5qiV/RmTa1369P6mo/mrGznGC2U9f0Loz6p5g==</latexit>

⇢̂i =

Z
d2↵i P (↵i)|↵iih↵i|

<latexit sha1_base64="k101Hh30soq/7Gl6wzd0HiLjq3I="></latexit>

ai|↵ii = ↵i|↵ii

<latexit sha1_base64="GuABk7QsVyhEIllDToOXq1h6v9M=">AAACPnicbVDLSsNAFJ34rPUVdelmsAiuSiIV3QhFNy4r2Ac0odxMJ+3QySTMTIql9kf8mm71D/wBd+LCjUunbUDbeuDC4Zx7ufeeIOFMacd5s1ZW19Y3NnNb+e2d3b19++CwpuJUElolMY9lIwBFORO0qpnmtJFIClHAaT3o3U78ep9KxWLxoAcJ9SPoCBYyAtpILbsELYafsAc86U6oJ0F0OMXXv9Ky27ILTtGZAi8TNyMFlKHSsr+8dkzSiApNOCjVdJ1E+0OQmhFOR3kvVTQB0oMObRoqIKLKH06/G+FTo7RxGEtTQuOp+ndiCJFSgygwnRHorlr0JuJ/XrPdZ4nKdj3Ols1fosMrf8hEkmoqyOyQMOVYx3gSJW4zSYnmA0OASGZ+waQLEog2gefzJiV3MZNlUjsvuqXixX2pUL7J8sqhY3SCzpCLLlEZ3aEKqiKCntEYvaBXa2y9Wx/W56x1xcpmjtAcrO8fHeSvEQ==</latexit>

hÔi = Tr(⇢̂Ô)

<latexit sha1_base64="pYLi/Y2chDbjMGHZ89CejTs1GGA="></latexit>

↵i 2 C

<latexit sha1_base64="lsiymjK4rh7HwB1w1MmR57Ya2ks=">AAACInicbVDLSsNAFJ3UV62vqBvBzWARXJVEKrosduOygn1AE8JkMmmHTiZhZlIsoX5Nt/oh7sSV4F/4A07aLGzrgQuHc+7l3nv8hFGpLOvLKG1sbm3vlHcre/sHh0fm8UlHxqnApI1jFouejyRhlJO2ooqRXiIIinxGuv6omfvdMRGSxvxJTRLiRmjAaUgxUlryzDMHsWSIPAodymHmREgNfR82p55ZtWrWHHCd2AWpggItz/xxghinEeEKMyRl37YS5WZIKIoZmVacVJIE4REakL6mHEVEutn8gym81EoAw1jo4grO1b8TGYqknES+7swvlKteLv7n9YMxTWSx63mxbPkSFd65GeVJqgjHi0PClEEVwzwuGFBBsGITTRAWVP8C8RAJhJUOtVLRKdmrmayTznXNrtduHuvVxn2RVxmcgwtwBWxwCxrgAbRAG2DwAmbgFbwZM+Pd+DA+F60lo5g5BUswvn8BizGkNQ==</latexit>

One can start from field theory 
define density operator under certain assumptions 

to completely specify the statistical properties of the scalar field [Kim and Lenoci 21]

P (↵i) =
1

⇡fi
exp


� |↵i|2

fi

�

<latexit sha1_base64="1oqzqyFbN6KV5LPQJ7ca43I3CaY="></latexit>

(~ probability distribution)



Some statistical properties of ULDM

More conveniently  
we can just take operators to complex random variables

random #

Wave func.

(ai, a
†
i ) ! (↵i,↵

⇤
i )

<latexit sha1_base64="htfpKd1q+5z8qIxqBynQYA1+328="></latexit>

where each of them is distributed according to the following p.d.f.

p(↵i) =
1

⇡fi
exp


� |↵i|2

fi

�

<latexit sha1_base64="Voiukxu9YQICnSS0iZDg7joTwso="></latexit>

dP =
Y

i

p(↵i)d
2↵i

<latexit sha1_base64="LUjFai9l+/SWEUG03rUHtfziAiU=">AAACLnicbVDLSsNAFJ34rPVVdelmsAp1U5JS0Y1QdOOygn1AE8NkMmmHTpJhZlIsoT/g13SrHyK4ELfu/QGnbQTbemDgzDn3cu89HmdUKtN8N1ZW19Y3NnNb+e2d3b39wsFhU8aJwKSBYxaLtockYTQiDUUVI20uCAo9Rlpe/3bitwZESBpHD2rIiROibkQDipHSkls49evwGtpcxL5LIS/ZiPEecuk59B8rvx+3UDTL5hRwmVgZKYIMdbfwbfsxTkISKcyQlB3L5MpJkVAUMzLK24kkHOE+6pKOphEKiXTS6TUjeKYVHwax0C9ScKr+7UhRKOUw9HRliFRPLnoT8T+v4w8ol9msp9mw+U1UcOWkNOKJIhGeLRIkDKoYTqKDPhUEKzbUBGFB9S0Q95BAWOmA83mdkrWYyTJpVspWtXxxXy3WbrK8cuAYnIASsMAlqIE7UAcNgMEzGIMX8GqMjTfjw/icla4YWc8RmIPx9QOS3qg+</latexit>

� =
X

i

1p
2mV

h
↵ie

�ikx + ↵⇤
i e

ikx
i

<latexit sha1_base64="s7DMVwWG8REjfzYQxCcUxXWgT6w="></latexit>



Once we obtain one particular realization of the field  
and compute the density of the field 

it would look like the following



⇢/⇢0

<latexit sha1_base64="QQSH1rexz0yg7XHbdi2gRr5yyWI=">AAACE3icbVBLTsMwFHTKr4RfgSUbiwqJVUlQESwr2LAsEv1IaVQ5jtNadezIdiqqqMfoFg7CDrHlAJyDC+C0WdCWJ9kazbynN2+ChFGlHefbKm1sbm3vlHftvf2Dw6PK8UlbiVRi0sKCCdkNkCKMctLSVDPSTSRBccBIJxg95HpnTKSigj/rSUL8GA04jShG2lBeTw7FVf71nX6l6tScecF14BagCopq9is/vVDgNCZcY4aU8lwn0X6GpKaYkandSxVJEB6hAfEM5Cgmys/mlqfwwjAhjIQ0j2s4Z/9OZChWahIHpjNGeqhWtZz8T/PCMU1UsetlsWzZiY7u/IzyJNWE44WRKGVQC5jnA0MqCdZsYgDCkppbIB4iibA2Kdq2ScldzWQdtK9rbr1281SvNu6LvMrgDJyDS+CCW9AAj6AJWgADAWbgFbxZM+vd+rA+F60lq5g5BUtlff0CE6WeyA==</latexit>

an order-one density fluctuation 
is very common



The statistical properties of these density clumps  
can be analytically investigated

For instance 
the density-density correlator of space-like separation is

h�(x)�(y)i / exp
⇥
�|�x|2/�2

⇤

<latexit sha1_base64="Y0yet5IS/torzkVqFYKIv8h36qw="></latexit>

two patches are  
statistically uncorrelated



the density-density correlator at the same position is

h�(x)�(x)i =
Z

d!

2⇡
S�(!)

<latexit sha1_base64="WD7oXDmCKBvGGZtHR9k7sDCaY8I="></latexit>

! = 2m

<latexit sha1_base64="W4R1u+7+XNEqJT9fGQJunUKOgLw=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRmC0Y0J0Y1LTOQRYUI6nQ409DFpO0Qy4S/Y6oe4M279Ab/DH7DALAQ8SZOTc+7NPT1BzKg2rvvt5DY2t7Z38ruFvf2Dw6Pi8UlTy0Rh0sCSSdUOkCaMCtIw1DDSjhVBPGCkFQzvZ35rRJSmUjyZcUx8jvqCRhQjY6XnruSkj+BthfeKJbfszgHXiZeREshQ7xV/uqHECSfCYIa07nhubPwUKUMxI5NCN9EkRniI+qRjqUCcaD+dJ57AC6uEMJLKPmHgXP27kSKu9ZgHdpIjM9Cr3kz8z+uEIxrr7NbL4thyEhPd+CkVcWKIwIsgUcKgkXBWDwypItiwsSUIK2r/AvEAKYSNLbFQsC15q52sk2al7FXLV4/VUu0u6ysPzsA5uAQeuAY18ADqoAEwEGAKXsGbM3XenQ/nczGac7KdU7AE5+sX12eeFw==</latexit>

v2

<latexit sha1_base64="7Z49ELpxSuVFdBN0xjlr9mYXz4w=">AAACC3icbVDLTgIxFL2DLxxfqEs3jcTEFZkhGF0S3bjEKI8ERtLpdKCh05m0HSIhfAJb/RB3xq0f4Xf4AxaYhYAnaXJyzr25p8dPOFPacb6t3Mbm1vZOftfe2z84PCocnzRUnEpC6yTmsWz5WFHOBK1rpjltJZLiyOe06Q/uZn5zSKVisXjSo4R6Ee4JFjKCtZEeh8/lbqHolJw50DpxM1KEDLVu4acTxCSNqNCEY6XarpNob4ylZoTTid1JFU0wGeAebRsqcESVN55HnaALowQojKV5QqO5+ndjjCOlRpFvJiOs+2rVm4n/ee1gyBKV3XpZHFtOosMbb8xEkmoqyCJImHKkYzTrBQVMUqL5yBBMJDN/QaSPJSbatGfbpiV3tZN10iiX3Erp6qFSrN5mfeXhDM7hEly4hircQw3qQKAHU3iFN2tqvVsf1udiNGdlO6ewBOvrF+S2m3Y=</latexit>



h�(x)�(x)i =
Z

d!

2⇡
S�(!)

<latexit sha1_base64="WD7oXDmCKBvGGZtHR9k7sDCaY8I="></latexit>

! = 2m

<latexit sha1_base64="W4R1u+7+XNEqJT9fGQJunUKOgLw=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRmC0Y0J0Y1LTOQRYUI6nQ409DFpO0Qy4S/Y6oe4M279Ab/DH7DALAQ8SZOTc+7NPT1BzKg2rvvt5DY2t7Z38ruFvf2Dw6Pi8UlTy0Rh0sCSSdUOkCaMCtIw1DDSjhVBPGCkFQzvZ35rRJSmUjyZcUx8jvqCRhQjY6XnruSkj+BthfeKJbfszgHXiZeREshQ7xV/uqHECSfCYIa07nhubPwUKUMxI5NCN9EkRniI+qRjqUCcaD+dJ57AC6uEMJLKPmHgXP27kSKu9ZgHdpIjM9Cr3kz8z+uEIxrr7NbL4thyEhPd+CkVcWKIwIsgUcKgkXBWDwypItiwsSUIK2r/AvEAKYSNLbFQsC15q52sk2al7FXLV4/VUu0u6ysPzsA5uAQeuAY18ADqoAEwEGAKXsGbM3XenQ/nczGac7KdU7AE5+sX12eeFw==</latexit>

v2

<latexit sha1_base64="7Z49ELpxSuVFdBN0xjlr9mYXz4w=">AAACC3icbVDLTgIxFL2DLxxfqEs3jcTEFZkhGF0S3bjEKI8ERtLpdKCh05m0HSIhfAJb/RB3xq0f4Xf4AxaYhYAnaXJyzr25p8dPOFPacb6t3Mbm1vZOftfe2z84PCocnzRUnEpC6yTmsWz5WFHOBK1rpjltJZLiyOe06Q/uZn5zSKVisXjSo4R6Ee4JFjKCtZEeh8/lbqHolJw50DpxM1KEDLVu4acTxCSNqNCEY6XarpNob4ylZoTTid1JFU0wGeAebRsqcESVN55HnaALowQojKV5QqO5+ndjjCOlRpFvJiOs+2rVm4n/ee1gyBKV3XpZHFtOosMbb8xEkmoqyCJImHKkYzTrBQVMUqL5yBBMJDN/QaSPJSbatGfbpiV3tZN10iiX3Erp6qFSrN5mfeXhDM7hEly4hircQw3qQKAHU3iFN2tqvVsf1udiNGdlO6ewBOvrF+S2m3Y=</latexit>

' ⇢0[1� v2 cos(2(mt� kx))]

<latexit sha1_base64="1LWtZ+W9QfJlHqWEIk8pb3S5XAA="></latexit>

for a single mode

� = �0 cos(!t� kx)

<latexit sha1_base64="LBQ8d+QI0RrY/pReMW0uEVR/EU4=">AAACK3icbVDLTgIxFO3gC/E16tJNlZjgQjJjMLoxIbpxiYk8EmZCOqVAQ6edtB0CmbD2a9jqh7jSuPUL/AELzELAkzQ9Oefe3HtPEDGqtON8WJm19Y3Nrex2bmd3b//APjyqKRFLTKpYMCEbAVKEUU6qmmpGGpEkKAwYqQf9h6lfHxCpqODPehQRP0RdTjsUI22kln3qRT0K7+D0aznQw0IVPBGSLoIaXsL+8KJl552iMwNcJW5K8iBFpWX/eG2B45BwjRlSquk6kfYTJDXFjIxzXqxIhHAfdUnTUI5CovxkdsoYnhulDTtCmsc1nKl/OxIUKjUKA1MZIt1Ty95U/M9rtgc0Uums4XzY4ia6c+snlEexJhzPF+nEDGoBp7nBNpUEazYyBGFJzS0Q95BEWJt0czmTkrucySqpXRXdUvH6qZQv36d5ZcEJOAMF4IIbUAaPoAKqAIMXMAGv4M2aWO/Wp/U1L81Yac8xWID1/Qs3tqZu</latexit>

⇢ =
1

2
�̇2 +

1

2
(r�)2 +

1

2
m2�2

<latexit sha1_base64="tVmKhutnzDazKuKXAk85RMSZoIs="></latexit>

the energy density is

the density-density correlator at the same position is



h�(x)�(x)i =
Z

d!

2⇡
S�(!)

<latexit sha1_base64="WD7oXDmCKBvGGZtHR9k7sDCaY8I="></latexit>

! = 2m

<latexit sha1_base64="W4R1u+7+XNEqJT9fGQJunUKOgLw=">AAACEnicbVDLTgIxFO3gC/GFunTTSExckRmC0Y0J0Y1LTOQRYUI6nQ409DFpO0Qy4S/Y6oe4M279Ab/DH7DALAQ8SZOTc+7NPT1BzKg2rvvt5DY2t7Z38ruFvf2Dw6Pi8UlTy0Rh0sCSSdUOkCaMCtIw1DDSjhVBPGCkFQzvZ35rRJSmUjyZcUx8jvqCRhQjY6XnruSkj+BthfeKJbfszgHXiZeREshQ7xV/uqHECSfCYIa07nhubPwUKUMxI5NCN9EkRniI+qRjqUCcaD+dJ57AC6uEMJLKPmHgXP27kSKu9ZgHdpIjM9Cr3kz8z+uEIxrr7NbL4thyEhPd+CkVcWKIwIsgUcKgkXBWDwypItiwsSUIK2r/AvEAKYSNLbFQsC15q52sk2al7FXLV4/VUu0u6ysPzsA5uAQeuAY18ADqoAEwEGAKXsGbM3XenQ/nczGac7KdU7AE5+sX12eeFw==</latexit>

v2

<latexit sha1_base64="7Z49ELpxSuVFdBN0xjlr9mYXz4w=">AAACC3icbVDLTgIxFL2DLxxfqEs3jcTEFZkhGF0S3bjEKI8ERtLpdKCh05m0HSIhfAJb/RB3xq0f4Xf4AxaYhYAnaXJyzr25p8dPOFPacb6t3Mbm1vZOftfe2z84PCocnzRUnEpC6yTmsWz5WFHOBK1rpjltJZLiyOe06Q/uZn5zSKVisXjSo4R6Ee4JFjKCtZEeh8/lbqHolJw50DpxM1KEDLVu4acTxCSNqNCEY6XarpNob4ylZoTTid1JFU0wGeAebRsqcESVN55HnaALowQojKV5QqO5+ndjjCOlRpFvJiOs+2rVm4n/ee1gyBKV3XpZHFtOosMbb8xEkmoqyCJImHKkYzTrBQVMUqL5yBBMJDN/QaSPJSbatGfbpiV3tZN10iiX3Erp6qFSrN5mfeXhDM7hEly4hircQw3qQKAHU3iFN2tqvVsf1udiNGdlO6ewBOvrF+S2m3Y=</latexit>

! ⇠ m�2

<latexit sha1_base64="AD7iUPmzmZzCNRN0x2uaB0MBkdM=">AAACIHicbVDLSsNAFJ34rPEVFdy4GSyCq5KUii6LblxWsA9oY5lMJunQmSTMTIol9me61Q9xJy71N/wBJ20WtvXCMIdz7uWee7yEUals+8tYW9/Y3Nou7Zi7e/sHh9bRcUvGqcCkiWMWi46HJGE0Ik1FFSOdRBDEPUba3vAu19sjIiSNo0c1TojLURjRgGKkNNW3TnsxJyGCPUk55PkXcvRU7Vtlu2LPCq4CpwBlUFSjb/30/BinnEQKMyRl17ET5WZIKIoZmZi9VJIE4SEKSVfDCHEi3WzmfwIvNOPDIBb6RQrO2L8TGeJSjrmnOzlSA7ms5eR/Wtcf0UQWu57nyxadqODGzWiUpIpEeG4kSBlUMczDgj4VBCs21gBhQfUtEA+QQFjpSE1Tp+QsZ7IKWtWKU6tcPdTK9dsirxI4A+fgEjjgGtTBPWiAJsDgBUzBK3gzpsa78WF8zlvXjGLmBCyU8f0LpqajMw==</latexit>

! = 2m

<latexit sha1_base64="YtiDqbkZBt5nuo1JKyI/SnJjl2Q=">AAACFHicbVDLSgMxFM34rPVVdekmWARXZaZUdCMU3bisYB/QGUomk2lDk0xIMsUy9De61Q9xJ27d+x3+gGk7C9t6IHA4517uyQklo9q47rezsbm1vbNb2CvuHxweHZdOTls6SRUmTZywRHVCpAmjgjQNNYx0pCKIh4y0w+HDzG+PiNI0Ec9mLEnAUV/QmGJkrOT7CSd9BO9gFfJeqexW3DngOvFyUgY5Gr3Sjx8lOOVEGMyQ1l3PlSbIkDIUMzIp+qkmEuEh6pOupQJxooNsnnkCL60SwThR9gkD5+rfjQxxrcc8tJMcmYFe9Wbif143GlGp81svi2PLSUx8G2RUyNQQgRdB4pRBk8BZQTCiimDDxpYgrKj9C8QDpBA2tsZi0bbkrXayTlrVilerXD/VyvX7vK8COAcX4Ap44AbUwSNogCbAQIIpeAVvztR5dz6cz8XohpPvnIElOF+/kRyeaw==</latexit>

S�(!) = ⌧ [�4A�(!) +B�(!)]

<latexit sha1_base64="X78K1R0MsHQgTWKcL0eXMv7uf9U="></latexit>

the density-density correlator at the same position is



the next step would be to investigate  
how a test mass evolves in the sea of ULDM

how will the test mass fluctuate?

x2
rms = hx2i =

Z
df Sx(f)

<latexit sha1_base64="2VJ7yVwJ1jH/elbfXtU8EchFgyo="></latexit>

=

Z
df

Sa(f)

(2⇡f)4

<latexit sha1_base64="tveic7+jMm8qaR57t/RluHuR5XE="></latexit>

ã = �(2⇡f)2x̃

<latexit sha1_base64="a3F3nmHhAM6PO0rxLVgrlMdKbmw=">AAACKnicbVDLSsNAFJ3UV42vqEs3g0WoC0tSKroRim5cVrAPaGKZTCbt0MmDmUlpCd36Nd3qh7grbv0Df8BpG8G2HrhwOOde7r3HjRkV0jSnWm5jc2t7J7+r7+0fHB4ZxycNESUckzqOWMRbLhKE0ZDUJZWMtGJOUOAy0nT7DzO/OSBc0Ch8lqOYOAHqhtSnGEkldQxoS8o8AhG8g1ewWLZjCv3Ll/KvPuwYBbNkzgHXiZWRAshQ6xjfthfhJCChxAwJ0bbMWDop4pJiRsa6nQgSI9xHXdJWNEQBEU46/2QML5TiQT/iqkIJ5+rfiRQFQowCV3UGSPbEqjcT//Pa3oDGIts1XCxbvkT6t05KwziRJMSLQ/yEQRnBWWzQo5xgyUaKIMyp+gXiHuIISxWurquUrNVM1kmjXLIqpeunSqF6n+WVB2fgHBSBBW5AFTyCGqgDDF7BBLyBd22ifWhT7XPRmtOymVOwBO3rB2YgpXA=</latexit>

a = ẍ

<latexit sha1_base64="f7ZlSwrzPk0V8e01zZnP+GjT/58=">AAACFHicbVDLSgMxFM3UV62vqks3wSK4KjOi6EYounFZwT6gM5RMJtOGZpKQZErL0N/oVj/Enbh173f4A6btLGzrgcDhnHu5JyeUjGrjut9OYWNza3unuFva2z84PCofnzS1SBUmDSyYUO0QacIoJw1DDSNtqQhKQkZa4eBx5reGRGkq+IsZSxIkqMdpTDEyVvIRvId+FAmTjSbdcsWtunPAdeLlpAJy1LvlHz8SOE0IN5ghrTueK02QIWUoZmRS8lNNJMID1CMdSzlKiA6yeeYJvLBKBGOh7OMGztW/GxlKtB4noZ1MkOnrVW8m/ud1oiGVOr81WhxbTmLiuyCjXKaGcLwIEqcMGgFnBcGIKoING1uCsKL2LxD3kULY2BpLJduSt9rJOmleVb3r6s3zdaX2kPdVBGfgHFwCD9yCGngCddAAGEgwBa/gzZk6786H87kYLTj5zilYgvP1C7Y/nx8=</latexit>



acceleration on test mass is related to the density contrast 
through Newton’s equation of motion & Poisson equation

r2� = 4⇡G⇢0�

<latexit sha1_base64="6UA5MONjlOT4y7SqHEMUZfTj1MI="></latexit>

In Fourier space

�̃(!,~k) = �4⇡G⇢0
k2

�̃(!,~k)

<latexit sha1_base64="BLFJtjZdketOj+ITm9AhcC+8Zto="></latexit>

ã(!,~k) = �i~k�̃(!,~k)

<latexit sha1_base64="Uh1ZVhQQa2iMoo1CFUJiw0r2/kQ="></latexit>

leading to

Sa(f) ⇠
Z

d3k

(2⇡)3

⇣4⇡G⇢0
k2

⌘2
k2P�(!,~k)

<latexit sha1_base64="nfY0ju2d+5iy3k5w7/zrVZh7uu0="></latexit>

a = �r�

<latexit sha1_base64="AI0s/X7EG6GHxu0wEKnYty3wKBk=">AAACG3icbVDLSgMxFM34rONrqks3wSK4scxIRTdC0Y3LCvYBnaHcSdM2NJMZkky1lH5Kt/oh7sStC7/DHzBtZ2FbDwQO59zLPTlhwpnSrvttra1vbG5t53bs3b39g0Mnf1RTcSoJrZKYx7IRgqKcCVrVTHPaSCSFKOS0Hvbvp359QKVisXjSw4QGEXQF6zAC2kgtJw/4Fl9gX0DIAfuVHms5BbfozoBXiZeRAspQaTk/fjsmaUSFJhyUanpuooMRSM0Ip2PbTxVNgPShS5uGCoioCkaz6GN8ZpQ27sTSPKHxTP27MYJIqWEUmskIdE8te1PxP6/ZHrBEZbde5scWk+jOTTBiIkk1FWQepJNyrGM87Qm3maRE86EhQCQzf8GkBxKINm3atmnJW+5kldQui16pePVYKpTvsr5y6ASdonPkoWtURg+ogqqIoGc0Qa/ozZpY79aH9TkfXbOynWO0AOvrF03LoE8=</latexit>



test mass acceleration spectrum inherits its properties from δ(⍵,k) 
logarithmic divergence at small frequencies is due to long-range nature of gravitational force

Sa(!) = ā2⌧ [�4Aa(!) +Ba(!)]

<latexit sha1_base64="2Tn93/+k3pf82OvXqBzu4WJAHcU="></latexit>

ā =
Gme↵

�2

<latexit sha1_base64="DleOybBh7bZslWsddg0YpGv7EiU="></latexit>

⌧ =
1

m�2

<latexit sha1_base64="UIH2o2aRWDqOewMsM0sqfPWtO/M=">AAACJHicbVDLSsNAFJ3UV42vqDvdDBbBVUlKRTdC0Y3LCvYBTSyTyaQdOpOEmUmxhIJf061+iDtx4caf8AectlnY1gMXDufcy733+AmjUtn2l1FYW9/Y3Cpumzu7e/sH1uFRU8apwKSBYxaLto8kYTQiDUUVI+1EEMR9Rlr+4G7qt4ZESBpHj2qUEI+jXkRDipHSUtc6cRVK4Q10Q4Fw5owz7kra4+ipMu5aJbtszwBXiZOTEshR71o/bhDjlJNIYYak7Dh2orwMCUUxI2PTTSVJEB6gHuloGiFOpJfNfhjDc60EMIyFrkjBmfp3IkNcyhH3dSdHqi+Xvan4n9cJhjSR+a7n+bLFS1R47WU0SlJFIjw/JEwZVDGcBgYDKghWbKQJwoLqXyDuI52W0rGapk7JWc5klTQrZadavnyolmq3eV5FcArOwAVwwBWogXtQBw2AwQuYgFfwZkyMd+PD+Jy3Fox85hgswPj+BVsnpS0=</latexit>

! ⇠ m�2

<latexit sha1_base64="AD7iUPmzmZzCNRN0x2uaB0MBkdM=">AAACIHicbVDLSsNAFJ34rPEVFdy4GSyCq5KUii6LblxWsA9oY5lMJunQmSTMTIol9me61Q9xJy71N/wBJ20WtvXCMIdz7uWee7yEUals+8tYW9/Y3Nou7Zi7e/sHh9bRcUvGqcCkiWMWi46HJGE0Ik1FFSOdRBDEPUba3vAu19sjIiSNo0c1TojLURjRgGKkNNW3TnsxJyGCPUk55PkXcvRU7Vtlu2LPCq4CpwBlUFSjb/30/BinnEQKMyRl17ET5WZIKIoZmZi9VJIE4SEKSVfDCHEi3WzmfwIvNOPDIBb6RQrO2L8TGeJSjrmnOzlSA7ms5eR/Wtcf0UQWu57nyxadqODGzWiUpIpEeG4kSBlUMczDgj4VBCs21gBhQfUtEA+QQFjpSE1Tp+QsZ7IKWtWKU6tcPdTK9dsirxI4A+fgEjjgGtTBPWiAJsDgBUzBK3gzpsa78WF8zlvXjGLmBCyU8f0LpqajMw==</latexit>

! = 2m

<latexit sha1_base64="YtiDqbkZBt5nuo1JKyI/SnJjl2Q=">AAACFHicbVDLSgMxFM34rPVVdekmWARXZaZUdCMU3bisYB/QGUomk2lDk0xIMsUy9De61Q9xJ27d+x3+gGk7C9t6IHA4517uyQklo9q47rezsbm1vbNb2CvuHxweHZdOTls6SRUmTZywRHVCpAmjgjQNNYx0pCKIh4y0w+HDzG+PiNI0Ec9mLEnAUV/QmGJkrOT7CSd9BO9gFfJeqexW3DngOvFyUgY5Gr3Sjx8lOOVEGMyQ1l3PlSbIkDIUMzIp+qkmEuEh6pOupQJxooNsnnkCL60SwThR9gkD5+rfjQxxrcc8tJMcmYFe9Wbif143GlGp81svi2PLSUx8G2RUyNQQgRdB4pRBk8BZQTCiimDDxpYgrKj9C8QDpBA2tsZi0bbkrXayTlrVilerXD/VyvX7vK8COAcX4Ap44AbUwSNogCbAQIIpeAVvztR5dz6cz8XohpPvnIElOF+/kRyeaw==</latexit>



the spectrum of acceleration allows us  
to estimate the rms fluctuation of the position of a test mass

x2
rms =

Z
df

Sa(f)

(2⇡f)4

<latexit sha1_base64="7GzJT6a2eP2r5uF3nI+N+SpWtvA="></latexit>



it also constitutes a basic building block  
to study the response of the interferometers 

with respect to the ultralight dark matter

Michelson Interferometer (LIGO, VIRGO, etc) Time-delay Interferometer (LISA and etc)

S/C 1 S/C 2

S/C 3



In Michelson interferometers 
the change of arm-length due to ULDM  
will lead to fluctuations in output power

P = P0 sin
2(kL�L)

<latexit sha1_base64="WGLwQv6IoafdMjkWSrjEnfzOl7I=">AAACKHicbVDLSsNAFJ34rPVVdSnIYBHqpiSlohuhqAsXXVSwD2hjmEwm7dDJJMxMiiV059d0qx/iTrr1F/wBp20WtvXAhcM593LvPW7EqFSmOTHW1jc2t7YzO9ndvf2Dw9zRcUOGscCkjkMWipaLJGGUk7qiipFWJAgKXEaabv9+6jcHREga8mc1jIgdoC6nPsVIacnJndXgLaw5JuxIyl9KsAD7ThV2HghTCFYvnVzeLJozwFVipSQPUtSc3E/HC3EcEK4wQ1K2LTNSdoKEopiRUbYTSxIh3Edd0taUo4BIO5n9MYIXWvGgHwpdXMGZ+nciQYGUw8DVnQFSPbnsTcX/vLY3oJFMd73Oly1eovwbO6E8ihXheH6IHzOoQjgNDXpUEKzYUBOEBdW/QNxDAmGlo81mdUrWciarpFEqWuXi1VM5X7lL88qAU3AOCsAC16ACHkEN1AEGb2AM3sGHMTY+jS9jMm9dM9KZE7AA4/sXByOkKg==</latexit>



x0(t)

<latexit sha1_base64="v4YbhLAJ+yxvI11XKILvllPQzig=">AAACDnicbVDLTgIxFL3jE/GFunTTSExwQ2YMRpdENy4xkUcCE9LpdKDS6UzaDoFM+Ae2+iHujFt/we/wBywwCwFP0uTknHtzT48Xc6a0bX9bG5tb2zu7ub38/sHh0XHh5LShokQSWicRj2TLw4pyJmhdM81pK5YUhx6nTW/wMPObQyoVi8SzHsfUDXFPsIARrI3UGHXtkr7qFop22Z4DrRMnI0XIUOsWfjp+RJKQCk04Vqrt2LF2Uyw1I5xO8p1E0RiTAe7RtqECh1S56TztBF0axUdBJM0TGs3VvxspDpUah56ZDLHuq1VvJv7ntf0hi1V2a7Q4tpxEB3duykScaCrIIkiQcKQjNKsG+UxSovnYEEwkM39BpI8lJtoUmM+blpzVTtZJ47rsVMo3T5Vi9T7rKwfncAElcOAWqvAINagDgReYwiu8WVPr3fqwPhejG1a2cwZLsL5+AZ1xnFo=</latexit>

x1(t)

<latexit sha1_base64="/NeY6TdtzNaEjX+VTdM8nC/oaJ0=">AAACDnicbVDLTgIxFO34RHyhLt00EhPckBmD0SXRjUtM5JHAhHQ6Hah0OpP2DoFM+Ae2+iHujFt/we/wBywwCwFP0uTknHtzT48XC67Btr+tjc2t7Z3d3F5+/+Dw6LhwctrQUaIoq9NIRKrlEc0El6wOHARrxYqR0BOs6Q0eZn5zyJTmkXyGcczckPQkDzglYKTGqOuU4KpbKNplew68TpyMFFGGWrfw0/EjmoRMAhVE67Zjx+CmRAGngk3ynUSzmNAB6bG2oZKETLvpPO0EXxrFx0GkzJOA5+rfjZSEWo9Dz0yGBPp61ZuJ/3ltf8hjnd0aLY4tJ4Hgzk25jBNgki6CBInAEOFZNdjnilEQY0MIVdz8BdM+UYSCKTCfNy05q52sk8Z12amUb54qxep91lcOnaMLVEIOukVV9IhqqI4oekFT9IrerKn1bn1Yn4vRDSvbOUNLsL5+AZ8ZnFs=</latexit>

Beam

Splitter

End

Mirror

Distance traveled by laser

2L = [x1(t� L)� x0(t)] + [x1(t� L)� x0(t� 2L)]

<latexit sha1_base64="vOT61cHOSGFwpuj4Ie21imYbkT0="></latexit>

to see how Michelson interferometer responds to ULDM 
let us investigate how light travels in one arm

laser enters BS at ( t - 2L )

t� 2L

<latexit sha1_base64="dUK0dWci7OzC9Yzk4BO7H/6Q7oM=">AAACGnicbVDLTsJAFJ3iC/FVdelmIjFxI2kJRpdENy5cYCKPBBoynd7ChOkjM1MiafgTtvoh7oxbN36HP+BQuhDwJJOcnPs4d44bcyaVZX0bhY3Nre2d4m5pb//g8Mg8PmnJKBEUmjTikei4RAJnITQVUxw6sQASuBza7uh+Xm+PQUgWhc9qEoMTkEHIfEaJ0lLfNHvZjlSAN8XqqvrYN8tWxcqA14mdkzLK0eibPz0vokkAoaKcSNm1rVg5KRGKUQ7TUi+REBM6IgPoahqSAKSTZq5TfKEVD/uR0C9UOFP/TqQkkHISuLozIGooV2tz8b9a1xuzWOZeLwuz5UuUf+ukLIwTBSFdHOInHKsIz2PCHhNAFZ9oQqhg+i+YDokgVOkwSyWdkr2ayTppVSt2rXL9VCvX7/K8iugMnaNLZKMbVEcPqIGaiKIxmqFX9GbMjHfjw/hctBaMfOYULcH4+gWCaaEQ</latexit>

laser hits Mirror at ( t - L )

t� L

<latexit sha1_base64="10NqqOIKSxY3NCcSEiWiBMTMJ1w=">AAACGXicbVDLTsJAFJ3iC/FB1aWbicTEjaQ1GF0S3bhwgYk8EmjIdHoLE6aPzEyJpOFL2OqHuDNuXfkd/oBD6ULAk0xycu7j3DluzJlUlvVtFDY2t7Z3irulvf2Dw7J5dNySUSIoNGnEI9FxiQTOQmgqpjh0YgEkcDm03dH9vN4eg5AsCp/VJAYnIIOQ+YwSpaW+We5lO1IB3hSry8e+WbGqVga8TuycVFCORt/86XkRTQIIFeVEyq5txcpJiVCMcpiWeomEmNARGUBX05AEIJ00M53ic6142I+EfqHCmfp3IiWBlJPA1Z0BUUO5WpuL/9W63pjFMvd6WZgtX6L8WydlYZwoCOniED/hWEV4nhL2mACq+EQTQgXTf8F0SAShSmdZKumU7NVM1knrqmrXqtdPtUr9Ls+riE7RGbpANrpBdfSAGqiJKErQDL2iN2NmvBsfxueitWDkMydoCcbXLwVOoNQ=</latexit>

laser returns to BS at ( t )

t

<latexit sha1_base64="pOyq7eDOApmg1hHOT1o8JJ8tMVM=">AAACFXicbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JFAQ6bTKUyYTuvMlEgavoOtfog749a13+EPOJQuBDzJJCfnPs6d48WcKW3b31ZhY3Nre6e4W9rbPzg8Kh+ftFSUSEKbJOKR7HhYUc4EbWqmOe3EkuLQ47Ttje7n9faYSsUi8aQnMXVDPBAsYARrI7m9bEMqqT9Ful+u2FU7A1onTk4qkKPRL//0/IgkIRWacKxU17Fj7aZYakY4nZZ6iaIxJiM8oF1DBQ6pctPMcooujOKjIJLmCY0y9e9EikOlJqFnOkOsh2q1Nhf/q3X9MYtV7vWyMFu+RAe3bspEnGgqyOKQIOFIR2ieEPKZpETziSGYSGb+gsgQS0y0ybFUMik5q5msk9ZV1alVrx9rlfpdnlcRzuAcLsGBG6jDAzSgCQSeYQav8GbNrHfrw/pctBasfOYUlmB9/QJtkqAW</latexit>



Beam

Splitter

End

Mirror

Perturbed distance traveled by laser

2�L = [�x1(t� L)��x0(t)] + [�x1(t� L)��x0(t� 2L)]

<latexit sha1_base64="oVRvT+QQVfS2pE5ApVdcc/jf9cA="></latexit>

g�L(f) = e2⇡ifL[g�x1(f)� cos(2⇡fL)g�x0(f)]

<latexit sha1_base64="FVGiu4fzsVcJw67Rb8Kq+jm9coQ="></latexit>

acceleration by QP

response of the system to QP

Quasiparticle will perturb the position of test mass and beam splitter

�x0(t)

<latexit sha1_base64="qlSmWTPreNVp/s8ViZ1TPdo2Xpk=">AAACFXicbVDLTgIxFO3gC8cX6tJNIzHBDZkxGF0SdeESE3kkMCGdTgcaOg/bOwQy4TvY6oe4M25d+x3+gAVmIeBJmpycc2/u6XFjwRVY1reR29jc2t7J75p7+weHR4Xjk4aKEklZnUYiki2XKCZ4yOrAQbBWLBkJXMGa7uB+5jeHTCoehc8wjpkTkF7IfU4JaMnpPDABBI+6Vgkuu4WiVbbmwOvEzkgRZah1Cz8dL6JJwEKggijVtq0YnJRI4FSwidlJFIsJHZAea2sakoApJ52HnuALrXjYj6R+IeC5+ncjJYFS48DVkwGBvlr1ZuJ/Xtsb8lhlt0aLY8tJwL91Uh7GCbCQLoL4icAQ4VlD2OOSURBjTQiVXP8F0z6RhILu0TR1S/ZqJ+ukcVW2K+Xrp0qxepf1lUdn6ByVkI1uUBU9ohqqI4pe0BS9ojdjarwbH8bnYjRnZDunaAnG1y+pDp8G</latexit>

�x1(t)

<latexit sha1_base64="n3sojNksfMer+OL9PN6nc84ogI4=">AAACFXicbVDLTgIxFO3gC8cX6tJNIzHBDZkxGF0SdeESE3kkMCGdTgcaOg/bOwQy4TvY6oe4M25d+x3+gAVmIeBJmpycc2/u6XFjwRVY1reR29jc2t7J75p7+weHR4Xjk4aKEklZnUYiki2XKCZ4yOrAQbBWLBkJXMGa7uB+5jeHTCoehc8wjpkTkF7IfU4JaMnpPDABBI+6dgkuu4WiVbbmwOvEzkgRZah1Cz8dL6JJwEKggijVtq0YnJRI4FSwidlJFIsJHZAea2sakoApJ52HnuALrXjYj6R+IeC5+ncjJYFS48DVkwGBvlr1ZuJ/Xtsb8lhlt0aLY8tJwL91Uh7GCbCQLoL4icAQ4VlD2OOSURBjTQiVXP8F0z6RhILu0TR1S/ZqJ+ukcVW2K+Xrp0qxepf1lUdn6ByVkI1uUBU9ohqqI4pe0BS9ojdjarwbH8bnYjRnZDunaAnG1y+qtp8H</latexit>

g�L(f) ⇠ 1

(2⇡f)2

Z
d3k

(2⇡)3
[ei

~k·~x1 � cos(2⇡fL)]a(f,~k)

<latexit sha1_base64="nenZLtUDa52tsD+3HxQF8lCwg5k="></latexit>



Combining the effects along the two arms 
one finds

rms fluctuation of a single test mass (ΔL/L)2rms over Δt~1/f

response of Mich. Interferometer 
B ~ (L/𝜆)2 if L << 𝜆 (tidal limit)

S�L/L(f) =
ā2⌧

(2⇡f)4L2
[�4AMich(f) +BMich(f)]

<latexit sha1_base64="D/2sRtIhfHudewqwoYmyBmvVcZQ="></latexit>

ā =
Gme↵

�2

<latexit sha1_base64="DleOybBh7bZslWsddg0YpGv7EiU="></latexit>

⌧ =
1

m�2

<latexit sha1_base64="UIH2o2aRWDqOewMsM0sqfPWtO/M=">AAACJHicbVDLSsNAFJ3UV42vqDvdDBbBVUlKRTdC0Y3LCvYBTSyTyaQdOpOEmUmxhIJf061+iDtx4caf8AectlnY1gMXDufcy733+AmjUtn2l1FYW9/Y3Cpumzu7e/sH1uFRU8apwKSBYxaLto8kYTQiDUUVI+1EEMR9Rlr+4G7qt4ZESBpHj2qUEI+jXkRDipHSUtc6cRVK4Q10Q4Fw5owz7kra4+ipMu5aJbtszwBXiZOTEshR71o/bhDjlJNIYYak7Dh2orwMCUUxI2PTTSVJEB6gHuloGiFOpJfNfhjDc60EMIyFrkjBmfp3IkNcyhH3dSdHqi+Xvan4n9cJhjSR+a7n+bLFS1R47WU0SlJFIjw/JEwZVDGcBgYDKghWbKQJwoLqXyDuI52W0rGapk7JWc5klTQrZadavnyolmq3eV5FcArOwAVwwBWogXtQBw2AwQuYgFfwZkyMd+PD+Jy3Fox85hgswPj+BVsnpS0=</latexit>



S/C 1 S/C 2

S/C 3

one can find a similar expression for other types of interferometer

response of TDI Interferometer 
B ~ (L/𝜆)2 if L << 𝜆 (tidal limit)rms fluctuation over Δt~1/f

ā =
Gme↵

�2

<latexit sha1_base64="DleOybBh7bZslWsddg0YpGv7EiU="></latexit>

⌧ =
1

m�2

<latexit sha1_base64="UIH2o2aRWDqOewMsM0sqfPWtO/M=">AAACJHicbVDLSsNAFJ3UV42vqDvdDBbBVUlKRTdC0Y3LCvYBTSyTyaQdOpOEmUmxhIJf061+iDtx4caf8AectlnY1gMXDufcy733+AmjUtn2l1FYW9/Y3Cpumzu7e/sH1uFRU8apwKSBYxaLto8kYTQiDUUVI+1EEMR9Rlr+4G7qt4ZESBpHj2qUEI+jXkRDipHSUtc6cRVK4Q10Q4Fw5owz7kra4+ipMu5aJbtszwBXiZOTEshR71o/bhDjlJNIYYak7Dh2orwMCUUxI2PTTSVJEB6gHuloGiFOpJfNfhjDc60EMIyFrkjBmfp3IkNcyhH3dSdHqi+Xvan4n9cJhjSR+a7n+bLFS1R47WU0SlJFIjw/JEwZVDGcBgYDKghWbKQJwoLqXyDuI52W0rGapk7JWc5klTQrZadavnyolmq3eV5FcArOwAVwwBWogXtQBw2AwQuYgFfwZkyMd+PD+Jy3Fox85hgswPj+BVsnpS0=</latexit>

S�L/L(f) =
ā2⌧

(2⇡f)4L2
[�4ATDI(f) +BTDI(f)]

<latexit sha1_base64="9Fvm9Z4wc+vwpbvUA7Ik6kSxz/8="></latexit>



when ULDM signal is translated into 
strain power spectrum

LLISA = 2.5⇥ 106 km

<latexit sha1_base64="k0Lb4Xzl8Jul2OR+inWrFR3TYz4="></latexit>

LµAres = 400⇥ 106 km

<latexit sha1_base64="7Ffyt94EKpe3LboYN/btxuWvU8E="></latexit>

Preliminary Preliminary [HK in preparation]

Even for space-borne interferometers, ULDM-induced noise are subdominant



Two questions: 

1. Do we have to worry about ULDM-induced noise  
in the current and future gravitational waves? 

for current and future GW intereferometers 
gravitational interaction of ULDM leaves subdominant noise

2. Can current and future GW interferometers 

probe ultralight dark matter gravitationally?

more specifically 
can we constrain dark matter density in the solar system 

through gravitational interaction with GW interferometers?



behaves as a deterministic signal  
oscillating at ⍵ = 2m (matched filter)

behaves as a stochastic signal  
with ⍵ < m𝜎2 (cross-correlation)



the deterministic signal

we have seen coherently oscillating mode in 𝜌

⇢ = ⇢0v
2 cos(2mt)

<latexit sha1_base64="cDusATYihJCGa/R3z6KQKJPiUJ0=">AAACJXicbVDLSsNAFJ3UV62vqstuBotQNyUpFd0IRTcuK9gHNDFMJpN26CQTZibFErrwa7rVD3Engis/wh9w2mZhWw8MczjnXu69x4sZlco0v4zcxubW9k5+t7C3f3B4VDw+aUueCExamDMuuh6ShNGItBRVjHRjQVDoMdLxhnczvzMiQlIePapxTJwQ9SMaUIyUltxiyRYDDm/g7HNNOHqqQRtzWamF6sItls2qOQdcJ1ZGyiBD0y3+2D7HSUgihRmSsmeZsXJSJBTFjEwKdiJJjPAQ9UlP0wiFRDrp/IgJPNeKDwMu9IsUnKt/O1IUSjkOPV0ZIjWQq95M/M/r+SMay2zW82LY8iYquHZSGsWJIhFeLBIkDCoOZ4lBnwqCFRtrgrCg+haIB0ggrHSuhYJOyVrNZJ20a1WrXr18qJcbt1leeVACZ6ACLHAFGuAeNEELYPACpuAVvBlT4934MD4XpTkj6zkFSzC+fwHRB6Qy</latexit>

the position of the test mass will also behave in a similar way

�L/L / cos(2mt)

<latexit sha1_base64="s6VJJlI0CPfI2fwYW47DK7Yf1cQ=">AAACKHicbVDLSsQwFE3Hd31VXQoSHATdjK0ouhR14cKFgqPCtAxpmnHCpElIbsWhuPNr3OqHuBO3/oI/YGamC18HLhzOuZd770m14BbC8N2rjY1PTE5Nz/izc/MLi8HS8pVVhaGsSZVQ5iYllgkuWRM4CHajDSN5Kth12jse+Nd3zFiu5CX0NUtycit5h1MCTmoHa/EJE0DwGd52FWujNCgcU2U3d3LYagf1sBEOgf+SqCJ1VOG8HXzGmaJFziRQQaxtRaGGpCQGOBXswY8LyzShPXLLWo5KkjOblMM/HvCGUzLcUcaVBDxUv0+UJLe2n6euMyfQtb+9gfif18ruuLbVrvvRsp+XQOcgKbnUBTBJR4d0CoFdFIPQcMYNoyD6jhBquPsF0y4xhIKL1vddStHvTP6Sq51GtNvYu9itHx5VeU2jVbSONlGE9tEhOkXnqIkoekRP6Bm9eE/eq/fmvY9aa141s4J+wPv4AhnwpWE=</latexit>



As we know the shape of the signal 
we can ‘filter’ the detector output such that it coherently picks up the signal 

by choosing the optimal filter K(t)

Z
dt d(t)K(t)

<latexit sha1_base64="gagF9mMdyD+M5KGv7tr3NiXjitQ=">AAACHXicbVDLSgMxFM3UV62v0S7dBItQQcqMVHRZdCO4qWAf0Cklk0nb0MyD5E5xGPot3eqHuBO34nf4A6btLGzrhYTDOfdyzz1uJLgCy/o2chubW9s7+d3C3v7B4ZF5fNJUYSwpa9BQhLLtEsUED1gDOAjWjiQjvitYyx3dz/TWmEnFw+AZkoh1fTIIeJ9TAprqmUWHB4A9cC6xV4YL/Ki/nlmyKta88DqwM1BCWdV75o/jhTT2WQBUEKU6thVBNyUSOBVsUnBixSJCR2TAOhoGxGeqm87NT/C5ZjzcD6V+2sqc/TuREl+pxHd1p09gqFa1Gfmf1vHGPFLZrpfFsmUn0L/tpjyIYmABXRjpxwJDiGdJYY9LRkEkGhAqub4F0yGRhILOs1DQKdmrmayD5lXFrlaun6ql2l2WVx6dojNURja6QTX0gOqogShK0BS9ojdjarwbH8bnojVnZDNFtFTG1y97EqDh</latexit>

d(t) = s(t) + n(t)

<latexit sha1_base64="rFF/7thvKPapHHs05q8DEah1kmA=">AAACHHicbVDLSsNAFJ3UV42vWJduBotQEUoiFd0IRTcuK1hbaEOZTCbt0MkkzExKS+ivdKsf4k7cCn6HP+CkzcK2Hhju4dx7uWeOFzMqlW1/G4WNza3tneKuubd/cHhkHZdeZJQITJo4YpFoe0gSRjlpKqoYaceCoNBjpOUNH7J+a0SEpBF/VpOYuCHqcxpQjJSWelbJr6gLeAdlVi4h16Vnle2qPQdcJ05OyiBHo2f9dP0IJyHhCjMkZcexY+WmSCiKGZma3USSGOEh6pOOphyFRLrp3PsUnmvFh0Ek9OMKztW/GykKpZyEnp4MkRrI1V4m/tfr+CMay/zWeHFs2YkKbt2U8jhRhOOFkSBhUEUwCwr6VBCs2EQThAXVf4F4gATCSsdpmjolZzWTdfJyVXVq1eunWrl+n+dVBKfgDFSAA25AHTyCBmgCDMZgBl7BmzEz3o0P43MxWjDynROwBOPrF2Q/n7M=</latexit>

K(t) / cos(2mt)

<latexit sha1_base64="s5NqfGCxKNnlMVFpJtzjE3Tztnc=">AAACIHicbVDLTgIxFO3gC/GFmrhx00hMYENmCEaXRDcmbjCRRwKEdEqBhs60ae8QCfIzbPVD3BmX+hv+gAVmIeBJmpycc2/u6fGV4AZc98tJbGxube8kd1N7+weHR+njk6qRkaasQqWQuu4TwwQPWQU4CFZXmpHAF6zmD+5mfm3ItOEyfIKRYq2A9ELe5ZSAldrps4cs5HBTaalA4iaVJlsIINdOZ9y8OwdeJ15MMihGuZ3+aXYkjQIWAhXEmIbnKmiNiQZOBZukmpFhitAB6bGGpSEJmGmN5/kn+NIqHdyV2r4Q8Fz9uzEmgTGjwLeTAYG+WfVm4n9eozPkysS3nhfHlpNA96Y15qGKgIV0EaQbCWyrmJWFO1wzCmJkCaGa279g2ieaULCVplK2JW+1k3VSLeS9Yv7qsZgp3cZ9JdE5ukBZ5KFrVEL3qIwqiKIXNEWv6M2ZOu/Oh/O5GE048c4pWoLz/QvNb6K0</latexit>

the signal is coherently added up 
while the noise is added incoherently

⇠ [ā�2/(2⇡fm)2L]

[Sn(fm)/⌧ ]1/2

h
T

Z
dfAMich

i1/2

<latexit sha1_base64="PlKXGmzZHmu8Infj6fXtVuP0b7A="></latexit>

(ΔL/L)rms over Δtm~1/m due to ULDM

(ΔL/L)rms due to detector noise

coherent addition of signal



the stochastic signal

we have seen random changes in 𝜌 over coherent time scale tcoh

the form of the signal is unknown, and hence, matched filter cannot be used



the stochastic signal

if we have more than two detectors 
we can cross-correlate the signals

detector 1

s1(t)

<latexit sha1_base64="2NMZdF46bLqYyOD2rUqPBeYAUbU=">AAACDnicbVDLTgIxFO3gC/GFunTTSExwQ2YMRpdENy4xkUcCE9LpdKDS6UzaO0Qy4R/Y6oe4M279Bb/DH7DALAQ8SZOTc+7NPT1eLLgG2/62chubW9s7+d3C3v7B4VHx+KSpo0RR1qCRiFTbI5oJLlkDOAjWjhUjoSdYyxvez/zWiCnNI/kE45i5IelLHnBKwEhN3XPKcNkrluyKPQdeJ05GSihDvVf86foRTUImgQqidcexY3BTooBTwSaFbqJZTOiQ9FnHUElCpt10nnaCL4zi4yBS5knAc/XvRkpCrcehZyZDAgO96s3E/7yOP+Kxzm69LI4tJ4Hg1k25jBNgki6CBInAEOFZNdjnilEQY0MIVdz8BdMBUYSCKbBQMC05q52sk+ZVxalWrh+rpdpd1lcenaFzVEYOukE19IDqqIEoekZT9IrerKn1bn1Yn4vRnJXtnKIlWF+/lsecVg==</latexit>

detector 2

s2(t)

<latexit sha1_base64="6gwqLRFw2MEV7vHnZvSCkw9T/Lk=">AAACDnicbVDLTgIxFO3gC8cX6tJNIzHBDZkxGF0S3bjERB4JTEinU6DS6UzaO0Qy4R/Y6oe4M279Bb/DH7DALAQ8SZOTc+7NPT1+LLgGx/m2chubW9s7+V17b//g8KhwfNLQUaIoq9NIRKrlE80El6wOHARrxYqR0Bes6Q/vZ35zxJTmkXyCccy8kPQl73FKwEgN3b0qwWW3UHTKzhx4nbgZKaIMtW7hpxNENAmZBCqI1m3XicFLiQJOBZvYnUSzmNAh6bO2oZKETHvpPO0EXxglwL1ImScBz9W/GykJtR6HvpkMCQz0qjcT//PawYjHOrv1sji2nAR6t17KZZwAk3QRpJcIDBGeVYMDrhgFMTaEUMXNXzAdEEUomAJt27TkrnayThpXZbdSvn6sFKt3WV95dIbOUQm56AZV0QOqoTqi6BlN0St6s6bWu/VhfS5Gc1a2c4qWYH39AphvnFc=</latexit>

Y =

Z
dt

Z
dt0s1(t)s2(t

0)Q(t� t0)

<latexit sha1_base64="afbA8J50jylUVjleiPZJEeyjC54="></latexit>

the noise is expected to be uncorrelated 
the correlated signal can be picked up by choosing an optimal filter Q(t)



coherent addition of signal

(ΔL/L)4rms due to detector noise

the stochastic signal

if we have more than two detectors 
we can cross-correlate the signals

the noise is expected to be uncorrelated 
the correlated signal can be picked up by choosing an optimal filter Q(t)

(ΔL/L)2rms over Δt~tcoh due to ULDM ⇠ ā2

(2⇡f0)4L2
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(f0/f)8|Bcross|2
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#1/2

<latexit sha1_base64="g9AUn20WNA7xqi/basUWC+AUPTQ="></latexit>



[HK in preparation]



A few remarks on local dark matter density

⇢0 = 0.4GeV/cm3

<latexit sha1_base64="fVcL1AHPMo1RTJDuOg3n26vk1Bs=">AAACJ3icbVDLSsNAFJ3UV62vqksRBovgQmKiFd0IRRe6rGAf0MQwmUzboTNJmJkUS+jKr+lWP8Sd6NJv8AectlnY6oELh3Pu5d57/JhRqSzr08gtLC4tr+RXC2vrG5tbxe2duowSgUkNRywSTR9JwmhIaooqRpqxIIj7jDT83s3Yb/SJkDQKH9QgJi5HnZC2KUZKS15x3xHdyLMgvIKWWXaOU0dweEvqJ5g/ng29YskyrQngX2JnpAQyVL3itxNEOOEkVJghKVu2FSs3RUJRzMiw4CSSxAj3UIe0NA0RJ9JNJ28M4aFWAtiOhK5QwYn6eyJFXMoB93UnR6or572x+J/XCvo0ltmup+my2UtU+9JNaRgnioR4ekg7YVBFcJwZDKggWLGBJggLqn+BuIsEwkonWyjolOz5TP6S+qlpl83z+3Kpcp3llQd74AAcARtcgAq4A1VQAxg8gxF4Aa/GyHgz3o2PaWvOyGZ2wQyMrx9tvKR1</latexit>

is a measured value over the volume V > [O(102) pc]3

see reviews e.g. [Read (14)]; [de Salas, Widmark (20)]

currently no direct measurement of dark matter density in the solar system 
but only constraints exist

⇢/⇢0 . 104

<latexit sha1_base64="TxEDoODRCQJ5OAlNUjNhZM1Cags=">AAACJnicbVC7TsMwFHV4lvAKMMJgUSExlQQVwVjBwlgk+pCaEDmO21p14sh2KqqoC1/TFT6EDSE2/oEfwGkz0JYjWT46517de0+QMCqVbX8ZK6tr6xubpS1ze2d3b986OGxKngpMGpgzLtoBkoTRmDQUVYy0E0FQFDDSCgZ3ud8aEiEpjx/VKCFehHox7VKMlJZ868QVfQ4vYP75NnQZkVLSCDr2UxX6Vtmu2FPAZeIUpAwK1H3rxw05TiMSK8yQlB3HTpSXIaEoZmRsuqkkCcID1CMdTWMUEell0yvG8EwrIexyoV+s4FT925GhSMpRFOjKCKm+XPRy8T+vEw5pIotZz7Nh85uo7o2X0ThJFYnxbJFuyqDiMI8MhlQQrNhIE4QF1bdA3EcCYaWDNU2dkrOYyTJpXlacauXqoVqu3RZ5lcAxOAXnwAHXoAbuQR00AAYvYAJewZsxMd6ND+NzVrpiFD1HYA7G9y+QC6SS</latexit>

From solar system ephemerides

[Pitjev, Pitjeva (13)]

⇢/⇢0 . 1011

<latexit sha1_base64="USsps4qxguMoFqIlZYEU11rzWSc=">AAACKHicbVDLSsNAFJ34rPEVdSnIYBFc1UQquiy6cVnBPqCJYTKZtkMnmTAzKZbQnV/TrX6IO+nWX/AHnLRZ2NYDwxzOuZd77wkSRqWy7amxtr6xubVd2jF39/YPDq2j46bkqcCkgTnjoh0gSRiNSUNRxUg7EQRFASOtYPCQ+60hEZLy+FmNEuJFqBfTLsVIacm3zlzR5/AK5p9vQ5cRKSWNoGO/ZI4z9q2yXbFngKvEKUgZFKj71o8bcpxGJFaYISk7jp0oL0NCUczI2HRTSRKEB6hHOprGKCLSy2Z3jOGFVkLY5UK/WMGZ+rcjQ5GUoyjQlRFSfbns5eJ/Xicc0kQWs17nwxY3Ud07L6NxkioS4/ki3ZRBxWEeGgypIFixkSYIC6pvgbiPBMJKR2uaOiVnOZNV0ryuONXKzVO1XLsv8iqBU3AOLoEDbkENPII6aAAM3sAEvIMPY2J8Gl/GdF66ZhQ9J2ABxvcvnNOlrA==</latexit>

From geodetic satellite and LLR

[Adler (08)]



in addition we have seen that there could be easily O(1) 
density fluctuation in the wave DM halo

p(⇢)d⇢ =
1

⇢0
exp


� ⇢

⇢0

�
d⇢

<latexit sha1_base64="RPtPYRrLvH1CyuJA3BQX9NYPFaU="></latexit>

P (⇢ > ⇢c) = e�⇢c/⇢0

<latexit sha1_base64="uTQ5LQJorFAijnMwMSQjeKTb5mM=">AAACL3icbVDLTgIxFO3gC8fXqEs3jYQEF+KMwehGQ3TjEhN5JDCSTinQ0Hmk7RDJhC/wa9jqhxg3xq1rf8DOYyHgSZp7eu69ufceJ2BUSNP80HIrq2vrG/lNfWt7Z3fP2D9oCD/kmNSxz3zecpAgjHqkLqlkpBVwglyHkaYzuovzzTHhgvreo5wExHbRwKN9ipFUUtco1kodPvThDYxDF5/Aa0ieotP0d5YEc9o1CmbZTACXiZWRAshQ6xo/nZ6PQ5d4EjMkRNsyA2lHiEuKGZnqnVCQAOERGpC2oh5yibCj5JwpLCqlB/s+V8+TMFH/dkTIFWLiOqrSRXIoFnOx+F+u3RvTQGSzntNh85vI/pUdUS8IJfFwukg/ZFD6MPYO9ignWLKJIghzqm6BeIg4wlI5rOvKJWvRk2XSOC9blfLFQ6VQvc38yoMjcAxKwAKXoAruQQ3UAQYvYAZewZs20961T+0rLc1pWc8hmIP2/QvI4KhP</latexit>



the probability of finding 𝜌/𝜌0 > 5 is small (~ 1%) 
but it happens quite often because there are many of such patches

consider e.g. m~10-15 eV where the wavelength is ~AU scale 
in the volume of V = (10 kpc)3 there are 1028 AU-sized patches

Npatches = (10 kpc/AU)3 ' 1028

<latexit sha1_base64="4sYh2/+/Hi0fBAc7INT4BssKpVI="></latexit>

10 kpc

<latexit sha1_base64="MphZAIpthvpWwZXDzd0YS+1ye6E=">AAACJnicbVDLSsNAFJ3UV42vqEtdDBbBhZREKrosunFZwT6gCWUymbRDJ8kwMymW0I1f061+iDsRd/6DP+A0zcK2Hhg4nPs6c3zOqFS2/WWU1tY3NrfK2+bO7t7+gXV41JJJKjBp4oQlouMjSRiNSVNRxUiHC4Iin5G2P7yf1dsjIiRN4ic15sSLUD+mIcVIaalnnbr5joyngjMygY7tXmauiOCQ40nPqthVOwdcJU5BKqBAo2f9uEGC04jECjMkZdexufIyJBTFervpppJwhIeoT7qaxigi0styBxN4rpUAhonQL1YwV/9OZCiSchz5ujNCaiCXazPxv1o3GFEui1vP82OLTlR462U05qkiMZ4bCVMGVQJnkcGACoIVG2uCsKD6LxAPkEBY6WBNU6fkLGeySlpXVadWvX6sVep3RV5lcALOwAVwwA2ogwfQAE2AwQuYglfwZkyNd+PD+Jy3loxi5hgswPj+BWjopkA=</latexit>

� ⇠ AU

<latexit sha1_base64="sHsE2XxnjRt4J6pBfjwuljKEdzw=">AAACMnicbVC7TsMwFHXKO7wKjCwWFRJTlaAiGHkMsAESpZWaqnKc29aq7US2U1FF/QW+hhX+AzbEysYP4KYZKHAkS0fnvo5PmHCmjee9OqW5+YXFpeUVd3VtfWOzvLV9r+NUUajTmMeqGRINnEmoG2Y4NBMFRIQcGuHgYlJvDEFpFss7M0qgLUhPsi6jxFipUz4I8h3ZNWdDuFQAcowDbucjggPNBM4CJfBZfdwpV7yqlwP/JX5BKqjATaf8FUQxTQVIQznRuuV7iWlnRBlGOYzdINWQEDogPWhZKokA3c5yN2O8b5UId2NlnzQ4V39OZERoPRKh7RTE9PXv2kT8r9aKhizRxa2H6bFZJ6Z70s6YTFIDkk6NdFOOTYwn8eGIKaCGjywhVDH7F0z7RBFqbMiua1Pyf2fyl9wfVv1a9ei2Vjk9L/JaRrtoDx0gHx2jU3SFblAdUfSIntAzenGenDfn3fmYtpacYmYHzcD5/AYHF6sh</latexit>

· · ·

<latexit sha1_base64="V6bhCo5mTRZo78pAIfYLzcfKYkY=">AAACI3icbVDLSgMxFM34rPVVdSVugkVwVWakosuiC91ZwT6gM5RM5rYNzWSGJFMsQ/FrutUPcSduXPgV/oBpOwvbeiBwOPdxbo4fc6a0bX9ZK6tr6xubua389s7u3n7h4LCuokRSqNGIR7LpEwWcCahppjk0Ywkk9Dk0/P7tpN4YgFQsEk96GIMXkq5gHUaJNlK7cOxOd6QPnA3gTgKIEXZpEGnVLhTtkj0FXiZORoooQ7Vd+HGDiCYhCE05Uarl2LH2UiI1oxxGeTdREBPaJ11oGSpICMpLp/YjfGaUAHciaZ7QeKr+nUhJqNQw9E1nSHRPLdYm4n+1VjBgscq8nmdm85fozrWXMhEnGgSdHdJJONYRnuSFAyaBaj40hFDJzF8w7RFJqDap5vMmJWcxk2VSvyg55dLlY7lYucnyyqETdIrOkYOuUAXdoyqqIYpe0Bi9ojdrbL1bH9bnrHXFymaO0Bys71/HLaV5</latexit>

··
·

<latexit sha1_base64="V6bhCo5mTRZo78pAIfYLzcfKYkY=">AAACI3icbVDLSgMxFM34rPVVdSVugkVwVWakosuiC91ZwT6gM5RM5rYNzWSGJFMsQ/FrutUPcSduXPgV/oBpOwvbeiBwOPdxbo4fc6a0bX9ZK6tr6xubua389s7u3n7h4LCuokRSqNGIR7LpEwWcCahppjk0Ywkk9Dk0/P7tpN4YgFQsEk96GIMXkq5gHUaJNlK7cOxOd6QPnA3gTgKIEXZpEGnVLhTtkj0FXiZORoooQ7Vd+HGDiCYhCE05Uarl2LH2UiI1oxxGeTdREBPaJ11oGSpICMpLp/YjfGaUAHciaZ7QeKr+nUhJqNQw9E1nSHRPLdYm4n+1VjBgscq8nmdm85fozrWXMhEnGgSdHdJJONYRnuSFAyaBaj40hFDJzF8w7RFJqDap5vMmJWcxk2VSvyg55dLlY7lYucnyyqETdIrOkYOuUAXdoyqqIYpe0Bi9ojdrbL1bH9bnrHXFymaO0Bys71/HLaV5</latexit> ...

<latexit sha1_base64="7XiszfQ/j5paue0o1otePBAWhyI=">AAACI3icbVDLSgMxFM34rPVVdSVugkVwVWakosuiC91ZwT6gM5RM5rYNzWSGJFMsQ/FrutUPcSduXPgV/oBpOwvbeiBwOPdxbo4fc6a0bX9ZK6tr6xubua389s7u3n7h4LCuokRSqNGIR7LpEwWcCahppjk0Ywkk9Dk0/P7tpN4YgFQsEk96GIMXkq5gHUaJNlK7cOxOd6QPnA3gTgKIEXaDINKqXSjaJXsKvEycjBRRhmq78OMGEU1CEJpyolTLsWPtpURqRjmM8m6iICa0T7rQMlSQEJSXTu1H+MwoAe5E0jyh8VT9O5GSUKlh6JvOkOieWqxNxP9qrWDAYpV5Pc/M5i/RnWsvZSJONAg6O6STcKwjPMkLB0wC1XxoCKGSmb9g2iOSUG1SzedNSs5iJsukflFyyqXLx3KxcpPllUMn6BSdIwddoQq6R1VUQxS9oDF6RW/W2Hq3PqzPWeuKlc0coTlY37/I1qV6</latexit>

P (⇢ > 60⇢0) = e�60 ' 10�26

<latexit sha1_base64="dPZjNzmAVV579Rs9UXiDY8FyLS8="></latexit>

statistically speaking 
there will be ~ 100 patches 

in this volume with 𝜌 > 60 𝜌0 !




