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What do we know about 
Dark Matter Density 
around the solar system?



⇢
?
= 0.4GeV/cm3

<latexit sha1_base64="ETWM/ZfE53CsFmH2RC/Pit+vLoY="></latexit>

only over kpc-scale



⇢ . O(1)⇥ 104 GeV/cm3

<latexit sha1_base64="asGCU9YBfMU7zpxOnQrGrC2yYhc="></latexit>

near the solar system



Probing ultralight DM  
with GW detectors



Ultralight Dark Matter



we define ultralight dark matter (ULDM)

as bosonic DM candidates with m < eV

m

<latexit sha1_base64="iSZGNrkAwNKxCHDf+1pNqbc/ops=">AAACCXicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtI5JFAQ6bTW5gw0zYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lRSaNKYx7LjEwWcRdDUTHPoJBKI8Dm0/dHj3G+PQSoWR896koAnyCBiIaNEG6kh+qWyU3EWwJvEzUkZ5aj3Sz+9IKapgEhTTpTquk6ivYxIzSiHqd1LFSSEjsgAuoZGRIDyskXQKb4ySoDDWJoXabxQ/25kRCg1Eb6ZFEQP1bo3F//zusGYJSq/9bI8tppEh/dexqIk1RDRZZAw5VjHeN4KDpgEqvnEEEIlM3/BdEgkodp0Z9umJXe9k03Suqm41cpto1quPeR9FdEFukTXyEV3qIaeUB01EUWAZugVvVkz6936sD6XowUr3zlHK7C+fgGdtJrJ</latexit>

eV

<latexit sha1_base64="ATprdskORW84Uh57U/qbiL/l+mQ=">AAACEHicbVDLSgMxFL1TX3V8VV26CRbBVZkRRZdFNy4r2Ae0Q8lk0jY0yQxJpliG/kS3+iHuxK1/4Hf4A6btLGzrgcDhnHu5JydMONPG876dwsbm1vZOcdfd2z84PCodnzR0nCpC6yTmsWqFWFPOJK0bZjhtJYpiEXLaDIcPM785okqzWD6bcUIDgfuS9RjBxkqtrKMEoo1Jt1T2Kt4caJ34OSlDjlq39NOJYpIKKg3hWOu27yUmyLAyjHA6cTuppgkmQ9ynbUslFlQH2TzvBF1YJUK9WNknDZqrfzcyLLQei9BOCmwGetWbif957WjEEp3felkcW05iendBxmSSGirJIkgv5cjEaFYOipiixPCxJZgoZv+CyAArTIyt0HVtS/5qJ+ukcVXxrys3T9fl6n3eVxHO4BwuwYdbqMIj1KAOBDhM4RXenKnz7nw4n4vRgpPvnMISnK9f/wSdsA==</latexit>

ULDM Particle DM



we define ultralight dark matter (ULDM)

as bosonic DM candidates with m < eV

m . 10 eV

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

Nocc ⇠ ndm�
3 ⇠

⇣10 eV
m

⌘4

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



Schive, Chiueh, Broadhurst (14)



Veltmaat, Niemeyer, Schwabe (18)

Mocz et al (17)



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>

[Hui et al 17]



the size and mass of them could be astronomical

` ⇠ � =
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>

⇠ 10AU⇥
⇣10�16 eV

m

⌘

<latexit sha1_base64="9ZQi9qxJX1beudmJi3P67xgOhXg="></latexit>

⇠ 1015 kg ⇥
⇣10�16 eV

m

⌘3

<latexit sha1_base64="p6f0nf9A4e1v3mtLkWQ3+pO2/zg="></latexit>



being that massive

it may engage in interaction with stars


and significantly perturb the motion of them



over time

a star experiences multiple encounters 


with quasiparticles



over time

a star experiences multiple encounters 


with quasiparticles



so what?



so what?

quasiparticles bombards

normal matters, leaving distinctive stochastic signals 


in gravitational wave detectors





so what?

quasiparticles bombards

normal matters, leaving distinctive stochastic signals 


in gravitational wave detectors



Interferometry



Pulsar Timing Array



Astrometry



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>





can we actually measure 

ULDM signals with GW interferometers?



what is reflected in detector observables

is the statistical properties of

 density fluctuations of ULDM

ẍ = �r�

<latexit sha1_base64="xdrfFs9tn0paIH8A+I5DsgXOMVY=">AAACInicbVDLSsNAFJ3UV42vqBvBzWAR3FgSqehGKLpxWcE+oAllMpm0QyeTMDMpLaF+Tbf6Ie7EleBf+ANO2yxs64ELh3Pu5d57/IRRqWz7yyisrW9sbhW3zZ3dvf0D6/CoIeNUYFLHMYtFy0eSMMpJXVHFSCsRBEU+I02//zD1mwMiJI35sxolxItQl9OQYqS01LFO3CCIVTYcwzt4CV2OfIagW+vRjlWyy/YMcJU4OSmBHLWO9eMGMU4jwhVmSMq2YyfKy5BQFDMyNt1UkgThPuqStqYcRUR62eyDMTzXSgDDWOjiCs7UvxMZiqQcRb7ujJDqyWVvKv7ntYMBTWS+azhftniJCm+9jPIkVYTj+SFhyqCK4TQuGFBBsGIjTRAWVP8CcQ8JhJUO1TR1Ss5yJqukcVV2KuXrp0qpep/nVQSn4AxcAAfcgCp4BDVQBxi8gAl4BW/GxHg3PozPeWvByGeOwQKM71+jD6Or</latexit>

r2� = 4⇡G⇢

<latexit sha1_base64="YMclPp2Mkno11uhxrdMMLDiID9U=">AAACJnicbVDLSsNAFJ34rPEVdamLwSK4Kkmp6EYoutBlBfuAJpbJZNIMnUzCzKRYSjd+Tbf6Ie5E3PkP/oDTNgvbeuDC4Zx7ufceP2VUKtv+MlZW19Y3Ngtb5vbO7t6+dXDYkEkmMKnjhCWi5SNJGOWkrqhipJUKgmKfkabfu534zT4Rkib8UQ1S4sWoy2lIMVJa6lgnLkc+Q09l6NYiCq9hBbophXfQFVHSsYp2yZ4CLhMnJ0WQo9axftwgwVlMuMIMSdl27FR5QyQUxYyMTDeTJEW4h7qkrSlHMZHecPrFCJ5pJYBhInRxBafq34khiqUcxL7ujJGK5KI3Ef/z2kGfpjLf9TxbNn+JCq+8IeVppgjHs0PCjEGVwElkMKCCYMUGmiAsqP4F4ggJhJUO1jR1Ss5iJsukUS45ldLFQ6VYvcnzKoBjcArOgQMuQRXcgxqoAwxewBi8gjdjbLwbH8bnrHXFyGeOwByM718jzKRU</latexit>

Beam  
splitter

mirror





the density-density correlator at the same position is

h�(x)�(x)i =
Z

d!

2⇡
S�(!)

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

t/tcoh

<latexit sha1_base64="ISWKgF+zAnrcNetlC+iHVM9JrA8=">AAACFXicbVC7TsMwFHV4lvAqMLJYVEhMJUFFMFawMBaJPqQ2qhzHaa3aSbBvKqqo39EVPoQNsTLzHfwAbpuBthzJ0tE59+oeHz8RXIPjfFtr6xubW9uFHXt3b//gsHh03NBxqiir01jEquUTzQSPWB04CNZKFCPSF6zpD+6nfnPIlOZx9ASjhHmS9CIeckrASB5cQjfrKIlp3B93iyWn7MyAV4mbkxLKUesWfzpBTFPJIqCCaN12nQS8jCjgVLCx3Uk1SwgdkB5rGxoRybSXzUKP8blRAhzGyrwI8Ez9u5ERqfVI+mZSEujrZW8q/ue1gyFPdH7rZX5sMQmEt17GoyQFFtF5kDAVGGI8bQgHXDEKYmQIoYqbv2DaJ4pQMD3atmnJXe5klTSuym6lfP1YKVXv8r4K6BSdoQvkohtURQ+ohuqIomc0Qa/ozZpY79aH9TkfXbPynRO0AOvrFwMkn9c=</latexit>

⇢/
⇢̄
=

�

<latexit sha1_base64="rtG7GK3X4yHyLlHBNWRTbD09WRo=">AAACInicbVDLSsNAFJ34rPEVdSO4GSyCq5pIRTdC0Y3LCvYBTSiTyaQdOsmEmUmxhPo13eqHuBNXgn/hDzhps7CtBy4czrmXe+/xE0alsu0vY2V1bX1js7Rlbu/s7u1bB4dNyVOBSQNzxkXbR5IwGpOGooqRdiIIinxGWv7gPvdbQyIk5fGTGiXEi1AvpiHFSGmpax27os8vXB8JmDN4C92AMIVg1yrbFXsKuEycgpRBgXrX+nEDjtOIxAozJGXHsRPlZUgoihkZm24qSYLwAPVIR9MYRUR62fSDMTzTSgBDLnTFCk7VvxMZiqQcRb7ujJDqy0UvF//zOsGQJrLY9TxbNn+JCm+8jMZJqkiMZ4eEKYOKwzwuGFBBsGIjTRAWVP8CcR8JhJUO1TR1Ss5iJsukeVlxqpWrx2q5dlfkVQIn4BScAwdcgxp4AHXQABi8gAl4BW/GxHg3PozPWeuKUcwcgTkY37+Q26Og</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>



the density-density correlator at the same position is

h�(x)�(x)i =
Z

d!

2⇡
S�(!)

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

t/tcoh

<latexit sha1_base64="ISWKgF+zAnrcNetlC+iHVM9JrA8=">AAACFXicbVC7TsMwFHV4lvAqMLJYVEhMJUFFMFawMBaJPqQ2qhzHaa3aSbBvKqqo39EVPoQNsTLzHfwAbpuBthzJ0tE59+oeHz8RXIPjfFtr6xubW9uFHXt3b//gsHh03NBxqiir01jEquUTzQSPWB04CNZKFCPSF6zpD+6nfnPIlOZx9ASjhHmS9CIeckrASB5cQjfrKIlp3B93iyWn7MyAV4mbkxLKUesWfzpBTFPJIqCCaN12nQS8jCjgVLCx3Uk1SwgdkB5rGxoRybSXzUKP8blRAhzGyrwI8Ez9u5ERqfVI+mZSEujrZW8q/ue1gyFPdH7rZX5sMQmEt17GoyQFFtF5kDAVGGI8bQgHXDEKYmQIoYqbv2DaJ4pQMD3atmnJXe5klTSuym6lfP1YKVXv8r4K6BSdoQvkohtURQ+ohuqIomc0Qa/ozZpY79aH9TkfXbPynRO0AOvrFwMkn9c=</latexit>

⇢/
⇢̄
=

�

<latexit sha1_base64="rtG7GK3X4yHyLlHBNWRTbD09WRo=">AAACInicbVDLSsNAFJ34rPEVdSO4GSyCq5pIRTdC0Y3LCvYBTSiTyaQdOsmEmUmxhPo13eqHuBNXgn/hDzhps7CtBy4czrmXe+/xE0alsu0vY2V1bX1js7Rlbu/s7u1bB4dNyVOBSQNzxkXbR5IwGpOGooqRdiIIinxGWv7gPvdbQyIk5fGTGiXEi1AvpiHFSGmpax27os8vXB8JmDN4C92AMIVg1yrbFXsKuEycgpRBgXrX+nEDjtOIxAozJGXHsRPlZUgoihkZm24qSYLwAPVIR9MYRUR62fSDMTzTSgBDLnTFCk7VvxMZiqQcRb7ujJDqy0UvF//zOsGQJrLY9TxbNn+JCm+8jMZJqkiMZ4eEKYOKwzwuGFBBsGIjTRAWVP8CcR8JhJUO1TR1Ss5iJsukeVlxqpWrx2q5dlfkVQIn4BScAwdcgxp4AHXQABi8gAl4BW/GxHg3PozPWeuKUcwcgTkY37+Q26Og</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>

[Kim 2306.13348]
[Kim, Lenoci, Perez, Ratzinger, 2307.14962]

stochastic signals deterministic



[Kim 2306.13348]



another example:

Pulsar Timing Array



Earth

Pulsar

NANOGrav



Earth

Pulsar



Earth

Pulsar



ultralight dark matter signal is characterised by

spectrum and correlation

h�ta�tbi =
Z

df �ULDM
ab SULDM

�t (f)

<latexit sha1_base64="5xIu/voX03Hij5ZDqe7XvUW7R1w="></latexit>



h�ta�tbi =
Z

df �ULDM
ab SULDM

�t (f)

<latexit sha1_base64="5xIu/voX03Hij5ZDqe7XvUW7R1w="></latexit>

S�t(f) =
a2⌧

(2⇡f)4

h 64
3⇡

K0(!/m�2)
i

<latexit sha1_base64="jSOdRcX8rWdXJ690O4hgvJ1NUKA="></latexit>

for isotropic DM distribution

[Kim and Mitridate 2312.12225]
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NANOGrav 11-year

⇢/⇢0 = 104

<latexit sha1_base64="gAraw2+3ucEaCKn9YBlncDCSlgI=">AAACHHicbVDLSsNAFJ3UV42vWJduBovgqiZS0Y1QdOOygn1AG8NkMm2HTjJhZlJaQn+lW/0Qd+JW8Dv8ASdtFrb1wgyHc+7lnnv8mFGpbPvbKGxsbm3vFHfNvf2DwyPruNSUPBGYNDBnXLR9JAmjEWkoqhhpx4Kg0Gek5Q8fMr01IkJSHj2rSUzcEPUj2qMYKU15VqkrBvwy+zwb3kHHfql6Vtmu2POC68DJQRnkVfesn27AcRKSSGGGpOw4dqzcFAlFMSNTs5tIEiM8RH3S0TBCIZFuOvc+heeaCWCPC/0iBefs34kUhVJOQl93hkgN5KqWkf9pnWBEY5nvGi+WLTtRvVs3pVGcKBLhhZFewqDiMAsKBlQQrNhEA4QF1bdAPEACYaXjNE2dkrOayTpoXlWcauX6qVqu3ed5FcEpOAMXwAE3oAYeQR00AAZjMAOv4M2YGe/Gh/G5aC0Y+cwJWCrj6xcQ9aCv</latexit>

m = 10�17 eV

<latexit sha1_base64="3tvnZDSVy3g2/lKBk+avezLEmRQ=">AAACIHicbVDLSgMxFM3UV62vquDGTbAILrTMSKVuhKIblxXsA9paMplMG5pkhiRTLOP8TLf6Ie7Epf6GP2DazsK2HggczrmXe3LckFGlbfvLyqysrq1vZDdzW9s7u3v5/YO6CiKJSQ0HLJBNFynCqCA1TTUjzVASxF1GGu7gbuI3hkQqGohHPQpJh6OeoD7FSBupmz/i8AY69lN84ZST9nnclhySetLNF+yiPQVcJk5KCiBFtZv/aXsBjjgRGjOkVMuxQ92JkdQUM5Lk2pEiIcID1CMtQwXiRHXiaf4EnhrFg34gzRMaTtW/GzHiSo24ayY50n216E3E/7yWN6ShSm89z47NJ9H+dSemIow0EXgWxI8Y1AGclAU9KgnWbGQIwpKav0DcRxJhbSrN5UxLzmIny6R+WXRKxauHUqFym/aVBcfgBJwBB5RBBdyDKqgBDF7AGLyCN2tsvVsf1udsNGOlO4dgDtb3L+Bzois=</latexit>

[Kim and Mitridate 2312.12225]
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[Kim and Mitridate 2312.12225]

GW

ULDM

(mostly quadrupole)

(dipole)
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[Kim and Mitridate 2312.12225]



one last example:

Astrometry



astrometry involves

precision measurements of 


positions / velocities of stars



current/future astrometry missions measure

N? = 108 – 109

<latexit sha1_base64="qjJWIQSq0gHimumonoU2bxSBLQU="></latexit>

at the precision of 

�✓ ⇠ O(102)µas

<latexit sha1_base64="REmuTJJ6nN5Y0YmbN2VVTip9S70="></latexit>

µas = 5⇥ 10�12 rad

<latexit sha1_base64="BuAciw+WDL1z7zyCNYvMkTouBlg="></latexit>



Earth

star



Earth

star

?

<latexit sha1_base64="afytXO8C35O4zxWWs2x3BDiNe6Q=">AAACIHicbVDLSsNAFJ34rPEVFdy4GSyCq5JIRZdFNy4r2Ac0oUwmk3boZBJmJsUS8zPd6oe4E5f6G/6A0zQL23pg4HDu49w5fsKoVLb9Zaytb2xubVd2zN29/YND6+i4LeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/dD+rd8ZESBrzJzVJiBehAachxUhpqW+dZm6xJIsF4gOSQ1cqJPK+VbVrdgG4SpySVEGJZt/6cYMYpxHhCjMkZc+xE+VlSCiKGclNN5UkQXiEBqSnKUcRkV5WWOfwQisBDGOhH1ewUP9OZCiSchL5ujNCaiiXazPxv1ovGNNEll7Pc7PFS1R462WUJ6kiHM8PCVMGVQxnYcGACoIVm2iCsKD6LxAPkUBY6UhNU6fkLGeyStpXNadeu36sVxt3ZV4VcAbOwSVwwA1ogAfQBC2AwQuYglfwZkyNd+PD+Jy3rhnlzAlYgPH9C9BKpHw=</latexit>



Earth

star

?

<latexit sha1_base64="afytXO8C35O4zxWWs2x3BDiNe6Q=">AAACIHicbVDLSsNAFJ34rPEVFdy4GSyCq5JIRZdFNy4r2Ac0oUwmk3boZBJmJsUS8zPd6oe4E5f6G/6A0zQL23pg4HDu49w5fsKoVLb9Zaytb2xubVd2zN29/YND6+i4LeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/dD+rd8ZESBrzJzVJiBehAachxUhpqW+dZm6xJIsF4gOSQ1cqJPK+VbVrdgG4SpySVEGJZt/6cYMYpxHhCjMkZc+xE+VlSCiKGclNN5UkQXiEBqSnKUcRkV5WWOfwQisBDGOhH1ewUP9OZCiSchL5ujNCaiiXazPxv1ovGNNEll7Pc7PFS1R462WUJ6kiHM8PCVMGVQxnYcGACoIVm2iCsKD6LxAPkUBY6UhNU6fkLGeyStpXNadeu36sVxt3ZV4VcAbOwSVwwA1ogAfQBC2AwQuYglfwZkyNd+PD+Jy3rhnlzAlYgPH9C9BKpHw=</latexit>



similarly

the signal is characterised by spectrum and correlation

[Kim 2406.03539]

h�ni
a(t)�n

j
b(t

0)i =
Z

df �ij
abS(f) cos[2⇡f(t� t0)]

<latexit sha1_base64="MRbLa/P5Ikrch4g/kmj/dwC+OG4="></latexit>



[Kim 2406.03539]

[Gaia-like]
[Roman Space Telescope-like]

See also [Dror and Verner 2406.03526]



Remark I
all of the results shown here are sensitive to


ULDM density around/within the solar system



local dark matter density is often derived over kpc scales

⇢0 = 0.4GeV/cm3

<latexit sha1_base64="aRQtm7YM8hC9WQMI8S9qlJBoow0="></latexit>

is an average density over the volume of kpc

⇠ kpc3

<latexit sha1_base64="YfPGzT0wwMIg/8VB6dtPsEmunBg=">AAACK3icbVDLTgIxFO3gC/E16tJNlZi4IjOK0SXRjUtM5JEwSDqlQEPbmbQdlExm7dew1Q9xpXHrF/gDlmEWAp6kycm5r9Pjh4wq7TgfVm5ldW19I79Z2Nre2d2z9w/qKogkJjUcsEA2faQIo4LUNNWMNENJEPcZafjD22m9MSJS0UA86HFI2hz1Be1RjLSROvZx7KVL4jFhLHhKoKcoh7EnORyGOHm8SDp20Sk5KeAycTNSBBmqHfvH6wY44kRozJBSLdcJdTtGUlPMSFLwIkVChIeoT1qGCsSJasepiwSeGqULe4E0T2iYqn8nYsSVGnPfdHKkB2qxNhX/q7W6Ixqq7Nbz7Ni8E927bsdUhJEmAs+M9CIGdQCnucEulQRrNjYEYUnNXyAeIImwNukWCiYldzGTZVI/L7nl0uV9uVi5yfLKgyNwAs6AC65ABdyBKqgBDF7ABLyCN2tivVuf1tesNWdlM4dgDtb3L15KqNs=</latexit>



what we are probing is

(or what matters for all terrestrial DM detector is)

currently no measurement on this scale exists

⇠ (100AU)3

<latexit sha1_base64="5k25ydPfikFwCLOz+R5mLXWcHF0=">AAACMHicbVBPT8IwHO38i/hv6tFLI9HghWyK0SPqxSMmDkjYJF0p0NBuS9uhZNk38NNw1Q+iJ+PVq1/AAjsI+JImL+/37/X5EaNSWdaHsbS8srq2ntvIb25t7+yae/s1GcYCEweHLBQNH0nCaEAcRRUjjUgQxH1G6n7/dlyvD4iQNAwe1DAiHkfdgHYoRkpLLfMkcSdLkiFhLHxKoSsph0XbsmDiCg6vnfT08TxtmQWrZE0AF4mdkQLIUG2ZP247xDEngcIMSdm0rUh5CRKKYkbSvBtLEiHcR13S1DRAnEgvmVhJ4bFW2rATCv0CBSfq34kEcSmH3NedHKmenK+Nxf9qzfaARjK79Tw9NutEda68hAZRrEiAp0Y6MYMqhOPwYJsKghUbaoKwoPovEPeQQFjpiPN5nZI9n8kiqZ2V7HLp4r5cqNxkeeXAITgCRWCDS1ABd6AKHIDBCxiBV/BmjIx349P4mrYuGdnMAZiB8f0L4WapZw==</latexit>

= 10�19 kpc3

<latexit sha1_base64="tj77E29KViR1AWt1Bpsnl+BEEPI="></latexit>



only constraints exist

⇢/⇢0 . 2⇥ 104

<latexit sha1_base64="TqNiuMXe7L3wwmKk82lyXDd2eDs=">AAACLnicbVC7TsMwFHXKq4RXgJHFoiAxlaQqgrGChbFI9CE1IXIcp7XqPGQ7FVXUH+BrusKHIDEgVnZ+AKfNQFuuZPnonHt17j1ewqiQpvmhldbWNza3ytv6zu7e/oFxeNQWccoxaeGYxbzrIUEYjUhLUslIN+EEhR4jHW94l+udEeGCxtGjHCfECVE/ogHFSCrKNc5sPojhJcw/14Q2I0IIGsKaLWlIBLTMpzp0jYpZNWcFV4FVgAooqukaP7Yf4zQkkcQMCdGzzEQ6GeKSYkYmup0KkiA8RH3SUzBCysrJZtdM4LlifBjEXL1Iwhn7dyJDoRDj0FOdIZIDsazl5H9azx/RRBRez3OzxU1kcONkNEpSSSI8XyRIGZQxzKODPuUESzZWAGFO1S0QDxBHWKqAdV2lZC1nsgratapVr1491CuN2yKvMjgBp+ACWOAaNMA9aIIWwOAFTMEreNOm2rv2qX3NW0taMXMMFkr7/gWyn6ey</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)]

⇢/⇢0 . 6⇥ 106

<latexit sha1_base64="XGb+FniQrPHatsiNIMz+kBiP5oM=">AAACLXicbVBLTsMwFHTKr4RfgSUbiwqJVUlQKSwr2LAsEv1ITagcx2mtOk5kOxVV1ANwmm7hICyQEFsOwAVw2ixoy0iWR/Pm6b03XsyoVJb1YRTW1jc2t4rb5s7u3v5B6fCoJaNEYNLEEYtEx0OSMMpJU1HFSCcWBIUeI21veJfV2yMiJI34oxrHxA1Rn9OAYqS01CuVHTGI4AXMvp4FHUaklDSENUfRkEhoW0817bIq1gxwldg5KYMcjV7px/EjnISEK8yQlF3bipWbIqEoZmRiOokkMcJD1CddTTnSk9x0dswEnmnFh0Ek9OMKztS/HSkKpRyHnnaGSA3kci0T/6t1/RGNZT7reT5scRMV3Lgp5XGiCMfzRYKEQRXBLDnoU0GwYmNNEBZU3wLxAAmElc7XNHVK9nImq6R1WbGrlauHarl+m+dVBCfgFJwDG1yDOrgHDdAEGLyAKXgFb8bUeDc+ja+5tWDkPcdgAcb3L1b6p44=</latexit>

From asteroids in the solar system

[Tsai, Eby et al (22)]

GW detectors will provide 

one of the strongest probes of ULDM density 


within/around the solar system



Remark II

prospects of pulsar timing array
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[Kim and Mitridate 2312.12225]



Next International Pulsar Timing Array (IPTA) data release

is expected to include

Npsr ⇠ 100

<latexit sha1_base64="KZG0GXjnnEH2zXeBg9s2bewMOjo=">AAACHnicbVDLSsNAFJ3UV42v+Ni5GSyCq5JIRZdFN66kgn1AE8JkMmmHziRhZlKsof/SrX6IO3Gr3+EPOG2zsK0HBg7n3Ms9c4KUUals+9sora1vbG6Vt82d3b39A+vwqCWTTGDSxAlLRCdAkjAak6aiipFOKgjiASPtYHA39dtDIiRN4ic1SonHUS+mEcVIacm3Th783BUcplKMoSsph45t+1bFrtozwFXiFKQCCjR868cNE5xxEivMkJRdx06VlyOhKGZkbLqZJCnCA9QjXU1jxIn08ln6MTzXSgijROgXKzhT/27kiEs54oGe5Ej15bI3Ff/zuuGQprK49Tw/tphERTdeTuM0UyTG8yBRxqBK4LQqGFJBsGIjTRAWVP8F4j4SCCtdqGnqlpzlTlZJ67Lq1KpXj7VK/bboqwxOwRm4AA64BnVwDxqgCTB4ARPwCt6MifFufBif89GSUewcgwUYX7+auqIW</latexit>

Tobs = 20+ yr

<latexit sha1_base64="79n6juttui46u2OXT++DOPeeLNQ=">AAACJnicbVDLSsNAFJ3UV42vqEtdDBZBUEpSKroRim5cVugLmlomk0k7dPJgZlIMoRu/plv9EHci7vwHf8BpmoWtHrhwOOde7r3HiRgV0jQ/tcLK6tr6RnFT39re2d0z9g9aIow5Jk0cspB3HCQIowFpSioZ6UScIN9hpO2M7mZ+e0y4oGHQkElEej4aBNSjGEkl9Y3jRj+1uQ9DR0zgDayYj+f2RaYkfNI3SmbZzAD/EisnJZCj3je+bTfEsU8CiRkSomuZkeyliEuKGZnodixIhPAIDUhX0QD5RPTS7IsJPFWKC72QqwokzNTfEynyhUh8R3X6SA7FsjcT//O67phGIt/1NF+2eIn0rnspDaJYkgDPD/FiBmUIZ5FBl3KCJUsUQZhT9QvEQ8QRlipYXVcpWcuZ/CWtStmqli8fqqXabZ5XERyBE3AGLHAFauAe1EETYPAMpuAFvGpT7U171z7mrQUtnzkEC9C+fgBk4aUT</latexit>
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Simulated timing datasets

[Kim and Mitridate 2312.12225]



[SKA, Weltman et al (20)]

50ns

100ns

200ns

with next-gen ratio telescope (e.g. Square Kilometer Array)

an order of magnitude or more improvement might be feasible

500ns






