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Ultralight Dark Matter: 
New Opportunities from Stochastic Fluctuations



Ultralight Dark Matter



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



<latexit sha1_base64="qMzQnUbrdfVYbGPQRnxyPfP3PRM=">AAACFnicbZBNS8MwGMdTX+d8q3r0EhzCRDbaItOLMPTicYJ7ga0baZpuYWlaklQcZZ/Ci1/FiwdFvIo3v43ptoNuPpDw5/d/HpLn78WMSmVZ38bS8srq2npuI7+5tb2za+7tN2SUCEzqOGKRaHlIEkY5qSuqGGnFgqDQY6TpDa8zv3lPhKQRv1OjmLgh6nMaUIyURj2z5MuuAy9h0Yan0IGd2oCeQF9pVoJFaOs7gzKDD12nZxassjUpuCjsmSiAWdV65lfHj3ASEq4wQ1K2bStWboqEopiRcb6TSBIjPER90taSo5BIN52sNYbHmvgwiIQ+XMEJ/T2RolDKUejpzhCpgZz3Mvif105UcOGmlMeJIhxPHwoSBlUEs4ygTwXBio20QFhQ/VeIB0ggrHSSeR2CPb/yomg4ZbtSrtyeFapXszhy4BAcgSKwwTmoghtQA3WAwSN4Bq/gzXgyXox342PaumTMZg7AnzI+fwC3nJmC</latexit>

ds2 = (1 + 2�)dt2 � (1� 2 )dx2

<latexit sha1_base64="CLNi0PvQpiHypA4oM6RGcyosvZo="></latexit>
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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>

Ultralight dark matter (ULDM)

as bosonic DM candidates with m < eV



What signal should we expect?

How might we find them?

s(t) = H[�(t)]

<latexit sha1_base64="UbHuMi0fDkeUDh+sXs8krpq16Ac=">AAACHXicbVDLSsNAFJ3UV42vaJduBotQNyWRim6EopsuK9gHpKFMJpN26OTBzKQYQr+lW/0Qd+JW/A5/wEmbhW09MHDuufdyzxw3ZlRI0/zWSlvbO7t75X394PDo+MQ4PeuKKOGYdHDEIt53kSCMhqQjqWSkH3OCApeRnjt5zPu9KeGCRuGzTGPiBGgUUp9iJJU0NCqiJq/gPWzZcBCPaV44Q6Nq1s0F4CaxClIFBdpD42fgRTgJSCgxQ0LYlhlLJ0NcUszITB8kgsQIT9CI2IqGKCDCyRbmZ/BSKR70I65eKOFC/buRoUCINHDVZIDkWKz3cvG/nu1NaSyKWy/LY6tOpH/nZDSME0lCvDTiJwzKCOZJQY9ygiVLFUGYU/UXiMeIIyxVnrquUrLWM9kk3eu61ajfPDWqzYcirzI4BxegBixwC5qgBdqgAzBIwRy8gjdtrr1rH9rncrSkFTsVsALt6xf6RqCY</latexit>



Observations

Experiments

H[ · ]

<latexit sha1_base64="+xs2iH8h4QS9uxFfMvNu4MyaDkM=">AAACFnicbVDLSgMxFM34rOOr6tJNsAguSpmRii6LbrqsYB8wM5ZMJm1DM8mQZIpl6H90qx/iTty69Tv8AdN2Frb1QOBwzr3ckxMmjCrtON/WxubW9s5uYc/ePzg8Oi6enLaUSCUmTSyYkJ0QKcIoJ01NNSOdRBIUh4y0w+HDzG+PiFRU8Cc9TkgQoz6nPYqRNtJz3fPL0MeR0NAvB91iyak4c8B14uakBHI0usUfPxI4jQnXmCGlPNdJdJAhqSlmZGL7qSIJwkPUJ56hHMVEBdk89QReGiWCPSHN4xrO1b8bGYqVGsehmYyRHqhVbyb+53nRiCYqv/WyOLacRPfugozyJNWE40WQXsqgFnBWEYyoJFizsSEIS2r+AvEASYS1KdK2TUvuaifrpHVdcauVm8dqqXaf91UA5+ACXAEX3IIaqIMGaAIMJJiCV/BmTa1368P6XIxuWPnOGViC9fULCimfNA==</latexit>

s(t)

<latexit sha1_base64="4LiLorWiFDKRAiDFrUyIxcq4Xbw=">AAACDHicbVDLSsNAFJ34rPFVdelmsAh1UxKp6LLoxmUF+4A2lMlk2g6dTMLMTbGE/kK3+iHuxK3/4Hf4A07aLGzrgYHDOfdyzxw/FlyD43xbG5tb2zu7hT17/+Dw6Lh4ctrUUaIoa9BIRKrtE80El6wBHARrx4qR0Bes5Y8eMr81ZkrzSD7DJGZeSAaS9zklkEm6DFe9YsmpOHPgdeLmpIRy1HvFn24Q0SRkEqggWndcJwYvJQo4FWxqdxPNYkJHZMA6hkoSMu2l86xTfGmUAPcjZZ4EPFf/bqQk1HoS+mYyJDDUq14m/ud1gjGPdX7rZXFsOQn077yUyzgBJukiSD8RGCKcFYMDrhgFMTGEUMXNXzAdEkUomPps27TkrnayTprXFbdauXmqlmr3eV8FdI4uUBm56BbV0COqowaiaIhm6BW9WTPr3fqwPhejG1a+c4aWYH39Alzbm7I=</latexit>

�(t)

<latexit sha1_base64="lv6jkFYt5IhuekSaKftfTo7aWsU=">AAACD3icbVDLSsNAFL3xWeOr6tLNYBHqpiRS0WXRjcsK9gFtKJPJpB06SYaZSbGEfkS3+iHuxK2f4Hf4A07bLGzrgYHDOfdyzxxfcKa043xbG5tb2zu7hT17/+Dw6Lh4ctpUSSoJbZCEJ7LtY0U5i2lDM81pW0iKI5/Tlj98mPmtEZWKJfGzHgvqRbgfs5ARrI3U6ooBK+urXrHkVJw50Dpxc1KCHPVe8acbJCSNaKwJx0p1XEdoL8NSM8LpxO6migpMhrhPO4bGOKLKy+ZxJ+jSKAEKE2lerNFc/buR4UipceSbyQjrgVr1ZuJ/XicYMaHyWy+LY8tJdHjnZSwWqaYxWQQJU450gmbdoIBJSjQfG4KJZOYviAywxESbBm3btOSudrJOmtcVt1q5eaqWavd5XwU4hwsogwu3UINHqEMDCAxhCq/wZk2td+vD+lyMblj5zhkswfr6BbwMnPo=</latexit>

s(t) = H[�(t)]

<latexit sha1_base64="UbHuMi0fDkeUDh+sXs8krpq16Ac=">AAACHXicbVDLSsNAFJ3UV42vaJduBotQNyWRim6EopsuK9gHpKFMJpN26OTBzKQYQr+lW/0Qd+JW/A5/wEmbhW09MHDuufdyzxw3ZlRI0/zWSlvbO7t75X394PDo+MQ4PeuKKOGYdHDEIt53kSCMhqQjqWSkH3OCApeRnjt5zPu9KeGCRuGzTGPiBGgUUp9iJJU0NCqiJq/gPWzZcBCPaV44Q6Nq1s0F4CaxClIFBdpD42fgRTgJSCgxQ0LYlhlLJ0NcUszITB8kgsQIT9CI2IqGKCDCyRbmZ/BSKR70I65eKOFC/buRoUCINHDVZIDkWKz3cvG/nu1NaSyKWy/LY6tOpH/nZDSME0lCvDTiJwzKCOZJQY9ygiVLFUGYU/UXiMeIIyxVnrquUrLWM9kk3eu61ajfPDWqzYcirzI4BxegBixwC5qgBdqgAzBIwRy8gjdtrr1rH9rncrSkFTsVsALt6xf6RqCY</latexit>



response of system depends on 

specifics of the system / types of ULDM interaction

s(t) = H[�(t)]

<latexit sha1_base64="UbHuMi0fDkeUDh+sXs8krpq16Ac=">AAACHXicbVDLSsNAFJ3UV42vaJduBotQNyWRim6EopsuK9gHpKFMJpN26OTBzKQYQr+lW/0Qd+JW/A5/wEmbhW09MHDuufdyzxw3ZlRI0/zWSlvbO7t75X394PDo+MQ4PeuKKOGYdHDEIt53kSCMhqQjqWSkH3OCApeRnjt5zPu9KeGCRuGzTGPiBGgUUp9iJJU0NCqiJq/gPWzZcBCPaV44Q6Nq1s0F4CaxClIFBdpD42fgRTgJSCgxQ0LYlhlLJ0NcUszITB8kgsQIT9CI2IqGKCDCyRbmZ/BSKR70I65eKOFC/buRoUCINHDVZIDkWKz3cvG/nu1NaSyKWy/LY6tOpH/nZDSME0lCvDTiJwzKCOZJQY9ygiVLFUGYU/UXiMeIIyxVnrquUrLWM9kk3eu61ajfPDWqzYcirzI4BxegBixwC5qgBdqgAzBIwRy8gjdtrr1rH9rncrSkFTsVsALt6xf6RqCY</latexit>

/ �

<latexit sha1_base64="YkBCL5cKz4nDLXp8fE8QFpSCGk8=">AAACFHicbVDLSgMxFM3UVx1fVZdugkVwVWZE0WXRjcsK9gGdoWQymTY0k4QkUyxDf6Nb/RB34ta93+EPmLazsK0HAodz7uWenEgyqo3nfTuljc2t7Z3yrru3f3B4VDk+aWmRKUyaWDChOhHShFFOmoYaRjpSEZRGjLSj4cPMb4+I0lTwZzOWJExRn9OEYmSsFARSCWkEDOSA9ipVr+bNAdeJX5AqKNDoVX6CWOAsJdxghrTu+p40YY6UoZiRiRtkmkiEh6hPupZylBId5vPME3hhlRgmQtnHDZyrfzdylGo9TiM7mSIz0KveTPzP68YjKnVx62VxbDmJSe7CnHKZGcLxIkiSMWhbmBUEY6oINmxsCcKK2r9APEAKYWNrdF3bkr/ayTppXdX869rN03W1fl/0VQZn4BxcAh/cgjp4BA3QBBhIMAWv4M2ZOu/Oh/O5GC05xc4pWILz9QtoDZ+H</latexit>

linear

�2

<latexit sha1_base64="yCWzeu8lXZ7J0miEk0GMLK6vdWU=">AAACDnicbVDLTgIxFL2DLxxfqEs3jcTEFZkhGF0S3bjERB4JjKTT6UCl05m0HSIh/ANb/RB3xq2/4Hf4AxaYhYAnaXJyzr25p8dPOFPacb6t3Mbm1vZOftfe2z84PCocnzRUnEpC6yTmsWz5WFHOBK1rpjltJZLiyOe06Q/uZn5zSKVisXjUo4R6Ee4JFjKCtZEanaTPnsrdQtEpOXOgdeJmpAgZat3CTyeISRpRoQnHSrVdJ9HeGEvNCKcTu5MqmmAywD3aNlTgiCpvPE87QRdGCVAYS/OERnP178YYR0qNIt9MRlj31ao3E//z2sGQJSq79bI4tpxEhzfemIkk1VSQRZAw5UjHaFYNCpikRPORIZhIZv6CSB9LTLQp0LZNS+5qJ+ukUS65ldLVQ6VYvc36ysMZnMMluHANVbiHGtSBwDNM4RXerKn1bn1Yn4vRnJXtnMISrK9fPdGcuw==</latexit>

quadratic (nonlinear)



Example 1

(non-gravitationally interacting ULDM)


the response of atomic system

L = � 1

4↵
(1� g�)FF

<latexit sha1_base64="mWPPjru2d2x7Tnk9S7SHmtPI/H4="></latexit>

�↵

↵
= g�

<latexit sha1_base64="BoNQVkx6mxMQevJDJSFNTwSUm08=">AAACL3icbVDLSgMxFM3UV62vqks3wVJwVWakohuh6MZlBfuATil3Mpk2NDMTkkyxDP0Cv6Zb/RBxI25d+wOm7Sxs64GQwzn3cu89nuBMadv+sHIbm1vbO/ndwt7+weFR8fikqeJEEtogMY9l2wNFOYtoQzPNaVtICqHHacsb3s/81ohKxeLoSY8F7YbQj1jACGgj9YplN5BAUtenXAN2gYsBTNLsx7e4j10xYL1iya7Yc+B14mSkhDLUe8Uf149JEtJIEw5KdRxb6G4KUjPC6aTgJooKIEPo046hEYRUddP5ORNcNoqPg1iaF2k8V/92pBAqNQ49UxmCHqhVbyb+53X8ERMqm/W8GLa8iQ5uuimLRKJpRBaLBAnHOsaz7LDPJCWajw0BIpm5BZMBmPy0SbhQMCk5q5msk+ZlxalWrh6rpdpdllcenaFzdIEcdI1q6AHVUQMR9IKm6BW9WVPr3fq0vhalOSvrOUVLsL5/AWHYqcg=</latexit>



|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

Example 1

(non-gravitationally interacting ULDM)


the response of atomic system

s(t) =
�E

E
(t) = c

�↵

↵
(t) = cg�(t)

<latexit sha1_base64="CwoIbnbvrgLHZKRszhhcR8NFfJA="></latexit>



|0i

|1i

Example 1

(non-gravitationally interacting ULDM)


the response of atomic system

�E

E
= c

�↵

↵
= cg�

An example of linear signal

s(t) = H[�(t)] / �

<latexit sha1_base64="65aMWBxWnyPCkijpETizUFpK9Ek=">AAACKnicbVDLTgIxFO3gC8fXqEs3jcQEN2TGYHRjQnTDEhN5JMOEdEqBhs60aTtEMmHr17DVD3FH3PoH/oAFZiHgSZqcnnNv7r0nFIwq7bozK7e1vbO7l9+3Dw6Pjk+c07OG4onEpI4547IVIkUYjUldU81IS0iCopCRZjh8mvvNEZGK8vhFjwUJItSPaY9ipI3UcaAq6mv4AKs+bIsBnX8CwyQXmi+UjlNwS+4CcJN4GSmADLWO89PucpxEJNaYIaV8zxU6SJHUFDMysduJIgLhIeoT39AYRUQF6eKSCbwyShf2uDQv1nCh/u1IUaTUOApNZYT0QK17c/E/z++OqFDZrNflsNVNdO8+SGksEk1ivFyklzBoUpjHBrtUEqzZ2BCEJTW3QDxAEmFtwrVtk5K3nskmadyUvHLp9rlcqDxmeeXBBbgEReCBO1ABVVADdYDBG5iCd/BhTa1Pa2Z9LUtzVtZzDlZgff8CQSil9w==</latexit>



Example 2 

(gravitationally interacting ULDM)


the response of a point-like particle

ẍ = �r�

<latexit sha1_base64="lSWhTm9kXV7LVAKy07d4ZH4FEao=">AAACIXicbVDLSsNAFJ34rPEVdeHCzWAR3FgSqehGKLpxWcE+oAllMpm0QyeTMDMpLSFf061+iDtxJ36GP+C0zcK2HrhwOOde7r3HTxiVyra/jLX1jc2t7dKOubu3f3BoHR03ZZwKTBo4ZrFo+0gSRjlpKKoYaSeCoMhnpOUPHqd+a0iEpDF/UeOEeBHqcRpSjJSWutapGwSxykY5vIdXLkc+Q9Ct92nXKtsVewa4SpyClEGBetf6cYMYpxHhCjMkZcexE+VlSCiKGclNN5UkQXiAeqSjKUcRkV42eyCHF1oJYBgLXVzBmfp3IkORlOPI150RUn257E3F/7xOMKSJLHaN5ssWL1HhnZdRnqSKcDw/JEwZVDGcpgUDKghWbKwJwoLqXyDuI4Gw0pmapk7JWc5klTSvK061cvNcLdceirxK4Aycg0vggFtQA0+gDhoAgxxMwCt4MybGu/FhfM5b14xi5gQswPj+BUOeo4E=</latexit>

r2� = 4⇡G�⇢

<latexit sha1_base64="733OpW0CQz/Jfwn/jGFW//SwyqQ=">AAACK3icbVDLTgJBEJz1ifha9ehllJh4IrsEoxcTogc9YiKPhEXSOzvAhNnZzcwskRDOfg1X/RBPGq9+gT/gAHsQsJJOKlXd6e7yY86UdpwPa2V1bX1jM7OV3d7Z3du3Dw6rKkokoRUS8UjWfVCUM0ErmmlO67GkEPqc1vze7cSv9alULBKPehDTZggdwdqMgDZSyz7xBPgcngrYK3cZvsZFL2b4DnsB5Ro82Y1ads7JO1PgZeKmJIdSlFv2jxdEJAmp0ISDUg3XiXVzCFIzwuko6yWKxkB60KENQwWEVDWH01dG+MwoAW5H0pTQeKr+nRhCqNQg9E1nCLqrFr2J+J/XCPosVumu59my+Ut0+6o5ZCJONBVkdkg74VhHeJIbDpikRPOBIUAkM79g0gUJRJt0s1mTkruYyTKpFvJuMX/xUMyVbtK8MugYnaJz5KJLVEL3qIwqiKAXNEav6M0aW+/Wp/U1a12x0pkjNAfr+xfOq6bM</latexit>

⇢ =
1

2

h
�̇2 + (r�)2 +m2�2

i

<latexit sha1_base64="IMayFV878YyWeiQ++kySTCORPrw="></latexit>



Example 2

(gravitationally interacting ULDM)


the response of a point-like particle

/ �2

An example of quadratic signal

s(t) = H[�(t)] / �
2

<latexit sha1_base64="b6Tltps4abvjRRSPA7kgt0R6AAM=">AAACLHicbVDLTsJAFJ3iC+ur6tLNBGKCG9ISjG5MiG5YYiJIUiqZTqcwYdpOZqZEQtj7NWz1Q9wY49Yf8AccoAsBTzLJmXPuzb33+JxRqWz7w8htbG5t7+R3zb39g8Mj6/ikJZNUYNLECUtE20eSMBqTpqKKkTYXBEU+I4/+4G7mPw6JkDSJH9SIEy9CvZiGFCOlpa5VkCV1AW9g3YUd3qezj6eZSLhK5spTpWsV7bI9B1wnTkaKIEOja/10ggSnEYkVZkhK17G58sZIKIoZmZidVBKO8AD1iKtpjCIivfH8lgk810oAw0ToFys4V/92jFEk5SjydWWEVF+uejPxP88NhpTLbNbzYtjyJiq89sY05qkiMV4sEqYM6hxmwcGACoIVG2mCsKD6Foj7SCCsdLymqVNyVjNZJ61K2amWL++rxdptllcenIECKAEHXIEaqIMGaAIMXsAUvII3Y2q8G5/G16I0Z2Q9p2AJxvcvjZOmmw==</latexit>



s(t) = H[�(t)]

<latexit sha1_base64="UbHuMi0fDkeUDh+sXs8krpq16Ac=">AAACHXicbVDLSsNAFJ3UV42vaJduBotQNyWRim6EopsuK9gHpKFMJpN26OTBzKQYQr+lW/0Qd+JW/A5/wEmbhW09MHDuufdyzxw3ZlRI0/zWSlvbO7t75X394PDo+MQ4PeuKKOGYdHDEIt53kSCMhqQjqWSkH3OCApeRnjt5zPu9KeGCRuGzTGPiBGgUUp9iJJU0NCqiJq/gPWzZcBCPaV44Q6Nq1s0F4CaxClIFBdpD42fgRTgJSCgxQ0LYlhlLJ0NcUszITB8kgsQIT9CI2IqGKCDCyRbmZ/BSKR70I65eKOFC/buRoUCINHDVZIDkWKz3cvG/nu1NaSyKWy/LY6tOpH/nZDSME0lCvDTiJwzKCOZJQY9ygiVLFUGYU/UXiMeIIyxVnrquUrLWM9kk3eu61ajfPDWqzYcirzI4BxegBixwC5qgBdqgAzBIwRy8gjdtrr1rH9rncrSkFTsVsALt6xf6RqCY</latexit>

whether it is linear or quadratic

the signal will be a function of underlying ULDM field



s(t) = H[�(t)]

<latexit sha1_base64="UbHuMi0fDkeUDh+sXs8krpq16Ac=">AAACHXicbVDLSsNAFJ3UV42vaJduBotQNyWRim6EopsuK9gHpKFMJpN26OTBzKQYQr+lW/0Qd+JW/A5/wEmbhW09MHDuufdyzxw3ZlRI0/zWSlvbO7t75X394PDo+MQ4PeuKKOGYdHDEIt53kSCMhqQjqWSkH3OCApeRnjt5zPu9KeGCRuGzTGPiBGgUUp9iJJU0NCqiJq/gPWzZcBCPaV44Q6Nq1s0F4CaxClIFBdpD42fgRTgJSCgxQ0LYlhlLJ0NcUszITB8kgsQIT9CI2IqGKCDCyRbmZ/BSKR70I65eKOFC/buRoUCINHDVZIDkWKz3cvG/nu1NaSyKWy/LY6tOpH/nZDSME0lCvDTiJwzKCOZJQY9ygiVLFUGYU/UXiMeIIyxVnrquUrLWM9kk3eu61ajfPDWqzYcirzI4BxegBixwC5qgBdqgAzBIwRy8gjdtrr1rH9rncrSkFTsVsALt6xf6RqCY</latexit>

the signal will inherit

temporal/spectral characteristics


of underlying ULDM field



to understand what signal one should expect

we first need to understand

<latexit sha1_base64="v0zit5HBBjb2tuHChR1tdwC5Drg=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M72Z++4lrI2L1iJOE+xEdKhEKRtFK7V4yEhW86JfKbtWdg6wSLydlyNHol756g5ilEVfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGupohE3fjY/d0rOrTIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQ0YbgLb+8SlqXVa9WrT1cleu3eRwFOIUzqIAH11CHe2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QO2HI8t</latexit>

�(t)
how do we describe ULDM field? 



A ‘spherical cow’ level description of ULDM

�(t,x) =

p
2⇢0
m

cos(mt+ k · x)

<latexit sha1_base64="E0t8nZ95j4xUdjtXSiRnXj0c6n8="></latexit>

coherently oscillating at

! = m

<latexit sha1_base64="9G+Z1XXRUUrLo3vphqJsS5pJiDA=">AAACE3icbVDLSgMxFM3UVx1fVZdugkVwVWakohuh6MZlBfuAdiiZTKYNzWNIMsUy9DO61Q9xJ279AL/DHzBtZ2FbDwQO59zLPTlhwqg2nvftFDY2t7Z3irvu3v7B4VHp+KSpZaowaWDJpGqHSBNGBWkYahhpJ4ogHjLSCocPM781IkpTKZ7NOCEBR31BY4qRsVKnKznpI3gHOeyVyl7FmwOuEz8nZZCj3iv9dCOJU06EwQxp3fG9xAQZUoZiRiZuN9UkQXiI+qRjqUCc6CCbR57AC6tEMJbKPmHgXP27kSGu9ZiHdpIjM9Cr3kz8z+tEI5ro/NbL4thyEhPfBhkVSWqIwIsgccqgkXDWD4yoItiwsSUIK2r/AvEAKYSNbdF1bUv+aifrpHlV8auV66dquXaf91UEZ+AcXAIf3IAaeAR10AAYSDAFr+DNmTrvzofzuRgtOPnOKViC8/ULFtCeLw==</latexit>



�(t,x) =

p
2⇢0
m

cos(mt+ k · x)

<latexit sha1_base64="E0t8nZ95j4xUdjtXSiRnXj0c6n8="></latexit>

amplitude determined by

⇢0 =
1

2
(�̇2 +m2�2)

<latexit sha1_base64="HbSyT/iVlGNDjeoX5V36uoVWqiA="></latexit>

A ‘spherical cow’ level description of ULDM



with this simplified description

expected ULDM signals become clear

s(t) / �(t) = �0 cos(mt)

<latexit sha1_base64="PiW56+wbf2Gz42rA/aOzPp36O4I=">AAACMXicbVBNTwIxEO36ifi16tFLIzHChewajF5MiF48YiIfCRDSLQUautumnSUSwk/w13DVH8LNePXoH7DAHgR8SdM3b2YyMy9QghvwvKmzsbm1vbOb2kvvHxweHbsnpxUjY01ZmUohdS0ghgkesTJwEKymNCNhIFg16D/O8tUB04bL6AWGijVD0o14h1MCVmq5VyYLOdxQWiqQ9u/xWXw/Zy0PN6g02RBDruVmvLw3B14nfkIyKEGp5f402pLGIYuACmJM3fcUNEdEA6eCjdON2DBFaJ90Wd3SiITMNEfzg8b40ipt3JHavgjwXP3bMSKhMcMwsJUhgZ5Zzc3E/3L19oArk8x6XQxb3gQ6d80Rj1QMLKKLRTqxwNabmXu4zTWjIIaWEKq5vQXTHtGEgvU4nbYu+auerJPKdd4v5G+eC5niQ+JXCp2jC5RFPrpFRfSESqiMKHpDE/SOPpyJM3U+na9F6YaT9JyhJTjfv5b0qJ8=</latexit>

/ �2(t) = �2
0 cos

2(mt) ⇠ �2
0 cos(2mt)

<latexit sha1_base64="89sn6AMUGI6KkFmoYaR4o8Ft+ek="></latexit>



How might we find them?



we look for coherent signals !

cos(mt)

<latexit sha1_base64="EKD5bJ/y8LCHpfvj9YrsyjX+HVI=">AAACI3icbVC7TsMwFHXKq4RXgAmxWFRIZakSVARjBQtjkWip1EaV4zitVceJbKeiiiK+pit8CBtiYeAr+AHcNANtuZKl43Pu9bk+XsyoVLb9ZZTW1jc2t8rb5s7u3v6BdXjUllEiMGnhiEWi4yFJGOWkpahipBMLgkKPkSdvdDfTn8ZESBrxRzWJiRuiAacBxUhpqm+dpL38kTQSiA9IBvVVVkN1kfWtil2z84KrwClABRTV7Fs/PT/CSUi4wgxJ2XXsWLkpEopiRjKzl0gSIzxCA9LVkKOQSDfN3TN4rhkfBpHQhyuYs38nUhRKOQk93RkiNZTL2oz8T+v6YxrLwut5bra4iQpu3JTyOFGE4/kiQcKgiuAsL+hTQbBiEw0QFlT/BeIhEggrnapp6pSc5UxWQfuy5tRrVw/1SuO2yKsMTsEZqAIHXIMGuAdN0AIYvIApeAVvxtR4Nz6Mz3lryShmjsFCGd+/kgWlVw==</latexit>

linear

cos(2mt)

<latexit sha1_base64="JYf7kLnSdvQ7IQCbCutGRk8IV+Y=">AAACJHicbVC7TsMwFHXKq4RXgA0WiwqpLFVSFcFYwcJYJPqQ2qhyHLe16jiR7VRUUSS+pit8CBtiYOEn+AHcNANtuZKl43Pu9bk+XsSoVLb9ZRQ2Nre2d4q75t7+weGRdXzSkmEsMGnikIWi4yFJGOWkqahipBMJggKPkbY3vp/r7QkRkob8SU0j4gZoyOmAYqQ01bfOkl72SBIKxIckhfoqy9VAXaV9q2RX7KzgOnByUAJ5NfrWT88PcRwQrjBDUnYdO1JugoSimJHU7MWSRAiP0ZB0NeQoINJNMvsUXmrGh4NQ6MMVzNi/EwkKpJwGnu4MkBrJVW1O/qd1/QmNZO71vDBb3kQNbt2E8ihWhOPFIoOYQRXCeWDQp4JgxaYaICyo/gvEIyQQVjpW09QpOauZrINWteLUKtePtVL9Ls+rCM7BBSgDB9yAOngADdAEGLyAGXgFb8bMeDc+jM9Fa8HIZ07BUhnfvxK9pZM=</latexit>

quadratic



how do we find such signals practically?

s(t) = sDM(t) + n(t)

<latexit sha1_base64="3VgJmW/nxIW0TFon4OmPtFkFNkw="></latexit>

/ T

<latexit sha1_base64="6Cc/j2LXQ77ZgXdWVl6eZLuJIds=">AAACEXicbVDLSgMxFM3UVx1fVZdugkVwVWZE0WXRjcsKfUk7lEwm04Ymk5BkimXoV3SrH+JO3PoFfoc/YNrOwrYeCBzOuZd7ckLJqDae9+0UNja3tneKu+7e/sHhUen4pKlFqjBpYMGEaodIE0YT0jDUMNKWiiAeMtIKhw8zvzUiSlOR1M1YkoCjfkJjipGx0nNXKiGNgPVeqexVvDngOvFzUgY5ar3STzcSOOUkMZghrTu+J02QIWUoZmTidlNNJMJD1CcdSxPEiQ6yeeAJvLBKBGOh7EsMnKt/NzLEtR7z0E5yZAZ61ZuJ/3mdaESlzm+9LI4tJzHxXZDRRKaGJHgRJE4ZtBXM2oERVQQbNrYEYUXtXyAeIIWwsR26rm3JX+1knTSvKv515ebpuly9z/sqgjNwDi6BD25BFTyCGmgADDiYglfw5kydd+fD+VyMFpx85xQswfn6Bc/SniA=</latexit>

/
p
T

<latexit sha1_base64="vxb7tYVBB5TxSOvNVwpPcAP91FU=">AAACGnicbVC7TsMwFHXKq4RXgJHFokJiqhIEgrGChbFIfUlNVDmO01p1HGM7FVXUP+kKH8KGWFn4Dn4At81AW45k6eice3WPTygYVdp1v63SxubW9k55197bPzg8co5PWirNJCZNnLJUdkKkCKOcNDXVjHSEJCgJGWmHw4eZ3x4RqWjKG3osSJCgPqcxxUgbqec4vpCp0Cn01bPUeWPScypu1Z0DrhOvIBVQoN5zfvwoxVlCuMYMKdX1XKGDHElNMSMT288UEQgPUZ90DeUoISrI58kn8MIoEYxTaR7XcK7+3chRotQ4Cc1kgvRArXoz8T+vG42oUMWtl8Wx5SQ6vgtyykWmCceLIHHGoGliVhOMqCRYs7EhCEtq/gLxAEmEtSnTtk1L3mon66R1VfWuqzdP15XafdFXGZyBc3AJPHALauAR1EETYDACU/AK3qyp9W59WJ+L0ZJV7JyCJVhfv5HaobU=</latexit>

Y =

Z
dt s(t)K!(t)

<latexit sha1_base64="58FT8DXclTo3Q/SxrVoMGL9Vq1c="></latexit>

=

Z
dt

⇥
sDM(t)K!(t) + n(t)K!(t)

⇤

<latexit sha1_base64="QPD9NVaqS3yzJ6mGZrSTb6TvtqA="></latexit>



For coherent signal

this quantity is nothing but Fourier transformation

cos(!t)

<latexit sha1_base64="2sStU5+hoo9sCA4Dhgah9c/MXDc=">AAACKXicbVDLTgIxFO3gC/GFunRhIzHBDZkxGF0S3bjERJAECOmUCzR02knbIZIJS7+GrX6IO3XrJ/gDlmEWAt6kyek59/aeHj/kTBvX/XQya+sbm1vZ7dzO7t7+Qf7wqK5lpCjUqORSNXyigTMBNcMMh0aogAQ+hyd/eDfTn0agNJPi0YxDaAekL1iPUWIs1cmfxq3kkVgqIvowwfaqiy0ZQJ9gczHp5AtuyU0KrwIvBQWUVrWT/2l1JY0CEIZyonXTc0PTjokyjHKY5FqRhpDQIelD00JBAtDtOPEwweeW6eKeVPYIgxP270RMAq3HgW87A2IGelmbkf9pze6IhTrd9TxftujE9G7aMRNhZEDQuZFexLGReJYa7jIF1PCxBYQqZv+C6YAoQo3NNpezKXnLmayC+mXJK5euHsqFym2aVxadoDNURB66RhV0j6qohih6QVP0it6cqfPufDhf89aMk84co4Vyvn8BJH2nqw==</latexit>

⇠ s̃(!)

<latexit sha1_base64="Q3dpkRvOAqUcOoDAleL31vDD0sI=">AAACIHicbVDLTgIxFO3gC/E1auLGTSMxwQ2ZMRhdEt24xESQhCGk07lAQzszaTtEMvIzbPVD3BmX+hv+gAVmIeBJmpycc2/u6fFjzpR2nC8rt7a+sbmV3y7s7O7tH9iHRw0VJZJCnUY8kk2fKOAshLpmmkMzlkCEz+HJH9xN/achSMWi8FGPYmgL0gtZl1GijdSxTzzFBPY04wGkalzyIgE9ctGxi07ZmQGvEjcjRZSh1rF/vCCiiYBQU06UarlOrNspkZpRDuOClyiICR2QHrQMDYkA1U5n+cf43CgB7kbSvFDjmfp3IyVCqZHwzaQguq+Wvan4n9cKhixW2a3n+bHFJLp7005ZGCcaQjoP0k041hGeloUDJoFqPjKEUMnMXzDtE0moNpUWCqYld7mTVdK4LLuV8tVDpVi9zfrKo1N0hkrIRdeoiu5RDdURRS9ogl7RmzWx3q0P63M+mrOynWO0AOv7F35Yo7M=</latexit>

cos(mt)

<latexit sha1_base64="2K4htROdGnFO4uYI6eSKu1c4OXQ=">AAACKHicbVDLSgMxFM34tr6qLgUJFqFuyoxUdFkU1KWCfUBbSia9bUMzmSG5UyxDd36NW/0Qd+LWX/AHTNtZ2NYDgcO5r5PjR1IYdN0vZ2l5ZXVtfWMzs7W9s7uX3T+omDDWHMo8lKGu+cyAFArKKFBCLdLAAl9C1e/fjOvVAWgjQvWEwwiaAesq0RGcoZVa2eOkMVmS3IYaDN5pADWiVjP5AM9GrWzOLbgT0EXipSRHUjy0sj+NdsjjABRyyYype26EzYRpFFzCKNOIDUSM91kX6pYqFoBpJhMLI3pqlTbthNo+hXSi/p1IWGDMMPBtZ8CwZ+ZrY/G/Wr09EJFJbz1Pj806wc5VMxEqihEUnxrpxJJiSMeh0bbQwFEOLWFcC/sXyntMM4422kzGpuTNZ7JIKucFr1i4eCzmStdpXhvkiJyQPPHIJSmRe/JAyoSTF/JK3si78+p8OJ/O17R1yUlnDskMnO9fpOKncQ==</latexit>

⇠ �T (! �m)

<latexit sha1_base64="rsNEfIjES8FmPmniEIZJphbAky0="></latexit>

Y =

Z
dt s(t)K!(t)

<latexit sha1_base64="58FT8DXclTo3Q/SxrVoMGL9Vq1c="></latexit>



Coherent signal expected to appear here!
! = m or 2m

<latexit sha1_base64="wO90zZd8A+6zSiHOkuVNH1TZSpY="></latexit>





this simplified picture

cannot capture ‘stochastic signal’



beyond ‘spherical cow’ description

�(t,x) =
X

ki

1p
2mV

⇥
↵kie

�iki·x + ↵⇤
ki
eiki·x

⇤

<latexit sha1_base64="zEiSu1dsZC9gLX+4ZTTLY+NCt5Q="></latexit>

=
X

ki

r
2

mV
rki cos(!kit� ki · x+ ✓ki)

<latexit sha1_base64="ANaewNt+xXuCRPe4EIdlvtI57WA="></latexit>

↵ki = rkie
i✓ki

<latexit sha1_base64="WDCYPKP4fknfXORGFdGAxtfPJIE="></latexit>

this expression is nothing but sum of cosine waves

random variables



what signals should we expect?

s(t) / �(t) /
X

ki

rki cos(mt+ ✓ki)

<latexit sha1_base64="IE0sm/ON5+1EFaHyiFB0onTNeBc="></latexit>

for linear signals

it is qualitatively the same as before

we look for coherent oscillations



Coherent signal expected to appear here
! = m

<latexit sha1_base64="7bbGludZsoKJpKM3b19oPvyWceA=">AAACJnicbVDLSsNAFJ3UV42vqEtdDBbBVUmkohuh6MZlBfuAJpTJZNoOnUnCzKRYQjZ+Tbf6Ie5E3PkP/oDTNAvbemDgcM59zfFjRqWy7S+jtLa+sblV3jZ3dvf2D6zDo5aMEoFJE0csEh0fScJoSJqKKkY6sSCI+4y0/dH9zG+PiZA0Cp/UJCYeR4OQ9ilGSks96zR18yGp1kmoUAbdiJMBgreQZz2rYlftHHCVOAWpgAKNnvXjBhFOuJ6EGZKy69ix8lIkFMWMZKabSBIjPNK7upqGiBPppfkBGTzXSgD7kdAvVDBX/3akiEs54b6u5EgN5bI3E//zusGYxrLY9TxftniJ6t94KQ3jRJEQzw/pJwyqCM4igwEVBCs20QRhQfVfIB4igbDSwZqmTslZzmSVtC6rTq169Vir1O+KvMrgBJyBC+CAa1AHD6ABmgCDFzAFr+DNmBrvxofxOS8tGUXPMViA8f0Li7SmUg==</latexit>





for quadratic signals

stochastic fluctuation emerges

/
X

ki,kj

rkirkj

h
cos

⇥
(!ki � !kj )t+ (✓ki � ✓kj )

⇤
+ cos

⇥
(!ki + !kj )t+ (✓ki + ✓kj )

⇤i

<latexit sha1_base64="SZnhj3J5izooUYY7RKybXR9fRMk="></latexit>

s(t) / �2(t)

<latexit sha1_base64="EQxgVkF8vC2zPpUIIhcK+KUS288=">AAACIXicbVC7TsMwFHXKq4RXgIGBJaJCKkuVVEUwVrAwFok+pDZUjuO0Vp3Ysp2KKurXdIUPYUNsiM/gB3DaDLTlSJaPzrlX997jc0qkcpwvo7CxubW9U9w19/YPDo+s45OWZIlAuIkYZaLjQ4kpiXFTEUVxhwsMI5/itj+6z/z2GAtJWPykJhx7ERzEJCQIKi31rTNZVld2jwvGFdP/kDxXM6VvlZyKM4e9TtyclECORt/66QUMJRGOFaJQyq7rcOWlUCiCKJ6avURiDtEIDnBX0xhGWHrp/ICpfamVwA6Z0C9W9lz925HCSMpJ5OvKCKqhXPUy8T+vG4wJl/msl8Ww5U1UeOulJOaJwjFaLBIm1NZZZGnZAREYKTrRBCJB9C02GkIBkdKZmqZOyV3NZJ20qhW3Vrl+rJXqd3leRXAOLkAZuOAG1MEDaIAmQGAKZuAVvBkz4934MD4XpQUj7zkFSzC+fwFU9KLz</latexit>

/
X

ki,kj

rkirkj cos(!kit+ ✓ki) cos(!kj t+ ✓kj )

<latexit sha1_base64="NFHnmuutBUCrTrI9VmfsWnUSn4Y="></latexit>

! ⇡ 2m

<latexit sha1_base64="Eo+/XhNkK+79OcSmdm2nO1omE3I=">AAACLHicbVC7SgNBFJ31bXxFLW0Gg2AVdkXRUrSxVDAqZEO4O7mJg/NiZjYYlvR+ja1+iI2IrT/gDzhJtvB1YOBw7uvMyYzgzsfxazQ1PTM7N7+wWFlaXlldq65vXDmdW4YNpoW2Nxk4FFxhw3Mv8MZYBJkJvM7uTkf16z5ax7W69AODLQk9xbucgQ9Su7pdpOMlhbagejikqZbYA5qCMVbf0z05bFdrcT0eg/4lSUlqpMR5u/qZdjTLJSrPBDjXTGLjWwVYz5nAYSXNHRpgd9DDZqAKJLpWMbYxpDtB6dCutuEpT8fq94kCpHMDmYVOCf7W/a6NxP9qzU6fG1feup8c++nEd49aBVcm96jYxEg3F9RrOgqOdrhF5sUgEGCWh79QdgsWmA/xViohpeR3Jn/J1V492a8fXOzXjk/KvBbIFtkmuyQhh+SYnJFz0iCMPJBH8kSeo8foJXqL3ietU1E5s0l+IPr4AuIWqRg=</latexit>

coherent fluctuation

<latexit sha1_base64="BfAYdZD72hLyBStndXKa8xv7IzU=">AAACDHicbVDLTgIxFO3gC/GFunTTSExckRli0CXRjUtM5JEwSDrlAg1tZ9J2SCYTPsCNv+LGhca49QPc+TcWmIWCJ2lycs657e0JIs60cd1vJ7e2vrG5ld8u7Ozu7R8UD4+aOowVhQYNeajaAdHAmYSGYYZDO1JARMChFYxvZn5rAkqzUN6bJIKuIEPJBowSY6VesZT680tSmhA5xX4oYEiwz0FrzQQWk4fK1KbcsjsHXiVeRkooQ71X/PL7IY0FSEM50brjuZHppkQZRjlMC36sISJ0TIbQsVQSAbqbzveY4jOr9PEgVPZIg+fq74mUCK0TEdikIGakl72Z+J/Xic3gqpsyGcUGJF08NIg5NiGeNYP7TAE1PLGEUMXsrpiOiCLU2P4KtgRv+curpFkpe9Vy9e6iVLvO6sijE3SKzpGHLlEN3aI6aiCKHtEzekVvzpPz4rw7H4tozslmjtEfOJ8/Psmbvg==</latexit>

! . mv2

stochastic fluctuation



how would stochastic fluctuations appear in the output?

<latexit sha1_base64="EJE50FvycXmhcMgl0u46Vuzhb9U=">AAACLHicbVBNS8NAEN34WeNX1aOXxSLUS0lEqseiF48VbBWaGDbbrV3cZJfdSbGE3v01veoP8SLi1T/gH3Db5mDVBwOP92aYmRcrwQ143puzsLi0vLJaWnPXNza3tss7u20jM01Zi0oh9W1MDBM8ZS3gINit0owksWA38cPFxL8ZMG24TK9hqFiYkPuU9zglYKWofGCqcIQDpaUCiTuB6vO7YyuFUR7oBBuQo6hc8WreFPgv8QtSQQWaUfkr6EqaJSwFKogxHd9TEOZEA6eCjdwgM0wR+kDuWcfSlCTMhPn0lxE+tEoX96S2lQKeqj8ncpIYM0xi25kQ6Jvf3kT8z+t0B1yZYtfjbNn8JdA7C3OeqgxYSmeH9DKBbSyT4HCXa0ZBDC0hVHP7C6Z9ogkFG6/r2pT835n8Je3jml+v1a9OKo3zIq8S2kcHqIp8dIoa6BI1UQtR9ITG6Bm9OGPn1Xl3PmatC04xs4fm4Hx+A/d9qAQ=</latexit>

s(t) / [�2(t)]sto

<latexit sha1_base64="hRyY8IZ5Do6OQFh3UnlJt3/Scyc="></latexit>

/
X

ki,kj

rkirkj cos
⇥
(!ki � !kj )t+ (✓ki � ✓kj )

⇤



stochastic part of signal will appear



the power spectrum now would look like

! = 2m

<latexit sha1_base64="M4fndNBnI7c+mhkgQIPaKdl5pSw=">AAACJ3icbVBPS8MwHE3nv1n/VT2KEByCp9GOiV6EoRePE9wcrGWkabqFJW1J0uEoO/lpdtUP4k306GfwC5h1PbjNB4HHe79/eX7CqFS2/WWU1tY3NrfK2+bO7t7+gXV41JZxKjBp4ZjFouMjSRiNSEtRxUgnEQRxn5Enf3g3859GREgaR49qnBCPo35EQ4qR0lLPOs3cfEimdRIpNIFuzEkfwRtY45OeVbGrdg64SpyCVECBZs/6cYMYp1yPwgxJ2XXsRHkZEopiRiamm0qSIDzUy7qaRogT6WX5BRN4rpUAhrHQL1IwV/92ZIhLOea+ruRIDeSyNxP/87rBiCay2PU8X7Z4iQqvvYxGSapIhOeHhCmDKoazzGBABcGKjTVBWFD9F4gHSCCsdLKmqVNyljNZJe1a1alXLx/qlcZtkVcZnIAzcAEccAUa4B40QQtg8AKm4BW8GVPj3fgwPuelJaPoOQYLML5/AQ2Ipo4=</latexit>

coherent fluctuation

stochastic fluctuation
! . mv2

<latexit sha1_base64="seTalH/n+bH8UicmxOzY+FxIuI4=">AAACLXicbVDLTgIxFO3gC/GFunTTSExckRmC0SXRjUtM5JEwSDrlAg1tZ9J2iGTCB/g1bPVDXJgYt36AP2CBWQh4kiYn575OTxBxpo3rfjiZjc2t7Z3sbm5v/+DwKH98UtdhrCjUaMhD1QyIBs4k1AwzHJqRAiICDo1geDerN0agNAvloxlH0BakL1mPUWKs1MkXEn++JKFjIifYDwX0CfY5aK2ZwGL0VJrYLrfozoHXiZeSAkpR7eR//G5IYwHSUE60bnluZNoJUYZRDpOcH2uICB2SPrQslUSAbidzHxN8YZUu7oXKPmnwXP07kRCh9VgEtlMQM9CrtZn4X63VHbFIp7eeF8eWnZjeTTthMooNSLow0os5NiGeJYe7TAE1fGwJoYrZv2A6IIpQY/PN5WxK3mom66ReKnrl4tVDuVC5TfPKojN0ji6Rh65RBd2jKqohil7QFL2iN2fqvDufzteiNeOkM6doCc73L8CrqYs=</latexit>



suppose that a detector

is sensitive to

[fl, fu]

<latexit sha1_base64="MzGRG5DjhSCOEs8Ye8+81zq8p30=">AAACFXicbVDLSsNAFL2prxpfVZduBovgopREKrosunFZwT4gDWEymbRDJw9nJsVS+h3d6oe4E7eu/Q5/wGmbhW09MHA4517umeOnnEllWd9GYWNza3unuGvu7R8cHpWOT1oyyQShTZLwRHR8LClnMW0qpjjtpILiyOe07Q/uZ357SIVkSfykRil1I9yLWcgIVlpyndDjFdStoNDLXK9UtqrWHGid2DkpQ46GV/rpBgnJIhorwrGUjm2lyh1joRjhdGJ2M0lTTAa4Rx1NYxxR6Y7noSfoQisBChOhX6zQXP27McaRlKPI15MRVn256s3E/zwnGLJU5rdeFseWk6jw1h2zOM0UjckiSJhxpBI0awgFTFCi+EgTTATTf0GkjwUmSvdomrole7WTddK6qtq16vVjrVy/y/sqwhmcwyXYcAN1eIAGNIHAM0zhFd6MqfFufBifi9GCke+cwhKMr195z57r</latexit>

for coherent signals

fsignal =
m

2⇡
2 [fl, fu]

<latexit sha1_base64="yLvrRhvzPqRql7aJeswUcOzLBLQ="></latexit>

for stochastic signals

fsignal ⇠
mv2

2⇡
2 [fl, fu]

<latexit sha1_base64="isxBnyQ/dTFnnFfK+m1RUqEy2kE="></latexit>



for coherent signals

fsignal =
m

2⇡
2 [fl, fu]

<latexit sha1_base64="yLvrRhvzPqRql7aJeswUcOzLBLQ="></latexit>

for stochastic signals

fsignal ⇠
mv2

2⇡
2 [fl, fu]

<latexit sha1_base64="isxBnyQ/dTFnnFfK+m1RUqEy2kE="></latexit>

for a single given detector

we probe a widely separated mass range simultaneously!



Applications

focusing on gravitational interaction



Observations

Experiments

�(t)

<latexit sha1_base64="lv6jkFYt5IhuekSaKftfTo7aWsU=">AAACD3icbVDLSsNAFL3xWeOr6tLNYBHqpiRS0WXRjcsK9gFtKJPJpB06SYaZSbGEfkS3+iHuxK2f4Hf4A07bLGzrgYHDOfdyzxxfcKa043xbG5tb2zu7hT17/+Dw6Lh4ctpUSSoJbZCEJ7LtY0U5i2lDM81pW0iKI5/Tlj98mPmtEZWKJfGzHgvqRbgfs5ARrI3U6ooBK+urXrHkVJw50Dpxc1KCHPVe8acbJCSNaKwJx0p1XEdoL8NSM8LpxO6migpMhrhPO4bGOKLKy+ZxJ+jSKAEKE2lerNFc/buR4UipceSbyQjrgVr1ZuJ/XicYMaHyWy+LY8tJdHjnZSwWqaYxWQQJU450gmbdoIBJSjQfG4KJZOYviAywxESbBm3btOSudrJOmtcVt1q5eaqWavd5XwU4hwsogwu3UINHqEMDCAxhCq/wZk2td+vD+lyMblj5zhkswfr6BbwMnPo=</latexit>

s(t)

<latexit sha1_base64="4LiLorWiFDKRAiDFrUyIxcq4Xbw=">AAACDHicbVDLSsNAFJ34rPFVdelmsAh1UxKp6LLoxmUF+4A2lMlk2g6dTMLMTbGE/kK3+iHuxK3/4Hf4A07aLGzrgYHDOfdyzxw/FlyD43xbG5tb2zu7hT17/+Dw6Lh4ctrUUaIoa9BIRKrtE80El6wBHARrx4qR0Bes5Y8eMr81ZkrzSD7DJGZeSAaS9zklkEm6DFe9YsmpOHPgdeLmpIRy1HvFn24Q0SRkEqggWndcJwYvJQo4FWxqdxPNYkJHZMA6hkoSMu2l86xTfGmUAPcjZZ4EPFf/bqQk1HoS+mYyJDDUq14m/ud1gjGPdX7rZXFsOQn077yUyzgBJukiSD8RGCKcFYMDrhgFMTGEUMXNXzAdEkUomPps27TkrnayTprXFbdauXmqlmr3eV8FdI4uUBm56BbV0COqowaiaIhm6BW9WTPr3fqwPhejG1a+c4aWYH39Alzbm7I=</latexit>

gµ⌫ / Tµ⌫ / �2

<latexit sha1_base64="cIvXpZvqinNHE+tdD+MS246w4y4=">AAACNXicbVDLSgMxFM3UVx1foy7dBIsgCGWmVHRZdOOyQl/QGUsmTdvQTCYkmWIZ+hF+Tbf6GS7ciVsX/oBpOwvbeuDC4Zx7ufeeUDCqtOu+W7mNza3tnfyuvbd/cHjkHJ80VJxITOo4ZrFshUgRRjmpa6oZaQlJUBQy0gyH9zO/OSJS0ZjX9FiQIEJ9TnsUI22kjnPV76R+lPg8mUBfyFjoGNbWJF8M6FOp4xTcojsHXCdeRgogQ7Xj/PjdGCcR4RozpFTbc4UOUiQ1xYxMbD9RRCA8RH3SNpSjiKggnT81gRdG6cJeLE1xDefq34kURUqNo9B0RkgP1Ko3E//z2t0RFSrb9bxYtnyJ7t0GKeUi0YTjxSG9hEGTzCxB2KWSYM3GhiAsqfkF4gGSCGuTs22blLzVTNZJo1T0ysXrx3KhcpfllQdn4BxcAg/cgAp4AFVQBxi8gCl4BW/W1PqwPq2vRWvOymZOwRKs71/G9q0h</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>



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?

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 coherent



[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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Simulated timing datasets

[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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[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
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