
Galileo Galilei Institute, May 25, 2023

Wave Dark Matter
Hyungjin Kim (DESY)



In this talk

ultralight dark matter (ULDM) = wave dark matter

denotes any bosonic dark matter candidate whose mass is 

m . 10 eV
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What’s special about wave dark matter is 
the occupation number (particle number per wavelength) is much larger than 1
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For m < 10 eV, the occupation number takes a gigantic value

this dark matter candidate is conveniently described by a collection of classical waves

ndm =
⇢dm
m
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⇢dm ⇠ GeV/cm3

<latexit sha1_base64="KtlS6mBF6l1w8+xPqo9NlpbLfV0=">AAACK3icbVC7TsMwFHV4lvAqMLIYKiSmkkARjBUMMBaJPqQmRI7jtlbtJLKdiirKzNd0hQ9hArHyBfwAbpuBthzJ0vE59+ree/yYUaks68NYWl5ZXVsvbJibW9s7u8W9/YaMEoFJHUcsEi0fScJoSOqKKkZasSCI+4w0/f7t2G8OiJA0Ch/VMCYuR92QdihGSkte8cgRvchLHcFhwDPoSMrh5HdHGmeYP11kXrFkla0J4CKxc1ICOWpe8ccJIpxwEirMkJRt24qVmyKhKGYkM51EkhjhPuqStqYh4kS66eSUDJ5oJYCdSOgXKjhR/3akiEs55L6u5Ej15Lw3Fv/z2sGAxjKf9TwdNruJ6ly7KQ3jRJEQTxfpJAyqCI5zgwEVBCs21ARhQfUtEPeQQFjpdE1Tp2TPZ7JIGudlu1K+fKiUqjd5XgVwCI7BKbDBFaiCe1ADdYDBCxiBV/BmjIx349P4mpYuGXnPAZiB8f0LeUSnvw==</latexit>



Wave dark matter is a broad concept  
including numerous theoretical possibilities

In a pessimistic (minimalistic?) scenario  
where DM participates only in gravitational interaction
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the model is controlled by a single parameter, the mass m



Even in this most minimalistic case 
there’s a landscape of possibilities

The mass smaller than what’s shown may not be 100% DM in universe 
the mass larger than what’s shown is not wave DM in our definition

(almost*) all mass range shown here is currently allowed

m
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10 eV
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it may also couple to SM through non-gravitationally interactions
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the model is now controlled by

(m, gi, g
0
i, · · · )
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the landscape of possibilities becomes N-dim. space 
posing challenges to wave dark matter searches



We may look at this from a different angle: 
non-gravitational couplings & a wide range of mass 

might provide more handles for us to search for ULDM



For instance for axions and axion-like particles

(�/f)F eF + (@µ�/f) ̄�
µ�5 + (�/f)N̄�µ⌫�5NFµ⌫
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[O’Hare, AxionLimits]



For instance for axions and axion-like particles

(�/f)F eF + (@µ�/f) ̄�
µ�5 + (�/f)N̄�µ⌫�5NFµ⌫
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[Abel et al (17)]

[Kim and Perez (22)]

+�2⇡2 + �2N̄N + · · ·
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for dark photon dark matter or scalar dark matter

[Antypas et al, Snowmass (21)]

�FF
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[Caputo et al (21)]

✏Fµ⌫Xµ⌫
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this summarizes the current efforts for wave dark matter searches 
illustrating opportunities as well as challenges

Having discussed wave DM searches based on non-gravitational interactions with SM 
let us switch a gear a little bit to discuss a few (less-discussed) topics in this workshop: 

the behavior of ultralight dark matter on (sub)galactic scale ONLY with gravitational interaction



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)



this density fluctuation is another characteristic feature of ultralight dark matter 
and some of interesting phenomenology on (sub)galactic scales follow from these fluctuations



One of the most intuitive ways to understand this fluctuation is  
to think of them as a sort of particles say, quasiparticles

the size of the quasiparticle is given by its wavelength

` ⇠ � =
1
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Hui et al (17)

the effective mass of the quasiparticle is given by

me↵ ⇠ ⇢DM`3
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Human scale (~kg)

Asteroids

Earth
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Human scale (~kg)

Asteroids

Earth

me↵ ⇠ O(104)M�
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<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>



a concept of quasiparticle seems quite naive 
but it provides a useful thinking tool to understand 

the behavior of wave DM halo as well as the interaction with stellar objects



a large order one density fluctuation can naturally be understood 
in the particle dark matter halo

N̄DM = ⇢V ⇠ 1

<latexit sha1_base64="zIJ4hzL+zooA4GTwHqKl2i6KK3Y=">AAACKXicbVDLSsNAFJ34rPEVdenCwSK4KolUdCMUdeFGqWAf0IQwmUzboTNJmJkUS+jSr+lWP8SduvUT/AGnbRa29cCFwzn3cu89QcKoVLb9aSwtr6yurRc2zM2t7Z1da2+/LuNUYFLDMYtFM0CSMBqRmqKKkWYiCOIBI42gdzP2G30iJI2jJzVIiMdRJ6JtipHSkm8duQES8MHPXMHh7f0QXkFXdGNYh66kHDq+VbRL9gRwkTg5KYIcVd/6ccMYp5xECjMkZcuxE+VlSCiKGRmabipJgnAPdUhL0whxIr1s8sgQnmglhO1Y6IoUnKh/JzLEpRzwQHdypLpy3huL/3mtsE8Tme96ni6bvUS1L72MRkmqSISnh7RTBlUMx6nBkAqCFRtogrCg+heIu0ggrHS2pqlTcuYzWST1s5JTLp0/louV6zyvAjgEx+AUOOACVMAdqIIawOAFjMAreDNGxrvxYXxNW5eMfOYAzMD4/gW2GqWp</latexit>

⇢ ⇠ GeV/cm3

<latexit sha1_base64="afVECCTwvLQiKLNpPagv3nq4lMI=">AAACJHicbVDLSsNAFJ3UV62vqDvdDBbBhdREK7osutBlBfuAJpbJZNIOnUnCzKRYQsGv6VY/xJ24cONP+ANO2yxs64ELh3Pu5d57vJhRqSzry8gtLa+sruXXCxubW9s75u5eXUaJwKSGIxaJpockYTQkNUUVI81YEMQ9Rhpe73bsN/pESBqFj2oQE5ejTkgDipHSUts8cEQ3go6kHDqnqSM4vCP1M8yfLoZts2iVrAngIrEzUgQZqm3zx/EjnHASKsyQlC3bipWbIqEoZmRYcBJJYoR7qENamoaIE+mmkx+G8FgrPgwioStUcKL+nUgRl3LAPd3JkerKeW8s/ue1/D6NZbbrebps9hIVXLspDeNEkRBPDwkSBlUEx4FBnwqCFRtogrCg+heIu0ggrHSshYJOyZ7PZJHUz0t2uXT5UC5WbrK88uAQHIETYIMrUAH3oApqAIMXMAKv4M0YGe/Gh/E5bc0Z2cw+mIHx/Qs4dqR+</latexit>

m ⇠ GeV

<latexit sha1_base64="bnipvLzo3w+7pD7+dmd0QeBg3zY=">AAACG3icbVDLSgMxFM34rONrqks3wSK4kDIjFV0WXeiygn1AZyiZTNqGJpkhyVTL0E/pVj/Enbh14Xf4A6btLGzrgcDhnHu5JydMGFXadb+ttfWNza3two69u7d/cOgUjxoqTiUmdRyzWLZCpAijgtQ11Yy0EkkQDxlphoO7qd8cEqloLJ70KCEBRz1BuxQjbaSOU+S+ohz6F5kvObwnjXHHKblldwa4SryclECOWsf58aMYp5wIjRlSqu25iQ4yJDXFjIxtP1UkQXiAeqRtqECcqCCbRR/DM6NEsBtL84SGM/XvRoa4UiMemkmOdF8te1PxP68dDWmi8lsv82OLSXT3JsioSFJNBJ4H6aYM6hhOe4IRlQRrNjIEYUnNXyDuI4mwNm3atmnJW+5klTQuy16lfPVYKVVv874K4AScgnPggWtQBQ+gBuoAg2cwAa/gzZpY79aH9TkfXbPynWOwAOvrF+AVoTw=</latexit>

` ⇠ cm

<latexit sha1_base64="Y4mhUQpInmiTRH8UrwrL/fm6ths=">AAACL3icbVDLTgIxFO3gC/GFunTTSEhckRmj0SXRhe7ERB4JQ0inXKCh7UzaDpFM+AK/hq1+iHFj3Lr2BywwCwFP0uTk3NfpCSLOtHHdDyeztr6xuZXdzu3s7u0f5A+PajqMFYUqDXmoGgHRwJmEqmGGQyNSQETAoR4Mbqf1+hCUZqF8MqMIWoL0JOsySoyV2vmiP9uRPHA2hDsFIMfYB86xr5nAia8EpmLczhfckjsDXiVeSgooRaWd//E7IY0FSEM50brpuZFpJUQZRjmMc36sISJ0QHrQtFQSAbqVzKyMcdEqHdwNlX3S4Jn6dyIhQuuRCGynIKavl2tT8b9aszNkkU5vPc+PLTox3etWwmQUG5B0bqQbc2xCPM0Od5gCavjIEkIVs3/BtE8UocYmnMvZlLzlTFZJ7bzkXZQuHy8K5Zs0ryw6QafoDHnoCpXRPaqgKqLoBU3QK3pzJs678+l8zVszTjpzjBbgfP8C6byqGQ==</latexit>



a large order one density fluctuation can naturally be understood 
in the particle dark matter halo

⇢ ⇠ GeV/cm3

<latexit sha1_base64="afVECCTwvLQiKLNpPagv3nq4lMI=">AAACJHicbVDLSsNAFJ3UV62vqDvdDBbBhdREK7osutBlBfuAJpbJZNIOnUnCzKRYQsGv6VY/xJ24cONP+ANO2yxs64ELh3Pu5d57vJhRqSzry8gtLa+sruXXCxubW9s75u5eXUaJwKSGIxaJpockYTQkNUUVI81YEMQ9Rhpe73bsN/pESBqFj2oQE5ejTkgDipHSUts8cEQ3go6kHDqnqSM4vCP1M8yfLoZts2iVrAngIrEzUgQZqm3zx/EjnHASKsyQlC3bipWbIqEoZmRYcBJJYoR7qENamoaIE+mmkx+G8FgrPgwioStUcKL+nUgRl3LAPd3JkerKeW8s/ue1/D6NZbbrebps9hIVXLspDeNEkRBPDwkSBlUEx4FBnwqCFRtogrCg+heIu0ggrHSshYJOyZ7PZJHUz0t2uXT5UC5WbrK88uAQHIETYIMrUAH3oApqAIMXMAKv4M0YGe/Gh/E5bc0Z2cw+mIHx/Qs4dqR+</latexit>

m ⇠ GeV

<latexit sha1_base64="bnipvLzo3w+7pD7+dmd0QeBg3zY=">AAACG3icbVDLSgMxFM34rONrqks3wSK4kDIjFV0WXeiygn1AZyiZTNqGJpkhyVTL0E/pVj/Enbh14Xf4A6btLGzrgcDhnHu5JydMGFXadb+ttfWNza3two69u7d/cOgUjxoqTiUmdRyzWLZCpAijgtQ11Yy0EkkQDxlphoO7qd8cEqloLJ70KCEBRz1BuxQjbaSOU+S+ohz6F5kvObwnjXHHKblldwa4SryclECOWsf58aMYp5wIjRlSqu25iQ4yJDXFjIxtP1UkQXiAeqRtqECcqCCbRR/DM6NEsBtL84SGM/XvRoa4UiMemkmOdF8te1PxP68dDWmi8lsv82OLSXT3JsioSFJNBJ4H6aYM6hhOe4IRlQRrNjIEYUnNXyDuI4mwNm3atmnJW+5klTQuy16lfPVYKVVv874K4AScgnPggWtQBQ+gBuoAg2cwAa/gzZpY79aH9TkfXbPynWOwAOvrF+AVoTw=</latexit>

` ⇠ cm

<latexit sha1_base64="Y4mhUQpInmiTRH8UrwrL/fm6ths=">AAACL3icbVDLTgIxFO3gC/GFunTTSEhckRmj0SXRhe7ERB4JQ0inXKCh7UzaDpFM+AK/hq1+iHFj3Lr2BywwCwFP0uTk3NfpCSLOtHHdDyeztr6xuZXdzu3s7u0f5A+PajqMFYUqDXmoGgHRwJmEqmGGQyNSQETAoR4Mbqf1+hCUZqF8MqMIWoL0JOsySoyV2vmiP9uRPHA2hDsFIMfYB86xr5nAia8EpmLczhfckjsDXiVeSgooRaWd//E7IY0FSEM50brpuZFpJUQZRjmMc36sISJ0QHrQtFQSAbqVzKyMcdEqHdwNlX3S4Jn6dyIhQuuRCGynIKavl2tT8b9aszNkkU5vPc+PLTox3etWwmQUG5B0bqQbc2xCPM0Od5gCavjIEkIVs3/BtE8UocYmnMvZlLzlTFZJ7bzkXZQuHy8K5Zs0ryw6QafoDHnoCpXRPaqgKqLoBU3QK3pzJs678+l8zVszTjpzjBbgfP8C6byqGQ==</latexit>

N̄DM = ⇢V ⇠ 1

<latexit sha1_base64="zIJ4hzL+zooA4GTwHqKl2i6KK3Y=">AAACKXicbVDLSsNAFJ34rPEVdenCwSK4KolUdCMUdeFGqWAf0IQwmUzboTNJmJkUS+jSr+lWP8SduvUT/AGnbRa29cCFwzn3cu89QcKoVLb9aSwtr6yurRc2zM2t7Z1da2+/LuNUYFLDMYtFM0CSMBqRmqKKkWYiCOIBI42gdzP2G30iJI2jJzVIiMdRJ6JtipHSkm8duQES8MHPXMHh7f0QXkFXdGNYh66kHDq+VbRL9gRwkTg5KYIcVd/6ccMYp5xECjMkZcuxE+VlSCiKGRmabipJgnAPdUhL0whxIr1s8sgQnmglhO1Y6IoUnKh/JzLEpRzwQHdypLpy3huL/3mtsE8Tme96ni6bvUS1L72MRkmqSISnh7RTBlUMx6nBkAqCFRtogrCg+heIu0ggrHS2pqlTcuYzWST1s5JTLp0/louV6zyvAjgEx+AUOOACVMAdqIIawOAFjMAreDNGxrvxYXxNW5eMfOYAzMD4/gW2GqWp</latexit>

hNDMi = N̄DM

<latexit sha1_base64="xxSuWdpIAdleRM5V+W4lcOSqhww=">AAACNnicbVDLSgMxFM3UV62vqks3wSK4kDIjFd0IRV24USrYB3TKkMmkbWiSGZJMsQz9Cb+mW/0LN+7EreAPmLaz6MMDFw7n3Mu99/gRo0rb9oeVWVldW9/Ibua2tnd29/L7BzUVxhKTKg5ZKBs+UoRRQaqaakYakSSI+4zU/d7t2K/3iVQ0FM96EJEWRx1B2xQjbSQvf+YyJDqMwEcvcSWHdw9D6MqpdA1dH8kZx8sX7KI9AVwmTkoKIEXFy/+6QYhjToTGDCnVdOxItxIkNcWMDHNurEiEcA91SNNQgThRrWTy1RCeGCWA7VCaEhpO1NmJBHGlBtw3nRzprlr0xuJ/XjPo00ilu16my+Yv0e2rVkJFFGsi8PSQdsygDuE4QhhQSbBmA0MQltT8AnEXSYS1CTqXMyk5i5ksk9p50SkVL55KhfJNmlcWHIFjcAoccAnK4B5UQBVg8ApG4A28WyPr0/qyvqetGSudOQRzsH7+APgoq28=</latexit>

h�N2
DMi = N̄DM

<latexit sha1_base64="Zr8Y36iASjCkhmGNpchDzD1XILg="></latexit>

and therefore in this small volume

�⇢

⇢
=

1p
N̄DM

⇠ O(1)

<latexit sha1_base64="Q3T7a2Sr5OCocyaEhbMfD+TJrvs="></latexit>



if we instead choose larger volume

⇢ ⇠ GeV/cm3

<latexit sha1_base64="afVECCTwvLQiKLNpPagv3nq4lMI=">AAACJHicbVDLSsNAFJ3UV62vqDvdDBbBhdREK7osutBlBfuAJpbJZNIOnUnCzKRYQsGv6VY/xJ24cONP+ANO2yxs64ELh3Pu5d57vJhRqSzry8gtLa+sruXXCxubW9s75u5eXUaJwKSGIxaJpockYTQkNUUVI81YEMQ9Rhpe73bsN/pESBqFj2oQE5ejTkgDipHSUts8cEQ3go6kHDqnqSM4vCP1M8yfLoZts2iVrAngIrEzUgQZqm3zx/EjnHASKsyQlC3bipWbIqEoZmRYcBJJYoR7qENamoaIE+mmkx+G8FgrPgwioStUcKL+nUgRl3LAPd3JkerKeW8s/ue1/D6NZbbrebps9hIVXLspDeNEkRBPDwkSBlUEx4FBnwqCFRtogrCg+heIu0ggrHSshYJOyZ7PZJHUz0t2uXT5UC5WbrK88uAQHIETYIMrUAH3oApqAIMXMAKv4M0YGe/Gh/E5bc0Z2cw+mIHx/Qs4dqR+</latexit>

m ⇠ GeV

<latexit sha1_base64="bnipvLzo3w+7pD7+dmd0QeBg3zY=">AAACG3icbVDLSgMxFM34rONrqks3wSK4kDIjFV0WXeiygn1AZyiZTNqGJpkhyVTL0E/pVj/Enbh14Xf4A6btLGzrgcDhnHu5JydMGFXadb+ttfWNza3two69u7d/cOgUjxoqTiUmdRyzWLZCpAijgtQ11Yy0EkkQDxlphoO7qd8cEqloLJ70KCEBRz1BuxQjbaSOU+S+ohz6F5kvObwnjXHHKblldwa4SryclECOWsf58aMYp5wIjRlSqu25iQ4yJDXFjIxtP1UkQXiAeqRtqECcqCCbRR/DM6NEsBtL84SGM/XvRoa4UiMemkmOdF8te1PxP68dDWmi8lsv82OLSXT3JsioSFJNBJ4H6aYM6hhOe4IRlQRrNjIEYUnNXyDuI4mwNm3atmnJW+5klTQuy16lfPVYKVVv874K4AScgnPggWtQBQ+gBuoAg2cwAa/gzZpY79aH9TkfXbPynWOwAOvrF+AVoTw=</latexit>

hNDMi = N̄DM

<latexit sha1_base64="xxSuWdpIAdleRM5V+W4lcOSqhww=">AAACNnicbVDLSgMxFM3UV62vqks3wSK4kDIjFd0IRV24USrYB3TKkMmkbWiSGZJMsQz9Cb+mW/0LN+7EreAPmLaz6MMDFw7n3Mu99/gRo0rb9oeVWVldW9/Ibua2tnd29/L7BzUVxhKTKg5ZKBs+UoRRQaqaakYakSSI+4zU/d7t2K/3iVQ0FM96EJEWRx1B2xQjbSQvf+YyJDqMwEcvcSWHdw9D6MqpdA1dH8kZx8sX7KI9AVwmTkoKIEXFy/+6QYhjToTGDCnVdOxItxIkNcWMDHNurEiEcA91SNNQgThRrWTy1RCeGCWA7VCaEhpO1NmJBHGlBtw3nRzprlr0xuJ/XjPo00ilu16my+Yv0e2rVkJFFGsi8PSQdsygDuE4QhhQSbBmA0MQltT8AnEXSYS1CTqXMyk5i5ksk9p50SkVL55KhfJNmlcWHIFjcAoccAnK4B5UQBVg8ApG4A28WyPr0/qyvqetGSudOQRzsH7+APgoq28=</latexit>

h�N2
DMi = N̄DM

<latexit sha1_base64="Zr8Y36iASjCkhmGNpchDzD1XILg="></latexit>

and therefore in this large volume

�⇢

⇢
=

1p
N̄DM

⌧ 1

<latexit sha1_base64="ziqKEt195jwDXBJYAeBgkmSvQrc="></latexit>

` ⇠ AU

<latexit sha1_base64="rPaMZqN18mlFtuCo+6i3hvr97gQ=">AAACK3icbVDLTgIxFO3gC/E16tJNlZi4IjMGo0vUjUtMHCBhCOmUAg1tp2k7RDJh7dew1Q9xpXHrF/gDFpiFgDdpcnLOfZyeSDKqjed9OLm19Y3Nrfx2YWd3b//APTyq6ThRmAQ4ZrFqREgTRgUJDDWMNKQiiEeM1KPB/VSvD4nSNBZPZiRJi6OeoF2KkbFU2z0NZztSmSjJyBiGhDEYasphGioOb4Nx2y16JW9WcBX4GSiCrKpt9yfsxDjhRBjMkNZN35OmlSJlKLYnCmGiiUR4gHqkaaFAnOhWOrMxhueW6cBurOwTBs7YvxMp4lqPeGQ7OTJ9vaxNyf+0ZmdIpc5uPc+PLTox3ZtWSoVMDBF4bqSbMGhiOM0Ndqgi2LCRBQgrav8CcR8phI1Nt1CwKfnLmayC2mXJL5euHsvFyl2WVx6cgDNwAXxwDSrgAVRBADB4ARPwCt6cifPufDpf89ack80cg4Vyvn8BjQeoXw==</latexit>

N̄DM = ⇢V ⇠ 1039

<latexit sha1_base64="oK6M4g7aUN66yuUyU2x6vVzKsDs="></latexit>

� 1

<latexit sha1_base64="VgpgqHY+19fnBNLJLYCeCPwyCBU=">AAACDXicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlkkg6dTMLMpFhCv6Fb/RB34tZv8Dv8AadtFrb1wMDhnHu5Z46fcqa043xbpY3Nre2d8q69t39weFQ5PmmpJJOENknCE9nxsaKcCdrUTHPaSSXFsc9p2x8+zPz2iErFEvGsxyn1YhwJFjKCtZGavShCbr9SdWrOHGiduAWpQoFGv/LTCxKSxVRowrFSXddJtZdjqRnhdGL3MkVTTIY4ol1DBY6p8vJ52Am6MEqAwkSaJzSaq383chwrNY59MxljPVCr3kz8z+sGI5aq4tbL4thyEh3eeTkTaaapIIsgYcaRTtCsGRQwSYnmY0Mwkcz8BZEBlpho059tm5bc1U7WSeuq5l7Xbp6uq/X7oq8ynME5XIILt1CHR2hAEwgwmMIrvFlT6936sD4XoyWr2DmFJVhfv/GLm/8=</latexit>



` ⇠ AU

<latexit sha1_base64="rPaMZqN18mlFtuCo+6i3hvr97gQ=">AAACK3icbVDLTgIxFO3gC/E16tJNlZi4IjMGo0vUjUtMHCBhCOmUAg1tp2k7RDJh7dew1Q9xpXHrF/gDFpiFgDdpcnLOfZyeSDKqjed9OLm19Y3Nrfx2YWd3b//APTyq6ThRmAQ4ZrFqREgTRgUJDDWMNKQiiEeM1KPB/VSvD4nSNBZPZiRJi6OeoF2KkbFU2z0NZztSmSjJyBiGhDEYasphGioOb4Nx2y16JW9WcBX4GSiCrKpt9yfsxDjhRBjMkNZN35OmlSJlKLYnCmGiiUR4gHqkaaFAnOhWOrMxhueW6cBurOwTBs7YvxMp4lqPeGQ7OTJ9vaxNyf+0ZmdIpc5uPc+PLTox3ZtWSoVMDBF4bqSbMGhiOM0Ndqgi2LCRBQgrav8CcR8phI1Nt1CwKfnLmayC2mXJL5euHsvFyl2WVx6cgDNwAXxwDSrgAVRBADB4ARPwCt6cifPufDpf89ack80cg4Vyvn8BjQeoXw==</latexit>

we may apply the same argument for DM quasiparticles 
in particular over the scale of the wavelength  

there’s O(1) number of quasiparticle

since the wavelength could be astronomical scales 
it’s natural to expect an order-one density fluctuation over 

such large spatial scales 

(for ` ⇠ �)

<latexit sha1_base64="3SD2/SUVo51hO6YryxtP9Rjg2ho=">AAACLHicbVC7TsNAEDzzJrwClDSnJEjQRDYCQRlBQwkSCZHiKDqf13Dizrbu1iiRlZ6voYUPoUGIlh/gB7gkLiBhq9HMPmYnSKUw6Lrvztz8wuLS8spqaW19Y3OrvL3TMkmmOTR5IhPdDpgBKWJookAJ7VQDU4GE2+DhYqTfPoI2IolvcJBCV7G7WESCM7RUr1w58BH6qFUeJZrWfJCS+kYo6ku7JGS14WGvXHXr7rjoLPAKUCVFXfXK336Y8ExBjFwyYzqem2I3ZxoFlzAs+ZmBlPEHdgcdC2OmwHTz8S9Dum+ZkI7MREmMdMz+nsiZMmagAtupGN6baW1E/qd1wkeRmuJWf3LsrxOMzrq5iNMMIeYTI1EmKSZ0FBwNhQaOcmAB41rYXyi/Z5pxtPGWSjYlbzqTWdA6qnvH9ZPr42rjvMhrheyRCjkgHjklDXJJrkiTcPJEnskLeXWenTfnw/mctM45xcwu+VPO1w8S96gK</latexit>

�⇢

⇢
⇠ 1

<latexit sha1_base64="U0NiIEgrAg+HHNWHESNPkGCFzLo=">AAACKnicbVC7TsMwFHXKq4RXgJHFokJiqhJUBGMFC2OR6ENqospxnNaqnUS2U1FFWfmarvAhbBUrf8AP4LQZaMuRbB2dc6/uvcdPGJXKtudGZWt7Z3evum8eHB4dn1inZx0ZpwKTNo5ZLHo+koTRiLQVVYz0EkEQ9xnp+uPHwu9OiJA0jl7UNCEeR8OIhhQjpaWBBd1QIJy5AWEKQVeM4jwrfphDV1IOnYFVs+v2AnCTOCWpgRKtgfXjBjFOOYkUZkjKvmMnysuQUBQzkptuKkmC8BgNSV/TCHEivWxxSQ6vtBLAMBb6RQou1L8dGeJSTrmvKzlSI7nuFeJ/Xj+Y0ESWs16Xw1Y3UeG9l9EoSRWJ8HKRMGVQxbCIDQZUEKzYVBOEBdW3QDxCOjqlwzVNnZKznskm6dzUnUb99rlRaz6UeVXBBbgE18ABd6AJnkALtAEGb2AG3sGHMTM+jbnxtSytGGXPOViB8f0LSVGnsQ==</latexit>

m ⇠ 10�15 eV

<latexit sha1_base64="W11q7x4LdeNQp4rZmWbA+SZNr/c=">AAACMnicbVDLTgIxFO34xPE16tJNIzFhoWTGQHRJdOMSE3kkzEg6pUBDO9O0HSKZ8At+DVv9D90Zt+78AQvMQsCbNDk55z5OTygYVdp136219Y3Nre3cjr27t39w6Bwd11WcSExqOGaxbIZIEUYjUtNUM9IUkiAeMtIIB3dTvTEkUtE4etQjQQKOehHtUoy0odpOwZ/tSEUiBSNjyKGvKIee+5ReeuWxf5H6kkNSH7edvFt0ZwVXgZeBPMiq2nZ+/E6ME04ijRlSquW5Qgcpkppic8n2E0UEwgPUIy0DI8SJCtKZmzE8N0wHdmNpXqThjP07kSKu1IiHppMj3VfL2pT8T2t1hlSo7Nbz/NiiE929CVIaiUSTCM+NdBMGdQyn8cEOlQRrNjIAYUnNXyDuI4mwNiHbtknJW85kFdSvil6pWH4o5Su3WV45cArOQAF44BpUwD2oghrA4AVMwCt4sybWh/Vpfc1b16xs5gQslPX9C9jPqnA=</latexit>



the usage of QP doesn’t end here 
it is also useful to understand the interaction  

between wave DM and celestial objects



at the fundamental level  
the interaction between wave DM and star might be represented by

�

<latexit sha1_base64="OjVM/j0TxBX1HM+xvXkJ3BqKd9c=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlk0gydTMLMpFhCf6Fb/RB34tZ/8Dv8AadtFrb1wMDhnHu5Z46fcqa043xbpY3Nre2d8q69t39weFQ5PmmpJJOENknCE9nxsaKcCdrUTHPaSSXFsc9p2x8+zPz2iErFEvGsxyn1YjwQLGQE65nUSyPWr1SdmjMHWiduQapQoNGv/PSChGQxFZpwrFTXdVLt5VhqRjid2L1M0RSTIR7QrqECx1R5+TzrBF0YJUBhIs0TGs3Vvxs5jpUax76ZjLGO1Ko3E//zusGIpaq49bI4tpxEh3dezkSaaSrIIkiYcaQTNCsGBUxSovnYEEwkM39BJMISE23qs23TkrvayTppXdXc69rN03W1fl/0VYYzOIdLcOEW6vAIDWgCgQim8Apv1tR6tz6sz8VoySp2TmEJ1tcvA0KcFw==</latexit>

?

<latexit sha1_base64="QvlZjxKKKjObaTI89a9DeHQJdq0=">AAACHnicbVDJTsMwFHRYS9jCcuNiUSFxqhJUBMcKLhyLRBepiSrHcVurjh3ZTkWJ+i+9wodwQ1zhO/gB3DQH2jKSpdG8ZZ4nTBhV2nW/rbX1jc2t7dKOvbu3f3DoHB03lUglJg0smJDtECnCKCcNTTUj7UQSFIeMtMLh/azeGhGpqOBPepyQIEZ9TnsUI22krnPq5zsyIRHvkwn0lUay65TdipsDrhKvIGVQoN51fvxI4DQmXGOGlOp4bqKDDElNMSMT208VSRAeoj7pGMpRTFSQ5c4TeGGUCPaENI9rmKt/JzIUKzWOQ9MZIz1Qy7WZ+F+tE41oogqv57nZ4iW6dxtklCepJhzPD+mlDGoBZ1HBiEqCNRsbgrCk5i8QD5BEWJtAbduk5C1nskqaVxWvWrl+rJZrd0VeJXAGzsEl8MANqIEHUAcNgMELmIJX8GZNrXfrw/qct65ZxcwJWID19QvbgqNw</latexit>

gµ⌫

<latexit sha1_base64="MzUTKJBs5Pvht6ervyB2hKbq5BM=">AAACEnicbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5BFpQ6bTKUyYTpuZKZE0/AVb/RB3xq0/4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI303O9lbpS6Ip30yhW7as+B1omTkwrkaPTKP24QkzSiQhOOleo6dqK9DEvNCKeTkpsqmmAyxH3aNVTgiCovmyeeoAujBCiMpXlCo7n6dyPDkVLjyDeTEdYDterNxP+8bjBiicpvvSyOLSfR4a2XMZGkmgqyCBKmHOkYzepBAZOUaD42BBPJzF8QGWCJiTYllkqmJWe1k3XSuqo6ter1Y61Sv8v7KsIZnMMlOHADdXiABjSBgIApvMKbNbXerQ/rczFasPKdU1iC9fULP92e8Q==</latexit>

V =
GmM?

r

<latexit sha1_base64="ibFX2hPVg0GgN/m6nG1xvEO+SKc=">AAACI3icbVDLSsNAFJ3UV42vqCtxM1gEVyWRim6EogvdCBXsA5oQJpNJO3TyYGZSLCH4Nd3qh7gTNy78Cn/AaZuFbT1w4XDOvdx7j5cwKqRpfmmlldW19Y3ypr61vbO7Z+wftEScckyaOGYx73hIEEYj0pRUMtJJOEGhx0jbG9xO/PaQcEHj6EmOEuKEqBfRgGIkleQaRy14De2AI5zdwRA+uLaQiOcZz12jYlbNKeAysQpSAQUarvFj+zFOQxJJzJAQXctMpJMhLilmJNftVJAE4QHqka6iEQqJcLLpCzk8VYoPg5iriiScqn8nMhQKMQo91Rki2ReL3kT8z+v6Q5qIYtfzbNn8JTK4cjIaJakkEZ4dEqQMyhhO8oI+5QRLNlIEYU7VLxD3kcpLqlR1XaVkLWayTFrnVatWvXisVeo3RV5lcAxOwBmwwCWog3vQAE2AwQsYg1fwpo21d+1D+5y1lrRi5hDMQfv+Bd9kpGA=</latexit>

M ⇠ 16⇡G
m2M2

?

q2

<latexit sha1_base64="f2nUZ73JdFgZyhefSwU4myp3BdU="></latexit>



at the fundamental level  
the interaction between wave DM and star might be represented by

�

<latexit sha1_base64="OjVM/j0TxBX1HM+xvXkJ3BqKd9c=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlk0gydTMLMpFhCf6Fb/RB34tZ/8Dv8AadtFrb1wMDhnHu5Z46fcqa043xbpY3Nre2d8q69t39weFQ5PmmpJJOENknCE9nxsaKcCdrUTHPaSSXFsc9p2x8+zPz2iErFEvGsxyn1YjwQLGQE65nUSyPWr1SdmjMHWiduQapQoNGv/PSChGQxFZpwrFTXdVLt5VhqRjid2L1M0RSTIR7QrqECx1R5+TzrBF0YJUBhIs0TGs3Vvxs5jpUax76ZjLGO1Ko3E//zusGIpaq49bI4tpxEh3dezkSaaSrIIkiYcaQTNCsGBUxSovnYEEwkM39BJMISE23qs23TkrvayTppXdXc69rN03W1fl/0VYYzOIdLcOEW6vAIDWgCgQim8Apv1tR6tz6sz8VoySp2TmEJ1tcvA0KcFw==</latexit>

?

<latexit sha1_base64="QvlZjxKKKjObaTI89a9DeHQJdq0=">AAACHnicbVDJTsMwFHRYS9jCcuNiUSFxqhJUBMcKLhyLRBepiSrHcVurjh3ZTkWJ+i+9wodwQ1zhO/gB3DQH2jKSpdG8ZZ4nTBhV2nW/rbX1jc2t7dKOvbu3f3DoHB03lUglJg0smJDtECnCKCcNTTUj7UQSFIeMtMLh/azeGhGpqOBPepyQIEZ9TnsUI22krnPq5zsyIRHvkwn0lUay65TdipsDrhKvIGVQoN51fvxI4DQmXGOGlOp4bqKDDElNMSMT208VSRAeoj7pGMpRTFSQ5c4TeGGUCPaENI9rmKt/JzIUKzWOQ9MZIz1Qy7WZ+F+tE41oogqv57nZ4iW6dxtklCepJhzPD+mlDGoBZ1HBiEqCNRsbgrCk5i8QD5BEWJtAbduk5C1nskqaVxWvWrl+rJZrd0VeJXAGzsEl8MANqIEHUAcNgMELmIJX8GZNrXfrw/qct65ZxcwJWID19QvbgqNw</latexit>

gµ⌫

<latexit sha1_base64="MzUTKJBs5Pvht6ervyB2hKbq5BM=">AAACEnicbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5BFpQ6bTKUyYTpuZKZE0/AVb/RB3xq0/4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI303O9lbpS6Ip30yhW7as+B1omTkwrkaPTKP24QkzSiQhOOleo6dqK9DEvNCKeTkpsqmmAyxH3aNVTgiCovmyeeoAujBCiMpXlCo7n6dyPDkVLjyDeTEdYDterNxP+8bjBiicpvvSyOLSfR4a2XMZGkmgqyCBKmHOkYzepBAZOUaD42BBPJzF8QGWCJiTYllkqmJWe1k3XSuqo6ter1Y61Sv8v7KsIZnMMlOHADdXiABjSBgIApvMKbNbXerQ/rczFasPKdU1iC9fULP92e8Q==</latexit>

V =
GmM?

r

<latexit sha1_base64="ibFX2hPVg0GgN/m6nG1xvEO+SKc=">AAACI3icbVDLSsNAFJ3UV42vqCtxM1gEVyWRim6EogvdCBXsA5oQJpNJO3TyYGZSLCH4Nd3qh7gTNy78Cn/AaZuFbT1w4XDOvdx7j5cwKqRpfmmlldW19Y3ypr61vbO7Z+wftEScckyaOGYx73hIEEYj0pRUMtJJOEGhx0jbG9xO/PaQcEHj6EmOEuKEqBfRgGIkleQaRy14De2AI5zdwRA+uLaQiOcZz12jYlbNKeAysQpSAQUarvFj+zFOQxJJzJAQXctMpJMhLilmJNftVJAE4QHqka6iEQqJcLLpCzk8VYoPg5iriiScqn8nMhQKMQo91Rki2ReL3kT8z+v6Q5qIYtfzbNn8JTK4cjIaJakkEZ4dEqQMyhhO8oI+5QRLNlIEYU7VLxD3kcpLqlR1XaVkLWayTFrnVatWvXisVeo3RV5lcAxOwBmwwCWog3vQAE2AwQsYg1fwpo21d+1D+5y1lrRi5hDMQfv+Bd9kpGA=</latexit>

Nocc

<latexit sha1_base64="XoQxplVh1NZvIsfCkBGe3ED36rI=">AAACE3icbVDLSgMxFM3UVx1fVZdugkVwVWakosuiG1dSwT6gHUomk2lD8xiSTLEM/Yxu9UPciVs/wO/wB0zbWdjWA4HDOfdyT06YMKqN5307hY3Nre2d4q67t39weFQ6PmlqmSpMGlgyqdoh0oRRQRqGGkbaiSKIh4y0wuH9zG+NiNJUimczTkjAUV/QmGJkrNR57GVdxaHEeNIrlb2KNwdcJ35OyiBHvVf66UYSp5wIgxnSuuN7iQkypAzFjEzcbqpJgvAQ9UnHUoE40UE2jzyBF1aJYCyVfcLAufp3I0Nc6zEP7SRHZqBXvZn4n9eJRjTR+a2XxbHlJCa+DTIqktQQgRdB4pRBI+GsHxhRRbBhY0sQVtT+BeIBUggb26Lr2pb81U7WSfOq4lcr10/Vcu0u76sIzsA5uAQ+uAE18ADqoAEwkGAKXsGbM3XenQ/nczFacPKdU7AE5+sXXSKe9Q==</latexit>

Nocc

<latexit sha1_base64="XoQxplVh1NZvIsfCkBGe3ED36rI=">AAACE3icbVDLSgMxFM3UVx1fVZdugkVwVWakosuiG1dSwT6gHUomk2lD8xiSTLEM/Yxu9UPciVs/wO/wB0zbWdjWA4HDOfdyT06YMKqN5307hY3Nre2d4q67t39weFQ6PmlqmSpMGlgyqdoh0oRRQRqGGkbaiSKIh4y0wuH9zG+NiNJUimczTkjAUV/QmGJkrNR57GVdxaHEeNIrlb2KNwdcJ35OyiBHvVf66UYSp5wIgxnSuuN7iQkypAzFjEzcbqpJgvAQ9UnHUoE40UE2jzyBF1aJYCyVfcLAufp3I0Nc6zEP7SRHZqBXvZn4n9eJRjTR+a2XxbHlJCa+DTIqktQQgRdB4pRBI+GsHxhRRbBhY0sQVtT+BeIBUggb26Lr2pb81U7WSfOq4lcr10/Vcu0u76sIzsA5uAQ+uAE18ADqoAEwkGAKXsGbM3XenQ/nczFacPKdU7AE5+sXXSKe9Q==</latexit>

Nocc ⇠ ndm�
3

<latexit sha1_base64="onxzZ/Y6RJR9b1gz1PWfawxNSGQ=">AAACL3icbVDLTgIxFO3gC/E16tJNIyFxRWYUo0uiG1cGE3kkgJNOpwMNbWfSdohkwhf4NWz1Q4wb49a1P2CBWQh4kian576PHzOqtON8WLm19Y3Nrfx2YWd3b//APjxqqCiRmNRxxCLZ8pEijApS11Qz0oolQdxnpOkPbqfx5pBIRSPxqEcx6XLUEzSkGGkjeXbp3ks7ksMI4zHsKMqhmAsBN39mGgXo6cKzi07ZmQGuEjcjRZCh5tk/nSDCCSdCY4aUartOrLspkppiRsaFTqJIjPAA9UjbUIE4Ud10ds4YlowSwDCS5gkNZ+rfihRxpUbcN5kc6b5ajk3F/2LtYEhjlc16ng9b3ESH192UijjRROD5ImHCoI7g1DsYUEmwZiNDEJbU3AJxH0mEtXG4UDAuucuerJLGedmtlC8fKsXqTeZXHpyAU3AGXHAFquAO1EAdYPACJuAVvFkT6936tL7mqTkrqzkGC7C+fwHA+alu</latexit>

me↵ = ⇢dm�
3

<latexit sha1_base64="ykEHzSX77bVlP10Vz3Y/yKbTR84=">AAACL3icbVDLSsNAFJ3UV42vqEs3g6XgqiRa0Y1QdOOygn1AE8tkMmmHziRhZlIsoV/g13SrHyJuxK1rf8Bpm4VtPTBwOOfeufceP2FUKtv+MApr6xubW8Vtc2d3b//AOjxqyjgVmDRwzGLR9pEkjEakoahipJ0IgrjPSMsf3E391pAISePoUY0S4nHUi2hIMVJa6lpl3s1cwSEJwzG8ga7ox3Mh4GPoMv1RgJ4uulbJrtgzwFXi5KQEctS71o8bxDjlJFKYISk7jp0oL0NCUczI2HRTSRKEB6hHOppGiBPpZbNzxrCslQCGsdAvUnCm/u3IEJdyxH1dyZHqy2VvKv7ndYIhTWQ+63k+bHETFV57GY2SVJEIzxcJUwZVDKfZwYAKghUbaYKwoPoWiPtIIKx0wqapU3KWM1klzfOKU61cPlRLtds8ryI4AafgDDjgCtTAPaiDBsDgBUzAK3gzJsa78Wl8zUsLRt5zDBZgfP8Cm0upWA==</latexit>

=
GM?me↵

r

<latexit sha1_base64="Gdg/k4R3xTDQGt37zozv7CWG6EQ=">AAACK3icbVDLSsNAFJ3UV62vqks3o0VwVRKp6EYoutCNUME+oAlhMpm0Q2eSMDMplpC1X9Otfogrxa1f4A84bbOwrQcuHM65l3vv8WJGpTLND6Owsrq2vlHcLG1t7+zulfcPWjJKBCZNHLFIdDwkCaMhaSqqGOnEgiDuMdL2BrcTvz0kQtIofFKjmDgc9UIaUIyUltzy8TW0A4FwegcfXFsqJCB3U1twSIIgy1KRueWKWTWngMvEykkF5Gi45R/bj3DCSagwQ1J2LTNWToqEopiRrGQnksQID1CPdDUNESfSSaevZPBUKz4MIqErVHCq/p1IEZdyxD3dyZHqy0VvIv7ndf0hjWW+63m2bP4SFVw5KQ3jRJEQzw4JEgZVBCe5QZ8KghUbaYKwoPoXiPtIJ6d0uqWSTslazGSZtM6rVq168Vir1G/yvIrgCJyAM2CBS1AH96ABmgCDFzAGr+DNGBvvxqfxNWstGPnMIZiD8f0LBYqoHQ==</latexit>

M ⇠ 16⇡G
m2M2

?

q2

<latexit sha1_base64="f2nUZ73JdFgZyhefSwU4myp3BdU="></latexit>



while our argument are still at the heuristic level 
it can be shown in more rigorously using kinetic equations (Boltzmann) 

that this intuition generally holds for wave DM
[Bar-Or et al (19, 21); Chavanis (21); Bar, Blas, Blum, HK (21)]



phenomenologically, this interaction of wave DM may leave 
some interesting features in the motion of stars;



the interaction between DM and stars  
slows down stars, causing orbital decays

Ffric

<latexit sha1_base64="k9CwZWAlO28TanWXqrjOXW3tURw=">AAACKnicbVDLTgIxFO3gC/GFunTTSExckRmj0SXRBF1iIo+EmZBOuQMNnc6k7RDJhK1fw1Y/xB1x6x/4AxaYhYAnaXJy7uv0+DFnStv21MptbG5t7+R3C3v7B4dHxeOThooSSaFOIx7Jlk8UcCagrpnm0IolkNDn0PQHD7N6cwhSsUi86FEMXkh6ggWMEm2kThG78x1pNZKg9KMEEGNc7aSuDHEgGR13iiW7bM+B14mTkRLKUOsUf9xuRJMQhKacKNV27Fh7KZGaUQ7jgpsoiAkdkB60DRUkBOWlcxdjfGGULg4iaZ7QeK7+nUhJqNQo9E1nSHRfrdZm4n+1dnfIYpXdel0cW3aigzsvZSJONAi6MBIkHOsIz2LDXSaBaj4yhFDJzF8w7RNJqDbhFgomJWc1k3XSuCo71+Wb5+tS5T7LK4/O0Dm6RA66RRX0hGqojih6QxP0jj6sifVpTa2vRWvOymZO0RKs719cXahW</latexit>

DM

star

(classical) Dynamical friction 
[Chandrasekhar (42)]F ⇠ �4⇡G2⇢(mDM +m?)

�2
ln(bmax/bmin)G(X)

<latexit sha1_base64="yL7uz9g1N4SpvFvv6UgKxbfbuf0="></latexit>







Credit: ESO/Digitized Sky Survey 2

4

6

[Bar, Blas, Blum, HK (21)]

Fornax GC timing problem
[Tremaine (76)]



similarly wave DM (QP) particles will interact with stars 
and exert dragging force … … 

Ffric

<latexit sha1_base64="k9CwZWAlO28TanWXqrjOXW3tURw=">AAACKnicbVDLTgIxFO3gC/GFunTTSExckRmj0SXRBF1iIo+EmZBOuQMNnc6k7RDJhK1fw1Y/xB1x6x/4AxaYhYAnaXJy7uv0+DFnStv21MptbG5t7+R3C3v7B4dHxeOThooSSaFOIx7Jlk8UcCagrpnm0IolkNDn0PQHD7N6cwhSsUi86FEMXkh6ggWMEm2kThG78x1pNZKg9KMEEGNc7aSuDHEgGR13iiW7bM+B14mTkRLKUOsUf9xuRJMQhKacKNV27Fh7KZGaUQ7jgpsoiAkdkB60DRUkBOWlcxdjfGGULg4iaZ7QeK7+nUhJqNQo9E1nSHRfrdZm4n+1dnfIYpXdel0cW3aigzsvZSJONAi6MBIkHOsIz2LDXSaBaj4yhFDJzF8w7RNJqDbhFgomJWc1k3XSuCo71+Wb5+tS5T7LK4/O0Dm6RA66RRX0hGqojih6QxP0jj6sifVpTa2vRWvOymZO0RKs719cXahW</latexit>

DM

star

F ⇠ �4⇡G2⇢(me↵ +m?)

�2
ln(bmax/�)G(X)

<latexit sha1_base64="xyf01uSt9i01PATWZt16P/oZ4wc="></latexit>



Credit: ESO/Digitized Sky Survey 2

4

6

[Bar, Blas, Blum, HK (21)]

Fornax GC timing problem
[Tremaine (76)]

[Hui et al (17)]



sometimes quasiparticles bombard stars 
injecting additional energies into a stellar population



sometimes quasiparticles bombard stars 
injecting additional energies into a stellar population



sometimes quasiparticles bombard stars 
injecting additional energies into a stellar population



This ‘heating’ by quasiparticles may dissolve 
star clusters, change velocity dispersion of stars,  

perturb galactic disc as well as other stellar substructures … 



[Marsh and Niemeyer (19)]

star cluster in Eridanus II

[Blum, Eby, HK (unpublished)]

[Dalal, Kravtsov (22)]



a deeper understanding of wave DM / QP 
can be achieved by studying statistical properties of wave DM



Operators

let us begin with the dark matter field itself

�̂ =
X

i

1p
2!i

h
ai i + a†i 

⇤
i

i

<latexit sha1_base64="1qEkYjxxcwCiXqEWMjMo23rDZIc="></latexit>

Wave func.

Quantum #

the wave function can be obtained  
by solving the wave equation in the non-relativistic limit

✏i i = H i =


�r2

2m
+ �

�
 i

<latexit sha1_base64="rm8iELvbTiCgZOe8jUVaQCr9F9U="></latexit>

 i = e�i(m+✏i)t i

<latexit sha1_base64="CLP4+T74Tw4Kv2q1VDS0GcDvfFU="></latexit>



Operators

let us begin with the dark matter field itself

�̂ =
X

i

1p
2!i

h
ai i + a†i 

⇤
i

i

<latexit sha1_base64="1qEkYjxxcwCiXqEWMjMo23rDZIc="></latexit>

Wave func.

Quantum #

what to do with these operators?  
to describe finite density system 

we should specify the density operator

⇢̂ =
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>

[Kim and Lenoci 21]

P (↵i) =
1

⇡fi
exp


� |↵i|2

fi

�

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

quasi-probability distribution

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>



Operators

let us begin with the dark matter field itself

�̂ =
X

i

1p
2!i

h
ai i + a†i 

⇤
i

i

<latexit sha1_base64="1qEkYjxxcwCiXqEWMjMo23rDZIc="></latexit>

Wave func.

Quantum #

more simplistically or conveniently 
we can forget about this operators by replacing them with 

complex numbers

P (↵i) =
1

⇡fi
exp


� |↵i|2

fi

�

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

quasi-probability distribution

(ai, a
†
i ) ! (↵i,↵

⇤
i )

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

[Derevianko 18]
[Foster, Rodd, Safdi 18]
[Center et al 20]; [… …]



as a simple example 
we may consider a homogeneous system where

 i =
1p
V
e�ikix

<latexit sha1_base64="Q8unTIkz9BolZmDu+xNIrumJy4M="></latexit>



this description provides a handy tool for analyzing wave DM 
without performing simulations

⇢/⇢0

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



two patches are  
statistically uncorrelated

h�(t, x)�(t, y)i / exp
⇥
�|�x|2/�2

⇤

<latexit sha1_base64="aDM6AeiOUNvyqXMfryPkJ3g7AH8="></latexit>



h�(t, x)2i

<latexit sha1_base64="hDLOi18FMdc/GljTWF7XheSvtB8=">AAACKHicbVBNS8NAEN3Ur1q/qh4FWSyCgpSkKHosevGoYG2hqWWzmbZLN5uwO5GW0Ju/xqv+EG/i1b/gHzBpc9Dqg4HHezPMzPMiKQza9odVWFhcWl4prpbW1jc2t8rbO/cmjDWHBg9lqFseMyCFggYKlNCKNLDAk9D0hleZ33wEbUSo7nAcQSdgfSV6gjNMpW5535VM9SVQ1weJ7AhPRscPNerqqVrqlit21Z6C/iVOTiokx023/OX6IY8DUMglM6bt2BF2EqZRcAmTkhsbiBgfsj60U6pYAKaTTP+Y0MNU8Wkv1GkppFP150TCAmPGgZd2BgwHZt7LxP+8tv8oIpPvGs2W/b4EexedRKgoRlB8dkgvlhRDmoVGfaGBoxynhHEt0l8oHzDNOKbRlrKUnPlM/pL7WtU5rZ7dnlbql3leRbJHDsgRccg5qZNrckMahJMn8kxeyKv1bL1Z79bHrLVg5TO75Besz28qeKX8</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>

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>

' ⇢0[1� v2 cos(2(mt� kx))]

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

⇢ =
1

2
�̇2 +

1

2
(r�)2 +

1

2
m2�2

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

the energy density is



h�2(x)i =
Z

d!

2⇡
S�(!)

<latexit sha1_base64="Sk447jMKNweM4kjiCXFq3Ztu3Ww="></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>



density fluctuation at each patches  
follows the exponential distribution

p(⇢)d⇢ =
1

⇢0
e�⇢/⇢0d⇢

<latexit sha1_base64="rqbuZsc7glyjDwFPLariawdnljQ="></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>

a probability to observe density fluctuation 
𝜌 > 𝜌c is 



if there’s Sun in the middle of the box 
and dark matter has mean velocity (dark matter wind)



mean density contrast <δ> 
(for monochromatic case)

annual modulation

deformed 
spectral shape

[Kim and Lenoci 21]



it is also possible to construct  
the whole wave DM halo in this way

from results of numerical simulation 
we make an educated guess for DM profile

this will fix the gravitational potential as well as density profile

ansatz: 
soliton + NFW profile

⇢t

<latexit sha1_base64="IL9vM8rqRUqa3hC8KQi/2JvOO3s=">AAACEHicbVDLSgMxFL1TX3V8VV26CRbBVZkRRZdFNy4r2Ae0Q8lk0jY0kwxJpliG/kS3+iHuxK1/4Hf4A6btLGzrgcDhnHu5JydMONPG876dwsbm1vZOcdfd2z84PCodnzS0TBWhdSK5VK0Qa8qZoHXDDKetRFEch5w2w+HDzG+OqNJMimczTmgQ475gPUawsVKrowaym5lJt1T2Kt4caJ34OSlDjlq39NOJJEljKgzhWOu27yUmyLAyjHA6cTuppgkmQ9ynbUsFjqkOsnneCbqwSoR6UtknDJqrfzcyHGs9jkM7GWMz0KveTPzPa0cjluj81svi2HIS07sLMiaS1FBBFkF6KUdGolk5KGKKEsPHlmCimP0LIgOsMDG2Qte1LfmrnayTxlXFv67cPF2Xq/d5X0U4g3O4BB9uoQqPUIM6EOAwhVd4c6bOu/PhfC5GC06+cwpLcL5+AaDFnhI=</latexit>

[Widrow, Kaiser (93)]
[Lin, Schive, Wong, Chiueh (18)]
[Yavetz, Li, Hui (22)]



since the gravitational potential is fixed 
wave equations to obtain eigenmodes of the system

 n`m = Rn`(r)Y
m
` (⌦)

<latexit sha1_base64="+abBvxBHwIXlsCGaqFuSC3v3fcc="></latexit>

(rRn`)
00 + [2m2(En` � �)� `(`+ 1)/r2](rRn`) = 0

<latexit sha1_base64="An5ysfRP1b1kzPSM5v9YRcvA3Dc="></latexit>

quasi-probability distribution

P (↵n`m) =
1

⇡fn`m
exp


� |↵n`m|2

fn`m

�

<latexit sha1_base64="NDMo8Bnet83TkPWoDj88aaM1cww="></latexit>

the field is expanded as 

�̂ =
X

n`m

1p
2!

h
↵n`m n`m + ↵†

n`m 
⇤
n`m

i

<latexit sha1_base64="0mqV3OTaImKFP7uRHNtKPvXsC6g="></latexit>



quasi-probability distribution

P (↵n`m) =
1

⇡fn`m
exp


� |↵n`m|2

fn`m

�

<latexit sha1_base64="NDMo8Bnet83TkPWoDj88aaM1cww="></latexit>

the field is expanded as 

�̂ =
X

n`m

1p
2!

h
↵n`m n`m + ↵†

n`m 
⇤
n`m

i

<latexit sha1_base64="0mqV3OTaImKFP7uRHNtKPvXsC6g="></latexit>

the occupation number fnlm can be determined by comparing

vs ⇢t

<latexit sha1_base64="IL9vM8rqRUqa3hC8KQi/2JvOO3s=">AAACEHicbVDLSgMxFL1TX3V8VV26CRbBVZkRRZdFNy4r2Ae0Q8lk0jY0kwxJpliG/kS3+iHuxK1/4Hf4A6btLGzrgcDhnHu5JydMONPG876dwsbm1vZOcdfd2z84PCodnzS0TBWhdSK5VK0Qa8qZoHXDDKetRFEch5w2w+HDzG+OqNJMimczTmgQ475gPUawsVKrowaym5lJt1T2Kt4caJ34OSlDjlq39NOJJEljKgzhWOu27yUmyLAyjHA6cTuppgkmQ9ynbUsFjqkOsnneCbqwSoR6UtknDJqrfzcyHGs9jkM7GWMz0KveTPzPa0cjluj81svi2HIS07sLMiaS1FBBFkF6KUdGolk5KGKKEsPHlmCimP0LIgOsMDG2Qte1LfmrnayTxlXFv67cPF2Xq/d5X0U4g3O4BB9uoQqPUIM6EOAwhVd4c6bOu/PhfC5GC06+cwpLcL5+AaDFnhI=</latexit>



[Yavetz, Li, Hui (22)]

[Lin et al (18)]

p(⇢)

<latexit sha1_base64="GI79rGTpZoNoys1LRlNqTtxRP+Q=">AAACD3icbVDLSgMxFM34rOOr6tJNsAh1U2akosuiG5cV7APaoWQymTY0k4QkUyxDP6Jb/RB34tZP8Dv8AdN2Frb1QOBwzr3ckxNKRrXxvG9nY3Nre2e3sOfuHxweHRdPTptapAqTBhZMqHaINGGUk4ahhpG2VAQlISOtcPgw81sjojQV/NmMJQkS1Oc0phgZK7VkuasG4qpXLHkVbw64TvyclECOeq/4040EThPCDWZI647vSRNkSBmKGZm43VQTifAQ9UnHUo4SooNsHncCL60SwVgo+7iBc/XvRoYSrcdJaCcTZAZ61ZuJ/3mdaESlzm+9LI4tJzHxXZBRLlNDOF4EiVMGjYCzbmBEFcGGjS1BWFH7F4gHSCFsbIOua1vyVztZJ83ril+t3DxVS7X7vK8COAcXoAx8cAtq4BHUQQNgMART8ArenKnz7nw4n4vRDSffOQNLcL5+AcIWnP4=</latexit>



furthermore, this tool could be useful 
for studying the adiabatic evolution of the system 



gas
star (or dark matter)

consider for instance



gas
star (or dark matter)L = rv =

p
GMenc(r)r

<latexit sha1_base64="XDagMlr/dMVgIkFJOV3/Eae8JE8="></latexit>

now imagine gas cloud contracts adiabatically  
due to some cooling process

stellar distribution becomes steeper 
as a result of adiabatic evolution of gas (or black hole)!

[Young (90)]
[Blumenthal et al (86)]
[Quinlan et al (95)]
[ven der Marel (99)]



dark matter could also contract  
in response to the adiabatic evolution of the system

Due to the adiabatic theorem 
eigenstates of the initial Hamiltonian remains  

instantaneous eigenstates of Hamiltonian throughout the evolution

stays the same

changes adiabatically



[HK, Lenoci, Stomberg, Xue (22)]



[HK, Lenoci, Stomberg, Xue (22)]

or if the central soliton & low angular moments are shallowed 
by the black hole over t~13 Gyr



an interesting way to test this compressed wave DM halo 
is through the observation of GWs



BH

Adiabatically compressed DM halo

BH or NS

GWs

fGW = 2forb

<latexit sha1_base64="xbOf2qqcsQXhA5EkihMrb1hjteo=">AAACJHicbVDLSsNAFJ3UV42vqDvdDBbBVUlKRTdC0YUuK9gHtCFMJpN26EwSZibFEgp+Tbf6Ie7EhRt/wh9w2mZhWw8MnDnnXu69x08Ylcq2v4zC2vrG5lZx29zZ3ds/sA6PmjJOBSYNHLNYtH0kCaMRaSiqGGkngiDuM9LyB3dTvzUkQtI4elKjhLgc9SIaUoyUljzrJPSyruDwvjWGN7AC828s/LFnleyyPQNcJU5OSiBH3bN+ukGMU04ihRmSsuPYiXIzJBTFjIzNbipJgvAA9UhH0whxIt1sdsMYnmslgGEs9IsUnKl/OzLEpRxxX1dypPpy2ZuK/3mdYEgTmc96ng9b3ESF125GoyRVJMLzRcKUQRXDaWAwoIJgxUaaICyovgXiPhIIKx2raeqUnOVMVkmzUnaq5cvHaql2m+dVBKfgDFwAB1yBGngAddAAGLyACXgFb8bEeDc+jM95acHIe47BAozvXw2RpGc=</latexit>



BH or NS

DM overdensity forms

behind the BH or NS


exerting additional frictional force
Ffric

<latexit sha1_base64="k9CwZWAlO28TanWXqrjOXW3tURw=">AAACKnicbVDLTgIxFO3gC/GFunTTSExckRmj0SXRBF1iIo+EmZBOuQMNnc6k7RDJhK1fw1Y/xB1x6x/4AxaYhYAnaXJy7uv0+DFnStv21MptbG5t7+R3C3v7B4dHxeOThooSSaFOIx7Jlk8UcCagrpnm0IolkNDn0PQHD7N6cwhSsUi86FEMXkh6ggWMEm2kThG78x1pNZKg9KMEEGNc7aSuDHEgGR13iiW7bM+B14mTkRLKUOsUf9xuRJMQhKacKNV27Fh7KZGaUQ7jgpsoiAkdkB60DRUkBOWlcxdjfGGULg4iaZ7QeK7+nUhJqNQo9E1nSHRfrdZm4n+1dnfIYpXdel0cW3aigzsvZSJONAi6MBIkHOsIz2LDXSaBaj4yhFDJzF8w7RNJqDbhFgomJWc1k3XSuCo71+Wb5+tS5T7LK4/O0Dm6RA66RRX0hGqojih6QxP0jj6sifVpTa2vRWvOymZO0RKs719cXahW</latexit>



BH

Adiabatically compressed DM halo

BH or NS

GWs

fGW = 2forb

<latexit sha1_base64="xbOf2qqcsQXhA5EkihMrb1hjteo=">AAACJHicbVDLSsNAFJ3UV42vqDvdDBbBVUlKRTdC0YUuK9gHtCFMJpN26EwSZibFEgp+Tbf6Ie7EhRt/wh9w2mZhWw8MnDnnXu69x08Ylcq2v4zC2vrG5lZx29zZ3ds/sA6PmjJOBSYNHLNYtH0kCaMRaSiqGGkngiDuM9LyB3dTvzUkQtI4elKjhLgc9SIaUoyUljzrJPSyruDwvjWGN7AC828s/LFnleyyPQNcJU5OSiBH3bN+ukGMU04ihRmSsuPYiXIzJBTFjIzNbipJgvAA9UhH0whxIt1sdsMYnmslgGEs9IsUnKl/OzLEpRxxX1dypPpy2ZuK/3mdYEgTmc96ng9b3ESF125GoyRVJMLzRcKUQRXDaWAwoIJgxUaaICyovgXiPhIIKx2raeqUnOVMVkmzUnaq5cvHaql2m+dVBKfgDFwAB1yBGngAddAAGLyACXgFb8bEeDc+jM95acHIe47BAozvXw2RpGc=</latexit>



m = 10�13 eV

<latexit sha1_base64="5jgO5hNVemC299H3cCqlCVhPNcM=">AAACIHicbVDLSgMxFM3UV62vquDGTbAILrTMaEU3QtGNywr2Ae1YMpm0DU0yQ5IplnF+plv9EHfiUn/DHzBtZ2FbDwQO59zLPTleyKjStv1lZZaWV1bXsuu5jc2t7Z387l5NBZHEpIoDFsiGhxRhVJCqppqRRigJ4h4jda9/N/brAyIVDcSjHobE5agraIdipI3Uzh9weAMd+yk+cy6S1mnckhySWtLOF+yiPQFcJE5KCiBFpZ3/afkBjjgRGjOkVNOxQ+3GSGqKGUlyrUiREOE+6pKmoQJxotx4kj+Bx0bxYSeQ5gkNJ+rfjRhxpYbcM5Mc6Z6a98bif17TH9BQpbeep8dmk+jOtRtTEUaaCDwN0okY1AEclwV9KgnWbGgIwpKav0DcQxJhbSrN5UxLznwni6R2XnRKxcuHUqF8m/aVBYfgCJwAB1yBMrgHFVAFGLyAEXgFb9bIerc+rM/paMZKd/bBDKzvX9mzoic=</latexit>

[HK, Lenoci, Stomberg, Xue (22)]






