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Old Standard Model of the Solar System:

Geocentric model



it works quite well


but it has some ‘fine-tuning’ problems



I

the center of epicycle of inner planets

always aligned with Earth-Sun





II

arbitrariness in

order of deferent



for more examples

S. Weinberg


“To Explain the World” (2015)

deferent



a more natural model



De revolutionibus orbium coelestium 
N. Copernicus (1543)

New Standard Model  
of the Solar System:

heliocentric model



Heliocentric model (1543)


asthetically more pleasing / predictive


not particularly data-driven (!)



the first evidence

from the observation of Venus


by Galilei (1640)







concrete mathematical formulation

by Newton (1687)







S =

Z
d4xLSM

<latexit sha1_base64="BwCbF4rl89pAIBOWWn4+g8VMxAg="></latexit>





reasons to believe that

there are more than just the standard model





it is often unclear 

where new physics is hiding



g

<latexit sha1_base64="c9Gi7LXxUI4sS/rmYaEmGBiefUY=">AAACGXicbVDLSsNAFL2prxofjbp0M1gEVyWRii6LblxWsA9oQ5lMpu3QyYOZSbGEfEm3+iHuxK0rv8MfcJpmYVsPDBzOfZw7x4s5k8q2v43S1vbO7l553zw4PDquWCenbRklgtAWiXgkuh6WlLOQthRTnHZjQXHgcdrxJg+LemdKhWRR+KxmMXUDPArZkBGstDSwKmk/X5IK6mdolA2sql2zc6BN4hSkCgWaA+un70ckCWioCMdS9hw7Vm6KhWKE08zsJ5LGmEzwiPY0DXFApZvmnhm61IqPhpHQL1QoV/9OpDiQchZ4ujPAaizXawvxv1rPn7JYFl4vS7PVS9Twzk1ZGCeKhmR5yDDhSEVokRLymaBE8ZkmmAim/4LIGAtMlM7SNHVKznomm6R9XXPqtZunerVxX+RVhnO4gCtw4BYa8AhNaAGBBObwCm/G3Hg3PozPZWvJKGbOYAXG1y/CBqFG</latexit>

ULDM

10�20 eV

<latexit sha1_base64="3ewAHzV/nS6+6bk82WAjtN35f7Y=">AAACG3icbVDLTsJAFJ3iC/FVcelmIiFxoaQlGF0S3bjERB4JrWQ6HWDCTNvMTAmk6afoVv/DnXHrwt/wCxygCwFPMsnJOffeOTlexKhUlvVt5DY2t7Z38ruFvf2DwyPzuNiSYSwwaeKQhaLjIUkYDUhTUcVIJxIEcY+Rtje6m/ntMRGShsGjmkbE5WgQ0D7FSGmpZxZt6ym5rFqpc5E4gkPSSntmyapYc8B1YmekBDI0euaP44c45iRQmCEpu7YVKTdBQlHMSFooO7EkEcIjNCBdTQPEiXSTefgUlrXiw34o9AsUnKuFPxsJ4lJOuacnOVJDuerNxP+8bqz6N25CgyhWJMCLj/oxgyqEsyagTwXBik01QVhQHRbiIRIIK93X0iV/TCOZpZ4sYuuS7NVK1kmrWrFrlauHWql+m9WVB6fgDJwDG1yDOrgHDdAEGEzAC3gFb8az8W58GJ+L0ZyR7ZyAJRhfv7zQoR4=</latexit>

1057 GeV
<latexit sha1_base64="fvLBEy7N84YJUg5UeMu8WdXH0Xo=">AAACGnicbVDLTsJAFJ3iC/FVcelmIiFxYUhrNOiO6EKXmFggoZVMp1OYMH1kZkogTT9Ft/ofroxbN/6GX+AAXQh4kklOzrn3zslxY0aFNIxvrbC2vrG5Vdwu7ezu7R/oh+WWiBKOiYUjFvGOiwRhNCSWpJKRTswJClxG2u7wduq3R4QLGoWPchITJ0D9kPoUI6mknl42jaf0sp7ZZ6nNA3hHWllPrxg1Ywa4SsycVECOZk//sb0IJwEJJWZIiK5pxNJJEZcUM5KVqnYiSIzwEPVJV9EQBUQ46Sx8BqtK8aAfcfVCCWdq6c9GigIhJoGrJgMkB2LZm4r/ed1E+ldOSsM4kSTE84/8hEEZwWkT0KOcYMkmiiDMqQoL8QBxhKXqa+GSN6KxyFOP57FVSeZyJavEOq9d18yHi0rjJm+rCI7BCTgFJqiDBrgHTWABDMbgBbyCN+1Ze9c+tM/5aEHLd47AArSvX1L/oQ4=</latexit><latexit sha1_base64="fvLBEy7N84YJUg5UeMu8WdXH0Xo=">AAACGnicbVDLTsJAFJ3iC/FVcelmIiFxYUhrNOiO6EKXmFggoZVMp1OYMH1kZkogTT9Ft/ofroxbN/6GX+AAXQh4kklOzrn3zslxY0aFNIxvrbC2vrG5Vdwu7ezu7R/oh+WWiBKOiYUjFvGOiwRhNCSWpJKRTswJClxG2u7wduq3R4QLGoWPchITJ0D9kPoUI6mknl42jaf0sp7ZZ6nNA3hHWllPrxg1Ywa4SsycVECOZk//sb0IJwEJJWZIiK5pxNJJEZcUM5KVqnYiSIzwEPVJV9EQBUQ46Sx8BqtK8aAfcfVCCWdq6c9GigIhJoGrJgMkB2LZm4r/ed1E+ldOSsM4kSTE84/8hEEZwWkT0KOcYMkmiiDMqQoL8QBxhKXqa+GSN6KxyFOP57FVSeZyJavEOq9d18yHi0rjJm+rCI7BCTgFJqiDBrgHTWABDMbgBbyCN+1Ze9c+tM/5aEHLd47AArSvX1L/oQ4=</latexit><latexit sha1_base64="fvLBEy7N84YJUg5UeMu8WdXH0Xo=">AAACGnicbVDLTsJAFJ3iC/FVcelmIiFxYUhrNOiO6EKXmFggoZVMp1OYMH1kZkogTT9Ft/ofroxbN/6GX+AAXQh4kklOzrn3zslxY0aFNIxvrbC2vrG5Vdwu7ezu7R/oh+WWiBKOiYUjFvGOiwRhNCSWpJKRTswJClxG2u7wduq3R4QLGoWPchITJ0D9kPoUI6mknl42jaf0sp7ZZ6nNA3hHWllPrxg1Ywa4SsycVECOZk//sb0IJwEJJWZIiK5pxNJJEZcUM5KVqnYiSIzwEPVJV9EQBUQ46Sx8BqtK8aAfcfVCCWdq6c9GigIhJoGrJgMkB2LZm4r/ed1E+ldOSsM4kSTE84/8hEEZwWkT0KOcYMkmiiDMqQoL8QBxhKXqa+GSN6KxyFOP57FVSeZyJavEOq9d18yHi0rjJm+rCI7BCTgFJqiDBrgHTWABDMbgBbyCN+1Ze9c+tM/5aEHLd47AArSvX1L/oQ4=</latexit><latexit sha1_base64="fvLBEy7N84YJUg5UeMu8WdXH0Xo=">AAACGnicbVDLTsJAFJ3iC/FVcelmIiFxYUhrNOiO6EKXmFggoZVMp1OYMH1kZkogTT9Ft/ofroxbN/6GX+AAXQh4kklOzrn3zslxY0aFNIxvrbC2vrG5Vdwu7ezu7R/oh+WWiBKOiYUjFvGOiwRhNCSWpJKRTswJClxG2u7wduq3R4QLGoWPchITJ0D9kPoUI6mknl42jaf0sp7ZZ6nNA3hHWllPrxg1Ywa4SsycVECOZk//sb0IJwEJJWZIiK5pxNJJEZcUM5KVqnYiSIzwEPVJV9EQBUQ46Sx8BqtK8aAfcfVCCWdq6c9GigIhJoGrJgMkB2LZm4r/ed1E+ldOSsM4kSTE84/8hEEZwWkT0KOcYMkmiiDMqQoL8QBxhKXqa+GSN6KxyFOP57FVSeZyJavEOq9d18yHi0rjJm+rCI7BCTgFJqiDBrgHTWABDMbgBbyCN+1Ze9c+tM/5aEHLd47AArSvX1L/oQ4=</latexit><latexit sha1_base64="fvLBEy7N84YJUg5UeMu8WdXH0Xo=">AAACGnicbVDLTsJAFJ3iC/FVcelmIiFxYUhrNOiO6EKXmFggoZVMp1OYMH1kZkogTT9Ft/ofroxbN/6GX+AAXQh4kklOzrn3zslxY0aFNIxvrbC2vrG5Vdwu7ezu7R/oh+WWiBKOiYUjFvGOiwRhNCSWpJKRTswJClxG2u7wduq3R4QLGoWPchITJ0D9kPoUI6mknl42jaf0sp7ZZ6nNA3hHWllPrxg1Ywa4SsycVECOZk//sb0IJwEJJWZIiK5pxNJJEZcUM5KVqnYiSIzwEPVJV9EQBUQ46Sx8BqtK8aAfcfVCCWdq6c9GigIhJoGrJgMkB2LZm4r/ed1E+ldOSsM4kSTE84/8hEEZwWkT0KOcYMkmiiDMqQoL8QBxhKXqa+GSN6KxyFOP57FVSeZyJavEOq9d18yHi0rjJm+rCI7BCTgFJqiDBrgHTWABDMbgBbyCN+1Ze9c+tM/5aEHLd47AArSvX1L/oQ4=</latexit>

BH

‘curse of dimensionality’

in high energy physics



LSM = ⇤4 +m
2
H
|H|2 + ✓G eG+ · · ·

<latexit sha1_base64="4TXyJHiG9fJarM9C0Y0PMTMoJ+Q="></latexit>

fine-tuning problems of 

the Standard Model of particle physics



⇤ = meV

<latexit sha1_base64="Ub+ir4ithGG///ekX7pi7gRXzL4=">AAACLnicbVDLSsNAFJ34rPFVdelmtAquSlIquhGKbly4qGAf0IQymUzaoTNJmJkUS8gP+DXd6ocILsSte3/AaZuFbT0wcDj3nnvvHC9mVCrL+jBWVtfWNzYLW+b2zu7efvHgsCmjRGDSwBGLRNtDkjAakoaiipF2LAjiHiMtb3A3qbeGREgahU9qFBOXo15IA4qR0lK3eOZMZ6QeQ3hwUq5k0HnQbh/BG5g6gkNOmlm3WLLK1hRwmdg5KYEc9W7xx/EjnHASKsyQlB3bipWbIqEoZiQznUSSWC9EPdLRNEScSDedXpLBc634MIiEfqGCU/WvI0VcyhH3dCdHqi8XaxPxv1rHH9JY5rueZ8vmL1HBtZvSME4UCfHskCBhUEVwEh30qSBYsZEmCAuq/wJxHwmElQ7YNHVK9mImy6RZKdvV8uVjtVS7zfMqgGNwCi6ADa5ADdyDOmgADF7AGLyCN2NsvBufxtesdcXIPUdgDsb3Ly6WqJE=</latexit>

Lcc = ⇤4

<latexit sha1_base64="NcinGyyY5dY2nllGJFr0V77udhI="></latexit>



m2
H

⇠ (100GeV)2

<latexit sha1_base64="XWYdPV745nKyZQ4Zvw66lE0QVlI="></latexit>

LH = m
2
H
|H|2

<latexit sha1_base64="tItwbk7bQJSs1aJZ0zZMiWYgcLc="></latexit>



neutron electric dipole moment

dn ⇠ 10�16✓ e · cm

<latexit sha1_base64="/Qnlmo0s7BIVjq0SfjuD9bdBHSQ="></latexit>

L = ✓G eG

<latexit sha1_base64="xnJKcBz15FDmJlAJRJ5BCx96Ls0=">AAACKnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKohdB9BAPHiKYB2RDmJ3tmCGzD2Z61bDk6tfkqh/iLXj1D/wBJ8keTLSgoajqprvLi6XQaNtjK7e0vLK6ll8vbGxube8Ud/fqOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4fVvJn7jCZQWUfiAgxjaAXsMRVdwhkbqFGnqcibp3ZBeUhd7gIxW3GfhAwrpQ1oZdoolu2xPQf8SJyMlkqHaKX67fsSTAELkkmndcuwY2ylTKLiEYcFNNMSM99kjtAwNWQC6nU4/GdIjo/i0GylTIdKp+nsiZYHWg8AznQHDnl70JuJ/Xst/ErHOdr3Mls1fgt2LdirCOEEI+eyQbiIpRnQSG/WFAo5yYAjjSphfKO8xxTiacAsFk5KzmMlfUj8pO6fls/vT0tV1lleeHJBDckwcck6uyC2pkhrh5JWMyBt5t0bWhzW2PmetOSub2SdzsL5+AKx1p18=</latexit>

. 10�26 e · cm

<latexit sha1_base64="SVOi2GkM4MnKdo1VPcraIJgD8cQ=">AAACLnicbVDLSsNAFJ34Nr6qLt0MVsGFlkR8LUU3LivYBzSxTCa37eDMJMxMxBL6A35Nt/ohggtx694fcNpm4evChcM593LuPVHKmTae9+pMTc/Mzs0vLLpLyyura6X1jbpOMkWhRhOeqGZENHAmoWaY4dBMFRARcWhEd5cjvXEPSrNE3ph+CqEgXck6jBJjqXZpJ+CgtWYC+95tfnB4Mgj2cR4ogQEHNE4MpmLQLpW9ijcu/Bf4BSijoqrt0mcQJzQTIA3lROuW76UmzIkyjHIYuEGmISX0jnShZaEkAnSYj78Z4F3LxLiTKNvS+o/Y7xs5EVr3RWQnBTE9/Vsbkf9prfiepbrwepiY/bzEdM7CnMk0MyDp5JBOxrFJ8Cg6HDMF1PC+BYQqZn/BtEcUocYG7Lo2Jf93Jn9B/bDiH1WOr4/K5xdFXgtoC22jPeSjU3SOrlAV1RBFj2iIntCzM3RenDfnfTI65RQ7m+hHOR9fdt6oKQ==</latexit>

Abel et al (20)



✓ < 10�10

<latexit sha1_base64="OyTfUw1P+hL2NnNGp6dH4wBS4bc=">AAACG3icbVDLTsJAFJ3iC+ur6NLNRGLiRtIajC5cEN24xEQeCVQynQ4wYfrIzC1KGj6FrX6IO+PWhd/hDzhAFwKeZJKTc+7NPXO8WHAFtv1t5NbWNza38tvmzu7e/oFVOKyrKJGU1WgkItn0iGKCh6wGHARrxpKRwBOs4Q3upn5jyKTiUfgIo5i5AemFvMspAS11rEIb+gwIvsGO/ZSeO/a4YxXtkj0DXiVORoooQ7Vj/bT9iCYBC4EKolTLsWNwUyKBU8HGZjtRLCZ0QHqspWlIAqbcdBZ9jE+14uNuJPULAc/UvxspCZQaBZ6eDAj01bI3Ff/zWv6Qxyq79TI/tpgEutduysM4ARbSeZBuIjBEeNoT9rlkFMRIE0Il13/BtE8koaDbNE3dkrPcySqpX5SccunyoVys3GZ95dExOkFnyEFXqILuURXVEEXPaIJe0ZsxMd6ND+NzPpozsp0jtADj6xdxz6Bg</latexit>

L = ✓G eG

<latexit sha1_base64="xnJKcBz15FDmJlAJRJ5BCx96Ls0=">AAACKnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKohdB9BAPHiKYB2RDmJ3tmCGzD2Z61bDk6tfkqh/iLXj1D/wBJ8keTLSgoajqprvLi6XQaNtjK7e0vLK6ll8vbGxube8Ud/fqOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4fVvJn7jCZQWUfiAgxjaAXsMRVdwhkbqFGnqcibp3ZBeUhd7gIxW3GfhAwrpQ1oZdoolu2xPQf8SJyMlkqHaKX67fsSTAELkkmndcuwY2ylTKLiEYcFNNMSM99kjtAwNWQC6nU4/GdIjo/i0GylTIdKp+nsiZYHWg8AznQHDnl70JuJ/Xst/ErHOdr3Mls1fgt2LdirCOEEI+eyQbiIpRnQSG/WFAo5yYAjjSphfKO8xxTiacAsFk5KzmMlfUj8pO6fls/vT0tV1lleeHJBDckwcck6uyC2pkhrh5JWMyBt5t0bWhzW2PmetOSub2SdzsL5+AKx1p18=</latexit>



From Astrophysical Frontiers to Laboratory Discoveries
Ultralight New Physics: 



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>

Ultralight 

New Physics

Dynamical

Relaxation

TeV-scale 

New Physics

Symmetry

TeV

<latexit sha1_base64="sLmjyciab0vWOmhxNJml9w7MRaA=">AAACEXicbVDLSsNAFJ3UV42vqks3g0VwVRJRdFl047JCX9KGMpnctENnkjAzKZbQr+hWP8SduPUL/A5/wGmbhW09MHA4517umeMnnCntON9WYWNza3unuGvv7R8cHpWOT5oqTiWFBo15LNs+UcBZBA3NNId2IoEIn0PLHz7M/NYIpGJxVNfjBDxB+hELGSXaSM9ZVwpch+akVyo7FWcOvE7cnJRRjlqv9NMNYpoKiDTlRKmO6yTay4jUjHKY2N1UQULokPShY2hEBCgvmwee4AujBDiMpXmRxnP170ZGhFJj4ZtJQfRArXoz8T+vE4xYovJbL4tjy0l0eOdlLEpSDRFdBAlTjnWMZ+3ggEmgmo8NIVQy8xdMB0QSqk2Htm1aclc7WSfNq4p7Xbl5ui5X7/O+iugMnaNL5KJbVEWPqIYaiCKBpugVvVlT6936sD4XowUr3zlFS7C+fgGxHJ4O</latexit>

Standard 

Model



L = ✓G eG

<latexit sha1_base64="o6PeGctGnKBP3lHKpAqghV9ykU4=">AAACKnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKohdB9BAPHiKYB2RDmJ3tmCGzD2Z61bDk6tfkqh/iLXj1D/wBJ8keTLSgoajqprvLi6XQaNtjK7e0vLK6ll8vbGxube8Ud/fqOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4fVvJn7jCZQWUfiAgxjaAXsMRVdwhkbqFGnqcibp3ZBeUhd7gIxW3GfhAwrpA63QTrFkl+0p6F/iZKREMlQ7xW/Xj3gSQIhcMq1bjh1jO2UKBZcwLLiJhpjxPnuElqEhC0C30+knQ3pkFJ92I2UqRDpVf0+kLNB6EHimM2DY04veRPzPa/lPItbZrpfZsvlLsHvRTkUYJwghnx3STSTFiE5io75QwFEODGFcCfML5T2mGEcTbqFgUnIWM/lL6idl57R8dn9aurrO8sqTA3JIjolDzskVuSVVUiOcvJIReSPv1sj6sMbW56w1Z2Uz+2QO1tcPfRimpw==</latexit>

QCD vacuum energy depends on 𝜃 

E(✓)

<latexit sha1_base64="BwhVmS0EkfqnErifX3Ixx4M96XA=">AAACEXicbVDLSgMxFM34rOOr6tJNsAh1U2akosuiCC4r2Ie0Q8lk0jY0mRmSO8Uy9Cu61Q9xJ279Ar/DHzBtZ2FbDwQO59zLPTl+LLgGx/m21tY3Nre2czv27t7+wWH+6Liuo0RRVqORiFTTJ5oJHrIacBCsGStGpC9Ywx/cTf3GkCnNo/AJRjHzJOmFvMspASM93xfb0GdALjr5glNyZsCrxM1IAWWodvI/7SCiiWQhUEG0brlODF5KFHAq2NhuJ5rFhA5Ij7UMDYlk2ktngcf43CgB7kbKvBDwTP27kRKp9Uj6ZlIS6Otlbyr+57WCIY91dutlfmwxCXRvvJSHcQIspPMg3URgiPC0HRxwxSiIkSGEKm7+gmmfKELBdGjbpiV3uZNVUr8sueXS1WO5ULnN+sqhU3SGishF16iCHlAV1RBFEk3QK3qzJta79WF9zkfXrGznBC3A+voFGxmdtA==</latexit>

CP-conserving minimum 𝜃=0
i.e. neutron EDM = 0



L = ✓G eG

<latexit sha1_base64="o6PeGctGnKBP3lHKpAqghV9ykU4=">AAACKnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKohdB9BAPHiKYB2RDmJ3tmCGzD2Z61bDk6tfkqh/iLXj1D/wBJ8keTLSgoajqprvLi6XQaNtjK7e0vLK6ll8vbGxube8Ud/fqOkoUhxqPZKSaHtMgRQg1FCihGStggSeh4fVvJn7jCZQWUfiAgxjaAXsMRVdwhkbqFGnqcibp3ZBeUhd7gIxW3GfhAwrpA63QTrFkl+0p6F/iZKREMlQ7xW/Xj3gSQIhcMq1bjh1jO2UKBZcwLLiJhpjxPnuElqEhC0C30+knQ3pkFJ92I2UqRDpVf0+kLNB6EHimM2DY04veRPzPa/lPItbZrpfZsvlLsHvRTkUYJwghnx3STSTFiE5io75QwFEODGFcCfML5T2mGEcTbqFgUnIWM/lL6idl57R8dn9aurrO8sqTA3JIjolDzskVuSVVUiOcvJIReSPv1sj6sMbW56w1Z2Uz+2QO1tcPfRimpw==</latexit>

if 𝜃 were a dynamical degree of freedom

the strong CP angle dynamically relaxes to minimum

E(✓)

<latexit sha1_base64="BwhVmS0EkfqnErifX3Ixx4M96XA=">AAACEXicbVDLSgMxFM34rOOr6tJNsAh1U2akosuiCC4r2Ie0Q8lk0jY0mRmSO8Uy9Cu61Q9xJ279Ar/DHzBtZ2FbDwQO59zLPTl+LLgGx/m21tY3Nre2czv27t7+wWH+6Liuo0RRVqORiFTTJ5oJHrIacBCsGStGpC9Ywx/cTf3GkCnNo/AJRjHzJOmFvMspASM93xfb0GdALjr5glNyZsCrxM1IAWWodvI/7SCiiWQhUEG0brlODF5KFHAq2NhuJ5rFhA5Ij7UMDYlk2ktngcf43CgB7kbKvBDwTP27kRKp9Uj6ZlIS6Otlbyr+57WCIY91dutlfmwxCXRvvJSHcQIspPMg3URgiPC0HRxwxSiIkSGEKm7+gmmfKELBdGjbpiV3uZNVUr8sueXS1WO5ULnN+sqhU3SGishF16iCHlAV1RBFEk3QK3qzJta79WF9zkfXrGznBC3A+voFGxmdtA==</latexit>

CP-conserving minimum 𝜃=0
i.e. neutron EDM = 0



L = ✓G eG

if 𝜃
the strong CP angle dynamically relaxes to minimum

E(✓)

CP-conserving minimum 𝜃
i.e. neutron EDM = 0

QCD Axion solution



E(✓)

<latexit sha1_base64="BwhVmS0EkfqnErifX3Ixx4M96XA=">AAACEXicbVDLSgMxFM34rOOr6tJNsAh1U2akosuiCC4r2Ie0Q8lk0jY0mRmSO8Uy9Cu61Q9xJ279Ar/DHzBtZ2FbDwQO59zLPTl+LLgGx/m21tY3Nre2czv27t7+wWH+6Liuo0RRVqORiFTTJ5oJHrIacBCsGStGpC9Ywx/cTf3GkCnNo/AJRjHzJOmFvMspASM93xfb0GdALjr5glNyZsCrxM1IAWWodvI/7SCiiWQhUEG0brlODF5KFHAq2NhuJ5rFhA5Ij7UMDYlk2ktngcf43CgB7kbKvBDwTP27kRKp9Uj6ZlIS6Otlbyr+57WCIY91dutlfmwxCXRvvJSHcQIspPMg3URgiPC0HRxwxSiIkSGEKm7+gmmfKELBdGjbpiV3uZNVUr8sueXS1WO5ULnN+sqhU3SGishF16iCHlAV1RBFEk3QK3qzJta79WF9zkfXrGznBC3A+voFGxmdtA==</latexit>

it oscillates around the minimum

oscillation around minimum behaves as cold dark matter



L = m
2
H
|H|2

<latexit sha1_base64="MGRpcI7bNZ/rv2gEhAbOLRHOvTY=">AAACIHicbVDLSsNAFJ3UV42vqODGzWARXJWkVHQjFN104aKCfUCbhslk0g6dPJiZFEvan+lWP8SduNTf8AectlnY1gMDh3Pu5Z45bsyokKb5peU2Nre2d/K7+t7+weGRcXzSEFHCManjiEW85SJBGA1JXVLJSCvmBAUuI0138DDzm0PCBY3CZzmKiR2gXkh9ipFUkmOcpR2MGHycwDsYONVuCY6r427JMQpm0ZwDrhMrIwWQoeYYPx0vwklAQokZEqJtmbG0U8QlxYxM9E4iSIzwAPVIW9EQBUTY6Tz/BF4qxYN+xNULJZyrfzdSFAgxClw1GSDZF6veTPzPa3tDGovs1svi2HIS6d/aKQ3jRJIQL4L4CYMygrOyoEc5wZKNFEGYU/UXiPuIIyxVpbquWrJWO1knjVLRKhevn8qFyn3WVx6cgwtwBSxwAyqgCmqgDjAYgyl4BW/aVHvXPrTPxWhOy3ZOwRK0719DrKJg</latexit>

what about



m2
H

<latexit sha1_base64="N9zSkFOyL9SMhCHwNPySpqkVjR4=">AAACDXicbVDNTgIxGOziH65/qEcvjcTEE9klGD0SvXDExAUSWEm324WGtrtpu0Sy4Rm46oN4M159Bp/DF7DAHgScpMlk5vvyTSdIGFXacb6twtb2zu5ecd8+ODw6PimdnrVUnEpMPByzWHYCpAijgniaakY6iSSIB4y0g9HD3G+PiVQ0Fk96khCfo4GgEcVIG8nj/cZztV8qOxVnAbhJ3JyUQY5mv/TTC2OcciI0Zkiprusk2s+Q1BQzMrV7qSIJwiM0IF1DBeJE+dki7BReGSWEUSzNExou1L8bGeJKTXhgJjnSQ7XuzcX/vG44ponKb70sj60m0dGdn1GRpJoIvAwSpQzqGM6bgSGVBGs2MQRhSc1fIB4iibA2/dm2acld72STtKoVt1a5eayV6/d5X0VwAS7BNXDBLaiDBmgCD2BAwQy8gjdrZr1bH9bncrRg5TvnYAXW1y81M5wo</latexit>

⇤2

<latexit sha1_base64="MpyBryqjaVlWTLb/WjWUzBV+fSM=">AAACEXicbVDLTgIxFL2DLxxfqEs3jcTEFZkhGF0S3bhwgYmABkbS6XSgodOZtB0iIXwFW/0Qd8atX+B3+AMWmIWAJ2lycs69uafHTzhT2nG+rdza+sbmVn7b3tnd2z8oHB41VJxKQusk5rF89LGinAla10xz+phIiiOf06bfv5n6zQGVisXiQQ8T6kW4K1jICNZGemrfmdEAP5c7haJTcmZAq8TNSBEy1DqFn3YQkzSiQhOOlWq5TqK9EZaaEU7HdjtVNMGkj7u0ZajAEVXeaBZ4jM6MEqAwluYJjWbq340RjpQaRr6ZjLDuqWVvKv7ntYIBS1R262V+bDGJDq+8ERNJqqkg8yBhypGO0bQdFDBJieZDQzCRzPwFkR6WmGjToW2bltzlTlZJo1xyK6WL+0qxep31lYcTOIVzcOESqnALNagDgQgm8Apv1sR6tz6sz/lozsp2jmEB1tcvWV2d2Q==</latexit>

�⇤2

<latexit sha1_base64="z3tof1Mq81VbWvGZxA/i0/1akIo=">AAACEnicbVDLTsJAFL3FF9YX6tJNIzFxI2kJRpdENy5cYCKPCJVMp1OYMJ02M1MiafgLtvoh7oxbf8Dv8AccoAsBTzLJyTn35p45XsyoVLb9beTW1jc2t/Lb5s7u3v5B4fCoIaNEYFLHEYtEy0OSMMpJXVHFSCsWBIUeI01vcDv1m0MiJI34oxrFxA1Rj9OAYqS09HTRudezPnoudwtFu2TPYK0SJyNFyFDrFn46foSTkHCFGZKy7dixclMkFMWMjM1OIkmM8AD1SFtTjkIi3XSWeGydacW3gkjox5U1U/9upCiUchR6ejJEqi+Xvan4n9f2hzSW2a2X+bHFJCq4dlPK40QRjudBgoRZKrKm9Vg+FQQrNtIEYUH1XyzcRwJhpUs0Td2Ss9zJKmmUS06ldPlQKVZvsr7ycAKncA4OXEEV7qAGdcDAYQKv8GZMjHfjw/icj+aMbOcYFmB8/QLKCJ4Q</latexit>

0

<latexit sha1_base64="iw3kuQ5u57piQw7Aqwwy+pQABnw=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX/0OPfbYyoVi8WzniTUi/BAsJARrI3UcPqlslNxFkCbxM1JGXLU+6WfXhCTNKJCE46V6rpOor0MS80Ip1O7lyqaYDLCA9o1VOCIKi9bBJ2iK6MEKIyleUKjhfp3I8ORUpPIN5MR1kO17s3F/7xuMGaJym+9LI+tJtHhvZcxkaSaCrIMEqYc6RjNW0EBk5RoPjEEE8nMXxAZYomJNt3ZtmnJXe9kk7RuKm61ctuolmsPeV9FuIBLuAYX7qAGT1CHJhCgMINXeLNm1rv1YX0uRwtWvnMOK7C+fgE5Y5qM</latexit>

We are here



L = m
2
H
|H|2

<latexit sha1_base64="MGRpcI7bNZ/rv2gEhAbOLRHOvTY=">AAACIHicbVDLSsNAFJ3UV42vqODGzWARXJWkVHQjFN104aKCfUCbhslk0g6dPJiZFEvan+lWP8SduNTf8AectlnY1gMDh3Pu5Z45bsyokKb5peU2Nre2d/K7+t7+weGRcXzSEFHCManjiEW85SJBGA1JXVLJSCvmBAUuI0138DDzm0PCBY3CZzmKiR2gXkh9ipFUkmOcpR2MGHycwDsYONVuCY6r427JMQpm0ZwDrhMrIwWQoeYYPx0vwklAQokZEqJtmbG0U8QlxYxM9E4iSIzwAPVIW9EQBUTY6Tz/BF4qxYN+xNULJZyrfzdSFAgxClw1GSDZF6veTPzPa3tDGovs1svi2HIS6d/aKQ3jRJIQL4L4CYMygrOyoEc5wZKNFEGYU/UXiPuIIyxVpbquWrJWO1knjVLRKhevn8qFyn3WVx6cgwtwBSxwAyqgCmqgDjAYgyl4BW/aVHvXPrTPxWhOy3ZOwRK0719DrKJg</latexit>

L = m
2
H
(✓)|H|2 + f

2(@✓)2 � V (✓)

<latexit sha1_base64="+NOOz3jVOxUZJRaDNamMpJURQGw="></latexit>

V (✓) = ⇤4
UV cos(✓) + ⇤4

br cos(c✓)

<latexit sha1_base64="STbFla9eVfHpZ3TcCCiWpnQpJBk="></latexit>



m2
H

<latexit sha1_base64="N9zSkFOyL9SMhCHwNPySpqkVjR4=">AAACDXicbVDNTgIxGOziH65/qEcvjcTEE9klGD0SvXDExAUSWEm324WGtrtpu0Sy4Rm46oN4M159Bp/DF7DAHgScpMlk5vvyTSdIGFXacb6twtb2zu5ecd8+ODw6PimdnrVUnEpMPByzWHYCpAijgniaakY6iSSIB4y0g9HD3G+PiVQ0Fk96khCfo4GgEcVIG8nj/cZztV8qOxVnAbhJ3JyUQY5mv/TTC2OcciI0Zkiprusk2s+Q1BQzMrV7qSIJwiM0IF1DBeJE+dki7BReGSWEUSzNExou1L8bGeJKTXhgJjnSQ7XuzcX/vG44ponKb70sj60m0dGdn1GRpJoIvAwSpQzqGM6bgSGVBGs2MQRhSc1fIB4iibA2/dm2acld72STtKoVt1a5eayV6/d5X0VwAS7BNXDBLaiDBmgCD2BAwQy8gjdrZr1bH9bncrRg5TvnYAXW1y81M5wo</latexit>

⇤2

<latexit sha1_base64="MpyBryqjaVlWTLb/WjWUzBV+fSM=">AAACEXicbVDLTgIxFL2DLxxfqEs3jcTEFZkhGF0S3bhwgYmABkbS6XSgodOZtB0iIXwFW/0Qd8atX+B3+AMWmIWAJ2lycs69uafHTzhT2nG+rdza+sbmVn7b3tnd2z8oHB41VJxKQusk5rF89LGinAla10xz+phIiiOf06bfv5n6zQGVisXiQQ8T6kW4K1jICNZGemrfmdEAP5c7haJTcmZAq8TNSBEy1DqFn3YQkzSiQhOOlWq5TqK9EZaaEU7HdjtVNMGkj7u0ZajAEVXeaBZ4jM6MEqAwluYJjWbq340RjpQaRr6ZjLDuqWVvKv7ntYIBS1R262V+bDGJDq+8ERNJqqkg8yBhypGO0bQdFDBJieZDQzCRzPwFkR6WmGjToW2bltzlTlZJo1xyK6WL+0qxep31lYcTOIVzcOESqnALNagDgQgm8Apv1sR6tz6sz/lozsp2jmEB1tcvWV2d2Q==</latexit>

0

<latexit sha1_base64="iw3kuQ5u57piQw7Aqwwy+pQABnw=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX/0OPfbYyoVi8WzniTUi/BAsJARrI3UcPqlslNxFkCbxM1JGXLU+6WfXhCTNKJCE46V6rpOor0MS80Ip1O7lyqaYDLCA9o1VOCIKi9bBJ2iK6MEKIyleUKjhfp3I8ORUpPIN5MR1kO17s3F/7xuMGaJym+9LI+tJtHhvZcxkaSaCrIMEqYc6RjNW0EBk5RoPjEEE8nMXxAZYomJNt3ZtmnJXe9kk7RuKm61ctuolmsPeV9FuIBLuAYX7qAGT1CHJhCgMINXeLNm1rv1YX0uRwtWvnMOK7C+fgE5Y5qM</latexit>

�⇤2

<latexit sha1_base64="z3tof1Mq81VbWvGZxA/i0/1akIo=">AAACEnicbVDLTsJAFL3FF9YX6tJNIzFxI2kJRpdENy5cYCKPCJVMp1OYMJ02M1MiafgLtvoh7oxbf8Dv8AccoAsBTzLJyTn35p45XsyoVLb9beTW1jc2t/Lb5s7u3v5B4fCoIaNEYFLHEYtEy0OSMMpJXVHFSCsWBIUeI01vcDv1m0MiJI34oxrFxA1Rj9OAYqS09HTRudezPnoudwtFu2TPYK0SJyNFyFDrFn46foSTkHCFGZKy7dixclMkFMWMjM1OIkmM8AD1SFtTjkIi3XSWeGydacW3gkjox5U1U/9upCiUchR6ejJEqi+Xvan4n9f2hzSW2a2X+bHFJCq4dlPK40QRjudBgoRZKrKm9Vg+FQQrNtIEYUH1XyzcRwJhpUs0Td2Ss9zJKmmUS06ldPlQKVZvsr7ycAKncA4OXEEV7qAGdcDAYQKv8GZMjHfjw/icj+aMbOcYFmB8/QLKCJ4Q</latexit>



m2
H

⇤20

<latexit sha1_base64="iw3kuQ5u57piQw7Aqwwy+pQABnw=">AAACCXicbVDLTsJAFL3FF9YX6tLNRGLiirQGo0uiG5eQyCOBhkynU5gwnTYzUyJp+AK2+iHujFu/wu/wBxygCwFPMsnJOffmnjl+wpnSjvNtFba2d3b3ivv2weHR8Unp9Kyl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX/0OPfbYyoVi8WzniTUi/BAsJARrI3UcPqlslNxFkCbxM1JGXLU+6WfXhCTNKJCE46V6rpOor0MS80Ip1O7lyqaYDLCA9o1VOCIKi9bBJ2iK6MEKIyleUKjhfp3I8ORUpPIN5MR1kO17s3F/7xuMGaJym+9LI+tJtHhvZcxkaSaCrIMEqYc6RjNW0EBk5RoPjEEE8nMXxAZYomJNt3ZtmnJXe9kk7RuKm61ctuolmsPeV9FuIBLuAYX7qAGT1CHJhCgMINXeLNm1rv1YX0uRwtWvnMOK7C+fgE5Y5qM</latexit>

�⇤2

Electroweak scale is dynamically relaxed 
[Kaplan, Graham, Rajendran 15]

clockwork axion
[Choi, Kim, Yun 14]
[Choi, Im 15]
[Kaplan, Rattazzi 15]



m2
H

⇤20�⇤2

Oscillation around minimum behaves as dark matter
[Banerjee, Kim, Perez 18]
[Chatrchyan and Servant 22]



Ultralight new physics could explain

fine-tuning problems dynamically

at the same time

it could be dark matter in the universe



From Astrophysical Frontiers to Laboratory Discoveries
Ultralight New Physics: 



Astrophysical Frontiers 
(gravitationally)



I will assume ultralight particles 

to be dark matter in the present universe



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



Ultralight dark matter

as bosonic DM candidates with m < eV

m . 10 eV

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

Nocc ⇠ ndm�
3 ⇠

⇣10 eV
m

⌘4

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



Schive, Chiueh, Broadhurst (14)



Veltmaat, Niemeyer, Schwabe (18)

Mocz et al (17)



An intuitive understanding of the granule structure:

Quasiparticle

` ⇠ � =
1

mv

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

me↵ ⇠ ⇢DM`3

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

[Hui et al 17]



the size and mass of them could be astronomical

` ⇠ � =
1

mv

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

me↵ ⇠ ⇢DM`3

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

⇠ 10AU⇥
⇣10�16 eV

m

⌘

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

⇠ 1015 kg ⇥
⇣10�16 eV

m

⌘3

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



being that massive

it may engage in interaction with stars


and significantly perturb the motion of them



over time

a star experiences multiple encounters 


with quasiparticles



over time

a star experiences multiple encounters 


with quasiparticles



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>









can we actually measure that?



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





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>

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

stochastic coherent

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>



[Kim 2306.13348]



another example:

Pulsar Timing Array



Earth

Pulsar

NANOGrav



Earth

Pulsar



Earth

Pulsar



10°19 10°18 10°17 10°16 10°15 10°14 10°13 10°12

m [eV]

10

102

103

104

105

106

107

108

Ω ©
/Ω

0

NANOGrav 12.5-year

Earth

Mars

Saturn

(Tobs, Npsr) = (15 yr, 67)

(Tobs, Npsr) = (20 yr, 100)

(Tobs, Npsr) = (30 yr, 166)

Simulated timing datasets

[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>



[Kim 2406.03539]

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



Remark
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 et al (22)]

GW detectors will provide 

one of the strongest probes of ULDM density 


within/around the solar system



Laboratory Discoveries 
(non-gravitationally)



ULDM may communicate with SM

via non-gravitational interaction

OSM = {↵�1FF, m  ̄ , · · · }

<latexit sha1_base64="VCJEhK++BmbMMyOGld+qPRIvNU8="></latexit>

L = h(✓)OSM

<latexit sha1_base64="u+iplPqctp+6ZwNMYBZfMl4596Y="></latexit>



[Banerjee, Kim, Perez 2017]
[Banerjee, Kim et al 2020]

[Kim and Perez 2022]

Relaxation-type

QCD Axion

ULDM may communicate with SM

via non-gravitational interaction

[Kim et al 2024]
[Beadle et al 2004]

L = h(✓)OSM

<latexit sha1_base64="u+iplPqctp+6ZwNMYBZfMl4596Y="></latexit>

h(✓) = ✓

<latexit sha1_base64="HSugjQvM0RNjMBSa4MdQtRZPC+Y=">AAACHHicbVDLTgIxFO3gC/E14tJNIzHBDZkxGN2YEN24xEQeCRDS6XSgodOZtHcIhPArbPVD3Bm3Jn6HP2CBWQh4kiYn59ybe3q8WHANjvNtZba2d3b3svu5g8Oj4xP7NF/XUaIoq9FIRKrpEc0El6wGHARrxoqR0BOs4Q0e535jyJTmkXyBccw6IelJHnBKwEhdO98vtqHPgFzhe7xkXbvglJwF8CZxU1JAKapd+6ftRzQJmQQqiNYt14mhMyEKOBVsmmsnmsWEDkiPtQyVJGS6M1lkn+JLo/g4iJR5EvBC/bsxIaHW49AzkyGBvl735uJ/Xssf8lint0bLY6tJILjrTLiME2CSLoMEicAQ4XlR2OeKURBjQwhV3PwF0z5RhIKpM5czLbnrnWyS+nXJLZdunsuFykPaVxadowtURC66RRX0hKqohigaoRl6RW/WzHq3PqzP5WjGSnfO0Aqsr18ZSqFR</latexit>

= ✓2

<latexit sha1_base64="oFeY7vd0oyntM4osqruhTJAABwE=">AAACEnicbVDLTgIxFO3gC8cX6tJNIzFxRWYIRjcmRDcuMREwwkg6nQ40dDqT9g6REP6CrX6IO+PWH/A7/AELzELAkzQ5Oefe3NPjJ4JrcJxvK7e2vrG5ld+2d3b39g8Kh0cNHaeKsjqNRawefaKZ4JLVgYNgj4liJPIFa/r926nfHDCleSwfYJgwLyJdyUNOCRjp6Rq3oceAPJc7haJTcmbAq8TNSBFlqHUKP+0gpmnEJFBBtG65TgLeiCjgVLCx3U41Swjtky5rGSpJxLQ3miUe4zOjBDiMlXkS8Ez9uzEikdbDyDeTEYGeXvam4n9eKxjwRGe3XubHFpNAeOWNuExSYJLOg4SpwBDjaT044IpREENDCFXc/AXTHlGEginRtk1L7nInq6RRLrmV0sV9pVi9yfrKoxN0is6Riy5RFd2hGqojiiSaoFf0Zk2sd+vD+pyP5qxs5xgtwPr6BdH2nhU=</latexit>



�↵/↵ = �g✓n(t)

<latexit sha1_base64="8C2GsSBmKgZa278dWim24+JVmj4="></latexit>

↵(t) = ↵0

⇥
1� g✓n(t)

⇤

<latexit sha1_base64="QvrKbVwBkPFp2mojNtdlpT6O360="></latexit>

L =
1

↵0

⇣
1 + g✓n

⌘
FF ⌘ 1

↵
FF

<latexit sha1_base64="JMlRbwYX94lbqBn7AVTMsEb9sqc="></latexit>



E(✓)

<latexit sha1_base64="BwhVmS0EkfqnErifX3Ixx4M96XA=">AAACEXicbVDLSgMxFM34rOOr6tJNsAh1U2akosuiCC4r2Ie0Q8lk0jY0mRmSO8Uy9Cu61Q9xJ279Ar/DHzBtZ2FbDwQO59zLPTl+LLgGx/m21tY3Nre2czv27t7+wWH+6Liuo0RRVqORiFTTJ5oJHrIacBCsGStGpC9Ywx/cTf3GkCnNo/AJRjHzJOmFvMspASM93xfb0GdALjr5glNyZsCrxM1IAWWodvI/7SCiiWQhUEG0brlODF5KFHAq2NhuJ5rFhA5Ij7UMDYlk2ktngcf43CgB7kbKvBDwTP27kRKp9Uj6ZlIS6Otlbyr+57WCIY91dutlfmwxCXRvvJSHcQIspPMg3URgiPC0HRxwxSiIkSGEKm7+gmmfKELBdGjbpiV3uZNVUr8sueXS1WO5ULnN+sqhU3SGishF16iCHlAV1RBFEk3QK3qzJta79WF9zkfXrGznBC3A+voFGxmdtA==</latexit>

as it oscillates around the minimum

fundamental constants also oscillates in time

↵(t) = ↵0

⇥
1� g✓n(t)

⇤

<latexit sha1_base64="uvj5/LjklIHsiFJb+YW0tcvwuOY="></latexit>



A new probe of ULDM
Time-oscillation of atomic energy levels

|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>



|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>

interrogate two-level system regularly

measure the level splitting



without axion, this would give us 

time

f



Now the same experiment

but with ultralight dark matter

|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>



this time, the result would look like

time

f

by looking for ULDM-induced signal

oscillations of energy level could be probed



[Kim and Perez (22)]
[Kim, Lenoci, Perez, Ratzinger (23)]

h(✓) = ✓2

<latexit sha1_base64="/gln9gE+NiQVAP8knRDDuuSdv4U=">AAACHnicbVDLTgIxFO3gC/E1PnZuGokJbsgMwejGhOjGJSbySABJpxSmofNIe4eIE/6FrX6IO+NWv8MfsDCzEPAkTU7OuTf39Dih4Aos69vIrK1vbG5lt3M7u3v7B+bhUV0FkaSsRgMRyKZDFBPcZzXgIFgzlIx4jmANZ3g38xsjJhUP/EcYh6zjkYHP+5wS0FLXPHELbXAZkAt8gxP2VOqaeatozYFXiZ2SPEpR7Zo/7V5AI4/5QAVRqmVbIXRiIoFTwSa5dqRYSOiQDFhLU594THXiefoJPtdKD/cDqZ8PeK7+3YiJp9TYc/SkR8BVy95M/M9r9UY8VOmt5+TYYhLoX3di7ocRMJ8mQfqRwBDgWVW4xyWjIMaaECq5/gumLpGEgi40l9Mt2cudrJJ6qWiXi5cP5XzlNu0ri07RGSogG12hCrpHVVRDFL2gKXpFb8bUeDc+jM9kNGOkO8doAcbXL11JofU=</latexit>



[Snowmass, Budker et al, (22)]
[Banerjee, Kim, et al (20)]

h(✓) = ✓

<latexit sha1_base64="HSugjQvM0RNjMBSa4MdQtRZPC+Y=">AAACHHicbVDLTgIxFO3gC/E14tJNIzHBDZkxGN2YEN24xEQeCRDS6XSgodOZtHcIhPArbPVD3Bm3Jn6HP2CBWQh4kiYn59ybe3q8WHANjvNtZba2d3b3svu5g8Oj4xP7NF/XUaIoq9FIRKrpEc0El6wGHARrxoqR0BOs4Q0e535jyJTmkXyBccw6IelJHnBKwEhdO98vtqHPgFzhe7xkXbvglJwF8CZxU1JAKapd+6ftRzQJmQQqiNYt14mhMyEKOBVsmmsnmsWEDkiPtQyVJGS6M1lkn+JLo/g4iJR5EvBC/bsxIaHW49AzkyGBvl735uJ/Xssf8lint0bLY6tJILjrTLiME2CSLoMEicAQ4XlR2OeKURBjQwhV3PwF0z5RhIKpM5czLbnrnWyS+nXJLZdunsuFykPaVxadowtURC66RRX0hKqohigaoRl6RW/WzHq3PqzP5WjGSnfO0Aqsr18ZSqFR</latexit>



now what?



I

cross-correlation of

a network of detectors



stochastic

s(t) = �2n(t)

<latexit sha1_base64="sOMH60KbK/zf4Z4Vz0kSGiLR5GA=">AAACHXicbVDLTsJAFJ3iC+urytLNRGKCG9ISjG5MiG5cYiJIApVMp1OYMJ02M1Ni0/AtbPVD3Bm3xu/wBxygCwFPMsm5596be+Z4MaNS2fa3UdjY3NreKe6ae/sHh0fW8UlbRonApIUjFomOhyRhlJOWooqRTiwICj1GnrzR3az/NCZC0og/qjQmbogGnAYUI6WlvlWSFXUBb2AvHtLnrMYnuuxbZbtqzwHXiZOTMsjR7Fs/PT/CSUi4wgxJ2XXsWLkZEopiRiZmL5EkRniEBqSrKUchkW42Nz+B51rxYRAJ/biCc/XvRoZCKdPQ05MhUkO52puJ//W6/pjGMr/1sji27EQF125GeZwowvHCSJAwqCI4Swr6VBCsWKoJwoLqv0A8RAJhpfM0TZ2Ss5rJOmnXqk69evlQLzdu87yK4BScgQpwwBVogHvQBC2AQQqm4BW8GVPj3fgwPhejBSPfKYElGF+/KrahTg==</latexit>
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Stochastic Signals
at ! < mv2

<latexit sha1_base64="JTPzVMiR6GIy0Wqkn1FZLMPH1+Q="></latexit>



Detector B

@ Zeuthen

Detector A

@ Hamburg

As long as  

two detectors are well within the wavelength

m < 10�9 eV

<latexit sha1_base64="TOjoIevT9ADQbHKSqBSlvqcMe9g=">AAACHXicbVDLSsNAFJ34rPFV7dLNYBFcaEmkooKLohuXFewDmlgmk0k7dCYJM5NiCP2WbvVD3Ilb8Tv8AadtFrb1wMDhnHu5Z44XMyqVZX0bK6tr6xubhS1ze2d3b794cNiUUSIwaeCIRaLtIUkYDUlDUcVIOxYEcY+Rlje4n/itIRGSRuGTSmPictQLaUAxUlrqFkv81raes/ObkXOWOYJD0hx1i2WrYk0Bl4mdkzLIUe8Wfxw/wgknocIMSdmxrVi5GRKKYkZGppNIEiM8QD3S0TREnEg3m4YfwROt+DCIhH6hglP170aGuJQp9/QkR6ovF72J+J/X8Yc0lvmtl9mx+SQquHYzGsaJIiGeBQkSBlUEJ01BnwqCFUs1QVhQ/ReI+0ggrHSfpqlbshc7WSbNi4pdrVw+Vsu1u7yvAjgCx+AU2OAK1MADqIMGwCAFY/AK3oyx8W58GJ+z0RUj3ymBORhfv64noZ0=</latexit>
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stochastic signals would be correlated

while noises are uncorrelated

Detector A

@ Hamburg

Detector B

@ Zeuthen



[Gong, Luo, Wang, Nat. Astron (21)]



Lisdat et al, Nat. Comm. (16)

(LNE-SYRTE)



Lindvall et al (25)



II

prospects of gravitational probes
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(Tobs, Npsr) = (15 yr, 67)

(Tobs, Npsr) = (20 yr, 100)

(Tobs, Npsr) = (30 yr, 166)

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>



[SKA, Weltman et al (20)]

50ns

100ns

200ns

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

an order of magnitude or more improvement might be feasible

500ns



III

prospects of non-gravitational probes



[Safronova et al (18)]





progress is rapid

precision in the energy level has improved as

0.01

<latexit sha1_base64="Q5TG/sZTKtos+XOhjjUCvJsvwng=">AAACDHicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlk0g6dTMLMpFhCf6Fb/RB34tZ/8Dv8ASdtFrb1wjCHc+7lnnv8hDOlHefbKm1sbm3vlHftvf2Dw6PK8UlLxakktEliHsuOjxXlTNCmZprTTiIpjnxO2/7oIdfbYyoVi8WzniTUi/BAsJARrHPKqTluv1I137zQOnALUIWiGv3KTy+ISRpRoQnHSnVdJ9FehqVmhNOp3UsVTTAZ4QHtGihwRJWXzb1O0YVhAhTG0jyh0Zz9O5HhSKlJ5JvOCOuhWtVy8j+tG4xZoopdL4tly050eOdlTCSppoIsjIQpRzpGeTAoYJISzScGYCKZuQWRIZaYaBOfbZuU3NVM1kHrquZe126erqv1+yKvMpzBOVyCC7dQh0doQBMIDGEGr/Bmzax368P6XLSWrGLmFJbK+voFlM6bOQ==</latexit>

(2019)

<latexit sha1_base64="V3dLGsOJCUf8PO/+Yeu827j4yUo=">AAACDnicbVDLTsJAFL3FF9YX6tJNIzHBDWkJRt0R3bjERB4JNGQ6ncLIdNrMTImk4R/Y6oe4M279Bb/DH3CALgQ8ySQn59ybe+Z4MaNS2fa3kdvY3Nreye+ae/sHh0eF45OmjBKBSQNHLBJtD0nCKCcNRRUj7VgQFHqMtLzh/cxvjYiQNOJPahwTN0R9TgOKkdJSs1SxndvLXqFol+05rHXiZKQIGeq9wk/Xj3ASEq4wQ1J2HDtWboqEopiRidlNJIkRHqI+6WjKUUikm87TTqwLrfhWEAn9uLLm6t+NFIVSjkNPT4ZIDeSqNxP/8zr+iMYyu/WyOLacRAU3bkp5nCjC8SJIkDBLRdasGsungmDFxpogLKj+i4UHSCCsdIGmqVtyVjtZJ81K2amWrx6rxdpd1lcezuAcSuDANdTgAerQAAzPMIVXeDOmxrvxYXwuRnNGtnMKSzC+fgF7Kpur</latexit>

[Seiferle et al, Nature]

[Masuda et al, Nature]

0.001

<latexit sha1_base64="Buw9j3X/slde2JCy0a0Ce1yleQo=">AAACDXicbVDLTsJAFL3FF9YX6tLNRGLiirRGo0uiG5eYWCCBhkynA0yYTpuZKZE0fANb/RB3xq3f4Hf4A06hCwFvMpmTc+7NPfcECWdKO863VdrY3NreKe/ae/sHh0eV45OmilNJqEdiHst2gBXlTFBPM81pO5EURwGnrWD0kOutMZWKxeJZTxLqR3ggWJ8RrA3lOTXHcXuVav7nhdaBW4AqFNXoVX66YUzSiApNOFaq4zqJ9jMsNSOcTu1uqmiCyQgPaMdAgSOq/GxudoouDBOifizNExrN2b8TGY6UmkSB6YywHqpVLSf/0zrhmCWq2PWyWLbsRPfv/IyJJNVUkIWRfsqRjlGeDAqZpETziQGYSGZuQWSIJSba5GfbJiV3NZN10Lyqude1m6frav2+yKsMZ3AOl+DCLdThERrgAQEGM3iFN2tmvVsf1ueitWQVM6ewVNbXLwmWm3M=</latexit>

(2023)

<latexit sha1_base64="n7jBxAcm1JoosJCUafRH5FEN9yk=">AAACDnicbVDLTgIxFL2DLxxfqEs3jcQEN2QGMbokunGJiTwSmJBOpwOVziNth0gm/ANb/RB3xq2/4Hf4AxaYhYAnaXJyzr25p8eNOZPKsr6N3Mbm1vZOftfc2z84PCocnzRllAhCGyTikWi7WFLOQtpQTHHajgXFgctpyx3ez/zWiArJovBJjWPqBLgfMp8RrLTULFWsytVlr1C0ytYcaJ3YGSlChnqv8NP1IpIENFSEYyk7thUrJ8VCMcLpxOwmksaYDHGfdjQNcUClk87TTtCFVjzkR0K/UKG5+ncjxYGU48DVkwFWA7nqzcT/vI43YrHMbr0sji0nUf6tk7IwThQNySKIn3CkIjSrBnlMUKL4WBNMBNN/QWSABSZKF2iauiV7tZN10qyU7Wr5+rFarN1lfeXhDM6hBDbcQA0eoA4NIPAMU3iFN2NqvBsfxudiNGdkO6ewBOPrF3Ltm6Y=</latexit>

[Kraemer et al, Nature]

(2024)

<latexit sha1_base64="MEdMsonHM2o28Jx5VQZT/1AZZuk=">AAACDnicbVDLTgIxFL3jE8cX6tJNIzHBDZkhGF0S3bjERB4JTEinU6DS6UzaDpFM+Ae2+iHujFt/we/wBywwCwFP0uTknHtzT48fc6a043xbG5tb2zu7uT17/+Dw6Dh/ctpQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+8n/nNEZWKReJJj2PqhbgvWI8RrI3UKJadcuWqmy84JWcOtE7cjBQgQ62b/+kEEUlCKjThWKm268TaS7HUjHA6sTuJojEmQ9ynbUMFDqny0nnaCbo0SoB6kTRPaDRX/26kOFRqHPpmMsR6oFa9mfif1w5GLFbZrZfFseUkunfrpUzEiaaCLIL0Eo50hGbVoIBJSjQfG4KJZOYviAywxESbAm3btOSudrJOGuWSWyldP1YK1busrxycwwUUwYUbqMID1KAOBJ5hCq/wZk2td+vD+lyMbljZzhkswfr6BXSTm6c=</latexit>

10�6

<latexit sha1_base64="aepgpSMaZI1jr9JQQgELGYTP9Vc=">AAACD3icbVDLTgIxFL2DLxxfqEs3jcTEjWTG4GNJdOMSE3kkMJJOp0BDpzNpO0Qy4SPY6oe4M279BL/DH7DALAQ8SZOTc+7NPT1+zJnSjvNt5dbWNza38tv2zu7e/kHh8KiuokQSWiMRj2TTx4pyJmhNM81pM5YUhz6nDX9wP/UbQyoVi8STHsXUC3FPsC4jWBup4TrP6cX1uFMoOiVnBrRK3IwUIUO1U/hpBxFJQio04VipluvE2kux1IxwOrbbiaIxJgPcoy1DBQ6p8tJZ3DE6M0qAupE0T2g0U/9upDhUahT6ZjLEuq+Wvan4n9cKhixW2a2X+bHFJLp766VMxImmgsyDdBOOdISm3aCASUo0HxmCiWTmL4j0scREmwZt27TkLneySuqXJbdcunosFyt3WV95OIFTOAcXbqACD1CFGhAYwARe4c2aWO/Wh/U5H81Z2c4xLMD6+gVDPJyy</latexit>

[Tiedau et al, PRL]
[Elwell et al, PRL]

April

<latexit sha1_base64="CCTYOJr5G3A5Q4gODgpH1qZsscE=">AAACE3icbVDLTgIxFO3gC8cX6tJNIzFxRWYMRpeoG5eYyCOBCel0OtDQTpu2QyQTPoOtfog749YP8Dv8AQvMQsCTNDk5597c0xNKRrXxvG+nsLG5tb1T3HX39g8Oj0rHJ00tUoVJAwsmVDtEmjCakIahhpG2VATxkJFWOHyY+a0RUZqK5NmMJQk46ic0phgZK3WyruLwTirKJr1S2at4c8B14uekDHLUe6WfbiRwykliMENad3xPmiBDylDMyMTtpppIhIeoTzqWJogTHWTzyBN4YZUIxkLZlxg4V/9uZIhrPeahneTIDPSqNxP/8zrRiEqd33pZHFtOYuLbIKOJTA1J8CJInDJoBJz1AyOqCDZsbAnCitq/QDxACmFjW3Rd25K/2sk6aV5V/Grl+qlart3nfRXBGTgHl8AHN6AGHkEdNAAGAkzBK3hzps678+F8LkYLTr5zCpbgfP0CgbyfCw==</latexit>

10�12

<latexit sha1_base64="vOxwu6J+3DCnYOUhB/d36LnsNaI=">AAACEHicbVDLTgIxFL2DLxxfqEs3jcTEjWSGYHRJdOMSE3kkMJJOp0BDpzNpO0Qy4SfY6oe4M279A7/DH7DALAQ8SZOTc+7NPT1+zJnSjvNt5TY2t7Z38rv23v7B4VHh+KShokQSWicRj2TLx4pyJmhdM81pK5YUhz6nTX94P/ObIyoVi8STHsfUC3FfsB4jWBup5TrP6ZVbnnQLRafkzIHWiZuRImSodQs/nSAiSUiFJhwr1XadWHsplpoRTid2J1E0xmSI+7RtqMAhVV46zztBF0YJUC+S5gmN5urfjRSHSo1D30yGWA/UqjcT//PawYjFKrv1sji2nET3br2UiTjRVJBFkF7CkY7QrBwUMEmJ5mNDMJHM/AWRAZaYaFOhbZuW3NVO1kmjXHIrpevHSrF6l/WVhzM4h0tw4Qaq8AA1qAMBDlN4hTdrar1bH9bnYjRnZTunsATr6xe0E5zp</latexit>

(2024)

<latexit sha1_base64="MEdMsonHM2o28Jx5VQZT/1AZZuk=">AAACDnicbVDLTgIxFL3jE8cX6tJNIzHBDZkhGF0S3bjERB4JTEinU6DS6UzaDpFM+Ae2+iHujFt/we/wBywwCwFP0uTknHtzT48fc6a043xbG5tb2zu7uT17/+Dw6Dh/ctpQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+8n/nNEZWKReJJj2PqhbgvWI8RrI3UKJadcuWqmy84JWcOtE7cjBQgQ62b/+kEEUlCKjThWKm268TaS7HUjHA6sTuJojEmQ9ynbUMFDqny0nnaCbo0SoB6kTRPaDRX/26kOFRqHPpmMsR6oFa9mfif1w5GLFbZrZfFseUkunfrpUzEiaaCLIL0Eo50hGbVoIBJSjQfG4KJZOYviAywxESbAm3btOSudrJOGuWSWyldP1YK1busrxycwwUUwYUbqMID1KAOBJ5hCq/wZk2td+vD+lyMbljZzhkswfr6BXSTm6c=</latexit>

June

<latexit sha1_base64="C2i02yanNcaRrETWG0bvdXZWNYo=">AAACEnicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoRlxVsA9sQ5lMJu3QySTMTIol9C+61Q9xJ279Ab/DH3DaZmFbDwwczrmXe+b4CWdKO863VVhb39jcKm7bO7t7+welw6OGilNJaJ3EPJYtHyvKmaB1zTSnrURSHPmcNv3B3dRvDqlULBZPepRQL8I9wUJGsDbSc9aREXpIBR13S2Wn4syAVombkzLkqHVLP50gJmlEhSYcK9V2nUR7GZaaEU7HdidVNMFkgHu0bajAEVVeNks8RmdGCVAYS/OERjP170aGI6VGkW8mI6z7atmbiv957WDIEpXfepkfW0yiwxsvYyJJNRVkHiRMOdIxmtaDAiYp0XxkCCaSmb8g0scSE21KtG3TkrvcySppXFTcy8rV42W5epv3VYQTOIVzcOEaqnAPNagDAQETeIU3a2K9Wx/W53y0YOU7x7AA6+sXsTGemw==</latexit>

[Zhang et al, Nature]

�f/f

<latexit sha1_base64="68BzudrzW3DaWvPK0Qms6jGM/YY=">AAACFHicbVDLTsJAFJ3iC+sLdelmIjFxha3B6JLoxiUm8khoQ6bTW5gwnTYzUyIh/AZb/RB3xq17v8MfcIAuBDzJJCfn3Jt75gQpZ0o7zrdV2Njc2t4p7tp7+weHR6Xjk6ZKMkmhQROeyHZAFHAmoKGZ5tBOJZA44NAKBg8zvzUEqVginvUoBT8mPcEiRok2kueFwDXBEb6KcLdUdirOHHiduDkpoxz1bunHCxOaxSA05USpjuuk2h8TqRnlMLG9TEFK6ID0oGOoIDEofzzPPMEXRglxlEjzhMZz9e/GmMRKjeLATMZE99WqNxP/8zrhkKUqv/WyOLacREd3/piJNNMg6CJIlHGsEzwrCIdMAtV8ZAihkpm/YNonklBtarRt05K72sk6aV5X3Grl5qlart3nfRXRGTpHl8hFt6iGHlEdNRBFKZqiV/RmTa1368P6XIwWrHznFC3B+voFxn2eiw==</latexit>



[Kim and Perez (22)]
[Kim, Lenoci, Perez, Ratzinger (23)]



[Snowmass, Budker et al, (22)]
[Banerjee, Kim, et al (20)]




