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Cracks in the Standard Model

• No candidates for the 
dark matter

   1.No charged particles
   2.Stable
   3.Massive

Also:
• No neutrino masses

• No quantum theory of 
gravity

• No dark energy

• No Baryogenesis

• …
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Ideas for dark matter candidates
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Ideas for dark matter candidates
Weakly Interacting Scalar Particles (WISPs)
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The QCD Axion

The QCD axion is the archetype of WISPs

Roberto Peccei Helen Quinn

Steven Weinberg Frank Wilczek

Peccei-Quinn (PQ) introduce a new field which 
rolls to zero dynamically 
This solves the Strong-CP problem in SM

The quantum of the theory is a new particle: 
the axion
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Axion energy scale

The SM predicts CP violation from the strong sector
which is not observed experimentally (Strong-CP problem)

WISPs

Axion-like

QCD
Axion
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Cosmic WISPers in the dark universe

Equation of motion: �̈+ 3H�̇+m
2
DM� = 0
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For super-horizon modes                   and for a quadratic potential|r�| ⇡ 0
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The transition is regulated by
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Behaves as 
dark energy

Behaves as 
dark matter

⇢� ⇡ const.
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�̈+ 3H�̇ ⇡ 0
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Lab searches for WISPs
“Sikivie-type” resonant microwave 
cavity with superconducting magnet

P. Sikivie, Phys. Rev. Lett 51, 1415 (1983)

Galactic WISPs interacts with the B 
field and converts into a pulse 
resonantly:
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WISP-photon coupling

Signal in the GHz

Broadening in the kHz
�⌫ ⇡ mDMv2/h
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Because v/c ⇠ 10�3
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One-parameter theory, falsifiable
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Axions from String Theory
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Future WISP searches
LV+, Phys. Rev. D 99, 063517 (2019)

H0
<latexit sha1_base64="aK/nbO0eBZYeS0wQbQ0qCwVlvVg=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4CklT1N6KXnqsaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyXXud+6pVCwWd3qaUD/CI8FCRrA20m1j4AxKZceu5ThHC+LVDHGqruN5yLWdOcqwRHNQeu8PY5JGVGjCsVI910m0n2GpGeF0VuyniiaYTPCI9gwVOKLKz+anztCpUYYojKUpodFc/T6R4UipaRSYzgjrsfrt5eJfXi/V4aWfMZGkmgqyWBSmHOkY5X+jIZOUaD41BBPJzK2IjLHERJt0iiaEr0/R/6RdsV3PrtxUy/WrZRwFOIYTOAMXLqAODWhCCwiM4AGe4Nni1qP1Yr0uWles5cwR/ID19gljAI3h</latexit>

������ ���	�

���	�

�	� 
��
�	���

��
�	��������	�
������ �	���
��������
����� �	��
�������������

����

������

-��-��-��-��-��-��-�� -� � � ��
�

���

���

���

��	

�

HCMB
<latexit sha1_base64="621eou80QdORVXH3/0j68NBBu/U=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQtIUtbvSbroRKtgHpKFMppN26MwkzEyEEvoZblwo4tavceffOGkrqOiBC4dz7uXee8KEUaUd58NaW9/Y3Nou7BR39/YPDktHx10VpxKTDo5ZLPshUoRRQTqaakb6iSSIh4z0wmkz93v3RCoaizs9S0jA0VjQiGKkjeS3htlActi8acyHpbJj13JcwiXxaoY4VdfxPOjazgJlsEJ7WHofjGKcciI0Zkgp33USHWRIaooZmRcHqSIJwlM0Jr6hAnGigmxx8hyeG2UEo1iaEhou1O8TGeJKzXhoOjnSE/Xby8W/PD/V0XWQUZGkmgi8XBSlDOoY5v/DEZUEazYzBGFJza0QT5BEWJuUiiaEr0/h/6RbsV3PrtxWy/XGKo4COAVn4AK44ArUQQu0QQdgEIMH8ASeLW09Wi/W67J1zVrNnIAfsN4+ARiskSY=</latexit>

rgal
<latexit sha1_base64="Q3AfQRPIYZ0vWTZV5ceB/3rqusk=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQtIUtbuiG5cV7APSUCbTSTt0HmFmIpTQz3DjQhG3fo07/8ZJW0FFD1w4nHMv994Tp4xq43kfzsrq2vrGZmmrvL2zu7dfOTjsaJkpTNpYMql6MdKEUUHahhpGeqkiiMeMdOPJdeF374nSVIo7M01JxNFI0IRiZKwUqkHeVxyOEJsNKlXPbRQ4hwsSNCzx6r4XBNB3vTmqYInWoPLeH0qccSIMZkjr0PdSE+VIGYoZmZX7mSYpwhM0IqGlAnGio3x+8gyeWmUIE6lsCQPn6veJHHGtpzy2nRyZsf7tFeJfXpiZ5DLKqUgzQwReLEoyBo2Exf9wSBXBhk0tQVhReyvEY6QQNjalsg3h61P4P+nUXD9wa7f1avNqGUcJHIMTcAZ8cAGa4Aa0QBtgIMEDeALPjnEenRfnddG64ixnjsAPOG+f7z6Rsg==</latexit>

rBH
<latexit sha1_base64="bSiOFoTAGwKuWssQq3SOx0s7qJc=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0jaovZW6qXHCvYD21A22027dLMJuxuhhP4LLx4U8eq/8ea/cdNWUNEHA4/3ZpiZ58ecKe04H1ZubX1jcyu/XdjZ3ds/KB4edVSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68zv3tPpWKRuNWzmHohHgsWMIK1ke7kMB3IEDWa82Gx5Ni1DBdoSSo1Q5yq61QqyLWdBUqwQmtYfB+MIpKEVGjCsVJ914m1l2KpGeF0XhgkisaYTPGY9g0VOKTKSxcXz9GZUUYoiKQpodFC/T6R4lCpWeibzhDrifrtZeJfXj/RwZWXMhEnmgqyXBQkHOkIZe+jEZOUaD4zBBPJzK2ITLDERJuQCiaEr0/R/6RTtt2KXb6pluqNVRx5OIFTOAcXLqEOTWhBGwgIeIAneLaU9Wi9WK/L1py1mjmGH7DePgHEU5D+</latexit>

Lab search

WISPs of mass
can be the dark energy

WISPs of mass
affect the CDM power spectrum

WISPs of mass
affect the galactic cores

WISPs of mass
have a wavelength comparable to 
the size of stellar BHs

WISPs of mass
are the dark matter axions 
currently being searched in labs

m ⇠ H0
<latexit sha1_base64="ebu1GuDM37VVbltg9UhjnzpPeIY=">AAAB8XicdVDLSgMxFM34rPVVFdy4CRbB1TDTEbW7UjddtmAf2A4lk6ZtaJIZkoxQhv6FGxeKuBX/wi9w58ZvMdNRUNEDFw7n3Mu99wQRo0o7zpu1sLi0vLKaW8uvb2xubRd2dlsqjCUmTRyyUHYCpAijgjQ11Yx0IkkQDxhpB5OL1G9fE6loKC71NCI+RyNBhxQjbaQrDnuKcljrO/1C0bHLKU5hRryyIc6J63gedG1njmJlv/FOn6sv9X7htTcIccyJ0JghpbquE2k/QVJTzMgs34sViRCeoBHpGioQJ8pP5hfP4JFRBnAYSlNCw7n6fSJBXKkpD0wnR3qsfnup+JfXjfXw3E+oiGJNBM4WDWMGdQjT9+GASoI1mxqCsKTmVojHSCKsTUh5E8LXp/B/0irZrmeXGiaNKsiQAwfgEBwDF5yBCqiBOmgCDAS4AXfg3lLWrfVgPWatC9bnzB74AevpA9balBY=</latexit>

⇠ 10�27 eV
<latexit sha1_base64="Yt1163JkH53960HoQ6HVknyCl/s=">AAACAHicdVC7SgNBFJ2Nr7i+ohYWNoNBsNAwm4gxhRi0sYxgHpCNYXYySYbM7C4zs0JYtvFX0lgoYusP2NuIf+MkUVDRAxcO59zLvfd4IWdKI/RupWZm5+YX0ov20vLK6lpmfaOmgkgSWiUBD2TDw4py5tOqZprTRigpFh6ndW9wPvbrN1QqFvhXehjSlsA9n3UZwdpI7cyWq5iADrqOD/LFJHalgO4+rSXtTBblSmMcwSkplAxBhw4qFKCTQxNkT1/sk3D0ZlfamVe3E5BIUF8TjpVqOijUrRhLzQinie1GioaYDHCPNg31saCqFU8eSOCuUTqwG0hTvoYT9ftEjIVSQ+GZToF1X/32xuJfXjPS3eNWzPww0tQn00XdiEMdwHEasMMkJZoPDcFEMnMrJH0sMdEmM9uE8PUp/J/U8jmnkMtfomz5DEyRBttgB+wBBxRBGVyACqgCAhIwAvfgwbq17qxH62namrI+ZzbBD1jPH8ZJmOg=</latexit>

⇠ 10�22 eV
<latexit sha1_base64="RiMff6ANvEWMaI57FjflXI0fE04=">AAACAHicdVC7SgNBFJ31GddX1MLCZjAIFhpmN6KmEIM2lhHMA7IxzE4myZCZ3WVmVgjLNv5KGgtFbP0Bexvxb5wkCip64MLhnHu59x4/4kxphN6tqemZ2bn5zIK9uLS8sppdW6+qMJaEVkjIQ1n3saKcBbSimea0HkmKhc9pze+fj/zaDZWKhcGVHkS0KXA3YB1GsDZSK7vpKSagg66TfddNE08K6O3RatrK5lC+OMIhnJBC0RB04KBCATp5NEbu9MU+iYZvdrmVffXaIYkFDTThWKmGgyLdTLDUjHCa2l6saIRJH3dpw9AAC6qayfiBFO4YpQ07oTQVaDhWv08kWCg1EL7pFFj31G9vJP7lNWLdOW4mLIhiTQMyWdSJOdQhHKUB20xSovnAEEwkM7dC0sMSE20ys00IX5/C/0nVzTuFvHuJcqUzMEEGbIFtsAsccARK4AKUQQUQkIIhuAcP1q11Zz1aT5PWKetzZgP8gPX8Ab5+mOM=</latexit>

⇠ 10�15 eV
<latexit sha1_base64="BS8ZBoRuW8DIbiM088ihbUDpLGc=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARXGhImvrorujGZQX7gCaWyXTaDp1JwsxEKCEbf8WNC0Xc+hnu/BsnbQUVPXDhcM693HtPEDMqlW1/GHPzC4tLy4WV4ura+samubXdlFEiMGngiEWiHSBJGA1JQ1HFSDsWBPGAkVYwusz91h0RkkbhjRrHxOdoENI+xUhpqWvuepJy6Ni36bFzkqWe4NA7Is2sa5Zsq5rjFE6JW9XErji260LHsicogRnqXfPd60U44SRUmCEpO44dKz9FQlHMSFb0EklihEdoQDqahogT6aeTBzJ4oJUe7EdCV6jgRP0+kSIu5ZgHupMjNZS/vVz8y+skqn/upzSME0VCPF3UTxhUEczTgD0qCFZsrAnCgupbIR4igbDSmRV1CF+fwv9Js2w5rlW+rpRqF7M4CmAP7IND4IAzUANXoA4aAIMMPIAn8GzcG4/Gi/E6bZ0zZjM74AeMt09iFJWo</latexit>

⇠ 10�5 eV
<latexit sha1_base64="rWBgdtcb8yvS0/FoWeV3HEC3rPE=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXGhJmvrorujGZQX7gCaWyXTaDp1JwsxEKDELf8WNC0Xc+hvu/BsnbQUVPXDhcM693HuPHzEqlWV9GLm5+YXFpfxyYWV1bX3D3NxqyjAWmDRwyELR9pEkjAakoahipB0JgrjPSMsfXWR+65YIScPgWo0j4nE0CGifYqS01DV3XEk5tK2b5Og4TVzBoXtImmnXLFqlaoYTOCVOVROrYluOA+2SNUERzFDvmu9uL8QxJ4HCDEnZsa1IeQkSimJG0oIbSxIhPEID0tE0QJxIL5ncn8J9rfRgPxS6AgUn6veJBHEpx9zXnRypofztZeJfXidW/TMvoUEUKxLg6aJ+zKAKYRYG7FFBsGJjTRAWVN8K8RAJhJWOrKBD+PoU/k+a5ZLtlMpXlWLtfBZHHuyCPXAAbHAKauAS1EEDYHAHHsATeDbujUfjxXidtuaM2cw2+AHj7RPtHJVt</latexit>
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Compact objects
Large inhomogeneities in the axion field lead to gravity-bound objects
Axion “miniclusters” [Hogan&Rees1988; Kolb&Tkachev 1993,1994]

Typical mass

Typical radius

⇠ 10�11 M�

<latexit sha1_base64="jq4phjl37MMKY0gCUkK+ZUz/6r0=">AAAB/3icdVBNS8NAEN3Ur1q/ooIXL4tF8KAhsUXtrejFi1DB1kITw2azbZdusmF3I5TYg3/FiwdFvPo3vPlv3LQVVPTBwOO9GWbmBQmjUtn2h1GYmZ2bXygulpaWV1bXzPWNluSpwKSJOeOiHSBJGI1JU1HFSDsRBEUBI9fB4Cz3r2+JkJTHV2qYEC9CvZh2KUZKS7655UoaQce+yQ4cZ+TuX/guD7nyzbJt1XIcwQmp1DSxq45dqUDHsscogykavvnuhhynEYkVZkjKjmMnysuQUBQzMiq5qSQJwgPUIx1NYxQR6WXj+0dwVysh7HKhK1ZwrH6fyFAk5TAKdGeEVF/+9nLxL6+Tqu6Jl9E4SRWJ8WRRN2VQcZiHAUMqCFZsqAnCgupbIe4jgbDSkZV0CF+fwv9J69Byqlbtslqun07jKIJtsAP2gAOOQR2cgwZoAgzuwAN4As/GvfFovBivk9aCMZ3ZBD9gvH0CtwGVUg==</latexit>

⇠ 1012 cm

<latexit sha1_base64="OaXtuItnFDrdFdKM5RVS8d13bV8=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXEhI2qJ2V3TjsoJ9QBPLZDpph84kYWYilJiFv+LGhSJu/Q13/o2TtoKKHrhwOOde7r3HjxmVyrY/jMLC4tLySnG1tLa+sbllbu+0ZZQITFo4YpHo+kgSRkPSUlQx0o0FQdxnpOOPL3K/c0uEpFF4rSYx8TgahjSgGCkt9c09V1IOHfsmdSpZ6goO3WPMs75Ztq16jhM4I9W6JnbNsatV6Fj2FGUwR7NvvruDCCechAozJGXPsWPlpUgoihnJSm4iSYzwGA1JT9MQcSK9dHp/Bg+1MoBBJHSFCk7V7xMp4lJOuK87OVIj+dvLxb+8XqKCMy+lYZwoEuLZoiBhUEUwDwMOqCBYsYkmCAuqb4V4hATCSkdW0iF8fQr/J+2K5dSs+lWt3Difx1EE++AAHAEHnIIGuARN0AIY3IEH8ASejXvj0XgxXmetBWM+swt+wHj7BBE3lYs=</latexit>

See e.g.  
LV & J. Redondo 1808.01879

Distribution of axion energy density
2D slice of comoving length 0.25 pc
[Kolb&Tkachev96]

Tcollapse ⇡
�⇢

⇢
Teq

<latexit sha1_base64="osuYds9OZacakpd23Yzk1PuV0/0="></latexit>
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N-body simulation
We assume two different profile 
distributions for the individual minicluster: 

1) Power-Law (PL) 

2) NFW

⇢ / r�9/4

<latexit sha1_base64="yC4UMJUc+5bmBGnnpqggPboKg58=">AAAB/nicdVBNS8NAEN3Ur1q/ouLJy2IRvBgTG9Tcil48VrC10MSy2W7apZts2N0IJRT8K148KOLV3+HNf+OmraCiDwYe780wMy9MGZXKtj+M0tz8wuJSebmysrq2vmFubrUkzwQmTcwZF+0QScJoQpqKKkbaqSAoDhm5CYcXhX9zR4SkPLlWo5QEMeonNKIYKS11zR1fDDj0U8FTxaG4zQ+9I3fcNau25RU4gVNS8zSxXceu1aBj2RNUwQyNrvnu9zjOYpIozJCUHcdOVZAjoShmZFzxM0lShIeoTzqaJigmMsgn54/hvlZ6MOJCV6LgRP0+kaNYylEc6s4YqYH87RXiX14nU9FZkNMkzRRJ8HRRlDGoPy2ygD0qCFZspAnCgupbIR4ggbDSiVV0CF+fwv9J69hyXMu7cqv181kcZbAL9sABcMApqINL0ABNgEEOHsATeDbujUfjxXidtpaM2cw2+AHj7RPPE5Vt</latexit>

⇢ =
⇢s

(r/rs)(1 + r/rs)2

<latexit sha1_base64="jzZqBy0Pv4dhGP9iBswUCOscyBM="></latexit>

Projected axion density at z = 99

Eggemeier+ 1911.09417

Enlargement of the largest minicluster
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RAMC

<latexit sha1_base64="9BLSbhAEuStR309S6pIflTE4+BM=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GjLa2rqrduNGqGIfMB1KJk3b0GRmSDJCGfoZblwo4tavceffmE5HUNEDFw7n3Mu99/gRZ0oj9GHllpZXVtfy64WNza3tneLuXluFsSS0RUIeyq6PFeUsoC3NNKfdSFIsfE47/qQx9zv3VCoWBnd6GlFP4FHAhoxgbST3tp/0pIAX141Zv1hC9uk5QhUEkY1SpOSsWjuFTqaUQIZmv/jeG4QkFjTQhGOlXAdF2kuw1IxwOiv0YkUjTCZ4RF1DAyyo8pL05Bk8MsoADkNpKtAwVb9PJFgoNRW+6RRYj9Vvby7+5bmxHta8hAVRrGlAFouGMYc6hPP/4YBJSjSfGoKJZOZWSMZYYqJNSgUTwten8H/SPrGdsl25KZfql1kceXAADsExcEAV1MEVaIIWICAED+AJPFvaerRerNdFa87KZvbBD1hvn8JVkO4=</latexit>

b

<latexit sha1_base64="F86MsJSdBp4PIjYXi3g7wi+Fpi8=">AAAB6HicbVBNT8JAEN3iF+IX6tHLRmLiqWkRUrwRvXiERD4SaMh2GWBlu212tyak4Rd48aAxXv1J3vw3LtCDoi+Z5OW9mczMC2LOlHacLyu3sbm1vZPfLeztHxweFY9P2ipKJIUWjXgkuwFRwJmAlmaaQzeWQMKAQyeY3i78ziNIxSJxr2cx+CEZCzZilGgjNYNBseTYTtmrXXnYscvOdc2rGuIsgd2MlFCGxqD42R9GNAlBaMqJUj3XibWfEqkZ5TAv9BMFMaFTMoaeoYKEoPx0eegcXxhliEeRNCU0Xqo/J1ISKjULA9MZEj1R695C/M/rJXpU81Mm4kSDoKtFo4RjHeHF13jIJFDNZ4YQKpm5FdMJkYRqk03BhOCuv/yXtMu2W7GrzUqpfpPFkUdn6BxdIhd5qI7uUAO1EEWAntALerUerGfrzXpfteasbOYU/YL18Q0cR40o</latexit>

r

<latexit sha1_base64="KuK9Bea9xYmC3bSUbxve9mVpjkI=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjNZ1GPQi8cEzALJEHo6NUlrz0J3jxCGfIEXD4p49ZO8+Td2khFU9EHB470qqup5seBK2/aHlVtZXVvfyG8WtrZ3dveK+wcdFSWSYZtFIpI9jyoUPMS25lpgL5ZIA09g17u7mvvde5SKR+GNnsboBnQccp8zqo3UksNiyS7bZ9VqxSaGLGBIzak7TpU4mVKCDM1h8X0wilgSYKiZoEr1HTvWbkql5kzgrDBIFMaU3dEx9g0NaYDKTReHzsiJUUbEj6SpUJOF+n0ipYFS08AznQHVE/Xbm4t/ef1E+xduysM40Riy5SI/EURHZP41GXGJTIupIZRJbm4lbEIlZdpkUzAhfH1K/iedStmpleutWqlxmcWRhyM4hlNw4BwacA1NaAMDhAd4gmfr1nq0XqzXZWvOymYO4Qest08Jwo0b</latexit>

V

<latexit sha1_base64="pfzaLRa2n0XI2AG73t0H3+ajtrM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrtfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftUmM4g==</latexit>

Survival of axion miniclusters
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10°19 10°17 10°15 10°13 10°11

Mmc [MØ]

100

101

102 After Disruption

Before Disruption

Axion miniclusters are disrupted by the encounter with stars

dn

d lnM
/ M�0.7

<latexit sha1_base64="g3PbcGCGwOqkq0eWsQ/p76oDzHU=">AAACC3icdVDLSsNAFJ34rPVVdelmaBHcGJKmWLsrunFTqGAf0NQymUzaoZNJmJkIJWTvxl9x40IRt/6AO//G6UNQ0QMDh3Pu5c45XsyoVJb1YSwtr6yurec28ptb2zu7hb39towSgUkLRywSXQ9JwignLUUVI91YEBR6jHS88cXU79wSIWnEr9UkJv0QDTkNKEZKS4NC0Q0EwqnPs9R3GYeNDLqxiGIVwcZNemKZ1WxQKFlmbYpTOCdOTROrYluOA23TmqEEFmgOCu+uH+EkJFxhhqTs2Vas+ikSimJGsrybSBIjPEZD0tOUo5DIfjrLksEjrfgwiIR+XMGZ+n0jRaGUk9DTkyFSI/nbm4p/eb1EBWf9lPI4UYTj+aEgYVAnnRYDfSoIVmyiCcKC6r9CPEK6HKXry+sSvpLC/0m7bNqOWb6qlOrnizpy4BAUwTGwQRXUwSVoghbA4A48gCfwbNwbj8aL8TofXTIWOwfgB4y3T7eHmtc=</latexit>

Initial halo mass function from N-body 
simulation

With:

Thomas
Edwards

Bradley
Kavanagh

Christoph
Weniger

LV+, in preparation

Survival of axion miniclusters
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Survival of axion miniclusters

LV+, in preparation
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PRELIMINARY!!!

LV+, in preparation
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Application: microlensing

Fairbairn+ 1707.03310
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Future projects:
Axion radioastronomy

Neutron stars “eat up” dark matter overdensities

Courtesy of Ben Safdi (Michigan)
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Axion radio-interferometry

Leroy+1912.08815

!p(B) ⇡ ma
<latexit sha1_base64="qWVBPWJBJXHCp4bEZ31vVljKW9U=">AAACAHicdVDLSgMxFM34rPVVdeHCTbAIuikzHfGxK7pxqWBtoTMMd9K0BpNJSDJiKd34K25cKOLWz3Dn35g+BBU9cOFwzr3ce0+qODPW9z+8qemZ2bn5wkJxcWl5ZbW0tn5lZK4JrRPJpW6mYChnGa1bZjltKk1BpJw20pvTod+4pdowmV3anqKxgG7GOoyAdVJS2oykoF1I1O7JHo5AKS3vsEggKZX9yvEQB3hMwmNH/P3AD0McVPwRymiC86T0HrUlyQXNLOFgTCvwlY37oC0jnA6KUW6oAnIDXdpyNANBTdwfPTDAO05p447UrjKLR+r3iT4IY3oidZ0C7LX57Q3Fv7xWbjtHcZ9lKrc0I+NFnZxjK/EwDdxmmhLLe44A0czdisk1aCDWZVZ0IXx9iv8nV9VKEFaqF/vl2skkjgLaQttoFwXoENXQGTpHdUTQAD2gJ/Ts3XuP3ov3Om6d8iYzG+gHvLdPMvOWLQ==</latexit>

axion-photon conversion 
is possible for

Goldreich-Julian Relation

B(✓) =
B0

2

��3 cos2 ✓ + 1
��1/2

<latexit sha1_base64="ctWcepUsO2zemWJxhrOKkTTQg6c="></latexit>

nc =
2⌦ ·B

e
+ (relativistic corrections)

<latexit sha1_base64="WT/1poywii2tQkb832kqY828Sxk="></latexit>
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LV+, in preparation

Radioastronomy Axion Miniclusters

or ma ⇠ 25µeV

<latexit sha1_base64="NIqgA7NvZ9R5IhrLesfXdMpCU5M=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEFxKStj66K7pxWcE+oAlhMp20Q2eSMDMRSihu/BU3LhRx61e482+ctBVU9MCFwzn3cu89QcKoVLb9YRQWFpeWV4qrpbX1jc0tc3unLeNUYNLCMYtFN0CSMBqRlqKKkW4iCOIBI51gdJn7nVsiJI2jGzVOiMfRIKIhxUhpyTf3uI+gKymHlZPMFRy6xy5PIWlPfLNsW/Ucp3BGqnVN7JpjV6vQsewpymCOpm++u/0Yp5xECjMkZc+xE+VlSCiKGZmU3FSSBOERGpCephHiRHrZ9IUJPNRKH4ax0BUpOFW/T2SISznmge7kSA3lby8X//J6qQrPvYxGSapIhGeLwpRBFcM8D9ingmDFxpogLKi+FeIhEggrnVpJh/D1KfyftCuWU7Pq17Vy42IeRxHsgwNwBBxwBhrgCjRBC2BwBx7AE3g27o1H48V4nbUWjPnMLvgB4+0T7/CWjA==</latexit>

⌫ =
ma

2⇡
⇠ 6GHz

<latexit sha1_base64="qNmaHt09OD6HS5lTjKdbZBE5Cls="></latexit>
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Phenomenology: axion stars
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Velocity:

Equilibrium:

A bosonic field can arrange into a self-gravitating & compact 
equilibrium configuration

One-parameter model
depending onMstar
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Particle in a box:
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With: K. Freese,   S. Baum

J. Redondo,     F.  Wilczek

 LV+, Phys. Lett. B 777 64 (2018)
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Shadow          photon capture radius

Non-rotating BH:

Rc =
p
27rg
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Photon
sphere

BH

Angular diameter of the image:

Shadow of a BH: dark area in the image of an 
optically thin region around the compact object. 
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Rotating BH:

Kerr bound:

The Kerr bound expresses 
the cosmic censorship 
conjecture (see Hartle, Gravity)

|a|  M
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Photon
sphere

BH

Shadow          photon capture radius

Shadow of a BH: dark area in the image of an 
optically thin region around the compact object. 



Institute of Physics, Academia Sinica          Luca Visinelli, 4-11-2020

Photon trajectories around a BH + shadow image

Non-rotating Rotating
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Event Horizon Telescope

VLBI observing M87* and Sagittarius A* at
Resolution at 10µarcsec
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Event Horizon Telescope

Left:   simulation of M87* at 230GHz
Right: Image reconstructed from simulated data using
       https://github.com/achael/eht-imaging

EHT resolution
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The picture of the century

• Event Horizon Telescope (April 2019)
• 10 days acquisition + 2 years analysis

EHT Collaboration, Astrophys. J. 875 (2019)
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• Relativistic beaming of the plasma

• Mass                                        from comparing 
the image with MHD simulations of rotating BH

• Agrees with stellar dynamics (Gebhardt+ 2011)

MBH = (6.5± 0.7)⇥ 109M�
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The picture of the century
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Framing the properties of M87*
Cosimo Bambi (Fudan U.)

Katherine Freese

(Austin&Stockholm)

Sunny Vagnozzi (Cambridge)

Bambi, Freese, Vagnozzi, LV, PRD 100 044057 (2019) 1904.12983
                      Vagnozzi, LV, PRD 100 024020 (2019) 1905.12421
           Vagnozzi, Bambi, LV, CQG 37 8 087001 (2020) 2001.02986
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2. Is the BH shadow affected by superradiance?

Projects I am currently involved

Light bosons form a cloud around rotating BHs and extract 
rotational energy from it. 

How is the shadow modified? See 1906.03190
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Conclusions

• It is an exciting period to work on dark matter compact 
objects and on exotic light bosons!

• Details require much further efforts. Work in progress...

• Axion Miniclusters and axion stars are laboratories for 
physics beyond the Standard Model!

• We entered the era of black hole precision physics.

Thank you all for the attention!
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Scenario I - Broken PQ symmetry during inflation

fa > max (HI , Tmax)
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Isocurvature suppression
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Scenario: Unbroken PQ symmetry during inflation
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Inflation first, then
 PQ symmetry breaking

Topological defects 
appear (strings and walls)

Numerical simulations 
are needed.

ma ⇡ (10� 100)µeV
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Buschmann+ 1906.00967

Klaer&Moore 1708.07521



Radioastronomy Axion Miniclusters
奇台县 Qitai radio telescope scheduled
to complete by 2023

Fully steerable, like Green Bank Telescope 
and Effelsberg 100-m Radio Telescope.

2004.00011

FAST radio telescope: 
Sensitivity                                 at 

⌫ = (0.07� 3)GHz
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1709.10516

However, dense axion stars are killed in my 
paper with Wilczek et al., see next part of talk

奇台县

FAST

See also 1910.11907



Soliton cores and boson stars

Figure 2: A slice of density field of ψDM simulation on various scales at zzz=== 000...111. This scaled sequence
(each of thickness 60 pc) shows how quantum interference patterns can be clearly seen everywhere from
the large-scale filaments, tangential fringes near the virial boundaries, to the granular structure inside the
haloes. Distinct solitonic cores with radius ∼ 0.3 − 1.6 kpc are found within each collapsed halo. The
density shown here spans over nine orders of magnitude, from 10−1 to 108 (normalized to the cosmic mean
density). The color map scales logarithmically, with cyan corresponding to density ! 10.

graphic processing unit acceleration, improving per-
formance by almost two orders of magnitude21 (see
Supplementary Section 1 for details).

Fig. 1 demonstrates that despite the completely
different calculations employed, the pattern of fil-
aments and voids generated by a conventional N-
body particle ΛCDM simulation is remarkably in-
distinguishable from the wavelike ΛψDM for the
same linear power spectrum (see Supplementary Fig.
S2). Here Λ represents the cosmological constant.
This agreement is desirable given the success of stan-
dard ΛCDM in describing the statistics of large scale
structure. To examine the wave nature that distin-
guishes ψDM from CDM on small scales, we res-
imulate with a very high maximum resolution of
60 pc for a 2 Mpc comoving box, so that the dens-
est objects formed of " 300 pc size are well re-
solved with ∼ 103 grids. A slice through this box
is shown in Fig. 2, revealing fine interference fringes
defining long filaments, with tangential fringes near

the boundaries of virialized objects, where the de
Broglie wavelengths depend on the local velocity of
matter. An unexpected feature of our ψDM simula-
tions is the generation of prominent dense coherent
standing waves of dark matter in the center of every
gravitational bound object, forming a flat core with
a sharp boundary (Figs. 2 and 3). These dark matter
cores grow as material is accreted and are surrounded
by virialized haloes of material with fine-scale, large-
amplitude cellular interference, which continuously
fluctuates in density and velocity generating quan-
tum and turbulent pressure support against gravity.

The central density profiles of all our collapsed
cores fit well with the stable soliton solution of the
Schrödinger-Poisson equation, as shown in Fig. 3
(see also Supplementary Section 2 and Fig. S3). On
the other hand, except for the lightest halo which
has just formed and is not yet virialized, the outer
profiles of other haloes possess a steepening loga-
rithmic slope, similar to the Navarro-Frenk-White

3

Ultra-light axion DM is indistinguishable 
from CDM on large scales....

... galactic-size self-gravitating
soliton cores are produced

Schive et al. Nature 10 496 (2014)

Veeltman et al. PRD 98 043509 (2018)

Boson star binaries are also 
potentially detectable in GW

H-J He+ 1906.02094


