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Disclaimer

- Impossible to cover all the possible searches there are now! But I will do my best to give a general view.


- Biased review of  the ULDM field


- Field that is changing rapidly, so my apologies for not mentioning your model or reference


- Lectures are going to have a practical component. Hope it is useful in your research!


<latexit sha1_base64="9iFKYPB6Z3+kfxux7o/XY5ox050="></latexit>

Natural units(c = h̄ = 1)

1 kg ! 5⇥ 1035 eV

1M� !⇠ 1066 eV

Units of  mass, energy and momentum = eV

Length = eV−1

BUT sometimes (astro/cosmology)

1parsec (pc) 
∼ 3 × 1016 m



- Elisa Ferreira, Ultra-light dark matter, The Astronomy and Astrophysics Review. 29 (2021) 1, 7, arXiv:2005.03254


- Andrew Eberhardt and Elisa Ferreira, Ultralight fuzzy dark matter review, arXiv: 2507.00705 


Other very good reviews


- Lam Hui, Wave dark matter, Ann.Rev.Astron.Astrophys. 59 (2021) 247-289, arXiv: 2101.11735


- Jens C., Niemeyer Small-scale structure of  fuzzy and axion-like dark matter, Prog.Part.Nucl.Phys. 103787, arXiv:1912.07064

Further reading
Reviews!!!

Main reference for gravitational searches:

- David Marsh, Axion cosmology, Phys.Rept. 643 (2016) 1-79, arXiv:1510.07633 

Reference for non-gravitational searches:

- Francesca Chadha-Day et al., Axion dark matter: What is it and why now?, Sci.Adv. 8 (2022) 8, abj3618, 
arXiv: 2105.01406 

+ many references (in the slides)

https://arxiv.org/abs/2005.03254
https://arxiv.org/abs/2507.00705
https://arxiv.org/abs/2101.11735
https://arxiv.org/abs/1912.07064
https://arxiv.org/abs/1510.07633
https://arxiv.org/abs/2105.01406
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Part I:  dark matter



Evidences for dark matter

Springel & others / Virgo Consortium

ESA and the Planck Collaboration

NASA and ESA

NASA and ESA

CC BY 4.0

CMB+LSS
Galaxies

Clusters

Huge  amount of  evidence

From all scales?  

We can observe its effects in



Evidences for dark matter - properties
Galaxy rotation curves
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Large Scale Structure Cluster collision Big Bang Nucleosynthesis

• Mass fraction

• Distribution • Mass fraction


• Distribution
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• Mass fraction
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• Distribution
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• Structure

Micro lensing

• Mass fraction
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CMB/LSS
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• Thermal history
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What we know about dark matter
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s CDM – the standard cosmological model Λ

Successful description of  our universe with 6 free parameters, tested to sub-percent precision. 

Λ

DM: cold dark 
matter (CDM) fluid <latexit sha1_base64="iffSdT22swjkoePeeappvxHr/vM="></latexit>

⌦b = 0.0484± 0.0003
⌦m = 0.308± 0.012

Planck 2018



Large scale structure



Large scale structure

b ±
⌦m = 0.308± 0.012 (Planck 2018)



Cold dark matter

•  Cold: moves much slower than c


•  Presureless: gravitational attractive, clusters


•  Dark (transparent): no/weakly electromagnetic 
interaction


•  Collisionless: no/weakly self-interaction or 
interaction with baryons


• Abundance: amount of  dark matter today known

CDM on large scales described 
by a perfect fluid:

<latexit sha1_base64="953+0dYv9U82ZcpagwMhLVP6014=">AAAB7nicbVDLSgMxFL3js9ZX1aWbYBFcSJkRX8uiG5cV7APaIpn0ThuaSYYkI5ShH+HGhSJu/R53/o1pOwttPRA4nHMuufeEieDG+v63t7S8srq2Xtgobm5t7+yW9vYbRqWaYZ0poXQrpAYFl1i33ApsJRppHApshsPbid98Qm24kg92lGA3pn3JI86odVKzowfqlNQeS2W/4k9BFkmQkzLkcPmvTk+xNEZpmaDGtAM/sd2MasuZwHGxkxpMKBvSPrYdlTRG082m647JsVN6JFLaPWnJVP09kdHYmFEcumRM7cDMexPxP6+d2ui6m3GZpBYlm30UpYJYRSa3kx7XyKwYOUKZ5m5XwgZUU2ZdQ0VXQjB/8iJpnFWCy8rF/Xm5epPXUYBDOIITCOAKqnAHNagDgyE8wyu8eYn34r17H7PokpfPHMAfeJ8/g5aPCw==</latexit>

⇢, P

with

<latexit sha1_base64="Qc6hlNsfALaD8w8P47rUvGuCuNA=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKe5KfFyEoBePEcwDkiXMTmaTIbMz68ysEpb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBzpo3rfju5peWV1bX8emFjc2t7p7i719AyUYTWieRStQKsKWeC1g0znLZiRXEUcNoMhjcTv/lIlWZS3JtRTP0I9wULGcHGSq2nq9pJRw1kt1hyy+4UaJF4GSlBhlq3+NXpSZJEVBjCsdZtz42Nn2JlGOF0XOgkmsaYDHGfti0VOKLaT6f3jtGRVXoolMqWMGiq/p5IcaT1KApsZ4TNQM97E/E/r52Y8NJPmYgTQwWZLQoTjoxEk+dRjylKDB9Zgoli9lZEBlhhYmxEBRuCN//yImmclr3z8tldpVS9zuLIwwEcwjF4cAFVuIUa1IEAh2d4hTfnwXlx3p2PWWvOyWb24Q+czx+PBY+s</latexit>

w = P/⇢

<latexit sha1_base64="i2liArCXGcKFp21mfh/WPESgWko=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUnE16ZQdOOyin1AG8pkOmmHTjJhZmIJpf6KGxeKuPVD3Pk3TtsstPXAhcM593LvPX7MmdKO823lVlbX1jfym4Wt7Z3dPXv/oKFEIgmtE8GFbPlYUc4iWtdMc9qKJcWhz2nTH95M/eYjlYqJ6EGnMfVC3I9YwAjWRuraxVrFQZ171h9oLKUYoVHF6dolp+zMgJaJm5ESZKh17a9OT5AkpJEmHCvVdp1Ye2MsNSOcTgqdRNEYkyHu07ahEQ6p8saz4yfo2Cg9FAhpKtJopv6eGONQqTT0TWeI9UAtelPxP6+d6ODKG7MoTjSNyHxRkHCkBZomgXpMUqJ5aggmkplbERlgiYk2eRVMCO7iy8ukcVp2L8rnd2el6nUWRx4O4QhOwIVLqMIt1KAOBFJ4hld4s56sF+vd+pi35qxspgh/YH3+AC//k9k=</latexit>

P = 0 ) w = 0

Backg.: Pert.:
<latexit sha1_base64="60iQydJMRta4Es3dAqmRWh12uAw=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4kDAjbsegF48RzAKZMfT01CRNeha6a5Qw5D+8eFDEq//izb+xsxw08UHB470qqur5qRQabfvbKiwtr6yuFddLG5tb2zvl3b2mTjLFocETmai2zzRIEUMDBUpopwpY5Eto+YObsd96BKVFEt/jMAUvYr1YhIIzNNKDG4BEdkJd7AOybrliV+0J6CJxZqRCZqh3y19ukPAsghi5ZFp3HDtFL2cKBZcwKrmZhpTxAetBx9CYRaC9fHL1iB4ZJaBhokzFSCfq74mcRVoPI990Rgz7et4bi/95nQzDKy8XcZohxHy6KMwkxYSOI6CBUMBRDg1hXAlzK+V9phhHE1TJhODMv7xImqdV56J6fndWqV3P4iiSA3JIjolDLkmN3JI6aRBOFHkmr+TNerJerHfrY9pasGYz++QPrM8f/+2SNA==</latexit>

�, ✓

with
<latexit sha1_base64="1LgDv3O7v7ertsLLUGFycxbBrxA=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJgMoafTkzTpZejuEcKQv/DiQRGv/o03/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1kmPpGdQ1zCB/F654lf9GdAyCXJSgRz1Xvmr21ckFVRawrExncBPbJhhbRnhdFLqpoYmmIzwgHYclVhQE2aziyfoxCl9FCvtSlo0U39PZFgYMxaR6xTYDs2iNxX/8zqpja/DjMkktVSS+aI45cgqNH0f9ZmmxPKxI5ho5m5FZIg1JtaFVHIhBIsvL5PmWTW4rF7cn1dqN3kcRTiCYziFAK6gBndQhwYQkPAMr/DmGe/Fe/c+5q0FL585hD/wPn8AjIyQMg==</latexit>

cs ⇠ 0

<latexit sha1_base64="zNDSlc6F6jNcC8eZWg8/mDzfJFk=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSGxUCW8xwoWxoLoQ2pC5bhOY9WJLdsBVVFHFn6FhQGEWPkENv4Gt80ALUeydHTOvbo+JxCMKu0439bM7Nz8wmJhqbi8srq2bm9s1hVPJSY1zBmXzQApwmhCappqRppCEhQHjDSC3uXQb9wTqShPbnVfED9G3YSGFCNtpLa9493QbqSRlPwBejLi0BOSC80hussOjgZtu+SUnRHgNHFzUgI5qm37y+twnMYk0ZghpVquI7SfIakpZmRQ9FJFBMI91CUtQxMUE+VnoyADuGeUDgy5NC/RcKT+3shQrFQ/DsxkjHSkJr2h+J/XSnV47mc0EakmCR4fClMGTc5hK7BDJcGa9Q1BWFLzV4gjJBHWpruiKcGdjDxN6odl97R8cn1cqlzkdRTANtgF+8AFZ6ACrkAV1AAGj+AZvII368l6sd6tj/HojJXvbIE/sD5/AFeYmYw=</latexit>

) ⇢ / a�3



Cold dark matter

•  Cold: moves much slower than c


•  Presureless: gravitational attractive, clusters


•  Dark (transparent): no/weakly electromagnetic 
interaction


•  Collisionless: no/weakly self-interaction or 
interaction with baryons


• Abundance: amount of  dark matter today known Incredible agreement to CDM!

Many observational probes for

<latexit sha1_base64="XA9nWmK1fOSPqtfuC7jU/Kbv73E="></latexit>

k ⇠ 10�3 � 10Mpc�1

range of redshift z < 3� 4



•Cold


•  Pressureless


•  Dark


•  Collisionless


How cold it is?

Cluster on all scales?

Non-gravitational 
interaction?

How small sefl-interaction?

WDM

SIDM

Milicharged 
DM

Small scale behavior: still weakly 
constrained and small scale challenges

CDM on large scales

Small scale curiosities: cusp-core, missing satellites, BTFR, …

What we don’t know about dark matter

<latexit sha1_base64="jN8nlWJIz4QZ4AO1c8VWjEyKou0=">AAAB/HicbVDLSgMxFL3js9bXaJdugkVwVWbE17LoxmUF+4B2KJk004YmmSHJCGWov+LGhSJu/RB3/o2ZdhbaeiDhcM695OSECWfaeN63s7K6tr6xWdoqb+/s7u27B4ctHaeK0CaJeaw6IdaUM0mbhhlOO4miWISctsPxbe63H6nSLJYPZpLQQOChZBEj2Fip71YE6mlmL4HNSIlsTFvTvlv1at4MaJn4BalCgUbf/eoNYpIKKg3hWOuu7yUmyLAyjHA6LfdSTRNMxnhIu5ZKLKgOsln4KTqxygBFsbJHGjRTf29kWGg9EaGdzDPqRS8X//O6qYmug4zJJDVUkvlDUcqRiVHeBBowRYnhE0swUcxmRWSEFSbG9lW2JfiLX14mrbOaf1m7uD+v1m+KOkpwBMdwCj5cQR3uoAFNIDCBZ3iFN+fJeXHenY/56IpT7FTgD5zPH6DplMg=</latexit>

m ⇠ keV



What we know about dark matter
Properties:

What we learned from observations



•  Cold


•  Presureless

What we know about dark matter
Properties:

What we learned from observations



What we know about dark matter

From LSS:

Properties:

Measure PS well until scales 

k ∼ 10 − 20 Mpc−1

<latexit sha1_base64="trafUSzM9iarEgaXV6cxZxVGlzQ=">AAACDHicbVDLTgIxFO3gC/GFunTTSExggzOIj40JURcuMZFHwgykUwo0dB5p75iQCR/gxl9x40Jj3PoB7vwbC8xCwZM0PTnn3LT3uKHgCkzz20gtLa+srqXXMxubW9s72d29ugoiSVmNBiKQTZcoJrjPasBBsGYoGfFcwRru8HriNx6YVDzw72EUMscjfZ/3OCWgpU42Z98wAaRdwvlhAV/ish1yTY9L+i60T3BVyzplFs0p8CKxEpJDCaqd7JfdDWjkMR+oIEq1LDMEJyYSOBVsnLEjxUJCh6TPWpr6xGPKiafLjPGRVrq4F0h9fMBT9fdETDylRp6rkx6BgZr3JuJ/XiuC3oUTcz+MgPl09lAvEhgCPGkGd7lkFMRIE0Il13/FdEAkoaD7y+gSrPmVF0m9VLTOiqd35VzlKqkjjQ7QIcojC52jCrpFVVRDFD2iZ/SK3own48V4Nz5m0ZSRzOyjPzA+fwAYqJfa</latexit>

�2(k) = 4⇡(k/2⇡)3P (k)

Dimensionless power spectrum 




How to measure structures



2 point correlation function

<latexit sha1_base64="885sxosBnwXYbJ4pGTS0+tS2OiM=">AAACEXicbVDLSgMxFM34rPVVdekmWIR2U2ZKUZdFNy4r2Ad0Sslk7rShmcyQZMRS+gtu/BU3LhRx686df2M6HVBbDwQO55zLzT1ezJnStv1lrayurW9s5rby2zu7e/uFg8OWihJJoUkjHsmORxRwJqCpmebQiSWQ0OPQ9kZXM799B1KxSNzqcQy9kAwECxgl2kj9QsnlRAw4YOz6wDUp3fed8g+v4rIr00C/ULQrdgq8TJyMFFGGRr/w6foRTUIQmnKiVNexY92bEKkZ5TDNu4mCmNARGUDXUEFCUL1JetEUnxrFx0EkzRMap+rviQkJlRqHnkmGRA/VojcT//O6iQ4uehMm4kSDoPNFQcKxjvCsHuwzCVTzsSGESmb+iumQSEK1KTFvSnAWT14mrWrFOavUbmrF+mVWRw4doxNUQg46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6MrVjZzhP7A+vgGCjqb5w==</latexit>

h�(x1)�(x2)i

<latexit sha1_base64="axuNcpWkQqT7btZMZLbuu8V0M/c=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSbaaLMrunFZ0T6gDWUynbRDJ5MwMxFL6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++oVCwWt3qSUD/CQ8FCRrA20s193+mXK8hGruc6CCLbRY53mhPPq1VdFzo2mqECFmj0y++9QUzSiApNOFaq66BE+xmWmhFOp6VeqmiCyRgPaddQgSOq/Gx26hQeGWUAw1iaEhrO1O8TGY6UmkSB6YywHqnfXi7+5XVTHdb8jIkk1VSQ+aIw5VDHMP8bDpikRPOJIZhIZm6FZIQlJtqkUzIhfH0K/yetE9s5s6vX1Ur9YhFHERyAQ3AMHHAO6uAKNEATEDAED+AJPFvcerRerNd5a8FazOyDH7DePgF+6433</latexit>x1

<latexit sha1_base64="Hq3CY65s7vEovZktn6L6KDwDZRs=">AAAB6nicdVDLSsNAFJ34rPVVdelmsAiuwqQ22uyKblxWtA9oQ5lMJ+3QySTMTMQS+gluXCji1i9y5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+DL323dUKhaLWz1JqB/hoWAhI1gb6ea+X+mXyshGruc6CCLbRY53mhPPq1VdFzo2mqEMFmj0S++9QUzSiApNOFaq66BE+xmWmhFOp8VeqmiCyRgPaddQgSOq/Gx26hQeG2UAw1iaEhrO1O8TGY6UmkSB6YywHqnfXi7+5XVTHdb8jIkk1VSQ+aIw5VDHMP8bDpikRPOJIZhIZm6FZIQlJtqkUzQhfH0K/yetiu2c2dXrarl+sYijAA7BETgBDjgHdXAFGqAJCBiCB/AEni1uPVov1uu8dclazByAH7DePgGAb434</latexit>x2

How to measure structures



<latexit sha1_base64="885sxosBnwXYbJ4pGTS0+tS2OiM=">AAACEXicbVDLSgMxFM34rPVVdekmWIR2U2ZKUZdFNy4r2Ad0Sslk7rShmcyQZMRS+gtu/BU3LhRx686df2M6HVBbDwQO55zLzT1ezJnStv1lrayurW9s5rby2zu7e/uFg8OWihJJoUkjHsmORxRwJqCpmebQiSWQ0OPQ9kZXM799B1KxSNzqcQy9kAwECxgl2kj9QsnlRAw4YOz6wDUp3fed8g+v4rIr00C/ULQrdgq8TJyMFFGGRr/w6foRTUIQmnKiVNexY92bEKkZ5TDNu4mCmNARGUDXUEFCUL1JetEUnxrFx0EkzRMap+rviQkJlRqHnkmGRA/VojcT//O6iQ4uehMm4kSDoPNFQcKxjvCsHuwzCVTzsSGESmb+iumQSEK1KTFvSnAWT14mrWrFOavUbmrF+mVWRw4doxNUQg46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6MrVjZzhP7A+vgGCjqb5w==</latexit>

h�(x1)�(x2)i

<latexit sha1_base64="axuNcpWkQqT7btZMZLbuu8V0M/c=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSbaaLMrunFZ0T6gDWUynbRDJ5MwMxFL6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++oVCwWt3qSUD/CQ8FCRrA20s193+mXK8hGruc6CCLbRY53mhPPq1VdFzo2mqECFmj0y++9QUzSiApNOFaq66BE+xmWmhFOp6VeqmiCyRgPaddQgSOq/Gx26hQeGWUAw1iaEhrO1O8TGY6UmkSB6YywHqnfXi7+5XVTHdb8jIkk1VSQ+aIw5VDHMP8bDpikRPOJIZhIZm6FZIQlJtqkUzIhfH0K/yetE9s5s6vX1Ur9YhFHERyAQ3AMHHAO6uAKNEATEDAED+AJPFvcerRerNd5a8FazOyDH7DePgF+6433</latexit>x1

<latexit sha1_base64="Hq3CY65s7vEovZktn6L6KDwDZRs=">AAAB6nicdVDLSsNAFJ34rPVVdelmsAiuwqQ22uyKblxWtA9oQ5lMJ+3QySTMTMQS+gluXCji1i9y5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+DL323dUKhaLWz1JqB/hoWAhI1gb6ea+X+mXyshGruc6CCLbRY53mhPPq1VdFzo2mqEMFmj0S++9QUzSiApNOFaq66BE+xmWmhFOp8VeqmiCyRgPaddQgSOq/Gx26hQeG2UAw1iaEhrO1O8TGY6UmkSB6YywHqnfXi7+5XVTHdb8jIkk1VSQ+aIw5VDHMP8bDpikRPOJIZhIZm6FZIQlJtqkUzQhfH0K/yetiu2c2dXrarl+sYijAA7BETgBDjgHdXAFGqAJCBiCB/AEni1uPVov1uu8dclazByAH7DePgGAb434</latexit>x2 Decompose in Fourier modes:

<latexit sha1_base64="VhUITYAHOC2Nb69DPtKzwtmsRY4="></latexit>

�(x) =
X

k

�k sin(kx+ �k)
<latexit sha1_base64="O9pbbHBZ4dm3P8aHToueXSEb6b8=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVU1KUTdC0Y3LCvYBTSiTyaQdOpmEmYlYSn/FjQtF3Poj7vwbp20W2npg4HDOPdw7J0g5U9pxvq3C2vrG5lZxu7Szu7d/YB+W2yrJJKEtkvBEdgOsKGeCtjTTnHZTSXEccNoJRrczv/NIpWKJeNDjlPoxHggWMYK1kfp2eYSuUc1LGTpHHje5EPftilN15kCrxM1JBXI0+/aXFyYki6nQhGOleq6Tan+CpWaE02nJyxRNMRnhAe0ZKnBMlT+Z3z5Fp0YJUZRI84RGc/V3YoJjpcZxYCZjrIdq2ZuJ/3m9TEdX/oSJNNNUkMWiKONIJ2hWBAqZpETzsSGYSGZuRWSIJSba1FUyJbjLX14l7VrVvajW7+uVxk1eRxGO4QTOwIVLaMAdNKEFBJ7gGV7hzZpaL9a79bEYLVh55gj+wPr8AZh/kuM=</latexit>

k = 2⇡/�

<latexit sha1_base64="bXUiM/NxZg5LHve1lBikhqVfdiE=">AAACE3icbVA9SwNBEN3zM8avqKXNYhDUItyJqI0g2lhYRDAq5GKY29skS/Z2z905JST+Bxv/io2FIrY2dv4bNzGFXw8GHu/NMDMvSqWw6Psf3sjo2PjEZG4qPz0zOzdfWFg8szozjFeYltpcRGC5FIpXUKDkF6nhkESSn0ftw75/fs2NFVqdYifltQSaSjQEA3RSvbARHmvVNKLZQjBG39Dw6iqDmJbX2ut0j/bCmEuEert3uVkvFP2SPwD9S4IhKZIhyvXCexhrliVcIZNgbTXwU6x1waBgkt/mw8zyFFgbmrzqqIKE21p38NMtXXVKTBvauFJIB+r3iS4k1naSyHUmgC372+uL/3nVDBu7ta5QaYZcsa9FjUxS1LQfEI2F4QxlxxFgRrhbKWuBAYYuxrwLIfj98l9ytlkKtktbJ1vF/YNhHDmyTFbIGgnIDtknR6RMKoSRO/JAnsizd+89ei/e61friDecWSI/4L19AuI0nYY=</latexit>

=) P (k) = |�k|2

Espectro de potências

Um dos principais objetos estatísticos da cosmologia!

2 point correlation function

How to measure structures



If  Gaussian, all the information in the 2pt CF. If  not, 
n-point correlation function:

<latexit sha1_base64="5LvhhQO/WEItltte2xHuYEWZNtE=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRS1GXRjcsK9gFNKJPJTTt0MgkzE6GUfoEbf8WNC0Xcunbn3zhNs9DWA5d7OOdeZu4JUs6Udpxvq7S2vrG5Vd6u7Ozu7R/Yh0cdlWSSQpsmPJG9gCjgTEBbM82hl0ogccChG4xv5n73AaRiibjXkxT8mAwFixgl2kgDu+ZxIoYcMPZC4JosN5m7A7vq1J0ceJW4BamiAq2B/eWFCc1iEJpyolTfdVLtT4nUjHKYVbxMQUromAyhb6ggMSh/mp8zwzWjhDhKpCmhca7+3piSWKlJHJjJmOiRWvbm4n9eP9PRlT9lIs00CLp4KMo41gmeZ4NDJoFqPjGEUMnMXzEdEUmoNglWTAju8smrpHNedy/qjbtGtXldxFFGJ+gUnSEXXaImukUt1EYUPaJn9IrerCfrxXq3PhajJavYOUZ/YH3+ADnam5w=</latexit>

h���i
<latexit sha1_base64="I7eRo1mq1tkyHCQkD6OLpWFZrvQ=">AAACFXicdVDLSgMxFM34rPU16tJNsAgupMxIUZdFNy4r2Ae0Q8lk7rShmcyQZIQy9Cfc+CtuXCjiVnDn35hOZ6GtHgg5nHMuyT1+wpnSjvNlLS2vrK6tlzbKm1vbO7v23n5Lxamk0KQxj2XHJwo4E9DUTHPoJBJI5HNo+6Prqd++B6lYLO70OAEvIgPBQkaJNlLfPu1xIgYcMO4FwDX555J5qG9XnKqTAy8StyAVVKDRtz97QUzTCISmnCjVdZ1EexmRmlEOk3IvVZAQOiID6BoqSATKy/KtJvjYKAEOY2mO0DhXf05kJFJqHPkmGRE9VPPeVPzL66Y6vPQyJpJUg6Czh8KUYx3jaUU4YBKo5mNDCJXM/BXTIZGEalNk2ZTgzq+8SFpnVfe8WrutVepXRR0ldIiO0Aly0QWqoxvUQE1E0QN6Qi/o1Xq0nq03630WXbKKmQP0C9bHN3bCnmg=</latexit>

h����i
<latexit sha1_base64="JFwJZ3xCq7dDymB+YHNkjah2u54=">AAACDXicbVDLSgMxFM34rPU16tJNsAquyowUdVl047KCfUA7lEx624ZmMkNyRyilP+DGX3HjQhG37t35N6bTItp6IOTknHuT3BMmUhj0vC9naXlldW09t5Hf3Nre2XX39msmTjWHKo9lrBshMyCFgioKlNBINLAolFAPB9cTv34P2ohY3eEwgSBiPSW6gjO0Uts9bkmmehIobXVAIrNbjObnoDOz7Ra8opeBLhJ/Rgpkhkrb/bTX8DQChVwyY5q+l2AwYhoFlzDOt1IDCeMD1oOmpYpFYIJRNs2YnlilQ7uxtkshzdTfHSMWGTOMQlsZMeybeW8i/uc1U+xeBiOhkhRB8elD3VRSjOkkGtoRGjjKoSWMa2H/SnmfacbRBpi3IfjzIy+S2lnRPy+WbkuF8tUsjhw5JEfklPjkgpTJDamQKuHkgTyRF/LqPDrPzpvzPi1dcmY9B+QPnI9vjxSbQg==</latexit>

h� . . . �i

<latexit sha1_base64="885sxosBnwXYbJ4pGTS0+tS2OiM=">AAACEXicbVDLSgMxFM34rPVVdekmWIR2U2ZKUZdFNy4r2Ad0Sslk7rShmcyQZMRS+gtu/BU3LhRx686df2M6HVBbDwQO55zLzT1ezJnStv1lrayurW9s5rby2zu7e/uFg8OWihJJoUkjHsmORxRwJqCpmebQiSWQ0OPQ9kZXM799B1KxSNzqcQy9kAwECxgl2kj9QsnlRAw4YOz6wDUp3fed8g+v4rIr00C/ULQrdgq8TJyMFFGGRr/w6foRTUIQmnKiVNexY92bEKkZ5TDNu4mCmNARGUDXUEFCUL1JetEUnxrFx0EkzRMap+rviQkJlRqHnkmGRA/VojcT//O6iQ4uehMm4kSDoPNFQcKxjvCsHuwzCVTzsSGESmb+iumQSEK1KTFvSnAWT14mrWrFOavUbmrF+mVWRw4doxNUQg46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6MrVjZzhP7A+vgGCjqb5w==</latexit>

h�(x1)�(x2)i

<latexit sha1_base64="axuNcpWkQqT7btZMZLbuu8V0M/c=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSbaaLMrunFZ0T6gDWUynbRDJ5MwMxFL6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++oVCwWt3qSUD/CQ8FCRrA20s193+mXK8hGruc6CCLbRY53mhPPq1VdFzo2mqECFmj0y++9QUzSiApNOFaq66BE+xmWmhFOp6VeqmiCyRgPaddQgSOq/Gx26hQeGWUAw1iaEhrO1O8TGY6UmkSB6YywHqnfXi7+5XVTHdb8jIkk1VSQ+aIw5VDHMP8bDpikRPOJIZhIZm6FZIQlJtqkUzIhfH0K/yetE9s5s6vX1Ur9YhFHERyAQ3AMHHAO6uAKNEATEDAED+AJPFvcerRerNd5a8FazOyDH7DePgF+6433</latexit>x1

<latexit sha1_base64="Hq3CY65s7vEovZktn6L6KDwDZRs=">AAAB6nicdVDLSsNAFJ34rPVVdelmsAiuwqQ22uyKblxWtA9oQ5lMJ+3QySTMTMQS+gluXCji1i9y5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+DL323dUKhaLWz1JqB/hoWAhI1gb6ea+X+mXyshGruc6CCLbRY53mhPPq1VdFzo2mqEMFmj0S++9QUzSiApNOFaq66BE+xmWmhFOp8VeqmiCyRgPaddQgSOq/Gx26hQeG2UAw1iaEhrO1O8TGY6UmkSB6YywHqnfXi7+5XVTHdb8jIkk1VSQ+aIw5VDHMP8bDpikRPOJIZhIZm6FZIQlJtqkUzQhfH0K/yetiu2c2dXrarl+sYijAA7BETgBDjgHdXAFGqAJCBiCB/AEni1uPVov1uu8dclazByAH7DePgGAb434</latexit>x2

2 point correlation function

How to measure structures



Matter power spectrum
Matter-radiation transition

Pequenas 
escalas

Grandes 
escalas



These photons are the first light of  our universe…

… e tell us how the universe was at early times.
Crédito: D. Baumann



Cosmic Microwave Background (CMB)

Given the expansion of  the universe, we observe these photons  in 
microwave.

Crédito: D. Baumann



Temperature 2.7 K. Small fluctuations - initial condition for the structures 
of  our universe

Crédito: ESA

Cosmic Microwave Background (CMB)



Baryon Acoustic Oscillation (BAO)

Scale known to 0.2% precision from

CMB power spectrum (147.4±0.3 Mpc)


• Oscillation in the baryon-photon fluid: pressure vs gravity


• This wave propagates until matter/radiation decoupling

• Its signature is imprinted in the CMB and the distribution of  galaxies

Crédito: CASTRO



CMB

Pequenas 
escalas

Grandes 
escalas

Multipoles



• BAOs are “standard rulers” to measure expansion

<latexit sha1_base64="BYaWrOGX8g51kvTN9VPq6Sk6iug=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEF1KS4mtZdONGqGAf0IQymU7boTNJmJkIJdSNv+LGhSJu/Qt3/o2TNgttPXDhcM693HtPEHOmtON8WwuLS8srq4W14vrG5ta2vbPbUFEiCa2TiEeyFWBFOQtpXTPNaSuWFIuA02YwvM785gOVikXhvR7F1Be4H7IeI1gbqWPve4oJ5J45yDtBnsB6IEV6G5Nxxy45ZWcCNE/cnJQgR61jf3ndiCSChppwrFTbdWLtp1hqRjgdF71E0RiTIe7TtqEhFlT56eSDMToyShf1Imkq1Gii/p5IsVBqJALTmd2oZr1M/M9rJ7p36acsjBNNQzJd1Es40hHK4kBdJinRfGQIJpKZWxEZYImJNqEVTQju7MvzpFEpu+flyt1pqXqVx1GAAziEY3DhAqpwAzWoA4FHeIZXeLOerBfr3fqYti5Y+cwe/IH1+QOkkZXC</latexit>⇠ 150Mpc We measure the 
size today

Time

Baryon Acoustic Oscillation (BAO)



Matter power spectrum
Matter-radiation transition

Pequenas 
escalas

Grandes 
escalas



What we know about dark matter

From LSS:

Properties:

Measure PS well until scales 

k ∼ 10 − 20 Mpc−1

<latexit sha1_base64="trafUSzM9iarEgaXV6cxZxVGlzQ=">AAACDHicbVDLTgIxFO3gC/GFunTTSExggzOIj40JURcuMZFHwgykUwo0dB5p75iQCR/gxl9x40Jj3PoB7vwbC8xCwZM0PTnn3LT3uKHgCkzz20gtLa+srqXXMxubW9s72d29ugoiSVmNBiKQTZcoJrjPasBBsGYoGfFcwRru8HriNx6YVDzw72EUMscjfZ/3OCWgpU42Z98wAaRdwvlhAV/ish1yTY9L+i60T3BVyzplFs0p8CKxEpJDCaqd7JfdDWjkMR+oIEq1LDMEJyYSOBVsnLEjxUJCh6TPWpr6xGPKiafLjPGRVrq4F0h9fMBT9fdETDylRp6rkx6BgZr3JuJ/XiuC3oUTcz+MgPl09lAvEhgCPGkGd7lkFMRIE0Il13/FdEAkoaD7y+gSrPmVF0m9VLTOiqd35VzlKqkjjQ7QIcojC52jCrpFVVRDFD2iZ/SK3own48V4Nz5m0ZSRzOyjPzA+fwAYqJfa</latexit>

�2(k) = 4⇡(k/2⇡)3P (k)

Dimensionless power spectrum 




What we know about dark matter
Properties:

<latexit sha1_base64="trafUSzM9iarEgaXV6cxZxVGlzQ=">AAACDHicbVDLTgIxFO3gC/GFunTTSExggzOIj40JURcuMZFHwgykUwo0dB5p75iQCR/gxl9x40Jj3PoB7vwbC8xCwZM0PTnn3LT3uKHgCkzz20gtLa+srqXXMxubW9s72d29ugoiSVmNBiKQTZcoJrjPasBBsGYoGfFcwRru8HriNx6YVDzw72EUMscjfZ/3OCWgpU42Z98wAaRdwvlhAV/ish1yTY9L+i60T3BVyzplFs0p8CKxEpJDCaqd7JfdDWjkMR+oIEq1LDMEJyYSOBVsnLEjxUJCh6TPWpr6xGPKiafLjPGRVrq4F0h9fMBT9fdETDylRp6rkx6BgZr3JuJ/XiuC3oUTcz+MgPl09lAvEhgCPGkGd7lkFMRIE0Il13/FdEAkoaD7y+gSrPmVF0m9VLTOiqd35VzlKqkjjQ7QIcojC52jCrpFVVRDFD2iZ/SK3own48V4Nz5m0ZSRzOyjPzA+fwAYqJfa</latexit>

�2(k) = 4⇡(k/2⇡)3P (k)

Perturbation modes enter the Hubble radius

<latexit sha1_base64="8ocOrD2KgeUwJlrP6B6p5Phov0o=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahopREfG2EohuXFfqCNoTJdNIOnUnCzESoIUs3/oobF4q49RPc+TdO2yDaeuDCmXPuZe49XsSoVJb1ZeTm5hcWl/LLhZXVtfUNc3OrIcNYYFLHIQtFy0OSMBqQuqKKkVYkCOIeI01vcD3ym3dESBoGNTWMiMNRL6A+xUhpyTV3a27S6SHOUQov4c/jyEphyT68P3DNolW2xoCzxM5IEWSouuZnpxvimJNAYYakbNtWpJwECUUxI2mhE0sSITxAPdLWNECcSCcZH5LCfa10oR8KXYGCY/X3RIK4lEPu6U6OVF9OeyPxP68dK//CSWgQxYoEePKRHzOoQjhKBXapIFixoSYIC6p3hbiPBMJKZ1fQIdjTJ8+SxnHZPiuf3p4UK1dZHHmwA/ZACdjgHFTADaiCOsDgATyBF/BqPBrPxpvxPmnNGdnMNvgD4+MbIR2YHw==</latexit>

T� = T�,0(1 + z)

Lin 2019

<latexit sha1_base64="6N2TetSVwferOsBI5AwKqgZpJJg="></latexit>

�phys = a/k = H
�1

k = aH = H/(1 + z)

After this, the density pert. of  CDM start to evolve, grow - 
contribute to the PS

<latexit sha1_base64="Oawz6g6hNAGnOmMR5Oax9wC/Nfs="></latexit>

� /
(
log a rad. domination

a matter domination

CDM pert. ( ) inside Hubble radius:cs = 0

Lyman α



What we know about dark matter
Properties:

Perturbation modes enter the Hubble radius

<latexit sha1_base64="8ocOrD2KgeUwJlrP6B6p5Phov0o=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahopREfG2EohuXFfqCNoTJdNIOnUnCzESoIUs3/oobF4q49RPc+TdO2yDaeuDCmXPuZe49XsSoVJb1ZeTm5hcWl/LLhZXVtfUNc3OrIcNYYFLHIQtFy0OSMBqQuqKKkVYkCOIeI01vcD3ym3dESBoGNTWMiMNRL6A+xUhpyTV3a27S6SHOUQov4c/jyEphyT68P3DNolW2xoCzxM5IEWSouuZnpxvimJNAYYakbNtWpJwECUUxI2mhE0sSITxAPdLWNECcSCcZH5LCfa10oR8KXYGCY/X3RIK4lEPu6U6OVF9OeyPxP68dK//CSWgQxYoEePKRHzOoQjhKBXapIFixoSYIC6p3hbiPBMJKZ1fQIdjTJ8+SxnHZPiuf3p4UK1dZHHmwA/ZACdjgHFTADaiCOsDgATyBF/BqPBrPxpvxPmnNGdnMNvgD4+MbIR2YHw==</latexit>

T� = T�,0(1 + z)

Lin 2019

<latexit sha1_base64="6N2TetSVwferOsBI5AwKqgZpJJg="></latexit>

�phys = a/k = H
�1

k = aH = H/(1 + z)

So we can describe the observations, all the modes in the white region ( ) are inside the Hubble radius and contribute to the PS, and 
are very precisely described by CDM  cold and pressureless

< 10 Mpc−1

⇒

Lyman α



What we know about dark matter
Properties: <latexit sha1_base64="8ocOrD2KgeUwJlrP6B6p5Phov0o=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahopREfG2EohuXFfqCNoTJdNIOnUnCzESoIUs3/oobF4q49RPc+TdO2yDaeuDCmXPuZe49XsSoVJb1ZeTm5hcWl/LLhZXVtfUNc3OrIcNYYFLHIQtFy0OSMBqQuqKKkVYkCOIeI01vcD3ym3dESBoGNTWMiMNRL6A+xUhpyTV3a27S6SHOUQov4c/jyEphyT68P3DNolW2xoCzxM5IEWSouuZnpxvimJNAYYakbNtWpJwECUUxI2mhE0sSITxAPdLWNECcSCcZH5LCfa10oR8KXYGCY/X3RIK4lEPu6U6OVF9OeyPxP68dK//CSWgQxYoEePKRHzOoQjhKBXapIFixoSYIC6p3hbiPBMJKZ1fQIdjTJ8+SxnHZPiuf3p4UK1dZHHmwA/ZACdjgHFTADaiCOsDgATyBF/BqPBrPxpvxPmnNGdnMNvgD4+MbIR2YHw==</latexit>

T� = T�,0(1 + z)

Lin 2019

If  DM relativistic (or hot) when , this mode is inside , so it will contribute to the PS - since relativ. pert. DO NOT cluster, we 
would have a suppression in the power spectrum for  - not in agreement with observations!

z < 107 RH
k < 10 − 20 Mpc−1

 DM has to be non-relativistic before ⇒ z = 107

WDM bound

Lyman α

If  DM in thermal equilibrium with the baryon-photon plasma ( ) 


 

Tdm = Tγ

⇒ mdm > keV



What we know about dark matter
Properties:

Lin 2019

Deviations from CDM in the highlighted region are allowed, since highly 
unconstrained!



•  Cold


•  Presureless

What we know about dark matter
Properties:

What we learned from observations



•  Cold


•  Presureless


•Dark (transparent): DM does not interact electromagnetically


What we know about dark matter
Properties:



What we know about dark matter
•Dark (transparent/neutral): DM does not interact electromagnetically


Obviously: If  DM interacted electromagnetically, interacted with photons, it would scatter light and thus not be dark

DM charge <latexit sha1_base64="Y7D1KcPu/9ziRmRHD/SiYiCf/bY=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgQcKu+DoGvXiMYB6QXcLspDcZMjuzzswGwpLv8OJBEa9+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPmlqmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXDu6nfGoHSTIpHM04giElfsIhRYqwU+JBoxqXA/hmGbrniVt0Z8DLxclJBOerd8pffkzSNQRjKidYdz01MkBFlGOUwKfmphoTQIelDx1JBYtBBNjt6gk+s0sORVLaEwTP190RGYq3HcWg7Y2IGetGbiv95ndREN0HGRJIaEHS+KEo5NhJPE8A9poAaPraEUMXsrZgOiCLU2JxKNgRv8eVl0jyvelfVy4eLSu02j6OIjtAxOkUeukY1dI/qqIEoekLP6BW9OSPnxXl3PuatBSefOUR/4Hz+AOPrkYk=</latexit>✏ e



What we know about dark matter
•Dark (transparent/neutral): DM does not interact electromagnetically


<latexit sha1_base64="Y7D1KcPu/9ziRmRHD/SiYiCf/bY=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgQcKu+DoGvXiMYB6QXcLspDcZMjuzzswGwpLv8OJBEa9+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPmlqmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXDu6nfGoHSTIpHM04giElfsIhRYqwU+JBoxqXA/hmGbrniVt0Z8DLxclJBOerd8pffkzSNQRjKidYdz01MkBFlGOUwKfmphoTQIelDx1JBYtBBNjt6gk+s0sORVLaEwTP190RGYq3HcWg7Y2IGetGbiv95ndREN0HGRJIaEHS+KEo5NhJPE8A9poAaPraEUMXsrZgOiCLU2JxKNgRv8eVl0jyvelfVy4eLSu02j6OIjtAxOkUeukY1dI/qqIEoekLP6BW9OSPnxXl3PuatBSefOUR/4Hz+AOPrkYk=</latexit>✏ eIf  DM had a charge      :


- Suppression of  the power spectrum

Interactions of  DM with SM particles at early times would suppress the power spectrum, since the radiation 
pressure of  the baryons and photons would prevent DM density perturbations from growing






fluctuations can be washed out due to 
the radiation pressure and the photon diffusion (Silk damping). The 
BAO structure will also be directly altered through the coupling.


Ex: ADM - atomic dark matter
Ref.: Kaplan et al 2009, Cyr-Racine et al 2012



What we know about dark matter
•Dark (transparent/neutral): DM does not interact electromagnetically


<latexit sha1_base64="Y7D1KcPu/9ziRmRHD/SiYiCf/bY=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgQcKu+DoGvXiMYB6QXcLspDcZMjuzzswGwpLv8OJBEa9+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPmlqmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXDu6nfGoHSTIpHM04giElfsIhRYqwU+JBoxqXA/hmGbrniVt0Z8DLxclJBOerd8pffkzSNQRjKidYdz01MkBFlGOUwKfmphoTQIelDx1JBYtBBNjt6gk+s0sORVLaEwTP190RGYq3HcWg7Y2IGetGbiv95ndREN0HGRJIaEHS+KEo5NhJPE8A9poAaPraEUMXsrZgOiCLU2JxKNgRv8eVl0jyvelfVy4eLSu02j6OIjtAxOkUeukY1dI/qqIEoekLP6BW9OSPnxXl3PuatBSefOUR/4Hz+AOPrkYk=</latexit>✏ eIf  DM had a charge      :


- Bound @ recombination

DM be completely decoupled from the baryon-photon plasma 
at recombination

Ex: ADM - atomic dark matter

<latexit sha1_base64="vawoLP2En7d/m6sdAAMS4RkCDFg="></latexit>

✏ < 3.5⇥ 10�7(mdm/1GeV)0.58 for mdm > 1 GeV

✏ < 4.0⇥ 10�7(mdm/1GeV)0.58 for mdm < 1GeV

DM has neutral or charge < mili-charge!

* similar bounds from direct detection



Interactions
1) DM interacts gravitationally - evidence for its existence


2) It cannot or have a small electromagnetic interaction

DM has neutral or charge < mili-charge!



What about the weak and strong forces?

Strong force
The elementary particles of  the DM that interact with the strong force are the 
quarks, interacting via gluons


And quarks also have electric charge!! This means that they also interact 
electromagnetically.


If  DM interacted through the strong force: this would change the abundance of  
light elements.

Interactions
1) DM interacts gravitationally - evidence for its existence


2) It cannot or have a small electromagnetic interaction



3) It cannot interact via the strong force

Interactions
1) DM interacts gravitationally - evidence for its existence


2) It cannot or have a small electromagnetic interaction

4)  Weak force - DM can interact through the weak force




•  Cold


•  Presureless


•Dark (transparent): DM does not interact electromagnetically


•  Collisionless: no/weakly self-interaction; non-interacting


What we know about dark matter
Properties:



What we know about dark matter
•  Collisionless: no/weakly self-interaction; non-interacting


Self-interaction

Can DM interact with itself ?

If  dark-matter particles have a non-trivial probability of  interacting there are implications for the 
distribution of  DM: self-interaction allows energy and momentum to flow from one part of  the dark 
matter halo to another beyond what is enabled by gravity.

Self-interacting can lead to changes in:

- Distribution of  DM in the halo

- Halo shape

- Hierarchical assembly of  structure on non-linear scales

- Matter power spectrum

- …
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Can be tested with:

- Mergers in groups and clusters

- Strong gravitational lensing in clusters 

- Stellar streams in the Milky Way 

- X-ray and weak lensing observations of  
clusters, groups and large ellipticals 


- Dwarf  galaxies 

- Rotation curves of  spiral galaxies 

- LSS



What we know about dark matter
•  Collisionless: no/weakly self-interaction; non-interacting


Self-interaction

Self-interacting can lead to changes in:

- Distribution of  DM in the halo

- Halo shape

- Hierarchical assembly of  structure on non-

linear scales

- Matter power spectrum

- …

Ex: ADM - atomic dark matter

Presence of  a “dark radiation” bath interacting withe dark matter would delay growth of  
density perturbations and lead to the presence of  “dark acoustic oscillations” 




What we know about dark matter
•  Collisionless: no/weakly self-interaction; non-interacting


Self-interaction

Self-interacting can lead to changes in:

- Distribution of  DM in the halo

- Halo shape

- Hierarchical assembly of  structure on non-

linear scales

- Matter power spectrum

- …

Can be tested with:

- Mergers in groups and clusters

- Strong gravitational lensing in clusters 

- Stellar streams in the Milky Way 

- X-ray and weak lensing observations of  
clusters, groups and large ellipticals 


- Dwarf  galaxies 

- Rotation curves of  spiral galaxies 

- LSS

Current bounds:
<latexit sha1_base64="rLy/VwAQVLaipXwg+eXr3dfKfr8="></latexit>

�/mdm < 0.13 cm2/g , �/mdm < 0.35 cm2/g

Ref.: Adhikari et al. 2022

Vel. independent

From: measured core densities 
from strong lensing 



•  Cold


•  Presureless


•Dark (transparent): DM does not interact electromagnetically


•  Collisionless: no/weakly self-interaction; non-interacting


What we know about dark matter
Properties:



•Cold


•  Pressureless


•  Dark


•  Collisionless


How cold it is?

Cluster on all scales?

Non-gravitational 
interaction?

How small sefl-interaction?

WDM

SIDM

Milicharged 
DM

Small scale behavior: still weakly 
constrained and small scale challenges

CDM on large scales

Small scale curiosities: cusp-core, missing satellites, BTFR, …

What we don’t know about dark matter

<latexit sha1_base64="jN8nlWJIz4QZ4AO1c8VWjEyKou0=">AAAB/HicbVDLSgMxFL3js9bXaJdugkVwVWbE17LoxmUF+4B2KJk004YmmSHJCGWov+LGhSJu/RB3/o2ZdhbaeiDhcM695OSECWfaeN63s7K6tr6xWdoqb+/s7u27B4ctHaeK0CaJeaw6IdaUM0mbhhlOO4miWISctsPxbe63H6nSLJYPZpLQQOChZBEj2Fip71YE6mlmL4HNSIlsTFvTvlv1at4MaJn4BalCgUbf/eoNYpIKKg3hWOuu7yUmyLAyjHA6LfdSTRNMxnhIu5ZKLKgOsln4KTqxygBFsbJHGjRTf29kWGg9EaGdzDPqRS8X//O6qYmug4zJJDVUkvlDUcqRiVHeBBowRYnhE0swUcxmRWSEFSbG9lW2JfiLX14mrbOaf1m7uD+v1m+KOkpwBMdwCj5cQR3uoAFNIDCBZ3iFN+fJeXHenY/56IpT7FTgD5zPH6DplMg=</latexit>

m ⇠ keV



Small scale challenges
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Missing satellites

Incompatibility between the # 
of  satellites predicted by 
simulations using LCDM and 
the  # of  observed satellites 
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But what is dark matter?

What is its nature/microphysics?

How can we build a model of  DM?



Model building: 

Pre-requisites for a dark matter candidate

• Cold or warm Thermal candidate: 
<latexit sha1_base64="JKpQ7AAgLswNnqh69rV4OcJL7PA=">AAACAXicbVDJSgNBEO1xjXGLehG8NAbBU5gRt2PQi8cIZoHMMPT0VJIm3T1jd48QhnjxV7x4UMSrf+HNv7GzHDTxQcHjvSqq6kUpZ9q47rezsLi0vLJaWCuub2xubZd2dhs6yRSFOk14oloR0cCZhLphhkMrVUBExKEZ9a9HfvMBlGaJvDODFAJBupJ1GCXGSmFpX4R5LIbY78I99gUxPSXyPjSGYansVtwx8DzxpqSMpqiFpS8/TmgmQBrKidZtz01NkBNlGOUwLPqZhpTQPulC21JJBOggH38wxEdWiXEnUbakwWP190ROhNYDEdnO0Y161huJ/3ntzHQug5zJNDMg6WRRJ+PYJHgUB46ZAmr4wBJCFbO3YtojilBjQyvaELzZl+dJ46TinVfObk/L1atpHAV0gA7RMfLQBaqiG1RDdUTRI3pGr+jNeXJenHfnY9K64Exn9tAfOJ8/uceXFg==</latexit>

mdm � keV Or produced cold by a non-thermal mechanism

Clusters like pressure-less fluid on large scales

Clustering on scales smaller than                               highly unconstrained

<latexit sha1_base64="xidpoeG7TMzMCgRpr7Sh28Hp+tU=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwoSURX8uiGzdCBfuAJpbJdNIOnZmEmYlQQtZu/BU3LhRx6xe482+ctllo64ELh3Pu5d57gphRpR3n2yrMzS8sLhWXSyura+sb9uZWQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81gcDXymw9EKhqJOz2Mic9RT9CQYqSN1LF3B9BjRClFOXQd7xB6HOm+5OlNjLP79MjNOnbZqThjwFni5qQMctQ69pfXjXDCidCYIaXarhNrP0VSU8xIVvISRWKEB6hH2oYKxIny0/ErGdw3SheGkTQlNByrvydSxJUa8sB0jg5V095I/M9rJzq88FMq4kQTgSeLwoRBHcFRLrBLJcGaDQ1BWFJzK8R9JBHWJr2SCcGdfnmWNI4r7lnl9PakXL3M4yiCHbAHDoALzkEVXIMaqAMMHsEzeAVv1pP1Yr1bH5PWgpXPbIM/sD5/ANemmcA=</latexit>

k . 10Mpc�1

<latexit sha1_base64="iMpgZYE5riKV27OYSttcXG3A28c=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgutCTia1l040aoYB/QxDKZTtqhM5MwMxFKyNaNv+LGhSJu/QN3/o2TNgttPXDhcM693HtPEDOqtON8W3PzC4tLy6WV8ura+samvbXdVFEiMWngiEWyHSBFGBWkoalmpB1LgnjASCsYXuV+64FIRSNxp0cx8TnqCxpSjLSRujYcQq+vjc+h63iH0ONIDyRPb2Kc3adHbta1K07VGQPOErcgFVCg3rW/vF6EE06Exgwp1XGdWPspkppiRrKylygSIzxEfdIxVCBOlJ+OP8ngvlF6MIykKaHhWP09kSKu1IgHpjM/VE17ufif10l0eOGnVMSJJgJPFoUJgzqCeSywRyXBmo0MQVhScyvEAyQR1ia8sgnBnX55ljSPq+5Z9fT2pFK7LOIogV2wBw6AC85BDVyDOmgADB7BM3gFb9aT9WK9Wx+T1jmrmNkBf2B9/gAE05lM</latexit>

k & 10Mpc�1

Can have a small electromagnetic interaction. Bound < milicharge

(Dark, colissionless)

Can have a self  interaction. Bounds:

•  Non-interacting or weakly interacting 

•  Reproduce large and small scale distribution

Can interact via the weak force

<latexit sha1_base64="rLy/VwAQVLaipXwg+eXr3dfKfr8="></latexit>

�/mdm < 0.13 cm2/g , �/mdm < 0.35 cm2/g

• Abundance
b ±

⌦m = 0.308± 0.012 (Planck 2018)

• Stable  If it is a particle, it has to be stable with lifetime of  DM should be much greater than the age of  the universe

Has to be non-relativistic at BBN



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)
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1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

<latexit sha1_base64="NLNs04iuGudVHBRTLCK4xTnTs6E="></latexit>
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10�28 eV

Observations from both LSS and local, can put model-independent bounds on DM parameters, like mass and spin.

- electron mass 0.511 MeV

* not in scale

Observations: 

- LSS


- Recombination

- BBN

- Galaxy clusters

- Galaxy properties: namely galaxy densities must reach of  order GeV cm−3, their velocity dispersions 

are of  order 100 km s−1, and their sizes are of  order kpc.

- Star clusters
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O(100TeV)



Mass scale of  dark matter

Natural units (c = 1)
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1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

<latexit sha1_base64="NLNs04iuGudVHBRTLCK4xTnTs6E="></latexit>

Fermions and bosonsBosons

Not 100% 
DM

Unitary 
bound
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10�28 eV

Particle DM

Wave DM

Macroscopic DM

Thermally producedNon-thermal
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O(100TeV)

Non-thermal

Mpl



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)
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1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV
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10�28 eV

• Lower limit

This candidate is described by bosons. If  for example we consider a spin 0 particle, described by a scalar field.
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O(100TeV)



Mass scale of  dark matter

Natural units (c = 1)
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1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV
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We can use observations of  LSS and galaxies to put bounds in the “particle" physics properties, like mass and spin, of  the 
DM candidate⇒

Fermions and bosonsBosons

Not 100% 
DM

Unitary 
bound
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Wave DM

Macroscopic DM

Thermally producedNon-thermal
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O(100TeV)

Non-thermal

Mpl

These lectures!



Given these properties, what are the possibilities for a DM candidate?



Landscape of  dark matter models



Landscape of  dark matter models
• What is DM? What is the nature of  DM?

Mass scale of  DM

State of  the “art”



Landscape of  dark matter models



Landscape of  dark matter models
• What is DM? What is the nature of  DM?

Mass scale of  DM

State of  the “art”



Ultra-light dark matter



Definition of  ULDM
Mass range and wave behaviour



Ultra-light dark matter
Ultra-light candidate, cold Large λdB ∼ 1/mv

Lightest possible candidate for DM

10−35 kg10−57 kg

Bosons (scalar fields)


Non-thermally produced



Wave-Particle duality
All matter exhibits a wave behaviour


De Broglie 1924

Mass (kg) Speed (m/s)

Accelerated e-

Golf  ball

9.1 × 10−31 5.9 × 106

λdB (m)

1.2 × 10−10

λdB ∼
1

mv

220 4.8 × 10−300.045

10−35 kg10−57 kg

λULDM
dB ∼ pc − kpc

λdB ∼ 1/ 2πmkBT



Large scales: 

DM  behaves like standard 
particle DM (CDM).


Small scales: 

DM behaves like a wave 


DM: particles
d � �dB
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DM: wave behaviour

�dB
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Adapted from Quanta

Galaxy halo

Ultra-light candidate Large λdB ∼ 1/mv

10−35 kg

λULDM
dB ∼ pc − kpc
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Ultra-light dark matter



How light is ultra-light? “Ultra-light dark matter”, EF, 2020.
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�dB

Behave as wave on galactic scales:

•  must be smaller than the haloλdB
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�dB < Rhalo

•  overlap to be of  halo size λdB
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Definition of  ULDM
Candidates



Motivation: particle physics
ULDM candidates 
• Natural candidate for a light scalar field is a pseudo-Nambu Goldstone boson

Known PNGB: QCD axion 
(Peccei and Quinn 1977; Weinberg 1978; Wilczek 1978 )

Axions and ALPs are pseudo Nambu Goldstone bosons from the spontaneous symmetry breaking of  a UPQ(1) (U(1)) 
symmetry, and are described by the complex field:


Axions or Axion like particles (ALP)
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Non-perturbative effects  (from string theory or instatons) induce a potential:
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Candidate for DM

Axion-like particles

(breaking of  an approximate symmetry)



Motivation: particle physics

• Natural candidate for a light scalar field is a pseudo-Nambu Goldstone boson

Known PNGB: QCD axion 
(Peccei and Quinn 1977; Weinberg 1978; Wilczek 1978 )

Candidate for DM

Axion-like particles or ultra-light axions:

- ALPs expected in string theory

- Can generate PNGB that are ultra-light

(Arvanitaki et al., Svrcek, Witten)

- Formation mechanism: needs to have a relic abundance that gives the correct DM abundance
Non-thermal mechanism (e.g. mis-alignement, decay of defects, …)

L. Hui 

ULDM candidates 
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Motivation: particle physics
ULDM candidates 

Ref.: Chadha-Day et al 2022

Many extensions of  the Standard Model predict additional massive bosons



Motivation: particle physics

• Natural candidate for a light scalar field is a pseudo-Nambu Goldstone boson

Known PNGB: QCD axion 
(Peccei and Quinn 1977; Weinberg 1978; Wilczek 1978 )

Candidate for DM

Axion-like particles or ultra-light axions:

- ALPs expected in string theory

- Can generate PNGB that are ultra-light

(Arvanitaki et al., Svrcek, Witten)

- Formation mechanism: needs to have a relic abundance that gives the correct DM abundance

Spin-0: Non-thermal mechanism (e.g. misalignement)

Vector FDM: challenging in the ultra-light regime 

(e.g. from misalignment requires non-minimal couplings to Ricci scalar -> viol. of  unitarity long. graviton-photon scattering; 
oscillating Higgs or oscillating misaligned axion - resonant production - choices for couplings for right abundance)

Spin 2 FDM: (e.g bigravity)

ULDM candidates 



Motivation: particle physics
ULDM candidates 

Ref.: Chadha-Day et al 2022

Many extensions of  the Standard Model predict additional massive bosons

WISPs are a subset of  ULDM



Motivation: particle physics
ULDM candidates 

Ref.: Modified from Chadha-Day et al 2022

Many extensions of  the Standard Model predict additional massive bosons

Natural candidate for a light scalar field is a pseudo-Nambu Goldstone boson

Tensors

(spin 2)

- Formation mechanism: needs to have a relic 
abundance that gives the correct DM abundance



Searching for ULDM



How to search for ULDM?

Axion/

ALP

Axion/

ALP

Gravitationally

Cosmological and astrophysical searches +



How to search for axions/ALPs?

Cosmological and astrophysical 
searches

Indirect detection "Direct detection”

Axion/ALPs experiments

Gravitational Interactions with the SM

      



Gravitational signatures
Cosmological and astrophysical



Ultra-light Dark Matter -classes
3 classes: 

“Ultra-light dark matter”, E.Ferreira, 2020. The Astronomy and

Astrophysics Review.

DM Superfluid Self  Interacting FDM

 (SIFDM)

Fuzzy DM 

(FDM) 

- Gravitationally bounded ultra-light 
scalar field model 

- Condensation under gravity (BEC)

- Presence of  (weakly) self-interaction

- Condensation under gravity + SI 
(superfluid)

- Forms a superfluid in galaxies

- MOND behaviour interior of  
galaxies

Axion and ALP (axion like particles)

Connection with condensed matter and particle physics!⟶
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Ultra-light Dark Matter - models

Scalar 
field DM

Repulsive 
DM

Fluid DM

Ultra-light 
DM

AxionsALPs

There are many ways to have a DM with this property  many ULDM models in the literature

However, each of  these models presents a different dynamics on small scales - different phenomenology

→



Fuzzy dark matter

Self  interacting fuzzy dark matter



Fuzzy dark matter

Self  Interacting FDM

 (SIFDM)

Fuzzy DM 

(FDM) 

- Gravitationally bounded ultra-light 
scalar field model 

- Condensation under gravity (BEC)

- Presence of  (weakly) self-interaction

- Condensation under gravity + SI 
(superfluid)

m gm

Wave DM





  






(Reviews: EF (2021), J. Niemeyer (2019), L. Hui (2021))



Fuzzy DM 

(FDM) 

- Gravitationally bounded ultra-light 
scalar field model 

- Condensation under gravity (BEC)

m

Wave DM









(Reviews: EF (2021), J. Niemeyer (2019), L. Hui (2021))

• Spin 0 - FDM

• Spin 1 - Vector FDM

• Higher spin FDM

Fuzzy dark matter



ULDM evolution
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In order to behave like DM: start oscillating before matter-radiation equality
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m > 10�28 eV ⇠ H(aeq)



Structure formation - non-relativistic regime
Evolution on small scales: take non-relativistic regime of  the theory, relevant for structure formation. 

Schrödinger-Poisson system : describe the FDM and the SIFDM

Fundamentally different than 
CDM/WDM/SIDM!
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Schrödinger-Poisson system : describe the FDM and the SIFDM
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Structure formation - non-relativistic regime
Evolution on small scales: take non-relativistic regime of  the theory, relevant for structure formation. 

Schrödinger-Poisson system : describe the FDM and the SIFDM

Fundamentally different than 
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HOMEWORK

From the relativistic action of  a scalar field in FRW


Write the perturbed equation in Newtonian gauge


Compute the non-relativistic action and EoM (Schrödinger-Poisson system)

Refs.: EF, “ULDM” review

Niemeyer 2019 review



Structure formation - perturbation and stability
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g < 0

SIFDM

Quantum pressure

<latexit sha1_base64="Q+BKAKSdvbMYOkTvm0XW9LIwxzM=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlSQouhGKblxWsA9o0jCZTtqhM0mYmQgl5Bfc+CtuXCji1p07/8ZJm4W2Hhg4nHMvc88JEkalsqxvY2V1bX1js7JV3d7Z3ds3Dw47Mk4FJm0cs1j0AiQJoxFpK6oY6SWCIB4w0g0mN4XffSBC0ji6V9OEeByNIhpSjJSWfLPe8jOXIzUWPKORynN4Bd1QIJyN8szhAyeHrhjHA8c3a1bDmgEuE7skNVCi5Ztf7jDGKSeRwgxJ2betRHkZEopiRvKqm0qSIDxBI9LXNEKcSC+bJcrhqVaGMIyFfpGCM/X3Roa4lFMe6MnieLnoFeJ/Xj9V4aWnkyapIhGefxSmDKoYFvXAIRUEKzbVBGFB9a0Qj5HuQ+kSq7oEezHyMuk4Dfu8Yd2d1ZrXZR0VcAxOQB3Y4AI0wS1ogTbA4BE8g1fwZjwZL8a78TEfXTHKnSPwB8bnD25JnV4=</latexit>

Pint =
g

2m2
⇢2

Competition between gravity and pressure (quantum pressure and interaction)

<latexit sha1_base64="+U2LPm1q7G/6TkFnmKUYoGc/x08="></latexit>

⇢̇+r · (⇢v) = 0

v̇ + (v ·r)v = � 1

m

✓
Vgrav � Pint �

1

2m

r2p⇢
p
⇢

◆



REPULSIVEATTRACTIVEFDM

<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0
<latexit sha1_base64="Bxkm256OEp5nQw8ik/Dz2DTQk74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHohePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kj8g18TtVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPjt2Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRVZALlWbIFZsvijJJMCHTz0lfaM5Qji2hTAt7K2FDqilDm0/FhuAtvrxMHs/q3kXdvT+vNW6KOMpwBMdwCh5cQgPuoAk+MBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AGjFjcM=</latexit>

g < 0

SIFDM

QP dominates - 

Stable solution


NO structure formation

        CDM⟶

Finite clustering scale (Jeans length)- no structure formation on small scales
(CDM,  effectively zero)λJ

For

Structure formation - perturbation and stability



REPULSIVEATTRACTIVEFDM

<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0
<latexit sha1_base64="Bxkm256OEp5nQw8ik/Dz2DTQk74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHohePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kj8g18TtVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPjt2Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRVZALlWbIFZsvijJJMCHTz0lfaM5Qji2hTAt7K2FDqilDm0/FhuAtvrxMHs/q3kXdvT+vNW6KOMpwBMdwCh5cQgPuoAk+MBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AGjFjcM=</latexit>

g < 0

SIFDM

QP dominates - 

NO structure formation

Finite size coherent core – Bose stars

�J = 55
⇣ m

10�22 eV

⌘�1/2
✓
⇢

⇢̄

◆�1/4

(⌦mh)�1/4 kpc
<latexit sha1_base64="8Op36kB+Fac1aavGf9jZehi6fXM="></latexit>

m  10�20eV ) �dB > O(kpc)
<latexit sha1_base64="p1ubcV1LB0cmE2s0Y3T23xu9zG4="></latexit>

Galactic scales

Finite clustering scale - no structure formation on small scales

        CDM⟶

Structure formation - perturbation and stability



REPULSIVEATTRACTIVE

<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0
<latexit sha1_base64="Bxkm256OEp5nQw8ik/Dz2DTQk74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHohePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kj8g18TtVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPjt2Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRVZALlWbIFZsvijJJMCHTz0lfaM5Qji2hTAt7K2FDqilDm0/FhuAtvrxMHs/q3kXdvT+vNW6KOMpwBMdwCh5cQgPuoAk+MBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AGjFjcM=</latexit>

g < 0

SIFDM

Finite clustering scale - no structure formation on small scales

<latexit sha1_base64="EPoCAcyc1j/sffOTiLW9FrZgjIA=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZak+NoIRTcuK9gHNDVMppN26MwkzEyEErJx46+4caGIW//BnX/jtM1CqwcuHM65l3vvCWJGlXacL6swN7+wuFRcLq2srq1v2JtbTRUlEpMGjlgk2wFShFFBGppqRtqxJIgHjLSC4dXYb90TqWgkbvUoJl2O+oKGFCNtJN/eHd5VfQwv4JEXSoTTPvQOofCdLK3yzLfLTsWZAP4lbk7KIEfdtz+9XoQTToTGDCnVcZ1Yd1MkNcWMZCUvUSRGeIj6pGOoQJyobjr5IoP7RunBMJKmhIYT9edEirhSIx6YTo70QM16Y/E/r5Po8LybUhEnmgg8XRQmDOoIjiOBPSoJ1mxkCMKSmlshHiCThjbBlUwI7uzLf0mzWnFPKyc3x+XaZR5HEeyAPXAAXHAGauAa1EEDYPAAnsALeLUerWfrzXqfthasfGYb/IL18Q3VrZbn</latexit>

k2c = �g n0

2m

In the limit where only self-interaction is important:

We can decompose as:

Homogeneous:

Periodic solution 


where 
 fixes the amplitude and  


Perturbations:

Rewriting  asδΨ

⇒
Dispersion relation

Solution:

<latexit sha1_base64="VZ/h0bavrPry+VUqOwLr5wKUhuw=">AAAB+HicbVC7SgNBFJ2NrxgfWbW0GQxCbMJu8FVYBG0sI5gHJOsyO5kkQ+axzMwKccmX2FgoYuun2Pk3TpItNPHAhcM593LvPVHMqDae9+3kVlbX1jfym4Wt7Z3doru339QyUZg0sGRStSOkCaOCNAw1jLRjRRCPGGlFo5up33okSlMp7s04JgFHA0H7FCNjpdAtlruSkwF6qIYjeOWdhG7Jq3gzwGXiZ6QEMtRD96vbkzjhRBjMkNYd34tNkCJlKGZkUugmmsQIj9CAdCwViBMdpLPDJ/DYKj3Yl8qWMHCm/p5IEdd6zCPbyZEZ6kVvKv7ndRLTvwxSKuLEEIHni/oJg0bCaQqwRxXBho0tQVhReyvEQ6QQNjargg3BX3x5mTSrFf+8cnZ3WqpdZ3HkwSE4AmXggwtQA7egDhoAgwQ8g1fw5jw5L8678zFvzTnZzAH4A+fzB9EYkec=</latexit>

(!2
k < 0)

<latexit sha1_base64="T/shzQLAV2gCK0sEltLL5r7XLXI=">AAAB+HicbVDJSgNBEO2JW4xLRj16aQxCvISZ4HaSoBePEcwCyTj0dDpJk16G7h4hDvkSLx4U8eqnePNv7CRz0MQHBY/3qqiqF8WMauN5305uZXVtfSO/Wdja3tktunv7TS0ThUkDSyZVO0KaMCpIw1DDSDtWBPGIkVY0upn6rUeiNJXi3oxjEnA0ELRPMTJWCt1iuSs5GaCHajiCV95J6Ja8ijcDXCZ+RkogQz10v7o9iRNOhMEMad3xvdgEKVKGYkYmhW6iSYzwCA1Ix1KBONFBOjt8Ao+t0oN9qWwJA2fq74kUca3HPLKdHJmhXvSm4n9eJzH9yyClIk4MEXi+qJ8waCScpgB7VBFs2NgShBW1t0I8RAphY7Mq2BD8xZeXSbNa8c8rZ3enpdp1FkceHIIjUAY+uAA1cAvqoAEwSMAzeAVvzpPz4rw7H/PWnJPNHIA/cD5/ANQkkek=</latexit>

(!2
k > 0)

Structure formation - perturbation and stability



REPULSIVEATTRACTIVE

<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0
<latexit sha1_base64="Bxkm256OEp5nQw8ik/Dz2DTQk74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHohePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kj8g18TtVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPjt2Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRVZALlWbIFZsvijJJMCHTz0lfaM5Qji2hTAt7K2FDqilDm0/FhuAtvrxMHs/q3kXdvT+vNW6KOMpwBMdwCh5cQgPuoAk+MBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AGjFjcM=</latexit>

g < 0

SIFDM

EXERCISE:

<latexit sha1_base64="EPoCAcyc1j/sffOTiLW9FrZgjIA=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZak+NoIRTcuK9gHNDVMppN26MwkzEyEErJx46+4caGIW//BnX/jtM1CqwcuHM65l3vvCWJGlXacL6swN7+wuFRcLq2srq1v2JtbTRUlEpMGjlgk2wFShFFBGppqRtqxJIgHjLSC4dXYb90TqWgkbvUoJl2O+oKGFCNtJN/eHd5VfQwv4JEXSoTTPvQOofCdLK3yzLfLTsWZAP4lbk7KIEfdtz+9XoQTToTGDCnVcZ1Yd1MkNcWMZCUvUSRGeIj6pGOoQJyobjr5IoP7RunBMJKmhIYT9edEirhSIx6YTo70QM16Y/E/r5Po8LybUhEnmgg8XRQmDOoIjiOBPSoJ1mxkCMKSmlshHiCThjbBlUwI7uzLf0mzWnFPKyc3x+XaZR5HEeyAPXAAXHAGauAa1EEDYPAAnsALeLUerWfrzXqfthasfGYb/IL18Q3VrZbn</latexit>

k2c = �g n0

2m

In the limit where only self-interaction is important:

We can decompose as:

Homogeneous:

Perturbations:

Structure formation - perturbation and stability

Derive the solutions to the Schrodinger equation above for an attractive and repulsive potential. 

Identify the different scales of  the problem and where we have clustering or a stable, oscillatory solution.

HOMEWORK



REPULSIVEATTRACTIVE

<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0
<latexit sha1_base64="Bxkm256OEp5nQw8ik/Dz2DTQk74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHohePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kj8g18TtVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPjt2Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRVZALlWbIFZsvijJJMCHTz0lfaM5Qji2hTAt7K2FDqilDm0/FhuAtvrxMHs/q3kXdvT+vNW6KOMpwBMdwCh5cQgPuoAk+MBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AGjFjcM=</latexit>

g < 0

SIFDM

Finite clustering scale - no structure formation on small scales

<latexit sha1_base64="EPoCAcyc1j/sffOTiLW9FrZgjIA=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZak+NoIRTcuK9gHNDVMppN26MwkzEyEErJx46+4caGIW//BnX/jtM1CqwcuHM65l3vvCWJGlXacL6swN7+wuFRcLq2srq1v2JtbTRUlEpMGjlgk2wFShFFBGppqRtqxJIgHjLSC4dXYb90TqWgkbvUoJl2O+oKGFCNtJN/eHd5VfQwv4JEXSoTTPvQOofCdLK3yzLfLTsWZAP4lbk7KIEfdtz+9XoQTToTGDCnVcZ1Yd1MkNcWMZCUvUSRGeIj6pGOoQJyobjr5IoP7RunBMJKmhIYT9edEirhSIx6YTo70QM16Y/E/r5Po8LybUhEnmgg8XRQmDOoIjiOBPSoJ1mxkCMKSmlshHiCThjbBlUwI7uzLf0mzWnFPKyc3x+XaZR5HEeyAPXAAXHAGauAa1EEDYPAAnsALeLUerWfrzXqfthasfGYb/IL18Q3VrZbn</latexit>

k2c = �g n0

2m

ATTRACTIVE
<latexit sha1_base64="P5vTR6uiHfDbwt/MYPGFBatEfjo=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQktSfG2EohuXFewDmhgm00k7dDIJMxOhpNm58VfcuFDErb/gzr9x2mah1QMXDufcy733+DGjUlnWl1GYm19YXCoul1ZW19Y3zM2tpowSgUkDRywSbR9JwignDUUVI+1YEBT6jLT8wdXYb90TIWnEb9UwJm6IepwGFCOlJc/cHdxVPQwv4JETCITTUW8EnUPIPStLq2HmmWWrYk0A/xI7J2WQo+6Zn043wklIuMIMSdmxrVi5KRKKYkaykpNIEiM8QD3S0ZSjkEg3nfyRwX2tdGEQCV1cwYn6cyJFoZTD0NedIVJ9OeuNxf+8TqKCczelPE4U4Xi6KEgYVBEchwK7VBCs2FAThAXVt0LcRzoPpaMr6RDs2Zf/kma1Yp9WTm6Oy7XLPI4i2AF74ADY4AzUwDWogwbA4AE8gRfwajwaz8ab8T5tLRj5zDb4BePjG67Sl/M=</latexit>

k2c = � |g|n0

2m

<latexit sha1_base64="cIVCdVHLKwWES7iByqlfdxE+eTs=">AAACGnicbVDLSgMxFM3UV62vqks3wSJUkDIjvhYiRTcuq9gHdMpwJ5O2oZlHk4xShn6HG3/FjQtF3Ikb/8a0nYW2HggczrmHm3vciDOpTPPbyMzNLywuZZdzK6tr6xv5za2aDGNBaJWEPBQNFyTlLKBVxRSnjUhQ8F1O627vauTX76mQLAzu1CCiLR86AWszAkpLTt7qXfQcgu0DXLS5jnmAz3HKHLKP7X4/Bg/bt6zTVSBE+ODkC2bJHAPPEislBZSi4uQ/bS8ksU8DRThI2bTMSLUSEIoRToc5O5Y0AtKDDm1qGoBPZSsZnzbEe1rxcDsU+gUKj9XfiQR8KQe+qyd9UF057Y3E/7xmrNpnrYQFUaxoQCaL2jHHKsSjnrDHBCWKDzQBIpj+KyZdEECUbjOnS7CmT54ltcOSdVI6vjkqlC/TOrJoB+2iIrLQKSqja1RBVUTQI3pGr+jNeDJejHfjYzKaMdLMNvoD4+sHu9Gfgw==</latexit>

k > kc (� < �c)

Exponential growth (like CDM)


)

<latexit sha1_base64="UlImW1O4thW1ibQokUVRAJM1QiA=">AAACGnicbVDLSgMxFM3UV62vqks3wSJUkDIjvhYiRTcuq9gHdMpwJ5O2oZlHk4xShn6HG3/FjQtF3Ikb/8a0nYW2HggczrmHm3vciDOpTPPbyMzNLywuZZdzK6tr6xv5za2aDGNBaJWEPBQNFyTlLKBVxRSnjUhQ8F1O627vauTX76mQLAzu1CCiLR86AWszAkpLTt7qnfccgu0DXLS5jnmAL3DKHLKP7X4/Bg/bt6zTVSBE+ODkC2bJHAPPEislBZSi4uQ/bS8ksU8DRThI2bTMSLUSEIoRToc5O5Y0AtKDDm1qGoBPZSsZnzbEe1rxcDsU+gUKj9XfiQR8KQe+qyd9UF057Y3E/7xmrNpnrYQFUaxoQCaL2jHHKsSjnrDHBCWKDzQBIpj+KyZdEECUbjOnS7CmT54ltcOSdVI6vjkqlC/TOrJoB+2iIrLQKSqja1RBVUTQI3pGr+jNeDJejHfjYzKaMdLMNvoD4+sHu6+fgw==</latexit>

k < kc (� > �c) )

Solution oscillates and is stable 


This stable configuration, however, is different than in the case for 
repulsive interaction, forming a localized object, with maximum size 
given by λc

QCD axion: m ⇠ 10�5 eV

�a ⇠ �10�48
<latexit sha1_base64="dF1dqpTz8jGT2GvDGfVBdKcYltI="></latexit>

lsoliton ⇠ 10�5 kpc
<latexit sha1_base64="pyhgOLPJ9Zk/e9WNeybwNtta+wk=">AAACEXicbVDLSgMxFM3UV62vqks3wSJ0oWVG62tXdOOygn1Ap5ZMmraheQxJRihDf8GNv+LGhSJu3bnzb8xMi6j1QODknHu5954gZFQb1/10MnPzC4tL2eXcyura+kZ+c6uuZaQwqWHJpGoGSBNGBakZahhphoogHjDSCIaXid+4I0pTKW7MKCRtjvqC9ihGxkqdfJF1Yi0ZNVKMoa8ph557Gx8c288+9DkyA8XjYYjHnXzBLbkp4CzxpqQApqh28h9+V+KIE2EwQ1q3PDc07RgpQzEj45wfaRIiPER90rJUIE50O04vGsM9q3RhTyr7hIGp+rMjRlzrEQ9sZbKj/usl4n9eKzK9s3ZMRRgZIvBkUC9i0EiYxAO7VBFs2MgShBW1u0I8QAphY0PMpSGcJzj5PnmW1A9L3lGpfF0uVC6mcWTBDtgFReCBU1ABV6AKagCDe/AInsGL8+A8Oa/O26Q040x7tsEvOO9fxvadHw==</latexit>

For attractive interactions can only form localized clumps (solitons) 

Structure formation - perturbation and stability



Structure formation - perturbation and stability

REPULSIVEATTRACTIVE

<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0
<latexit sha1_base64="Bxkm256OEp5nQw8ik/Dz2DTQk74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHohePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kj8g18TtVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPjt2Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRVZALlWbIFZsvijJJMCHTz0lfaM5Qji2hTAt7K2FDqilDm0/FhuAtvrxMHs/q3kXdvT+vNW6KOMpwBMdwCh5cQgPuoAk+MBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AGjFjcM=</latexit>

g < 0

SIFDM

Finite clustering scale - no structure formation on small scales

<latexit sha1_base64="EPoCAcyc1j/sffOTiLW9FrZgjIA=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZak+NoIRTcuK9gHNDVMppN26MwkzEyEErJx46+4caGIW//BnX/jtM1CqwcuHM65l3vvCWJGlXacL6swN7+wuFRcLq2srq1v2JtbTRUlEpMGjlgk2wFShFFBGppqRtqxJIgHjLSC4dXYb90TqWgkbvUoJl2O+oKGFCNtJN/eHd5VfQwv4JEXSoTTPvQOofCdLK3yzLfLTsWZAP4lbk7KIEfdtz+9XoQTToTGDCnVcZ1Yd1MkNcWMZCUvUSRGeIj6pGOoQJyobjr5IoP7RunBMJKmhIYT9edEirhSIx6YTo70QM16Y/E/r5Po8LybUhEnmgg8XRQmDOoIjiOBPSoJ1mxkCMKSmlshHiCThjbBlUwI7uzLf0mzWnFPKyc3x+XaZR5HEeyAPXAAXHAGauAa1EEDYPAAnsALeLUerWfrzXqfthasfGYb/IL18Q3VrZbn</latexit>

k2c = �g n0

2m

REPULSIVE
<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0

<latexit sha1_base64="wrt2gLV57w0oOITim0DG9NqKDC0=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZSk+NoIRTcuK9gHNDFMppN26MwkzEyEErJx46+4caGIW//BnX/j9LHQ1gMXDufcy733hAmjSjvOt1VYWFxaXimultbWNza37O2dpopTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh4Hrktx6IVDQWd3qYEJ+jnqARxUgbKbD3B/fVAMNL6EUS4awHvWMoAifPqjyHgV12Ks4YcJ64U1IGU9QD+8vrxjjlRGjMkFId10m0nyGpKWYkL3mpIgnCA9QjHUMF4kT52fiLHB4apQujWJoSGo7V3xMZ4koNeWg6OdJ9NeuNxP+8TqqjCz+jIkk1EXiyKEoZ1DEcRQK7VBKs2dAQhCU1t0LcRyYObYIrmRDc2ZfnSbNacc8qp7cn5drVNI4i2AMH4Ai44BzUwA2ogwbA4BE8g1fwZj1ZL9a79TFpLVjTmV3wB9bnD8VVlto=</latexit>

k2c =
g n0

2m

Homogeneous configuration is always stable, and it is 
always going to be described by an oscillatory solution, 
either if  λ is bigger or smaller than 
λc

Dispersion relation


Long wavelength regime


<latexit sha1_base64="3o22JBmCQSanYW9lSCTbeKLOS0Q=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURX8uiG5cV7AOaECbTm3boTBJnJkIJBX/FjQtF3Pod7vwbp20W2nrgwuGce7n3njDlTGnH+bZKS8srq2vl9crG5tb2jr2711JJJik0acIT2QmJAs5iaGqmOXRSCUSEHNrh8Gbitx9BKpbE93qUgi9IP2YRo0QbKbAPvERAnwRD7Ckm4AHTQOFhYFedmjMFXiRuQaqoQCOwv7xeQjMBsaacKNV1nVT7OZGaUQ7jipcpSAkdkj50DY2JAOXn0/PH+NgoPRwl0lSs8VT9PZETodRIhKZTED1Q895E/M/rZjq68nMWp5mGmM4WRRnHOsGTLHCPSaCajwwhVDJzK6YDIgnVJrGKCcGdf3mRtE5r7kXt/O6sWr8u4iijQ3SETpCLLlEd3aIGaiKKcvSMXtGb9WS9WO/Wx6y1ZBUz++gPrM8ffSyVMQ==</latexit>

!k ' csk
Long range - superfluid


Short wavelength regime


<latexit sha1_base64="aliA2EkWZ7S4AXN3XSg4wr2Qe08=">AAAB/3icbVDLTgJBEJzFF+Jr1cSLl4nExBPuEl9HohePmMgjgZXMDg1MmNlZZ2ZNCHLwV7x40Biv/oY3/8YB9qBgJZ1UqrrT3RXGnGnjed9OZmFxaXklu5pbW9/Y3HK3d6paJopChUouVT0kGjiLoGKY4VCPFRARcqiF/auxX3sApZmMbs0ghkCQbsQ6jBJjpZa715QCuqTVx03NBNzj/l3xuChabt4reBPgeeKnJI9SlFvuV7MtaSIgMpQTrRu+F5tgSJRhlMMo10w0xIT2SRcalkZEgA6Gk/tH+NAqbdyRylZk8ET9PTEkQuuBCG2nIKanZ72x+J/XSEznIhiyKE4MRHS6qJNwbCQeh4HbTAE1fGAJoYrZWzHtEUWosZHlbAj+7MvzpFos+GeF05uTfOkyjSOL9tEBOkI+OkcldI3KqIIoekTP6BW9OU/Oi/PufExbM046s4v+wPn8AbbrlUQ=</latexit>

!k ' k2/2m

<latexit sha1_base64="wPEeZWvMWRPBAyLkRZTgzxH+Taw=">AAAB/nicbVDLSsNAFL2pr1pfVXHlZrAIrkoivpZFNy4rWFtoQphMJunQySTMTIQSCv6KGxeKuPU73Pk3TtsstPXAwOGcc7l3TpBxprRtf1uVpeWV1bXqem1jc2t7p76796DSXBLaISlPZS/AinImaEczzWkvkxQnAafdYHgz8buPVCqWins9yqiX4FiwiBGsjeTXD1xuwiFGbhyjkvvErzfspj0FWiROSRpQou3Xv9wwJXlChSYcK9V37Ex7BZaaEU7HNTdXNMNkiGPaN1TghCqvmJ4/RsdGCVGUSvOERlP190SBE6VGSWCSCdYDNe9NxP+8fq6jK69gIss1FWS2KMo50imadIFCJinRfGQIJpKZWxEZYImJNo3VTAnO/JcXycNp07lont+dNVrXZR1VOIQjOAEHLqEFt9CGDhAo4Ble4c16sl6sd+tjFq1Y5cw+/IH1+QNz7ZUt</latexit>

� � �c

Free massive particle


Superfluid!




REPULSIVEATTRACTIVEFDM

<latexit sha1_base64="rtQ+q7zMoxkxfQPYXraLpCehfYw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKV/AG5Jm6vWnPr7gxkmXgFqUGBZq/61e0nLIu5QiapMR3PTTHIqUbBJJ9UupnhKWUjOuAdSxWNuQny2bETcmKVPokSbUshmam/J3IaGzOOQ9sZUxyaRW8q/ud1MoyuglyoNEOu2HxRlEmCCZl+TvpCc4ZybAllWthbCRtSTRnafCo2BG/x5WXyeFb3Luru/XmtcVPEUYYjOIZT8OASGnAHTfCBgYBneIU3RzkvzrvzMW8tOcXMIfyB8/kDa9GNxQ==</latexit>

g > 0
<latexit sha1_base64="Bxkm256OEp5nQw8ik/Dz2DTQk74=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHohePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kj8g18TtVWtu3Z2BLBOvIDUo0OxVv7r9hGUxV8gkNabjuSkGOdUomOSTSjczPKVsRAe8Y6miMTdBPjt2Qk6s0idRom0pJDP190ROY2PGcWg7Y4pDs+hNxf+8TobRVZALlWbIFZsvijJJMCHTz0lfaM5Qji2hTAt7K2FDqilDm0/FhuAtvrxMHs/q3kXdvT+vNW6KOMpwBMdwCh5cQgPuoAk+MBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AGjFjcM=</latexit>

g < 0

SIFDM

QP wins - 

NO structure formation

Finite size coherent core – Bose stars

�J = 55
⇣ m

10�22 eV

⌘�1/2
✓
⇢

⇢̄

◆�1/4

(⌦mh)�1/4 kpc
<latexit sha1_base64="8Op36kB+Fac1aavGf9jZehi6fXM="></latexit>

m  10�20eV ) �dB > O(kpc)
<latexit sha1_base64="p1ubcV1LB0cmE2s0Y3T23xu9zG4="></latexit>

Galactic scales

Finite clustering scale - no structure formation on small scales

        CDM⟶

<latexit sha1_base64="EPoCAcyc1j/sffOTiLW9FrZgjIA=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZak+NoIRTcuK9gHNDVMppN26MwkzEyEErJx46+4caGIW//BnX/jtM1CqwcuHM65l3vvCWJGlXacL6swN7+wuFRcLq2srq1v2JtbTRUlEpMGjlgk2wFShFFBGppqRtqxJIgHjLSC4dXYb90TqWgkbvUoJl2O+oKGFCNtJN/eHd5VfQwv4JEXSoTTPvQOofCdLK3yzLfLTsWZAP4lbk7KIEfdtz+9XoQTToTGDCnVcZ1Yd1MkNcWMZCUvUSRGeIj6pGOoQJyobjr5IoP7RunBMJKmhIYT9edEirhSIx6YTo70QM16Y/E/r5Po8LybUhEnmgg8XRQmDOoIjiOBPSoJ1mxkCMKSmlshHiCThjbBlUwI7uzLf0mzWnFPKyc3x+XaZR5HEeyAPXAAXHAGauAa1EEDYPAAnsALeLUerWfrzXqfthasfGYb/IL18Q3VrZbn</latexit>

k2c = �g n0

2m

Structure formation - perturbation and stability



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021

* Focus only in gravitational signatures

Axion clouds

Baumann et al. 2019



Linear evolution
Boson/ Scalar field in a cosmological (FRW) background

<latexit sha1_base64="JWdZnfiED12dylKf7NXusOrclZg=">AAACHHicbVDLSgMxFM3UV62vqks3wSJU0DJTFbuSopsuK9gHtHXIpGkbmmTGJCOUYT7Ejb/ixoUiblwI/o1pO4i2HgicnHMv997jBYwqbdtfVmphcWl5Jb2aWVvf2NzKbu/UlR9KTGrYZ75sekgRRgWpaaoZaQaSIO4x0vCGV2O/cU+kor640aOAdDjqC9qjGGkjudkTDi+gY99Gx8VSDNtHsM2RHkgekbr5KsphJY/c6Ee9i+NDN5uzC/YEcJ44CcmBBFU3+9Hu+jjkRGjMkFItxw50J0JSU8xInGmHigQID1GftAwViBPViSbHxfDAKF3Y86V5QsOJ+rsjQlypEfdM5XhJNeuNxf+8Vqh7pU5ERRBqIvB0UC9kUPtwnBTsUkmwZiNDEJbU7ArxAEmEtckzY0JwZk+eJ/ViwTkr2NenufJlEkca7IF9kAcOOAdlUAFVUAMYPIAn8AJerUfr2Xqz3qelKSvp2QV/YH1+AwZGoC8=</latexit>

m > 10�28 eV ⇠ H(aeq)

Condition DM today:

Predictions

Boltzmann codes: axionCAMB, 
axionECAMB, AxiCLASS

New emulator (to appear soon)



Pseudo-spectral methods Mock halo generation 

Non-linear evolution - simulations

Solves the Schrödinger-Poisson equations.

Approximation schemes

Predictions

 Used widely in the field to simulate: isolated 
halos, the formation of  cores, and cosmological 
simulations


→

Largest to date: 
10/Mpc/h

S. May et al. 2021

• Soliton collisions 


• Eigenvalue decomposition: semi-analytical 
model to describe the halo


• Eigenvalue solvers 


• Madelung simulations


• N-body schemes (or initial 
condition sims)

Eberhardt et al. 2024
Nadler et al. 2024

Expensive!

<latexit sha1_base64="x5Wj4FzBZyON2sdDiP41+5nM2EM=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRF1GVRFy4r2Ac0sUymk3boTBJmbsQSiht/xY0LRdz6Fe78G6dtFtp64MKZc+5l7j1BIrgGx/m2FhaXlldWC2vF9Y3NrW17Z7eh41RRVqexiFUrIJoJHrE6cBCslShGZCBYMxhcjv3mPVOax9EtDBPmS9KLeMgpASN17H3vigkgGLCnucT56wHfVTp2ySk7E+B54uakhHLUOvaX141pKlkEVBCt266TgJ8RBZwKNip6qWYJoQPSY21DIyKZ9rPJCSN8ZJQuDmNlKgI8UX9PZERqPZSB6ZQE+nrWG4v/ee0UwnM/41GSAovo9KMwFRhiPM4Dd7liFMTQEEIVN7ti2ieKUDCpFU0I7uzJ86RRKbun5crNSal6kcdRQAfoEB0jF52hKrpGNVRHFD2iZ/SK3qwn68V6tz6mrQtWPrOH/sD6/AEgAJX5</latexit>

�t ⇠ �x2



Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects

Wave interference

Mocz et al. 2017

'output_for_mp4/output533.dat.z271'

10	kpc

Halo

Core

Levkov et al. 2018

S. May et al. 2021

* Focus only in gravitational signatures

Axion clouds

Baumann et al. 2019



Phenomenology
Suppression of  small structures 

Finite Jeans length    or  λJ λattr , λrep Suppresses small scale structure

POWER SPECTRUM TRANSFER FUNCTION

FDM

CDM<latexit sha1_base64="/lOqpxf6YDX959Pg970K36IvYac=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiSi6LLoxmUF+4A2hMlk0g6dScLMpFBC/sSNC0Xc+ifu/BsnbRZaPTBwOOde7pkTpJwp7ThfVm1tfWNzq77d2Nnd2z+wD496KskkoV2S8EQOAqwoZzHtaqY5HaSSYhFw2g+md6Xfn1GpWBI/6nlKPYHHMYsYwdpIvm0LPx8JrCdS5FEoisK3m07LWQD9JW5FmlCh49ufozAhmaCxJhwrNXSdVHs5lpoRTovGKFM0xWSKx3RoaIwFVV6+SF6gM6OEKEqkebFGC/XnRo6FUnMRmMkypFr1SvE/b5jp6MbLWZxmmsZkeSjKONIJKmtAIZOUaD43BBPJTFZEJlhiok1ZDVOCu/rlv6R30XKvWs7DZbN9W9VRhxM4hXNw4RracA8d6AKBGTzBC7xaufVsvVnvy9GaVe0cwy9YH99l75Qn</latexit>mfdm

<latexit sha1_base64="ehFZbdA80Kenaq6t/GD0pV0Gg7s=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIosuiG3FVwT6gCWEymbZDZyZhZiLUEPwVNy4Ucet/uPNvnLRZaOuBgcO553LPnDBhVGnH+bYqS8srq2vV9drG5tb2jr2711FxKjFp45jFshciRRgVpK2pZqSXSIJ4yEg3HF8X8+4DkYrG4l5PEuJzNBR0QDHSRgrsA48Zc4SCzONIjyTPbvM8sOtOw5kCLhK3JHVQohXYX14U45QToTFDSvVdJ9F+hqSmmJG85qWKJAiP0ZD0DRWIE+Vn0/Q5PDZKBAexNE9oOFV/b2SIKzXhoXEWEdX8rBD/m/VTPbj0MyqSVBOBZ4cGKYM6hkUVMKKSYM0mhiAsqckK8QhJhLUprGZKcOe/vEg6pw33vOHcndWbV2UdVXAIjsAJcMEFaIIb0AJtgMEjeAav4M16sl6sd+tjZq1Y5c4++APr8wcup5Wy</latexit>

�J

FDM

WDM

- Degenerate with WDM



Phenomenology
Suppression of  small structures 

Finite Jeans length    or  λJ λattr , λrep Suppresses small scale structure

POWER SPECTRUM (sub) HALO MASS FUNCTION

FDM

FDM

CDM<latexit sha1_base64="/lOqpxf6YDX959Pg970K36IvYac=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiSi6LLoxmUF+4A2hMlk0g6dScLMpFBC/sSNC0Xc+ifu/BsnbRZaPTBwOOde7pkTpJwp7ThfVm1tfWNzq77d2Nnd2z+wD496KskkoV2S8EQOAqwoZzHtaqY5HaSSYhFw2g+md6Xfn1GpWBI/6nlKPYHHMYsYwdpIvm0LPx8JrCdS5FEoisK3m07LWQD9JW5FmlCh49ufozAhmaCxJhwrNXSdVHs5lpoRTovGKFM0xWSKx3RoaIwFVV6+SF6gM6OEKEqkebFGC/XnRo6FUnMRmMkypFr1SvE/b5jp6MbLWZxmmsZkeSjKONIJKmtAIZOUaD43BBPJTFZEJlhiok1ZDVOCu/rlv6R30XKvWs7DZbN9W9VRhxM4hXNw4RracA8d6AKBGTzBC7xaufVsvVnvy9GaVe0cwy9YH99l75Qn</latexit>mfdm
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* hard to get a proper prediction!



Practice: 
Linear power spectrum

POWER SPECTRUM

FDM
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�J

Follow the instructions in this notebook:

Learn how to generate the linear power spectrum for 
ULDM using Boltzmann codes.

https://colab.research.google.com/drive/
1364W_M8vl8a01lG7LYMnSUtDEQkuk1MY?usp=sharing

https://colab.research.google.com/drive/1364W_M8vl8a01lG7LYMnSUtDEQkuk1MY?usp=sharing
https://colab.research.google.com/drive/1364W_M8vl8a01lG7LYMnSUtDEQkuk1MY?usp=sharing


Phenomenology
RICH PHENOMENOLOGY ON SMALL SCALES

Suppression of  small structures Formation of  a solitonic core Dynamical effects
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Phenomenology
Formation of  cores 

NO structure formation

Stable, oscillating solution
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Phenomenology
Formation of  cores 

NFW

From simulations Schive et al. 2014, fitting function:

NFW

observed

Relations used to compare 
with observations

FDM Updated in Chan, EF et al 2021
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Phenomenology
Wave interference: granules and vortices
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Mocz et al. 2017
Order one fluctuations in density          ⟶ Constructive interference: granules


Destructive interference



Vector, higher spin or multicomponent FDM

Amin et al 2022

Gonseca et al 2023

Vector (and higher-spin) FDM

Multicomponent FDM

ULDM or ULA are a coherent wave - same frequency and constant phase difference

(Vector FDM = 3 x same mass FDM (spin 0))

Interference patterns

Multiple coherent waves 

For ULDM:
Gonseca et al 2023

Multiple FDM or VFDM (or higher spin s FDM) 
attenuates the granule amplitude by

<latexit sha1_base64="0Gruk7OXA9zOePuEPuZjLwj+MiE="></latexit>
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N

(Amin et al 2022)



Modeling a granular halo
Coherent wave oscillation of  ULDM
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�(t, ~x) = m�1
p

2⇢(t, ~x) cos[mt+ ✓]

Fixed 
freq.

Constant 
phase



Modeling a granular halo
Coherent wave oscillation of  ULDM

<latexit sha1_base64="Ypi9mwSX3ZdPn+IPH+JCJOdXXAg="></latexit>

�(t, ~x) = m�1
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2⇢(t, ~x) cos[mt+ ✓]

Fixed 
freq.

Constant 
phase

Nakatsuka et al 2022
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But, the halo in these models is like this:



Modeling a granular halo
Coherent wave oscillation of  ULDM
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But, the halo in these models is like this:
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Modeling a granular halo

…
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Modelling a granular halo
Full SP simulations can describe perfectly this interference pattern (while fluid ones cannot describe it)
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OR

We can adopt simpler descriptions of  the galactic halo to describe this effect.

1) A simple model of  a galactic halo, consider a superposition of  plane waves:

Randomly distributed

Also known as random phase halo model

The amplitudes should reflect the velocity (or momentum) dispersion within the halo




Modeling a granular halo
Full SP simulations can describe perfectly this interference pattern (while fluid ones cannot describe it)

…

OR

We can adopt simpler descriptions of  the galactic halo to describe this effect.

1) A simple model of  a galactic halo, consider a superposition of  plane waves:

Randomly distributed

Also known as random phase halo model

The amplitudes should reflect the velocity (or momentum) dispersion within the halo
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Modeling a granular halo
Full SP simulations can describe perfectly this interference pattern (while fluid ones cannot describe it)

…

OR

We can adopt simpler descriptions of  the galactic halo to describe this effect.

1) A simple model of  a galactic halo, consider a superposition of  plane waves:

<latexit sha1_base64="RwgAtNs1HJ4uj/+UXF6GahMJEH0="></latexit>
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Nakatsuka et al 2022



Modeling a granular halo
Full SP simulations can describe perfectly this interference pattern (while fluid ones cannot describe it)

…

OR

We can adopt simpler descriptions of  the galactic halo to describe this effect.

1) A simple model of  a galactic halo, consider a 
superposition of  plane waves:

Wave interference produces de-Broglie-scale, order unity density 
fluctuations which vary on time scale of  tdB

Randomly distributed

This collection of  plane waves can also be represented like this:
<latexit sha1_base64="0fGtYfBV1t1E0rJw3z7qo0wx060=">AAACJXicbVDLSgMxFM3UV62vUZdugkVosZQZkepCoerGZQX7gE4pmTRtQzMPkjvFMvRn3PgrblxYRHDlr5g+KNp64MLJOfeSe48bCq7Asr6MxMrq2vpGcjO1tb2zu2fuH1RUEEnKyjQQgay5RDHBfVYGDoLVQsmI5wpWdXt3Y7/aZ1LxwH+EQcgaHun4vM0pAS01zSsn7PIM5Jw+o/HTMIuv8U1m/nBooHDGw04OAz7FDhFhl8ztbNNMW3lrArxM7BlJoxlKTXPktAIaecwHKohSddsKoRETCZwKNkw5kWIhoT3SYXVNfeIx1YgnVw7xiVZauB1IXT7gifp7IiaeUgPP1Z0ega5a9Mbif149gvZlI+Z+GAHz6fSjdiQwBHgcGW5xySiIgSaESq53xbRLJKGgg03pEOzFk5dJ5SxvF/KFh/N08XYWRxIdoWOUQTa6QEV0j0qojCh6Rq/oHY2MF+PN+DA+p60JYzZziP7A+P4Ban6iwg==</latexit>

�(t, ~x) = A(~x) cos(mt+ ↵(~x))

describes the interference 
patterns

2) Another model would superimpose eigenstates of  a desired 
gravitational potential (Lin et al. 2018, Li et al. 2021)

Perform an eigenmode decomposition of  the halo wavefunction, where the 
eigenmodes are for a fixed gravitational potential

   is the energy of  each eigenmode (labeled abstractly by k), with  
replaced by the corresponding eigenfunction.
→ ωk ei ⃗k⋅ ⃗x

Radial eigenfunction

Energy eigenvalue

energy eigenmodes of  the gravitational potential of  the 
virialized halo

Random phase 
halo model



Phenomenology
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Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating

Heating

Friction

System (star) 
gains energy

System (GC or BH) 
loses energy

Globular cluster

FDM granule

FDM granule



Heating



Bose Einstein Condensate
• Bose Einstein condensate (BEC): macroscopic 

occupation of  the ground state


• At low temperatures, each particle wave function overlap - single wave function describes the entire fluid.

High temperature
Thermal velocities

Low temperature
!!~#"#/%

”wave packets”

# = #&
BEC

”matter wave overlap”

# = 0
Pure BEC

”giant matter wave”
d ⇠ �dB
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• Appears at low T after the superfluid condenses into a BEC.

• Effective dynamics: fluid flows without friction

Superfluid

Description

classical field
“wavefunction of the condensate”

Mean field 
approximation:  ̂(r, t) =  (r, t) + � ̂(r, t)
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 (r, t) = h ̂(r, t)i
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small perturbation: describes 
depletion of the condensate

n0 = | (r, t)|2
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Fixed
Large N, dilute i@t (r, t) =

✓
�r2

2m
+ Vtrap(r) + U0| (r, t)|2

◆
 (r, t)

<latexit sha1_base64="B7Cv6fNUSNrF1NH4RewqRElma+s="></latexit>

Non-linear Schrödinger equation - Gross-Pitaevskii equation

Credit: Peking University



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating

Formation of  a BEC / superfluid

- Formation of  a condensate and a core occur from 
gravitational interaction.


<latexit sha1_base64="OGWlHLoEXVUXxKNw96URvXN5TH8="></latexit>
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⌧gr � ⌧intCondensation/relaxation time:


Smaller than the age of  the universe!


- Thermalization (and condensation) seem to happen inside the galaxy!

Formation of  a soliton (ground state) or Bose star in the interior of  galaxies


A. Guth M. Hertzberg, C. 
Prescod-Weinstein (2014)

Levkov et al. 2018, Kirpatrick et al. 2020

Wave turbulence theory



Phenomenology
Dynamical effects

Relaxation, oscillation, friction, and heating

Formation of  a BEC / superfluid

Open question!

- Need theoretical work to describe analytically the formation of  these 
solitons


- Cosmologically, classical or quantum field?
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Black Hole Superradiance
A cloud of  ultra-light bosons (and vector fields) can be created around rotating black holes - 
if  the particle Compton wavelength is of  the order of  the size of  the BH

Structure like a “gravitational atom”

Emits gravitational waves Dynamics can be altered by the 
presence of  a companion - binary

H. Chia et al, 2018

H. Chia et al, 2018 H. Chia et al, 2018

Zeldovich (1972) Starobinsky (1973) Arvanitaki et al. [0905.4720]



How to search for ULDM?

Direct detection of  ultralight dark matter bound to the Sun with space quantum sensors

	 	 	 	 	 	 	 	 Yu-Dai Tsai et al,  Nature Astron. (2022)


Figures by Josh Eby
** Cannot be misaligment mechanism

https://inspirehep.net/literature/1991369
https://inspirehep.net/authors/1274923
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Observational implications and constraints

Springel & others / Virgo Consortium

ESA and the Planck Collaboration

NASA and ESA

N
ASA and ESA

CC BY 4.0

CMB+LSS

Galaxies

Clusters

Dwarfs 

Stellar stream

Globular clusters

ESA



Next lecture
Mass scale of  DM

 

      Strong 

Cosmological and astrophysical 
searches

Indirect detection
"Direct detection”


Axion/ALPs experiments

Interactions with the SM

https://arxiv.org/search/astro-ph?searchtype=author&query=Dalal%2C+N


Registration open!!!


