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Disclaimer

- Impossible to cover the entire topic of  DM in  ~2 hours (or 2+2 hs) 

- Biased review of  the DM field 

- Focus on giving a general review of  the main features of  the topic and a closer look to the main models nowadays 

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

<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



- Dragan Huterer, A course in cosmology, Cambridge University Press, 2023  

- Daniel Baumann, Cosmology, Cambridge University Press, 2022 

- Scott Dodelson and Fabian Schmidt, Modern Cosmology, Academic Press; 2nd edition, 

2020 

- Viatcheslav Mukhanov, Physical Foundations of  Cosmology, Cambridge University Press, 

2005

Further reading

- Reviews!!!
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We observe billions of  galaxies in our universe 

NASA, ESA, G. Illingworth and D. Magee, K. Whitaker, R. Bouwens , P. Oesch and the Hubble Legacy Field team



We observe billions of  galaxies in our universe 

Galaxies and gas, are only a small fraction of  the gravitational influence in the 
universe   

NASA, ESA, G. Illingworth and D. Magee, K. Whitaker, R. Bouwens , P. Oesch and the Hubble Legacy Field team



These galaxies and gas trace the invisible and underlying gravitational 
potential (dark matter distribution) 

Virgo



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 something more in the universe

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



Galaxy rotation curves

Stars and hydrogen gas in spiral galaxies move in circular orbits due to gravity

Rubin & Ford; Freeman; …



Curvas de rotação de galáxias

Credit: Ingo Berg

NO dark matter WITH dark matter

vc(r) =
GNM(r)

r



Credit: Mario De Leo

vc(r) =
GNM(r)
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Galaxy rotation curves

Missing mass



Credit: Mario De Leo

vc(r) =
GNM(r)

r

Universidade de Zuricch

Galaxy rotation curves

Missing mass



Missing mass

Credit: Mario De Leo

vc(r) =
GNM(r)

r

OR this formula is wrong!

Galaxy rotation curves



Clusters of  galaxies

CC BY 4.0

Largest gravitationally bound structures. 
Contain 100s/1000s of  galaxies and hot x-ray 

emitting gas

(Zwicky 1933)

   Galaxies 

  Gas 

  Dark matter

∼ 1 %

∼ 10 %

∼ 90 %



Gravitational lensing

Image: © ESA/Hubble/NASA)

NASA and ESA

mage: NASA/ESA



Tyson, Kochanski & Dell’Antonio  

Image: © ESA/Hubble/NASA)

- Reconstruct the gravitational potential (total 
enclosed mass) of  the lens  

- Total mass on small scales

Weak lensing
Strong lensing

- Background image is perturbed by matter in its path 
- Statistical signal 
- Total mass on large scales

Gravitational lensing

NASA / STSCI



Clusters/lensing

Composite Credit: X-ray: NASA/CXC/CfA/ M.Markevitch et al.;
Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/ D.Clowe et al.
Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.;



Bullet cluster

Composite Credit: X-ray: NASA/CXC/CfA/ M.Markevitch et al.;
Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/ D.Clowe et al.
Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.;

Optical X-ray
Lensing 

(Mass contour)

Combined

Baryons

Gravitational potential



Bullet cluster

Composite Credit: X-ray: NASA/CXC/CfA/ M.Markevitch et al.;
Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/ D.Clowe et al.
Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.;

Optical X-ray
Lensing 

(Mass contour)

Combined

Baryons

Gravitational potential

Dark matter



Credit: NASA/CXC/M.Weiss

Bullet cluster



Large scale structure



Large scale structure

b ±
⌦m = 0.308± 0.012 (Planck 2018)



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

Strong lensing

• Mass fraction

• Distribution

Weak lensing

• Distribution

• Shape

• Structure

Micro lensing

• Mass fraction

• Smoothness

CMB/LSS

• Ratio of DM/collisional matter

• Thermal history
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• Distribution

• Separation from collisional matter

• Self-interaction • Amount of baryons
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What we know about dark matter
Sn
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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



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



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  



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

 

Tdm = Tγ

⇒ mdm > keV WDM bound

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

 

Tdm = Tγ

⇒ mdm > keV WDM bound

Lyman α



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
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Change the abundance of  light elements



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

Charged DM particles interact with the Standard Model via a small 
coupling through the photon

 If  the DM is coupled with the baryon-photon plasma during 
recombination, the DM density 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 
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- 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 
- …



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

Self-interaction

How we quote bounds in the self-interaction?

Most of  the discussion of  SIDM was framed in the context of  velocity-
independent “hard-sphere" scattering where the outgoing momentum 
direction is random in the center-of-mass frame.

For a DM particle moving at velocity  through a background of  stationary 
DM particles with a number density n, the rate at which that particle scatters 
with background particles is:

v0
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�/mdm

DM–DM cross section per unit 
DM particle mass 

How to compute?
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R = �nv0 =
�

mdm
⇢v0

The total probability particle to scatter
<latexit sha1_base64="/z/f5omNXMlqFGQgEdk/Nou+1Ww="></latexit>

Prob = 1� exp

✓
� �

mdm

Z
v0⇢dt

◆



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
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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
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m ⇠ keV



Small scale challenges
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Cusp-core 
Missing satellites

Incompatibility between the # 
of  satellites predicted by 
simulations using LCDM and 
the  # of  observed satellites  

Incompatibilidade entre a massa central de 

Regularity/diversity of  rotation curves 

Bullock, Baylon-Kolchin
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NFW profile  
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Other scaling relations:

• Baryonic Tully-Fisher relation (BTFR)

ΛC
DM  ∝

#!"

Star dominated
Gas dominated

McGaugh (2012) 
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ry
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ic
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as

s

Circular velocity

Remarkably tight scaling relations between dynamical and 
baryonic properties.

Regularity and diversity of  rotation curves

✓TRF 
✓RAR - Radial acceleration relation 
✓…



• Feedback: • MOND: • Modify dark matter:

• Star formation 
• Stellar evolution 
• Sn rates 
• BH and AGN feedback 
• Stellar feedback 
• … 

Within CDMΛ

Empirical relation

a =

(
abN , abN � a0.q

abNa0, abN ⌧ a0.
<latexit sha1_base64="uwSMMYiKhFrcyhyY4+A71fMeNCE="></latexit>

Curiosity: Baryons drive the dynamics! 

Works extremely well for: (1) rotation 
curves; (2) scaling relations 

MOND without DM
BUT:

Dark matter-     Large scales: CDM 

Small scales:

Problems explaining 
large scales

Questions:
- Can it solve all these? 
-  simulations,  parametrizations 
- Enough feedback? 
- Explains tight scaling relation?

≠ ≠

DM with different 
properties on small scales 

Modified Newtonian Dynamics

• SIDM (Self-interacting DM)

• WDM (Warm DM)

Solve cusp-core and missing satellites

Solve missing satellites



•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 challengesCDM on large scales!

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

What we know about dark matter

(changes the profile in 
galaxies - cored; missing sat.)

(missing sat.)

A
dhikari et al. 2022
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�/mdm ⇠ 1 cm2gSolve SSP:



But what is dark matter? 
What is its nature/microphysics?

How can we build a model of  DM?



•Cold or warm Thermal candidate: 

What we know about dark matter
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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
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k . 10Mpc�1
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k & 10Mpc�1Reproduce large and small 
scale distribution!

Can have a small electromagnetic interaction: milicharge

 Non-interacting or 
weakly interacting

Can have a self  interaction. Bounds:

•Dark  

•  Collisionless

•  Small pressure

Can interact via the weak force

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

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



Model building:  
Pre-requisites for a dark matter candidate

• Cold or warm Thermal candidate: 
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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



Model building:  
Pre-requisites for a dark matter candidate
From observations, we know that any candidate to be the dark matter has to have the following properties:

- Behave like CDM on large scales (small deviations possible) 

- DM cannot be relativistic during BBN, . 

- Production: if  thermally produced , otherwise, it has to be produced non-thermally 

- Abundance today:                                        (Planck 2018) 

- Reproduce the small scales distribution of  our universe (still highly unconstrained) 

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

- Interacts gravitationally! It cannot interact electromagnetically (and with the strong force), but it can 
interact with the weak force weakly.

mdm > keV

mdm > keV
b ±

⌦m = 0.308± 0.012



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

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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Intermediary

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

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

<latexit sha1_base64="5kmXxZFjb+kxR0VBWd25FSwJDt8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXGiZkVpdFt24rGAf0BlLJk3b0CQzJBmhjLPwV9y4UMStv+HOvzHTzkKrBwKHc+7lnpwgYlRpx/myCguLS8srxdXS2vrG5pa9vdNSYSwxaeKQhbITIEUYFaSpqWakE0mCeMBIOxhfZX77nkhFQ3GrJxHxORoKOqAYaSP17D3XuUtOatXUO4YeR3okeTIepj277FScKeBf4uakDHI0evan1w9xzInQmCGluq4TaT9BUlPMSFryYkUihMdoSLqGCsSJ8pNp/hQeGqUPB6E0T2g4VX9uJIgrNeGBmcwiqnkvE//zurEeXPgJFVGsicCzQ4OYQR3CrAzYp5JgzSaGICypyQrxCEmEtamsZEpw57/8l7ROK26tcnZTLdcv8zqKYB8cgCPggnNQB9egAZoAgwfwBF7Aq/VoPVtv1vtstGDlO7vgF6yPb5HhlTY=</latexit>

10�64 kg
<latexit sha1_base64="q8for7X+LnQjUAk+vkT5OQJuPIk=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXGiZEatdFt24rGAf0BlLJk3b0CQzJBmhjLPwV9y4UMStv+HOvzHTzkKrBwKHc+7lnpwgYlRpx/myCguLS8srxdXS2vrG5pa9vdNSYSwxaeKQhbITIEUYFaSpqWakE0mCeMBIOxhfZX77nkhFQ3GrJxHxORoKOqAYaSP17D3XuUtOqrXUO4YeR3okeTIepj277FScKeBf4uakDHI0evan1w9xzInQmCGluq4TaT9BUlPMSFryYkUihMdoSLqGCsSJ8pNp/hQeGqUPB6E0T2g4VX9uJIgrNeGBmcwiqnkvE//zurEe1PyEiijWRODZoUHMoA5hVgbsU0mwZhNDEJbUZIV4hCTC2lRWMiW481/+S1qnFfe8Ur05K9cv8zqKYB8cgCPgggtQB9egAZoAgwfwBF7Aq/VoPVtv1vtstGDlO7vgF6yPb5aZlTk=</latexit>

10�58 kg
<latexit sha1_base64="fhOuYVdeZ+faTFbbkdm8Brc95mI=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCYoAq4VEYK1gYi0QfUhMqx3Vbq7YT2Q5SFTLwKywMIMTKb7DxNzhtBigcydLROffqHp8gYlRpx/myCnPzC4tLxeXSyura+oa9udVUYSwxaeCQhbIdIEUYFaShqWakHUmCeMBIKxhdZX7rnkhFQ3GrxxHxORoI2qcYaSN17R3XuUuOTqqpdwg9jvRQ8mQ0SLt22ak4E8C/xM1JGeSod+1PrxfimBOhMUNKdVwn0n6CpKaYkbTkxYpECI/QgHQMFYgT5SeT/CncN0oP9kNpntBwov7cSBBXaswDM5lFVLNeJv7ndWLdv/ATKqJYE4Gnh/oxgzqEWRmwRyXBmo0NQVhSkxXiIZIIa1NZyZTgzn75L2keV9xq5ezmtFy7zOsogl2wBw6AC85BDVyDOmgADB7AE3gBr9aj9Wy9We/T0YKV72yDX7A+vgGQS5U1</latexit>

10�36 kg
<latexit sha1_base64="iPWFuN+BdM5S5ADxCfDQqryHYqc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXGiZKWpdFt24rGAf0BlLJk3b0CQzJBmhjLPwV9y4UMStv+HOvzHTzkKrBwKHc+7lnpwgYlRpx/myCguLS8srxdXS2vrG5pa9vdNSYSwxaeKQhbITIEUYFaSpqWakE0mCeMBIOxhfZX77nkhFQ3GrJxHxORoKOqAYaSP17D3XuUtOqrXUO4YeR3okeTIepj277FScKeBf4uakDHI0evan1w9xzInQmCGluq4TaT9BUlPMSFryYkUihMdoSLqGCsSJ8pNp/hQeGqUPB6E0T2g4VX9uJIgrNeGBmcwiqnkvE//zurEeXPgJFVGsicCzQ4OYQR3CrAzYp5JgzSaGICypyQrxCEmEtamsZEpw57/8l7SqFfe8cnZzWq5f5nUUwT44AEfABTVQB9egAZoAgwfwBF7Aq/VoPVtv1vtstGDlO7vgF6yPb5BKlTU=</latexit>

10�27 kg
<latexit sha1_base64="lXHAwmFylEhYuGTswEhYLW77llg=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmfC+LblxWsA/ojCWTZtrQJDMkGaEMA/6KGxeKuPU73Pk3ZtpZaOuBwOGce7knJ4gZVdpxvq3SwuLS8kp5tbK2vrG5ZW/vtFSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORje5334kUtFI3OtxTHyOBoKGFCNtpJ695zoP6amTecfQ40gPJU9Hg6xnV52aMwGcJ25BqqBAo2d/ef0IJ5wIjRlSqus6sfZTJDXFjGQVL1EkRniEBqRrqECcKD+dxM/goVH6MIykeULDifp7I0VcqTEPzGQeUc16ufif1010eOWnVMSJJgJPD4UJgzqCeRewTyXBmo0NQVhSkxXiIZIIa9NYxZTgzn55nrROau5F7fzurFq/Luoog31wAI6ACy5BHdyCBmgCDFLwDF7Bm/VkvVjv1sd0tGQVO7vgD6zPHxlDlPg=</latexit>

1030 kg

- 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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Intermediary

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Thermally producedNon-thermal

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)

WDM limit



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Particle DM

Wave DM

Macroscopic DM

Thermally producedNon-thermal

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Particle DM

Wave DM

Macroscopic DM

Thermally producedNon-thermal

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

• Maximum mass for particle DM

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)

Thermal DM more massive than ∼ 100 TeV suffers from what is known as the unitarity bound or an overclosure problem  



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Particle DM

Wave DM

Macroscopic DM

Thermally producedNon-thermal

Fermions and bosonsBosons

• Tremaine-Gunn bound: bound for fermionic DM

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



Reminder: the Pauli exclusion principle states that two or more identical particles with half-integer spins (i.e. fermions) cannot 
occupy the same quantum state within a quantum system simultaneously.

Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Thermally producedNon-thermal

• Tremaine-Gunn bound: bound for fermionic DM

Fermions and bosonsBosons

From LSS we can put 
bound on the spin of  DM

For fermionic DM, the phase space density  is bounded from above due to Pauli’s exclusion principlef(x, p)
<latexit sha1_base64="gs9F+YJxWEKkX62Rc+AQGB2HcpQ=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBAiSNgVXwcPQS8eI5gHJkuYncwmQ2ZnlplZMSz5Cy8eFPHq33jzb5wke9DEgoaiqpvuriDmTBvX/XYWFpeWV1Zza/n1jc2t7cLObl3LRBFaI5JL1QywppwJWjPMcNqMFcVRwGkjGNyM/cYjVZpJcW+GMfUj3BMsZAQbKz2Epafj+AhdoV6nUHTL7gRonngZKUKGaqfw1e5KkkRUGMKx1i3PjY2fYmUY4XSUbyeaxpgMcI+2LBU4otpPJxeP0KFVuiiUypYwaKL+nkhxpPUwCmxnhE1fz3pj8T+vlZjw0k+ZiBNDBZkuChOOjETj91GXKUoMH1qCiWL2VkT6WGFibEh5G4I3+/I8qZ+UvfPy2d1psXKdxZGDfTiAEnhwARW4hSrUgICAZ3iFN0c7L8678zFtXXCymT34A+fzB5zaj5Y=</latexit>

f(x, p) < g
# of spin and  
flavour states

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)

Since the gravitational potential of  a galaxy can be inferred from data, this sets an upper bound on the possible velocity of  DM 
particles in the halo. Combining this argument with the Pauli exclusion principle leads to a maximum density of  DM. 

Reminder: the phase space distribution function  describes the occupancy number in phase space for a given particle in 
kinetic equilibrium, and distinguishes between fermions and bosons

f(x, p)

https://en.wikipedia.org/wiki/Identical_particles
https://en.wikipedia.org/wiki/Spin_(physics)
https://en.wikipedia.org/wiki/Fermion
https://en.wikipedia.org/wiki/Quantum_state
https://en.wikipedia.org/wiki/Quantum_system


Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Thermally producedNon-thermal

• Tremaine-Gunn bound: bound for fermionic DM

Fermions and bosonsBosons

From LSS we can put 
bound on the spin of  DM

For fermionic DM, the phase space density  is bounded from above due to Pauli’s exclusion principlef(x, p)
<latexit sha1_base64="gs9F+YJxWEKkX62Rc+AQGB2HcpQ=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBAiSNgVXwcPQS8eI5gHJkuYncwmQ2ZnlplZMSz5Cy8eFPHq33jzb5wke9DEgoaiqpvuriDmTBvX/XYWFpeWV1Zza/n1jc2t7cLObl3LRBFaI5JL1QywppwJWjPMcNqMFcVRwGkjGNyM/cYjVZpJcW+GMfUj3BMsZAQbKz2Epafj+AhdoV6nUHTL7gRonngZKUKGaqfw1e5KkkRUGMKx1i3PjY2fYmUY4XSUbyeaxpgMcI+2LBU4otpPJxeP0KFVuiiUypYwaKL+nkhxpPUwCmxnhE1fz3pj8T+vlZjw0k+ZiBNDBZkuChOOjETj91GXKUoMH1qCiWL2VkT6WGFibEh5G4I3+/I8qZ+UvfPy2d1psXKdxZGDfTiAEnhwARW4hSrUgICAZ3iFN0c7L8678zFtXXCymT34A+fzB5zaj5Y=</latexit>

f(x, p) < g
# of spin and  
flavour statesThe local DM number density is given by:

Using a dwarf  galaxy, like Fornax, one can find Stronger bounds from Ly . Depend on 
thermal history of DM!

α

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)

A fermion DM candidate must have  to be consistent with obs. of  galaxiesmdm > 𝒪(10 − 100 eV)

Since the gravitational potential of  a galaxy can be inferred from data, this sets an upper bound on the possible velocity of  DM 
particles in the halo. Combining this argument with the Pauli exclusion principle leads to a maximum density of  DM. 

<latexit sha1_base64="eIftVJoqXZqBrBRBIJOxtp6majw="></latexit>

n(x) =

Z
d3p

(2⇡)3
f(x,p) . g p3max ⇠ g mdmvesc

<latexit sha1_base64="WDugwxT2LGtrS2LyRw+qjGNhgvk=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJKIWldSdOOygn1AE8JkMmmHziRhZiKUEHDjr7hxoYhbf8Kdf+OkzUJbD1w4nHMv997jJ4xKZVnfxsLi0vLKamWtur6xubVt7ux2ZJwKTNo4ZrHo+UgSRiPSVlQx0ksEQdxnpOuPbgq/+0CEpHF0r8YJcTkaRDSkGCkteeY+97KA5/AKNizonECHIzUUPCOd3DNrVt2aAM4TuyQ1UKLlmV9OEOOUk0hhhqTs21ai3AwJRTEjedVJJUkQHqEB6WsaIU6km01+yOGRVgIYxkJXpOBE/T2RIS7lmPu6szhRznqF+J/XT1V46WY0SlJFIjxdFKYMqhgWgcCACoIVG2uCsKD6VoiHSCCsdGxVHYI9+/I86ZzW7Yv6+d1ZrXldxlEBB+AQHAMbNEAT3IIWaAMMHsEzeAVvxpPxYrwbH9PWBaOc2QN/YHz+AB4klpM=</latexit>

mdm > 70 eV



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Particle DM

Wave DM

Macroscopic DM

Thermally producedNon-thermal

Fermions and bosonsBosons

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

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.

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



Cosmological evolution
<latexit sha1_base64="uvtkUz87U0Wg2PrwX/mYRZCsAsg=">AAACE3icbVBNS8MwGE7n15xfVY9egkMQhdFORS/C0MuOE9wHrHWkabqFJW1JUmGU/Qcv/hUvHhTx6sWb/8Z062FuPhB48jzv+ybv48WMSmVZP0ZhaXllda24XtrY3NreMXf3WjJKBCZNHLFIdDwkCaMhaSqqGOnEgiDuMdL2hreZ334kQtIovFejmLgc9UMaUIyUlnrmieP7kUqdeEDH8BSe1aEze+cPVZhxeA2tnlm2KtYEcJHYOSmDHI2e+a1n4YSTUGGGpOzaVqzcFAlFMSPjkpNIEiM8RH3S1TREnEg3new0hkda8WEQCX1CBSfqbEeKuJQj7ulKjtRAznuZ+J/XTVRw5aY0jBNFQjx9KEgYVBHMAoI+FQQrNtIEYUH1XyEeIIGw0jGWdAj2/MqLpFWt2BcV6+68XLvJ4yiCA3AIjoENLkEN1EEDNAEGT+AFvIF349l4NT6Mz2lpwch79sEfGF+/gzGb/w==</latexit>

�̈+ 3H�̇+m
2
� = 0

H � m

H ⌧ m

<latexit sha1_base64="yxPCR+tB6dmj0sz8O8d1CYWr7iQ=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoiim6EohuXFewDmhAm00k7dGYSZiZCCV268VfcuFDErZ/gzr9x0mahrQcuHM65l3vvCRNGlXacb6u0tLyyulZer2xsbm3v2Lt7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0U3udx6IVDQW93qcEJ+jgaARxUgbKbAPvWRIA48jPZQ8I0iy8QRewVyt6YCeBHbVqTtTwEXiFqQKCjQD+8vrxzjlRGjMkFI910m0nyGpKWZkUvFSRRKER2hAeoYKxInys+kjE3hslD6MYmlKaDhVf09kiCs15qHpzC9W814u/uf1Uh1d+hkVSaqJwLNFUcqgjmGeCuxTSbBmY0MQltTcCvEQSYS1ya5iQnDnX14k7dO6e1537s6qjesijjI4AEegBlxwARrgFjRBC2DwCJ7BK3iznqwX6936mLWWrGJmH/yB9fkDVCqZgg==</latexit>

�early = �(ti)
<latexit sha1_base64="k2AkfM2kRgmzotlF0+InmjdF3hg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgxbAril6EoBePEcwDNkuYnUySIfNYZnqFsOQzvHhQxKtf482/cZLsQRMLGoqqbrq74kRwC77/7RVWVtfWN4qbpa3tnd298v5B0+rUUNagWmjTjollgivWAA6CtRPDiIwFa8Wju6nfemLGcq0eYZywSJKB4n1OCTgp7GjJBgTf4LOgW674VX8GvEyCnFRQjnq3/NXpaZpKpoAKYm0Y+AlEGTHAqWCTUie1LCF0RAYsdFQRyWyUzU6e4BOn9HBfG1cK8Ez9PZERae1Yxq5TEhjaRW8q/ueFKfSvo4yrJAWm6HxRPxUYNJ7+j3vcMApi7AihhrtbMR0SQyi4lEouhGDx5WXSPK8Gl1X/4aJSu83jKKIjdIxOUYCuUA3dozpqIIo0ekav6M0D78V79z7mrQUvnzlEf+B9/gCj5JAs</latexit>

! = �1

<latexit sha1_base64="i0FQqIgPYD+d7x7JbDZm0VqwTQg=">AAACDXicbVA9SwNBFNyLXzF+RS1tFqNgFe5E0TJoYxnBRCEXw97mJVmye7fsvhPCcX/Axr9iY6GIrb2d/8ZNTKHRgYVh5j32zURaCou+/+kV5uYXFpeKy6WV1bX1jfLmVtMmqeHQ4IlMzE3ELEgRQwMFSrjRBpiKJFxHw/Oxf30HxookvsKRhrZi/Vj0BGfopE55L9QD0clCxXBgVCYZQp7TUJtEY0LhNhMK80654lf9CehfEkxJhUxR75Q/wm7CUwUxcsmsbQW+xnbGDAouIS+FqQXN+JD1oeVozBTYdjZJk9N9p3RpLzHuxUgn6s+NjClrRypyk+Or7aw3Fv/zWin2TtuZiHWKEPPvj3qppC7ouBraFQY4ypEjjBvhbqV8wAzj6AosuRKC2ch/SfOwGhxX/cujSu1sWkeR7JBdckACckJq5ILUSYNwck8eyTN58R68J+/Ve/seLXjTnW3yC977FxREnNM=</latexit>

�late / eimt
<latexit sha1_base64="Qyp1OHzotOoivFPn+UaJ/7KONvU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlE0Y1QdOOygn1AE8pkepMOnUzCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2Hrhw5px7mXtPkHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqSSTFJo04YnsBEQBZwKammkOnVQCiQMO7WB4M/HbDyAVS8S9HqXgxyQSLGSUaCP17AOPExFxwF4SQ0SwJ2fPK+z07KpTc6bAi8QtSBUVaPTsL6+f0CwGoSknSnVdJ9V+TqRmlMO44mUKUkKHJIKuoYLEoPx8esMYHxulj8NEmhIaT9XfEzmJlRrFgemMiR6oeW8i/ud1Mx1e+jkTaaZB0NlHYcaxTvAkENxnEqjmI0MIlczsiumASEK1ia1iQnDnT14krdOae15z7s6q9esijjI6REfoBLnoAtXRLWqgJqLoET2jV/RmPVkv1rv1MWstWcXMPvoD6/MHVfSWqQ==</latexit>

h!i = 0

<latexit sha1_base64="B1v+dKfpYwCsIyQrwN1bmjiKyqE=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix68eChgv2ANpTNdtMu3eyG3U2lhP4TLx4U8eo/8ea/cdPmoK0PBh7vzTAzL0w408bzvp2V1bX1jc3SVnl7Z3dv3z04bGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo9vcb42p0kyKRzNJaBDjgWARI9hYqee63XspBooNhgYrJZ/KPbfiVb0Z0DLxC1KBAvWe+9XtS5LGVBjCsdYd30tMkGFlGOF0Wu6mmiaYjPCAdiwVOKY6yGaXT9GpVfooksqWMGim/p7IcKz1JA5tZ4zNUC96ufif10lNdB1kTCSpoYLMF0UpR0aiPAbUZ4oSwyeWYKKYvRWRIVaYGBtWHoK/+PIyaZ5X/cuq93BRqd0UcZTgGE7gDHy4ghrcQR0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPH3vmk44=</latexit>

=)

<latexit sha1_base64="B1v+dKfpYwCsIyQrwN1bmjiKyqE=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix68eChgv2ANpTNdtMu3eyG3U2lhP4TLx4U8eo/8ea/cdPmoK0PBh7vzTAzL0w408bzvp2V1bX1jc3SVnl7Z3dv3z04bGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo9vcb42p0kyKRzNJaBDjgWARI9hYqee63XspBooNhgYrJZ/KPbfiVb0Z0DLxC1KBAvWe+9XtS5LGVBjCsdYd30tMkGFlGOF0Wu6mmiaYjPCAdiwVOKY6yGaXT9GpVfooksqWMGim/p7IcKz1JA5tZ4zNUC96ufif10lNdB1kTCSpoYLMF0UpR0aiPAbUZ4oSwyeWYKKYvRWRIVaYGBtWHoK/+PIyaZ5X/cuq93BRqd0UcZTgGE7gDHy4ghrcQR0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPH3vmk44=</latexit>

=)

DE

DM

U
L 

fie
ld

Scale factor a(t) Scale factor a(t)

early late

Scale factor a(t)

DE DM

<latexit sha1_base64="ZG8aEvVsrTWuQ/FFUBmPRsNh4jo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREFD0WvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKVfNrLzya9as2tuzOQZeIVpAYFmr3qV7efsCzmCpmkxnQ8N8UgpxoFk3xS6WaGp5SN6IB3LFU05ibIZ8dOyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/XyTC6DnKh0gy5YvNFUSYJJmT6OekLzRnKsSWUaWFvJWxINWVo86nYELzFl5fJ43ndu6y79xe1xk0RRxmO4BhOwYMraMAdNMEHBgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPo72Okg==</latexit>a⇤
<latexit sha1_base64="ZG8aEvVsrTWuQ/FFUBmPRsNh4jo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREFD0WvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKVfNrLzya9as2tuzOQZeIVpAYFmr3qV7efsCzmCpmkxnQ8N8UgpxoFk3xS6WaGp5SN6IB3LFU05ibIZ8dOyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/XyTC6DnKh0gy5YvNFUSYJJmT6OekLzRnKsSWUaWFvJWxINWVo86nYELzFl5fJ43ndu6y79xe1xk0RRxmO4BhOwYMraMAdNMEHBgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPo72Okg==</latexit>a⇤

<latexit sha1_base64="ZG8aEvVsrTWuQ/FFUBmPRsNh4jo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREFD0WvXisYGyhDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkgNl0JxHwVK3k41p3EoeSsc3U791hPXRiTqAccpD2I6UCISjKKVfNrLzya9as2tuzOQZeIVpAYFmr3qV7efsCzmCpmkxnQ8N8UgpxoFk3xS6WaGp5SN6IB3LFU05ibIZ8dOyIlV+iRKtC2FZKb+nshpbMw4Dm1nTHFoFr2p+J/XyTC6DnKh0gy5YvNFUSYJJmT6OekLzRnKsSWUaWFvJWxINWVo86nYELzFl5fJ43ndu6y79xe1xk0RRxmO4BhOwYMraMAdNMEHBgKe4RXeHOW8OO/Ox7y15BQzh/AHzucPo72Okg==</latexit>a⇤

<latexit sha1_base64="g19dYklHj42OgRMJV1hLOVZj+b8=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaheii7ouhFKHrpsYL9wHYp2TTbhibZJckKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehu6reeqNIskg9mHFNf4IFkISPYWOmxVja99GxyeiN6xZJbcWdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nV08QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw2k+ZjBNDJZkvChOOTISm76M+U5QYPrYEE8XsrYgMscLE2JAKNgRv8eVl0jyveJcV9/6iVL3N4sjDERxDGTy4girUoA4NICDhGV7hzdHOi/PufMxbc042cwh/4Hz+AG10kBo=</latexit>

H(t⇤) = m

M
arsh, 2016

FDM
<latexit sha1_base64="ZGwIfC4lDOP6qnbjwYra0QNn3WE=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquKHosevFYwX5Au5Rsmm1Ds0lIskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4W19Y3NreJ2aWd3b/+gfHjUMjLVhDaJ5FJ3ImwoZ4I2LbOcdpSmOIk4bUfju5nffqLaMCke7UTRMMFDwWJGsHVSu1XtqRE775crfs2fA62SICcVyNHol796A0nShApLODamG/jKhhnWlhFOp6VeaqjCZIyHtOuowAk1YTY/d4rOnDJAsdSuhEVz9fdEhhNjJknkOhNsR2bZm4n/ed3UxjdhxoRKLRVksShOObISzX5HA6YpsXziCCaauVsRGWGNiXUJlVwIwfLLq6R1UQuuav7DZaV+m8dRhBM4hSoEcA11uIcGNIHAGJ7hFd485b14797HorXg5TPH8Afe5w+FMo8I</latexit>

V (�)

Oscillations

<latexit sha1_base64="eDFXgw9QA2wk3c5F5IKlrss4Nj0=">AAACEnicbVBLSwMxGMzWV62vVY9egkVoQcpu8YUgFEXwWME+oLst2TRtQ5PdJcmKZelv8OJf8eJBEa+evPlvzLZ70NYJgWHm+0hmvJBRqSzr28gsLC4tr2RXc2vrG5tb5vZOXQaRwKSGAxaIpockYdQnNUUVI81QEMQ9Rhre8CrxG/dESBr4d2oUEpejvk97FCOlpY5ZdDhSA8Hj64fSOXQOkzOG9YITDmgRXkDeLsOEt8sdM2+VrAngPLFTkgcpqh3zy+kGOOLEV5ghKVu2FSo3RkJRzMg450SShAgPUZ+0NPURJ9KNJ5HG8EArXdgLhL6+ghP190aMuJQj7unJJICc9RLxP68Vqd6ZG1M/jBTx8fShXsSgCmDSD+xSQbBiI00QFlT/FeIBEggr3WJOl2DPRp4n9XLJPikd3x7lK5dpHVmwB/ZBAdjgFFTADaiCGsDgETyDV/BmPBkvxrvxMR3NGOnOLvgD4/MHEqebNA==</latexit>

Ex. : V (�) = m2�2



Cosmological evolution

U
L 

fie
ld

Scale factor a(t) Scale factor a(t)Scale factor a(t)

DE DM

<latexit sha1_base64="g19dYklHj42OgRMJV1hLOVZj+b8=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaheii7ouhFKHrpsYL9wHYp2TTbhibZJckKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehu6reeqNIskg9mHFNf4IFkISPYWOmxVja99GxyeiN6xZJbcWdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nV08QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw2k+ZjBNDJZkvChOOTISm76M+U5QYPrYEE8XsrYgMscLE2JAKNgRv8eVl0jyveJcV9/6iVL3N4sjDERxDGTy4girUoA4NICDhGV7hzdHOi/PufMxbc042cwh/4Hz+AG10kBo=</latexit>

H(t⇤) = m

CM
B

CM
B

CM
B

M
arsh, 2016

In order to behave like DM: start oscillating before matter-radiation equality 

<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)



Mass scale of  dark matter
<latexit sha1_base64="a6p9NsOD/mYpEXrm3caate+gNUw=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIeWGyhNlJJxkyO7vM9IphyV948aCIV//Gm3/jJNmDJhY0FFXddHcFsRQGXffbya2srq1v5DcLW9s7u3vF/YOGiRLNoc4jGelWwAxIoaCOAiW0Yg0sDCQ0g9Ht1G8+gjYiUjUcx+CHbKBEX3CGVnroIDxhWoPGpFssuWV3BrpMvIyUSIZqt/jV6UU8CUEhl8yYtufG6KdMo+ASJoVOYiBmfMQG0LZUsRCMn84untATq/RoP9K2FNKZ+nsiZaEx4zCwnSHDoVn0puJ/XjvB/rWfChUnCIrPF/UTSTGi0/dpT2jgKMeWMK6FvZXyIdOMow2pYEPwFl9eJo2zsndZvrg/L1Vusjjy5Igck1PikStSIXekSuqEE0WeySt5c4zz4rw7H/PWnJPNHJI/cD5/AN+pkRA=</latexit>

TeV

Not 100% 
DM

Unitary 
bound

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

• Lower limit

•  must be smaller than the haloλdB
<latexit sha1_base64="2DoaZFYIG+699gXTKitLN79x3Vo=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkounBR6sZlFfuAJoTJZNIOnUnCzEQoId/gxl9x40IRt67c+TdO2oDaemDgcM65zL3HTxiVyrK+jIXFpeWV1cpadX1jc2vb3NntyDgVmLRxzGLR85EkjEakrahipJcIgrjPSNcfXRV+954ISePoTo0T4nI0iGhIMVJa8sxjh+lwgLzM4UgNBc+CZp7DS3j7owwRi/PcM2tW3ZoAzhO7JDVQouWZn04Q45STSGGGpOzbVqLcDAlFMSN51UklSRAeoQHpaxohTqSbTU7K4aFWAhjGQr9IwYn6eyJDXMox93Wy2FLOeoX4n9dPVXjhZjRKUkUiPP0oTBlUMSz6gQEVBCs21gRhQfWuEA+RQFjpFqu6BHv25HnSOanbZ3Xr5rTWaJZ1VMA+OABHwAbnoAGuQQu0AQYP4Am8gFfj0Xg23oz3aXTBKGf2wB8YH99UXZ6G</latexit>

�dB < Rhalo

Galaxies
Hlozek et al, (2015, 2018)

<latexit sha1_base64="qsTirAeRwrZrH5V/sp4JQvn1+ik=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExQJVURTBWsDAWiT6kJlSO67ZWbSeyHaQqyszCr7AwgBArX8DG3+C0GaDlSFc6Oude3XtPEDGqtON8W4Wl5ZXVteJ6aWNza3vH3t1rqTCWmDRxyELZCZAijArS1FQz0okkQTxgpB2MrzO//UCkoqG405OI+BwNBR1QjLSRevYhh95QG59D17lPzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpq+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9eDST6iIYk0Eni0axAzqEGa5wD6VBGs2MQRhSc2tEI+QRFib9EomBHf+5UXSqlbc84pzWyvXr/I4iuAAHIET4IILUAc3oAGaAINH8AxewZv1ZL1Y79bHrLVg5TP74A+szx8VtZlC</latexit>

m & 10�24 eV

for 100% of  DM

CMB/LSS

More tomorrow (Lecture 2)!!Assume
<latexit sha1_base64="MoV75Uj+KSw+GcnDVpsI/TPX2T8="></latexit>

Rhalo ⇠ 1 kpc ) m ⇠ 10�22 eV



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Particle DM

Wave DM

Macroscopic DM

Thermally producedNon-thermal

Fermions and bosonsBosons

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



How light is ultra-light? Wave DM

“Ultra-light dark matter”, EF, 2020. 

<latexit sha1_base64="N/Da1fE/XGdHqU4VvnsrPBex+cE=">AAAB/nicdVBLSwMxGMzWV62vVfHkJVgET0u2trTeSr14rGBbobss2Wy2Dc0+SLJCWQr+FS8eFPHq7/DmvzHbVlDRCYFh5vvIZPyUM6kQ+jBKK6tr6xvlzcrW9s7unrl/0JdJJgjtkYQn4tbHknIW055iitPbVFAc+ZwO/Mll4Q/uqJAsiW/UNKVuhEcxCxnBSkueeeRwPRxgL3cirMYiyoPObOaZVWShhkYNIqtuo+Z5QVr2hT7QttAcVbBE1zPfnSAhWURjRTiWcmijVLk5FooRTmcVJ5M0xWSCR3SoaYwjKt18Hn8GT7USwDAR+sYKztXvGzmOpJxGvp4sMsrfXiH+5Q0zFbbcnMVppmhMFg+FGYcqgUUXMGCCEsWnmmAimM4KyRgLTJRurKJL+Pop/J/0a5bdsNB1vdruLOsog2NwAs6ADZqgDa5AF/QAATl4AE/g2bg3Ho0X43UxWjKWO4fgB4y3T0mQllw=</latexit>

�dB

Behave as wave on galactic scales:

•  must be smaller than the haloλdB

<latexit sha1_base64="2DoaZFYIG+699gXTKitLN79x3Vo=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYkounBR6sZlFfuAJoTJZNIOnUnCzEQoId/gxl9x40IRt67c+TdO2oDaemDgcM65zL3HTxiVyrK+jIXFpeWV1cpadX1jc2vb3NntyDgVmLRxzGLR85EkjEakrahipJcIgrjPSNcfXRV+954ISePoTo0T4nI0iGhIMVJa8sxjh+lwgLzM4UgNBc+CZp7DS3j7owwRi/PcM2tW3ZoAzhO7JDVQouWZn04Q45STSGGGpOzbVqLcDAlFMSN51UklSRAeoQHpaxohTqSbTU7K4aFWAhjGQr9IwYn6eyJDXMox93Wy2FLOeoX4n9dPVXjhZjRKUkUiPP0oTBlUMSz6gQEVBCs21gRhQfWuEA+RQFjpFqu6BHv25HnSOanbZ3Xr5rTWaJZ1VMA+OABHwAbnoAGuQQu0AQYP4Am8gFfj0Xg23oz3aXTBKGf2wB8YH99UXZ6G</latexit>

�dB < Rhalo

•  overlap to be of  halo size λdB

�b ⇠
1

mv
� d ⇠

✓
m

⇢vir

◆ 1
3

<latexit sha1_base64="69MLEBdRg4JXbV87UgpwUysWrWg="></latexit>

<latexit sha1_base64="3GT27ShJtvuymczjp4HVQXmuA/w=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgutCTFosuiG5cV7AOaWCbTSTt0ZhJmJkIJ2brxV9y4UMStf+DOv3HSZqGtBy4czrmXe+8JYkaVdpxva2l5ZXVtvbRR3tza3tm19/bbKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QTj69zvPBCpaCTu9CQmPkdDQUOKkTZS34YcekNtfA5d5z49q9Uz7xR6HOmR5ClpZ3274lSdKeAicQtSAQWaffvLG0Q44URozJBSPdeJtZ8iqSlmJCt7iSIxwmM0JD1DBeJE+en0kwweG2UAw0iaEhpO1d8TKeJKTXhgOvMT1byXi/95vUSHl35KRZxoIvBsUZgwqCOYxwIHVBKs2cQQhCU1t0I8QhJhbcIrmxDc+ZcXSbtWdetV5/a80rgq4iiBQ3AEToALLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH7PWJauYOQB/YH3+ALnPmRk=</latexit>

m & 10�25 eV⟹ ⟹ m  2eV
<latexit sha1_base64="i/HhMbKAA5DxePCr8Nbxna8P7IU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpgi6LblxWsA9oQplMb9qhM5M4MxFKKPgrblwo4tbvcOffmLRZaOuBgcM593LPnCDmTBvH+bZKK6tr6xvlzcrW9s7unr1/0NZRoii0aMQj1Q2IBs4ktAwzHLqxAiICDp1gfJP7nUdQmkXy3kxi8AUZShYySkwm9e0jgT0OD7iOPUHMSIkU2tNK3646NWcGvEzcglRRgWbf/vIGEU0ESEM50brnOrHxU6IMoxymFS/REBM6JkPoZVQSAdpPZ/Gn+DRTBjiMVPakwTP190ZKhNYTEWSTeUa96OXif14vMeGVnzIZJwYknR8KE45NhPMu8IApoIZPMkKoYllWTEdEEWqyxvIS3MUvL5N2veae1+p3F9XGdVFHGR2jE3SGXHSJGugWNVELUZSiZ/SK3qwn68V6tz7moyWr2DlEf2B9/gDQGZTA</latexit>

10−35 kg

λULDM
dB ∼ pc − kpc

<latexit sha1_base64="eViSpWha+4uvA9v0Ldc5GyZ3RDc=">AAACH3icbZDLSgMxFIYz9VbrrerSTbAILrTMFKsui25cVrAX6Iwlk55pQ5OZIckIZeibuPFV3LhQRNz1bUwvYG09EPj4/3PIOb8fc6a0bY+szMrq2vpGdjO3tb2zu5ffP6irKJEUajTikWz6RAFnIdQ00xyasQQifA4Nv3879htPIBWLwgc9iMETpBuygFGijdTOXzr2Y3peKg/dM+wKontSpFAfYpeDUooJLH5xzm/nC3bRnhReBmcGBTSrajv/7XYimggINeVEqZZjx9pLidSMchjm3ERBTGifdKFlMCQClJdO7hviE6N0cBBJ80KNJ+r8REqEUgPhm87ximrRG4v/ea1EB9deysI40RDS6UdBwrGO8Dgs3GESqOYDA4RKZnbFtEckodpEmjMhOIsnL0O9VHTKRfv+olC5mcWRRUfoGJ0iB12hCrpDVVRDFD2jV/SOPqwX6836tL6mrRlrNnOI/pQ1+gFHj6KT</latexit>

10�25 eV . m . eV

<latexit sha1_base64="o+hlrUvuaV7AaDMX68zjurecgS0=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoDKQbzGChbGItGH1ITKcZ3Wqp1EtoNURVn4FRYGEGLlM9j4G5w2A7Qc6UpH59yre+/xY86URujbKi0sLi2vlFcra+sbm1v29k5LRYkktEkiHsmOjxXlLKRNzTSnnVhSLHxO2/7oJvfbj1QqFoX3ehxTT+BByAJGsDZSz95z0EN6coEy6B5DV2A9lCIdDbKeXUU1NAGcJ05BqqBAo2d/uf2IJIKGmnCsVNdBsfZSLDUjnGYVN1E0xmSEB7RraIgFVV46eSCDh0bpwyCSpkINJ+rviRQLpcbCN535iWrWy8X/vG6igysvZWGcaBqS6aIg4VBHME8D9pmkRPOxIZhIZm6FZIglJtpkVjEhOLMvz5PWac05r6G7s2r9uoijDPbBATgCDrgEdXALGqAJCMjAM3gFb9aT9WK9Wx/T1pJVzOyCP7A+fwDjXpVW</latexit>

10�60 kg



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Particle DM

Wave DM

Macroscopic DM

• Maximum mass for DM?

Constrain an individual, point-like DM constituent, assuming it makes up 100% of  the DM: 

From stability against tidal disruption of  structures immersed in DM halos, such as galactic disks and globular clusters, and of  individual 
small galaxies

<latexit sha1_base64="0tpml0R+aWr7wlGejieogdwX35M=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkoiVl0W3bgRKtgHNCFMJpN26EwmzEyEEoobf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeMGVUacf5thYWl5ZXVktr5fWNza1te2e3pUQmMWliwYTshEgRRhPS1FQz0kklQTxkpB0Orsd++4FIRUVyr4cp8TnqJTSmGGkjBfY+hx4jSinKYQ16J/A2yD0RCT0K7IpTdSaA88QtSAUUaAT2lxcJnHGSaMyQUl3XSbWfI6kpZmRU9jJFUoQHqEe6hiaIE+XnkxdG8MgoEYyFNJVoOFF/T+SIKzXkoenkSPfVrDcW//O6mY4v/ZwmaaZJgqeL4oxBLeA4DxhRSbBmQ0MQltTcCnEfSYS1Sa1sQnBnX54nrdOqe16t3Z1V6ldFHCVwAA7BMXDBBaiDG9AATYDBI3gGr+DNerJerHfrY9q6YBUze+APrM8fx5aWaw==</latexit>

m . 5M�
Use star cluster or 

halo binaries

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Particle DM

Wave DM

Macroscopic DM

Thermally producedNon-thermal

Fermions and bosonsBosons

We can use observations of  LSS and galaxies to put bounds in the “particle" physics properties, like mass and spin, of  the 
DM candidate⇒

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



Mass scale of  dark matter

Not 100% 
DM

Unitary 
bound

Natural units (c = 1)

<latexit sha1_base64="TYfhH5WvNwMBArzAUrtrQxzfaBc=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5JIQT0IRS+epIL9gDaUzXbbLt1swu6sWEJPXvwrXjwo4tXf4M1/Y9LmoK0PBh7vzTAzz48E1+A439bC4tLyympuLb++sbm1be/s1nVoFGU1GopQNX2imeCS1YCDYM1IMRL4gjX84VXqN+6Z0jyUdzCKmBeQvuQ9TgkkUsc+aAN7gPiGgFFEYCM5aDzGRXrhHuN8xy44JWcCPE/cjBRQhmrH/mp3Q2oCJoEKonXLdSLwYqKAU8HG+bbRLCJ0SPqslVBJAqa9ePLGGB8lShf3QpWUBDxRf0/EJNB6FPhJZ0BgoGe9VPzPaxnonXkxl5EBJul0Uc8IDCFOM8FdrhgFMUoIoYont2I6IIpQSJJLQ3BnX54n9ZOSWy6d35YLlcssjhzaR4eoiFx0iiroGlVRDVH0iJ7RK3qznqwX6936mLYuWNnMHvoD6/MHNz6XqA==</latexit>

1 kg !⇠ 5⇥ 1035 eV

1M� !⇠ 1066 eV

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

<latexit sha1_base64="mSu0HOagc3Hml5fBcsn8vmT0Svs=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoAqqXh0rGBhLBJ9SE2oHNdtrdpOZDtIVZSFX2FhACFWPoONv8FpM0DLka50dM69uveeIGJUacf5tgpLyyura8X10sbm1vaOvbvXUmEsMWnikIWyEyBFGBWkqalmpBNJgnjASDsY32R++5FIRUNxrycR8TkaCjqgGGkj9ewD13lIzqq1FHqn0ONIjyRPSCvt2WWn4kwBF4mbkzLI0ejZX14/xDEnQmOGlOq6TqT9BElNMSNpyYsViRAeoyHpGioQJ8pPpg+k8NgofTgIpSmh4VT9PZEgrtSEB6YzO1HNe5n4n9eN9aDmJ1REsSYCzxYNYgZ1CLM0YJ9KgjWbGIKwpOZWiEdIIqxNZiUTgjv/8iJpVSvuZeXi7rxcv87jKIJDcAROgAuuQB3cggZoAgxS8AxewZv1ZL1Y79bHrLVg5TP74A+szx/In5VJ</latexit>

10�28 eV

Particle DM

Wave DM

Macroscopic DM

Thermally producedNon-thermal

There are ways to evade some of these bounds!

Fermions and bosonsBosons

We can use observations of  LSS and galaxies to put bounds in the “particle" physics properties, like mass and spin, of  the DM candidate

<latexit sha1_base64="5kmXxZFjb+kxR0VBWd25FSwJDt8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXGiZkVpdFt24rGAf0BlLJk3b0CQzJBmhjLPwV9y4UMStv+HOvzHTzkKrBwKHc+7lnpwgYlRpx/myCguLS8srxdXS2vrG5pa9vdNSYSwxaeKQhbITIEUYFaSpqWakE0mCeMBIOxhfZX77nkhFQ3GrJxHxORoKOqAYaSP17D3XuUtOatXUO4YeR3okeTIepj277FScKeBf4uakDHI0evan1w9xzInQmCGluq4TaT9BUlPMSFryYkUihMdoSLqGCsSJ8pNp/hQeGqUPB6E0T2g4VX9uJIgrNeGBmcwiqnkvE//zurEeXPgJFVGsicCzQ4OYQR3CrAzYp5JgzSaGICypyQrxCEmEtamsZEpw57/8l7ROK26tcnZTLdcv8zqKYB8cgCPggnNQB9egAZoAgwfwBF7Aq/VoPVtv1vtstGDlO7vgF6yPb5HhlTY=</latexit>

10�64 kg
<latexit sha1_base64="q8for7X+LnQjUAk+vkT5OQJuPIk=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXGiZEatdFt24rGAf0BlLJk3b0CQzJBmhjLPwV9y4UMStv+HOvzHTzkKrBwKHc+7lnpwgYlRpx/myCguLS8srxdXS2vrG5pa9vdNSYSwxaeKQhbITIEUYFaSpqWakE0mCeMBIOxhfZX77nkhFQ3GrJxHxORoKOqAYaSP17D3XuUtOqrXUO4YeR3okeTIepj277FScKeBf4uakDHI0evan1w9xzInQmCGluq4TaT9BUlPMSFryYkUihMdoSLqGCsSJ8pNp/hQeGqUPB6E0T2g4VX9uJIgrNeGBmcwiqnkvE//zurEe1PyEiijWRODZoUHMoA5hVgbsU0mwZhNDEJbUZIV4hCTC2lRWMiW481/+S1qnFfe8Ur05K9cv8zqKYB8cgCPgggtQB9egAZoAgwfwBF7Aq/VoPVtv1vtstGDlO7vgF6yPb5aZlTk=</latexit>

10�58 kg
<latexit sha1_base64="fhOuYVdeZ+faTFbbkdm8Brc95mI=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCYoAq4VEYK1gYi0QfUhMqx3Vbq7YT2Q5SFTLwKywMIMTKb7DxNzhtBigcydLROffqHp8gYlRpx/myCnPzC4tLxeXSyura+oa9udVUYSwxaeCQhbIdIEUYFaShqWakHUmCeMBIKxhdZX7rnkhFQ3GrxxHxORoI2qcYaSN17R3XuUuOTqqpdwg9jvRQ8mQ0SLt22ak4E8C/xM1JGeSod+1PrxfimBOhMUNKdVwn0n6CpKaYkbTkxYpECI/QgHQMFYgT5SeT/CncN0oP9kNpntBwov7cSBBXaswDM5lFVLNeJv7ndWLdv/ATKqJYE4Gnh/oxgzqEWRmwRyXBmo0NQVhSkxXiIZIIa1NZyZTgzn75L2keV9xq5ezmtFy7zOsogl2wBw6AC85BDVyDOmgADB7AE3gBr9aj9Wy9We/T0YKV72yDX7A+vgGQS5U1</latexit>

10�36 kg
<latexit sha1_base64="iPWFuN+BdM5S5ADxCfDQqryHYqc=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXGiZKWpdFt24rGAf0BlLJk3b0CQzJBmhjLPwV9y4UMStv+HOvzHTzkKrBwKHc+7lnpwgYlRpx/myCguLS8srxdXS2vrG5pa9vdNSYSwxaeKQhbITIEUYFaSpqWakE0mCeMBIOxhfZX77nkhFQ3GrJxHxORoKOqAYaSP17D3XuUtOqrXUO4YeR3okeTIepj277FScKeBf4uakDHI0evan1w9xzInQmCGluq4TaT9BUlPMSFryYkUihMdoSLqGCsSJ8pNp/hQeGqUPB6E0T2g4VX9uJIgrNeGBmcwiqnkvE//zurEeXPgJFVGsicCzQ4OYQR3CrAzYp5JgzSaGICypyQrxCEmEtamsZEpw57/8l7SqFfe8cnZzWq5f5nUUwT44AEfABTVQB9egAZoAgwfwBF7Aq/VoPVtv1vtstGDlO7vgF6yPb5BKlTU=</latexit>

10�27 kg
<latexit sha1_base64="lXHAwmFylEhYuGTswEhYLW77llg=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmfC+LblxWsA/ojCWTZtrQJDMkGaEMA/6KGxeKuPU73Pk3ZtpZaOuBwOGce7knJ4gZVdpxvq3SwuLS8kp5tbK2vrG5ZW/vtFSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORje5334kUtFI3OtxTHyOBoKGFCNtpJ695zoP6amTecfQ40gPJU9Hg6xnV52aMwGcJ25BqqBAo2d/ef0IJ5wIjRlSqus6sfZTJDXFjGQVL1EkRniEBqRrqECcKD+dxM/goVH6MIykeULDifp7I0VcqTEPzGQeUc16ufif1010eOWnVMSJJgJPD4UJgzqCeRewTyXBmo0NQVhSkxXiIZIIa9NYxZTgzn55nrROau5F7fzurFq/Luoog31wAI6ACy5BHdyCBmgCDFLwDF7Bm/VkvVjv1sd0tGQVO7vgD6zPHxlDlPg=</latexit>

1030 kg

* not in scale

<latexit sha1_base64="p3oKAn5zIBZoj9Ik0icGwNHCQYQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqpLFWCeI0VLGwUqS+pjSrHdVqrthPZDlIVZWHhV1gYQIiVf2Djb3DSDtByJEvH59yre+/xI0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTea3H4hUNBQNPYmIx9FQ0IBipI3Utw97HOkRRiy5Syuu4+RfyZMGaaUnfbvsVJ0ccJG4M1IGM9T79ldvEOKYE6ExQ0p1XSfSXoKkppiRtNSLFYkQHqMh6RoqECfKS/IrUnhslAEMQmme0DBXf3ckiCs14b6pzJZU814m/ud1Yx1ceQkVUayJwNNBQcygDmEWCRxQSbBmE0MQltTsCvEISYS1Ca5kQnDnT14krdOqe1E9vz8r165ncRTBATgCFeCCS1ADt6AOmgCDR/AMXsGb9WS9WO/Wx7S0YM169sEfWJ8/uySYGA==</latexit>

O(100TeV)



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

Mass scale of  DM

State of  the “art”



Next lecture
• DM models 

• Particle DM: WIMPS 

• Macroscopic DM: PBHs 

• Wave DM: axions/ALPs

Mass scale of  DM



MOND
Modified Newtonian Dynamics 

Empirical relation Missing 
mass

vc(r) =
GNM(r)

r

Milgrom, 1983.

a =

(
abN , abN � a0.q

abNa0, abN ⌧ a0.
<latexit sha1_base64="uwSMMYiKhFrcyhyY4+A71fMeNCE="></latexit>

Curiosity: Baryons lead the dynamics! 

Works really well to: (1) Fit galaxy rotation curves; (2) Explain the scaling relations 

BUT:

Clusters
Large scales

MOND without DMMilgrom, 1983.

ab
N =

GNMb

r2

a0 ≃ 1.2 × 10−8 cm/s2

Modified theory of  gravity 

Relativistic extension: TeVeS, (BIMOND)  

2020: “A new relativistic theory for Modified Newtonian Dynamics”, C. Skordis, T. Zlosnik Agreement with CMB


