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We have plenty of evidences for DM



Searching for dark matter

• All the evidences of dark matter are from gravitational effects.

• We want to understand its particle nature:
• Mass
• Spin
• Size
• Inner structure if any
• Interactions with Standard Model particles
• Its self-interaction
• …



Theories of Dark Matter
• Freeze-out

• WIMP, SuperWIMP, Coannihilation, 
Dark Sector

• Freeze-in
• UV freeze-in, IR freeze-in

• SIMP
• 3 → 2, 4 → 2

• Asymmetric DM
• Ultralight Bosonic DM
• Particle production during the 

expansion of the Universe



Freeze-out

• The DM particles are in thermal 
equilibrium with SM particles in the 
early Universe. 
• Interaction.
• The rates are important.

• The Hubble expansion rate:

• The annihilation rate:
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Freeze-out

• The annihilation stops when the DM 
particles cannot find an anti-particle to 
annihilate. 

• 𝐻 is a small parameter

• Γ has to be suppressed for the 
condition to be satisfied. 
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The annihilation rate

• 𝜎𝑣 ∼ 𝛼!/𝑇" or 𝛼!/𝑚#
" , 𝛼 is some coupling constant, it usually does not 

suppressed.

• The number density

• For s-wave annihilation 𝜎𝑣 ∼ 𝛼"/𝑚#
" independent of 𝑇.
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The condition for freeze-out

• The condition for freeze-out is
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The condition for freeze-out

• It is consistent to assume DM to be non-relativistic.
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Today’s Universe
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Today’s energy density of DM
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Freeze-out

• Two equations
• From the freeze-out condition

• From the observation 
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Freeze-out

• We look for the largest and smallest numbers. 

• Assuming 𝑚# is not significantly larger or smaller than 𝑚/.
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The WIMP miracle
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The WIMP micrale

• The dark matter has to be stable. It should be protected by some symmetry.
• Stable particles in SM: 

• Photon, electron, proton, lightest neutrino 

• There should be a new symmtry in the extension of the SM. 
• R-parity in SUSY
• T-parity in little Higgs models
• KK-parity in extra dimension models



From WIMP to dark sector
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Collider searches

Indirect detection
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• In WIMP models, the detection signals 
are usually strongly connected to the 
thermal annihilation. 
• But no convincing signals have been 

found.
• People are forced to invent alternative 

scenarios. 

Thermal annihilation



From WIMP to dark sector

• What is the dark sector model?

SM Dark sector
Dark portal



Dark Sector

• Vector dark portal
𝑔+, 𝑔-+

Diagram for detection

Diagram for annihilation
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Dark Sector

• To get the observed DM relic density

• In most models, 𝑔0H is free parameter, so 𝑚# has a large range of allowed 
parameter region. 

• Why we need 𝑔H1? The mediator should not be stable, or it will become DM. We 
need 𝑔H1 such that 𝑉 can decay into SM particles. 
• It is better for the decay to happen before the age of the universe is 1 sec, or the 

BBN will be ruined. 
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Kinetic mixing dark photon as the dark portal
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Kinetic mixing dark photon as the dark portal

• How to diagonalize?

• Redefine the photon field 𝐴I

• After diagonalization, the dark photon couples to the EM current. 
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eAµJ
µ ! eAµJ

µ � eVµJ
µ

<latexit sha1_base64="hPNA4mQq/Q4jIzYHpK8R+CloGIQ=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsyIohuh6MaNUNE+oDMMmTTThiaZkGSEMhT8FTcuFHHrd7jzb0zbWWjrgQuHc+7l3ntiyag2nvftLCwuLa+sltbK6xubW9vuzm5Tp5nCpIFTlqp2jDRhVJCGoYaRtlQE8ZiRVjy4HvutR6I0TcWDGUoSctQTNKEYGStF7n4vygPF4f3tCF7CYICkRJBEbsWrehPAeeIXpAIK1CP3K+imOONEGMyQ1h3fkybMkTIUMzIqB5kmEuEB6pGOpQJxosN8cv4IHlmlC5NU2RIGTtTfEzniWg95bDs5Mn09643F/7xOZpKLMKdCZoYIPF2UZAyaFI6zgF2qCDZsaAnCitpbIe4jhbCxiZVtCP7sy/OkeVL1z6re3WmldlXEUQIH4BAcAx+cgxq4AXXQABjk4Bm8gjfnyXlx3p2PaeuCU8zsgT9wPn8AqlqUpQ==</latexit>gSM = e

<latexit sha1_base64="58abda1wc3Hh7PsuYglh9aFGQAs=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJiKgkCwVhBB8RUJPqQmhA5rtNatePIdkBV1M9g4VdYGECItRt/g9N2gJYjXd2jc+6VfU+YMKq043xbhaXlldW14nppY3Nre8fe3WsqkUpMGlgwIdshUoTRmDQ01Yy0E0kQDxlphYPr3G89EqmoiO/1MCE+R72YRhQjbaTAPiFBDTYDj6fwNqg95N2TtNfXSErxBBfcwC47FWcCuEjcGSmDGeqBPfa6AqecxBozpFTHdRLtZ0hqihkZlbxUkQThAeqRjqEx4kT52eSwETwyShdGQpqKNZyovzcyxJUa8tBMcqT7at7Lxf+8TqqjSz+jcZJqEuPpQ1HKoBYwTwl2qSRYs6EhCEtq/gpxH0mEtcmyZEJw509eJM3Tintece7OytWrWRxFcAAOwTFwwQWoghtQBw2AwTN4Be/gw3qx3qxP62s6WrBmO/vgD6zxD7K5nvI=</latexit>

eDVµJ
µ
D ! eDVµJ

µ
D The dark current, composed by DM

<latexit sha1_base64="kaDS4Xz0sbNa9xc4jNoSkQE/A/I=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Iril6Eoj14rGg/oF2WbJq2oUl2SbKFsvSfePGgiFf/iTf/jWm7B60+GHi8N8PMvCjhTBvP+3IKK6tr6xvFzdLW9s7unrt/0NRxqghtkJjHqh1hTTmTtGGY4bSdKIpFxGkrGt3O/NaYKs1i+WgmCQ0EHkjWZwQbK4WuOwizrhKo9jBF14iGtdAtexVvDvSX+DkpQ4566H52ezFJBZWGcKx1x/cSE2RYGUY4nZa6qaYJJiM8oB1LJRZUB9n88ik6sUoP9WNlSxo0V39OZFhoPRGR7RTYDPWyNxP/8zqp6V8FGZNJaqgki0X9lCMTo1kMqMcUJYZPLMFEMXsrIkOsMDE2rJINwV9++S9pnlX8i4p3f16u3uRxFOEIjuEUfLiEKtxBHRpAYAxP8AKvTuY8O2/O+6K14OQzh/ALzsc34xmShA==</latexit>gDS = eD



Freeze-in



Freeze-in

• The inflaton field decays mostly to the SM sector. 
• At the beginning of the thermal expansion, only SM particles in the thermal bath.
• The energy in the SM sector slowly leaked into the dark sector.

Standard Model
Dark sector

Inflaton

Reheatin
g

Very weak 
portal



Freeze-in

• Γ: the rate for a SM particle to be converted to DM particle.
• The Boltzmann equation of 𝑛#:

• Temperature redshifts with the expansion of the universe.

<latexit sha1_base64="Q/WiHEGwz2XI/PEFTegt4Wo0tDc=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ARBKHMeN8IRRd2I1S0F+iUkkkzbWiSGZKMUIZ5Eze+ihsXioi7vo1pOwtt/SHw5T/nkJzfjxhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3fqKowlJjUcslA2faQIo4LUNNWMNCNJEPcZafiDm3G98USkoqF41MOItDnqCRpQjLSxOva5F0iEky4UHQ/3aWpIp/AInsBKZsEr6N0izpG5J57k8OEuhR276JScieA8uBkUQaZqx/72uiGOOREaM6RUy3Ui3U6Q1BQzkha8WJEI4QHqkZZBgThR7WSyXwoPjNOFQSjNERpO3N8TCeJKDblvOjnSfTVbG5v/1VqxDi7bCRVRrInA04eCmEEdwnFYsEslwZoNDSAsqfkrxH1kAtMm0oIJwZ1deR7qxyX3rOTcnxbL11kcebAH9sEhcMEFKIMKqIIawOAZvIJ38GG9WG/Wp/U1bc1Z2cwu+CNr9AOQ8qDL</latexit>

dn�

dt
+ 3Hn� = �nSM

<latexit sha1_base64="+y7+OiJYfuTX3b7a3qPRJDgwwlk=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQ+0GXRjRuhYl/QxDCZTtqhM5MwMxFCqL/ixoUibv0Qd/6N0zYLrR64cDjnXu69J0wYVdpxvqzS0vLK6lp5vbKxubW9Y+/udVScSkzaOGax7IVIEUYFaWuqGeklkiAeMtINx1dTv/tApKKxaOksIT5HQ0EjipE2UmBXRZB7ksO7mwn0FOWwdX8S2DWn7swA/xK3IDVQoBnYn94gxiknQmOGlOq7TqL9HElNMSOTipcqkiA8RkPSN1QgTpSfz46fwEOjDGAUS1NCw5n6cyJHXKmMh6aTIz1Si95U/M/rpzq68HMqklQTgeeLopRBHcNpEnBAJcGaZYYgLKm5FeIRkghrk1fFhOAuvvyXdI7r7lnduT2tNS6LOMpgHxyAI+CCc9AA16AJ2gCDDDyBF/BqPVrP1pv1Pm8tWcVMFfyC9fENa7qT9w==</latexit>

nSM ⇠ T 3

Γ is a funtion of 𝑇.

<latexit sha1_base64="vBvhW+URl4AQLk7A77oL2tNIA1Q=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwY0lEUU3QtFNlxX6gjaUyWTSDp1MwsxEKCEbf8WNC0Xc+hnu/Bunj4W2HrhwOOde7r3HTzhT2nG+rcLK6tr6RnGztLW9s7tn7x+0VJxKQpsk5rHs+FhRzgRtaqY57SSS4sjntO2P7id++5FKxWLR0OOEehEeCBYygrWR+vZRL5SYZAFq5FkDBUjn6Bado1rfLjsVZwq0TNw5KcMc9b791QtikkZUaMKxUl3XSbSXYakZ4TQv9VJFE0xGeEC7hgocUeVl0wdydGqUAIWxNCU0mqq/JzIcKTWOfNMZYT1Ui95E/M/rpjq88TImklRTQWaLwpQjHaNJGihgkhLNx4ZgIpm5FZEhNolok1nJhOAuvrxMWhcV96riPFyWq3fzOIpwDCdwBi5cQxVqUIcmEMjhGV7hzXqyXqx362PWWrDmM4fwB9bnDyzWlNM=</latexit>

dT

Tdt
= �H

<latexit sha1_base64="/ewxup/f8XMpqZChmdSN834LWaA="></latexit>

d

dt

⇣n�

T 3

⌘
= �⇥ nSM

T 3
⇠ �

DM number density per entropy.

<latexit sha1_base64="iuI4oXPBEtMyoyH5ybfUZgqsXMY="></latexit>

n�

T 3

���
t0

⇠
Z t0

tRH

�(t)dt



Freeze-in

•

• During radiation domination: 𝐻 ∼ 𝑇"/𝑀!J

<latexit sha1_base64="iuI4oXPBEtMyoyH5ybfUZgqsXMY="></latexit>

n�

T 3

���
t0

⇠
Z t0

tRH

�(t)dt

<latexit sha1_base64="vBvhW+URl4AQLk7A77oL2tNIA1Q=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwY0lEUU3QtFNlxX6gjaUyWTSDp1MwsxEKCEbf8WNC0Xc+hnu/Bunj4W2HrhwOOde7r3HTzhT2nG+rcLK6tr6RnGztLW9s7tn7x+0VJxKQpsk5rHs+FhRzgRtaqY57SSS4sjntO2P7id++5FKxWLR0OOEehEeCBYygrWR+vZRL5SYZAFq5FkDBUjn6Bado1rfLjsVZwq0TNw5KcMc9b791QtikkZUaMKxUl3XSbSXYakZ4TQv9VJFE0xGeEC7hgocUeVl0wdydGqUAIWxNCU0mqq/JzIcKTWOfNMZYT1Ui95E/M/rpjq88TImklRTQWaLwpQjHaNJGihgkhLNx4ZgIpm5FZEhNolok1nJhOAuvrxMWhcV96riPFyWq3fzOIpwDCdwBi5cQxVqUIcmEMjhGV7hzXqyXqx362PWWrDmM4fwB9bnDyzWlNM=</latexit>

dT

Tdt
= �H

<latexit sha1_base64="g1VipdlAtrU2bRoxA/2XKD/536w="></latexit>

n�

T 3

���
T0

⇠
Z TRH

T0

�(T )
dT

HT

<latexit sha1_base64="D3+69NIF+qX0CcF9KX3jF45AhKM="></latexit>

n�

T 3

���
T0

⇠
Z TRH

T0

Mpl�(T )
dT

T 3



IR freeze-in vs UV freeze-in

• If the interaction is renormalizable, and dimensionless, Γ ∼ 𝛼K𝑇, by dimensional 
analysis. 

• The low energy theory matters, not sensitive to high energy theory.

<latexit sha1_base64="FB45NZOu02wvCwVULWvbHoSOIO8="></latexit>

n�

T 3

���
T0

⇠
Z TRH

T0

↵nMpl
dT

T 2

Divergence at 𝑇 = 0, IR dominant



IR freeze-in vs UV freeze-in

• If the interaction is mediated by higher dimension operators,

• Very sensitive to the reheating temperature. 

<latexit sha1_base64="HutaFY+RXZk8rPpWuIW1+nRW3fY=">AAACHHicbVDNS8MwHE3n15xfVY9egkPwNNqp6HHoxYPiRPcBay1pmm5hSVuSVBilf4gX/xUvHhTx4kHwvzH7QHTzQeDx3vsl+T0/YVQqy/oyCnPzC4tLxeXSyura+oa5udWUcSowaeCYxaLtI0kYjUhDUcVIOxEEcZ+Rlt8/G/qteyIkjaNbNUiIy1E3oiHFSGnJMw8yByMGr3IvcwSHN5c5dEKBcGbnmXOh7wnQXTWHPykH96hnlq2KNQKcJfaElMEEdc/8cIIYp5xECjMkZce2EuVmSCiKGclLTipJgnAfdUlH0whxIt1stFwO97QSwDAW+kQKjtTfExniUg64r5McqZ6c9obif14nVeGJm9EoSRWJ8PihMGVQxXDYFAyoIFixgSYIC6r/CnEP6W6U7rOkS7CnV54lzWrFPqpY14fl2umkjiLYAbtgH9jgGNTAOaiDBsDgATyBF/BqPBrPxpvxPo4WjMnMNvgD4/MbD+mhWg==</latexit>

OSM
1

⇤2
O�

<latexit sha1_base64="k90k0/6afZR/NtLWLP6P86NfwK8=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlqBWMFAwwMRepLatrqxnVaq3YS2Q5SFXVm4VdYGECIlS9g429wHwO0HOlKR+fca997/JgzpR3n28qsrK6tb2Q3c1vbO7t79v5BXUWJJLRGIh7Jpg+KchbSmmaa02YsKQif04Y/vJ74jQcqFYvCqh7FtC2gH7KAEdBG6trH3g0IAdhTTGAvkEDSaqc0Tr0780YPOsVx1847BWcKvEzcOcmjOSpd+8vrRSQRNNSEg1It14l1OwWpGeF0nPMSRWMgQ+jTlqEhCKra6fSUMT41Sg8HkTQVajxVf0+kIJQaCd90CtADtehNxP+8VqKDy3bKwjjRNCSzj4KEYx3hSS64xyQlmo8MASKZ2RWTAZg8tEkvZ0JwF09eJvXzglsqOPfFfPlqHkcWHaETdIZcdIHK6BZVUA0R9Iie0St6s56sF+vd+pi1Zqz5zCH6A+vzB3BHmhs=</latexit>

� ⇠ T 5

⇤4

<latexit sha1_base64="izA6knCZQmg3sJISWOjXhtVVkQ4="></latexit>

n�

T 3

���
T0

⇠
Z TRH

T0

Mpl

⇤4
T 2dT ⇠ MplT 3

RH

⇤4



A realistic model

• The dark photon model

• Assuming 𝑚# > 𝑚L, 𝑚M the integral stops at 𝑇 ∼ 𝑚#.

<latexit sha1_base64="FsMCdDM2iYjihqIik6g11q3QnQI="></latexit>

� = h�vine ⇠
⇡↵EM↵D2

T 2
⇥ T 3 ⇠ 2↵EM↵DT

<latexit sha1_base64="72cYZZDZ7XWdhNO/+Otc2ZhWd9c="></latexit>

n�

T 3
⇠ ⇡↵EM↵D2 ⇥ Mpl

m�



A realistic model

• The dark photon model

• Assuming 𝑚# > 𝑚L, 𝑚M the integral stops at 𝑇 ∼ 𝑚#.

<latexit sha1_base64="FsMCdDM2iYjihqIik6g11q3QnQI="></latexit>

� = h�vine ⇠
⇡↵EM↵D2

T 2
⇥ T 3 ⇠ 2↵EM↵DT

<latexit sha1_base64="72cYZZDZ7XWdhNO/+Otc2ZhWd9c="></latexit>

n�

T 3
⇠ ⇡↵EM↵D2 ⇥ Mpl

m�

<latexit sha1_base64="zscnUH9PCOdSsOVbe0tVFMXRZPc=">AAACFHicbVDLSgMxFM3UV62vUZdugqUgCGVGLbosunFZoS/ojEMmzbShSWZIMkIZ5iPc+CtuXCji1oU7/8b0sdDWA+EezrmX3HvChFGlHefbKqysrq1vFDdLW9s7u3v2/kFbxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXB0M/E7D0QqGoumHifE52ggaEQx0kYK7FMvkghnIvDwkEI+LXnmEY2CEDbvz40U5tBTlMNaYJedqjMFXCbunJTBHI3A/vL6MU45ERozpFTPdRLtZ0hqihnJS16qSILwCA1Iz1CBOFF+Nj0qhxWj9GEUS/OEhlP190SGuFJjbrarcKSHatGbiP95vVRHV35GRZJqIvDsoyhlUMdwkhDsU0mwZmNDEJbU7ArxEJmUtMmxZEJwF09eJu2zqlurOncX5fr1PI4iOALH4AS44BLUwS1ogBbA4BE8g1fwZj1ZL9a79TFrLVjzmUPwB9bnD57sneI=</latexit> n�m�

⌘bT 3mb
⇠ 5

<latexit sha1_base64="8XbXviT4Wv1CRfFF9Bnhv6olPL0="></latexit>

⇡↵EM↵D2 ⇠ ⌘b ⇥
mb

Mpl
⇠ 10�28



From WIMP to SIMP

SM Strongly 
coupled Dark 
sector

No need  direct coupling

3 → 2 process is important



The SIMP model

• If 𝐻 < ΓN→", 𝑛#/𝑇N decreases. If 𝐻 > ΓN→", 𝑛#/𝑇N is conserved. 
• ΓN→" can be seen as the disappearing rate of 𝜒.

• Assuming there is an interaction keeps the temperatures of the dark sector to be 
equal to the SM sector. 

• Require at some 𝑇P, ΓN→" = 𝐻.

<latexit sha1_base64="bAUBCwU0NjA0b6JzEc7hqFHawsg=">AAACEHicbVC7SgNBFJ31bXxFLW0Gg2gVdqOiZdBCSwXzgGxc7k4myeA8lplZJSz5BBt/xcZCEVtLO//GyaPQxAMDh3Pu5c45ccKZsb7/7c3Mzs0vLC4t51ZW19Y38ptbVaNSTWiFKK50PQZDOZO0YpnltJ5oCiLmtBbfnQ/82j3Vhil5Y3sJbQroSNZmBKyTovx+eAFCQJQdhpp1uha0Vg+lPg4TrRKrsIxC0mW3pShf8Iv+EHiaBGNSQGNcRfmvsKVIKqi0hIMxjcBPbDMDbRnhtJ8LU0MTIHfQoQ1HJQhqmtkwUB/vOaWF20q7Jy0eqr83MhDG9ETsJgXYrpn0BuJ/XiO17dNmxmSSWirJ6FA75dglHbSDW0xTYnnPESCaub9i0gUNxLoOc66EYDLyNKmWisFx0b8+KpTPxnUsoR20iw5QgE5QGV2iK1RBBD2iZ/SK3rwn78V79z5GozPeeGcb/YH3+QO4lp0C</latexit>

�3!2 / n2
�

<latexit sha1_base64="VyEPPaGUttBeiJZlJweFGBhbsNU="></latexit>

�3!2 ⇠
n2
�↵

3
e↵

m5
�

<latexit sha1_base64="o6ECsJwhGskMW8wYq1JKhSCa3tE=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUwXamKrosunFZoS/otEMmzbShSWZIMkIZ5h/c+CtuXCji1o07/8b0sdDqgQsn59xL7j1+xKjStv1lZZaWV1bXsuu5jc2t7Z387l5ThbHEpIFDFsq2jxRhVJCGppqRdiQJ4j4jLX90M/Fb90QqGoq6Hkeky9FA0IBipI3k5U+E5+Ihha6iHBb57FE/7iVn5UoKSS85nWnleurlC3bJngL+Jc6cFMAcNS//6fZDHHMiNGZIqY5jR7qbIKkpZiTNubEiEcIjNCAdQwXiRHWT6U0pPDJKHwahNCU0nKo/JxLElRpz33RypIdq0ZuI/3mdWAdX3YSKKNZE4NlHQcygDuEkINinkmDNxoYgLKnZFeIhkghrE2POhOAsnvyXNCsl56Jk350XqtfzOLLgAByCInDAJaiCW1ADDYDBA3gCL+DVerSerTfrfdaaseYz++AXrI9vSDKchw==</latexit>

n� ⇠ (m�T )
3/2e�m�/T

<latexit sha1_base64="/7HcH8O05k6PZVmaOC2ikkyPEQE=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVzUpii6LbroRKvQFTQyT6aQdOjMJMxOhhIK/4saFIm79Dnf+jdM2C209cOFwzr3ce0+YMKq043xbhZXVtfWN4mZpa3tnd8/eP2irOJWYtHDMYtkNkSKMCtLSVDPSTSRBPGSkE45up37nkUhFY9HU44T4HA0EjShG2kiBfVSHnqIcNh+q53dB5kkOEzYJ7LJTcWaAy8TNSRnkaAT2l9ePccqJ0JghpXquk2g/Q1JTzMik5KWKJAiP0ID0DBWIE+Vns/Mn8NQofRjF0pTQcKb+nsgQV2rMQ9PJkR6qRW8q/uf1Uh1d+xkVSaqJwPNFUcqgjuE0C9inkmDNxoYgLKm5FeIhkghrk1jJhOAuvrxM2tWKe1lx7i/KtZs8jiI4BifgDLjgCtRAHTRAC2CQgWfwCt6sJ+vFerc+5q0FK585BH9gff4AlWaUnA==</latexit>

H ⇠ T
2
/Mpl

<latexit sha1_base64="geaiXAquYRex3fX/P/VTOOV20vc="></latexit>✓
TF

m�

◆2

↵3
e↵e

�2m�/T ⇠ TF

Mpl



The SIMP model

•

• The largest and smallest numbers dictate.

• The condition from the observation:

<latexit sha1_base64="geaiXAquYRex3fX/P/VTOOV20vc="></latexit>✓
TF

m�

◆2

↵3
e↵e

�2m�/T ⇠ TF

Mpl
<latexit sha1_base64="jKhD/dsdV572fPtC3jVzIk0k/ks="></latexit>

m�

TF
⇠ 1

2
ln

✓
Mpl

TF

◆
⇠ 20

<latexit sha1_base64="zscnUH9PCOdSsOVbe0tVFMXRZPc=">AAACFHicbVDLSgMxFM3UV62vUZdugqUgCGVGLbosunFZoS/ojEMmzbShSWZIMkIZ5iPc+CtuXCji1oU7/8b0sdDWA+EezrmX3HvChFGlHefbKqysrq1vFDdLW9s7u3v2/kFbxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXB0M/E7D0QqGoumHifE52ggaEQx0kYK7FMvkghnIvDwkEI+LXnmEY2CEDbvz40U5tBTlMNaYJedqjMFXCbunJTBHI3A/vL6MU45ERozpFTPdRLtZ0hqihnJS16qSILwCA1Iz1CBOFF+Nj0qhxWj9GEUS/OEhlP190SGuFJjbrarcKSHatGbiP95vVRHV35GRZJqIvDsoyhlUMdwkhDsU0mwZmNDEJbU7ArxEJmUtMmxZEJwF09eJu2zqlurOncX5fr1PI4iOALH4AS44BLUwS1ogBbA4BE8g1fwZj1ZL9a79TFrLVjzmUPwB9bnD57sneI=</latexit> n�m�

⌘bT 3mb
⇠ 5

<latexit sha1_base64="o6ECsJwhGskMW8wYq1JKhSCa3tE=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUwXamKrosunFZoS/otEMmzbShSWZIMkIZ5h/c+CtuXCji1o07/8b0sdDqgQsn59xL7j1+xKjStv1lZZaWV1bXsuu5jc2t7Z387l5ThbHEpIFDFsq2jxRhVJCGppqRdiQJ4j4jLX90M/Fb90QqGoq6Hkeky9FA0IBipI3k5U+E5+Ihha6iHBb57FE/7iVn5UoKSS85nWnleurlC3bJngL+Jc6cFMAcNS//6fZDHHMiNGZIqY5jR7qbIKkpZiTNubEiEcIjNCAdQwXiRHWT6U0pPDJKHwahNCU0nKo/JxLElRpz33RypIdq0ZuI/3mdWAdX3YSKKNZE4NlHQcygDuEkINinkmDNxoYgLKnZFeIhkghrE2POhOAsnvyXNCsl56Jk350XqtfzOLLgAByCInDAJaiCW1ADDYDBA3gCL+DVerSerTfrfdaaseYz++AXrI9vSDKchw==</latexit>
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A realistic model (The dark Wess-Zumino-
Witten model)
• In the dark sector, An SO(6) global symmetry is spontaneously broken into SO(5) 

symmetry. Five goldstone particles are generated.  

• For some topological reason (𝜋.(𝑆𝑂(6)/𝑆𝑂(5))=𝑍 ), there can be an additional 
term:
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It will work, when 𝑚Q ∼ 𝑓Q ∼ 100 MeV.



Ultralight bosonic DM

• Fermionic DM cannot be ultralight because of the Pauli exclusion principle. 
• Fermionic DM with mass smaller than 2 keV is excluded by the Lyman-𝛼

constraint.
• Two candidates
• Axion and axion like particles (Pseudo scalar)
• Dark photons (vector)

• Mass range (>10-"4 eV, or the de Broglie wave length larger than the size of the
dwarf galaxies.)



Why they can be DM candidate?

• Uniformly distributed pseudo-scalar in expanding universe

• RW metric: 

• The energy density

• The pressure  

• �̅� = 0 for 𝑇 ≫ 2𝜋/𝑚R.

<latexit sha1_base64="Vefshf7xYl8mR6npzTEpRyUfec0=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUGIIGFGFL0IQS8eI5gFkjDUdHqSJj0L3TViGHLy4q948aCIV7/Bm39jZzlo4oOCx3tVVNXzYik02va3lVlYXFpeya7m1tY3Nrfy2zs1HSWK8SqLZKQaHmguRcirKFDyRqw4BJ7kda9/PfLr91xpEYV3OIh5O4BuKHzBAI3k5vehiMdpy/Ppw/CIXlJwbdpikaaBCxTdfMEu2WPQeeJMSYFMUXHzX61OxJKAh8gkaN107BjbKSgUTPJhrpVoHgPrQ5c3DQ0h4Lqdjt8Y0kOjdKgfKVMh0rH6eyKFQOtB4JnOALCnZ72R+J/XTNC/aKcijBPkIZss8hNJMaKjTGhHKM5QDgwBpoS5lbIeKGBoksuZEJzZl+dJ7aTknJXs29NC+WoaR5bskQNSJA45J2VyQyqkShh5JM/klbxZT9aL9W59TFoz1nRml/yB9fkD+qeW5g==</latexit>

a(t,x) = a0 cosmat

<latexit sha1_base64="FVL3aFLo+PD+/PtyNxZTDueUNxw=">AAACCXicbVC7SgNBFJ31GeNr1dJmMAixMOwuijZC0MYyinlAsgmzs7PJkNkHM3fFsKS18VdsLBSx9Q/s/Bsnj0ITD1zu4Zx7mbnHSwRXYFnfxsLi0vLKam4tv76xubVt7uzWVJxKyqo0FrFseEQxwSNWBQ6CNRLJSOgJVvf6VyO/fs+k4nF0B4OEuSHpRjzglICWOib2VdvBF9gH3Y7xbdspwhH2cdbyAvwwbDsds2CVrDHwPLGnpICmqHTMr5Yf0zRkEVBBlGraVgJuRiRwKtgw30oVSwjtky5rahqRkCk3G18yxIda8XEQS10R4LH6eyMjoVKD0NOTIYGemvVG4n9eM4Xg3M14lKTAIjp5KEgFhhiPYsE+l4yCGGhCqOT6r5j2iCQUdHh5HYI9e/I8qTkl+7Rk3ZwUypfTOHJoHx2gIrLRGSqja1RBVUTRI3pGr+jNeDJejHfjYzK6YEx39tAfGJ8/w++XNw==</latexit>

ds2 = dt2 �R2(t)dx2

<latexit sha1_base64="XO2mOmD8bUbf8865gwEC+D3BsAI=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclSQouhGKblxWsA9o2jCZTtqhk5kwMxFKyM6Nv+LGhSJu/QV3/o3TNgttPXDhcM693HtPmDCqtON8W0vLK6tr66WN8ubW9s6uvbffVCKVmDSwYEK2Q6QIo5w0NNWMtBNJUBwy0gpHNxO/9UCkooLf63FCujEacBpRjLSRAvvIl0MBr6AfSYQzN8+8HMYB6nkQBU7PC+yKU3WmgIvELUgFFKgH9pffFziNCdeYIaU6rpPoboakppiRvOyniiQIj9CAdAzlKCaqm03/yOGJUfowEtIU13Cq/p7IUKzUOA5NZ4z0UM17E/E/r5Pq6LKbUZ6kmnA8WxSlDGoBJ6HAPpUEazY2BGFJza0QD5FJRJvoyiYEd/7lRdL0qu551bk7q9SuizhK4BAcg1PgggtQA7egDhoAg0fwDF7Bm/VkvVjv1sesdckqZg7AH1ifP3mil8U=</latexit>

⇢ =
1

2
m2

aa
2
0

<latexit sha1_base64="GIuauS/rwKX0FgrMDNOOzP3/iUA=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoNyUJim6EohuXFewDmhgm00k7dDIJMxOhhHyDG3/FjQtF3Lpy5984bbPQ1gMXDufcy733BAmjUlnWt1FaWV1b3yhvVra2d3b3zP2DjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSD8fXU7z4QIWnM79QkIV6EhpyGFCOlJd+sJ/ASQjcUCGd2njk5jHx070BdvgVdHMuaoxWo6r5ZtRrWDHCZ2AWpggIt3/xyBzFOI8IVZkjKvm0lysuQUBQzklfcVJIE4TEakr6mHEVEetnspRyeaGUAw1jo4grO1N8TGYqknESB7oyQGslFbyr+5/VTFV54GeVJqgjH80VhyqCK4TQfOKCCYMUmmiAsqL4V4hHS8SidYkWHYC++vEw6TsM+a1i3p9XmVRFHGRyBY1ADNjgHTXADWqANMHgEz+AVvBlPxovxbnzMW0tGMXMI/sD4/AH1MJsj</latexit>

p =
1

2
m2

aa
2
0 cos(2mat)



Production of ultralight DM

• If the ultralight DMs are in thermal equilibrium with SM, they will become hot 
DM and be excluded by Lyman-α observations. 
• They must be produced cold. 
• The equation of motion of the zero mode (homogeneous part)

• In the early universe, 𝐻 ≫ 𝑚R, the oscillation is over damped. 

• 𝑎 can be seen as a constant field 𝑎5.
• When 𝐻 < 𝑚R, 𝑎 starts to oscillate with the amplitude 𝑎5.
• The momentum will be redshifed away just like particles. 
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The misalignment

• Why is there a nonzero 𝑎5?
• In the early universe, when 𝑚R can be neglected, 𝑎 enjoys a shift symmtry 

• The position of 𝑎 in the field space is not necessary to be the minimum of the 
potential. 
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For dark photon dark matter

•

• It may decay into neutrinos and three photons.
• The neutrino channel is suppressed by 𝜅" #!

#"

$
.

• The three photon channel is suppressed by 𝜅"𝛼$𝑚%
&/𝑚'

&

• It is easy for the dark photon lifetime to be longer than the age of Universe.

<latexit sha1_base64="TcBQzEbFJAZxkvQ0Uu5l3OwhJkE="></latexit>

L = �1

4
Fµ⌫F

µ⌫ � 1

4
Vµ⌫V

µ⌫ � 

2
Fµ⌫V

µ⌫ +
1

2
m2

V VµV
µ



Ultralight dark photon DM

• From quantum fluctuation during inflation

• From parametric resonant production

• From decay of cosmic string 

• …
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Theories of Dark Matter
• Freeze-out

• WIMP, SuperWIMP, Coannihilation, 
Dark Sector

• Freeze-in
• UV freeze-in, IR freeze-in

• SIMP
• 3 → 2, 4 → 2

• Asymmetric DM
• Ultralight Bosonic DM
• Particle production during the 

expansion of the Universe


