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It would great if it had interactions with SM:

All evidences for the existence of DM are due to gravity.


Is this wishful thinking?

What if DM interacts only gravitationally?




We may never know…


How is dark matter produced? 


There are infinite model independent ways for example:

Could dark matter be produced by gravity itself?


- Inflaton decay
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Gravitational freeze-in
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Thermalization increases the abundance.
 [MR, Tesi, Tillim ’20]



Quantum production

In a time dependent background particles are produced due to the 
non-adiabatic evolution of the vacuum.

[Ford ’87,
Kolb, Riotto, Giudice ‘90s 

…]
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Solving wave-equation we determine Bogoliubov coefficients:
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- Minimal coupling:

During inflation each mode is produced with an amplitude  
that is constant till horizon re-entry. This gives an abundance:

HI/(2⇡)
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The flat IR energy spectrum is grossly excluded by isocurvature 
perturbations.

Light non-thermal DM:
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Particle production vanishes in the massless limit for  
corresponding to conformal coupling to curvature. The action 
becomes Weyl invariant

⇠ = 1/6

This is generic: fermions, gauge fields, strongly coupled CFTs.

Only exception minimally coupled scalar that naturally appears 
as Nambu-Goldstone boson due to shift symmetry.

Relativistic  conformally coupled.
'

More in general particle production vanishes for Weyl invariant 
theories:
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- Conformal coupling:
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Inflationary production is often discussed for free theories.

In what follows I will highlight how interactions might change the 
results:

• Dark photon Dark Matter

• Phase Transitions



Vector DM

- 2204.14274 with A. Tesi

https://inspirehep.net/literature/2074573


Dark photons

[Caputo et al ’21]

Great interest in (Stueckelberg) dark photons!



2 + 2 = 3 + 1 = 43 = 2 + 1

Stueckelberg Higgs

2 theories
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Massive spin-1 field described by the Proca lagrangian:

- Stueckelberg:

- Higgs:
Massive spin-1 particle arise from the Higgs mechanism:

4 = 3 + 1



At high energies a Stueckelberg vector is equivalent to a 
minimally coupled scalar + massless gauge field. Scalar is produced 
during inflation but evolution is different:
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<latexit sha1_base64="bg7EZBwLTCpdUbGOriwnS/4BkIY=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCYipJB2CsYGEsEn1ISagc12mtOrZlO4iqdOBXWBhAiJXfYONvcNsM0HKkKx2dc6/uvSeWjGrjed9OYWl5ZXWtuF7a2Nza3nF395paZAqTBhZMqHaMNGGUk4ahhpG2VASlMSOteHA18Vv3RGkq+K0ZShKlqMdpQjEyVuq4B2EAQ9UXIZJSiQfon6K7ahh13LJX8aaAi8TPSRnkqHfcr7ArcJYSbjBDWge+J000QspQzMi4FGaaSIQHqEcCSzlKiY5G0/vH8NgqXZgIZYsbOFV/T4xQqvUwjW1nikxfz3sT8T8vyExyEY0ol5khHM8WJRmDRsBJGLBLFcGGDS1BWFF7K8R9pBA2NrKSDcGff3mRNKsV/6zi31TLtcs8jiI4BEfgBPjgHNTANaiDBsDgETyDV/DmPDkvzrvzMWstOPnMPvgD5/MHjmqVJw==</latexit>

! ! 1/a 2

<latexit sha1_base64="vaYc+J7iqZSxPSlLETLl0Nr/ajI=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzpTRF0W3bisYB8wM5ZMmmlDM0lIMmIZu/BX3LhQxK2/4c6/MX0stPXAhcM593LvPbFkVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FFpjCpY8GEasVIE0Y5qRtqGGlJRVAaM9KM+1cjv3lPlKaC35qBJFGKupwmFCNjpba7HwYwVD0RIimVeID+Cbo7DaO2W/LK3hhwnvhTUgJT1NruV9gROEsJN5ghrQPfkybKkTIUMzIshpkmEuE+6pLAUo5SoqN8fP8QHlmlAxOhbHEDx+rviRylWg/S2HamyPT0rDcS//OCzCQXUU65zAzheLIoyRg0Ao7CgB2qCDZsYAnCitpbIe4hhbCxkRVtCP7sy/OkUSn7Z2X/plKqXk7jKIADcAiOgQ/OQRVcgxqoAwwewTN4BW/Ok/PivDsfk9YFZzqzB/7A+fwBkXaVKQ==</latexit>

! ! 1/a 4

<latexit sha1_base64="ItwoU0eODlSA8wSph2/r877wk/E=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzpTQV0W3bisYB8wM5ZMmmlDM0lIMmIZu/BX3LhQxK2/4c6/MX0stPXAhcM593LvPbFkVBvP+3YWFpeWV1YLa8X1jc2tbXdnt6FFpjCpY8GEasVIE0Y5qRtqGGlJRVAaM9KM+1cjv3lPlKaC35qBJFGKupwmFCNjpba7HwYwVD0RIimVeID+Cbo7DaO2W/LK3hhwnvhTUgJT1NruV9gROEsJN5ghrQPfkybKkTIUMzIshpkmEuE+6pLAUo5SoqN8fP8QHlmlAxOhbHEDx+rviRylWg/S2HamyPT0rDcS//OCzCQXUU65zAzheLIoyRg0Ao7CgB2qCDZsYAnCitpbIe4hhbCxkRVtCP7sy/OkUSn7Z2X/plKqXk7jKIADcAiOgQ/OQRVcgxqoAwwewTN4BW/Ok/PivDsfk9YFZzqzB/7A+fwBj/CVKA==</latexit>

! ! 1/a 3

[Graham, Mardon, Rajendran ’16]



scalar vs vector
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<latexit sha1_base64="6VkgcSkDnhSvkvs81/+3O8xDdMQ="></latexit>
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Dangerous isocurvature perturbations eliminated!



<latexit sha1_base64="FD/YkGbEMYtukn9AVZyO4NsyM6o="></latexit>

L D = !
1
4

F 2
µ ! + |Dµ ! |2 ! !

!
|! |2 !

f 2

2

" 2

+ " |! |2R

Dynamics depends on the scale of inflation:

<latexit sha1_base64="G9o/TgXeI5AwPgRauG+lpbYf4Xo="></latexit>

V = !
!

|! |2 !
f 2

2

" 2

+ 12H 2
I " |! |2

In flat space U(1) symmetry is spontaneously broken:

Higgs Dark Photon



Symmetry is broken during an after inflation, d.o.f. are massive 
vector and a Higgs. Dynamics is model dependent:

- Higgs phase:
<latexit sha1_base64="gdDIuVne130rTambFlaR1qgrtC8="></latexit>

H I < f & 24! H 2
I < " f 2 =

M 2
!

2

<latexit sha1_base64="EeInVG9Rxi6a9GfrylOEEFsQwR0=">AAACBHicbZC7SgNBFIZn4y3G26plmsEgWEjYlaAWKSI2sRAimAtkl2V2cpIMmb0wMyuEJYWNr2JjoYitD2Hn2zhJttDEHwY+/nMOZ87vx5xJZVnfRm5ldW19I79Z2Nre2d0z9w9aMkoEhSaNeCQ6PpHAWQhNxRSHTiyABD6Htj+6ntbbDyAki8J7NY7BDcggZH1GidKWZxYdP+EclHOKb72rKq57N7iq0YmHzDNLVtmaCS+DnUEJZWp45pfTi2gSQKgoJ1J2bStWbkqEYpTDpOAkEmJCR2QAXY0hCUC66eyICT7WTg/3I6FfqPDM/T2RkkDKceDrzoCooVysTc3/at1E9S/dlIVxoiCk80X9hGMV4WkiuMcEUMXHGggVTP8V0yERhCqdW0GHYC+evAyts7J9Xq7cVUq1ahZHHhXRETpBNrpANVRHDdREFD2iZ/SK3own48V4Nz7mrTkjmzlEf2R8/gDRVZZG</latexit>

¥M A < H I < M !

Stueckelberg dark photon is recovered:

Light dark photon requires ridiculous couplings:



Naively imposing the weak gravity conjecture .

To reproduce the abundance:

HI < gM p

Such small couplings might be incompatible with the weak 

gravity conjecture. In the simplest version

<latexit sha1_base64="SOq+mRu51KSRkRoYo6uGJScL20M=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyWRoi66KLhxoVDBPqANYTKZtEMnkzAzEWrpl7hxoYhbP8Wdf+O0zUJbDwwczjmXe+cEKWdKO863VVhb39jcKm6Xdnb39sv2wWFbJZkktEUSnshugBXlTNCWZprTbiopjgNOO8HoeuZ3HqlULBEPepxSL8YDwSJGsDaSb5f7tyYcYlRHA3Tnp75dcarOHGiVuDmpQI6mb3/1w4RkMRWacKxUz3VS7U2w1IxwOi31M0VTTEZ4QHuGChxT5U3mh0/RqVFCFCXSPKHRXP09McGxUuM4MMkY66Fa9mbif14v09GVN2EizTQVZLEoyjjSCZq1gEImKdF8bAgmkplbERliiYk2XZVMCe7yl1dJ+7zqXlRr97VKo57XUYRjOIEzcOESGnADTWgBgQye4RXerCfrxXq3PhbRgpXPHMEfWJ8//i+SAA==</latexit>

! < gM p

Even for Stueckelberg theories not clear if a large 

gap between  and  can be generated.M A HI

Arkani-Hamed et al ‘06

Reece ‘19



The scalar participates to the dynamics.

For minimal coupling it is copiously produced during inflation

and then decays to dark photons if kinematically allowed:

Isocurvature constraints are back to life:

Isocurvature can also be suppressed .M ! ! HI

<latexit sha1_base64="0ggdPhVPY94OrinUJH3Iw3euOZk="></latexit>

! iso ! " (
!" iso

"
)2#! 10! 11 k ! kcmb

<latexit sha1_base64="NCf938G1I7AD9cANP9rIZ9TIJa4="></latexit>

! iso !
M !

M A
if stable

<latexit sha1_base64="5v8z8h6aTjU8uSRz5c25b845Nqw="></latexit>

! iso !
M A

M !
if ! " AA

<latexit sha1_base64="F7Lcdqme1GNDdjUTxL9qDB5qdhg=">AAACA3icbVC7SgNBFL0bXzG+Vu20GQyCRQi7EtQiRcQmFkIEEwPZZZmdzCZDZh/MzAphCdj4KzYWitj6E3b+jZNHoYkHLhzOuZd77/ETzqSyrG8jt7S8srqWXy9sbG5t75i7ey0Zp4LQJol5LNo+lpSziDYVU5y2E0Fx6HN67w+uxv79AxWSxdGdGibUDXEvYgEjWGnJMw8cP+WcKqeEbrzssuQkfTaqorp3jTyzaJWtCdAisWekCDM0PPPL6cYkDWmkCMdSdmwrUW6GhWKE01HBSSVNMBngHu1oGuGQSjeb/DBCx1rpoiAWuiKFJurviQyHUg5DX3eGWPXlvDcW//M6qQou3IxFSapoRKaLgpQjFaNxIKjLBCWKDzXBRDB9KyJ9LDBROraCDsGef3mRtE7L9lm5clsp1qqzOPJwCEdwAjacQw3q0IAmEHiEZ3iFN+PJeDHejY9pa86YzezDHxifP9dxllg=</latexit>

¥M A, ! < H I



f > H_I



Symmetry is restored during inflation:

- Coulomb phase:

<latexit sha1_base64="hvNnURdZzAYxLXFpYFShmao5ABU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXuqtgv2QdinZNLsNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nitAWiXmsugHWlDNJW4YZTruJolgEnHaC8e3M7zxRpVksH8wkob7AkWQhI9hY6bExuEP9KELhoFxxq+4caJV4OalAjuag/NUfxiQVVBrCsdY9z02Mn2FlGOF0WuqnmiaYjHFEe5ZKLKj2s/nBU3RmlSEKY2VLGjRXf09kWGg9EYHtFNiM9LI3E//zeqkJr/2MySQ1VJLFojDlyMRo9j0aMkWJ4RNLMFHM3orICCtMjM2oZEPwll9eJe2LqndZrd3XKvWbPI4inMApnIMHV1CHBjShBQQEPMMrvDnKeXHenY9Fa8HJZ47hD5zPH5Csj50=</latexit>

H I ! f

<latexit sha1_base64="gTbxmNwqUTaqNjN5vhq3Qr56OWE=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8CAlkVK9CEUvHivYD2hC2Ww37dLNJuxOxBJ68a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5QSK4Bsf5tpaWV1bX1gsbxc2t7Z1de2+/qeNUUdagsYhVOyCaCS5ZAzgI1k4UI1EgWCsY3kz81gNTmsfyHkYJ8yPSlzzklICRuvahF6RCMPDOsPfIr7xQEYpdXO3aJafsTIEXiZuTEspR79pfXi+macQkUEG07rhOAn5GFHAq2LjopZolhA5Jn3UMlSRi2s+mD4zxiVF6OIyVKQl4qv6eyEik9SgKTGdEYKDnvYn4n9dJIbz0My6TFJiks0VhKjDEeJIG7nHFKIiRIYQqbm7FdEBMBmAyK5oQ3PmXF0nzvOxWy5W7Sql2ncdRQEfoGJ0iF12gGrpFddRAFI3RM3pFb9aT9WK9Wx+z1iUrnzlAf2B9/gDMwpU/</latexit>

¥ ! =
1
6

<latexit sha1_base64="iUQ9DXX6fzdCoTXyzTpih/x7Vqs="></latexit>
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s

!
!
!
!
string

! "
"

M A
f 2

M 3/ 2
Pl

#
100
g!

$ 1/ 4

Inflationary fluctuations are negligible however symmetry is 
restored due to the coupling to curvature. During reheating or 
radiation the symmetry gets broken and a string network forms 
through the Kibble mechanism. Dark photons are emitted similarly 
to axions:

<latexit sha1_base64="TUJvI2VxNxlt8aaH4vJJQdTYpN4="></latexit>

V = !
!

|! |2 !
f 2

2

" 2

+ 2H 2
I |! |2

[Long, Wang ’19]



<latexit sha1_base64="+lP3MXHhHYL4I8tv9Ikc4yq2H8E=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIHqQkUtSDQsGLxwr2A5pQNttNu3SzCbsTsYb+Ei8eFPHqT/Hmv3Hb5qCtDwYe780wMy9IBNfgON9WYWV1bX2juFna2t7ZLdt7+y0dp4qyJo1FrDoB0UxwyZrAQbBOohiJAsHawehm6rcfmNI8lvcwTpgfkYHkIacEjNSzy16QCsHAO8XeI792enbFqToz4GXi5qSCcjR69pfXj2kaMQlUEK27rpOAnxEFnAo2KXmpZgmhIzJgXUMliZj2s9nhE3xslD4OY2VKAp6pvycyEmk9jgLTGREY6kVvKv7ndVMIL/2MyyQFJul8UZgKDDGepoD7XDEKYmwIoYqbWzEdEkUomKxKJgR38eVl0jqruufV2l2tUr/K4yiiQ3SETpCLLlAd3aIGaiKKUvSMXtGb9WS9WO/Wx7y1YOUzB+gPrM8fvGSSeg==</latexit>

¥ ! = 0

Inflationary fluctuations

The field is coherent over distances:

<latexit sha1_base64="UToVBhQUzWCc1omtIGBP705Ox8I=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdlaSIunBRcFN3FewDOiFMppN26CQZZiZiCfkFN/6KGxeKuHXnzr9x2mahrQcuHM65l3vvCQRnSjvOt7Wyura+sVnaKm/v7O7t2weHHZWkktA2SXgiewFWlLOYtjXTnPaEpDgKOO0G4+up372nUrEkvtMTQb0ID2MWMoK1kXy7ivpoQLnGELVGDCIshEweIAolJlnTv8mzOhIsR55vV5yaMwNcJm5BKqBAy7e/0CAhaURjTThWqu86QnsZlpoRTvMyShUVmIzxkPYNjXFElZfNPsrhqVEGMEykqVjDmfp7IsORUpMoMJ0R1iO16E3F/7x+qsNLL2OxSDWNyXxRmHKoEziNBw6YpETziSGYSGZuhWSETRjahFg2IbiLLy+TTr3mntfObuuVxlURRwkcgxNQBS64AA3QBC3QBgQ8gmfwCt6sJ+vFerc+5q0rVjFzBP7A+vwBByedJA==</latexit>

! ! !
H I

2"

<latexit sha1_base64="KgOEFMZw6qIqlvW+h2XzXLYOANc="></latexit>

d !
1

HI
exp[

!
8! 2

9"
]

For small  symmetry is broken during inflation so the Higgs and 
dark photons are produced.

!

Avoiding isocurvature requires .! ! 1

<latexit sha1_base64="+AOhK8F7zAAOotWIU4DkNJppZR4="></latexit>

! A

s

!
!
!
inf ,decays

! 0.005
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" 1/ 4

H 3/ 2
I
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log

k!

H0



Stueckelberg DM  only recovered in tiny  regions of parameters. 

Strong constraint from isocurvature perturbations unless the 
sector is Weyl invariant. 

It’s complicated!



DM from a 
Phase Transition

- 2210.03108 with A. Tesi

https://inspirehep.net/literature/2161728


I will consider Weyl invariant dark sectors that undergoes a phase 
transition.

<latexit sha1_base64="ihFyG3QzZp8zR9XhIpmhW1EX6gI=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeil3oQKtgPaJeSTbPb0Gx2TbJCWfonvHhQxKt/x5v/xrTdg7Y+GHi8N8PMPD8RXBvH+UaFldW19Y3iZmlre2d3r7x/0NJxqihr0ljEquMTzQSXrGm4EayTKEYiX7C2P7qZ+u0npjSP5YMZJ8yLSCh5wCkxVurU+7e9MMR3/XLFqToz4GXi5qQCORr98ldvENM0YtJQQbTuuk5ivIwow6lgk1Iv1SwhdERC1rVUkohpL5vdO8EnVhngIFa2pMEz9fdERiKtx5FvOyNihnrRm4r/ed3UBFdexmWSGibpfFGQCmxiPH0eD7hi1IixJYQqbm/FdEgUocZGVLIhuIsvL5PWWdW9qJ7fn1dq13kcRTiCYzgFFy6hBnVoQBMoCHiGV3hDj+gFvaOPeWsB5TOH8Afo8wcTxo9a</latexit>

H I ! M

<latexit sha1_base64="EjIWCC7BtF/ILHLL2+lMulLuPOM="></latexit>

L =
(! µ " )2

2
!

1
2

µ2" 2 +
1
12

" 2R !
#
4

" 4

<latexit sha1_base64="Udqwv8KIJ2xgxhHjD+e65tJJMds=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwISUpRV2IFNy4rGAf0MQymU7aoTOTMI9CCf0TNy4UceufuPNvnLZZaOuBC4dz7uXee6KUUaU979sprK1vbG4Vt0s7u3v7B+7hUUslRmLSxAlLZCdCijAqSFNTzUgnlQTxiJF2NLqb+e0xkYom4lFPUhJyNBA0phhpK/VcN4gMY0QHFwE3T9Vbr+eWvYo3B1wlfk7KIEej534F/QQbToTGDCnV9b1UhxmSmmJGpqXAKJIiPEID0rVUIE5UmM0vn8Izq/RhnEhbQsO5+nsiQ1ypCY9sJ0d6qJa9mfif1zU6vg4zKlKjicCLRbFhUCdwFgPsU0mwZhNLEJbU3grxEEmEtQ2rZEPwl19eJa1qxb+s1B5q5fpNHkcRnIBTcA58cAXq4B40QBNgMAbP4BW8OZnz4rw7H4vWgpPPHIM/cD5/AJUYkvY=</latexit>

¥µ2 > 0
<latexit sha1_base64="KhDKiZzvZxhDW5opOArw60njMyk=">AAACAHicbZDLSgMxFIbP1Futt1EXLtwEi1QolJlS1IVCwY0boYK9QDuWTJppQzMXkkyhDN34Km5cKOLWx3Dn25hpu9DWAyEf/38OyfndiDOpLOvbyKysrq1vZDdzW9s7u3vm/kFDhrEgtE5CHoqWiyXlLKB1xRSnrUhQ7LucNt3hTeo3R1RIFgYPahxRx8f9gHmMYKWlrnk0KhSKaPhYRqMiutMXTvHa6pp5q2RNCy2DPYc8zKvWNb86vZDEPg0U4VjKtm1FykmwUIxwOsl1YkkjTIa4T9saA+xT6STTBSboVCs95IVCn0Chqfp7IsG+lGPf1Z0+VgO56KXif147Vt6lk7AgihUNyOwhL+ZIhShNA/WYoETxsQZMBNN/RWSABSZKZ5bTIdiLKy9Do1yyz0uV+0q+ejWPIwvHcAJnYMMFVOEWalAHAhN4hld4M56MF+Pd+Ji1Zoz5zCH8KePzB/m8k3A=</latexit>

v!! + k2v + M 2a2v = 0

<latexit sha1_base64="1+jrIgWGreUJNtciQTAsgQS/K84=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoipXopFL30IlSwH9CGstlu2qWbTdjdCDX0l3jxoIhXf4o3/43bNgdtfTDweG+GmXl+zJnSjvNt5TY2t7Z38ruFvf2Dw6J9dNxWUSIJbZGIR7LrY0U5E7Slmea0G0uKQ5/Tjj+5nfudRyoVi8SDnsbUC/FIsIARrI00sIuoUbur9QOJCZoghAd2ySk7C6B14makBBmaA/urP4xIElKhCcdK9Vwn1l6KpWaE01mhnygaYzLBI9ozVOCQKi9dHD5D50YZoiCSpoRGC/X3RIpDpaahbzpDrMdq1ZuL/3m9RAfXXspEnGgqyHJRkHCkIzRPAQ2ZpETzqSGYSGZuRWSMTQjaZFUwIbirL6+T9mXZrZYr95VS/SaLIw+ncAYX4MIV1KEBTWgBgQSe4RXerCfrxXq3PpatOSubOYE/sD5/AFxSkZ0=</latexit>

H = M =
k
a

Particle production peaked at:

- Conformally coupled scalar:

<latexit sha1_base64="tqK/JN2KLPsDue1UzCXNoJXYDTA="></latexit>

kpeak =

!
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@ reheating:
DM abundance reproduced for M DM = 5 .7 ! 108 GeV
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@ radiation:

<latexit sha1_base64="rBnzaAgsoxokF8mXUnpnE17iBn0="></latexit>

!
s

!
!
!
!
quantum

= 0 .0002M
"

M
M p

# 3
2

<latexit sha1_base64="li2j7DkgC6gvZgz98iXrq3vpXRA="></latexit>

!
s

!
!
!
!
quantum

! 10! 4 TR
M 2

M 2
p



In flat space the minimum is at . During inflation the 
conformal coupling produces a positive mass  so that the 
symmetry is restored. A phase transition takes place in 
radiation or reheating releasing the latent heat:

! = ! µ2/ "

2H 2
I

<latexit sha1_base64="lgvbHbRGBjuOTEMeNFP917JKfCc=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KomU6kKhoAs3QgX7gCaWm+mkHTp5MDMRSsjSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvTP3Hi/mTCrL+jYWFpeWV1YLa8X1jc2tbXNntymjRBDaIBGPRNsDSTkLaUMxxWk7FhQCj9OWN7wc+60HKiSLwjs1iqkbQD9kPiOgtNQ1D5wryhXg5gV2fAEkvbmvZKlddbh+owdZ1yxZZWsCPE/snJRQjnrX/HJ6EUkCGirCQcqObcXKTUEoRjjNik4iaQxkCH3a0TSEgEo3nRyS4SOt9LAfCV2hwhP190QKgZSjwNOdAaiBnPXG4n9eJ1H+mZuyME4UDcn0Iz/hWEV4nAruMUGJ4iNNgAimd8VkADoPpbMr6hDs2ZPnSfOkbFfLldtKqXaex1FA++gQHSMbnaIaukZ11EAEPaJn9IrejCfjxXg3PqatC0Y+s4f+wPj8AVPtmOg=</latexit>

! V =
M 4

16!
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The abundance is:
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radiation:

reheating:
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Gravitational freeze-in:

quantum vs. freeze-in PT vs. freeze-in



Glueball DM
A very minimal scenario for DM is a decoupled ``pure glue’’ 
gauge theory. Simplest example is :SU(3)

Lightest glueball is a CP even scalar that is automatically 
stable:
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M DG

!
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[see 1710.06447]

If the sector thermalizes in the relativistic regime
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- thermal scenario



Gravitational freeze-in:
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TR > 1013GeV

[MR, Tesi, Tillim ’20]
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Gluons are deconfined during inflation for .

Inflation prepares the system in an empty false vacuum state. 
As for the scalar an energy  will be released @ :
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! 4 H ! !

<latexit sha1_base64="gNQ57VWk+FxVo6m+v2Qn8mXjqQs="></latexit>

! DG

s
! 0.1! Min

! "
!

M p

# 3/ 2

,
! TR

M 2
p

$

- No thermalization:



Very similar conclusions in strongly coupled scenarios described 
by their holographic Randall-Sundrum dual (with light dilaton).
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- Dilaton Dark Matter:
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SUMMARY
• Interactions can significantly modify inflationary production 

of dark matter.

• Massive vector DM can be realized through the 
Stueckelberg lagrangian or the Higgs mechanism. 
Phenomenology is vastly different. Only Weyl invariant 
theories are safe from isocurvature constraints.

• In the second part I suggested the possibility to populate 
the dark sector through a phase transition. The mechanism 
is more simple for Weyl invariant theories where the control 
parameter is Hubble. Non thermal phase transitions should 
be further studied.
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For  the gluons are deconfined during inflation.

Since the action is Weyl invariant inflationary production 

is small. In curved space 1PI effective action,
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One can compute the abundance of gluons by solving the wave-
equation, 
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