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There is extraordinary evidence for the existence of a new non-
baryonic cold component of matter — DARK MATTER:


• All evidences are inferred through gravity.

• We don’t know what DM is made of and its mass



DM LANDSCAPE

Need some guidance!



It would be great if DM had interactions with SM:

Is this wishful thinking?

What if DM interacts only gravitationally?




Gravitational freeze-in

- 2011.10565 with A. Tesi

https://inspirehep.net/literature/1831941


- Tree level gravity:
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X-sec can be obtained through the optical theorem:
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In relativistic regime:
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Glueball DM
A very minimal scenario for DM is a decoupled ``pure glue’’ 
gauge theory. Simplest example is :SU(3)

This scenario requires  to avoid structure 
formation and self-interaction constraints ( ). 
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Lightest glueball is an accidentally stable CP even scalar. 

It decays at least to gravitons:
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Gravitational production automatically produces a very cold 
dark sector. 

For  free gluons are produced:TR > ⇤

- Thermalization:
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If interactions are efficient system thermalises:
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Glueball Dark Matter
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Inflationary production

- 2204.14274, 2211.06421 with A. Tesi

https://inspirehep.net/literature/2074573
https://inspirehep.net/literature/2181203


A phase of accelerated expansion — inflation — appears necessary 
to explain the initial conditions of our universe.

Inflation generates the seeds for the structures:

Could Dark Matter be produced by inflation?


• Explains smallness and tilt of primordial power 
spectrum.

• No evidence for isocurvature, non-gaussianity and 
tensor modes.

• Consistent with slow roll single field inflation.



In a time dependent background particles are produced due to the 
non-adiabatic evolution of the vacuum. [Schroedinger ’39,

Ford ’87,
Kolb, Riotto, Giudice ‘90s 

…]
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Production of conformally coupled scalars  strongly 
suppressed. This is generic: fermions, gauge fields, strongly coupled 
CFTs are Weyl invariant ( ). 
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- Minimal coupling :(⇠ = 0)

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

HI/(2⇡)

Inflationary production generates non-adiabatic perturbations in 
DM. The flat IR energy spectrum is grossly excluded by 
isocurvature constraints.

Light non-thermal DM:
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Ways out:

• HI ⇠ M

• Scalar emerges during inflation

Modes with  are produced.k/aPT > HI
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PQ symmetry is unbroken. Initial misalignment scans over all 
values so that abundance is predicted in principle. 

Allowed if .NDW = 1

PQ symmetry is broken. Initial misalignment is constant over the 
visible universe. Strong isocurvature constraints:
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T⇤

pre-

post-

meso-

PQ broken 
after O(20) efolds

Q
C

D transition

<latexit sha1_base64="ZY3z1urud6wuwc6uLSMg2iKAVoo=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMZKEjAfkBxhbzOXrNnbO3b3hBDyC2wsFLH1J9n5b9wkV2jig4HHezPMzAsSwbVx3W8nt7a+sbmV3y7s7O7tHxQPj5o6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN3O/NYTKs1j+WDGCfoRHUgeckaNler3vWLJLbtzkFXiZaQEGWq94le3H7M0QmmYoFp3PDcx/oQqw5nAaaGbakwoG9EBdiyVNELtT+aHTsmZVfokjJUtachc/T0xoZHW4yiwnRE1Q73szcT/vE5qwmt/wmWSGpRssShMBTExmX1N+lwhM2JsCWWK21sJG1JFmbHZFGwI3vLLq6R5UfYuy5V6pVS9yeLIwwmcwjl4cAVVuIMaNIABwjO8wpvz6Lw4787HojXnZDPH8AfO5w+nsYzV</latexit>

N
| |

<latexit sha1_base64="qNFtC/D+Mvg/9u8No5c1itHOviQ=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMZKLmA+MDnC3mYvWbK7d+zuCeHIv7CxUMTWf2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFWENknMY9UJsaacSdo0zHDaSRTFIuS0HY5vZ377iSrNYvlgJgkNBB5KFjGCjZUe7/tZTwnkN6b9csWtunOgVeLlpAI5/H75qzeISSqoNIRjrbuem5ggw8owwum01Es1TTAZ4yHtWiqxoDrI5hdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpia6DjImk9RQSRaLopQjE6PZ+2jAFCWGTyzBRDF7KyIjrDAxNqSSDcFbfnmVtC6q3mW11qhV6jd5HEU4gVM4Bw+uoA534EMTCEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/DqyQgg==</latexit>

NPQ
<latexit sha1_base64="SqTIbh+6Fwqcqi3uNgo8u7zxH80=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYyivmA5Ah7m71kyd7esTsnhCP/wMZCEVv/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9nfvuJayNi9YiThPsRHSoRCkbRSg81t1+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn80ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzN4mA6E5QzmxhDIt7K2EjaimDG04JRuCt/zyKmldVL1a9fL+slK/yeMowgmcwjl4cAV1uIMGNIFBCM/wCm/O2Hlx3p2PRWvByWeO4Q+czx/xK4z3</latexit>

60
|

<latexit sha1_base64="l13FnVzEfnQx2xOf1/64ZX79/K4=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSk23X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSfui6l1Wa81apX6Tx1GEEziFc/DgCupwBw1oAQOEZ3iFN+fReXHenY9Fa8HJZ47hD5zPH3o5jLc=</latexit>

0

Meso-inflationary axion



<latexit sha1_base64="YWCutLIqPKdQ5YkT1WEwORzAsK8=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyG+LgIQS+eJAHzgGQJs5NJMmRmdp2ZDYQl3+HFgyJe/Rhv/o2TZA+aWNBQVHXT3RVEnGnjut9OZm19Y3Mru53b2d3bP8gfHjV0GCtC6yTkoWoFWFPOJK0bZjhtRYpiEXDaDEZ3M785pkqzUD6aSUR9gQeS9RnBxkr+QzfpKIGqtelN6aKbL7hFdw60SryUFCBFtZv/6vRCEgsqDeFY67bnRsZPsDKMcDrNdWJNI0xGeEDblkosqPaT+dFTdGaVHuqHypY0aK7+nkiw0HoiAtspsBnqZW8m/ue1Y9O/9hMmo9hQSRaL+jFHJkSzBFCPKUoMn1iCiWL2VkSGWGFibE45G4K3/PIqaZSK3mWxXCsXKrdpHFk4gVM4Bw+uoAL3UIU6EHiCZ3iFN2fsvDjvzseiNeOkM8fwB87nD4OQkUo=</latexit>

NPQ = 25
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For  string/domain wall network annihilates after QCD 
phase transition. Abundance is drastically enhanced:

NPQ . 23

<latexit sha1_base64="JXB6Wn55elggMeF2HuC/3lNj+x0=">AAACGXicbVDLSsQwFE19O75GXboJDoKroRXxAS4G3MxSwXnAtJbbNJ0JJk1JUnUo8xtu/BU3LhRxqSv/xsxD8HXgwsk595J7T5Rxpo3rfjhT0zOzc/MLi6Wl5ZXVtfL6RlPLXBHaIJJL1Y5AU85S2jDMcNrOFAURcdqKrk6HfuuaKs1kemH6GQ0EdFOWMALGSmHZ9VVPhoWvBI5vBj5kmZK32NesKwDXv97HWISAk8s9XA/LFbfqjoD/Em9CKmiCs7D85seS5IKmhnDQuuO5mQkKUIYRTgclP9c0A3IFXdqxNAVBdVCMLhvgHavEOJHKVmrwSP0+UYDQui8i2ynA9PRvbyj+53VykxwFBUuz3NCUjD9Kco6NxMOYcMwUJYb3LQGimN0Vkx4oIMaGWbIheL9P/kuae1XvoLp/vl+pnUziWEBbaBvtIg8dohqqozPUQATdoQf0hJ6de+fReXFex61TzmRmE/2A8/4JRk+fxQ==</latexit>

⇢dw ⇡ �H ⇡ 9maf
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<latexit sha1_base64="lM9y9yzd0d39ULY7y18I7cBxfug="></latexit>

⌦dw
a ⇠ ⌦mis

a
⇤QCD

Tnet

<latexit sha1_base64="Md3bxnRZEphMvPbp1RfJL8vpLJw=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g66AQ8OJJEjAPSJYwO5lNhszMrjOzgbDkO7x4UMSrH+PNv3GS7EETCxqKqm66u4KYM21c99tZWV1b39jMbeW3d3b39gsHhw0dJYrQOol4pFoB1pQzSeuGGU5bsaJYBJw2g+Hd1G+OqNIsko9mHFNf4L5kISPYWMl/6KYdJVC1Nrktu91C0S25M6Bl4mWkCBmq3cJXpxeRRFBpCMdatz03Nn6KlWGE00m+k2gaYzLEfdq2VGJBtZ/Ojp6gU6v0UBgpW9Kgmfp7IsVC67EIbKfAZqAXvan4n9dOTHjtp0zGiaGSzBeFCUcmQtMEUI8pSgwfW4KJYvZWRAZYYWJsTnkbgrf48jJplEveZemidl6s3GRx5OAYTuAMPLiCCtxDFepA4Ame4RXenJHz4rw7H/PWFSebOYI/cD5/AHqAkUA=</latexit>

NPQ = 20

DM abundance is reproduced for smaller . 

Axion miniclusters larger than in standard scenario predicted. 

fa



Dark photons

[Caputo et al ’21]

Great interest in (Stueckelberg) dark photons!



<latexit sha1_base64="teRHpDkFcv8/4o1v6nGjf/srIRs="></latexit>

L = �1

4
F 2
µ⌫ +

f2

2
(@µ✓ � gAµ)

2

free theory

<latexit sha1_base64="M9Oa9wBgBBrqA6de8Jg2T1cPRro="></latexit>

L = �1

4
F 2
µ⌫ +

1

2
(@�)2 +

(f + �)2

2
(@µ✓ � gAµ)

2 � �

4
�2(2f + �)2

3 = 2 + 1

Massive spin-1 field described by the Proca lagrangian:

- Stueckelberg:

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

4 = 3 + 1

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

LD = �1

4
F 2
µ⌫ + |Dµ�|2 � �

✓
|�|2 � f2

2

◆2

+ ⇠|�|2R



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:

<latexit sha1_base64="WQ2KHWKHM13R6jshwvrWLxL+m2c="></latexit>

ÄL +H

✓
1 +

2k2

k2 + a2M2

◆
ȦL +

k
2

a2
AL +M

2
AL = 0

<latexit sha1_base64="uUV9HDf+UQY7ERsqtBtqxiDUlUQ=">AAAB+HicbVC7TsMwFL3hWcqjAUYWiwqpDFRJB2CsYOlYJPqQ0lA5rtNadZzIdpBK1C9hYQAhVj6Fjb/BbTNAy5GudHTOvfa9J0g4U9pxvq219Y3Nre3CTnF3b/+gZB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfueRSsVica8nCfUjPBQsZARrI/XtUs+rYNQ4f8gu3Gmx5/ftslN15kCrxM1JGXI0+/ZXbxCTNKJCE46V8lwn0X6GpWaEU/NkqmiCyRgPqWeowBFVfjZffIrOjDJAYSxNCY3m6u+JDEdKTaLAdEZYj9SyNxP/87xUh9d+xkSSairI4qMw5UjHaJYCGjBJieYTQzCRzOyKyAhLTLTJqmhCcJdPXiXtWtW9rLp3tXL9Jo+jACdwChVw4Qrq0IAmtIBACs/wCm/Wk/VivVsfi9Y1K585hj+wPn8ASf2RjQ==</latexit>

(aH)�1

<latexit sha1_base64="18uCgGc3bpSfcTIovI523lipVMA=">AAAB73icbVDLSgNBEOz1GeMr6tHLYCJ4Crs5qMegF48RzAOSJcxOZpMh81hnZoWw5Ce8eFDEq7/jzb9xkuxBEwsaiqpuuruihDNjff/bW1vf2NzaLuwUd/f2Dw5LR8cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1Kj2uhghX+qWyX/XnQKskyEkZcjT6pa/eQJFUUGkJx8Z0Az+xYYa1ZYTTabGXGppgMsZD2nVUYkFNmM3vnaJzpwxQrLQradFc/T2RYWHMRESuU2A7MsveTPzP66Y2vg4zJpPUUkkWi+KUI6vQ7Hk0YJoSyyeOYKKZuxWREdaYWBdR0YUQLL+8Slq1anBZDe5r5fpNHkcBTuEMLiCAK6jDHTSgCQQ4PMMrvHmP3ov37n0sWte8fOYE/sD7/AHhQY81</latexit>

log a

<latexit sha1_base64="Baq3wOvsHpGI6c7EhXHOfe6yjKc=">AAAB7HicbVA9TwJBEJ3zE/ELtbTZCCZWeEehlkQbS0w8IIEL2VvmYMPe3mV3z4QQfoONhcbY+oPs/DcucIWCL5nk5b2ZzMwLU8G1cd1vZ219Y3Nru7BT3N3bPzgsHR03dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY7uZn7rCZXmiXw04xSDmA4kjzijxkp+xbscVXqlslt15yCrxMtJGXI0eqWvbj9hWYzSMEG17nhuaoIJVYYzgdNiN9OYUjaiA+xYKmmMOpjMj52Sc6v0SZQoW9KQufp7YkJjrcdxaDtjaoZ62ZuJ/3mdzEQ3wYTLNDMo2WJRlAliEjL7nPS5QmbE2BLKFLe3EjakijJj8ynaELzll1dJs1b1rqreQ61cv83jKMApnMEFeHANdbiHBvjAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDaCONww==</latexit>

1/k

<latexit sha1_base64="wnHhfJJnDKqxU3M/ryrBS16lcfM=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshaGMjRDAfkBxhb7OXLLe3t+zuCeHIj7CxUMTW32Pnv3GTXKGJDwYe780wMy+QnGnjut9OYW19Y3OruF3a2d3bPygfHrV1kipCWyThieoGWFPOBG0ZZjjtSkVxHHDaCaLbmd95okqzRDyaiaR+jEeChYxgY6VONbrG6L46KFfcmjsHWiVeTiqQozkof/WHCUljKgzhWOue50rjZ1gZRjidlvqpphKTCI9oz1KBY6r9bH7uFJ1ZZYjCRNkSBs3V3xMZjrWexIHtjLEZ62VvJv7n9VITXvkZEzI1VJDFojDlyCRo9jsaMkWJ4RNLMFHM3orIGCtMjE2oZEPwll9eJe16zbuoeQ/1SuMmj6MIJ3AK5+DBJTTgDprQAgIRPMMrvDnSeXHenY9Fa8HJZ47hD5zPH7jfjoI=</latexit>

k = aM

<latexit sha1_base64="N/h1u27hww2tpCv2RUhctG8xyMQ=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshaJNGiOCZQHKEvc1esmR379jdE8KR32BjoYitP8jOf+MmuUITHww83pthZl6YcKaN6347hbX1jc2t4nZpZ3dv/6B8ePSo41QR6pOYx6oTYk05k9Q3zHDaSRTFIuS0HY5vZ377iSrNYvlgJgkNBB5KFjGCjZX8avP6rtovV9yaOwdaJV5OKpCj1S9/9QYxSQWVhnCsdddzExNkWBlGOJ2WeqmmCSZjPKRdSyUWVAfZ/NgpOrPKAEWxsiUNmqu/JzIstJ6I0HYKbEZ62ZuJ/3nd1ERXQcZkkhoqyWJRlHJkYjT7HA2YosTwiSWYKGZvRWSEFSbG5lOyIXjLL6+Sx3rNu6h59/VK4yaPowgncArn4MElNKAJLfCBAINneIU3RzovzrvzsWgtOPnMMfyB8/kDcwKNyg==</latexit>

H = M

<latexit sha1_base64="/yPGMpt5KKmSZj+/cvgXMOt310k=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gK4qIkXajLohs3QgX7gCaEyXTSDp1MxpmJWELBX3HjQhG3foc7/8Zpm4W2HrhwOOde7r0nFIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daKkklJk2csER2QqQIo5w0NdWMdIQkKA4ZaYfDq4nffiBS0YTf6ZEgfoz6nEYUI22kwD6oDINTDwkhk0foqXups5txJbDLTtWZAi4SNydlkKMR2F9eL8FpTLjGDCnVdR2h/QxJTTEj45KXKiIQHqI+6RrKUUyUn03PH8Njo/RglEhTXMOp+nsiQ7FSozg0nTHSAzXvTcT/vG6qows/o1ykmnA8WxSlDOoETrKAPSoJ1mxkCMKSmlshHiCJsDaJlUwI7vzLi6RVq7pnVfe2Vq5f5nEUwSE4AifABeegDq5BAzQBBhl4Bq/gzXqyXqx362PWWrDymX3wB9bnD5NjlT4=</latexit>

k⇤ ⇡
p
M

<latexit sha1_base64="mB8mY0uB7ZotkVTQZjY264g8Zfg=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiKkmFgLGCpWxFog8pCZHjOK1VJ45sB1FFXVn4FRYGEGLlD9j4G9w2A7Qc6UpH59yre+8JUkalsqxvo7S0vLK6Vl6vbGxube+Yu3sdyTOBSRtzxkUvQJIwmpC2ooqRXioIigNGusHwauJ374mQlCe3apQSL0b9hEYUI6Ul34SuA0NXDPhJ6DLeh0PoojQV/AE2/eu7U9fzzapVs6aAi8QuSBUUaPnmlxtynMUkUZghKR3bSpWXI6EoZmRccTNJUoSHqE8cTRMUE+nl00/G8EgrIYy40JUoOFV/T+QolnIUB7ozRmog572J+J/nZCq68HKapJkiCZ4tijIGFYeTWGBIBcGKjTRBWFB9K8QDJBBWOryKDsGef3mRdOo1+6xm39SrjcsijjI4AIfgGNjgHDRAE7RAG2DwCJ7BK3gznowX4934mLWWjGJmH/yB8fkDlGyY/A==</latexit>

d
⇢
/
d log

k ⇡
H 4

I

<latexit sha1_base64="bg7EZBwLTCpdUbGOriwnS/4BkIY=">AAAB/3icbVC7TsMwFHXKq5RXAImFxaJCYipJB2CsYGEsEn1ISagc12mtOrZlO4iqdOBXWBhAiJXfYONvcNsM0HKkKx2dc6/uvSeWjGrjed9OYWl5ZXWtuF7a2Nza3nF395paZAqTBhZMqHaMNGGUk4ahhpG2VASlMSOteHA18Vv3RGkq+K0ZShKlqMdpQjEyVuq4B2EAQ9UXIZJSiQfon6K7ahh13LJX8aaAi8TPSRnkqHfcr7ArcJYSbjBDWge+J000QspQzMi4FGaaSIQHqEcCSzlKiY5G0/vH8NgqXZgIZYsbOFV/T4xQqvUwjW1nikxfz3sT8T8vyExyEY0ol5khHM8WJRmDRsBJGLBLFcGGDS1BWFF7K8R9pBA2NrKSDcGff3mRNKsV/6zi31TLtcs8jiI4BEfgBPjgHNTANaiDBsDgETyDV/DmPDkvzrvzMWstOPnMPvgD5/MHjmqVJw==</latexit>

⇢ ⇡ 1/a2

<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/a4

<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/a3

[Graham, Mardon, Rajendran ’16]

- Stueckelberg:



scalar vs vector
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scalar

vector k≈k* modes still relativistic

Dangerous isocurvature perturbations eliminated!

Power spectrum of massive spin-1 is suppressed at large scales:

<latexit sha1_base64="4ebNOXtwKYCn38iD8PJTjSFGJEs="></latexit>
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- Higgs Dark Photon:
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•MA < HI < M�

Stueckelberg dark photon is recovered:

Light dark photon requires tiny couplings:



DM from a 
Phase Transition
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Consider an interacting Weyl invariant dark sector.
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Particle production peaked at:

- Conformally coupled scalar:
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@ reheating:
DM abundance reproduced for MDM = 5.7⇥ 108 GeV
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@ radiation:
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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 during 
radiation or reheating releasing the latent heat:
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Glueball DM
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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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SUMMARY
• Any dark sector is unavoidably populated through gravitational 

interactions or inflationary fluctuations.

• Gravitational freeze-in leads to very heavy DM and necessarily 
requires a large reheating temperature. If the system undergoes 
a phase transition dark sector can be populated from “nothing”.

• Inflationary fluctuation of Nambu-Goldstone bosons lead to light 
dark matter. Isocurvature constraints can be solved if the 
minimally coupled scalar emerge during inflation or if it becomes 
the longitudinal degree of freedom of a vector. 

Michele Redi, INFN Florence



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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