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FREE STREAMING SECTORS

If no interactions, new physics behaves like 

free-streaming “dark radiation” (DR) at CMB epoch 
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HOT DARK MATTER/COLD DARK RADIATION

Really just like neutrinos, but colder

See also 
Lesgourgues, 

Mangano, Miele, 
Pastor , CUP 13
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COLD DARK RADIATION / HOT DARK MATTER
Really just like neutrinos, but colder

e.g. for a scalar dof
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6.1 Linear matter power spectrum 297
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Figure 6.5 Steplike suppression of the matter power spectrum due to neutrino
mass. The power spectrum of a !CDM model with two massless and one massive
species has been divided by that of a massless model, for several values of mν

between 0.05 eV and 0.50 eV, spaced by 0.05 eV. All spectra have the same
primordial power spectrum and the same parameters (#M, ωM, ωB).

In summary, neutrino masses produce a smooth steplike suppression of the matter
power spectrum on scales k > knr. This step is shown in Fig. 6.5 for various masses.
In the next subsection, we show how to estimate the suppression factor analytically
as a function of neutrino masses in the small-scale limit.

Suppression factor for k ! knr

Several approaches to estimating the neutrino mass impact on small scales analyt-
ically or semianalytically have been discussed in the literature. A very accurate (but
also very technical) discussion has been presented in Hu and Eisenstein, 1998 (see
also Holtzman, 1989; Pogosian and Starobinsky, 1995; Ma, 1996; Novosyadlyj
et al., 1998). For conciseness, we prefer to follow here the simple approach of
Lesgourgues and Pastor, 2006 (although with a more precise and elaborate discus-
sion of matching issues). An even simpler discussion was presented in Tegmark
(2005), at a very sketchy level.

Our goal is to estimate the ratio of the matter power spectrum with neutrino
masses (with a given neutrino fraction fν) to that with massless neutrinos (fν = 0),
in the large-wavenumber limit k ! knr. Equation (6.59) shows that this ratio can
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Mangano, Miele, 
Pastor , CUP 13

Suppression of linear matter 
power spectrum

Stronger constraints on 

           than in massless case, for  
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THERMAL PRODUCTION
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QCD CONFINEMENT

Quark-gluon plasma

Hadrons + Mesons

FREE STREAMING DARK RADIATION

10 100 1000 104 105 106

0.05

0.10

0.50

1
106.7575.7517.2510.75

Some care 
required!



<latexit sha1_base64="KfNfFmSF1f2pua3HjOdktPOqSsE="></latexit>

�Ne↵ ' 0.3


g?(100 MeV)

g?(Td)

� 4
3For instantaneous 


decoupling from equilibrium

Planck18+BAO

<latexit sha1_base64="UIUb8jMlvrGXlYBEx54jancLj9I=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g6XgKiRSX7tiNy5cVLAPaEKZTCft0MmDmZtiCf0TNy4UceufuPNvnLZZaOuBC4dz7uXee/xEcAW2/W0U1tY3NreK26Wd3b39A/PwqKXiVFLWpLGIZccnigkesSZwEKyTSEZCX7C2P6rP/PaYScXj6BEmCfNCMoh4wCkBLfVM8+bCrWAX2BNkdevemvbMsm3Zc+BV4uSkjHI0euaX249pGrIIqCBKdR07AS8jEjgVbFpyU8USQkdkwLqaRiRkysvml09xRSt9HMRSVwR4rv6eyEio1CT0dWdIYKiWvZn4n9dNIbj2Mh4lKbCILhYFqcAQ41kMuM8loyAmmhAqub4V0yGRhIIOq6RDcJZfXiWtc8u5tKoP1XLtNo+jiE7QKTpDDrpCNXSHGqiJKBqjZ/SK3ozMeDHejY9Fa8HIZ47RHxifP6pHkmc=</latexit>

95%C.L.

FREE STREAMING DARK RADIATION

10 100 1000 104 105 106

0.05

0.10

0.50

1
106.7575.7517.2510.75



<latexit sha1_base64="KfNfFmSF1f2pua3HjOdktPOqSsE="></latexit>

�Ne↵ ' 0.3


g?(100 MeV)

g?(Td)

� 4
3For instantaneous 


decoupling from equilibrium

Planck18+BAO

Planck18+Euclid/DESI

Simons Observatory

See also Brinckmann+ 
18/DePorzio+ 20

<latexit sha1_base64="UIUb8jMlvrGXlYBEx54jancLj9I=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g6XgKiRSX7tiNy5cVLAPaEKZTCft0MmDmZtiCf0TNy4UceufuPNvnLZZaOuBC4dz7uXee/xEcAW2/W0U1tY3NreK26Wd3b39A/PwqKXiVFLWpLGIZccnigkesSZwEKyTSEZCX7C2P6rP/PaYScXj6BEmCfNCMoh4wCkBLfVM8+bCrWAX2BNkdevemvbMsm3Zc+BV4uSkjHI0euaX249pGrIIqCBKdR07AS8jEjgVbFpyU8USQkdkwLqaRiRkysvml09xRSt9HMRSVwR4rv6eyEio1CT0dWdIYKiWvZn4n9dNIbj2Mh4lKbCILhYFqcAQ41kMuM8loyAmmhAqub4V0yGRhIIOq6RDcJZfXiWtc8u5tKoP1XLtNo+jiE7QKTpDDrpCNXSHGqiJKBqjZ/SK3ozMeDHejY9Fa8HIZ47RHxifP6pHkmc=</latexit>

95%C.L.

FREE STREAMING DARK RADIATION

10 100 1000 104 105 106

0.05

0.10

0.50

1
106.7575.7517.2510.75



<latexit sha1_base64="KfNfFmSF1f2pua3HjOdktPOqSsE="></latexit>

�Ne↵ ' 0.3


g?(100 MeV)

g?(Td)

� 4
3For instantaneous 


decoupling from equilibrium

Planck18+BAO

<latexit sha1_base64="UIUb8jMlvrGXlYBEx54jancLj9I=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g6XgKiRSX7tiNy5cVLAPaEKZTCft0MmDmZtiCf0TNy4UceufuPNvnLZZaOuBC4dz7uXee/xEcAW2/W0U1tY3NreK26Wd3b39A/PwqKXiVFLWpLGIZccnigkesSZwEKyTSEZCX7C2P6rP/PaYScXj6BEmCfNCMoh4wCkBLfVM8+bCrWAX2BNkdevemvbMsm3Zc+BV4uSkjHI0euaX249pGrIIqCBKdR07AS8jEjgVbFpyU8USQkdkwLqaRiRkysvml09xRSt9HMRSVwR4rv6eyEio1CT0dWdIYKiWvZn4n9dNIbj2Mh4lKbCILhYFqcAQ41kMuM8loyAmmhAqub4V0yGRhIIOq6RDcJZfXiWtc8u5tKoP1XLtNo+jiE7QKTpDDrpCNXSHGqiJKBqjZ/SK3ozMeDHejY9Fa8HIZ47RHxifP6pHkmc=</latexit>

95%C.L.

FREE STREAMING DARK RADIATION

Planck18+Euclid/DESI

Simons Observatory

CMB-S4 + DESI

See also Brinckmann+ 
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FREE STREAMING DARK RADIATION

Planck18+BAO

CMB-S4 + DESI

CMB-S4 + Euclid
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Near future CMB and LSS surveys probe light thermal sectors 
that decouple during the QCD crossover transitions!
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PARTICLE PHYSICS AT THE eV?!

UV-MOTIVATED SIGNAL BUILDINGTENSIONS

Want: (a) light particle(s) (with (sub)-eV mass) that decouples 
around the QCD epoch



PARTICLE PHYSICS AT THE EV?

UV-MOTIVATED SIGNAL BUILDINGTENSIONS

Want: (a) light particle(s) (with (sub)-eV mass) that decouples 
around the QCD epoch

Decoupling temperature suggests coupling to QCD

2211.03799 w/ A. Notari, G
. Villadoro




THE USUAL SUSPECT
The QCD axion
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THE USUAL SUSPECT
The QCD axion
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◆

Small mass set by interplay between 

UV (Peccei-Quinn) and IR (QCD) scale 

Mostly discussed as CDM candidate, 

From non-thermally produced population

<latexit sha1_base64="D9BjdWkFxcaFvb/gnkazyD6l8P0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh6LXjxWsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN2kO2vpg4PHeDDPzgpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9C7zu09UaRbJRzOLqS/wWLKQEWwyqVPH58NqzW24OdAq8QpSgwKtYfVrMIpIIqg0hGOt+54bGz/FyjDC6bwySDSNMZniMe1bKrGg2k/zW+fozCojFEbKljQoV39PpFhoPROB7RTYTPSyl4n/ef3EhDd+ymScGCrJYlGYcGQilD2ORkxRYvjMEkwUs7ciMsEKE2PjqdgQvOWXV0nnouFdNbyHy1rztoijDCdwCnXw4BqacA8taAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx8y9I2w</latexit>

V (a)

Misalignment 
mechanism

Decay of 
topological 

defects

But coupling to QCD implies thermal production!



THE HOT QCD AXION: PRODUCTION

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a<latexit sha1_base64="uSW0H71JUat1zrUvRTNUif2jrkk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fz2OM9A==</latexit>g

<latexit sha1_base64="uSW0H71JUat1zrUvRTNUif2jrkk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fz2OM9A==</latexit>g <latexit sha1_base64="uSW0H71JUat1zrUvRTNUif2jrkk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fz2OM9A==</latexit>g

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<latexit sha1_base64="xOra1flrqf7FD7e/7ECUaWQ39nw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4TyAuSJcxOepMxs7PLzKwQQr7AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/fbT6g0j2XDTBL0IzqUPOSMGivVG/1iyS27C5B14mWkBBlq/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8Xh87IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasJbf8plkhqUbLkoTAUxMZl/TQZcITNiYgllittbCRtRRZmx2RRsCN7qy+ukdVX2rsuVeqVUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPspeM4Q==</latexit>

T <latexit sha1_base64="VlSTWRdsPHEm3fbBk0hNeLzu6LE=">AAACDHicbVDJSgNBFOxxjXGLevTSGARPYUbicgzGgxdBIYuQGUJP54026VnsfiOGYbx78Ve8eFDEqx/gzb+xsxzcChqKqnq8fuUnUmi07U9ranpmdm6+sFBcXFpeWS2trbd0nCoOTR7LWF34TIMUETRRoISLRAELfQltv18f+u0bUFrEUQMHCXghu4xEIDhDI3VL5UY3cxFuMTuvH+e5q0UI19TZs+/G6im0cpOyK/YI9C9xJqRMJjjrlj7cXszTECLkkmndcewEvYwpFFxCXnRTDQnjfXYJHUMjFoL2stExOd02So8GsTIvQjpSv09kLNR6EPomGTK80r+9ofif10kxOPQyESUpQsTHi4JUUozpsBnaEwo4yoEhjCth/kr5FVOMo+mvaEpwfp/8l7R2K85+pXpeLdeOJnUUyCbZIjvEIQekRk7IGWkSTu7JI3kmL9aD9WS9Wm/j6JQ1mdkgP2C9fwHXBJt+</latexit>

TQCD ' 150 MeV
<latexit sha1_base64="67FoRtzWGwfC2eMxVi+AkHSHSB4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyWRoh6LHvRYoV/QhLLZTtqlmw92J2IN/SVePCji1Z/izX/jts1BWx8MPN6bYWaenwiu0La/jcLa+sbmVnG7tLO7t182Dw7bKk4lgxaLRSy7PlUgeAQt5Cigm0igoS+g449vZn7nAaTicdTESQJeSIcRDzijqKW+WW66iocuwiNmt9Ce9s2KXbXnsFaJk5MKydHom1/uIGZpCBEyQZXqOXaCXkYlciZgWnJTBQllYzqEnqYRDUF52fzwqXWqlYEVxFJXhNZc/T2R0VCpSejrzpDiSC17M/E/r5dicOVlPEpShIgtFgWpsDC2ZilYAy6BoZhoQpnk+laLjaikDHVWJR2Cs/zyKmmfV52Lau2+Vqlf53EUyTE5IWfEIZekTu5Ig7QIIyl5Jq/kzXgyXox342PRWjDymSPyB8bnDxEvk14=</latexit>

T ⇠ GeV

<latexit sha1_base64="rCCI4DRh7z/4+S6cwkLqWEe4znA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSq43W</latexit>⇡

<latexit sha1_base64="rCCI4DRh7z/4+S6cwkLqWEe4znA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSq43W</latexit>⇡ <latexit sha1_base64="rCCI4DRh7z/4+S6cwkLqWEe4znA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSq43W</latexit>⇡
Chang, Choi 93/…

Masso, Rota 02/…/

Salvio, Strumia, Xue 

14/…

QCD CROSSOVER

At weak coupling,

production dominated by


2-2 processes

Turner 88/
Berezhiani et al 92/

<latexit sha1_base64="pZu5jVjWAlgY4lnHnqXrB8bT/wE=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJiKklVHmMFA4xFohSpaaMb1wGrdmLZDlIV5TNY+BUWBhBiZeNvcEsHoBzJ0tE59+r6nEhypo3nfTqlufmFxaXycmVldW19w93cutZppghtk5Sn6iYCTTlLaNsww+mNVBRExGknGp6N/c49VZqlyZUZSdoTcJuwmBEwVgrdgyAClQfnIAQUIQRSpdKkOIgVkPyqf1jkcQj9Oo779TCQrAjdqlfzJsCzxJ+SKpqiFbofwSAlmaCJIRy07vqeNL0clGGE06ISZJpKIEO4pV1LExBU9/JJsALvWWWA41TZlxg8UX9u5CC0HonITgowd/qvNxb/87qZiU96OUtkZmhCvg/FGcc2+rglPGCKEsNHlgBRzP4VkzuwnRjbZcWW4P+NPEuu6zX/qNa4bFSbp9M6ymgH7aJ95KNj1EQXqIXaiKAH9IRe0Kvz6Dw7b87792jJme5so19wPr4AB+CgYQ==</latexit>

�̄a / T 5

f2
af

2
⇡

<latexit sha1_base64="mE7G3Nez86ty56Y+6XwtavinUYg=">AAACEHicbVC7TsMwFHXKq5RXgJElokIwVUmpgLGCAcYi9SU1bXTjOq1VO4lsB6mK8gks/AoLAwixMrLxN7iPAVqOZOnonHt1fY4fMyqVbX8buZXVtfWN/GZha3tnd8/cP2jKKBGYNHDEItH2QRJGQ9JQVDHSjgUB7jPS8kc3E7/1QISkUVhX45h0OQxCGlAMSkueeer6IFL3FjiHzAM3FlGsIssNBOC03jvP0sCDXjnzzKJdsqewlokzJ0U0R80zv9x+hBNOQoUZSNlx7Fh1UxCKYkaygptIEgMewYB0NA2BE9lNp4Ey60QrfSuIhH6hsqbq740UuJRj7utJDmooF72J+J/XSVRw1U1pGCeKhHh2KEiYpSNP2rH6VBCs2FgTwILqv1p4CLoLpTss6BKcxcjLpFkuORelyn2lWL2e15FHR+gYnSEHXaIqukM11EAYPaJn9IrejCfjxXg3PmajOWO+c4j+wPj8AU/FnWU=</latexit>

�̄a / T 3

f2
a

<latexit sha1_base64="YR8W9vnE9DgekFG6vsFJdmDHjkc="></latexit>

La⇡ =
✏

3faf⇡
@µa(2@

µ⇡0⇡+⇡� + . . . )
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FIRST ESTIMATE
For instantaneous 


decoupling from equilibrium

Leading Order rate from 
pion scattering + 

instantaneous 
decoupling


Chang, Choi 93/…

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a<latexit sha1_base64="rCCI4DRh7z/4+S6cwkLqWEe4znA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSq43W</latexit>⇡

<latexit sha1_base64="rCCI4DRh7z/4+S6cwkLqWEe4znA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSq43W</latexit>⇡ <latexit sha1_base64="rCCI4DRh7z/4+S6cwkLqWEe4znA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSq43W</latexit>⇡
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FIRST ESTIMATE
<latexit sha1_base64="KfNfFmSF1f2pua3HjOdktPOqSsE="></latexit>

�Ne↵ ' 0.3


g?(100 MeV)

g?(Td)

� 4
3For instantaneous 


decoupling from equilibrium

Leading Order rate from 
pion scattering + 

instantaneous 
decoupling


Chang, Choi 93/…

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a<latexit sha1_base64="rCCI4DRh7z/4+S6cwkLqWEe4znA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBSq43W</latexit>⇡
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…YES, THERE ARE ASTROPHYSICAL BOUNDS
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Figure 5: From left to right: axion Primakoff processes in an external electric field; axion bremsstrahlung process; and Compton
processes. In the case of the bremsstrahlung process, Ze represents either an ion or an electron.

the He-burning stage may show a peculiar journey to the bluer region of the diagram and back, called the
blue loop (see, e.g., the 5M� track in the left panel of Fig. 4). Stars with an initial mass larger than about
8M� do not become WD but undergo a core collapse, giving rise to a type II Supernova (SN) explosion and
leaving a compact Neutron Star (NS) or, if very massive, a black hole.

The diagram in Fig. 4 is theoretical. It shows the evolutionary tracks of individual stars. Observationally,
one extracts colour and magnitude of individual stars (at a fixed time) and shows the results in a diagram
similar to the one shown in the right panel of Fig. 4. From the stellar population it is possible to reconstruct
the evolutionary times of each stage (the longer the evolutionary time, the larger the stellar population
corresponding to that phase), which can then be compared with the theoretical predictions extracted from
numerical stellar evolution codes.

The method presents evident difficulties related to statistics (particularly for fast evolutionary stages),
stellar contamination, interstellar absorption of the stellar light, etc. Nevertheless, numerical simulations
reproduce with a remarkable level of agreement the observed CMD of particular stellar populations and
allow to set stringent bounds on new physics. The emission of axions (or other light particles) from stars
might, in fact, impact their expected evolution and spoil the agreement with observations.

The aim of this section is to provide an updated summary of the bounds on axions derived from stellar
astrophysics considerations. In addition, we will briefly present the results of the axion interpretation of
some observations of anomalous stellar evolution that have been reported in the last two decades (see, e.g.,
references [35, 297, 384] for more detailed discussions). Our general approach will be to present first all the
results in a model independent way. The impact on the axion benchmark models (KSVZ and DFSZ-type)
will also be discussed at the end of the section.

4.1. Axion-photon coupling
In the contest of stellar evolution, the most relevant process induced by the axion-photon coupling, ga�

(Section 2.5.3) is the Primakoff process (Fig. 5), consisting in the conversion of thermal photons in the
electrostatic field of electrons and nuclei

� + Ze ! a+ Ze . (207)

Neglecting degeneracy effects and the plasma frequency (a good assumption in plasma conditions when the
Primakoff process is the dominating axion production mechanism), it is possible to provide a semi-analitical
expression for the energy-loss rate per unit mass in axions [385]:

"P ' 2.8⇥ 10�31Z(⇠2)
⇣ ga�
GeV�1

⌘2 T 7

⇢
erg g�1 s�1 , (208)

where T and ⇢ are in K and in g cm�3 respectively. The coefficient Z(⇠2) is a function of ⇠2 ⌘ (S/2T )2,
with S being the Debye-Huckel screening wavenumber. It can be explicitly expressed as an integral over
the photon distribution (see Eq. (4.79) in Ref. [32]). Ref. [385] proposed the analytical parametrisation
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Figure 9: Axion nuclear bremsstrahlung (one of the possible diagrams). N,N 0 represent either a proton or a neutron. To the
right is the Feynman diagram corresponding to the OPE approximation.

processes that produce axions at very high density,47 and such bounds are often reconsidered and reassessed.

SN 1987A. The most well known argument to constrain the axion interaction with protons and neutrons
is the one based on the observed neutrino signal from SN 1987A [32, 424–426]. The signal duration depends
on the efficiency of the cooling and is compatible with the assumption that SN neutrinos carry about 99% of
the energy released in the explosion. For a light, weakly interacting particle, a bound can be extracted from
the requirement that it does not contribute more than neutrinos, about 2 ⇥ 1052 erg s�1, to the cooling of
the young SN, with a typical core conditions of T ⇠ 30 MeV and ⇢ ⇠ 1014g cm�3. The most recent analysis
for the axion case [421] derived the bound48

g2
an

+ 0.29 g2
ap

+ 0.27 gan gap . 3.25⇥ 10�18 , (227)

shown in Fig. 10.
Strongly interacting axions may be trapped in the SN core. In this case the emission is reduced, as they

thermalise and are effectively emitted from an axiosphere, similarly to what happens to neutrinos. The most
recent analysis found that this condition is satisfied for gan = gap & 10�7. However, even trapped axions
may extract more energy than neutrinos from the young SN and couplings all the way to gan = gap ⇡ 10�4

should be probably excluded [421].

Neutron Stars. Observations of the cooling of NS also provide information about the axion-nucleon
coupling [427–431]. In particular, the unexpectedly rapid cooling of the NS in CAS A was attributed to the
presence of axions with coupling to neutrons [432]

gan ' 4⇥ 10�10 . (228)

However, the anomalous rapid cooling may also be originated in the phase transition of the neutron con-
densate into a multicomponent state [433]. More recently, the data have been explained assuming a neutron
triplet superfluid transition occurring at the present time, t ⇠ 320 years, and that proton superconductivity
is operating at t ⌧ 320 years [429]. The neutron triplet superfluid transition accelerates the neutrino emis-
sion through the breaking and reformation of neutron Cooper pairs. Under these assumptions the data can
be fitted well, leaving little room for additional axion cooling. Quantitatively,

g2
ap

+ 1.6 g2
an

 1.1⇥ 10�18 . (229)

47Many-body effects can be quite large in a high density medium. The inclusion of such effects in the description of axion
production processes in SN and NS has a long history. Discussions can be found in Ref. [32, 421, 422]. Very recently, Ref. [423]
reevaluated such medium effects, showing a significant dependence of the axion couplings to nucleons upon the environment
density. These latest effects are not included in the results presented in this review, which reports the latest bounds on the
axion-nucleon couplings available in the literature at the time of writing.

48Eq. (227) shows a surprisingly subdominant contribution of the proton scattering to the emission rate, quite more ac-
centuated than what reported in previous analyses [32, 35]. The reason is that, besides being less abundant than neutrons,
protons are nondegenerate while neutrons are partially degenerate and the emission rate in SN conditions is more efficient for
degenerate nuclei, as evident from Eqs. (226).
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OPPORTUNITY FOR COSMOLOGICAL SURVEYS
CMB and LSS data provide opportunity to 


discover/constrain the QCD axion

Uses precise cosmological measurements, independent of astrophysics

Probes QCD axion independently of cold dark matter contribution

Relies on minimal coupling to QCD 
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OPPORTUNITY FOR COSMOLOGICAL SURVEYS
CMB and LSS data provide opportunity to 


discover/constrain the QCD axion

Particle physics: Obtain reliable production rate

Cosmology: Find ways to distinguish axion 

from other possible dark radiation/hot DM

KEY CHALLENGES/DIRECTIONS



PRODUCTION FROM PIONS

Two problems with simple estimate 

both due to decoupling during the QCD crossover

Features discussed here possibly relevant for 
other candidates that can be seen in the near 

future at CMB/LSS
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Below 150 MeV



Simple estimate does not work because

1. Leading order (in chiral perturbation theory) rate is not valid at the 
temperatures of interest, because:

tree level unitarity
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Simple estimate does not work because

2. Instantaneous decoupling + thermal equilibrium not justified
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Higher momentum 
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Simple estimate does not work because

2. Instantaneous decoupling + thermal equilibrium not justified
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CALCULATION OF THE ABUNDANCE
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Simple estimate does not work because

2. Instantaneous decoupling + thermal equilibrium not justified
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Higher momentum modes are less diluted!

# of dofs is 
rapidly varying

CALCULATION OF THE ABUNDANCE

<latexit sha1_base64="L44EzAX6l9tIpPXg2ZlNMJl4LPU=">AAACA3icbVC7TsMwFHXKq5RXgA0WiwqJhZIAAsYKFsaC+pKaEDmu01p1nMh2kKooEgu/wsIAQqz8BBt/g9NmgMKRru7ROffKvsePGZXKsr6M0tz8wuJSebmysrq2vmFubrVllAhMWjhikej6SBJGOWkpqhjpxoKg0Gek44+ucr9zT4SkEW+qcUzcEA04DShGSkueuXPrSBrCgedIhcRdemgfnWTNvGeeWbVq1gTwL7ELUgUFGp756fQjnISEK8yQlD3bipWbIqEoZiSrOIkkMcIjNCA9TTkKiXTTyQ0Z3NdKHwaR0MUVnKg/N1IUSjkOfT0ZIjWUs14u/uf1EhVcuCnlcaIIx9OHgoRBFcE8ENingmDFxpogLKj+K8RDJBBWOraKDsGePfkvaR/X7LOafXNarV8WcZTBLtgDB8AG56AOrkEDtAAGD+AJvIBX49F4Nt6M9+loySh2tsEvGB/fe8mWxg==</latexit>

R ⇠ g�1/3
? T�1



Simple estimate does not work because

2. Instantaneous decoupling + thermal equilibrium not justified
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Enhanced abundance

# of dofs is 
rapidly varying

PRODUCTION FROM PIONS

Expect strong spectral distortion!

Similar to neutrinos, (3 + 0.043), but much larger 
effect due to change of dofs + behaviour of rate



MOMENTUM-DEPENDENT BOLTZMANN EQUATION
Solve for axion distribution function

<latexit sha1_base64="AUKh04Xh1XNdwEq7i9k3CDILWx4="></latexit>

dfp
dt

= (1 + fp)�
< � fp �> ,

Boltzmann equation in comoving momenta                          
<latexit sha1_base64="yJ9xrNbWPwdflBsLOGwxwASjtME=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSxC3ZRERN0IRTcuq9gHtKFMppN26OTBzEQoIeDGX3HjQhG3/oQ7/8ZJG0FbDwycOede7r3HjTiTyrK+jMLC4tLySnG1tLa+sbllbu80ZRgLQhsk5KFou1hSzgLaUExx2o4Exb7LacsdXWV+654KycLgTo0j6vh4EDCPEay01DP3uj5WQ9dLovTitqKOfr6jtNQzy1bVmgDNEzsnZchR75mf3X5IYp8GinAsZce2IuUkWChGOE1L3VjSCJMRHtCOpgH2qXSSyQ0pOtRKH3mh0C9QaKL+7kiwL+XYd3VltqKc9TLxP68TK+/cSVgQxYoGZDrIizlSIcoCQX0mKFF8rAkmguldERligYnSsWUh2LMnz5PmcdU+rdo3J+XaZR5HEfbhACpgwxnU4Brq0AACD/AEL/BqPBrPxpvxPi0tGHnPLvyB8fENlNSXeg==</latexit>

p = R(t)k

<latexit sha1_base64="0yj+WJ6Vog48qK3M9dmCLFMVp9s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgxpKIqAuVooguK/QFTVom00k7dCYJMxOhhOzd+CtuXCji1h9w5984bbPQ1gMXDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94fXYbz4QIWkY1NQoIi5H/YD6FCOlpa5ZdG4R56hzDi9IJzl0fIFwcpMmtTTNnMuuWbLK1gRwntgZKYEM1a755fRCHHMSKMyQlG3bipSbIKEoZiQtOLEkEcJD1CdtTQPEiXSTyS8p3NdKD/qh0BUoOFF/TySISzninu7kSA3krDcW//PasfLP3IQGUaxIgKeL/JhBFcJxMLBHBcGKjTRBWFB9K8QDpONQOr6CDsGefXmeNI7K9knZvj8uVa6yOPJgDxTBAbDBKaiAO1AFdYDBI3gGr+DNeDJejHfjY9qaM7KZXfAHxucPJJqafw==</latexit>

�< = e�
E
T �>

DestructionCreation

<latexit sha1_base64="5obT08K0xBfFf66RavRolHqtBd0="></latexit>

�> =
1

2E

Z  3Y

i=1

d3ki

(2⇡)32Ei

!
f eq
1 (1 + f eq

2 )(1 + f eq
3 )(2⇡)4�(4)(kµ + kµ1 � kµ2 � kµ3 )|M|2



MOMENTUM-DEPENDENT BOLTZMANN EQUATION
Solve for axion distribution function

<latexit sha1_base64="AUKh04Xh1XNdwEq7i9k3CDILWx4="></latexit>

dfp
dt

= (1 + fp)�
< � fp �> ,

Boltzmann equation in comoving momenta                          
<latexit sha1_base64="yJ9xrNbWPwdflBsLOGwxwASjtME=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSxC3ZRERN0IRTcuq9gHtKFMppN26OTBzEQoIeDGX3HjQhG3/oQ7/8ZJG0FbDwycOede7r3HjTiTyrK+jMLC4tLySnG1tLa+sbllbu80ZRgLQhsk5KFou1hSzgLaUExx2o4Exb7LacsdXWV+654KycLgTo0j6vh4EDCPEay01DP3uj5WQ9dLovTitqKOfr6jtNQzy1bVmgDNEzsnZchR75mf3X5IYp8GinAsZce2IuUkWChGOE1L3VjSCJMRHtCOpgH2qXSSyQ0pOtRKH3mh0C9QaKL+7kiwL+XYd3VltqKc9TLxP68TK+/cSVgQxYoGZDrIizlSIcoCQX0mKFF8rAkmguldERligYnSsWUh2LMnz5PmcdU+rdo3J+XaZR5HEfbhACpgwxnU4Brq0AACD/AEL/BqPBrPxpvxPi0tGHnPLvyB8fENlNSXeg==</latexit>

p = R(t)k

<latexit sha1_base64="0yj+WJ6Vog48qK3M9dmCLFMVp9s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgxpKIqAuVooguK/QFTVom00k7dCYJMxOhhOzd+CtuXCji1h9w5984bbPQ1gMXDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94fXYbz4QIWkY1NQoIi5H/YD6FCOlpa5ZdG4R56hzDi9IJzl0fIFwcpMmtTTNnMuuWbLK1gRwntgZKYEM1a755fRCHHMSKMyQlG3bipSbIKEoZiQtOLEkEcJD1CdtTQPEiXSTyS8p3NdKD/qh0BUoOFF/TySISzninu7kSA3krDcW//PasfLP3IQGUaxIgKeL/JhBFcJxMLBHBcGKjTRBWFB9K8QDpONQOr6CDsGefXmeNI7K9knZvj8uVa6yOPJgDxTBAbDBKaiAO1AFdYDBI3gGr+DNeDJejHfjY9qaM7KZXfAHxucPJJqafw==</latexit>

�< = e�
E
T �>

DestructionCreation

<latexit sha1_base64="5obT08K0xBfFf66RavRolHqtBd0="></latexit>

�> =
1

2E

Z  3Y

i=1

d3ki

(2⇡)32Ei

!
f eq
1 (1 + f eq

2 )(1 + f eq
3 )(2⇡)4�(4)(kµ + kµ1 � kµ2 � kµ3 )|M|2

Bose-Einstein



MOMENTUM-DEPENDENT BOLTZMANN EQUATION
Solve for axion distribution function

<latexit sha1_base64="AUKh04Xh1XNdwEq7i9k3CDILWx4="></latexit>

dfp
dt

= (1 + fp)�
< � fp �> ,

Boltzmann equation in comoving momenta                          
<latexit sha1_base64="yJ9xrNbWPwdflBsLOGwxwASjtME=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSxC3ZRERN0IRTcuq9gHtKFMppN26OTBzEQoIeDGX3HjQhG3/oQ7/8ZJG0FbDwycOede7r3HjTiTyrK+jMLC4tLySnG1tLa+sbllbu80ZRgLQhsk5KFou1hSzgLaUExx2o4Exb7LacsdXWV+654KycLgTo0j6vh4EDCPEay01DP3uj5WQ9dLovTitqKOfr6jtNQzy1bVmgDNEzsnZchR75mf3X5IYp8GinAsZce2IuUkWChGOE1L3VjSCJMRHtCOpgH2qXSSyQ0pOtRKH3mh0C9QaKL+7kiwL+XYd3VltqKc9TLxP68TK+/cSVgQxYoGZDrIizlSIcoCQX0mKFF8rAkmguldERligYnSsWUh2LMnz5PmcdU+rdo3J+XaZR5HEfbhACpgwxnU4Brq0AACD/AEL/BqPBrPxpvxPi0tGHnPLvyB8fENlNSXeg==</latexit>

p = R(t)k

<latexit sha1_base64="0yj+WJ6Vog48qK3M9dmCLFMVp9s=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgxpKIqAuVooguK/QFTVom00k7dCYJMxOhhOzd+CtuXCji1h9w5984bbPQ1gMXDufcy733eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjgUkdhywULQ9JwmhA6ooqRlqRIIh7jDS94fXYbz4QIWkY1NQoIi5H/YD6FCOlpa5ZdG4R56hzDi9IJzl0fIFwcpMmtTTNnMuuWbLK1gRwntgZKYEM1a755fRCHHMSKMyQlG3bipSbIKEoZiQtOLEkEcJD1CdtTQPEiXSTyS8p3NdKD/qh0BUoOFF/TySISzninu7kSA3krDcW//PasfLP3IQGUaxIgKeL/JhBFcJxMLBHBcGKjTRBWFB9K8QDpONQOr6CDsGefXmeNI7K9knZvj8uVa6yOPJgDxTBAbDBKaiAO1AFdYDBI3gGr+DNeDJejHfjY9qaM7KZXfAHxucPJJqafw==</latexit>

�< = e�
E
T �>

<latexit sha1_base64="7+7TrgE8q3MiDhGVMXcfoe3+gVw="></latexit>

⇢a = R�4

Z
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(2⇡)3
|p|fp ! �Ne↵ =
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DestructionCreation

<latexit sha1_base64="5obT08K0xBfFf66RavRolHqtBd0="></latexit>

�> =
1

2E

Z  3Y

i=1

d3ki

(2⇡)32Ei

!
f eq
1 (1 + f eq

2 )(1 + f eq
3 )(2⇡)4�(4)(kµ + kµ1 � kµ2 � kµ3 )|M|2

Bose-Einstein
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RESULTS

<latexit sha1_base64="FGTBbB2Ytacppppv0I1XSaFe+Zc=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwIGFXRD0GBfEYxTwgCWF20kmGzM4uM71iWHLz4q948aCIV3/Bm3/j5HHQxIKGmqpupruCWAqDnvftzM0vLC4tZ1ayq2vrG5vu1nbZRInmUOKRjHQ1YAakUFBCgRKqsQYWBhIqQe9y6FfuQRsRqTvsx9AIWUeJtuAMrdR09+oID5gW7cPQSMn+Eb1KpKS3YBKJg6ab8/LeCHSW+BOSIxMUm+5XvRXxJASFXDJjar4XYyNlGgWXMMjWEwMx4z3WgZqlioVgGunojgE9sEqLtiNtSyEdqb8nUhYa0w8D2xky7Jppbyj+59USbJ83UqHiBEHx8UftRFKM6DAU2hIaOMq+JYxrYXelvMs042ijy9oQ/OmTZ0n5OO+f5v2bk1zhYhJHhuySfXJIfHJGCuSaFEmJcPJInskreXOenBfn3fkYt845k5kd8gfO5w/3k5lf</latexit> P
io
ns

on
ly
, F
ul
l R

es
ul
t

<latexit sha1_base64="qg2DJhNwkZCUOskdR7csW8hafTQ=">AAACBHicbVC7SgNBFJ31GeMraplmMQg2hl0RtQzaaCFEMA9IljA7uUmGzM4uM3fFsKSw8VdsLBSx9SPs/Btnky008cAMh3PuvTP3+JHgGh3n21pYXFpeWc2t5dc3Nre2Czu7dR3GikGNhSJUTZ9qEFxCDTkKaEYKaOALaPjDy9Rv3IPSPJR3OIrAC2hf8h5nFI3UKRTbCA+Y3IQBSIyDo2vZhQjMJXHcKZScsjOBPU/cjJRIhmqn8NXuhixORzFBtW65ToReQhVyJmCcb8caIsqGtA8tQyUNQHvJZImxfWCUrt0LlTkS7Yn6uyOhgdajwDeVAcWBnvVS8T+vFWPv3Eu4jGIEyaYP9WJhY2inidhdroChGBlCmeLmrzYbUEUZmtzyJgR3duV5Uj8uu6dl9/akVLnI4siRItknh8QlZ6RCrkiV1Agjj+SZvJI368l6sd6tj2npgpX17JE/sD5/ALKPmMU=</latexit> M
om

en
tu
m
-I
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nt

Including thermal 
population at T=1 TeV

Minimal KSVZ model
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RESULTS

DISTORTED DISTRIBUTION LEADS TO 
LARGER RELIC ABUNDANCE (~40%)!

<latexit sha1_base64="FGTBbB2Ytacppppv0I1XSaFe+Zc=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwIGFXRD0GBfEYxTwgCWF20kmGzM4uM71iWHLz4q948aCIV3/Bm3/j5HHQxIKGmqpupruCWAqDnvftzM0vLC4tZ1ayq2vrG5vu1nbZRInmUOKRjHQ1YAakUFBCgRKqsQYWBhIqQe9y6FfuQRsRqTvsx9AIWUeJtuAMrdR09+oID5gW7cPQSMn+Eb1KpKS3YBKJg6ab8/LeCHSW+BOSIxMUm+5XvRXxJASFXDJjar4XYyNlGgWXMMjWEwMx4z3WgZqlioVgGunojgE9sEqLtiNtSyEdqb8nUhYa0w8D2xky7Jppbyj+59USbJ83UqHiBEHx8UftRFKM6DAU2hIaOMq+JYxrYXelvMs042ijy9oQ/OmTZ0n5OO+f5v2bk1zhYhJHhuySfXJIfHJGCuSaFEmJcPJInskreXOenBfn3fkYt845k5kd8gfO5w/3k5lf</latexit> P
io
ns
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ly
, F
ul
l R

es
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t

<latexit sha1_base64="qg2DJhNwkZCUOskdR7csW8hafTQ=">AAACBHicbVC7SgNBFJ31GeMraplmMQg2hl0RtQzaaCFEMA9IljA7uUmGzM4uM3fFsKSw8VdsLBSx9SPs/Btnky008cAMh3PuvTP3+JHgGh3n21pYXFpeWc2t5dc3Nre2Czu7dR3GikGNhSJUTZ9qEFxCDTkKaEYKaOALaPjDy9Rv3IPSPJR3OIrAC2hf8h5nFI3UKRTbCA+Y3IQBSIyDo2vZhQjMJXHcKZScsjOBPU/cjJRIhmqn8NXuhixORzFBtW65ToReQhVyJmCcb8caIsqGtA8tQyUNQHvJZImxfWCUrt0LlTkS7Yn6uyOhgdajwDeVAcWBnvVS8T+vFWPv3Eu4jGIEyaYP9WJhY2inidhdroChGBlCmeLmrzYbUEUZmtzyJgR3duV5Uj8uu6dl9/akVLnI4siRItknh8QlZ6RCrkiV1Agjj+SZvJI368l6sd6tj2npgpX17JE/sD5/ALKPmMU=</latexit> M
om

en
tu
m
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Including thermal 
population at T=1 TeV

Minimal KSVZ model
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<latexit sha1_base64="FGTBbB2Ytacppppv0I1XSaFe+Zc=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwIGFXRD0GBfEYxTwgCWF20kmGzM4uM71iWHLz4q948aCIV3/Bm3/j5HHQxIKGmqpupruCWAqDnvftzM0vLC4tZ1ayq2vrG5vu1nbZRInmUOKRjHQ1YAakUFBCgRKqsQYWBhIqQe9y6FfuQRsRqTvsx9AIWUeJtuAMrdR09+oID5gW7cPQSMn+Eb1KpKS3YBKJg6ab8/LeCHSW+BOSIxMUm+5XvRXxJASFXDJjar4XYyNlGgWXMMjWEwMx4z3WgZqlioVgGunojgE9sEqLtiNtSyEdqb8nUhYa0w8D2xky7Jppbyj+59USbJ83UqHiBEHx8UftRFKM6DAU2hIaOMq+JYxrYXelvMs042ijy9oQ/OmTZ0n5OO+f5v2bk1zhYhJHhuySfXJIfHJGCuSaFEmJcPJInskreXOenBfn3fkYt845k5kd8gfO5w/3k5lf</latexit> P
io
ns

on
ly
, F
ul
l R
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t

Including thermal 
population at T=1 TeV

0.074 0.13 0.19P
m∫ [eV]
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ma [eV]
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P
m

∫
[e

V
]

<latexit sha1_base64="k/+p8UC2rDV8tHV1qR5dviplbjg="></latexit>

ma  0.24 eV, 95% C.L.
X

⌫

m⌫  0.14 eV, 95% C.L.
<latexit sha1_base64="EcAkRpnJ5fxtHFUsMkPvOVQ71mA=">AAACC3icbVDLSgMxFM3UV62vqks3oUUQCmVGRF0W68KFQgX7gE4pmTRtQ5PMkNwRy9C9G3/FjQtF3PoD7vwb08dCWw+EHM45l+SeIBLcgOt+O6ml5ZXVtfR6ZmNza3snu7tXM2GsKavSUIS6ERDDBFesChwEa0SaERkIVg8G5bFfv2fa8FDdwTBiLUl6inc5JWCldjbnX9twh/jAHiApX96MCr6JJZZtX8W4YG/SzubdojsBXiTejOTRDJV29svvhDSWTAEVxJim50bQSogGTgUbZfzYsIjQAemxpqWKSGZayWSXET60Sgd3Q22PAjxRf08kRBozlIFNSgJ9M++Nxf+8Zgzd81bCVRQDU3T6UDcWGEI8LgZ3uGYUxNASQjW3f8W0TzShYOvL2BK8+ZUXSe246J0WvduTfOliVkcaHaAcOkIeOkMldIUqqIooekTP6BW9OU/Oi/PufEyjKWc2s4/+wPn8AbJsmi4=</latexit>

⇤CDM+
X

m⌫ +ma

Minimal KSVZ model

RESULTS

Planck18+BAO constraint 
on massless species

Planck18+BAO+Pantheon

(BOSS FS does not improve bound)
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<latexit sha1_base64="FGTBbB2Ytacppppv0I1XSaFe+Zc=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwIGFXRD0GBfEYxTwgCWF20kmGzM4uM71iWHLz4q948aCIV3/Bm3/j5HHQxIKGmqpupruCWAqDnvftzM0vLC4tZ1ayq2vrG5vu1nbZRInmUOKRjHQ1YAakUFBCgRKqsQYWBhIqQe9y6FfuQRsRqTvsx9AIWUeJtuAMrdR09+oID5gW7cPQSMn+Eb1KpKS3YBKJg6ab8/LeCHSW+BOSIxMUm+5XvRXxJASFXDJjar4XYyNlGgWXMMjWEwMx4z3WgZqlioVgGunojgE9sEqLtiNtSyEdqb8nUhYa0w8D2xky7Jppbyj+59USbJ83UqHiBEHx8UftRFKM6DAU2hIaOMq+JYxrYXelvMs042ijy9oQ/OmTZ0n5OO+f5v2bk1zhYhJHhuySfXJIfHJGCuSaFEmJcPJInskreXOenBfn3fkYt845k5kd8gfO5w/3k5lf</latexit> P
io
ns

on
ly
, F
ul
l R

es
ul
t

Including thermal 
population at T=1 TeV

0.074 0.13 0.19P
m∫ [eV]

0 0.19 0.38

ma [eV]

0.074

0.13

0.19

P
m

∫
[e

V
]

<latexit sha1_base64="k/+p8UC2rDV8tHV1qR5dviplbjg="></latexit>

ma  0.24 eV, 95% C.L.
X

⌫

m⌫  0.14 eV, 95% C.L.
<latexit sha1_base64="EcAkRpnJ5fxtHFUsMkPvOVQ71mA=">AAACC3icbVDLSgMxFM3UV62vqks3oUUQCmVGRF0W68KFQgX7gE4pmTRtQ5PMkNwRy9C9G3/FjQtF3PoD7vwb08dCWw+EHM45l+SeIBLcgOt+O6ml5ZXVtfR6ZmNza3snu7tXM2GsKavSUIS6ERDDBFesChwEa0SaERkIVg8G5bFfv2fa8FDdwTBiLUl6inc5JWCldjbnX9twh/jAHiApX96MCr6JJZZtX8W4YG/SzubdojsBXiTejOTRDJV29svvhDSWTAEVxJim50bQSogGTgUbZfzYsIjQAemxpqWKSGZayWSXET60Sgd3Q22PAjxRf08kRBozlIFNSgJ9M++Nxf+8Zgzd81bCVRQDU3T6UDcWGEI8LgZ3uGYUxNASQjW3f8W0TzShYOvL2BK8+ZUXSe246J0WvduTfOliVkcaHaAcOkIeOkMldIUqqIooekTP6BW9OU/Oi/PufEyjKWc2s4/+wPn8AbJsmi4=</latexit>

⇤CDM+
X

m⌫ +ma

CLASS + MontePython, Lesgourgues 11/../ + 
Audren 12/+Brinckmann 18

Minimal KSVZ model

RESULTS

Planck18+BAO constraint 
on massless species

Planck18+BAO+Pantheon

(BOSS FS does not improve bound)



AXION DISTRIBUTION FUNCTION
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THE (NEAR) FUTURE
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OUTLOOK
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Planck+ DESI, Euclid 

CMB-S4+DESI

UPCOMING COSMO SURVEYS WILL PROBE 
PRODUCTION DURING QCD CROSSOVER,


WHERE PION RATE CANNOT BE USED

Technical particle physics challenge:

Compute rate non-perturbatively

McLerran, Mottola, Shaposhnikov 90/…/
Moore, Tassler 10/Moore 22/Bonanno+23
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Caveat:

Sensitivity reach to massless species,

Underestimates reach on QCD axion 
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DISCOVERING THE QCD AXION WITH COSMOLOGY?

Figure 5: The axion parameter space in terms of its mass and coupling to photons ga�� . Solid green
lines indicate the allowed parameter space in the post-inflationary scenario for the minimal KSVZ model
and the DFSZ model, given our constraints from dark matter overproduction (eqs. (6) and (7)), while
the dashed green lines indicate our estimate of the uncertainty on these results. The green shaded band
indicates the post-inflationary parameter space allowed by the bound for more general axion models.
Vertical green lines show our lower bounds on the axion mass at ma = 0.5 meV and ma = 3.5 meV for
N = 1 and N = 6 respectively. We also indicate, in red, the allowed axion masses in the pre-inflationary
scenario (the corresponding ga�� lie in the partially transparent grey band), the upper limit of which
ma . 1.5 · 10�3 eV is set by isocurvature fluctuations. Existing experimental bounds and observational
constraints (solid lines) on ga�� as a function of the axion mass and the projected sensitivity of proposed
experiments (dotted) are also shown. The limit on DFSZ models from white dwarfs and red giants
(“WD/RG”) is indicated for tan� = 1 [75] , while the supernova-1987a limit on such models (“SN1987a”)
spans the blurred region as tan� varies (the corresponding constraint on KSVZ models is ma < 15 meV)
[70]. The post-inflationary region that we identify could also be probed by future experiments sensitive
to the axion’s couplings to matter [54,59]. In combination with the bound from supernova, the region of
viable QCD axion masses in the post-inflationary scenario is restricted to ma ⇡ 0.5÷ 20 meV.
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Adapted from Gorghetto, Hardy, 
Villadoro 20
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Future bound/detection?



SUMMARY/QUESTIONS FOR LSS

Observable effects of spectral distortion beyond enhanced abundance?

Impact on neutrino masses?

Near future reach on thermally produced dark radiation/hot DM 

w/ sub-eV mass restricted to production during QCD crossover

Full reach of DESI/Euclid?

Variation of # of dofs can cause strong spectral distortion, 

enhanced abundance

Well-motivated candidate: QCD axion



PARTICLE PHYSICS AT THE EV?

UV-MOTIVATED SIGNAL BUILDINGTENSIONS

Want: (a) light particle(s) (with (sub)-eV mass) that decouples 
around the QCD epoch

2305.14166 w/ I. Allali, M. Hertzberg


See talk by Martin!



INTERACTING DARK SECTOR WITH MASS THRESHOLDS
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Several possible particle physics realisations: scalars+fermions, 
fermions+dark photon, QCD-like sector …

Aloni, Berlin, Joseph, 
Schmaltz, Weiner 
21/+Sivarajan 22/

See talk by 
Martin!

Agnostic about 
production of initial 

population (but 
produced after 

BBN)

a.k.a. “Stepped Dark Radiation” (SDR)



IMPACT ON CMB
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Figure 1. Left: dark sector fluid equation of state parameter and sound speed of perturbations as a function of redshift. The
black dashed line shows the resulting behavior of the dark radiation abundance (see right vertical axis for its values). Right: the
fractional change in multipole coe�cients C` of the TT power spectrum in the self-interacting radiation models with (solid curve)
and without (dotted curve) a mass threshold, and in the free-streaming radiation model (dot-dashed curve), all with respect
to the ⇤CDM model. �N

IR
e↵ = 0.28 has been used for the three dark radiation models, for which cosmological parameters

have been fixed to the best-fit values of the stepped DR model obtained with Planck18+BAO+Pantheon (in particular,
H0 = 69.34 km/s/Mpc), while best-fit parameters for the ⇤CDM model have been used for comparison (H0 = 67.9 km/s/Mpc),
see Table XI for details.

work.

II. DARK SECTOR MODEL

The properties of an interacting dark sector that undergoes a change in its number of relativistic degrees of freedom
(referred to as the stepped dark radiation, or SDR, model) can be described in terms of an e↵ective fluid model with
redshift-dependent equation of state parameter w and sound speed of perturbations c2s:

w(z) ⌘ p(z)

⇢(z)
, c2s(z) ⌘ dp(z)/dz

d⇢(z)/dz
, (1)

where z is the redshift. Much before the epoch zt at which the change in number of degrees of freedom occurs,
the fluid behaves simply as radiation, i.e. w = c2s = 1/3. As the Universe approaches zt, w and c2s temporarily
decrease since a non-negligible fraction of the energy density in the fluid is initially made of massive species (which
are pressureless and thus have w = 0). Since those species remain in thermal equilibrium with the remaining light
degrees of freedom, their abundance is rapidly depleted and the sector is again described by a simple radiation fluid.
The redshift dependence of w and c2s can then be simply determined starting from (1), see [16] and Appendix A for
details. Fundamentally, these features are due to the existence of a mass scale m, such that once T ' m a certain
number of states becomes nonrelativistic.

It is customary to parameterize the energy density of relativistic species in terms of �Ne↵. We are interested in
a dark sector that decouples from neutrinos at su�ciently early times before recombination (if it has ever been in
thermal contact at all). Therefore, the change in g⇤ in the light sector induces a time-dependence in �Ne↵: indeed
approximate entropy conservation in the dark sector implies that its temperature decreases temporarily more slowly
than the temperature of neutrinos with cosmic expansion, i.e. Td ⇠ (gd⇤,s)

�1/3a�1, where a is the scale factor, whereas

T⌫ ⇠ a�1. Notice that gd⇤,s(g
d
⇤) is the temperature-dependent number of relativistic degrees of freedom in entropy

(energy) in the dark sector, defined via the entropy density sd = (2⇡2/45)gd⇤,s(Td)T 3

d (or via the energy density).

Therefore, �Ne↵ / gd⇤(Td)(Td/T⌫)4 / gd⇤(Td)(gd⇤,s(Td))�4/3 increases as the dark sector undergoes a decrease in its

number of relativistic species. Away from zt, gd⇤ and gd⇤,s are constant and equal in our case, since the dark sector
species are all in thermal equilibrium, and thus one can define the relative change (we often drop the script d in what
follows and take all quantities to refer always to the dark sector, unless otherwise noted)

rg ⌘ gUV

⇤ � gIR⇤
gIR⇤

=

✓
�N IR

e↵

�NUV

e↵

◆3

� 1, (2)

4

where we use superscript IR and UV for quantities evaluated at z ⌧ zt and z � zt respectively. Away from zt, the
dark sector temperature Td is related to the temperature of the SM bath by

T IR,UV

d ⇠ 0.5

✓
2

gIR,UV

⇤

◆ 1
4

 
�N IR,UV

e↵

0.3

! 1
4

TSM. (3)

For the values of �N IR

e↵
, g⇤ of interest, the dark sector is only slightly colder than the SM bath. Furthermore, the

dark sector temperature today is related to the fundamental mass scale and the redshift zt by m = T 0

d (1 + zt), or in
terms of model parameters it is given by

m ' 1.2 eV

✓
1 + zt
104

◆✓
�N IR

e↵

0.3

◆1/4✓
2

gIR⇤

◆1/4

(4)

The redshift dependence of �Ne↵ around zt can be determined by computing the evolution of ⇢ (which we review
in Appendix A) and is shown in Fig. 1, together with w and c2s for example values of �N IR

e↵
and rg. Overall, the

e↵ective fluid of the SDR model is thus characterized by three independent parameters, which can be chosen to be
�N IR

e↵
, rg and zt.

As usual, the inclusion of fluid perturbations is crucial for cosmological analyses. We will assume that the dark
sector bath is su�ciently strongly interacting that it e↵ectively behaves as an ideal relativistic fluid rather than as
free-streaming radiation (see e.g. [14]). In such case, the perturbation equations read (in synchronous gauge) [47]:

�̇ = �(1 + w)(✓ +
ḣ

2
) � 3H(c2s � w)� (5)

✓̇ = �H(1 � 3w)✓ � ẇ

1 + w
✓ +

c2s
1 + w

k2� � k2� (6)

where � ⌘ �⇢/⇢̄, ✓ = ikjvj are the density and velocity perturbations, respectively (kj is the wave mode and vj is the
fluid velocity); overdots indicate conformal time derivatives; h is the trace of the scalar metric perturbation; H ⌘ ȧ/a
is the Hubble parameter in conformal time; and � is the shear perturbation of the fluid. One can readily confirm that
in the limit of a perfect radiation fluid these equations take on the familiar form for radiation.

Taking the dark radiation fluid to be shearless, we can see that in addition to the changing values of w and c2s,
there are “new” terms in the perturbation equations for �sdr and ✓sdr which vanish for pure radiation. First, the term
proportional to (c2s �w) does not vanish near the step since the shifts of w and c2s are not lockstep, see Fig. 1. Second,
the term proportional to (1 � 3w) does not vanish for all times. Finally, the term proportional to ẇ is nontrivial
during the step when w evolves.

The impact of the dark sector model considered so far on CMB anisotropies is shown on the right side of Fig. 1
(solid blue curve). We plot the fractional change in the Cl’s for best-fit values of dark sector parameters (reported in
Tab. III, for the baseline dataset, see also Table XI), with respect to the ⇤CDM model (with its own best-fit values
of cosmological parameters). For comparison, we show also the simple (without mass threshold) free-streaming and
self-interacting dark radiation models, both with �Ne↵ = �N IR

e↵
and with the same values of cosmological parameters

as for the dark sector model. One can appreciate that the change with respect to ⇤CDM is significantly smaller for
the dark sector model than for free-streaming radiation at high-`. With respect to the simple self-interacting dark
radiation model, the di↵erence is O(2 � 3%) for ` & 500.

A. Interactions with dark matter

In addition to the model described so far, we will also be interested in extensions that allow for interactions between
the dark radiation sector and (a fraction of) the dark matter. Such extended models are observationally motivated by
the S8 tension (see also [48, 49]), since the growth of matter fluctuations is suppressed in the presence of interactions
with other components. In these scenarios, the background evolution of the dark radiation (SDR) and interacting
dark matter (IDM) fluids remains as above, while the perturbation equations of the two fluids, again in synchronous
gauge, are modified as follows (see also Appendix A4 of [18]):

✓̇sdr = �H(1 � 3w)✓sdr � ẇ

1 + w
✓sdr +

�P/�⇢

1 + w
k2�sdr � a�

⇢idm
⇢sdr(1 + w)

(✓sdr � ✓idm) (7)

✓̇idm = �H✓idm + a�(✓sdr � ✓idm), (8)
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Figure 1. Left: dark sector fluid equation of state parameter and sound speed of perturbations as a function of redshift. The
black dashed line shows the resulting behavior of the dark radiation abundance (see right vertical axis for its values). Right: the
fractional change in multipole coe�cients C` of the TT power spectrum in the self-interacting radiation models with (solid curve)
and without (dotted curve) a mass threshold, and in the free-streaming radiation model (dot-dashed curve), all with respect
to the ⇤CDM model. �N

IR
e↵ = 0.28 has been used for the three dark radiation models, for which cosmological parameters

have been fixed to the best-fit values of the stepped DR model obtained with Planck18+BAO+Pantheon (in particular,
H0 = 69.34 km/s/Mpc), while best-fit parameters for the ⇤CDM model have been used for comparison (H0 = 67.9 km/s/Mpc),
see Table XI for details.

work.

II. DARK SECTOR MODEL

The properties of an interacting dark sector that undergoes a change in its number of relativistic degrees of freedom
(referred to as the stepped dark radiation, or SDR, model) can be described in terms of an e↵ective fluid model with
redshift-dependent equation of state parameter w and sound speed of perturbations c2s:

w(z) ⌘ p(z)

⇢(z)
, c2s(z) ⌘ dp(z)/dz

d⇢(z)/dz
, (1)

where z is the redshift. Much before the epoch zt at which the change in number of degrees of freedom occurs,
the fluid behaves simply as radiation, i.e. w = c2s = 1/3. As the Universe approaches zt, w and c2s temporarily
decrease since a non-negligible fraction of the energy density in the fluid is initially made of massive species (which
are pressureless and thus have w = 0). Since those species remain in thermal equilibrium with the remaining light
degrees of freedom, their abundance is rapidly depleted and the sector is again described by a simple radiation fluid.
The redshift dependence of w and c2s can then be simply determined starting from (1), see [16] and Appendix A for
details. Fundamentally, these features are due to the existence of a mass scale m, such that once T ' m a certain
number of states becomes nonrelativistic.

It is customary to parameterize the energy density of relativistic species in terms of �Ne↵. We are interested in
a dark sector that decouples from neutrinos at su�ciently early times before recombination (if it has ever been in
thermal contact at all). Therefore, the change in g⇤ in the light sector induces a time-dependence in �Ne↵: indeed
approximate entropy conservation in the dark sector implies that its temperature decreases temporarily more slowly
than the temperature of neutrinos with cosmic expansion, i.e. Td ⇠ (gd⇤,s)

�1/3a�1, where a is the scale factor, whereas

T⌫ ⇠ a�1. Notice that gd⇤,s(g
d
⇤) is the temperature-dependent number of relativistic degrees of freedom in entropy

(energy) in the dark sector, defined via the entropy density sd = (2⇡2/45)gd⇤,s(Td)T 3

d (or via the energy density).

Therefore, �Ne↵ / gd⇤(Td)(Td/T⌫)4 / gd⇤(Td)(gd⇤,s(Td))�4/3 increases as the dark sector undergoes a decrease in its

number of relativistic species. Away from zt, gd⇤ and gd⇤,s are constant and equal in our case, since the dark sector
species are all in thermal equilibrium, and thus one can define the relative change (we often drop the script d in what
follows and take all quantities to refer always to the dark sector, unless otherwise noted)

rg ⌘ gUV

⇤ � gIR⇤
gIR⇤

=

✓
�N IR

e↵

�NUV

e↵

◆3

� 1, (2)

Softening of the equation of state

4

where we use superscript IR and UV for quantities evaluated at z ⌧ zt and z � zt respectively. Away from zt, the
dark sector temperature Td is related to the temperature of the SM bath by

T IR,UV

d ⇠ 0.5

✓
2

gIR,UV

⇤

◆ 1
4

 
�N IR,UV

e↵

0.3

! 1
4

TSM. (3)

For the values of �N IR

e↵
, g⇤ of interest, the dark sector is only slightly colder than the SM bath. Furthermore, the

dark sector temperature today is related to the fundamental mass scale and the redshift zt by m = T 0

d (1 + zt), or in
terms of model parameters it is given by

m ' 1.2 eV

✓
1 + zt
104

◆✓
�N IR

e↵

0.3

◆1/4✓
2

gIR⇤

◆1/4

(4)

The redshift dependence of �Ne↵ around zt can be determined by computing the evolution of ⇢ (which we review
in Appendix A) and is shown in Fig. 1, together with w and c2s for example values of �N IR

e↵
and rg. Overall, the

e↵ective fluid of the SDR model is thus characterized by three independent parameters, which can be chosen to be
�N IR

e↵
, rg and zt.

As usual, the inclusion of fluid perturbations is crucial for cosmological analyses. We will assume that the dark
sector bath is su�ciently strongly interacting that it e↵ectively behaves as an ideal relativistic fluid rather than as
free-streaming radiation (see e.g. [14]). In such case, the perturbation equations read (in synchronous gauge) [47]:

�̇ = �(1 + w)(✓ +
ḣ

2
) � 3H(c2s � w)� (5)

✓̇ = �H(1 � 3w)✓ � ẇ

1 + w
✓ +

c2s
1 + w

k2� � k2� (6)

where � ⌘ �⇢/⇢̄, ✓ = ikjvj are the density and velocity perturbations, respectively (kj is the wave mode and vj is the
fluid velocity); overdots indicate conformal time derivatives; h is the trace of the scalar metric perturbation; H ⌘ ȧ/a
is the Hubble parameter in conformal time; and � is the shear perturbation of the fluid. One can readily confirm that
in the limit of a perfect radiation fluid these equations take on the familiar form for radiation.

Taking the dark radiation fluid to be shearless, we can see that in addition to the changing values of w and c2s,
there are “new” terms in the perturbation equations for �sdr and ✓sdr which vanish for pure radiation. First, the term
proportional to (c2s �w) does not vanish near the step since the shifts of w and c2s are not lockstep, see Fig. 1. Second,
the term proportional to (1 � 3w) does not vanish for all times. Finally, the term proportional to ẇ is nontrivial
during the step when w evolves.

The impact of the dark sector model considered so far on CMB anisotropies is shown on the right side of Fig. 1
(solid blue curve). We plot the fractional change in the Cl’s for best-fit values of dark sector parameters (reported in
Tab. III, for the baseline dataset, see also Table XI), with respect to the ⇤CDM model (with its own best-fit values
of cosmological parameters). For comparison, we show also the simple (without mass threshold) free-streaming and
self-interacting dark radiation models, both with �Ne↵ = �N IR

e↵
and with the same values of cosmological parameters

as for the dark sector model. One can appreciate that the change with respect to ⇤CDM is significantly smaller for
the dark sector model than for free-streaming radiation at high-`. With respect to the simple self-interacting dark
radiation model, the di↵erence is O(2 � 3%) for ` & 500.

A. Interactions with dark matter

In addition to the model described so far, we will also be interested in extensions that allow for interactions between
the dark radiation sector and (a fraction of) the dark matter. Such extended models are observationally motivated by
the S8 tension (see also [48, 49]), since the growth of matter fluctuations is suppressed in the presence of interactions
with other components. In these scenarios, the background evolution of the dark radiation (SDR) and interacting
dark matter (IDM) fluids remains as above, while the perturbation equations of the two fluids, again in synchronous
gauge, are modified as follows (see also Appendix A4 of [18]):

✓̇sdr = �H(1 � 3w)✓sdr � ẇ

1 + w
✓sdr +

�P/�⇢

1 + w
k2�sdr � a�

⇢idm
⇢sdr(1 + w)

(✓sdr � ✓idm) (7)

✓̇idm = �H✓idm + a�(✓sdr � ✓idm), (8)

Radiation fluid is self-interacting, 

behaves like ideal fluid (not free streaming)
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Figure 1. Left: dark sector fluid equation of state parameter and sound speed of perturbations as a function of redshift. The
black dashed line shows the resulting behavior of the dark radiation abundance (see right vertical axis for its values). Right: the
fractional change in multipole coe�cients C` of the TT power spectrum in the self-interacting radiation models with (solid curve)
and without (dotted curve) a mass threshold, and in the free-streaming radiation model (dot-dashed curve), all with respect
to the ⇤CDM model. �N

IR
e↵ = 0.28 has been used for the three dark radiation models, for which cosmological parameters

have been fixed to the best-fit values of the stepped DR model obtained with Planck18+BAO+Pantheon (in particular,
H0 = 69.34 km/s/Mpc), while best-fit parameters for the ⇤CDM model have been used for comparison (H0 = 67.9 km/s/Mpc),
see Table XI for details.

work.

II. DARK SECTOR MODEL

The properties of an interacting dark sector that undergoes a change in its number of relativistic degrees of freedom
(referred to as the stepped dark radiation, or SDR, model) can be described in terms of an e↵ective fluid model with
redshift-dependent equation of state parameter w and sound speed of perturbations c2s:

w(z) ⌘ p(z)

⇢(z)
, c2s(z) ⌘ dp(z)/dz

d⇢(z)/dz
, (1)

where z is the redshift. Much before the epoch zt at which the change in number of degrees of freedom occurs,
the fluid behaves simply as radiation, i.e. w = c2s = 1/3. As the Universe approaches zt, w and c2s temporarily
decrease since a non-negligible fraction of the energy density in the fluid is initially made of massive species (which
are pressureless and thus have w = 0). Since those species remain in thermal equilibrium with the remaining light
degrees of freedom, their abundance is rapidly depleted and the sector is again described by a simple radiation fluid.
The redshift dependence of w and c2s can then be simply determined starting from (1), see [16] and Appendix A for
details. Fundamentally, these features are due to the existence of a mass scale m, such that once T ' m a certain
number of states becomes nonrelativistic.

It is customary to parameterize the energy density of relativistic species in terms of �Ne↵. We are interested in
a dark sector that decouples from neutrinos at su�ciently early times before recombination (if it has ever been in
thermal contact at all). Therefore, the change in g⇤ in the light sector induces a time-dependence in �Ne↵: indeed
approximate entropy conservation in the dark sector implies that its temperature decreases temporarily more slowly
than the temperature of neutrinos with cosmic expansion, i.e. Td ⇠ (gd⇤,s)

�1/3a�1, where a is the scale factor, whereas

T⌫ ⇠ a�1. Notice that gd⇤,s(g
d
⇤) is the temperature-dependent number of relativistic degrees of freedom in entropy

(energy) in the dark sector, defined via the entropy density sd = (2⇡2/45)gd⇤,s(Td)T 3

d (or via the energy density).

Therefore, �Ne↵ / gd⇤(Td)(Td/T⌫)4 / gd⇤(Td)(gd⇤,s(Td))�4/3 increases as the dark sector undergoes a decrease in its

number of relativistic species. Away from zt, gd⇤ and gd⇤,s are constant and equal in our case, since the dark sector
species are all in thermal equilibrium, and thus one can define the relative change (we often drop the script d in what
follows and take all quantities to refer always to the dark sector, unless otherwise noted)

rg ⌘ gUV

⇤ � gIR⇤
gIR⇤

=

✓
�N IR

e↵

�NUV

e↵

◆3

� 1, (2)
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Figure 1. Left: dark sector fluid equation of state parameter and sound speed of perturbations as a function of redshift. The
black dashed line shows the resulting behavior of the dark radiation abundance (see right vertical axis for its values). Right: the
fractional change in multipole coe�cients C` of the TT power spectrum in the self-interacting radiation models with (solid curve)
and without (dotted curve) a mass threshold, and in the free-streaming radiation model (dot-dashed curve), all with respect
to the ⇤CDM model. �N

IR
e↵ = 0.28 has been used for the three dark radiation models, for which cosmological parameters

have been fixed to the best-fit values of the stepped DR model obtained with Planck18+BAO+Pantheon (in particular,
H0 = 69.34 km/s/Mpc), while best-fit parameters for the ⇤CDM model have been used for comparison (H0 = 67.9 km/s/Mpc),
see Table XI for details.
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II. DARK SECTOR MODEL

The properties of an interacting dark sector that undergoes a change in its number of relativistic degrees of freedom
(referred to as the stepped dark radiation, or SDR, model) can be described in terms of an e↵ective fluid model with
redshift-dependent equation of state parameter w and sound speed of perturbations c2s:

w(z) ⌘ p(z)

⇢(z)
, c2s(z) ⌘ dp(z)/dz

d⇢(z)/dz
, (1)

where z is the redshift. Much before the epoch zt at which the change in number of degrees of freedom occurs,
the fluid behaves simply as radiation, i.e. w = c2s = 1/3. As the Universe approaches zt, w and c2s temporarily
decrease since a non-negligible fraction of the energy density in the fluid is initially made of massive species (which
are pressureless and thus have w = 0). Since those species remain in thermal equilibrium with the remaining light
degrees of freedom, their abundance is rapidly depleted and the sector is again described by a simple radiation fluid.
The redshift dependence of w and c2s can then be simply determined starting from (1), see [16] and Appendix A for
details. Fundamentally, these features are due to the existence of a mass scale m, such that once T ' m a certain
number of states becomes nonrelativistic.

It is customary to parameterize the energy density of relativistic species in terms of �Ne↵. We are interested in
a dark sector that decouples from neutrinos at su�ciently early times before recombination (if it has ever been in
thermal contact at all). Therefore, the change in g⇤ in the light sector induces a time-dependence in �Ne↵: indeed
approximate entropy conservation in the dark sector implies that its temperature decreases temporarily more slowly
than the temperature of neutrinos with cosmic expansion, i.e. Td ⇠ (gd⇤,s)

�1/3a�1, where a is the scale factor, whereas

T⌫ ⇠ a�1. Notice that gd⇤,s(g
d
⇤) is the temperature-dependent number of relativistic degrees of freedom in entropy

(energy) in the dark sector, defined via the entropy density sd = (2⇡2/45)gd⇤,s(Td)T 3

d (or via the energy density).

Therefore, �Ne↵ / gd⇤(Td)(Td/T⌫)4 / gd⇤(Td)(gd⇤,s(Td))�4/3 increases as the dark sector undergoes a decrease in its

number of relativistic species. Away from zt, gd⇤ and gd⇤,s are constant and equal in our case, since the dark sector
species are all in thermal equilibrium, and thus one can define the relative change (we often drop the script d in what
follows and take all quantities to refer always to the dark sector, unless otherwise noted)

rg ⌘ gUV

⇤ � gIR⇤
gIR⇤

=

✓
�N IR

e↵

�NUV

e↵

◆3

� 1, (2)

Fixed
<latexit sha1_base64="sKxVZQRiTK1t2QhU/CT7cLzQEVo=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Aroh6DevAkEcwDsiHMTnqTIbMPZnrFsMRf8eJBEa9+iDf/xkmyB40WNBRV3XR3+YkUGh3nyyosLa+srhXXSxubW9s79u5eU8ep4tDgsYxV22capIiggQIltBMFLPQltPzR5dRv3YPSIo7ucJxAN2SDSASCMzRSzy57VyCR0Zueh/CAGQTBpGdXnKozA/1L3JxUSI56z/70+jFPQ4iQS6Z1x3US7GZMoeASJiUv1ZAwPmID6BgasRB0N5sdP6GHRunTIFamIqQz9edExkKtx6FvOkOGQ73oTcX/vE6KwXk3E1GSIkR8vihIJcWYTpOgfaGAoxwbwrgS5lbKh0wxjiavkgnBXXz5L2keV93Tqnt7Uqld5HEUyT45IEfEJWekRq5JnTQIJ2PyRF7Iq/VoPVtv1vu8tWDlM2XyC9bHN6v3lMw=</latexit>

�Ne↵

Motivation from Hubble tension

Simple (free streaming or not) dark radiation not enough to 
address tension

Time-dependent properties allow for larger relic abundance, 
degenerate with larger Hubble constant



IMPACT ON HUBBLE TENSION

<latexit sha1_base64="/4crq9Cmthd7fqAMzqwkogRoWAw="></latexit>

�N IR
e↵ , zt, rg ⌘ gUV

? � gIR?
gIR?

<latexit sha1_base64="Uww+BAZ+sq1mGMGsqw5hXnRxl8M=">AAACCHicbVA9SwNBEN2LXzF+RS0tXAxCBAl3ImohItpop2KikAthbzNJFvc+3J0TkyOljX/FxkIRW3+Cnf/GTbxCEx8MPN6bYWaeF0mh0ba/rMzY+MTkVHY6NzM7N7+QX1yq6DBWHMo8lKG69pgGKQIoo0AJ15EC5nsSrryb475/dQdKizC4xE4ENZ+1AtEUnKGR6vlVF+Eek9MLWixXNnou3Mbijnb3iwcb3Tpu0nq+YJfsAegocVJSICnO6vlPtxHy2IcAuWRaVx07wlrCFAouoZdzYw0R4zesBVVDA+aDriWDR3p03SgN2gyVqQDpQP09kTBf647vmU6fYVsPe33xP68aY3OvloggihEC/rOoGUuKIe2nQhtCAUfZMYRxJcytlLeZYhxNdjkTgjP88iipbJWcnZJzvl04PErjyJIVskaKxCG75JCckDNSJpw8kCfyQl6tR+vZerPef1ozVjqzTP7A+vgGTyGYOw==</latexit>

IR (UV) ⌘ z < (>)zt,

See also Schöneberg, 
Abellan 22



IMPACT ON HUBBLE TENSION
Effective fluid model is characterised by three extra parameters

<latexit sha1_base64="/4crq9Cmthd7fqAMzqwkogRoWAw="></latexit>

�N IR
e↵ , zt, rg ⌘ gUV

? � gIR?
gIR?

Model shown to be effective in reducing Hubble tension 

With tight priors on redshift of the transition, fitting to Planck18+BAO

<latexit sha1_base64="Uww+BAZ+sq1mGMGsqw5hXnRxl8M=">AAACCHicbVA9SwNBEN2LXzF+RS0tXAxCBAl3ImohItpop2KikAthbzNJFvc+3J0TkyOljX/FxkIRW3+Cnf/GTbxCEx8MPN6bYWaeF0mh0ba/rMzY+MTkVHY6NzM7N7+QX1yq6DBWHMo8lKG69pgGKQIoo0AJ15EC5nsSrryb475/dQdKizC4xE4ENZ+1AtEUnKGR6vlVF+Eek9MLWixXNnou3Mbijnb3iwcb3Tpu0nq+YJfsAegocVJSICnO6vlPtxHy2IcAuWRaVx07wlrCFAouoZdzYw0R4zesBVVDA+aDriWDR3p03SgN2gyVqQDpQP09kTBf647vmU6fYVsPe33xP68aY3OvloggihEC/rOoGUuKIe2nQhtCAUfZMYRxJcytlLeZYhxNdjkTgjP88iipbJWcnZJzvl04PErjyJIVskaKxCG75JCckDNSJpw8kCfyQl6tR+vZerPef1ozVjqzTP7A+vgGTyGYOw==</latexit>

IR (UV) ⌘ z < (>)zt,

Constraints from BOSS with EFTofLSS? 

Shifts of other parameters to keep goodness of fit (CDM, S8)

Prior dependence? 

Look elsewhere effectSimilar questions 

addressed for

Early Dark Energy

See also Schöneberg, 
Abellan 22



CONSTRAINTS WITH FULL-SHAPE INFORMATION
13

67 70 73

H0 [km/s/Mpc]

0.80

0.85

S
8

0.5

1.0

1.5

�
N

IR e�

0.30

0.32

�
m

0.29 0.32

�m

0.5 1.5

�N IR
e�

0.80 0.85

S8

Baseline

+FS

+Mb

Figure 6. One- and two-dimensional posterior distributions for selected parameters fit to three di↵erent datasets: the baseline
dataset P18+BAO+Pantheon, the baseline + FS, and the baseline +FS+Mb. The light green (lighter green) vertical bars show
the 1-� (2-�) bounds of the SH0ES measurement of H0, and the light pink (lighter pink) horizontal bars show the 1-� (2-�)
bounds of the combined S8 measurement from KiDS-1000 and DES-Y3. For more posteriors, see Appendix C.

Figure 7. One- and two-dimensional posterior distributions for m and �N
IR
e↵ fit to three di↵erent datasets: the baseline dataset

P18+BAO+Pantheon, the baseline + FS, and the baseline +FS+Mb. The constraint on m becomes more limiting for larger
N

IR
e↵ , while for N IR

e↵ ! 0, one should no longer trust this constraint since m ! 0 as well, see (4).

12

Parameter SIDR SDR (i) SDR (ii)

�N
IR

e↵
< 0.456 (95% CL) < 0.597 (0.551) < 0.546 (0.289)

H0 [km/s/Mpc] 68.95 (68.38)+0.73
�1.2 69.30 (70.68)+0.86

�1.3 68.89 (69.34)+0.71
�1.1

S8 0.823 (0.818)+0.011
�0.011 0.829 (0.837)+0.011

�0.011 0.827 (0.834)+0.011
�0.011

Mb �19.380 (�19.397)+0.022
�0.034 �19.369 (�19.325)+0.025

�0.038 �19.381 (�19.369)+0.021
�0.032

��
2 �0.22 �0.41 �1.4

Q
Mb
DMAP 3.48� 2.55� 2.74�

Mb GT 3.66� 3.12� 3.74�

Mb IT 2.95� 2.56� 3.03�

�AICMb �18.88 �22.67 �20.67

Table II. Mean (best-fit) ±1� error of H0, S8, and Mb are given along with a 95% C.L. upper bound on �Ne↵ for the SIDR
model obtained by fitting to the baseline dataset P18+BAO+Pantheon. For comparison, the SDR model is shown with: (i) rg
fixed and log10 zt 2 [4.0, 4.6] and (ii) rg free and log10 zt 2 [3.0, 5.0]. Tension measures are reported with respect to the SH0ES
measurement of Mb.

Parameter Baseline Baseline + FS Baseline + FS +Mb Priors

�N
IR

e↵
< 0.546 (0.289) < 0.55 (0.08) 0.69 (0.63)+0.14

�0.23 [0,1)

log10 zt Unconstrained (4.29) Unconstrained (4.97) Unconstrained (4.22) [3,5]

rg Unconstrained (4.0) Unconstrained (2.34) Unconstrained (1.14) [0,5]

H0 [km/s/Mpc] 68.89 (69.34)+0.71
�1.1 69.01 (68.37)+0.66

�1.1 71.71 (72.17)+0.83
�0.80 —

S8 0.827 (0.834)+0.011
�0.011 0.821 (0.824)+0.010

�0.010 0.816 (0.82)+0.010
�0.012 —

Mb �19.381 (�19.369)+0.021
�0.032 �19.378 (�19.4)+0.019

�0.032 �19.300 (�19.285)+0.024
�0.024 —

��
2 �1.4 �1.62 �24.69 —

Q
Mb
DMAP 2.74� 2.72� — —

Mb GT 3.74� 3.77� 1.29� —

Mb IT 3.03� 2.94� 1.29� —

�AICMb �20.67 �18.68 — —

Table III. Mean (best-fit) ±1� error of dark sector parameters obtained by fitting the three-parameter SDR model to three
datasets: the baseline dataset P18+BAO+Pantheon, the baseline + FS, and the baseline + FS + Mb. Upper bounds
are presented at 95% C.L., and parameters without constraints at 95% C.L. within their prior boundaries are marked as
unconstrained. Tension measures are reported with respect to the SH0ES measurement of Mb. Priors for the SDR parameters
are given in the last column.

H0 as large as those required to fully alleviate the H0 tension. In fact, when adding a prior on Mb from the SH0ES
measurement, we find a residual 1.3� tension.

We find that the FS likelihood constrains SDR models similarly to EDE models (see Table III of [38]), although
the EDE model has ��2 ' �5 with the same number of parameters as the SDR model.

We show also in Fig. 7 the posterior distribution for the mass scale m of the threshold compared to �N IR

e↵
, obtained

as a derived parameter by means of (4). One can see that with increasing �N IR

e↵
, the value of m allowed by data at

95% confidence decreases. On the other hand, as �N IR

e↵
! 0, one can see from (4) that m ! 0 as well, and thus the

data no longer constrain m in this limit, which can be seen by the fact that the 2-dimensional posterior continues to
rise at small �N IR

e↵
. One should only trust the one-dimensional posterior for m for su�ciently large �N IR

e↵
, keeping

in mind that no such upper-bound on m is possible with �N IR

e↵
= 0.

We conclude that dark radiation models with mass thresholds around the epoch of recombination lead to a significant
relaxation of the constraint on �Ne↵, obviously in particular with respect to the free-streaming case, but also with
respect to the self-interacting (SIDR) model without a mass threshold. A comparison of the SDR and SIDR models
including the FS dataset is given in Table IV, where one can see the relaxation of the bound on �Ne↵ is still present,
but the improvement of the H0 tension is largely gone, while the �2 is only minimally improved considering that the
SDR model has two extra parameters compared to the SIDR model.

While in the SDR model the Hubble tension is alleviated from & 5 to ⇠ 3�, the minimal improvement in �2 over
⇤CDM despite three additional parameters, as well as the significant residual tension, suggest that these models
struggle to provide a convincing framework to address the discrepancy in the determinations of H0. Unsurprisingly,
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Figure 6. One- and two-dimensional posterior distributions for selected parameters fit to three di↵erent datasets: the baseline
dataset P18+BAO+Pantheon, the baseline + FS, and the baseline +FS+Mb. The light green (lighter green) vertical bars show
the 1-� (2-�) bounds of the SH0ES measurement of H0, and the light pink (lighter pink) horizontal bars show the 1-� (2-�)
bounds of the combined S8 measurement from KiDS-1000 and DES-Y3. For more posteriors, see Appendix C.

Figure 7. One- and two-dimensional posterior distributions for m and �N
IR
e↵ fit to three di↵erent datasets: the baseline dataset

P18+BAO+Pantheon, the baseline + FS, and the baseline +FS+Mb. The constraint on m becomes more limiting for larger
N

IR
e↵ , while for N IR

e↵ ! 0, one should no longer trust this constraint since m ! 0 as well, see (4).
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Parameter SIDR SDR (i) SDR (ii)

�N
IR

e↵
< 0.456 (95% CL) < 0.597 (0.551) < 0.546 (0.289)

H0 [km/s/Mpc] 68.95 (68.38)+0.73
�1.2 69.30 (70.68)+0.86

�1.3 68.89 (69.34)+0.71
�1.1

S8 0.823 (0.818)+0.011
�0.011 0.829 (0.837)+0.011

�0.011 0.827 (0.834)+0.011
�0.011

Mb �19.380 (�19.397)+0.022
�0.034 �19.369 (�19.325)+0.025

�0.038 �19.381 (�19.369)+0.021
�0.032

��
2 �0.22 �0.41 �1.4

Q
Mb
DMAP 3.48� 2.55� 2.74�

Mb GT 3.66� 3.12� 3.74�

Mb IT 2.95� 2.56� 3.03�

�AICMb �18.88 �22.67 �20.67

Table II. Mean (best-fit) ±1� error of H0, S8, and Mb are given along with a 95% C.L. upper bound on �Ne↵ for the SIDR
model obtained by fitting to the baseline dataset P18+BAO+Pantheon. For comparison, the SDR model is shown with: (i) rg
fixed and log10 zt 2 [4.0, 4.6] and (ii) rg free and log10 zt 2 [3.0, 5.0]. Tension measures are reported with respect to the SH0ES
measurement of Mb.

Parameter Baseline Baseline + FS Baseline + FS +Mb Priors

�N
IR

e↵
< 0.546 (0.289) < 0.55 (0.08) 0.69 (0.63)+0.14

�0.23 [0,1)

log10 zt Unconstrained (4.29) Unconstrained (4.97) Unconstrained (4.22) [3,5]

rg Unconstrained (4.0) Unconstrained (2.34) Unconstrained (1.14) [0,5]

H0 [km/s/Mpc] 68.89 (69.34)+0.71
�1.1 69.01 (68.37)+0.66

�1.1 71.71 (72.17)+0.83
�0.80 —

S8 0.827 (0.834)+0.011
�0.011 0.821 (0.824)+0.010

�0.010 0.816 (0.82)+0.010
�0.012 —

Mb �19.381 (�19.369)+0.021
�0.032 �19.378 (�19.4)+0.019

�0.032 �19.300 (�19.285)+0.024
�0.024 —

��
2 �1.4 �1.62 �24.69 —

Q
Mb
DMAP 2.74� 2.72� — —

Mb GT 3.74� 3.77� 1.29� —

Mb IT 3.03� 2.94� 1.29� —

�AICMb �20.67 �18.68 — —

Table III. Mean (best-fit) ±1� error of dark sector parameters obtained by fitting the three-parameter SDR model to three
datasets: the baseline dataset P18+BAO+Pantheon, the baseline + FS, and the baseline + FS + Mb. Upper bounds
are presented at 95% C.L., and parameters without constraints at 95% C.L. within their prior boundaries are marked as
unconstrained. Tension measures are reported with respect to the SH0ES measurement of Mb. Priors for the SDR parameters
are given in the last column.

H0 as large as those required to fully alleviate the H0 tension. In fact, when adding a prior on Mb from the SH0ES
measurement, we find a residual 1.3� tension.

We find that the FS likelihood constrains SDR models similarly to EDE models (see Table III of [38]), although
the EDE model has ��2 ' �5 with the same number of parameters as the SDR model.

We show also in Fig. 7 the posterior distribution for the mass scale m of the threshold compared to �N IR

e↵
, obtained

as a derived parameter by means of (4). One can see that with increasing �N IR

e↵
, the value of m allowed by data at

95% confidence decreases. On the other hand, as �N IR

e↵
! 0, one can see from (4) that m ! 0 as well, and thus the

data no longer constrain m in this limit, which can be seen by the fact that the 2-dimensional posterior continues to
rise at small �N IR

e↵
. One should only trust the one-dimensional posterior for m for su�ciently large �N IR

e↵
, keeping

in mind that no such upper-bound on m is possible with �N IR

e↵
= 0.

We conclude that dark radiation models with mass thresholds around the epoch of recombination lead to a significant
relaxation of the constraint on �Ne↵, obviously in particular with respect to the free-streaming case, but also with
respect to the self-interacting (SIDR) model without a mass threshold. A comparison of the SDR and SIDR models
including the FS dataset is given in Table IV, where one can see the relaxation of the bound on �Ne↵ is still present,
but the improvement of the H0 tension is largely gone, while the �2 is only minimally improved considering that the
SDR model has two extra parameters compared to the SIDR model.

While in the SDR model the Hubble tension is alleviated from & 5 to ⇠ 3�, the minimal improvement in �2 over
⇤CDM despite three additional parameters, as well as the significant residual tension, suggest that these models
struggle to provide a convincing framework to address the discrepancy in the determinations of H0. Unsurprisingly,

Baseline = Planck18+BAO+Pantheon
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Figure 2. Dark matter-dark radiation interaction rates considered in this work, according to the models of [17], referred to as
weakly interacting dark matter, or WIDM (dashed curve), and [18], referred to as strongly interacting dark matter, or SIDM
(solid curve).

where � is the (thermally averaged) dark matter-dark radiation momentum-transfer rate. In general, only a fraction
fDM ⌘ ⇢idm/⇢DM,tot|z�zrec of the total dark matter may have been interacting with the dark radiation at early times,
where ⇢DM,tot = ⇢idm + ⇢cdm and ⇢cdm is the standard noninteracting cold dark matter component (with the same
velocity perturbation equation as (8), except for the absence of the interaction term proportional to �).

Several possible types of dark matter-dark radiation interactions can be envisioned [50] (see also [49, 51, 52] for
cosmological studies), leading to di↵erent redshift dependence of the corresponding interaction rates. However, the
models of interest for this work share a peculiar behavior: the rate � rapidly decreases after a certain redshift relatively
close to zt. Therefore, no matter how big the interaction rate, the dark matter is entirely noninteracting shortly after
this redshift. Such a behavior is due to the fact that dark matter-dark radiation interactions involve particles that
become heavy around zt (thereby causing the change in the number of relativistic species). We focus here on two
well-motivated scenarios, recently considered in [17] and [18]. In both cases, � ⇠ ↵2T 2/midm at z � zt, where midm

is the mass of the interacting dark matter component, taken to be much heavier than keV so that the component is
certainly cold at recombination, and ↵ is the coupling strength. The di↵erence between the two scenarios is in the
strength of the interactions and their decrease after the redshift zt. In particular, the DM-DR interactions can be:

• Mediated by particles that become heavy around zt [17]: in this case the most important interaction is
scattering of the interacting dark matter component with the dark radiation species that remain light at zt. A
simple reference model has the interacting dark matter component being a fermion �, and the dark radiation
made of a complex scalar field � (with mass m� which becomes relevant at zt) and a fermion  (e↵ectively
massless at zt). Both � and  are coupled to � via Yukawa terms. At z � zt, i.e. Td � m�, scatterings
� ! � mediated by � in the t-channel give rise to � ⇠ ↵2T 2

d /m�. At z . zt, i.e. Td . m�, the (four-fermion)
scattering rate decreases more rapidly as:

�z.zt ⇠ ↵2
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d

m�

✓
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◆4

. (9)

Below, we will mostly consider this scenario in the regime of weak interaction rates between the DM and the
SDR, and we thus denote it as weakly interacting dark matter (WIDM) (here weak refers to small interacting
rates, not to the electroweak scale).

• Mediated by particles that remain light at zt [18] (see also [53]): in this case the scattering process of
interest involves particles that become heavy as external states. A simple reference model has the interacting
dark matter component being a scalar � charged under a dark U(1) gauge sector, whose photon A is the light
component of the dark radiation sector. The latter also features charged fermions  , with typical mass m .
At Td � m ,  -� scatterings mediated by A again lead to � ⇠ ↵T 2

d /m�. At z . zt, the rate is however
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exponentially (Boltzmann) suppressed, because the  population is non-relativistic. The rate is then

�z.zt ⇠ ↵2
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Below, we will mostly consider this scenario in the regime of large interaction rates between the DM and the
SDR, and we thus denote it as strongly interacting dark matter (SIDM).

In what follows, we encode the strength of interactions using the following parametrization for the momentum transfer
rate:

� = �0

✓
1 + zt

x

◆2

[1 + bh1(x)]h2(x), (11)

where x ⌘ m/Td and h1,2 are functions such that (1 + bh1(x))h2(x) ! 1 at early times before zt, i.e. as x ! 0. The
WIDM model of [17] corresponds to setting b = h1(x) = 0 and h2(x) ⇠ x�4 at x � 1. The interactions thus introduce
only one extra parameter �0 (beyond fDM). On the other hand, the SIDM model of [18] has h1(x) ⇠ x, h2(x) ⇠ x2e�x

at x � 1, and thus introduces an additional parameter b with respect to the previous model (see Appendix B
for more details on the temperature dependence of �). We plot the rates for the two scenarios of [17] and [18] in
Fig. 2. Fundamentally, the parameter �0 contains the combination ↵2m2/midm, where ↵ is the coupling strength of
the interaction and midm is the mass of the interacting dark matter species. One can think of �0 as the would-be
momentum transfer rate today in the case of no mass threshold (since this corresponds to x / m ! 0); with the mass
threshold, the interaction rate goes quickly to zero after zt. In the SIDM scenario, the additional parameter b is given
by 1/ log[⇡/(g ⇤ ↵3)], where g ⇤ corresponds to the degrees of freedom in the SDR component that becomes massive
at zt (the fermion  described above for SIDM); this term arises from the regularization of infrared divergences in
scatterings involving massless gauge bosons.

We can determine the e�ciency of interactions by comparing the momentum transfer rate � to the Hubble parameter
H. At early times, (1 + zt)/x / a (see also Appendix A), and since (1 + bh1(x))h2(x) ! 1, both � and H go as a�2.
Therefore, their ratio is roughly a constant in the early universe:

�

H
⇠ �0

10�6 Mpc�1

✓
�N IR

e↵

0.3

◆1/2 ✓
2

gIR⇤

◆1/2

(12)

where we have properly related the temperatures of the visible and dark sectors, and obtained a relationship that
depends only loosely on �N IR

e↵
and gIR⇤ . Therefore �0 also determines whether the DM and DR are tightly coupled

at early times, which occurs for �0 & 10�6 Mpc�1.
The e↵ects of dark matter-dark radiation interactions on the matter power spectrum in the WIDM and SIDM

scenarios are shown in Fig. 3. We have considered two example cases of interaction strength: in the left panel, we
show results for �0 ' 10�6 Mpc�1 ' 10�36 eV ⌧ H0, corresponding to a would-be interaction rate that is slower
than the Hubble rate today. Even at early times, this interaction rate is not very e�cient according to (12). In such
case, large values of fDM are allowed, since the suppression e↵ect is otherwise small. In the right panel, we show the
suppression for a much larger rate �0 ' 103 Mpc�1 ' 10�27 eV, such that dark matter-dark radiation interactions
are e�cient at early times all the way until zt. Small fractions of interacting dark matter are then enough to provide
a strong suppression of the power spectrum. Notice that the WIDM and SIDM models give similar results for small
values of the interaction rate, as expected since in this case neither is very e�cient. This is di↵erent for the case of
large interaction rates, where the decay of the rate with redshift becomes important. One can indeed appreciate that
the SIDM model leads to a sharper (in k) suppression than the WIDM model. Based on these results, we expect the
SIDM and WIDM models to perform similarly (their background behavior is the same) for small �0, and to possibly
di↵er significantly only for large �0 [as determined by (12)].

With the addition of interactions, the dark sector models of interest for this work introduce a total of five or six
parameters beyond ⇤CDM depending on whether the WIDM or SIDM model for interactions is adopted. In the next
section, we shall first consider a dark sector model without dark matter interactions, whose impact we assess only at
a second stage.

Before moving on to the presentation of our results, an important comment is in order. Beyond the CMB and
LSS spectra, it is well known that additional relativistic degrees of freedom a↵ect big bang nucleosynthesis (BBN) as
well. In the models of interest, BBN would then lead to a constraint on �NUV

e↵
 0.39 (95% C.L., BBN+Yp+D) [54]

(see also [1] for discussion on uncertainties). However, the dark sector might be populated after BBN, so that the
constraint above would not apply. For instance, one may consider a massive particle that decays into a light dark
sector after BBN, while contributing a negligible fraction of the energy density at the epoch of BBN (see also [55] for a
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Figure 3. Suppression of the matter power spectrum in models considered in this work, compared to the ⇤CDM model. Left:
�0 = 10�6 Mpc�1. Right: �0 = 103 Mpc�1. For both plots, we have taken �N

IR
e↵ = 0.3, rg = 1.75 and log10 zt = 3.8. Solid

(dashed) curves refer to the WIDM (SIDM) model, while the interacting DM fraction increases from the top curve to the
bottom curve.

post-BBN dark sector model involving dark sector-neutrino interactions, or [56] for another scenario with relativistic
degrees of freedom generated after BBN). Therefore, in order not to exclude such possibilities, we will not be imposing
a BBN constraint on �NUV

e↵
in our work (see instead [21] for a di↵erent perspective). Therefore, an additional layer

of detail needs to be included in any viable particle physics model.

III. DATASETS AND RESULTS

We implemented the dark sector fluid above in the Boltzmann solver CLASS [57, 58]. We review the details of
the numerical implementation in Appendix A (see also Appendix A of [16]). For perturbations, we implemented (5)
and (6) with � = 0. We consider first a model with only the stepped dark radiation (SDR), which is characterized
by nine parameters in total: six from the ⇤CDM model, plus three from the dark radiation fluid. Then, we will
consider the addition of interactions between the SDR and a fraction of the dark matter. In the weakly interacting
dark matter (WIDM) scenario, there are two additional free parameters, for a total of eleven parameters. Meanwhile
in the strongly interacting dark matter (SIDM) scenario, there are, in principle, three additional parameters, but for
the sake of comparison we will fix one parameter (b, whose value anyway varies only logarithmically with fundamental
parameters) such that this model also has eleven free parameters. We also fix the neutrino sector according to the
standard choice of one massive (with mass m⌫ = 0.06 eV) and two massless species.

We perform Bayesian searches using the Markov Chain Monte Carlo (MCMC) sampler MontePython1 [59, 60]. All
our searches have Gelman-Rubin parameter R�1 < 0.02 (most of them < 0.01), except for some results on the SIDM
model, see below. To analyze and plot the posterior distributions of parameters, we make use of GetDist2 [61].

We use the following datasets to test the dark sector model described in the previous section:

• Baseline dataset: P18+BAO+Pantheon. Planck 2018 high-` and low-` TT, TE, EE and lensing data [62];
BAO measurements from 6dFGS at z = 0.106 [63], SDSS MGS at z = 0.15 [64] (BAO smallz), and CMASS and
LOWZ galaxy samples of BOSS DR12 at z = 0.38, 0.51, and 0.61 [65]; Pantheon Supernovae data sample [66].
This is our baseline dataset.

1 https://github.com/brinckmann/montepython public
2 https://getdist.readthedocs.io
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post-BBN dark sector model involving dark sector-neutrino interactions, or [56] for another scenario with relativistic
degrees of freedom generated after BBN). Therefore, in order not to exclude such possibilities, we will not be imposing
a BBN constraint on �NUV
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in our work (see instead [21] for a di↵erent perspective). Therefore, an additional layer

of detail needs to be included in any viable particle physics model.

III. DATASETS AND RESULTS

We implemented the dark sector fluid above in the Boltzmann solver CLASS [57, 58]. We review the details of
the numerical implementation in Appendix A (see also Appendix A of [16]). For perturbations, we implemented (5)
and (6) with � = 0. We consider first a model with only the stepped dark radiation (SDR), which is characterized
by nine parameters in total: six from the ⇤CDM model, plus three from the dark radiation fluid. Then, we will
consider the addition of interactions between the SDR and a fraction of the dark matter. In the weakly interacting
dark matter (WIDM) scenario, there are two additional free parameters, for a total of eleven parameters. Meanwhile
in the strongly interacting dark matter (SIDM) scenario, there are, in principle, three additional parameters, but for
the sake of comparison we will fix one parameter (b, whose value anyway varies only logarithmically with fundamental
parameters) such that this model also has eleven free parameters. We also fix the neutrino sector according to the
standard choice of one massive (with mass m⌫ = 0.06 eV) and two massless species.

We perform Bayesian searches using the Markov Chain Monte Carlo (MCMC) sampler MontePython1 [59, 60]. All
our searches have Gelman-Rubin parameter R�1 < 0.02 (most of them < 0.01), except for some results on the SIDM
model, see below. To analyze and plot the posterior distributions of parameters, we make use of GetDist2 [61].

We use the following datasets to test the dark sector model described in the previous section:

• Baseline dataset: P18+BAO+Pantheon. Planck 2018 high-` and low-` TT, TE, EE and lensing data [62];
BAO measurements from 6dFGS at z = 0.106 [63], SDSS MGS at z = 0.15 [64] (BAO smallz), and CMASS and
LOWZ galaxy samples of BOSS DR12 at z = 0.38, 0.51, and 0.61 [65]; Pantheon Supernovae data sample [66].
This is our baseline dataset.

1 https://github.com/brinckmann/montepython public
2 https://getdist.readthedocs.io
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exponentially (Boltzmann) suppressed, because the  population is non-relativistic. The rate is then

�z.zt ⇠ ↵2
T 2

d

m�
e�

m 
Td . (10)

Below, we will mostly consider this scenario in the regime of large interaction rates between the DM and the
SDR, and we thus denote it as strongly interacting dark matter (SIDM).

In what follows, we encode the strength of interactions using the following parametrization for the momentum transfer
rate:

� = �0

✓
1 + zt

x

◆2

[1 + bh1(x)]h2(x), (11)

where x ⌘ m/Td and h1,2 are functions such that (1 + bh1(x))h2(x) ! 1 at early times before zt, i.e. as x ! 0. The
WIDM model of [17] corresponds to setting b = h1(x) = 0 and h2(x) ⇠ x�4 at x � 1. The interactions thus introduce
only one extra parameter �0 (beyond fDM). On the other hand, the SIDM model of [18] has h1(x) ⇠ x, h2(x) ⇠ x2e�x

at x � 1, and thus introduces an additional parameter b with respect to the previous model (see Appendix B
for more details on the temperature dependence of �). We plot the rates for the two scenarios of [17] and [18] in
Fig. 2. Fundamentally, the parameter �0 contains the combination ↵2m2/midm, where ↵ is the coupling strength of
the interaction and midm is the mass of the interacting dark matter species. One can think of �0 as the would-be
momentum transfer rate today in the case of no mass threshold (since this corresponds to x / m ! 0); with the mass
threshold, the interaction rate goes quickly to zero after zt. In the SIDM scenario, the additional parameter b is given
by 1/ log[⇡/(g ⇤ ↵3)], where g ⇤ corresponds to the degrees of freedom in the SDR component that becomes massive
at zt (the fermion  described above for SIDM); this term arises from the regularization of infrared divergences in
scatterings involving massless gauge bosons.

We can determine the e�ciency of interactions by comparing the momentum transfer rate � to the Hubble parameter
H. At early times, (1 + zt)/x / a (see also Appendix A), and since (1 + bh1(x))h2(x) ! 1, both � and H go as a�2.
Therefore, their ratio is roughly a constant in the early universe:

�

H
⇠ �0

10�6 Mpc�1

✓
�N IR

e↵

0.3

◆1/2 ✓
2

gIR⇤

◆1/2

(12)

where we have properly related the temperatures of the visible and dark sectors, and obtained a relationship that
depends only loosely on �N IR

e↵
and gIR⇤ . Therefore �0 also determines whether the DM and DR are tightly coupled

at early times, which occurs for �0 & 10�6 Mpc�1.
The e↵ects of dark matter-dark radiation interactions on the matter power spectrum in the WIDM and SIDM

scenarios are shown in Fig. 3. We have considered two example cases of interaction strength: in the left panel, we
show results for �0 ' 10�6 Mpc�1 ' 10�36 eV ⌧ H0, corresponding to a would-be interaction rate that is slower
than the Hubble rate today. Even at early times, this interaction rate is not very e�cient according to (12). In such
case, large values of fDM are allowed, since the suppression e↵ect is otherwise small. In the right panel, we show the
suppression for a much larger rate �0 ' 103 Mpc�1 ' 10�27 eV, such that dark matter-dark radiation interactions
are e�cient at early times all the way until zt. Small fractions of interacting dark matter are then enough to provide
a strong suppression of the power spectrum. Notice that the WIDM and SIDM models give similar results for small
values of the interaction rate, as expected since in this case neither is very e�cient. This is di↵erent for the case of
large interaction rates, where the decay of the rate with redshift becomes important. One can indeed appreciate that
the SIDM model leads to a sharper (in k) suppression than the WIDM model. Based on these results, we expect the
SIDM and WIDM models to perform similarly (their background behavior is the same) for small �0, and to possibly
di↵er significantly only for large �0 [as determined by (12)].

With the addition of interactions, the dark sector models of interest for this work introduce a total of five or six
parameters beyond ⇤CDM depending on whether the WIDM or SIDM model for interactions is adopted. In the next
section, we shall first consider a dark sector model without dark matter interactions, whose impact we assess only at
a second stage.

Before moving on to the presentation of our results, an important comment is in order. Beyond the CMB and
LSS spectra, it is well known that additional relativistic degrees of freedom a↵ect big bang nucleosynthesis (BBN) as
well. In the models of interest, BBN would then lead to a constraint on �NUV

e↵
 0.39 (95% C.L., BBN+Yp+D) [54]

(see also [1] for discussion on uncertainties). However, the dark sector might be populated after BBN, so that the
constraint above would not apply. For instance, one may consider a massive particle that decays into a light dark
sector after BBN, while contributing a negligible fraction of the energy density at the epoch of BBN (see also [55] for a
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Figure 3. Suppression of the matter power spectrum in models considered in this work, compared to the ⇤CDM model. Left:
�0 = 10�6 Mpc�1. Right: �0 = 103 Mpc�1. For both plots, we have taken �N

IR
e↵ = 0.3, rg = 1.75 and log10 zt = 3.8. Solid

(dashed) curves refer to the WIDM (SIDM) model, while the interacting DM fraction increases from the top curve to the
bottom curve.

post-BBN dark sector model involving dark sector-neutrino interactions, or [56] for another scenario with relativistic
degrees of freedom generated after BBN). Therefore, in order not to exclude such possibilities, we will not be imposing
a BBN constraint on �NUV

e↵
in our work (see instead [21] for a di↵erent perspective). Therefore, an additional layer

of detail needs to be included in any viable particle physics model.

III. DATASETS AND RESULTS

We implemented the dark sector fluid above in the Boltzmann solver CLASS [57, 58]. We review the details of
the numerical implementation in Appendix A (see also Appendix A of [16]). For perturbations, we implemented (5)
and (6) with � = 0. We consider first a model with only the stepped dark radiation (SDR), which is characterized
by nine parameters in total: six from the ⇤CDM model, plus three from the dark radiation fluid. Then, we will
consider the addition of interactions between the SDR and a fraction of the dark matter. In the weakly interacting
dark matter (WIDM) scenario, there are two additional free parameters, for a total of eleven parameters. Meanwhile
in the strongly interacting dark matter (SIDM) scenario, there are, in principle, three additional parameters, but for
the sake of comparison we will fix one parameter (b, whose value anyway varies only logarithmically with fundamental
parameters) such that this model also has eleven free parameters. We also fix the neutrino sector according to the
standard choice of one massive (with mass m⌫ = 0.06 eV) and two massless species.

We perform Bayesian searches using the Markov Chain Monte Carlo (MCMC) sampler MontePython1 [59, 60]. All
our searches have Gelman-Rubin parameter R�1 < 0.02 (most of them < 0.01), except for some results on the SIDM
model, see below. To analyze and plot the posterior distributions of parameters, we make use of GetDist2 [61].

We use the following datasets to test the dark sector model described in the previous section:

• Baseline dataset: P18+BAO+Pantheon. Planck 2018 high-` and low-` TT, TE, EE and lensing data [62];
BAO measurements from 6dFGS at z = 0.106 [63], SDSS MGS at z = 0.15 [64] (BAO smallz), and CMASS and
LOWZ galaxy samples of BOSS DR12 at z = 0.38, 0.51, and 0.61 [65]; Pantheon Supernovae data sample [66].
This is our baseline dataset.

1 https://github.com/brinckmann/montepython public
2 https://getdist.readthedocs.io
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post-BBN dark sector model involving dark sector-neutrino interactions, or [56] for another scenario with relativistic
degrees of freedom generated after BBN). Therefore, in order not to exclude such possibilities, we will not be imposing
a BBN constraint on �NUV

e↵
in our work (see instead [21] for a di↵erent perspective). Therefore, an additional layer

of detail needs to be included in any viable particle physics model.

III. DATASETS AND RESULTS

We implemented the dark sector fluid above in the Boltzmann solver CLASS [57, 58]. We review the details of
the numerical implementation in Appendix A (see also Appendix A of [16]). For perturbations, we implemented (5)
and (6) with � = 0. We consider first a model with only the stepped dark radiation (SDR), which is characterized
by nine parameters in total: six from the ⇤CDM model, plus three from the dark radiation fluid. Then, we will
consider the addition of interactions between the SDR and a fraction of the dark matter. In the weakly interacting
dark matter (WIDM) scenario, there are two additional free parameters, for a total of eleven parameters. Meanwhile
in the strongly interacting dark matter (SIDM) scenario, there are, in principle, three additional parameters, but for
the sake of comparison we will fix one parameter (b, whose value anyway varies only logarithmically with fundamental
parameters) such that this model also has eleven free parameters. We also fix the neutrino sector according to the
standard choice of one massive (with mass m⌫ = 0.06 eV) and two massless species.

We perform Bayesian searches using the Markov Chain Monte Carlo (MCMC) sampler MontePython1 [59, 60]. All
our searches have Gelman-Rubin parameter R�1 < 0.02 (most of them < 0.01), except for some results on the SIDM
model, see below. To analyze and plot the posterior distributions of parameters, we make use of GetDist2 [61].

We use the following datasets to test the dark sector model described in the previous section:

• Baseline dataset: P18+BAO+Pantheon. Planck 2018 high-` and low-` TT, TE, EE and lensing data [62];
BAO measurements from 6dFGS at z = 0.106 [63], SDSS MGS at z = 0.15 [64] (BAO smallz), and CMASS and
LOWZ galaxy samples of BOSS DR12 at z = 0.38, 0.51, and 0.61 [65]; Pantheon Supernovae data sample [66].
This is our baseline dataset.

1 https://github.com/brinckmann/montepython public
2 https://getdist.readthedocs.io

Efficient at early times, different suppression
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log10 �0 < �6.156 (�8.231) < 4.259 (3.723)

log10 fDM Unconstrained (�0.806) < �2.031 (�3.903)

H0 [km/s/Mpc] 68.97 (68.37)+0.65
�1.1 68.96 (69.45)+0.67

�1.1

S8 0.818 (0.826)+0.011
�0.011 0.820 (0.828)+0.011

�0.011

Mb �19.379 (�19.396)+0.019
�0.031 �19.380 (�19.364)+0.020

�0.032
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Figure 8. Left: mean (best-fit) ±1� error of WIDM and SIDM parameters obtained by fitting to the baseline + FS dataset.
Upper bounds are presented at 95% C.L., and parameters without constraints at 95% C.L. within their prior boundaries are
marked as unconstrained. Tension measures are reported with respect to the combined S8 measurement from KiDS-1000 and
DES-Y3. Right: one- and two-dimensional posterior distributions are given for H0 and S8 obtained by fitting to the baseline +
FS dataset for each model: ⇤CDM, SDR, WIDM, and SIDM. The light green (lighter green) vertical bars show the 1-� (2-�)
bounds of the SH0ES measurement of H0, and the light pink (lighter pink) horizontal bars show the 1-� (2-�) bounds of the
combined S8 measurement.

Baseline dataset plus full-shape

We start by searching for the WIDM and SIDM models in our baseline + FS dataset (Planck18+BAO+Pantheon
+FS). Results are reported in the left panel of Fig. 8. Posteriors for H0 and S8 are plotted in the right panel of Fig. 8,
together with their posteriors obtained in the pure ⇤CDM model as well as in the previously considered dark sector
scenario without dark matter-dark radiation interactions.

The first and most important consideration concerns the S8 parameter. As can be appreciated in the one-dimensional
posterior shown in Fig. 8, there is little-to-no significant di↵erence among any of the models. Not surprisingly, the
S8 tension is only mildly lowered in the SIDM and WIDM models as compared to the ⇤CDM model and the SDR
model (e.g. the IT reported for ⇤CDM is 3.0�, while for WIDM and SIDM, it is 2.63� and 2.65�, respectively).
This conclusion di↵ers significantly from the claim in [17], whose S8 posteriors are shifted toward significantly smaller
values (with the corresponding tension below 2�). We have checked that this discrepancy is due to our choice of a
logarithmic prior on the interaction strength, rather than to the addition of the FS dataset with respect to [17], see
also Appendix C for further details. In this respect, we further notice that the best-fit value for the linearly sampled
�0 in [17] is almost two orders of magnitude smaller (�0 = 5 · 10�9 km/s/Mpc) than the mean value of the posterior
distribution (�0 = 2.95 · 10�7 km/s/Mpc), thereby questioning the use of a linear prior and justifying our choice.
Moreover, we are able to place 95 % C.L. upper limits on the interaction strength parameter �0 in both models,
with the prior choices on fDM reported in Table V (for the WIDM model, a smaller lower prior boundary causes
convergence problems).

While no MCMC results were reported for the SIDM model by the authors of [18], we do not find compelling support
for their claim that the model can simultaneously address the H0 and S8 tensions. In addition to the considerations
on the S8 posterior above, we indeed find that all measures of tensions with the weak lensing measurements of S8

remain & 2.5 �. Moreover, the Akaike information criterion (computed with respect to ⇤CDM model, including the
S8 priors) is positive, signaling that the ⇤CDM model is actually preferred over both the SIDM and WIDM models
once S8 measurements are included. Furthermore, we find that the value of the interacting dark matter fraction
suggested in [18], i.e. fDM ' 1 � 5 % is actually in tension with our 95 % C.L. bound reported in Fig. 8.

Finally, the Hubble tension remains alleviated in both models, at the same level of the SDR model without
interactions, and the relaxation of the bounds on �Ne↵ also remain qualitatively similar.
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Figure 8. Left: mean (best-fit) ±1� error of WIDM and SIDM parameters obtained by fitting to the baseline + FS dataset.
Upper bounds are presented at 95% C.L., and parameters without constraints at 95% C.L. within their prior boundaries are
marked as unconstrained. Tension measures are reported with respect to the combined S8 measurement from KiDS-1000 and
DES-Y3. Right: one- and two-dimensional posterior distributions are given for H0 and S8 obtained by fitting to the baseline +
FS dataset for each model: ⇤CDM, SDR, WIDM, and SIDM. The light green (lighter green) vertical bars show the 1-� (2-�)
bounds of the SH0ES measurement of H0, and the light pink (lighter pink) horizontal bars show the 1-� (2-�) bounds of the
combined S8 measurement.

Baseline dataset plus full-shape

We start by searching for the WIDM and SIDM models in our baseline + FS dataset (Planck18+BAO+Pantheon
+FS). Results are reported in the left panel of Fig. 8. Posteriors for H0 and S8 are plotted in the right panel of Fig. 8,
together with their posteriors obtained in the pure ⇤CDM model as well as in the previously considered dark sector
scenario without dark matter-dark radiation interactions.

The first and most important consideration concerns the S8 parameter. As can be appreciated in the one-dimensional
posterior shown in Fig. 8, there is little-to-no significant di↵erence among any of the models. Not surprisingly, the
S8 tension is only mildly lowered in the SIDM and WIDM models as compared to the ⇤CDM model and the SDR
model (e.g. the IT reported for ⇤CDM is 3.0�, while for WIDM and SIDM, it is 2.63� and 2.65�, respectively).
This conclusion di↵ers significantly from the claim in [17], whose S8 posteriors are shifted toward significantly smaller
values (with the corresponding tension below 2�). We have checked that this discrepancy is due to our choice of a
logarithmic prior on the interaction strength, rather than to the addition of the FS dataset with respect to [17], see
also Appendix C for further details. In this respect, we further notice that the best-fit value for the linearly sampled
�0 in [17] is almost two orders of magnitude smaller (�0 = 5 · 10�9 km/s/Mpc) than the mean value of the posterior
distribution (�0 = 2.95 · 10�7 km/s/Mpc), thereby questioning the use of a linear prior and justifying our choice.
Moreover, we are able to place 95 % C.L. upper limits on the interaction strength parameter �0 in both models,
with the prior choices on fDM reported in Table V (for the WIDM model, a smaller lower prior boundary causes
convergence problems).

While no MCMC results were reported for the SIDM model by the authors of [18], we do not find compelling support
for their claim that the model can simultaneously address the H0 and S8 tensions. In addition to the considerations
on the S8 posterior above, we indeed find that all measures of tensions with the weak lensing measurements of S8

remain & 2.5 �. Moreover, the Akaike information criterion (computed with respect to ⇤CDM model, including the
S8 priors) is positive, signaling that the ⇤CDM model is actually preferred over both the SIDM and WIDM models
once S8 measurements are included. Furthermore, we find that the value of the interacting dark matter fraction
suggested in [18], i.e. fDM ' 1 � 5 % is actually in tension with our 95 % C.L. bound reported in Fig. 8.

Finally, the Hubble tension remains alleviated in both models, at the same level of the SDR model without
interactions, and the relaxation of the bounds on �Ne↵ also remain qualitatively similar.

Model has 2 extra parameters in addition to stepped DR (5 total)

Strong bound on interacting DM fraction in SIDM (<1%)
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Figure 8. Left: mean (best-fit) ±1� error of WIDM and SIDM parameters obtained by fitting to the baseline + FS dataset.
Upper bounds are presented at 95% C.L., and parameters without constraints at 95% C.L. within their prior boundaries are
marked as unconstrained. Tension measures are reported with respect to the combined S8 measurement from KiDS-1000 and
DES-Y3. Right: one- and two-dimensional posterior distributions are given for H0 and S8 obtained by fitting to the baseline +
FS dataset for each model: ⇤CDM, SDR, WIDM, and SIDM. The light green (lighter green) vertical bars show the 1-� (2-�)
bounds of the SH0ES measurement of H0, and the light pink (lighter pink) horizontal bars show the 1-� (2-�) bounds of the
combined S8 measurement.

Baseline dataset plus full-shape

We start by searching for the WIDM and SIDM models in our baseline + FS dataset (Planck18+BAO+Pantheon
+FS). Results are reported in the left panel of Fig. 8. Posteriors for H0 and S8 are plotted in the right panel of Fig. 8,
together with their posteriors obtained in the pure ⇤CDM model as well as in the previously considered dark sector
scenario without dark matter-dark radiation interactions.

The first and most important consideration concerns the S8 parameter. As can be appreciated in the one-dimensional
posterior shown in Fig. 8, there is little-to-no significant di↵erence among any of the models. Not surprisingly, the
S8 tension is only mildly lowered in the SIDM and WIDM models as compared to the ⇤CDM model and the SDR
model (e.g. the IT reported for ⇤CDM is 3.0�, while for WIDM and SIDM, it is 2.63� and 2.65�, respectively).
This conclusion di↵ers significantly from the claim in [17], whose S8 posteriors are shifted toward significantly smaller
values (with the corresponding tension below 2�). We have checked that this discrepancy is due to our choice of a
logarithmic prior on the interaction strength, rather than to the addition of the FS dataset with respect to [17], see
also Appendix C for further details. In this respect, we further notice that the best-fit value for the linearly sampled
�0 in [17] is almost two orders of magnitude smaller (�0 = 5 · 10�9 km/s/Mpc) than the mean value of the posterior
distribution (�0 = 2.95 · 10�7 km/s/Mpc), thereby questioning the use of a linear prior and justifying our choice.
Moreover, we are able to place 95 % C.L. upper limits on the interaction strength parameter �0 in both models,
with the prior choices on fDM reported in Table V (for the WIDM model, a smaller lower prior boundary causes
convergence problems).

While no MCMC results were reported for the SIDM model by the authors of [18], we do not find compelling support
for their claim that the model can simultaneously address the H0 and S8 tensions. In addition to the considerations
on the S8 posterior above, we indeed find that all measures of tensions with the weak lensing measurements of S8

remain & 2.5 �. Moreover, the Akaike information criterion (computed with respect to ⇤CDM model, including the
S8 priors) is positive, signaling that the ⇤CDM model is actually preferred over both the SIDM and WIDM models
once S8 measurements are included. Furthermore, we find that the value of the interacting dark matter fraction
suggested in [18], i.e. fDM ' 1 � 5 % is actually in tension with our 95 % C.L. bound reported in Fig. 8.

Finally, the Hubble tension remains alleviated in both models, at the same level of the SDR model without
interactions, and the relaxation of the bounds on �Ne↵ also remain qualitatively similar.
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Figure 8. Left: mean (best-fit) ±1� error of WIDM and SIDM parameters obtained by fitting to the baseline + FS dataset.
Upper bounds are presented at 95% C.L., and parameters without constraints at 95% C.L. within their prior boundaries are
marked as unconstrained. Tension measures are reported with respect to the combined S8 measurement from KiDS-1000 and
DES-Y3. Right: one- and two-dimensional posterior distributions are given for H0 and S8 obtained by fitting to the baseline +
FS dataset for each model: ⇤CDM, SDR, WIDM, and SIDM. The light green (lighter green) vertical bars show the 1-� (2-�)
bounds of the SH0ES measurement of H0, and the light pink (lighter pink) horizontal bars show the 1-� (2-�) bounds of the
combined S8 measurement.

Baseline dataset plus full-shape

We start by searching for the WIDM and SIDM models in our baseline + FS dataset (Planck18+BAO+Pantheon
+FS). Results are reported in the left panel of Fig. 8. Posteriors for H0 and S8 are plotted in the right panel of Fig. 8,
together with their posteriors obtained in the pure ⇤CDM model as well as in the previously considered dark sector
scenario without dark matter-dark radiation interactions.

The first and most important consideration concerns the S8 parameter. As can be appreciated in the one-dimensional
posterior shown in Fig. 8, there is little-to-no significant di↵erence among any of the models. Not surprisingly, the
S8 tension is only mildly lowered in the SIDM and WIDM models as compared to the ⇤CDM model and the SDR
model (e.g. the IT reported for ⇤CDM is 3.0�, while for WIDM and SIDM, it is 2.63� and 2.65�, respectively).
This conclusion di↵ers significantly from the claim in [17], whose S8 posteriors are shifted toward significantly smaller
values (with the corresponding tension below 2�). We have checked that this discrepancy is due to our choice of a
logarithmic prior on the interaction strength, rather than to the addition of the FS dataset with respect to [17], see
also Appendix C for further details. In this respect, we further notice that the best-fit value for the linearly sampled
�0 in [17] is almost two orders of magnitude smaller (�0 = 5 · 10�9 km/s/Mpc) than the mean value of the posterior
distribution (�0 = 2.95 · 10�7 km/s/Mpc), thereby questioning the use of a linear prior and justifying our choice.
Moreover, we are able to place 95 % C.L. upper limits on the interaction strength parameter �0 in both models,
with the prior choices on fDM reported in Table V (for the WIDM model, a smaller lower prior boundary causes
convergence problems).

While no MCMC results were reported for the SIDM model by the authors of [18], we do not find compelling support
for their claim that the model can simultaneously address the H0 and S8 tensions. In addition to the considerations
on the S8 posterior above, we indeed find that all measures of tensions with the weak lensing measurements of S8

remain & 2.5 �. Moreover, the Akaike information criterion (computed with respect to ⇤CDM model, including the
S8 priors) is positive, signaling that the ⇤CDM model is actually preferred over both the SIDM and WIDM models
once S8 measurements are included. Furthermore, we find that the value of the interacting dark matter fraction
suggested in [18], i.e. fDM ' 1 � 5 % is actually in tension with our 95 % C.L. bound reported in Fig. 8.

Finally, the Hubble tension remains alleviated in both models, at the same level of the SDR model without
interactions, and the relaxation of the bounds on �Ne↵ also remain qualitatively similar.

Minor impact on S8 w.r.t. model w/o interactions

Old KiDS+DES 
measurement



SUMMARY

Interacting sectors with mass thresholds are interesting examples of more 
complex (realistic) dark sectors

CMB+LSS data constrain model ability to address tension(s)

Provide way to alleviate constraints on 
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ADDING INTERACTIONS WITH CDM

4

where we use superscript IR and UV for quantities evaluated at z ⌧ zt and z � zt respectively. Away from zt, the
dark sector temperature Td is related to the temperature of the SM bath by

T IR,UV
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For the values of �N IR

e↵
, g⇤ of interest, the dark sector is only slightly colder than the SM bath. Furthermore, the

dark sector temperature today is related to the fundamental mass scale and the redshift zt by m = T 0

d (1 + zt), or in
terms of model parameters it is given by

m ' 1.2 eV
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The redshift dependence of �Ne↵ around zt can be determined by computing the evolution of ⇢ (which we review
in Appendix A) and is shown in Fig. 1, together with w and c2s for example values of �N IR

e↵
and rg. Overall, the

e↵ective fluid of the SDR model is thus characterized by three independent parameters, which can be chosen to be
�N IR

e↵
, rg and zt.

As usual, the inclusion of fluid perturbations is crucial for cosmological analyses. We will assume that the dark
sector bath is su�ciently strongly interacting that it e↵ectively behaves as an ideal relativistic fluid rather than as
free-streaming radiation (see e.g. [14]). In such case, the perturbation equations read (in synchronous gauge) [47]:

�̇ = �(1 + w)(✓ +
ḣ

2
) � 3H(c2s � w)� (5)

✓̇ = �H(1 � 3w)✓ � ẇ

1 + w
✓ +

c2s
1 + w

k2� � k2� (6)

where � ⌘ �⇢/⇢̄, ✓ = ikjvj are the density and velocity perturbations, respectively (kj is the wave mode and vj is the
fluid velocity); overdots indicate conformal time derivatives; h is the trace of the scalar metric perturbation; H ⌘ ȧ/a
is the Hubble parameter in conformal time; and � is the shear perturbation of the fluid. One can readily confirm that
in the limit of a perfect radiation fluid these equations take on the familiar form for radiation.

Taking the dark radiation fluid to be shearless, we can see that in addition to the changing values of w and c2s,
there are “new” terms in the perturbation equations for �sdr and ✓sdr which vanish for pure radiation. First, the term
proportional to (c2s �w) does not vanish near the step since the shifts of w and c2s are not lockstep, see Fig. 1. Second,
the term proportional to (1 � 3w) does not vanish for all times. Finally, the term proportional to ẇ is nontrivial
during the step when w evolves.

The impact of the dark sector model considered so far on CMB anisotropies is shown on the right side of Fig. 1
(solid blue curve). We plot the fractional change in the Cl’s for best-fit values of dark sector parameters (reported in
Tab. III, for the baseline dataset, see also Table XI), with respect to the ⇤CDM model (with its own best-fit values
of cosmological parameters). For comparison, we show also the simple (without mass threshold) free-streaming and
self-interacting dark radiation models, both with �Ne↵ = �N IR

e↵
and with the same values of cosmological parameters

as for the dark sector model. One can appreciate that the change with respect to ⇤CDM is significantly smaller for
the dark sector model than for free-streaming radiation at high-`. With respect to the simple self-interacting dark
radiation model, the di↵erence is O(2 � 3%) for ` & 500.

A. Interactions with dark matter

In addition to the model described so far, we will also be interested in extensions that allow for interactions between
the dark radiation sector and (a fraction of) the dark matter. Such extended models are observationally motivated by
the S8 tension (see also [48, 49]), since the growth of matter fluctuations is suppressed in the presence of interactions
with other components. In these scenarios, the background evolution of the dark radiation (SDR) and interacting
dark matter (IDM) fluids remains as above, while the perturbation equations of the two fluids, again in synchronous
gauge, are modified as follows (see also Appendix A4 of [18]):

✓̇sdr = �H(1 � 3w)✓sdr � ẇ

1 + w
✓sdr +

�P/�⇢

1 + w
k2�sdr � a�

⇢idm
⇢sdr(1 + w)

(✓sdr � ✓idm) (7)

✓̇idm = �H✓idm + a�(✓sdr � ✓idm), (8)
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free-streaming radiation (see e.g. [14]). In such case, the perturbation equations read (in synchronous gauge) [47]:

�̇ = �(1 + w)(✓ +
ḣ

2
) � 3H(c2s � w)� (5)

✓̇ = �H(1 � 3w)✓ � ẇ
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fluid velocity); overdots indicate conformal time derivatives; h is the trace of the scalar metric perturbation; H ⌘ ȧ/a
is the Hubble parameter in conformal time; and � is the shear perturbation of the fluid. One can readily confirm that
in the limit of a perfect radiation fluid these equations take on the familiar form for radiation.

Taking the dark radiation fluid to be shearless, we can see that in addition to the changing values of w and c2s,
there are “new” terms in the perturbation equations for �sdr and ✓sdr which vanish for pure radiation. First, the term
proportional to (c2s �w) does not vanish near the step since the shifts of w and c2s are not lockstep, see Fig. 1. Second,
the term proportional to (1 � 3w) does not vanish for all times. Finally, the term proportional to ẇ is nontrivial
during the step when w evolves.

The impact of the dark sector model considered so far on CMB anisotropies is shown on the right side of Fig. 1
(solid blue curve). We plot the fractional change in the Cl’s for best-fit values of dark sector parameters (reported in
Tab. III, for the baseline dataset, see also Table XI), with respect to the ⇤CDM model (with its own best-fit values
of cosmological parameters). For comparison, we show also the simple (without mass threshold) free-streaming and
self-interacting dark radiation models, both with �Ne↵ = �N IR
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and with the same values of cosmological parameters

as for the dark sector model. One can appreciate that the change with respect to ⇤CDM is significantly smaller for
the dark sector model than for free-streaming radiation at high-`. With respect to the simple self-interacting dark
radiation model, the di↵erence is O(2 � 3%) for ` & 500.

A. Interactions with dark matter

In addition to the model described so far, we will also be interested in extensions that allow for interactions between
the dark radiation sector and (a fraction of) the dark matter. Such extended models are observationally motivated by
the S8 tension (see also [48, 49]), since the growth of matter fluctuations is suppressed in the presence of interactions
with other components. In these scenarios, the background evolution of the dark radiation (SDR) and interacting
dark matter (IDM) fluids remains as above, while the perturbation equations of the two fluids, again in synchronous
gauge, are modified as follows (see also Appendix A4 of [18]):
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Consider heavy CDM component (idm) to be interacting with light 
dark sector (sdr) 

Motivation from S8: suppression of matter power spectrum

However: (2-3)sigma tension on S8 between weak lensing and CMB severely 
reduced with new KiDS+DES analysis…
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Independently, can put constraints
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Figure 4. Left: mean (best-fit) ±1� error of dark sector parameters obtained by fitting the two-parameter SDR model (i.e. with
rg fixed) to the baseline dataset P18+BAO+Pantheon, comparing two choices of prior on log10 zt. Upper bounds are presented
at 95% C.L., and parameters without constraints at 95% C.L. within their prior boundaries are marked as unconstrained.
Tension measures are reported with respect to the SH0ES measurement of Mb. Right: one- and two-dimensional posterior
distributions for dark sector parameters and H0. The posterior of H0 inferred by SH0ES is shown by shaded vertical regions
(1 and 2� ranges).

We fix the step size parameter rg = 1.14 in this analysis, motivated by a dark sector composed of one complex
scalar and a Weyl fermion, as in [16]. We use only our baseline dataset in this comparison.

Results are reported in Fig. 4, together with plots of posterior distributions. The following observations can be
made. First, widening the priors does not a↵ect the bestfit values of parameters, therefore bestfit-based tension
measures (i.e. those based on minimum �2) are similarly not altered. On the other hand, the GT is a↵ected by the
choice of priors (only a minor e↵ect), since the Mb posterior is now shifted to smaller values. For both choice of priors
the GT is above 3�, slightly more so with the wider prior.

We also report a very minor improvement in �2 compared to ⇤CDM, i.e. ��2 ' �0.4 with two extra free
parameters. Our results in the left column of the table are overall in slight disagreement with those of [16], obtained
with the same choices. In particular, we find a slightly larger ��2 (by one unit), i.e. less improvement of the fit
compared to ⇤CDM than in [16, 17]. We also find a larger GT tension, due both to the new SH0ES measurement
(with respect to [16]) and the di↵erent prescription used to compute the GT (with respect to [17]).

From now on, we fix our priors as log
10

zt 2 [3.0, 5.0], to (at least partially) account for the “look elsewhere” e↵ect
related to the choice of very narrow priors.

Step size fixed vs free to vary

We now study the implications of leaving the step size rg free to vary in our search. The motivation to do so
is twofold: First, we currently do not have any compelling theory prediction for rg, as there is not a specific mass
spectrum for the dark sector which is better-motivated than any other one (for instance, there may be more than
one complex scalar field and/or fermion in the models of [16, 18]). Second, to perform a fair comparison with other
models for the H0 tension, such as in particular early dark energy (where the three parameters fEDE, zc and ✓i are
kept free to vary). We thus vary rg 2 [0, 5], where the choice of the upper prior is somewhat arbitrary.

The comparison with the previous results (rg fixed as in [16, 17]) and posterior distributions are given in Fig. 5.
The following di↵erences can be appreciated. First, the goodness-of-the-fit is slightly improved, as expected from the
addition of one extra parameter, while the best-fit value of rg is twice as large as the previously fixed value. Second,
all tension measures are now a↵ected: in particular, the GT is now well above 3� (and the integrated tension is at
3�), while the QDMAP also approaches 3�.
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Parameter SIDR SDR (i) SDR (ii)

�N
IR

e↵
< 0.456 (95% CL) < 0.597 (0.551) < 0.546 (0.289)

H0 [km/s/Mpc] 68.95 (68.38)+0.73
�1.2 69.30 (70.68)+0.86

�1.3 68.89 (69.34)+0.71
�1.1

S8 0.823 (0.818)+0.011
�0.011 0.829 (0.837)+0.011

�0.011 0.827 (0.834)+0.011
�0.011

Mb �19.380 (�19.397)+0.022
�0.034 �19.369 (�19.325)+0.025

�0.038 �19.381 (�19.369)+0.021
�0.032

��
2 �0.22 �0.41 �1.4

Q
Mb
DMAP 3.48� 2.55� 2.74�

Mb GT 3.66� 3.12� 3.74�

Mb IT 2.95� 2.56� 3.03�

�AICMb �18.88 �22.67 �20.67

Table II. Mean (best-fit) ±1� error of H0, S8, and Mb are given along with a 95% C.L. upper bound on �Ne↵ for the SIDR
model obtained by fitting to the baseline dataset P18+BAO+Pantheon. For comparison, the SDR model is shown with: (i) rg
fixed and log10 zt 2 [4.0, 4.6] and (ii) rg free and log10 zt 2 [3.0, 5.0]. Tension measures are reported with respect to the SH0ES
measurement of Mb.

Parameter Baseline Baseline + FS Baseline + FS +Mb Priors

�N
IR

e↵
< 0.546 (0.289) < 0.55 (0.08) 0.69 (0.63)+0.14

�0.23 [0,1)

log10 zt Unconstrained (4.29) Unconstrained (4.97) Unconstrained (4.22) [3,5]

rg Unconstrained (4.0) Unconstrained (2.34) Unconstrained (1.14) [0,5]

H0 [km/s/Mpc] 68.89 (69.34)+0.71
�1.1 69.01 (68.37)+0.66

�1.1 71.71 (72.17)+0.83
�0.80 —

S8 0.827 (0.834)+0.011
�0.011 0.821 (0.824)+0.010

�0.010 0.816 (0.82)+0.010
�0.012 —

Mb �19.381 (�19.369)+0.021
�0.032 �19.378 (�19.4)+0.019

�0.032 �19.300 (�19.285)+0.024
�0.024 —

��
2 �1.4 �1.62 �24.69 —

Q
Mb
DMAP 2.74� 2.72� — —

Mb GT 3.74� 3.77� 1.29� —

Mb IT 3.03� 2.94� 1.29� —

�AICMb �20.67 �18.68 — —

Table III. Mean (best-fit) ±1� error of dark sector parameters obtained by fitting the three-parameter SDR model to three
datasets: the baseline dataset P18+BAO+Pantheon, the baseline + FS, and the baseline + FS + Mb. Upper bounds
are presented at 95% C.L., and parameters without constraints at 95% C.L. within their prior boundaries are marked as
unconstrained. Tension measures are reported with respect to the SH0ES measurement of Mb. Priors for the SDR parameters
are given in the last column.

H0 as large as those required to fully alleviate the H0 tension. In fact, when adding a prior on Mb from the SH0ES
measurement, we find a residual 1.3� tension.

We find that the FS likelihood constrains SDR models similarly to EDE models (see Table III of [38]), although
the EDE model has ��2 ' �5 with the same number of parameters as the SDR model.

We show also in Fig. 7 the posterior distribution for the mass scale m of the threshold compared to �N IR

e↵
, obtained

as a derived parameter by means of (4). One can see that with increasing �N IR

e↵
, the value of m allowed by data at

95% confidence decreases. On the other hand, as �N IR

e↵
! 0, one can see from (4) that m ! 0 as well, and thus the

data no longer constrain m in this limit, which can be seen by the fact that the 2-dimensional posterior continues to
rise at small �N IR

e↵
. One should only trust the one-dimensional posterior for m for su�ciently large �N IR

e↵
, keeping

in mind that no such upper-bound on m is possible with �N IR

e↵
= 0.

We conclude that dark radiation models with mass thresholds around the epoch of recombination lead to a significant
relaxation of the constraint on �Ne↵, obviously in particular with respect to the free-streaming case, but also with
respect to the self-interacting (SIDR) model without a mass threshold. A comparison of the SDR and SIDR models
including the FS dataset is given in Table IV, where one can see the relaxation of the bound on �Ne↵ is still present,
but the improvement of the H0 tension is largely gone, while the �2 is only minimally improved considering that the
SDR model has two extra parameters compared to the SIDR model.

While in the SDR model the Hubble tension is alleviated from & 5 to ⇠ 3�, the minimal improvement in �2 over
⇤CDM despite three additional parameters, as well as the significant residual tension, suggest that these models
struggle to provide a convincing framework to address the discrepancy in the determinations of H0. Unsurprisingly,

<latexit sha1_base64="Y6zUrU5T3YwNtZopxKDasrz+7lE="></latexit>

(i) rg fixed, log10 zt 2 [4.0, 4.6]

(ii) rg free, log10 zt 2 [3.0, 5.0]
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Parameter log10 zt 2 [4.0, 4.6] log10 zt 2 [3.0, 5.0]

�N
IR

e↵
< 0.597 (0.551) < 0.59 (0.551)

log10 zt Unconstrained (4.3) Unconstrained (4.3)

H0 [km/s/Mpc] 69.30 (70.68)+0.86
�1.3 69.11 (70.68)+0.80

�1.3

S8 0.829 (0.837)+0.011
�0.011 0.827 (0.837)+0.011

�0.011

Mb �19.369 (�19.325)+0.025
�0.038 �19.374 (�19.325)+0.024

�0.037

��
2 �0.41 �0.41

Q
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DMAP 2.55� 2.55�
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�AICMb �22.67 �22.67
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Figure 4. Left: mean (best-fit) ±1� error of dark sector parameters obtained by fitting the two-parameter SDR model (i.e. with
rg fixed) to the baseline dataset P18+BAO+Pantheon, comparing two choices of prior on log10 zt. Upper bounds are presented
at 95% C.L., and parameters without constraints at 95% C.L. within their prior boundaries are marked as unconstrained.
Tension measures are reported with respect to the SH0ES measurement of Mb. Right: one- and two-dimensional posterior
distributions for dark sector parameters and H0. The posterior of H0 inferred by SH0ES is shown by shaded vertical regions
(1 and 2� ranges).

We fix the step size parameter rg = 1.14 in this analysis, motivated by a dark sector composed of one complex
scalar and a Weyl fermion, as in [16]. We use only our baseline dataset in this comparison.

Results are reported in Fig. 4, together with plots of posterior distributions. The following observations can be
made. First, widening the priors does not a↵ect the bestfit values of parameters, therefore bestfit-based tension
measures (i.e. those based on minimum �2) are similarly not altered. On the other hand, the GT is a↵ected by the
choice of priors (only a minor e↵ect), since the Mb posterior is now shifted to smaller values. For both choice of priors
the GT is above 3�, slightly more so with the wider prior.

We also report a very minor improvement in �2 compared to ⇤CDM, i.e. ��2 ' �0.4 with two extra free
parameters. Our results in the left column of the table are overall in slight disagreement with those of [16], obtained
with the same choices. In particular, we find a slightly larger ��2 (by one unit), i.e. less improvement of the fit
compared to ⇤CDM than in [16, 17]. We also find a larger GT tension, due both to the new SH0ES measurement
(with respect to [16]) and the di↵erent prescription used to compute the GT (with respect to [17]).

From now on, we fix our priors as log
10

zt 2 [3.0, 5.0], to (at least partially) account for the “look elsewhere” e↵ect
related to the choice of very narrow priors.

Step size fixed vs free to vary

We now study the implications of leaving the step size rg free to vary in our search. The motivation to do so
is twofold: First, we currently do not have any compelling theory prediction for rg, as there is not a specific mass
spectrum for the dark sector which is better-motivated than any other one (for instance, there may be more than
one complex scalar field and/or fermion in the models of [16, 18]). Second, to perform a fair comparison with other
models for the H0 tension, such as in particular early dark energy (where the three parameters fEDE, zc and ✓i are
kept free to vary). We thus vary rg 2 [0, 5], where the choice of the upper prior is somewhat arbitrary.

The comparison with the previous results (rg fixed as in [16, 17]) and posterior distributions are given in Fig. 5.
The following di↵erences can be appreciated. First, the goodness-of-the-fit is slightly improved, as expected from the
addition of one extra parameter, while the best-fit value of rg is twice as large as the previously fixed value. Second,
all tension measures are now a↵ected: in particular, the GT is now well above 3� (and the integrated tension is at
3�), while the QDMAP also approaches 3�.

Planck18+BAO+Pantheon
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Parameter SIDR SDR (i) SDR (ii)

�N
IR

e↵
< 0.456 (95% CL) < 0.597 (0.551) < 0.546 (0.289)

H0 [km/s/Mpc] 68.95 (68.38)+0.73
�1.2 69.30 (70.68)+0.86

�1.3 68.89 (69.34)+0.71
�1.1

S8 0.823 (0.818)+0.011
�0.011 0.829 (0.837)+0.011

�0.011 0.827 (0.834)+0.011
�0.011

Mb �19.380 (�19.397)+0.022
�0.034 �19.369 (�19.325)+0.025

�0.038 �19.381 (�19.369)+0.021
�0.032

��
2 �0.22 �0.41 �1.4

Q
Mb
DMAP 3.48� 2.55� 2.74�

Mb GT 3.66� 3.12� 3.74�

Mb IT 2.95� 2.56� 3.03�

�AICMb �18.88 �22.67 �20.67

Table II. Mean (best-fit) ±1� error of H0, S8, and Mb are given along with a 95% C.L. upper bound on �Ne↵ for the SIDR
model obtained by fitting to the baseline dataset P18+BAO+Pantheon. For comparison, the SDR model is shown with: (i) rg
fixed and log10 zt 2 [4.0, 4.6] and (ii) rg free and log10 zt 2 [3.0, 5.0]. Tension measures are reported with respect to the SH0ES
measurement of Mb.

Parameter Baseline Baseline + FS Baseline + FS +Mb Priors

�N
IR

e↵
< 0.546 (0.289) < 0.55 (0.08) 0.69 (0.63)+0.14

�0.23 [0,1)

log10 zt Unconstrained (4.29) Unconstrained (4.97) Unconstrained (4.22) [3,5]

rg Unconstrained (4.0) Unconstrained (2.34) Unconstrained (1.14) [0,5]

H0 [km/s/Mpc] 68.89 (69.34)+0.71
�1.1 69.01 (68.37)+0.66

�1.1 71.71 (72.17)+0.83
�0.80 —

S8 0.827 (0.834)+0.011
�0.011 0.821 (0.824)+0.010

�0.010 0.816 (0.82)+0.010
�0.012 —

Mb �19.381 (�19.369)+0.021
�0.032 �19.378 (�19.4)+0.019

�0.032 �19.300 (�19.285)+0.024
�0.024 —

��
2 �1.4 �1.62 �24.69 —

Q
Mb
DMAP 2.74� 2.72� — —

Mb GT 3.74� 3.77� 1.29� —

Mb IT 3.03� 2.94� 1.29� —

�AICMb �20.67 �18.68 — —

Table III. Mean (best-fit) ±1� error of dark sector parameters obtained by fitting the three-parameter SDR model to three
datasets: the baseline dataset P18+BAO+Pantheon, the baseline + FS, and the baseline + FS + Mb. Upper bounds
are presented at 95% C.L., and parameters without constraints at 95% C.L. within their prior boundaries are marked as
unconstrained. Tension measures are reported with respect to the SH0ES measurement of Mb. Priors for the SDR parameters
are given in the last column.

H0 as large as those required to fully alleviate the H0 tension. In fact, when adding a prior on Mb from the SH0ES
measurement, we find a residual 1.3� tension.

We find that the FS likelihood constrains SDR models similarly to EDE models (see Table III of [38]), although
the EDE model has ��2 ' �5 with the same number of parameters as the SDR model.

We show also in Fig. 7 the posterior distribution for the mass scale m of the threshold compared to �N IR

e↵
, obtained

as a derived parameter by means of (4). One can see that with increasing �N IR

e↵
, the value of m allowed by data at

95% confidence decreases. On the other hand, as �N IR

e↵
! 0, one can see from (4) that m ! 0 as well, and thus the

data no longer constrain m in this limit, which can be seen by the fact that the 2-dimensional posterior continues to
rise at small �N IR

e↵
. One should only trust the one-dimensional posterior for m for su�ciently large �N IR

e↵
, keeping

in mind that no such upper-bound on m is possible with �N IR

e↵
= 0.

We conclude that dark radiation models with mass thresholds around the epoch of recombination lead to a significant
relaxation of the constraint on �Ne↵, obviously in particular with respect to the free-streaming case, but also with
respect to the self-interacting (SIDR) model without a mass threshold. A comparison of the SDR and SIDR models
including the FS dataset is given in Table IV, where one can see the relaxation of the bound on �Ne↵ is still present,
but the improvement of the H0 tension is largely gone, while the �2 is only minimally improved considering that the
SDR model has two extra parameters compared to the SIDR model.

While in the SDR model the Hubble tension is alleviated from & 5 to ⇠ 3�, the minimal improvement in �2 over
⇤CDM despite three additional parameters, as well as the significant residual tension, suggest that these models
struggle to provide a convincing framework to address the discrepancy in the determinations of H0. Unsurprisingly,

W/o threshold W/ threshold

Better fit, increased tensions
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(i) rg fixed, log10 zt 2 [4.0, 4.6]

(ii) rg free, log10 zt 2 [3.0, 5.0]
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Figure 9. One- and two-dimensional posterior distributions are given for selected model parameters, as well as H0 and S8,
obtained by fitting the WIDM model to four datasets: the baseline, baseline + FS, baseline + FS + S8, and baseline + FS
+ S8 + Mb. The light green (lighter green) vertical bars show the 1-� (2-�) bounds of the SH0ES measurement of H0, and
the light pink (lighter pink) horizontal bars show the 1-� (2-�) bounds of the combined S8 measurement from KiDS-1000 and
DES-Y3.

well as the choice to keep the step size fixed in their MCMC analysis. The discrepancies found in this work are similar
to those reported for Early Dark Energy (EDE) models (see e.g. [37]), when fixing certain parameters or choosing
narrow prior ranges.

Adding LSS data does not significantly a↵ect the constraint on �Ne↵ nor the tension with SH0ES. Nonetheless, the
improvement in the fit with respect to the ⇤CDM model is minimal both with and without LSS data, ��2 ' �1.5
with three extra parameters. This is similar to the result presented in [16, 17], which is however obtained with only
two free parameters. Additionally, let us compare with one of the most investigated competitor models to address the
H0 tension, EDE, for which Ref. [38] reports (see Table VIII of [38]) ��2 ' �4.7 and QDMAP ' �2.1 with the same
number of extra parameters and the same dataset including FS data. The EDE model thus performs significantly
better than the SDR model, although it importantly does not have a simple particle physics realization.

We also investigated two extensions of the SDR model [17, 18] that include interactions with dark matter to suppress
matter fluctuations at late times and alleviate the S8 tension. The two models di↵er in the way that interactions
are turned-o↵ below the mass threshold, due to di↵erent types of microphysical interactions (designed to capture
either weak or strong interactions). In practice, these extensions add two more extra parameters: the strength of the
interaction and the fraction of the dark matter that is interacting. We keep both parameters free to vary (in contrast
with [17], where the DM fraction is fixed to one). We use logarithmic priors to sample the interaction strength
and find the S8 tension to remain close to the 3� level, with only a minor improvement compared to the ⇤CDM
model. Our result di↵ers significantly from that of [17] for the weakly interacting model, which claims a reduction
of the tension to 1.7 �. This should be attributed mostly to the choice of prior on the interaction strength, which is
sampled linearly in [17]. Our choice instead captures more fairly the “look elsewhere” e↵ect. Considering also the five
additional parameters, we find that the ⇤CDM model is significantly preferred over the extended SDR sector, even
when adding a prior on S8 from cosmic shear measurements. Concerning the model with strong interactions proposed
in [18], while the authors did not test their model against data, we find no evidence that this model can convincingly
alleviate the S8 tension. In fact, we obtain an upper bound on the interacting DM fraction of less than 1% at 95%
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Figure 10. One- and two-dimensional posterior distributions are given for selected model parameters, as well as H0 and S8,
obtained by fitting the SIDM model to four datasets: the baseline, baseline + FS, baseline + FS + S8, and baseline + FS
+ S8 + Mb. The light green (lighter green) vertical bars show the 1-� (2-�) bounds of the SH0ES measurement of H0, and
the light pink (lighter pink) horizontal bars show the 1-� (2-�) bounds of the combined S8 measurement from KiDS-1000 and
DES-Y3.

C.L. for large momentum transfer rates �0 � 10�2 Mpc�1, thereby constraining the range (1� 5)% suggested in [18].
Furthermore, all of this is under the assumption that the extra relativistic species arise after BBN; if this were not
the case, the constraints would be even stronger.

Despite their arguably not-so decisive impact on cosmological tensions, dark sectors with mass thresholds (0.1 �
10) eV are an interesting particle physics scenario, which can be significantly probed with current datasets and
certainly more so with upcoming CMB and LSS surveys [77–79]. In this respect, it may be interesting to improve the
modeling of the mass threshold transition, which currently relies on an e↵ective fluid description that may not fully
capture the implications of a transient significant fraction of massive particles in the dark sector bath for CMB and
LSS perturbations. For now, our work provides up-to-date constraints on interacting dark radiation scenarios, that
should prove useful for model-builders as well as cosmologists.
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