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• Additional energy density in neutrinos is accounted by 
assuming that they have a thermal distribution with an 
effective energy density 

Background: at fixed acoustic scale, an increase in the 
radiation energy density leads to enhanced damping at 
small scales 

Perturbations: fluctuations in free-streaming radiation 
travel faster than the sound speed of the photon-baryon 
plasma. Thus, phase (and amplitude) shifts at small 
angular scales. 

CMB search of relativistic species
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• The QCD axion is a pseudo Nambu-Goldstone 
boson (PNG) resulting from the SSB of a global 
U(1) symmetry, introduced to solve the strong 
CP problem of QCD.

Cosmo-phenomenology of thermal axions

Axion’s mass
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Not only QCD axions! 
More in general, axion-like 

particles are PNGs with 
anomalous couplings to photon 
and gluons arising in many BSM 

extensions.
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 Motivation for this work

3

Update cosmological bounds on light 
ALPs couplings.

Quantify the impact of using the exact 
non-thermal PSD, in place of the standard 

thermal approximation.

Test the potential of future 
experiments as complementary to 

laboratory searches. 

Build a flexible toolset and pipeline 
suitable to be adapted to more general 

physical scenarios.
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• Below the energy scale       at which the global symmetry is spontaneously 
broken, the ALP field is described by an effective field theory 

ALPs couplings
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Charged leptons coupling

Production takes place through lepton pairs 
annihilation and Compton-like scattering
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Photon coupling

Production takes place through the 
Primakoff process 
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• The time evolution of ALP PSD is governed by the 
Boltzmann equation 

• We solve the full BE in phase space without thermal 
approximations. This allows us to consistently compute 
the PSD across the freeze-in and freeze-out regimes.

Thermal(?) ALPs production

<latexit sha1_base64="R/DKiSuWeDktP+KGP/b992+wxpY="></latexit>

dFa(k, t)

dt
= Ca(k, t)


1� Fa(k, t)

F eq
a (k, t)

�

5

10°5 10°4 10°3 10°2 10°1 100 101 102 103

T [GeV]

10°34

10°30

10°26

10°22

10°18

10°14

10°10

10°6

C l
ep

t
[G

eV
]

Leptophilic production: fa = 105 GeV

k/T = 0.1

k/T = 10

e

µ

ø

<latexit sha1_base64="OySqjRvjUH0ODJD1YPylJxNgMtg="></latexit>

`�

`+

�

a

<latexit sha1_base64="W+rM3673040VuQO72bW+dQrTA3E="></latexit>

`± `±

� a

Leptonic production: IR-dominated process, cross 
section peaked at the lepton mass 
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[See lso: D’Ermo, Hjkrim, Lenoci: 2311.04974] 
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Phase-space distributions 
• To quantify the deviation from a thermal spectrum, we 

define the quantity 

• Comparison with a thermal (Bose-Einstein) distribution 
with temperature properly rescaled to match            . 

• Larger deviations arise for smaller couplings because of 
a less efficient thermalisation (freeze-in regime) 
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Thermal(?) ALPs production
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• Measurements of BAO distance from DESI DR2 

• D/H ratio and He mass fraction values from weighted 
averages of PDG 2025.

Datasets combinations

Extra: realistic forecasts for near and far future 
CMB experiments (Simons Observatory, Litebird 
and CMB-HD).

NICOLA BARBIERI — IFIC (CSIC-UV)

Pipeline and datasets

• Planck2018: low-   TT (Commander) + low-   EE 
(SRoll2) + high-   TTTEEE (Plik_lite)  

• ACT-DR6: TTTEEE from act_dr6_cmbonly 

• SPT-3G D1: TTTEEE  from candl_like 

• Lensing: baseline combination of Planck+ACT 
(act_dr6_lenslike) and muse SPT-3G 2yr
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<̀latexit sha1_base64="qE1QaTzzQjlJLaioObnjHiu8Sys=">AAACCnicbVBLSgNBFOyJvxh/UZduGoPgKsyIqMuIG5cRzAeSIbzpvCRNej50vxFDCHgAcavncCduvYTH8AbOTLIwibUqqt6jivIiJQ3Z9reVW1ldW9/Ibxa2tnd294r7B3UTxlpgTYQq1E0PDCoZYI0kKWxGGsH3FDa84U3qNx5QGxkG9zSK0PWhH8ieFECp1EalOsWSXbYz8GXizEiJzVDtFH/a3VDEPgYkFBjTcuyI3DFokkLhpNCODUYghtDHVkID8NG446zrhJ/EBijkEWouFc9E/PsxBt+Yke8llz7QwCx6qfif14qpd+WOZRDFhIFIg0gqzIKM0DIZAXlXaiSCtDlyGXABGohQSw5CJGKcrDIX+DhtXUg2chYXWSb1s7JzUT6/Oy9Vrp+ma+XZETtmp8xhl6zCblmV1ZhgA/bCXtmb9Wy9Wx/W5/Q0Z80WPmRzsL5+AXb6m84=</latexit>

`

MCMC analysis through 
Cobaya sampler                            

to get constraints
<latexit sha1_base64="GhMeJKF+wsRtS9yj0RrVOLuNTF8=">AAACMHicbVC7SgNBFJ31EWN8xVjaDAbBatkVUQsLRQvLCOYByRLuTm6SIbMPZu5KQgj4JbZa+zVaia1f4eZRmMRTHc65l3M4fqykIcf5tFZW19YzG9nN3Nb2zu5efr9QMVGiBZZFpCJd88GgkiGWSZLCWqwRAl9h1e/djv3qE2ojo/CRBjF6AXRC2ZYCKJWa+ULjDhUBbzeBX/G6bdteM190bGcCvkzcGSmyGUrNfSvTaEUiCTAkocCYuuvE5A1BkxQKR7lGYjAG0YMO1lMaQoDGG07Kj/hxYoAiHqPmUvGJiH8/hhAYMwj89DIA6ppFbyz+59UTal96QxnGCWEoxkEkFU6CjNAyXQV5S2okgnFz5DLkAjQQoZYchEjFJJ1pLrA/bT2nxd2BkcKMculy7uJOy6Ryarvn9tnDWfH65nm6YZYdsiN2wlx2wa7ZPSuxMhOsz17YK3uz3q0P68v6np6uWLPdD9gcrJ9fNg6oOw==</latexit>

�fa < [...]

Interface to CLASS to 
evolve the cosmological 

model
<latexit sha1_base64="nxX4QtT539pjAd/es9A8Y8omFSc=">AAACLnicbVBNSwJRFH1jZWZfYy3bPJLAQGQmpFoabloa5Ac4Im+eV3345oP37kgiQj+kba37NUGLaNvPaEZdpHZWh3Pu5RyOG0qh0bI+jdTW9k56N7OX3T84PDo2cycNHUSKQ50HMlAtl2mQwoc6CpTQChUwz5XQdEfVxG+OQWkR+I84CaHjsYEv+oIzjKWuaVa7DkhZpE6R1gqjS9o181bJmoNuEntJ8mSJWjdnpJ1ewCMPfOSSad22rRA7U6ZQcAmzrBNpCBkfsQG0Y+ozD3RnOq8+oxeRZhjQEBQVks5F+PsxZZ7WE8+NLz2GQ73uJeJ/XjvC/m1nKvwwQvB5EoRCwjxIcyXiTYD2hAJEljQHKnzKmWKIoARlnMdiFI+0Evi0aL2ihcOJFlzPsvFy9vpOm6RxVbKvS+WHcr5y97zYMEPOyDkpEJvckAq5JzVSJ5yMyQt5JW/Gu/FhfBnfi9OUsdz9lKzA+PkFQpunOA==</latexit>

C`, P (k)

ALPs PSD from full phase 
spaces solution of 

Boltzmann equation 
<latexit sha1_base64="BFv9IcTD77q78fwNF9UhDRkjJ9c="></latexit>

Fa(q, Tfin)
<latexit sha1_base64="2d2SuDOGeCjo+9Dpl2IOA+5qxT0=">AAACMXicbVA9TwJBFNzzAxG/QEqbjcTEitwRopYYGxsTTERJAMm79YEb9j6y+85ILpf4T2y19tfQGVv/hHdAIeJUk5n3MpNxQyUN2fbEWlldW89t5DcLW9s7u3vF0v6tCSItsCUCFei2CwaV9LFFkhS2Q43guQrv3NFF5t89oTYy8G9oHGLPg6EvB1IApVK/WO6Ca+KuB/QoQMVXSXJf6xcrdtWegi8TZ04qbI5mv2Tlug+BiDz0SSgwpuPYIfVi0CSFwqTQjQyGIEYwxE5KffDQ9OJp+4QfRQYo4CFqLhWfivj7IwbPmLHnppdZTfPXy8T/vE5Eg7NeLP0wIvRFFkRS4TTICC3TWZA/SI1EkDVHLn0uQAMRaslBiFSM0p0WAp9nrRe08HFspDBJIV3O+bvTMrmtVZ2Tav26Xmmcv8w2zLMDdsiOmcNOWYNdsiZrMcHG7JW9sXfrw5pYn9bX7HTFmu9eZguwvn8AYmmqkA==</latexit>
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• Measurements of BAO distance from DESI DR2 

• D/H ratio and He mass fraction values from weighted 
averages of PDG 2025.

Datasets combinations

Extra: realistic forecasts for near and far future 
CMB experiments (Simons Observatory, Litebird 
and CMB-HD).

NICOLA BARBIERI — IFIC (CSIC-UV)

Pipeline and datasets

• Planck2018: low-   TT (Commander) + low-   EE 
(SRoll2) + high-   TTTEEE (Plik_lite)  

• ACT-DR6: TTTEEE from act_dr6_cmbonly 

• SPT-3G D1: TTTEEE  from candl_like 

• Lensing: baseline combination of Planck+ACT 
(act_dr6_lenslike) and muse SPT-3G 2yr

<latexit sha1_base64="qE1QaTzzQjlJLaioObnjHiu8Sys=">AAACCnicbVBLSgNBFOyJvxh/UZduGoPgKsyIqMuIG5cRzAeSIbzpvCRNej50vxFDCHgAcavncCduvYTH8AbOTLIwibUqqt6jivIiJQ3Z9reVW1ldW9/Ibxa2tnd294r7B3UTxlpgTYQq1E0PDCoZYI0kKWxGGsH3FDa84U3qNx5QGxkG9zSK0PWhH8ieFECp1EalOsWSXbYz8GXizEiJzVDtFH/a3VDEPgYkFBjTcuyI3DFokkLhpNCODUYghtDHVkID8NG446zrhJ/EBijkEWouFc9E/PsxBt+Yke8llz7QwCx6qfif14qpd+WOZRDFhIFIg0gqzIKM0DIZAXlXaiSCtDlyGXABGohQSw5CJGKcrDIX+DhtXUg2chYXWSb1s7JzUT6/Oy9Vrp+ma+XZETtmp8xhl6zCblmV1ZhgA/bCXtmb9Wy9Wx/W5/Q0Z80WPmRzsL5+AXb6m84=</latexit>

`
<latexit sha1_base64="qE1QaTzzQjlJLaioObnjHiu8Sys=">AAACCnicbVBLSgNBFOyJvxh/UZduGoPgKsyIqMuIG5cRzAeSIbzpvCRNej50vxFDCHgAcavncCduvYTH8AbOTLIwibUqqt6jivIiJQ3Z9reVW1ldW9/Ibxa2tnd294r7B3UTxlpgTYQq1E0PDCoZYI0kKWxGGsH3FDa84U3qNx5QGxkG9zSK0PWhH8ieFECp1EalOsWSXbYz8GXizEiJzVDtFH/a3VDEPgYkFBjTcuyI3DFokkLhpNCODUYghtDHVkID8NG446zrhJ/EBijkEWouFc9E/PsxBt+Yke8llz7QwCx6qfif14qpd+WOZRDFhIFIg0gqzIKM0DIZAXlXaiSCtDlyGXABGohQSw5CJGKcrDIX+DhtXUg2chYXWSb1s7JzUT6/Oy9Vrp+ma+XZETtmp8xhl6zCblmV1ZhgA/bCXtmb9Wy9Wx/W5/Q0Z80WPmRzsL5+AXb6m84=</latexit>

<̀latexit sha1_base64="qE1QaTzzQjlJLaioObnjHiu8Sys=">AAACCnicbVBLSgNBFOyJvxh/UZduGoPgKsyIqMuIG5cRzAeSIbzpvCRNej50vxFDCHgAcavncCduvYTH8AbOTLIwibUqqt6jivIiJQ3Z9reVW1ldW9/Ibxa2tnd294r7B3UTxlpgTYQq1E0PDCoZYI0kKWxGGsH3FDa84U3qNx5QGxkG9zSK0PWhH8ieFECp1EalOsWSXbYz8GXizEiJzVDtFH/a3VDEPgYkFBjTcuyI3DFokkLhpNCODUYghtDHVkID8NG446zrhJ/EBijkEWouFc9E/PsxBt+Yke8llz7QwCx6qfif14qpd+WOZRDFhIFIg0gqzIKM0DIZAXlXaiSCtDlyGXABGohQSw5CJGKcrDIX+DhtXUg2chYXWSb1s7JzUT6/Oy9Vrp+ma+XZETtmp8xhl6zCblmV1ZhgA/bCXtmb9Wy9Wx/W5/Q0Z80WPmRzsL5+AXb6m84=</latexit>

`

MCMC analysis through 
Cobaya sampler                            

to get constraints
<latexit sha1_base64="GhMeJKF+wsRtS9yj0RrVOLuNTF8=">AAACMHicbVC7SgNBFJ31EWN8xVjaDAbBatkVUQsLRQvLCOYByRLuTm6SIbMPZu5KQgj4JbZa+zVaia1f4eZRmMRTHc65l3M4fqykIcf5tFZW19YzG9nN3Nb2zu5efr9QMVGiBZZFpCJd88GgkiGWSZLCWqwRAl9h1e/djv3qE2ojo/CRBjF6AXRC2ZYCKJWa+ULjDhUBbzeBX/G6bdteM190bGcCvkzcGSmyGUrNfSvTaEUiCTAkocCYuuvE5A1BkxQKR7lGYjAG0YMO1lMaQoDGG07Kj/hxYoAiHqPmUvGJiH8/hhAYMwj89DIA6ppFbyz+59UTal96QxnGCWEoxkEkFU6CjNAyXQV5S2okgnFz5DLkAjQQoZYchEjFJJ1pLrA/bT2nxd2BkcKMculy7uJOy6Ryarvn9tnDWfH65nm6YZYdsiN2wlx2wa7ZPSuxMhOsz17YK3uz3q0P68v6np6uWLPdD9gcrJ9fNg6oOw==</latexit>

�fa < [...]

Interface to CLASS to 
evolve the cosmological 

model
<latexit sha1_base64="nxX4QtT539pjAd/es9A8Y8omFSc=">AAACLnicbVBNSwJRFH1jZWZfYy3bPJLAQGQmpFoabloa5Ac4Im+eV3345oP37kgiQj+kba37NUGLaNvPaEZdpHZWh3Pu5RyOG0qh0bI+jdTW9k56N7OX3T84PDo2cycNHUSKQ50HMlAtl2mQwoc6CpTQChUwz5XQdEfVxG+OQWkR+I84CaHjsYEv+oIzjKWuaVa7DkhZpE6R1gqjS9o181bJmoNuEntJ8mSJWjdnpJ1ewCMPfOSSad22rRA7U6ZQcAmzrBNpCBkfsQG0Y+ozD3RnOq8+oxeRZhjQEBQVks5F+PsxZZ7WE8+NLz2GQ73uJeJ/XjvC/m1nKvwwQvB5EoRCwjxIcyXiTYD2hAJEljQHKnzKmWKIoARlnMdiFI+0Evi0aL2ihcOJFlzPsvFy9vpOm6RxVbKvS+WHcr5y97zYMEPOyDkpEJvckAq5JzVSJ5yMyQt5JW/Gu/FhfBnfi9OUsdz9lKzA+PkFQpunOA==</latexit>

C`, P (k)

ALPs PSD from full phase 
spaces solution of 

Boltzmann equation 
<latexit sha1_base64="BFv9IcTD77q78fwNF9UhDRkjJ9c="></latexit>

Fa(q, Tfin)
<latexit sha1_base64="2d2SuDOGeCjo+9Dpl2IOA+5qxT0=">AAACMXicbVA9TwJBFNzzAxG/QEqbjcTEitwRopYYGxsTTERJAMm79YEb9j6y+85ILpf4T2y19tfQGVv/hHdAIeJUk5n3MpNxQyUN2fbEWlldW89t5DcLW9s7u3vF0v6tCSItsCUCFei2CwaV9LFFkhS2Q43guQrv3NFF5t89oTYy8G9oHGLPg6EvB1IApVK/WO6Ca+KuB/QoQMVXSXJf6xcrdtWegi8TZ04qbI5mv2Tlug+BiDz0SSgwpuPYIfVi0CSFwqTQjQyGIEYwxE5KffDQ9OJp+4QfRQYo4CFqLhWfivj7IwbPmLHnppdZTfPXy8T/vE5Eg7NeLP0wIvRFFkRS4TTICC3TWZA/SI1EkDVHLn0uQAMRaslBiFSM0p0WAp9nrRe08HFspDBJIV3O+bvTMrmtVZ2Tav26Xmmcv8w2zLMDdsiOmcNOWYNdsiZrMcHG7JW9sXfrw5pYn9bX7HTFmu9eZguwvn8AYmmqkA==</latexit>
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• Measurements of BAO distance from DESI DR2 

• D/H ratio and He mass fraction values from weighted 
averages of PDG 2025.

Datasets combinations

Extra: realistic forecasts for near and far future 
CMB experiments (Simons Observatory, Litebird 
and CMB-HD).

NICOLA BARBIERI — IFIC (CSIC-UV)

Pipeline and datasets

• Planck2018: low-   TT (Commander) + low-   EE 
(SRoll2) + high-   TTTEEE (Plik_lite)  

• ACT-DR6: TTTEEE from act_dr6_cmbonly 

• SPT-3G D1: TTTEEE  from candl_like 

• Lensing: baseline combination of Planck+ACT 
(act_dr6_lenslike) and muse SPT-3G 2yr

<latexit sha1_base64="qE1QaTzzQjlJLaioObnjHiu8Sys=">AAACCnicbVBLSgNBFOyJvxh/UZduGoPgKsyIqMuIG5cRzAeSIbzpvCRNej50vxFDCHgAcavncCduvYTH8AbOTLIwibUqqt6jivIiJQ3Z9reVW1ldW9/Ibxa2tnd294r7B3UTxlpgTYQq1E0PDCoZYI0kKWxGGsH3FDa84U3qNx5QGxkG9zSK0PWhH8ieFECp1EalOsWSXbYz8GXizEiJzVDtFH/a3VDEPgYkFBjTcuyI3DFokkLhpNCODUYghtDHVkID8NG446zrhJ/EBijkEWouFc9E/PsxBt+Yke8llz7QwCx6qfif14qpd+WOZRDFhIFIg0gqzIKM0DIZAXlXaiSCtDlyGXABGohQSw5CJGKcrDIX+DhtXUg2chYXWSb1s7JzUT6/Oy9Vrp+ma+XZETtmp8xhl6zCblmV1ZhgA/bCXtmb9Wy9Wx/W5/Q0Z80WPmRzsL5+AXb6m84=</latexit>

`
<latexit sha1_base64="qE1QaTzzQjlJLaioObnjHiu8Sys=">AAACCnicbVBLSgNBFOyJvxh/UZduGoPgKsyIqMuIG5cRzAeSIbzpvCRNej50vxFDCHgAcavncCduvYTH8AbOTLIwibUqqt6jivIiJQ3Z9reVW1ldW9/Ibxa2tnd294r7B3UTxlpgTYQq1E0PDCoZYI0kKWxGGsH3FDa84U3qNx5QGxkG9zSK0PWhH8ieFECp1EalOsWSXbYz8GXizEiJzVDtFH/a3VDEPgYkFBjTcuyI3DFokkLhpNCODUYghtDHVkID8NG446zrhJ/EBijkEWouFc9E/PsxBt+Yke8llz7QwCx6qfif14qpd+WOZRDFhIFIg0gqzIKM0DIZAXlXaiSCtDlyGXABGohQSw5CJGKcrDIX+DhtXUg2chYXWSb1s7JzUT6/Oy9Vrp+ma+XZETtmp8xhl6zCblmV1ZhgA/bCXtmb9Wy9Wx/W5/Q0Z80WPmRzsL5+AXb6m84=</latexit>

<̀latexit sha1_base64="qE1QaTzzQjlJLaioObnjHiu8Sys=">AAACCnicbVBLSgNBFOyJvxh/UZduGoPgKsyIqMuIG5cRzAeSIbzpvCRNej50vxFDCHgAcavncCduvYTH8AbOTLIwibUqqt6jivIiJQ3Z9reVW1ldW9/Ibxa2tnd294r7B3UTxlpgTYQq1E0PDCoZYI0kKWxGGsH3FDa84U3qNx5QGxkG9zSK0PWhH8ieFECp1EalOsWSXbYz8GXizEiJzVDtFH/a3VDEPgYkFBjTcuyI3DFokkLhpNCODUYghtDHVkID8NG446zrhJ/EBijkEWouFc9E/PsxBt+Yke8llz7QwCx6qfif14qpd+WOZRDFhIFIg0gqzIKM0DIZAXlXaiSCtDlyGXABGohQSw5CJGKcrDIX+DhtXUg2chYXWSb1s7JzUT6/Oy9Vrp+ma+XZETtmp8xhl6zCblmV1ZhgA/bCXtmb9Wy9Wx/W5/Q0Z80WPmRzsL5+AXb6m84=</latexit>

`

-B

MCMC analysis through 
Cobaya sampler                            

to get constraints
<latexit sha1_base64="GhMeJKF+wsRtS9yj0RrVOLuNTF8=">AAACMHicbVC7SgNBFJ31EWN8xVjaDAbBatkVUQsLRQvLCOYByRLuTm6SIbMPZu5KQgj4JbZa+zVaia1f4eZRmMRTHc65l3M4fqykIcf5tFZW19YzG9nN3Nb2zu5efr9QMVGiBZZFpCJd88GgkiGWSZLCWqwRAl9h1e/djv3qE2ojo/CRBjF6AXRC2ZYCKJWa+ULjDhUBbzeBX/G6bdteM190bGcCvkzcGSmyGUrNfSvTaEUiCTAkocCYuuvE5A1BkxQKR7lGYjAG0YMO1lMaQoDGG07Kj/hxYoAiHqPmUvGJiH8/hhAYMwj89DIA6ppFbyz+59UTal96QxnGCWEoxkEkFU6CjNAyXQV5S2okgnFz5DLkAjQQoZYchEjFJJ1pLrA/bT2nxd2BkcKMculy7uJOy6Ryarvn9tnDWfH65nm6YZYdsiN2wlx2wa7ZPSuxMhOsz17YK3uz3q0P68v6np6uWLPdD9gcrJ9fNg6oOw==</latexit>

�fa < [...]

Interface to CLASS to 
evolve the cosmological 

model
<latexit sha1_base64="nxX4QtT539pjAd/es9A8Y8omFSc=">AAACLnicbVBNSwJRFH1jZWZfYy3bPJLAQGQmpFoabloa5Ac4Im+eV3345oP37kgiQj+kba37NUGLaNvPaEZdpHZWh3Pu5RyOG0qh0bI+jdTW9k56N7OX3T84PDo2cycNHUSKQ50HMlAtl2mQwoc6CpTQChUwz5XQdEfVxG+OQWkR+I84CaHjsYEv+oIzjKWuaVa7DkhZpE6R1gqjS9o181bJmoNuEntJ8mSJWjdnpJ1ewCMPfOSSad22rRA7U6ZQcAmzrBNpCBkfsQG0Y+ozD3RnOq8+oxeRZhjQEBQVks5F+PsxZZ7WE8+NLz2GQ73uJeJ/XjvC/m1nKvwwQvB5EoRCwjxIcyXiTYD2hAJEljQHKnzKmWKIoARlnMdiFI+0Evi0aL2ihcOJFlzPsvFy9vpOm6RxVbKvS+WHcr5y97zYMEPOyDkpEJvckAq5JzVSJ5yMyQt5JW/Gu/FhfBnfi9OUsdz9lKzA+PkFQpunOA==</latexit>

C`, P (k)

ALPs PSD from full phase 
spaces solution of 

Boltzmann equation 
<latexit sha1_base64="BFv9IcTD77q78fwNF9UhDRkjJ9c="></latexit>

Fa(q, Tfin)
<latexit sha1_base64="2d2SuDOGeCjo+9Dpl2IOA+5qxT0=">AAACMXicbVA9TwJBFNzzAxG/QEqbjcTEitwRopYYGxsTTERJAMm79YEb9j6y+85ILpf4T2y19tfQGVv/hHdAIeJUk5n3MpNxQyUN2fbEWlldW89t5DcLW9s7u3vF0v6tCSItsCUCFei2CwaV9LFFkhS2Q43guQrv3NFF5t89oTYy8G9oHGLPg6EvB1IApVK/WO6Ca+KuB/QoQMVXSXJf6xcrdtWegi8TZ04qbI5mv2Tlug+BiDz0SSgwpuPYIfVi0CSFwqTQjQyGIEYwxE5KffDQ9OJp+4QfRQYo4CFqLhWfivj7IwbPmLHnppdZTfPXy8T/vE5Eg7NeLP0wIvRFFkRS4TTICC3TWZA/SI1EkDVHLn0uQAMRaslBiFSM0p0WAp9nrRe08HFspDBJIV3O+bvTMrmtVZ2Tav26Xmmcv8w2zLMDdsiOmcNOWYNdsiZrMcHG7JW9sXfrw5pYn9bX7HTFmu9eZguwvn8AYmmqkA==</latexit>
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• Measurements of BAO distance from DESI DR2 

• D/H ratio and He mass fraction values from weighted 
averages of PDG 2025.

Datasets combinations

Extra: realistic forecasts for near and far future 
CMB experiments (Simons Observatory, Litebird 
and CMB-HD).

NICOLA BARBIERI — IFIC (CSIC-UV)

Pipeline and datasets

• Planck2018: low-   TT (Commander) + low-   EE 
(SRoll2) + high-   TTTEEE (Plik_lite)  

• ACT-DR6: TTTEEE from act_dr6_cmbonly 

• SPT-3G D1: TTTEEE  from candl_like 

• Lensing: baseline combination of Planck+ACT 
(act_dr6_lenslike) and muse SPT-3G 2yr

<latexit sha1_base64="qE1QaTzzQjlJLaioObnjHiu8Sys=">AAACCnicbVBLSgNBFOyJvxh/UZduGoPgKsyIqMuIG5cRzAeSIbzpvCRNej50vxFDCHgAcavncCduvYTH8AbOTLIwibUqqt6jivIiJQ3Z9reVW1ldW9/Ibxa2tnd294r7B3UTxlpgTYQq1E0PDCoZYI0kKWxGGsH3FDa84U3qNx5QGxkG9zSK0PWhH8ieFECp1EalOsWSXbYz8GXizEiJzVDtFH/a3VDEPgYkFBjTcuyI3DFokkLhpNCODUYghtDHVkID8NG446zrhJ/EBijkEWouFc9E/PsxBt+Yke8llz7QwCx6qfif14qpd+WOZRDFhIFIg0gqzIKM0DIZAXlXaiSCtDlyGXABGohQSw5CJGKcrDIX+DhtXUg2chYXWSb1s7JzUT6/Oy9Vrp+ma+XZETtmp8xhl6zCblmV1ZhgA/bCXtmb9Wy9Wx/W5/Q0Z80WPmRzsL5+AXb6m84=</latexit>

`
<latexit sha1_base64="qE1QaTzzQjlJLaioObnjHiu8Sys=">AAACCnicbVBLSgNBFOyJvxh/UZduGoPgKsyIqMuIG5cRzAeSIbzpvCRNej50vxFDCHgAcavncCduvYTH8AbOTLIwibUqqt6jivIiJQ3Z9reVW1ldW9/Ibxa2tnd294r7B3UTxlpgTYQq1E0PDCoZYI0kKWxGGsH3FDa84U3qNx5QGxkG9zSK0PWhH8ieFECp1EalOsWSXbYz8GXizEiJzVDtFH/a3VDEPgYkFBjTcuyI3DFokkLhpNCODUYghtDHVkID8NG446zrhJ/EBijkEWouFc9E/PsxBt+Yke8llz7QwCx6qfif14qpd+WOZRDFhIFIg0gqzIKM0DIZAXlXaiSCtDlyGXABGohQSw5CJGKcrDIX+DhtXUg2chYXWSb1s7JzUT6/Oy9Vrp+ma+XZETtmp8xhl6zCblmV1ZhgA/bCXtmb9Wy9Wx/W5/Q0Z80WPmRzsL5+AXb6m84=</latexit>
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• 95% Bayesian credible limits on ALPs couplings

Model SPA SPA-D-He SPA-D-He-B LSO LHD

!CDM + e fa [GeV] > 1.51 → 106 > 1.63 → 106 > 1.37 → 106 > 1.90 → 106 3.56 → 106

!CDM + µ fa [GeV] > 8.73 → 106 > 9.41 → 106 > 7.50 → 106 > 1.05 → 107 2.17 → 107

!CDM + ω fa [GeV] > 6.10 → 104 > 8.06 → 104 > 2.85 → 104 > 1.34 → 105 2.45 → 107

!CDM + ε gaω [GeV→1] < 2.18 → 10→8
< 1.98 → 10→8

< 2.73 → 10→8
< 1.66 → 10→8

< 1.01 → 10→9

Table 3: 95% credible limits on fa or gaω for each model and dataset combination.

3.2 Results and discussion

The constraints derived in this work are summarized in table 3, which reports the 95% credible
limits (CL) on the ALP decay constant fa (for ALP-lepton interactions, with cε = 1) and on
the ALP-photon coupling gaω (for Primako! production), assuming that only one coupling is
active at a time. The table includes results for all the dataset combinations considered in our
analysis (see section 3.1). We also report the forecast sensitivities for the LiteBIRD+Simons
Observatory and LiteBIRD+CMB-HD configurations, which are discussed in section 4.1.

Compared to previous constraints obtained using Planck data alone [62, 115, 116], the
inclusion of ACT and SPT measurements has the largest impact on the ALP-ω coupling. This
is expected, since the improved sensitivity to ”Ne! provided by ground-based experiments
allows to constrain light species produced at higher temperatures. Since ALP production
from ω leptons occurs at the highest temperatures among the leptonic channels considered,
the corresponding limit on fa benefits the most from the inclusion of ACT and SPT data. A
similar trend is observed when adding BBN information from helium and deuterium abun-
dances. In this case, the limit on the ALP-ω coupling improves by approximately 32%, while
the constraints on the couplings to electrons, muons, and photons strengthen by about 8–9%.

We also note that adding BAO measurements from DESI relaxes the limits on ”Ne! ,
and therefore on fa and gaω . This trend is consistent with other recent analyses that combine
CMB data with DESI BAO measurements to constrain ”Ne! (see e.g. refs. [49, 126, 127]). It
can be understood from the DESI preference for lower values of #m and higher values of H0,
which in turn allows for larger values of ”Ne! . For the specific case of light ALPs, a similar
behaviour was also found in ref. [59] using earlier BAO measurements from BOSS DR12 [128],
6dFGS [129] and SDSS-MGS [130].

To facilitate a direct comparison with laboratory and astrophysical constraints, our
results can equivalently be recast in terms of the couplings gaε = mεcε/fa. Figures 8–9 show
the corresponding constraints alongside existing bounds, for ALP couplings to leptons and
photons. While cosmological limits on the ALP couplings to electrons and photons are weaker
than laboratory and astrophysical bounds, the constraints on the ALP-µ and ALP-ω couplings
are already competitive with existing limits from other probes. This motivates a dedicated
forecast study for future CMB experiments, which will be the subject of section 4.

Beyond deriving state-of-the-art bounds on ALP couplings using the most recent cos-
mological data, a central aspect of our analysis is the use of the exact ALP phase-space
distribution function. To evaluate the e!ect on the inferred bounds, compared to the com-
mon approach of assuming a thermal (Bose-Einstein) distribution, we perform a test MCMC
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limits (CL) on the ALP decay constant fa (for ALP-lepton interactions, with cε = 1) and on
the ALP-photon coupling gaω (for Primako! production), assuming that only one coupling is
active at a time. The table includes results for all the dataset combinations considered in our
analysis (see section 3.1). We also report the forecast sensitivities for the LiteBIRD+Simons
Observatory and LiteBIRD+CMB-HD configurations, which are discussed in section 4.1.

Compared to previous constraints obtained using Planck data alone [62, 115, 116], the
inclusion of ACT and SPT measurements has the largest impact on the ALP-ω coupling. This
is expected, since the improved sensitivity to ”Ne! provided by ground-based experiments
allows to constrain light species produced at higher temperatures. Since ALP production
from ω leptons occurs at the highest temperatures among the leptonic channels considered,
the corresponding limit on fa benefits the most from the inclusion of ACT and SPT data. A
similar trend is observed when adding BBN information from helium and deuterium abun-
dances. In this case, the limit on the ALP-ω coupling improves by approximately 32%, while
the constraints on the couplings to electrons, muons, and photons strengthen by about 8–9%.

We also note that adding BAO measurements from DESI relaxes the limits on ”Ne! ,
and therefore on fa and gaω . This trend is consistent with other recent analyses that combine
CMB data with DESI BAO measurements to constrain ”Ne! (see e.g. refs. [49, 126, 127]). It
can be understood from the DESI preference for lower values of #m and higher values of H0,
which in turn allows for larger values of ”Ne! . For the specific case of light ALPs, a similar
behaviour was also found in ref. [59] using earlier BAO measurements from BOSS DR12 [128],
6dFGS [129] and SDSS-MGS [130].

To facilitate a direct comparison with laboratory and astrophysical constraints, our
results can equivalently be recast in terms of the couplings gaε = mεcε/fa. Figures 8–9 show
the corresponding constraints alongside existing bounds, for ALP couplings to leptons and
photons. While cosmological limits on the ALP couplings to electrons and photons are weaker
than laboratory and astrophysical bounds, the constraints on the ALP-µ and ALP-ω couplings
are already competitive with existing limits from other probes. This motivates a dedicated
forecast study for future CMB experiments, which will be the subject of section 4.

Beyond deriving state-of-the-art bounds on ALP couplings using the most recent cos-
mological data, a central aspect of our analysis is the use of the exact ALP phase-space
distribution function. To evaluate the e!ect on the inferred bounds, compared to the com-
mon approach of assuming a thermal (Bose-Einstein) distribution, we perform a test MCMC
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Model SPA SPA-D-He SPA-D-He-B LSO LHD

!CDM + e fa [GeV] > 1.51 → 106 > 1.63 → 106 > 1.37 → 106 > 1.90 → 106 3.56 → 106

!CDM + µ fa [GeV] > 8.73 → 106 > 9.41 → 106 > 7.50 → 106 > 1.05 → 107 2.17 → 107

!CDM + ω fa [GeV] > 6.10 → 104 > 8.06 → 104 > 2.85 → 104 > 1.34 → 105 2.45 → 107

!CDM + ε gaω [GeV→1] < 2.18 → 10→8
< 1.98 → 10→8

< 2.73 → 10→8
< 1.66 → 10→8

< 1.01 → 10→9

Table 3: 95% credible limits on fa or gaω for each model and dataset combination.

3.2 Results and discussion

The constraints derived in this work are summarized in table 3, which reports the 95% credible
limits (CL) on the ALP decay constant fa (for ALP-lepton interactions, with cε = 1) and on
the ALP-photon coupling gaω (for Primako! production), assuming that only one coupling is
active at a time. The table includes results for all the dataset combinations considered in our
analysis (see section 3.1). We also report the forecast sensitivities for the LiteBIRD+Simons
Observatory and LiteBIRD+CMB-HD configurations, which are discussed in section 4.1.

Compared to previous constraints obtained using Planck data alone [62, 115, 116], the
inclusion of ACT and SPT measurements has the largest impact on the ALP-ω coupling. This
is expected, since the improved sensitivity to ”Ne! provided by ground-based experiments
allows to constrain light species produced at higher temperatures. Since ALP production
from ω leptons occurs at the highest temperatures among the leptonic channels considered,
the corresponding limit on fa benefits the most from the inclusion of ACT and SPT data. A
similar trend is observed when adding BBN information from helium and deuterium abun-
dances. In this case, the limit on the ALP-ω coupling improves by approximately 32%, while
the constraints on the couplings to electrons, muons, and photons strengthen by about 8–9%.

We also note that adding BAO measurements from DESI relaxes the limits on ”Ne! ,
and therefore on fa and gaω . This trend is consistent with other recent analyses that combine
CMB data with DESI BAO measurements to constrain ”Ne! (see e.g. refs. [49, 126, 127]). It
can be understood from the DESI preference for lower values of #m and higher values of H0,
which in turn allows for larger values of ”Ne! . For the specific case of light ALPs, a similar
behaviour was also found in ref. [59] using earlier BAO measurements from BOSS DR12 [128],
6dFGS [129] and SDSS-MGS [130].

To facilitate a direct comparison with laboratory and astrophysical constraints, our
results can equivalently be recast in terms of the couplings gaε = mεcε/fa. Figures 8–9 show
the corresponding constraints alongside existing bounds, for ALP couplings to leptons and
photons. While cosmological limits on the ALP couplings to electrons and photons are weaker
than laboratory and astrophysical bounds, the constraints on the ALP-µ and ALP-ω couplings
are already competitive with existing limits from other probes. This motivates a dedicated
forecast study for future CMB experiments, which will be the subject of section 4.

Beyond deriving state-of-the-art bounds on ALP couplings using the most recent cos-
mological data, a central aspect of our analysis is the use of the exact ALP phase-space
distribution function. To evaluate the e!ect on the inferred bounds, compared to the com-
mon approach of assuming a thermal (Bose-Einstein) distribution, we perform a test MCMC
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• Non-thermal spectral distortions induce shifts in             , with the magnitude of the effect 
depending on the specific production channel. The relevance of these differences for current and 
next-generation CMB experiments depends critically on the level of accuracy required in the 
analysis.
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Figure 10: Left: Prior and posterior distributions for fa corresponding to two di!erent prior
choices. The blue dashed and solid lines are the flat prior on log10 fa and the corresponding
posterior, respectively. In the same way, the orange dashed and solid lines are instead the
non-uniform log10 fa prior, induced by a flat !Ne! prior, and the corresponding posterior.
All the PDFs are normalized and posteriors were obtained from runs with the SPA dataset.
Right: Same as if left panel but with all distributions expressed in terms of !Ne! .

We consider separable priors, i.e., priors that can be written as the product of the priors
of the individual parameters. In other words, we take the parameters as a priori independent.
Furthermore, given that current cosmological data are very informative on the six ”CDM
parameters, we do not explore di!erent choices for the corresponding priors, and simply
assume wide uniform priors on {ωb, ωc, εs, ϑ, log

(
1010As

)
, ns}. The focus of our sensitivity

analysis will thus be the prior on the ALP decay constant fa.
We consider two priors: a uniform prior on log10 fa, and a uniform prior of !Ne! (see

table 2 for the ranges). This choice of the uniform prior on log10 fa is motivated by the
fact that this prior assigns equal weight to each decade of the coupling parameter space.
It might thus appear appropriate when testing BSM models with new, weakly constrained,
couplings. However, this approach brings along some potential issues. Since models with very
large values of fa (very weak couplings) yield no observable cosmological e!ects, the prior
volume may become dominated by models that are essentially indistinguishable from ”CDM,
depending on the chosen range. A uniform prior on !Ne! is instead chosen because this is
the quantity most directly constrained by the data; specifically, observations are sensitive to
fa primarily through its contribution to !Ne! . From a heuristic perspective, this makes it a
motivated candidate for a prior that limits volume e!ects and maximizes the influence of the
observations on our posterior inferences. We will expand further on this point at the end of
the section.

We visually compare the two priors in fig. 10 (dashed curves), in the case of ALPs
coupling to electrons. To allow for the comparison, the priors have to be expressed in terms
of the same variable. This is chosen to be log10 fa in the left panel of the figure. We use #
and #→ to denote the flat prior on log10 fa and !Ne! , respectively. We thus have:

#(log10 fa) → 1 , #→(log10 fa) →
∣∣∣∣

d!Ne!

d log10 fa

∣∣∣∣ , (3.2)

where in the identity on the right we have used the law of transformation of probabilities.
When expressed in terms of log10 fa, the flat prior on !Ne! assigns larger weight to the
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Figure 10: Left: Prior and posterior distributions for fa corresponding to two di!erent prior
choices. The blue dashed and solid lines are the flat prior on log10 fa and the corresponding
posterior, respectively. In the same way, the orange dashed and solid lines are instead the
non-uniform log10 fa prior, induced by a flat !Ne! prior, and the corresponding posterior.
All the PDFs are normalized and posteriors were obtained from runs with the SPA dataset.
Right: Same as if left panel but with all distributions expressed in terms of !Ne! .

We consider separable priors, i.e., priors that can be written as the product of the priors
of the individual parameters. In other words, we take the parameters as a priori independent.
Furthermore, given that current cosmological data are very informative on the six ”CDM
parameters, we do not explore di!erent choices for the corresponding priors, and simply
assume wide uniform priors on {ωb, ωc, εs, ϑ, log

(
1010As

)
, ns}. The focus of our sensitivity

analysis will thus be the prior on the ALP decay constant fa.
We consider two priors: a uniform prior on log10 fa, and a uniform prior of !Ne! (see

table 2 for the ranges). This choice of the uniform prior on log10 fa is motivated by the
fact that this prior assigns equal weight to each decade of the coupling parameter space.
It might thus appear appropriate when testing BSM models with new, weakly constrained,
couplings. However, this approach brings along some potential issues. Since models with very
large values of fa (very weak couplings) yield no observable cosmological e!ects, the prior
volume may become dominated by models that are essentially indistinguishable from ”CDM,
depending on the chosen range. A uniform prior on !Ne! is instead chosen because this is
the quantity most directly constrained by the data; specifically, observations are sensitive to
fa primarily through its contribution to !Ne! . From a heuristic perspective, this makes it a
motivated candidate for a prior that limits volume e!ects and maximizes the influence of the
observations on our posterior inferences. We will expand further on this point at the end of
the section.

We visually compare the two priors in fig. 10 (dashed curves), in the case of ALPs
coupling to electrons. To allow for the comparison, the priors have to be expressed in terms
of the same variable. This is chosen to be log10 fa in the left panel of the figure. We use #
and #→ to denote the flat prior on log10 fa and !Ne! , respectively. We thus have:

#(log10 fa) → 1 , #→(log10 fa) →
∣∣∣∣

d!Ne!

d log10 fa

∣∣∣∣ , (3.2)

where in the identity on the right we have used the law of transformation of probabilities.
When expressed in terms of log10 fa, the flat prior on !Ne! assigns larger weight to the
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Figure 10: Left: Prior and posterior distributions for fa corresponding to two di!erent prior
choices. The blue dashed and solid lines are the flat prior on log10 fa and the corresponding
posterior, respectively. In the same way, the orange dashed and solid lines are instead the
non-uniform log10 fa prior, induced by a flat !Ne! prior, and the corresponding posterior.
All the PDFs are normalized and posteriors were obtained from runs with the SPA dataset.
Right: Same as if left panel but with all distributions expressed in terms of !Ne! .

We consider separable priors, i.e., priors that can be written as the product of the priors
of the individual parameters. In other words, we take the parameters as a priori independent.
Furthermore, given that current cosmological data are very informative on the six ”CDM
parameters, we do not explore di!erent choices for the corresponding priors, and simply
assume wide uniform priors on {ωb, ωc, εs, ϑ, log

(
1010As

)
, ns}. The focus of our sensitivity

analysis will thus be the prior on the ALP decay constant fa.
We consider two priors: a uniform prior on log10 fa, and a uniform prior of !Ne! (see

table 2 for the ranges). This choice of the uniform prior on log10 fa is motivated by the
fact that this prior assigns equal weight to each decade of the coupling parameter space.
It might thus appear appropriate when testing BSM models with new, weakly constrained,
couplings. However, this approach brings along some potential issues. Since models with very
large values of fa (very weak couplings) yield no observable cosmological e!ects, the prior
volume may become dominated by models that are essentially indistinguishable from ”CDM,
depending on the chosen range. A uniform prior on !Ne! is instead chosen because this is
the quantity most directly constrained by the data; specifically, observations are sensitive to
fa primarily through its contribution to !Ne! . From a heuristic perspective, this makes it a
motivated candidate for a prior that limits volume e!ects and maximizes the influence of the
observations on our posterior inferences. We will expand further on this point at the end of
the section.

We visually compare the two priors in fig. 10 (dashed curves), in the case of ALPs
coupling to electrons. To allow for the comparison, the priors have to be expressed in terms
of the same variable. This is chosen to be log10 fa in the left panel of the figure. We use #
and #→ to denote the flat prior on log10 fa and !Ne! , respectively. We thus have:

#(log10 fa) → 1 , #→(log10 fa) →
∣∣∣∣

d!Ne!

d log10 fa

∣∣∣∣ , (3.2)

where in the identity on the right we have used the law of transformation of probabilities.
When expressed in terms of log10 fa, the flat prior on !Ne! assigns larger weight to the
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Figure 10: Left: Prior and posterior distributions for fa corresponding to two di!erent prior
choices. The blue dashed and solid lines are the flat prior on log10 fa and the corresponding
posterior, respectively. In the same way, the orange dashed and solid lines are instead the
non-uniform log10 fa prior, induced by a flat !Ne! prior, and the corresponding posterior.
All the PDFs are normalized and posteriors were obtained from runs with the SPA dataset.
Right: Same as if left panel but with all distributions expressed in terms of !Ne! .

We consider separable priors, i.e., priors that can be written as the product of the priors
of the individual parameters. In other words, we take the parameters as a priori independent.
Furthermore, given that current cosmological data are very informative on the six ”CDM
parameters, we do not explore di!erent choices for the corresponding priors, and simply
assume wide uniform priors on {ωb, ωc, εs, ϑ, log

(
1010As

)
, ns}. The focus of our sensitivity

analysis will thus be the prior on the ALP decay constant fa.
We consider two priors: a uniform prior on log10 fa, and a uniform prior of !Ne! (see

table 2 for the ranges). This choice of the uniform prior on log10 fa is motivated by the
fact that this prior assigns equal weight to each decade of the coupling parameter space.
It might thus appear appropriate when testing BSM models with new, weakly constrained,
couplings. However, this approach brings along some potential issues. Since models with very
large values of fa (very weak couplings) yield no observable cosmological e!ects, the prior
volume may become dominated by models that are essentially indistinguishable from ”CDM,
depending on the chosen range. A uniform prior on !Ne! is instead chosen because this is
the quantity most directly constrained by the data; specifically, observations are sensitive to
fa primarily through its contribution to !Ne! . From a heuristic perspective, this makes it a
motivated candidate for a prior that limits volume e!ects and maximizes the influence of the
observations on our posterior inferences. We will expand further on this point at the end of
the section.

We visually compare the two priors in fig. 10 (dashed curves), in the case of ALPs
coupling to electrons. To allow for the comparison, the priors have to be expressed in terms
of the same variable. This is chosen to be log10 fa in the left panel of the figure. We use #
and #→ to denote the flat prior on log10 fa and !Ne! , respectively. We thus have:

#(log10 fa) → 1 , #→(log10 fa) →
∣∣∣∣

d!Ne!

d log10 fa

∣∣∣∣ , (3.2)

where in the identity on the right we have used the law of transformation of probabilities.
When expressed in terms of log10 fa, the flat prior on !Ne! assigns larger weight to the
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• Measure of the “distance” between two distributions 

• In the context of bayesian analysis it is used to asses the 
impact of different parameterisations by computing the 
information gain between the prior and the posterior. 
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Figure 10: Left: Prior and posterior distributions for fa corresponding to two di!erent prior
choices. The blue dashed and solid lines are the flat prior on log10 fa and the corresponding
posterior, respectively. In the same way, the orange dashed and solid lines are instead the
non-uniform log10 fa prior, induced by a flat !Ne! prior, and the corresponding posterior.
All the PDFs are normalized and posteriors were obtained from runs with the SPA dataset.
Right: Same as if left panel but with all distributions expressed in terms of !Ne! .

We consider separable priors, i.e., priors that can be written as the product of the priors
of the individual parameters. In other words, we take the parameters as a priori independent.
Furthermore, given that current cosmological data are very informative on the six ”CDM
parameters, we do not explore di!erent choices for the corresponding priors, and simply
assume wide uniform priors on {ωb, ωc, εs, ϑ, log

(
1010As

)
, ns}. The focus of our sensitivity

analysis will thus be the prior on the ALP decay constant fa.
We consider two priors: a uniform prior on log10 fa, and a uniform prior of !Ne! (see

table 2 for the ranges). This choice of the uniform prior on log10 fa is motivated by the
fact that this prior assigns equal weight to each decade of the coupling parameter space.
It might thus appear appropriate when testing BSM models with new, weakly constrained,
couplings. However, this approach brings along some potential issues. Since models with very
large values of fa (very weak couplings) yield no observable cosmological e!ects, the prior
volume may become dominated by models that are essentially indistinguishable from ”CDM,
depending on the chosen range. A uniform prior on !Ne! is instead chosen because this is
the quantity most directly constrained by the data; specifically, observations are sensitive to
fa primarily through its contribution to !Ne! . From a heuristic perspective, this makes it a
motivated candidate for a prior that limits volume e!ects and maximizes the influence of the
observations on our posterior inferences. We will expand further on this point at the end of
the section.

We visually compare the two priors in fig. 10 (dashed curves), in the case of ALPs
coupling to electrons. To allow for the comparison, the priors have to be expressed in terms
of the same variable. This is chosen to be log10 fa in the left panel of the figure. We use #
and #→ to denote the flat prior on log10 fa and !Ne! , respectively. We thus have:

#(log10 fa) → 1 , #→(log10 fa) →
∣∣∣∣

d!Ne!

d log10 fa

∣∣∣∣ , (3.2)

where in the identity on the right we have used the law of transformation of probabilities.
When expressed in terms of log10 fa, the flat prior on !Ne! assigns larger weight to the
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Figure 10: Left: Prior and posterior distributions for fa corresponding to two di!erent prior
choices. The blue dashed and solid lines are the flat prior on log10 fa and the corresponding
posterior, respectively. In the same way, the orange dashed and solid lines are instead the
non-uniform log10 fa prior, induced by a flat !Ne! prior, and the corresponding posterior.
All the PDFs are normalized and posteriors were obtained from runs with the SPA dataset.
Right: Same as if left panel but with all distributions expressed in terms of !Ne! .
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analysis will thus be the prior on the ALP decay constant fa.
We consider two priors: a uniform prior on log10 fa, and a uniform prior of !Ne! (see

table 2 for the ranges). This choice of the uniform prior on log10 fa is motivated by the
fact that this prior assigns equal weight to each decade of the coupling parameter space.
It might thus appear appropriate when testing BSM models with new, weakly constrained,
couplings. However, this approach brings along some potential issues. Since models with very
large values of fa (very weak couplings) yield no observable cosmological e!ects, the prior
volume may become dominated by models that are essentially indistinguishable from ”CDM,
depending on the chosen range. A uniform prior on !Ne! is instead chosen because this is
the quantity most directly constrained by the data; specifically, observations are sensitive to
fa primarily through its contribution to !Ne! . From a heuristic perspective, this makes it a
motivated candidate for a prior that limits volume e!ects and maximizes the influence of the
observations on our posterior inferences. We will expand further on this point at the end of
the section.

We visually compare the two priors in fig. 10 (dashed curves), in the case of ALPs
coupling to electrons. To allow for the comparison, the priors have to be expressed in terms
of the same variable. This is chosen to be log10 fa in the left panel of the figure. We use #
and #→ to denote the flat prior on log10 fa and !Ne! , respectively. We thus have:

#(log10 fa) → 1 , #→(log10 fa) →
∣∣∣∣

d!Ne!

d log10 fa

∣∣∣∣ , (3.2)

where in the identity on the right we have used the law of transformation of probabilities.
When expressed in terms of log10 fa, the flat prior on !Ne! assigns larger weight to the

– 18 –

<latexit sha1_base64="eWD4NiKeu76Rn7w9pcEEITORPxg=">AAACJXicbVDLSgNBEJyN7/iKehRhMAiewq4E4zHgxYOCQqKBZAm9YycOmX0w0yuRJSc/Rrzqd3gTwZPf4B+4u8lBE+tUVHV3NeVFShqy7U+rMDe/sLi0vFJcXVvf2CxtbV+bMNYCmyJUoW55YFDJAJskSWEr0gi+p/DGG5xm/s09aiPDoEEPEbo+9APZkwIolbqlvQ7hkPI77bPGxbmbOL1azauOkl4XRt1S2a7YOfgscSakzCa47Ja+O7ehiH0MSCgwpu3YEbkJaJJC4ajYiQ1GIAbQx3ZKA/DRuEkeP+IHsQEKeYSaS8VzEX9vJOAb8+B76aQPdGemvUz8z2vH1DtxExlEMWEgsiCSCvMgI7RM+0F+KzUSQfY5chlwARqIUEsOQqRinBb2J3A4/rqYduRMNzJLro8qznGlelUt1+uTtpbZLttnh8xhNVZnZ+ySNZlgj+yZvbBX68l6s96tj/FowZrs7LA/sL5+ADRapb0=</latexit>

fa
<latexit sha1_base64="eWD4NiKeu76Rn7w9pcEEITORPxg=">AAACJXicbVDLSgNBEJyN7/iKehRhMAiewq4E4zHgxYOCQqKBZAm9YycOmX0w0yuRJSc/Rrzqd3gTwZPf4B+4u8lBE+tUVHV3NeVFShqy7U+rMDe/sLi0vFJcXVvf2CxtbV+bMNYCmyJUoW55YFDJAJskSWEr0gi+p/DGG5xm/s09aiPDoEEPEbo+9APZkwIolbqlvQ7hkPI77bPGxbmbOL1azauOkl4XRt1S2a7YOfgscSakzCa47Ja+O7ehiH0MSCgwpu3YEbkJaJJC4ajYiQ1GIAbQx3ZKA/DRuEkeP+IHsQEKeYSaS8VzEX9vJOAb8+B76aQPdGemvUz8z2vH1DtxExlEMWEgsiCSCvMgI7RM+0F+KzUSQfY5chlwARqIUEsOQqRinBb2J3A4/rqYduRMNzJLro8qznGlelUt1+uTtpbZLttnh8xhNVZnZ+ySNZlgj+yZvbBX68l6s96tj/FowZrs7LA/sL5+ADRapb0=</latexit>

fa

• Measure of the “distance” between two distributions 
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Impact of spectral distortions
SPA-D-He

Model ωi ε
i
MC

[ωi → 3ε
i
MC

, ωi + 3ε
i
MC

]

e →0.026 0.043 [→0.103, 0.154]

µ 0.019 0.049 [→0.127, 0.165]

ϑ 0.053 0.047 [→0.087, 0.192]

ϖ 0.032 0.043 [→0.097, 0.161]

SPA-D-He-B

Model ωi ε
i
MC

[ωi → 3ε
i
MC

, ωi + 3ε
i
MC

]

e 0.004 0.025 [→0.070, 0.078]

µ →0.002 0.027 [→0.083, 0.080]

ϑ 0.000 0.027 [→0.080, 0.080]

ϖ →0.021 0.028 [→0.106, 0.064]

LSO

Model ωi ε
i
MC

[ωi → 3ε
i
MC

, ωi + 3ε
i
MC

]

e 0.018 0.027 [→0.061, 0.098]

µ →0.025 0.025 [→0.098, 0.049]

ϑ →0.025 0.028 [→0.109, 0.058]

ϖ →0.007 0.030 [→0.096, 0.082]

LHD

Model ωi ε
i
MC

[ωi → 3ε
i
MC

, ωi + 3ε
i
MC

]

e →0.022 0.029 [→0.110, 0.065]

µ →0.021 0.033 [→0.118, 0.077]

ϑ 0.026 0.034 [→0.075, 0.126]

ϖ →0.023 0.027 [→0.103, 0.057]

Table 4: Relative deviations ωi ↑
(
!N

th.
e!

→ !N
i
e!

)
/!N

i
e!

, corresponding Monte Carlo un-
certainties ε

i
MC

, and 3ε intervals for all data combinations considered: SPA-D-He, SPA-B-D-
He, LSO, and LHD.

assess whether, given a desired level of accuracy on !N
95

e!
, it is safe to approximate the

distribution function with a Bose-Einstein. This is particularly relevant for future data. To
give a concrete example based on our Monte Carlo uncertainties in the LSO chains, and
focusing on the ALP–ϑ coupling, the exact phase-space distribution can be safely replaced by
its thermal approximation if one is willing to tolerate a relative error of at most ↓ 0.1 (at 99%
CL); otherwise, the full distribution must be retained. Finally, we emphasize that any such
comparison must account for the Monte Carlo error of the specific chains being analyzed. The
thermal approximation is justified if: (i) the systematic shifts ωi are smaller than the required
accuracy, and (ii) the chains are su!ciently converged such that their associated Monte Carlo
error is significantly smaller than the residuals quantified here.

5 Conclusions

In this work we have derived updated cosmological bounds on light ALPs coupled to leptons
and photons, using state-of-the-art cosmological data. From a methodological perspective, the
main novelty of our analysis lies in the implementation of the exact non-thermal ALP phase-
space distribution, obtained by solving the momentum-dependent Boltzmann equation for
each production channel. This distribution is then consistently propagated into cosmological
observables using the Boltzmann solver CLASS and incorporated into a full MCMC analysis
performed with Cobaya to derive constraints from cosmological data. This work provides
the first constraints on ALP couplings from the combination of Planck [48], ACT [108] and
SPT [49] data from CMB measurements, further complemented with BBN determinations of
the primordial deuterium and helium abundances and with BAO measurements from DESI
DR2 [65].

For ALP coupled to leptons, we obtain the following 95% CL on the ALP decay constant
from the CMB+BBN combination: fa > 1.63 ↔ 106 GeV, 9.41 ↔ 106 GeV and 8.06 ↔ 104 GeV
for couplings to electrons, muons and taus, respectively. For the ALP-photon coupling, we
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• Small difference in constraints come from the direct effect of 
axion’s PSD shape on CMB anisotropies. Neglecting those 
corrections introduce an error that we quantify through  

where                             . 
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distribution function with a Bose-Einstein. This is particularly relevant for future data. To
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accuracy, and (ii) the chains are su!ciently converged such that their associated Monte Carlo
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space distribution, obtained by solving the momentum-dependent Boltzmann equation for
each production channel. This distribution is then consistently propagated into cosmological
observables using the Boltzmann solver CLASS and incorporated into a full MCMC analysis
performed with Cobaya to derive constraints from cosmological data. This work provides
the first constraints on ALP couplings from the combination of Planck [48], ACT [108] and
SPT [49] data from CMB measurements, further complemented with BBN determinations of
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DR2 [65].
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experiment. 

Replacing the exact PSD with is corresponding thermal 
approximation lead to a relative error of at most ~ 0.1 (at 99% 
CL)  
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Thank you!
1 Updated cosmological limits (and forecasts) on light ALPs coupled to 

photons and leptons.

2 Development of a full flexible pipeline that allowed us to properly take into 
account distortions of ALPs PSD and to asses their impact on constraints.

3 Extension of the analysis to massive ALPs, where accounting for 
non-spectral distortions might be crucial.

4 Careful study of the gluon coupling case which requires new theoretical 
developments to be analysed at the sensitivity reached by current data.


