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• Let’s focus on the cosmic history at the  epoch:MeV
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Figure 1. Neutrino temperature evolution in the Standard Model. Key cosmological events are
highlighted: neutrino decoupling, proton-to-neutron freeze-out, and helium synthesis. The red line is
the result obtained in this work that leads to Ne↵ = 3.045 and the black dashed line corresponds to
the case of instantaneous decoupling, leading to Ne↵ = 3. The upper cartoons represent snapshots
of the relative number density of neutrinos (red), electrons (purple) and photons (blue). A data file
containing the thermodynamic evolution in the Standard Model can be found on ArXiv.

3.4 Results

Here we present the results of solving the system of Equations (3.2) and (3.3). We solve them
starting from a su�ciently high temperature so that neutrino-electron interactions are highly
e�cient. In particular, we start the integration from T� = T⌫ = 10MeV, corresponding to
t0 = 1/(2H)|T=10MeV. We track the system until T� ⇠ 0.01 MeV, at which point neutrinos
have fully decoupled from the plasma and electron-positron annihilation has taken place.
We use 10�8 as the relative and absolute accuracies for the integrator which yields a high
numerical accuracy. Given these settings, the typical CPU time used to integrate these
equations in Mathematica is ⇠ 20 s and in Python . 10 s. We have explicitly checked that
the continuity equation is fulfilled at each integration step to a level of 10�5 or better.

In Figure 1 we show the neutrino temperature evolution as a function of T� . We highlight
some key cosmological events and also compare with instantaneous neutrino decoupling.

The central parameter to this study is the number of e↵ective relativistic neutrino
species as relevant for CMB observations: Ne↵ . It is explicitly defined as:
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where in the last step we have assumed that the neutrinos follow perfect Fermi-Dirac distri-
bution functions with negligible chemical potentials.

In Table 1, we report the resulting values of Ne↵ and T�/T⌫ for T� ⌧ me in the
SM under various approximations and considering both a common neutrino temperature
(T⌫ = T⌫e = T⌫µ = T⌫⌧ ) and by evolving separately T⌫e and T⌫µ, ⌧ = T⌫µ = T⌫⌧ .
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At early times, neutrinos and antineutrinos are kept in 
kinetic and chemical equilibrium with charged leptons, 
baryons and photons by electroweak interactions

νν̄ ↔ e+e− , νe± ↔ νe±
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Tγ ≫ 𝒪(MeV)
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[Credits: M. Escudero]

At early times, neutrinos and antineutrinos are kept in 
kinetic and chemical equilibrium with charged leptons, 
baryons and photons by electroweak interactions

νν̄ ↔ e+e− , νe± ↔ νe±

As a rule of thumb, by the comparison between the 
weak interaction rate, , and the 
expansion rate, , we get

Γweak ∼ n ⟨σv⟩
H ∼ T2/Mpl

Γ
H

∼ G2
FMplT3 ∼ ( T

MeV )
3

⇒ Tν = Tγ
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Tγ ∼ 1 − 3 MeV

1

[Credits: M. Escudero]

Going towards the  weak rates get strongly suppressed — a neutrino now 
expands away before it can interact again. Weak interactions effectively freeze-out 
and neutrinos decouple, thereafter free-streaming through the universe, .  

NB: decoupling by itself does not change the neutrino-to-photon temperature 
ration. So, immediately after decoupling  still holds.

MeV

Tν ∝ a−1

Tν = Tγ
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Tγ ∼ me

1

[Credits: M. Escudero]

Once the plasma temperature falls below , photons can no 
longer produce  pairs, while the existing ones keep annihilating 

me = 0.511 MeV
e±

All the rest-mass energy is dumped into the photons only and thus they 
get reheated with respect to the neutrino population. 

e+e− → γγ
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where in the last step we have assumed that the neutrinos follow perfect Fermi-Dirac distri-
bution functions with negligible chemical potentials.

In Table 1, we report the resulting values of Ne↵ and T�/T⌫ for T� ⌧ me in the
SM under various approximations and considering both a common neutrino temperature
(T⌫ = T⌫e = T⌫µ = T⌫⌧ ) and by evolving separately T⌫e and T⌫µ, ⌧ = T⌫µ = T⌫⌧ .
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Figure 1. Neutrino temperature evolution in the Standard Model. Key cosmological events are
highlighted: neutrino decoupling, proton-to-neutron freeze-out, and helium synthesis. The red line is
the result obtained in this work that leads to Ne↵ = 3.045 and the black dashed line corresponds to
the case of instantaneous decoupling, leading to Ne↵ = 3. The upper cartoons represent snapshots
of the relative number density of neutrinos (red), electrons (purple) and photons (blue). A data file
containing the thermodynamic evolution in the Standard Model can be found on ArXiv.

3.4 Results

Here we present the results of solving the system of Equations (3.2) and (3.3). We solve them
starting from a su�ciently high temperature so that neutrino-electron interactions are highly
e�cient. In particular, we start the integration from T� = T⌫ = 10MeV, corresponding to
t0 = 1/(2H)|T=10MeV. We track the system until T� ⇠ 0.01 MeV, at which point neutrinos
have fully decoupled from the plasma and electron-positron annihilation has taken place.
We use 10�8 as the relative and absolute accuracies for the integrator which yields a high
numerical accuracy. Given these settings, the typical CPU time used to integrate these
equations in Mathematica is ⇠ 20 s and in Python . 10 s. We have explicitly checked that
the continuity equation is fulfilled at each integration step to a level of 10�5 or better.
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After a while, all  are gone and only  and  remain in 
the plasma. Their temperature ratio freezes. From the 
conservation of comoving entropy then follows that 

e± ν γ

Tν

Tγ
= ( 4

11 )
1/3

≈ 0.71378

Neutrino decoupling
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Observational implications

ρrad ≡ [1 + 7
8 ( 4

11 )
4/3

Neff] ργ

• After  annihilation, the only relativistic species left in the plasma are neutrinos and photons. The total 
radiation energy density can be written as 

e+e−

• Caveats: neutrinos are still interacting with the plasma when annihilation begins, stronger interactions for 
high-temperature tail of the FD distribution, flavour oscillations, finite-temperature QED corrections, …

e+e−

2

Increasing the radiation density increases the 
expansion rate before recombination and 
reduces the age of the Universe at 
recombination. the angular scale of the photon 
diffusion length increases, thereby reducing 
power in the damping tail, at a given multipole.

BBNCMB
Neutrino energy density sets the expansion rate 
at  freeze-out. This is the seed for the 
synthesis of light elements which, thus, depend on 

.

n/p

Neff
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4

Reheating modelling

• What is the reheating temperature?  

• In inflation paradigm, a final reheating phase 
is needed to reconcile with the standard 
FLRW radiation dominated Universe  

reality, inflation ends at some finite time, and the approximation (60) although valid at early times,

breaks down near the end of inflation. So the surface ⌧ = 0 is not the Big Bang, but the end of

inflation. The initial singularity has been pushed back arbitrarily far in conformal time ⌧ ⌧ 0, and

light cones can extend through the apparent Big Bang so that apparently disconnected points are

in causal contact. In other words, because of inflation, ‘there was more (conformal) time before

recombination than we thought’. This is summarized in the conformal diagram in Figure 9.

6 The Physics of Inflation

Inflation is a very unfamiliar physical phenomenon: within a fraction a second the universe grew

exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or

equivalently a nearly constant energy density. In this section we describe the physical conditions

under which this can arise.

6.1 Scalar Field Dynamics

reheating

Figure 10: Example of an inflaton potential. Acceleration occurs when the potential energy of

the field, V (�), dominates over its kinetic energy, 1

2
�̇
2. Inflation ends at �end when the

kinetic energy has grown to become comparable to the potential energy, 1

2
�̇
2 ⇡ V . CMB

fluctuations are created by quantum fluctuations �� about 60 e-folds before the end of

inflation. At reheating, the energy density of the inflaton is converted into radiation.

The simplest models of inflation involve a single scalar field �, the inflaton. Here, we don’t

specify the physical nature of the field �, but simply use it as an order parameter (or clock) to

parameterize the time-evolution of the inflationary energy density. The dynamics of a scalar field

(minimally) coupled to gravity is governed by the action
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The action (61) is the sum of the gravitational Einstein-Hilbert action, SEH, and the action of a

scalar field with canonical kinetic term, S�. The potential V (�) describes the self-interactions of the
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During inflation the inflaton 
dominates the energy density 
(as pressure-less matter)

During reheating the inflaton 
decays into Standard Model 

degrees of freedom
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Assumptions and remarks

5

Photons, electrons, and other SM particles are 
populated directly by the decay of the scalar 

•

Neutrinos are populated by weak 
interactions with leptons 

•

We define a very low reheating when it 
occurs at temperatures  

•

TRH ≲ 20 MeV

Oscillations start to be affected at 
 

•

TRH ≲ 8 MeV
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QKE and low reheating

6

• We need to edit equations to include the inflaton energy density and its contribution 
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<latexit sha1_base64="6DGtMKoi8qDmrrTBK5qLPKWS4oA="></latexit>
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Neutrino production - I

7

Time evolution of the ratio of energy densities of 
neutrinos and photons.

Final differential spectra of neutrino energies as a 
function of the comoving momentum.
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<latexit sha1_base64="hzbAMdlwadcG0GH5vc5Ct6Da9C0=">AAACMnicbVDLSsNAFJ34tr6qLt0MFkFclESDCm5EN24EFVuFJoTJ9LYOnUnCzI1QQv7BjxG3+hu6E7du/AOTWkGrZ3U451zuvSdMpDBo28/W2PjE5NT0zGxlbn5hcam6vNI0cao5NHgsY30dMgNSRNBAgRKuEw1MhRKuwt5x6V/dgjYiji6xn4CvWDcSHcEZFlJQ3boMPMXwRqvs4iSnXheLrKI7ddel3gH99k6hmQfVml23B6B/iTMkNTLEWVD98NoxTxVEyCUzpuXYCfoZ0yi4hLzipQYSxnusC62CRkyB8bPBTzndSA3DmCagqZB0IMLPiYwpY/oqLJLljWbUC00/H9XK4H/5VoqdfT8TUZIiRLxcjkLCYLnhWhQFAm0LDYis/AaoiChnmiGCFpRxXohp0Wil6MgZbeQvaW7Xnd26e+7WDo+Gbc2QNbJONolD9sghOSFnpEE4uSMP5JE8WffWi/VqvX1Fx6zhzCr5Bev9E2dOqjw=</latexit>

TRH & 3.44 MeV
<latexit sha1_base64="MWpQgRou9X+QmK74aj5jP1BLmqI=">AAACMnicbVDLSsNAFJ34tr6qLt0MFkFclESKCm5EN90IVfqCppTJ9LYOziRh5kYoIf/gx4hb/Q3diVs3/oFJrKCtZ3U451zuvccLpTBo2y/WzOzc/MLi0nJhZXVtfaO4udU0QaQ5NHggA932mAEpfGigQAntUANTnoSWd3uR+a070EYEfh1HIXQVG/piIDjDVOoVD+o9VzG80Sq+ribUHWKaVbRStg+pe0p/vEtoJr1iyS7bOeg0ccakRMao9Yqfbj/gkQIfuWTGdBw7xG7MNAouISm4kYGQ8Vs2hE5KfabAdOP8p4TuRYZhQEPQVEiai/B7ImbKmJHy0mR2o5n0PDNKJrUs+F++E+HgpBsLP4wQfJ4tRyEhX264FmmBQPtCAyLLvgEqfMqZZoigBWWcp2KUNlpIO3ImG5kmzcOyc1SuXFVKZ+fjtpbIDtkl+8Qhx+SMVEmNNAgn9+SRPJFn68F6td6s9+/ojDWe2SZ/YH18AV7Oqjc=</latexit>

TRH & 4.02 MeV

Planck 2018 (95% TT,TE,EE+lowE+lensing+BAO):
<latexit sha1_base64="IoKZbq19bGXfsZNLNoadgbu3J3I="></latexit>
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Neutrino production - II
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<latexit sha1_base64="hzbAMdlwadcG0GH5vc5Ct6Da9C0=">AAACMnicbVDLSsNAFJ34tr6qLt0MFkFclESDCm5EN24EFVuFJoTJ9LYOnUnCzI1QQv7BjxG3+hu6E7du/AOTWkGrZ3U451zuvSdMpDBo28/W2PjE5NT0zGxlbn5hcam6vNI0cao5NHgsY30dMgNSRNBAgRKuEw1MhRKuwt5x6V/dgjYiji6xn4CvWDcSHcEZFlJQ3boMPMXwRqvs4iSnXheLrKI7ddel3gH99k6hmQfVml23B6B/iTMkNTLEWVD98NoxTxVEyCUzpuXYCfoZ0yi4hLzipQYSxnusC62CRkyB8bPBTzndSA3DmCagqZB0IMLPiYwpY/oqLJLljWbUC00/H9XK4H/5VoqdfT8TUZIiRLxcjkLCYLnhWhQFAm0LDYis/AaoiChnmiGCFpRxXohp0Wil6MgZbeQvaW7Xnd26e+7WDo+Gbc2QNbJONolD9sghOSFnpEE4uSMP5JE8WffWi/VqvX1Fx6zhzCr5Bev9E2dOqjw=</latexit>

TRH & 3.44 MeV
<latexit sha1_base64="MWpQgRou9X+QmK74aj5jP1BLmqI=">AAACMnicbVDLSsNAFJ34tr6qLt0MFkFclESKCm5EN90IVfqCppTJ9LYOziRh5kYoIf/gx4hb/Q3diVs3/oFJrKCtZ3U451zuvccLpTBo2y/WzOzc/MLi0nJhZXVtfaO4udU0QaQ5NHggA932mAEpfGigQAntUANTnoSWd3uR+a070EYEfh1HIXQVG/piIDjDVOoVD+o9VzG80Sq+ribUHWKaVbRStg+pe0p/vEtoJr1iyS7bOeg0ccakRMao9Yqfbj/gkQIfuWTGdBw7xG7MNAouISm4kYGQ8Vs2hE5KfabAdOP8p4TuRYZhQEPQVEiai/B7ImbKmJHy0mR2o5n0PDNKJrUs+F++E+HgpBsLP4wQfJ4tRyEhX264FmmBQPtCAyLLvgEqfMqZZoigBWWcp2KUNlpIO3ImG5kmzcOyc1SuXFVKZ+fjtpbIDtkl+8Qhx+SMVEmNNAgn9+SRPJFn68F6td6s9+/ojDWe2SZ/YH18AV7Oqjc=</latexit>

TRH & 4.02 MeV

1 3

<latexit sha1_base64="RwRuWBBp9cUNPxM/mf5oBAlKKs8="></latexit>

TRH & 5.51 MeV

Simons Obs. (projected sensitivity):
<latexit sha1_base64="LS9FzQ0FDcIn5/Q8/HIRY2Z3FXA="></latexit>

� (Ne↵) = 0.050
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Neutrino production - II
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• The total neutrino energy density contributes 
to the radiation energy density which leads to 
the Hubble expansion rate; 

• Electron neutrinos distribution function 
enters the charged current weak rates, which 
govern the neutron-proton chemical 
equilibrium; 

• The total neutrino energy density also 
appears in the continuity equation, which is 
conventionally handled by defining 

Probes of low reheating: BBN

9

<latexit sha1_base64="psmdX+9+i8t4j/J1jJS0mp7XdLc="></latexit>
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• The total neutrino energy density contributes 
to the radiation energy density which leads to 
the Hubble expansion rate; 

• Electron neutrinos distribution function 
enters the charged current weak rates, which 
govern the neutron-proton chemical 
equilibrium; 

• The total neutrino energy density also 
appears in the continuity equation, which is 
conventionally handled by defining 

Probes of low reheating: BBN

9
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Probes of low reheating: CMB

10

• At the redshift of interest for the calculation 
of CMB anisotropies neutrino PSDs are 
evolving self-similarly, being only redshifted by 
the expansion of the Universe; 

• Cosmological perturbation equations are 
sensitive to mass stases PSDs 

• CMB anisotropies spectrum is sensitive to the 
primordial helium abundance through its 
influence on the recombination history.

<latexit sha1_base64="y/SuUSr6fa84XSInp8mlb6kMqKc="></latexit>
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Pipeline and datasets

• 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 future CMB 
(Simons Observatory and Litebird) and BAO (Euclid 
and DESI) experiments.

• 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>

`

<latexit sha1_base64="b8GSDvTj3QtS9FsCP54dyNjoGxY=">AAACEXicbVC7SgRBEOz17fk6NRRhVAQFOXZF1FAxMVTwVLg7ltmxTwdnZ5eZXuFcDgQ/wUj/wFQjMzH1Cwz8F2dXA1+VdFHVTXdXlCppyfffvJ7evv6BwaHhysjo2PhEdXLq0CaZEVgXiUrMccQtKqmxTpIUHqcGeRwpPIrOdwr/6AKNlYk+oE6KrZifatmWgpOTwupsO8ybOgtlly11Vthl2Iw5nZk4b0vdXQ6rC37NL8H+kuCLLGzNvd063O2F1ffmSSKyGDUJxa1tBH5KrZwbkkJht9LMLKZcnPNTbDiqeYy2lZdvdNliZjklLEXDpGKliN8nch5b24kj11kcaX97hfif18iovdnKpU4zQi2KRSQVlousMNLlg+xEGiTixeXIpGaCG06ERjIuhBMzF1jF5RH8/v4vOVytBeu1tX0XzPYVlBiCGZiHJQhgA7ZgF/agDgKu4R4e4NG78Z68Z+/ls7XH+6wwDT/gvX4A9SSh+w==</latexit>

f⌫i(y, zfin)

ALPs PSD from full phase 
spaces solution of QKEs 

(FortEPiaNO code)

11

Interface to CLASS and 
PArthENoPE to evolve the 

cosmological model
<latexit sha1_base64="DmulB01p4lxdlSZVVxUs5EzxKU4="></latexit>

C`, P (k), D/H, YHe

MCMC analysis through 
Cobaya sampler                            

to get constraints
<latexit sha1_base64="bYPsDYESL6KJ0ajgPXKbYDc03aY=">AAACCXicbVC7TsNAEDyHVwivAKKiOREhUVk2ioCCIogmZUB5SYllnS+bcMr5obs1UmRFoucraKGiQ7R8BQX/gu2kgMBUo5ld7ex4kRQaLevTKCwtr6yuFddLG5tb2zvl3b22DmPFocVDGaquxzRIEUALBUroRgqY70noeOPrzO/cg9IiDJo4icDx2SgQQ8EZppJbPmi6fZ/hnfKT2/qUXtKeaZqOW65YppWD/iX2nFTIHA23/NUfhDz2IUAumdY924rQSZhCwSVMS/1YQ8T4mI2gl9KA+aCdJI8/pcexZhjSCBQVkuYi/NxImK/1xPfSySyqXvQy8T+vF+PwwklEEMUIAc8OoZCQH9JcibQXoAOhAJFlyYGKgHKmGCIoQRnnqRinRZXSPuzF7/+S9qlpn5nVm2qldvUwa6ZIDskROSE2OSc1UicN0iKcJOSJPJMX49F4Nd6M99lowZi3uU9+wfj4BmORmXI=</latexit>

TRH < [...]
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Pipeline and datasets

• 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 future CMB 
(Simons Observatory and Litebird) and BAO (Euclid 
and DESI) experiments.

• 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>

`

<latexit sha1_base64="b8GSDvTj3QtS9FsCP54dyNjoGxY=">AAACEXicbVC7SgRBEOz17fk6NRRhVAQFOXZF1FAxMVTwVLg7ltmxTwdnZ5eZXuFcDgQ/wUj/wFQjMzH1Cwz8F2dXA1+VdFHVTXdXlCppyfffvJ7evv6BwaHhysjo2PhEdXLq0CaZEVgXiUrMccQtKqmxTpIUHqcGeRwpPIrOdwr/6AKNlYk+oE6KrZifatmWgpOTwupsO8ybOgtlly11Vthl2Iw5nZk4b0vdXQ6rC37NL8H+kuCLLGzNvd063O2F1ffmSSKyGDUJxa1tBH5KrZwbkkJht9LMLKZcnPNTbDiqeYy2lZdvdNliZjklLEXDpGKliN8nch5b24kj11kcaX97hfif18iovdnKpU4zQi2KRSQVlousMNLlg+xEGiTixeXIpGaCG06ERjIuhBMzF1jF5RH8/v4vOVytBeu1tX0XzPYVlBiCGZiHJQhgA7ZgF/agDgKu4R4e4NG78Z68Z+/ls7XH+6wwDT/gvX4A9SSh+w==</latexit>

f⌫i(y, zfin)

ALPs PSD from full phase 
spaces solution of QKEs 

(FortEPiaNO code)

11

SPA

Interface to CLASS and 
PArthENoPE to evolve the 

cosmological model
<latexit sha1_base64="DmulB01p4lxdlSZVVxUs5EzxKU4="></latexit>

C`, P (k), D/H, YHe
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Pipeline and datasets

• 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 future CMB 
(Simons Observatory and Litebird) and BAO (Euclid 
and DESI) experiments.

• 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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Pipeline and datasets

• 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 future CMB 
(Simons Observatory and Litebird) and BAO (Euclid 
and DESI) experiments.

• 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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Bounds on TRH
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•          sampling: employed in previous works, poor 
sampling of low reheating temperatures region, 
direct interpretation of the physical results; 

•         sampling: most direct relationship with the 
data, uniform sampling of all parameter space, 
difficult interpretation of the results. 

• Summary table: 

!CDM + TRH !CDM + TRH !CDM !CDM
(Ne! sampling) (TRH sampling) (TRH = 25MeV) (Planck 2018)

Parameter 68% limits 68% limits 68% limits 68% limits
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2
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Ne↵ TRH

Dataset 95% limits 95% limits

SPA > 2.51 > 3.63MeV

SPA-B > 2.74 > 4.27MeV

SPA-D-He > 2.62 > 3.89MeV

SPA-B-D-He > 2.81 > 4.57MeV
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The (3+1) neutrino framework
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Figure 1

Schematic illustration of the 2+2, 3+1, and 1+3 neutrino mixing schemes.

e↵ects on the oscillations of solar, atmospheric and long-baseline neutrinos, such that

they are compatible with the existing data. This is achieved with

|U↵4|2 ⌧ 1 (↵ = e, µ, ⌧), (11)

that means that the non-standard massive neutrinos ⌫4 must be mostly sterile. In

the following discussion we always assume this constraint.

1+3 In these schemes there is a new non-standard massive neutrinos ⌫4 that is lighter

than the three standard massive neutrinos. The vacuum oscillations of neutrinos in

the 1+3 schemes are the same as those in the 3+1 scheme. However, since the mass

gap between ⌫4 and {⌫1, ⌫2, ⌫3} corresponds to �m2

SBL, in these schemes the three

standard massive neutrinos are at the eV scale. Since the flavor neutrinos {⌫e, ⌫µ, ⌫⌧}
are mainly mixed with {⌫1, ⌫2, ⌫3}, the 1+3 schemes are disfavored by the cosmological

upper bound on the neutrino masses, that is smaller than 1 eV, and by the upper

bound on the e↵ective neutrino mass in neutrinoless double-� decay if neutrinos are

Majorana particles (see the reviews in Refs. (24,25)). Hence, in the following we will

not consider the 1+3 schemes. However, one can keep in mind that all the results

obtained from experiments with neutrino oscillations in vacuum in the 3+1 schemes

apply also to the 1+3 schemes.

In the remainder of this review, we consider only the 3+1 schemes. For the analysis

of the short-baseline anomalies it is needed to know the corresponding e↵ective oscillation

probabilities. Of course, the exact oscillation probabilities are given by Eq. (7), but this

expression is very complicated because it takes into account the e↵ects of all the �m2’s.

In short-baseline experiments the e↵ects of the small �m2

SOL and �m2

ATM are negligible,

because they generate oscillations at larger distances. Therefore, it is possible to neglect

their e↵ects and obtain the e↵ective short-baseline oscillation probabilities (26)

P SBL

(�)
⌫↵!

(�)
⌫�

=

�����↵� � sin2 2#↵� sin2

✓
�m2

41L
4E

◆���� , (12)

where �m2

41 = �m2

SBL, and

sin2 2#↵� = 4|U↵4|2
���↵� � |U�4|2

�� . (13)

These oscillation probabilities have the same form as the oscillation probabilities in the

case of two-neutrino mixing (see Ref. (14)) and their amplitudes have been written in

www.annualreviews.org • eV-scale Sterile Neutrinos 9

[Credits: Giunti and Lasserre (2019)]

• Several anomalies in neutrino oscillation experiments 
seem to suggest the existence of one additional 
sterile state, mixed with the active neutrinos; 

• The parameter space is enlarged by the addition of an 
additional mass splitting, , and three new 
mixing angles ,  and ; 

• Scenarios fitting the short baseline anomalies point 
to a fully thermalized sterile state which, however, is 
completely ruled out by cosmological observations. 

Δm2
14

θ14 θ24 θ34
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QKE and sterile neutrinos
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∫e + ∫∫ diag

∫e + ∫∫ full• First inclusion of the effect of  collision terms in 
sterile neutrino decoupling computation. 

• Diagonal components of  only redistribute energy 
between active flavour neutrinos. Off-diagonal 
components feed the coherence terms related to 
neutrinos oscillations, making active-sterile 
transformations more efficient.   

• Damping approximation on the off-diagonal 
components does not introduce sizeable differences 
in the results. 

νν

νν
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Neutrino production in (3+1) models
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Figure 4. Similar to figure 2, but for a three-plus-one neutrino scenario, with mixing parameters
�m

2

41
= 1 eV

2, |U⌧4|
2
= 0.01, |Ue4|

2
= |Uµ4|

2
= 0 [49]. Different values of TRH are plotted. The

black dotted line corresponds to the curve with TRH = 15MeV in the standard 3⌫ scheme (blue line
in figure 2).
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Time evolution of the ratio of energy densities of 
neutrinos and photons.

Final differential spectra of neutrino energies as a 
function of the comoving momentum.
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Parameter space exploration 
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• When  is very small, the active-sterile mixing 
angle has almost no impact on the final value of  
(even the model does not really matter). 

• For  its impact is significantly 
reduced, but still shows some effect when large 
mass splitting are considered.  

• Opening tau instead of electron mixing has a 
relatively small impact of : at high  it 
increases, while at small  it decreases. 

TRH
Neff

TRH ≳ 10 MeV

Neff TRH
TRH
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Probes of sterile neutrinos: BBN
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• The behaviour with respect to  is analogous to 
the 3 neutrino case, at fixed mixing parameters.  

• The precise dependance on mixing parameters 
depends on the balance between RHO+N and WR 
contribution and its difficult to predict a priori. 

•  D/H, dominated by the RHO+N component reflect 
the additional  due to the sterile neutrino.  

•  is not anymore a strictly decreasing function of 
: some combinations of mixing parameters 

boost the RHO+N component enough to make it 
comparable to WR. 

TRH

ΔNeff

Yp
TRH
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Probes of sterile neutrinos: CMB
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• Two main kind of effects: via  and via . 

• A phase shift is induced on CMB peaks due to the 
fact that neutrinos free stream faster than the 
speed of sound in the baryon-photon fluid. 

• Extra radiation enhance the expansion rate during 
radiation domination enlarging the diffusion scale 
and thus suppressing power at high .  

• After non-relativistic transition, light massive 
relics do not cluster below the size of their free-
streaming length. This generate a suppression in 
the clustering of matter and thus less CMB 
lensing. 

Neff msterile

ℓ
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Constraints on mixing parameters
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Neutrino thermalisation  
in very low reheating cosmologies

Thank you! Based on Barbieri+ (2025) 
Phys. Rev. Lett. 135, 181003   

and Barbieri+ (in preparation) 

In collaboration with T. Brinckmann,  
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