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1

Models of reheating

• 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)
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• What is the reheating temperature?  

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

• 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.
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exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or
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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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scalar field with canonical kinetic term, S�. The potential V (�) describes the self-interactions of the

31

<latexit sha1_base64="bNMILq8jYacd2jxadggYxe7Wnbg="></latexit>

d⇢�

dt
+ (3H + ��) ⇢� = 0

<latexit sha1_base64="73aDTsk0DxIKJIFFtSa79DFxmns="></latexit>

�� ⌘ 3H (TRH) ) TRH ' 0.7

✓
��

s�1

◆1/2

MeV

<latexit sha1_base64="mputJdp2Ld9u3kvpFwgHRlVM0EU="></latexit>

H (TRH) =

s
8⇡

3m2

pl

⇢rad (TRH) =

r
8⇡

90
g⇤ (TRH)

T
2

RH

mpl

NICOLA BARBIERI (INFN) — 20/05/2025



Assumptions and remarks

2

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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3

Neutrino production - I
• Evolution of three flavour neutrino 

momentum distributions with 
oscillations and QED corrections
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Density matrix:  
transition probability between 

different flavour states
<latexit sha1_base64="PBQaSXHDhMzlK3ZSyja7XBI6s1s="></latexit>

% (p, t) =

0

@
f⌫e %eµ %e⌧
%µe f⌫e %µ⌧
%⌧e %⌧µ f⌫e

1

A

3

Neutrino production - I
• Evolution of three flavour neutrino 

momentum distributions with 
oscillations and QED corrections
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Density matrix:  
transition probability between 

different flavour states
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Vacuum oscillations: quantum effect 
only due to non-zero mass splittings 
between neutrino states
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Neutrino production - I
• Evolution of three flavour neutrino 

momentum distributions with 
oscillations and QED corrections
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Density matrix:  
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Matter effects: forward interactions 
with neutrinos and leptons due to 

weak charged and neutral currents

Vacuum oscillations: quantum effect 
only due to non-zero mass splittings 
between neutrino states
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Matter effects: forward interactions 
with neutrinos and leptons due to 

weak charged and neutral currents

Vacuum oscillations: quantum effect 
only due to non-zero mass splittings 
between neutrino states
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Neutrino production - II

4

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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Neutrino production - III
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TRH & 3.44 MeV

Planck 2015 (95% TT,TE,EE+lowP):
<latexit sha1_base64="3cAKLlyabOPBa7ghkGyfE4uRDyI=">AAACJHicbVDLSsNAFJ3UV62vqEtdDBbBVUikqF0IBRFcSQX7gLaUyfS2Dp1JwsyNUEI3foy41e9wJy7c+A/+gUntQlvP6nDOudx7jx9JYdB1P6zcwuLS8kp+tbC2vrG5ZW/v1E0Yaw41HspQN31mQIoAaihQQjPSwJQvoeEPLzK/cQ/aiDC4xVEEHcUGgegLzjCVuvb+dbetGN5plUC/P6bn9Ngpl9uRoq5T6tpF13EnoPPEm5IimaLatb/avZDHCgLkkhnT8twIOwnTKLiEcaEdG4gYH7IBtFIaMAWmk0y+GNPD2DAMaQSaCkknIvyeSJgyZqT8NJldbGY934zGs1oW/C/firF/1klEEMUIAc+Wo5AwWW64FmllQHtCAyLLvgEqAsqZZoigBWWcp2KcdlhIO/JmG5kn9WPHO3FKN6Vi5XLaVp7skQNyRDxySirkilRJjXDyQJ7IM3mxHq1X6816/4nmrOnMLvkD6/Mb/aijxw==</latexit>

Ne↵ = 2.99± 0.4
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Neutrino production - III
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modified version of Fortepiano code

1
2

<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>

Ne↵ = 2.99+0.34
�0.33
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Neutrino production - III
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3

modified version of Fortepiano code

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

TRH & 5.51 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

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

� (Ne↵) = 0.050

?
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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

6

modified version of parthenope code

<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
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modified version of parthenope code

<latexit sha1_base64="psmdX+9+i8t4j/J1jJS0mp7XdLc="></latexit>
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Probes of low reheating: CMB

7

modified version of Montepython sampler

• 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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Probes of low reheating: CMB
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• 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 
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primordial helium abundance through its 
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evolving self-similarly, being only redshifted by 
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For more curiosities on the impact of       
non-thermal PSDs see R. Impavido’s talk!



•          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.

How to sample TRH?

8
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!CDM + TRH !CDM + TRH !CDM !CDM
(Ne! sampling) (TRH sampling) (TRH = 25MeV) (Planck 2018)

Parameter 68% limits 68% limits 68% limits 68% limits

”bh
2 0.02230± 0.00016 0.02240± 0.00014 0.02242± 0.00013 0.02242± 0.00014

”ch
2 0.1155+0.0034

→0.0020 0.1184+0.0017
→0.00089 0.11935± 0.00092 0.11933± 0.00091

log(1010
As) 3.037± 0.016 3.045± 0.015 3.046± 0.014 3.047± 0.014

ns 0.9607+0.0062
→0.0049 0.9651+0.0043

→0.0039 0.9662± 0.0037 0.9665± 0.0038

ωreio 0.0554+0.0067
→0.0075 0.0557± 0.0073 0.0554± 0.0071 0.0561± 0.0071

H0 66.3+1.2
→0.80 67.33+0.66

→0.42 67.62± 0.41 67.66± 0.42

1

!CDM + TRH !CDM + TRH !CDM !CDM
(Ne! sampling) (TRH sampling) (TRH = 25MeV) (Planck 2018)
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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: 
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Bounds on TRH
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previous works
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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, 
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• Measure of the “distance” between two 
distributions

<latexit sha1_base64="di+NMMb7Jj+Xoq2Yscb50vJXwFs="></latexit>
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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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• 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

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
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Figure 4. Similar to figure 2, but for a three-plus-one neutrino scenario, with mixing parameters
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black dotted line corresponds to the curve with TRH = 15MeV in the standard 3⌫ scheme (blue line
in figure 2).

Figure 5. Comparison of the final momentum distribution functions for the different neutrino flavor
states as a function of the comoving momentum y = pa. The mixing parameters are the ones from
our benchmark case: �m

2

41
= 1 eV

2, |U⌧4|
2
= 0.01, |Ue4|

2
= |Uµ4|

2
= 0. Coloured curves correspond

to three different values of TRH, while solid, dashed, dashed-dotted and dotted lines correspond to ⌫e,
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(i.e. a Fermi-Dirac neutrino distribution).
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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.

[Credits: S. Gariazzo] [Credits: S. Gariazzo]
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