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Neutrino decoupling

* Let’s focus on the cosmic history at the MeV epoch:
[Credits: M. Escudero]
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Neutrino decoupling

e Let’s focus on the cosmic history at the MeV epoch:

1 1 /7 W/Z [Credits: M. Escudero]
eL

I, > O(MeV)
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Neutrino decoupling

* Let’s focus on the cosmic history at the MeV epoch:
i [Credits: M. Escudero]

u--v

5

I, > O(MeV)

At early times, neutrinos and antineutrinos are kept in  As a rule of thumb, by the comparison between the

kinetic and chemical equilibrium with charged leptons, weak interaction rate, I', .., ~ n{ov), and the

baryons and photons by electroweak interactions expansion rate, H ~ T2/ ol We get
3
—~ + - + + I T
LU <> e’ e, ve— < ve _NGI%MPIT3N N Tszy
H MeV
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Neutrino decoupling

* Let’s focus on the cosmic history at the MeV epoch:

e [Credits: M. Escudero]

| .:‘
¥

Ty~1—3MeV

Going towards the MeV 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, 1), x a =

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

* Let’s focus on the cosmic history at the MeV epoch:

e [Credits: M. Escudero]
v e~ Y W/Z
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Once the plasma temperature falls below m, = 0.511 MeV, photons can no
longer produce e* pairs, while the existing ones keep annihilating

ete” - yy

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

* Let’s focus on the cosmic history at the MeV epoch:
[Credits: M. Escudero]

v e~ 7y W/Z

L, < m,

After a while, all e* are gone and only v and y remain in
the plasma. Their temperature ratio freezes. From the
conservation of comoving entropy then follows that

4 1/3
= | — ~ 0.71378
11
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Observational implications

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

7 4 4/3
Prad = 1+ g (H) Neff Py

Increasing the radiation density increases the Neutrino energy density sets the expansion rate
expansion rate before recombination and at n/p freeze-out. This is the seed for the

reduces the age of the Universe at synthesis of light elements which, thus, depend on
recombination. the angular scale of the photon N .

diffusion length increases, thereby reducing

power In the damping tail, at a given multipole.

« Caveats: neutrinos are still interacting with the plasma when e*te~annihilation begins, stronger interactions for
high-temperature tail of the FD distribution, flavour oscillations, finite-temperature QED corrections, ...
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Quantum Kinetic Equations (QKE)

e Evolution of three flavour neutrino
momentum distributions with oscillations
and QED corrections

2\/§prmg
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NB: everything expressed
In terms of comoving variables

r=mea y=pa z=1,a w=1T,a



Quantum Kinetic Equations (QKE)

e Evolution of three flavour neutrino
momentum distributions with oscillations
and QED corrections

2v/2Grym?

do (y,z) _ 3mg,) Z.ZI’JQ Mg
dx 8P ms | 2y
Density matrix:

transition probability between
different flavour states

Jv. Oey  Oer
Y (p7 t) = | Que fue Our
Ore Otpu fz/e
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NB: everything expressed
In terms of comoving variables

r=mea y=pa z=1,a w=1T,a



Quantum Kinetic Equations (QKE)

e Evolution of three flavour neutrino

momentum distributions with oscillations

and QED corrections

Density matrix:
transition probability between
different flavour states

Jv. Oey  Oer
Y (p7 t) — | Qpue fue Our
Ore Orp  Ju.
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Vacuum oscillations: quantum effect

only due to non-zero mass splittings
between neutrino states

0 0 0
Mp=U|[0 Am2, 0 |UT
0 0 Ams3,

>7Q- | ZEI(Q)}

NB: everything expressed
In terms of comoving variables

r=mea Y=pa z=1ya w=1T,a



Quantum Kinetic Equations (QKE)

e Evolution of three flavour neutrino

momentum distributions with oscillations

and QED corrections

Density matrix:
transition probability between
different flavour states

Jv. Oey  Oer
Y (pa t) — | OQue fue Our
Ore Oru  fu.
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Matter effects: forward interactions
with neutrinos and leptons due to
weak charged and neutral currents

2y

Vacuum oscillations: quantum effect

only due to non-zero mass splittings
between neutrino states

0 0 0
Mp=U[0 Am2, 0 |UT
0 0 Ams3,

NB: everything expressed
In terms of comoving variables

r=mea Y=pa z=1ya w=1T,a



Quantum Kinetic Equations (QKE)

e Evolution of three flavour neutrino

momentum distributions with oscillations

and QED corrections

Density matrix:
transition probability between
different flavour states

Jv. Oey  Oer
Y (p7 t) — | OQue fz/e Our
Ore Oru  fu.
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Collision integrals:

Matter effects: forward interactions effect of neutrino
with neutrinos and leptons due to collisions with
weak charged and neutral currents exchange of momenta
Mg
2y

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

0 0 0
Mp=U1|0 Am%1 0 U NB: everything expressed
0 0 Ams3, in terms of comoving variables

r=mea Y=pa z=1ya w=1T,a



Reheating modelling

* |n inflation paradigm, a final reheating phase
IS heeded to reconcile with the standard
FLRW radiation dominated Universe

dpg
dat

| (3H—|—F¢)p¢20

* What is the reheating temperature?

ro\ 12

- ¢

g—1

PCMB Pend reheating

\
&Tr ST T2

H T — ra T p— — (. T —RH

( RH) \/Smil’a d( RH) 909 ( RH)mpl
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Reheating modelling

* |n inflation paradigm, a final reheating phase
IS heeded to reconcile with the standard
FLRW radiation dominated Universe

dpg
dat

| (SH—|—F¢),0¢ =0
* What is the reheating temperature?

ro\ 12

g—1

7T T2
—q. T RH
50 9+ { RH)mpl

Y
3
H (I = rad (17 =
(Trn) \/3m§10 a (Tru)

NICOLA BARBIERI (IFIC, CSIC-UV) - 01/09/2026

During inflation the inflaton
dominates the energy density
(as pressure-less matter)

V(o)
A

- ¢

PCMB Pend reheating



Reheating modelling

* |n inflation paradigm, a final reheating phase
IS heeded to reconcile with the standard
FLRW radiation dominated Universe

dpg
dat

| (SH—|—F¢),0¢ =0
* What is the reheating temperature?

ro\ 12

g—1

7T T2
—q. T RH
50 9+ { RH)mpl

Y
3
H (I = rad (17 =
(Trn) \/3m§10 a (Tru)
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During inflation the inflaton
dominates the energy density
(as pressure-less matter)

V(o)
A

- ¢

PCMB Pend reheating

During reheating the inflaton
decays into Standard Model
degrees of freedom



Assumptions and remarks

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

. N\
Neutrinos are populated by weak '@
interactions with leptons NS

We define a very low reheating when it

occurs at temperatures Ty S 20 MeV

!

Oscillations start to be affected at (\?

T < 8 MeV X6
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QKE and low reheating

* We need to edit equations to include the inflaton energy density and its contribution
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QKE and low reheating

* We need to edit equations to include the inflaton energy density and its contribution

G do(y,r) 3m§1 Z.$2 My 2V 2Grym8 (B, + Py 4R, _
de  \| 8mp m3 | 2y 0 m2,  3m% €
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QKE and low reheating

* We need to edit equations to include the inflaton energy density and its contribution
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8P m3 | 2y
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2
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QKE and low reheating

* We need to edit equations to include the inflaton energy density and its contribution

2
miy SmZ

81 p m3 | 2y 0 2

do(y,7) \/Sm& { 22 [Mp  2v3Gryms (Btbi, 4E) )

d I 3m?
P¢ | adludiak P! =0, where pior = 0; +0p(x,z)+ xp
P ¢

7::’77’/3'767/1'
-2

r _ 1 < dp,, r dp
D | R+ G = 55 ) ;

7 r dx 223 dx
O _Z - eze,ﬂ _ _ —
dr V72
Z g J2(10) + Ja(re)] + Ga(r) A T

t=e,u
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Neutrino production - |

3.0 ‘F I TRH = 15 MeV T TRH = 15 MeV
\—TRH:5MeV —— Tga =5 MeV
2.0 Truy = 3 MeV 7 10 _ 0.4p Tryg = 3 MeV
NN TRH = 2 MeV % N TRH — 2 MeV
S Thg = 1 MeV  |g .= —— Tgra = 1 MeV
<20 2 52 _z03f =
S S
P 6 = =
1.5 — S
. S NP
i
-HZGJ |, [ )
1.0 E%
- = 0.1t
0.5 2
i SRR A 0.0f
e T N T A T e T T T A T A 01 0203 05 1 2 3 5 10 20
t|s] y/w
Time evolution of the ratio of energy densities of Final differential spectra of neutrino energies as a
neutrinos and photons. function of the comoving momentum.
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Neutrino production - |

3.5+ 1 T W OSC.

——— w/0 osc.

R ettt Sttt et —

2.51 ‘ Planck 2018 (95% TT,TE,EE+lowE+lensing+BAO):

5 2.0/ - Neg = 2.997(33

0.5}
95% Planck 2018

0-0; 2 3 5 10

Tru [MeV] TRru z 4.02 MeV

NICOLA BARBIERI (IFIC, CSIC-UV) - 01/09/2026



3.0

3.0F

2.0T

0.0

I

95% Planck 2018 -

95% Simons Obs.

0-0; 2 3
TRH [MGV]

NICOLA BARBIERI (IFIC, CSIC-UV) - 01/09/2026

5

10

Neutrino production - |

4 T W OSC.
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Simons Obs. (projected sensitivity):

o (Nogg) = 0.050
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Tru > 5.51 MeV ?

TRH z 4.02 MeV



Probes of low reheating: BBN

* 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

1 d
_ — T — 1
24 da?p
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Probes of low reheating: BBN

* 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

1 d
_ — T — 1
24 d:vp
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Probes of low reheating: CMB

* 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

ACHT ]

fo. () = |Uail® fu. (1)

—20r

 CMB anisotropies spectrum is sensitive to the _ 40t
primordial helium abundance through its

iInfluence on the recombination history. ool

1000 1200 1400 1600 1800 2000 2200 _ 2400
¢
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Pipeline and datasets

ALPs PSD from full phase Interface to CLASS and MCMC analysis through
spaces solution of QKEs PAr thENoPE to evolve the Cobavya sampler
(For tEPialNO code) cosmological model to get constraints
fui (Y, 26in) Cy, P(k), D/H, Y. Tru < [..]

Datasets combinations

e Planck2018: low-¢/ TT (Commander) + low-¢ EE  Measurements of BAO distance from DESI DR2

(SRol1l2) + high-¢ TTTEEE (P1ik 1lite)
* D/H ratio and He mass fraction values from weighted

e ACT-DR6: TTTEEE from act_dr6_cmbonly averages of PDG 2025.

e SPT-BG D1: TTTEEE from candl 1like
Extra: realistic forecasts for near future CMB

° Lensing: baseline combination of Planck+ACT (SimOnS Obser‘vator‘y and theblr‘d) and BAO (EUCIld
(act_dr6_lenslike)and muse SPT-3G 2yr and DESI) experiments.
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Pipeline and datasets

- R

ALPs PSD from full phase
spaces solution of QKEs
(FortEPialNO code)

fl/'i, (y7 Zﬁn)

Interface to CLASS and MCMC analysis through
PAr thENoPE to evolve the Cobaya sampler
cosmological model to get constraints
Cl, P(k’), D/H, Yie Try < []
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Datasets combinations

SPA

e Measurements of BAO distance from DESI DR2

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

Extra: realistic forecasts for near future CMB
(Simons Observatory and Litebird) and BAO (Euclid
and DESI) experiments.

11



Pipeline and datasets

ALPs PSD from full phase Interface to CLASS and MCMC analysis through
spaces solution of QKEs PAr thENoPE to evolve the Cobavya sampler
(For tEP1aNO code) cosmological model to get constraints
fvi (Y, 26in) Cy, P(k), D/H, Y, TRy < [...]
Datasets combinations
SPA -B

e Measurements of BAO distance from DESI DR2

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

Extra: realistic forecasts for near future CMB
(Simons Observatory and Litebird) and BAO (Euclid
and DESI) experiments.
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Pipeline and datasets

ALPs PSD from full phase Interface to CLASS and MCMC analysis through
spaces solution of QKEs PAr thENoPE to evolve the Cobavya sampler
(For tEP1aNO code) cosmological model to get constraints
fvi (Y, 26in) Cy, P(k), D/H, Y, TRy < [...]
Datasets combinations
SPA -B

e Measurements of BAO distance from DESI DR2

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

-D-He
Extra: realistic forecasts for near future CMB

(Simons Observatory and Litebird) and BAO (Euclid
and DESI) experiments.
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Bounds on TRH

 ITru sampling: employed in previous works, poor
sampling of low reheating temperatures region,
direct interpretation of the physical results;

N sampling: most direct relationship with the
data, uniform sampling of all parameter space,

difficult interpretation of the results.

e Summary table:

Netr TrH
Dataset 95% limits  95% limits
SPA > 2.01 > 3.63 MeV
SPA-B > 2.74 > 4.27 MeV
SPA-D-He > 2.62 > 3.89 MeV
SPA-B-D-He > 2.81 > 4.57 MeV

NICOLA BARBIERI (IFIC, CSIC-UV) - 01/09/2026

2.8 7

2.4 7

2.2 |

Bl BBN+Planck+lensing+BOSS/eBOSS
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The (3+1) neutrino framework

 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, Amlz4, and three new

miXing angles 914, 924 and 934,
 Scenarios fitting the short baseline anomalies point

to a fully thermalized sterile state which, however, is
completely ruled out by cosmological observations.
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[Credits: Giunti and Lasserre (2019)]
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QKE and sterile neutrinos

=== pvetull e ve + v diag

ve + vv tull

—— ve + vv ofl-diag

* First inclusion of the effect of v collision terms in
sterile neutrino decoupling computation.

* Diagonal components of v 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.
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------ 3V, Tin=15MeV === Tp=19MeV  —.- T;,=8.2MeV
-+ Tn=05MevV  -en Th=45MeV —— T;,=15 MeV

8Py
7 Py

in
Neff

Time evolution of the ratio of energy densities of
neutrinos and photons.
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%)4/3 Py

now — 8
Neff _7<

Neutrino production in (3+1) models

FD
Tih =15 MeV
Tih=4.5 MeV
Th =1.9 MeV

|
1t

n(y)/z*

fin

y3p

2 4 6 8 10
ylw

Final differential spectra of neutrino energies as a
function of the comoving momentum.
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Parameter space exploration

* When Ty is very small, the active-sterile mixing
angle has almost no impact on the final value of N 4

(even the model does not really matter).

For Thy 2 10 MeV 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 N at high Ty it
increases, while at small 7T, it decreases.

NICOLA BARBIERI (IFIC, CSIC-UV) - 01/09/2026

h [MeV]

~ 101

Ness = 2.67
Neis = 3.04
Nets = 3.36
Ness = 3.90

AmZ, =0.1 eV?
Amz,; =1.0 eV?
AmZ, =10.0 eV?
|Uea?

P -

P
7 amm mEm BN EIN ENN DN DN S
P gun mmm .
e




Probes of sterile neutrinos:

* The behaviour with respect to Ty 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 AN, 4+ due to the sterile neutrino.

o Yp IS not anymore a strictly decreasing function of

Ir: some combinations of mixing parameters
boost the RHO+N component enough to make it
comparable to WR.
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Probes of sterile neutrinos: BBN

* The behaviour with respect to Ty 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 AN, 4+ due to the sterile neutrino.

o Yp IS not anymore a strictly decreasing function of

Ir: some combinations of mixing parameters
boost the RHO+N component enough to make it
comparable to WR.
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Probes of sterile neutrinos: CMB

» Two main kind of effects: via N 4 and via mgy, ..
* 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 7.

* 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.
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Constraints on mixing parameters

logw(sinQ 014) 10g1o(Am1211/ GVQ)

3 4 5 6 7 8910 20 30 40 50 3 4 5 6 7 8910 20 30 40 950
TRH [MGV] TRH [MGV]
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Constraints on mixing parameters

IOglo(Si]fl2 014) 10g1o(Am1211/ eVQ)
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