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on scenarios




Models of reheating

* |n inflation paradigm, a final reheating phase
IS heeded 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)
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Models of reheating

* |n inflation paradigm, a final reheating phase
Is heeded 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)

V(o)
A

During reheating the inflaton
decays into Standard Model
degrees of freedom
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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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Neutrino production - | 500 S Pantore sa

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

do (y, x) \/3771?)1{ ix2 Mp  2v2Gpym? (“:g—l—]}pg A %) ol mgz(g)}
dx il

NB: everything expressed
In terms of comoving variables

rT=mea Yy=pa z=1ya
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Neutrino production - | 500 S Pantore sa

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

do (y, ) _ 3m?, Z,ZZ’JQ Mr  2v2Gpym® [(E, + P, 4 E, ol | mgz(g)
dx 8 p ’

Density matrix:
transition probability between
different flavour states

fl/e Qe,u Q@’T
0 (p, t) — | Oue fye Our NB: everything expressed
Ore Orp [ in terms of comoving variables

T T Ve

rT=mea Yy=pa z=1ya
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[See S. Gariazzo’s and
S. Pastor’s talks]

Neutrino production - |

e Evolution of three flavour neutrino
momentum distributions with

oscillations and QED corrections Matter effects: forward interactions

with neutrinos and leptons due to
8mp m3 | 2y

weak charged and neutral currents
Density matrix:

transition probability between
different flavour states

Jv. Oey Oer
Y (p7 t) — | OQue fl/e Our
Ore Oru  fu.
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Vacuum oscillations: qguantum effect
only due to non-zero mass splittings
between neutrino states

0 0 0
Mp=U[0 Am3, 0 |UT
0 0 Ams3,

NB: everything expressed
In terms of comoving variables

rT=mea Yy=pa z=1ya



Neutrino production - | 500 S Pantore sa

e Evolution of three flavour neutrino
momentum distributions with

o : Collision integrals:
oscillations and QED corrections g

Matter effects: forward interactions effect of neutrino
with neutrinos and leptons due to collisions with
weak charged and neutral currents exchange of momenta
~x* | Mg ms
—3 - — 1 (o)
8wp ms | 2y X
Density matrix: Vacuum oscillations: quantum effect
transition probability between only due to non-zero mass splittings
different flavour states between neutrino states

fve Qe Oer 0 0 0 |

o(p,t) =104 fo. Our Mp=U |0 Amz 0 [T - NB: e}/er‘ythm_g expr_essled
Ore  Orn  fo. 0 0 Amgl in terms of comoving variables

rT=mea Yy=pa z=1ya
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Neutrino production - |
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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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Neutrino production - lli

MODIFIED VERSION OF
FORTEPIANO CODE

------------- Osc. ON - 2015 data
3.0 | Osc. ON - 2024 data
—— QOsc. OFF - 2024 data

Planck 2015 (95% TT,TE,EE+IowP):
Neg =2.99+0.4

95% Planck 2015

. . | — Tew = 3.44 MeV
0.07 5 3 5 10 RE~

TRH [MGV]
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Neutrino production - lli

MODIFIED VERSION OF
FORTEPIANO CODE

------------- Osc. ON - 2015 data
3.0 | Osc. ON - 2024 data
—— QOsc. OFF - 2024 data

Planck 2018 (95% TT,TE,EE+lowE+lensing+BAO):
. +0.34

95% Planck 2015 A
95% Planck 2018

o o e e e e e R R R M R R R R R R _;‘....\

1 > 3 5 10 2 =
Tru [MeV] TRu z 4.02 MeV
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Neutrino production - lli

MODIFIED VERSION OF
FORTEPIANO CODE

------------- Osc. ON - 2015 data
3.0 | Osc. ON - 2024 data
—— QOsc. OFF - 2024 data

S g ]
2.01 Simons Obs. (projected sensitivity):
20 0 (Negr) = 0.050
1.5} §
Lol s s
0.5 i 95% Planck 2018 A - .°
| 95% Simons Obs. == ?
. . ! N N S Tryg = 5.51 MeV &
00y 2 3 5 10 22T A :
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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, whose Is
conventionally handled by defining

1 d
_ — T — 1
24 da?p
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[Credits: O. Pisanti]
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MODIFIED VERSION OF
PARTHENOPE, CODE

3nu_all
3nu_rho
- 3nu_N

— = 3Nnu_Wwr

Values of the
deuterium to
hydrogen ratio
as a function
of Ty



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;
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[Credits: O. Pisanti]
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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 PDSs

fo. () = |Uail® fu. (1)

« CMB anisotropies spectrum is sensitive to the
primordial helium abundance through its
iInfluence on the recombination history.
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MODIFIED VERSION OF

MONTEPYTHON SAMPLER
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* Ty sampling: employed in previous works, poor
sampling of low reheating temperatures region,
direct interpretation of the physical results;

° Ngf sampling: most direct relationship with the

data, uniform sampling of all parameter space,
difficult interpretation of the results.

ACDM
(TRH = 25 MeV)

ACDM
(Planck 2018)

ACDM + Try
(NEF sampling)

ACDM + Try
(Tryg sampling)

Parameter 68% limits 68% limits 68% limits 68% limits
Q,h? 0.02228 080018 0.02237 £ 0.00015  0.02242 4 0.00013  0.02242 + 0.00014
Q. h? 0.116415-00%7 0.1183F0-0018  0.11936 + 0.00092  0.11933 + 0.00091
log(101°A,)  3.037+0.016 3.043 4 0.015 3.046 4 0.014 3.047 4+ 0.014
g 0.96001 00083 0.96401 00029 0.9662 & 0.0037  0.9665 & 0.0038
Treio 0.055070 0o 0.0552 4+ 0.0072  0.0553 +0.0070  0.0561 + 0.0071
H, 66.675 0% 67.2670 715 67.62 + 0.41 67.66 + 0.42
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How to sample /;?
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Boundson /; [MeV ]

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

° Ngf sampling: most direct relationship with the

data, uniform sampling of all parameter space,
difficult interpretation of the results.

e Summary table:

Ngfp sampling Tgry sampling

Parameter 95% limits 95% limits
NEF > 2.61 ~
Tru 52770 (> 3.86) > 4.41

Compatible with
previous works

Slightly relaxed by new
sampling strategy
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Boundson2m, |eV]

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

° Ngf sampling: most direct relationship with the

data, uniform sampling of all parameter space,
difficult interpretation of the results.

e Summary table:

NeF;fP sampling Tryg sampling

Parameter 95% limits 95% limits
NEF > 2.60 -
Tru 52722 (> 3.83) > 4.09
m, < 0.0389 < 0.0399
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0.06¢
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0.02} |

Bl NP sampling
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The Kullback-Leibler divergence

L N —— TRy post. (Try sampl.) Try post. (NEF sampl.)
°* Measure of the "distance” betweentwo Thust prior (Thy sampl) Thnt prior (NEP sampl)
distributions 1.0
_ P (8) _ 0.8
Dk (P || Q) = /d9 p (6)log
q(0)
’:0.6-
In the context of bayesian analysis it is used to =
asses the impact of different parameterisations é 0.4-

by computing the information gain between the
prior and the posterior.

Dxr (Pryy || 1y, ) = 0.14

D ( I ): 64 | Slight “preference”
KL PNﬁf | NE&EF 0.6 for‘fofsampling
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Work done in collaboration with
T. Brinckmann (UniFE), P. F. de Salas (Stockholm U.), M. F. Navarro (Glasgow U.),
S. Gariazzo (UniTO), M. Lattanzi (INFN-FE), S. Pastor (IFIC), O. Pisanti (UniNA)

Bounds on
oscillations in very low reheating scenarios




The (3+1) neutrino framework

e Several anomalies in nheutrino 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, Am124, and

three new mixing angles 0,,, 0,, and 0,,;
 Scenarios fitting the short baseline anomalies
point to a fully thermalized sterile state which,

however, iIs completely ruled out by cosmological
observations.

[See S. Pastor’s talk]
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[Credits: Giunti and Lasserre (2019)]
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[Credits: S. Gariazzo]
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Time evolution of the ratio of energy densities of
neutrinos and photons.
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------ 3V, Tin=15MeV === Tp=19MeV  —.- T;,=8.2MeV
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Neutrino production in (3+1) models

[Credits: S. Gariazzo]
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Final differential spectra of neutrino energies as a
function of the comoving momentum.
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Conclusions

* New improved bounds on 1z from new
cosmological data with a new sampling
strategy;,

e Test of the robustness of bounds on the sum
of neutrinos masses;

 Low reheating is a quite complicated scenario
but It provides an interesting way to reduce
N, leaving room for relativistic particles,

c
such as sterile neutrinos.
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