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U Universe history

today (0.2 meV) -

EW SB
160 GeV.

1
«— radiation domination
! matter domination —

dark energy domination —



B A flash on general relativity

use metric g, to define measure: ds? = gy dxtdx”

. 12 .
x* coordinates, u* = ‘%\ velocity, P* = mu* momentum

i ivatives: gt = 0_ = 0
short notation for derivatives: O* = B Oy = 5un



B A flash on general relativity

use metric g, to define measure: ds? = gy dxtdx”

- K .
x# coordinates, ut* = % velocity, P* = mu* momentum

i ivatives: gt = 0_ = 0
short notation for derivatives: O* = B O = i

o

Christoffel symbols (not tensors!): I, = 55~ (0u2.) + 0pgio — 01))

Ricci tensor: R, = 0517, = 0,1, + 17,17, =T7,I1,

Ricci scalar: R = R,,,g""

Einstein {

equations: Gy = Ruv — %gﬂ”R =8nG T, — Ag“”}

T, stress-energy tensor, symmetric, must satisfy V, TH" =0



B A flash on general relativity

use metric g, to define measure: ds? = gy dxtdx”

x# coordinates, ut* = ‘2& velocity, P* = mu* momentum

i ivatives: gt = 0_ = 0
short notation for derivatives: 0" = B O = i

g;m

2 (al/ga/) + apgzl(r - 30&/,))

Ricci tensor: R, = 0,07, — O, + 10,10, =T7,I7,

Christoffel symbols (not tensors!): ') =

Ricci scalar: R = R,,,g""

Einstein

equations: {G‘“’ = R — %gu,,R =8rG T, — Ag“”}

T, stress-energy tensor, symmetric, must satisfy V, TH" =0
. . uv
given lagrangian L(¢) — Tis) = 8(8H¢ 3V¢a gL

¢4 set of fields
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B Homogeneous and isotropic universe

Metric defines the structure of the universe

One of the simplest assumptions: universe is

Homogeneous Isotropic

universe properties do universe properties do
not change with position not change with direction

Friedmann-Lemaitre-Robertson-Walker (FLRW) metric (polar coordinates):
guddid” = —di? 4 2(t) ({20 + r2(d6? + sin? 0dg?) )
a scale factor, encodes expansion of the space-time

k spatial curvature of the universe (0—flat, £1 — curved)
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Metric defines the structure of the universe

One of the simplest assumptions: universe is

Homogeneous Isotropic

universe properties do universe properties do
not change with position not change with direction
FLRW metric using conformal time p = [ %:

gdxtdx” = 2%(n) (—d7]2 + 1:1732 + r2(d6? + sin? qubz))

Perfect fluid ( , pressure P): TH = (p + P)ubu” — Pgh”
in fluid rest frame: u* = (1,0,0,0) — T = — T = P



B Homogeneous and isotropic universe

Metric defines the structure of the universe

One of the simplest assumptions: universe is

Homogeneous Isotropic

universe properties do universe properties do
not change with position not change with direction
FLRW metric using conformal time p = [ %:

gdxtdx” = 2%(n) (—d7]2 + 1:1732 + r2(d6? + sin? qubz))

Perfect fluid ( , pressure P): TH = (p + P)ubu” — Pgh”

Use Einstein equations to obtain Friedmann equations:

k  8mG A a 4G A
T s e

+ a2 3 * 3 a 3 (7 +37)+ 3
expansion rate H = a/a

expansion depends on !
G @terem Wioshei o e Gt RGN S, e 3G




B Background evolution of the universe

conservation of stress-energy tensor:
Ve = v v THp HoTVp —
VT = 0, T"" + Lo THe + T, T =0

for a perfect fluid this leads to continuity equation:

[ +3H(+P) =0

define w equation of state, so that P = w:

continuity equation solved by —  573(1+w)
radiation matter A
(relativistic fluid) (non-rel. fluid) (dark energy)
w — 1/3, X 874 w = 0, o< 373 W — _1, = const




B Background evolution of the universe

conservation of stress-energy tensor:
Ve = v v THp HoTVp —
VT = 0, T"" + Lo TH + T3, T =0

for a perfect fluid this leads to continuity equation:

[ +3H(+P) =0

define w equation of state, so that P = w:

continuity equation solved by = g7304w)
radiation matter A
(relativistic fluid) (non-rel. fluid) (dark energy)
w = 1/3, x a* w = 0, o« a’ w = —1, py = const
87 G A k A= g
Consider Friedmann equation: H> = oz - — — _ Tg_k
3 3 a2 F e
If one component dominates ( ~ p;, with i € [R,M, k,A,...]), we have:
a(t) = t2/C+w) for w £ —1 a(t) = el for w = —1



B Background evolution of the universe

conservation of stress-energy tensor:
Ve = v v THp HoTVp —
VT = 0, T"" + Lo TH + T3, T =0

for a perfect fluid this leads to continuity equation:

[ +3H(+P) =0

define w equation of state, so that P = w:

continuity equation solved by = g7304w)
radiation matter A
(relativistic fluid) (non-rel. fluid) (dark energy)
w = 1/3, x a* w = 0, o« a’ w = —1, py = const
3H?
define critical density: po, = ——
ine critical density: per = 2=
define fractional energy densities: Q; = /), o/per0 0—today

Friedmann equation: H(a)?/H2 = Qra * 4+ Qua >+ Qa2 + Qp
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today (0.2 meV) —»|
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160 GeV
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«— radiation domination
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dark energy domination —




B Short history of the universe

today (0.2 meV) —»|

CvB o
QCDPT 2 mev |7 MY
EW SB 200 MeV

160 GeV

1
1
1
1
1
1
i
1
1
1
1
1
1

p
‘MA

-
reheating?

)" 4 «— radiation domination

exponential expansion TSR GO = ;
dark energy domination —

exponential expansion achieved with w = —1 ——— by scalar field? inflaton

is needed to solve: flatness problem horizon problem




B Short history of the universe

today (0.2 meV) —»|

CvB o
QCD PT 2 wey |7 MY
EW SB 200 MeV

160 GeV

1
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1
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1

)
‘MA

reheating?

)" 4 «— radiation domination

exponential expansion TSR GO = ;
dark energy domination —

Reheating: inflation ends with energy transfer
from inflaton to (relativistic) standard model particles

which later reach thermal equilibrium




history of the universe

today (0.2 meV) —»|

QCD PT
200 MeV

EW SB
160 GeV

é“! |

K

nf/al‘/o

reheatlng?

)" 4 — radiation domination

exponential expansion i
dark energy domination —

after reheating, relativistic particles (= radiation) start to dominate

while temperature decreases, several particles become non relativistic




B Short history of the universe

T, (K) today (0.2 meV) —|

photons

0.1 £ neutrinos

001

cdm /

reheating?

)" 4 — radiation domination

exponential expansion

o S5 PSEhor e il JE

1
dark energy domination —

after reheating, relativistic particles (= radiation) start to dominate
while temperature decreases, several particles become non relativistic

last particles to remain in equilibrium are photons, electrons, neutrinos




B Short history of the universe

T, (K) today (0.2 meV) —|

photons

0.1 £ neutrinos

001

cdm /

reheating?

)" 4 — radiation domination

exponential expansion

o S5 PSEhor e il JE

1
dark energy domination —

at some point, Qra * becomes smaller than Qya—3

[matter domination!j

gravity start to be stronger than radiation pressure —»[growth of structures!]




B Short history of the universe

today (0.2 meV) —»|

reheating?

)" 4 — radiation domination

exponential expansion TERESF iR =2

dark energy domination —

Finally, Qya~3 becomes smaller than Qx

[dark energy domination!}

expansion starts to ( ) accelerate again




C Cosmic Microwave Background

Based on:

Lesgourgues+,
Neutrino Cosmology

Planck Collaboration,
2018



https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011
https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011
https://www.cosmos.esa.int/web/planck/publications#Planck2018
https://www.cosmos.esa.int/web/planck/publications#Planck2018

B Photon decoupling
Photons in equilibrium have f,(q) = [exp(q/7) —1]""

T fluid/photon temperature, g photon momentum

while electrons (e) are free, ~ scatter and cannot move freely
when e and protons (p) form H atoms, s can break atomic bound
= Me + mp — my =~ 13.6 eV
~s start to move freely when they cannot break H bound anymore

Notice: this depends on photon momentum distribution!



B Photon decoupling
Photons in equilibrium have f,(q) = [exp(q/7) —1]""

T fluid/photon temperature, g photon momentum

while electrons (e) are free, ~ scatter and cannot move freely
when e and protons (p) form H atoms, s can break atomic bound
= Me + mp — my =~ 13.6 eV

~s start to move freely when they cannot break H bound anymore

neng fd3qe—Ec/de3qe—Ed/T
nang - fd3qe—Ea/de3qe—Eb/T

(chemical equilibrium condition)

generic Saha equation:

n; number densities, E; energies, T fluid temperature, ¢ momenta



B Photon decoupling
Photons in equilibrium have f,(q) = [exp(q/7) —1]""

T fluid/photon temperature, g photon momentum

while electrons (e) are free, ~ scatter and cannot move freely
when e and protons (p) form H atoms, s can break atomic bound
= Me + mp — my =~ 13.6 eV

~s start to move freely when they cannot break H bound anymore

Saha equation applied to e + p <> v + H:

npne_(meT>3/2eX (_ )
nyg a 21 P T




B Photon decoupling
Photons in equilibrium have f,(q) = [exp(q/7) —1]""

T fluid/photon temperature, g photon momentum

while electrons (e) are free, ~ scatter and cannot move freely
when e and protons (p) form H atoms, s can break atomic bound
= Me + mp — my =~ 13.6 eV

~s start to move freely when they cannot break H bound anymore

define X, =

Ne
T netnr’!

1)_<ej<e = 77B(11— ) <%)3/2 W%exp <_7> ’

Yp 4He mass fraction, i baryon-to-photon ratio, ¢(3) ~ 1.202. ..

np—n-
— MHeNHe . — B B —10
use Y, = THette ~ 0.25, 1 = - 6 x 10




B Photon decoupling

Photons i L ry—1=*
-l
while electr move freely
102 :
when e and pr > atomic bound
-3
10 13.6 eV
-4 i ]
s start to me ° ! >und anymore
10— T 000-7
define X, = % . —B ~6x 10710
N * Y

2= iy (5) e ()]

Yp #He mass fraction, np baryon-to-photon ratio, {(3) >~ 1.202. ..

For T~ 5, Xe is close to 1: too many high-E ~s break H!

Fraction of free electrons decreases rapidly at 7 ~ 0.3 eV (z ~ 1100)

At that point (last scattering) photons start to move freely!



[see also: Ma&Bertschinger, 1995]

B Cosmology with perturbations
Beyond homogeneous and isotropic universe: add perturbations!
metric: g = Buw + 08w
extend

e 052 = 2(n)[~ (1 + 201, )diP + (1~ 20(1, %))

Newtonian gauge: ¢/ (Newtonian potential), ¢ metric perturbations

only scalar, no vector/tensor perturbations!


https://doi.org/10.1086/176550

[see also: Ma&Bertschinger, 1995]

B Cosmology with perturbations

Beyond homogeneous and isotropic universe: add perturbations!
metric: g = Buw + 08w

eFXLtls:l/\o/I; ds? = a*(n)[—(1 + 20, X))dn? + (1 — 2¢(n, X)) dx°]

stress-energy tensor: T,, = 7'“,, +0T,,
4 scalars define the T perturbations:

d = dp/p density contrast 0P pressure perturbations
0 related to bulk velocity divergence


https://doi.org/10.1086/176550

[see also: Ma&Bertschinger, 1995]

B Cosmology with perturbations

Beyond homogeneous and isotropic universe: add perturbations!
metric: g = Buw + 08w

extend 5 2
= 1+2 -
e 052 = 2(n)[~ (1 + 201, )diP + (1~ 20(1, %))
stress-energy tensor: T, = 7'“,, +0T,,
4 scalars define the T perturbations:
d = dp/p density contrast 0P pressure perturbations

0 related to bulk velocity divergence

/ Einstein equations (Fourier space):
Ro+32 (o +20) = 4m6# 00 and K0 — v) = 12062 5, + )


https://doi.org/10.1086/176550

. Cosm0|0gy W|th perturbations [see also: Ma&Bertschinger, 1995]

Beyond homogeneous and isotropic universe: add perturbations!
metric: g, = 8w + 08w

extend 5 2
= 1+2 -
e 052 = 2(n)[~ (1 + 201, )diP + (1~ 20(1, %))
stress-energy tensor: T, = 7'“,, +0T,,
4 scalars define the T perturbations:
d = dp/p density contrast 0P pressure perturbations

0 related to bulk velocity divergence

/ Einstein equations (Fourier space):
K2+ 3% (a> + w) —4mGa" Y and KX — ) = 127Ga® i(5i + Bi)

Perturbed photon distribution:

£,(n,%,p) = [exp (a(n)T(n){li@7(77~?~, ﬁ)}) - 1}_1

O +h-VO, — ¢+ h- Vi = aneor(0,0 — O, + i ;)
F e —————— S o T



https://doi.org/10.1086/176550

B Cosmic Microwave Background (CMB)

Predicted in 1948 [Alpher, Herman]: blackbody background radiation at T ~5 K
Discovery (accidental): [Penzias, Wilson 1964] —»[Nobel prize 1978]

[perfect black body spectrum at Toyp = 2.72548 £ 0.00057 K [Fixsen, 2009]}

Anisotropies at the level of 1075 very high precision measurements are needed.

Improvement of the CMB experiments in 20 years:

COBE (1992) WMAP (2003) Planck (2013)



https://doi.org/10.1038/162774b0
https://doi.org/10.1086/148307
https://doi.org/10.1088/0004-637X/707/2/916

B Power spectrum
Simplest assumption: only Gaussian fluctuations in the Early Universe

linear theory preserves gaussianity

all Gaussian fluctuations can be described by two-point correlation function
(A(n, K)A*(n, k')
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stochastic gaussian field — uncorrelated wavevectors
— Fourier transform equal 5(3)(E - I_(”) times power spectrum Py
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linear theory preserves gaussianity

all Gaussian fluctuations can be described by two-point correlation function
(A(n, K)A*(n, K'))

stochastic gaussian field — uncorrelated wavevectors
— Fourier transform equal 6(3)(1}' - I_(”) times power spectrum Py
. . k3
Also defined as: Pa(k) = 55 Pa(k)

=) — 1 _pror
3 prot+Prot

Inflation predicts = Ad(k/ko)™ 1 as initial spectrum



B Power spectrum
Simplest assumption: only Gaussian fluctuations in the Early Universe

linear theory preserves gaussianity

all Gaussian fluctuations can be described by two-point correlation function
(A(n, K)A*(n, K'))

stochastic gaussian field — uncorrelated wavevectors
— Fourier transform equal 6(3)(1? - I_(”) times power spectrum Py
. . k3
Also defined as: Pa(k) = 55 Pa(k)

=) — 1 _pror
3 prot+Prot

Inflation predicts = Ad(k/ko)™ 1 as initial spectrum

Expression for the power spectrum of photon temperature perturbations:

|(©51(n, K)O%(n, K)) = 257 ()[04, KPOP (K - K)

0.1(1, k) = [6(n, K)/R(mhn, k)] transfer function
S. Gariazzo  ‘“Introduction on neutrino cosmology”  AQIAC 2023, 25/04/2023  8/60



B Planck DR3 results - Temperature

[Planck Collaboration, 2018]

DI [uK?]

ADIT

Planck legacy temperature auto-correlation power spectrum:
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https://www.cosmos.esa.int/web/planck/publications#Planck2018

B Cosmological parameters

General Homogeneity
Relativity isotropy

NS

Cosmological evolution

A

26.2% DM

[Planck Collaboration, 2018]

ACDM model described
by 6 base parameters:

wp = Qph? baryon density today;
we = Qch? CDM density today;

T optical depth to reionization;

0 angular scale of acoustic peaks;
ns tilt and

As amplitude of the power spectrum
of initial curvature perturbations.

Other quantities can be studied:
Hp Hubble parameter today;

og mean matter fluctuations at
small scales;



https://www.cosmos.esa.int/web/planck/publications#Planck2018

B Cosmological parameters

General Homogeneity
Relativity isotropy

NS

Cosmological evolution

!
®lcoM

:l £

model

[Planck Collaboration, 2018]

ACDM model described
by 6 base parameters:

Wh

We

= Q,h? baryon density today;
= Q.h?> CDM density today;

T optical depth to reionization;

angular scale of acoustic peaks;
tilt and

amplitude of the power spectrum
of initial curvature perturbations.

Other quantities can be studied:

Ho

08

Hubble parameter today;

mean matter fluctuations at
small scales;



https://www.cosmos.esa.int/web/planck/publications#Planck2018

B CMB spectra

as of 2018
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[Planck Collaboration, 2018]
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https://www.cosmos.esa.int/web/planck/publications#Planck2018

[Planck Collaboration, 2018]

B Planck DR3 results - Polarization

= TE cross-correlation and EE

DY [uK?)
-
;
s

. . foos
auto-correlation measured with of o
high precision; 2f Je0
. 16T t t 0
= ACDM explains very well the S PR mﬂum " 1H H. .
data; S PRI
. e 75 1‘0 30 560 1000 1500 2000
= Note: in the plots, the red ¢

curve is the prediction based on
the TT only best-fit for ACDM 1000}

model — very good consistency : o000y
between temperature and 5 ok
polarization spectra. of

M 0

‘ T t t .
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https://www.cosmos.esa.int/web/planck/publications#Planck2018

O Other observables

matter power spectrum, Hy, og, BBN

Based on:
Lesgourgues+,
Neutrino Cosmology
Planck Collaboration, ]
2018 s
. =
= PDG (BBN review) o F—
++ Planck EE
10tk =+ Planck ¢
+#  SDSS DR7 LRG
+++  BOSS DR9 Ly-a forest
~++  DES Y1 cosmic shear
1070 10° 102 101 100

Wavenumber k [h Mpc ']


https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011
https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011
https://www.cosmos.esa.int/web/planck/publications#Planck2018
https://www.cosmos.esa.int/web/planck/publications#Planck2018
https://pdg.lbl.gov/2022/web/viewer.html?file=../reviews/rpp2022-rev-bbang-nucleosynthesis.pdf

B Matter perturbations

What about evolution of matter density perturbations?
(0(n. k)" (n.K)) = 6Ok — k)Pl k)

goal: determine matter power spectrum
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universe (no gravity effect) balance between expansion

and gravitational interactions




B Matter perturbations

What about evolution of matter density perturbations?
(0(n. k)" (n.K)) = 6Ok — k)Pl k)

goal: determine matter power spectrum

fluctuations with wavelengths k smaller or larger
than the casual horizon behave differently!

large scales . . small scales
<mall k | superhorizon sub-horizon | jarge k

grow with expansion of the growth from gravitational collapse

universe (no gravity effect) balance between expansion

and gravitational interactions

moreover: evolution is different during RD, MD, AD




B Matter perturbations

What about evolution of matter density perturbations?
(0(n. kK)o (n. k) = 6Ok — K)P( k)

goal: determine matter power spectrum

fluctuations with wavelengths k smaller or larger
than the casual horizon behave differently!

large scales . . small scales
<mall k | superhorizon sub-horizon | jarge k

grow with expansion of the growth from gravitational collapse

universe (no gravity effect) balance between expansion
and gravitational interactions

moreover: evolution is different during RD, MD, AD

approximated ~(a, k) with negligible baryon fraction:

P(a, k) = (i am dc(a, k))2 : kPr(k) { % (a0Ho < k < keq)

2
ag adc(am, k) QmagHg)2 % (a +Bln (Ekq)) (k > keq)




B (Linear) matter power spectrum [Planck Collaboration, 2018]
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B Tension |: the Hubble parameter Hj

vV = H()d,
with Hy = H(z = 0)

Local measurements:

H(z =0),

local and independent on evo-
lution (model independent,
but systematics?)

CMB measurements

(probe z ~ 1100):

Hp from the cosmological evo-
lution (model dependent, well
controlled systematics)

68% CL error bars

[Planck Collaboration, 2018]

—a—
g\ WMAP7
-
Planck13 '-'WMAP9

—_—

Planckl5 m

-

Planck18 m

2005 2010
Year of publication

2015

2020
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B Tension |: the Hubble parameter Hj

vV = Hod,
with Hy = H(z = 0)

Local measurements:

H(z =0),

local and independent on evo-
lution (model independent,
but systematics?)

CMB measurements

(probe z ~ 1100):

Hp from the cosmological evo-
lution (model dependent, well
controlled systematics)

68% CL error bars

Riesg2011

Riesg2016
Riesg2019
GW1708174EM (2017)
WMAP 9yr + ACT + SPT -- ACDM
Planck2013 -- ACDM
PIanckZO_@l -- \CDM
PIanckZOJ.E} -- A\CDM
Planck2018_5-_ACDM+Neff

Planck2018 -- ACDM+Qy

Planck2018 -- wCDM

45 5'0 5'5 6'0 6'5 7'0 7'5 8'0 8'5 90
Ho [Km s~1 Mpc™1]
Using HST Cepheids:
[Efstathiou 2013] Hp = 72.5+2.5Km s~ Mpc—!
[Riess+, 2019] Hy = 74.03 £1.42Km s~ Mpc™1!

GW: [Abbott+, 2017] Hp = 7072 Km s™! Mpc™!

(ACDM model - CMB data only)
[Planck 2013]: Hp = 67.3+ 1.2Km s™! Mpc™!

[Planck 2018]: Hg = 67.27 & 0.60 Km s~! Mpc~!


https://doi.org/10.1093/mnras/stu278
https://doi.org/10.3847/1538-4357/ab1422
https://doi.org/10.1038/nature24471
https://doi.org/10.1051/0004-6361/201321591
https://www.cosmos.esa.int/web/planck/publications#Planck2018

B Tension |: the Hubble parameter Hj

vV = Hod,
with Hy = H(z = 0)

Local measurements:

H(z =0),

local and independent on evo-
lution (model independent,
but systematics?)

CMB measurements

(probe z ~ 1100):

Hp from the cosmological evo-
lution (model dependent, well
controlled systematics)

68% CL error bars

Riesg2011

Riesg2016
Riesg2019
GW1708174EM (2017)
WMAP 9yr + ACT + SPT -- ACDM
Planck2013 -- ACDM
PIanckZO_@l -- \CDM
PIanckZOJ.E} -- A\CDM
Planck2018 + Iens_:_BAO -- ACDM+Nggs
Planck2018 + Iens_.J_r BAO -- ACDM+Qy

Planck2018 + Iegs + BAO -- wCDM

45 5'0 5'5 6'0 6'5 7'0 7'5 8'0 8'5
Ho [Km s~1 Mpc™1]
Using HST Cepheids:
[Efstathiou 2013] Hp = 72.5+2.5Km s~ Mpc—!
[Riess+, 2019] Hy = 74.03 £1.42Km s~ Mpc™1!

GW: [Abbott+, 2017] Hp = 7072 Km s™! Mpc™!

(ACDM model - CMB data only)
[Planck 2013]: Hp = 67.3+ 1.2Km s™! Mpc™!

[Planck 2018]: Hg = 67.27 & 0.60 Km s~! Mpc~!

90


https://doi.org/10.1093/mnras/stu278
https://doi.org/10.3847/1538-4357/ab1422
https://doi.org/10.1038/nature24471
https://doi.org/10.1051/0004-6361/201321591
https://www.cosmos.esa.int/web/planck/publications#Planck2018

B Tension Il (?): the matter distribution at small scales

Assuming ACDM model:

og: rms fluctuation in total matter (baryons + CDM + neutrinos) in 8h—! Mpc spheres, today;

Qpm: total matter density today divided by the critical density

12 4 DES lensing N

’ Planck lensing
DES lensing+Planck lensing Il |
o
Planck TT,TE,EE+lowE M |
1.0 7 DES joint ----- $
N KiDS-450 - s
© K
0.8 - E
Q
c
K
(=S

0.6



https://www.cosmos.esa.int/web/planck/publications#Planck2018

B Big Bang Nucleosynthesis (BBN)

BBN: production of light nu-
clei at t ~ 1s to t ~ O(10%)s

temperature T ~ 1 MeV
from nucleon freeze-out

much earlier than CMB!

strong probe for physics
before the CMB

e.g. neutrinos!

v affect
universe expansion
and
reaction rates (1./1.)
at BBN time. ..

D/H

3He/H

Li/H

baryon density (.h?
10-2 o

10-10

[PDG 2018]

0.27 pr———— \\§ .
0.26 \ -
measured N

0.25 F _—
024 F §
023 F W =
' |\
10-3 } T EE .
: N\
104 § E
: N 3
105 L
100 |
\
: N
10-0 p o - N -
E 1 L 1 1 § 1 L L
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o b

1
baryon-to-photon ratio 7

BBN concordance




B Big Bang Nucleosynthesis (BBN)

BBN: production of light nu-
clei at t ~ 1s to t ~ O(10%)s

temperature T ~ 1 MeV
from nucleon freeze-out

much earlier than CMB!

strong probe for physics
before the CMB

e.g. neutrinos!

v affect
universe expansion
and
reaction rates (1./1.)
at BBN time. ..

D/H

3He/H

Li/H

baryon density (.h?
10-2 o

[PDG 2018]
0.27 pr————— : :
N
0-26 Emeasured § E
N
0.25 E _—
024 F §
023 f AN :
10-3 ' s
E ‘\\\ ;
104 | § .
: N E
10~ |
10-0 |
\
N
10—1.0 — R \ —
1 L \ 1 1 % 1 L L

10—10
baryon-—t!

[Iithium problem!j !
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BBN concordance




N Neutrinos in cosmology

Impact of neutrinos, what do we learn?

Based on:

Lesgourgues+,
Neutrino Cosmology

Bennett+, JCAP 2021

di Valentino+, PRD 106
(2022)

SG+, JCAP 10 (2022)
SG++, arxiv:2302.14159

— AN4=0

— ANg4=2
ANyg=2,

w,, rescaled
ANyg=2,

w,, , w, rescaled

5 10 15 20 25 30


https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011
https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1103/PhysRevD.106.043540
https://doi.org/10.1103/PhysRevD.106.043540
https://doi.org/10.1088/1475-7516/2022/10/010
https://arxiv.org/abs/2302.14159

& History of the universe

today (0.2 mey) —

QCD PT

EW SB 200 MeV

160 GeV

1
1
1
1
1
1
i
1
1
1
1
1
1

p
v%

-
reheating?

«— radiation domination
matter domination —

1
dark energy domination —




today (0.2 mey) -

QCD PT
200 MeV

{
M neutrino decoupling

neutrinos are still

ultrarelativistic here

reheating?

«— radiation domination
matter domination —

1
dark energy domination —




today (0.2 me}/)

- =

neutrinos are still

-
reheating?

«— radiation domination
Imatter domination —

1
dark energy domination —

3 at least 2 mass eigenstates with many relic neutrinos are
m; 2 8 meV (: fAmS201> > (E,) non-relativistic today!

S. Gariazzo “Introduction on neutrino cosmology”




B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)

time
109 T llllllll T lIIIIIlI T T T T T 10T
105
N
T
< 1o H
osc. atm. ——
osc. Sun ——— |
103 osc. 1eV2 ——— |
GF2T5 — ||
1 IIIIIIII 1 IIIIIIll 1 llIIIIII 1 111t
0.01 0.1 1 10 100
Court P. F.de Sal
[ ourtesy e aas] T/ MeV



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)

time
109 T T T Illlll T L |||||| T T T T T T
“
10° .
T L oscillations blocked <7
= - by matter effects 1
< 10 | y H——
r osc. atm. 7
I osc. Sun
103 osc. 1 eV? N
GF2 T5 ]
1 1 111 IIII 1 1 1 |I||l| 1 i1 8 \‘H‘ | L1ty
0.01 0.1 1 10 100

Courtesy P. F. de Sal
[Courtesy e Salas] T/ MeV



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)

time
109 T T T Illlll T L |||||| T T T T T T
“]
105
T L oscillations blocked sl
= - by matter effects ]
g 100 b , H——
v decouplin osc. atm. 1
osc. Sun
10 osc. 1 eV? _
Ge2 TS
1 1 IIIIIII 1 1 IIlIIll 1 1 l|lA.‘Al 1 1 I
0.01 0.1 1 10 100

Courtesy P. F. de Sal
[Courtesy e Salas] T/ MeV

v decouple mostly before eTe™ — ~v annihilation!



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
time

10°

T T T

T T T T T T T TR Ty2(4/11)1/3T’y
after eTe™ — vy

f,: frozen Fermi-
Dirac distribution

105

L L oscillations blocked <
= o L by matter effects — Today:
== L v decouplin o | T,o0=1945 K ~
S ' 1.676 x 107* eV
103 osc. 1 eV? | (E,)) ~31T,0 ~
Y GF‘T . 5 x 107% eV
no = n,,’o = n,;70 ~
0.01 0.1 1 10 100

Courtesy B F de Sal 56 cm~3 per family
[Courtesy P. F. de Salas] T/ MeV

v decouple mostly before eTe™ — 7~ annihilation!



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)

time
9
10 T T T T T T T T T T T Ty2(4/11)1/3T’y
after eTe™ — vy
108 f,. frozen Fermi-
/. Dirac distribution
L L oscillations blocked ‘
= or | by matter effects ; Today:
= L v decouplin o T,o0=1945 K ~
ot B | 1.676 x 107* eV
102 osc. 1 eV® <El,> ~ 3.1 TV70 ~
| | Gg= T° 5 x 1074 eV
Ng = nNyo = Npo =
0.01 0.1 1 10 100

56 cm~3 per family

Courtesy P. F. de Sal.
[Courtesy e Salas] T/ MeV

v decouple mostly before ete~ — ~v annihilation! “[ distortions to }
actually, the decoupling T is momentum dependent! equilibrium £ !




. . . . B G CAP 2021
B v oscillations in the early universe et o Ratiol, 1003]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Oee = £, Qep Oer
density matrix: o(x,y) = Qe Oup = fu, Our
x (al(p. 1) ai(p. 1)) Ore O Orr = fo,
off-diagonals to take into account coherency in the neutrino system
do(y, x)

o evolution from xH = —ia[Her, 0] + bI’

dx

H Hubble factor — expansion (depends on universe content)

effective Hamiltonian H. g =

% —_ 2\/§GFymg (ML(‘FP( _I_ 4 Ez/)

6
2y X mW mZ

vacuum oscillations ~——! L——— matter effects

7 collision integrals
take into account v—e scattering and pair annihilation, v—v interactions

2D integrals over momentum, take most of the computation time

solve together with z evolution, from ng( X) — 3P

p, P total energy density and pressure, also take into account FTQED corrections


https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1016/0550-3213(93)90175-O

. . . . B G CAP 2021
B v oscillations in the early universe et o Ratiol, 1003]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Oee = £, Qep Oer
density matrix: o(x,y) = Qe Oup = fu, Our
o (af (p. 1) ap. 1) ore oru - 0rr = o

off-diagonals to take into account coherency in the neutrino system

do(y, x)
dx

FORTran-Evolved PrimordIAl Neutrino Oscillations
(FortEPiaNO)
https://bitbucket.org/ahep_cosmo/fortepiano_public

‘ o evolution from xH = —ia[Her, 0] + bI’

vacuum oscillations ~——! L——— matter effects

7 collision integrals
take into account v—e scattering and pair annihilation, v—v interactions

2D integrals over momentum, take most of the computation time

solve together with z evolution, from ng( X) — 3P

p, P total energy density and pressure, also take into account FTQED corrections


https://bitbucket.org/ahep_cosmo/fortepiano_public
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1016/0550-3213(93)90175-O

B Neutrino momentum distribution and Ng!Bemett S¢+ JCAP 2021]

Distortion of the momentum distribution (frp: Fermi-Dirac at equilibrium)

1.05 : : :
-——= Ve —— no oscillations
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1.04F —-- v, e i
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103} J/ LTI
@ /, ,”/.""— T
3 i

1.02¢ y ~ 10 ,',,/" s =

/lé’ ~
/ /,/
1oif é//' .
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_//‘
1.00 =————"" . L ]
102 10-! 10° 10!
X
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B Neutrino momentum distribution and Ng!Bemett S¢+ JCAP 2021]

Distortion of the momentum distribution (frp: Fermi-Dirac at equilibrium)
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B Neutrino momentum distribution and N, gBemett SG+ JCAP 2021]

L 8 1IN\Y3p, 8 /11N\*3 1 d3p
i = () = L) L [ e

3
py T\4 Py 5 (2m)
(11/4)3 = (T,/T,)"™ > o y30i(y)
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M Neutrino momentum distribution and Ng®emet ¢+ JCAP 2021]

G e e

T [MeV]
101 100 10_1
—— no oscillations 3.0440
3.04F — nNO
3.03
=
GJ
=< 3.02
3.01f
3.00 . L
10—2 10_1 100
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B Effect of neutrino oscillations

[Bennett, SG+, JCAP 2021]

B et S s e e e ]

0~ 1073
Am? [eV?]
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B Effect of neutrino oscillations

[Bennett, SG+, JCAP 2021]

..... no vv —— sin26;,

— Am3;
=== w,GL  —— sin%6;3 —— AmM%
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3.0440 3.0440 - e meeeEmITITITL . S
[ | e B TP
= 3.0435 1 s 3.0435-‘.,_4-“ F
3.0430 1 F 3.04301 F

within 30 ranges allowed by global fits [deSalas, SG+, JHEP 2021]
only 015 affects Neg, at most by 0N\~
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B Additional Radiation in the Early Universe

pr = [14 0.2271N.g] p H? = 87GpT1/3

\ /

Nqgz controls the expansion
rate H in the early Universe,
during radiation dominated phase

l

influence on

— T~

Big Bang Nucleosynthesis:
production of light nuclei

1 1

expansion rate at
CMB decoupling

‘ matter-radiation equality

abundances today



. N - and BBN [Planck Collaboration, 2018]
e

0.26 o
. - - Standard BBN
BBN: production of light nuclei | . .1
att ~ 15 tot ~ 0(102)5 > 028 Aver et al. (2015)
temperature T ~ 1 MeV
f f . 34 Planck TT,TE,EE
rom nucleon freeze-out: (/ +lowE
a 3.0 A
£
I_n<_>p ~ G% T5 — H N \/g’*—G.IVT2 26 1 Cooke et al. (2018)
224
0.018 0.(;20 0.(;22 0.0‘24 0.026
(T ~ (8.Gu/ G2 6
Qx‘b\
enters 5 o S
A
n / p= exp( —Q / Tfr) \ Coo‘:;cé\e; _A\"m\,
. ] W X
which controls element abundances S
. 3 ] Averet al. (2015) -
3 > 4
[g* depends on Nng 21
! 1
abundances depend on N.g o ] W Planck TT TEEE+lowE
B Planck TT,TE,EE+lowE+BAO+lensing
Gg Fermi constant n, p: neutron, proton density number 0.018 0_(;20 0‘(;22 0_(;24 0.026
Gy Newton constant  Q = 1.293 MeV neutron—proton mass difference W


https://www.cosmos.esa.int/web/planck/publications#Planck2018

M Nz and BBN

BBN: production of light nuclei
att ~ Isto t ~ O(10%)s

temperature T ~ 1 MeV
from nucleon freeze-out:

H~ \/g*GNT2

[Tfr ~ (g*GN/Gﬁ-)l/(S}

enters
n/p = exp(—Q/ Tr)
which controls element abundances

[g* depends on Neﬂ}
{

abundances depend on Neg

Gg Fermi constant n, p: neutron, proton density number

[Planck Collaboration, 2018]

Standard BBN

Aver et al. (2015)

34 Planck TT,TE,EE
(7 +lowE
é 3.0 1
26 1 Cooke et al. (2018)
224
0.018 0.(;20 0.(;22 0.0‘24 0.026
— +0.24
(BBN only) .
N A
[Consiglio+, CPC 2018] | ¢ ®
\‘NA‘C & P
e
3 ] Aver et al. (2015) MX\?
& >
= =
2 B

Gy Newton constant  Q = 1.293 MeV neutron—proton mass difference

G e it o i @ ACIAC R s 2

14

01 B Planck TT,TE,EE+lowE
B Planck TT,TE,EE+lowE+BAO+lensing

0.020 0.022 0.024

0.018 0.026


https://www.cosmos.esa.int/web/planck/publications#Planck2018

B Additional Radiation: Effects on the CMB

Starting configuration:

RD: Radiation Dominated, MD: Matter Dominated, AD: Dark Energy Doml@ted; (1+2z)=a" " w;=pi/pc

Pr

log p

RD :

MD

AD

—log(¢ 2) =log(a)

1

6000

5000

4000 -

D" [uk? |

2000

1000

3000

0152025 ;0 07 0
¢
Wm  Wm 1
1 Z = ———————--e-w-
TZa =) wy 1+ 0.2271 Neg




B Additional Radiation: Effects on the CMB

If we increase Neg, all the other parameters fixed:
1

RD: Radiation Dominated, MD: Matter Dominated, AD: Dark Energy Doml@ted; (1+2z)=a" " w;=pi/pc
6000 B

— ANg=0
—_ AN=2

First p@eak increase
oot due to early ISW

4000 -

log p

3000

D" [uk? |

2000

1000

—log(1 +z) =log(a)

ol o . .
5 10 15 20 25 30 102 10°

l
At zcpg: higher H o< p, = smaller comoving sound horizon rs o< H-1

= decrease of the angular scale of the acoustic peaks s = rs/Dp
= shift of the peaks at higher ¢



B Additional Radiation: Effects on the CMB

If we increase Neg, plus wp, to fix ze:

1

RD: Radiation Dominated, MD: Matter Dominated, AD: Df‘"'k Epergy ‘Do‘mllgted; (14 {) =a L, wj=pi/pc
6000(- : — AN, 0
: — ANg=2
; AN =2,
5000 w,, rescaled

4000 -

3000

log p
DT [uK? |

2000

1000

—log(1 +z) =log(a)

S 0152025 ;0 07 0
= Contribution from early ISW effect restored (first peak)
= different slope of the Sachs-Wolfe plateau, peak positions, envelope of

high-¢ peaks = due to later zp



B Additional Radiation: Effects on the CMB

If we increase Neg, plus wp,, wp to fix zog, za:

RD: Radiation Dominated, MD: Matter Dominated, AD: Dark Energy Doml@ted; (1+2)= a1

s wi = pilpc :
6000[- — ANg=0
— ANy=2
ANg=2,
5000 ~  w, rescaled
ANy=2,
T w,,,w, rescaled
4000+
QU o
= e
ks) £ 3000t
S

2000

1000

—log(1 +z) =log(a)

510 15 20 25 50 07 0
= peak positions recovered;
= slope of the Sachs-Wolfe plateau recovered,;

= peak amplitude not recovered!



6000

5000

B Additional Radiation: Effects on the CMB
L 1f we compénsate Neg > 3.044 — ANg=0
rescaling also we and wp: T ANg=2
- AN=2,

2000

1000

0d

0.2

0.0
-0.2
-0.4

T

AD!" /D,

larger expansion rate H
at all times and

w,, rescaled
AN =2,

w,, , w, rescaled

increased Silk damping

at high multipoles.

Neg—Hy correlation!

A

5 10 15 20 25 30 102




. N " and the |Oca| tensions [Planck Collaboration, 2018]
e

Negg = 3.05
et =3 0.84
75 -
Riess et al. (2018) 0.83
T 0.82
2 70 -
.-.2 0.81
| 3
]
0.80
£ 65 -
Io 0.79
60 o Neg = 2.92+0.19 2.9940.17 3.27+0.15 0.78
TT,TE,EE+lowE +lens+BAO +Reiss18
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1 1 1 1
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. N & and the |Oca| tenSionS [Planck Collaboration, 2018]
e

Neg = 3.05 0.4
75 -
Riess et al. (2018) 0.83
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. wj density of ies i,
. Neutr'no masses from CM B i € (radiation, e:vz';gtyer, et;‘asryzn:, izﬁzlc Zsark matter, v)
1 + ( + )/ Zoq mMatter-radiation equality redshift
Zeq = (Wp We )/ Wr
. o _—,,0 0 0
independent of m, Wy, = wp + we + w, today
\ /

mass of species relativistic at recombination
affects late time evolution only



https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011

. wj energy density of species i,
M Neutrino masses from CMB . bayo

i € (radiation, matter, baryons, cold dark matter, v)

Zoq mMatter-radiation equality redshift
14 zq = (wp + we)/wr . . . .
independent of m, Wy, = wp + we + w, today
\ /

mass of species relativistic at recombination
affects late time evolution only

/ \
small effects on the SW plateau Effects on the early ISW effect
(cosmic variance, degeneracies...) AG > m, o
K <0.1 eV) °
14
effects on the position of peaks 12

0s = rs(nes)/Da(nLs)
Zrec dz
Dp = 2
A o H(z)
(this effect can be com-

pensated reducing Hp)
\—>[correlation m,,—Ho]

10

1+1)¢

6
4
2
0

200 400 600 800 10001200

i
[Lesgourgues—+, Neutrino Cosmology]



https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011

B Free-streaming - |

damping in the perturbations
due to free-streaming

Growth equation: § —|—+: 4 Gnp O
\Hubble drag “pressure gravity

Jeans scale: pressure=gravity
= 4t Gpnp
/= c2(1+ z2)?

k < ky k > ky
growth of density perturbations no growth can occur

Non-cold relics =——

neutrino free-streaming scale

/3 H(z) - my, | Q
kes(z) = \/;m ~ 0.7 (1 eV) 7 +M h/Mpc

p energy density of a given fluid oy, (z) v velocity dispersion
6 = 8p/p perturbation (single fluid) H = H(z) Hubble factor at redshift z
cs sound speed of the fluid h reduced Hubble factor today




B Free-streaming - |l

Damping occurs for all k 2 kn,J

knr: corresponding [Lesgourgues+, Neutrino Cosmology]
to v non-relativistic transition (fixed h, wWm, wp, WA)
1.05
PmV>0(k) T T T T T
Plot: ————= 1
PmV:O(k) 0.95 -
0.9
" top to bottom: m, =0.05eV  Z oss
to m, = 0.5 eV T oe
0.75
.AP:_SQV2 Zml,(y o
P Qum 0.01 eV 065 - m,=00501,015 .,050eV
1 1 1 1 1
0 g 102 107 10° 10!
k (h/Mpc)

Expected constraints from future surveys:
= Planck CMB + DES: o(m,) ~ 0.04-0.06 €V [Font-Ribera+, 2014]
= Planck CMB + Euclid: o(m,) ~ 0.03 €V [Audren+, 2013]

v



https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011
https://doi.org/10.1088/1475-7516/2014/05/023
https://doi.org/10.1088/1475-7516/2013/01/026

B (Linear) matter power spectrum with vs

kMpc) 2AP, (k) [(Mpc/h)?]

104

10°
50

=50

104

[Chabanier+, 2019]

>
¢

i \3(%e

matter-radiation
equality

—— ACDM, £m,, =0.06eV
ACDM, ¥m,, =1eV
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B > m, and the local tensions - | [Planck Collaberation, 2018]
v
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https://www.cosmos.esa.int/web/planck/publications#Planck2018

B Y m, and the local tensions - | [Planck Collaberation, 2018]
v
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B Y m, and the local tensions - Il

[KiDS collaboration, MNRAS 471 (2017) 1259]

1.25

o 1.00
S}

0.75

0.50

[DES collaboration, arxiv:1708.01530]
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Overlapping of regions does not improve so much with massive neutrinos



https://arxiv.org/abs/1708.01530

| F i 201
. From CosmOIOgy. - [de Salas+, Frontiers 5 (2018) 36]

[Warning: model dependent content!J

How the limit change when considering extensions of the ACDM model?
4x107?

3x1071t
2x1071

>m,<0.12 eV

>m, [eV]

107t

— NO
— 10

4x1072 T T T
107> 104 1073 1072 107!

Miightest [eV]

Warning: >-m, < 0.1 eV at 95% CL
does not mean |0 disfavored at 95% CL!



https://doi.org/10.3389/fspas.2018.00036

B Cosmological neutrino mass bounds (95% CL)

0.25

Planck18

0.2

TT+lowE+lens+BAO DR12

Zmup

Planck18+lens+BAO DR12

0.1

[Planck 2018]
ACDM+Xm,



https://doi.org/10.1051/0004-6361/201833910

B Cosmological neutrino mass bounds (95% CL)

0254 e
Planck18
ACDM+Xm,, +wy+w,
024 e
Ymy, > 0.1eV
0154 | e
El ACDM+Ym, +wp
N TT+lowE+lens+BAO DR12 Ym, > 0.06 eV
Planck18+lens+BAO DR12
[Planck 2018] ACDM+Emy, +Qy
0.1 +- AC_ DMT-Z-’U’Z - ACDM+Sm, +Negg |- -=-=-—-—————-
my, >0 ACDM+3m,
[di Valentino+, PRD 106 (2022)]
Planck18+lens+BAO DR16


https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1103/PhysRevD.106.043540

B Cosmological neutrino mass bounds (95% CL)

0.25

Planck18

0.2

TT+lowE+lens+BAO DR12

¥m, > 0.1eV

ACDM+Xm,, +wy+w,

Zmup

Planck18+lens+BAO DR12

>m,, > 0.06 eV

ACDM+Xm,, +wy

0.1

[Planck 2018]
ACDM+Xm,

rmy, >0

ACDM+Xm, +Q

ACDM+Xm,, +Nogr

marginalized

ACDM+Xm,,

[di Valentino+, PRD 106 (2022)]

Planck18+lens+BAO DR16


https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1103/PhysRevD.106.043540

[JHEP 02 (2021)]

. Mass Ordermg results http://globalfit.astroparticles.es/

Bayes theorem for models:

87 strong
{p('/\/”d) X ZMW(M)} moderate
7t weak
Bayesian evidence: 6 inconclusive R 30
30
‘ZMZ £(9)W(9)d9’ 95.
=2 4_
Bayes factor NO vs 10: "2 {
3
{BNO,IO = Zno/ ZIOJ I <20
2t = T
Posterior probability: 1
Pxo = Brojgo/(Brojo +1) Slo
Pro

=1/(Bnojio +1) o ' ' '
S ,,gu.'? o"%l§$ 03",,50 éﬂ,,@o»\
¥ O 98 9@
No from Pxo = erf(N/v/2) N * o

7(M) model prior L(0) likelihood
M |d) model posterior Q arameter space, for parameters 0


https://doi.org/10.1007/JHEP02(2021)071
http://globalfit.astroparticles.es/

B Mass ordering and Bayesian analyses [JCAP 10 (2022)]

— oscillation Am? alone should not generate a difference

® Am? ¢ +M,<0.12eV B caseA W caseC W caseE
X +KATRIN * +M,<0.09 eV B caseB B caseD
6 F 3
moderate
(s30) I B=1417
5F 99.2% *99.3% 1
(2:660) \ZZe8)
B=553 B=51.1
2 + 98.2% d
N o4 A patL)
N B=225
'0 3k L9575 A
’5 weak 1(2.030)
< (s20) B=82
B=63 89.1% _
Mo2p 86.2% B =8 (1.600) B=53 A
%Q B=38 (L480) | 898% #84.1% Bt
a9 o, oz (1.630) 5o 27(1410) EA At
w1 Ergsuzo $733% (1.230) 1
< {T276) W
o kinconclusive o Xot B=09
(slo) B=06 's=1o o Xasi%
Aol 39.2% 43.3% E:DD/..,S
s 412 - i
A, B, C: D, E:
Gauss. prior on linear prior on
In my, Inmo, Inms3, . Miightest/ > My

different prior ranges or sampling
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B Mass ordering and Bayesian analyses

INnZyo — InZ)o

2

with Ay
InByo, 10

[JCAP 10 (2022)]

— oscillation Ax? DOES prefer NO over 10 at ~ 20

® Am?+Ax2, ¢

+M,<0.12 eV m  caseA W caseC B caseE
X  +KATRIN * +M,<0.09 eV B caseB B caseD
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o XEr
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weak 95.1% (2.090) o)
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A, B, C:
Gauss. prior on

Inmq, Inmsy, In ms3,

different prior ranges or sampling
S. Gariazzo  “Introduction on neutrino cosmology”  AQIAC 2023, 25/04/2023  37/60

D, E:
linear prior on

) mlightest/z my
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B Can a cosmological limit on ¥m, disfavor 107
/

[PDU (2023)]

standard factor

Cosmology measures w, = Q,h* = ¥m,/(94.12 &V)
NO: £m, > 0.06 eV Current: ¥m, < 0.1 eV (95%) 10: £m, > 0.1eV

~ ~

Future sensitivity: o(Xm,) =~ 0.02 eV

Still preferring ¥m, = 07 Will measure e.g. Xm,
) V/ —— terrestrial —— future NO —— NO
tension ever — current —— future 0 --- 10
with NO! D e~ —— B
1
0.8 1 : -
]
]
5 0.6 - l -
£ 1
a 1
% 0.4~ | -
1
0.2 A r
0.0 T t T
103 1072 1071 10°
zm, [eV]

= 0.06 eV?
N

confirm NO,

disfavor 10


https://doi.org/10.1016/j.dark.2023.101226

[PDU (2023)]

standard factor

B Can a cosmological limit on ¥m, disfavor 10?
/

Cosmology measures w, = Q,h* = ¥m,/(94.12 &V)

[Is there a tension between cosmology and osciIIations?]

or will there be a tension?
several possible tests can be considered, similar results

Ym, 50.1eV (95%) @ current H NO
Ym, =006+002¢/ (l5) ® futureNO A 10
Ym, =0.00+0.02¢eV (lo) @ futureO

o

3v

o

4

>

No(a)

]
No(Qomar)

2

~

0

0

currently only mild tension between cosmology and oscillations

future NO can be at ~ 20 tension with 10
future 0 can be at ~ 2 — 30 tension with NO, = 40 with 10


https://doi.org/10.1016/j.dark.2023.101226

B Can a cosmological limit on ¥ m, disfavor 10?7  [PPU (2029)

| preference for NO vs 107?
Cosmology measures w, = €, h]
@ prior @ terr. + current cosmo
. @ terrestrial @ terr. + future NO
IS there a tension betWeen cosmag ® current cosmo ® terr. + future 0
12 3v * T
or will there be at| 1!l .
=40
- ( 2
several possible tests can be cor < °
u::z 6 =30 ‘ é
>m, < 0.1eV (95%) @ current < 4t _

¥m, =0.06+0.02¢V (lo) @ future NO {2 °
¥m, =0.00+0.02eV (lo) ® future0 e & K

. 3v I | ol 3v z | ol 3v T N
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% £ E A il L
§4 § - § §4 . <§14 . I A
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u L] A =
_ ob—= n 0

currently only mild tension between cosmology and oscillations
future NO can be at ~ 20 tension with 10
future 0 can be at ~ 2 — 30 tension with NO, = 40 with 10


https://doi.org/10.1016/j.dark.2023.101226

D Direct detection of relic neutrinos

Proposed methods and their pros/cons

Based on:

Cocco+,
JCAP 06 (2007) 015

Long+,
JCAP 08 (2014) 038

JCAP 09 (2017) 034
JCAP 01 (2020) 015

50

100
Miightest [MeV]

150

200

No for Acyg >0


https://doi.org/10.1088/1475-7516/2007/06/015
https://doi.org/10.1088/1475-7516/2007/06/015
https://doi.org/10.1088/1475-7516/2014/08/038
https://doi.org/10.1088/1475-7516/2014/08/038
https://doi.org/10.1088/1475-7516/2017/09/034
https://doi.org/10.1088/1475-7516/2020/01/015

B Neutrino spectrum

1018
1012
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100
1076
10—12
10—18

1072

Neutrino flux ¢ [eV~'cm2s™"]

107%0

1 0—36

[Vitagliano+, RMP 92 (2020)]
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(CNB neutrinos have extremely small energy!}

astrophysics


https://doi.org/10.1103/RevModPhys.92.045006

B CEvNS?

First of all: what's Coherent Elastic v-Nucleous Scattering?

elastic scattering where v interacts with nucleous “as a whole”

A scattered Predicted for [§|R < 1
neutrino by [Freedman, PRD 1974]

small recoil energies! < 10 keV. ..
difficult to measure

nuclear
recoil d G2 M
—G(E,,, T) ~ —ET 2
dT 4

[Drukier, Stodolsky, PRD 1984]

enhancement N? because
v interacts

el coherently with all nucleons
secondary
recoils .
may give huge cross

section enhancement

scintillation



https://doi.org/10.1103/PhysRevD.9.1389
https://doi.org/10.1103/PhysRevD.30.2295

. CEVNS? [Shergold, arxiv:2109.07482]
First of all: what's Coherent Elastic v-Nucleous Scattering?

elastic scattering where v interacts with nucleous “as a whole”

[Can we detect relic neutrinos with CEI/NS?J

relic neutrinos have ~ 21 /py

J

enhancement in interactions due to coherence with nuclei in volume

0y Acceleration induced by CEvNS
of relic v on test mass M:

(3" o (A~ 2)/AE,/p2Bpunip)

A, Z mass, atomic numbers
pu, E, neutrino momentum and energy
Ap, net momentum transfer
n, neutrino number density
p target mass density

10727

1028
T

cms

10729

Qe tot,

H

9
L
&

—
=)
=

unclustered relic vs, n, = ng
aN of atoms in silicon target

My light (meV)



https://arxiv.org/abs/2109.07482

B Stodolsky effect?

{How to directly detect non-relativistic neutrinos?}

[Stodolsky effectJ (only if there is
[Stodolsky, 1974][Duda et al., 2001] lepton asymmetry)

energy splitting of e~ spin states due to
coherent scattering with relic neutrinos

!

torque on e~ in lab rest frame

!

use a ferromagnet to build detector

J

measure torque with a torsion balance


https://doi.org/10.1103/PhysRevLett.34.110
https://doi.org/10.1103/PhysRevD.64.122001

B Stodolsky effect?

[How to directly detect non-relativistic neutrinos?]

[Stodolsky effect} (only if there is
[Stodolsky, 1974][Duda et al., 2001] lepton asymmetry)

energy splitting of e~ spin states due to
coherent scattering with relic neutrinos

!

torque on e~ in lab rest frame

!

use a ferromagnet to build detector

J

measure torque with a torsion balance

expected a, ~ O(1072%) cm/s? J-—»[ Aexp 0O(107%2) cm/s?



https://doi.org/10.1103/PhysRevLett.34.110
https://doi.org/10.1103/PhysRevD.64.122001

B At interferometers?

{How to directly detect non-relativistic neutrinos?}

{At interferometers]
[Domcke et al., 2017]

coherent scattering of measure oscillations
- - -
relic v on a pendulum at interferometers
Pendulum
Iy ;
CNB wind |
- .
R ra Interferometer
- . Lo



https://doi.org/10.1088/1475-7516/2017/06/055

B At interferometers?

{How to directly detect non-relativistic neutrinos?}

{At interferometers]
[Domcke et al., 2017]

coherent scattering of measure oscillations
- - -
relic v on a pendulum at interferometers
Pendulum
Iy ;
CNB wind |
- 9
R Interferometer
- . Lo
| SIS |

expected ~
1073 < a,/(cm/s%) < 102 H a6 Virgo = 1071 cm/s* |



https://doi.org/10.1088/1475-7516/2017/06/055

B Neutrino capture? (I)

[How to directly detect non-relativistic neutrinos?]

Remember that a process without energy
(E,)) =~ O(107%) eV today threshold is necessary

(anti)neutrino capture on ’

electron-capture-decaying nuclei
[Cocco et al., 2009]

electron capture (EC): e~ + AT — v, + B*

(e~ from inner level)

[DE+A—>B_+e+} (De+e_+A+—>B}

must have very specific @ value specific energy conditions required
in order to avoid EC back-

alue depends o
ground and have no threshold but Q value depends on

jonization fraction!


https://doi.org/10.1103/PhysRevD.79.053009

Neutrino capture? (I)

[How to directly detect non-relativistic neutrinos?}

Remember that a process without energy
(E,)) ~ O(107*) eV today threshold is necessary

{ (anti)neutrino capture on }
electron-capture-decaying nuclei
[Cocco et al., 2009]
electron capture (EC): e~ + AT — v, + B*
(e~ from inner level)

£176+A—>B_+e+j [De+e_+A+—>Bj

must have very specific @ value specific energy conditions required
in order to avoid EC back-

lue d d
ground and have no threshold but @ value depends on

ionization fraction!
process useful only “if specific conditions on the Q-value are met
or significant improvements on ion storage rings are achieved”

S. Gariazzo “Introduction on neutrino cosmology" AQIAC 2023, 25/04 /2023 43/60


https://doi.org/10.1103/PhysRevD.79.053009

B Neutrino capture (1) - a viable method [Fenet JCAP 08 (2014) 038]

[How to directly detect non-relativistic neutrinos? ’

Remember that a process without energy
(E,)) ~ O(107%) eV today threshold is necessary

[[Weinberg, 1962]: neutrino capture in S—decaying nuclei v +n — p+ e~ ’

‘ Main background: [ decay n — p+ e~ + D!J

signal is a peak at 2m,
above [S—decay endpoint

My

only with a lot of material

Sterilev

need a very good energy resolution

FAA
\
IR

NN BT ~ PEy

(P®y)) uiodpus Aesep—g|

Electron Spectrum ( dIf/ dEg )

Y
i 1
i \
i

Electron Kinetic Energy (Ke )


https://doi.org/10.1103/PhysRev.128.1457
https://doi.org/10.1088/1475-7516/2014/08/038

B What material?

[Cocco+, JCAP 06 (2007) 015]

[best element has highest oncp(v/c) - t1/2 l

to minimize contamination from 3 decay background

Isotope Decay Qg (keV) Half-life (s) once(vy,/c) (1074 ecm?)
SH 8- 18.591  3.8878 x 10®  7.84 x 1074
63Ni 8- 66.945  3.1588 x 10° 1.38 x 1076
937y B 60.63 4.952 x 10" 2.39 x 10710
106Ru B~ 39.4 3.2278 x 107 5.88x 1071
0Tpq g 33 2.0512 x 101 2.58 x 10710
187Re (- 2.64 1.3727 x 108 4.32x 1011
e feas 960.2 1.226 x 10° 4.66 x 1073
13N 8t 1198.5 5.99 x 102 5.3 x 1073
150 Bt 1732 1.224 x 102 9.75 % 1073
18 gt 633.5 6.809 x 10° 2.63 x 1073
22Na Iohs 545.6 9.07 x 107 3.04x 1077
45y gt 1040.4 1.307 x 10*  3.87x 104



https://doi.org/10.1088/1475-7516/2007/06/015

. What material? [Cocco+, JCAP 06 (2007) 015]

[best element has highest oncp(v/c) - t1/2

to minimize contamination from 3 decay background

Isotope Decay Qg (keV) Half-life (s) once(vy,/c) (1074 ecm?)

Cu 3= 18501 38878 x 105 7.84 x 10~4)
63Ni 8- 66.945  3.1588 x 10° 1.38 x 1076
937y B 60.63 4.952 x 10" 2.39 x 10710
106Ru B~ 39.4 3.2278 x 107 5.88 x 10~*
Wpq  3- 33 2051210 258 x 10910

(8"Re - 2.64 1.3727 x 1018 4.32 x 10-11)
e feas 960.2 1.226 x 103 4.66 % 1073
13N 8t 1198.5 5.99 x 102 5.3 x 1073
150 ol 1732 1.224 x 102 9.75 x 1073
18 joas 633.5 6.809 x 10° 2.63 x 1073
22Na Iohs 545.6 9.07 x 107 3.04 x 1077

454 s 1040.4 1.307 x 10 3.87x 10~*



https://doi.org/10.1088/1475-7516/2007/06/015

B What material?

[Cocco+, JCAP 06 (2007) 015]

[best element has highest oncp(v/c) - t1/2 l

to minimize contamination from 3 decay background

Isotope Decay Qg (keV) Half-life (s) once(vy,/c) (1074 ecm?)
Cu 8- 18.501 _ 3.8878 x 105 7.84 x 10~*)
63Ni 8- 66.945  3.1588 x 10° 1.38 x 1076
937y B 60.63 4.952 x 10" 2.39 x 10710
106Ru B~ 39.4 3.2278 x 107 5.88x 1071
Wpq  j3- 33 20512 10 258 x 1010
(18"Re - 2.64 1.3727 x 1018 4.32 x 10-11)
e feas 960.2 1.226 x 10° 4.66 x 1073
13N 8t 1198.5 5.99 x 102 5.3 x 1073
150 ol 1732 1.224 x 102 9.75x 1073
18 johs 633.5 6.809 x 10° 2.63 x 1073
22Na Iohs 545.6 9.07 x 107 3.04 x 1077
45y gt 1040.4 1.307 x 10* 3.87 x 104

{3H better because the cross section (— event rate) is higher}



https://doi.org/10.1088/1475-7516/2007/06/015

. PTOLEMY [PTOLEMY Lol, arxiv:1808.01892]

Pontecorvo Tritium Observatory for Light, Early-
universe, Massive-neutrino Yield (PTOLEMY)

expected resolution A ~ 0.1 eV7 «— built mainly for CNB

1 0.05 ev?

lcan probe m, ~ 1.4A ~ 0.1 eV

—— M7 =100 g of atomic 3H

3
— 2 — ~1
Feng = Y [Ueil *[ni(vhg) + ni(wn, ) NT & | ~ O(10) yr
i=1
Nt number of 3H nuclei in a sample of mass Mt 5 ~ 3.834 x 10~ % cm? n; number density of neutrino i

(without clustering)
'S. Gariazzo __ “Introduction on neutrino cosmology”  AQIAC 2023, 25/04/2023  46/60
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. PTOLEMY [PTOLEMY Lol, arxiv:1808.01892]

Pontecorvo Tritium Observatory for Light, Early-
universe, Massive-neutrino Yield (PTOLEMY)

expected resolution A ~ 0.1 eV7 «— built mainly for CNB

1 0.05 ev?

lcan probe m, ~ 1.4A ~ 0.1 eVI

—— M7 =100 g of atomic 3H

ehnancement from
{ ehnancement from }

other effects?
v clustering in the galaxy?

~. /

3
— 2 — ~1
Feng = Z |Uei|“[ni(vng) + ni(vn )] NT G| ~ O(10) yr
i=1
Nt number of 3H nuclei in a sample of mass Mt 5 ~ 3.834 x 10~ % cm? n; number density of neutrino i

(without clustering)



https://arxiv.org/abs/1808.01892

. . . Akhmedov, JCAP 2019
B Time variations of v capture rates [Akhmedov, JCAP 2019]

What if the lightest neutrino is massless
and A cannot be small enough?

single NC events cannot be distinguished by the background ((-decay)!

v capture rate  ['y¢ n, 2.54x1071 rates in the bin A
[ decay rate g~ 56cm=3 (A/eV)3 on the endpoint
1010 - Miightest = 0 meV

A=10 meV
108 A

106 4
104 4

102 4

dr/dEe [yr~! ev™1]

100 4

1072 T T L T T
-150 -100 =50 0 50 100 150
Ee - Eend,O [meV]
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B Time variations of v capture rates [Akhmedoy, JCAP 201]

What if the lightest neutrino is massless
and A cannot be small enough?

single NC events cannot be distinguished by the background ((-decay)!

v capture rate  ['y¢ n, 2.54x1071 rates in the bin A
B decay rate g~ 56cm=3 (A/eV)3 on the endpoint
1010 - Miightest = 0 MeV
A =50 meV
1081
I
% 106
T
> 10% 4
iy
2 102 i
T i
10° ~
10-2 . . i . .
-150 -100 -50 O 50 100 150

Ee - Eend,O [meV]
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B Time variations of v capture rates [Akhmedoy, JCAP 201]

What if the lightest neutrino is massless
and A cannot be small enough?

single NC events cannot be distinguished by the background (S-decay)!

vcapturerate  Iy¢  ny 254X 10~ rates in the bin A
[ decay rate g~ 56cm=3 (A/eV)3 on the endpoint

relic v

can be daily or annual modulation!

Eonly for v capture (no 6—decay)}



https://doi.org/10.1088/1475-7516/2019/09/031

B Time variations of v capture rates [Akhmedoy, JCAP 201]

What if the lightest neutrino is massless
and A cannot be small enough?

single NC events cannot be distinguished by the background ((-decay)!

vcapturerate  Iy¢  ny 254X 10~ rates in the bin A
[ decay rate g~ 56cm=3 (A/eV)3 on the endpoint
Problem:

Expected daily modulation

is ~ 19 i I
_relicv is ~ 1% of the signall!!

Must use powerful technique
for signal /noise separation

Fourier analysis and frequency
can be daily or annual modulation! filtering may be sufficient

Eonly for v capture (no 6—decay)} [no m,, information in this way!]



https://doi.org/10.1088/1475-7516/2019/09/031

B v clustering with N-one-body simulations ~ PAP 09 (2017) 034]

Milky Way (MW) matter attracts neutrinos!

&
C|ustering ‘{ rCNB B Z |Ue,'|2 fc(m,) [ni’o(l/hR) T ni’o(l/hL)] NT o
\ i=1

fe(m;) = n;/n; o clustering factor — How to compute it?

Idea from [Ringwald & Wong, 2004] ——[N—one—body: N x single v simulations]

— each v evolved from initial conditions at z = 3

— spherical symmetry, coordinates (r, 6, p,, /)

vs are independent = need pmateer(2) = ppm(2) + Poaryon(2)

only gravitational interactions

. . . “ VV?
vs do not influence matter evolution [how iy v 5 ]

(pv < ppMm) — must sample all possible r, p,, /
— must include all possible vs that reach the MW
(fastest ones may come from
: several (up to O(100)) Mpc!)
— weigh each neutrinos
— reconstruct final density profile with kernel method from [Merritt& Tremblay, 1994]



https://doi.org/10.1088/1475-7516/2004/12/005
https://doi.org/10.1086/117088
https://doi.org/10.1088/1475-7516/2017/09/034

B Forward-tracking and back-tracking

initial phase space, z =4 —— homogeneous Fermi-Dirac distribution

final phase space, z =10
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initial phase space, z =4 —— homogeneous Fermi-Dirac distribution

[compute final position of each particle

N

final phase space, z =10



B Forward-tracking and back-tracking

initial phase space, z =4 —— homogeneous Fermi-Dirac distribution

use positions to find neutrino distribution today

S
] %///»
N ——]
§§ T
~Aor | -
ol
S SR

final phase space, z =10



B Forward-tracking and back-tracking

initial phase space, z =4 —— homogeneous Fermi-Dirac distribution
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a lot of time is wasted!

only interested in overdensity at Earth? ¥
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B Forward-tracking and back-tracking

initial phase space, z =4 —— homogeneous Fermi-Dirac distribution

N N \ only interested in overdensity at Earth? y&

N

SR T
/
< L
: %4
a lot of time is wasted! v\\%\\;

smarter way: track backwards
only interesting particles!

final phase space, z =10




B Advantages of tracking back [JCAP 01 (2020) 013]

First advantage is in computational terms: much less points to compute
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B Advantages of tracking back [JCAP 01 (2020) 013]

First advantage is in computational terms: much less points to compute

Second advantage: no need to use spherical symmetry!

[Forward—tracking] Back-tracking

initial conditions need to sample “Initial” conditions only described
1D for position + 2D for momentum by 3D in momentum
when using spherical symmetry

(position is fixed, apart for checks)
with full grid would re-

quire 34+3 dimensions! can do the calculation with

) any astrophysical setup
Impossible to relax

spherical symmetry!
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B Advantages of tracking back [JCAP 01 (2020) 013]

First advantage is in computational terms: much less points to compute

Second advantage: no need to use spherical symmetry!

e Milky Way
e Virgo Cluster

e Andromeda Galaxy
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B Clustering results with back-tracking [JCAP 01 (2020) 015]

In comparison with previous results:
NFW

— NFW
| —— NFW + baryons
—— NFW + baryons + Virgo
=+ NFW + baryons + Virgo + Andromeda
NFW (de Salas et al.)
NFW + baryons (de Salas et al.)
NFWhalo (Ringwald & Wong) //
MWnow (Ringwald & Wong)
NFW + baryons (Zhang & Zhang)

1+ 10!

1+10°

So<4mnm

< |0

Ny /Nu,0

P2

1+107" =

141072

10* 10?
m, [meV]
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B Clustering results with back-tracking [JCAP 01 (2020) 015]

In comparison with previous results:
NFW

_Andromeda is
almost negligib

T T T
— NFW
 —— NFW + baryons
—— NFW + baryons + Virgo
=+ NFW + baryons + Virgo + Andromeda
NFW (de Salas et al.) /0
NFW + baryons (de Salas et al.)
NFWhalo (Ringwald & Wong)
MWnow (Ringwald & Wong)
NFW + baryons (Zhang & Zhang)

1+ 10!

1+10°

So<4mnm

< |0

Ny /Nu,0

P2

1+107" =

141072

10* 10?
m, [meV]
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B Clustering results with back-tracking [JCAP 01 (2020) 013]
In comparison with previous results:

NEFW
— NFW F—
L4100 4 New 4 baryons Warning: NFW
Y NEW + baryons + Virgo is not the same
P==- NFW barvons Virgo Andromedaj
| M NFW (de Salas et al.) 2% | for all the cases!
W NFW + barzons (de SaLas et al.)
V NFWhalo (Ringwald & Wong) I
1 100 4 O MWnow (Ringwald & Wong)
* i NFW + baryons (Zhang & Zhang) Z [de Salas+, 2017]
- i v and
g > 7 [Zhang?, 2018]
)
S 141070 - use v # 1,
5 now we have
1+1072 :
=~ [Ringwald&Wong,
2004] uses old
parameters
10' 10?
m, [meV]
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B Clustering results with back-tracking

In comparison with previous results:
NFW

— NFW
—— NFW + baryons
—— NFW + baryons + Virgo

1+ 10!

| B NFW (de Salas et al.)
W NFW + ba_r ons (de SaLas et al.)

——- NFW | barvons + Virgo + Andromeda)

V NFWhalo (Ringwald & Wong)
1+ 100 4 O MWnow (Ringwald & Wong)

| NFW + baryons (Zhang & Zhang)
Ry

[JCAP 01 (2020) 015]

Warning: NFW
is not the same
for all the cases!

[de Salas+, 2017]

o 1 v and
§ [Zhang?, 2018]
£1+10_1 pececcdecataak. use 7 £ 1,
ez now we have
Z 100 meV—+50% — 1
Le10-24 4 n, ~ 85cm~3
; 50 mev_>+12% [Ringwald&Wong,
% n, ~ 63cm—3 2004] uses old
i — parameters
10! 102

m, [meV]
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. . . PTOLEMY, JCAP
B Detection of the relic neutrinos [PTOLEMY, JCAP 07 (2019) 047]

using the definition:

(Ng‘h(e) = AgN}y(Eeng + AEena, m;, U) + Acxe Ning (Eend + AEeng, mi, U) + Ny

if Acng > 0 at No, direct detection of CNB accomplished at No

statistical only! | significance on Acng > 0

as a function of Mjgntest, A

m 5 - @ 5
4

100

IS

A [meV]
w
A [meV]

N
No for Acng > 0

No for Acng >0

-
N
o

o
N
o

50 100 150 200 50 100 150 200
Miightest [MeV] Miightest [MeV]
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S Light sterile neutrinos

Assuming they exist. . .

Based on:
= JCAP 07 (2019)

= PRD 104 (2021)

0vps
KATRIN

log,o(Am3,; / 9V2)
(=}

logy |Ue4|2


https://doi.org/10.1088/1475-7516/2019/07/014
https://doi.org/10.1103/PhysRevD.104.123524

B Sterile neutrino in the early universe [5G JCAP 07 (2019) 014

Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma
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B Sterile neutrino in the early universe [5G+, JCAP 07 (2019) 014]
Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma

need to produce it through oscillations, but matter effects may block them
time

109 T N'HI T T T T T T T TR beglnnlng of
oscillations
depends on A7,
105
N later oscillations
i 10’ H &
osc. atm. —— less time before
osc. Sun ——— | v decoupling!
103 osc.1eV? ——— |
GF2 5 ——— |
ol Ll ol Lo
0.01 0.1 1 10 100
Court P.F. de Sal.
[t esy e Salas] T/ MeV
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B Sterile neutrino in the early universe [5G+, JCAP 07 (2019) 014]

Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma
need to produce it through oscillations, but matter effects may block them
when are they enough to allow full equilibrium of active-sterile states?
0 ANy = N¥ — N3 ~1

no sterile production active&sterile in equilibrium

Amgs - 4 —57..2 141
ev—25II"I (2’[935) ~ 10 In (1_ANOH‘) ( + approx.)

[Dolgov&Villante, 2004]

eg: Am2, =1eV? sin?(20,6) ~ 1073 = ANyg ~ 1

N2Y = 3.044 [3cAP 2021]


https://doi.org/10.1016/j.nuclphysb.2003.11.031
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1088/1475-7516/2019/07/014

B Sterile neutrino in the early universe [5G+, JCAP 07 (2019) 014]

Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma
need to produce it through oscillations, but matter effects may block them
when are they enough to allow full equilibrium of active-sterile states?
0 ANy = N¥ — N3 ~1

no sterile production active&sterile in equilibrium

Amgs - 4 —57..2 141
ev—2$II"I (2’[935) ~ 10 In (1—ANO”‘) ( + approx.)

[Dolgov&Villante, 2004]

eg: Am2, =1eV? sin?(20,6) ~ 1073 = ANyg ~ 1

Full calculation: use numerical code!

FORTran-Evolved PrimordIAl Neutrino Oscillations
(FortEPiaNOQ)
https://bitbucket.org/ahep cosmo/fortepiano_public



https://doi.org/10.1016/j.nuclphysb.2003.11.031
https://bitbucket.org/ahep_cosmo/fortepiano_public
https://doi.org/10.1088/1475-7516/2019/07/014

B Momentum distributions [SG-+. JCAP 07 (2019) 014]

AmZ; =1.29 V2, |Ues|? =

= |Ur4|?> =0, Neg ~ 4.05

, T [MeV]
100 10 1?'1””' 100 | 10'—'1”'
./ I
1071 — 7
I
s
1072t AN
3 1]
> 103k II I
rr
111 ]
4l - — y=0.1 — a=e
10 [ — y=2 —- a=5 ]
.I l I — y=5 ]
10-5 Y
1073 1072 1071 100 10!
X
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[SG+, JCAP 07 (2019) 014]

B Momentum distributions
Am3; = 1.29 V2, other |Ugg|> =0,y =5

T [MeV]
102 10! 10° 10-1
-_—_/? Neff = 4 05
1071 | I e E
: w7 Neg ~ 3.5
[ ni y
nir s
: i
> 1ni i ,° Neg ~ 3.1
1ni iy
1072 ¢ i iy ]
i 1
i — Weal?=1072  —— |Ues|* =102
11 m _ B
[ — g=e i w —— |Uul?=10"% —— |Uu|?>=1072
i 1 n
--- a=s i |Ugg*=10"* —— |Un|*=107?
1 n
| N N | . P | P | . .
100 10!

1073 P
1073 1072 1071
X
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B Momentum distributions [5G+, JCAP 07 (2019) 014]

Am3; = 1.29 V2, other |Ugg|> =0,y =5

T [MeV]
10?
0
-0.25
-0.5}F
@ -0.75
9 — af=eu
o -1r -
— — aB=et N.g ~ 4.05 all
-1.25F — aB=es ) 5]
15— aB=uT — |Vesl"=10
[ — ap=us === 1Uul?=1072
-1.75¢+F aB=1s e |Ur4|2 =102 1
103 1072 107t 10° 101
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B Momentum distributions

y2oin(y)

[SG+, JCAP 07 (2019) 014]

Am3; = 1.29 V2, other [Uga|? = 0, ANegr = Negr — N2GH®

100 F T T T T T T T E
i — Ueal? =102
I |Ue4|2 =103
1071 3 — |Uu4|2 =10"*% E
¥ SN — 3 -
- ’YANeﬁ‘ ~ 0. 1 Se
1072 §y “~.
; ,, \\.s 1.01
. ~
E
107%F) — a=e E
| - a=s pow _ ANei
4 e 3+1DW er/v +1 .
[Dodelson&Widrow, 1993] . “~
1 -4 L 1 1 1 1 1 1 S 1
0 0 2 4 6 8 10 12 14

y
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]

Only vary one angle and fix two to zero: do they have the same effect?

10° Py N T y ™
[Neff =31 (Ner=3. 3] ~\[Nerr =3.9] ‘S DIS
BN =7 30
10 _ ..‘\\\ \\ \\\ <:' (’ Uﬂ4|2) -
' \\ \\ \\\ 2 [SG+, in prep.] ]
- . ‘\‘\\ .\‘\\ -\ ~\\ - =¥ —_—— ]
% 100 actlveI .){\\\ ) ‘\\\ \:\: \________: Lo
o f norme AN NN L DANSSINEOS
g ordering AN\ AN proflar g ]
J \ "\ : " 30 (|Ueal?)
N, AN N, N N, ‘Z\ [SG+, 2018]
1071 — \‘ \ \‘ \ AR\
-—-a=e \.\\ \\\ W
AR N A
== a=u '\\ '\\ \:\\
102k vuees a=T1 AN NN 2 _
5 e ™ T N W R SO A
1076 107> 1074 1073 1072 107!
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N.g and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
3.0 3.1 33 3.5 3.7 3.9

[Uual? = U=l = O

10! —
— :
> L
2 100 —
~ :
AN<t
S
q 10—1 L
102 —
106 107> 1074 1073 1072 1071
|Ue4|2
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
3.0 3.1 33 3.5 3.7 39
R | |

102 3 . .......I == = = = .......:
f [1Upal? =107, Una? =0
10" E
- :
>
L 100
—
N
S
< 107!
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: _:> Neg
102 ...| - ......| | | sl
1Upal? = 102, [UnaP = 10|

10% 3

100-7 _— - |

Am3, [eV?]

1076 107 1074 1073 1072 1071
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N.g and the new mixing parameters [5G+, JCAP 07 (2019) 014]

Sort of ternary plot (sum of |U,4|? does not add up to 1!):
10-¢

1071

Am3, =0.01 eV?

10~

3.9

IVeﬁ

0-3 02 1071

1074 1
|Ue4|2
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B N.g and the new mixing parameters [5G+, JCAP 07 (2019) 014]

Sort of ternary plot (sum of |U,4|? does not add up to 1!):
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N.g and the new mixing parameters [5G+, JCAP 07 (2019) 014]

Sort of ternary plot (sum of |U,4|? does not add up to 1!):

3.9

3.7

3.5

Neff

3.3

3.1
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B LSy mass in cosmology: m® and my

most neutrinos are non-relativistic today

light sterile m. ~ 1 €V is non-relativistic already at CMB decoupling

Pv o >m,

Non-relativistic neutrinos: w, = = —
Y pe 94.12 eV

h2
we= Q=L = L0 / dp p?f.(p) [Acero+, PRD 2009]
Pc Pc T

ps energy density of non-relativistic LSy, p¢ critical density and h reduced Hubble parameter

Dodelson-Widrow distribution function: 7, & fa

e =in)

so that

" ws = me/(94.12 eV)
ff

= m" ~ m, for thermalized LSv ( )
= if , meT ~ 0 = cannot constrain m;


https://doi.org/10.1103/PhysRevD.79.045026

B LSy mass in cosmology: m® and my

most neutrinos are non-relativistic today

light sterile m. ~ 1 €V is non-relativistic already at CMB decoupling

x>
Non-relativistic neutrinos: w, = Prjp . _=Mv
Pe 94.12 eV

h2
we= Q=L = L0 / dp p?f.(p) [Acero+, PRD 2009]
Pc Pc T

ps energy density of non-relativistic LSy, p¢ critical density and h reduced Hubble parameter

alternative production mechanism, it may appear in the literature:

B 1
T er/Ts 11

To= AN T, = | mef = AN m,

thermal distribution function 7.(p)

similar behavior as DW case, different dependence on AN,


https://doi.org/10.1103/PhysRevD.79.045026

PRD
B Cosmological constraints on |U,4|? [PRD 104 (2021) 123524]
Use multi-angle results from FortEPiaNO to derive constraints on |Ua4?:

Constraints come from Nyg
and late-time density Qg

Angles |U,4|? are almost
equivalent for cosmology
5

logyg |Upual*

logy |Ural*
L

logao(Am3, /6V?)

5 -4 -3 -2 -4 -3 -2 -5 -4 -3 -2

—0.8 0.0 08
logg [Ueal* logyg |Upal*

logy |Ural? logyo(Am3, /eV?)
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B Comparing constraints [PRD 104 (2021) 123524]

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!

ovBp
KATRIN

Cosmo

loglo(Am21/eV2)
o

% -5 4 -3 -2 1.6 -5 -4 -3 2
logyo |Ue4|2 logyo |Uu4|2
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B Comparing constraints [PRD 104 (2021) 123524]

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!

ovBp
KATRIN

Cosmo

loglo(Am21/eV2)
o

—6 -1 -6 -5 —4 -3 -2 21
logy, |Uu4 |2

Warning: tension between reactor experiments and CMB bounds!
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B Comparing constraints [PRD 104 (2021) 123524]

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!

ovBp
KATRIN

loglo(Am21/eV2)
o

—6 -1 -6 -5 —4 -3 -2 21
logy, |Uu4 |2

Warning: tension between reactor experiments and CMB bounds!


https://doi.org/10.1103/PhysRevD.104.123524

B Solving both o5 and Hy Tension?

B Planck TT+lowP

[0 +lensing

I +lensing+BAO

[Planck Collaboration, 2015]

s ACDM

T
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T T
+Negr+Xm,,

T
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T
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t
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FNefi+m grerite

dashed: local measurements —

L L L L
024 032 040 048

QI’T!

Qm

. . . .
024 032 040 048

L
56 64 72

Hp increases = og increases (and viceversa)!
The correlations do not help.

ACDM model, ACDM + v, s models: full cosmological dataset




S Summary




B What did we learn about neutrinos and cosmology?

U Neutrinos influenced the Universe evolution at most times!
E T N\ | otr grema_sor ) _1::: a0 mey
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T  Terrestrial probes are our best short-term hope to learn more
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B What did we learn about neutrinos and cosmology?

* Neutrino physics is like the UCT:
beautiful, public (open to anybody),
it takes some efforts

Thanks for your attention!
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