Neutrino IPhU days (June 2021)

The cosmological imprint of
massive neutrinos

Julien BEL
Centre de Physique Théorique

Aix:-Marseille T e C P T
( | u I'“]i"xiEi’“Si"liié LQf') ( Aix+Marseille Université ——~—

Centre de Physique Théorique



The concordance model of cosmology:
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Massive neutrinos

Experiments on oscillations of neutrinos of different flavours: Masse difference

WHAT IS THEIR ABSOLUTE MASSE ?

T
Fermi-Dirac momentum distribution p, < T fq \/q +(m/T)
1+ef
4
High redshift: P, & (1 + Z)
3
Low redshift: P, & (1 + Z)

-At high redshift they behave as radiation

-At low redshift they are indistinguishable from matter



Massive neutrinos
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Dynamics of the inhomogeneous universe
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Dynamics of the inhomogeneous universe
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Linear evolution of fluctuations: ~+aH —— ~—Q H*6=0
(In Newtonian approximation) dt dr 2
dlno

Velocity fluctuations: 6'\7=—aHf5(f,55) Growth rate: / = dlna



Dynamics of the inhomogeneous universe
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Dynamics of the inhomogeneous universe
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Massive neutrinos

Non-negligible velocity dispersion:
Newtonian approximation and linearized

90, = - - . .
P +V-v =0 (Continuity equation for neutrinos)
30, = - . -
- <+V-v =0 (Continuity equation for CDM)

T
SAVARY

Ve L GHY T + %Qm(aH)z[(l V)8, +v8,1=c2 A8, = 0

. (Eq. of motions)
é‘Va-vC +aH§°\7C +§Qm(aH)2[(1—v)5c +v0,]=0
T

(Blas et al. 2014)



Massive neutrinos

Non-negligible velocity dispersion:
Newtonian approximation and linearized
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Massive neutrinos
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Massive neutrinos effects on LSS

Overall: Lower non-linear evolution of the CDM (reduction of the variance 0s )
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Massive neutrinos effects on LSS

Overall: Lower non-linear evolution of the CDM (reduction of the variance 0s )

dN

-Halo mass function (Castorina et al. 2015) a
: . dN
-Void abundance (Massara et al. 2015; Kreisch et al. 2019 ) R

-Void correlations (Massara et al. 2015; Kreisch et al. 2019; Schuster et al. 2020) (6465)
(6,6,)

-two-point correlation function linear point (Parimbelli et al. 2021)
-Higher order statistics; Bi-spectrum; Tri-spectrum etc... (Ruggeri et al. 2017)

-CDM velocity field -> Redshift space distortions (Villaescusa-Navarro et al. 2017)

-Integrated Sachs-Wolfe and Rees-Sciama effects (Carbone et al. 2016)
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DEMNUni simulations with neutrinos

h= 067

The DEMNUni cosmology: | £,= 0.68
Q = 032

Q = 005

n .= 0.96

M,=0, 0.17, 03, 0.53eV
o,, =085, 080, 0.77, 0.72 (total matten

o,,=0.85 081, 0.79, 0.74 (colddarkmatter)

(Carbone, C. et al. 2016) 9



DEMNUni simulations with neutrinos

CDM velocity spectra (useful for RSD analysis )
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DEMNUni simulations with neutrinos

Change the expansion rate with dynamical dark energy:

COXe+[0D X
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ACDM

woe=—0.9, w,=-0.3
woe=—0.9, w,=4+0.3
we=—1.1, w,=—0.3
we=—1.1, w,=+0.3
ACDM (0.16 eV)
wo=—0.9, w,=-0.3
wo=—0.9, w,=4+0.3
we=—1.1, w,=—0.3

OO0
0O O
D @ D

\%
\%
\%

§ massive neutrinos

11



DEMNUni simulations with neutrinos

Power spectra with good spatial resolution (ky,q,is=3.14 hMpc'):
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Conclusions

1 — Improved LSS simulations with massive neutrinos
(Zennaro et al. 2017)
2 — Study massive neutrino effects on the clustering of dark matter
» Second order statistics (zZennaro et al. 2018)
* Higher order statistics

« Dark matter velocity field for RSD (Pezzota et al. 2019)

2 — We are involved in observational projects
« VIPERS (finished)
« Euclid (ongoing)
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Streaming model

8”(k)+P.(k)= [ d37<eiﬂ‘“kvz [1+8(F)][1+ (% ')]>e-”9-f
Scoccimarro (2004)

where F=X-%  and v, =|V(E)-V(®)|e,
= cos(O .
Wy (6,) V)
u = cos(0)

Which can be illustrated by @ o(x")

Growth rate : f



Streaming model

The generating function of the line-of-sight pairwise velocity distribution:
[1+E(IM (A, F) = (" [1+ 8(O[1+ 6(X)])

which can be used to generate the moments

"M

[1+E()m, = ([1+8(D[1+ 6! ) = =2

A=0

The RSD power spectrum can be obtained from

P(k)= [ dF[(1+EM (ifkw,.7) -1}

M(A=—it)=2aP(t)= [ P(v,)e™"dv,



Velocity-density estimator

NG VAveY
Estimating the density field: 0, (X,) = Ni -1 \ A o
=3C Vs

Estimating the velocity field:

Arithmetic mean (A-M) V(%)=

Bernardeau & van de Weygaert (1996);
Bernardeau et al. (1997);

van de Weygaert & Bernardeau (1998);
Romano-Diaz & van de Weygaert (2007)
Pueblas & Scoccimarro (2009)

Yu et al. (2015)

Hahn et al. (2015) 7



Velocity-density estimator

Estimating the density field: 0. (X;) = N](gi) -1
Estimating the velocity field:
~ ] o
Arithmetic mean (A-M) V(%)= _2\7(3@)
N, j=1
2
27 oo\
o 6“" “? \\
Delaunay tessellation (D-T) .4‘ B )
73 %
3. ;;4{ »
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The small separation limit in the DEMNUni

z=0.5, r=2R, s=4R

(I)(F,S,Of)=EWZ(F’S)LI(COSO{)' R=11.5
1=0 DO

6 -A- R=13.50 7]
1+ R=15.50 '

D(r,s,a)+ perm

E(r)&(s)+ perm

0




The small separation limit in the DEMNUni
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_ . . _ . Chan et al. 2012
3-point correlators: non-local bias Bt at ol 2012

Saito et al. 2014

Non-local bias: 0, , = bl{(S + 2 ; [(52 <5§>]+%ﬁR

Influence of the tiQaI fielc! ﬁR: _ /Bmgv(ql)ev(q2)W[q12R]eiQ12-xd3q1d3q2’
on the galaxy distribution.

(3)

2
where f12 = 1 — (%) represents the mode-coupling
3-point correlation function: o - - I

c(r,s,a)= <5R(x)5R(x +7)0,(x + S)>

Hoffmann, Bel, Gaztanaga et al. (2014)
Hoffmann, Bel & Gaztanaga (2015)
Bel, Hoffmann & Gaztanaga (2015)
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3-point correlators: non-local bias

Non-local bias: 0, , = b {(5 +C—2[(5§ —<5§>]+&ﬁR}

Influence of the tidal field 0R 0.3 't 0 + 82 Qoo — |
on the galaxy distribution. | {{\L :

3-point correlation function:
c(r,s,a)= <5R(x)6R(x +7)0,(x + S)>

be (3/2) (Qy, - Q%)

................

a

Hoffmann, Bel, Gaztanaga et al. (2014)
Hoffmann, Bel & Gaztanaga (2015) "
Bel, Hoffmann & Gaztanaga (2015)




