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The cosmic neutrino background

@ Neutrinos decouples from matter after 2 s (~MeV), CvB ~ 100 v/cm®

@ Neutrino DM is HDM — they are not the dominant component of DM in the
Universe

@ First indirect confirmation of the existence of a cosmological neutrino background:
adding only one extra parameter to the standard ACDM model, the effective
number of neutrino species, Neg

@ Using CMB observations, Neg = 0 is disfavoured at the level of about 170 —
indirect confirmation of the cosmic neutrino background Pianck collaboration, 2015

@ But departures from Neg could be caused by any ingredient contributing to the
expansion rate of the Universe in the same way as a radiation background
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The cosmic neutrino background

@ free streaming particles like decoupled neutrinos leave specific signatures on the
CMB, not only through their contribution to the background evolution

@ effect on perturbations: their density/pressure perturbations, bulk velocity and
anisotropic stress are additional sources for the gravitational potential via the
Einstein equations — introduce two phenomenological parameters (cZ;, cZs)

@ Postulate a linear relation between isotropic pressure perturbations and density
perturbations given by a squared sound speed cZ;.
The approach is then extended to anisotropic pressure by introducing another
constant, the viscosity coefficient c2..

@ The CMB seems to prove that the perturbation of neutrinos are needed to explain
the data
= Are these bounds stable when considering massive neutrinos?
= Could (2, c2,) be degenerate with other cosmological parameters, like e.g.,
Neg, a running of the primordial spectrum index, or the equation of state of
dynamical dark energy?
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Cosmological perturbation theory

Massless neutrinos

(1) 4, = —%(01, + Meontinuity ) ,
(2) 6, = K (%51, - Ju) + Mguler ,
(3) Fo = 26, = %(GV + Manear) — %kFyg,
(4) L:l F) — /F,,(/_1) = —(I+1)F,n, [1>3.

@ 0: density fluctuations, 6: divergence of fluid velocity, o: shear stress, F,, are the
Legendre multipoles of the momentum integrated neutrino distribution function.

@ (1) continuity equation, related to density contrast; (2) Euler equation; (3)
anisotropic pressure/shear; (4) distribution function moments

@ (Mcontinuity, MEuler) refer to combination of metric perturbations, e.g. (1'1/270) in
the synchronous gauge and (—3(1'5, k*1) in the Newtonian gauge. Mupear is O in the
Newtonian gauge and (h + 67)/2 in the synchronous gauge.

C.-P. Ma, E. Bertschinger, astro-ph/9506072
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Introducing the (%, c2,) parameters

Vlb

Massless neutrinos

: 4 3 4
0, = (1 — 3Ceff) ((5 + — K2 01/) - §(9y + Mcontinuity)y
: K 4 a3 a
61, = T(3Ce2ff) (6 + — 2 0 ) - geu - kzau + MEuler 5
. _ 3
Fo = 20,= (3C\2/is)ﬁ(01/ + Mshear) - nglI37

@ perturbations of relativistic free-streaming species: (%, ¢Z) = (1/3, 1/3)
perfect relativistic fluid (isotropic pressure; o, and all multipoles F,, with ¢ > 3
remain zero at aII times): (¢, cZs) = (1/3, 0)

a scalar field: (%, %) = (1, 0)

more general case: arbitrary (¢, c2s).

@ assume 5Ap = 6Ap, identify the source terms corresponding to 5Ap in the
continuity/Euler equation and multiply them by (3¢%;); identify the source term
for o in the quadrupole equation and multiply it by (3¢2;).

See also W. Hu, D. J. Eisenstein, M. Tegmark, M. White, astro-ph/9806362; W. Hu astro-ph/9801234; R. Trotta and
A. Melchiorri, astro-ph/0412066; M. Archidiacono, E. Calabrese, A. Melchiorri, 1109.2767; M. Gerbino, E. Di Valentino,
N. Said, 1304.7400 [astro-ph.CO]
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Introducing the (%, c2,) parameters

Massive neutrinos

: a abp—p e gk dinfy
Wy = (1,36) vy +32 Swi| - T 4 S Meontinuity s
0 a Coff { ot ap+p kg ] € 1+3 Y ng
: k abp—p e abp—p 2 gk € dinfy
U, = & q— Yy 43— — V| ————V; — =V — — Meyler———
! Coft [ ot ap+p gk ap+p 3¢ ° 3gk M ding’
: qk( ) 2 2 dinfy
v = 6 v 3\" -3 ‘*Ms ear ;¢
2 5 Cv1s 11— 3 Cyis 15 h dln q

@ In the case of light relics experiencing a non-relativistic transition such as massive
neutrinos, the Boltzmann equation cannot be integrated over momentum, and one
must solve one hierarchy per momentum bin.

@ The previous parametrisation can be extended to the case of light relics
experiencing a non-relativistic transition such as massive neutrinos = obtain a
modified Boltzmann hierarchy for each momentum gq.

@ fu: unperturbed phase space distribution function; W;: /th Legendre component of
perturbation to fE) C.-P. Ma, E. Bertschinger, astro-ph/9506072
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Impact of (c%,

Vlb

c2,) on CMB

CMB power spectra of our four models Wlth non standard values of ¢ and c2,

normalised to the reference model with c%; = ¢, = 1/3.
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Impact of (c%, c%.) on CMB

Vlb

In the polarisation power spectrum:

@ the change in amplitude is similar to the one in the temperature power spectrum

@ but the shift in the position of the peaks is more clear: for polarisation there is no
contribution from Doppler effects

= strong oscillations in the ratios
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Degeneracies

Degeneracies between the parameters (cfis, cgﬁ) and the parameters wp, Wedm, As and ns
(CMB+lensing data).

0.1

22 3 0.11 0.12 3 2.‘3 .
100 wy Wedm 10794, ns

= % and 2, parametersa are degenerate with combinations of wp, wWedm, Ns and As
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Degeneracies

Constraints in the (c%;, ¢%;) plane for combination of CMB, CMB-lensing and
CMB+lensing+BAO data.
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=== cmb lensing
=== cmb lensing bao
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= cZ; and ¢?,, parameters are anti-correlated
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Degeneracies

Constraints on (cZ;, c%) and the running spectral index as for CMB+lensing data
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= small anti-correlation between cZ; and the running of the primordial spectrum tilt
as = dns/dlog k, but ¢%; is compatible with the standard value of 1/3 and as is

consistent with 0
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Robustness of CvB evidence

@ ACDM+c%;+c%,: The standard values (c%;, c2,) are always well within the 95%
confidence intervals
= the data gives no indication of exotic physics, but further evidence in favour of
the detection of the CvB.

@ The bounds on the parameters of the ACDM model are significantly broader than
in the base ACDM case
= polarization data can help break these degeneracies. Measurements of the
shape of the matter power spectrum should also greatly help to lift the
{ns, %4, ¢} degeneracies.

@ The (c%, c2) constraints are robust to the addition of extra cosmological
parameters
no degeneracy between cZ;+4c2, and the total neutrino mass M, = 3" m,, the
effective number of relativistic species Neg and the dark energy equation of state
parameter w. There is a slight anti-correlation between s and cZ;.
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2 2
Recent Planck results on c%; and ¢

1D posterior distributions for the neutrino perturbation parameters ¢’z and c2
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Planck collaboration, 2015

strong evidence for neutrino anisotropies with the standard values ¢, = 1/3 and
cZ¢ = 1/3. A vanishing value of ¢, is excluded at more than 95 % level from the

Planck temperature data, about 9 ¢ when Planck polarization data are-included.
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Conclusions

o Already with Planck 2013 data release and WMAP low ¢ polarisation
data alone or in combination with BAO, we can conclude that these
parameters are not significantly degenerate with any other
= the detection of the anisotropies of the cosmic neutrino
background is robust.

@ we are in the era of precision cosmology
= strong evidence for CvB!
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BACKUP SLIDES



Cosmological perturbation theory

Massive neutrinos

e~ Ty iy din

\UO — c w1+ 3Mcontmu1tyd|nq 9
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' 3V 2) = 3 Mevter g
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@ In the case of light relics experiencing a non-relativistic transition such as massive
neutrinos, the Boltzmann equation cannot be integrated over momentum, and one
must solve one hierarchy per momentum bin.

@ fo: unperturbed phase space distribution function; W;: /th Legendre component of
perturbation to fE) C.-P. Ma, E. Bertschinger, astro-ph/9506072

V. Niro (UAM and IFT) Cosmic neutrino background detection Invisibles 15 Workshop 17 /15



Impact of (c%, c%.) on CMB

Vlb

@ The CMB is sensitive to neutrino perturbations through gravitational interactions

@ In the temperature power spectrum, effect of ¢ and c2: change in the
amplitude of the spectrum, caused by different amounts of gravitational boosting.

lower c23: more density contrast in the neutrino species (perturbations grow as
power law of the scale factor above the sound-horizon, se¢ = [ cedT), the metric
fluctuations decay more slowly near SH crossing, the boosting of photon
perturbations is reduced and the amplitude of the CMB fluctuations is lower.

lower c2.: the neutrino anisotropic stress is smaller at the time when the
gravitational boosting of photon fluctuations is relevant, and this results in larger
fluctuations (boost the amplitude of the CMB acustic peaks — this can be
compensate by lower value of n;).

@ In the polarisation power spectrum: effects similar to those present in the
temperature power spectrum
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Impact of (c%, c2,) on

0.92
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While c2,; effects are within 1%, we find that c%; can cause changes of several
percent already at k = 0.2 Mpc~? for the values we have studied.
= Forthcoming large-scale structure surveys have in principle the statistical power

to measure sub-percent effects on these scales.
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Impact of (c%;, cZ,) on P(k)

Vlb

Effect on matter power spectrum:

@ smaller ¢, |6, starts growing a bit earlier and from a slightly larger equilibrium
value; the ratio d, /dcpm at a given scale and time is larger

@ CDM and baryon collapse at a slightly faster rate and the small-scale matter power
spectrum is enhanced
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Results

Constraints from CMB+lensing data on the values of the cosmological parameters for
the ACDM+c2g+c% + .. models. We report the 95% C.L. upper limit for the total
neutrino mass M,, the mean values and 1o ranges for all the other parameters.

CMB + lensing
Parameter +Negs +my +w + as + Negg + my
+0.057 +0.048 +0.052 +0.050 +0.060
100 wp 2'17418'(95554 2'12416"5’5367 2.1791&905367 2.1807% %S 2.13674, %50
Wedm 01181709 | 0.118674 L | 0.1164TG % | 0.1163 +0.0035 | 0.1184 = 0.0055
Ho 68.3+ 1.1 63.7747% 855710 68.371 7 65.4749
10704, 2347912 2.36 +0.13 2277012 2.357413 2.39 +0.14
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ns 0.991;(9 o 0981IOO s 0.979;(?_001221 049801&_001139 0.987100_001232
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e 0.314 jfool.i)w 0.309+_00-_19‘1 A 0.318:00-_1011 A 0432o+_00-_10316 0.312;00-_&13
Cois 0449100"3221 0.5177 9 0.46 753 0.507 5 0.56&?'_32?
Nege 3.221032 - - - 3170757
M, [eV] - <1.03 - - < 1.05
+0.18
w - - —1.497G%8 - -
s - - - —0.010 + 0.010 -
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