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Neutrino in Precision 
Cosmology Era

Planck Collaboration: Cosmological parameters

Fig. 29. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands show the direct measurement H0 = (70.6 ±
3.3) km s�1Mpc�1, Eq. 30). Solid black contours show the con-
straint from Planck TT+lowP+lensing (which mildly prefers
larger masses), and filled contours show the constraints from
Planck TT+lowP+lensing+BAO.

high multipoles produces a relatively small improvement to the
Planck TT+lowP+BAO constraint (and the improvement is even
smaller with the alternative CamSpec likelihood) so we consider
the TT results to be our most reliable constraints.

The constraint of Eq. (54b) is consistent with the 95 % limit
of
P

m⌫ < 0.23 eV reported in PCP13 for Planck+BAO. The
limits are similar because the linear CMB is insensitive to the
mass of neutrinos that are relativistic at recombination. There is
little to be gained from improved measurement of the CMB tem-
perature power spectra, though improved external data can help
to break the geometric degeneracy to higher precision. CMB
lensing can also provide additional information at lower red-
shifts, and future high-resolution CMB polarization measure-
ments that accurately reconstruct the lensing potential can probe
much smaller masses (see e.g. Abazajian et al. 2015b).

As discussed in detail in PCP13 and Sect. 5.1, the Planck
CMB power spectra prefer somewhat more lensing smoothing
than predicted in⇤CDM (allowing the lensing amplitude to vary
gives AL > 1 at just over 2�). The neutrino mass constraint
from the power spectra is therefore quite tight, since increas-
ing the neutrino mass lowers the predicted smoothing even fur-
ther compared to base ⇤CDM. On the other hand the lensing
reconstruction data, which directly probes the lensing power,
prefers lensing amplitudes slightly below (but consistent with)
the base ⇤CDM prediction (Eq. 18). The Planck+lensing con-
straint therefore pulls the constraints slightly away from zero to-
wards higher neutrino masses, as shown in Fig. 30. Although the
posterior has less weight at zero, the lensing data are incompati-
ble with very large neutrino masses so the Planck+lensing 95 %
limit is actually tighter than the Planck TT+lowP result:

X
m⌫ < 0.68 eV (95%,Planck TT+lowP+lensing). (55)
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Fig. 30. Constraints on
P

m⌫ for various data combinations.

Adding the polarization spectra improves this constraint slightly
to
X

m⌫ < 0.59 eV (95%,Planck TT,TE,EE+lowP+lensing).
(56)

We take the combined constraint further including BAO, JLA,
and H0 (“ext”) as our best limit
X

m⌫ < 0.23 eV

⌦⌫h2 < 0.0025

9>>=
>>; 95%, Planck TT+lowP+lensing+ext.

(57)
This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, (which is tighter in both the
CamSpec and Plik likelihoods) but is immune to low level sys-
tematics that might a↵ect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are23

H0 = 67.7 ± 0.6

�8 = 0.810+0.015
�0.012

9>=
>; Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of �8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2015). The situation with galaxy
weak lensing is rather di↵erent, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2014).

23To simplify the displayed equations, H0 is given in units of
km s�1Mpc�1 in this section.

41

• Many of neutrino properties 
have been studied in 
cosmology: mass, neutrino 
species, sterile neutrinos, 
self-interaction (e.g., 
Lesgourgues & Pastor 
2014 for a review) 

• How’s about neutrino 
statistics? 

Planck Collaboration 2015
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Outline

• Neutrino statistics and parametrization. 

• Cosmological effects of varying neutrino statistics. 

• Potential in alleviating H_0 and sigma_8 tensions. 

• Preliminary results: constraint from CMB data 
alone.



Spin-Statistics Theorem
• W. Pauli, Phys. Rev. 58, 716 (1940): Lorentz invariance, 

positive energies, positive norms, and causality. 

• Integer-Spins: Bosons —> Bose-Einstein distribution 

• Half-integer-Spins: fermions —> Fermi-Dirac distribution

F (E) =
1

eE/kBT + 1

F (E) =
1

eE/kBT � 1

—>as having spin of 1/2, neutrinos should obey FD distribution



Experimental Tests
• Electrons, photons, nuclei: strict limits on the violation 

(Tino 1999 for a reviews). 

• Neutrino: absence of direct tests, e.g. violation of 
Pauli exclusion principle.  

• Indirect test on violation of neutrino statistics: 
2nu-Double Beta Decay (Barabash et al. 2007) 

Ideal place to test neutrino statistics: the cosmic 
neutrino background (CNB) 



• Neutrino energy density: 

• In the early time: effects on BBN, CMB spectrum 

• In the late-time: massive neutrinos suppressing LSS formation. 

—> varying neutrino statistics alternates both early and late-time 
cosmological observables

Cosmic Neutrino 
Background (CNB)

⇢⌫ =
g⇤
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Parametrization of neutrino 
statistics

• Dolgov et al. (2005) proposed mix statistics distribution:

f⌫(E) =
1

exp(E/kBT ) + ⌫

⌫ = 1 : purely fermionic

⌫ = �1 : purely bosionic

Main Goal: to derive cosmological constraint on kappa_nu.



Kappa Effects

Modify energy density:

⇢⌫ =
g⇤
2⇡2

Z 1

0
dE

E

3

exp(E/kBT ) + ⌫

⌫ = �1 , �Neff ' 0.43

In the early time: similar effects to 
varying N_eff’s

—> Increase rho_nu at both early- 
and late-time

Ex:

In the late time: similar effects to  
varying neutrino mass’

Early-time

late-time



Kappa Effects
enhance the suppression of late-time power spectrum: 

—> similar effect to neutrino mass



H0 and Sigma_8  tensions– 48 –

Fig. 12.— Local measurements of H0 compared to values predicted by CMB data in

conjunction with ΛCDM. We show 4 SN Ia-independent values selected for comparison by

Planck Collaboration et al. (2014) and their average, the primary fit from R11, its reanalysis by

Efstathiou (2014) and the results presented here. The 3.0σ difference between Planck+ΛCDM and

our result motivates the exploration of extensions to ΛCDM.

H0 �8

                    may have potential to alleviate the current tensions⌫ < 1

Riess et al.2016 Planck SZ 2015

Possible solution from neutrino sector: increase both N_eff and neutrino mass 
(e.g., Planck Collaboration 2015)



Method of Analysis
• Cosmological datasets:  

• Public Planck CMB release 2015 (preliminary 
results). 

• External datasets: BAO, BBN, LSS. 

• Method: MCMC analysis using Monte-
Python+CLASS code (Audren et al. 2012).



Constraint on Kappa_nu 
(preliminary)

• From CMB alone: 

• In agreement with 2-neutrino 
double beta decay constraint: 

⇤CDM + ⌫

⌫ > �0.18 (68%)

⌫ > �0.2
(Barabash et al. 2007)

Mix-statistics is still allowed!

(Neff = 3.046,
X

m⌫ = 0.06 eV)

Planck TT_lowl_lensing



Cosmological Sensitivity to 
kappa

⇢⌫ =
g⇤
2⇡2

Z 1

0
dE

E

3
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exp(E/kBT )+
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Harder to constrain 
fermionic neutrinos

More fermionic

More bosonic

kappa effects are manifested 
via neutrino energy density:

�Neff

Neff
⇠ 5% ! � ⇠ 1.1( = 1)

Future sub-percent accuracy 
of N_eff —> kappa at 0.1



Degeneracies 
(preliminary)

Mix-statistics causes 
both H0 and sigma8 

increased

⇠ 0.9�

⇠ 0.7�

H0 = 69.4± 1.33 km s�1Mpc�1

�8 = 0.828± 0.011

(~1.6 sigma in tension with 
Riess et al. 2016)



• Lower kappa_nu increases H0 
to preserve the acoustic scale. 

• Lower kappa_nu also causes 
sigma_8 increase due to 
degeneracy to the matter 
density. 

—> Similar degeneracy pattern 
to N_eff

kappa_nu alone is not sufficient to resolve both tensions 

H0-Sigma8 Degeneracy 
(preliminary)

kappa_nu + neutrino mass?



Summary
• Observations are sensitive to neutrino statistics. 

•  Cosmological effects: similar to N_eff’s in the early time and to m_nu in 
the time. 

• First constraint from CMB alone: 

• kappa_nu>-0.18 (68%), in agreement with 2nu Double beta 
decay. 

•  Lambda CDM+Kappa_nu: alleviating H0 tension, however, 
worsen the sigma_8.  

• Next step: joint CMB+BBN+LSS analysis. 
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Thank for Your Attention!
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Cosmic Neutrino 
Background (CNB)

• Similar to CMB, ideal laboratory to test neutrino statistics! 

• Before decoupling: in thermal equilibrium with photons, electrons, and 
positrons.  

• After decoupling (free-out): thermal distribution maintains with  

T⌫ = T� / a�1

T⌫ =

✓
4

11

◆1/3

T� / a�1
T⌫,0 ' 1.9K
T�,0 ' 2.7K

CNB has not detected yet! Statistics constraints are only obtained in indirect ways!


