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Neutrino mass: what do we know?
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Oscillation experiments involving solar, atmospheric, reactor and accelerator 
neutrinos provide information on the squared mass differences:

splitting between ν1 and ν2

distance between ν3 and the mid-point 
of ν1 and ν2 masses
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The most recent measurements of the temperature and low-multipole polarization anisotropies of
the Cosmic Microwave Background (CMB) from the Planck satellite, when combined with galaxy
clustering data from the Baryon Oscillation Spectroscopic Survey (BOSS) in the form of the full
shape of the power spectrum, and with Baryon Acoustic Oscillation measurements, provide a 95%
confidence level (CL) upper bound on the sum of the three active neutrinos

P
m⌫ < 0.183 eV,

among the tightest neutrino mass bounds in the literature, to date, when the same datasets are
taken into account. This very same data combination is able to set, at ⇠ 70% CL, an upper limit onP

m⌫ of 0.0968 eV, a value that approximately corresponds to the minimal mass expected in the
inverted neutrino mass hierarchy scenario. If high-multipole polarization data from Planck is also
considered, the 95%CL upper bound is tightened to

P
m⌫ < 0.176 eV. Further improvements are

obtained by considering recent measurements of the Hubble parameter. These limits are obtained
assuming a specific non-degenerate neutrino mass spectrum; they slightly worsen when considering
other degenerate neutrino mass schemes. Current cosmological data, therefore, start to be mildly
sensitive to the neutrino mass ordering. Low-redshift quantities, such as the Hubble constant or the
reionization optical depth, play a very important role when setting the neutrino mass constraints. We
also comment on the eventual shifts in the cosmological bounds on

P
m⌫ when possible variations

in the former two quantities are addressed.

I. INTRODUCTION

Neutrinos are sub-eV elementary particles which, apart
from gravity, only interact via weak interactions, decou-
pling from the thermal bath as ultra-relativistic states
and constituting a hot dark matter component in our
Universe. From neutrino mixing experiments we know
that neutrinos have masses, implying the first departure
from the Standard Model (SM) of Particle Physics[1, 2].
However, oscillation experiments are not sensitive to the
absolute neutrino mass scale; they only provide informa-
tion on the squared mass di↵erences. In the minimal
three neutrino scenario, the best-fit value for the solar
mass splitting is �m2

12 ' 7.5⇥ 10�5 eV2 and for the at-
mospheric mass splitting is |�m2

3i| ' 2.45⇥10�3 eV2 [1],
with i = 1 (2) for the normal (inverted) mass scheme.
Notice that the sign of the largest mass splitting remains
unknown, leading to two possible hierarchical scenarios:
normal (�m2

31 > 0) and inverted (�m2
32 < 0). In the

normal hierarchy,
P

m⌫ & 0.06 eV, while in the inverted
hierarchy,

P
m⌫ & 0.10 eV, with

P
m⌫ representing the

total neutrino mass.
Neutrinos, as hot dark matter particles, possess large

thermal velocities, clustering only at k < kfs, i.e. at
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scales below the neutrino free streaming wavenumber kfs,
and suppressing structure formation at k > kfs [3, 4].
The presence of massive neutrinos also a↵ects the CMB,
as these particles may become non-relativistic around
the photon decoupling period. In particular they change
the matter-radiation equality causing a small shift in the
peaks of the CMB and a mild increase of their heights
due to the Sachs-Wolfe e↵ect. In addition, current CMB
experiments allow one to explore the impact of mas-
sive neutrinos at small scales (i.e. at high multipoles
`), because they are sensitive to the smearing of the
acoustic peaks caused by the gravitational lensing of
CMB photons [5]. Cosmology can therefore weigh relic
neutrinos. Recent studies dealing with the cosmologi-
cal constraints on

P
m⌫ have reported 95% CL upper

bounds of 0.754 eV and 0.497 eV from Planck tempera-
ture anisotropies and Planck temperature and polariza-
tion measurements, respectively [6]. In order to improve
these CMB neutrino mass limits, additional information
from additional dark matter tracers and/or other geomet-
rical standard rulers are needed. Current cosmological
upper bounds on

P
m⌫ , which combine CMB temper-

ature and polarization anisotropies measurements with
di↵erent observations of the large scale structure of the
Universe, range from 0.12 eV to 0.13 eV at 95% CL [7–
10]. These limits are extremely close to the predictions
from neutrino oscillation experiments in the inverted hi-
erarchical spectrum. However, we note that the strongest
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FIG. 7. Graphic view of the probability of finding one of the
flavor eigenstates if the neutrino is in a certain mass eigen-
state. The value � = 0 for the CP-violating phase is assumed.

on the possible choices of �, while they do not depend
on the eventual Majorana phases. Table III reports the
calculation for the cases � = 0 and � = 1.39⇡ (1.31⇡),
best fit value for the NH (IH) according to Ref. [94].

C. Cosmology and neutrino masses

1. The parameter ⌃

The three light neutrino scenario is consistent with all
known facts in particle physics including the new mea-
surements by Planck [34]. In this assumption, the phys-
ical quantity probed by cosmological surveys, ⌃, is the
sum of the masses of the three light neutrinos:

⌃ ⌘ m
1

+m
2

+m
3

. (37)

Depending on the mass hierarchy, is it possible to express
⌃ as a function of the lightest neutrino mass m and of
the oscillation mass splittings. In particular, in the case
of NH one gets:
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while, in the case of IH:
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It can be useful to compute the mass of the lightest
neutrino, given a value of ⌃. This can be convenient in
order to compute m�� as a function of ⌃ instead of m.6

In this way, m�� is expressed as a function of a directly
observable parameter.
The close connection between the neutrino mass mea-

surements obtained in the laboratory and those probed
by cosmological observations was outlined long ago [101].
Furthermore, the measurements of ⌃ have recently
reached important sensitivities, as discussed in Sec. VII.
In the right panel of Fig. 6, an updated version of the

plot (m�� vs. ⌃) originally introduced in Ref. [102] is
shown. Concerning the treatment of the uncertainties,
we use again the assumption of Gaussian fluctuations and
the prescription reported in App. B.

2. Constraints from cosmological surveys

The indications for neutrino masses from cosmology
has kept changing for the last 20 years. A comprehensive
review on the topic can be found in Ref. [107]. In Fig. 8
the values for ⌃ given in Refs. [103–106] are shown. The
scientific literature contains several authoritative claims
for a non-zero value for ⌃ but, being di↵erent among each
others, these values cannot be all correct (at least) and

TABLE III. Flavor composition of the neutrino mass eigen-
states. The two cases refer to the values for the CP-violating
phase � = 0 and � = 1.39⇡ (1.31⇡), best fit value in case of
NH (IH) according to Ref. [94]

Eigenstate NH IH
(� = 0) (� = 1.39⇡) (� = 0) (� = 1.31⇡)

⌫
1

⌫
e

.676 .676 .675 .675

⌫µ .254 .160 .252 .141

⌫⌧ .070 .164 .073 .184

⌫
2

⌫
e

.301 .301 .301 .301

⌫µ .331 .425 .322 .432

⌫⌧ .368 .274 .378 .267

⌫
3

⌫
e

.023 .023 .024 .024

⌫µ .415 .415 .426 .426

⌫⌧ .562 .562 .550 .550

6 In App. C, an approximate (but accurate) alternative method
for the numerical calculation needed to make this conversion is
given.
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The most recent measurements of the temperature and low-multipole polarization anisotropies of
the Cosmic Microwave Background (CMB) from the Planck satellite, when combined with galaxy
clustering data from the Baryon Oscillation Spectroscopic Survey (BOSS) in the form of the full
shape of the power spectrum, and with Baryon Acoustic Oscillation measurements, provide a 95%
confidence level (CL) upper bound on the sum of the three active neutrinos

P
m⌫ < 0.183 eV,

among the tightest neutrino mass bounds in the literature, to date, when the same datasets are
taken into account. This very same data combination is able to set, at ⇠ 70% CL, an upper limit onP

m⌫ of 0.0968 eV, a value that approximately corresponds to the minimal mass expected in the
inverted neutrino mass hierarchy scenario. If high-multipole polarization data from Planck is also
considered, the 95%CL upper bound is tightened to

P
m⌫ < 0.176 eV. Further improvements are

obtained by considering recent measurements of the Hubble parameter. These limits are obtained
assuming a specific non-degenerate neutrino mass spectrum; they slightly worsen when considering
other degenerate neutrino mass schemes. Current cosmological data, therefore, start to be mildly
sensitive to the neutrino mass ordering. Low-redshift quantities, such as the Hubble constant or the
reionization optical depth, play a very important role when setting the neutrino mass constraints. We
also comment on the eventual shifts in the cosmological bounds on

P
m⌫ when possible variations

in the former two quantities are addressed.

I. INTRODUCTION

Neutrinos are sub-eV elementary particles which, apart
from gravity, only interact via weak interactions, decou-
pling from the thermal bath as ultra-relativistic states
and constituting a hot dark matter component in our
Universe. From neutrino mixing experiments we know
that neutrinos have masses, implying the first departure
from the Standard Model (SM) of Particle Physics[1, 2].
However, oscillation experiments are not sensitive to the
absolute neutrino mass scale; they only provide informa-
tion on the squared mass di↵erences. In the minimal
three neutrino scenario, the best-fit value for the solar
mass splitting is �m2

12 ' 7.5⇥ 10�5 eV2 and for the at-
mospheric mass splitting is |�m2

3i| ' 2.45⇥10�3 eV2 [1],
with i = 1 (2) for the normal (inverted) mass scheme.
Notice that the sign of the largest mass splitting remains
unknown, leading to two possible hierarchical scenarios:
normal (�m2

31 > 0) and inverted (�m2
32 < 0). In the

normal hierarchy,
P

m⌫ & 0.06 eV, while in the inverted
hierarchy,

P
m⌫ & 0.10 eV, with

P
m⌫ representing the

total neutrino mass.
Neutrinos, as hot dark matter particles, possess large

thermal velocities, clustering only at k < kfs, i.e. at
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scales below the neutrino free streaming wavenumber kfs,
and suppressing structure formation at k > kfs [3, 4].
The presence of massive neutrinos also a↵ects the CMB,
as these particles may become non-relativistic around
the photon decoupling period. In particular they change
the matter-radiation equality causing a small shift in the
peaks of the CMB and a mild increase of their heights
due to the Sachs-Wolfe e↵ect. In addition, current CMB
experiments allow one to explore the impact of mas-
sive neutrinos at small scales (i.e. at high multipoles
`), because they are sensitive to the smearing of the
acoustic peaks caused by the gravitational lensing of
CMB photons [5]. Cosmology can therefore weigh relic
neutrinos. Recent studies dealing with the cosmologi-
cal constraints on

P
m⌫ have reported 95% CL upper

bounds of 0.754 eV and 0.497 eV from Planck tempera-
ture anisotropies and Planck temperature and polariza-
tion measurements, respectively [6]. In order to improve
these CMB neutrino mass limits, additional information
from additional dark matter tracers and/or other geomet-
rical standard rulers are needed. Current cosmological
upper bounds on

P
m⌫ , which combine CMB temper-

ature and polarization anisotropies measurements with
di↵erent observations of the large scale structure of the
Universe, range from 0.12 eV to 0.13 eV at 95% CL [7–
10]. These limits are extremely close to the predictions
from neutrino oscillation experiments in the inverted hi-
erarchical spectrum. However, we note that the strongest
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and constituting a hot dark matter component in our
Universe. From neutrino mixing experiments we know
that neutrinos have masses, implying the first departure
from the Standard Model (SM) of Particle Physics[1, 2].
However, oscillation experiments are not sensitive to the
absolute neutrino mass scale; they only provide informa-
tion on the squared mass di↵erences. In the minimal
three neutrino scenario, the best-fit value for the solar
mass splitting is �m2

12 ' 7.5⇥ 10�5 eV2 and for the at-
mospheric mass splitting is |�m2

3i| ' 2.45⇥10�3 eV2 [1],
with i = 1 (2) for the normal (inverted) mass scheme.
Notice that the sign of the largest mass splitting remains
unknown, leading to two possible hierarchical scenarios:
normal (�m2

31 > 0) and inverted (�m2
32 < 0). In the

normal hierarchy,
P

m⌫ & 0.06 eV, while in the inverted
hierarchy,

P
m⌫ & 0.10 eV, with

P
m⌫ representing the

total neutrino mass.
Neutrinos, as hot dark matter particles, possess large

thermal velocities, clustering only at k < kfs, i.e. at
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scales below the neutrino free streaming wavenumber kfs,
and suppressing structure formation at k > kfs [3, 4].
The presence of massive neutrinos also a↵ects the CMB,
as these particles may become non-relativistic around
the photon decoupling period. In particular they change
the matter-radiation equality causing a small shift in the
peaks of the CMB and a mild increase of their heights
due to the Sachs-Wolfe e↵ect. In addition, current CMB
experiments allow one to explore the impact of mas-
sive neutrinos at small scales (i.e. at high multipoles
`), because they are sensitive to the smearing of the
acoustic peaks caused by the gravitational lensing of
CMB photons [5]. Cosmology can therefore weigh relic
neutrinos. Recent studies dealing with the cosmologi-
cal constraints on

P
m⌫ have reported 95% CL upper

bounds of 0.754 eV and 0.497 eV from Planck tempera-
ture anisotropies and Planck temperature and polariza-
tion measurements, respectively [6]. In order to improve
these CMB neutrino mass limits, additional information
from additional dark matter tracers and/or other geomet-
rical standard rulers are needed. Current cosmological
upper bounds on

P
m⌫ , which combine CMB temper-

ature and polarization anisotropies measurements with
di↵erent observations of the large scale structure of the
Universe, range from 0.12 eV to 0.13 eV at 95% CL [7–
10]. These limits are extremely close to the predictions
from neutrino oscillation experiments in the inverted hi-
erarchical spectrum. However, we note that the strongest
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The most recent measurements of the temperature and low-multipole polarization anisotropies of
the Cosmic Microwave Background (CMB) from the Planck satellite, when combined with galaxy
clustering data from the Baryon Oscillation Spectroscopic Survey (BOSS) in the form of the full
shape of the power spectrum, and with Baryon Acoustic Oscillation measurements, provide a 95%
confidence level (CL) upper bound on the sum of the three active neutrinos

P
m⌫ < 0.183 eV,

among the tightest neutrino mass bounds in the literature, to date, when the same datasets are
taken into account. This very same data combination is able to set, at ⇠ 70% CL, an upper limit onP

m⌫ of 0.0968 eV, a value that approximately corresponds to the minimal mass expected in the
inverted neutrino mass hierarchy scenario. If high-multipole polarization data from Planck is also
considered, the 95%CL upper bound is tightened to

P
m⌫ < 0.176 eV. Further improvements are

obtained by considering recent measurements of the Hubble parameter. These limits are obtained
assuming a specific non-degenerate neutrino mass spectrum; they slightly worsen when considering
other degenerate neutrino mass schemes. Current cosmological data, therefore, start to be mildly
sensitive to the neutrino mass ordering. Low-redshift quantities, such as the Hubble constant or the
reionization optical depth, play a very important role when setting the neutrino mass constraints. We
also comment on the eventual shifts in the cosmological bounds on

P
m⌫ when possible variations

in the former two quantities are addressed.

I. INTRODUCTION

Neutrinos are sub-eV elementary particles which, apart
from gravity, only interact via weak interactions, decou-
pling from the thermal bath as ultra-relativistic states
and constituting a hot dark matter component in our
Universe. From neutrino mixing experiments we know
that neutrinos have masses, implying the first departure
from the Standard Model (SM) of Particle Physics[1, 2].
However, oscillation experiments are not sensitive to the
absolute neutrino mass scale; they only provide informa-
tion on the squared mass di↵erences. In the minimal
three neutrino scenario, the best-fit value for the solar
mass splitting is �m2

12 ' 7.5⇥ 10�5 eV2 and for the at-
mospheric mass splitting is |�m2

3i| ' 2.45⇥10�3 eV2 [1],
with i = 1 (2) for the normal (inverted) mass scheme.
Notice that the sign of the largest mass splitting remains
unknown, leading to two possible hierarchical scenarios:
normal (�m2

31 > 0) and inverted (�m2
32 < 0). In the

normal hierarchy,
P

m⌫ & 0.06 eV, while in the inverted
hierarchy,

P
m⌫ & 0.10 eV, with

P
m⌫ representing the

total neutrino mass.
Neutrinos, as hot dark matter particles, possess large

thermal velocities, clustering only at k < kfs, i.e. at
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scales below the neutrino free streaming wavenumber kfs,
and suppressing structure formation at k > kfs [3, 4].
The presence of massive neutrinos also a↵ects the CMB,
as these particles may become non-relativistic around
the photon decoupling period. In particular they change
the matter-radiation equality causing a small shift in the
peaks of the CMB and a mild increase of their heights
due to the Sachs-Wolfe e↵ect. In addition, current CMB
experiments allow one to explore the impact of mas-
sive neutrinos at small scales (i.e. at high multipoles
`), because they are sensitive to the smearing of the
acoustic peaks caused by the gravitational lensing of
CMB photons [5]. Cosmology can therefore weigh relic
neutrinos. Recent studies dealing with the cosmologi-
cal constraints on

P
m⌫ have reported 95% CL upper

bounds of 0.754 eV and 0.497 eV from Planck tempera-
ture anisotropies and Planck temperature and polariza-
tion measurements, respectively [6]. In order to improve
these CMB neutrino mass limits, additional information
from additional dark matter tracers and/or other geomet-
rical standard rulers are needed. Current cosmological
upper bounds on

P
m⌫ , which combine CMB temper-

ature and polarization anisotropies measurements with
di↵erent observations of the large scale structure of the
Universe, range from 0.12 eV to 0.13 eV at 95% CL [7–
10]. These limits are extremely close to the predictions
from neutrino oscillation experiments in the inverted hi-
erarchical spectrum. However, we note that the strongest
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 Neutrino Mass Measurements
Neutrino Oscillations 
• Sensitive to the mass differences  
• Uses quantum mechanical effects 
• Sources: Solar, atmospheric reactor 

Cosmology 
• Sensitive to the total neutrino mass 
• Uses General Relativity 
• Measured by satellites and ground-

based observatories 

Single Beta Decay 
• Sensitive to the absolute neutrino mass 

scale 
• Uses conservation of energy 
• Model independent 

0ν Double Beta Decay 
• Sensitive to the Majorana masses 
• Uses decay 
• Probes the nature of neutrinos 

Workshop on CMB polarization, Large-Scale Structure, and 21 cm surveys



Cosmic Pies

DARK MATTER HDM + CDM

Neutrinos 

Planck 2015
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 Cosmic Neutrinos 
•In the standard cosmological model, cosmic neutrinos are produced at high temperature in the early 
Universe by frequent weak interactions and they  are maintained in thermal equilibrium with the e.m. 
plasma. 

•Neutrinos decouple at T ~ 1MeV (nνσνν ≈ H), keeping a Fermi-Dirac Distribution: 

T ~ 1MeV, t ~ 1sec 
Neutrino Decoupling

Neutrinos decoupled from the primordial 
plasma 

 (Cosmic Neutrino Background)

Neutrinos coupled to 
primordial plasma
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•T γ ~ me , e+ e- annihilation heats the photons but not the decoupled 
neutrinos:

 Temperature: 

 Number density: 

  
 Energy density:

Relativistic  mν<<Tν 

Non-relativistic  mν>> Tν

Neutrino energy  
density parameter

 Cosmic Neutrinos 
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 Cosmic Neutrinos 
•Neutrinos behave as radiation at early times and as matter at late times. 

Neutrinos are relativistic 
and they behave as 
radiation

Non-relativistic neutrinos today 
that behave as matter

Transition epoch R-
NR
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Big Bang Nucleosynthesis 
(BBN)

Cosmic Microwave  
Background (CMB) 

Relic neutrinos are very abundant and they influence several cosmological 
observables. 

 Cosmological Observations 

Large Scale Structure 
(LSS) 
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 Sub-eV massive neutrinos cosmological signatures 
• CMB: a) Early Integrated Sachs Wolfe effect. The transition from the relativistic to the non 

relativistic neutrino regime affect the decay of the gravitational potentials at decoupling 
period (especially near the first acoustic peak).  

    b) Suppression of lensing potential. An increase of the neutrino mass suppresses clustering 
on scales smaller than the size of the horizon at the time of the non-relativistic transition, 
suppressing the lensing potential.

   Elena Giusarma                                                                                                                                                            9
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Figure 5. The e↵ect of massive neutrinos on the CMB lensing potential power spectrum C��

L . The
fractional change in C��

L for a given value of
P

m⌫ is shown relative to the case for zero neutrino mass.
Projected constraints on C��

L for a Stage-IV CMB experiment are shown for
P

m⌫ = 100 meV. Here we
have approximated all of the neutrino mass to be in one mass eigenstate and fixed the total matter density
⌦mh2 and H

0

. The 1� constraint for
P

m⌫ is approximately 45 meV for lensing alone and drops to 16 meV
when combined with other probes.

3.5). The comoving volume probed by eBOSS will be nearly ten times that probed by the BOSS galaxy
survey (though at lower sampling density).

The success of BOSS not only led to the eBOSS program, but has largely inspired the concept of DESI. DESI
is a proposed wide-field spectroscopic survey, to be conducted on a 4-m class telescope to study dark energy.
DESI represents one of the top priorities for new O�ce of Science Cosmic Frontiers e↵orts as identified in
the recent “Rocky III” report; CD-0 approval was granted in September 2012. The preliminary DESI survey
design covers 14,000 deg2 with spectroscopic observations of LRGs (0.6 < z < 1.0), ELGs (0.6 < z < 1.5),
and quasars (1 < z < 3.5) for direct clustering and Lyman-↵ forest. The density and e↵ective volume
probed by DESI will far exceed either BOSS or eBOSS. The details of the survey specifications are provided
in Ref. [40].

As a natural consequence of large spectroscopic BAO programs such as BOSS, eBOSS, and DESI, clustering
in the density field is sampled across a wide range of k modes over a very large volume. As explained in
Section 1.3, the signature of neutrinos appears as a characteristic suppression of power below certain scales in
the matter power spectrum. E↵ort within the BOSS collaboration has primarily centered on reconstructing
the broad-band power spectrum to extract information about BAO, redshift space distortions, and bias

Community Planning Study: Snowmass 2013

Abazajian et al.,  Astropart. Phys.,2015 

fν=Ων/Ωm

Lesgourgues, Pastor, Phys.Rept.,2006 
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 Sub-eV massive neutrinos cosmological signatures 
• LSS: Suppression of structure formation on scales smaller than the free streaming scale 

when neutrinos  turn non relativistic, affecting also the Baryon acoustic oscillation (BAO) 
scale which are the imprint on the matter distribution of the pressure-gravity competition in 
the baryon-photon fluid. 

Lesgourgues, Pastor, Phys.Rept.’06 

• Large scales (k<kfs) 
Neutrinos cluster and behave  as cold 
dark matter:  

• Small scales (k>kfs) 
Perturbations can not grow due to the 
large neutrino velocity dispersion. 
Matter power spectrum is suppressed. 

ΔP/P=-8fν

Smal Scales Suppression
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     2016 state on neutrino mass 95% CL 
bounds  

Planck TT+lowP <0.72 eV

Planck TT+lowP+BAO <0.21 eV
  <0.17 eVPlanck TT,TE,EE+lowP+BAO

Normal Hierarchy

Inverted Hierarchy

Planck Collaboration 2015, arXiv:1502.01582

<0.49 eVPlanck TT,TE,EE+lowP

<0.13 eV
  <0.12eV

Planck TT,TE,EE+lowP+BAO+Lyα

Palanque-Delabrouille et al, JCAP 2015

Planck TT,TE,EE+lowP+BAO+LRG7

A. J. Cuesta et al., Phys. Dark. Univ., 2016 
   Elena Giusarma                                                                                                                                                           11

three degenerate massive 
neutrinos
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     2016 state on neutrino mass 95% CL 
bounds  

2

Planck+WP+ Planck+WP+ Planck+WP+ Planck+WP+ Planck+WP +
lens lens+DR8 lens+DR8 BAO lens+DR9 lens+DR9 BAO

P
m⌫ [eV ] < 1.11 < 0.98 < 0.85 < 0.39 < 0.40

TABLE II:

Planck+WP+ Planck+WP+ Planck+WP+ Planck+WP+ Planck+WP+
lens lens+DR8 lens+DR8 BAO lens+DR9 lens+DR9 BAO

P
m⌫ [eV ] < 1.01 < 1.02 < 1.1 < 0.48 < 0.71

w �1.55+0.54
�0.45 �1.42+0.49

�0.58 �1.46+0.52
�0.53 �1.10+0.44

�0.57 �1.55+0.50
�0.45

TABLE III: .

Planckpol+ Planck pol+ Planck pol+ Planck pol+
H70p6 H73p0 BAO+SZ BAO+SZ+H73p0

P
m⌫ [eV ] < 0.291 < 0.180 < 0.147 < 0.126

TABLE IV:

Implications of a low-redshift priors for massive neutrinos
2

Parameter Prior
⌦bh

2 [0.005, 0.1]
⌦ch

2 [0.001, 0.99]
⇥s [0.5, 10]
⌧ [0.01, 0.8]
ns [0.8, 1.2]

log[1010As] [2, 4]P
m⌫ (eV) [0.06, 3]

me↵
s (eV) [0,3]
Ne↵ [3.046,10]

TABLE I: External priors on the cosmological parameters as-
sumed in this paper.

consider a ⇤CDM model plus neutrino masses (
P

m⌫),
then we also consider the possibility of having additional
relativistic degrees of freedom (

P
m⌫ andN

e↵

, withN
e↵

-
3.046 extra relativistic species), and lastly, we consider
the possibility of massive sterile neutrinos (

P
m⌫ , Ne↵

and me↵

s , with N
e↵

-3.046 extra massive species with a
mass me↵

s ). For all these parameters, we use the flat
priors listed in Table I.

A. Cosmological data

We constrain the cosmological parameters previously
described by using several combination of data sets. Our
CMB measurements are those from the full Planck 2015
release on temperature and polarization CMB angular
power spectra [1, 6]. The large angular scale temperature
and polarization measured by the Planck LFI experiment
is combined with the small-scale TT temperature spec-
trum measured by Planck HFI, and we refer to this data
set as Planck. Moreover, when adding to this combi-
nation the small-scale TE and EE polarization spectra
measured by Planck HFI, we shall refer to this data set
as Planck pol.

We consider also measurements of the large scale
structure of the universe in their geometrical form, the
Baryon Acoustic Oscillations (BAO) data. We include
the 6dFGS [7], SDSS-MGS [8], BOSS LOWZ [9] and
CMASS-DR11 [9] measurements as in [1], referring to
the combination of all of them as BAO.

Then, we study the impact of the most relevant
low redshift priors (concerning neutrino physics limits).
First, we impose two di↵erent gaussian priors on the Hub-
ble constant. Then, we consider the second Planck clus-
ter catalog obtained through the Sunyaev-Zel’dovich (SZ)
e↵ect, analysing the impact of the di↵erent cluster mass
biases, referring to this data set as SZ. Finally, we study
the e↵ect of lowering the prior on the reionization optical
depth ⌧ , as preferred by astrophysical measurements. In
particular, we use two gaussian priors, ⌧ = 0.06 ± 0.01
and ⌧ = 0.05± 0.01.

Our constraints are obtained making use of the lat-
est available version of the Monte Carlo Markov Chain

FIG. 1: 68% and 95% CL allowed regions in the (
P

m⌫ , H0)
plane illustrating the e↵ect of the low redshift priors studied
here.

(MCMC) package cosmomc [10, 11] with a convergence
diagnostic based on the Gelman and Rubin statistics.
This includes the support for the Planck data release
2015 Likelihood Code [12] implementing an optimal sam-
pling [11]. The foreground parameters are varied as in
Refs. [1, 12].

III. LOW-REDSHIFT PRIORS

A. Hubble constant priors

We consider here two possible constraints on the Hub-
ble constant H

0

. The first prior on H
0

arises from the
recalibration of the authors of Ref. [13] combined with
the original Hubble Space Telescope (HST) measure-
ments [14], which leads to the value ofH

0

= 73.0±2.4 km
s�1 Mpc�1, hereafter H073p0 (see also Refs. [15, 16]).
The second possible choice exploited here for the prior
on the Hubble constant arises from a recent reanalysis
of [17]. The former yields a value of H

0

= 70.6 ± 3.3
km s�1 Mpc�1 (hereafter H070p6), in better agreement
with Planck 2015 findings, which has been dubbed as a
conservative estimate of the Hubble constant. In the fol-
lowing we shall explore the impact of these two possible
priors on the neutrino parameters.
There exists a strong, well-known degeneracy between

the neutrino mass and the Hubble constant (see e.g. [18]
and Fig. 1). In the absence of an independent mea-
surement of H

0

, the change in the CMB temperature
anisotropies induced by the presence of massive neutri-

4

FIG. 3: 68% and 95% CL allowed regions in the (
P

m⌫ , �8)
plane illustrating the e↵ect of the low redshift priors studied
here.

to those obtained in the previous scenario, the value of
the clustering parameter �

8

is always reduced, as there is
another source of suppression of the large scale structure
growth, the sterile neutrino mass. Concerning the reion-
ization optical depth, its value is always increased with
respect to its values in the other two previous neutrino
mass models. The reason for that is due to the suppres-
sion of power on small scales induced by the presence of
neutrino masses, an e↵ect which can be compensated by
increasing the amplitude of the primordial spectrum As.
From CMB temperature data there exists a strong de-
generacy between As and ⌧ (as long as the factor Ase

�2⌧

is kept constant), which is broken, albeit only partially,
by polarisation measurements. A higher value of As can
in turn be compensated by a larger ⌧ , and therefore the
larger the total neutrino mass is (from both active and
sterile states), the larger the reionization optical depth
should be. The tightest constraints in the sterile neu-
trino e↵ective mass are obtained, as expected, after ap-
plying the H073p0 prior, since the Hubble constant is
anti-correlated with both the active and the sterile neu-
trino masses.

B. Planck SZ Clusters

The largest virialized objects in the universe are clus-
ters of galaxies, providing a unique way to extract the
cosmological parameters. Cluster surveys usually focus
on the cluster number count function dN/dz, which mea-
sures the number of clusters of a certain mass M over a

FIG. 4: 68% and 95% CL allowed regions in the (
P

m⌫ , �8)
plane, focusing on the impact of the cluster mass bias prior.

range of redshift:

dN

dz

���
M>Mmin

= f
sky

dV (z)

dz

Z 1

Mmin

dM
dn

dM
(M, z) , (3)

with f
sky

= �⌦/4⇡ the fraction of sky covered by the

survey and dV (z)
dz the di↵erential volume, which reads as

dV (z)

dz
=

4⇡

H(z)

Z z

0

dz0
✓

1

H(z0)

◆
2

. (4)

The cluster number count function is then related to
its predictions within an underlying cosmological model.
The main uncertainties arise from the cluster mass, de-
termined through four main available methods: X-rays,
velocity dispersion, SZ e↵ect, and weak lensing. There-
fore, a crucial parameter in the analyses is the so-called
cluster mass bias factor 1 � b, which accounts for devi-
ations between the inferred X-ray cluster mass and the
true cluster mass due to cluster physics and observational
and/or selection e↵ects. The overall error in the cluster
mass determination is usually around �M/M ⇠ 10%.
We exploit here the Planck Sunyaev-Zeldovich (SZ) 2015
cluster catalog, which consists of 439 clusters [21, 22]. As
we shall see in the following, the prior assumptions on the
cluster mass bias 1 � b (assumed to be a constant) play
a major role in the neutrino mass constraints. Table V
presents the constraints on the neutrino mass and on a
set of cosmological parameters, previously considered as
well. The prior on the cluster mass bias quantity 1� b is
freely varied in the [0.1, 1.3] range. Notice that, for this
choice of the cluster mass bias prior, the 95% CL neu-
trino mass limit after combining with Planck is 0.206 eV,

Di Valentino, EG, et al., Phys. Rev. D, 2016
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     2016 state on neutrino mass 95% CL 
bounds  

Implications of a lower value of τ for massive neutrinosPlanck Collaboration: Large-scale polarization and reionization

the results of running SimLow for the first few multipoles of the
data.
SimLow uses posteriors for multipoles in the range ` = 2–

20. Using SimLow to compute the ⌧ posterior with the same
cosmological parameters as SimBaL shown in Fig. D.12 gives
⌧ = 0.055 ± 0.009, which is fully consistent with the value from
SimBaL and referred to as lowEH.

Fig. D.11. P(Cfid
` | bCdata

` ) computed for the data using SimLow.
Power spectrum values computed for di↵erent ⌧ are shown in
blue. For ` = 3 and ` = 5 we can see that very small values
of ⌧ are excluded, while for ` = 4 large values of ⌧ have a low
probability.

Appendix E: Glossary

This appendix gathers definitions of acronyms and other
terms widely used in this paper, in addition to those more
general terms listed in the glossary and acronym list of
Planck Collaboration ES (2015).

ADC NL: Analogue-to-digital converter nonlinearities. The HFI
bolometer electronics readout includes a 16-bit ADC that has a
very loose tolerance on the di↵erential nonlinearity (the maxi-
mum deviation from one least significant bit, LSB, between two
consecutive levels, over the whole range), specified to be not
worse than one LSB. The implications of this feature for HFI
performance proved to be a major systematic e↵ect on the flight
data. A wide dynamic range at the ADC input was needed to both
measure the CMB sky and foregrounds, and properly character-
ize and remove the tails of glitches from cosmic rays. Operating
HFI electronics with the necessary low gains increased the ef-

Fig. D.12. Posterior distribution for ⌧ computed with the SimLow
likelihood using the same cosmological parameters as for
SimBaL. The posterior is consistent with the LowEH result.

fects of the ADC scale errors on CMB data (see section 2 of
Planck Collaboration VIII 2016, for further details).

ADU: analogue-to-digital unit.

Complex transfer function: an empirical function that captures
residuals of the bolometer/electronics time response deconvolu-
tion (including VLTC) and residuals from far sidelobe e↵ects.

Detset or ds: “detector set,” i.e., a combination of sets of
polarization-sensitive bolometer pairs with both orientations.
Specifically, 100 GHz ds1 combines 100-1a/b and 100-4a/b,
100 GHz ds2 combines 100-2a/b and 100-3a/b, 143 GHz ds1
combines 143-1a/b and 143-3a/b, and 143 GHz ds2 combines
143-2a/b and 143-4a/b.

Distorted dipole: the di↵erence between the actual dipole sig-
nal (which is a↵ected by the ADC NL, like all signals) and the
sine wave that would have been measured without the nonlinear-
ity.

F-TT, F-EE, and F-BB models: CMB fiducial power
spectra, based on best-fit Planck cosmological parameters
(Planck Collaboration XIII 2016), with ⌧ = 0.066 and r = 0.11.

FSL: far sidelobe e↵ects, i.e., the pickup of the sky signal, dom-
inated by the spillover of radiation around the edges of the sec-
ondary and the primary telescope mirrors after being reflected by
the secondary mirrors and main ba✏e (with the usual convention
following the light from the detectors outwards).

HFPS: HFI focal plane simulations, built with the pre-2016
E2E software pipeline. They contain realizations of the noise
described in Sect. B.3.5, with the systematics dominated by the
additional ADC NL model described in Sect. B.4.2. HFPS1 con-
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worse than one LSB. The implications of this feature for HFI
performance proved to be a major systematic e↵ect on the flight
data. A wide dynamic range at the ADC input was needed to both
measure the CMB sky and foregrounds, and properly character-
ize and remove the tails of glitches from cosmic rays. Operating
HFI electronics with the necessary low gains increased the ef-

Fig. D.12. Posterior distribution for ⌧ computed with the SimLow
likelihood using the same cosmological parameters as for
SimBaL. The posterior is consistent with the LowEH result.

fects of the ADC scale errors on CMB data (see section 2 of
Planck Collaboration VIII 2016, for further details).

ADU: analogue-to-digital unit.

Complex transfer function: an empirical function that captures
residuals of the bolometer/electronics time response deconvolu-
tion (including VLTC) and residuals from far sidelobe e↵ects.

Detset or ds: “detector set,” i.e., a combination of sets of
polarization-sensitive bolometer pairs with both orientations.
Specifically, 100 GHz ds1 combines 100-1a/b and 100-4a/b,
100 GHz ds2 combines 100-2a/b and 100-3a/b, 143 GHz ds1
combines 143-1a/b and 143-3a/b, and 143 GHz ds2 combines
143-2a/b and 143-4a/b.

Distorted dipole: the di↵erence between the actual dipole sig-
nal (which is a↵ected by the ADC NL, like all signals) and the
sine wave that would have been measured without the nonlinear-
ity.

F-TT, F-EE, and F-BB models: CMB fiducial power
spectra, based on best-fit Planck cosmological parameters
(Planck Collaboration XIII 2016), with ⌧ = 0.066 and r = 0.11.

FSL: far sidelobe e↵ects, i.e., the pickup of the sky signal, dom-
inated by the spillover of radiation around the edges of the sec-
ondary and the primary telescope mirrors after being reflected by
the secondary mirrors and main ba✏e (with the usual convention
following the light from the detectors outwards).

HFPS: HFI focal plane simulations, built with the pre-2016
E2E software pipeline. They contain realizations of the noise
described in Sect. B.3.5, with the systematics dominated by the
additional ADC NL model described in Sect. B.4.2. HFPS1 con-
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is discussed at length in Planck Collaboration XVI (2014) and
Planck Collaboration XIII (2016).

Adding the Planck lensing measurements, which are com-
patible with lower values of As, drives ⌧ down again, close to the
original lowP value:

⌧ = 0.066 ± 0.016, PlanckTT+lowP+lensing. (15)

These shifts, and in fact the low-multipole power deficit, are
not of su�ciently high significance to suggest new physics.
Moreover, the fact that adding Planck lensing causes ⌧ to shift
downwards suggests that ⌧ is lower than the value in Eq. (13).
Indeed SimLow alone gives the following constraint on ⌧:

⌧ = 0.055 ± 0.009, SimLow. (16)

We can anticipate what will happen if we replace the lowP
likelihood with a statistically more powerful polarization likeli-
hood favouring a low value of ⌧— the main e↵ect will be to shift
�8 towards lower values, with a proportionately smaller shift of
ns also to smaller values. Furthermore this would not be consis-
tent with solving the high-multipole peak smoothing through an
underestimate of the e↵ect of lensing. In fact, adding the Planck
lensing measurement to SimLow and PlanckTT has a small im-
pact on the value of ⌧, giving ⌧ = 0.057 ± 0.0092.

Fig. 42. Parameter constraints for the base ⇤CDM cosmology,
illustrating the ⌧–ns degeneracy and the impact of replacing the
LFI-based lowP likelihood used in the 2015 Planck papers with
the HFI-based SimLow likelihood discussed here. The values of
⌧ and �8 shift downwards.

Figure 42 compares the SimLow and lowP parameter con-
straints on ⌧, �8, and ns, while Table 8 gives numerical results
for parameters of the base ⇤CDM model. The tighter constraint
on ⌧ brought by SimLow reduces the correlation between ns and
⌧, and leads to slightly tighter bounds on ns. However, larger pa-
rameter changes are seen for ⌧ and As, each changing by about
1�. We specifically find

⌧ = 0.058 ± 0.009, PlanckTT+SimLow, (17)

in excellent agreement with the result from SimLow alone.
The present day amplitude of the fluctuations, �8, decreases
by about 1� and its uncertainty shrinks by about 33 %. This
shift goes in the right direction to reduce the tensions with
cluster abundance and weak galaxy lensing, as discussed in
Planck Collaboration XIII (2016), although it is not yet su�cient
to remove them entirely.

Changes in most of the other cosmological parameters are
small, with deviations being less than 0.5�. The largest devia-
tion is in the spectral index ns, due to its partial correlation with
⌧. This slight decrease in ns means that we can now reject the
scale-invariant spectrum at the 6.7� level (8.7� when using the
high-` polarization data). The Hubble constant H0 decreases by

0.4�; within the framework of the base ⇤CDM model, this in-
creases the tension with some recent direct local determinations
of H0 (Riess et al. 2016) to around 3.2�.

The use of SimLow in place of lowP has little e↵ect on most
of the usual extentions to the ⇤CDM model, as can be seen in
Table 9. The number of relativistic species, for example, remains
compatible with 3. The phenomenological AL parameter is es-
sentially unchanged, and still discrepant at roughly the 2� level
from its expected value of 1. Additionally, the running of the
spectral index is constrained to be even closer to zero.

Due to the lowering of the normalization, the CMB con-
straint on neutrino masses improves from

P

m⌫ < 0.72 eV
(PlanckTT+lowP) to

P

m⌫ < 0.59 eV (PlanckTT+SimLow)
and

P

m⌫ < 0.34 eV (PlanckTTTEEE+SimLow). When
adding BAO information (see Planck Collaboration XIII 2016,
for details), these constraints improve further to m⌫ <
0.17 eV (PlanckTT+SimLow+lensing+BAO) and m⌫ = 0.14 eV
(PlanckTTTEEE+SimLow+lensing)

The HFI polarization measurements presented in this paper
reduce some of the tensions for some of the cosmological pa-
rameters, but have no substantial impact on the qualitative con-
clusions of the Planck 2015 cosmology papers. In particular, the
⇤CDM model remains an excellent description of the current
data.

Further interpretation of these results in terms of reion-
ization models can be found in the companion paper
Planck Collaboration XLVII (2016). A more complete quantita-
tive description of all the cosmological consequences of the new
HFI-based constraints, along with a complete reanalysis of the
high-` polarization using these new data, will be performed in a
forthcoming Planck release.

8. Conclusions

This paper presents a value of the parameter ⌧ derived solely
from low-multipole EE polarization, which is both the most ac-
curate to date and the lowest central value. It depends on the
high-` multipoles of the TT power spectrum only through the
constraint required to fix As e�2⌧.

Measurements of polarized CMB anisotropies on these large
(> 10�) scales require all-sky coverage and very low noise. Only
space experiments, with great stability, multiple redundancies,
and enough frequencies to remove Galactic foregrounds, can
achieve all of these simultaneously. The WMAP satellite was
the first to reach most of these goals, with two telescopes to di-
rectly measure very large scales, passively cooled detectors, and
nine years of observations; however, its lack of high frequencies
did not allow a good enough dust foreground subtraction to be
carried out. The Planck mission achieved much lower noise, es-
pecially with the 100 mK bolometers of the HFI. Scanning the
sky in nearly great circles at 1 rpm for 2.5 years, Planck HFI re-
quired extreme stability and many levels of redundancy to mea-
sure the polarized CMB on the largest scales. The challenge was
such that, for the first two cosmological data and science releases
by the Planck team, there were still obvious signs of poorly-
understood systematic e↵ects, which prevented the use of large-
scale HFI polarization data.

At 545 and 857 GHz, calibration is not as accurate as in
the CMB-calibrated channels (70–353 GHz), but polarized dust
emission can be removed well enough that ⌧ is una↵ected by
dust residuals. Furthermore, most of the synchrotron foreground
that is uncorrelated with dust is also mostly removed when us-
ing only 100⇥143 cross-spectra. At CMB frequencies, polarized
systematic e↵ects have now been understood and modelled. One
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the results of running SimLow for the first few multipoles of the
data.
SimLow uses posteriors for multipoles in the range ` = 2–

20. Using SimLow to compute the ⌧ posterior with the same
cosmological parameters as SimBaL shown in Fig. D.12 gives
⌧ = 0.055 ± 0.009, which is fully consistent with the value from
SimBaL and referred to as lowEH.

Fig. D.11. P(Cfid
` | bCdata

` ) computed for the data using SimLow.
Power spectrum values computed for di↵erent ⌧ are shown in
blue. For ` = 3 and ` = 5 we can see that very small values
of ⌧ are excluded, while for ` = 4 large values of ⌧ have a low
probability.
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This appendix gathers definitions of acronyms and other
terms widely used in this paper, in addition to those more
general terms listed in the glossary and acronym list of
Planck Collaboration ES (2015).

ADC NL: Analogue-to-digital converter nonlinearities. The HFI
bolometer electronics readout includes a 16-bit ADC that has a
very loose tolerance on the di↵erential nonlinearity (the maxi-
mum deviation from one least significant bit, LSB, between two
consecutive levels, over the whole range), specified to be not
worse than one LSB. The implications of this feature for HFI
performance proved to be a major systematic e↵ect on the flight
data. A wide dynamic range at the ADC input was needed to both
measure the CMB sky and foregrounds, and properly character-
ize and remove the tails of glitches from cosmic rays. Operating
HFI electronics with the necessary low gains increased the ef-

Fig. D.12. Posterior distribution for ⌧ computed with the SimLow
likelihood using the same cosmological parameters as for
SimBaL. The posterior is consistent with the LowEH result.

fects of the ADC scale errors on CMB data (see section 2 of
Planck Collaboration VIII 2016, for further details).

ADU: analogue-to-digital unit.

Complex transfer function: an empirical function that captures
residuals of the bolometer/electronics time response deconvolu-
tion (including VLTC) and residuals from far sidelobe e↵ects.

Detset or ds: “detector set,” i.e., a combination of sets of
polarization-sensitive bolometer pairs with both orientations.
Specifically, 100 GHz ds1 combines 100-1a/b and 100-4a/b,
100 GHz ds2 combines 100-2a/b and 100-3a/b, 143 GHz ds1
combines 143-1a/b and 143-3a/b, and 143 GHz ds2 combines
143-2a/b and 143-4a/b.

Distorted dipole: the di↵erence between the actual dipole sig-
nal (which is a↵ected by the ADC NL, like all signals) and the
sine wave that would have been measured without the nonlinear-
ity.

F-TT, F-EE, and F-BB models: CMB fiducial power
spectra, based on best-fit Planck cosmological parameters
(Planck Collaboration XIII 2016), with ⌧ = 0.066 and r = 0.11.

FSL: far sidelobe e↵ects, i.e., the pickup of the sky signal, dom-
inated by the spillover of radiation around the edges of the sec-
ondary and the primary telescope mirrors after being reflected by
the secondary mirrors and main ba✏e (with the usual convention
following the light from the detectors outwards).

HFPS: HFI focal plane simulations, built with the pre-2016
E2E software pipeline. They contain realizations of the noise
described in Sect. B.3.5, with the systematics dominated by the
additional ADC NL model described in Sect. B.4.2. HFPS1 con-
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fects of the ADC scale errors on CMB data (see section 2 of
Planck Collaboration VIII 2016, for further details).

ADU: analogue-to-digital unit.

Complex transfer function: an empirical function that captures
residuals of the bolometer/electronics time response deconvolu-
tion (including VLTC) and residuals from far sidelobe e↵ects.

Detset or ds: “detector set,” i.e., a combination of sets of
polarization-sensitive bolometer pairs with both orientations.
Specifically, 100 GHz ds1 combines 100-1a/b and 100-4a/b,
100 GHz ds2 combines 100-2a/b and 100-3a/b, 143 GHz ds1
combines 143-1a/b and 143-3a/b, and 143 GHz ds2 combines
143-2a/b and 143-4a/b.

Distorted dipole: the di↵erence between the actual dipole sig-
nal (which is a↵ected by the ADC NL, like all signals) and the
sine wave that would have been measured without the nonlinear-
ity.

F-TT, F-EE, and F-BB models: CMB fiducial power
spectra, based on best-fit Planck cosmological parameters
(Planck Collaboration XIII 2016), with ⌧ = 0.066 and r = 0.11.

FSL: far sidelobe e↵ects, i.e., the pickup of the sky signal, dom-
inated by the spillover of radiation around the edges of the sec-
ondary and the primary telescope mirrors after being reflected by
the secondary mirrors and main ba✏e (with the usual convention
following the light from the detectors outwards).

HFPS: HFI focal plane simulations, built with the pre-2016
E2E software pipeline. They contain realizations of the noise
described in Sect. B.3.5, with the systematics dominated by the
additional ADC NL model described in Sect. B.4.2. HFPS1 con-
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is discussed at length in Planck Collaboration XVI (2014) and
Planck Collaboration XIII (2016).

Adding the Planck lensing measurements, which are com-
patible with lower values of As, drives ⌧ down again, close to the
original lowP value:

⌧ = 0.066 ± 0.016, PlanckTT+lowP+lensing. (15)

These shifts, and in fact the low-multipole power deficit, are
not of su�ciently high significance to suggest new physics.
Moreover, the fact that adding Planck lensing causes ⌧ to shift
downwards suggests that ⌧ is lower than the value in Eq. (13).
Indeed SimLow alone gives the following constraint on ⌧:

⌧ = 0.055 ± 0.009, SimLow. (16)

We can anticipate what will happen if we replace the lowP
likelihood with a statistically more powerful polarization likeli-
hood favouring a low value of ⌧— the main e↵ect will be to shift
�8 towards lower values, with a proportionately smaller shift of
ns also to smaller values. Furthermore this would not be consis-
tent with solving the high-multipole peak smoothing through an
underestimate of the e↵ect of lensing. In fact, adding the Planck
lensing measurement to SimLow and PlanckTT has a small im-
pact on the value of ⌧, giving ⌧ = 0.057 ± 0.0092.

Fig. 42. Parameter constraints for the base ⇤CDM cosmology,
illustrating the ⌧–ns degeneracy and the impact of replacing the
LFI-based lowP likelihood used in the 2015 Planck papers with
the HFI-based SimLow likelihood discussed here. The values of
⌧ and �8 shift downwards.

Figure 42 compares the SimLow and lowP parameter con-
straints on ⌧, �8, and ns, while Table 8 gives numerical results
for parameters of the base ⇤CDM model. The tighter constraint
on ⌧ brought by SimLow reduces the correlation between ns and
⌧, and leads to slightly tighter bounds on ns. However, larger pa-
rameter changes are seen for ⌧ and As, each changing by about
1�. We specifically find

⌧ = 0.058 ± 0.009, PlanckTT+SimLow, (17)

in excellent agreement with the result from SimLow alone.
The present day amplitude of the fluctuations, �8, decreases
by about 1� and its uncertainty shrinks by about 33 %. This
shift goes in the right direction to reduce the tensions with
cluster abundance and weak galaxy lensing, as discussed in
Planck Collaboration XIII (2016), although it is not yet su�cient
to remove them entirely.

Changes in most of the other cosmological parameters are
small, with deviations being less than 0.5�. The largest devia-
tion is in the spectral index ns, due to its partial correlation with
⌧. This slight decrease in ns means that we can now reject the
scale-invariant spectrum at the 6.7� level (8.7� when using the
high-` polarization data). The Hubble constant H0 decreases by

0.4�; within the framework of the base ⇤CDM model, this in-
creases the tension with some recent direct local determinations
of H0 (Riess et al. 2016) to around 3.2�.

The use of SimLow in place of lowP has little e↵ect on most
of the usual extentions to the ⇤CDM model, as can be seen in
Table 9. The number of relativistic species, for example, remains
compatible with 3. The phenomenological AL parameter is es-
sentially unchanged, and still discrepant at roughly the 2� level
from its expected value of 1. Additionally, the running of the
spectral index is constrained to be even closer to zero.

Due to the lowering of the normalization, the CMB con-
straint on neutrino masses improves from

P

m⌫ < 0.72 eV
(PlanckTT+lowP) to

P

m⌫ < 0.59 eV (PlanckTT+SimLow)
and

P

m⌫ < 0.34 eV (PlanckTTTEEE+SimLow). When
adding BAO information (see Planck Collaboration XIII 2016,
for details), these constraints improve further to m⌫ <
0.17 eV (PlanckTT+SimLow+lensing+BAO) and m⌫ = 0.14 eV
(PlanckTTTEEE+SimLow+lensing)

The HFI polarization measurements presented in this paper
reduce some of the tensions for some of the cosmological pa-
rameters, but have no substantial impact on the qualitative con-
clusions of the Planck 2015 cosmology papers. In particular, the
⇤CDM model remains an excellent description of the current
data.

Further interpretation of these results in terms of reion-
ization models can be found in the companion paper
Planck Collaboration XLVII (2016). A more complete quantita-
tive description of all the cosmological consequences of the new
HFI-based constraints, along with a complete reanalysis of the
high-` polarization using these new data, will be performed in a
forthcoming Planck release.

8. Conclusions

This paper presents a value of the parameter ⌧ derived solely
from low-multipole EE polarization, which is both the most ac-
curate to date and the lowest central value. It depends on the
high-` multipoles of the TT power spectrum only through the
constraint required to fix As e�2⌧.

Measurements of polarized CMB anisotropies on these large
(> 10�) scales require all-sky coverage and very low noise. Only
space experiments, with great stability, multiple redundancies,
and enough frequencies to remove Galactic foregrounds, can
achieve all of these simultaneously. The WMAP satellite was
the first to reach most of these goals, with two telescopes to di-
rectly measure very large scales, passively cooled detectors, and
nine years of observations; however, its lack of high frequencies
did not allow a good enough dust foreground subtraction to be
carried out. The Planck mission achieved much lower noise, es-
pecially with the 100 mK bolometers of the HFI. Scanning the
sky in nearly great circles at 1 rpm for 2.5 years, Planck HFI re-
quired extreme stability and many levels of redundancy to mea-
sure the polarized CMB on the largest scales. The challenge was
such that, for the first two cosmological data and science releases
by the Planck team, there were still obvious signs of poorly-
understood systematic e↵ects, which prevented the use of large-
scale HFI polarization data.

At 545 and 857 GHz, calibration is not as accurate as in
the CMB-calibrated channels (70–353 GHz), but polarized dust
emission can be removed well enough that ⌧ is una↵ected by
dust residuals. Furthermore, most of the synchrotron foreground
that is uncorrelated with dust is also mostly removed when us-
ing only 100⇥143 cross-spectra. At CMB frequencies, polarized
systematic e↵ects have now been understood and modelled. One
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the results of running SimLow for the first few multipoles of the
data.
SimLow uses posteriors for multipoles in the range ` = 2–

20. Using SimLow to compute the ⌧ posterior with the same
cosmological parameters as SimBaL shown in Fig. D.12 gives
⌧ = 0.055 ± 0.009, which is fully consistent with the value from
SimBaL and referred to as lowEH.

Fig. D.11. P(Cfid
` | bCdata

` ) computed for the data using SimLow.
Power spectrum values computed for di↵erent ⌧ are shown in
blue. For ` = 3 and ` = 5 we can see that very small values
of ⌧ are excluded, while for ` = 4 large values of ⌧ have a low
probability.
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ADC NL: Analogue-to-digital converter nonlinearities. The HFI
bolometer electronics readout includes a 16-bit ADC that has a
very loose tolerance on the di↵erential nonlinearity (the maxi-
mum deviation from one least significant bit, LSB, between two
consecutive levels, over the whole range), specified to be not
worse than one LSB. The implications of this feature for HFI
performance proved to be a major systematic e↵ect on the flight
data. A wide dynamic range at the ADC input was needed to both
measure the CMB sky and foregrounds, and properly character-
ize and remove the tails of glitches from cosmic rays. Operating
HFI electronics with the necessary low gains increased the ef-

Fig. D.12. Posterior distribution for ⌧ computed with the SimLow
likelihood using the same cosmological parameters as for
SimBaL. The posterior is consistent with the LowEH result.

fects of the ADC scale errors on CMB data (see section 2 of
Planck Collaboration VIII 2016, for further details).

ADU: analogue-to-digital unit.

Complex transfer function: an empirical function that captures
residuals of the bolometer/electronics time response deconvolu-
tion (including VLTC) and residuals from far sidelobe e↵ects.

Detset or ds: “detector set,” i.e., a combination of sets of
polarization-sensitive bolometer pairs with both orientations.
Specifically, 100 GHz ds1 combines 100-1a/b and 100-4a/b,
100 GHz ds2 combines 100-2a/b and 100-3a/b, 143 GHz ds1
combines 143-1a/b and 143-3a/b, and 143 GHz ds2 combines
143-2a/b and 143-4a/b.

Distorted dipole: the di↵erence between the actual dipole sig-
nal (which is a↵ected by the ADC NL, like all signals) and the
sine wave that would have been measured without the nonlinear-
ity.

F-TT, F-EE, and F-BB models: CMB fiducial power
spectra, based on best-fit Planck cosmological parameters
(Planck Collaboration XIII 2016), with ⌧ = 0.066 and r = 0.11.

FSL: far sidelobe e↵ects, i.e., the pickup of the sky signal, dom-
inated by the spillover of radiation around the edges of the sec-
ondary and the primary telescope mirrors after being reflected by
the secondary mirrors and main ba✏e (with the usual convention
following the light from the detectors outwards).

HFPS: HFI focal plane simulations, built with the pre-2016
E2E software pipeline. They contain realizations of the noise
described in Sect. B.3.5, with the systematics dominated by the
additional ADC NL model described in Sect. B.4.2. HFPS1 con-
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F-TT, F-EE, and F-BB models: CMB fiducial power
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the secondary mirrors and main ba✏e (with the usual convention
following the light from the detectors outwards).

HFPS: HFI focal plane simulations, built with the pre-2016
E2E software pipeline. They contain realizations of the noise
described in Sect. B.3.5, with the systematics dominated by the
additional ADC NL model described in Sect. B.4.2. HFPS1 con-
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SimLow
Σmν<0.59 eV PlanckTT+SimLow 
Σmν<0.34 eV PlanckTT,TE,EE+SimLow 
Σmν<0.17 eV PlanckTT+SimLow+Lensing+BAO 
Σmν<0.14 eV PlanckTT,TE,EE+SimLow+Lensing+BAO

Planck Collaboration 2016, arXiv:1605.02985 

Planck Collaboration: Large-scale polarization and reionization

is discussed at length in Planck Collaboration XVI (2014) and
Planck Collaboration XIII (2016).

Adding the Planck lensing measurements, which are com-
patible with lower values of As, drives ⌧ down again, close to the
original lowP value:

⌧ = 0.066 ± 0.016, PlanckTT+lowP+lensing. (15)

These shifts, and in fact the low-multipole power deficit, are
not of su�ciently high significance to suggest new physics.
Moreover, the fact that adding Planck lensing causes ⌧ to shift
downwards suggests that ⌧ is lower than the value in Eq. (13).
Indeed SimLow alone gives the following constraint on ⌧:

⌧ = 0.055 ± 0.009, SimLow. (16)

We can anticipate what will happen if we replace the lowP
likelihood with a statistically more powerful polarization likeli-
hood favouring a low value of ⌧— the main e↵ect will be to shift
�8 towards lower values, with a proportionately smaller shift of
ns also to smaller values. Furthermore this would not be consis-
tent with solving the high-multipole peak smoothing through an
underestimate of the e↵ect of lensing. In fact, adding the Planck
lensing measurement to SimLow and PlanckTT has a small im-
pact on the value of ⌧, giving ⌧ = 0.057 ± 0.0092.

Fig. 42. Parameter constraints for the base ⇤CDM cosmology,
illustrating the ⌧–ns degeneracy and the impact of replacing the
LFI-based lowP likelihood used in the 2015 Planck papers with
the HFI-based SimLow likelihood discussed here. The values of
⌧ and �8 shift downwards.

Figure 42 compares the SimLow and lowP parameter con-
straints on ⌧, �8, and ns, while Table 8 gives numerical results
for parameters of the base ⇤CDM model. The tighter constraint
on ⌧ brought by SimLow reduces the correlation between ns and
⌧, and leads to slightly tighter bounds on ns. However, larger pa-
rameter changes are seen for ⌧ and As, each changing by about
1�. We specifically find

⌧ = 0.058 ± 0.009, PlanckTT+SimLow, (17)

in excellent agreement with the result from SimLow alone.
The present day amplitude of the fluctuations, �8, decreases
by about 1� and its uncertainty shrinks by about 33 %. This
shift goes in the right direction to reduce the tensions with
cluster abundance and weak galaxy lensing, as discussed in
Planck Collaboration XIII (2016), although it is not yet su�cient
to remove them entirely.

Changes in most of the other cosmological parameters are
small, with deviations being less than 0.5�. The largest devia-
tion is in the spectral index ns, due to its partial correlation with
⌧. This slight decrease in ns means that we can now reject the
scale-invariant spectrum at the 6.7� level (8.7� when using the
high-` polarization data). The Hubble constant H0 decreases by

0.4�; within the framework of the base ⇤CDM model, this in-
creases the tension with some recent direct local determinations
of H0 (Riess et al. 2016) to around 3.2�.

The use of SimLow in place of lowP has little e↵ect on most
of the usual extentions to the ⇤CDM model, as can be seen in
Table 9. The number of relativistic species, for example, remains
compatible with 3. The phenomenological AL parameter is es-
sentially unchanged, and still discrepant at roughly the 2� level
from its expected value of 1. Additionally, the running of the
spectral index is constrained to be even closer to zero.

Due to the lowering of the normalization, the CMB con-
straint on neutrino masses improves from

P

m⌫ < 0.72 eV
(PlanckTT+lowP) to

P

m⌫ < 0.59 eV (PlanckTT+SimLow)
and

P

m⌫ < 0.34 eV (PlanckTTTEEE+SimLow). When
adding BAO information (see Planck Collaboration XIII 2016,
for details), these constraints improve further to m⌫ <
0.17 eV (PlanckTT+SimLow+lensing+BAO) and m⌫ = 0.14 eV
(PlanckTTTEEE+SimLow+lensing)

The HFI polarization measurements presented in this paper
reduce some of the tensions for some of the cosmological pa-
rameters, but have no substantial impact on the qualitative con-
clusions of the Planck 2015 cosmology papers. In particular, the
⇤CDM model remains an excellent description of the current
data.

Further interpretation of these results in terms of reion-
ization models can be found in the companion paper
Planck Collaboration XLVII (2016). A more complete quantita-
tive description of all the cosmological consequences of the new
HFI-based constraints, along with a complete reanalysis of the
high-` polarization using these new data, will be performed in a
forthcoming Planck release.

8. Conclusions

This paper presents a value of the parameter ⌧ derived solely
from low-multipole EE polarization, which is both the most ac-
curate to date and the lowest central value. It depends on the
high-` multipoles of the TT power spectrum only through the
constraint required to fix As e�2⌧.

Measurements of polarized CMB anisotropies on these large
(> 10�) scales require all-sky coverage and very low noise. Only
space experiments, with great stability, multiple redundancies,
and enough frequencies to remove Galactic foregrounds, can
achieve all of these simultaneously. The WMAP satellite was
the first to reach most of these goals, with two telescopes to di-
rectly measure very large scales, passively cooled detectors, and
nine years of observations; however, its lack of high frequencies
did not allow a good enough dust foreground subtraction to be
carried out. The Planck mission achieved much lower noise, es-
pecially with the 100 mK bolometers of the HFI. Scanning the
sky in nearly great circles at 1 rpm for 2.5 years, Planck HFI re-
quired extreme stability and many levels of redundancy to mea-
sure the polarized CMB on the largest scales. The challenge was
such that, for the first two cosmological data and science releases
by the Planck team, there were still obvious signs of poorly-
understood systematic e↵ects, which prevented the use of large-
scale HFI polarization data.

At 545 and 857 GHz, calibration is not as accurate as in
the CMB-calibrated channels (70–353 GHz), but polarized dust
emission can be removed well enough that ⌧ is una↵ected by
dust residuals. Furthermore, most of the synchrotron foreground
that is uncorrelated with dust is also mostly removed when us-
ing only 100⇥143 cross-spectra. At CMB frequencies, polarized
systematic e↵ects have now been understood and modelled. One
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All these bounds are obtained considering three massive degenerate 
state!

How cosmological data are sensitive to the neutrino mass 
distribution? How the total mass is distributed among the massive 

eigenstates?
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Cosmological datasets
✓ CMB: 

o Planck  2015 temperature and polarization measurements. We 
combine the large angular scale temperature and polarization 
measured by Planck LFI experiment with the small-scale TT 
temperature spectrum  measured by Planck HFI (here denoted as 
Planck TT).  

o We also add to this combination the small-scale TE and EE 
polarization spectra measured by Planck HFI (denoted as Planck 
pol).

✓ BOSS (Baryon Oscillation Spectroscopic Survey, SDSS III) 
o Data Release 9 (3D galaxy power spectrum shape).

Ahn et al., APJ 2012 [SDSS Collaboration] 
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Cosmological datasets

✓ BAO geometrical information: 
o WiggleZ Dark Energy Survey, at z=0.44, 0.60 and 0.73. 

o 6-degree Field Galaxy Survey,  at z=0.106.  

o BOSS Data Release 11 LowZ sample, at z=0.32.

✓ Hubble constant measurements: 
o Observations of Cepheids variable from the Hubble Space 

Telescope, H0=73.02 ± 1.79 km/s/Mpc, (denoted as H073p02). 

o Recent reanalysis of Efstathiou consisting of a lower estimate 
H0=70.6± 3.3 km/s/Mpc, and a higher estimate, H0=72.5± 2.5 km/s/
Mpc,(denoted as H070p6 and H072p5). Efstathiou, Mon. Not. Roy. Astron. Soc. 2014

Riess et al., arXiv:1604.01424 

Beutler et al., Mon. Not. Roy. Astron. Soc. 2011

Blake et al., Mon. Not. Roy. Astron. Soc. 2011

Anderson et al. [BOSS Collaboration], Mon. Not. Roy. Astron. Soc. 2014
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Clustering modelling
 DR9 CMASS sample of galaxy with redshift 0.43< z <0.7 with a mean redshift of 0.57: 

• We consider an extra free parameter S to take account of systematic effects that affect the 
measured power spectrum, Pmeas(k): 

2

limits among the ones quoted above have been obtained
by employing Planck polarization measurements at small
scales [16], which could be a↵ected by a small residual
level of systematics 1.

Here we follow a more conservative approach. We ex-
ploit the e↵ect of the neutrino masses in galaxy clus-
tering, focusing on the full 3D galaxy power spectrum
shape from the Baryon Oscillation Spectroscopic Survey
(BOSS) [11] Data Release 9 (DR9) [12] (which is among
the largest sets of galaxy spectra publicly available to
date), in combination with the Planck CMB 2015 full
data in temperature, complemented with large scale po-
larization measurements [17]. This is our baseline com-
bination. When we combine two data sets - independent
large scale structure measurements in the form of Baryon
Acoustic Oscillations (BAO) and di↵erent priors on the
Hubble parameter [13, 14] - the minimal value of the
mass expected in the inverted neutrino mass hierarchi-
cal scenario (see text below for a definition of minimal
value in this context),

P
m⌫ = 0.0968 eV, is excluded up

to a significance of 90% CL. This indicates that current
cosmological measurements show a mild preference for
the region of the parameter space corresponding to the
normal hierarchical scheme for the neutrino mass eigen-
states. Moreover, cosmological data start to show dif-
ferences in the neutrino mass bounds for the di↵erent
possible neutrino mass schemes. We also illustrate the
very important role played by low redshift observables
and how they a↵ect the limit quoted above.

II. ANALYSIS AND DATA

In the following section, the cosmological model we
assume is the standard ⇤CDM scenario, described by
its usual six parameters, plus the sum of the neutrino
masses

P
m⌫ . In particular, the model parameters are

the baryon ⌦bh
2 and the cold dark matter ⌦ch

2 physical
mass-energy densities, the ratio between the sound hori-
zon and the angular diameter distance at decoupling ⇥s,
the reionization optical depth ⌧ , the scalar spectral index
ns and the amplitude of the primordial spectrum As. We
follow here the Planck ⇤CDM model assumption of two
massless neutrino states and a massive one. In addition,
we also present the limits obtained when assuming one
massless plus two massive neutrino states instead. We
compare these bounds to those in the three degenerate
massive neutrino scheme. In doing so, we are motivated
by the fact that current limits on

P
m⌫ start excluding

the degenerate region at a high significance. As a result,

1 We also note that, even though results from [7] are shown in
combination with Planck temperature (i.e. without small scale
polarization), they come from a frequentist analysis. As detailed
below, we are going to show results obtained within the bayesian
framework. As a result, a direct comparison between our limits
and [7] is hard to assess.

it is timely to investigate the impact of our assumptions
on how the total mass is distributed among the massive
eigenstates. More detailed analyses will be carried out in
an upcoming work [15].

Measurements of the CMB anisotropy temperature,
polarization, and cross-correlation spectra are exploited
with the full Planck 2015 data release [16, 17]. We
present results arising from the combination of the full
temperature data with the large scale polarization mea-
surements (i.e. the Planck low-` multipole likelihood
that extends from ` = 2 to ` = 29), referring to it as
Planck TT. When combined with DR9, we refer to it as
our Base dataset. Furthermore, we also consider for the
sake of comparison the addition of the small-scale po-
larization and cross-correlation spectra as measured by
the Planck High Frequency Instrument (HFI), which in
the following will be named Planck pol. We refer to the
combination of Planck pol and DR9 as Basepol. We an-
alyze Planck CMB datasets, making use of the Planck
likelihood [18]. With respect to the di↵erent parameters
involved in the CMB foreground analyses, we vary them
following Refs. [16, 18]. Because of a possible residual
level of systematics in the coadded polarization spectra at
high-multipoles, the Planck Collaboration suggests treat-
ing the full temperature and polarization results with
caution [16]. For this reason, we shall assume the Planck
TT as our CMB baseline data and provide results from
Planck pol for the sake of comparison with other recent
works [7, 10].

Together with Planck CMB temperature and polar-
ization measurements, we exploit here the DR9 CMASS
sample of galaxies [12], as previously done in Refs. [19,
20]. This galaxy sample contains 264 283 massive galax-
ies over 3275 deg2 of the sky. The redshift range of this
galaxy sample is 0.43 < z < 0.7, with a mean redshift
of ze↵ = 0.57. The measured galaxy power spectrum
Pmeas(k) is identical to the one exploited for the BAO
analyses [21], and it is a↵ected by several systematic un-
certainties, as carefully studied in [22, 23]. Following this
previous work, we add an extra free parameter to ac-
count for systematics in the measured power spectrum:
Pmeas(k) = Pmeas,w(k) � S[Pmeas,nw(k) � Pmeas,w(k)],
where Pmeas,w(k) is the measured power spectrum af-
ter accounting for systematic uncertainties, Pmeas,nw(k)
refers to the measured power spectrum without these ef-
fects, and S is an extra nuisance parameter that will be
marginalized over. Previous works [19, 23] have applied
a gaussian prior with a standard deviation of 0.1 to the S
parameter , based on the mocks of Ref. [22]. Here we fol-
low the same assumption for the systematics parameter
S.

The expectation value of the matter power spectrum
requires a previous convolution of the true power spec-
trum with the window functions. These functions de-
scribe the correlation of the data at di↵erent scales k
due to the survey geometry, to be convolved with the
theoretical power spectrum, i.e. the predicted power
spectrum as a function of cosmological parameters ex-

measured power spectrum 
after account for systematic 
uncertainties

the measured power spectrum 
without systematic effects
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limits among the ones quoted above have been obtained
by employing Planck polarization measurements at small
scales [16], which could be a↵ected by a small residual
level of systematics 1.

Here we follow a more conservative approach. We ex-
ploit the e↵ect of the neutrino masses in galaxy clus-
tering, focusing on the full 3D galaxy power spectrum
shape from the Baryon Oscillation Spectroscopic Survey
(BOSS) [11] Data Release 9 (DR9) [12] (which is among
the largest sets of galaxy spectra publicly available to
date), in combination with the Planck CMB 2015 full
data in temperature, complemented with large scale po-
larization measurements [17]. This is our baseline com-
bination. When we combine two data sets - independent
large scale structure measurements in the form of Baryon
Acoustic Oscillations (BAO) and di↵erent priors on the
Hubble parameter [13, 14] - the minimal value of the
mass expected in the inverted neutrino mass hierarchi-
cal scenario (see text below for a definition of minimal
value in this context),

P
m⌫ = 0.0968 eV, is excluded up

to a significance of 90% CL. This indicates that current
cosmological measurements show a mild preference for
the region of the parameter space corresponding to the
normal hierarchical scheme for the neutrino mass eigen-
states. Moreover, cosmological data start to show dif-
ferences in the neutrino mass bounds for the di↵erent
possible neutrino mass schemes. We also illustrate the
very important role played by low redshift observables
and how they a↵ect the limit quoted above.

II. ANALYSIS AND DATA

In the following section, the cosmological model we
assume is the standard ⇤CDM scenario, described by
its usual six parameters, plus the sum of the neutrino
masses

P
m⌫ . In particular, the model parameters are

the baryon ⌦bh
2 and the cold dark matter ⌦ch

2 physical
mass-energy densities, the ratio between the sound hori-
zon and the angular diameter distance at decoupling ⇥s,
the reionization optical depth ⌧ , the scalar spectral index
ns and the amplitude of the primordial spectrum As. We
follow here the Planck ⇤CDM model assumption of two
massless neutrino states and a massive one. In addition,
we also present the limits obtained when assuming one
massless plus two massive neutrino states instead. We
compare these bounds to those in the three degenerate
massive neutrino scheme. In doing so, we are motivated
by the fact that current limits on

P
m⌫ start excluding

the degenerate region at a high significance. As a result,

1 We also note that, even though results from [7] are shown in
combination with Planck temperature (i.e. without small scale
polarization), they come from a frequentist analysis. As detailed
below, we are going to show results obtained within the bayesian
framework. As a result, a direct comparison between our limits
and [7] is hard to assess.

it is timely to investigate the impact of our assumptions
on how the total mass is distributed among the massive
eigenstates. More detailed analyses will be carried out in
an upcoming work [15].

Measurements of the CMB anisotropy temperature,
polarization, and cross-correlation spectra are exploited
with the full Planck 2015 data release [16, 17]. We
present results arising from the combination of the full
temperature data with the large scale polarization mea-
surements (i.e. the Planck low-` multipole likelihood
that extends from ` = 2 to ` = 29), referring to it as
Planck TT. When combined with DR9, we refer to it as
our Base dataset. Furthermore, we also consider for the
sake of comparison the addition of the small-scale po-
larization and cross-correlation spectra as measured by
the Planck High Frequency Instrument (HFI), which in
the following will be named Planck pol. We refer to the
combination of Planck pol and DR9 as Basepol. We an-
alyze Planck CMB datasets, making use of the Planck
likelihood [18]. With respect to the di↵erent parameters
involved in the CMB foreground analyses, we vary them
following Refs. [16, 18]. Because of a possible residual
level of systematics in the coadded polarization spectra at
high-multipoles, the Planck Collaboration suggests treat-
ing the full temperature and polarization results with
caution [16]. For this reason, we shall assume the Planck
TT as our CMB baseline data and provide results from
Planck pol for the sake of comparison with other recent
works [7, 10].

Together with Planck CMB temperature and polar-
ization measurements, we exploit here the DR9 CMASS
sample of galaxies [12], as previously done in Refs. [19,
20]. This galaxy sample contains 264 283 massive galax-
ies over 3275 deg2 of the sky. The redshift range of this
galaxy sample is 0.43 < z < 0.7, with a mean redshift
of ze↵ = 0.57. The measured galaxy power spectrum
Pmeas(k) is identical to the one exploited for the BAO
analyses [21], and it is a↵ected by several systematic un-
certainties, as carefully studied in [22, 23]. Following this
previous work, we add an extra free parameter to ac-
count for systematics in the measured power spectrum:
Pmeas(k) = Pmeas,w(k) � S[Pmeas,nw(k) � Pmeas,w(k)],
where Pmeas,w(k) is the measured power spectrum af-
ter accounting for systematic uncertainties, Pmeas,nw(k)
refers to the measured power spectrum without these ef-
fects, and S is an extra nuisance parameter that will be
marginalized over. Previous works [19, 23] have applied
a gaussian prior with a standard deviation of 0.1 to the S
parameter , based on the mocks of Ref. [22]. Here we fol-
low the same assumption for the systematics parameter
S.

The expectation value of the matter power spectrum
requires a previous convolution of the true power spec-
trum with the window functions. These functions de-
scribe the correlation of the data at di↵erent scales k
due to the survey geometry, to be convolved with the
theoretical power spectrum, i.e. the predicted power
spectrum as a function of cosmological parameters ex-

measured power spectrum 
after account for systematic 
uncertainties

the measured power spectrum 
without systematic effects
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spectrum Pmeas(k) is the one used in Refs. [9, 19, 35–
40], which is obtained using the standard Fourier tech-
nique [41], see [42] for details. This galaxy power spec-
trum was the one used to fit the Baryon Acoustic Oscil-
lations [19].
On large scales, we are affected by systematic effects

from stars or seeing of the survey. On small scales, we
are affected by observational effects such as redshift fail-
ures and fiber collisions. A conservative approach has
been provided by Refs. [39, 40], which add an extra free
parameter in the measured power spectrum

Pmeas(k) = Pmeas,w(k)−S[Pmeas,nw(k)−Pmeas,w(k)], (6)

where Pmeas,w(k) refers to the measured power spectrum
after applying the weights for stellar density, which rep-
resent the main source of systematic errors, Pmeas,nw(k)
is the measured power spectrum without these weights
and S is an extra nuisance parameter to be marginalized
over, see Tab. III. The expectation value of the matter
power spectrum is a convolution of the true matter power
spectrum with the window functions, which account for
the correlation of data at different scales k due the sur-
vey geometry. Therefore, the theoretical power spectra
P g
th(k) (to be computed in the following section) needs

to be convolved with a window matrix before compar-
ing it to Pmeas(k). In order to avoid non linearities, we
adopt the conservative choice of a maximum wavenumber
of kmax = 0.12 h/Mpc, region which is safe against large
non linear corrections in the modeled theoretical spectra,
that we discuss below. We use therefore 22 points in the
range 0.03 h/Mpc < k < 0.12 h/Mpc from the total 74
points of the DR9 power spectrum.

2. DR9 Clustering model

We follow here two different approaches to model
the theoretical power spectrum in the weakly nonlinear
regime explored here (kmax = 0.12 h/Mpc). These two
models are among the three ones considered in Ref. [9],
where it was checked that the neutrino mass bounds show
a very mild dependence on the galaxy clustering models
considered in their analyses. The first approach we con-
sider for DR9 is the HaloFit prescription (HF) [31, 32].
The final theoretical galaxy power spectrum to be con-
volved with the window functions reads

P g
th(k, z) = b2HFP

m
HFν(k; z) + P s

HF , (7)

where bHF and P s
HF are the bias and the shot contribu-

tion respectively, considered to be constant. The priors
adopted in the the former two parameters are depicted in
Tab. III. The model given above by Eq. (7) with a bias
and a shot noise parameter is equivalent to that used be-
fore for modeling the theoretical angular power spectra
ofr DR8 data analyses, see Eq. (2).

The second approach adopted here for galaxy cluster-
ing modeling is that of Ref. [43]:

P g
th(k, z) = b2Q

1 +Qk2

1 + 1.4k
Pm,linear(k, z) , (8)

where k is the wavenumber in units of h/Mpc and
Pm,linear is the linear matter power spectrum. The free
parameters of this model are bQ and Q, which mimic
the scale dependence of the power spectrum at small
scales. These two parameters are considered here con-
stants with priors specified in Tab. III. In the following
section we shall comment on the dependence of the neu-
trino mass constraints on the underlying galaxy power
spectrum model.

IV. RESULTS

Here we present the constraints from current cosmo-
logical data sets on the sum of the three active neutrino
masses

∑

mν in different scenarios and with different
combinations of data sets.

A. Standard Cosmology plus massive neutrinos

Throughout this section we shall assume a ΛCDM cos-
mology, and compute the bounds on the sum of the three
active neutrino masses arising from the different cosmo-
logical data sets considered here. Table IV shows the
95% CL upper bounds on the total neutrino mass for
PLANCK, PLANCK plus DR8 and PLANCK plus DR9
data sets, with and without the HST prior on the Hubble
constant. These limits include the shot noise additional
parameters in the case of DR8 and the systematic effects,
in the case of DR9. Notice first that the constraints from
the PLANCK data set described before (which include
the Planck lensing likelihood as well as WMAP 9 year
data polarization measurements) are not very promis-
ing, since in this case

∑

mν < 1.11 eV at 95% CL. The
fact that CMB alone does not provide very significant
constraints on the sum of the neutrino masses has been
already discussed in the literature (see, for instance [8]).
Indeed, without the H0 prior, the change induced in the
CMB temperature anisotropies caused by an increase in
∑

mν can be compensated by a decrease in the Hubble
constant H0. An increase in

∑

mν will induce a shift in
the distance to last scattering2. While the acoustic peak
structure of the CMB data does not leave much freedom
in ωc and ωb, the change in distance to last scattering
could be compensated by lowering H0. The presence of
the HST prior on the Hubble parameter will break this

2 rθ(zrec) ∝
∫ zrec
0

dz
[

ωra−4 + ωma−3 + (1− ωm/h2)
]

−1/2
, with

ωm = ωb + ωc + ων

 DR9 CMASS sample of galaxy with redshift 0.43< z <0.7 with a mean redshift of 0.57: 

• We consider an extra free parameter S to take account of systematic effects that affect the 
measured power spectrum, Pmeas(k): 

• Theoretical model for galaxy power spectrum: 

scale independent bias model matter power spectrum 
computed using the Halofit 
prescription in presence of 
massive neutrinos  

S. Bird et al.,  Mon. Not. Roy. Astron. Soc. 2012

shot noise 
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Clustering modelling
0.03<k<0.2 h/Mpc

Giusarma et al., 2016 arXiv:1605.04320 
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Analysis Method
ΛCDM model described by six parameters, plus the sum of neutrino 
masses, {Ωb, Ωc, θ, τ, AS, ns, Σmν,}. We consider three different scenarios: 

✓ 1 massive + 2 massless neutrino states, 
✓ 2 massive + 1 massless neutrino states,  
✓ 3 degenerate massive neutrino states.   

Our Base dataset is the combination of Planck TT+DR9 data.  
We refer to the combination of Planck pol+DR9 as Basepol.   

We derive our cosmological constraints using the Monte Carlo Markov 
Chain package, COSMOMC. 

Workshop on CMB polarization, Large-Scale Structure, and 21 cm surveys
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Results
9

Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫ ⌧ H0

P
m⌫ ⌧ H0

P
m⌫ ⌧ H0

Planck TT < 0.662 0.080+0.038
�0.037 65.5+3.7

�4.3 < 0.724 0.081+0.039
�0.038 65.4+4.2

�5.3 < 0.720 0.080+0.038
�0.037 65.6+4.2

�5.7

base < 0.269 0.073± 0.037 66.8+2.1
�2.3 < 0.281 0.073+0.037

�0.036 66.8+2.1
�2.3 < 0.297 0.073+0.036

�0.037 66.8+2.1
�2.3

base+BAO < 0.183 0.075± 0.036 67.5+1.4
�1.6 < 0.191 0.075+0.037

�0.036 67.6+1.4
�1.6 < 0.202 0.075+0.037

�0.038 67.6± 1.5
base+H070p6 < 0.230 0.074± 0.036 67.1+1.9

�2.1 < 0.238 0.074+0.037
�0.036 67.2+1.9

�2.0 < 0.255 0.074+0.039
�0.037 67.1+1.9

�2.1

base+H072p5 < 0.182 0.076+0.037
�0.036 67.6+1.7

�1.8 < 0.195 0.076± 0.037 67.6+1.7
�1.8 < 0.201 0.076+0.038

�0.037 67.6+1.6
�1.8

base+H073p02 < 0.137 0.078+0.035
�0.036 68.2+1.4

�1.6 < 0.145 0.079± 0.037 68.2+1.4
�1.6 < 0.153 0.079+0.037

�0.036 68.2± 1.5
base+BAO+H070p6 < 0.175 0.076± 0.036 67.7+1.4

�1.5 < 0.180 0.075± 0.036 67.7+1.4
�1.5 < 0.187 0.076+0.036

�0.037 67.7+1.4
�1.5

base+BAO+H072p5 < 0.151 0.077± 0.036 67.9+1.3
�1.4 < 0.160 0.078+0.036

�0.035 68.0+1.3
�1.4 < 0.168 0.077+0.036

�0.037 67.9+1.3
�1.4

base+BAO+H073p02 < 0.125 0.079± 0.036 68.3+1.2
�1.3 < 0.135 0.079+0.037

�0.037 68.3± 1.3 < 0.139 0.079± 0.036 68.3± 1.3

TABLE I. 95% CL upper bounds on
P

m⌫ (in eV), mean values and their associated 95% CL errors of the reionization optical
depth ⌧ and the Hubble constant parameter H0 (in km s�1 Mpc�1) for di↵erent combination of cosmological datasets. The
first, second and third column show the results for 1, 2 and 3 massive neutrino states, respectively. The base case refers to the
combination of Planck TT plus DR9, with bias, shot, and a gaussian prior on systematics included.

Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫ ⌧ H0

P
m⌫ ⌧ H0

P
m⌫ ⌧ H0

Planck pol < 0.623 0.083+0.033
�0.034 65.7+3.1

�3.8 < 0.620 0.084+0.036
�0.034 65.6+3.2

�4.3 < 0.487 0.082+0.035
�0.034 65.2+2.9

�3.8

basepol < 0.256 0.075+0.035
�0.033 66.8+1.8

�2.0 < 0.270 0.075± 0.034 66.8+1.8
�2.1 < 0.276 0.076+0.035

�0.034 66.8+1.8
�2.0

basepol+BAO < 0.176 0.076+0.033
�0.034 67.4+1.3

�1.5 < 0.194 0.076± 0.033 67.5+1.4
�1.5 < 0.185 0.077+0.033

�0.034 67.5+1.3
�1.4

basepol+H070p6 < 0.220 0.077+0.033
�0.034 67.0+1.7

�1.9 < 0.224 0.075+0.033
�0.033 67.1+1.6

�1.8 < 0.223 0.076+0.033
�0.034 67.1+1.6

�1.7

basepol+H072p5 < 0.175 0.077+0.034
�0.036 67.4± 1.5 < 0.186 0.075+0.035

�0.033 67.5+1.5
�1.6 < 0.198 0.076+0.032

�0.034 67.1+1.6
�1.7

basepol+H073p02 < 0.125 0.079+0.033
�0.034 67.9± 1.3 < 0.131 0.079+0.034

�0.033 67.9+1.4
�1.3 < 0.143 0.078+0.33

�0.034 67.9± 1.3
basepol+BAO+H070p6 < 0.153 0.076+0.033

�0.034 67.6+1.3
�1.2 < 0.157 0.072± 0.033 67.6+1.1

�1.2 < 0.166 0.077± 0.033 67.6+1.2
�1.3

basepol+BAO+H072p5 < 0.135 0.078+0.033
�0.034 67.8± 1.2 < 0.140 0.078+0.033

�0.031 67.7+1.1
�1.2 < 0.149 0.078+0.031

�0.032 67.6+1.1
�1.2

basepol+BAO+H073p02 < 0.123 0.078+0.032
�0.033 68.1+1.1

�1.2 < 0.113 0.079+0.033
�0.034 68.0± 1.1 < 0.124 0.079+0.033

�0.032 68.0+1.0
�1.1

TABLE II. As Tab. I but for the basepol case, which refers to the combination of Planck pol plus DR9, with bias, shot, and a
gaussian prior on systematics included, see text for details.

Giusarma et al., 2016 arXiv:1605.04320 
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Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫ ⌧ H0

P
m⌫ ⌧ H0
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�0.037 65.5+3.7

�4.3 < 0.724 0.081+0.039
�0.038 65.4+4.2

�5.3 < 0.720 0.080+0.038
�0.037 65.6+4.2

�5.7

base < 0.269 0.073± 0.037 66.8+2.1
�2.3 < 0.281 0.073+0.037

�0.036 66.8+2.1
�2.3 < 0.297 0.073+0.036

�0.037 66.8+2.1
�2.3

base+BAO < 0.183 0.075± 0.036 67.5+1.4
�1.6 < 0.191 0.075+0.037

�0.036 67.6+1.4
�1.6 < 0.202 0.075+0.037

�0.038 67.6± 1.5
base+H070p6 < 0.230 0.074± 0.036 67.1+1.9

�2.1 < 0.238 0.074+0.037
�0.036 67.2+1.9

�2.0 < 0.255 0.074+0.039
�0.037 67.1+1.9

�2.1

base+H072p5 < 0.182 0.076+0.037
�0.036 67.6+1.7

�1.8 < 0.195 0.076± 0.037 67.6+1.7
�1.8 < 0.201 0.076+0.038

�0.037 67.6+1.6
�1.8

base+H073p02 < 0.137 0.078+0.035
�0.036 68.2+1.4

�1.6 < 0.145 0.079± 0.037 68.2+1.4
�1.6 < 0.153 0.079+0.037

�0.036 68.2± 1.5
base+BAO+H070p6 < 0.175 0.076± 0.036 67.7+1.4

�1.5 < 0.180 0.075± 0.036 67.7+1.4
�1.5 < 0.187 0.076+0.036

�0.037 67.7+1.4
�1.5

base+BAO+H072p5 < 0.151 0.077± 0.036 67.9+1.3
�1.4 < 0.160 0.078+0.036

�0.035 68.0+1.3
�1.4 < 0.168 0.077+0.036

�0.037 67.9+1.3
�1.4

base+BAO+H073p02 < 0.125 0.079± 0.036 68.3+1.2
�1.3 < 0.135 0.079+0.037

�0.037 68.3± 1.3 < 0.139 0.079± 0.036 68.3± 1.3

TABLE I. 95% CL upper bounds on
P

m⌫ (in eV), mean values and their associated 95% CL errors of the reionization optical
depth ⌧ and the Hubble constant parameter H0 (in km s�1 Mpc�1) for di↵erent combination of cosmological datasets. The
first, second and third column show the results for 1, 2 and 3 massive neutrino states, respectively. The base case refers to the
combination of Planck TT plus DR9, with bias, shot, and a gaussian prior on systematics included.

Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫ ⌧ H0

P
m⌫ ⌧ H0

P
m⌫ ⌧ H0

Planck pol < 0.623 0.083+0.033
�0.034 65.7+3.1

�3.8 < 0.620 0.084+0.036
�0.034 65.6+3.2

�4.3 < 0.487 0.082+0.035
�0.034 65.2+2.9

�3.8

basepol < 0.256 0.075+0.035
�0.033 66.8+1.8

�2.0 < 0.270 0.075± 0.034 66.8+1.8
�2.1 < 0.276 0.076+0.035

�0.034 66.8+1.8
�2.0

basepol+BAO < 0.176 0.076+0.033
�0.034 67.4+1.3

�1.5 < 0.194 0.076± 0.033 67.5+1.4
�1.5 < 0.185 0.077+0.033

�0.034 67.5+1.3
�1.4

basepol+H070p6 < 0.220 0.077+0.033
�0.034 67.0+1.7

�1.9 < 0.224 0.075+0.033
�0.033 67.1+1.6

�1.8 < 0.223 0.076+0.033
�0.034 67.1+1.6

�1.7

basepol+H072p5 < 0.175 0.077+0.034
�0.036 67.4± 1.5 < 0.186 0.075+0.035

�0.033 67.5+1.5
�1.6 < 0.198 0.076+0.032

�0.034 67.1+1.6
�1.7

basepol+H073p02 < 0.125 0.079+0.033
�0.034 67.9± 1.3 < 0.131 0.079+0.034

�0.033 67.9+1.4
�1.3 < 0.143 0.078+0.33

�0.034 67.9± 1.3
basepol+BAO+H070p6 < 0.153 0.076+0.033

�0.034 67.6+1.3
�1.2 < 0.157 0.072± 0.033 67.6+1.1

�1.2 < 0.166 0.077± 0.033 67.6+1.2
�1.3

basepol+BAO+H072p5 < 0.135 0.078+0.033
�0.034 67.8± 1.2 < 0.140 0.078+0.033

�0.031 67.7+1.1
�1.2 < 0.149 0.078+0.031

�0.032 67.6+1.1
�1.2

basepol+BAO+H073p02 < 0.123 0.078+0.032
�0.033 68.1+1.1

�1.2 < 0.113 0.079+0.033
�0.034 68.0± 1.1 < 0.124 0.079+0.033

�0.032 68.0+1.0
�1.1

TABLE II. As Tab. I but for the basepol case, which refers to the combination of Planck pol plus DR9, with bias, shot, and a
gaussian prior on systematics included, see text for details.

Among the strongest bounds in the literature derived using 
Planck TT data only!! 

BUT 
Less conservative, because of the tension between the Hubble 

prior used here and the Planck 2015 estimates of H0.
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Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫ ⌧ H0

P
m⌫ ⌧ H0

P
m⌫ ⌧ H0

Planck TT < 0.662 0.080+0.038
�0.037 65.5+3.7

�4.3 < 0.724 0.081+0.039
�0.038 65.4+4.2

�5.3 < 0.720 0.080+0.038
�0.037 65.6+4.2

�5.7

base < 0.269 0.073± 0.037 66.8+2.1
�2.3 < 0.281 0.073+0.037

�0.036 66.8+2.1
�2.3 < 0.297 0.073+0.036

�0.037 66.8+2.1
�2.3

base+BAO < 0.183 0.075± 0.036 67.5+1.4
�1.6 < 0.191 0.075+0.037

�0.036 67.6+1.4
�1.6 < 0.202 0.075+0.037

�0.038 67.6± 1.5
base+H070p6 < 0.230 0.074± 0.036 67.1+1.9

�2.1 < 0.238 0.074+0.037
�0.036 67.2+1.9

�2.0 < 0.255 0.074+0.039
�0.037 67.1+1.9

�2.1

base+H072p5 < 0.182 0.076+0.037
�0.036 67.6+1.7

�1.8 < 0.195 0.076± 0.037 67.6+1.7
�1.8 < 0.201 0.076+0.038

�0.037 67.6+1.6
�1.8

base+H073p02 < 0.137 0.078+0.035
�0.036 68.2+1.4

�1.6 < 0.145 0.079± 0.037 68.2+1.4
�1.6 < 0.153 0.079+0.037

�0.036 68.2± 1.5
base+BAO+H070p6 < 0.175 0.076± 0.036 67.7+1.4

�1.5 < 0.180 0.075± 0.036 67.7+1.4
�1.5 < 0.187 0.076+0.036

�0.037 67.7+1.4
�1.5

base+BAO+H072p5 < 0.151 0.077± 0.036 67.9+1.3
�1.4 < 0.160 0.078+0.036

�0.035 68.0+1.3
�1.4 < 0.168 0.077+0.036

�0.037 67.9+1.3
�1.4

base+BAO+H073p02 < 0.125 0.079± 0.036 68.3+1.2
�1.3 < 0.135 0.079+0.037

�0.037 68.3± 1.3 < 0.139 0.079± 0.036 68.3± 1.3

TABLE I. 95% CL upper bounds on
P

m⌫ (in eV), mean values and their associated 95% CL errors of the reionization optical
depth ⌧ and the Hubble constant parameter H0 (in km s�1 Mpc�1) for di↵erent combination of cosmological datasets. The
first, second and third column show the results for 1, 2 and 3 massive neutrino states, respectively. The base case refers to the
combination of Planck TT plus DR9, with bias, shot, and a gaussian prior on systematics included.

Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫ ⌧ H0

P
m⌫ ⌧ H0

P
m⌫ ⌧ H0

Planck pol < 0.623 0.083+0.033
�0.034 65.7+3.1

�3.8 < 0.620 0.084+0.036
�0.034 65.6+3.2

�4.3 < 0.487 0.082+0.035
�0.034 65.2+2.9

�3.8

basepol < 0.256 0.075+0.035
�0.033 66.8+1.8

�2.0 < 0.270 0.075± 0.034 66.8+1.8
�2.1 < 0.276 0.076+0.035

�0.034 66.8+1.8
�2.0

basepol+BAO < 0.176 0.076+0.033
�0.034 67.4+1.3

�1.5 < 0.194 0.076± 0.033 67.5+1.4
�1.5 < 0.185 0.077+0.033

�0.034 67.5+1.3
�1.4

basepol+H070p6 < 0.220 0.077+0.033
�0.034 67.0+1.7

�1.9 < 0.224 0.075+0.033
�0.033 67.1+1.6

�1.8 < 0.223 0.076+0.033
�0.034 67.1+1.6

�1.7

basepol+H072p5 < 0.175 0.077+0.034
�0.036 67.4± 1.5 < 0.186 0.075+0.035

�0.033 67.5+1.5
�1.6 < 0.198 0.076+0.032

�0.034 67.1+1.6
�1.7

basepol+H073p02 < 0.125 0.079+0.033
�0.034 67.9± 1.3 < 0.131 0.079+0.034

�0.033 67.9+1.4
�1.3 < 0.143 0.078+0.33

�0.034 67.9± 1.3
basepol+BAO+H070p6 < 0.153 0.076+0.033

�0.034 67.6+1.3
�1.2 < 0.157 0.072± 0.033 67.6+1.1

�1.2 < 0.166 0.077± 0.033 67.6+1.2
�1.3

basepol+BAO+H072p5 < 0.135 0.078+0.033
�0.034 67.8± 1.2 < 0.140 0.078+0.033

�0.031 67.7+1.1
�1.2 < 0.149 0.078+0.031

�0.032 67.6+1.1
�1.2

basepol+BAO+H073p02 < 0.123 0.078+0.032
�0.033 68.1+1.1

�1.2 < 0.113 0.079+0.033
�0.034 68.0± 1.1 < 0.124 0.079+0.033

�0.032 68.0+1.0
�1.1

TABLE II. As Tab. I but for the basepol case, which refers to the combination of Planck pol plus DR9, with bias, shot, and a
gaussian prior on systematics included, see text for details.

Current cosmological measurements are sensitive to the 
number of neutrino eigenstates!
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Impact of marginalizing over bias, shot noise and 
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Results
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Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫ ⌧ H0

P
m⌫ ⌧ H0

P
m⌫ ⌧ H0

Planck TT < 0.662 0.080+0.038
�0.037 65.5+3.7

�4.3 < 0.724 0.081+0.039
�0.038 65.4+4.2

�5.3 < 0.720 0.080+0.038
�0.037 65.6+4.2

�5.7

base < 0.269 0.073± 0.037 66.8+2.1
�2.3 < 0.281 0.073+0.037

�0.036 66.8+2.1
�2.3 < 0.297 0.073+0.036

�0.037 66.8+2.1
�2.3

base+BAO < 0.183 0.075± 0.036 67.5+1.4
�1.6 < 0.191 0.075+0.037

�0.036 67.6+1.4
�1.6 < 0.202 0.075+0.037

�0.038 67.6± 1.5
base+H070p6 < 0.230 0.074± 0.036 67.1+1.9

�2.1 < 0.238 0.074+0.037
�0.036 67.2+1.9

�2.0 < 0.255 0.074+0.039
�0.037 67.1+1.9

�2.1

base+H072p5 < 0.182 0.076+0.037
�0.036 67.6+1.7

�1.8 < 0.195 0.076± 0.037 67.6+1.7
�1.8 < 0.201 0.076+0.038

�0.037 67.6+1.6
�1.8

base+H073p02 < 0.137 0.078+0.035
�0.036 68.2+1.4

�1.6 < 0.145 0.079± 0.037 68.2+1.4
�1.6 < 0.153 0.079+0.037

�0.036 68.2± 1.5
base+BAO+H070p6 < 0.175 0.076± 0.036 67.7+1.4

�1.5 < 0.180 0.075± 0.036 67.7+1.4
�1.5 < 0.187 0.076+0.036

�0.037 67.7+1.4
�1.5

base+BAO+H072p5 < 0.151 0.077± 0.036 67.9+1.3
�1.4 < 0.160 0.078+0.036

�0.035 68.0+1.3
�1.4 < 0.168 0.077+0.036

�0.037 67.9+1.3
�1.4

base+BAO+H073p02 < 0.125 0.079± 0.036 68.3+1.2
�1.3 < 0.135 0.079+0.037

�0.037 68.3± 1.3 < 0.139 0.079± 0.036 68.3± 1.3

TABLE I. 95% CL upper bounds on
P

m⌫ (in eV), mean values and their associated 95% CL errors of the reionization optical
depth ⌧ and the Hubble constant parameter H0 (in km s�1 Mpc�1) for di↵erent combination of cosmological datasets. The
first, second and third column show the results for 1, 2 and 3 massive neutrino states, respectively. The base case refers to the
combination of Planck TT plus DR9, with bias, shot, and a gaussian prior on systematics included.

Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫ ⌧ H0

P
m⌫ ⌧ H0

P
m⌫ ⌧ H0

Planck pol < 0.623 0.083+0.033
�0.034 65.7+3.1

�3.8 < 0.620 0.084+0.036
�0.034 65.6+3.2

�4.3 < 0.487 0.082+0.035
�0.034 65.2+2.9

�3.8

basepol < 0.256 0.075+0.035
�0.033 66.8+1.8

�2.0 < 0.270 0.075± 0.034 66.8+1.8
�2.1 < 0.276 0.076+0.035

�0.034 66.8+1.8
�2.0

basepol+BAO < 0.176 0.076+0.033
�0.034 67.4+1.3

�1.5 < 0.194 0.076± 0.033 67.5+1.4
�1.5 < 0.185 0.077+0.033

�0.034 67.5+1.3
�1.4

basepol+H070p6 < 0.220 0.077+0.033
�0.034 67.0+1.7

�1.9 < 0.224 0.075+0.033
�0.033 67.1+1.6

�1.8 < 0.223 0.076+0.033
�0.034 67.1+1.6

�1.7

basepol+H072p5 < 0.175 0.077+0.034
�0.036 67.4± 1.5 < 0.186 0.075+0.035

�0.033 67.5+1.5
�1.6 < 0.198 0.076+0.032

�0.034 67.1+1.6
�1.7

basepol+H073p02 < 0.125 0.079+0.033
�0.034 67.9± 1.3 < 0.131 0.079+0.034

�0.033 67.9+1.4
�1.3 < 0.143 0.078+0.33

�0.034 67.9± 1.3
basepol+BAO+H070p6 < 0.153 0.076+0.033

�0.034 67.6+1.3
�1.2 < 0.157 0.072± 0.033 67.6+1.1

�1.2 < 0.166 0.077± 0.033 67.6+1.2
�1.3

basepol+BAO+H072p5 < 0.135 0.078+0.033
�0.034 67.8± 1.2 < 0.140 0.078+0.033

�0.031 67.7+1.1
�1.2 < 0.149 0.078+0.031

�0.032 67.6+1.1
�1.2

basepol+BAO+H073p02 < 0.123 0.078+0.032
�0.033 68.1+1.1

�1.2 < 0.113 0.079+0.033
�0.034 68.0± 1.1 < 0.124 0.079+0.033

�0.032 68.0+1.0
�1.1

TABLE II. As Tab. I but for the basepol case, which refers to the combination of Planck pol plus DR9, with bias, shot, and a
gaussian prior on systematics included, see text for details.

For the sake of comparison with previous results in the literature, we also present the 
constraints obtained when high-multipole polarization data are also included in the analysis! 
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Effect of a scale dependent bias
We consider two different parameterizations:

• The Power low bias model: 

• The Q model:

3

Assuming that the fluctuation Fourier modes are Gaussian variates, the Fisher matrix at each redshift shell is
[36, 37]

Fij = 2⇡

ˆ k
max

k
min

@ logP (kn)

@✓i

@ logP (kn)

@✓j
· Veff · k2

8⇡3

· dk (4)

where the derivatives are evaluated at the parameter values of the fiducial model. Here, the maximum frequency
kmax(z) is set by the scale at which fluctuations grow nonlinearly while kmin(z) by the largest scale that can be
observed in the given redshift shell. We set a hard small-scale cut-off kmax = 0.5h�1 Mpc at all redshifts which,
together with the damping terms (2) and (3) account for non linearities. On large scale we set kmin = 0.001h�1 Mpc.
However, its precise value is not very relevant since the contribution of low k modes to the Fisher matrix is negligible.
V
e↵

indicates the effective volume of the survey defined as:

V
e↵

⌘
ˆ 

n (~r)P (k, µ)

n (~r)P (k, µ) + 1

�
2

d~r =


nP (k, µ)

nP (k, µ) + 1

�
2

Vsurvey (5)

where n = n(z) is the galaxy density at redshift z. The second equality in Equation (5) holds if the co-moving number
density is constant within the volume considered. This assumption, which we adopt in our analysis, is approximately
true in a sufficiently narrow range of redshifts. For this reason, we perform the Fisher matrix analysis in different,
non-overlapping redshift bins listed in Table I, together with their mean galaxy number density. The redshift range,
the size of the bin and the number density of objects roughly match the analogous quantities that are expected in the
Euclid spectroscopic survey. To improve the correspondency, we multiply the galaxy number densities in Table I by
an "efficiency" factor 0.5 and assumes a survey area of 15,000 deg2.

For additional robustness of our results, we marginalize over the Alcock-Paczinsky parameters. That is, we convert
the wavenumber norm k and direction cosine µ from the fiducial to the any other cosmology using a free Hubble func-
tion and angular diameter distance parameters and marginalize over them, instead of projecting over the background
parameters ⌦m0

, h
0

.

TABLE I: Redshift bins used in our analysis and their mean galaxy number density. Col. 1: central redshift of each redshift
shell with width �z = 0.2. Col 2: Mean number density of objects in h3Mpc�3. These numbers match those expected for a
Euclid-like survey according to [2].

z ndens

0.6 3.56⇥ 10�3

0.8 2.42⇥ 10�3

1.0 1.81⇥ 10�3

1.2 1.44⇥ 10�3

1.4 0.99⇥ 10�3

1.6 0.55⇥ 10�3

1.8 0.29⇥ 10�3

2.0 0.15⇥ 10�3

A. Analytic models for scale-dependent bias

The final ingredient in Eq. (1) and the focus of this paper is the scale-dependent galaxy bias b(z, k). Several
authors have proposed different models, both phenomenological and theoretical [32, 38–42]. In this work we are not
too concerned on the accuracy of bias models. Our goal is to assess the impact of a scale-dependent galaxy bias in
the analysis of future galaxy surveys. For this purpose we have decided to adopt two rather simple models, the Power
Law and the Q-Model, that nonetheless provide a good match to the galaxy bias measured in numerical experiments,
as we shall see. The reason for choosing these models is twofold. First, they have been already used in the literature,
making it possible to compare our results with existing ones and use previous results to set the range in which the
model parameters can vary. Second, their simple form allows us to compute the power spectrum derivatives in the
Fisher matrix analytically.

The Power Law bias model has the form [43]:

b(z, k) = b
0

(z) + b
1

(z)

✓
k

k
1

◆n

, (6)with n=2 and k1=1h/Mpc

4

TABLE II: Bias parameters for Type 1 fiducial models.
FM1-PL FM1-Q

n = 0 n = 1 n = 2

z b0 b0 b1 b0 b1 b0 Q A

all 1 1 0 1 0 1 0 0

where the pivot scale k
1

is introduced only to deal with dimensionless parameters. Its value does not impact on our
analysis and, without lack of generality, we set k

1

= 1 h Mpc�1. The slope n is not treated as a free parameter but is
kept fixed. However, to check the sensitivity of our results on the power law index we have considered three different
values: n = 1 , 1.28, 2. As we shall see the value n = 1.28 corresponds to the one that provides the best fit to the bias
of mock galaxies measured in simulated catalogs. n = 1 also provides an acceptable fit to the mock galaxy bias. The
case n = 2 should be regarded as an extreme case since it provides a poor fit to the simulated data both at large and
at small scales. We note that the Power Law model is similar to the one proposed by [39] in those k�ranges in which
the power spectrum can be approximated by a power law.

The Q-Model is also phenomenological. It has been proposed by [32] from the analysis of mock halo and galaxy
catalogs extracted from the Hubble volume simulation. Its form is

b(z, k) = b
0

(z)


1 +Q(z)(k/k

1

)

2

1 +A(z)(k/k
1

)

�
1/2

, (7)

In our analysis all three parameters b
0

, Q and A are free to vary in each redshift bin. Therefore, the Q-Model has
additional degrees of freedom with respect to the Power Law model.

Finally, we need to specify the parameters of the fiducial model. In this work we consider two different fiducial
models, Type 1 and Type 2, corresponding to two different choices of parameters for each bias model, totalling to
four fiducial models. Type 1 models (denoted as FM1-PL for the power law bias and FM1-Q for the Q-model)
represent the simple but rather unphysical case of galaxy tracing mass at all redshifts. Let us stress that assuming a
scale-independent fiducial model does not imply that we are assuming a scale-independent bias since we differentiate
the power spectrum in the Fisher matrix with respect to the scale-dependent bias coefficients: b

1

, Q, A. Instead,
assuming a scale-independent fiducial model only implies that in Type 1 models the derivative is evaluated at the
fiducial values b

1

, Q andA = 0. The parameters that identify the fiducial models are listed in Table II. Note that we
also consider for comparison the case of scale-independent bias (first row). This case is identical to choosing n = 0 in
the power law model, i.e. to b(z) = b

0

(z) + b
1

(z), so we will refer to this case as n = 0 fiducial.
Type 2 models (denoted as FM2-PL and FM2-Q) are more realistic. The fiducial parameters of the Power Law

and Q-Models were determined by matching the bias of mock H↵ emitting galaxies in the simulations described in
Section IV A. Table III lists the parameters of the fiducial models.

Note that for the power law cases the values of the parameters depend on the choice of the power law index n so
that, since we explore the cases n = 1 , 1.28, 2, we end up by having several Power Law fiducial models.

TABLE III: Bias parameters for Type 2 fiducial models.
FM2-PL FM2-Q

n = 1 n = 1.28 n = 2

z b0 b1 b0 b1 b0 b1 b0 A Q

0.8 1.04 0.67 1.09 0.66 1.17 0.68 1.26 1.7 4.54
1.0 1.13 0.74 1.19 0.75 1.28 0.79 1.36 1.7 4.92
1.2 1.22 0.99 1.30 0.97 1.41 1.02 1.49 1.7 5.50
1.4 1.36 1.09 1.44 1.06 1.55 1.12 1.63 1.7 5.70
1.6 1.49 1.22 1.58 1.19 1.71 1.25 1.75 1.7 6.62
1.8 1.61 1.40 1.72 1.40 1.88 1.44 1.92 1.7 6.99

The complete set of parameters that are free to vary is then h,⌦b0,⌦m0

,⌦k0, ns, �,�8

plus, for each redshift shell,
the shot noise Pnoise and b

0

, b
1

or alternatively b
0

, A,Q. This amounts to a total of 39 independent parameters when
we adopt 8 redshift bins. All the other parameters (the bias power law index n, the damping model, the survey
parameters like galaxy density, volume, redshift error as well as the dark energy parameters w

0

and w
1

are kept
fixed).

Flat priors on b0 and b1: [0.1,10] for b0, [-10,10] for b1.

The parameter Q describes the scale dependence of the bias and A=1.4 in 
the redshift space.
Flat priors on b0 and Q: [0.,10] for b0, [0.1,100] for Q.

In the above cases, we marginalize over two parameters for the matter power 
spectrum analysis, in addition to the systematic correction.

Cole at al (2dFGRS Collaboration), MNRAS 2005

Fry and Gaztanaga, Ap. J., 1993

Workshop on CMB polarization, Large-Scale Structure, and 21 cm surveys
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Results

Power low 
bias model

Q model
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2

Planck+WP+ Planck+WP+ Planck+WP+ Planck+WP+ Planck+WP +
lens lens+DR8 lens+DR8 BAO lens+DR9 lens+DR9 BAO

P
m⌫ [eV ] < 1.11 < 0.98 < 0.85 < 0.39 < 0.40

TABLE II:

Planck+WP+ Planck+WP+ Planck+WP+ Planck+WP+ Planck+WP+
lens lens+DR8 lens+DR8 BAO lens+DR9 lens+DR9 BAO

P
m⌫ [eV ] < 1.01 < 1.02 < 1.1 < 0.48 < 0.71

w �1.55+0.54
�0.45 �1.42+0.49

�0.58 �1.46+0.52
�0.53 �1.10+0.44

�0.57 �1.55+0.50
�0.45

TABLE III: .

Planckpol+ Planck pol+ Planck pol+ Planck pol+
H70p6 H73p0 BAO+SZ BAO+SZ+H73p0

P
m⌫ [eV ] < 0.291 < 0.180 < 0.147 < 0.126

TABLE IV:

Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫

P
m⌫

P
m⌫

base+BAO < 0.128 < 0.141 < 0.155

TABLE V:

Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫

P
m⌫

P
m⌫

base+BAO < 0.106 < 0.131 < 0.146

TABLE VI:
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P
m⌫ [eV ] < 1.01 < 1.02 < 1.1 < 0.48 < 0.71

w �1.55+0.54
�0.45 �1.42+0.49

�0.58 �1.46+0.52
�0.53 �1.10+0.44

�0.57 �1.55+0.50
�0.45

TABLE III: .

Planckpol+ Planck pol+ Planck pol+ Planck pol+
H70p6 H73p0 BAO+SZ BAO+SZ+H73p0

P
m⌫ [eV ] < 0.291 < 0.180 < 0.147 < 0.126

TABLE IV:

Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫

P
m⌫

P
m⌫

base+BAO < 0.128 < 0.141 < 0.155

TABLE V:

Dataset 1 massive state 2 massive states Degenerate spectrumP
m⌫

P
m⌫

P
m⌫

base+BAO < 0.106 < 0.131 < 0.146

TABLE VI:

The bounds on 
neutrino masses 
are tighter!!
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Conclusions

•  Cosmological probes are currently the most powerful in 
constraining the absolute scale of neutrino masses. 

• From oscillation experiments, the minimum value of Σmν 
in inverted hierarchy is 0.1eV. This value could be 

reached improving the sensitivity of future 
cosmological data. 

• The limit found here for the total neutrino mass, Σmν < 0.183 
eV at 95% CL , is among the tightest ones in the literature, 

and it goes in the same direction than other existing bounds 
in the literature.  

• Current cosmological data are sensitive to the distribution of 
hot dark matter.  

• A scale dependent bias could modify the bounds on neutrino 
masses.



Thank You
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Future cosmological data
CMB Experiments

CMB Lensing

Galaxy cluster survey

Galaxy weak lensing (cosmic shear)

Lyman α 

21-cm H line survey
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Future cosmological data
8

Figure 2. Shown are the current constraints and forecast sensitivity of cosmology to the neutrino mass
in relation to the neutrino mass hierarchy. In the case of an “inverted hierarchy,” with an example case
marked as a diamond in the upper curve, future combined cosmological constraints would have a very high-
significance detection, with 1� error shown as a blue band. In the case of a normal neutrino mass hierarchy
with an example case marked as diamond on the lower curve, future cosmology would detect the lowestP

m⌫ at a level of ⇠ 4�. Also shown is the sensitivity from future long baseline neutrino experiments as
the pink shaded band, which should be sensitive to the neutrino hierarchy at least at 3� [50].

neutrino mass is an unknown quantity that needs to be marginalized over. The majority of information in
this case comes from precise measurements of the photon di↵usion scale relative to the sound horizon scale
as described in the previous section. Here, the addition of high accuracy E-mode polarization measured to
fine angular scales allows these two quantities to be measured with su�cient precision to decrease the error
bars several-fold with respect to Planck data. The addition of broadband galaxy power spectra does not
help in this case.

This accuracy will not allow us to distinguish between N
e↵

= 3 and N
e↵

= 3.046 at more than 2�. However,
we note that even if the true value of N

e↵

is not 3.046, it is highly unlikely to be the unphysical value of
a simplified model N

e↵

= 3. We argue that the error on N
e↵

is of the same order of magnitude as typical
corrections stemming from detailed modeling of the thermodynamical processes in the early universe and
therefore we are sensitive to the non-standard physics that would produce a signal in N

e↵

order or larger
than those processes.

Community Planning Study: Snowmass 2013

Current constraints and forecast sensitivity of cosmology to the neutrino mass in relation 
to the neutrino mass hierarchy  

Abazajian et al., Astropart.Phys 2015

2 Forecast sensitivity to N
e↵

and
P

m
⌫

9

Table 0-1. Projections for neutrino mass and N
e↵

. Projections for neutrino masses are assuming a
standard value of N

e↵

. Projections for N
e↵

are for marginalizing over neutrino mass for galaxy clustering
and CMB lensing. All values are forecasts from analyses for this work, except for the projections for galaxy
weak lensing in the last two rows, which are taken from literature and referenced. All errors are 68% Fisher
matrix predictions. In the case of two numbers a/b, these correspond to optimistic/conservative cases with
k
max

= 0.2 h Mpc�1 and k
max

= 0.1 h Mpc�1, respectively. All values are forecasts from analyses for this
work, except for the last two rows, which are referenced. Numbers that we want to highlight in this report
are in bold.

Dataset � (
P

m
⌫

) [meV] � (N
e↵

)

Galaxy Clustering (current CMB):

Planck + BOSS BAO 100 0.18

Planck + BOSS galaxy clustering 46/68 0.14/0.17

Planck + eBOSS BAO 97 0.18

Planck + eBOSS galaxy clustering 36/52 0.13/0.16

Planck + DESI BAO 91 0.18

Planck + DESI galaxy clustering 17/24 0.08/0.12

CMB Lensing (current galaxy clustering):

Stage-IV CMB 45 0.021

Stage-IV CMB + BOSS BAO 25 0.021

CMB Lensing + Galaxy clustering:

Stage-IV CMB + eBOSS BAO 23 0.021

Stage-IV CMB + DESI BAO 16 0.020

Stage-IV CMB no lensing + DESI galaxy clustering 15/20 0.022/0.024

Galaxy Weak Lensing:

Planck + LSST [51] 23 0.07

Planck + Euclid [48] 25 NA†

†Ref. [48] did not include a forecast for N
e↵

.

Community Planning Study: Snowmass 2013
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Stage-IV CMB + DESI BAO 16 0.020
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Planck + Euclid [48] 25 NA†
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.

Community Planning Study: Snowmass 2013

Forecasts seems indicate 20 meV sensitivities to Σmν are 
possible!

Workshop on CMB polarization, Large-Scale Structure, and 21 cm surveys


