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Abstract Considering the mass splitting between three
active neutrinos, we represent the new constraints on the sum
of neutrino mass Y _ m, by updating the anisotropic analy-
sis of the Baryon Acoustic Oscillation (BAO) scale in the
CMASS and LOWZ galaxy samples from Data Release 12
of the SDSS-IIT Baryon Oscillation Spectroscopic Survey
(BOSS DR12). Combining the BAO data of 6dFGS, MGS,
LOWZ and CMASS with Planck 2015 data of temperature
anisotropy and polarizations of the Cosmic Microwave Back-
ground (CMB), we find that the 95 % C.L. upper bounds on
> my refer to Y _m, N < 0.18 eV for the normal hierar-
chy (NH), > m,m < 0.20 eV for the inverted hierarchy
(IH) and Y_m, pg < 0.15 eV for the degenerate hierarchy
(DH), respectively, and the normal hierarchy is slightly pre-
ferred over the inverted one (A x? = XI%H — XIZH ~ —3.4).In
addition, the additional relativistic degrees of freedom and
massive sterile neutrinos are neither favored at present.

1 Introduction

The phenomena of neutrino oscillation imply that there are
mass splittings between the three active neutrinos (see [1] for
areview). Currently only two independent mass squared dif-
ferences have been determined by neutrino oscillation exper-
iments. Regardless of experimental uncertainties, they are
given by [2]

Am3; =m3 —m? =75 x 1077eV?, 1)
|Am3,| = |m3 — m?}| = 2.5 x 10 eV 2)

Thus we have two possible mass hierarchies, namely, a nor-
mal hierarchy (NH, m| < m; < m3) and an inverted hier-
archy (IH, m3 < my < my). Here m; (i = 1, 2, 3) denote
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the mass eigenvalues of the three neutrinos. The minimum
sums of the neutrino masses are 0.06 eV for NH and 0.10
eV for IH. Up to now, the absolute neutrino mass and mass
hierarchy are still unknown.

Cosmology provides possibilities to measure the neutrino
mass or the sum of the neutrino mass »_ m,, [3-20]. Massive
neutrinos are initially relativistic and become non-relativistic
today. They can impact on the cosmic expansion since they
evolve differently from pure radiations and pure cold dark
matter. They can influence the evolution of cosmological
perturbations at early times and affect the CMB tempera-
ture anisotropies via the early-time Integrated Sachs—Wolfe
(ISW) effect [14]. In addition, relativistic neutrinos suppress
the clustering of matter and then modify the growth of struc-
ture. Thus one might extract useful signals of cosmic neutri-
nos from cosmological observations such as the matter clus-
tering and the anisotropies and polarizations of the Cosmic
Microwave Background (CMB), etc.

The Planck collaboration [17] gave the 95 % C.L. upper
bounds on the total mass of three active neutrinos by assum-
ing a degenerate hierarchy (DH, where m| = my = m3)
regardless of the mass splitting. The Planck TT + lowP con-
straintis Y m, < 0.72 eV and the Planck TT, TE, EE + lowP
constraint is Y m, < 0.49 eV for the vpgy ACDM model.
Here TT denotes the power spectrum of CMB tempera-
ture, EE denotes the power spectrum of CMB E-mode, and
TE denotes the CMB temperature and E-mode cross cor-
relation in the Planck 2015 data. “lowP” stands for Planck
2015 low-£ temperature—polarization data. Further adding
the Planck 2015 CMB lensing data [21], the constraints are
slightly changed to ) " m, < 0.68 eV and >_m, < 0.59 eV
for two data combinations, respectively. However, by con-
trast, adding the Baryon Acoustic Oscillation (BAO) data
including 6dFGS [22], MGS [23], BOSS DR11 CMASS [24]
and LOWZ [24] can significantly improve the constraints to
> my < 0.21 eV and Y m, < 0.17 eV, respectively. The
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reason is that the BAO data can significantly break the acous-
tic scale degeneracy.

Recently the BAO distance scale measurements were
updated via an anisotropic analysis of the BAO scale in
the correlation function [25] and power spectrum [26] of
the CMASS and LOWZ galaxy samples from Data Release
12 of the SDSS-III Baryon Oscillation Spectroscopic Sur-
vey (BOSS DR12). The total volume probed in DR12 has
a 10 % increment from DR11 and the experimental uncer-
tainty has been reduced correspondingly. Thus in this paper
we update the constraints on the total mass of three active neu-
trinos by using BOSS DR12 CMASS and LOWZ data, which
are combined with other cosmological observations such as
Planck 2015 CMB data. In this paper, we also consider the
mass splitting between three neutrinos implied by the neu-
trino oscillations between three generations. We estimate
whether the current datasets can distinguish the neutrino mass
hierarchy. In addition, we also update the constraints on addi-
tional relativistic degrees of freedom A Nefr = Negr — 3.046
and massive sterile neutrinos m‘f}fgter“e.

The rest of the paper is arranged as follows. In Sect. 2,
we reveal our methodology and cosmological datasets used
in this paper. In Sect. 3, we demonstrate our constraints on
the sum of the neutrino mass, additional relativistic degrees
of freedom, and massive sterile neutrinos, respectively. Our
conclusions are listed in Sect. 4.

2 Data and method

The recent distance measurements from the anisotropic anal-
ysis of the BAO scale in the correlation function [25] and
power spectrum [26] of CMASS and LOWZ galaxy samples
from BOSS DR12 are listed in Table 1.

Only the consensus values [26] are listed, which are used
in this paper. Here z denotes the effective redshift for CMASS
and LOWZ samples, respectively, H(z) and D4(z) are the
Hubble parameter and angular diameter distance at redshift
z, respectively, and r is the comoving sound horizon at the
redshift of the baryon drag epoch. In addition, pp,, # stands
for the normalized correlation between D 4(z) and H(z).

In this paper, we combine the BAO data including 6dFGS
[22], MGS [23], BOSS DR12 CMASS [26], and LOWZ [26]
with Planck 2015 likelihoods [27] of CMB temperature and

Table 1 The distance measurement from the anisotropic analysis of
the BAO scale in the CMASS and LOWZ galaxy samples released by
SDSS-III BOSS DR12. Here we list the consensus values [26]

Da(2)/ra

z BOSSDRI12  H(z)ry(10° km-s~1) 0D, H

0.32 LOWZ
0.57 CMASS

11.64 £0.70
14.66 = 0.42

6.76 £0.15 0.35
9.47+£0.13 0.54
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polarizations as well as CMB lensing. In fact, we employ two
combinations of observational data, namely Planck TT, TE,
EE + lowP + BAO and Planck TT + lowP + lensing + BAO.
The latter one is expected to give conservative constraints on
the neutrino sectors, while the former one gives more severe
constraints. In the base ACDM model, the estimates of the
amplitude of the fluctuation spectrum inferred from some
astrophysical data such as weak lensing (WL) [28,29], red-
shift space distortion (RSD) [30], and Planck cluster counts
[31] is lower than the value inferred from the Planck CMB
data. For consistency, we do not take these astrophysical data
into consideration in this paper. We neither consider the direct
measurements of cosmic expansion, since there are certain
debates on the H data [32-34]. In addition, we do not use
the data of supernovae of type Ia (SNe Ia), since the apparent
magnitudes of SNe are insensitive to Y _ m,,.

In the ACDM model, there are six base cosmological
parameters, which are denoted by {wp, w., 1000\, T, 1y,
In(10'°Ay)}. Here wy, is the physical density of baryons today
and w, is the physical density of cold dark matter today. Oy
is the ratio between the sound horizon and the angular diame-
ter distance at the decoupling epoch. 7 is the Thomson scatter
optical depth due to reionization. ny is the scalar spectrum
index and Ay is the amplitude of the power spectrum of pri-
mordial curvature perturbations at the pivot scale k, = 0.05
Mpc~!.

Because both the physics of CMB and of BAO are well
understood and hence the systematic uncertainties are under
control, we only adopt CMB and BAO datasets and expect
to get some conservative constraints on the neutrino mass.
Here we also want to stress that our results are based on the
assumption that our Universe is spatially flat.

To constrain the neutrino sectors, we refer to the Markov
Chain Monte Carlo sampler (CosmoMC) [35] in the v ACDM
model. By considering the mass splitting in Egs. (1) and (2),
we can express the neutrino mass spectrum by two inde-
pendent mass squared differences and one minimum mass
eigenvalue m, min. The neutrino mass spectrum is

(my,my, m3) = (ml,\/m%—i—Am%l,\/m%-i—IAm%lI) 3)

and m min = m for NH, and

(m1, my, m3) = <\/m% +[Ami, ], \/mg +1Am3, | + Amgl,m)

“

and m, min = m3 for IH. In addition, the neutrino mass spectrum
is trivial for DH, namely

mp = my =m3 = My min. (5)
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Thus we can constrain the sum of the neutrino mass »_ m,,
via referring to the above three v ACDM model. It should be
noted that there are lower cut-off values of > _ m,,, which are
0.06 eV for NH and 0.10 eV for IH, respectively.

3 Results

In this section, we represent the constraints on the neutrino
sectors by updating cosmological data. To be specific, we
give an updated upper bound on the sum of the neutrino
mass »_ my in Sect. 3.1. In Sect. 3.2, the relativistic degree
of freedom Nggr is constrained. We simultaneously constrain
Nefr and massive sterile neutrino m®ft in Sect. 3.3.

v,sterile

3.1 Constraints on ) m,

In this subsection, we refer to two combinations of datasets,
namely Planck TT, TE, EE + lowP + BAO and Planck
TT + lowP + lensing + BAO, to constrain the sum of the
neutrino mass »_ m, with NH, IH, and DH, respectively. In
the vACDM model, the free cosmological parameters are
given by

{wp, ©c, 1000mc, T, ng, In(10' Ag), my, min} (©6)

where m, min is the minimal eigenvalue of neutrino mass,
and the total mass of neutrinos is a derived parameter, i.e.
> my, =my +my + ms.

For three hierarchies, our constraints on Y  m, as well as
seven free parameters and x 2 can be found in Table 2.

The likelihood distributions of Y m, and m, min are
depicted in Fig. 1.

The dashed lines denote constraints from Planck TT + lowP
+ lensing + BAO dataset, while the solid lines denote con-
straints from Planck TT, TE, EE + lowP + BAO dataset. The
red, black, and blue lines denote constraints for the NH, IH,
and DH of the neutrino mass spectrum, respectively. The gray
dashed lines denote the minimum values for the total mass
of the three neutrinos for NH and IH, respectively.

For the DH, the 95 % C.L. upper limit on the total mass of
three active neutrinos is ) m, < 0.15 eV for the data com-
bination of Planck TT, TE, EE + lowP + BAO. The best-fit
likelihoods is XI%H = 12950.94. Compared to Planck 2015
constraint ) " m, < 0.17 eV in [17] from the Planck TT, TE,
EE + lowP + BAO data where the BOSS DR11 CMASS and
LOWZ data are used, there is about 10 % improvement on
the uncertainty. The reason is that the total volume probed
in BOSS DRI12 has a 10 % increment and the experimen-
tal uncertainties are improved correspondingly. A conserva-
tive estimate is Y m, < 0.23 eV with the best-fit likeli-
hood X]%H = 11284.34 from the data combination of Planck
TT + lowP + lensing + BAO.

Table 2 The 68 % limits for six base cosmological parameters and the 95 % limits for two neutrino mass parameters in the vACDM models for the NH, IH, and DH of neutrinos from two data

combinations of Planck TT, TE, EE + lowP + BAO and Planck TT + lowP + lensing + BAO, respectively

PlanckTT + lowP + lensing + BAO

Planck TT, TE, EE + lowP + BAO

vwHACDM

vpuACDM vwHACDM vigACDM vpHACDM

vinACDM

0.02226 + 0.00020
0.1173 £ 0.0013

0.02229 £ 0.00014 0.02226 £ 0.00014 0.02227 + 0.00020 0.02229 + 0.00020
0.1184 £0.0011 0.1171 £0.0013 0.1168 + 0.0013

0.1178 £ 0.0011

0.02228 £+ 0.00014
0.1181 £ 0.0011

Qph?

Q. h?

1.04118 4 0.00040

0.072 +£0.016
3.073 £0.031

1.04120 + 0.00040

0.080 +0.015
3.086 £ 0.028

1.04118 £ 0.00040

0.076 £ 0.015
3.079 £ 0.029

1.04095 + 0.00030

0.082 +£0.017
3.095 +0.033

1.04099 + 0.00030

0.088 +0.017
3.105 £ 0.033

1.04097 & 0.00030

0.085 +£0.017
3.101 £0.033

1006Mmc

In(10'94,)

ng

0.9677 + 0.0047

0.9690 + 0.0046

<0.07 eV

0.9684 + 0.0046

<0.07 eV

0.9650 £ 0.0041

<0.05eV
<0.15eV
12950.94

0.9664 £ 0.0041

<0.05eV

0.9657 + 0.0041

<0.05eV

<0.08 eV

Mmin (95 %)
S my (95 %)

<0.23 eV <0.25eV <0.23 eV

11283.67

<0.20eV
12954.80

<0.18 eV
12951.42

11284.34

11283.78

2

X

@ Springer



489 Page 4 of 6

Eur. Phys. J. C (2016) 76:489

| I
== PlanckTT+lowP+lensing+BAO,,;

SN == PlanckTT+lowP+lensing+BAO
Soo N == PlanckTT+lowP-+lensing+BAO,;
Soo —  PlanckTT,TE,EE+lowP+BAO
DO —  PlancKTT,TE,EE+lowP+BAO
W AN = PlanckTT,TE,EE+lowP+BAO,,

PIanck‘l‘l’+|ow|P+Iensing+BAODIH
PlanckTT+lowP+lensing+BAO
PlanckTT+lowP+lensing+BAO,
PlanckTT,TE,EE+lowP+BAO,;
PlanckTT,TE,EE+lowP+BAO y;;
PlanckTT,TE,EE+lowP+BAO

0.00 0.03 0.06 0.09 0.12
ml/ﬂnin [BV}

0.0 0.1 0.2 0.3 0.4
Ym,[eV]

Fig. 1 The likelihood distributions of #, min and > m, for the NH, IH, and DH of neutrinos in the v ACDM models from two data combinations
of Planck TT, TE, EE + lowP + BAO and Planck TT + lowP + lensing + BAO, respectively

For the NH, our constraint on ) m,, is given by Y _m, <
0.18 eV at95 % C.L. from Planck TT, TE, EE + lowP + BAO
dataset. It is around 20 % looser than the above constraint for
the DH from the same dataset. The best-fit likelihood for NH
is XI%H = 12951.42, which is slightly larger than that for DH.
On the other hand, our constraint becomes Y m, < 0.23
eV at 95 % C.L. for Planck TT + lowP + lensing + BAO
dataset, and the best-fit likelihood is XI%IH = 11283.67. This
constraint is similar to the constraint for DH by Planck
TT + lowP + lensing + BAO dataset since this constraint
is too loose to be sensitive to the neutrino mass hierarchy.

For the TH, our constraint on Y _ m, is given by > m, <
0.20eV at95 % C.L. from Planck TT, TE, EE + lowP + BAO
dataset. It is more than 30 % larger than that for the DH and
about 10 % larger than that for the NH from the same dataset.
The best-fit likelihoods is X12H = 12954.80 which is larger
than that for NH by Ayx? = XIZH — XI%H >~ 3.4. It implies
that the current data slightly prefers a normal hierarchy. On
the other hand, our constraint becomes Y m, < 0.25 eV at
95 % C.L. for Planck TT + lowP + lensing + BAO dataset.

3.2 Constraints on Nefs

The total energy density of radiation in the Universe is given
by

7 [ 4\*3
p= 1+Neff§ (ﬁ) Py @)

where p, is the energy density of CMB photons and Negr =
3.046 for counting the standard model neutrinos. Neg >
3.046 will indicate that there are some unknown relativis-
tic degrees of freedom in the Universe.

@ Springer

In this subsection, we use two data combinations of Planck
TT, TE, EE + lowP + BAO and Planck TT + lowP + lens-
ing + BAO to constrain Negr or equivalently the additional
relativistic degree of freedom ANefr = Nefr — 3.046 in the
base ACDM + N model. The free parameters include six
base parameters and Negr, while we fix > m, = 0.06 eV
with two massless and one massive active neutrinos. Our
constraints on Nefr can be found in Table 3, where we also
list constraints on other free parameters.

Our results are well consistent with the standard prediction
Neft = 3.046. The constraints on the effective number of
relativistic degrees of freedom are Ny = 3.06 £ 0.36
and Ner = 3.10%043 at 95 % C.L. from Planck TT, TE,
EE + lowP + BAO and Planck TT + lowP + lensing + BAO,
respectively. ANggr = 1, for example a fully thermalized
sterile neutrino, is excluded at higher than 5o level by Planck
TT, TE, EE + lowP + BAO data and at 40 level by Planck
TT + lowP + lensing + BAO data. A thermalized massless
boson decoupled in the range 0.5 MeV < T < 100 MeV
predicts ANegr = 4/7 =~ 0.57 [36], which is disfavored at
more than 95 % C.L. by these two datasets. If it decoupled
at T > 100 MeV, ANgg =~ 0.39 [36], which is slightly
disfavored by Planck TT, TE, EE + lowP + BAO data but
slightly favored by Planck TT + lowP + lensing + BAO data.

eff
v,sterile

3.3 Simultaneous constraints on Neg and m
‘We can also consider extra one massive sterile neutrino whose

effective mass is parametrized by mi’fgterﬂ o = 94182, sterile

h?) eV. Assuming the sterile neutrino to be thermally dis-

tributed with an arbitrary temperature, m?f;terile is then given
by
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Table 3 The 68 % limits for six base cosmological parameters and
the 95 % limits for two neutrino parameters in the base ACDM + Ngr

and base ACDM + Neg + miffsleme models from two data combinations

of Planck TT, TE, EE + lowP + BAO and Planck TT + lowP + lens-
ing + BAO, respectively

Planck TT, TE, EE + lowP + BAO

Planck TT + lowP + lensing + BAO

ACDM + Negr ACDM + Negr +mefL ACDM + Negt ACDM + Negi +mSh o
Qph? 0.02230 £ 0.00019 0.02241 £ 0.00017 0.02230 £ 0.00024 0.02249 + 0.00024
Q. n? 0.1192 £ 0.0031 0.1191 £ 0.0033 0.1191 £ 0.0037 0.1208 + 0.0038
1006mc 1.04085 4 0.00044 1.04072 % 0.00034 1.04100 % 0.00056 1.04076 =+ 0.00051
T 0.083 £0.017 0.088 £ 0.017 0.068 £0.013 0.081 £ 0.017
In(10104;) 3.099 £ 0.035 3.112 £ 0.035 3.068 £ 0.026 3.100 £ 0.035
ng 0.9667 £+ 0.0075 0.9700 £ 0.0062 0.9698 + 0.0084 0.9781 £ 0.0091
Nef (95 %) 3.06 £0.36 <3.39 3.10108 <3.69
me e (95 %) - <0.60 eV - <0.48 eV
m?ft;terﬂe = (ANegp)¥/* mthermal (8)  enough to distinguish different neutrino mass hierarchies, the

normal hierarchy is slightly preferred by Ax? ~ —3.4 com-

where mgtlglllléal denotes the true mass. Here we consider the  Pared to the 1nverted.hlerarchy in our paper. That is to say,
base ACDM4+ N, +m?}f§terile model, in which m;}:eerrlrlyéal is a  thecurrent cosmological data has already put some pressure

thermal

free parameter with a prior M ierile

flat prior with Negr > 3.046.

Our simultaneous constraints on Neg and miffsterﬂe can be
found in Table 3. From Planck TT, TE, EE + lowP + BAO
data, we obtain constraints to be Negr < 3.39 and m?fgterﬂe
0.60 eV at 95 % C.L.. From Planck TT + lowP + lens-
ing + BAO data, we obtain Nefr < 3.69 and me% . < 0.48
eV at 95 % C.L., which are similar to Planck 2015 results in
[17]. ANegs = 1 can be excluded at much more than 95 %
C.L.. One should note that the upper tail of m‘;iterﬂe is closely
related to the high physical masses close to the prior cutoff.

< 10 eV and Negr has a

4 Conclusions

In this paper, we first updated cosmological constraints on
the total mass of three degenerate active neutrinos by updat-
ing BOSS DR11 to DR12 of CMASS and LOWZ samples.
Then we considered the mass splitting between three neutri-
nos and gave cosmological constraints on the neutrino mass
hierarchy. When the Planck TT, TE, EE + lowP + BAO
combination is updated, our constraint ) m, < 0.15 eV
at 95 % C.L. is improved by about 10 % for the DH, com-
paring to Planck 2015 constraint _m, < 0.17 eV at 95 %
C.L. [17]. When the mass splitting is considered, we get
95 % C.L. upper limits Y m, < 0.18 eV for the NH and
> m, < 0.20 eV for the IH. For the NH (or the IH) and the
DH, there is about 20 % (or 33 %) difference between their
upper limits on the summed neutrino mass. Thus it is mean-
ingful to take into consideration the data of the neutrino mass
splitting obtained from the experimental particle physics.
Although the current cosmological data may be not good

on the inverted hierarchy. Future precise observations might
have the potential to determine the neutrino mass and mass
hierarchy completely [37-52].

There are various tight constraints on Y m,, in the litera-
ture. For instance, the combination of Lyman-« absorption in
the distant quasar spectra, BAO, and Planck CMB data gave a
constraint Y m, < 0.12eV at95 % C.L. in [15]. The combi-
nation of SDSS DR7 Luminous Red Galaxies (LRG), BAO,
and Planck CMB data gave an upper bound ) " m, < 0.11eV
at 95 % C.L. in [16]. Both constraints, close to the lower cut-
off values of 0.10 eV for the IH, are tighter than ours, obtained
in this paper. Thus it is interesting to include the observa-
tional datasets regarding the matter power spectrum in our
exploration, besides the lensed-CMB and BAO data. We will
address these considerations in our future work. There are
also some papers where the neutrino mass hierarchy is taken
into consideration. For example, the combination of the Wig-
gleZ Dark Energy Survey power spectrum, BAO, and Planck
CMB data gave similar x2 ~ 10261 for the DH, NH, and TH
in [9]. By contrast, our data combination favors the NH by
Ax? ~ —3.4 compared to the IH.

In addition, we also updated the constraints on the rel-
ativistic degree of freedom and massive sterile neutrinos.
Our results are similar to Planck 2015 constraints in [17].
We found no significant evidence for additional relativistic
degree of freedom and fully thermalized massive sterile neu-
trinos by using current datasets in this paper. Nevertheless, a
significant density of additional radiations is still allowed on
considering the uncertainties of the data.
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