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4Laboratorio Subterráneo de Canfranc, Estación de Canfranc, 22880, Spain

5Institute of Theoretical Astrophysics, University of Oslo, Oslo 0315, Norway.

Recent constrains on the sum of neutrino masses inferred by analyzing cosmological data, show
that detecting a non-zero neutrino mass is within reach of forthcoming cosmological surveys, im-
plying a direct determination of the absolute neutrino mass scale. The measurement relies on
constraining the shape of the matter power spectrum below the neutrino free streaming scale: mas-
sive neutrinos erase power at these scales. Detection of a lack of small-scale power, however, could
also be due to a host of other effects. It is therefore of paramount importance to validate neutrinos as
the source of power suppression at small scales. We show that, independent on hierarchy, neutrinos
always show a footprint on large, linear scales; the exact location and properties can be related to
the measured power suppression (an astrophysical measurement) and atmospheric neutrinos mass
splitting (a neutrino oscillation experiment measurement). This feature can not be easily mimicked
by systematic uncertainties or modifications in the cosmological model. The measurement of such a
feature, up to 1% relative change in the power spectrum, is a smoking gun for confirming the deter-
mination of the absolute neutrino mass scale from cosmological observations. It also demonstrates
the synergy of astrophysics and particle physics experiments.

PACS numbers:

In the past few years, there has been an amaz-
ing progress in cosmology. An accurate cosmic mi-
crowave background (CMB) spectrum, both in temper-
ature and polarization has been measured by Planck [1]
and WMAP [2]. The expansion history of the Universe
has been mapped in several ways: with measurements
of the Baryon Acoustic Oscillation (BAO) scale by the
Baryon Oscillation Spectroscopic Survey (BOSS) of the
Sloan Digital Sky Survey (SDSS) [3] and others [4, 5];
by the luminosity distance relation as given by Type 1A
supernova data e.g., [6]; via the direct measurement of
the Hubble parameter with cosmic chronometers [7, 8].

Finally, large scale structure (LSS) has been probed
by a variety of surveys (galaxies e.g., [9–12], weak lens-
ing e.g., [13–17], Lyα [18]) with increased sensitivity to
the scale and redshift dependences of the matter power
spectrum, thanks also to redshift space distortion mea-
surements e.g., [19, 20].

All this wealth of cosmological data show a consistent
ΛCDM model with improved precision on parameters
and better control of systematics. If included as a pa-
rameter in the model, total neutrino mass bounds have
significantly improved in a variety of analysis, yielding an
upper bound slightly higher than 100 meV [18, 21]. Mas-
sive neutrinos free stream out of potential wells, erasing
fluctuations and thus suppressing power on small scales
e.g., [22, 23]; the measured small scale power is consistent
with the standard (massless neutrino) ΛCDM model and
inconsistent with large neutrino masses. These bounds
are very close to the limit that separates inverted and nor-
mal ordering and is within a factor of two of the lower
limit of the sum of neutrino masses set by oscillations

e.g., [24]. Near future progress in this measurement has
an important impact on a crucial question in neutrino
physics [25]: is neutrino its own anti-particle? The al-
most century-old question can be resolved if a neutri-
noless double beta decay is observed [26, 27]. If light
neutrinos are the main source of this decay, the measure-
ment of the neutrino mass, provides an estimate of the
half-live and therefore the size and level of background
of experiments required to prove it.

Relevant cosmological constraints on neutrino masses
(i.e., coming from measurements of the small scales power
suppression) have to be matched with careful verification
of systematic effects or alternative explanations of the
data. Building on the work of [25], we show that cos-
mological data contain independent information on the
neutrino masses that can be hardly mimicked by other
effects. Driven by the current strong limits in the total
mass, we demonstrate that there is sensitivity to measure
the expected large mass splitting of neutrinos if the total
mass is measured from forthcoming cosmological data.
The agreement of the mass splitting inferred from cos-
mology and the large neutrino mass splitting measured
by oscillation experiments should prove as convincing ev-
idence of the discovery of relic neutrinos in cosmological
surveys.

Massive neutrinos affect cosmological observations in
a variety of different ways. For example, the combina-
tion of CMB and BAO data constrain the total neu-
trino mass Σ < 0.23 eV at the 95% confidence level
[1]. Neutrinos with mass <∼ 1eV become non-relativistic
after the epoch of recombination probed by the CMB,
thus massive neutrinos alter matter-radiation equality for
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FIG. 1: Constraints from neutrino oscillations (shaded re-
gions) and from cosmology in the Σ-∆ plane. In this param-
eterization the sign of ∆ specifies the hierarchy.

a fixed Ωmh
2. After neutrinos become non-relativistic,

their free streaming damps the small-scale power and
modifies the shape of the matter power spectrum below
the free-streaming length. Combining large-scale struc-
ture and CMB data, at present the sum of masses is
constrained to be Σ <∼ 0.13 eV [18, 21]. Forthcom-
ing large-scale structure data promise to determine the
small-scale (0.1 <∼ k <∼ 1 h/Mpc) matter power spectrum
exquisitely well and to yield errors on Σ well below 0.1
eV (e.g., [28, 29]). Here, we assume the standard ΛCDM
model (plus massive neutrinos) and explore the changes
in the matter power spectra due to the neutrino proper-
ties (mass and hierarchy).

Neutrino oscillation data have measured the neutrino
squared mass differences, which are hierarchical. Given
the smallness of neutrino masses and the hierarchy in
mass splittings, we can characterize the impact of neu-
trino masses on cosmological observables and in partic-
ular on the matter power spectrum by two parameters:
the total mass Σ and the ratio of the largest mass split-
ting to the total mass, ∆; while one can safely neglect
the impact of the solar mass splitting in cosmology. In
this excellent approximation, two masses characterize the
neutrino mass spectrum, the lightest one, m, and the
heaviest one, M .

We define the relation between the neutrino masses m
and M and the parameters Σ and ∆ as

NH : Σ = 2m+M ∆ = (M −m)/Σ (1)

IH : Σ = m+ 2M ∆ = (m−M)/Σ . (2)

In Fig 1 we show the current constraints on neutrino
mass properties in the Σ-∆ plane. We use the ∆ param-

eterization for the following reasons: ∆ changes contin-
uously through normal, degenerate and inverted hierar-
chies; ∆ is positive for NH and negative for IH; cosmo-
logical data are sensitive to ∆ in an easily understood
way through the largest mass splitting (i.e., the absolute
value of ∆), while the direction of the splitting (the sign
of ∆) introduces a sub-dominant correction to the main
effect [25]. This parameterisation is strictly only appli-
cable for Σ > 0, but oscillations experiments already set
Σ > M >∼ 0.057eV.

It is important to note that not the entire parameter
space in the Σ-∆ plane (or of any other parameteriza-
tion of the hierarchy used in the literature) is allowed
by particle physics constraints: only the regions around
the normal and inverted hierarchies allowed by neutrino
oscillation experiments are physical (see Fig 1).

The effect of neutrino mass on the CMB is related to
the physical density of neutrinos, and therefore the mass
difference between eigenstates can be neglected. How-
ever individual neutrino masses can have an effect on
the large-scale shape of the matter power spectrum. In
fact, neutrinos of different masses have different transi-
tion redshifts from relativistic to non-relativistic behav-
ior, and their individual masses and their mass splitting
change the details of the radiation-domination to matter-
domination regime. As a result, the detailed shape of the
matter power spectrum on scales k <∼ 0.01 h/Mpc is af-
fected. Therefore a precise measurement of the matter
power spectrum shape can give information on both the
sum of the masses and the neutrino mass splitting.

To gain physical intuition on the effect of neutrino
properties on cosmological observables, such as the shape
of the matter power spectrum, it is useful to adopt the
following analytical approximation, as described in Ref.
[30]. The matter power spectrum can be written as:

k3P (k; z)

2π2
= ∆2

R

2k2

5H2
0 Ω2

m

D2
ν(k, z)T 2(k)

(
k

kp

)(ns−1)

,

(3)
where ∆2

R is the primordial amplitude of the fluctuations
(evaluated at the pivot scale kp), ns is the primordial
power spectrum spectral slope, T (k) denotes the matter
transfer function and Dν(k, z) is the scale-dependent lin-
ear growth function, which encloses the dependence of
P (k) on non-relativistic neutrino species.

Each of the three neutrinos contributes to the neutrino
mass fraction fν,i where i runs from 1 to 3,

fν,i =
Ων,i
Ωm

= f0 ×mνi = 0.01
( mνi

0.13eV

)( 0.14

Ωmh2

)
(4)

and has a free-streaming scale kfs,i,

kfs,i = k0
√
mνi = 0.015

√
mνi

0.13eV

Ωmh2

0.14

5

1 + z
Mpc−1 .

(5)
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FIG. 2: Dependence of P (k) on the parameter ∆ at z = 0,
for fixed Σ, 0.1 eV (red full) and 0.06 eV (blue dashed), and
several values of ∆. The dependence is expressed as fractional
variation in P (k) for a unit variation in ∆. For Σ =0.1 eV,
normal (inverted) hierarchy from oscillation data correspond
to ∆ ∼ 0.3 (−0.5), as shown in Fig.1. The changes visible
at k > 10−2h/Mpc for Σ = 0.06 eV are due to ∆ changing
the matter-radiation equality and thus the shape parameter,
being all other cosmological parameters kept fixed.

Analogously, one can define the corresponding quantities
for the combined effect of all species, by using Σ instead
of mνi . Since we will only distinguish between a light and
a heavy eigenstate we will have e.g., fν,m, fν,Σ, kfs,m, kfs,Σ

etc., where in the expression for fν,m one should use the
mass of the eigenstate (which is the mass of the individual
neutrino, or twice as much depending on the hierarchy)
while in kfs,m one should use the mass of the individual
neutrino.

The dependence of P (k) on non-relativistic neutrino
species is in Dν(k, z), given by

Dνi(k, z) ∝ (1− fνi)D(z)1−pi (6)

where k � kfs,i(z) and pi = (5 −
√

25− 24fνi)/4. The
standard linear growth function D(z) fitting formula is
taken from [31]. ∆ directly changes the growth on scales
kfs,m < k < kfs,Σ, i.e.,

√
(1−∆)/3 < k/(k0

√
Σ) < 1,

which leads to changes in the power spectrum that can
be aproximated at linear order by

P (k; z)ν − P (k; z)

P (k; z)
∝ −fν,Σ(1−∆)/3 . (7)

Firstly, Σ and ∆ modify the range of scales where the
impact of ∆ is important. In particular, smaller total

FIG. 3: Statistical power of future surveys, described in [25],
to determine ∆ for fixed values of Σ. We assume normal
hierarchy fiducial model, with ∆ from neutrinos oscillation
data, Many ∆ values potentially inferred from cosmological
data can be statistically distinguished from the fiducial model.

mass of neutrino leads to a narrower range of larger scales
where ∆ influences the power spectrum. Secondly, while
∆ = 0 leads to lack of a signature, positive (negative) ∆
increases (decreases) linearly the amount of power at the
scales of influence.

This description is, however, incomplete: the transi-
tion between the different regimes is done sharply in k
while in reality the change is very smooth. In addition,
the individual masses change the details of the matter-
radiation transition which (keeping all other parameters
fixed) adds an additional effect at scales k > kfs,Σ. In
what follows we will therefore use the full numerical eval-
uation [32].

Throughout this paper we assume a fiducial model
given by basic parameters of the standard LCDM cos-
mology and the fiducial values for Σ and ∆ are then
further specified in each case. We have used the pub-
licly available CAMB code [32] to numerically compute the
matter power spectrum. In Fig. 2 we show the depen-
dence of P (k) on the parameter ∆ at z = 0 for fixed Σ
and fixed cosmological parameters. The dependence is
shown as the fractional change of the matter power spec-
trum for a unit change of the parameter ∆. In order to
compute reliably the above derivatives, CAMB needs to be
run at the highest precision settings, with fine k sampling
and taking care that interpolations procedures in-built in
the code do not introduce a spurious signal. Note that
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the effect appears on large, linear scales. Moreover, the
location, trend and amplitude of the maximum devia-
tion of ∂ lnP/∂∆ depend on Σ: oscillation experiments
constraints on mass splitting together with a value of Σ
completely specify the expected signal. In Fig. 3 we es-
timate the expected signal to noise in terms of difference
in χ2 = −2 lnL as a function of ∆ fixing all other cos-
mological parameters, for a survey with the same char-
acteristics as considered in [25]. In this calculation we
considered only scales k < k∗max where k∗max represent
the scale above which ∂ lnP/∂∆ becomes constant (and
non-zero): by fixing all cosmological parameters, ∆ al-
ters matter radiation equality and so the Γ shape param-
eter and the P (k) normalisation at scales below equality,
these changes would be canceled through cosmological
degeneracies with other parameters (e.g., for Σ = 0.1eV
k∗max = 2.5× 10−2 h/Mpc).

In other words, if for example the small scale power
suppression signal indicates a Σ = 0.1 (0.06)eV, the large
scale measurement should yield a value consistent with
|∆| ∼ 0.3 (∆ ∼ 1). Excluding other values such as ∆ = 1
(∆ = 0 or ∆ < 0), which, as Fig. 3 shows, future sur-
veys have the statistical power for achieve, would offer a
powerful consistency check on the Σ determination. Con-
versely, excluding the expected value for ∆ at high con-
fidence would cast doubts on the interpretation of the
data in terms of neutrino masses and standard neutrino
properties [33].

To summarize, we have shown the existence of a
well defined footprint of neutrinos in the matter power
spectrum if the total mass of neutrinos is measured in
the upcoming cosmological data. This footprint is lo-
calised on large, linear scales, where systematic effects
that plague the Σ-sensitive small mildly non-linear scales
(non-linearities, non-linear bias, baryonic and astrophys-
ical effects, shot noise etc.) are not present: the two sig-
natures are not independent (in the standard model they
are both made by neutrinos) but, because of the separa-
tion of scales, statistically uncorrelated. They could be
partially correlated through cosmological parameter de-
generacies but this is left for future work. The systematic
effects at play on these large scales (i.e., modelling of the
survey window function, selection function, photometric
redshifts errors, if applicable, general relativistic effects,
primordial-non-gaussianity) are completely independent
form those acting at small scales and more benign, more-
over they show a dependence on k-scale fundamentally
different from the signal. One may wonder on the im-
plications of this result. For example, not finding the
power suppression should erase the footprint we discussed
here, but will lead to modifications of either the cosmo-
logical model or the neutrino properties. Understanding
the new physics beyond the standard (cosmology or neu-
trino) model would be within reach with improvements
in neutrino beta and double-beta decay experiments and
further cosmological surveys. Therefore a detection of

this large-scale signature or a null result will have pro-
found implications in neutrino physics and cosmology. A
detection will be a “smoking gun” for verifying power
suppression of small scales by neutrinos. As such it will
be an indirect discovery of relic neutrinos and lead to the
stronger bound on properties of neutrino like neutrino
invisible decays, limiting very small neutrino couplings
to scalars g <∼ 4 · 10−14 [34].
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