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Fig. 1. The two neutrino schemes allowed if �m2
atm � �m2

sun: normal hierarchy
(NH) and inverted hierarchy (IH).

Nowadays there exist compelling evidences for flavour neutrino oscillations

from a variety of experimental data on solar, atmospheric, reactor and accel-

erator neutrinos. These are very important results, because the existence of

flavour change implies that neutrinos mix and have non-zero masses, which

in turn requires particle physics beyond the SM. There are many excellent

reviews on neutrino oscillations and their implications, to which we refer the

reader for more details (see e.g. the recent ones [13,14]).

We know that the number of light neutrinos sensitive to weak interactions

(flavour or active neutrinos) equals three from the analysis of the invisible Z-

boson width at LEP, N⌫ = 2.994 ± 0.012 [12], and the three flavour neutrinos

(⌫e, ⌫µ, ⌫⌧ ) are linear combinations of states with definite mass ⌫i, where i is

the number of massive neutrinos.

In a three-neutrino scenario flavour and mass eigenstates are related by the

mixing matrix U , parametrized as [12,14]
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Here cij = cos �ij and sij = sin �ij for ij = 12, 23 or 13, and � is a CP-violating

phase. Together with the three masses, in total there are seven flavour param-

eters in the neutrino sector. This would be all if neutrinos were Dirac particles,

like the charged leptons, and the total lepton number is conserved. Instead, if

neutrinos are Majorana particles (i.e. a neutrino is its own antiparticle), the

matrix U is multiplied by a diagonal matrix of phases that can be taken as

diag(1, ei�2/2, ei(�3+2�)/2
). These two phases do not show up in neutrino oscil-

lations, but appear in lepton-number-violating processes such as neutrinoless

double beta decay, as discussed later.
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Figure 3.1: Figures taken from [67]. The two neutrino schemes allowed: normal hierarchy (NH)
and inverted hierarchy (IH).

for the sign of �m2
31, which is positive (negative) for the NH (IH) scenarios.

Figure 3.2 shows the relation between the single neutrino masses and their sum,
which can be found numerically. When the mass of the lighter neutrino, which is m1

for NH and m3 for IH, is small then the mass states follow a hierarchical scenario, while
the three neutrino masses are degenerate if the mass of the lightest is big enough. In
this thesis we will consider values for the sum of the neutrino masses that allow to
assume the degenerate case. It is also interesting to notice that the two schemes allow
for di↵erent lower bounds to the sum of the three neutrino masses,

X

m⌫ & 0.056(0.095) eV (3.2)

in the normal (inverted) hierarchy.
Oscillation experiments can put only lower bounds to the sum of the neutrino

masses. Nowadays, the more stringent upper bounds comes from cosmology, which
is directly sensitive to the absolute scale of the neutrino masses. The cosmological
observables used to put upper bounds are the anisotropies in the cosmic microwave
background (CMB), the spatial clustering of galaxies, and the clustering properties of
neutral hydrogen absorbers in the Ly-↵ forest. Combining CMB and lensing with BAO
probes, the Planck collaboration [96] set the upper bound to be

X

m⌫ < 0.23 eV at 95 % C.L , (3.3)

whereas analysis involving the Ly-↵ show a more stringent bound,
P

m⌫ < 0.12 eV at
95 % C.L [86].

3.2 Background

The Standard Model of Cosmology predict the presence of relic neutrinos, generated
in the early Universe by the frequent weak interactions. These neutrinos remain
in thermal equilibrium with baryons and photons until weak interactions become
ine�cient, due to the progressive expansion of the Universe. The decoupling from the
other plasma happens when the temperature of the Universe drops to T ⇠ 1 MeV. At

M⌫ = ⌃imi < 0.19 eV (95%C.L.)
(Giusarma et al 2018)

• Three species of neutrinos

• Neutrinos are massive:                               

• Cosmology: 

from solar neutrinos
from atmospheric 
neutrinos
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• Neutrinos: diffuse component

• They are very small fraction of the matter in halos

• Voids are under-densities in the CDM field but are filled with neutrinos, therefore 
in voids the ratio between neutrinos and CDM densities is highest in the Universe
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MATTER PROFILE around VOIDS

Voids in massive 
neutrino cosmology are 

less evolved



Banerjee and Dalal, 2016

VOID BIAS
16

Fig. 15.— Absolute value of the bias defined in Eq. (48) as
a function of scale, averaged from 8 runs for mν = 0.1 eV and
fν = 0.1. The voids were defined using the underdensity in the
total matter field. The threshold for void definition was set at −0.7.
We compare the results from our simulations (black) to the other
existing methods of treating the neutrinos as a linear fluid (green)
and treating neutrinos as a set of particles with a different mass
in N-body simulations (red). Our method and the N-body method
yield results which match to within error bars, but show a strong
scale dependence. The linear method shows an even stronger scale
dependence. We also plot (in blue) the bias for voids defined in
exactly the same manner from 8 CDM-only runs in for which the
final power spectrum matches the final CDM power spectrum for
the runs including neutrinos.

spectra as a function of scale, and hence the mass of the
neutrino species. For heavier neutrinos, the free stream-
ing scale may lie well inside the simulation box. We know
that on scales well above the free streaming scale, per-
turbations to both neutrinos and CDM evolve similarly,
and so their power spectra on large scales will be iden-
tical at late times. In this case btot(k) will indeed be
scale independent. However for lighter neutrinos with
very long free streaming lengths, the power spetcra at
linear scales will be very different for the neutrinos, com-
pared to CDM. In this case, btot(k) can be strongly scale
dependent.
In our simulations we define the total matter overden-

sity as in Eqn. (47) and then use spherical overdensity
void finder. We define voids as those regions around
a density minimum in which the averaged overdensity
is below the cutoff of −0.7. We then select the largest
voids in the box, so that we are not affected by exclusion
effects. We run 8 sets of simulations with different real-
izations of the power spectrum. We calculate the linear
bias in each of these 8 realizations, and then average over
them to reduce the sample variance.
Plotting the bias defined in Eqn. (48) in Fig. 15, we

find that it is indeed strongly scale dependent. To make
sure that this scale dependent linear bias is not an ar-
tifact of our simulation method, we perform simulations
of the same cosmology using two other methods. In one,
we treat the neutrinos as an additional species with a
different mass in an N-body code. In the other, we treat
the neutrino fluid in a linear approximation scheme. We

Fig. 16.— Comparison of the ratio of Eulerian biases bν and
bCDM at fν = 0.1, defined in Eqn. (46), measured in simulations
(black circles) vs. predictions from the spherical expansion model
(red triangles), as a function of the threshold floor used in the void
definition. The bias ratio diminishes for decreasing void thresholds,
a trend quantitatively predicted by the spherical expansion model.
The error bars represent the errors on the best fit values from the
simulations.

Fig. 17.— Behavior of the void bias from the hybrid simulations
when the voids are selected using the CDM field only, and then
split on the basis of the enclosed total matter overerdensity for
mν = 0.1 eV and fν = 0.1. The black curve represents btot(k) for
voids selected using the CDM field only with overdensity threshold
of −0.7. The red curve represents btot(k) for the subsample of voids
whose enclosed total matter overdesnity was lower than the median
enclosed total matter overdensity in the above sample. Similarly,
the green curve shows btot(k) for the subsample whose enclosed
total matter overdensity is higher than the median.

then use the same criterion we have defined above to find
voids and calculate the large scale bias. We find that the
scale dependent bias we see in our method matches the
result from the N-body method to within our error bars,

15

Fig. 13.— A slice through the density field in the simulation boxes at z = 0 for two neutrino masses - 0.5 eV and 3 eV. The simulation
box side length is 175 h−1 Mpc. The left panel shows the CDM density field, the middle panel shows the density field for the 0.5 eV
neutrino, while the right panel shows the density field for the 3 eV neutrino. For the lighter neutrino, on large scales, the density traces the
underlying cosmic web structure laid down by the CDM component, but is much more diffuse on small scales. For the heavier neutrino,
the density field is less diffuse and follows the CDM density more closely down to smaller scales.

Fig. 14.— Relative damping of the matter power spectrum in
the presence of a massive neutrino with m = 0.1 eV with realistic
energy density (Ων ≈ 0.0022), compared to the CDM-only predic-
tion. The linear theory prediction is plotted with the dashed red
while the dotted blue curve represents the HALOFIT predcition.
The solid black curve is the result of our hybrid simulation, while
the solid green curve is from a simulation treating neutrinos as
another set of N-body particles.

mass mν = 0.1 eV. Neutrinos of this mass would give
energy density Ων < 10−3, producing relatively subtle
effects on nonlinear structure formation. To amplify neu-
trino effects in our simulations, we therefore use an un-
physically large number density, to give Ων = 0.03. We
stress that this is only for illustrative purposes; later on
we will show results for realistic energy densities. For
this Ων , we have

fν =
Ων

ΩCDM + Ων
= 0.1. (43)

The Hubble constant H0 is taken to be 70 km/sec/Mpc.
We use 5123 CDM particles and 10243 neutrino test
particles with a 5123 grid for hydrodynamic quantities.
Initial conditions for both species are generated using
CLASS at redshift z = 49.

Non-linear structures like voids are known to be biased
tracers of the underlying matter field. The overdensity in
the void field is denoted by δvoid. If the universe contains
only one species, say CDM, we can write

δvoid(k) = b(k)δCDM(k) (44)

where b(k) is the scale-dependent bias factor. On large
linear scales, b(k) is independent of k for these CDM only
simulations (Scherrer & Weinberg 1998). Using Eqn.
(44), this linear (large-scale) bias factor is given by

b =
Pvoid,CDM(k)

PCDM(k)
(45)

where Pvoid,CDM(k) = ⟨δ∗void(k)δCDM(k)⟩ is the cross
spectrum between the void overdensity field and the un-
derlying CDM overdensity field and PCDM(k) is the CDM
auto-power spectrum.
If a new species is added to the matter content of the

universe, biasing is no longer as simple. In this case, the
void overdensity depends on both the CDM and neutrino
overdensities, δCDM and δν . Eqn. (44) should then be
replaced by

δvoid(k) = bCDM(k)δCDM(k) + bν(k)δν(k) (46)

In terms of the total underlying matter field

δtot = fCDMδCDM + fνδν (47)

we can write

δvoid(k) = btot(k)δtot(k) (48)

Even on large scales where the perturbations are linear,
the neutrino power spectrum and the CDM power spec-
trum can be different from one another, implying that
btot(k) will not be scale independent. This scale depen-
dent bias in large-scale structure can be an extremely
powerful signature because it does not arise in standard
cosmologies. Producing scale dependent bias on linear
scales generally requires violating locality of the forma-
tion of biased tracers, for example due to non-gaussianity
(Dalal et al. 2008) or large scale modifications to gravity
(Jain & Khoury 2010).
In the case of massive neutrinos, the scale dependence

of btot(k) depends on the difference of the two power



COSMOLOGY with VOIDS

Voids are good laboratories to study cosmology because

• They are sensitive to diffuse components such as 

• neutrinos 

• dark energy

• They have low densities, thus screening mechanism are inefficient and 
they are favored place where to study modification of gravity

• They have not undergone virialization, thus they are expected to retain 

most of their initial cosmological information
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Should we build observables related 
to low density regions/voids?

LOW DENSITY REGIONS

Void Size Function, 
void-matter cross-correlation, …



Low density regions are good probe to study cosmology

Should we build observables related 
to low density regions/voids?

How much do correlation functions/
power spectra depend on low density 

regions?

LOW DENSITY REGIONS

Void Size Function, 
void-matter cross-correlation, …
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EM et al. 2020
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On large scales, an effective bias can describe the difference 
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MARKED POWER SPECTRUM
EM et al. 2020

Marked power spectrum Marked-standard density
cross-power spectrum

On large scales, an effective bias can describe the difference 
between standard and marked power spectra

M(k) with R = 10 Mpc/h,     = 0.0 �s

Voids have bias < 1
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FISHER ANALYSIS
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Fisher matrix:
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QUIJOTE SIMULATIONS

• Set of 43,100 full N-body simulations 

• 1 Gpc/h box size, 5123 CDM particles (5123 neutrinos) 

• More than 7000 models with different 

• 1 Pb of publicly available data 

• https://github.com/franciscovillaescusa/Quijote-simulations

Ωm, Ωb, h, σ8, ns, Mν, ω

Villaescusa-Navarro, Hanh, EM et al 2019



QUIJOTE SIMULATIONS

Ωm, Ωb, h, σ8, ns, Mν, ω

Villaescusa-Navarro, Hanh, EM et al 20194 Francisco Villaescusa-Navarro et al.

Name ⌦
m

⌦
b

h n
s

�
8

M⌫(eV) w realizations simulations ICs N
1/3
c N

1/3
⌫

Fid 0.3175 0.049 0.6711 0.9624 0.834 0 -1

15000 standard 2LPT 512 0
500 standard Zeldovich 512 0
500 paired fixed 2LPT 512 0
1000 standard 2LPT 256 0
100 standard 2LPT 1024 0

⌦+

m

0.3275 0.049 0.6711 0.9624 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

⌦�
m

0.3075 0.049 0.6711 0.9624 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

⌦++

b

0.3175 0.051 0.6711 0.9624 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

⌦+

b

0.3175 0.050 0.6711 0.9624 0.834 0 -1 500 paired fixed 2LPT 512 0

⌦�
b

0.3175 0.048 0.6711 0.9624 0.834 0 -1 500 paired fixed 2LPT 512 0

⌦��
b

0.3175 0.047 0.6711 0.9624 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

h+ 0.3175 0.049 0.6911 0.9624 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

h� 0.3175 0.049 0.6511 0.9624 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

n+

s

0.3175 0.049 0.6711 0.9824 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

n+

s

0.3175 0.049 0.6711 0.9424 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

�+

8

0.3175 0.049 0.6711 0.9624 0.849 0 -1 500 standard 2LPT 512 0
500 paired fixed

��
8

0.3175 0.049 0.6711 0.9624 0.819 0 -1 500 standard 2LPT 512 0
500 paired fixed

M+++

⌫ 0.3175 0.049 0.6711 0.9624 0.834 0.4 -1 500 standard Zeldovich 512 512
500 paired fixed

M++

⌫ 0.3175 0.049 0.6711 0.9624 0.834 0.2 -1 500 standard Zeldovich 512 512
500 paired fixed

M+

⌫ 0.3175 0.049 0.6711 0.9624 0.834 0.1 -1 500 standard Zeldovich 512 512
500 paired fixed

w+ 0.3175 0.049 0.6711 0.9624 0.834 0 -1.05 500 standard Zeldovich 512 0

w� 0.3175 0.049 0.6711 0.9624 0.834 0 -0.95 500 standard Zeldovich 512 0

LH [0.1 , 0.5] [0.03 , 0.07] [0.5 , 0.9] [0.8 , 1.2] [0.6 , 1.0] 0 -1
2000 standard

2LPT
512

02000 fixed 512
2000 standard 1024

LH⌫w [0.1 , 0.5] [0.03 , 0.07] [0.5 , 0.9] [0.8 , 1.2] [0.6 , 1.0] [0 , 1] [-1.3 , -0.7] 5000 standard Zeldovich 512 512

total
- - - - - - - 43100 - - - -

- - - - - - - - - - 19696 10240

Table 1
Characteristics of the Quijote simulations. The simulations in the first block have been designed to quantify the information content on
cosmological observables. The have a large number of realizations for a fiducial cosmology (needed to estimate the covariance matrix) and
simulations varying just one cosmological parameter at a time (needed to compute numerical derivatives). The simulations in the second
block arise from latin-hypercubes expanding a large volume in parameter space. The initial conditions of all simulations were generated at

z = 127 using 2LPT, except for the simulations with massive neutrinos, where we used the Zel’dovich approximation. All simulations
have a volume of 1 (h�1Gpc)3 and we have three di↵erent resolutions: low-resolution (2563 particles), fiducial-resolution (5123 particles)
and high-resolution (10243 particles). In the simulations with massive neutrinos we assume three degenerate neutrino masses. Simulations

have been run with the TreePM+SPH Gadget-III code. We save snapshots at redshifts 3, 2, 1, 0.5 and 0.

w 6= �1 where we only run 500 standard simulations and
⌦+

b

/⌦�
b

that only have 500 paired fixed simulations.
To compute numerical derivatives with respect to mas-

sive neutrinos, we cannot use Eq. 2, since the second
term in the numerator will correspond to a Universe with
negative neutrino masses11. For this reason, we have
run simulations at several values of the neutrino masses:
M

+

⌫ = 0.1 eV, M

++

⌫ = 0.2 eV and M

+++

⌫ = 0.4 eV.
From these simulations, several derivatives can be com-

11 Notice that our fiducial cosmology is for a Universe with mass-
less neutrinos.
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where the first equation can be used for M⌫ = 0.1, 0.2
or 0.4 eV. The second equation can instead be evalu-
ated with M⌫ = 0.1 or 0.2 eV while the last equation
requires M⌫ = 0.1 eV. Notice that if the di↵erences be-
tween the fiducial model and the cosmology with 0.1 eV
neutrinos are not dominated by noise, the last equation
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⌦++

b

0.3175 0.051 0.6711 0.9624 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

⌦+

b

0.3175 0.050 0.6711 0.9624 0.834 0 -1 500 paired fixed 2LPT 512 0

⌦�
b

0.3175 0.048 0.6711 0.9624 0.834 0 -1 500 paired fixed 2LPT 512 0

⌦��
b

0.3175 0.047 0.6711 0.9624 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

h+ 0.3175 0.049 0.6911 0.9624 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

h� 0.3175 0.049 0.6511 0.9624 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

n+

s

0.3175 0.049 0.6711 0.9824 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

n+

s

0.3175 0.049 0.6711 0.9424 0.834 0 -1 500 standard 2LPT 512 0
500 paired fixed

�+

8

0.3175 0.049 0.6711 0.9624 0.849 0 -1 500 standard 2LPT 512 0
500 paired fixed

��
8

0.3175 0.049 0.6711 0.9624 0.819 0 -1 500 standard 2LPT 512 0
500 paired fixed

M+++

⌫ 0.3175 0.049 0.6711 0.9624 0.834 0.4 -1 500 standard Zeldovich 512 512
500 paired fixed

M++

⌫ 0.3175 0.049 0.6711 0.9624 0.834 0.2 -1 500 standard Zeldovich 512 512
500 paired fixed

M+

⌫ 0.3175 0.049 0.6711 0.9624 0.834 0.1 -1 500 standard Zeldovich 512 512
500 paired fixed

w+ 0.3175 0.049 0.6711 0.9624 0.834 0 -1.05 500 standard Zeldovich 512 0

w� 0.3175 0.049 0.6711 0.9624 0.834 0 -0.95 500 standard Zeldovich 512 0

LH [0.1 , 0.5] [0.03 , 0.07] [0.5 , 0.9] [0.8 , 1.2] [0.6 , 1.0] 0 -1
2000 standard

2LPT
512

02000 fixed 512
2000 standard 1024

LH⌫w [0.1 , 0.5] [0.03 , 0.07] [0.5 , 0.9] [0.8 , 1.2] [0.6 , 1.0] [0 , 1] [-1.3 , -0.7] 5000 standard Zeldovich 512 512

total
- - - - - - - 43100 - - - -

- - - - - - - - - - 19696 10240

Table 1
Characteristics of the Quijote simulations. The simulations in the first block have been designed to quantify the information content on
cosmological observables. The have a large number of realizations for a fiducial cosmology (needed to estimate the covariance matrix) and
simulations varying just one cosmological parameter at a time (needed to compute numerical derivatives). The simulations in the second
block arise from latin-hypercubes expanding a large volume in parameter space. The initial conditions of all simulations were generated at

z = 127 using 2LPT, except for the simulations with massive neutrinos, where we used the Zel’dovich approximation. All simulations
have a volume of 1 (h�1Gpc)3 and we have three di↵erent resolutions: low-resolution (2563 particles), fiducial-resolution (5123 particles)
and high-resolution (10243 particles). In the simulations with massive neutrinos we assume three degenerate neutrino masses. Simulations

have been run with the TreePM+SPH Gadget-III code. We save snapshots at redshifts 3, 2, 1, 0.5 and 0.

w 6= �1 where we only run 500 standard simulations and
⌦+

b

/⌦�
b

that only have 500 paired fixed simulations.
To compute numerical derivatives with respect to mas-

sive neutrinos, we cannot use Eq. 2, since the second
term in the numerator will correspond to a Universe with
negative neutrino masses11. For this reason, we have
run simulations at several values of the neutrino masses:
M

+

⌫ = 0.1 eV, M

++

⌫ = 0.2 eV and M

+++

⌫ = 0.4 eV.
From these simulations, several derivatives can be com-

11 Notice that our fiducial cosmology is for a Universe with mass-
less neutrinos.
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S(M⌫) � 21~

S(M⌫ = 0)

12M⌫

where the first equation can be used for M⌫ = 0.1, 0.2
or 0.4 eV. The second equation can instead be evalu-
ated with M⌫ = 0.1 or 0.2 eV while the last equation
requires M⌫ = 0.1 eV. Notice that if the di↵erences be-
tween the fiducial model and the cosmology with 0.1 eV
neutrinos are not dominated by noise, the last equation
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4

Parameter Pcb Mcb Pcb +Mcb Mcb +M 0
cb Pm Mm Pm +Mm Mm +M 0

m

⌦m 0.046 0.018 0.017 0.014 0.094 0.013 0.012 0.011
⌦b 0.016 0.0099 0.0091 0.008 0.039 0.010 0.009 0.008
h 0.16 0.092 0.083 0.068 0.50 0.098 0.082 0.069
ns 0.10 0.045 0.04 0.029 0.48 0.048 0.039 0.028
�
8

0.080 0.030 0.026 0.021 0.013 0.0019 0.0015 0.0015
M⌫ 1.4 0.50 0.44 0.35 0.83 0.017 0.014 0.01

Table I: Marginalised errors on the cosmological parameters obtained with the Fisher analysis for the standard (P ) and marked (M and M 0)
power spectrum, and different combinations of them, including the modes with k < k

max

= 0.5 hMpc�1. The subscripts cb and m stand for
cold dark matter + baryons and matter, respectively. The inclusion of the marked power spectrum in the Fisher analysis improves significantly
the constraints on all cosmological parameters. In particular, the combination of two marked power spectra improves the power spectrum
constraints on total neutrino mass M⌫ by a factor of 4 and 80 when ‘cb’ or ‘m’ are considered.

Figure 3: Marginalized errors on the cosmological parameters and their dependence on the maximum wavelength considered. Solid lines show
the results for the standard power spectrum and dashed lines show the ones for the marked power spectrum M with R = 10 h�1Mpc, p = 2,
and �s = 0.25. The color code refers to the field considered: grey for cold dark matter + baryons and magenta for total matter. The marked
power spectra (M , solid line) always outperform the power spectrum (P ). The effect is even stronger when including neutrinos (Mm, solid
magenta line, compared to Mcb, solid grey line).

be observed in galaxy redshift surveys directly [34–36]. One
possible way to measure it is through weak-lensing observa-
tions, which give a 2D projection of the underlying ‘m’ field.
The ‘cb’ density field cannot be observed directly either, but
galaxies and other objects are tracers of it [34, 35]. Combi-
nations of galaxy clustering and weak-lensing measurements
can be used to define marks sensitive to ‘m’ and ‘cb’.

We have not considered the contribution of super sample
covariance to the covariance matrix, which will degrade our
constraints. Moreover, when using galaxy clustering, theo-
retical uncertainties such as galaxy bias, redshift-space dis-
tortions, and baryonic effects are also expected to degrade
our constraints after marginalizing over them. Our results
show that a 6� constraint on the minimum sum of the neu-
trino masses can be achieved by considering combinations of
marked power spectra of the total matter density in a volume
equal to 1 (h�1Gpc)3. Upcoming surveys such as DESI [37],
Euclid [38] and WFIRST [39] are expected to probe volumes
of tens of (h�1Gpc)3. Thus, these surveys should achieve a
statistically significant detection of the neutrino masses, even

if a significant fraction of the information content is lost when
marginalizing over theory uncertainties [42]. We emphasize
that these constraints will arise solely from large-scale struc-
ture surveys, without the usage of CMB priors. Thus, they
will complement the results of CMB constraints [40, 41] and
serve as an internal cross-check to verify the robustness of the
results.

EM and FVN would like to thank Benjamin D. Wan-
delt and Martin White for useful discussions. This work
has made use of the Pylians libraries, publicly available
at https://github.com/franciscovillaescusa/Pylians, and results
were obtained using the Gordon cluster in the San Diego Su-
percomputer Center. This work was partially supported by
NASA grant 15-WFIRST15-0008 and NASA ROSES grant
12-EUCLID12-0004. During the realisation of this project
EM, FVN, SH and DS were supported by the Simons Foun-
dation. ND is supported by the Centre for the Universe at
Perimeter Institute. Research at Perimeter Institute is sup-
ported in part by the Government of Canada through the De-
partment of Innovation, Science and Economic Development

Marginalized errors for kmax = 0.5 h/Mpc
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Parameter Pcb Mcb Pcb +Mcb Mcb +M 0
cb Pm Mm Pm +Mm Mm +M 0

m

⌦m 0.046 0.018 0.017 0.014 0.094 0.013 0.012 0.011
⌦b 0.016 0.0099 0.0091 0.008 0.039 0.010 0.009 0.008
h 0.16 0.092 0.083 0.068 0.50 0.098 0.082 0.069
ns 0.10 0.045 0.04 0.029 0.48 0.048 0.039 0.028
�
8

0.080 0.030 0.026 0.021 0.013 0.0019 0.0015 0.0015
M⌫ 1.4 0.50 0.44 0.35 0.83 0.017 0.014 0.01

Table I: Marginalised errors on the cosmological parameters obtained with the Fisher analysis for the standard (P ) and marked (M and M 0)
power spectrum, and different combinations of them, including the modes with k < k

max

= 0.5 hMpc�1. The subscripts cb and m stand for
cold dark matter + baryons and matter, respectively. The inclusion of the marked power spectrum in the Fisher analysis improves significantly
the constraints on all cosmological parameters. In particular, the combination of two marked power spectra improves the power spectrum
constraints on total neutrino mass M⌫ by a factor of 4 and 80 when ‘cb’ or ‘m’ are considered.

Figure 3: Marginalized errors on the cosmological parameters and their dependence on the maximum wavelength considered. Solid lines show
the results for the standard power spectrum and dashed lines show the ones for the marked power spectrum M with R = 10 h�1Mpc, p = 2,
and �s = 0.25. The color code refers to the field considered: grey for cold dark matter + baryons and magenta for total matter. The marked
power spectra (M , solid line) always outperform the power spectrum (P ). The effect is even stronger when including neutrinos (Mm, solid
magenta line, compared to Mcb, solid grey line).

be observed in galaxy redshift surveys directly [34–36]. One
possible way to measure it is through weak-lensing observa-
tions, which give a 2D projection of the underlying ‘m’ field.
The ‘cb’ density field cannot be observed directly either, but
galaxies and other objects are tracers of it [34, 35]. Combi-
nations of galaxy clustering and weak-lensing measurements
can be used to define marks sensitive to ‘m’ and ‘cb’.

We have not considered the contribution of super sample
covariance to the covariance matrix, which will degrade our
constraints. Moreover, when using galaxy clustering, theo-
retical uncertainties such as galaxy bias, redshift-space dis-
tortions, and baryonic effects are also expected to degrade
our constraints after marginalizing over them. Our results
show that a 6� constraint on the minimum sum of the neu-
trino masses can be achieved by considering combinations of
marked power spectra of the total matter density in a volume
equal to 1 (h�1Gpc)3. Upcoming surveys such as DESI [37],
Euclid [38] and WFIRST [39] are expected to probe volumes
of tens of (h�1Gpc)3. Thus, these surveys should achieve a
statistically significant detection of the neutrino masses, even

if a significant fraction of the information content is lost when
marginalizing over theory uncertainties [42]. We emphasize
that these constraints will arise solely from large-scale struc-
ture surveys, without the usage of CMB priors. Thus, they
will complement the results of CMB constraints [40, 41] and
serve as an internal cross-check to verify the robustness of the
results.

EM and FVN would like to thank Benjamin D. Wan-
delt and Martin White for useful discussions. This work
has made use of the Pylians libraries, publicly available
at https://github.com/franciscovillaescusa/Pylians, and results
were obtained using the Gordon cluster in the San Diego Su-
percomputer Center. This work was partially supported by
NASA grant 15-WFIRST15-0008 and NASA ROSES grant
12-EUCLID12-0004. During the realisation of this project
EM, FVN, SH and DS were supported by the Simons Foun-
dation. ND is supported by the Centre for the Universe at
Perimeter Institute. Research at Perimeter Institute is sup-
ported in part by the Government of Canada through the De-
partment of Innovation, Science and Economic Development

Marginalized errors for kmax = 0.5 h/Mpc
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Parameter Pcb Mcb Pcb +Mcb Mcb +M 0
cb Pm Mm Pm +Mm Mm +M 0

m

⌦m 0.046 0.018 0.017 0.014 0.094 0.013 0.012 0.011
⌦b 0.016 0.0099 0.0091 0.008 0.039 0.010 0.009 0.008
h 0.16 0.092 0.083 0.068 0.50 0.098 0.082 0.069
ns 0.10 0.045 0.04 0.029 0.48 0.048 0.039 0.028
�
8

0.080 0.030 0.026 0.021 0.013 0.0019 0.0015 0.0015
M⌫ 1.4 0.50 0.44 0.35 0.83 0.017 0.014 0.01

Table I: Marginalised errors on the cosmological parameters obtained with the Fisher analysis for the standard (P ) and marked (M and M 0)
power spectrum, and different combinations of them, including the modes with k < k

max

= 0.5 hMpc�1. The subscripts cb and m stand for
cold dark matter + baryons and matter, respectively. The inclusion of the marked power spectrum in the Fisher analysis improves significantly
the constraints on all cosmological parameters. In particular, the combination of two marked power spectra improves the power spectrum
constraints on total neutrino mass M⌫ by a factor of 4 and 80 when ‘cb’ or ‘m’ are considered.

Figure 3: Marginalized errors on the cosmological parameters and their dependence on the maximum wavelength considered. Solid lines show
the results for the standard power spectrum and dashed lines show the ones for the marked power spectrum M with R = 10 h�1Mpc, p = 2,
and �s = 0.25. The color code refers to the field considered: grey for cold dark matter + baryons and magenta for total matter. The marked
power spectra (M , solid line) always outperform the power spectrum (P ). The effect is even stronger when including neutrinos (Mm, solid
magenta line, compared to Mcb, solid grey line).

be observed in galaxy redshift surveys directly [34–36]. One
possible way to measure it is through weak-lensing observa-
tions, which give a 2D projection of the underlying ‘m’ field.
The ‘cb’ density field cannot be observed directly either, but
galaxies and other objects are tracers of it [34, 35]. Combi-
nations of galaxy clustering and weak-lensing measurements
can be used to define marks sensitive to ‘m’ and ‘cb’.

We have not considered the contribution of super sample
covariance to the covariance matrix, which will degrade our
constraints. Moreover, when using galaxy clustering, theo-
retical uncertainties such as galaxy bias, redshift-space dis-
tortions, and baryonic effects are also expected to degrade
our constraints after marginalizing over them. Our results
show that a 6� constraint on the minimum sum of the neu-
trino masses can be achieved by considering combinations of
marked power spectra of the total matter density in a volume
equal to 1 (h�1Gpc)3. Upcoming surveys such as DESI [37],
Euclid [38] and WFIRST [39] are expected to probe volumes
of tens of (h�1Gpc)3. Thus, these surveys should achieve a
statistically significant detection of the neutrino masses, even

if a significant fraction of the information content is lost when
marginalizing over theory uncertainties [42]. We emphasize
that these constraints will arise solely from large-scale struc-
ture surveys, without the usage of CMB priors. Thus, they
will complement the results of CMB constraints [40, 41] and
serve as an internal cross-check to verify the robustness of the
results.

EM and FVN would like to thank Benjamin D. Wan-
delt and Martin White for useful discussions. This work
has made use of the Pylians libraries, publicly available
at https://github.com/franciscovillaescusa/Pylians, and results
were obtained using the Gordon cluster in the San Diego Su-
percomputer Center. This work was partially supported by
NASA grant 15-WFIRST15-0008 and NASA ROSES grant
12-EUCLID12-0004. During the realisation of this project
EM, FVN, SH and DS were supported by the Simons Foun-
dation. ND is supported by the Centre for the Universe at
Perimeter Institute. Research at Perimeter Institute is sup-
ported in part by the Government of Canada through the De-
partment of Innovation, Science and Economic Development
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Parameter Pcb Mcb Pcb +Mcb Mcb +M 0
cb Pm Mm Pm +Mm Mm +M 0

m

⌦m 0.046 0.018 0.017 0.014 0.094 0.013 0.012 0.011
⌦b 0.016 0.0099 0.0091 0.008 0.039 0.010 0.009 0.008
h 0.16 0.092 0.083 0.068 0.50 0.098 0.082 0.069
ns 0.10 0.045 0.04 0.029 0.48 0.048 0.039 0.028
�
8

0.080 0.030 0.026 0.021 0.013 0.0019 0.0015 0.0015
M⌫ 1.4 0.50 0.44 0.35 0.83 0.017 0.014 0.01

Table I: Marginalised errors on the cosmological parameters obtained with the Fisher analysis for the standard (P ) and marked (M and M 0)
power spectrum, and different combinations of them, including the modes with k < k

max

= 0.5 hMpc�1. The subscripts cb and m stand for
cold dark matter + baryons and matter, respectively. The inclusion of the marked power spectrum in the Fisher analysis improves significantly
the constraints on all cosmological parameters. In particular, the combination of two marked power spectra improves the power spectrum
constraints on total neutrino mass M⌫ by a factor of 4 and 80 when ‘cb’ or ‘m’ are considered.

Figure 3: Marginalized errors on the cosmological parameters and their dependence on the maximum wavelength considered. Solid lines show
the results for the standard power spectrum and dashed lines show the ones for the marked power spectrum M with R = 10 h�1Mpc, p = 2,
and �s = 0.25. The color code refers to the field considered: grey for cold dark matter + baryons and magenta for total matter. The marked
power spectra (M , solid line) always outperform the power spectrum (P ). The effect is even stronger when including neutrinos (Mm, solid
magenta line, compared to Mcb, solid grey line).

be observed in galaxy redshift surveys directly [34–36]. One
possible way to measure it is through weak-lensing observa-
tions, which give a 2D projection of the underlying ‘m’ field.
The ‘cb’ density field cannot be observed directly either, but
galaxies and other objects are tracers of it [34, 35]. Combi-
nations of galaxy clustering and weak-lensing measurements
can be used to define marks sensitive to ‘m’ and ‘cb’.

We have not considered the contribution of super sample
covariance to the covariance matrix, which will degrade our
constraints. Moreover, when using galaxy clustering, theo-
retical uncertainties such as galaxy bias, redshift-space dis-
tortions, and baryonic effects are also expected to degrade
our constraints after marginalizing over them. Our results
show that a 6� constraint on the minimum sum of the neu-
trino masses can be achieved by considering combinations of
marked power spectra of the total matter density in a volume
equal to 1 (h�1Gpc)3. Upcoming surveys such as DESI [37],
Euclid [38] and WFIRST [39] are expected to probe volumes
of tens of (h�1Gpc)3. Thus, these surveys should achieve a
statistically significant detection of the neutrino masses, even

if a significant fraction of the information content is lost when
marginalizing over theory uncertainties [42]. We emphasize
that these constraints will arise solely from large-scale struc-
ture surveys, without the usage of CMB priors. Thus, they
will complement the results of CMB constraints [40, 41] and
serve as an internal cross-check to verify the robustness of the
results.

EM and FVN would like to thank Benjamin D. Wan-
delt and Martin White for useful discussions. This work
has made use of the Pylians libraries, publicly available
at https://github.com/franciscovillaescusa/Pylians, and results
were obtained using the Gordon cluster in the San Diego Su-
percomputer Center. This work was partially supported by
NASA grant 15-WFIRST15-0008 and NASA ROSES grant
12-EUCLID12-0004. During the realisation of this project
EM, FVN, SH and DS were supported by the Simons Foun-
dation. ND is supported by the Centre for the Universe at
Perimeter Institute. Research at Perimeter Institute is sup-
ported in part by the Government of Canada through the De-
partment of Innovation, Science and Economic Development
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Parameter Pcb Mcb Pcb +Mcb Mcb +M 0
cb Pm Mm Pm +Mm Mm +M 0

m

⌦m 0.046 0.018 0.017 0.014 0.094 0.013 0.012 0.011
⌦b 0.016 0.0099 0.0091 0.008 0.039 0.010 0.009 0.008
h 0.16 0.092 0.083 0.068 0.50 0.098 0.082 0.069
ns 0.10 0.045 0.04 0.029 0.48 0.048 0.039 0.028
�
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0.080 0.030 0.026 0.021 0.013 0.0019 0.0015 0.0015
M⌫ 1.4 0.50 0.44 0.35 0.83 0.017 0.014 0.01

Table I: Marginalised errors on the cosmological parameters obtained with the Fisher analysis for the standard (P ) and marked (M and M 0)
power spectrum, and different combinations of them, including the modes with k < k

max

= 0.5 hMpc�1. The subscripts cb and m stand for
cold dark matter + baryons and matter, respectively. The inclusion of the marked power spectrum in the Fisher analysis improves significantly
the constraints on all cosmological parameters. In particular, the combination of two marked power spectra improves the power spectrum
constraints on total neutrino mass M⌫ by a factor of 4 and 80 when ‘cb’ or ‘m’ are considered.

Figure 3: Marginalized errors on the cosmological parameters and their dependence on the maximum wavelength considered. Solid lines show
the results for the standard power spectrum and dashed lines show the ones for the marked power spectrum M with R = 10 h�1Mpc, p = 2,
and �s = 0.25. The color code refers to the field considered: grey for cold dark matter + baryons and magenta for total matter. The marked
power spectra (M , solid line) always outperform the power spectrum (P ). The effect is even stronger when including neutrinos (Mm, solid
magenta line, compared to Mcb, solid grey line).

be observed in galaxy redshift surveys directly [34–36]. One
possible way to measure it is through weak-lensing observa-
tions, which give a 2D projection of the underlying ‘m’ field.
The ‘cb’ density field cannot be observed directly either, but
galaxies and other objects are tracers of it [34, 35]. Combi-
nations of galaxy clustering and weak-lensing measurements
can be used to define marks sensitive to ‘m’ and ‘cb’.

We have not considered the contribution of super sample
covariance to the covariance matrix, which will degrade our
constraints. Moreover, when using galaxy clustering, theo-
retical uncertainties such as galaxy bias, redshift-space dis-
tortions, and baryonic effects are also expected to degrade
our constraints after marginalizing over them. Our results
show that a 6� constraint on the minimum sum of the neu-
trino masses can be achieved by considering combinations of
marked power spectra of the total matter density in a volume
equal to 1 (h�1Gpc)3. Upcoming surveys such as DESI [37],
Euclid [38] and WFIRST [39] are expected to probe volumes
of tens of (h�1Gpc)3. Thus, these surveys should achieve a
statistically significant detection of the neutrino masses, even

if a significant fraction of the information content is lost when
marginalizing over theory uncertainties [42]. We emphasize
that these constraints will arise solely from large-scale struc-
ture surveys, without the usage of CMB priors. Thus, they
will complement the results of CMB constraints [40, 41] and
serve as an internal cross-check to verify the robustness of the
results.

EM and FVN would like to thank Benjamin D. Wan-
delt and Martin White for useful discussions. This work
has made use of the Pylians libraries, publicly available
at https://github.com/franciscovillaescusa/Pylians, and results
were obtained using the Gordon cluster in the San Diego Su-
percomputer Center. This work was partially supported by
NASA grant 15-WFIRST15-0008 and NASA ROSES grant
12-EUCLID12-0004. During the realisation of this project
EM, FVN, SH and DS were supported by the Simons Foun-
dation. ND is supported by the Centre for the Universe at
Perimeter Institute. Research at Perimeter Institute is sup-
ported in part by the Government of Canada through the De-
partment of Innovation, Science and Economic Development
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• The considered marked power spectrum incorporates information from voids  

• Marked density field is a nonlinear 
transformation of the density field

• Other nonlinear transformations, such as the 
log-transformation, have shown to make the 
field more Gaussian (Neyrinck et al, 2009, 
2010, 2011)
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Figure 8. Fisher matrix constraints for M⌫ and other cosmological parameters for the redshift-space halo

bispectrum monopole (orange). We include Fisher parameter constraints for the redshift-space halo power

spectrum monopole and quadrupole in blue for comparison. The contours mark the 68% and 95% confidence

intervals. We set k
max

= 0.5 h/Mpc for both power spectrum and bispectrum. We include in our forecasts

b0 and M
min

, a free amplitude scaling factor and halo mass limit, respectively. They serve as a simplistic

bias model and we marginalize over them so that our constraints do not include extra constraining power

from the di↵erence in bias/number density in the di↵erent Quijote cosmologies. The bispectrum substantially

improves constraints on all of the cosmological parameters over the power spectrum. Constraints on ⌦
m

, ⌦
b

,

h, ns, and �
8

improve by factors of 1.9, 2.6, 3.1, 3.6, and 2.6, respectively. For M⌫ , the bispectrum improves

�M⌫ from 0.2968 to 0.0572 eV — over a factor of ⇠5 improvement over the power spectrum.

(Hahn et al, 2019)
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