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Three species of neutrinos

Neutrinos are massive: Am3, = m3 — mj ~ 10~ °eV?
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Linear Theory
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VOIDS

* Neutrinos: diffuse component

CDM density field
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* Neutrinos: diffuse component

* They are very small fraction of the matter in halos
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VOID BIAS

Banerjee and Dalal, 2016
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COSMOLOGY with VOIDS

Voids are good laboratories to study cosmology because

 They are sensitive to diffuse components such as
* neutrinos

e 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



LOW DENSITY REGIONS

Low density regions are good probe to study cosmology
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Should we build observables related
to low density regions/voids?

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



LOW DENSITY REGIONS

Low density regions are good probe to study cosmology

Should we build observables related How much do correlation functions/
to low density regions/voids? power spectra depend on low density
regions?

Void Size Function,
void-matter cross-correlation, ...
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MARKED CORRELATION FUNCTION
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D > 0 Weight more particles/galaxies in UNDER-densities
D < 0 Weight more particles/galaxies in OVER-densities
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MARKED POWER SPECTRUM
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INFORMATION CONTENT IN
MARKED POWER SPECTRA



FISHER ANALY SIS

Cosmological parameters: 0 = {Q,,, Qp, h,ng, 08, M, }

Data vector (observables): J: {P(kl),P(kz), --7P(/‘Cn)}

Error on each parameter:

0(0a) < \/(F_l)aoz

Fisher matrix:

adclaj

Fq
P00, 005



QUIJOTE SIMULATIONS

Villaescusa-Navarro, Hanh, EM et al 2019
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QUIOTE SIMULATIONS

" Villaescusa-Navarro, Hanh, EM et al 2019

Name Qm Qp h Ns o M, (eV) w realizations | simulations ICs N3 | NL/3
15000 standard 2LPT 512 0
Fid 0.3175 0.049 0.6711 0.9624 0.834 0 -1 500 standard | Zeldovich | 512 0
500 paired fixed 2LPT 512 0
1000 standard 2LPT 256 0
100 standard 2LPT 1024 0]
Qf 0.3275 0.049 0.6711 0.9624 0.834 0 1 500 standard 2LPT 512 0
500 paired fixed
— 500 standard
0.3075 0.049 0.6711 0.9624 0.834 0 1 OLPT 512 0
fm 500 paired fixed
++ 0.3175 0.051 0.6711 0.9624 0.834 0 1 500 standard OLPT 12
Q7 — 500 paired fixed § 0
ohy 0.3175 0.050 0.6711 0.9624 0.834 0 1 500 paired fixed | 2LPT 512 0
QO 0.3175 0.048 0.6711 0.9624 0.834 0 1 500 paired fixed | 2LPT 512 0
— 500 standard
0.3175 0.047 0.6711 0.9624 0.834 0 1 OLPT 12
Q, — 500 paired fixed § 0
ht 0.3175 0.049 0.6911 0.9624 0.834 0 1 500 standard OLPT 512 0
500 paired fixed
h— 0.3175 0.049 0.6511 0.9624 0.834 0 1 500 standard OLPT 512 0
500 paired fixed
ng 0.3175 0.049 0.6711 0.9824 0.834 0 1 500 standard 2LPT 512 0
500 paired fixed
+ 0.3175 0.049 0.6711 19424 834 -1 500 standard OLPT 12
ts b2l 083 0 500 paired fixed 0 0
+ 0.3175 0.049 0.6711 0.9624 0.849 0 1 500 standard OLPT 12
8 500 paired fixed 0 0
— 500 standard
0.3175 0.049 0.6711 0.9624 0.819 0 1 OLPT 512 0
I8 - 500 paired fixed
M+t | 0.3175 0.049 0.6711 0.9624 0.834 0.4 1 500 standard | 7o)4ovich | 512 | 512
500 paired fixed
M 0.3175 0.049 0.6711 0.9624 0.834 0.2 1 500 standard | 7o]qgvich | 512 | 512
500 paired fixed
M 0.3175 0.049 0.6711 0.9624 0.834 0.1 1 500 standard | 7o1qovich | 512 | 512
500 paired fixed
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Villaescusa-Navarro, Hanh, EM et al 2019
Name Qm Qp h Ng o8 M, (eV) w realizations | simulations ICs N3 | NL/3
15000 standard 2LPT 512 0
Fid 0.3175 0.049 0.6711 0.9624 0.834 0 -1 500 standard | Zeldovich | 512 0
500 paired fixed 2LPT 512 0
1000 standard 2LPT 256 0
100 standard 2LPT 1024 0
QF 0.3275 0.049 0.6711 0.9624 0.834 0 1 500 standard 2LPT 512 0
500 paired fixed
Q- 0.3075 0.049 0.6711 0.9624 0.834 0 1 500 standard OLPT 512 0
500 paired fixed
++ 0.3175 0.051 0.6711 0.9624 0.834 0 1 500 standard OLPT 512 0
2 - 500 paired fixed
ohy 0.3175 0.050 0.6711 0.9624 0.834 0 1 500 paired fixed | 2LPT 512 0
QO 0.3175 0.048 0.6711 0.9624 0.834 0 1 500 paired fixed | 2LPT 512 0
. 500 standard
0.3175 0.047 0.6711 0.9624 0.834 0 1 OLPT 512 0
2, T 500 paired fixed
ht 0.3175 0.049 0.6911 0.9624 0.834 0 1 500 standard OLPT 512 0
500 paired fixed
h 0.3175 0.049 0.6511 0.9624 0.834 0 1 500 standard OLPT 512 0
500 paired fixed
ng 0.3175 0.049 0.6711 0.9824 0.834 0 1 500 standard 2LPT 512 0
500 paired fixed
ng 0.3175 0.049 0.6711 0.9424 0.834 0 1 500 standard 2LPT 512 0
500 paired fixed
o7 0.3175 0.049 0.6711 0.9624 0.849 0 1 500 standard OLPT 512 0
; 500 paired fixed
- 500 standard
0.3175 0.049 0.6711 0.9624 0.819 0 1 OLPT 512 0
I8 - 500 paired fixed
Mt || 0.3175 0.049 0.6711 0.9624 0.834 0.4 1 500 standard | 7.1qovich | 512 | 512
500 paired fixed
Mt 0.3175 0.049 0.6711 0.9624 0.834 0.2 1 500 standard | 7.1qovich | 512 | 512
500 paired fixed
MF 0.3175 0.049 0.6711 0.9624 0.834 0.1 1 500 standard | 7.1qovich | 512 | 512
500 paired fixed




QUIOTE SIMULATIONS

" Villaescusa-Navarro, Hanh, EM et al 2019

Name Qm Qp h Ns o M, (eV) w realizations | simulations ICs N3 | NL/3
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500 paired fixed
ng 0.3175 0.049 0.6711 0.9824 0.834 0 1 500 standard 2LPT 512 0
500 paired fixed
+ 0.3175 0.049 0.6711 0.9424 0.834 0 1 500 standard OLPT 512 0
ts 500 paired fixed
+ 0.3175 0.049 0.6711 0.9624 0.849 0 1 500 standard OLPT 512 0
78 500 paired fixed
— 500 standard
0.3175 0.049 0.6711 0.9624 0.819 0 1 OLPT 512 0
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MARKED POWER SPECTRA

" "EMet al. 2020
The Mark

. 1+, P
m(ﬂf,¢—R,p,(5S) o |:1—|_5S+5R(f):|

Considered values for the mark parameters

R = [5, 10, 15, 20, 30] Mpc/h
o = [-1, 0.5, 1, 2, 3]

0s= [0, 0.25, 0.5, 0.75, 1]

125 marked power spectra compute on the matter fields
cdm and m = cdm+neutrinos




MARKED POWER SPECTRA

The Mark

" TEMet al. 2020

. 1+, P
m(a:,gb_ R7p758) o |:1_|_5S +5R(f):|

Considered values for the mark parameters

R

5, 15, 20, 30 ] Mpc/h
p = [-1, 05, 1,[2] 3]
0s=[0,[0.25] 0.5, 0.75, 1]

D = model giving the tightest constraint on the neutrino masses

125 marked power spectra compute on the matter fields
cdm and m = cdm+neutrinos




Correlation matrix

"EM et al. 2020
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Marginalized errors

" EMetal. 2020
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0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Kmax[h/Mpc] Kmax[h/Mpc] kmax[h/Mpc]
Marginalized errors for kmax = 0.5 h/Mpc
/
Parameter P., My P.y, + My My, + M., P, M, P,, + M,, M,, + M
Qm 0.046 0.094
Qp 0.016 0.039
h 0.16 0.50
N 0.10 0.48
o8 0.080 0.013
M, 1.4 0.83




Marginalized errors

" EMetal. 2020

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
kmax[h/Mpc] Kmax[h/Mpc] kmax[h/Mpc]

Marginalized errors for kmax = 0.5 h/Mpc

Parameter P. My Py, + My My, + M., P, M,, P, + M,, M., + M/,
Qm 0.046 0.018 0.094 0.013
Qp 0.016 0.0099 0.039 0.010
h 0.16 0.092 0.50 0.098
N 0.10 0.045 0.48 0.048
os 0.080 0.030 0.013 0.0019

M, 1.4 0.50 0.83 0.017




Marginalized errors

" EMetal. 2020

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
kmax[h/Mpc] Kmax[h/Mpc] kmax[h/Mpc]

Marginalized errors for kmax = 0.5 h/Mpc

Parameter P. My Py, + My My, + M., P, M,, P, + M,, M., + M/,

Qm 0.046 0.018 0.094 0.013

Qp 0.016 0.0099 0.039 0.010

h 0.16 0.092 0.50 0.098

N 0.10 0.045 0.48 0.048

os 0.080 0.030 0.013 0.0019
M, 1.4 0.50 0.83 0.017

v

3.5 0 detection of the minimum mass using 1 (Gpc/h)3 volume



Marginalized errors

" EMetal. 2020

_ -2
0.1 0.2 0.3 0.4 s 07 0.2 0.3 0.4 o5 Vo0 0.2 0.3 0.4 0.5
Kmax[h/Mpc] Kmax[h/Mpc] kmax[h/Mpc]
Marginalized errors for kmax = 0.5 h/Mpc

Parameter P. My Py, + My My, + M., P, M,, P, + M,, M., + M/,
Qo 0.046 0.018 0.017 0.094 0.013 0.012
Q 0.016 0.0099 0.0091 0.039 0.010 0.009
h 0.16 0.092 0.083 0.50 0.098 0.082
Ns 0.10 0.045 0.04 0.48 0.048 0.039
s 0.080 0.030 0.026 0.013 0.0019 0.0015
M, 1.4 0.50 0.44 0.83 0.017 0.014

v
4.2 o detection of the minimum mass using 1 (Gpc/h)3 volume



Marginalized errors

" EMetal. 2020

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
kmax[h/Mpc] Kmax[h/Mpc] kmax[h/Mpc]

Marginalized errors for kmax = 0.5 h/Mpc

Parameter P. My Py, + My My, + M., P, M,, P, + M,, M., + M/,
Qm 0.046 0.018 0.017 0.014 0.094 0.013 0.012 0.011
Qp 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
N 0.10 0.045 0.04 0.029 0.48 0.048 0.039 0.028
os 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

\4
6 o detection of the minimum mass using 1 (Gpc/h)3 volume
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THE INFORMATION CONTENT

"EM et al. 2020

* The covariance matrix of the considered marked power spectrum M(K) is very
diagonal

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

/ -
] - 0.00

e QOther nonlinear transformations, such as the

P(k<0.5[hMpc~t]) M(k<0.5[hMpct])

log-transformation, have shown to make the
/' I field more Gaussian (Neyrinck et al, 2009,
<oste ) Mreostmmen 2010, 2011)
B 1+ 4, g
m(x,gb - Rap758) T [1 "|_5s —|—5R(f)]
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* The covariance matrix of the considered marked power spectrum M(K) is very

diagonal

 The marked power spectrum contains higher order statistics of the density field

m(fa ¢ — Rapa 68)
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* The covariance matrix of the considered marked power spectrum M(K) is very
diagonal

 The marked power spectrum contains higher order statistics of the density field
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(Hahn et al, 2019)
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* The covariance matrix of the considered marked power spectrum M(K) is very

diagonal

 The marked power spectrum contains higher order statistics of the density field

* The considered marked power spectrum incorporates information from voids
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CONCLUSIONS

* We have studied marked power spectra computed on the MATTER
density field

* Marked power spectra on the GALAXY density field will include BIAS and
REDSHIFT SPACE DISTORTION, which will degrade the constraints on
the sum of the neutrino masses.

e Upcoming surveys (DESI, EUCLID, WFIRST) will have larger volumes,
that will improve the constraints.

* Mark power spectra are promising and easy-to-compute observables.



THE END






