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Main idea:
In a universe with CDM only, the linear evolution of matter
fluctuations is independent of their wavelength

cant tell the wavelength of the background matter density
perturbation

\

the effect of %9 on the (the linear bias) is independent of k
massive neutrinos break this

7 halo bias can depend on k

increasing time
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Main idea:
WANT: estimate of k-dependence of

the halo bias caused by massive
neutrinos
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_ increasing fime

neutrinos
COId dark ma-l"l-er ( see also Hui & Parfrey 2008; Parfrey, Hui, Sheth 2011;)
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Neutrinos in Cosmology

Scale-dependent structure growth from
massive neutrinos

Scale-dependent halo bias from massive
neutrinos

Observational Consequences
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Neutrinos!
A M
Velec’rror‘

 Z

ﬂ\

Mm% - mi¢ = (7,5 + 0.2) 10> eV?2 (solar neutrino oscillations)

|m32 v m22| £ (2.321' 852) 1073 e\2 (atmospheric neutrino oscillations)

Pontecorvo 1957, 1958, 1967; Maki, Nakagawa, Sakata 1962
LSS



Neutrinos!
M —_—
Velectron ! ) -
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1
“Normal” “Inverted” “Degenerate”
w Vi= V2= V3
(Vo) A
o
=
- V2 = 0.049eV ?
v3 = 0.049eV i ~ 0.047eV ¢
V2 = 0.009eV
V1 » OeV Vai= ey Y

Pontecorvo 1957, 1958, 1967; Maki, Nakagawa, Sakata 1962
LSS



Neutrinos!
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> vy » 0.0&eV

Pontecorvo 1957, 1958, 1967; Maki, Nakagawa, Sakata 1962
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The gravitational evolution of large-scale structure is
different for fast and moving particles

=

(clump easily) (dont clump easily)

neutrinos (or other
exotic light dark
matter)



Massive neutrinos and linear structure growth

small-scale density
perturbations dont retain
neutrinos

neutrino density
perfurbation
decaying

\78 ”
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time pv




Massive neutrinos and linear structure growth

time

small-scale density
perturbations dont retain
neutrinos

neutrinos
growing
together

Spv

large-scale density
perturbations do
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Massive neutrinos and linear structure growth

small-scale density

.* s perturbations dont retain large-scale density
o0 b0 neutrinos perturbations do
By retain neutrinos
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Massive neutrinos and linear structure growth

small-scale density

.* s perturbations dont retain large-scale density

3o e neutrinos perturbations do
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Massive neutrinos and linear structure growth

small-scale density

.* s perturbations dont retain large-scale density

3o e neutrinos perturbations do

By retain neutrinos

* [ ]
. ° e .o '.o..:. :
Relevant scale: \

R i | Typical distance a £ s"‘
- neutrino can travel 2% e ks’

B o in a Hubble time et

) ° 1 ° - XFS ~ UV/H '.' .'o...o : K :o.

time T
"free-streaming scale”



Scale-dependent growth

change in typical amplitude of 8m(k) from muZ O

1.10
one v, m,=0.05eV

one v, m,=0.10eV
one v, m,=0.30eV
— three v, m,=0.10eV

Planck Data Ade et al 2013
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The scale-dependent growth of
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bias to be scale dependent



The scale-dependent growth of
density perturbations causes halo
bias to be scale dependent

60 1y - 1, 8Pm on 1y _ 6pm
n(l<)-bprn (9, —(k)=b pm(k)



Prescription for
calculating the halo
bias in a universe with
massive neutrinos
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late time distribution
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Prescription for calculating the halo bias

initial density field initial proto-halo distribution

PSR

(i) In this step, the scale-dependent evolution of density
perturbations causes

&N agrangian & ; Spcdm
n;'wl” glan(k) = bLagranglan(k) Pedm (k)

(ML 2014)
55—



Prescription for calculating the halo bias

initial proto-halo distribution

(ii) In this step, the free J
streaming of neutrinos causes

2 <60(k)8m(k)> """"""""""""""
blk) = k) j

<8cdm(k)8m(k)>

= (1 + bragrangian(K)) B KI6(K) late time distribution

o8

(ML 2014)




Prescription for calculating the halo bias

initial proto-halo distribution

(ii) In this step, the free
streaming of neutrinos causes

o) = BeBn(K)

(&m(K)&m(k)
<8cdm(k)8m(k)> . . . .
= agrangian t
(1 + bragrang (k))<8m(k)8m(k)> late time distribution
(i.e. halos trace CDM —> bias L/\
w.r.t total matter is scale- T

dependent)

(ML 2014)




Prescription for calculating the halo bias

initial proto-halo distribution
(ii) In this step, the free J
streaming of neutrinos causes

2 <sn(k)8m(k)> """"""""""""""
blk) = k) j

| <5cdm(k)8m(k)>
=(1 + bLagranglan(k))<8m(k)5m(k)>

(i.e. halos trace CDM —> bias L/\
w.r.t total matter is scale- T

dependent)

late time distribution

see also Villaescusa-Navarro, Marulli, Viel, Branchini, Castorina 2013
Castorina, Sefusatti, Sheth, Villaescusa-Navarrow, Viel 2014

(ML 2014) Biagetti, Desjacques, Kehagias, Riotto 2014




Prescription for calculating the halo bias
initial density field initial proto-halo distribution

MM

(’rhus s’rep gives a predlc’rlon For n(M) ML 1405 4858)
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Prescription for calculating the halo bias

initial density field initial proto-halo distribution
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And these are
ingredients for
calculating the
accumulated neutrino
mass around CDM halos

halo mass M(M )

ML & Zaldarriaga 1310:6459




Numerical estimates for scale-
dependent halo bias



Numerical results for halo bias

scale-dependent change @
.|.O ﬁnal bias 6r"(k)/n = b(k) ama’r’rer(k)

M=1le+13, z=0.50

1 massive v m,=0.05eV/
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1 massive v m,=0.2eV
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massless
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Numerical results for halo bias

scale-dependent change @
.|.O ﬁnal bias 6r"(k)/n = b(k) ama’r’rer(k)

M=1e+13, z=0.50

oo 3 massive v m,=0.1eV
o—o 1 massive v m,=0.3eV
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et al 2011 for
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(ML 2014)




Numerical results for halo bias

scale-dependent change @
.|.O ﬁnal bias 6r"(k)/n = b(k) ama’r’rer(k)

Degenerate m,; =0.2¢

v
.9
e
°

o
<

Q
<
-+—

Inverted
Normal

=
\Y
—
>
-+—
o
O
G
o
Q
o
3
=
a
£
o

(Use Bhattacharya
et al 2011 for

n(MI 8cri’r)

(ML 2014)
LIS



Observational
consequences of scale-
dependent bias?



Observational consequences of scale
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But the scale-dependent halo bias is
itself an observable!

M=1e+13, z=0.50

1 massive v m,=0.05eV
1 massive v m,=0.1eV
1 massive v m,=0.2eV
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The scale-dependent halo bias is an
observable!
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The scale-dependent halo bias is an
observable!
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Conclusions

@ Cosmology provides interesting information
about neutrino physics!

@ Scale-dependent halo bias is a new signal of
massive neutrinos in large-scale structure

@ Scale-dependent halo bias is a new systematic
for massive neutrinos in large-scale structure



