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m22 “ m12 i (75 + 02) 10> eV?2 (solar neutrino oscillations)

Ims2 - mz2| = (2.327 2%2) 103 ey2 (atmospheric neutrino oscillations)

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



Neutfrinos!
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“*Normal”

Mass

v3 = 0.049eV

va = 0.009eV
Vi = OeV

V3
“Inverted” “Degenerate”
Vi= V2= V3
A
Vo = 0.049eV ?
vi = 0.047eV g
v3 = QeV \

Pontecorvo 1957, 1958, 1967; Maki, Nakagawa, Sakata 1962
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Massive neutrinos and linear structure growth

The gravitational evolution of large-scale structure is
different for fast and moving particles
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Massive neutrinos and linear structure growth

small-scale density

perturbations dont retain

neutrinos

large-scale density
perfurbations do
retain neutrinos
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Massive neutrinos and linear structure growth

small-scale density
.*+ perturbations dont retain

XY neutrinos
\7
Relevant scale:
o AP Typical distance a
o - neutrino can travel
\2e . in a Hubble time
o g ° k- 7\. fs ™~ UV/H

T

"free-streaming scale”

large-scale density
perfurbations do
retain neutrinos



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

In a universe with CDM only, the linear evolution of matter
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In a universe with CDM only, the linear evolution of matter
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Scale-dependent bias:

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

increasing time

§

cant tell the wavelength of the background matter density
perturbation

v

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

X

halo bias can depend on k
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Scale-dependent bias:

WANT: estimate of k-dependence of
the halo bias caused by massive
neutrinos

CNA s e e e

increasing time

<

neutrinos
cold dark matter



Scale-dependent bias:

WANT: estimate of k-dependence of
the halo bias caused by massive
neutrinos

CNA s e e e

increasing time

<

neutrinos
COld dark ma.l"l-er ( see also Hui & Parfrey 2008; Parfrey, Hui, Sheth 2011;)



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



Prescription for calculating the halo bias

initial density field initial proto-halo distribution
late time distribution
= J/M
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Numerical results for halo bias

scale-dependent change 3
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Numerical results for halo bias

scale-dependent change 3
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Observational consequences of scale
dependent bias?
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But the scale-dependent halo bias is
itself an observable!
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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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Accuracy of these predictions?

N-body simulations are the community standard
for cold dark matter structure.

Simulations with massive neutrinos?

(i) Tricky. very few exist, very new

(ii) Want a model that provides insight into the
physical processes responsible for new effects

(iii) Dont want to rerun for every possible neutrino
mass hierarchy scenario

(iv) It will be great to make comparisons in the
future!

Viel, Haehnelf, Springel 2010; Marulli, Carbone, Viel, Moscardini, Cimatti 2011; Agarwal & Feldman 2011; Brandbyge, Hannestad,
Haugboelle, Wong 2012; Upadhye, Biswas, Pope, Heitmann, Habib 2013: Villaescusa-Navarro, Bird, Pena-Garay, Viel 2013;



Scale-dependent bias from massive
neutrinos

comparison with sims looks reasonable!
my calculations
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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



